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Abstract

T he exact contribution of each of the various core-noise sources w ithin m odern turboshaft 

engines to  the noise rad ia ted  from the engine exhaust and into the surrounding environ

ment is i)oorly understood. T he objective of the  E.U. FP-7 TEEN I (Turboshaft Engine 

Exhaust Noise Identification) i)roject was to  b e tte r characterise the specific contributions 

of each core noise-sovirce to  th is exhaust noise. Sources of core noise inchide direct com

bustor noise generated by the  unsteady heat release at the coml)Ustor stage, broadband 

turb ine noise, periodic turl)ine noise and how-noise. Core noise also contrit)utes signifi

cantly to  the exhaust noise in m odern turbofan  engines during a\)proach.

One of the key avenues of investigation for the T E EN I project was to  assess the 

efficacy of various coherence-based noise-source identification techniques for application 

in a full-scale turboshaft engine. Such techni(iues require several acoustic m easurem ents 

to  be m ade at the noise-sources of interest. These technicpies were first tested  using 

a small-scale experim ental rig constructed at the  D epartm ent of Engine Acoustics at 

the G erm an Aerospace C entre (DLR) in Berlin, Germany. The objective of these tests 

was to  exam ine the effectiveness of bo th  pre-existing and novel m ethods of noise-source 

identification, using the small-scale exi)erim ental rig as a simplified representation  of a 

real tu rboshaft engine. T he relative streng ths and weaknesses of several j^re-existing 

techniciues are discussed, before a novel m ethod of noise-source identification is introduced 

which identifies the  relative contributions of two noise-sources to  the specific acoustic 

m odal content m easured at a given axial location. This novel m ethod combines bo th  the 

advanced techniques of m odal decom position and coherence analysis, and represents a 

significant advancem ent on pre-existing m ethods.

Scattering of noise was also observed during the  small-scale T E EN I experim ents. This 

scattering occurs when noise propagates through (and in teracts w ith) a ro ta ting  rotor.



This is a frequent occurrence in aeroengines, where for example downstream-travelling 

rotor-stator blade-pass tones or low-frequency combustor noise will proj)agate through 

several additional rotating com pressor/turbine stages. This cavises 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 enoiigh 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 foimd that this sum and difference .scattering is ])redicte(l 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-hnear 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 oi)erate as desired. This exi)erimental 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 param eters such as rotor-stator geometries, source frequencies, s])ectral 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 dem onstrate 

scattering of non-tonal noise.

A relationship is found betw'een the onset of significant scattering of noise and the cut- 

ons of certain acoustic mode orders. This is dem onstrated for both tonal and narrowband 

noise, and it is shown th a t 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 hirther dem onstrated herein that incident noise and 

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

iv



raising the possibihty 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 uj)stream 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 sjiectral 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 M otivation  for R esearch

As the airline industry continues to grow, the noise em itted 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 [l]. Such research has lead to the implementation of high bypass-ratio 

engine tyj)es, 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 broadl)and noise. Core noise is the 

donnnant 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 T E E N I 

(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 api)roach 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 attribu te  the measured far-field 

noise in specific spectral ranges to specific core noise-sources within the engine. Figure 

1.1(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

2



C H A P T E R  1. IN T R O D U C T IO N 1.1. M O T IV A T IO N  FO R  R E SE A R C H

aeroengine are j)oorIy u n d ers to o d , p a rticu la rly  th e ir  respective  co n trib u tio n s  to  th e  sound  

])ressure levels of th e  noise ra d ia te d  to  th e  far-held. T he  ob jec tive  of th e  T E E N I p ro jec t 

was to  identify  th e  co n trib u tio n s  of various core noise-sources to  far-field m easu rem en ts  [2], 

A h y p o th e tica l exam ple of th is  enhanced  u n d e rs tan d in g  as a resu lt of th e  T E E N I p ro jec t 

in shown in F igure  1.1(b).

C oherence-based  techn iques of noise-source id en tih ca tio n  technicjues are well su ited  to  

acoustic  te s tin g  inside tu rb o sh a ft engines. As th e  am oun t of space is severely lim ited , 

only a few reference sensors m ay rea listica lly  be lo ca ted  close to  each source location . 

C oherence-based  noise-source iden tification  technicjues app ly  th e  co rre la tion  functions es

tim a te d  betw 'een a num ber of pa irs of m icrophones. T h e  re la tiv e  c o n trib u tio n  of one or 

m ore noise-sources to  th e  to ta l noise at a m easurem ent loca tion  of in te rest can  th e n  be ca l

cu la ted . T he  first re])orted  a i)p lication  of such a techn ique was th e  coherent o u tp u t pow er 

technicjue api)lied by H alvorsen and  B endat [ >]. T h is  teclm icjue uses a pu re  (zero e x tra 

neous noise) source m easu rem en t as an  ini)ut in o rder to  iden tify  th e  c o n trib u tio n  of th is  

soiu’ce to  th e  to ta l  noise at an  o u tp u t m easu rem en t. M ore so p h is tica ted  m eth o d s w hich 

use m ore th a n  a single pa ir of microi>hones have been develoj^ed m ore recently. T hese  

techn iques m ay be app lied  in s itu a tio n s  w here a pu re  source m easu rem en t is unavailab le , 

or the  reference sensors m easure  m ore tlian  one source, su b jec t to  ce rta in  restric tions. 

Such teclmicjues include th e  tliree-m icro])hone signal enhancem en t technq iue  of C hung  [ l] 

and  th e  five-m icroj)hone cond itiona l sp ec tra l analysis technicpie of Hsu and  A hu ja  [^]. A 

d e ta iled  discussion of th e  fo rm ula tion  of several such technicjues is p resen ted  in C hai)te r 

4.

R o to r-s ta to r  B P F  tones p ro i)agating  dow nstream  in an  aeroeng ine will in te rac t wdth 

th e  ro ta tin g  b lades and  s ta tio n a ry  s ta to rs  of th e  various stages of tu rbom ach inery . T h is  

in te rac tio n  can resu lt in sc a tte r in g  of noise a t sum  and  difference frequencies w ith  respect 

to  th e  incident noise. C rucially , th is  sca tte r in g  has been  d e m o n s tra ted  in recen t l ite ra tu re  

to  occur not only for to n a l noise, b u t also narro w b an d  (b an d -lim ited  b ro ad b an d ) noise [(>]. 

T h is  m ay explain  som e of th e  low-frecjuency acoustic  energy found in far-field m easu re

m ents which cannot be  assoc ia ted  w ith  any sj)ecific no ise-so iuce w ith in  th e  engine, as 

energy from  u p stream  noise-sources (e.g. d irect com busto r noise) could be sc a tte re d  in 

frequency. W ith  reference to  F igure  1.1, it m ay also be possib le for th e  h igh-frequency

3
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F igu re  1.1: T E EN I project aims, (a) Shows th a t prior to  TE EN I, h ttle  is known about 
the  contributions of core-noise sources w ithin tu rboshaft engines to  the b roadband noise 
rad ia ted  from the engine exhaust, (b) Shows the objective of TE EN I, which is to  identify 
the  specific contributions of these core noise-sources to  the  exhaust broadband  noise. A 
hypothetical ou tp u t from the project is shown [2].
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CH A PTER  1. IN TRO D U CTIO N 1.2. SC O PE AND O B JE C TIV ES OF THESIS

turb ine broadband noise to  be scattered  to  lower frequencies, perhaps contributing to  the 

huiips of b roadband noise in the range i )Hz 20i){.)Hz. This a concern for studies such 

as TE EN I, which aims to  characterise the broadband  noise em anating from turboshaft 

engine exhausts, as some low-frequency noise may not be a ttr ib u ted  to  a specific core 

noise-source w ithin the  engine using trad itional coherence-based m ethods. Low frequency 

noise is also a ttenuated  less by atmosi)heric absorption, and therefore propagates long 

distances more effectively [7]. T he possibility of sum and difference scattering  affecting 

the far-field spectral d istribu tion  of acoustic energy in this way would have a significant 

im pact on environm ental noise considerations of aeroengine design, and was therefore 

identified by the au thor as a key avenue of investigation w ithin the T E EN I j^rcjject.

Sum and difference scattering  of noise is an issue for the application of noise-source 

identification techniques which make the assum ption of a linear i)ropagation pa th  be

tween source and receiver, as sum  and difference scattering  has been suggested as l)eing 

a non-linear interaction between the  dow nstream  proj)agating noise and ro ta ting  turbo- 

machiuery. Freciuency scattering  will furtherm ore have an im pact 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 s\iggests th a t the 

m odal content of the  noise at any scattered  frec^uencies will also be affected by the scat

tered noise ['^,')]. This will further reduce the effectiveness of any liners if they have

not been optim ised for the acoustic modes excited by the scattered  noise. FTU'thermore, 

any liners installed uj)stream  of any tTirbine stages at which scattering occurs will not 

m itigate the scattered  noise. If the scattering  m echanism  is well understood how'ever it 

may be possible to  elim inate the  factors which cause such scattering to  occur, therefore 

elim inating the  need for m itigation m ethods such as acoustic liners.

1.2 Scope and O bjectives of Thesis

The aim of the  a u th o r’s research is to  contribute in a meaningful way to the research into 

turbom achinery noise source identification; namely, to  b e tte r  understand  the contribution 

of each noise-source in the engine to  the somid rad ia ted  from the engine exhaust. The 

W'ork undertaken is closely linked to  the research imde^rtaken as part of the EU FP7 project
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TEENI, of which TCD (Trinity College Dublin) was a i)artuer. Figure 1.1 dem onstrat’̂ s 

how the TEENI project aims to better characterise the contribution of the si>ecific 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 comj)letion 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 reciuirements of both DLR and 

TCD for research into methods of noise-source identification. This test campaign was 

completed in February 2010, and the exi)erimental tests generated data for a wide variety 

of test points. Param eters such as the ninnber of noise sources and type of noise gener

ated (tonal, narrow'band or broadband) and the modal content of this noise were changed 

betw'een test j)oints. This provided a substantial data set in order to investigate noise 

generation in a turboshaft engine and novel techui(i\ies of noise-source identification.

During the Berlin tests, smn and difi'erence 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 frecjuency (BPF) of the rotor. It was 

observed over several narrowband tests th a t this scattering occurs at high frequencies, 

but not lower frec^uencies, as highlighted in Figure 1..'}. Not enough relevant data  was 

generated in the Berlin tests to investigate this scattering phenomenon in-depth, therefore 

a sec'ond 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 turbom achinery 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

6
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engine api)lications where the duct geometry is complex and the available sj)ace 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 frecjuency scattering which will affect the spectral distribution of 

acoustic energy and modal content of the noise j^ropagating out the engine exhaust.

120 F
I BPF 

_  1 0 0 ’ 

m

NBN + BPF
• • NBN + BPF2

NBN -  BPFBPF2 NBN
N B N + BPF3

1 I NBN + BPF4BPF3 BPF4

5000 6000 7000 80003000 4000 
Frequency (Hz)

1000 2000

F ig u re  1.2; Scattering of narrowband noise (NBN) generated by an array of loudspeak
ers clue to interaction with a rotating rotor. This noise was acquired by a microphone 
downstream of the rotor-stator stage. Noise is scattered at frecjuencies of NBN i)lus or 
minus nniltij)les of the blade-pass frequency (BPF) of the rotor.
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Significant Scattering Only Observed 
Above Some Critical Frequency

'V m.JV

1300 c

7 12 10 69 1 4 2 5  1781
kR

21 37 24  94 28 5

F ig u re  1.3: Waterfall plot of several test cases similar to that shown in Figure 1.2. 
The x-axis shows the diniensionless frequency range and the y-axis is the soinid 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 centr(’ fre([uency, as denoted in the 
2-axis. The NBN generated by the loudsi)eaker 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 turboniachinery 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 know'ledge 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 w'all, as used in the experimental tests discussed in Chapter (i, is discussed.

As part of the TEENI project, an experimental study was undertaken on both classic 

(i.e. already published) and novel technicjues for identification of noise in turboshaft en

gines. A test campaign was undertaken at DLR in Berlin, Germany using a small-scale

8
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representation with a simplified geometry of a real tnrboshaft engine with two noise-source 

regions representative of the noise-soiirces inside the engine. Reference sensors were lo

cated close to both noise-sonrce regions, and banks of microi)hones 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 a])plying these techniques are discussed in Chapter 1. The efhcacy and limitations 

of these technicjues is then discussed, and a case of noise scattering which would adversely 

afl'ect the performance of such techniciues is highlighted.

Chai)ter o discusses the design of the second exi^erimental rig used in the test cam

paign undertaken at TCD to investigate the sum and difference scattering of noise as it 

interacts with rotating turl)omachinery, as previously observed in the tests in Chapter 1. 

Limitations in the frecjuency range in which modal analyses could be performed and a 

large numl)er 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 

])resented which miderlines the lack of ])revious ex])eriniental research that focuses on 

this specific tyj)e of noise scattering. The experimental set-uj) 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 j)resented, and experimental results are also show'ii that verify each aspect of 

the experimental rig operates as intended.

The subsecjuent results from experimental investigations using the TCD rig of scatter

ing of both tonal and narrowband (band-pass filtered broadband) noise are sununarised 

and discussed in Chapter (i. 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) coimts of the rotor (and stator) stages, the rotational sj)eed 

of the rotor, and the modal content of the incident noise. Chapter 7 assesses the overall 

contribution of this thesis, and discTisses possible future research topics which arise from 

the results presented herein.

9
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Chapter 2

Theory of D uct A coustics and 
Turbomachinery Noise Generation
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CHAPTER 2. 2.1. CYLINDRICAL DUCT ACOUSTICS

2.1 Pressure Field in a Hard-W alled Cylindrical D uct

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 proljlem that can be solved to give the 

duct proi)agation modes. For an infinite length duct with superimposed mean flow i J , 

the pressure, p  -  p { 7 ' , 0 , x , t ) ,  can be expressed in cylindrical coordinates as a solution to 

the homogeneous convective wave ecjuation;

^  _  1 ^  /  ^
Dt'^ dx^ r (9r \  d r )  00“̂

The substantive or material derivative describes the rate of change of a (piantity as it

moves through a sj^ace- and time-dependent velocity field, and is defiu('d as;

D d 0
T T  =  ^  +  .Di dt dx

The solution is found as a combination of the characteristic functions of Ecpiation 2.1 

each of which satisfy specific boundary conditions. The derivation of this sei)aration of 

variables solution can be found in the literature [l(l-l_']. given the following assumptions:

• Flow is an incompressible medium with negligible tem perature gradients.

• The mean flow, U =  ([4 ,0 ,0 ) , is stationary with time.

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

direction.

•  The mean tem perature and density are stationary with time.

Abom [ l  '5] and others dem onstrate th a t the solution to the convective wave equation 

can be given by a linear superposition of modal terms:

OO 0 0

p { x , r , ^ ) =  Y ,  +  ( 2 .2 )

m = — OO n = 0

12
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where and are the complex modal amplitudes, and are the axial

wavennmbers, and m  and ?? are the azimuthal and radial mode indices resjjectively. The +  

and - superscripts refer to the direction relative to the How, with the convention tha t pos

itive is in the direction of the mean flow. For the case of a hard-w'alled acoustic boundary  

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

by:

^  I R )
J m n [ r )  =  ----------- y = ~ —  (2.J)

where E„, is the characteristic fmiction describing the radial ])ressure distribution as 

discussed in Section 2.1.1, and a,„„ is the associated hard-walled eigenvalue. B  is the 

outer duct radius. In order to satisfy orthogonality, a normalisation factor is calculated 

by:

/■«
= 2n R)rdr  =  (2.4)

./o

- R  

' 0

This transforms the orthogonal mode eigensystem into an orthonorm al mode eigensystem.

A mean How can be acconmiodated for in the fornnilation of the axial wavenunibers which 

is a function of and the free-field wave niunber. k.

'■•L =  (2 .5 )

where

=  ( 2 .0 )

and

0 = -/rn î (2.7)

2.1.1 R adial Pressure D istributions for Annular and Circular 
D ucts

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

13



CHAPTER 2. 2.1. CYLINDRICAL DUCT ACOUSTICS

00 oo oc

P m { l  ) =  ' y   ̂ ~  ^   ̂ O n P n ( ^ )  =  ^   ̂ mn   ̂ ) ( 2 - 8 )
n = 0  n = 0  n = 0

E ln  = E l n i ^ l n r )  = E U h k l^^v /h )  = E l M ^ )  (2.9)

See Tyler and Sofrin [11], for example, for similar reasoning. The characteristic E  function 

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

E l „ { k l „ r )  = J M n ' - )  +  Q l J U k ' ^ „ r )  (2 .10)

where a is the duct inner radius, h is the duct outer radius, and i] is the hub-to-tip ratio 

{a/b). J-m and y„, are the Bessel hinctions of the first and second kind respectively, of 

order m.

The characteristic mnnbers and Qn,„ fc’und from the roots of the following si- 

nmltaneous ecjuations, which arise from the boundary condition that the pressure gradient 

at the duct walls nnist be zero:

f J k ' )  + Q lY : jk ' )  = Q ( 2. 11)

fmivk') + Q lYU vk ')  = i) ( 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 rj = 0.25. The first four m orders are shown. As r; decreases, higher-order radial 

modes are biased towards the hub. This has the consequence that as r/ is increased, the 

cut-on frecpiency 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 l] and Moore [l-'j].
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F i g u r e  2 .1 :  R adia l pressure distr il)u tions for an  annu la r  cross-section duc t  for Bessel 
finictions of order 0-3, // =  0.25, at a specific az im utha l  angle.

For a duct w ith  a circular cross-section (a =  0), th e  existence of the  Bessel finiction 

of the  second k ind is in violation of the  b o u n d a ry  conditions. T he  charac te r is t ic  function 

in this case is therefore  given by:

For th e  b o u n d a ry  condition  th a t  the  pressure  gradient at the  duc t wall is zero for the  case 

of a  duct w ith  a circular cross-section:

T he  rad ia l  m ode  shapes for a c ircular duc t  are shown in Figure  2.2. T h e  first four m 

orders a re  sliown.

(2.13)

J ' rn i^mnr )  =  0 (2.14)
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F ig u re  2.2; Radial pressure distrilnitions for a circular cross-section duct for Bessel 
functions of order 0-3, at a specific azinnithal angle.

2.2 A coustic  M odal Propagation

In Section 2.1, it was dem onstrated that for a hard-walled cylindrical duct of infinite 

length, the acoustic pressure in the duct can be considered as the linear suj^erposition 

of infinite many acotistic 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 outhned 

in Section 2.1.1. A full overview of the eigenvalue solution can be found, for example, in 

Eversman [12]. The behaviour of these modes can be better understood by considering 

the axial wavenumber, as defined in Equation 2.•'3. For:

(2.15)

the values of are real. If is complex, the resulting modes will be attenuated with 

axial distance, and will decay in amplitude exponentially. These evanescent modes have 

no acoustic energy associated with them [Hi]. 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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kH
(2.16)C,mn

a„ in  \ / l  -

W hen the  cut-off ra tio  (mn is greater th an  one for a particu lar mode order at a par

ticu lar frequency, the m ode will propagate w ith very little  a ttenuation  in a duct. These 

modes are said to  be “cut-on” . Several cut-on modes can co-exist at a particu lar frequency 

if their respective cut-off ratios are greater than  unity. Equations 2.15 and 2.1(j highlight 

the  dependence of the cut-on of acoustic modes on the Helm holtz num ber, A’i?. As A/? is 

increased, more higher-order modes are cut-on in a duct of radius B. F iutherm ore, the 

eigenvalue is dependent on the cross-sectional geom etry 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 

deijending on the  duct geometry, as w'cll as the m ean flow velocity, am bient tem perature, 

and am bient pressure. Any swirling m ean flow will also modify the  cut-on behaviour of the 

acoustic modes, w ith this modification dej)ending on w hether or not they contra-ro tate  

relative to  the flow swirl direction. Golubev and Atassi [1''] investigated the effect of a 

m ean swirl velocity on the behaviour of acoustic m ode propagation, and found th a t a nor

m al mode analysis will reduce to  a non-linear eigenvalue i)roblem. Numerical sinuilations 

are reciuired in order to  analyse the behaviour of b o th  cut-on and evanescent modes in 

the case of a swirling flow.

In m any 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 m odal am pli

tudes for each cut-on m ode is useful for determ ining the  pro])agation process of sound in 

the duct, and can also be used to  helj) identify the  relative contributions of noise som’ces 

in the duct to  this propagating noise (as a])phed in Section 4..'5). C ertain sources of noise, 

such as the periodic in teraction betw'een ro to r-sta to r stages, have specific modal content 

associated w ith them  i.e. the dom inant acoustic modes at these periodic frequencies can be 

predicted. Several studies have also used acoustic m odal theory  to  study  fan noise [l!),2(l], 

comi)ressor noise and com bustor noise [22].

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

the plane is given by;
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=  (2.17)

T he dependence of the  characteristic E  function on ?/ in E quation 2,17 can be dropped 

for the  case of a circular cross-section. This eigenfunction has been p lo tted  for the  case 

of a circular cross-sectioned duct by B ennett [2.'i]. Figure 2..'5 plots these eigenfinictions 

for the  case of an annular cross-sectioned duct for a range of {rn, n)  m ode orders, w ith a 

hub-to-tii) ratio  rj =  0.25.
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CHAPTER 2. 2.3. TRANSMISSION THROUGH AREA DISCONTINUITIES

2.3 A coustic Transmission Through Area Disconti-

For the case of oiie-diniensional (plane) wave front transmission with zero niean-flow, as 

occurs in chicted geometries at low frequencies, the acoustic i)ressure in a finite length 

duct can be represented simply by the sujjerposition of forward and backward travelling 

waves:

backward-travelling wave. For transmission through an area discontinuity, as occurs in 

aeroengines as well as in mufflers and other connnon ducting systems, tlie 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 refiecticni coefficient for a forward- 

travelling j)lane wave is given by:

where is the cross-sectional area of the duct j)rior to the contraction/expansion and 

S 2 is the cross-sectional area after the contraction/ex])ansion. No acoustic power is lost, 

but sound is reflected due to the change in the characteristic impedance (V'o) 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- 

cpiired. 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 [2 1].

At a given axial location in a uniform duct, the sj)ecific acoustic impedance is given

unities

(2.18)

where A  is the amplitude of the forward-travelling wave and B  is the amplitude of the

by:

v{x) — Be^^^
( 2 .20 )
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At the  end of a duct, the geom etry will connnonly te rm inate  by one of th ree different 

w'ay: w ith  a closed end, w ith an o])en end, or w ith an anechoic term ination. For a rigid 

closed end term ination , the specific imi)edance will tend  tow ards infinity, m eaning th a t 

all incident noise will be reflected. Levine and Schwinger [2')] studied the affects of sound 

radia tion  from an unflanged duct into hemisi)herical s])ace, and m ade an em pirical flt 

for the  values of b o th  the am plitude of th e  reflection coefficient \R\ and the end correc

tion 5. T he m agnitude of the reflection coefficient is dependent on frecjuency, and droi>s 

m onotonically as the  Helmholtz num ber (A’/?) is increased.

W hen designing experim ental tests for duct acoustics investigations, it is often nec

essary to  elim inate reflections at one or l)oth end(s) of the duct. This is necessary for 

establishing causal links between noise-source regions and ou tpu t m easurem ents w ithin 

the duct th rough  correlation analysis, for example. Acoustic horn theory can be applied 

to  design an anechoic term ination  which will elim inate reflections at the duct end(s) by 

m atching the  characteristic  im pedance of the inside of the duct w ith th a t of the sur- 

romuUng environm ent. For wave i)ropagation through a diverging geometry, the  change 

in acoustic j)ressure is described by W ebster's formula;

dp' d[ \n{Six) )]dp'  _  1 
dx'^ dx  d x  Co Oi^

As well as designing anechoic ternnnations, horn theory can also be ai)plied in order 

to  b e tte r  m atch  th e  characteristic im pedances at area discontinuities w ithin a duct. This 

is useful in the  design of waveguides for transm itting  noise from loudspeakers into test 

ducts, see for exam ple the experim ental set-up shown in Section 1.2.

2.4 R otor-Stator N oise G eneration in Aeroengines

The key noise-source regions in the core region of a typical aeroengine can include the 

com pressor, com bustor and turb ine stages. An exam ple of the locations of these regions 

is shown in Figure 2.1 for a typical tu rboshaft engine. The ro to r-sta to r stages of the  com- 

j)ressor and tu rb ines are sources of bo th  tonal and b roadband noise. Advances in tu rbofan  

engines have resulted  in high byi)ass-ratio engines, which have reduced the effect of jet 

noise. D uring approach and when taxiing, turbom achinery  noise is a highly significant
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CHAPTER 2. 2.4. ROTOR-STATOR NOISE GENERATION IN AEROENGINES

noise-source in snch 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.(i. In turboshaft engines, where jet noise 

is negligible due to low' exhaust velocities and there is no byi)ass stream, turbom achinery 

noise dominates the noise radiating from the engine exhaust. Figure 2.') dem onstrates 

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
compressors combustor engine

exhaust

high-pressure
turbineengine

inletpower shaft
free

turbines
Figure 2.4: Schematic of an Ardiden IHl hehcojjter 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, w ith 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 i>ropagates axially in the duct as a travelling 

wave with a fixed circumemferential speed [l l]. The shape of this lobed jjressure pattern,
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5dE)

Takeoff

* e'r flJ /J t  *
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5 d lt

1
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* E i
f  ^  t  
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Approach

Figure 2.5: Relative power levels of aircraft noise sources at takeoff and approach. 
Reproduced from Astley et aJ. [l].

Typical 1960s design

—  f l B d —

Typical modern design

l^^om pressoj

I T urbine & Com bustion
[^Compresso^

Figure 2.6: Engine noise sources: 1960s versus a modern design. Reproduced from 
Astley et al. [ll.

23



CHAPTER 2. 2.4. ROTOR-STATOR NOISE GENERATION IN AEROENGINES

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:

where N  is the rotational speed of the rotor in rpni, B  is the ntnnber of rotor blades.

for a rotor rotating with subsonic tip speeds at certain rotor shaft harmonic frequencies 

{iN/60) if there is an imbalance in the shaft, where ? 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 consecjuence of the lobed shai)e of 

the j)ressme pattern generated by its blade-pass frecjiiency (BPF) and harmonics, only 

certain azinuithal mode orders v/ill be excited by the rotor at these frecjuencies. For a 

rotor with B  blades, a Z?-Iobed j)ressure pattern will be generated at the fundamental 

BPF. Expanding for each subsequent h BPF harmonic, an hB  lobed ])ressure pattern will 

l)e generated. The azinuithal mode order generated, m,  is therefore given by:

This analysis was also extended by Tyler and Sofrin [l 1] 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:

( 2 .2 2 )

and h is a positive integer which refers to the BPF harmonic. Tones may be observed

m = hB (2.23)

P m n  =  V̂ aOTnCOs(m0 -  llBVlt -t- (f),nri) (2.24)

where m is restricted to

m = h B -  kV k = ------ 2, - 1, 0, 1,2 (2.25)
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The interaction field at each h ro tor B PF  harm onic is the infinite superposition of ro ta ting  

pressure patters, each ro ta ting  w ith an angular velocity of h B Q / m  radians per second 

where Q is the angular speed of the rotor.

For the case of rotor-alone noise, neglecting the  ])resence of any nearby s ta to r stages, 

the  dom inant sources of noise are the interaction between inlet boundary layers/d istortions 

w ith the fan and fan self noise. Fan self-noise is cavised by airfoil trailing-edge noise, sep

aration stall noise, lam inar boundary layer shedding noise, tip  vortex form ation noise and 

trailing-edge vortex shedding noise. Brooks et ai. [2(>] use a semi-empirical approach in 

order to  get an overview of these noise generating mechanisms. Glegg [27, 2n] discusses 

these noise source m echanisms for a single airfoil by exam ining blade surface unsteady 

l)ressTU'e distril)utions. These works contains a large list of references to work in the field 

of ro tor self-noise. Predictions of fan broadband noise have m ade large steps forward in 

recent years, due to  an increased interest as trea tm ent of fan tonal noise has improved. 

Sim ulations of fan b roadband noise are an area of contirming study, as more sophisticated  

munerical and CAA (com putational aeroacoustic) codes are being develojx'd. T he recent 

E.U. FP-G project PRO BAN D has b e tte r  characterised the b roadband noise-source mech

anism  generated by rotors (specifically fan noise in turbofan  engines), using fim dam ental 

exi)eriments in conjunction w ith advanced CFD to  provide a deeper insight into the fiow 

physics in the source regions [2!)].

In the  chaj)ter by Groeneweg et hI. [ id], it is s ta ted  th a t fluctuating pressures, whose 

j)hase or trace speed is supersonic relative to  an observer, will rad ia te  sound to th a t 

observer. Vortical d isturbances, or gusts, are the origins of such fluctuating pressures on 

blade rows of a rotor. T he fluctuating norm al force per m nt span of a blade, F 2 , is given 

by:

F2  = 7rpoUra2cexp[i{k3y3 -  kiUrt)]D{ku k.3 , Mr)  (2.26)

The co-ordinates here are aligned such th a t iji is along the blade chord and y -2 is in 

the direction of the uj)wash. po is the am bient density, c is the blade chord, and Ur is the 

velocity of convection of the gust relative to  the blade chord. D is the response function 

for the gust of wavemunber k convecting at f/r- For si)ecial conditions w ith resi)ect to
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airfoil geometry and flow type (compressible or incompressible), solutions for D exist in 

the literature ['{l-'il)].

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 pro])agate in the duct. The strength of these 

interaction effects can be reduced by increasing the sj)acing 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 

azinuithal modes using an array of monoj)ole sources is discussed, which could sinuilate a 

fan BPF tone for example. Methods for decomposing the acoustic i)ressure held 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 technicjues allow the sj)ecific modal content at a given axial location 

in a duct to be determined. Generally, these techniciues use a large munber 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 ami)litudes. 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 transm is

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 chai)ter a 

range of modal decomposition techniciues are reviewed, and a technique for modal anal

ysis using multii)le microphones flush-mounted to the duct inner wall and applied in the 

experimental test results analysed in Chapters 1 and (i is discussed. Finally, the theory 

of targeted mo<le 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 dem onstrate the effectiveness of this techniciue.

3.1 O verview  o f M odal D ecom position  Techniques

Early studies in modal analysis include the theoretical work of Dyer [.57], who considered 

a source tha t is “completely random in sj)ace” in a hard-walled circular duct. Dyer 

concluded in his analysis tha t subject to certain j)arameters all acoustic modes present 

in the duct above their resi>ective cut-on frequencies will carry equal energy. Morfey [ >>] 

furthered Tyler and Sofrin’s discussion on these rotating pressure patterns, or azinmthal 

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 [ 5!)] 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 

[I 'i] ijroposed 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 technic[ues of 

decomposing the sound field in a duct into its specific modal constituents are known as 

modal decomposition techniques. Other similar direct modal decomposition technicjues 

exist in the hterature [lO-l.'i], however many make assumptions on the type of signal 

present in the duct.

Yardley [ I  i] formulated a modal analysis tec'hnicjue using an array of flush-mounted 

microphones sj)aced both circuniferentially and axially. Abom [l-!] introduced a novel 

method of modal decomposition which uses the transfer function l)etween pairs of mi

crophones, provided the duct eigenfunctions and eigenvalues are known. Unlike many 

previous modal decomposition techni(iues in the literature, Abom's proposed technicjue 

does not recjuire a priori assumptions on the signal type present in the duct. Fmthermore, 

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 [lo] 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 accjuired at this new azimuthal location. This 

process is repeated for a full revolution of the sensor rake, and the azimuthal modal 

content of the j)ressure field at this axial location is resolved by:

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

bution is shown in isolation. The sampling time by the micropliones in the sensor rake is

(3.1)
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synchronised with the trigger signal used to control the ro tor’s rotation.

Enghardt et al. [ Kt] j)roposed a modal decomposition scheme using eciui-azinnithally- 

spaced wall-mounted sensors only, as opposed to sensor rakes, to decompose the pressure 

field into its specific modal anii)litudes. This form of modal decomposition is far easier to 

implement in a real aeroengine due to the practical space constraints, and reduces sensor 

contam ination as the wall-mounted sensors do not interact w'ith 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 azinuithal positions. The wall mounted sensor configuration was compared 

exjierimentally with the results for a sensor rake, and found to agree well. The radial 

modal analysis (RMA) techniciue was also tested and found to measure the radial modes 

as predicted. A similar investigation to Holste and Neise [ lo] was undertaken by Enghardt 

et al. [17] using sensor rakes for radial mode analysis. Tapken and Enghardt [l>] further 

assessed the radial mode analysis technitjue by midertaking a numerical st\idy on the 

effects of freciuency, sensor location, and fiow conditions such as the jiresence 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 [23] implemented a modal decomposition technique based closely on the m eth

ods of Abom [13] and Yardley [1 l], w'hereby an array of microjihones is mounted fiush to 

the inner duct wall. The sensors in this array are ecjually 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 decomj)Osition;

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

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

From the fornmlation of the acoustic j^ressure 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 [!!)]. In the first stage an azinuithal 

decomposition is carried out using microphones located circumferentially around the duct 

as follows:

A- =  0 ,1 ....2 .V -1
A / - 1

PLk= ^  where / =  0,1, , . . .2 i\ /-  1 (3.2)
m = l — M

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 microi)hone 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 - l

fhnk- = +  A - (3. 3)
n = 0

Using a process of matrix i)seudo-inversion, a least-scjuares solution can be fomid for the 

above equation to estimate the comj^lex modal amplitudes. The hrst part of the teclmicpie 

requires two measurements per azimuthal wavelength (27r/m), analogous to the Nycjuist 

sampling criterion. 2M  sensors are therefore required to be located azimuthally, where M  

is the maxinumi azimuthal mode to be decomposed. This places an upper frequency limit 

at w^iich this technique can be ap])lied for a given amount of acoustic sensors. Holste 

and Neise [l-'t] make similar conclusions, and also state tha t aliasing is possible w'hen not 

enough sensors are located per cut-on mode. An exami)le of the full expansion of this 

modal decomjiosition procedure can be foimd in Chapter 7 of Bennett [2-3] 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 niicroi)hone measurements per cut-on mode. Castres and Joseph [■')!)] in

vestigated the robustness of the matrix j^seudo-inversion step of a modal decomposition
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scheme whose least-squares sohition minimises jjp — D a ||, where p  is a m atrix of com

plex acoustic pressure measurements, D is a directivity m atrix describing the physics 

of acoustic modal propagation, and a  is a m atrix of estimated modal amplitudes. The 

pseudo-inversion step undertaken in the modal decomposition techni(iues such as Abom’s 

outlined above are highly sensitive to errors at modal cut-on frequencies due to an ill- 

conditioned directivity m atrix, which is a particular issue at high frecjuencies when modal 

cut-ons are grouped close together. A method is described by Castres and Joseph to 

increase m atrix inversion robustness by regularisation, but this nmst be used as a com

promise with the accuracy of the solution.

Rc'cently, Engliardt et a,l. [' 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 pro])ose(l: 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 Engliardt [ This method assumes that all 

mode orders present in the duct are nuitually uncorreiated. The choice of reference 

microphone has a marked effect on the resulting mode amplitudes deduced with this 

technique. The second method, BBMA II, ai)i)lies a beaniforming algorithm, and then 

decorrelates in order to ascertain the mode correlation factors. Comparison of results using 

both techniciues have shown that BBMA II is more robust in the presence of background 

noise e.g. flow noise. The m ethod of Abom and adopted by Bennett has also been a])plied 

to analyse the modal anij)Iitudes of broadband noise by Davis and Bennett ['i3], and has 

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

3.2 Targeted A zim uthal M ode Excitation

In active noise control (ANC) studies for ducted noise, the aim is generally to reduce 

the noise em itted from noise sources in the duct (such as fan BPF noise) by generating 

additional noise using one or more loudspeaker(s) w'hich destructively interferes with this 

unwanted noise, and hence reduces the noise em itted from the duct into the surrounding 

environment. At higher freciuencies, 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 azinnithally can be used to excite a specific azinmthal acoustic 

mode, which will then interact with and reduce the noise generated at the fan BPF [') l]. 

If a single ring of noise sources is used, a specific azimuthal mode can be targeted. Using 

several axial rings of noise-sources a sj)ecific 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 ().

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 

fretiuency-domain Green’s function for a duct with an axial irrolational mean How must 

satisfy:

( +  A-2)G(x, y) =  - S { x  -  y) (3.4)

and for a hard-walled boundary condition:

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

Goldstein [.IJ], the sound pressure generated at position (;r,r, due to a single monopole 

source with volume velocity f/o =  t’o^ located at (x^oi expressed as:

p(x, r. v?|XqO, ?>o, ^qo) =  -JUpqog{x,  r, ^\XqO, ?'gO, ^go)
OC

p c  \  -

= „ = 0

(3.6)

where go if’ fhe source volume velocity, p is the density and c is the speed of soimd of 

the j)ropagation medium. R  is the (hict radius. J„,(-) is the Bessel function of the first 

kind, of order m.  is the eigenvalue, is the axial wavenmnber and Â „,„ 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 XqQ, 7'qo and are the 

axial, radial and circumferential locations of the monopole source. Equation 3.(i provides
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Figure 3.1; Analytical simulation of pressure field generated by a single monopole source 
located at x =  0, 6̂ =  0, kH = 3.5. The real part of the complex pressure field is plotted.

the pressure distribution in an (infinite) circular duct as a fvuiction 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 (.x =  0, 

0 = 0, r = R).  For this case, all duct modes are excited.

Specific azinnithal modes can be targeted by locating nniltiple monopole noise sources 

around the circumference of a duct at a fixed axial location and adjusting the phases 

between the sources as follow:

q m  = (3.7)

where S  is the mnnber of monopole sources. / is an index from 1 to S  for each monopole 

source, g,,, is the source strength and m is the targeted azimuthal mode (TAM) being 

excited by the monopole source array.

To dem onstrate this targeting of specific azimuthal modes, analytical sinnilations were 

undertaken using the theory outlined above. The to tal acoustic pressure field generated 

by nniltiple sources is found through superposition of Equation 3.G 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 = /?, 

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.(i for each source, is plotted. Each source 

is of the same strength, generating a tone at k R  = 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 T A M  =  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 T A M  =  0, and the spiral pressure field patterns indicative of higher-order
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TAM = 0 TAM = 1

F ig u re  3.2: Analytical simulation of pressure field generated by targeted mode excitation 
using 15 circuniferentially-spaced monopole sources located at a: =  0. k R  =  3.5. The 
m = 0 ,1 ,2  azinmthal modes have been targeted. The real part of the complex pressure 
held is plotted.

azinmthal mode propagation when T A M  = 1.2.

In order to verify that the targeted mode dominates in each case, a modal decompo

sition can be i)erformed by interrogating discrete nodes in the complex j)ressme held and 

apj^lying 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- 

I)litudes at an axial location x = 0.7. Sixty-four [)ressure measurements ŵ ere 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 aromid the perij)h- 

ery of the duct. This is analogous in a real experiment to taking microphone measurements 

using microphones fiush-momited to the ŵ all 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 ])ropagate in the duct, as illustrated at a frequency k R  =  3.5 in Figure 3..3. This 

modal analysis was performed for the test case shown in Figure 3.1. This modal analysis 

procedure w'as repeated for a range of k R  values in Figure 3.4, which demonstrates that 

roughly ecjual acoustic energy is carried per cut-on acoustic mode, with the test case
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- 3 - 2 - 1 0 1 2 3  
Azimuthal Mode Order, m

F igure  3.3: Azimuthal modal analysis of i)ressure field generated by a single monopole 
source located at {x = Q, 6 = 0, r =  /?), k R = 3.5.

X t l O d B

0 1 ' 2 3 ' 4 ' s'  s'  7 8 ' 9
kR

Figure  3.4; Azinnithal modal analysis of pressure field generated by a single monopole 
source located at (x = (),& = 0. r = R),  for a range of frequencies.

shown in Figure 3.3 indicated with a green-dashed vertical line.

The azimuthal modal amplitudes found from modal analyses when three different 

azinnithal modes are targeted using 15 monopole sources are shown in Figure 3.5. These 

results were found for the test cases shown in Figure 3.2, and prove that the targeted 

azinnithal inodes dominate the acoustic pressure field. The targeted azimuthal modes 

dominate by around 30dB in each case. This modal analysis is extended for a range 

of kR  values in Figure 3.(i, with the green-dashed vertical lines indicating the test cases 

plotted in Figure 3.5. These figures show that the targeted azimuthal modes dominate for 

all analysed frecjuencies 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 T A M  = 1 and 

T A M  =  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 modes.

When performing modal analyses using microphones flush-mounted to the duct wall,

36



C H A PT E R  3. 3.2. T A R G E T E D  AZIMUTHAL MODE EXCITATION

TAM = 0 TAM = 1

X 4 - 1 0 d 6  x + IOdB

- 2 - 1 0 1 2 3  - 3 - 2 - 1 0 1 2 3
Azimuthal Mode Order, m Azimuthal Mode Order, m

TAM = 2

- 3 - 2 - 1  0 1 2  3
Azimuthal Mode Order, m

F ig u r e  3.5: Aziimitlial modal analysis of pressure field generated by targeted mode 
generation using 15 rircmnferentially-spaced monopole sources located at x  =  0. k H  =  3.5. 
The rn =  0,1, 2 azim uthal modes have been targeted.

TAM = 0 TAM = 1

X + lOdB X + lOdB

E
<

0 1 2 3 4 5 6 7 8 9  0 1 2 3 4 5 6 7 8 9
kR kR

TAM = 2

X + tOdB

E
<

0 1  2 3 4 5 6 7 8 9
kR

F ig u r e  3.6: A zim uthal modal analysis of pressure field generated by targe ted  mode 
generation using 15 circuniferentially-spaced monopole sources located at x =  0, for a 
range of frecjuencies. T he ru =  0 ,1 ,2  azinuithal modes have been targeted, with the 
targeted azinuithal mode i)lotted in red.
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it is necessary to make two acoustic measurements j)er azimuthal w’avelength in order 

to accurately identify each azim uthal 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 azim uthal mode will be successfully excited when the 

number of noise sources is greater than  double the number of azinnithal wavelengths of 

the mode being targeted, as {)er the Nyquist criterion. In order to investigate if this is the 

case, the test procedure used to calculate the modal amplitiides at x  =  0.7 in Figure 3.-') 

was repeated for a range of frequencies and numbers of monopole sources. The azinnithal 

modal amplitudes were estim ated for each test point. Of particular interest is the dom

inance of the targeted mode, which was cjuantified by subtracting the level of the most 

dominant non-targeted mode from the targeted mode. W'hen the targeted mode is not 

dominant, and hence the mode generator is not effective, this cjuantity will drop below 

zero. This quantity will be denoted A t a m -

Figure .3,7 shows for selected targeted azimuthal modes (TAM) the vahies of 

for a range of dimensionless frequencies (A'i?) and numbers of nionoiK)le sources. The 

monopole soiu'ces are ecpially circumferentially-spaced around the duct at x =  0, r = R  

in each test case. Each sub-figure j)lots k f l  on the x-axis. Each coloured element gives 

the A t a m  value measured when N s r c  monopoles target a specific TAM at a s])ecific test 

freciuency. When the elements are dark blue it indicates that A t a m  has droi)ped 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, usrc > 

2xTAM  monopole sources are re(iuired i.e. more than two sources are recjuired per az- 

inmthal wavelength, which matches the Nycjuist 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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TAM = 0

1 2 3 4 5 6 7
kR

TAM = 1

1 2 3 4 5 6 7
kR

TAM = 2

1 2 3 4 5 6 7
kR

F ig u r e  3.7; Azimuthal modal analysis showing effectiveness of targeted  mode generation 
using a varying number of circuniferentially-spaced monopole sources. The colour of each 
element shows the dominance in d B  of amplitude of the targeted mode, as found by a 
modal analysis ])erformed at x  = 0.7. Dark blue elements indicate th a t  the targeted  mode 
is not dominant.
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3.3 Error Analysis of Single-Ring Azim uthal M odal 
D ecom position

The modal decomposition teclmiciue of Abom, as outUned 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. De])ending on the nmnber of rings of sensors used, 

it is possible to identify higher-order azinmthal 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 Eqiiation 3.2, b\it without directional information or tlie ability to separate 

on radial mode order. Using four rings of sensors it is possible to identify the s])ecific 

radial mode amplitudes up to and including the CTit-on of the n =  2 radial mode with 

directionality. Both methods reciuire 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 j^ossible 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 tem peratures and flow speeds. Furthermore, in situations where one end 

of the test duct term inates 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 azinmthal 

modal generation results in Section 3.2.

In the experimental tests undertaken in Chapters G the number of available channels 

and microphones ŵ as 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 azim uthal modal analysis are compared to the results from a nmltiple- 

ring radial modal analysis, with the nmltiple-ring analysis used as a l)enchmark to assess
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the error levels in the single-ring analysis.

3.3.1 A nalytical Investigation

In the experimental tests undertaken in Chapters 5 and G, the pressure field at a specific 

axial location of a circular duct was decomposed into the specific azinuithal 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 techniciue when compared to a more 

thorough modal analysis using sensors at nmltii)le axial locations. Using multiple rings of 

sensors, a radial modal analysis may he performed. In order to directly compare the modal 

amplitudes estim ated from a multii)le-ring radial modal analysis (lA(m,n).flA/.4 l) the 

amplitudes estim ated from a single-ring azimuthal analysis the radial modal

amplitudes are siunmed into azinnithal modal amplitudes as follows;

where N,„ is the largest-order radial mode cut-on for each corresi^onding m azimuthal 

mode at any frecjuencies of interest.

Analytical tests were i)erformed using the hard-walled, circular duct theory outlined 

in Equation .3.(). The param eters 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 dem onstrated in Figure 3. 4, 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 i)erform both single-ring and 

multiple-ring modal analysis i)rocedures. 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 tha t the large number of receivers used in the nmltiple-ring modal 

analysis will lead to very accurate results, therefore offering a benchmark with wdiich the 

single-ring results can be comi)ared. Twenty-five receivers located at x = 2.148 were used 

to decompose the modes in the single-ring analysis, matching the exi)erimental set-up. 

The test frequency range was also matched to the experiments; 2048 test frequencies 

were investigated in the range 0-13000//2, giving a frequency resolution of 6.35Hz  in the

(3.8)
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T a b le  3.1; Locations of sensors for comparison of modal analysis methods

M o d a l A n a ly sis  M e th o d X ■f r

A - m . A M A 2.148 27r/25:27r/25:27r R
Am.RMA 2.148:0.06:2.568 27r/50:27r/50:27T R

analysis.

The two azimuthal amplitude estimates \Am.AMA\ and \Am.RMA\ are shown across all 

test frequencies in Figure 3.8. Both results have been plotted on the same y-axis scale. 

These figTires 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 frecjuencies. 

Above their cut-ons each mode carries close to equal energy, with the amplitude of each 

azinuithal 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 

k'H =  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 \Am.RMA\ estimate is assumed to be highly accurate, this difference 

in sound pressure level gives the magnitude error of the single-ring estimate \Ar,x,AMA\- 

This error is generally bound between -2dB and 2.5dB, with higher errors of up to AdD 

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 exj)erimental 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 imcorrelated 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 azinmthal angle raises the possibility of all microphones 

at a single axial and radial location measuring an acoustic node at certain frequencies. 

It is possible tha t, with the addition of extraneous noise, the signal-to-noise ratio will
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significantly  decrease in snch s itu a tio n s , causing  th e  erro r in th e  m odal e s tim a te  to  rise.

To asses th e  im pact of ex traneous noise on th e  single-ring m odal e s tim ate , th e  com plex 

fre(}uency-dom ain p ressu res a t th e  locations listed  in th e  A,„ a m a  row  of Table .3.1 were 

tran sfo rm ed  in to  th e  tim e-dom ain . G aussian  noise was th en  ad d ed  to  each tim e-dom ain  

signal, w ith  the  m ag n itu d e  of th is  ex traneous noise a function  of th e  s ta n d a rd  dev ia tion  

of th e  tim e-dom ain  signals. T he  resu lting  signals w ith  add ed  noise were tran sfo rm ed  back 

in to  th e  frecjuency-dom ain, and  th e  single-ring az im u th a l m odal analysis was perfo rm ed  

using these  com plex pressures. T h is  was rep e a te d  for 250 averages, sinn ila ting  ensem 

ble averaging of a real experim en ta lly -acqu ired  signal. T h e  resu ltin g  m odal am p litudes  

A,noise\)  Were th en  com pared  w ith  \ A ,„ , r m a \ as before in o rder to  asses any ad 

d itio n a l e rro rs  in tro d u ced  by th e  ad d itio n  of ex tran eo u s noise. T h e  m odal am p litudes 

were ca lcu la ted  using th e  clean (no noise added) p ressm e  signals i.e. th e  sam e 

|-4m.«A/.4| e s tim a te  was u.sed as p lo tted  in F igure  3.8.

T he  difference in soim d pressure  levels of each az in u ith a l m ode against freciuency are 

p lo tted  for two added-noise cases in  th e  red  and  green sp e c tra  in  F igures 3.!) and  3.U). 

These sp ec tra  can be com ])ared w ith  th e  blue (noise-free) sp e c tra  to  asses th e  im j)act of 

th e  added  on th e  single-ring m odal e s tim a tes  |-4„,,4a/,4|. Som e increase in th e  erro rs is 

no ted , however these e rro rs  still rem ains low a t frequencies o th e r th a n  m odal cu t-ons, and  

the  change in erro r levels is only of th e  o rder of I d B  even w'hen th e  h igher level of noise 

has been added . T he  ensem ble averaging  p rocedure  has reduced  th e  affect of th is  add itive  

noise such th a t  it is insignificant. In teresting ly , no spikes in th e  e rro r of the  m  =  0 m ode 

are observed, suggesting  th a t  m easu rem en t of acoustic  nodes by all m icrophones is not 

an  issue.

T he erro r analysis p resen ted  in th is  append ix  has d e m o n s tra te d  th a t ,  even in th e  i>res- 

ence of significant levels of ex tran eo u s noise, the  single-ring az in n ith a l analysis techn ique 

gives an accu ra te  e s tim a te  of the  az inn itha l m odal am p litu d es  for th e  case of an  infinite 

duct w hen reflections are  non-ex isten t. T h is  verifies th e  single-ring tech n iq u e ’s su itab ility  

for app lication  in ex jjerim en ta l te s ts  w here reflections have been  g rea tly  reduced  using 

aneclioic te rm ina tions .
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kR kR
8 10

F ig u re  3 .8: A zim uthal m odal am plitudes estim ated  using nniltiple rings of sensors
(Am. HA/ A,  right) and a single ring of sensors left).
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F ig u re  3 .9 : Difference in sound pressure levels of azim uthal mode estim ates Am.RMA  
and Am,AMA-  U ncorrelated noise of m agnitudes 5% and 20% of the tim e-doniain signal 
s tandard  deviation have been added to  the  A m . a m  a  estim ate in the green and red cases 
respectively.
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Figure 3.10: Difference in sound pressure levels of azinm thal mode estim ates A ^ .e m a  
and A,n,AMA- U ncorrelated noise of m agnitudes 5% and 20% of the tinie-dom ain signal 
s tandard  deviation have been added to  the A ^ . a m a  estim ate in the green and red cases 
respectively.
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3.3.2 E xperim ental Investigation

Outlet
Plane

Mode
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Inlet
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1 Array Array

F ig u re  3.11: E xperim ental set-nj) for m odal decom position technique tests.

The ex])erim ental set-up used to  test a single-ring m odal analysis against a multii)le- 

ring m odal analysis techniciue is shown in Eigvire .’i. 11, and discussed in g reater detail in 

Section 4.2. T he experim ental rig located at the engine acoustics branch at DLR, Berlin, 

has two noise-source regions; a ro to r-sta to r stage and a loudspeaker array. T he rotor- 

s ta to r stage represents a tiub ine  stage in a real aeroengine, and the  loudspeaker array  can 

sim ulate m any possible core-noise sources. Two banks of sixty-four m icrophones, each 

containing four axial rings w ith sixteen m icrophones in each, are used to  perform  m odal 

analyses at two axial locations in the duct. The inlet sensor array  is located a t an annular 

duct section, w hereas the  outlet array is located at a circular duct section.

In the  te st scenario investigated, the ro to r is ro ta ting  at a fixed ro ta tional speed, and 

the  resulting noise m easured by each microphone in bo th  sensor arrays. T he loudspeaker 

array  generates no noise. This procedure was repeated  for ro to r speeds of ISOOrpm and 

3000rpm, giving a B PF  of 605 //2  and l 2 1 0 H z  resi)ectively. Two m odal analyses were 

perform ed at the  rotor B PF for each ro ta tional speed tested  using the  outlet array of 

m icrophones. W eak or no reflections are an ticipated  of th is tonal noise, as th e  ro to r noise 

p ropagates in the  positive x-direction through the  outlet array (where the  m odal analyses 

are perform ed) to  the ou tlet plane, where the duct term inates anechoically.

In the  first analysis, a m odal decom position was perform ed using one of the  four rings 

of m icrophones. This allows an azim uthal m odal analysis to  be perform ed w ithout direc

tionality. This azinnithal analysis was jjerformed using each of the  four rings of sixteen 

sensors individually, giving four azim uthal m odal am plitude estim ates. A rad ia l m odal
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analysis was also perform ed using all sixty-four microphones, which gives an estim ate of 

the radial m odal am plitudes w ith directionality. The results from each single-ring az

im uthal m odal analysis were then com pared to  the  radial m odal analysis perform ed using 

four rings of sensors for b o th  rotor si)eed test cases.

This study  prim arily  focuses on the error levels, as m easured by the difference in 

sound pressTire levels between the results from the four-ring radial modal decom position 

technique and the  single-ring azim uthal decom position technicjue. The rotor only test case 

was selected as the  anechoic term ination  will greatly reduce reflections. As the single- 

ring technicjue can not separate out the incident and reflected com jjonents, the  i)resence 

of significant acoustic reflections is an ticipated  to  result in significant error levels in any 

m odal estim ates.

Figure 3.12 shows the  incident and refiected m odal am plitudes at the fan fundam ental 

B PF for two fan speeds, as estim ated by the four-ring radial m odal analysis technique 

at the  outlet array. T he refiected m odal am plitudes are generally around 20 3(k/Z? lower 

th a n  the incident am plitudes, suggesting a m odal reflection coefficient of around 0.03 0.1. 

However, m odes just above cut-on have much higher reflection coefficients at bo th  B PF 

frequencies; close to  0.9 in the case of the  rn = ± 4  modes when the ro tor ro ta tes at 

3000ri)m. T he anechoic term ination  is therefore only effective at reducing reflections for 

modes well above their respective cut-on fre(iuencies. The m odal content of a ro to r-sta to r 

B PF  tone can be jHedicted using Tyler-Sofrin theory  (see Eciuation 2.2'3) using the ro tor 

blade and s ta to r  vane counts. The ro to r-sta to r in th is experim ental set-up has 24 blades 

and 5 vanes, which theory  i)redicts will excite the  m =  — 1 and rn =  4 at the  B PF  tone. 

T he ro to r-s ta to r in teraction in fact excites infinite possible azim uthal modes, however 

only the nt =  — 1 and  rn =  4 are cut-on a t the B P F  at the  higher ro tational speed. Only 

the  m  =  — 1 m ode is cut-on at the lower ro ta tional speed. The results in Figure 3.12 

would ind icate th a t th e  m =  —1 mode does dom inate the  m easured acoustic pressure 

field at th e  outlet array  a t the B PF  as exj>ected, for bo th  ro tor speeds.

The levels of norm alised error e m easured between the  incident modes, as estim ated  by 

the  four-ring rad ial m odal analysis, and the  m odal amplitTides as estim ated by the single

ring azinm thal m odal analyses, are i)resented in Figure 3.13. The levels of error between 

the single-ring estim ates and the four-ring estim ate of the incident m odal am i)litudes are
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Figure 3.12: Incident (left) and reflected (right) azinnithal m odal am plitudes estim ated  
a t the fan blade-pass fre(iuency using a radial m odal analysis techniciue perform ed at the 
outlet sensor array for two fan ro tational speeds; 150()rpm (blue, B PF =  605Hz)  and 
3000rpm (red, B PF  =  l21i)Hz).

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 an ticipated  due to  the  high reflections of these m ode orders 

at the outlet plane of the  duct. This would further dem onstrate  th a t provided reflections 

are kept low', a single-ring analysis perform  well. This error is significantly larger at mode 

orders where large reflections have been measm’ed in Figure .'5.12.

The objective of the  experim ental study m idertaken in this section has been to  inves

tiga te  the  applicability of a single-ring azim uthal m odal analysis tcchnicpie, which may 

be necessary when the  num ber of available sensors, num ber of available DAQ channels 

a n d /o r available space w ithin the  test duct is limited. It was thought, prior to  these tests, 

th a t bias errors due to  axial variations of m odal am plitudes in the duct would adversely 

affect any m odal estim ates using a single-ring of sensors. It was found how'ever th a t such 

a technicjue is suitable if m odal reflections are low, as it w'as found th a t the azim uthal 

m odal estim ates closely m atched the robust four-ring techniciue in such a case. The 

single-ring azim uthal m odal analysis technique was ajjplied in experim ental tests  outlined 

in C hapters 5 and G.
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a)

- 4 - 3 - 2 - 1 0 1 2 3 4  
Azimuthal Mode Order, m 

C)

- 4  - 3  - 2  -1 0 1 2 3 4
Azimuthal Mode Order, m

L I .J . I
- 4  - 3  - 2  -1 0 1 2 3 4

Azimuthal Mode Order, m
d)

JiLiiI.I
- 4  - 3  - 2  -1 0 1 2 3 4

Azimuthal Mode Order, m

F ig u re  3.13: Normalised error f between the incident azinnithal 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

Coherence-Based Noise-Source  
Identification Techniques
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4.1 Theory and Background

M any pre-existing techniques of coherence-based noise source identification exist in the 

h tera tu re . These m ethods of noise source identification utihse several acoustic pressure 

m easurem ents bo th  close to  the source(s) of interest and in the far-field. T he aim  of 

these techniciues is to  identify the relative contributions of these noise-sources to  the  noise 

rad ia ted  a t the far-field locations of interest. These technicjues are therefore useful for 

api)lications in aero- and turboshaft engines, where for exam ple the relative contributions 

of the various turbom achinery noise sources to  the  noise rad ia ted  at the  exit plane of the 

engine could be identified.

Consider the  scenario dei)icted in Figure 1.1 which shows the cut-away schem atic of a 

typical tu rboshaft engine. Two of the possible core noise-soiuce regions w ithin the  engine 

(dow nstream  of the comi)ressor) have been simplified to two source regions; 5 i and 8 2 - 

Si  is a tu rb ine  and S 2  is a com bustor. Several reference sensors are located close to  both  

noise-source regions in order to obtain  accurate source m easm em ents. Few sensors are 

used due to  the  lack of available s{)ace w ithin the core duct of the engine. Coherence-based 

noise-source identification techniciues can be used to  identify the contribution  of the  noise 

generated by these noise sources to  the  sound rad ia ted  to  a far-field location of interest, 

usually in the environm ent outside the  engine. Several such techniciues are investigated 

in the following chapter.

The m agnitude-squared or ordinary  coherence function is the princijjal tool used in 

all these techniques. The coherence function of two tinie-dom ain signals x{t)  and y{t)  

can be fovmd by first transform ing blocks of the signals into the  Fourier dom ain, giving 

X { f )  and  Y{ f ) .  T he pow er-spectral densities (G xx(/) and Gyy{f ) )  and cross-spectral 

density {Gxy{f ))  of these Fourier dom ain blocks can then  be formed. T he dependence on 

frecjuency will be dropped from this point on for succinctness. By averaging these auto- 

and cross-spectra over m any signal blocks, the  coherence function betw een x{t)  and y{t)  

can be found by:

=  (4.1)
^ x x ^ y y

It should be noted th a t the all spectral functions outlined herein are in reality  sta tistica l
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X
Sensor 
Array

F i g u r e  4 .1 :  Simplified rep resen ta tion  of acoustics inside a tu rb o sh a f t  engine duc t.  Noise 
is em it ted  by 5 i  an d  S 2 . which represent a tu rb in e  and  com busto r  s tage respectively, and 
])ropagates in th e  duc t.  W hen  the  tu rb in e  is ro ta t ing , a flow is induced in th e  duct.

e s tim a tes  of real spec tra l  fimctions e s t im a ted  using a h n i te  num ber  of sam ples, an d  as 

such these functions  should be deno ted  by G ' j x ( / ) ,  G y y i f )  «nd 7^^ to  reflect this. Being 

s ta t is t ica l  e s tim a tes ,  they  are  sul)ject to  errors. T he  ex ten t of these associa ted  u n c e r ta in 

ties (lei)end on  a n u m b er  of signal processing p a ram ete rs  an d  o ther  factors  d iscussed in 

A ppend ix  C.5.

If the  coherence function  is g rea ter  th a n  zero b u t  less th a n  unity, one of th ree  possible 

physical s i tu a tio n s  exist:

1. E x tran eo u s  noise is ])reseut in the  m easurem ents .

2. T he  sys tem  re la ting  x{t )  an d  y{t)  is not linear.

3. y( t )  is an  ou ti)u t  due to  input x{t )  as w'ell as o ther  inputs .

4.1.1 Coherent O utput Power (CO P)

Figure 1.2 shows a  s ing le -inpu t/s ing le -ou tpu t m odel w here b o th  input x{t )  and  outi)u t 

y{t)  m easu rem en ts  have been  made. T he  inpu t m easu rem en t,  wdiich could be  an  acoustic  

source m easm 'em ent for exani])le, m easures the  t ru e  inpu t (noise-source) u{t)  as W’ell as 

ex traneous  noise m{t ) .  Such ex traneous  noise in uncorre la ted  w ith  u{t).  T h e  outp ti t  

m easurem ent, which could be a far-held acoustic  m easu rem en t  for example, m easures  the
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noise-source’s contribution ?;(/) to  the ou tpu t m easurem ent, as well as extraneous noise 

n{t).

u(t)
H(f)

v(t)

m( t )  Ki) > x(t) nit) ---------  >y( t )

F ig u re  4 .2 : Single in p u t/o u tp u t (SISO) model w ith added extraneous noise at both 
input and ou tp u t.

Consider the case where a pure source tinie-dom ain m easm 'em ent x{t)  is available 

(pure m eaning th a t no extraneous noise, such as additional noise sources, is m easured by 

th is sensor i.e. rn{t) =  0). An ou tpu t m easurem ent y[t)  is available which measures this 

source as well as extraneous noise n{t)  (which could include o ther uncorrelated sources) 

T he contribution  of the source m easured by x[t)  to  tlie noise m easured by ii{t) is givei. 

in th is case by:

G v v  — G y y ' r l y  (4.2)

where v{t)  is tlie contribution of the  source ineasiu'ed by x{f )  to  y{t)- This result is 

known as the  coherent ou tpu t spectrum , and was first reported  by Halvorsen and Benda* 

W ith  reference to  the  scenario shown in Figure 4.1, and given th a t a pure source 

m easurem ent is available a t S 2 (the com bustor), the  coherent ou tpu t power technique 

model would be represented as shown in Figure 4..'5. y{t)  could be a m easurem ent in the 

duct, or a far-field m easurem ent outside of the  tu rboshaft engine.

This simple technique is very useful in situations when m{t )  =  0, providing a m easure

m ent of a single noise-source’s contribu tion  to  any far-field location of interest. For the 

exam ple shown in Figure 4..'5 the  techniciue is applied to  identify the  contribution  of direct 

com bustor noise to an outi)ut m easurem ent of interest. However, if extraneous noise is 

present in the  source m easurem ent ( m{ t ) ^0) ,  the coherent ou tpu t spectrum  is affected as 

follows;
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S, n(t)

x(t) ^  y(t)

v(t)
H ,(f)

u(t)

F ig u re  4 .3 : Coherent o u tp u t power model for scenario shown in  F igure 4.1 w ith  a pure 
source measurement o f 82-

i.e. the technique w il l underestim ate v{t ) .  In  the scenario shown in  F igure J .l, and 

given th a t x { t )  in  th is  instance is a measurement at the  som'ce 5 i (the tu rb ine ), the COP 

model w ill be as shown in  F igure 4.4. As the tu rb in e  induces a flow in  the duct, the source 

measurement x{ f )  in  th is  case w ill measure bo th  and extraneous noise rn{f ) .  For the 

scenario shown in  F igure 1.1, th is  iu(hiced flow  w il l generate flow noise. T h is  flow  noise 

is caused by noise sources d is tr ib u te d  in  the tu rb u le n t flu id , and also the hydrodynam ic 

in te rac tion  between the  flu id  flow  and the i)ressure sensor. T h is  flow  noise w il l con tribu te  

to  th is  extraneous noise, and assuming tha t no o ther noise sources are i)resent in  the 

test duct, could be the m ain c o n tr ib u to r o f extraneous noise not corre lated between the 

sensors.

The COP technique has been applied fo r aeroengine noise-source id e n tifica tio n  by 

K archm er et al. [21, o'), ■')()] for d irect com bustor noise iden tifica tion . B y in s tru m e n tin g  a 

s ta tic  tu rbo fa n  engine w ith  in te rna l as well as fa r-fie ld  m icrophones, the authors estim ated 

the rad ia tio n  p a tte rn  o f d irect com bustor noise to  the fa r-fie ld  from  the engine exhaust.

4 .1 .2  S ignal E n h a n c e m e n t (S E )

U nlike  the COP, w h ich  requires a pure measurement o f the source o f interest w ith o u t 

extraneous noise, C hm ig  [ I] deyeloped a technique fo r extraneous noise re jection  at the 

inpu t recju iring a m in im um  of three measurements. T h is  technique can therefore be 

applied when a p iu ’e measurement at the source is not possible, provided th is  extraneous 

noise is uncorre la ted  between each measiu'ement. Such extraneous noise could be flow' 

noise for example. The  source measurements at each o f the three o u tp u t measurements
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m(t) -----)(T)-----> x(t)

v(t)
S

u(t)
^ H,(f) — r \  n(t)

^y( t )

^ HAf)

F ig u re  4 .4 : C O P m odel for scenario shown in Figure 1.1 w ith som ce m easurem ent at 
S \ .  The presence of extraneous flow noise at the inlet m easurem ent will dim inish the 
efficacy of th e  technique, as shown in E quation 4.3

must be nuitually  correlated. The desired spectra  can then  be found using these eciuations 

(shown for one sensor only as an example);

W ith  reference to  Figure 1.1, and given th a t three sensors [y\{t),  y 2 {t) and measure

source S\  p lus uncorrelated  extraneous noise, the  SE m odel will be as shown in Figure 4.5. 

T he possible presence of S 2 in the  extraneous noise lk{t) term s is shown, as the sensors 

located at will also m easure 5 2 ’s contribution  to the noise at these locations. If this is 

the  case, th e  m easurem ent of the  contribution of S 2 nuist be m icorrelated between each 

sensor, in which case S 2 will be m easured as m icorrelated noise and will not contam inate 

the results.

Shivashankara [57] applied th is technique to  separate out th e  contributions of fan, 

core, and  je t noise in a high-bypass turbofan  engine to  the  noise m easured at a far-field 

receiver of interest. More recently, Nance [5.''] applied the signal enhancem ent technique 

to  separate  out the  contributions of bo th  small-scale and large-scale turbulence to  the 

to ta l jet noise rad ia ted  from an aeroengine exhaust.

(4.4)

(4.5)
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S ,

l.(t)

» Vi

■4 y2

V3

l,(t) = $ 2 + n,(t) k = 1, 2, 3

F ig u r e  4.5: Signal enhancement model for scenario shown in Figure 1.1 with three 
measurements of Si plus additional \mcorrelated extraneous noise.

4 .1 .3  C on d ition a l Spectra l A na lysis  (C SA )

One of the limitations of the SE technique is tha t for measurement locations within the 

same i)ressure field, the  teclmicjue may only be applied when there is a single correlated 

source between the records. Minami and Ahuja ['!)] discuss the errors resulting from using 

the signal enhancement technique when two sources, as opposed to  only one sovu'ce, are 

measured with extraneous noise. For the situation where there are only two correlated 

sources, and a pure measure of one of them  is a ttainable, the CO P and the  SE techniques 

may be used in conjmiction with each other and conditional spectral analysis to  success

fully identify bo th  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 l.(i(a). In 

this scenario, a i)ure source measurement is available a t 52, but not at 5 i.  The first stage 

consists of separating out the part correlated with the measurable source (52) using the 

C O P technique, and thus identifying its contribution. The second stage uses a partial 

coherence formulation of the SE techni(iue on the residual to remove the extraneous 

noise, as dem onstra ted  in Figure l.(i(b). Assmning a pure measurement of source S2 is 

available, only four microphones are required, with this source measurement used as an
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input. The other th ree niierophones m easure a com bination of contril)utions from bo th  

source 5i and 8 2 - In the case th a t a i)ure nieasureuient of S 2  is not available, two sensor 

m easurem ents can be used at S 2  instead  of a single m easurem ent. It is required th a t these 

microphone m easurem ents measure S 2  and uncorrelated  extraneous noise only, and th a t 

this extraneous noise is uncorrelated  between all sensor m easurem ents. This is the basis 

for the five-microphone CSA teclmicjue.

/
Hs2y:2(f)

y : 2 yS

Sr

N.

':4 )—KD
\

a) Stage 1 using the C O P. technique

nM)

n M

n M

y^-s,

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

F ig u re  4 .6 : C onditional spectral analysis model for scenario shown in Figure 4.1.

Figure 4.7 shows the five-microi)hone CSA model for the  test scenario described in 

Figure 1.1. It should be noted th a t microphone m easurem ents y 4 {t )  and ys(/) are such 

th a t they m easure the  single source S 2  and uncorrelated noise only. The o ther three 

ou tp u t sensors can be located anywhere, provided their m easurem ents of S i  and S 2  are 

correlated w ith one another. The source spectra G^k and Gyy  can be found using the 

following equations (for y i { t )  only, w ith dependence on frequency not shown for brevity):
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Correlated Noise 
Source A (S,)

X a (t)

Correlated Noise 
Source B (S2) 

Xb(t)

n,(t)

H x j f )

Figure 4.7: Five-Microphone CSA Technique Model for scenario shown in Figure 4.1.

59



C H A PTE R  4. 4.1. TH EO RY  AND BACKGROUND

^ 5 ^ 4

G

(4.6)

V5V4

(4.7)

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 

th is CSA technique is th a t it allows th e  contributions of two-noise sources to  the  to ta l 

noise at a m easurem ent location of interest to  be identified, even if b o th  noise-source 

m easurem ents are correlated across all five o u tp u t m easurem ents. The C O P and SE 

teclmiciues discussed in th is section have only l)een suitable for noise-source identification 

of a single correlated  source, and this more advanced CSA techniciue therefore presents a 

significant advancem ent on these techniques. B ennett and F itzpatrick  [f)n] discuss fm’ther 

the relative m erits and lim itations of various coherence-based noise-source identification 

techniques.

As well as reviewing several existing or classical techniques of noise source identification, 

th is study  also proj)oses and investigates a novel technique for identifying the contribution 

of two noise som ces to  the  noise m easured at a sensor of interest. The technicjue proposed 

is an enhancem ent of the  five-microphone conditional spectral analysis technique discussed 

in Section 4.1.3, in order to  identify the  contribu tion  of two m utually  uncorrelated noise- 

sources to  the  m odal content estim ated  at a location of interest.

The underlying m ethod follows from the fact th a t the auto- and cross-spectra used 

to  form ulate the  Gkk and spectra in the hve-m icrophone technique can be calculated 

using the  com plex Fourier dom ain signals of the  original tim e-dom ain signals Xi { t ) - X 5 {t). 

Given th a t Xi { t ) - X 5 {t) are microphone m easurem ents of the  acoustic pressure w ith tim e, 

the Fourier transform ed signals X i { f ) - X 5 { f )  are the complex acoustic pressure spectra  

w ith frequency. M odal decom position, an advanced technique th a t uses an array of acous

tic sensors to  determ ine the  specific m odal am plitudes a t the  sensor array, can be used to  

determ ine the  complex acoustic pressure of any cut-on acoustic m ode in a duct at a given

4.1,4 N ovel M odal CSA Technique
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frecjuency. Several such techniques are discussed in Section It is therefore proi)Osed 

th a t one of the com plex pressure signals X i { f ) - X ^ { f )  can be replaced by the complex 

pressure signal of a specific mode travelling in a given direction in the test duct, For

the two-so\UTe case, this techniciue could therefore be used to  identify the contribution  of 

bo th  sources to  the  m odal amj^litudes m easured at the sensor array.

W ith  reference to  Figure 4.1, the m odal content of the  noise rad ia ted  from sources 

5 i and S 2 could be identified a t the sensor array  using one of the m odal decom position 

technicjue outlined in Section 1 . The complex m odal am plitudes of any m ode order (m,n) 

which is cut-on in the frequency range of interest can then be found. The azim uthal index 

rii of a]]y mofie to  be decom])osed nnist also be less than  or equal to  s /2,  where s is the 

num ber of sensors per ring. These complex pressure sequences can be used to  generate 

auto-spectra of each (ni.n) m ode by simply nm ltiplying the comj)lex am plitude of the 

m ode by its complex conjugate. Similarly, cross-sj)ectra can be fornm lated on a m odal 

basis.

The complex acoustic pressm e of each mode deconi])osed can be used as an output 

measTuenient. shown in j)lace of I 3 in Figure 4.(S, in the five-microphone technique. Since 

the five-microphone techniciue uses the cross-spectra between five sensor m easurem ents, 

one of these sensors can be replaced by the complex m odal am plitude of a m ode of interest. 

The tim e-dom ain m easurem ent signals iji. y2  ̂ Vi Vs transform ed into the  frequency 

domain, giving the  comi)lex pressure signals F i, V2 , ^ 4  «nd I 5 . The five-microphone 

techniciue can therefore be used to  itlentify the contributions of sources and S 2 to  the 

m odal am plitudes at the  location where th e  modes have been decomi)osed, using the auto- 

and cross-spectra l)etw'een these five complex pressure m easurem ents as per Equations 4.(i 

and 1.7. This techni(iue can be used to  identify how' nuich acoustic energy each source 

contributes at a s])ecific m ode order over a frequency range of interest. This m ethod could 

therefore be applied in a real tu rboshaft engine to  identify the  contribution of noise sources 

inside the  engine to the  m odal sound press\u’e levels at the  engine exhaust, allowing a 

b e tte r understanding  of the propagation of the sound from noise soiuce to  engine exhaust. 

This inform ation can be used to  optim ise the design of acoustic liners to  a tten u a te  this 

sound held.
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Vi(t)
y,(t)

Correlated Noise 
Source  A (S,)

Xa(t)

k,(t)

Modal decomposition performed with data 
from N measurements

n,(t)

Correlated Noise 
Source  B (Sj) 

Xb(t)
^  y,(f)y,(t)

nJ t )

H x J f )

F ig u re  4 .8 : CSA m odal five-microphone technique model for scenario shown in Fig. 4.1. 
M easurem ent V3 ( / )  has been replaced by the complex m odal am plitude of the  (m,n) 
mode.
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4.2 TEEN I Small-Scale Experim ental Rig

As part of the  T E E N I project, a test oainpaign was undertaken at the DLR engine acous

tics branch in Berlin, Germany. This experim ental set-up was used to  investigate the 

techni(iues outhned  in Section 1.1 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 te st set-up was kept as simple as possible in order to  verify the techniciues of 

interest for use in a futiu'e full-scale test camjjaign.

T he noise-source regions are a single ro to r-sta to r stage and an array of several loud

speakers which can be used to generate broadband, tonal or narrow band noise. A 

schem atic of the  rig design is shown in Figure 1.10. W hen the ro tor ro tates, an axial-flow 

is induced in the positive r-d irection . By varying the param eters of these noise-source 

regions, a wide variety of different test scenarios were investigated, allowing the  classical 

techniciues discussed in Section 4.1 to  be tested  for scenarios of noise-source identification 

in turbom achinery. At the inlet of the duct, the fluct cross-section is annular, w ith a 

hub-to-tip  ra tio  q =  0.5G. The hul) term inates at the  ro to r-sta to r stage, and the duct 

cross-section is circular l)eyond this point. The outer radius of the duct is 0.25r» along its 

entire length. The duct term inates anechoically at the dow nstream  end, w ith an anechoic 

term ination  designed as per in ternational standard  ISO /FD IS  513G.

T he ro to r-sta to r stage consists of 24-bladed rotor and a 5-vane stato r. The rotor has a 

m axim um  ro ta tiona l sj)eed of 3200rj)m. The hub-to-ti]) ratio , r;, is 0.6 at the ro tor stage. 

The ro tor blades have a solidity (chord-to-jiitch ratio) of 2.3. The solidity of the s ta to r 

vanes is 0.4. T he ro tor speed was controlled using a trigger signal sent to  a m otor control.

T he m ode generator array consists of a to ta l of 32 loudspeakers in 3 axial rings. Each 

loudspeaker source is mom ited in a conical horn section, which acts as a waveguide between 

the loudspeaker source and the test duct, as dem onstrated  in Figure 1.11. Each ring of 

sources is equi-azinnithally s])aced, as shown in Figure 1.12. As well as varying the num ber 

of active sources at each test point, tlie am plification factor of the noise sources can be 

adjusted. T he signal tyi>e can also be adjusted. In the  TEEN I test cam paign, th ree signal

^Figures created by U lf Tapkeii. Beiijainiii Pardowitz and Philip Kausche at the Engine Acoustic 
facility at the Institu te of Propulsion Technology of the German Aerospace Centre (DLR) located in 
Berlin, Germ any
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A: hub 
B: inlet duct 
C: inlet array
D: ring with reference sensors  
E: rotor-stator stage  
F: outlet array
G: ring with reference sensors 
H: m ode generator 
I: anechoic term ination

F ig u re  4.9: Schematic o f experimental rig  at DLR used to investigate coherence-based 
noise-source identification technicjues^

statorrotor

anechoic termination

F ig u re  4.10: Photographs showing key elements of the experimental rig  at DLR used 
to  investigate coherence-based noise-source identification techniciues^
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^ Loudspeaker 
Membrane

Test Duct

F ig u re  4 .11 : Conical waveguide connecting each loudspeaker source in  the mode gener
a to r a rray to  the test d u c t^

F ig u re  4 .12 : D is tr i lju t io n  o f loudspeakers in  mode generator array shown in  Figure 
■1. 1 0 ^
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Figure 4.13:

F igure 4.14:
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tyi)es were used: tonal, l)roadband, 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 \QkHz.  G.R.A.S. Sound and Vibration condenser- 

tyi>e 40BP microphones were used to acquire the acoustic i)ressures at the two banks of 

sensors (inlet and outlet). The inlet array is located at the hub of the rig. All microi)hone 

sensors were flush-momited to the inside of the test duct wall. The locations of the sensors 

in both sensor arrays are shown in Figures 4.1.'} and 4.14. The inlet bank contains 80 mi

crophones, with 3 axial rings of 16 niicroi)hones 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 illustrate’d 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 sonsrir.; sensorsb t j i i b u t b
sensors sensors #7 ^9 ffii
# 1, # 2 , #3 ^  #4 , # 5, #6 ' ' I

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 21001/z at the inlet bank 

and I 6OO//2  at the outlet bank. The difference betw^een 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 Experim ental R esults 

4.3.1 C lassic Techniques

The following test results dem onstrate the relative effectiveness of each technicjue discussed 

in Section 4.1 when applied to a tw'O-source test scenario, with data acquired during the 

TEENI test campaign using the experimental rig described in Section 1.2. Two noise- 

source regions are present. W ith reference to Figure 1.10, the first of these noise-source 

regions is the rotor rotating at 1500r])m, which will be referred to as Sroi- A single 

loudspeaker located at the mode generator generating broadband noise is the second 

noise-source region, and will be referred to as SLS.bbn- The key test case investigated has 

both sources Srot and S lsmu l)resent; test case 1 in Table 4.1. Two other test cases; one 

with Sis.bbri only and the other with Srot 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 4.1.

The objective of this test campaign is to assess the relative efficacy of several i)rO' 

exisiting coherence-based noise-source identification technique to the total noise measured 

by a sensor in the inlet array located at (x =  0.685m, 0 =  0°, r = H) 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 L16. The freciuency range 

investigated was restricted from 75QHz to 20[)QHz. 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 ca])tured in this range, and therefore its impact on 

the effective application of each techniciue can be discussed. Finally, the full-scale engine 

tests will also focus on a similar low frequency range.

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

T est C ase S r o t ^LS.bbn
1 Rotating at 1500rpm, BPF at 6Q5Hz Generating BBN
2 - Generating BBN
3 Rotating at 1500rpm, BPF at 605Hz -
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F ig u re  4 .16 : A uto-spectra  o f in le t sensor measurement fo r three test cases Usted in 
Table 1.1.

The COP m ethod was firs t investigated in  order to  id e n tify  the co n tribu tio n  o f S^s.bbn 

to  the to ta l noise measured by the in le t sensor for test case L  The C O P model shown 

in  F igure 4.:i assumes no noise at the inpu t i.e. a p\u’e source measiu’em ent. The input 

measurement x  in  th is  case was taken from  a sensor inside the active loudspeaker cone 

(sensor in Fig\u'e 1.15). T h is  sensor provides an accurate source measurement of 

SLS.bbr, as t lic  SPL spectruu i nieasm’cd for test case 2 dom inates tha t measured for test 

case 3 by around SOdD fo r a ll frecjuencies (see Figm'e 4.17). The o u tp u t measurement, y, 

is taken from  a sensor at the in le t bank o f sensors. These sensor positions are shown in 

F igure 1.18. The G^v spectrum  therefore shows the co n trib u tio n  o f S isM n  I'o the noise at 

th is  in le t sensor, according to  the m odel show^n in  F igure 1.3.

Since the source Sis.bbn dom inates the noise measured inside the loudspeaker cone, the 

co n trib u tio n  o f source Srot at the in le t sensor is identified  as extraneous noise for test case 

L  The CO P resu lt, shown in  F igure 4.1IJ, is compared w ith  the SPL spectrum  for the 

in le t sensor when on ly  Sis.bbn is present (test case 2 in  Table 4.1). Th is  la tte r spectrum  is 

used as a benchm ark to  examine the effectiveness o f the CO P result. The COP m ethod 

is show'u to  be effective by the fact th a t these sj)ectra m atch very w'ell fo r a ll frequencies, 

dem onstra ting  the usefulness o f the techniciue when a i)ure source measurement is possible.

In  the  results shown in  F igure 1.1!), the coherent o u tp u t j)ower result was compared 

w ith  the auto-si)ectrum  measured at the in le t sensor w ith  on ly Sis.bbn present. Th is  auto-
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—  S  Only  
rot ’

S, „ .. Only
L S .b b n  '

 S  a n d S ,
rot L S .b b n100
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Frequency (Hz)

F ig u re  4 .17 : A uto-spectra of acoustic sensor m easurem ent located in the cone of a 
loudspeaker for the  three test cases listed in Tal)le 1.1. T he loudspeaker is active in test 
cases 2 and 3.

F ig u re  4 .18 : Locations of sensor m easurem ents for identification of S'ls,66„’s contribu tion  
to  the  noise m easured at y  using the  coherent ou tpu t power technique.
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90  C O P R esu lt
A u tospectra  with S^g Only

CL 50h

200018001400
Frequency(Hz)

16001000 1200800

Figure 4.19: Coherent output j)ower results for identification of contribution of S i s M n  
to the noise measured at the inlet sensor with both sources on (test case 1). The l)lue 
spectnun shows the coherent output spectrum found using the measurement from a sensor 
in the louds])eaker cone as the source measurement, and the inlet sensor as the output 
measTirement. The auto-si)ectrum measured at the same sensor for test case 2 is shown 
in the green spectnun for comparison.
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spectrum was a convenient benchmark for evahiating the success of the COP technique. A 

similar benchmark was reciuired to show the auto-spectrum at the same inlet sensor with 

Srot only present -  test case 3 in Table 4.1. However, due to the presence of flow-noise 

induced in the test duct when Srot is present, a raw auto-spectrum  at the inlet sensor will 

contain the contribution of Srot and any flow noise present. In order to give an accm ate 

spectrum showing the contribution of Srot only without flow noise contam inating the 

results, Chung’s [ l] signal enhancement method of flow-noise rejection was used to provide 

a suitable benchmark. The signal enhancement technique was applied using three sensors 

at the inlet bank for test case 3, removing the uncorrelated flow noise and isolating the 

contribution of Srot ^o the inlet sensor of interest. Hence a flow'-noise removed spectrum  

was found which could be used as a benchmark for comparison for any techniciue’s results 

in identifying the contribution of Srot fo the inlet sensor measiu'ement. A comparison 

between noise measured at the inlet sensor for test cases 1 and 3, and also for test case 3 

with flow-noise removed as per the signal enhancement method outlined above, is shown 

in Figure 1.20.

90

 S Only, Flow Noise Removed
80

40

20     -  -   —  : -----
800 1000 1200 1400 1600 1800 2000

Frequency (Hz)

F ig u re  4.20: Auto-spectra of the inlet sensor measurements for test cases 1 and 3 listed 
in Table 4.1, as well as the output spectrum  from application of the signal enhancement 
technique for test case 3 which removes the contribution of extraneous flow-noise to the 
measurement of Srot-

The coherent output power technique was used to attem pt to identify the contribution
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of Srot to  the noise m easured at the inlet sensor for test case 1. The locations of the 

sensors used are shown in blue in Figure 4.2J. In this case, an accurate identification of 

the  noise-source’s contribution to  the inlet sensor is not anticii)ated due to  the  presence of 

flow-noise a t the source m easurem ent. The result of applying the CO P technique in this 

te st scenario is shown in Figure 4.22. This C O P result, shown in blue, m atches the green 

benchm ark ro to r-sta to r noise at the inlet sensor cjuite accurately, however two m ain issues 

can be identified. The first is th a t the tonal peak at the  first harm onic of the B PF  at 

l2 lO H z  has not l)een identihed in the G^y si)ectrum . Secondly, the sound pressure level is 

overestim ated by several d B  at certain  frequencies, such as in the range 17OQHz-2000Hz,  

which would contradict the  expected result th a t the coherent ou tpu t power would drop 

w ith the presence of uncorrelated noise at the  inj)ut m easurem ent (see Section 4.1.1).

F ig u re  4 .21 : Locations of sensor m easurem ents for identification of S'rot’s contribution 
to  the  noise m easured at y. T he sensors used for the coherent ou tpu t power techniciue are 
shown in blue. The sensors used for the  signal enhancem ent technique are shown in red. 
The aim  of both  technifiues is to  identify the  contribution of Srot to the noise m easured 
by a sensor at the duct inlet shown as sensor y  for the C O P techni(iue and yi for the 
SE technique. This is the same inlet sensor in b o th  cases.

Due to the presence of uncorrelated extraneous noise at any m easurem ents of source 

Srot' tiif* C O P technique is unsuitable, and more sophisticated m ethods are needed. The 

signal enhancem ent technique can be used when no pure m easurem ent of the source of 

interest is available, provided any additional extraneous noise is uncorrelated between 

each sensor m easurem ent. The locations of the  th ree sensors used in the  SE technique are 

shown in Figure 1.21. Both sensors y2 and are located very close to  the ro tor in order to 

give an accurate source measiu’em en t. The aim of this teclmifjue is to  accurately identify 

the contribution of Srot to  the noise m easured at y i , which is the  same sensor measurem ent 

as was used as y in the coherent outi)ut ])ower technicjue i.e. the inlet sensor. The result
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—  COP Result
S Only, Flow Noise Removed
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F ig u re  4.22: Coherent outptit power resuh for identification of contribution of Srot fo 
the noise measured at the inlet sensor for test case 1. Sensor positions are shown in Figure 
1.21. The blue spectrum  shows the coherent output result found using the measurement 
from a sensor near the rotor-stator as the source measurement, and the inlet sensor as 
the output measurement. The flow noise-removed spectrinn at the same inlet sensor with 
Srot only is shown by the green spectrum  for comparison.

74



C H A PT E R  4. 4.3. EX PERIM EN TA L RESULTS

from application of the  signal enhancem ent techniqtie is shown in the  red spectrum  of 

Figure 4.2i3. A similar result is seen w ith the  signal enhancem ent technique as w ith the 

coherent outj)ut j:)ower technique. The signal enhancem ent technicjue was expected to  give 

a result uncontam inated by the uncorrelated flow noise, however in reality it overestim ates 

the  flow noise-removed spectrum  even more than  the C O P result. T he first harm onic of 

the  B PF  tone at \2 \{)H z  has however been clearly identified in this case, which is a 

significant result.

90
SE Result
S Only, Flow Noise Removed
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20
800 1000 1200 1400 20001600 1800

Frequency (Hz)

F ig u re  4 .23 : Signal enhancem ent result for identification of contribution of S-rot to  the 
noise m easured at the inlet sensor for test case 1. Sensor positions are shown in Figure 
1.21. T he red spec tnnn  shows the signal enhancem ent result a t the inlet sensor using two 
sensors close to  the  ro to r-sta to r and the  inlet sensor. T he flow noise-removed s])ectrum 
at the  same inlet sensor w ith Srot only is shown by the green spectrum  for com parison.

Both the CO P and SE results presented in Figures 4.22 and 4.23 have overestim ated 

the actual contribution of Srot to  the noise m easured by the  inlet sensor for test case 

L This discrepancy could be explained by the presence of a second correlated source 

{SLS.bbn) tlif* source m easurem ents used in both  techniques. If this is the case, the 

CO P and SE results give an estim ate of a m ixture of bo th  sources Srot ^nd S^s.bbn to  the 

inlet sensor, despite all sensors used as source m easm em ents l)eing located close to the 

rotor. Given the j)resence of a second correlated source, a more accurate model of the
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noise-source contributions to  the  sensors used in bo th  the CO P and SE techni(iues for 

this test scenario will be as shown in Figure L21.

Figure 1.25 shows the au to-spectrum  of the  reference sensor used as a source m ea

surem ent y 2 in th e  SE technique and x  in the C O P techniciue for test cases 1-3. Since 

Srot is the dom inant source at the  sensors close to  the ro to r-sta to r, the techni(iues still 

give a good ciualitative m easurem ent of the  shape of the Srot contribution for test case 

1, however the  additional m easurem ent of S is M n  the reference sensors leads to  the 

over-estim ation of 5ro«’s quan tita tive  contribution. These results have dem onstrated  th a t 

care m ust be taken when applying bo th  the C O P and SE techni(iues to ensm’e th a t a 

second correlated noise-source is not m easured in the source m easurem ents. However, 

des])ite the presence of this second correlated noise-source. a reasonably good cjualitative 

ai)proxim ation of the  contribution of Srot to  the inlet sensor for test case 1 has been made.

Correlated N oise  
Source A (8^1) 

Xa(t)

Correlated N oise  
Source B (SLs.bbn) 

Xb(t)

k,(t)
n^(t)

k,(t)

SE COP

y(t)

x(t)

Figure 4.24: Model for identification of th e  contribu tion  of Srot to  the noise at the inlet 
sensor using the  C O P and SE techniciues. The presence of a second correlated  source 
causes the techniques to  fail to  accurately identify the  contribution  of Srot to  the  inlet 
sensor.

In order to  decouple b o th  correlated noise-sources present in te st case 1, a partia l coher

ence form ulation is required. T he five-microphone conditional spectral analysis technique 

developed by Hsu and A huja [')] and discussed in Section 1.1..3 is a technique which ap

plies the  partia l coherence form ulation given by B endat and Piersol [lil] to  separate  out
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F ig u re  4 .25 : A uto-spectra of acoustic sensor m easurem ent used as fj2 in the appUcation 
of the signal enhancem ent technique and x  in the coherent ou tpu t power technicjue shown 
in Figure 4.21. This figure show^s the relative sound pressure levels of Sroi SisMn-

the contributions of two sources. A model of this technicjue is show’n in Figure 4.7. Tw'o 

source m easurem ents are required which must measure one correlated source only, but can 

acconnnodate extraneoTis noise, provided this extraneous noise is uncorrelated w ith the 

noise m easured at any other sensor. In this case, the source m easurem ents are taken from 

two reference sensors inside the sam e loudspeaker con(', giving two source m easurem ents 

of Sis.bbn (,(/4 IJ5 )■ The locations of these m easurem ent signals are shown in Figure 

4.2(). T he other three sensors are located close to  the ro to r-sta to r {tji and y 2 ) and at the 

inlet array (t/s).

The five-microphone CSA technique gives th ree si>ectra of interest for each m easure

ment y i_ 3 , as collated in Table 4.2. The spectrum  identified in test case 1 is com pared 

w ith the Sis.bbn m easurem ent m ade in test case 2 in Figure 1.27. The results m atch very 

well, dem onstrating  th a t the techniciTie has w^orked effectively, as the  C O P technique did 

in Figure 1.1!). The Gkk spectrum  identified in test case 1 is com pared w ith the Srot 

m easurem ent made in test case 3 (w'ith flow'-noise removed) in Figure 4.27. The results 

in this case again m atch very w'ell, unlike the previous a ttem p ts  using the  CO P and SE 

m ethods shown in Figures 4.22 and 1.23. The partia l coherence fornm lation has allow'ed 

the contributions of botli correlated noise-soiu'ces to be identified, which is a significant 

advancement.
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Deductive thinking would suggest that the noise spectra, which contain any noise 

present in the raw Gyy spectra not accounted for by the Gy^ and Gkk spectra, will identify 

the contribution of flow' noise to the inlet sensor measurement. Other sources of extra

neous noise, such as electrical or numerical noise, are assumed to be less signihcaiit. The 

contribution of flow-noise at the inlet sensor w'as found by applying the SE technique for 

test case 3 with two other measurement from the inlet array i.e. using the same method 

to remove the contribution of flow-noise in Figure 1.20. This identified noise spectrum  

found in test case 3 w-as then compared with the noise spectrum identified by the h\'e- 

microphone CSA teclmiqvie (G„„) for test case 1. This result is shown in Figure 1.29, and 

both spectra again match very w'cll for all frecjuencies investigated.

T ab le  4.2: Spectra found through application of the hve-microi)hone CSA technique for 
test case 1 iising the sensors show'n in Figure 1.2()

S p e c tru m N oise  Id en tified
^ y y All Noise Measured at Inlet Sensor for Test Case 1
Gyp ^ y y  ■ ^ L S .b b n

G h- C' ■ yy ' *■ ’■of
G n n ^ y y  ^ L S .b b n  ' S^ o t

LS.bbn ,rot
y, and ys

F ig u re  4.26: Locations of sensor measurements for identification of Sis.btm and Srot^ 
contribution to the noise measured at using the five-microphone conditional spectral 
analysis technique.

The partial coherence formulation underpinning this technique has successfully decou

pled both sources, and accurate spectra have been obtained showing the contributions of 

both sources to the noise at a sensor of interest. Furthermore, given that only two sources 

are present, the contribution of an additional uncorrelated noise has been identified. Such 

uncorrelated noise in a real turboshaft engine could be flow noise. In the case of Figure 

4.27, the result closely matches the COP result in Figure I.H). This is due to the fact
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F ig u re  4 .27 : Results for iden tifica tion  o f S ^ s . b b n ^  co n tr ib u tio n  to  the noise at the in le t 
sensor using the five-n iicrophone CSA technicjue.
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 k Spectra from CSA Technique
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F ig u re  4 .28 : Results for id e n tifica tion  of 5 r „ / ’s con tril)U tion  to  the noise at the in le t 
sensor using the five-n iicrophone CSA technicjue.
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F igu re  4.29: R esults for identification of the hydrodynam ic flow noise induced by the 
inlet sensor using the  hve-niicroi)lione CSA technique.

th a t the  hve-niicrophone CSA technique utilises the C O P technique in its first stage, as 

discussed in Section 4. L It is therefore crucial th a t the  m icrophones used as m easure

m ents ;( /4  and ; ( /5  are located such th a t they m easiue one source and uncorrelated  noise 

only. If this requirem ent is not m et, the  techniciue will fail.

4.3.2 M odal CSA Technique

In order to  te s t this new technique (outlined in Section 4.1.4), the  m odal am plitudes at 

the  inlet sensor array were first estim ated  using the radial m odal decom position scheme 

of Abom (see Section 3.1) for test cases 2 and 3. This gives the specific con tribu tion  of 

each source region to  the  am plitudes of the modes m easured w'hen b o th  noise sources are 

present in test case 1. These am plitudes were used as the benchm ark to  test the  m odal 

CSA technique’s performance.

As w ith th e  classic five-microphone CSA technique results discussed in Section 4.1.3, 

five ou tpu t m easurem ents are required for the  m odal CSA technique. Two of these o u tpu ts  

m ust m easure one of the sources w ithout m easuring the  o ther source of in terest, and  any 

additional extraneous noise m easured by these sensors m ust not be correlated w'ith any 

other ou tpu t m easurem ents. T he same sensor m easurem ents yi, y2 , and w^ere used
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as in the classic CSA techniciue for testing the novel CSA techniqiie enhanced with modes. 

The sensor measurement yj; was replaced with a complex modal amplitude decomi)osed 

at the inlet sensor bank. These sensor positions are shown in Figure 4.30. The Fourier 

transform  is taken of the time-domain measurements ?/i, y^, y^ and ys, giving the frequency 

domain signals Yi, Y2 , V4 and ^ 5 . The comi)lex signal which is the complex modal 

am plitude of the (ni,n) mode travelling in the positive or negative x-direction, is used 

as measurement I 3 . All five outputs Yi I 5  are complex fz'equency-domain measurements 

of the acoustic jnessure. By calculating the auto- and cross-spectra of these signals by 

ensemble averaging and applying Equaticms l.(i and 4.7, a to tal of nine spectra can be 

determined. These spectra are G ii_ 3 t i _ 3  and Gni_3 „i_ 3 . By examining the

Gv3v3 , Gkiiks and Gn^ns spectra, the techniciue can be used to identify the contribution of 

both noise-source regions to the modal amplitude „ for test case 1 .

yi

Figure 4.30: Locations of output measurements used in the modal CSA technique. The 
aim of this techniciue is to identify the contribution of Srot and Sis.bbji to the ami)litudes 
of the modes travelling in the negative x-direction, as measured by a bank of sensors at 
the duct inlet -  show'u as / l “ „.

Figure 1.31(a) shows the decomposed radial modal aniphtudes at the inlet sensor 

array when a single loudspeaker generates broadband noise i.e. test case 2. Figure 4,31 (b) 

shows the decomi^osed modal amplitudes with the rotor rotating at ISOOrpni i.e. test case 

3. At most freciuencies the highest-order cut-on modes dominate slightly in both test 

cases. The rotor generates higher levels of broadband noise at low'er frequencies than the 

loudspeaker. For the case of the rotor noise shown in Figure 4.31(b), the tonal peaks at 

multiples of 6i)5Hz corres])onds to the blade-])ass freciuency of the rotor and its harmonics. 

These modal amplitudes are measured for modes travelling in the negative x-direction i.e. 

travelling away from both sources and towards the inlet plane of the duct.

In order to test the modal CSA techniciue for the case of two broadband noise sources,
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the same test case as was used to investigate the classic technicjues was examined. This 

is test case 1 in Table 4.1. The (2,0) mode was selected for investigation using the modal 

CSA technique. Any cut-on mode in the frequency range tested z-2l()0Hz)  could

have been selected. 2100//2 represents the upj)er frequency limit of modal decomposition 

at the inlet of the test duct, given tha t there are 16 sensors per ring in the sensor array. 

The modal decomposition technicjue also allows the radial modal content of the pressure 

field to be decomposed with directionality (see Section 3.1), so o - ^ 2 0  <̂ 'ould be chosen 

as the modal amplitudes of interest. A^q was chosen as this rej)resents the am plitude of 

the (2,0) acoustic mode travelling away from the noise som’ces, towards the inlet plane of 

the test duct.

T
a)

200 400  600  800  1000  1200  1400  1600  1800  2000  2100
Frequency (Hz)

90  . . ^  .

Frequency (Hz)

Figure 4.31: Spectra of modal amplitudes decomposed at the inlet sensor bank for 
all modes cut-on in the freqiiency range of interest for test cases 1 and 2. The modes 
are travelling in the negative x-direction i.e. away from both sources and towards the 
inlet plane of the test duct (see Figure 4.10). Siib-figure(a) shows the modal amplitudes 
measured when Sî s.bbn is active -  test case 2. Sub-figure(b) shows the modal amplitudes 
measured when Srot is active -  test case 3.

As discussed in Section 4.1, the five-microi)hone CSA technique is formulated in two 

stages. The first stage uses the coherent output technique. The complex modal amplitude 

A 2 Q measured at the inlet sensor bank was used as measurement ^3 in the modal CSA 

technique. W ith reference to Figure 4.8, the Gk3k3 , and G„3„3 identified using the
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m odal CSA technique are of interest. C orrelated noise source B shown in Figure 1.8 will 

in th is case refer to  the contribution of Sis.bbn m easurem ent

> 4  and > 5  measure Sis.bbn and extraneous noise only. Similarly, correlated noise source A 

refers to  the  contribution of Srot-

Each spectrum  identified using the m odal CSA for test case 1  are listed in Table 4.3. 

The m odal spectra shown in Figure 4.31 provide benchm arks of the  contributions of both  

SiSMn and Srot to  the  m odal am plitudes m easured in te st case 1 , which are then  com pared 

w ith G„3 „ 3  and ^^-3 ^ 3  respectively in order to  analyse the  effectiveness of the  m odal CSA 

techniciue.

T a b le  4 .3 : Spectra found through application of the  five-microphone m odal CSA tech
niciue for test case 1  using the  sensors shown in Figure 4.30

Spectrum N oise Identified
G y ' S y i -■ ^2,0

G y ^ y ' i  • S l S h h r ]

G k 3 k 3 G y ^ y ' i  ■ S r o t

G n 3 r i3 G y Z y , i  ■ S l S  I)f),f • S r o t

T he Gy'ii-3 spectrum  is com pared to  the (2 ,0 ) m odal am plitude m easured when only 

SiSMbi} if’ present (test case 2) in Figure 4.32. The blue si)ectrTun shows the m odal am 

plitude decomposed when both  noise sources are present; in Figure 4.8. T he green

spectrum  shows the  m odal am plitude deconiposc'd when only the loudspeaker is present. 

The red si)ectruni shows the  contribution of SisMn  to  the  m odal content decom posed at 

the inlet , as identified using the CSA technicjue. This result can be com pared to  the  green 

spectrum  to verify the efficacy of the  technique. The results are very positive, w ith  both  

s])ectra m atching well for all frecjuencies above m odal cut-on at 563H z.  The technicjue 

overestim ates the m odal am plitude around the blade-pass frequency of 605H z,  most likely 

caused by and m easuring some of the  blade-pass frecjuency acoustic energy generated 

by the rotor which propagates in the duct, violating the assum ption th a t they measure 

S i s .b b n  and extraneous noise only. However, it should be noted th a t although some of this 

B PF energy is being m easured incorrectly in th is result, the m easured B P F  tone is 2QdB 

below the actual B PF, which is a factor of 10. The overall result is therefore still very 

positive.

Due to  the presence of How-noise introduced into any in-duct sensor m easurem ent
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F ig u re  4.32; Sjjectra of the mode when both Srot and S^s.bbr) present, shown in 
the bhie si)ectnun {Gy^y^), and the spectra of the same mode order when Sis.bbn is present 
in isolation, shown in the green spectrum. The red spectrum  shows the contribution of 
S i s .b b n  thf* am plitude of this mode order identihed when both sources are present 
(CtiSfs)-

when Sroi is present, the G^k spectrum identified by the non-modal hve-microphone CSA 

technique was compared to a flow-noise removed spectrum, see Figure 4.2(S. This flow- 

noise removed si)ectnnn was found by applying the signal enhancement technique using 

the inlet sensor of interest and two adjacent sensors for test case 3. A similar apijroach 

is proposed for the modal CSA technique in order to separate the contributions of flow- 

noise and Srot to the modal amplitudes measured when Srot is the only noise-source. This 

provides a more suitable benchmark for comparison with the results found from applying 

the modal five-microphone CSA technicjue.

The modal amplitudes identified at the inlet sensor array for test case are shown in 

Figure 4.31(b). In the modal decomposition technique 64 sensors are used, however there 

are an additional 16 sensors in the inlet sensor bank tha t are not to  perform this modal 

analysis. Two of these unused sensors were used to remove the contribution of extraneous 

noise to the decomposed modal content in order to find the flow-noise removed modal 

amplitudes, through application of the SE method. The model for the SE m ethod in this 

case is shown in Figure 4.33. The SE technicjue removes any noise uncorrelated between
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the modes and the two sensor measurements, so the co n trib u tio n  o f extraneous flow-noise 

to  these m odal am plitudes is isolated and can be compared to  the noise spectrum  identified  

by the m odal CSA technicjue fo r test case 1 (Cnsns)- Furtherm ore, the flow-noise removed 

m odal spectra from  test case 3 can be compared to  the spectrum  identified  by the

m odal CSA technicjue fo r test case L

Modal decomposition performed with data j 
from N m easurem ents !

for I = I :N

'rot

H,(f)

M easurem ents from inlet | 
sensor array not used in j 

modal decomposition i

'rot

F ig u re  4 .33 : Signal enhancement model for removal o f flow^-noise from  the m odal am
p litudes found for test case 2.

The Ga-3A-3 si)ectrum  is comj)ared to  the A^q  n ioda l am j)litude  measured when on ly Srot 

is present (test case 3, w ith  flow  noise removed) in  F igure 4.34. The blue spectrvnn again 

shows the Gy3y;i sj^ectrum. The green sj)ectrun i shows the m odal a m jilitud e  decomposed 

when on ly  ro to r noise is present (test case 3), w ith  flow'-noise removed using the signal 

enhancement technique. The red spectrum  show's the co n trib u tio n  o f Srot to  the m odal 

content decomi)osed at the in le t, as identified  using the CSA technique, when bo th  SisMbri 

and Srot are present (test case 1). The technique works extrem ely well in  th is  case. The 

accurate identihca tion  o f the tona l peak at the ro to r B P F  at 605H z  is a p a rticu la rly  

good result. Th is  is to  be exi)ected, as the tona l energy at the blade-pass harmonics 

w ill propagate w ith  high coherence in  the test duct, hence the  accurate result at these 

frequencies. A t frequencies o ther than  the BPF, the shape o f the identified  ro to r noise

85



CHAPTER 4. 4.3. EXPERIMENTAL RESULTS

spectrum matches the shape of the rotor broadband noise quite well, with a discrepancy 

from the actual rotor broadband noise of around 3dB  at frequencies where the rotor 

broadband noise is significant. W hen the rotor broadband noise drops below arotuid 

30dB, the identified contribution of the rotor is less accurate due to the low signal-to- 

noise ratio as the loudspeaker [SLs.bbn) dominates at these frequencies.
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F ig u re  4.34: Spectra of the A ^ q mode when both Srot i^ d  Si ŝ.bbn present, shown in 
the blue spectrum  (Gy^ys). The spectrum  of the same mode order when Srot is present 
in isolation, w'ith flow noise removed using the signal enhancement technique, is shown in 
the green spectrum. The red spectrum  shows the contribution of Srot to the am plitude of 
this mode order identified when both  sources are present {Gk^k^)-

Figure 4.35 shows the G„3 „ 3  si)ectruni in red, which is the contribution of extraneous 

noise to the amplitude of the mode decomposed at the duct inlet. This spectrum  

will contain any extraneous noise such as any flow noise present in the measurements. As 

explained above, the contribution of extraneous flow-noise to these modal amplitudes can 

be compared to the identified noise spectrum found by applying the signal enhancement 

technique for test case 3. This noise spectrum will identify the contribution of extraneous 

noise, such as flow noise and any ambient noise present in the tests. This spectrum  is 

shown in green. As in the non-modal CSA technique, the extraneous flow noise iden

tified by both the modal CSA technique when both sources are present and the signal 

enhancement technique when Srot is present in isolation match well for all frecjuencies.
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As noted at the beginning of this chapter, all spectral m easurem ents (auto-spectral 

densities, cross-spectral densities and coherences) m ade using experim entally-acquired 

tim e records are in fact estim ates of real fmictions, and are therefore subject to  bo th  vari

ance and bias errors. All coherence-based noise-source identification techniques applied 

herein use com bination of these spectral estim ates, and these errors therefore propagate 

when api)lying these techniciues. These errors are generally dependent on the coherence 

between the pairs of microphones, the m unber of averages in the  ensemble, the freciuency 

resolution of the estim ated spectral functions, and the signal-to-noise ratios of the noise- 

source m easurem ents. It is necessary to  (juantify this uncertain ty  in order to  verify the 

effectiveness of each techniciue. Such an error analysis has been perform ed in A ppendix

F ig u re  4 .35 : Spectra of the m ode when b o th  Srot and Si^sMbn are present, shown 
in the blue si)ectrum  (GySyz). The green spectrum  shows the  noise spectrum  found by 
sub tracting  the  flow-noise removed SPL si)ectrum  from the  raw SPL spectrum  when Srot 
is present in isolation. T he red spectrum  shows the extraneous noise contribution to  the 
am plit\ide of th is mode order identified when bo th  sources arc present (Gnsns).

C.5.

Extraneous noise identified by CSA technique (n spectrum)
80 Flow Noise

0
400 600 800 1000 1200 1400 1600 1800 2000

Frequency (Hz)
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4.4 D iscussion

In this chapter, previously published techniques of noise-source identification which ai)ply 

the coherence function between a number of sensor measurements have been investigated 

for their applicability to turbom achinery noise-source identification using experimental 

data. These techniques are pre-existing in the literature, but are applied here for a specific 

ducted two noise-source region scenario. It was dem onstrated tha t the five-microphone 

CSA techniciue was best suited to the scenario tested, as it is required to decouple both 

noise soiu'ces using a partial coherence formulation. This technicjue is applied in two 

stages; the first stage is performed by applying the coherent output technique, the second 

stage api)lies a partial coherence formulation of the signal enhancement techniciue on the 

residual.

A novel modal CSA technique was also develoi)ed in this chapter, and tested using 

this same experimental data. This technique enhances the original five-microphone CSA 

techniciue by allowing the specific contribution of both noise-somces to the modal content 

decomposed at the duct inlet to be identified. This is a significant advancement on 

the existing techniques, accurately identifying the contributions of two correlated noise- 

sources containing both broadband and tonal noise l)y combining the techniciues of modal 

analysis with traditional partial coherence methods. A modal-based signal enhancement 

teclmici\ie was also investigated which can be applied when a single correlated noise-source 

is present, in order to isolate the contribution of uncorrelated extraneous noise from the 

measured modal amplitudes.

All noise-source identification techniques investigated in this chapter apply the coher

ence function between a number of in])ut and output acoustic measurements in order to 

assess causal links between the noise measured at the outi)ut measurements and one or 

several noise sources. All such coherence measurements make a fundamental assumption 

of there being a linear propagation path between each source and receiver. If this assump

tion were to be violated, an erroneous conclusion of causality will result from application 

of the ordinary coherence function. In the small-scale TEENI test campaign, both tonal 

and narrowband noise was generated using one or more loudspeakers in the mode gen

erator array, wdiich then propagates through a rotating rotor-stator stage. It was found
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that in some cases that the noise observed in spectral measurements was scattered at 

sum and difference frequencies relative to the incident noise. This noise is scattered at 

frequencies of plus or minus multiples of the rotor blade-pass frequency. Examples of this 

scattering of noise are shown in the upstream and downstream spectral measurements 

shown in Figures 4..'5(i and 4.37 for both tonal and narrowband (NBN) tests respectively. 

In both cases, noise was generated by all 16 louds])eakers in the mode generator. For the 

tonal noise case the rotor is rotating at 3000ri)m and for the narrowband case the rotor 

was rotating at ISOOrpm, giving BPFs at \ 2 \ ^ H z  and 605//2: respectively. There is zero 

phase difference between each loudspeaker in the mode generator array, and so the m = 0 

mode has been targeted in both cases (see Section 3.2 for more on targeted azinmthal 

mode generation).

Downstream Measurement
f
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Figure 4.36: Sound-jjressure level measurements from two microphones located up
stream and downstream of the rotor. The rotor is rotating at 3000ri)ui, giving a BPF of 
l2lOHz.  A  tone is generated at l500Hz  by sixteen loudspeakers in a single ring in the 
mode generator array.

This sum and difference scattering of noise had previously been observed by Ben

nett and Fitzpatrick [()] who suggested that this noise was generated by the quadratic 

interaction between the rotating rotor and the incident noise, as generated by the mode 

generator in this case. A non-linear coherence function was also developed in this study.
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F ig u re  4.37: Sound-pressure level ineasureinents from two luicrophoiies located up
stream and downstream of the rotor. The rotor is rotating at ISOOrpm, giving a BPF 
of 6O5 / / 2:. Narrowband noise centred at 4500//^ w ith a bandwidth of \b[)Hz is emitted 
from sixteen loudspeakers in a single ring. These auto-spectra are superimposed onto the 
plots for the test point where the narrowband noise is turned off and hence the rotor is 
the only noise-source, as shown in the red spectra.
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T h is  non-hnear coherence function  has been api)hed to  the results shown in  Figures i.3(i 

and 4..'57 in  Figures 1.3<S and 4.39, as well as the o rd ina ry  coherence fm ic tion . Further 

results and discussion are presented in  an add itiona l paper [(>'2]. These results show tha t 

the noise scattered at sum and difference frequencies is measured w ith  low o rd ina ry  co

herence, and the high quadra tic  coherence show tha t the  reason for th is  drop in  o rd ina ry  

coherence is the non-hnear re la tionsh ip  between measurements o f th is  noise upstream  and 

downstream  o f the ro to r /s ta to r  stage.
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F ig u re  4 .38 : A  and B show close-u])S o f the autospectra fo r bo th  measurements made 
downstream  and upstream  o f the ro to r. These close-up spectra are centred at a single 
scattered tone. The o rd ina ry  coherence calculated between the u|)streain and downstream  
measurements is shown in  C. The linear and enhanced linear coherence fim ctions are 
shown in  D and F respectively. The cjuadratic and enhanced cjuadratic coherence functions 
are shown in  E and G respectively.

The exact conditions th a t cause th is  scatte ring  o f noise to  occur are unknown. Sum and 

difference scattering was observed at certa in  incident noise test frequencies, bu t not others. 

F igure 1.40 shows the spectra measured by a single m icroj)hone fo r several narrowband 

noise tests, w ith  sum and difference scatte ring  on ly  evident at h igher source fre(iuencies. 

It  is proj)osed tha t the reason th a t noise scattering occurs above a c r it ic a l frequency is 

linked to  the cut-on frecjuencies o f ce rta in  mode orders, however no w ork is present in  the
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F ig u re  4 .39 : A and B show th e  autosj)ectra for b o th  m easurem ents m ade dow nstream  
and upstream  of the rotor. These spectra  show the incident narrow band noise generated 
at 4500N z  as w'ell as noise scattered  at several additional frequencies. The ordinary 
coherence calculated  between th e  upstream  and dow nstream  m easurem ents is shown in 
C. The (piadratic and enhanced cjuadratic coherence functions are shown in D F.

literatu re  to  investigate th is scattering  of noise in detail. It was not possible to  investigate 

the m odal content of bo th  the source narrow band noise generated by the loudsi)eaker and 

any scattered  noise in the  small-scale T E E N I tests due to  the  lim ited freciuency range 

in which m odal analysis could be performed. The frequency resolution between source 

frecjuencies was also insufficient for a detailed investigation. The objective of th e  next 

chapters in th is thesis are to  design an experim ental set-up to  investigate this sum  and 

difference scattering  of noise, as well as undertak ing  a review of the  existing relevant 

litera tu re  which m ay offer clues to  the causes of this scattering  of noise.
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F ig u re  4 .40 : W aterfall ])lot of several test eases similar to  th a t shown in Figure 1..57. The 
x-axis shows the dimensionless frequency range and the  ,y-axis shows the  sound pressure 
level of the m easured 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 
2-axis. The NBN generated by the  loudsi)eaker array is circled in green in each case.

93



CHAPTER 4. 4.4. DISCUSSION

94



Chapter 5

Sum and Difference Scattering of 
Noise Through a Fan/R otor Stage — 
Background and Experim ental 
Set-Up

95



CHAPTER 5. 5.1. THEORY AND BACKGROUND

5.1 Theory and Background

In Chapter 1, an experimental investigation was undertaken into noise-source identifica

tion for an experimental rig which was designed as a simplified representation of a real 

turboshaft engine. The aim of these tests ŵ as to assess the efficacy of existing coherence- 

based noise-source identification technicjues for the identification of the contributions of 

various noise sources within a real turboshaft engine to the noise radiated from the engine 

exhaust.

It was observed in Section 1. 1 that scattering of both tonal and narrowband noise 

I^roj^agating downstream in a duct can occur on interaction with a rotating rotor. Acoustic 

energy may be scattered at sum and difference frequencies from the incident noise under 

certain test conditions. This phenomenon is only observed when the incident noise is 

generated at relatively high frequencies. Bennett and Fitzpatrick [(>] proj)osed that the 

reason scattering is only observed at higher frecjviencies is linked to the cut-on of certain 

acoustic modes in the duct. However, to date not enough experimental data has been 

gathered to make an in-dej)th cjuantitative study in order to ascertain the exact conditions 

which cause scattering to occur at these sum and difference frequencies.

In this section, a review of the existing literature concerning scattering of noise by a 

fan/rotor is presented. Scattering of the incident noise can occur, which will cause the 

modal content of the incident noise to be affected by interaction with the rotating fan 

or stationary stator as some modal content is reflected or scattered. Sum and difference 

scattering of noise can also affect the spectral and modal distribution of acoustic energy 

at frecjuencies other than  the incident noise frecjuencies. Having reviewed the literature, 

a strategic design process is outlined in order to investigate sum and difference scattering 

of noise experimentally. The results of this experimental investigation are then discussed 

in Chapter (i.

5.1.1 Transm ission o f N oise Through R otatin g  Turbom achinery

Kaji and Okazaki considered a spiral wave, as generated by the interaction of a rotor- 

stator at the rotor BPF for example, entering a cascade of blades. They consider the 

near-field region of the rotor as a semi-actuator disk i.e. a plane layer whose acoustic
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impedance differs from the surroimding air. As the impedance changes, some sound will 

be reflected and some will be transm itted  through the blade row'. As the blade camber and 

thickness are not factored into the analysis, and an assumption is made of infinitesimal 

blade si>acing, the problem case is one-dimensional. It was found tha t Mach flow and 

angle of incidence have a large impact on the transmission of waves through the cascade; 

as both  are increased, sound transmission decreases. Increasing the stagger angle also 

decreases the transmissibility of the cascade.

Amiet and Sears [(> l] also investigated this scenario of sound propagation thro\igh a fan 

stage, under a different assumption tha t draws upon a classical, steady-flow lattice for an 

estimate of the forces on the blades using (juasi-steady P randtl-G lauert theory, and drew 

similar conclusions. Kaji and Okazaki [()'■] factored blade spacing in an additional study, 

and concluded tha t when the product of the free-held wavenuml)er and the blade sj)acing 

(A'.s) became large, many circumferential modes ])ropagate as the transm itted  wave. At 

high Mach numbers. l)lade spacing has little impact in the reflection and transmission 

cm'ves found in the their earlier ac tuato r disk analysis. Muir [(i()] extended the analysis of 

Kaji and Okazaki [(i.'i] to include a three-dimensional sound fieki at inlet, and the results 

show good agreement. In a companion paper [(>7], Muir expands this analysis for nmltiple 

blade rows which may be sta tionary  (stator) or ro tating (rotor) under the assunii)tion of 

small blade sj)acing relative to the wavelength of the somid. Koch [(>>] also showed good 

agreement with the findings of Kaji and Okazaki in a study which api)lied the W'iener-Hopf 

technique to estimate the reflection and transmission j)roperties of a cascade of blades.

Hanson [(i!)] studied the effects of ro to r /s ta to r  interaction noise caused by spinning 

modes from the rotor and the interaction of the rotor wakes with the sta tor blades dow'n- 

streani. Classical analysis methods had been applied to this jjroblem previously [70,71] 

which modelled the ro tor-stator stage w'ith 3 interface planes between the inlet, rotor, 

stator, and outlet. No transmission losses or reflections from other acoustic elements were 

assumed. Hanson treated  each acoustic element in isolation using a simj)le in pu t /ou tpu t  

relationship, with the output from one element as the input for the next. The method 

used api)lies modal transmission and reflection coefhcients to each element, coupled at the 

interface planes l)y solving a system of linear ecjuations. Most relevantly for this study, 

Hanson’s study also includes scattering into freciuencies (B PF  harmonic order) and modes
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that are different from the input waves. Blade row scattering behaviour was comjjuted 

w'ith an adaptation of Sm ith’s [7_’] flat plate cascade theory. It was observed that stators 

scatter input waves into many modes at the same frecjuency whereas rotors scatter on 

fre(iuency and mode order.

Hanson highlights cases where the rotor reflection coefhcient is greater than  unity, and 

a mode at the rotor BPF travelling from the stator w'ith unit sound power is reflected 

by the rotor with more than unit power at the second and third BPF harmonics. This 

phenomenon of mode trapping demonstrates that a fundamental BPF acoustic mode could 

be trapped in the swirl region between a rotor and stator, scatter into higher nmltiples 

of the BPF, and be amplified and released. Logue and Atassi [~'l] investigated the effect 

of blade geometry on these trapj)ed modes and found that increasing the blade camber 

increases the bandwith of the trapped modes, and tha t trapped modes can be scattered 

on radial mode order through a stator.

The hterature discussed in this sub-section has dem onstrated that the modal content 

of incident noise is affected as it is transm itted through rotor-stator stage by both the 

rotor blades and stator vanes. This effect is largely dependent on the angle betw'een each 

incident azim uthal mode and the angle of incidence of the blades/vanes. This needs to l)e 

a consideration for any experimental tests undertaken to investigate sum and difference 

scattering; any attem pts to draw' relationships between the SPL levels and modal content 

of any incident and scattered noise must also factor in the possibility th a t the modal 

content and SPL levels at the incident noise frequencies will be affected by the rotor- 

stator stage.

5.1.2 Scattering o f Incident N oise at Sum  and D ifference Fre
quencies

Barry and Moore [71], in a general discussion of sTibsonic rotor alone noise, studied the 

spectral content of the noise em itted from one or several rotor stages and how it is con

ceived of as having a pure tone content at the blade pass frequency and its harmonics 

superimposed on a broadband spectrum. Tones may also be present at sum and differ

ence frequencies relative to the blade-pass frequency tone and its harmonics. Possible 

sources of this modulation include blade vibration, rotor speed fluctuation, variations in
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b o u n d a ry  layer thickness w ith  position a n d /o r  t im e, irregularly  positioned blades, blade- 

to -b lade  varia tions  in t ip  clearances or s tagger angle, an d  ro ta t in g  intake distortions. It 

is th is  last point which is of in terest for th is  curren t study. B arry  and  Moore consider the  

in te rac t ion  of a p a rt icu la r  intake d istortion , which ro ta te s  w ith  a s teady  circum ferential 

speed, w ith  a  ro ta t in g  rotor. Th is  produces noise at frequencies of;

where /  is th e  freciuency of the  intake d isto rtion , q is h non-zero integer deno ting  the  

sc a t te r in g  harm on ic  and  / b p f  is the  b lade-pass freciuency of th e  ro tor. T he  m odal conten t 

a t  each s c a t te re d  frequency is p red ic ted  as being

w here q is again  the  sca t te r ing  harm onic. D  is th e  num ber  of ro to r  b lades and  u) is any 

az inu itha l  m ode  carry ing  energy by the  incident noise. T h is  assum es th a t  there  is little 

or no irregu lari ty  betw een b lade forces and  the  interac 'tion resu lts  in sca t te red  noise w ith  

a supersonic  j)hase velocity i.e. nificatt is cu t-on  at th e  sca t te red  frequency. If the  incident 

noise was a dow nstream -trave ll ing  ro to r  B P F  tone  genera ted  by an u p s tre a m  ro to r-s ta to r ,  

111 will be  res tr ic ted  to  Tyler-Sofrin values (see Section 2.1). If the  incident noise were 

genera ted  by an ui)stream  m ode genera to r  (see Section .'3.2 for m ore on ta rge ted  az inuitha l 

m ode  genera tion) , rn will be res tr ic ted  to  the  specific az im u tha l  m ode  excited by the  m ode 

genera tor.

C u m p s ty  [ ]̂ observed th a t  w'hen two ro to r  s tages  are i)resent, as in a com pressor for 

instance, tona l  noise is a p p a re n t  at sum  and  differences frecjuencies of th e  ro to r  blade- 

j)ass frequencies in dow nstream  s])ectral m easu rem en ts . C iunps ty  s tud ied  th is  effect of 

frequency sca t te r ing  by considering the  varia tion  of th e  tin ie-dom ain  acoustic  i)ressure 

w ith  respect to  the  c ircum ferentia l coord inate , 0. R ad ia l  and  axial effects were om itted . 

T h e  a u th o r  considered first a ro to r  w ith  B i  b lades  ro ta t in g  at an  angu lar  velocity 

in te rac t ing  w ith  an inflow d is to r tion  of th e  form cos{niiO).  T h is  inflow' d is to r tion  is in the  

form of an  az inu itha l  m ode of o rder rn,, which spins as it i)roi)agates in th e  axial-direction. 

It w'as shown th a t  ro to r  acoustic  m odes took the  form:

f s c a t t  — /  +  ( i f s P F (5.1)

K h c a i t  = m  + qD (5.2)
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p { d ,  t )  =  a,„i exp(i(mi6'  -  h i B i i h t ) )  (5.3)

where rui  =  n \ B i  — n i i  and h i  is the  rotor blade-pass harmonic.

T he au thor then  dem onstrates how’, if this scattered  pressure field were to  propa

gate dow nstream  and through a second rotor stage having B 2 blades ro ta ting  at $72, the 

pressure p a tte rn  generated by the  blades of this second rotor will be given by:

p [ O j )  =  exp(i[m 0 -  { h i B i Q . i ± h 2 B 2 ^ 2 ) i  +  (5.4)

w'here the  values for m  are restric ted  to  rn =  ± / i 2 i ? 2  m \  =  ± . h 2 B -2 +  h i B i  — n i i .

Holste and Neise [ I 'l] also discuss the  in teraction case of two rotors and the  Hubsecjuent 

scattered  m odes and freciuencies, and m ade the  same conclusions regarding i)redicted 

scattering  frequencies and mode orders. E nghardt e t  al .  [!)] exi)anded for the case of two 

ro tors and two stato rs, and suggested th a t scattering  would occiu' and be measiu’ed at 

frecjuencies:

fscat t  =  h i f s P F . l  + ( l f B P F . 2  (5-5)

w ith the m odal content at each scattered  frequency given by:

fiiscau =  h i B i ± q B 2  — k\V\ — Â 2̂ '2 (5-6)

w^here h \  and J b p f a  are the  blade-pass harm onic and blade-])ass frequency of the  ui)stream  

ro tor, q  i s  a  non-zero integer denoting the  scattering  harm onic, J b p f : !  is the blade-pass 

fre(iuency of the  dow nstream  rotor, B  and V  are the num ber of blades and vanes at each 

ro to r-s ta to r stage and bo th  k i  and k.2 can take any integer value. The ±  value in the 

m odal scattering  equation wall be positive if the rotors are ro ta ting  in the  same direction 

or negative if the rotors are counter-rotating.

5.1.3 N on-L inearity o f Sum  and Difference Scattering

B ennett and F itzpatrick  [()] undertook an investigation into the api)lication of coherence- 

based noise-source identification techniques for the identification of com bustion noise 

through a ducted  system. The underlying assum ption m ade w ith these identification
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techniciues is th a t  the  p ropaga tion  p a th  from source (e.g. com busto r  can) to  receiver is 

hnear. T h e  autliors  considered non-hnearit ies  which m ay arise which would cause these 

techniques  to  fail to  correctly  a t t r ib u te  noise at a receiver location to  its corresponding 

noise source. Siller et al. [7’)] n o ted  a drop  in coherence betw een acoustic  pressure m ea

su rem en ts  a t a com bustor  can  and  m easu rem en ts  a t  th e  exit p lane of an  aero-engine w hen 

th e  ro ta t io n a l  speed of the  ro to r  was increased. A n in te rp re ta t io n  of th is  result is th a t ,  as 

jet  noise is low, com bustion  noise is a significant co n tr ib u to r  to  noise in th e  near  field. As 

je t  noise is increased, however, the  relative con tr ibu tion  of the  com busto r  is low and  hence 

th e  coherence drops. T h is  in te rp re ta t io n  assum ed a linear frequency response function 

betw een the  com bustor  can  and  th e  exit j)lane of the  engine. If there  were non-linearities 

present, however, th is  could also explain  the  relative d rop  in coherence observed at higher 

ro to r  speeds.

T he  au th o rs  considered the  case where f luc tuating  pressure  j^roj^agates th rough  a 

ro ta t in g  tu rb in e  stage in an  aeroengine. Such a pressure  p a t te rn  could l)e tonal  noise, 

such as th a t  genera ted  at th e  B P F  of a second tu rb in e  located  u p s tre a m  of the  tu rb ine  

of in terest, or na rrow band  (band-lim ited  b ro ad b an d )  noise genera ted  at a com bustor  

u i)stream  of the  tu rb in e  of interest. T h e  au tho rs  considered the  possib ih ty  of in terac tions 

betw een the  dow nstream  p ropaga ting  noise and  the  tiu 'bine, and  th a t  add it iona l  ini)uts 

to  the  sys tem  as shown in Figure  -j.l, due to  non-linearities, could cause the  d rop  in 

coherence as m easu red  by Siller ct ai .  In a non-linear system , a d rop  in coherence m ay 

occur w hen  there  is no change in th e  j)ow'er of the  linear noise sources. W ith o u t  non-linear 

analysis the  conclusion could be m ade  th a t  core noise is less significant th a n  it is in reality, 

an d  hence be ignored in the  dcvelo])ment of acoustical t re a tm e n t .  It was d em o n s tra ted  

by the  au th o rs  using basic tr igonom etric  identit ies  liow q u ad ra t ic  in te rac tions  resu lt  in 

a doubling  of frecjuency from self-interaction, and  simi and  difference frequencies from 

com bina tion  in teractions.

Having proposed  a non-linear in te rac tion  th a t  could arise w'hen dow'nstream-going 

noise p ropaga tes  th ro u g h  a ro to r  stage, the  au th o rs  showed th a t  energy sca t te red  into sum  

and  difference frecjuencies would not be identified Tising classical o rd ina ry  coherence-based 

teclmi([ues. T hey  highlighted th is  by genera ting  syn the tic  d a ta  representing  a non-linear 

in te rac tion  betw een com bustor  noise and  fan noise, as shown concep tua lly  in Figure  0 .2 .
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F ig u re  5.1: Frequency response function between the combustion noise and the pressure 
measured at the exit plane when some rj)m dependent non-linearity is included in the 
model (from Bennett and Fitzpatrick [(>]).
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F ig u re  5.2: Incident pressure models acconnnodating a quadratic non-linear term  (from 
Bennett and Fitzpatrick [()]).

Having concluded that non-linear interactions are not identified using the ordinary 

coherence function between noise measurements upstream  and downstream of the rotor 

stage, the authors proposed a technique for identifying the non-linear component of the 

coherence between two such measurements, and hence separating the non-linear contri

bution from the linear contribution. By considering tlie model shown in Figure 5.3, where 

the underlying non-linear phenomenon is quadratic in nature, it was shown th a t the non

linear part of the output could be isolated by taking the ordinary coherence between the 

square of the input and the output.

A further consideration was then made by the authors to enhance non-linear coherence- 

based identification by conditioning out the linear effects between signals i and j ,  assuming 

that i and j  are composed of at least two components each, one of which is the correlated 

linear effect r. Using the techniciue of Rice and Fitzpatrick [?()], the partial coherence 

function between the two signals with the linear effects r removed can be isolated. This 

technicjue uses the partial coherence function, given by:
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2 _ (5.7)f i j r  ^

where

(5.8)
rr

and

(5.9)

wliich i)rovi(ie‘s the input conditioned on the square of the input, i.e. the Unear contribu

tion.

F ig u r e  5.3; Injjuts into upstream  and downstream measurements modelled showing 
linear and non-linear parts  (from Bennett and Fitzpatrick [(i]).

This technique for identifying non-linear interaction was further enhanced by Bennett 

et al. [77] who proposed the enhanced non-linear coherence technique. From analysis of 

the exi)ansion of x^{t)  it was found tha t nniltiples of the same correlated terms apjjear 

which are also j)resent in tlie expansion of The proposal for an enhanced non-linear

coherence teclmicjue was to condition the x^{t)  contribution from x ‘̂ {t) to removed these 

partially-coherent terms. As the expansion of x^{f )  contains further term s not included 

in the x^{t)  term, it was proposed tha t the partial coherence function was applied to 

condition x ‘̂ {t) from x^{t),  and then conditioning this result from x ‘̂ {t).

The possibility of sum and (hfference scattering being the result of a non-linear (quadratic) 

interaction between the incident noise and the ro tor has been observed in Section 4..'} using 

the non-linear coherence functions outlined above.

y(t)
I  X(t) ;---- ► H
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5.1.4 R esearch Q uestions

Previous research has indicated that sum and difference scattering occurs when noise 

(tonal or non-tonal) interacts with a downstream rotor stage. It was dem onstrated that 

periodic noise generated by upstream rotors and tonal and broadband noise generated by 

loudspeakers may be scattered in this way.

Scattering through a single rotor-stator will be investigated in the following bench- 

top experimental test cam])aign. For this test set-uj), the theory presented from the 

hterature in Section •'j.1.2 predicts that an incident tone will scatter at smn and difference 

frecjuencies:

f s c a t t  = I  + ( i f s T ’F (5.10)

with a dominant modal content given by:

nUcatt =  +  {(iB -  kV)  (5.11)

where q is a non-zero integer denoting the scattering harmonic. The modal content of 

these tones has not previously been studied experimentally. Unless the rotor blade count 

{D) is low or the frecjuency of modal decomposition is high (requiring many niicroj^hones), 

these scattered modes are predicted to occur outside the range of modal decomposition. 

The current literature therefore leaves many issues related to sum and difference scattering 

open for further experimental study, such as:

1. How do the magnitudes of the scattered tones compare with the magnitude of the 

tone at the incident frequency?

2. Previous experimental tests have observed that sum and difference scattering of 

tones and narrowband noise does not occur below a critical frequency. W hat is the

explanation for this? Is this critical frequency linked to the cut-on frequency of

certain mode orders as theory j)redicts?

3. It has been dem onstrated tha t narrowband noise can also be scattered at sum and 

difference frequencies of the incident centre frequency. Is there a limit on the band- 

with of this effect for narrowband noise?
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4. If the predicted scattering modes in Ecjuation 5 .11 are cut-on, do they dom inate at 

these fre(iiiencies as predicted'.^

5. W hat is the m odal content of these sum  and difference tones when the predicted 

scattering modes are not cut-on a t the corresj)onding sum and difference freciuencies? 

Does any scattering occur in such conditions?

6. Does scattering occur through a s ta to r stage as expected?

7. The resuhs discussed in Section 4..'5 and in th e  work by B ennett and F itzpatrick

have raised the possibihty th a t sum and difference scattering  arises as the 

result of a non-linear interaction between the  incident noise and the  rotor. Is this 

further verified in a more thorough exi)erim ental investigation?

The design of a bench-top experim ental rig at TC D  to  answer these ciuestions in 

presented in the rest of this chapter, and the sul)sequent experim ental results discussed 

in C hapter (i.
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5.2 Design of the Experimental Rig

T he quadratic-iiiteraction frequency scattering  at sotirce frequencies j)his or m inus the 

ro to r BPFs, as introduced and discussed in Section 5.1, was clearly in evidence during the 

experim ental tests  from the T E E N I test cam paign in Berlin as outlined in Section 1.4. 

It would therefore seem like an excellent source of d a ta  to answer some of th e  questions 

outlined in Section 5.1. 4. However, there are some issues w ith the set-up of th e  Berlin 

test cam paign w'hich make do not allow m any of these ciuestions to be answered.

D uring th e  TEENT test cam paign, the am plification factor for the tonal tests  where 

only the  loudspeakers were present (the ro tor was not ro tating) was different to  the 

am plification factor of the e(iuivalent test where the ro tor was also present. This higher 

ami^lification was necessary to  ensure the tones were of sufficient m agnitude to  dom inate 

above the higher b roadband noise floor j)resent when the ro tor is ro tating. This means 

th a t these two test scenarios cannot be investigated in order to  com pare the tonal energy 

when no scattering  is occiuring to  the  tonal energy when scattering  is occurring, as the 

m agnitudes of the tones generated will differ between tests.

Sum and difference scattering  also occurred outside the range of m odal decom position 

in the  T E E N I tests, which may be linked to  the dependence of the  scattered  m odes on the 

num ber of ro to r blades. The ro tor used had 24 blades which would result in scattering  into 

very high-order azim uthal modes (according to  E quation 5.11), w'hich will only propagate 

above cut-on at high frequencies.

In order to  investigate the scattering  of noise through a ro to r stage, a new bench- 

top  experim ental rig was designed a t TCD. The experim ental rig was designed w ith the 

following param eters in m ind, in order to  avoid the issues which prevented an in-dej)th 

analysis using the  T E E N I te st data:

•  As in the  Berlin test set-up, the  new' experim ental rig consists of two noise-source 

regions; a ro tor or ro to r-sta to r stage and a loudspeaker array (mode generator).

•  The new' experim ental rig has a ro to r-sta to r stage which contains a lower num ber of 

ro tor b lad es/s ta to r vanes th a n  were present in the Berlin experim ental rig in order 

to  minimise the  scattered  m odal orders { m . s c a t t )  to w ithin a range for m odal decom-

106



C H A PT E R  5. 5.2. DESIGN O F TH E EX PERIM EN TA L RIG

position. This assumes th a t the m odal scattering model put forward in Equation 

5. i 1 holds, and therefore rriscau is dependent on b o th  the  num ber of fan blades and 

the  m odal content of the incident noise.

•  In order to  investigate any possible s ta to r effects, the  s ta to r stage will be changeable.

• A reasonably constant source am plification will be m aintained for all tests, so direct 

com jiarisons can be m ade between test points where the  ro tor is ro ta ting  or not.

•  \M ien investigating tonal noise scattering, tests will be undertaken for a wide range 

of frecjuencies, w ith a constant change in source frecjuency between tests. This 

change in frequency will be small enough to  accurately observe the critical fre'quency 

above which sum and difference scattering  occurs.

• T he bandw idth  of the narrow band noise (i.e. the bandw idth  of the band-])ass filter 

applied to  i)roadband noise which is used to  generate a narrow band signal) will 

be adjustable, and for each bandw idth  a num ber of tests  will be run  for a range 

of centre frecjuencies to  accurately estim ate the  previously observed [I'.ti-] critical 

freciuency above which sum and difference scattering  occ\u's.

In order to  rectify the issues which jjrevented a thorough investigation of the sum 

and difference scattering  ijhenom enon in the Berlin tests, the  experim ental i)aranieters 

were carefully selected. The duct diam eter was set at O.lm to m atch a fan w ith the 

recjuired low num ber of blades. A key design concern for the new rig was the num ber of 

m icrophones at the receiver bank and the num ber of loudspeakers located in the mode 

generator. An experim ental rig recjuiring large num bers of either would be Tuifeasible 

as the required num ber of DAQ channels, microi)hones and loudspeakers increases. This 

lim itation m eant th a t the  azinnithal m ode order ta rge ted  by the  loudspeaker array should 

be as low as possible, as higher-order modes rec^uire a larger num ber of loudsj)eakers to 

successfully target and excite (see Section .’5.2).

Furtherm ore, the azinnithal m ode order of any scattered  modes should be as low as 

possible as higher order modes re(iiiire more sensors to  analyse; the azim uthal order rn of 

any m ode to  be decomposed must also be less than  or equal to  s/2,  where .s is the  num ber 

of acoustic sensors per axial ring. Figure •'). 1 shows the  m odal cut-on freciuencies for a
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diam eter duct, assuming standard cond itions for tem pera ture  and ])ressure and a 

quiescent flu id .

9
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0 2000 4000 80006000 10000 12000
Frequency (Hz)

F ig u re  5 .4 : M oda l cu t-on  freciuencies for a O.lr?; d iam eter c ircu la r duct. ni is the
az inm tha l mode order index and n is the ra tlia l mode order index.

In  order to  extend the frequency range o f ]K)ssible m odal deconi]:)osition, it  was decided 

to  use a single rin g  o f a ll tw enty-five  availal)le m icrophones. T h is  allows an az im u tha l 

m odal analysis to  be perform ed uj) to  the ju  =  ± 1 2  az im u tha l modes, bu t w ith o u t the 

a b ility  to  separate out the incident and reflected components and the specific rad ia l modes. 

In  order to  ve rify  th a t an accurate m odal analysis could be undertaken using a single ring  

o f m icrophones, an experim enta l s tudy was undertaken in  Section 3..’5. P rovided the 

m odal reflections were kept low, a sing le-ring o f sensors could estim ate the az inm tha l 

m oda l am plitudes w ith  a good degree o f accuracy. T w en ty-five  electret m icroi)hones were 

available. E xtend ing  the range o f m odal decom position to  as broad a frequency range as 

possible is desirable as noise sca tte ring  is predicted  to  occur across several h igher-order 

mode orders.

A  mode generator has been insta lled  in  order to  generate a tone at a specific frequency, 

w ith  a specific targeted az inm tha l mode dom ina ting  the acoustic pressure fie ld  at th is  

frequency. T h is  is analogous to  the generation o f a B P F  tone by a ro to r, where the 

az im utha l m odal content o f the generated tone is lim ite d  to  az inm tha l modes predicted
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by Tyler-Sofrin tlieory [J 1]. Tliis is achieved using a circuniferentiahy-spaeed array of five 

loudspeakers at a single axial location of the test duct. Each loudspeaker is housed in its 

own waveguide. Tonal noise j)ropagates from each acoustic driver th rough the waveguide 

and into the  m ain test duct through a hole in the duct wall. Assuming the noise is planar, 

the  noise will rad ia te  out ecjually in all directions, sinm lating a monopole source at the 

duct wall. By adjusting  the  phase between the loudspeakers, a specific azim uthal mode 

can be ta rge ted  by effectively adjusting the phase of these v irtual monopole sources as 

])er the  following equation:

/ =  0 , 1,-- - , 5  -  1 

fy((9/) =  where (5.12)

The theory  of ta rge ted  m ode generation is described in Section .'5.2. The mode generator 

design and j)erforniance is discussed in further detail in Section 'i..'?.

T he final exi)eriniental design is shown in Figure 5.5. The design of the  experim ental 

rig is sim ilar to th a t used for the Berlin test cam paign. The experim ental duct is m ade of 

PM M A w ith  an in ternal diam eter of ().l7» w ith a wall thickness of O.Olm. Semi-anechoic 

term inations were located at b o th  ends of the duct in order to  reduce end reflections. As 

outlined at the  s ta rt of this section, the exi)eriniental rig was designed w ith two source 

regions; an array of five loudspeakers w'hich m ounted in a m ode generator array, and an 

ax ial-fan-stator stage. T he rotor used was a hve-bladed EBM -PA PST standard  vane- 

axial-fan which induces a flow in the  positive x-direction when ro tating . The sta to r stage 

adjacent to  the  fan has eight vanes. An additional fan w ith an a lternative five-vane 

configuration which has been m anufactured in-house using rapid prototyj)ing was also 

available, in order to  investigate s ta to r scattering  effects.

Full details of each aspect of th is  experim ental set-up are discu.ssed in the following 

sections. Section 5.3 discusses the design and perform ance of the m ode generator. Both 

num erical sinnilations and experim ents are perform ed, dem onstrating  the  efftcacy of the 

m ode generator design. Section 5. 1 discusses the  vane-axial-fan used, and the character

istics of the  noise generated by the fan for both  s ta to r  configurations. Finally, the design
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and performance of the senii-anechoic terminations located at l)oth ends of the test duct 

are discussed in Section -j.5.

Spectral analysis of the data from the data gathered dTuing the experimental test 

campaign will be limited by constraints such as the sampling frequency of the DAQ 

system, the upper-limit of modal decomposition for the number of sensors used, and the 

effective frequency range of the loudspeakers in the mode generator array. These frequency 

constraints are collated in Table 5.1. Other frequencies of interest such as the rotor BPF 

and its harmonics at the rotational speed investigated in Chapter ti, and the cut-on of the 

three azimuthal modes targeted by the mode generator, are also presented.

The ui)i)or frequency of noise generation by the mode generator was set at WkHz.  

This freciuency was selected as VikHz  re])resents the upper limit of spectral analysis for 

the sampling rate used, and sum and difference scattering is anticipated to occur at sum 

and difference frequencies of 1083//2 (the fan BPF) relative to the noise generated by the 

mode generator. Above l l k Hz .  most of the noise scattered at sum frequencies relative 

to the mode generator tone would therefore fall outside the range of spectral analysis.

T ab le  5.1: Key freciuencies of interest for the bench-top experimental rig used to inves
tigate sum and difference scattering of noise

L im its  o f S p e c tra l A n a ly sis kHz
D ata Acquisition Sani])ling Rate, fsamp 26

Nyquist Frequency for Data Acciuisition, 13
Upper Limit of Modal Analysis 18.583

R o to r  B P F  a n d  H a rm o n ic s  a t  ISOOOrpm kHz
B PFl 1.083
BPF2 2.166
BPF3 3.249
BPF4 4.332

E ffective  R an g e  o f M o d e  G e n e ra to r k Hz
m =  0 Mode is Cut-on 0

=  1 Mode is Cut-on 1.998
m =  2 Mode is Cut-on 3.335

Effective Range of Speakers 2 -  30
Upi)er Limit of Noise Generaticm 11

Upper Limit of Waveguide Design (see Sec. ')..3.1.1.) 11.549
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5.3 M ode G enerator D esign  and Perform ance

In order to facilitate the investigation of azimuthal mode scattering through a fan stage, it 

is necessary th a t  any incident noise projjagating through the fan stage has clearly defined 

modal content, with a single azinnithal mode dominating. This allows clear relationships 

to be found between the modal content at any scattering frecjuencies and the incident 

modal content. The mode generator is an array of loudsi)eakers, each of which is housed 

in its own w’aveguide. Each waveguide allows the sound to radia te from the loudspeaker 

and into the main test duct through a hole in the test duct wall. The somid should 

radia te through this hole in a planar fashion with as little azinmthal or radial distortion 

as possible, therefore sinnilating a spherical source or monopole.

The waveguides are equi-azinnithally spaced at a single axial location of the main test 

duct. By generating sine waves at a desired frequency /  using all loudspeakei's, w ith  a 

phase difference 0 between each loudspeaker and its neighl)ours, a specific azinmthal mode 

can be excited by the array of the mode generator at frequency /  as per Equation •}.7. 

Therefore a tone at freciuency /  will i)ropagate in the main test duct with a prescribed 

azimuthal mode dominant at this frecjuency. Further information on the theory of the 

mode generator operation, as well as analytical validations of the technique, can be found 

in Section A.2.

Each loudspeaker moimting (waveguide) is rc'quired to  sui)])ort the acoustic driver and 

allow sound to radiate from the driver into the test duct. The key design issues which 

must be overcome are:

•  the momiting must be designed so th a t  the five loudspeakers used can physically fit 

around the periphery of O.Olm diameter duct. This will constrain the length and 

diam eter of the mounting.

•  the diam eter of the oi^ening of the mounting at the loudspeaker end must be such 

th a t  it matches the diameter of the loudspeaker membrane (1” or 25.4mm).

•  the flange diameter at the loudspeaker end nmst m atch the mounting of the loud

speaker end.
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• no higher-order modes can be cnt-on inside the m ounting at the highest test fre- 

([uency of I l k  Hz .  This hm its the inner diam eter of the waveguide.

•  if a simple cyhndrical (hict design is used, harm onics of the longitudinal resonance 

freciuencies m ust be accounted for. This will constrain the  length of the duct.

•  the m ounting must be strong enough the support its own weight and the weight of 

the  loudspeaker, and nnist be rigidly fixed at b o th  loudsjjeaker and duct ends so 

th a t v ibration does not occur and cause acoustic resonances in the test duct.

Each loudspeaker is housed at one end of a waveguide which connects the loudspeaker 

to  the  test fiuct. A conical, exponential or catenoidal shaped horn design would have 

been (lesiral)le as they b e tte r m atch the im pedance of the loudspeaker m em brane with 

the Huid as well as im proving the transm issibility  at the interface between the  waveguide 

and the m ain test duct. However, due to  space constrain ts a circular cross-sectioned 

design was used. The final waveguide design consists of two circular cylinders of different 

d iam eters connected end-to-end to  each other. The cylinders’ diam eters are set by two 

design constraints: the  waveguide must m atch the loudspeaker voice coil diam eter, but 

must also be constrained such th a t no higher-order acoustic modes are cut-on inside the 

waveguide for the test frecpiencies planned.

In order to  prevent higher-order modes being cut-on inside the waveguide, the diam eter 

of the waveguide nnist be set below a m axinm m  value such th a t the Helmholtz num ber, 

k'R, does not exceed 1.83 at the highest test frequency planned ( l l k H z ) .  A k R  value 

of 1.83 corresponds to  the cut-on frequency of the first higher-order acoustic mode. As 

this corresponds to  a critical diam eter which is less th an  the diam eter of the loudspeaker 

voice coil, th e  waveguide nnist stej) from a larger diam eter to  a sm aller diam eter. The 

final waveguide design is shown in Figure r).(i.

BMS 4540ND neodym ium  compression drivers w^ere selected as the acoustic drivers 

for each w'aveguide. This acoustic driver had been selected due to  its linear response for 

a wide frequency range { 2 k Hz - 30k Hz ) ,  its low weight (0.53 kg), com pact design and 

high power capacity  (GOW). This driver is also threaded, allowing the waveguides to be 

designed w ith  a tai)i)ed oi)en end so th a t the loudsj)eaker can sinii)ly be screwed into each 

waveguide.
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Figure 5.6
throughout. 
X  - 95mm.

Loudspeaker
Membrane

X = 25mm

Upper Radius (R i) = 16.5mm 
Lower Radius (R2) = 8.85mm

x=  65mm

x= 95mm

Waveguide
B<it Rane

: Schematic of waveguide design. The cross-sectional geometry is circular 
In the prototype design microphone holes were located at x  =  65mm and
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5.3.1 Num erical Simulations

In  o rder  to  investigate  the  acoustic  perfo rm ance  of th e  i)roposed waveguide design shown 

in F igm ’e 5.(), as well as a m ode genera to r  consisting of five such waveguides in an  array, a 

scries of num erical s inuilations were perform ed. T h e  m unerical scheme used was the  W E M  

( \ \ a v e  E lem ent M ethod), a fu ll-dom ain d iscre tisation  techniciue which allows acoustic 

analyses to  be  perform ed on non-honiogeneous geometries sub jec t  to  a range  of b o u n d a ry  

cond it ions  by solving of the  H elm holtz equation. A deta iled  descrip tion  of this technique 

can  be found in Apj)endix A. T he  Wave Element M ethod  h ad  previously been applied 

to  duc t acoustics investigations by B enne tt  et  al. [?''] and  shown to  perform  very well in 

comi)arison to  analy tica l m ethods.

5.3.1.1 Single W aveguide

To sim ula te  a loudspeaker m em brane , a N eum ann  (velocity) b o u n d a ry  condition was 

api)lied a t  th e  x =  0 p lane of th e  waveguide design shown in "j.O. Each source node is in 

phase  w ith  each other. T he  volume was m eshed  w ith  a te t ra h e d ra l  m esh w ith  a m ax im um  

m esh spacing  of 2rnm,  ensuring th a t  8 nodes are located  per acoustic  w avelength at the  

highest tes t  frecjuency of I S k H z .

T h e  ob jec tive  of investigating  th e  p ressure  field genera ted  inside th e  waveguide is to 

ensure  th a t  no higher-order acoustic  m odes are cu t-on  inside the  narrow  section of the  

waveguide, a n d  th a t  sound p ropaga tes  from th e  loudsi)eakers to  the  tes t  duc t  as p lane 

waves. If th e  sound rad ia ting  from the  interface betw^een the  waveguides an d  the  tes t  

duc t  is p lanar , the  sound will rad ia te  ou t equally  in all d irections, best a jjp rox im ating  a 

monoj)ole source.

F igure  5.7 d em o n s tra tes  the  pressure  field genera ted  in the  w'aveguide w hen a N eum ann  

b o u n d a ry  cond ition  is applied  a t .t =  0 for a range of freciuencies. T h e  tes t  H elm holtz 

num bers  k B  are  taken  w ith  the  m ain  test duct geom etry  as reference, giving R  =  0.05m. 

Inside th e  waveguide th e  radii are far smaller. T he  rad ius  a t the  wider ])ortion of the  

waveguide, /?i, is 0.0165/?;. T he  rad ius  of the  narrow er section of th e  waveguide, 

is 0.00865m. A comjjarison of th e  Helm holtz  m nnbers  for each test frequency is shown 

in Table  5.2. Th is  m eans th a t  higher-order m odes can  be cu t-on  inside th e  m ain  test 

duct,  therefore  allowing higher-order m odes excited using the  m ode g enera to r  array  to
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proi)agate in the main test duct without these higher-order modes being cut-on inside the 

waveguides themselves. However, there is a possibihty that higher-order modes could be 

cut-on inside the wider section of the waveguide but not the narrower section. At a test 

Helmholtz runnber k R = 7, for example, this is the case; the Helmholtz number inside 

the wider section of the waveguide is kBi  = 2.31, which is above the cut-on frequency 

of the (±1,0) modes. Since these modes are not cut-on inside the narrower section, it 

is anticii^ated that they will rapidly decay with axial distance, and the press\n'e field 

will still be planar at the interface between the waveguide and the main test duct. The 

visualisation of the pressure field generated inside the waveguide shown in Figure 5.7 

would seem to indicate that the pressure field is planar inside the narrow section of the 

waveguide for each frequency tested.

Table 5.2: Helmholtz numbers in the main test duct {kR).  the wider section of the 
waveguide (A/?i) and the narrower section of the waveguide (A/?2 ) for the numerical 
simulations shown in Figures 5.7 - 5.!).

kR kR i kR2
3.5 1.155 0.595
5 1.65 0.85

5.55 1.83 0.94
7 2.31 1.19

In order to provide strong evidence that the noise i)ropagating in the narrow section of 

the waveguide remains planar for all test frequencies uj) to the cut-on of the first higher- 

order mode at kR .2 = 1.83 = 11549//2, a modal (lecomj)osition was performed using the 

numerical data. Sixty-four nodes are located in four axial rings, with each containing 

sixteen circuniferentially-spaced nodes. The complex i)ressures measured at each of these 

nodal locations were used to perform a radial modal decomposition of the pressiue field 

inside the narrow section of the waveguide, as per the modal decomposition technique 

applied by Bennett [23] and outlined in Section 3.1. The axial locations of the rings of 

sensors inside the narrow section of the waveguide at x  =  O.OSrn, 0.1m, 0.12m, 0.14r??.

Pressure field simulations were made across a wide range of kR  values and the modal 

amplitudes were determined for each test frequency. The resulting modal amj)litudes are 

plotted in Figure 5.8. The (0,0) mode is plotted in red. These results clearly show that 

the (0,0) mode is dominant inside the narrow section of the until the cut-on of the (±1,0)
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modes inside the narrow  section, at a Hehnholtz num ber A’i?2 =  1-83 inside the narrow 

section of the waveguide and k R  =  10.76 inside the  m ain test duct.

In the  numerical tests discussed above, a N eum ann boundary  condition was applied 

at the X =  0 plane w ith all som ce nodes in i)hase. This is a best case scenario for 

modelling the loudspeaker m em brane, in th a t it acts as a vil)rating i)iston a t the  top  

of the waveguide, an action th a t would intrinsically target the  (0,0) m ode as the source 

m em brane acts as a v ibrating  i)lane. In order to  offer a “worst-case” scenario, a sim ulation 

model was used wherein all source nodes are phase adjusted  such th a t the first azinuithal 

mode is targeted  at the source plane. This would cause a stronger generation of the  (1,0) 

mode in the  wider section of the waveguide above its c“Ut-on at k R  =  5.55, which would 

increase the  likelihood of this higher-order m ode not decaying in the narrower section of 

the waveguide, and hence rad ia ting  into the m ain test duct, reducing the efficacy of the 

waveguide design.

In order to ensure th a t the waveguide design ojjerates su itably  in th is scenario, the 

m ethod undertaken to  m easure the modal am plitudes shown in Figure -5.8 was repeated 

for this a lternative NoTunann boundary condition. Changing th e  N eum ann boundary con

dition does lead to  a m arked increase in the am})litude of the (1,0) mode above cut-on, as 

shown in F igm e ■").!). The effective cut-on of the (1,0) m ode does decrease slightly, show

ing th a t the  stronger generation of the (1.0) m ode in the  wider section of the  waveguide 

does cause the higher-order mode to  ]:>ro])agate at lower th an  exi)ected frequencies in the 

narrow  section. This shift in cut-on is very m inor however, of the  order of 'SOHz, and 

therefore the wavegTiide still perform s w'ell in the event th a t the (1,0) m ode is somehow' 

strongly excited by the  loudsi)eaker membrane.

5.3 .1 .2  Full Speaker Array

The waveguide design shown in Figure 5.{i and investigated num erically in Section 5..3.1.1 

w'as shown to perform  as intended, w ith plane wave rad ia tion  for all test frecjuencies of 

interest. In order to  assess the suitability  of the  waveguide design for use in a mode 

generator array, a full array of five waveguides connected to  a 0.7ni length section of main 

test ducting was meshed for investigation using W’EM. Five waveguides were used as no 

more could be fit around the periphery of the test duct. As in the single waveguide tests,
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F ig u r e  5.7: Real part of pressure fields generated in a single waveguide by a sinmlated 
loudspeaker membrane at the x =  0 j)lane. From left to right the test frecjuencies are 
k R  =  3.5, 5, 7. The top sub-hgmes shown an end-view of the waveguide, the bo ttom  
figures shown an oblicjue view. All som re nodes at x =  0 are in phase with each other.
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F ig u r e  5.8: Radial modal analysis performed using G4 sensors in an array, located in 
the narrow part of the waveguide (/?2 ). A simple Neumann condition has been aijplied at 
the X =  0 plane with all source nodes in phase.
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F ig u re  5.9: Radial modal analysis performed using 64 sensors in an array, located in the 
narrow part of the waveguide {R-z)- An alternative Neumann condition has been applied 
at the X =  0 plane, targeting the n> =  1 mode.

a Neumann boundary condition was ap])lied at the entrance ])lane of each waveguide, 

and the source nodes within each waveguide are in phase with each other. However, a 

l)hase difference was set between each of the five source planes in accordance to Eciuation 

: .̂7. This means that the sound radiating out of each of the w’aveguides can be set out of 

])hase with the neighbouring waveguides. This sound radiates out tlie waveguides as plane 

waves, and therefore the interfaces between the test duct and the exits of the waveguides 

sinuilate monopole sources. By ai)plying this phase difference between the five monopole 

sources, si)ecific azinnithal modes can be targeted and therefore excited in the main test 

duct. These targeted modes should dominate the acoustic pressure held inside the main 

test duct.

Figure 5.10 demonstrates this concei)t. In each sub-figure noise has been generated by 

Nemnann boundary conditions applied at the entrance i)lane to each of the waveguides at a 

freciuency kR = 3.5. Different phase relationships were applied between the loudspeakers 

in each case, targeting three different azinnithal modes. The ami)litude and phase plots of 

the pressure fields clearly show that the targeted modes dominate, with a planar acoustic 

field evident when the m = 0 azinnithal mode has been targeted and spiral-patterned 

pressure fields evident when higher-order azimuthal modes have been targeted.

An investigation of the efhcacy of the mode generator array over a range of test
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frequencies was conducted by performing a radial mode decomposition inside the main 

test duct, in order to deduce the modal ami)litudes and therefore asses the dominance of 

the targeted modes. The analytical study undertaken in Section 3.2 showed that in order 

target a specific azinmthal mode in a duct, N s r c  =  (2xTAM ) +  1 sources are reciuired to 

successfully excite the targeted azimuthal mode (TAM) at cut-on. For the targeted mode 

to dominate at higher freqiiencies beyond cut-on, an additional source must be added j)er 

additional cut-on azimuthal mode.

Figures 5.11 -  5.13 show the results from a radial modal decomposition performed using 

sixty-four nodes located in four axial rings located at x =  0.4m , 0.427?; , 0.44m, 0.4Gr/( over 

a range of test frequencies for three targeted azimuthal modes. The targeted azinmthal 

modal amplitudes are shown in red in each case. The analytical study would suggest that 

given N s r c  =  5 and TAM =  0, the targeted mode will dominate for all frequencies up until 

the cut-on of the m =  5 azinnithal mode at h \R  =  6.32. The numerical test results shown in 

Figure 5.1 i generally corroborate the analytical simidation results, however the numerical 

results STiggest that the m =  0 mode will in fact dominate at some frecjuencies above the 

frecjuency range in which analytical sinuilations predicts it will be effective. This is also the 

case for the rri =  1 and m =  2 modes; w'hen targeted, they dominate the acoustic pressure 

field for several frequencies beyond the maxinnmi freciuencies anticipated in Figure .3.7. 

A marked decrease in performance is generally observed for higher frequencies however.

The munerical simulations have dem onstrated that the mode generator design is ef

fective for a wide range of possible test frequencies, and is therefore likely to be effective 

for use in the experimental study undertaken in Chapter (i. One key limitation to these 

tests has been that the effect of a mean flow in the test duct has not been accounted 

for, despite the fact tha t a mean flow will be present in the exj^erimental tests. As well 

as generating flow noise which will lower the signal-to-noise ratio of any acoustic pres

sure measurements and affecting the modal cut-on frequencies through modification of 

the axial wavenumbers, inducing a flow in the duct will also affect the directivity of the 

sovmd field radiating from each waveguide. This will in turn  affect the assumption of 

equal sound being radiated in every direction from each waveguide exit, which will lower 

the efficacy of the mode generator as the assumption tha t a monopole source is sinmlated 

at each waveguide exit is violated.
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F ig u r e  5 .10: Ainj)litu(le (top) and phase (bottom) plots of W'EM generated pressure field 
in a cylinder by five simulated loudspeaker membranes, each at the end of a waveguide, 
located at .r =  0. Test frecjuency, k R  =  3.5. Different azinuithal modes are targeted by 
adjusting the {)hase relationship between the sources.
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F ig u r e  5.11: Azimuthal modal anii)litudes estim ated using a radial mode analysis
performed using a four rings of 16 virtual receivers each. The receivers located at 
the wall of the test cylinder shown in Figures 5.10. The ring of sensors is located at 
X =  ().4n;, 0.42m, 0.44m, 0.46rn. The m =  0 mode has been targeted by the mode gener
ator.
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F ig u re  5 .12 : A zim uthal m odal am plitudes estim ated  using a radial m ode analysis
perform ed using a four rings of IG virtual receivers each. T he receivers located at 
the  wall of th e  test cylinder shown in Figures 5.10. The ring of sensors is located at 
X  =  0.4n!. 0.42m, 0.44m, 0.46/??. The rn =  1 mode has been ta rge ted  by the m ode gener
ator.
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F ig u re  5 .13 : A zim uthal m odal am plitudes estim ated  using a radial m ode analysis
perform ed using a four rings of 16 virtual receivers each. T he receivers located a t 
the  wall of the  test cylinder shown in Figures 5.10. T he ring of sensors is located at 
X  =  0.4m, 0.42m, 0.44m, 0.46m. The m =  2 m ode has been targeted  by the m ode gener
ator.
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5.3.2 W aveguide P rototyp e Tests

As shown in Figure j.G, the i)rototype design of the waveguide has two microphone holes 

at the same azimuthal location with an axial-distance of SOmrn between each hole. The 

prototype design consists of the final waveguide design connected to a short section of 

duct (0.1m in length) with the same radius as the main test duct to be used in the noise 

scattering test campaign (O.OSm). The duct is open at both ends. A BMS 4540ND loud- 

sjoeaker was mounted at one end of the waveguide and generates broadband noise. If no 

higher-order modes are present, the estimated transfer function between two microphone 

measurements in the waveguide should be linear i)hase, with little or no distortion evident 

in the magnitude or phase of the transfer function. This is the case as the distribution of 

acoustic pressure in the waveguide is ])lanar, with the acoustic j^ressure only changing in 

the axial direction. Above the cut-on fretiuency of the first azimuthal mode, some distor

tion of the magnitude and j)hase of the transfer function is exj)ected, as the distribution 

of acoustic pressure in the duct l)ecomes more complex than simply planar. Data was 

accjuired at a sample rate of -iOkHz. Broadband noise is generated by the loudspeaker at 

all frecjuencies f)elow 2{)kHz.

The transfer function can be used to assess the acc\iracy of the assumption that no 

higher modes are cut-on in the waveguide. The transfer function can also be used to assess 

other acoustic pro]>erties in the waveguide, such as the reflectivity, transmissibility and 

impedance of the passive end of the waveguide, using the theory outlined in Seybert [7!i] 

and Chung and Blaser [̂ ()]. The assumption is made tha t the random excitation at the 

active end of the waveguide is a stationary random process.

The magnitude and phase of the transfer fmiction of the waveguide is shown in Figure 

•'3.14. In this test scenario the small section of test duct has been j)acked with rock 

wool. Rock wool absorbs acoustic energy, and therefore reflections from the waveguide 

will be minimised. The magnitude of the transfer function between measurements made 

at two axial locations is predicted as being unity for all frequencies if end reflections 

are eliminated. The magnitude of the measured transfer function is close to imity, but 

fluctuates slightly, most likely due to the rock wool not acting as a perfect acoustic damjjer. 

The anticipated cut-on frequency of the flrst higher-order acoustic mode within the narrow
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F ig u re  5 .14 : Transfer function  measured between tw o niicroi)hones located at x  =  65nun 
and X =  95nnn, flush-m ounted to  the inside o f the p ro to type  waveguide, at the locations 
shown in  F igure  5.G. The black-dashed line at around 11.8 k H z  corresponds to  the cu t-on  
o f the firs t h igher-order acoustic mode.

section o f the w'aveguide is show'u using a black dashed line. Up to  th is  frequency, the 

])hase o f the transfe r fiu ic tio n  is linear phase, as expected fo r a p lanar jjressure d is tr ib u tio n  

inside the waveguide w ith  lo w /n o  reflections.

I t  is clear th a t the characteristics o f the  m agnitude and phase o f the transfe r fun c tio n  

b o th  change s ign ifican tly  at the cu t-on  frecjuency, w ith  the onset o f large am om its o f d is

to r t io n  beyond th is  frecjuency. T h is  w ould im p ly  th a t beyond th is  frequency, h igher-order 

modes w il l be present in  the waveguide, and the d is tr ib u tio n  o f pressure at the waveg

uide ex it w il l not be planar. T h is  w ould result in  a non-un ifo rm  d is tr ib u tio n  o f acoustic 

pressure at the ex it plane, which would not act as a spherical source at the w a ll o f the 

test duct. I t  is therefore antic ipa ted  th a t the mode generator w il l not operate e ffective ly 

above th is  frequency. Up to  th is  frequency however the lack o f s ign ificant d is to rtio n  in  the 

m agnitude and phase o f the measured transfer func tion  is positive, s trong ly  suggesting 

th a t acoustic transm ission from  the narrow  section o f the waveguide and in to  the test duct 

is p lanar, which w il l best sim ulate a m onopole at the interface between the waveguide 

and the test duct.
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5.3.3 E xperim ental M ode G enerator Perform ance

The filial mode generator assembly is shown in Figure 5.15. It consists of five waveguides, 

each of the design shown in Figure 5.(i (without niicroi)hone holes) mounted on a short 

section of flanged duct. This duct is connected to other sections of duct as part of the 

final experimental rig design shown in Figure 5.5. This modular design was used as it 

would allow the mode generator’s axial location to be changed easily, as w-ell as allowing 

the mode generator to be re-used in future test configurations.

F ig u re  5.15: Mode generator array consisting of five loudspeakers in individual waveg
uides connected to a section of the main test duct.

In order to assess the effectiveness of the mode generator, a sinii)le experimental proce

dure was undertaken. The mode generator was designed such that the targeted azimuthal 

mode (TAM) generated at the loudspeaker array could dominate inside the test duct. The 

effectiveness of the mode generator is defined as the dominance (in anii)litude) of the az

imuthal mode targeted at the mode generator above any other azimuthal modes which are 

present (cut-on) at the test frecjuency examined. The exi)erimental rig was set up with the 

mode generator, vane-axial-fan and sensor array in i)lace, as per Figure 5.5. The fan was 

in ])lace but not rotating. At each test ])oiiit a tone was generated at the mode generator
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w ith  a specific ])hase re la tionsh ii) between each loudspeaker. The 25 m icroi)hones in  the 

sensor array measure the resu lting  acoustic pressure at a single axia l loca tion  in  the duct 

for 10 seconds at a sam i)ling frequency of 26kHz .  Th is  test procedure was repeated for 

the ta rge ting  o f three d ifferent az inm tha l modes {m  — 0 ,1 .2 ). These three test points 

were repeated at a range o f tona l frecjuencies from  2 k H z  up to  lO kH z ,  w ith  a bOHz 

reso lution between tests.

F igure o .K i shows the results o f an az inu itha l m odal analysis perform ed at the  sensor 

a rray when d ifferent az im utha l modes are targeted at the mode generator array. Two 

test frequencies are shown; one at a re la tive ly  low  frequency (AOOOHz) where on ly  the 

modes being targeted are cu t-on, shown as sub-figure a). The mode generator perform s 

well at th is  frequency w ith  each targeted mode dom inant l)y aroTuid lOdB.  The o the r test 

po in t, shown in  sub-hgure b ), is at a h igher test frequency o f 5600 //2  where the ni =  ± 3  

az im u tha l modes are also cu t-on . The mode generator is shown to  be effective at th is 

fr('(iuency also despite the presence o f several h igher-order modes. T h is  dem onstrates tha t 

even at fre(iuencies above which o ther h igher-order modes are cu t-on  the mode generator 

can s t i l l  operate effectively.

a) b)
■  TAM =  0 H T A M  =  0
■ T A M  =  1 B T A M  =  1

Azimuthal Mode Order, m Azimuthal Mode Order, m

F ig u re  5 .16 : A z im u tha l m odal analysis o f mode generator tone generated at tw o  test 
frequencies; a) 4 kH z ,  b) 5 .6kHz

The dom inance o f each ta rgeted mode w ith  non-d im ensional frequency {kR)  is j) lo tte d  

in  Figures 5.17 -  5.19. The blue spectra show the dom inance in  am p litude  (denoted 

A t/ ia /)  o f each targeted mode above the second most dom inant mode present at each 

corresj)onding test po in t. A t the i)o in ts where th is  dom inance drops below zero, the 

targeted mode is not the dom inant mode. In  these cases the p lo t shows how m any d B  

the am i)litude  o f the targeted mode falls below the am p litude  o f the most dom inant mode
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at th a t test frecjuency. The higher horizontal black-dashed line in the plot corresponds 

to  a dominance level of 6dB,  which corresponds to  the  point at which the am plitude 

of the targeted  m ode is double th a t of the next most dom inant mode present at the 

corresponding test frecjuency.

It is desirable th a t each ta rge ted  mode dom inate by at least 6dB  a t as many frequen

cies as possible. The purpose of the mode generator is to  “prescribe” a known acoustic 

pressure d istribu tion  in the duct by exciting a specific azim uthal mode at a given fre- 

ciuency. Viable test freciuencies for testing the  effect of m odal scattering  through the  fan 

stage will therefore correspond to  test freciuencies where several modes ta rge ted  at the 

m ode generator are dom inant by at least 6dB.  Figures 5.17 - 5.19 show th a t several such 

te st frequencies exist. However, as the test frecjuency is increased the perform ance of the 

inofle generator generally decreases. This has been anticij)ated by both  the analytical 

study  in Section .'5.2 and the  numerical study of the  m ode generator design undertaken 

in Section 5..'5.1.2. For exani])le. the decrease in effectiveness when targeting  the  rn =  0 

m ode above the  cut-on of the  (5.0) mode is in line w ith bo th  the previous analytical and 

numerical studies.

Tai)ken and Nagai ['^l] discuss possible causes of spill-over m odes i.e. modes excited by 

a mode generator o ther th an  the ta rge ted  mode. Such effects could include variations in 

louds])eaker im pedance w ith frequency, variations in the  transmissiV)ility of the waveguides 

w ith frequency, the curvature at the interface between the  waveguide and the m ain test 

duct, and any d istortion of the acoustic source at each waveguide exit which will affect 

the  validity of the  mono])ole assum ption (as caused by axial-how distortion, for example).

The red spectra in Figures 5.17 -  5.19 show the  A t  a m  values m easured when the 

m ode generator ta rge ts  a specific azinuithal mode, and the fan is ro ta tin g  at 13000rpm. As 

discussed in Section 5.1.1, the  m odal content of the noise generated l)y the m ode generator 

array will be modified, w ith variations in the  transm ission and reflections coefficients 

depending on the  angles of incidence of the noise, the  Mach num ber of the  flow and other 

factors. The axial mean-flow will also affect the m odal cut-on freciuencies by m odification 

oi  the axial wavenumbers. These sj)ectra show th a t although the j)resence of a ro tating  

fan does affect the perform ance of the mode generator, th is inijjact is not significant and 

the range of effective freciuencies is not greatly reduced.
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CHAPTER 5. 5.4. AXIAL-FAN NOISE

5.4 Axial-Fan N oise

The EBM-PAPST standard vane-axial-fan used in the noise scattering exi)erinients has 5 

fan l)Iades and 8 stator vanes. Its rotational speed can be set anywhere between 4000 and 

13000rpni. At 13000rpm an axial-How of Mach nmnber = 0.03G is induced through the 

duct. A second EBM-PAPST fan w'as also used with an alternative hve-stator vane design. 

The casing for this alternate fan was manufactured in-house using rapid prototy])ing.

Fan noise generally consists of periodic tonal noise at blade-pass freciuencies sujierim- 

posed on a broadband noise floor. Some tonal noise is also generated at shaft frecjuencies 

of the fan, which will become more significant as the tip speed of the fan ai)proaches 

supersonic levels. For a 0.05m radius fan, a rotational speed of at least G5508ri)m is nec

essary to reach supersonic tip speeds. Figures 5.20 and 5.21 show' the s])ectra of the fan 

noise measured by a microphone in the sensor array at a range of fan rotational speeds. 

The experimental set-up is as shown in Figure 5.5. Three harmonics of the BPF are 

identifled in each case. The BPF is important to note, as it indicates at what frequencies 

any scattereil tones are predicted to occm’ in the scattering tests relative to the freciuency 

of the tone generated by the mode generator.

The dominant modal content at each h harmonic of the fan BPF is predicted by 

Tyler-Sofrin [l l] theory as:

rn = - h B  -  k V  (5.13)

where /; in the blade-pass harmonic, k is any integer, B  is the munber of fan blades and V  

is the number of stator vanes. It should be noted that the fans rotate counter-clockwise, 

but the azinmthal modes have been decomposed with the clockwise direction being taken 

as being j)ositive, hence the negative sign i)receding Equation 5.13. The dominant modes 

predicted at the first three harmonics of the fan BPF are shown in Tables 5.3 and 5.4. 

The actual modal content of the b]ade-i)ass harmonics, as decomj^osed using the sensor 

array, are shown in Figures 5.22 and 5.23 as a function of fan speed (and hence BPF 

frecjuency).

For the standard fan configuration, only the ni = 0 mode is cut-on in the duct for all 

rotational speeds tested at the fan BPF. and therefore no Tyler-Sofrin i)redicted modes
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C H A PTE R  5. 5.4. AXIAL-FAN NOISE

Table 5.3: Tyler-Sofrin predicted azimuthal modes at fan B PF  tones for the eight-vane 
fan-stator configuration, as ])er Equation 2.25.

BPF  {h =  1) BPF2 {h = 2) BPF3 (/) =  3) BPF4 {h =  4)

k 111 =  — 5 — Sk k m  =  —10 — 8A’ k
0

01LO7IIa k m  =  - 2 0  -  8A-
-1 3 -2 6 -2 1 -3 4
0 -5 -1 - 2 -1 -7 -2 -4

Table 5.4: Tyler-Sofrin predicted azimuthal modes at fan B P F  tones for the five-vane 
fan-stator configmation, as per Equation 2.25.

B PF  {h =  1) BPF2 (/i =  2) BPF3 (/; =  3) B PF4 [h = 4)

k 111 =  —5 - 5 / , ' k m  =  - 1 0  -  5A- k m  =  - 1 5  -  hk k m  =  - 2 0  -  5A-
-2 5 -3 5 -4 5 -5 5
-1 0 _2 0 -3 0 -4 0
0 -5 -1 -5 -2 -5 -3 -5

shown in Table 5.3 are cut-on. In fact, for almost all B PF  harmonics shown no predicted 

Tyler-Sofrin modes are cut-on for this fan configuration. The only exception to this is 

the th ird  harmonic of the BPF. where the  rn =  1 mode cuts-on at higher fan speeds. The 

cut-on of this mode corresponds to a sharp  increase in the magnitude of this B P F  tone 

shown in Figure 5.22.

For the alternative five-vane configuration, Table 5.4 indicates th a t  the m  =  0 mode 

is predicted as being generated by the fan-stator stage at the fan B PF  and each of its 

harmonics. Figure 5.23 dem onstrates a far stronger generation of the fan B P F  and the 

three higher harmonics shown than  was observed for the s tandard  eight-vane fan, with 

the m  =  0 mode dominating in almost all cases as predicted.

These results show tha t when Tyler-Sofrin predicted modes are cut-on, they dom inate 

the noise generated by both  fan-stator configurations at the B P F  and its harmonics. 

Furthermore, a much stronger BPF excitation is observed when these modes are cut-on. 

The B P F  energy also increases with increasing fan rotational speed. However significant 

B P F  excitation is still observed in cases when such modes are not cut-on, due to the 

fact th a t  the  fans tested are “non-ideal” , with some blade-to-blade variations and shaft 

imbalances to  be expected.

134



C H A P T E R  5. 5.4. A X IA L -F A X  NO ISE

BPF1 BPF2

100

90

m  80
S. -
a?
CO

60

50

40
550 600 650 700 750 800 850 900 950 1000

Fan BPF (Hz)

BPF3

100

CO 80

70

1600 1800 2000 2200 2400 2600 2800 3000
Fan BPF (Hz)

100

90

CO 80

1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 
Fan BPF (Hz)

BPF4

[D 80

F ig u re  5 .22 : M oda l am ])litudes at fan BPF 
standard  eight-vane configura tion . The black 
sured at a single m icrophone. The blue, red 
the 711 =  0. rn =  ±1  and ni =  ± 2  azim utha l

2200 2400 2600 2800 3000 3200 3400 3600 3800 4000 
Fan BPF (Hz)

harm onics at a range o f ro ta tio n a l speeds, 
-dashed lines shows the SPL si)ectra mea- 
and green lines shows the SPL spectra of 
modes respectively. Broken lines ind icate

negative mode orders.

BPFI BPF2

100

90

S" 80

70 

60 

50 

40

CL
CO

550 600 650 700 750 800 850 900 950 1000
Fan BPF (Hz)

BPF3

100

m  80

1600 1800 2000 2200 2400 2600 2800 3000
Fan BPF (Hz)

100
90

CD 80

1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 
Fan BPF (Hz)

BPF4

100

CO 80

2200 2400 2600 2800 3000 3200 3400 3600 3800 4000 
Fan BPF (Hz)

F ig u re  5 .23 : M oda l an ii)litudes at fan B P F  harm onics at a range o f ro ta tio n a l speeds, 
a lte rna tive  five-vane configura tion . The black-dashed lines shows the SPL spectra mea
sured at a single m icrophone. The blue, red and green lines shows the SPL spectra o f 
the 17? =  0, rn =  ± 1  and m =  ± 2  az im utha l modes resi)ectively. Broken lines indicate 
negative mode orders.

135



C H A PTER  5. 5.5. SEM I-ANECH O IC TERM IN A TIO N  PER FO R M A N C E

5.5 Sem i-A nechoic T erm ination Perform ance

Both the  single-microphone and microi)hone array techniques applied in the noise scat

tering  tests in C hapter (i cannot discrim inate between incident and reflected com ponents, 

as all m icrophones are located a t the sam e axial location. Due to  this lim itation, any 

acoustic reflections at either end of th e  m ain test duct will contam inate any atteni{)ts to 

(haw  cjuantitative conclusions from such techniques. Such reflections must also be elim

inated  in order to  conclude causal relationshij)s from any correlation estim ates V)etween 

m icrophone m easurem ents m ade upstream  and dow nstream  of an in-duct noise-source. 

Semi-anechoic term inations are therefore located at bo th  ends of the  main test duct in 

order to  reduce the  influence of reflections as much as possible.

B oth end sections of PM M A ducting  are In; in length and have a triangu lar section 

removed. These te rm inating  duct sections will be referred to  as semi-anechoic ra ther 

th an  anechoic unless it is proven th a t they com pletely elim inate reflections from the 

end of the duct. T he design of the triangu lar slot is given in an ISO stan d ard  on the 

determ ination  of sound power rad ia ted  into a duct by fans and other air-m oving devices 

[n2] and is shown in Figure 5.24. The hypothesis behind the design is th a t th e  im pedance 

is slowly changed from the in-duct characteristic  imi)edance to th a t of the surrounding 

environm ent, therefore jjreventing a sudden change in imi)edance at the duct ends which 

leads to  high reflections. T he mesh m ateria l placed over the removed notch is acoustically 

transparen t bu t resistant to  any air flow, thus ensuring a sm ooth flow of air th rough  the 

end duct sections.

The two-m icrophone transfer function m ethod of Chung and Blaser [nO] can be used 

to  asses the  reflection coefficient and th e  specific acoustic im pedance of the  m ain test 

duct. B roadband noise is generated which propagates in the duct and is m easured by 

two axially-spaced microphones, and the  transfer function estim ated  between the  two 

m icrophones can be used to  assess the duct acoustic properties. This m ethod was aj^plied 

in the  waveguide tests  in Section 5.3.2. However, th is technique may only be perform ed 

under the assum ption of plane wave transm ission in the  test duct. This m eans th a t 

the duct acoustic properties can only be assessed up to  the cut-on frec[uency of th e  first 

higher-order mode, which occurs at around 2 k H z  for the  test duct geom etry investigated
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Key
1 triangular slot

/ = 9(1, h = 0,6(/, covered with porous material

NOTE 1 Flow resistance equals approximately 400 N s/m^ (== pc).

NOTE 2 Tested for ( / c  0,3 m

F ig u r e  5 .24: Design of the anechoic term ination used in the exi)erimental set-uj) shown 
in Figure 5.5, as given in s tandard  BS EN ISO 5136:2003.

herein.

Since the noise scattering tests planned using this exj)erimental set-up focus on the 

transmission and measurement of several higher-order modes, an analysis of the duct 

acoustic properties which only extends such a low frecjuency range is unsuitable. It is 

instead proposed tha t the incident and reflected acoustic modal am phtudes be identified 

using an array of microphones in two axial rings. Since 24 microphones are available, they 

are split into two rings of 12 microphones each. Having less microphones in each axial 

ring will reduce the maxinnun freciuency of modal decomposition, but allow a higher- 

order radial mode procedure to be performed which will ou tpu t the incident and reflected 

comi)lex modal amplitudes „ and A~ ĵ . As the noise scattering experiments focus on 

an azimuthal modal decomposition, it is not nec'essary in this analysis to  discriminate 

on radial m ode order, so each azinnithal modal am plitude is found by sunnning uj) the 

higher-order radial modes as follows:

N

l - 4 * l =  ( 5 J 4 )
71 =  0

where N  is the maximum radial mode order cut-on in the frequency range tested. The 

magnitude of the reflection coefficient for each azimuthal mode is then found by:
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The basic experimental set-up used to assess the reflection coefficient was the same 

as shown in Figure 5.5 for the noise scattering tests. Broadband noise was generated 

by each of the five loudspeakers in the mode generator array at all frequencies below 

\2kHz.  The broadband noise emanating from each loudsjjeaker is uncorrelated with each 

additional speaker. The resulting sound field was then measured by all microi)hones in 

the sensor array for 30 seconds at a sampling rate of 26kHz.  Data was analysed using 

averaging blocks of 2048 points in an ensemble with zero overlap, giving 380 independent 

averages and a frequency resolution of 12.7Hz in any freciuency-domain estimates. This 

test j)rocedure was repeated for four modifications of the experimental rig shown in Figure 

5.5 in order to assess the impact of the semi-anechoic term inations on the modal reflection 

coefficients;

1. Both semi-anechoic termination sections were removed and each replaced by circular 

cross-sectioned ducting of length llOOnm). This extends the total length of the 

test ducting, L,  by 200r??n;, and represents a simple open/open-ended bomidary 

condition.

2. As in 1, with the ducting added at x =  0 replaced by a semi-anechoic term ination 

(S.A.T.) section.

3. As in 1, with the ducting added at x =  L rei)laced by a semi-anechoic term ination 

(S.A.T.) section.

4. Semi-anechoic term inations are located at x =  0 and x = L i.e. the exjierimental 

rig was exactly as shown in Figure 5.5.

The somid pressure level spectra recorded by all microphones are shown for all four test 

set-ups in Figure 5.25. These spectral measurements were averaged across all sensors in 

each axial ring. These broadband noise measurements give information on the propagation 

characteristics from the loudspeakers and through the waveguides, the main test duct, 

and the stationary fan-stator stage to the microphone array. This explains why the fiat
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spec tra l  source signals do not p ropaga te  from th e  speakers to  the  m icrophones w ith  ecjual 

anijjl i tude across all m easured  frequencies. A ny  noise pro i)agating  in the  m ain  te s t  duct 

will also be reflected a t b o th  duc t ends, and  the  character is tics  of th is  reflection will be 

im pac ted  by th e  change in end  te rm ina tion . T h e  “spikey” natvu’e of the  m easu red  spec tra  

is likely linked to  the  low fundam en ta l  long itud ina l  s tan d in g  wave frequency of th e  duct 

of a round  15 //2 , and  therefore  any  higher s tand ing  wave harm onics  will be  closely spaced 

toge the r  in the  frequency-dom ain, as well as th e  peaks and  troughs  in the  transm issib ili ty  

of the  m ode genera to r  waveguides w ith  frequency. Interestingly, the  averaged sound 

pressure  levels at b o th  axial locations d rop  as th e  unm odified  duct ends are rei)laced by 

semi-anechoic te rm ina tion  sections, pa rt icu la r ly  w hen a semi-anechoic section is located  

at j  =  L.  Th is  d rop  in somid pressure  level would s trongly  suggest th a t  m ore noise is 

being rad ia ted  from one or b o th  ends of the  tes t  fluct, m ean ing  less noise is being reflected 

a t  the  duct ends, reducing th e  m easu red  sound i^ressure levels.

—  Open-Ended  S A T at x=L S A T at x=0  S A T Both Ends

R i n g  #1

CD 85-

_  i . _

6500l̂oo 5500 6000 70004500 50002500 3000 3500 40002000
Frequency (Hz) 

R i n g  # 2

65-

_i__
3000 6500 70004000 4500

Frequency (Hz)
5000 5500 60002500 3500lOO 2000

F i g u r e  5 .25 :  B roadband  noise levels m easured  at th e  sensor array  an d  averaged across 
l)oth rings of sensors for four duc t end  conditions. M u tua l ly  uncorre la ted  b ro ad b a n d  noise 
has  been genera ted  by five loudsi)eakers at the  m ode  genera to r  array.

A lthough  exam ining  the  overall sound pressm'e levels gives some ind ica tion  of the
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perform ance of the semi-anechoic term inations, an azim uthal m odal analysis perform ed 

using all sensors in the  array as described at the beginning of this section gives a far more 

com plete overview of th e  individual m odal reflections and therefore a more com plete 

overview on their perform ance. The results for such an analysis for the four experim ental 

rig modifications are presented in Figures 5.2(j and 5.27. Each subj^lot show's, for a given 

azim uthal m ode order, the  m easured m odal reflection coefhcients as per E quation .").l-5 

against Helm holtz nunil)er, k B .  Each azinnithal m ode has been p lo tted  well above their 

respective cut-on frequencies. Focusing first on the  rn =  0 mode, it is clear th a t the 

reflection coefficient stays reasonably high when the  m ain test duct is oj)en at b o th  ends 

at around 0.4 0.5. A large i)eak in the reflection coefficient is ol)served at a k B  value 

close to 3.81, which corresponds to  the resonance frequency exi)ected at the cut-on of the 

(0,1) mode. O ther peaks are assum ed to be a ttr ib u tab le  to o ther azim uthal and m odal 

cut-on resonances as well as resonances at longitudinal standing wave frecjuencies. It is 

unknown why, in some cases, the reflection coefhcients exceed a unity value. This occurs 

at a k B  v'ahies of 4.4 4.6 for the  rn =  1 mode and a A i? values of 2.1 2.3 for the rti — —1 

mode. This would indicate noise generation in the negative x-direction relative to  the 

sensor array, where no noise-source is located. This is as yet unexplained.

W hen a semi-anechoic term ination  section is located a t .7' =  L,  a signiflcant drop is 

observed in the  m odal reflection coefficients (around 0.2 0.25) for all azinnithal modes 

across all frecjuencies. This dem onstrates th a t locating the semi-anechoic te rm ination  

further dowai the  propagation p a th  from noise-source to  receiver effectively increases the  

transm ission through the  end of the test duct and into the surrounding environm ent. 

This reduction is best achieved a t the resonance frequencies conm iented on previously. 

Interestingly, locating a  semi-anechoic term ination  a t a: =  0 also reduces the reflection 

coefficient slightly, despite not being located j)ast the  propagation pa th  between the noise- 

source array and  the  m easurem ent location. This reduction is again best seen at spikes 

in the reflection coefficient. This positive result may be a ttr ib u ted  to  the semi-anechoic 

term ination  acting to  reduce standing  wave resonances by increasing sound transm ission 

at th is end of the duct.

These semi-anechoic term ination  tests have dem onstrated  th a t the chosen design op

erates favourably, significantly reducing if not cjuite elim inating the influence of reflections
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on any analysed results in Chapter ti. This is important so that an accurate modal analysis 

can be undertaken using a single-ring of sensors, as any reflections will result in erroneous 

cpiantitative modal amplitude estimates as a single-ring analysis cannot separate out the 

incident and reflected components.

—  Open-Ended  S A T at x=L S A T at x=0  S A T Both Ends
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Figure 5.26: Reflection coefficients of azimuthal modes estimated at the sensor array 
])lotted against Helmholtz number. Mutually uncorrelated broadband noise has been 
generated by five loudspeakers at the mode generator array for four duct end conditions.
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F ig u re  5.27: R eflection coefficients of azimuthal modes estimated at the sensor array 
p lotted against Helmholtz number. M u tua lly  Tuicorrelated broadband noise has been 
generated by five loudspeakers at the mode generator array for four duct end conditions.
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Sum and Difference Scattering of 
Noise Through a Fan/R otor Stage — 
R esults of Experim ental 
Investigation
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CHAPTER 6. G.l. TONAL SCATTERING RESULTS

6.1 Tonal Scattering R esu lts

In Section 5.i5..'5, an experimental testing i)rocedure was outlined whereby a tone was 

generated at the mode generator array and a specific azinnitlial mode was excited at this 

tone by adjusting the phase relationship l)etween the loudsijeakers in the array. This was 

repeated for a range of targeted modes and tonal frequencies. Any noise generated by the 

mode generator array which propagates downstream in the main test duct towards the 

fan-stator stage will be referred to through-out this chai)ter as the incident noise. The 

fan was not rotating in this case. In Section 5.4, the characteristics of the noise generated 

by the vane-axial-fan w'ere discussed.

The aim of this section is to overview^ the results obtained when both the fan is 

rotating and the mode generator is operating, in order to investigate the phenomenon of 

sum and difference scattering of tones. Both the incident tones which are generated at 

the mode generator, and any scattered tones which are caused by the interaction between 

the rotating fan and the incident tones, are of interest. Primarily, the modal content 

and amplitude of the scattered tones, and their relationship with the modal content and 

ami)litudes of the incident tones, will be examined.

Suitable test i)oints for study occur at frequencies where:

• the mode generator is effective i.e. any targeted modes are dominant by (idB or 

more (see Section .S.iJ..']).

•  the mode generator tone is not generated at a frequency w'hich corresponds to a 

periodic noise generation frequency at the fan, e.g. the fan BPF or its harmonics.

• any sum and difference scattered tones do not occur at frequencies which correspond 

to a periodic noise generation frequency at the fan.

• both the incident and scattered modes fall within the frequency range of signal 

processing (see Table .5.1). Tones will not be generated above I l k  H z  due to the 

limitations of the mode generator design, and data cannot be analysed beyond 

13kHz  as this corresponds to the Nyquist limit for the sampling rate used.

D ata was acquired by each microphone at a sampling rate of 26kHz  for 30 seconds. 

W'hen processing the tinie-domain signals, each averaging block contained 16384 points.
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giving an ensemble of 47 averaging blocks and a frecjuency resolution of l . b^Hz  in any 

spectral estimates. A low number of averages was considered acceptable as this study is 

focused on deterministic, tonal data, and therefore the influence of variance errors will 

be low in any sjiectral estimates. The high frecjuency resolution w'as selected in order 

to reduce peak-resolution bias errors/spectral leakage, and all microphones have been 

cross-calibrated for both magnitude and phase to reduce systematic errors in any results. 

For the modal analyses jjerformed in Section G.1.2, data w'as analysed by means of the 

zoom-transform j^rocedure discussed in Appendix C.3.

6.1.1 Single M icrophone Spectral Analysis

It is anticipated tha t scattering of tonal energy will occur at mode generator source tone 

frecjuencies (T) plus or minus multiples of the BPF of the fan (see Section o.l.'i). In the 

following test campaign the fan was rotating at 13000rpm, giving a BPF of 1083//2:.

Figmes (i.l and (i.2 show the SPL (sound-pressiu'e level) spectra measured at a single 

microphone in the sensor array (located at =  D°). acciuired over 30 seconds, for a variety 

of test points. The fan is rotating at 13000rpm and the mode generator generates a tone 

at a test frequency T.  The test frecjuencies show’n were selected as the mode generator is 

effective for each frequency for each targeted azimuthal mode tested.

The spectra at frecjuency ranges close to the incident mode generator tone T  and 

several possible scattering freciuencies T  +  { g x B P F )  are shown in each colunm. The 

scattering harmonic q can take any non-zero integer value. The black spectrum shows the 

noise measured when the fan is rotating, and no noise is generated by the mode generator. 

The blue, red and green spectra show the noise measured by this same microphone wdien 

the fan is rotating, and tonal noise is generated at the test frecjuencies noted on each row’ 

of plots. For the test case recorded in the red spectrum, the rn = 0 mode w'as targeted. 

The 77} = 1 and m = 2 modes wvre targeted in the test cases recorded in the green and 

blue spectra resi>ectively. Existing theory on sum and difference scattering predicts that 

the onset of significant scattering is linked to the cut-on of specific azimuthal modes, and 

thus the cut-on frequencies of all modes within the range of data analysis are collated 

in Table (i.l. It shouki be noted that the actual cut-on frequencies will diverge from 

these tabulated values slightly due to the jn’esence of a mean-flow in the duct as wtU the
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T ab le  6.1: Cut-on frequencies in Hz  (with the corresponding k R  vahies in !)rackets) of 
acoustic modes for a /? =  0.05m circular duct, assuming standard conditions for tem per
ature and pressure and zero mean-flow.

mj, n —> 0 1 2
0 0 (0) 4183 (3.83) 7660 (7.02)
1 2010 (1.84) 5821 (5.33) 9320 (8.54)
2 3335 (3.05) 7322 (6.71) 10885 (9.97)
3 4587 (4.20) 8751 (8.02) 12388 (11.35)
4 5806 (5.32) 10135 (9.23) 13846 (12.68)
5 7005 (6.42) 11486 (10.52) 15271 (13.99)
6 8190 (7.50) 12812 (11.73) 16670 (15.27)
7 9365 (8.58) 14120 (12.93) 18047 (16.53)
8 10533 (9.65) 15411 (14.12) 19406 (17.77)

tem perature within the test facility differing from standard values. The effects of these 

variations from an idealised ciiiiescent fluid at standard tenii)erature will be very small 

however, affecting the modal cut-ons by less than \{)Hz.

It is clear from this figure tha t tonal energy is scattered at frequenc ies of T  + { q x B P F )  

for some test frequencies, but not others. Above certain critical frecjuencies. energy is 

scattered at these sum and difference frecjuencies. Fmtherniore, once the onset scattering 

occurs it generally continues to occur for all higher test freciuencies above this critical 

frequency. This critical frequency varies, depending on both the scattering harmonic 

q and the dominant azimuthal mode of the incident tone. This w'ould suggest a hnk 

between the onset of frecjuency scattering and the cut-on of certain modes. Identifying 

the critical frequency at which this scattering occurs, for each q scattering harmonic, is 

vital to  understanding the conditions necessary for frequency scattering to occur.

Focusing on the q = I scattering harmonic, and thus a scattering frequency of T  -t- 

(1 x B P F ) ,  significant scattering is observed for all test frequencies when the ni = 2 mode 

has been excited by the mode generator. Little or no scattering is observed when the 

m =  0 or rn = 1 have been targeted by the mode generator up until T  =  5200//^. At 

this test frequency, scattering of noise is observed at T  +  [ I x B P F ]  when the m =  1 

mode has been targeted, and noise scatters at this scattering harmonic for all higher test 

frequencies. Scattering is observed when the m =  0 is targeted at test frequencies greater 

than T  = 5600Hz.
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Incident Noise (T) T - ( lx B P F )  T + (1xBPF) T + (2xBPF)
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F ig u re  6.1: SPL spectra (in dB)  measured against Helmholtz number (AT?) by a single microphone for several test frequencies. 
The black-dashed siiectrum was measured when the standard fan is rotating at 13()()0rpm. The red, green and blue sj>ectra were 
measured when both the fan is rotating and the mode generator is generating a tone. The ni =  0, rn =  1 and m  -  2 modes were 
targeted for the test cases recorded in the red, green and blue spectra res])ectively. Fan BPF =  1083Hz.
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targeted for the test cases recorded in the red, green and blue spectra respec'tively. Fan BPF =  1083//2,
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CHAPTER 6. 6.1. TONAL SCATTERING RESULTS

For freciiieiicy scattering to occur at T  +  { q x BPF ) ,  the azimuthal mode order of the 

scattered tone, caused by the interaction of the mode generator tone and the rotating fan, 

is predicted by the theory discussed in Section 5.1.2 as:

m scatf =  m - q B  (6 .1)

where the integer q denotes the scattering harmonic which can take positive or negative 

non-zero integer values. A negative sign i)recedes qB  due to the fact that the fan rotates 

counter-clockwise, but the modal analysis undertaken herein takes clockwise rotating 

modes as being positive. As a stator is present, this equation is modified by a stator 

scattering term, as factored into the analysis by Enghardt et al. [')]. The scattered modal 

content of an incident mode due to the presence of a rotating fan and stationary stator 

is therefore predict('d to be:

mscati =  nt -  {qB -  kV)  (6.2)

Each mode excited at the incident tone will be scattered in this way. This ecjuation would 

suggest that if the dominant mode order of the tone generated at the mode generator 

is changed, scattering may occur above a different critical frecjuency. Fmthermore, scat

tering could occur at several mode orders, as the variable k can take any integer value. 

Tables 6.2 6.4 summarise the potential scattering modes when the m  = 0,1, 2 azimuthal

modes are dominant in the incident tone (using targeted azinnithal mode generation) for 

a range of scattering harmonics, q. The corresponding cut-on frecpiencies of these modes 

are also shown, and the scattered modes that are cut-on in the range of test fre(juencies 

shown in Figures (i. 1 and 6.2 are highlighted.

Returning to the analysis of the q =  I  scattering harmonic, Equation 6.2 would predict 

significant scattering into the Jiiscatt =  T A M  — 5 mode at a frequency of T  -\- { I x B P F ) ,  

where T A M  is the targeted azimuthal mode which dominates the pressure field at the 

incident tonal frequency T  and k =  0 in Equation (i.2. When T A M  = 2, it is predicted 

that significant scattering will occur into the m = —3 mode which is cut-on at k R  = 4.2. 

For all T  tested, the scattering frequency T  -H { I x B P F )  is above this cut-on frequency. 

However, when T A M  =  1 the corresponding i)redicted scattered mode is in — —4, whic'h
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C H A PTE R  6. 6.1. TOXAL SCATTERING RESULTS

is only cut-on at k B  = 5.32 at T  +  { I x B P F )  for tost frequencies of T>b2{)0Hz.  The 

onset of significant scattering in the exi)eriniental results corresponds to this modal cut- 

on. Finally, when T A M  = 0 mode is excited by the mode generator, significant scattering 

is anticipated into the rn =  —5 mode which has a cut-on of k H  =  6.42, and significant 

scattering is indeed only observed at T  -h { I x B P F )  when this frequency falls above the 

cut-on frecjuency of the m = ± 5  modes.

Some modulation is observed in any tonal noise measured at scattered freciuencies 

relative to the exact predicted scattered freciuencies shown by the vertical black dash-dot 

lines. This m odulation is small (no more th an  GHz)  and is caused by slight variations in 

the fan rotational speed (and hence B PF) between tests.

Using the  da ta  presented in Tables G.2 6.4 in conjunction with the experimental

data  ])resented in Figures (i. 1 and (i.2, it may be possible to further assess w hether or 

not the scattering mechanism inedicted by Ecjuation (i.2 occurs in practise. However, the 

relationship between modal scattering and the onset of frecjuency scattering is complicated 

by the fact th a t  each incident mode can be scattered into several other mode orders, and 

the m agnitude of the incident tone varies with frecjuency. Furthermore, it is necessary 

to take into account the m agnitude of each individual mode, and the dominance of the 

targeted m ode at the incident tone in particular, into account. Hence clear relationships 

can only be drawn when the modal am plitudes at the incident frequencies and the modal 

content at any scattered  frequencies are known. In the following section, the results of an 

azinmthal modal decomposition j)erformed at the sensor array are i)resented.

6.1.2 M odal A nalysis at Incident and Scattered Frequencies

In Section 6.1.1, analysis of spectra  acquired from a single microphone in the sensor 

array suggested a link between the onset of sum and difference scattering at a range of 

scattering harmonics (T-f- { q x B P F ) )  and the  cut-on frecjuency of the predicted scattered 

mode given in Equation (i.2. Using an array of 25 niicroj)hones in a single axial ring, the 

specific azimuthal modal amplitudes of the pressiu'e field at th a t  axial location can be 

found. This modal decomposition technique allows the azimuthal content at this location 

to be investigated without directional information i.e. without being able to sej)arate out 

the incident and reflected components, and without the ability to discriminate between
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T a b le  6 .2 : S ca tte re d  iiiodes p red ic ted  as per E tjuatio ii (i.2, vvi

Scattered Mode O rder (yiKmitt)

q k = - 2 k = - 1 k = 0 k = 1 k =  2

-1 -11 -3 5 13 21
1 -21 -13 -5 3 11
2 -2(i -18 -10 -2 6

T a b le  6 .3 : S ca tte re d  m odes p red ic ted  as per Eciuation (i.2. wi

Scattered Mode Orde {̂ ^̂ scatt )

q k = - 2 k = - 1 k = 0 k = 1 k = 2

-1 -10 -2 () 14 22
1 -20 -12 -4 4 12
2 1 to w

i -17 -9 -1 7

T a b le  6 .4 : S c a tte re d  m odes p red ic ted  as per Ecjuation (i.2. wi

Scatterc'd Mode Order ( f̂ '̂sc.ati)

q k = - 2 k = - 1 k = 0 k =  1 k = 2

-1 -9 -1 7 15 23
1 -19 -11 -3 5 13
2 -24 -Hi -8 0 8

th e  n) =  0 m ode dom inan t a t th e  incident tone. B  = 5, V" =  S.

Cut-{)n Frequency of r̂)soâ  ̂ {Hz)

q k = - 2 k = - 1 k = 0 k  =  1 k = 2

-1 14004 4587 7005 16299 25390
1 25390 16299 7005 4587 14004
2 31027 21993 12851 3335 8190

the  tn =  1 mo(ie dom inan t a t th e  incident tone, i? =  5, V  =  8.

Cut-On Frequency of ff '̂scatt {Hz)

q k = - 2 k = - 1 A; =  0 k =  1 k = 2

-1 12851 3335 8190 17442 26519
1 24259 15153 5806 5806 15153
2 29901 20858 11695 2010 9365

th e  tu =  2 m ode d om inan t a t th e  incident tone. B  = 5, V  = S.

C\it-()n Frequency of niscati {Hz)

q k = - 2 k = - 1 k = 0 k = 1 k = 2

-1 ll(i95 2010 9365 18583 27648
1 23127 14004 4587 7005 16299
2 28775 19722 10533 0 10533

C
H

A
PT

E
R

 
6. 

6.1. 
TO

N
A

L 
SC

A
T

T
E

R
IN

G
 

R
E

S
U

L
T

S



CHAPTER 6. 6.1. TONAL SCATTERING RESULTS

higher-order radial inodes.

Several azim uthal modal analyses i)erformed for a range of test frequencies are shown 

in Figures G.3 and G.4. These figures show bar charts of the SPL (in dB)  of the modes 

estimated from an azimuthal modal analysis performed using all microphones in the sensor 

array. The x-axis shows the azimuthal mode orders cut-on at each frequency. The y-axis 

show's the am plitude of each cut-on mode as measmed by the microphone array.

As in the single-microphone SPL spectra hgures, each row' corresponds to a different 

test frequency and each cohunn corresjjonds to the incident tone (on the left) and three 

possible scattering frequencies (to the right). The red bars indicate the SPL of the modal 

amplitudes measured w'hen the n? =  0 mode has been targeted by the mode generator. 

The green and blue bars show the modal amplitudes measured when the rn = 1 and 

rn = 2 modes have been targeted. For each of the incident tone bar charts shown in 

the left column of sub-figures, it is clear tha t the targeted modes dominate the acoustic 

pressure field. All the test points shown in these hgures correspond to the same test points 

as shown in Figures (i. 1 and (i.2.

Focusing on a single test frequency of T  = 5200//2, and a single scattering fre(iuency 

of T  - I -  { \ x B P F ) ,  it can be seen in Figure ( i . l  that significant energy was being scattered 

at a frecjuency of T  -I- ( I x D P F )  when the m = 1 and rti =  2 modes were targeted at the 

mode generator, but this was not the case when the m = 0 mode was targeted. Figure 

G.3 dem onstrates tha t this result is most likely linked to the cut-on of the predicted 

scattering modes given in Ecpiation (i.2 for k = 0. The modal am plitudes shown in 

the second column from the left are the azimuthal modal amplitudes at a frecjuency of 

T  +  { \ x B P F )  =  6280Hz  measured for these same test points. For the case wdiere the 

m = Q mode is targeted, no azimuthal mode order is clearly dominant at the scattered 

frequency. However, w'hen the m = 1 mode is targeted, it clear that the m  =  —4 mode 

is dominant at this scattered frecjuency. The m =  1 mode is dominant by \ 2dB  at the 

incident tonal frequency, and the m = —4 mode is dominant by \ 2dB  at the scattered 

frecpiency. The amplitude of the m  =  —4 mode at the scattered frequency matches closely 

to the magnitude of the rn = 1 mode at the incident frequency. Examining Figure (i.3, for 

the case w'here the m = 2 azimuthal mode is targeted, it is clear tha t the m  =  —3 mode 

is dominant at the scattered frequency. These match the theoretically exj)ected results
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CHAPTER 6. G.l. TONAL SCATTERING RESULTS

collated in Tables 6.2 G.4, for the k = 0 colunni.

Interestingly, the predicted scattering modes in the A’ =  1 column do not generally 

aj)])ear to be dominant as expected. For example, the r/? =  4 mode is predicted as being 

of significant amplitude at the scattering frequency of T +  { I x B P F )  when the m  = 1 

mode is targeted at the incident tone, but this is not observed in the experimental test 

results. However, when the m =  0 mode is targeted, some scattering is observed into 

the rn = 3 mode at this scattering frequency as predicted. At higher test frecjuencies 

where the ru =  —5 mode is cut-on, the rn -- 0 mode does scatter into the m =  —5 

mode at a frecjuency of T  +  ( I x B P F )  as predicted when k =  0 in Equation (i.2. This 

scattering is far more significant than the scattering observed into the m = 3 mode. This 

pattern  is evident when comparing all the results shown in Figures (i.l, (i.2, (>.3 and (i. 1 

significant scattering of noise occurs at frequencies T  +  { I x B P F )  when the azimuthal 

modes predicted by Equation (i.2 are cut-on. with k = 0. Noise scattering is less evident 

at mode orders predicted by Ecjuation (i.2 when kj^O. Furthermore, no modes in the k = (J 

cohunn of Tables 6.2 6.4 are cut-on at other scattering harmonics for the test freciuencies

shown. Wliat scattering of noise that does occur is of relatively low magnitude, of the 

order of 4dB  above the noise floor of the fan. No mode order is consistently dominant 

across all test frecjuencies at these scattering harmonics.

The barcharts of the modal amplitudes presented in Figures (i.3 and (i. 1 are effective 

at showing, at a single test frecjuency, how the modal ami)litudes at the incident mode 

generator tone frequency compare with the modal amplitudes at a range of scattered 

frecjuencies. However, in order to give a better i)resentation of the experimental data 

across several test frequencies, many barcharts would be recjuired. An alternative format 

of data presentation is to plot the scattered modal amplitudes against test frequency, and 

hence examine which modes are dominant for each test fre(iuency. Simply plotting the 

absolute ami:)litude of each mode with frequency gives an incomplete picture however, 

as it does not separate out the contribution of the fan-stator broadband noise to this 

measured scattered noise. Accordingly, the difference in soiuid i)ressure levels between 

each azinnithal mode rn measured when both the mode generator generates a tone and 

the fan is rotating, and the amplitude of this same mode rn measured when the rotating 

fan is the only noise-source, was plotted. This difference in ami)litude will be referred to
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F ig u re  6.3: Bar charts of azinmthal modal amplitudes at incident and scattered frecjuencies; TAM =  0 in red, TAM =  1 in green, 
TAM =  2 in blue.
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CHAPTER 6. 6.1. TONAL SCATTERING RESULTS

as A s p l - This separates out the contribution to the modes estim ated at a given freciuency 

by the interaction between the incident tone and the rotating fan from the noise generated 

by the fan itself. An example of an estimate of this quantity is given in Figure ().5.

of each azinuithal mode at three sum and difference fre(iuencies when each azimuthal mode 

is targeted. The quantity plotted is A s p l - This quantity was measured by calculating 

the difference in the azim uthal modal amplitudes between the test case where both the 

fan is rotating and the mode generator generates a tone and the test case where the 

fan is rotating and no noise is generated at the mode generator. Each figure i)lots the 

results for several tests when a specific azimuthal mode has been targeted by the mode 

generator and focuses on a specific scattering harmonic q. Each column of elements along 

the x-axis corresponds to a unique test frequency, and the values along this axis give the 

T  +  ( q x B P F )  frequencies at which modal analysis has been performed. The k R  values 

of these test frequencies are given in the upper x-axis and the corresponding frequencies 

in H z  are given in the lower x-axis. The y-axis shows thirteen of the azimuthal modes 

measured by the sensor array, and the colour of each specific element gives the measured 

^SPL  value for each azinnithal mode at the given scattering harmonic, for a specific 

test frequency. In order to aid the interpretation of these results, the scattering modes 

predicted by Equation (i.2 and tabulated in Tables 6.2 -  6.4 have been circled in each 

figure. The colour of each circle corresponds to a k value inserted into Equation 6.2. A 

legend of how each specific k  value corresi)onds to a specific circle colour is tabulated in

T + (1xBPF)

100

90
N oise  floor o f fan

60

80

70

50 III III III 1.1 1.1 III
- 3 - 2 - 1  0  1 2 3

F ig u re  6.5: Exanij)le of the A spl  (luantity, shown here for the ni = —3 mode.

Figures (i.6 -  (i. 14 show checkerboard plots of the relative soimd j)ressure levels (in dB)
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CHAPTER 6. 6.1. TONAL SCATTERING RESULTS

Table (i.5.

T ab le  6.5: Legend for coloured circles in Figures (i.() -  0.23. Each colour corresponds to 
specific k values inserted into Equation (i.2.

k Colour o f C ircle
0 Red

±1 Green
±2 Blue
±3 Orange

The density of elements along the x-axis indicates the number of viable test frequencies 

in a given freciuency range. Using Figure (i.(i as a reference, a high density of elements is 

observed up to a frequency of around T  +  { \ y . BPF)  =  8kHz.  This means that the mode 

generator array was effective for many freciuencies in this range. However, beyond this 

frecjuency, a single cohunn of elements is i)lotted from 8.2kHz d. ' ikHz.  This is due to the 

fact that the mode generator was not effective (see Section 5.3.3) for any test frequencies 

T  in this frecjuency range. Therefore frecjuency ranges with more densely packed elements 

are more informative.

Focusing first on the scattering harmonic of T  + { l x B P F ) ,  it is evident that significant

modal scattering occux’S as predicted in Tables 6.2 6.4. In ])articular, modal scattering

occurs according to the following solutions to Equation 6.2:

=  T A M  -  -  m V ) )

= T A M - 5

ruscatt =  T A M - ( { 1 ) { B ) - { 1 ) { V ) )

-  T A M + 3

This would mean, for example, that the m = 0 mode scatters into the rn = —5 

and rn = 3 modes. These results show that significant modal scattering occurs into the 

T A M  — 5 mode in particular. This goes further to prove the point suggested by the results 

in Figures (i.3 and (i. 1; that the onset of frequency scattering is linked to the cut-on of
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certain acoustic modes, which can be predicted with knowledge of the fan geometry and 

the modal content of the incident noise. For significant sum and difference noise scattering 

to occur at a given sum or difference fre(iuency, significant acoustic energy must be carried 

by an azimuthal mode at the incident tonal frequency whose predicted scattered mode 

orders are cut-on at the scattered frequency.

E(iuation (i.2 predicts an infinite number of possible scattering modes for each scat

tering harmonic q, how'ever the results presented herein strongly suggest that modal scat

tering occm'S for solution to Equation (i.2 for small values of k. Modal scattering is not 

observed in any of the results in Figures (i.!) (i.l I for solutions of Eciuation (i.2 where 

k > I or k < —1. This is not overly surprising given tha t as |A’| gets larger, the scattered 

mode order generally increases. Therefore it is more likely that this scattered mode will 

not be cut-on in the duct, and so will decay exponentially as it propagates in the axial- 

direction if excited by the interaction between the incident tone and fan stage. The results 

presented here dem onstrate that modal scattering is stronger into azinmthal modes jne- 

dicted by Ecjuation (i.2 where k = 0 than for non-zero values of k. suggesting tha t stator 

scattering is less significant than scattering l)y the rotating fan for the fan-stator design 

used in these exj)erimental tests.

The results also show that scattering into all cut-on modes increases as the test fre

quency is increased. This is to be expected; as more modes are cut-on at the incident 

tone as the test frequency is increased, a wider range of j)otential scattering modes in 

Equation (i.2 will be cut-on at ah scattering harmonics.

The A spl  (luantity plotted in these results has proven to be very effective for isolating 

the infiuence of sum and difference scattering on the azimuthal modal amplitudes at the 

scattered frequencies. This dem onstrates the key benefits of this bench-top experimental 

rig, which has been designed and controlled in a w'ay which allows such a quantity to 

be estim ated, revealing specific characteristics of the scattered noise w'hich would not be 

easily observed otherwise.
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T + (1xBPF)

5500 6000 6500 7000 7500 8000 8500 9000 9500
Frequency (Hz)

F ig u r e  6.6: A spl  of modal aini)litudes of scattered tones above the noise floor of the 
fan. at a freciueucy of T  +  [ I x D P F ) .  The tn =  0 mode is targeted in this case.

T + (1xBPF)

4 fi.9 7 3 7.8 S.2 8.7 9.2

?  < •' 'y -

5500 6000 6500 7000 7500 8000 8500 9000 950010000
Frequency (Hz)

F ig u r e  6.7: A spl  of modal amphtTides of scattered tones above the noise floor of the 
fan. at a freciueucy of T  + [ I x D P F ) .  The m = 1 mode is targeted in this case.
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T + (1 xBPF)
kR

5.0 5.5 6.0 6.4 6.9 7.3 7.8 8.2 8.7 9.2 9.6

I

5500 6000 6500 7000 7500 8000 8500 9000 95001OOOQ 0500
Frequency (Hz)

Figure 6.8: A s p i  of modal amplitudes of scattered tones above the noise floor of the 
fan. at a frecjuency of T +  { I x DPF ) .  The m = 2 mode is targeted in this case.

T -  (1xBPF)

3500 4000 4500 5000 5500 6000 6500 7000 7500
Frequency (Hz)

Figure 6.9: A s p i  of modal amplitudes of scattered tones above the noise floor of the 
fan, at a frequency of T -  { I x B P F ) .  The rn = 0 mode is targeted in this case.
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T -  (1xBPF)

3.2 3.7
kR

4.6 5.0 5.5 6.0 6.4 6.9

3500 4000 4500 5000 5500 6000 6500 7000 7500 8000
Frequency (Hz)

F ig u re  6.10: Aspt. of modal amplitudes of scattered tones above the noise floor of the 
fan. at a frecjneney of T  — [ I x B P F ) .  The =  1 mode is targeted in th is case.

T -  (1xBPF)
kR

3.2 3.7 4.1 4.6 5.0 5.5 6.0 6.4 6.9 7.3 7.8

3500 4000 4500 5000 5500 6000 6500 7000 7500 8000 8500
Frequency (Hz)

F ig u re  6.11: A s p i of modal amplitudes of scattered tones above the noise floor of the 
fan. at a frequency of T  — { I x B P F ) .  The rn =  2 mode is targeted in th is case.
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T + (2xBPF)

6500 7000 7500 8000 8500 9000 9500 1000010500
Frequency (Hz)

F ig u re  6.12: A s p i  of modal amplitudes of scattered tones above the noise floor of the 
fan, at a fre(juency of T  +  { 2 x D P F ) .  The rn — 0 mode is targeted hi this case.

T + (2xBPF)

9.6 10.16.4 6.9

6500 7000 7500 8000 8500 9000 9500100001050011000
Frequency (Hz)

F ig u re  6.13: / \ spl of modal amplitudes of scattered tones above the noise floor of the 
fan, at a frequency of T  +  { 2 x B P F ) .  The rn =  1 mode is targeted in th is case.
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T + (2xBPF)
kR

6.0 6.4 6.9 7.3 7.8 8.2 8.7 9.2 9.6 10.1 10.5
20
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0
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10

6500 7000 7500 8000 8500 9000 95001OOOQ 0500 10OQ 1500
Frequency (Hz)

F ig u re  6.14: A s n  of modal amplitudes of scattered tones above the noise floor of the 
fan. at a fretiuency of T  +  [2y~DPF).  The in =  2 mode is targeted in this case.

6.1 .3  Effect o f  C hanging S ta tor  V ane C ount

In Sections (i. 1.1 and (i.1.2 it was demonstrated that frequency and modal scattering 

behaviour is dependent on the modal content of the incident noise as well as the fan- 

stator blade and vane counts. An eight-vane stator was located adjacent to a five-blade 

fan in these tests. In order to fmther investigate the veracity of Ecjuation (i.2, the eight- 

vane stator stage was swapped for an alternative five-vane stator, and the test procedure 

rej)eated. Tables 6.6 6.8 collate the solutions to Equation (i.2 for the alternative fan-

stator configuration investigated in the following test results.

As the number of fan blades and stator vanes is ecjual to 5 for the alternative fan-stator 

set-up. any modal scattering is ])redicted to occur into modes rnscatt =  TAM±5u, where 

u is a positive integer. Figures (>.15 -  (i.2.'5 show (for a range of test frequencies, targeted 

aziunithal modes and scattering harmonics) the A s p t  levels for each azimuthal mode order 

measured at the sensor array. These results show that scattering again occurs according 

to Ecjuation (i.2 for the different number of stator vanes, and that modal scattering occurs
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TS T ab le  6.6: Scattered inodes predicted as per Eciuatioii (i,2, with the rn =  0 inode doiniiiant at the incident tone. B  =  5, V  =  b.

Scattered Mode Order {niscati) Cut-On Frequency of  niscatt ( H z )

q k  =  - 2 k =  - 1 k =  0 k =  1 k =  2 q k =  - 2 k =  - 1 k =  0 k =  1 k =  2

-1 -5 0 5 10 15 -1 7005 0 7005 12853 18584
1 -15 -10 -5 0 5 1 18584 12853 7005 0 7005
2 -20 -15 -10 -5 0 2 24261 18584 12853 7005 0

T ab le  6.7: Scattered modes predicted as ])er Eciuatioii (i.2, with the ni = 1 mode dominant at the inc'ident tone. B = 5, V =

Scattered Mode Order (niscatt) Cut-On Frequency of niscatt { H z )

q k =  - 2 k =  - 1 k =  0 k =  1 A- =  2 q k =  - 2 k =  - 1 k =  0 k =  1 k =  2

-1 -4 1 6 11 16 -1 5806 2001 8190 14005 19723
1 -14 -9 -4 1 6 1 17444 11696 5806 2001 8190
2 -19 -14 -9 -4 1 2 23129 17444 11696 5806 2001

T ab le  6.8: Scattered inodes predicted as per Eciuatioii (i.2, with the rn = 2 mode dominant at the incident tone. B = 5, V  = 5.

Scattered Mode Order {niscatt ) Cut-Oii Frequency of niscatt { H z )

q k =  - 2 k =  - 1 A: =  0 A: =  1 k =  2 q k =  - 2 A; =  - 1 A; =  0 A,' =  1 k =  2

-1 -3 2 7 12 17 -1 4587 3335 9365 15154 20860
1 -13 -8 -3 2 7 1 16300 10534 4587 3335 9365
2 -18 -13 -8 -3 2 2 21995 16300 10534 4587 3335
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most strongly into azimuthal mode order predicted by Equation (i.2 when k = 0 and 

q =  0.

W ith  the change of sta tor geometry, the solutions of niscatt are affected when 

However, the same modal scattering behaviour is predicted for bo th  fan-stator configu

ration when k =  0, as highlighted using red circles in the A g p t  results for the q = I 

scattering harmonic. The lower s ta to r  count leads to more solutions to  mgcatt in Ecjuation 

G.2 being cut-on for the hve-vane s ta to r  set-up than  for the eight-vane s ta to r  set-up. So

lutions to Ecjuation (i.2 for values of k  as high as ± 3  are observed for the five-vane results 

which were not cut-on in any of the test results from the eight-vane sta tor investigation.

It is generally observed tha t stronger modal scattering occurs into the k^ i )  solutions 

for Equation (i.2 than  was observed for the eight-vane sta tor configuration. This may be 

linked to the stronger B PF  generation observed for the five-vane s ta to r  stage in Section 

5.4. which is caused Iw a stronger interaction between the periodic fan noise and the stator 

stage. It is i)ossil)le tha t the noise scattered at the fan stage in frequency also interacts 

with the s ta tor stage more strongly than  was the case for the eight-vane stage.

T + (1xBPF)

5500 6000 6500 7000 7500 8000 8500 9000 9500
Frequency (Hz)

F ig u r e  6 .15: A s p i  of modal amplitudes of scattered tones above the noise floor of the 
fan, at a frecjuency of T  -h { I x B P F ) .  The rn =  0 mode is ta rge ted  in this case.
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T + (1xBPF)

5500 6000 6500 7000 7500 8000 8500 9000 9500
Frequency (Hz)

Figure 6.16: iS.s p l  of modal amplitudes of scattered tones above the noise floor of the 
fan, at a frequency of T + { I xDPF) .  The m =  1 mode is targeted in this case.

T + (1xBPF)

5500 6000 6500 7000 7500 8000 8500 9000 9500
Frequency (Hz)

Figure 6.17; A s p l  of modal amplitudes of scattered tones above the noise floor of the 
fan, at a frequency of T  +  { I x BPF) .  The m =  2 mode is targeted in this case.
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T -  (1xBPF)

3500 4000 4500 5000 5500 6000 6500 7000 7500
Frequency (Hz)

F ig u re  6.18: A s n  of mo(ial aniplitiules of scattered tones above the noise floor of the 
fan. at a fre(inency of T — { I x BPF) .  The in =  0 mode is targeted in this case.

T -  ( IxBPF)

3.2 3.7 4.1 4.6 5.0 5.5 6 0  6.4 6 .<

3500 4000 4500 5000 5500 6000 6500 7000 7500
Frequency (Hz)

F ig u re  6.19: A s p t  of modal ami)litudes of sca tte^d  tones above the noise floor of the 
fan. at a freciuency of T — [ I x BPF) .  The m =  1 mode is targeted in this case.

167



CHAPTER 6. G.l. TONAL SCATTERING RESULTS

T - ( 1 x B P F )
kR

3.2 3.7 4.1 4.6 5.0 5.5 6.4 6.9

3500 4000 4500 5000 5500 6000 6500 7000 7500
Frequency (Hz)

Figure 6.20: A s p i  of modal amplitudes of scattered tones above the noise floor of the 
fan. at a frequency of T — ( I x D P F ) .  The >u =  2 mode is targeted in this case.

T + (2xBPF)

6500 7000 7500 8000 8500 9000 9500 100001050011000
Frequency (Hz)

Figure 6.21: A s p l  of modal amplitudes of scattered tones above the noise floor of the 
fan, at a frequency of T  +  { 2 x B P F ) .  The m =  0 mode is targeted in this case.
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T + (2xBPF)
kR

6.0 6.4 6.9 7.3 7.8 8.2 8.7 92___9.6 10.1

6500 7000 7500 8000 8500 9000 9500 100001050011000
Frequency (Hz)

F ig u re  6.22: A spl of modal amplitudes of scattered tones above the noise floor of the 
fan. at a fre(iueucy of T  -i- [ 2 x B P F) .  The in = 1 mode is targeted in this case.

T + (2xBPF)

6500 7000 7500 8000 8500 9000 9500 100001050011000
Frequency (Hz)

F ig u re  6.23: A spl of modal amplitudes of scattered tones above the noise floor of the 
fan. at a frequency of T  +  ( 2 x B P F ) .  The rn = 2 mode is targeted in this case.
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6.2 Narrowband Scattering R esults

In Section G.l, experimental tests were undertaken to investigate the sum and diftereuce 

scattering of tonal noise through a fan stage. Studies by Bennett et al. [(),(i'2,77] have 

shown that scattering of non-tonal noise is also possible. However, the focus is put on 

periodic noise in the existing literature as the propagation of fan BPF tones through rows 

of several rotor stages is connnonly observed in aeroengine compressors.

The possibility of sum and difference scattering of semi-periodic or non-periodic noise 

is of great interest, as it can result in scattering of noise across a broad spectral range. 

Scattering of tonal noise is generally simply observed in any measurement spectra, as the 

smn and difference scattering freciuencies can be predicted as fscatt  =  /  +  qJ r p f , where 

q is a non-zero integer denc:)ting the scattering harmonic and / b p f  is the fan blade-pass 

frecjuency. However, if noise is scattered across a broad spectral range, scattered and 

incident noise could potentially overlap in the measured sj)ectra. This leads to a complex 

case, as scattered noise has been shown to be measured with low coherence between mea

surements upstream  and downstream of the rotor stage (see Scx'tion 1.4). It is unknown 

how overlapping between the incident and scattered noise will affect these coherences. 

Furthermore, the scattering of modes at scattered frecjuencies due to interaction between 

the incident noise and a fan has been dem onstrated in Section (i.l. If the incident and 

scattered noise overlap, the modal content at the overlapping frecpiencies could contain 

contributions from both the incident and scattered noise.

In order to investigate scattering of non-tonal noise, narrowband source signals were 

used to drive a single loudspeaker, located at one end of the duct. An example of a 

narrowband noise source signal is shown in Figure (i.25 in its time-domain and frequency- 

domain representations. Narrowband noise is generated by band-pass filtering random 

broadband noise. Both the centre frequency (CF) and bandwidth (BW) of the source 

noise can be adjusted betw'een tests. The experimental rig used is a modification of the 

experimental rig outlined in Section 5.2 and shown schematically in Figure 5..5. The mod

ified experimental schematic is shewn in Figure (i.21. The mode generator and upstream 

semi-anechoic term ination have been removed. A single BMS 4540ND loudspeaker has 

been placed at the entrance plane to the duct, located at the upstream  open end. As
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in Section G.l, the test ])rocedvu'e is to  analyse and compare both  spectra from single 

microi)hones and azinmthal modal analysis results when:

•  the fan is rotating;

•  the loudspeaker generates narrowband noise;

•  bo th  the fan is ro tating and the loudspeaker generates narrowband noise.

Azimuthal modal analyses at frequencies of interest were performed using the array of 25 

microi)hones.

A = Single Loudspeaker ^

B = Fan-Stator Stage 

C = Microphone Array 

D = Semi-Anechoic Termination 

E = Source Microphone

F ig u r e  6 .24: Ex])erimental rig used to  investigate narrowband freciuency and modal 
scattering at sum and difference frecjuencies. All dimension in rnrn.

In order to draw clear relationships between the  incident and scattered modes, it is 

beneficial to have a single azimuthal mode dominant a t the incident noise frequencies. 

This was achieved using the mode generator array in the tonal test campaign. However, 

the mode generator array is not effective at targeting modes across a range of frequen

cies sinmltaneously. It was found however tha t narrow band noise generated by a single 

loudspeaker at the upstream  end will propagate in the duct with the m  =  0 mode domi

nant at many test frequencies, as dem onstrated  by results of a modal analysis undertaken 

when the loudsi)oaker generates narrowband noise shown in Figure ().2(i. A possible ex

planation for this is tha t the loudspeaker m em brane acts like a vibrating plane which

4643
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Figure 6.25: Tiuie-dom ain representation (top) and auto-si)ectral ciensity estim ate (bo t
tom) of a narrow band source signal of banciwidth BW and centre frequency CF. This signal 
was generated at a clock ra te  of 441{)0Hz.

intrinsically excites a plane wave through the test duct. This means th a t it is possil)le 

to  analyse m odal scattering  results w ithout a mode generator, however being im able to  

target different azinuithal modes th an  the rn =  0 mode limits the scope of the analysis.

D ata was accjuired at all m icrophones at a sampling ra te  of 2 6 k Hz  for 40 seconds for 

each test j)oint, allowing si)ectral analyses to  be performed up to  a frec^uency of 13kHz.  

A zinm thal m odal analyses could be performed using the microphone array uj) to  the cut- 

on of the (12,0) mode, which occurs at a frequency higher than  the Nyquist frequency for 

the samj)ling ra te  used. D ata was analysed using 252 blocks of tim e-doniain d a ta  in an 

ensemble, each containing 4096 d a ta  points. This gives a frequency resolution of 6.S4Hz  

in any spectral estim ates.

6,2.1 Single M icrophone Spectral Analysis

Narrow’band tests were undertaken where a single loudspeaker generates a narrow’band 

signal, and the resulting noise m easured by a single microphone in the sensor array. For 

each te st point the centre frecjuencies (CF) and bandw idths (BW ) of the narrow band 

noise were changed. All tests w^ere then  repeated w ith bo th  the loudspeaker generating
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173



CHAPTER 6. 6.2. NARROWBAND SCATTERING RESULTS

narrowband noise and the fan rotating at 13000rpni (BPF =  lOS3Hz)  in order to isolate 

noise generated by the interaction betw'een the incident narrowband noise and the fan- 

stator stage. Tests recording the fan-stator noise in isolation, without any noise generation 

at the loudspeaker, were also conducted.

Sound pressure level nieasureinents w'hen narrow'band noise of bandwidth 2Q0Hz is 

generated are shown in Figures (i.27 and (i.28 for a range of test centre frequencies. Each 

row' of plots shows a different test frequency. Each cohunn of plots centres on specific 

frecjuency ranges of interest, with the incident narrowband noise showai on the left and 

three potential scattering frecjuencies showai to the right. These figiu’es centre on si>ectral 

ranges where interaction noise is anticipated to ap])ear. The red spectrum shown the 

sound pressure level of the noise floor generated by the fan, the green spectrum  show's 

the narrow'band noise generated by the loudspeaker and the blue spectrum  show's the 

sj)ectnnn measured wiien both the loudspeaker generates noise and the fan is rotating. 

Any acoustic energy measured in the blue sj^ectruni not present in either the red or green 

spectra will have been generated by the interaction between the fan and the incident 

narrow'band noise. All test frecjuenties w'ere selected as the rn =  0 mode w'as dominant at 

each narrow'band source freciuency, as dem onstrated in Figure (i.2().

The investigation of tonal noise scattering undertaken in Section G. 1 dem onstrated that 

for scattering of noise where the m  =  0 w'as dominant at the incident tone, scattering of 

noise became apparent in the measurement spectra above the cut-on of the m  =  3 mode at 

around 4587 H z  at a frequency of C F + { l x B P F ) .  More significant scattering of noise was 

observed above the cut-on of the m =  —5 mode at around 7005Hz  at this same scattering 

harmonic. In the narrowband results show'u in Figures (i.27 and (i,2(S, it was found tha t 

the onset of narrowband noise scattering at a frequency of C F  -|- { I x B P F )  follows this 

same pattern. This is also the case for the other scattering freciuencies, C F  — ( I x B P F )  

and C F  + ( 2 x B P F )  -  the onset of significant scattering of noise at these frequencies 

coincides with the cut-on of scattered modes predicted by Equation G.2 and tabulated in 

Table 6.2. This would strongly suggest that the same rules governing the scattering of 

tonal noise are maintained for scattering of noise over a broader sjjectral range. Any noise 

scattered at sum and difference frequencies has a similar spectral shape as the incident 

noise, and for high test frequencies the noise scattered at C F  + ( I x B P F )  is of a similar
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magnitude to the narrowband noise generated by the loudsj)eaker.

Fm'ther experimental test results are show'n in Figure ().20, again showing narrowband 

noise scattering as measured by a single microi)hone for a wider l^andwidth source signal 

(B\V =  4i)0Hz),  in an alternative format. The frequency-axis is this case shows the k E  

values, more clearly illustrating the relationship between the cut-on of scattered modes 

predicted in Table 6.2 and the onset of significant sum and difference scattering.

As in the investigation of scattering of tonal noise, it is pertinent to undertake an 

azinnithal modal analysis of these experimental results in order to investigate this scat

tering of noise more deeply. In particular, modal analysis will allow links to be drawn 

between the modal content of the incident noise and the modal content of the scattered 

noise to confirm that the modal scattering mechanism which underlies the scattering of 

tonal noise also underpins the scattering of noise over a broader spectral range.

6.2.2 M odal A nalysis at Incident and Scattered Frequencies

In Figures (i.27 (i.2!). spectral results were presented for a single microphone measuring

the narrowband noise at both scattered and incident frequencies for a range of narrowband 

centre frecjuencies and bandwidths. Figures (i..'5() - (i.31 present the azinmthal modal 

analyses for the test points shown in Figures 6 .27  and (i.2(S where narrowband noise was 

generated with a bandwidth of 200Hz.  Rather than simply plotting the absolute sound 

pressure levels of each azimuthal mode, the soimd i)ressure levels of each mode above the 

noise floor of the fan are plotted instead. This gives the A s p i  of each mode, as applied in 

the analysis of the scattering of tonal noise in Section 6.1.2. This isolates the contribution 

of the noise generated by the interaction of the fan-stator and the incident noise to the 

azinnithal modal amplitudes at the scattered frequencies C F  + { q x B P F ) .

Figures (i.3() and show the AgpL amphtudes of the azim uthal acoustic modes in 

a format similar to Figures (i,27 and (>.2(S. Modal scattering is showm in these results to 

occur in the same way as in the tonal noise tests, with significant scattering occurring 

into the modes predicted by Ecjuation (i.2 and collated in Table 6.2 .  The corresi)onding 

azimuthal mode orders for each coloin spectra are showai above Figure (i.30. The modal 

scattering i)atterns are the same as was observed for the tonal tests when the rn = 0 mode 

was targeted at the mode generator tone, showing for example significant scattering into
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the rr) = —5 mode at a frequency of T  +  { I x B P F ) ,  and also lower amplitude yet still 

significant scattering into the m  =  3 mode. The scattering observed into the rn =  —3 

mode at a frequency o i T —{ l x B P F )  and the r?? =  2 mode at a frequency o i T + { 2 x B P F )  

also matches the scattering modes predicted by Equation (i.2.

6.2.3 Spectral O verlapping of Incident and Scattered N oise

The narrowband scattering results presented thus far have focused on the sound pres

sure levels of the acoustic modes at bo th  the incident and scattered freciuencies, and the 

relationships between these acoustic modes. The bandw idths of the narrowband signals 

used to  generate the loudspeakers were smaller than  the fan BPF {1083Hz) ,  and there

fore no overlapping of the noise at incident and scattered frequencies was observed. The 

Ijossibility of such overla])ping is interesting, as the acoustic pressure field in the over- 

lapi)ing freciuency range could contain contributions of both  the incident and scattered 

noise. As sum and difference scattering is a result of a quadratic  interaction between 

the incident noise and the ro tating fan. this also raises the possii)ility tha t the coherence 

between acoustic measm em ents made ui)stream and downstream of the fan could drop in 

this overlai)ping frecjuency range, due to the addition of a non-linear contribution to the 

system equation between bo th  inj)ut and output measurements.

In Figure (i..’52 the sound pressure level spectra from a single microphone in the sensor 

array are presented for three test points; the fan rotating at 130()0ri)m (B PF =  1083//2); 

the loudsi^eaker generating narrowband noise of bandw ith  1600Hz  centred at 7000Hz\  

and a th ird  test with the j)revious two noise-sources both  present. The bandw idth  of the 

source narrowband noise generated by the loudspeaker is shown in A. The bandw idth  of 

the anticipated scattered noise for the q = 1 scattering harmonic is shown in B.

Focusing on the q = 1 scattering harmonic, it is apparent in this figure tha t noise at 

a frecjuency of C F  + { I x B P F )  is being scattered into the spectral range of the incident 

noise, as evident by the increase in the sound j)ressure levels in the overlapping region 

between A and B when l)oth fan and loudsi)eaker are present. In order to isolate the 

contribution of this sum scattering to the to tal noise for this test point, and also ensure 

tha t the noise measured in this scattered freciuency range is not merely the contribution 

of fan broadband self-noise, the sound pressure levels of the fan only and loucls])eaker
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only tests were sum m ed (in Pa),  and the difference in sound pressure level betw'een 

this sum m ation and the  sound i)ressure levels m easured when both  noise-sources are 

present sinniltaneously was then  calcTilated. The resulting m easurem ent, which isolates 

the contribu tion  of sum and difference in teraction to  the  to ta l noise measiu’ed when bo th  

noise-sources are present, is shown in Figure ().;53. This more clearly dem onstrates th a t 

significant noise is scattered  at a frequency of C F  +  { I x B F F )  which overlaps w ith the 

incident noise, increasing the sound pressure levels by around 5dB  in this frecpiency range. 

T he spikey tonal na tu re  of this spectra  is a result of j:)eriodic fan noise which has m odulated  

shghtly betw^een tests  due to  small variations in fan ro tational speed.

Figure (i..'] 1 shows the difference in m odal sound pressure levels m easured for the 

“NBN Only” and “Fan Only” cases, hence showing the  sound i)ressure levels of the m odal 

am plitudes excited by the  loudsi)eaker above the  b roadband noise floor of the fan. As in 

the narrow er bandw idth  studies, the rn = 0 m ode dom inates the incident noise.

The A spl  (luantity estim ated  in Sections (i. 1.2 and (i.2.2 was calculated for the "NBN 

and Fan” test case shown in Figure (i..'52. However, the quan tity  is estim ated

differently in this case. The quan tity  was calculated by m easuring the difference between 

the  m odal sound pressure levels m easured for the “NBN and Fan” test case, and the 

sununation  of the sound pressure levels m easured for the “Fan O nly” and “NBN O nly” 

test cases. This is essentially the sam e procedure as was used to  estim ate the spectrum  

shown in Figure ().;53 from the  spectra  in Figure (i.;32, but on a m odal basis. T he resulting 

^SPL  estim ate is p lo tted  in Figure ().ij5, and isolates the m odal sound pressure levels of 

the scattered  noise from the contributions of the  NBN source and fan broadband  noise.

The 711 = —5 and rn = 3 m odes dom inate the scattered  noise for the q = I scattered  

harm onic show'n in Figure (j.35. These are the  dom inant scattering  m odes predicted 

for E quation  (i.2 when the m  =  0 m ode dom inates the  incident noise generated  by the 

upstream  loudspeaker. This fu rther dem onstrates, as was observed in Figure (i.2.2, th a t 

m odal scattering  behaviour is accurately predicted by Ecjuation (i,2.

By exam ining the results p lo tted  in Figures G.:3 4 and (i.3r) together, it can be concluded 

th a t the  overlaj) region between the  incident noise and scattered  noise will contain con

tribu tions from bo th  the  acoustic modes excited by the incident noise and the  scattered  

noise. This is an in teresting test case, as it illustrates th a t broader-band noise could be
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scattered and hence overlap spectrally downstream of ro ta ting  turbomachinery, with the 

acoustic ])ressure field possibly containing contributions of;

1. broadband fan noise;

2. periodic fan noise;

3. noise generated upstream  of the fan (the loudspeaker in this case);

4. the characteristics of the noise generated upstream  of the fan being modified as it 

proi)agates through the fan by the mechanisms described by Kaji etc. in Section 

5.1.1;

5. noise scattered at sum and difference frecjuencies by the interaction between the 

noise generated upstream  of the fan and the fan itself.

Scattering of broadband noise therefore results in a very complex case, where the 

noise in a given freciuency range could contain contributions from multiple scattering 

mechanisms and noise-sources. This may not be anticipated in the design of acoustic 

liners at the engine inlet and outlet, or in the aj)])lication of noise-sourc'e identification 

techniques. The i)ossibility tha t sum and difference scattering could be caused non-linear 

interaction will further detrimentally affect such techniques. While the non-linear nature 

of this interaction was observed in the results discussed in Section 4.1 for the Berlin small- 

scale experimental tests, an additional study is j)resented in the following section for the 

narrowband exi)eriniental tests undertaken using the bench-top experimental rig at TCD.
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NBN O nly  
- - F a n  O nly  
— NBN a n d  F a n
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Figure 6.32: Sound pressure levels nieasiu'ed at a single-niicToi)hone for three narrow
band noise test points, B\V = I 6OO//2:.
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Figure 6.33: Difference in sound pressure levels measured for the “NBN and Fan” test 
case plotted in Figure ()..'52 and the sum of the sound pressure levels measTired for the 
“Fan Only” and “NBN only” test cases.
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F ig u re  6.34: Soiiiul pressure levels of the azinuithal modes excited the loudspeaker 
when it is the only noise-som'ce above the modal sound pressure levels measured when 
the fan is the only noise-source.
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F ig u re  6.35: Sound pressure levels of the measured azinnithal modes of the scattered 
noise isolated in Figure
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6.2.4 C oherence A nalysis o f Incident and Scattered N oise

The analysis of narrowband noise scattering has so far I)een Umited to soinid i)ressure 

level spectra of both microj^hone and acoustic modal measurements. As discussed in 

Section 5.1..'5, scattering of noise has previously been suggested as being caused by a 

quadratic interaction between the dow'nstream-proj)agating noise and the rotating rotor. 

Smn and difference frequency scattering could arise, for example, as a result of the fol

lowing quadratic trigonometric identity:

Noise from 
Upstream  Noise-

S o u rce  Rotor BPF

oj, = 2n-f, = Angular frequency of upstream  d d c  f  D D P
tonal noise M D r  r  T-i -  D r  r

0J2  -  2rrf2 = Angular frequency of rotor BPF

F ig u re  6.36: Trigonometric identity showing how sum and difference frequency scatter
ing could be the result of a quadratic interaction between incident noise and the rotating 
rotor.

The j)resence of such a quadratic non-linear interaction occurring at a rotor stage can 

be identified using the non-linear coherence function, defined as 7 ^2  , where x  and y are
X  y  *

measurements made upstream and downstream of the rotor stage. In order to demonstrate 

how the ([uadratic coherence fmiction allows the presence of ciuadratic interaction to be 

identified, we first consider the noise measured by an upstream sensor:

where T  is the upstream noise (generated by the loudspeaker in this experimental inves

tigation) and BPF is the blade-pass frequency of the rotor. Expanding the square of this 

input:
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((T  + DPF)  +  (T +  B P F ) ‘̂ f  =  - \ -2{TxBPF) + BPF^  + 6{T^xBPF)  + Q{TxBPF^)

+4{T^xBPF)  + 6{T^xBPF^)  + A{TxBPF^)  + 2T^ + 2 xBPF ^  + + BPF^
(6.4)

T h e  q u a d ra t ic  con tr ibu tion  to  the  to ta l  in])ut m easu rem en t (underlined) is m a in ta ined  in 

th is  expansion. Therefore  tak ing  the  o rd ina ry  coherence betw een the  square  of th e  input 

(x^(/)) and  some o u tp u t  (y(/)) will identify th e  non-linear com ponen ts  of th e  o u tp u t  

m e a su re m e n t .

T h is  technique has been applied  in previous experim en ta l  tes ts  (see Section 1.1) to  

e s t im a te  b o th  linear and  non-hnear  coherence functions  betw'een ups tream  (inj)ut, x) 

and  d o w n s tream  (outj)ut, y)  m easurem ents . These  exi)eriniental results  showed very low 

m easu rem en ts  of the  linear coherence an d  relatively high non-linear coherence at sum  and 

difference sca t te red  frecjuencies. which would confirm th e  hypothesis  th a t  such sca t te rh ig  

is indeerl the  result of a ( juadratic  interaction. F \ir ther  enhanced  linear and  non-hnear  

coherence function were fornnila ted  using ])artial coherence m ethods, in order to  condition  

out th e  influence of non -quad ra tic  h igher-order te rm s  from the  ciuadratic coherences. 

E n h an ced  linear coherence functions w'ere also test( 'd , which condition  ciuadratic and  

o th e r  h igher-order te rm s  from the  h near  coherence m easurem ents . These  pa rt ia l  coherence 

form ula tions  are discussed fu rther  in Section -j.l..').

T h e  possibility of sum  and  difference sca t te r ing  be ing  caused by a  non-hnear  in te rac

t ion  is of interest, as such a violation of the  assu m p tio n  of a linear p ropaga tion  p a th  from 

source to  receiver will reduce the  effectiveness of coherence-based  m eth o d s  of noise-source 

identification. By adding  non-linear effects to  th e  sys tem  equation  betw^een two m easu re

m ents , the  m easu red  o rd ina ry  coherence will d rop , even if th e  con tr ibu tion  of linear effects 

to  th is  system  equation  is unchanged  [(>]. It is therefore  p ruden t to  investigate  coherence 

m easu rem en ts  fu rther  using the  curren t experim enta l  rig, which allows more deta iled  and  

accu ra te  causal conclusions to  be ob ta ined  from coherence m easm em en ts  th a n  for the  

small-scale DLR rig ex])eriments due  to  the  reduced  reflections at the  dow nstream  end of 

the  test duct.

For th is  coherence investigation, most signal processing p a ram ete rs  were m ain ta ined
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from the  results discussed in Sections G.2.1 -  (j.2.3, however the da ta  acquisition tim e for 

each test case was increased to  120 seconds. This increases the num ber of tim e-dom ain 

blocks in th e  averaging ensemble to  761. T he num ber of blocks was increased in order to  

increase th e  accuracy of any coherence function estim ates by reduction of the associated 

m ean error, which is dependent on the  num ber of averaging blocks used (see A ppendix

C’).

T he sound pressure level spectra  m easured by a single microphone in the sensor array 

for th ree te st cases is shown in Figiu'e 6..'57. In the  “NBN Only” case, narrow band noise 

has been generated by the loudspeaker, centred at 6400//2  w ith a bandw 'idth of 2i.)0Hz. 

In the  “R otor Alone” case, the ro to r ro ta tes  at 130()0r]))n. In the “NBN and R otor” case, 

b o th  the  ro tor ro ta tes  and the si)eaker generates narrow band noise. A signihcant am ount 

of noise has been scattered  into each of th e  three scattering  freciuencies displayed in this 

figure. It therefore presents an in teresting test case in order to  investigate the linear and 

(luadratic coherence m easured betw een the  source microphone and a microphone in the 

sensor array.

T he ordinary  coherence estim ated  betw'een the source m icrophone (as the  input x,  

show'n w ith label E in Figure (i.2 1) and a m icrophone in the sensor array (as the  ou tpu t 

y) is p lo tted  in Figure T he linear coherences conditioned by the square and th ird

power of th e  input are also j)lotted in this figure. The m easm ed ordinary coherence is 

high (r; 1) for most frecjuencies for the  incident noise, and rem ains high when conditioned 

of th e  higher powers of the input. The dips in the coherence m atch di{)s in th e  sound 

pressure level spectra  in Figure 6..37. This dem onstrates th a t the  frequency response 

fim ction, describing the  propagation  i)ath from source (loudspeaker) to  receiver (output 

m icrophone), is linear for the incident noise.

At the th ree scattered  frequencies shown in Figure 6..'58, the ordinary coherence drops 

signiftcantly when com pared w ith the  incident noise, peaking at levels of wO.5. Unlike 

th e  incident noise, the coherence at the scattered  frequencies drops significantly when 

conditioned of the  square of the  input, and further again when additionally  conditioned 

of the  th ird  power of the input.

Figure 6..'39 shows the  quadratic  coherence estim ated  between the source and ou tpu t 

m icrophone m easurem ents, as ŵ ell as the  quadratic coherence conditioned of the th ird
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F ig u re  6.37; Spectra of narrowband noise (SPL {(ID) against Frequency {Hz) )  centred 
at the incident noise at 6400//2 (top left) and three possible scattering frecjuencies.
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F ig u re  6.38: Linear coherence estimated between measvu'ements made u])stream (x) and 
downstream (y) of the rotor p lotted against frequency for the “ NBN and Rotor” test case 
shown in Figure (i.37.
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power of the input. In both estimates, the quadratic coherence is very low at the incident 

noise frecjuencies, further dem onstrating that the propagation i)ath between the si)eaker 

source and output receiver is linear. The (juadratic coherences estimated at all scattered 

frecjuencies are far higher however, generally of the order of 0.5 but peaking at a value of 

almost 1 at the scattered frequency C F  + ( 2 x B P F ) .  The quadratic coherence remains 

high when conditioned of the third power of the inj)ut.

Incident  No ise

A w i i i f c i  III I i l l  w l i
6000 6250 6500 6750

CF + (1xBPF)
1

0.75f

0.5

0.25

7000 7250 7500 7750 8000

C F - (1xBPF)

0.751

0.5

0.25

4750 5000 5250 5500 5750

CF + (2xBPF)
1

0.75

0.5

0.25

0
8250 8500 8750 9000

F ig u re  6.39: Quadratic coherence estim ated between measurements made uj)stream (x) 
and downstream {y) of the rotor j)lotted against frequency for the “NBN and Rotor” test 
case shown in Figure G.37.

The results shown in Figures (i..'58 and G.3!) dem onstrate th a t the system describing 

the propagation path of the narrowband noise generated by the sj)eaker to the outj)ut 

microj)hone located in the sensor array is linear. When this noise propagates through the 

rotor, significant noise is scattered at sum and difference frequencies, as observed in Figure 

G.;57. The high quadratic coherences at these scattered frecjuencies would strongly suggest 

th a t the scattering mechanism is quadratic in nature, however significant linear coherences 

are also observed. These results would suggest tha t siun and difference scattering is caused 

by a combination of both cjuadratic and linear interactions between the incident noise and 

the rotating rotor. The observed linear coherence is also higher than  was observed in the 

results discussed in Section 4.1.
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6.2.5 A lternative Interaction M echanism

In Figure ()..'5(i, an interaction model was outlined (as originally proposed by Bennett and 

Fitzpatrick [(>]) which shows how a quadratic interaction between the ro tor/fan  and the 

incident noise could cause the frequency scattering observed in this chapter. Although 

the coherence analysis j)erformed herein would suggest that this model is accurate, the 

model itself does not describe the physics of the scattering mechanism. Furthermore, 

the i)reviously published analytical studies discussed in Section 5.1.2 accurately predict 

frecjuency and modal scattering behaviour using simi)le linear kinematic theory. The 

significant amount of linear coherence observed at scattered frecjuencies in the preceding 

experimental study is also not explained by the (luadratic scattering model.

An alternative interaction mechanism which could lead to sum and difference scat

tering of noise is the presence of a time-varying boimdary condition. A j)ossible model 

dem onstrating this is shown below:

,4
.4 c o s (c o ’ii^) -I- B cos{u)2 t) = —[ c o s ( u ; i  — U2 )f +  cos(lc>i -I- uj-iY] +  B cos{uj2 )̂ (6.5)

where u)\ is the frequency/frnjuencies of the incident noise. uj2 is the fan BPF, and A = 

Acos{u}2 t) i f'- the amplitude of the incident noise is time-varying and hnked to the rotor 

rotational spec'd. Wliile this time-varying boundary condition model does not explain the 

high quadratic coherence levels observed in the exi)erimental results presented in this sub

section, it does dem onstrate that a linear interaction model with a time-varying boundary 

condition will also predict sum and difference frequency scattering.

In order to validate which model best describes the real interaction observed in these 

experimental results, further i)arametric testing is reciuired. Specifically, experimental 

tests nmst be undertaken where the anijjlitude of the noise generated at the sj)eaker is 

varied between tests. It is also possible that the actual scattering mechanism is best 

a])])roximated by a combination of both linear and quadratic models. This could i)erhai)s 

explain the significant levels of both linear and cjuadratic c‘oherences ol)served in the 

experimental results herein.
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6.3 D iscussion of N oise Scattering Results

In Section 5.1.4, several research question were put forward that have thus far not been  

answered by the current literature. The experim ental test campaign undertaken in this 

chapter has sought to answer some of these outstanding questions. Following these ex

perim ental results, several conclusions can be reached:

1. How do the m agnitudes of the scattered tones compare w ith the m agnitude of the 

tone at the incident frequency?

Although some qualitattve observations on the magmtudes of any scattered noise 

relative to the incideiit noise can be made from, the experimental results presented  

herein, quan ti ta tive  conclusions cannot be made. This is due to the fact that the 

magnitude of the incident noise will be affected as it propagates thro^igh the fan- 

s ta tor  stage by the mechanisms discussed in Section 1.1.1 as tvell as by the sum  

and difference scattering interaction investigated herein. Therefore the modification 

of the incident noise magmtiLde by the sum and difference ■mechanis7n cannot be 

isolated. Generally the magnitude of the scattered noise is lower than the incident  

noise, although in some cases the scattered noise is of s im ilar amplitude to the 

incident noise when scattered at a frequency of F  +  ( I x B P F ) ,  where F  is the 

frequency range of the incident noise. The largest magnitude scattering was observed 

when niscatt values predicted by Equation (i.2 are cut-on fo r  k =  0.

2. Previous exj)erim ental tests have observed that sum and difference scattering of 

tones and narrowband noise does not occur below a critical frequency. W hat is the 

explanation for this? Is this critical frequency linked to the cut-on frecjuency of 

certain m ode orders as theory predicts?

The results shown through out this chapter have confii'med that the onset of sig

nificant levels of sum and difference scattering is linked to the cut-on of specific 

azimuthal acoustic modes, and these azimuthal modes can be predicted by the theory  

in Section 5.1.2. Acoustic energy is scattered into these predicted azimuthal modes  

at each scattered frequency.

3. It has been dem onstrated that narrowband noise can also be scattered at sum  and 
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difference frequencies of the incident centre frequency. Is there a hniit on the band- 

with of this effect for narrowband noise?

S ig n if ica n t  levels  o f  n o is e  s c a t te r in g  w a s  o b s e r v e d  a t  a f r e q u e n c y  C F  +  { I x B P F )  

f o r  the h ig h es t  b a n d w id th  te s te d  (B \\"  =  1 6 0 0 H z ) .  T h is  s c a t t e r in g  o f  n o is e  w ith  

a b a n d w id th  g r e a te r  th a n  the  f a n  B P F  (10^ ‘i H z ) ,  w h ich  re su l ts  in  o v e r la p p in g  o f  

in c id e n t  a n d  sc a t te r e d  n o ise .  T h ese  resu lts  w o u ld  s tr o n g ly  s u g g e s t  th a t  s c a t te r in g  o f  

broadban d  n o is e  can occur, w h ich  w i l l  g rea t ly  in c re a se d  the  c o m p le x i ty  o f  the a co u s t ic  

p re s su re  fi.eld as the in c id e n t  a n d  s c a t te r e d  n o ise  ' W i l l  o ver la p .

4. If the predicted scattering modes in Equation 5.11 are cut-on, do they dominate at 

these frecjuencies as predicted?

The m o d a l  a n a ly s is  u n d e r ta k e n  f o r  both to n a l  a n d  n a r r o w b a n d  n o is e  e x p e r im e n ta l  

t e s t s  h ave  vei'ified th a t  th is  equ a tion  a c c u ra te ly  p r e d ic t s  the  m o d a l  c o n te n t  o f  s u m  

a n d  d ifference  s c a t te r e d  n o ise .  T h is  w a s  v a l id a te d  o v e r  a ra n g e  o f  ta rg e te d  a z im u th a l  

m o d es ,  te s t  f r e q u e n c ie s ,  s c a t te r in g  h a r m o n ic s  a n d  s t a t o r  v a n e  counts .

5. What is the modal content of these sum and difference tones when the i)redicted 

scattering modes are not cut-on at the corresi)on(Ung sum and difference frequencies? 

Does any scattering occur in such conditions?

V ery  l i t t le  s c a t t e r in g  w a s  o b se rv e d  w h e n  mgcatt n io d es  p r e d ic te d  by E q u a t io n  5. 11  

w ere  n o t  cu t-o n .  A s  the m o d e  g e n e r a to r  ( fo r  the to n a l  te s t  c a se s )  a n d  s in g le  .speaker  

( fo r  the n a r r o w b a n d  te s t  c a se s )  do n o t  o n ly  e x c i te  a s in g le  a z im u th a l  m o d e ,  s o m e  

s c a t te r in g  o f  o th e r  a z im u th a l  m o d e s  is expected . I f  o n ly  a s in g le  a z im u th a l  m o d e  

w ere  to  be e x c i te d  by a n  id ea l ised  m o d e  g e n e r a to r ,  n o  s c a t t e r in g  w o u ld  occur  i f  no  

p r e d ic te d  niscx,it m o d e s  w ere  cu t-o n .

G. Does scattering occur through a stator stage as expected?

S t a t o r  s c a t t e r in g  o f  a z im u th a l  m o d e s  is  a c c o u n te d  f o r  in  E q u a t io n  -5.11. A s  th is  

eq u a tio n  w a s  .shown to a c c u ra te ly  p r e d ic t  th e  s c a t te r e d  m o d e s  f o r  both s t a t o r  v a n e  

co u n ts  in ve .s t iga ted  f o r  the to n a l  te.sts, as  w e l l  a s  f o r  the n a r r o w b a n d  n o is e  te s ts ,  

s c a t te r in g  through a s t a t o r  s ta g e  has  been s h o w n  to be a c c u ra te ly  a c c o u n te d  f o r  in  

th is  equa tion .
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7. The results discussed in Section 1.3 and in the  work by B ennett and F itzpatrick  

[(), 2.'i] liave raised the possibility th a t siun and difference scattering arises as the 

result of a non-linear in teraction between the incident noise and the rotor. Is this 

further verified in a more thorough experim ental investigation?

The coherence-based investigation undertaken in Section (i.2.4 has investigated the 

quadratic nature o f the interaction further. These coherence m easurements have 

indicated that scattering arises due to a quadratic interaction between the incident 

noise and the rotating rotor, however significant levels o f linear coherence are also 

observed in the results from  the current test campaign. No conclusive explanation  

fo r  this high linear and quadratic coherence ts as yet offered, however this would 

appear to fu r ther  validate the hypothesis that sum  and difference scattering arises as 

a result o f a quadratic interaction between the incident noise and a rotating rotor.

Further oi)servation and conclusicms can be m ade from these experim ental results;

•  The drop in m easured ordinary coherences between upstream  and dow nstream  mea- 

sm 'ements at frequencies where scattered  noise is m easm ed, due to  the  cpiadratic 

na tu re  of the  interaction, m eans th a t it also adversely affects any noise-source iden

tification which make assum ptions of a linear system  equation relating the two 

m easurem ents.

•  The higher the  k R  value at the  incident tonal frecpiency, the  more likely scattering 

is to  occur a t sum  and difference frequencies, as more poten tial scattering  mode 

orders are cut-on as the frecpiency is increased.

•  The m odal scattering  w'hich occurs a t each scattered  frecjuency and is i)redicted by 

E(iuation 5.11 essentially shifts the incident azim uthal mode orders of the  incident 

noise by the Tyler-Sofrin m ode orders predicted to be generated at the  fan BPF 

harmonics. Interestingly however, m odal scattering  occurs even when the  predicted 

Tyler-Sofrin modes are not cut-on at the incident B PF tones, as was the  case for 

the eight-vane s ta to r as dem onstrated  in Section 5.4. T he results from the tonal 

scattering  tests  suggest th a t the streng th  of the ro to r-sta to r in teraction may also 

affect the  m agnitude of noise scattering  into azim uthal modes predicted by E quation
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5.11, w ith more significant scattering  occurring into azim uthal modes predicted  by 

th is ecjuation for when the five-vane s ta to r was used th an  for the eight-vane 

stato r. More work is needed to  investigate th is further however.

•  In the incident noise contains e(}ual energy per mode, scattering is more likely to 

occur at higher frequencies as more poten tial scattered  modes are cut-on.

•  In a real tu rboshaft or other aeroengine, the  presence of m any consecutive rotor- 

s ta to r stages i)articularly at the com pressor will cause scattering  to  occur in a way 

th a t would be very difficult to  predict, as each incident acoustic mode can scatter 

into several other modes.

•  A more com jjlete analysis would be possible using a radial m odal decom position 

l)rocedure which would recpiire many more microjjhones. DAQ channels etc., in 

order to  investigate the i)ossibility of scattering  on radial mode order. None of 

the results observed in this test canii)aign would suggest scattering  on radial mode 

order, as would have been observed had significant scattering  behaviour occurred 

above a frecpiency corresi)onding to  the cut-on of a radial mode.

•  In order for incident noise to  be scattered  at fre(iuencies of F  — { h x B P F ) ,  where 

h is a positive integer, the incident noise frecjuency/freciuencies F  nm st be above 

the ro tor B PF. If the (hfference l>etween F  and B P F  were small, noise could be 

scattered  to  a very low fre(juency range. This raises an interesting possible scenario 

for aeroengine core noise rad ia ted  from the  engine exhaust. Provid('d at least one 

solution for niscau were cut-on at the low frequency range, high frequency broadband 

turb ine noise could be scattered  through a second turb ine stage into a low frequency 

range. This noise could then  be falsely a ttr ib u te d  to  some other low-frequency core 

noise-source e.g. direct or indirect com bustor noise. This possible noise scattering  

scenario is shown graphically in Figure G.40. The frecjuency ranges of the turb ine 

b roadband and B PF  noise were roughly approxim ated from the far-field m easure

ment spectra of tu rboshaft engine exhaust noise shown in Figure 1.1. This effect 

could be predicted if the m odal content of the  tu rb ine broadband noise and B PF 

were known, however given th a t this noise is generated at very high frc(iuencies.
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many microi)hones would be required for snch a modal analysis.

X + 12dB
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Turbine Broadband Noise
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Broadband Noise
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F igu re  6.40: Possible difference freciuency noise scattering of turbine broadband noise 
through a second turl)ine stage into a low frecjuency range.
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CHAPTER 7.

Both pre-existing and novel coherence-based noise-source identification techniciues 

have been tested on a small-scale rig, designed as a simplified analogy to a real tu r

boshaft engine. This experimental test campaign was undertaken as part of the E.U. 

FP-7 project TEENI. This experimental rig has two noise-source regions: a rotor-stator 

stage (representing a turl)ine stage) and a loudspeaker array (which can sinmlate a range 

of core noise sources). The objective of this experimental investigation was to assess the 

efficacy of the existing teclmi(iues for use in a real turboshaft engine, as well as to develop 

and test novel modal-based techniciues.

It was foiuid that more sojjhisticated teclmicjues. using five microphones, were better 

suited to the model tested due to their ability to decorrelate the two noise-sources’ con

tributions to the output measm’ement of interest. However, these techniciues using many 

microphones retiuire great care in their application, as statistical errors propagate in the 

combinations of many cross-spectral estimates used in their fornnilation. A novel tech- 

niciue was developed and found to effectively assess the contribution of both noise-soTU'ces 

to the modal amplitudes identific'd at a given axial location in the test duct. These modal 

amplitudes are estim ated using a modal deconii)osition techniciue ap])lied using an array 

of wall-hush-momited microphones distributed at several azimuthal and axial locations. 

This novel techniciTie enhanced with modal analysis is a significant advancement on ex

isting noise-source identification techniciues, which could be applied in a full-scale test 

rig to better identify the specific contributions of the various core noise-sources within 

the engine to the specific ac'oustic modal content of the sound radiated out the engine 

exhaust.

Sum and difference scattering of noise w'as observed in the j)revious tests under certain 

test conditions. This scattering can sometimes arise when noise propagating through a 

duct interacts with rotating turboniachinery. It was observed tha t this scattering only 

occurred above a certain critical frequency, which previous studies had suggested as being 

linked to the cut-on of specific acoustic modes. However, the small-scale exi)erimental 

set-up was not designed such tha t a modal investigation covild be performed at the high 

frequencies at which this scattering was observed. Coherence fvmction estimates between 

uj)stream and dow'nstream measurements also suggested tha t this interaction is non-linear 

(ciuadratic) in nature. As there has been little investigation of this scattering of noise in
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the h tera tu re , a new bench-top experim ental rig was designed at TC D  specifically to 

undertake a more detailed study. Specific research questions were i^roposed, such as; 

W hat are the relationships between the  acoustic modes of the incident (source) noise 

and the scattered  noise? Do these predicted scattered  modes m atch existing analytical 

predictions? Are the critical frequencies of noise scattering  linked to  the cut-on of these 

modes?

The design of this new exi)erim ental rig was described in detail in C hapter 5. Each 

element of the rig was tested  to  ensure th a t it i)erfornied as desired. Such elements 

include a ro to r-sta to r stage, semi-anechoic term inations to  reduce end reflections, and an 

array of five loudspeakers used as a mode generator. A mode generator allows specific 

azim uthal m odes to  be targeted  at a si^ecihc frequency, allow'ing tones to  l)e generated 

w ith a pre.scribed m odal content. This is a key element of the  exi)erim ental rig and was 

thus investigated in detail, bo th  numerically during the  design process and experim entally 

following its construction. This m ode generator was located upstream  of the ro to r-stato r. 

and an array  of microi)hones located dow nstream  so th a t a m odal analysis could be 

perform ed. By com paring the m odal content of the incident noise from the mode generator 

w ith the m odal content of any scattered  noise, conclusions could be m ade on the conditions 

necessary for significant .scattering to  occur.

An investigation of sum and difference scattering of tones was first undertaken  using 

the new experim ental rig. Tones were generated using the  mode generator, w ith one of 

th ree ])ossible azim uthal modes excited by the array. This tone then  jiropagated through 

the ro ta ting  rotor and s ta to r stages where in some cases it was scattered  at sum and 

difference frequencies. This scattered  noise was com pared w ith rotor alone tests  in order 

to  isolate th e  contribution of noise scattering to the to ta l noise m easured at the sensor 

array. This test procedure was repeated  for a range of test frec[uencies, azim uthal modes 

excited by the m ode generator, scattering  frecjuencies and sta to r vane counts. Using both  

single m icrophone spectra and m odal analyses it was fovmd th a t pre-existing analytical 

theory accurately j)redicts the  scattered  mode orders at each scattered  frecjuency. If these 

scattered  m ode orders are not cut-on, no significant scattering  of noise will occur.

Following the tonal tests, an additional test cam paign was undertaken to investigate 

scattering  of narrow band noise. The experim ental rig was mo(hfied, w ith the  mode gener-
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at or removed and re[)laced with a single loudspeaker at the upstream end of the duct. An 

additional source microphone was located close to the loudspeaker. The upstream semi- 

anechoic term ination was also removed. Similar to the tonal tests, noise was generated by 

the speaker upstream  of the rotor, which then ]>ropagated through and interacted with the 

rotating rotor. The resulting noise propagating downstream of the rotor is measured by an 

array of microphones. This test ])rocedure w’as repeated for a range of narrowband centre 

fre(iuencies and bandwidths. It was found from modal analysis that the analytical theory 

which accurately predicted tonal scattering also successfully predicts the scattered modal 

content and onset of STun and difference scattered broadband noise. A case was also high

lighted where scattered noise overlaps with the source noise generated by the loudspeaker. 

Finally, coherence measurements between the soiuce micro])hone and a microphone in the 

sensor array dem onstrated the (juadratic nature of the scattering mechanism, however the 

presence of significant levels of linear coherence were also observed.

This investigation has significantly advanced the cm rent level of imderstanding of sum 

and difference scattering of noise. This understanding will allow a better prediction of the 

onset of noise scattering, as well as better consideration of its effect on the exhaust pressure 

held in aeroengines, and better mitigation through ])assive (acoustic liner design) or active 

(noise control system) attenuation. The coherence noise-source identification techniques 

which combine modal analysis methods with correlation estimates advanced in this study 

also represent a significant advancement on existing methods of noise-source identification 

which could be applied in a range of full-scale aeroengine exhaust or inlet noise studies.

7.1 Future Work

Following the results reported in this thesis, several new avenues of research and improve

ments in experimental methodology are identified:

• In the application of more sophisticated coherence-based noise-source identification 

techniques using many niicroi)hones, very long acquisition times are strongly recom

mended. Although data was acquired for 120 seconds in the tests in Chapter 4, it 

was found in Appendix C.5 th a t even this acquisition time could result in significant 

uncertainty in any spectral quantities estim ated by these techniques.
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• For all experim ental test set-ups investigated herein, anechoic or semi-anechoic te r

m inations were located a t one or b o th  ends of the  test duct. W hile these term inating 

sections significantly reduce reflections, it is advisable in fu ture tests to ensure tha t 

reflections are elim inated in order to  make more accurate causal conclusions from 

correlation estim ates. Ideally, tests  would also be m idertaken in an anechoic cham 

ber.

•  In the experim ental test undertaken in C hapter 5 and (i, azim uthal m odal analyses 

were i)erformed using a single-ring of microi)hones. Using microphones located at 

a single axial and radial location does not allow a radial m odal analysis to  be 

performed, nor does it allow' the si>ecific incident and reflected contributions to  the 

azim uthal m odal am plitudes to  be identified. A lthough no further microphones w^ere 

available, it would be possible to  move the axial location of the ring of microphones 

slightly, and then  repeat each test w ith the microphones moved to  th is new axial 

location. This procedure could be repeated for as many axial locations as desired. 

Assuming the m easurem ent signals are ergodic (see A ppendix CM), a radial modal 

analysis could be perform ed by combing together the m icrophone m easurem ents 

of each of the repeated  tests, effectively giving acoustic pressure d a ta  at a range 

of axial as well as circm nferential locations. It should be noted however th a t the 

non-synchronous natiu 'e of th is m ethod would not allow correlation analyses to  be 

performed using the  resulting modal am plitudes.

• This thesis has focused on the identification of noisc-sources and the  scattering  of 

noise through ro to r-sta to r stages. Further study is required to  adai)t the ou tpu t 

from this thesis into considerations for m itigation of noise from aeroengines using 

passive or active control m ethods.

•  In order to  advance the findings in this study regarding the scattering  of noise 

through a ro to r-sta to r stage, it is advised tha t a similar test procedure to  th a t un

dertaken herein be repeated  for a wide range of ro tor (and sta to r) geometries. In 

j)articular, the exact linear/quad ra tic  natm 'e of the interaction needs further inves

tigation, as it has a large im pact on the ap])lication of any technicjues which make 

assum ptions of a linear propagation pa th  from source to receiver. More advanced
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signal analysis (such as bicoherence) may aid such an experim ental investigation, 

and m ore advanced analytical modelling of the interaction may help to  explain the 

cause of the  m easured lin ear/quad ra tic  coherences.
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A ppendix A  

Wave Element M ethod

The wave element method is a full-doniain discretisation numerical technique which can 

i)e used to model the jjressure field in a domain of interest. This can be used as a 

tool for simulating one or more i)oint sources (monopoles) in a duct, as demonstrated 

in the work of Bennett et al. [7^]. Other types of sources can be modelled by adapting 

the i)oimdary conditions. Full domain discretisation techniques have the advantage over 

boundary element methods (BEM) in that inlioniogeneities can l)e introduced in the 

jH’opagation medium.

The computational cost of any full-doniain discretisation technique is closely linked to 

the mnnber of nodal points required per acoustic wavelength. Many full domain discreti

sation teclmicjues recjuire 5-6 points per wavelength in order to obtain sufficient accuracy 

in the solution of the Helmholtz eciuatiou. The wave element method reduced this recjuire- 

ment to around 2 points per wavelength, which coincides with the Nycjuist sampling limit 

for DSP. The WEM is derived from the Green Function Discretisation Method (GFD) 

introduced by Caruthers et al. [̂ .'i, Nl]. The fundamental aspects of the techniciue are 

outlined below a more detailed description of the technique may be found elsewhere in 

the literature

The GFD techniciue is used to find the acoustic pressure, p, at a point in the domain, 

To, given the amplitude and phase data at M  neighbouring points, The pressure at 

each i)oint in the domain can be a])proximated by the superposition of N  hypothetical 

sources of strength 7„, located at a constant distance /? =  — xq| from the subject point

xq. The acoustic pressure at Xq is therefore given as;
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N

P{xo) ^  ^ f n G { X ( ) ,  X „ )  (A .l)
n = l

whore G(xo;x„)  is the  G reen’s huiction which relates the  pressure at xq due to  the  har

monic force at R epeating for all neighbouring points;

N

Pixm) ^ ' ^ l n G { x , „ ; x „ )  m =  1 . 2 , . . . M  (A .2)
n =  l

In m atrix  notation:

p  =  G 7  (A.3)

where p  and 7  are M  x 1 and N  x 1 m atrices respectively. G  is an M  x N  m atrix . 

By solving E quation A..) for 7 , the  pressure at Xq can be found using Ecjuation A .I. If 

N  >  M ,  an infinite set of possible solutions for 7  can exist, all of which will give values 

for th e  pressure vectors p  which will satisfy the  Helmholtz ('cjuation exactly. In th is case, 

the m atrix  G  can be pseudo-inverted to  find the  least energetic solution by im posing a 

sm oothness constrain t on 7 .

Letting  g represent a column vector w ith elem ents gn(x) =  G (xo ,x„), then:

Po =  g ^ G ^ P  (A.4)

where po =  p(xo).

As sta ted  by Ruiz [n'j], any solution to  the  governing equation may be used to  in- 

teri)o late the desired field variable. The GFD m ethod outlined above requires a priori  

knowledge of the location of each monoj)ole source. P lane waves, which are the  infinite 

rad ial approxim ation of the  G reen’s function, can be used as an alternative solution to  the 

governing equation. P lane waves are suitable for problem s where the governing equations 

have a spatial dependency, whereas no G reen’s function exists for th is case. This occurs 

in problem s involving acoustic waves in inhomogeneous flows, for example. Aside from 

the use of j)lane waves instead of G reen’s functions, the form ulation of the W EM  is the 

sam e as th a t for the G FD technique. The pressure at each point in the cell can therefore 

be ai)i)roxim ated using a com bination of plane waves:
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N

p(xo) =  ^ 7 n e - * ' " ‘- " °  (A.5)
n = \

where is the unit propagation direction vector of the plane wave with complex

am plitude 7 „. Equation A.5 can be exi)ressed in m atrix  notation as:

Po = h (x o )7  (A.G)

where po =  P(^o), is a 1 x N  row vector of plane wave functions evaluated at Xq,

and 7  is the column vector of the wave strengths. Ap])lying the same approximation at 

other nodal points in the cell:

p  =  H 7  (A.7)

where p  is an N  x 1 vector of the acoustic pressures at each svurounding node 

and:

H,„n =  (A.8)

By combining Equatiems A.() and A.7, a com putational tem plate is formed:

Po =  h H  + p  (A.9)

This ecjuation is referred to as the Wave Element Discretisation (WED).

Due to the flexibility of the W EM  formulation, there is a a choice of methods of 

imposing boundary  conditions. Three boundary condition types are of interest. Each can 

be implemented by imi)osing additional constraint on the assembled m atrix  eciuation:

•  Dirichlet (prescribed acoustic pressure) -  im{)lemented by constraining rows of the 

assembled m atrix  equation.

•  Neumann (prescribed acoustic velocity) - implemented by augmenting H  in Ecjua- 

tion A..'5.

•  Radiation - implemented by augmenting H  using only outward propagating direc

tions.
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Each of these boundary conditions can be imi)leniented readily into the WEM model. 

For details on the implementation of each bomidary condition for a 3-D problem, see 

Chapter 3 of Ruiz [  ̂ )].
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M icrophone Calibration

The twenty-five KE4 Seunheiser electret array microphones used in the experimental 

tests outlined in Chapter •') and (i were calibrated for bo th  m agnitude and phase using 

one of the microphones as a reference. Each microi)hone has a nominal outer diameter of 

Snrrn. This calibration was undertaken using a simple impedance tube  of inner diameter 

I6.7nirn.  which is slightly greater than  two microphone cUameters. A cap is placed at 

one open end of the tube, with two microphones inserted into the cap. as dem onstrated 

in Figure B .l. One of these microphones is the reference microphone. A loudspeaker is 

placed at the other open end of the tube  which generates broadband noise. By placing 

bo th  microi)hones in the same axial plane along the ini])edance tube, and assuming plane 

wave transmission of sound in the tube, bo th  microi)hones will measure the same acoustic 

pressure. Any offset in the magnitude and phase between the measurements made by 

bo th  microphones can therefore be a t tr ibu ted  to bias errors, and so each microi)hone can 

be calibrated against the reference microphone.

The assmnption of ])lane wave transmission will hold until the cut-on of the first 

higher-order acoustic mode at a frequency of I I . 93k Hz ,  assuming s tandard  conditions 

for bo th  pressure and tem perature. Figure B.2 shows the experimentally measured offset 

in both  magnitude and i)hase between the reference microphone and each additional mi

crophone. Above the cut-on of the (1,0) mode at approximately l l . 9 3 k H z  calibrations 

cannot be api)lied between the microphones, as evident in the distortion in the transfer 

function measurements above this frecjuency. Some distortion is evident at discrete fre

quencies below this cut-on however, ])ossibly caused by a drop in signal-to-noise ratio in 

the microphone measurements as an acoustic pressure node is located at the measure-
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inent i)lane. A linear fit was made to both the magnitude and phase calibration plots for 

each microphone which interpolates for these frequencies where the transfer function is 

distorted.

For the experimental tests discussed in Section 3.3 and Chapter 4, the array micro

phones used were calibrated in-house by DLR.

Figure B .l :  End-cap for the impedance tube calibration of the microphones used in the 
exi)eriniental tests undertaken in Chapters o and (i. The cap is designed such that both 
microphones will be located in the same axial plane at the end of the impedance tube.
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Figure B.2: M agnitude and phase calibration of microphones used in the experimental 
tests undertaken in Chapters 5 and G.
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A ppendix C

Signal Processing of Ergodic 
Random  D ata and A ssociated Errors

T h e  following append ix  sunm iarises the  key concerns of d ig ital signal processing acoustic 

t in ie-doniain  d a ta ,  w ith  an  aim  to  es t im a te  spectra l  (inantities  using finite d a ta  records. 

F u r th e r  reading can be found in th e  li tera tu re , w ith  th e  books by B endat an d  Piersol [(il] 

an d  Xew land [^>] and  the  series of articles by Schm idt of p a r t icu la r  interest.

C .l  C haracteristics of R andom  D ata

In experim enta l  noise studies, which generally involve d a ta  analysis of m easu rem en ts  m ade  

by several m icrophone, t im e-doniain  voltage signals are acquired  a t a given sam pling ra te  

for a finite am oun t of time. Each m easured  voltage t im e  h istory  is a know n as a sample 

record. If ano the r  sam ple record w'cre taken  by th e  sam e m icrophone, a different t im e 

h isto ry  would be m easured. Such d a ta  m easu rem en ts  are therefore  m easu rem en ts  of a 

s tochastic  or ran d o m  process.

R andom  processes can  be categorised as being s ta t io n a ry  or non-sta tionary , and  s ta 

t ionary  random  processes can  be fu r the r  categorised as ergodic or non-ergodic. Suppose 

we m easure  an  ensem ble of nj  sam ple  records, all of which record the  sam e random  pro

cess. Each A'-th tim e  record  in the  ensemble of sam ple  records {x(f)}  is deno ted  by 

S ta tis tica l  p roperties  of the  ensemble, such as the  m ean  value (first m om ent)  at t im e ^i, 

can  be fomid by dividing the  su m m atio n  of all 7?̂  sam ple  m easu rem en ts  a t  t im e  ti by the 

num ber  of samj)le records,
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^ na

=  lim — Y '
Tii->oc rid

( C . l i

Furthermore, the auto-correlatioii (joint moment) of the random j)rocess between tip 

values at two times t i  and +  t  is given by;

If the values of both and R x x { t i , h  +  r )  are invariant with changes in f i ,  th^

random process {x(f)} is said to be w'eakly stationary. Weakly stationary processes hav’ 

constant mean values, and auto-correlation functions which depend only on the time dela;/ 

between the two measurement times, r . If all possible moments and joint moments ar^ 

I)roven to be invariant with changes in t i ,  the random process can be said to be strong!/ 

stationary. Generally, verification of a w'eakly stationary j)rocess is used to justify tha 

assumption of strong stationarity [()!]. Furthermore, if the statistical (luantities such as 

the mean and auto-correlation values are the same for each sample record in the ensemble, 

as well as being equal to these same (juantities averaged over the whole ensemble, the 

random process is said to be ergodic. Only stationary processes can be ergodic. Ful 

details on tests for ergodicity and stationarity can be found in Chapter 5 of Bendat anl 

Piersol [(>!].

Since random data is inherently non-deterministic, any properties inferred from ei.- 

sembles of finite sample records must be considered statistical estimates of the true values. 

Under the assumption that the random data  is both stationary (at least in the weak sense) 

and ergodic, it is possible to infer probabilistic estimates of the entire random process fron 

ensembles of finite sample records. As these properties are statistical estimates of the true 

values for the random process, they are subject to statistical errors. Such j)roperties ef 

interest could include auto- and cross-correlations in the time-domain. Generally, fcr 

acoustic measurements in environmental noise studies it is the sj)ectral properties in the 

frequency-domain w'hich are of interest, as acoustic engineers are most interested in the 

distribution of acoustic energy with frequency as this can be related to perceived levels 

of annoyance for an observer. Such spectral properties include auto- and cross-spectrfcl 

density functions, transfer functions and ordinary coherence functions. The procedure

=  lim — V  X k { t i ) X t , { t i + T )
nd->oc U f i  ^ ^° k = l

(C.2)
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for deterininiiig such properties from ensembles of sample records, and estimates for the 

associated errors, will now be discussed.

C.2 Signal P rocessing of Ergodic R andom  D ata

Su])pose that an ergodic random i)rocess is measured for Ttot seconds. The data is acciuired 

by a data acquisition (DAQ) device, which samples the analogue voltage signal measured 

by the measiu'ement instrument at a frequency of fsamp- The time step between each 

data measurement, =  1 / fsamp- The resulting discrete time-domain signal contains 

TfofX fsamp data points. At least two sample points are required per cycle in order to 

uniquely define a given frequency component of any si)ectral measurements of this data, 

as given by the Nyfiuist-Shannon sami)ling theorem. Therefore the highest frequency 

that can be analysed in the frequency domain is /s„,„p/2, which is known as the Nyc^uist 

frequency. If any acoustic energy is i)resent in the microphone measurements al)ove this 

freciuency, aliasing will occur in any sjjectral functions estimated from this data. This can 

be avoided by low-j)ass digital filtering the measiued time-domain data prior to analysing 

in the frecjuency-domain.

In order to estimate spectral properties of the measmed data, the data nmst be trans

formed into the freciuency-doniain by means of a Discrete Fourier transform (DFT). The 

FFT (Fast FoTuie r̂ Transform) algorithm is a computationally efficient implementation of 

the DFT, which takes A^log(A^) oi)erations, as opposed to operations for the com

putations of the DFT. While it is possible to simply take the FFT of the total signal, 

and analyse the resulting signal in the frequency-domain, it is more useful to divide the 

total time-domain signal into an ensemble of blocks of data, each of length N  points. 

Each of these blocks is then transformed into the freciuency-domain by means of the FFT 

algorithm. The resulting ensemble {A '(/)} can be analysed by averaging spectral prop

erties from the ensemble. For example, the two-sided auto-s])ectral density function can 

be estimated using the Fourier transforms of the ensemble as follows:

rid N  A t
A-=  0 , 1 ,  2 , . . . ,  T V - 1 (C.3)
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where \Xi{fk)\  is the Fourier transform  of the ?-th block of data in the ensemble of time- 

doniain data. The auto-spectral density is a real function which gives the distribution 

of acoustic energy with frequency, in units of Volts^/ Hz,  from QHz  uj) to fsamp!‘̂  ̂ with 

the function mirrored around the Nyquist frequency. This is the Fourier transform of 

the auto-correlation function outlined in Equation C.2. The frequency resolution between 

each discrete frequency bin in the auto-spectrm n is given by:

so for each discrete frequency /ĵ , =  kffres- The corresponding one-sided auto-spectral 

density can be calculated as follows:

It is i)ossible to take the Fourier transform of the entire original signal, and calculate 

the auto-spectral density from this. The advantages of ensemble averaging over this 

method are:

•  The power of the signal is enhanced.

• The residual spectral variance of any additive noise is reduced.

A comparison between the one-sided auto-spectra estim ated by ensemble averaging 

with a range of signal blocks is shown in Figure C.l.  The data was acquired by 

a single microphone, recording narrowband noise in a duct which has been generated 

by a single loudspeaker. This illustrates the effect of increasing the number of signal 

blocks in the ensemble, improving the signal-to-noise ratio. Data was acquired with the 

following parameters: fsamp = 26000, N  = 8192, fj-es — 3.17, Ttot = 306-. Equation CM 

highlights the dependency of fres on the number of points per signal block, and Figure 

C .l shows the dependency of the signal-to-noise ratio on the number of signal blocks 

used in the averaging ensemble. Therefore, assuming Ttot arid fsamp are constrained by

G x x i f k )  — <

ridNAt
(C.5)

A- =  0. N /2
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com putational limitations of available memory and hardware clock speeds, there is a trade

off between the frecjuency resolution and signal-to-noise ratio of any spectral estimates. 

Further considerations must be made when random and bias errors of spectral estimates 

are accoimted for, as the associated errors with any spectral estimates are dej)endent on 

71(1 f r e s -  Tliese crrors are discussed in Section C.4.

W hole S ignal. N o A veraging
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F ig u re  C . l :  Auto-spectral density measurements from a single microphone, showing the 
effects of ensemble averaging on the estim ated si^ectra. Narrowband noise is measured at 
a centre fre([uency of 2 kH z  with a bandwidth of lOOHz. rid is the number of signal blocks 
used in the averaging ensemble in each case. The estim ate of the auto-spectral density 
taken without dividing the time-domain signal into signal blocks is shown for comparison.

Another consideration when transforming time-domain data into the frequency-domain 

is spectral leakage due to side lobes which are inherent to the Fourier transform. These 

side lobes can be greatly reduced by applying a window function to the time-domain data, 

which ta])ers the data in order to remove discontinuities at both ends of the sample record. 

Many such window functions exist, however for many acoustic applications, the Hann (or 

Hanning) window is used due to its low abasing. Further details on window functions, 

errors due to side lobes and spectral leakage, overlapj)ing signal blocks, and other signal
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processing concerns for random  d a ta  can be found in the books by Newland and 

Lyons [')!].

As well as auto-sj)ectral density functions, estim ates of cross-s])ectral density fmic- 

tions, transfer functions and coherence functions between two signal m easurem ents are of 

interest in acoustic stvidies. These spectra l functions can be used to  analyse the  i)ropa- 

gation characteristics between two m easurem ents, identify soTirce contributions to  ou tpu t 

m easurem ents in a SISO (single-input/sing le-output) system, and are used as the basis for 

coherence-based noise source-identification teclmiciues as outlined in Section 1.1. Suppose, 

sim ilarly to  the  exam ple at the beginning of this section, two ensembles of d a ta  records 

{x(^)} and {?;(/)} are recorded by two different microphones. Each records a different 

ergodic random  process, which could be the  noise m easured at bo th  microi)hone loca

tions. The one-sided cross-sj)ectral density function estim ated  between b o th  microphones 

is given by;

The cross-spectral density function is of interest as it can be used to  estim ate both  

the frequency response and coherence functions. T he frequency response function can 

be estim ated  for a SISO system  from the cross- and auto-spectral density functions as 

follows:

where |//xy(/fc)| is the m agnitude response function and 0xy(A) is the  phase response 

function. In fact, there  are several m ethods for estim ating  the frequency response function 

from auto- and  cross-spectral function estim ates. T he form shown in E quation  C.7 is 

connnonly used as it reduces the  influence of noise on the  ou tpu t. However, alternative 

forms of the  frequency response estim ator can be applied if, for exam ple, noise is present 

at th e  in])ut m easurem ent, in order to  reduce bias errors [').')].

G x y i f k )  —  >

TldN A t

n(]N At
(C.G)

k  =  0, N / 2

34>xy[ fk) (C.7)
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T h e  o rd ina ry  coherence function is e s t im a ted  by th e  cross- and  au to -spectra l  densities 

as follows:

\G.yihW
G x x { f k ) G y y { f k )

which for all will satisfy the  C auchy-Schw artz  inequality:

0 <  l l y i h )  <  1 (C-9)

T h is  function  can  a lte rna tive ly  be e s t im a ted  using th e  tw'o-sided spec tra l  density  func

tions. T h e  o rd ina ry  coherence function is com m only  apj)lied to  es t im a te  th e  causality  

betw een an  inj^ut m easurem ent and  an o u tp u t  m easu rem en t,  assum ing th e  system  func

tion is linear, and  b o th  m easu rem en ts  e s t im a te  ran d o m  ergodic processes. If the  system  is 

non-linear, the  coherence function will result in an  erroneous in te r j)re ta tion  of causality.

C.3 The Zoom-FFT

In o rder to  analyse the  d a ta  from experim en ta l  tes ts ,  an  F F T  (Fast-Fourier T ransform ) 

a lgorithm  can  be applied  to  an  ensem ble of t im e-donia iu  d a ta  records. However, if only 

specific discrete  fre(iuencies are of interest, th is  can  l)e inefficient, as the  inform ation  at 

all o th e r  fre(piencies from QHz  up  to  th e  Nyciuist fre(juency will be discarded. A m ore 

efhcient m e th o d  would be to  utilise a form of the  F F T  a lgorithm  th a t  can  be ai)i)lied only 

to  a  frequency ban d  of in terest [ f i  to  / 2 ). T h is  type  of F F T  is known as th e  zo o m -F F T  or 

the  zoom  transform , and  was proposed  by Yip [')(>] a n d  developed by Hoyer and  S tork  [')7]. 

It is perfo rm ed  using each A^-point t im e  h istory  from an  ensemble of t im e-dom ain  d a ta  

as follows;

1. C om plex  m o du la tion  is applied  to  the  t im e-dom ain  d a ta ,  which has  been ac{}uired 

at a sam pling  frequency fsamp- T h is  stej) is used  to  mix th e  lowest freqiiency of 

interest. / ] ,  dow n to  the  baseband. Com plex m o d u la tio n  is applied  by nniltiplying 

the  d a ta  in the  tim e-dom ain  sequence y{t )  by a com plex factor as follow's:
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y s h r f t i t )  =  (C.IO)

If a fu ll-FFT  is perform ed of the  m odulated  sequence Vshiftit), it would be identical 

to  the fu ll-FFT  of the  raw sec}uence «/(/), however the spectrum  would begin at / i  

instead of OHz.

2. The m odulated  d a ta  sequence is then  passed through a low’-pass filter (a B utter- 

worth HR filter was used), form ing the  d a ta  sequence yjiit[t). This filter should be 

designed such th a t any d a ta  above the highest frequency of interest, / 2 , is discarded. 

Therefore, only d a ta  from the  baseband ( / i )  to  / 2  will remain. This will prevent 

aliasing at the  decim ation stage.

3. T he d a ta  is decim ated by a decim ation factor, D.  This m eans th a t only every D-  

th  sam ple in the  d a ta  sequence yfut{t) is kept, and the other sam ples discarded. 

The decim ation factor is selected such th a t the  decim ation sam pling freciuency, 

fsamp.D =  fsamp/D,  is at least (louble the  bandw idth  of the freciuency range of 

interest, D = f -2 — f i ,  to avoid aliasing. This results in a sequence of length N / D .

4. An E FT  is perform ed on the  decim ated signal, ydec{t). The resulting frequency- 

dom ain signal will contain the  spectra l inform ation in the range / i  -  / 2 , w ith  the 

same frequency resolution ob ta ined  as w'ould have been the case if the  full-FFT  

technique were applied to  the  original d a ta  sequence y{t)-

T he last step  necessitates an N / D- po i n t  FFT , as opposed to  an A^-point E F T  had  the 

full-FFT  technique been applied. S teps 1 - 4  are illustrated  in Figure C.2, which applies 

the  zoom -FET to  the  same narrow band d a ta  shown in Figure C .l. The com putational 

savings of th e  zoom -FET, given th a t an F F T  of N  d a ta  points will require A'^log(A'^) 

operations, are:

C om putational Savings =  D{\og^^i j{N))

It should be noted th a t th is does not account for the  ex tra  com putational w'ork in filter

ing and  decim ating the d a ta  in order to  perform  the  zoom -FET. How^ever, as the  EFT
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F ig u r e  C .2 :  Auto-si)ectral density estimates, calculated from measurements by a single 
microphone averaged over an ensemble of ?)rf =  85 time records. Narrowband noise is 
measured at a centre frequency of 2 k H z  with a bandw idth  of IOO//2 . Each subplot shows 
the auto-s])ectral density estimated at different stages of the zoom-FFT: the original signal 
(Gyy.raw)^ the signal after frequency-shifting has been applied {Gyy^shift)^ signal after 
being passed through a low-pass filter {Gyyjm).  and the signal after being decimated
( G y y . d e c ) -

operation is so time consuming for large blocks of data , these o])eratious are of minor 

com putational cost in comparison. The com putational benefits of the zoom -FFT are de

pendent on the decimation ratio, D.  It is generally beneficial to choose D  such tha t the 

decimated signal is of length 2^, where k  is a positive integer, as the F F T  algorithm works 

most efficiently on signals of this length.

The zoom -FFT can also be applied as a means of decreasing the com putational cost 

of increasing the frequency resolution in a spectral bandw idth  of interest. For example, 

consider an N-point signal, accjuired at a sampling frequency of fs„,np, which is to be 

analysed in the frequency-doniain. The resulting spectra from a full-FFT will have a 

frecjuency resolution of fres =  f samp/N. However, suppose we are interested in the spectral 

content of a small bandw idth  of the to tal signal, from / i  to / 2 - In order to decrease the 

frccjuency resolution by Z  times in this frequency range of interest, and using the full- 

FFT, the user would have to increase the length of the signal to be Fourier transformed 

to Z x iV  points. However, assuming tha t the bandw idth  of the frecpiency range of interest 

is such that:
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(C . l l )

an A^-point zoom -FFT can be performeci by first decimating the (ZxA^)-point signal by 

a decimation factor of Z.  Therefore, for the com putational cost of an A^-point FFT , the

method. If the condition outhned in Equation C’. l l  is not met, the resulting signal will 

not contain all the information in the  frequency range of interest, and will instead contain 

information from / j  to wdiere fe„d <  /a- This technicjue of “zooming” into a certain

C.4 S ta tistica l Errors in Spectral E stim ates o f Er- 
godic R andom  D ata

The ensemble-averaging m ethod of estimating spectral properties using finite time records 

of a random  ergodic process, as outlined in Section C. l ,  is subject to errors as the esti

m ated  spectral functions are stat ist ical  es timates  of the j^recise sjjectral functions. It is 

im portan t to be able to j)ut a measure on the errors inherent in these estimates. The 

accuracy of any estim ated param eter can be described by the mean-scjuare error:

where 0  is the  param eter being estimated, and 0 is the estimated value of this process. 

This ecjuation can also be expressed in the following form:

frequency resolution can be increased to  th a t  of a (Z x  A'^j-point FFT , using the zoom -FFT

frequency range and increasing the frequency resolution has ai)plications in seisnnc ['•>] 

and biomedical [')!)] studies, for example.

Mean square error =  £ ’[(0 — 0^)] (C.12)

Mean square error =  £ ’[(0 — -I- £ ’[(£’[0] — 0)^] (C.13)

which can be divided into a sum of variance and bias errors:

Var[0] =  £ [ (0  -  £[0])2] =  £[0^] -  £^[0] (C.14)
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The variance error describes the random  error of the estimate, and the bias error describes 

the systematic error of the estimate. Random  errors can be thought of as scattering the 

estim ated  vahies in a fimction 0  around the true values, distributed with a null arithmetic 

mean. Bias or systematic errors however are caused by a significant deviations between 

the arithm etic mean of the estimated values and the arithmetic mean of the true  values. 

Systematic errors can be caused by errors in calibration of sensors for example, and  lead 

to an under- or over-estimation of the ciuantity of interest.

Taking the scjuare roots the ecjuations for bo th  variance and bias errors gives the  errors 

in term s of units of the param eter 0  being estimated:

Random Error =  cr[0] =  E[^^\ — £'^[0] (C.16)

Bias Error =  5[0] =  E[0] — 0  (C.17)

The to ta l RMS error of the estimate is given by:

RMS Error =  \ / e [ ( 0 -  0)2] =  yja'^[^] + (C.18)

Furthermore, it can be convenient to consider the normalised RMS error l)y dividing the 

RMS error by the (luantity being estimated:

Normalised RMS Error = e = \ J £'[(0 — 0)^] =  \ J [0] -|- IP'[0] (C.19)

Formulations of the normalised errors for both  random  and bias errors can be found by 

dividing Equations C.Ki and CM? by 0.

Tables CM and C.2 collate the normalised random and bias errors respectively for 

connnon spectral functions which are estimated in acoustic studies. It should be noted 

tha t in most cases these errors are first-order estimates only.

Wlien a pair of microphones (or a combination of pairs) are being used to  measure 

noise in a single-source system, any ])ropagation delay due to  the microphones being 

separated by some distance x  relative to  the direction of the propagation of sound will 

result in time-delay bias errors in any estimated spectral quantities. The propagation
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T able  C . l :  Normalised Random Errors Associated with Estimates of Spectral Functions. 
Derivations for all ec[uations can be found in Bendat and Piersol [iil].
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T ab le  C.2: Approximated Normalised Bias Errors Associated with Estimates of Spectral 
Functions.

E s t im a te d  S p e c tra l  F u n c t io n N o rm a lis ed  B ias E r ro r ,  ej,

G x x i f )

\ G x y { f ) \

7Î xy rid

"Second order approxim ation, assum ing a continuous window. =  I f  r e s  for a Hanning window  
^Only accurate for large n j  [lOli],
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time delay introduced due to  propagation of sound at speed cq over this cUstance x is 

estim ated to a hrst-order degree of accuracy by:

G, y i f )  G x ,( / )  (C.20)

W x,(/) =  ( l  -  ^ )  H „ { f )  (C.21)

= (l -  7 )  '4(/> (C-22)

For a single-input system, this bias can be eliminated l)y shifting the ou tpu t or input 

signals in time, and pu tting  the inputs and outputs  in time coincidence. For nmltiple- 

input systems i.e. multiple noise'-sources at different sj)atial locations, this bias cannot be 

eliminated so simply and should be factored into the uncertainty of any s])ectral analyses. 

Schmidt [')j] fmtlier factors in window effects in this bias error, and for a Hanning window 

with approximated white noise at the input, the bias error is given by:

H b ( / .  T)  »  S,„,{T, T)  ( C23)

i l i f . T )  «  (C.24)

for r  < <  7’, where Suu is the normalised auto-spectral density of the Hanning window' 

function. The (0, u) subscript denotes the estimated function w^hich would be obtained in 

the measurement of the equivalent delay-free system.

C.5 Errors in Coherence-Based N oise-Source Identi
fication Techniques

In Section 1.1, several coherence-based noise-source identification teclumjues are discussed. 

These techniciues aim to identify the contributions of one or more noise-sources, using a 

combination of ininit a n d /o r  output noise measurements and formulations of aTito-si)ectral 

densities, cross-spectral densities and coherence functions between these measurements. 

The statistical uncertainties inherent in estimating these spectral quantities will therefore
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Table C.3: Propagation of Statistical Errors in Arithmetic Operations.

F unction , Z R ela tive  E rro r, ez

Z = a X  

Z = X ± Y  

Z =  X x K

r

fz =  (l(x 

y/{exX)^ + {,yY)^
z

fz ~  \ / fx  +

propagate in the formulation of these techniques. Fornnilae for the propagation of nor

malised errors when arithmetic operations are applied to estimated functions are shown 

in Table C.3.

For the Coherent Output Power (COP) technique outlined in Section 4.1, an error 

analysis was performed in the original article by Halvorsen and Bendat [ l]. For the 

estimated coherent outj)ut spectrum, the associated error is given as:

e|G™{/)] = + (C.25)

where e is the estimated normalised RMS error (a combination of bias and variance 

errors, as per Equation C.IU), is the estimated coherent output si)ectruni, Gyy is 

the estimated output auto-spectral density function, and 7^̂  is the estimated coherence 

function between the input and output measurements.

An important result noted in this error analysis is that large errors in any of the 

spectral estimates will result in large errors in the estimation of the coherent output 

spectrum. In other words, any estimates of noise-source contributions using coherence- 

based noise source identification techniques will have high micertainty if there is high 

uncertainty in any of the spectral functions used in its formulation.

For the signal enhancement technique, no error analysis was presented in the original 

article by Chung [4], but an uncertainty analysis was performed by Nance [l.s], Nance 

investigated the impact of both coherence levels between the three microphone measure

ments used as outputs in the technique, and of the relative sound pressure levels of these
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measurements, on the normalised error of the correlated and uncorrelated estimates found 

from the signal enhancement technique. The conclusion reached was that uncertainty in 

the signal enhancement technique is dependent on the relative coherence levels between 

each microphone pair. The relative soimd pressm'e levels at the three microphones and 

the relative levels of the correlated and uncorrelated noise at each microphone do not 

impact on this uncertainty.

An error analysis for the five-microphone conditional sj)ectral analysis teclmicjue pre

sented by Hsu and Ahuja [o], and ai)plied in Chapter 1 of this thesis, was not performed in 

the original report. Equations l.(i and L7 utilise combinations of cross-spectral densities 

to identify the contributions of two mutually uncorrelated noise sources to the noise mea

sured at three microphones, each of w’hich are measured with high correlation between 

all three microj)hones. as well as any extraneous imcorrelated noise. Two additional mi

crophone measurements are required which measure one of the correlated noise sources 

and unc'orrelated extraneous noise only. An analysis of the errors in the hve-nhcrophone 

technicpie will now be presented, with focus on:

1. The effect of relative coherence levels between the three microphones which measm'e 

both correlated noise sources on the RMS error of the source measurements, by 

applying the error fornuilae in Tables CM and C.2 to the noise-source identification 

Ecpiations i.G and 1.7. The effect of the number of data records used in the averaging 

ensemble will also be demonstrated.

2. The normalised RMS errors present for the experimental results presented in Section 

4..'5 will be shown, to dem onstrate the levels of uncertainty w'hich can be expected 

in applying this technique.

Plots of the random errors for the estimation of the v spectra at each microphone 

are shown in Figure C..’J for a range of coherence values between microphone j)airs. The 

equations for calculating this error are as follows (t'l is shown only for brevity):

=  \J([GylyiY +  ^  (C.26)

It is clear that the degree of uncertainty in each Vi estimate is dependent on the coher

ence between microphone i and the other two microphones. As this coherence increases,
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t h e  r a n d o m  e r r o r  a s y m p t o t i c a l l y  a p p r o a c h e s  a n  e r r o r  f l o o r .  T h i s  e r r o r  f l o o r  i s  d e p e n d e n t  

o n  Ufi]  w h e n  m o r e  a v e r a g i n g  b l o c k s  a r e  u s e d ,  t h e  r a n d o m  e r r o r  d r o p s .  F i n a l l y ,  f o r  a l l  e s t i 

m a t e s  o f  t h e  V  s p e c t r a ,  t h e  d e g r e e  o f  u n c e r t a i n t y  i s  d e p e n d e n t  o n  t h e  c o h e r e n c e  b e t w e e n  

m i c r o p h o n e  4  a n d  5  a s  G y 4 y ^  i s  u s e d  i n  e a c h  e s t i m a t e .

y2y4

0.60.6 0.6

0.4 0.4 0.4

0 .2,0 .2, 0 .2,

0.5 1 1

V ly3

0.5

V2y5 t y3y4

0.4

OL--
0

•y2y3

n^ = 50 

n^= 100 

n , = 250

0.6

!

0.4 0.4

}0 .2, 0.2

0.5 0,51

V4y5

Figure C.3: N o r m a l i s e d  r a n d o m  e r r o r  i n  e s t i m a t i n g  t h e  G y y  s p e c t r a  f o r  a  r a n g e  o f  v a l u e s  

f o r  Tid a n d  e s t i m a t e d  c o h e r e n c e s  b e t w e e n  m i c r o p h o n e  p a i r s .  T h e  b l u e  s p e c t r a  s h o w  t h e  

e f f e c t  o f  n j  a n d  7 ^ o n  t h e  r a n d o m  e r r o r  f o r  G a u - i ,  t h e  r e d  c i r c l e s  a n d  g r e e n  c r o s s e s  s h o w  

t h i s  r a n d o m  e r r o r  f o r  G k 2k 2 a n d  G f ; 3k 3 r e s p e c t i v e l y .

P l o t t i n g  t h e  b i a s  o f  t h e  v  a n d  k  s p e c t r a l  e s t i m a t e s  i s  m o r e  c o m p l i c a t e d ,  a s  t h e  b i a s  

e r r o r s  a s s o c i a t e d  w i t h  a u t o -  a n d  c r o s s - s p e c t r a l  d e n s i t i e s  a r e  d e p e n d e n t  o n  t h e  s e c o n d  

d e r i v a t i v e  o f  t h e s e  s p e c t r a l  e s t i m a t e s  ( s e e  T a b l e  C ’. 2 ) .  F u r t h e r m o r e ,  t h e  r a n d o m  e r r o r s  

a s s o c i a t e d  t h e  k  e s t i m a t e s  a r e  a l s o  d e p e n d e n t  o n  t h e  r e l a t i v e  l e v e l s  o f  t h e  c r o s s - s p e c t r a l  

d e n s i t i e s ,  a s  s h o w n  b e l o w :

e[Gkiki] = VA  ̂+ B̂  + Ĉ ( C . 2 7 )

A  =

y i \ G y l y 2 \  - [̂^ 1̂ 2̂])̂  + ^ G y l y A ' G y 2 y 5

G y 4 y $
V" + 4 G y 2 y b \ ^  + ^ [ G y 4 y 5 V ^

r  ^
y l y 4 ' G y 2 y 5

G y 4 y ^
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y  { \ G y l y 3 \  • f [ G ' y l y 3 ] ) 2  -1- ^
G y l y 4 ' G y 3 y ; ^

G y 4 y 5
\ /  ̂ [ G y l y A ^  +  ^ G y ^ y ^ Y  +  ^ [ G y i y b V ^

^  G y \ y 4 - G y J , y ^  

^ y l y 3  ^
?y4j/5

] J { \ G y 2 y 3 \  ■ ( [ G y 2 y 3 \ y  +  ^

G y 2 y 4 ' G y ^ y ^

G y 4 y 5
\ J  ̂ [ G y 2 y 4 ] ‘̂  +  f [ G y 3 y 5 ] ^  +  ^ G y A y b Y ^

^  G y ‘2 y 4 ' G y - i y 5

' - 'y2y3  ^
^  t/4t/5

In  order to  dem onstrate the m agnitude o f the normaUsed RM S e rro r estimates for 

bo th  the k and v spectra, inch id ing  the in ijja c t o f bias errors, real data o f spectra l density 

estimates nuist be used. The data from  the experim enta l tests discussed in  Section 1.3 was 

therefore investigated using Ecjuations C.2(j and C.27. The variance, bias, and RM S errors 

for these spectral estimates are shown in  F igure ( '.4 . It  is assumed in  estim a ting  these 

errors th a t each m icrophone is well ca lib ra ted , and therefore system atic errors th rough  

m agnitude and phase m ism atch between m icrophone pairs has not been factored in to  

the e rro r analysis. T im e-de lay bias errors are also not factored in to  the  analysis, as the 

propagation  tim e  between m icrophones is m in im a l. D a ta  was accjuired in  these tests w ith  

the fo llow ing  parameters: fsamp =  IGOOO, N  =  4098, Ud =  292, fres =  3.9043.

In  a ll cases, random  error is the dom inant source o f e rror in  the analysis. Bias errors 

are generally ins ign ifican t at a ll freciuencies aside from  the blade-pass frequencies at 605 

and \2{){)Hz.  The large spectra l gradients at these tona l frequencies lead to  these peaks in  

the bias error. The random  error in  a ll spectra l estim ates has a floor o f 1 / y ^  =  0.0585. 

The spikiness o f these e rror spectra is caused by peaks and troughs in  the coherences 

measured between the pairs o f m icrophones used in  the technique. The  random  error for 

es tim a ting  the ii spectrum  is much lower than  th a t fo r estim a ting  the k spectrum , which 

is to  be ex])ected given th a t the fo rm u la tion  o f the  v  spectrum  uses fewer cross-spectral 

measurements. As more and more cross-spectral estim ates are used to  generate a spectral 

density estim ate, more errors w ill propagate. As each k spectra l estim ate uses a ll possible 

com binations o f cross-spectral densities between m icrophone pairs, the random  error j)lo ts 

are iden tica l in  each case.
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Generally, the RMS errors fall within ±100% of the estimate, i.e. the spectral density 

fvmction estimates are good to within an order of magnitude of the real spectral densities. 

However, the peaks and troughs in the coherence between the measurements of micro

phone pairs used in five-microphone techniciue could lead to significant shifts in RMS 

error with frecjuency, and therefore the five-microphone techniciue is only suitable in ex

perimental scenarios where the coherence between all microphone pairs is reasonably high 

for all frequencies of interest. It should be noted that these errors have been estim ated 

for the power spectra; any amplitude spectra will have a significantly reduced error, and a 

±100% error in the estimated power spectral densities will lead to an error of just 'S.OldB 

ill the estim ated sound pressure levels. This may explain why the technicjue performs 

so well when applied in Section despite the significant error levels predicted in this 

uncertainty analysis.
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C.6 U ncertainty in M odal D ecom position Technique

The azimuthal modal analysis (AMA) and radial modal analysis (RMA) techniques ap

plied in the experimental studies throughout this thesis may be formulated using several 

transfer functions, estim ated between several microphones and a microphone selected as 

a reference. As such, the main source of error in the application in the technique will arise 

from errors in these transfer function estimates. The random error in the transfer function 

estimation between a pair of microphones is given in Table C. 1. The coherence between 

each niicroi)hone and the reference microphone is expected to l)e high, as the spacing 

between each microphone is relatively small, and modal decomposition is generally per

formed at freciuencies of interest at which i)eriodic signals are expected to dominate (for 

example, fan BPF tones, or tones generated by arrays of loudspeakers). As these coher

ences remain high, the anticipated random error is very small. Bias errors in the transfer 

function estimates are therefore of prim ary concern.

Bodthi and Abom [Mil] discuss the errors resulting in apphcation of Chung and Blaser’s 

two-microphone transfer function techni(iue [no] to estim ate acoustic proi)erties in ducts. 

In considering the bias errors introduced by resonances in the duct, and other i)eaks and 

valleys in the auto-spectra measured by both microphones such as standing wave patterns, 

the authors estim ated relationships between the microphone axial spacing s, the length 

of the duct L, the distance from the first microphone to the duct passive end and the 

anticipated bias error. They concluded th a t bias errors are reduced if i  is kept small. 

Errors are further reduced when L is reduced if high reflections are anticipated at the 

duct passive end. However, any microphones used should be not located too close to 

the duct passive end or near-field effects will introduce errors into the transfer function 

estimation. Finally, large errors will arise when a pressure node is located at either of the 

microphones, as the signal-to-noise ratio approached zero. In using the two-microphone 

technique to estim ate duct properties, the two-microphone technique is least sensitive to

errors when ks  =  tt/2 . In order to keep error low, it is reconnnended that the technique

is applied in the following interval only:

O.Itt < uis/c < O.Stt (C.28)
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where uj is the angular frequency and s is the s])acing between each niicroi)hone. This 

equation assumes th a t  there is no mean-flow' is present in the duct. Abom and Boden [102] 

furthered this stTidy to  include the effect of a mean-flow, and modified the above equation 

as follows:

0.17t(1 -  h f )  <  uos/c <  0.87t(1 -  i\/2) (C.29)

where M  is the Mach number of the mean flow. It should be noted th a t  the presence 

of a mean-flow will also introduce turbulence, a t tenuate  sound weaves, and reduce signal- 

to-noise ratios, all of w'hich will increase errors in any spectral estimations. Equation 

(',20 can be ai)i)lied to the microphones used in the modal decomposition techniciue in 

order to  select a suitable azinnithal si)acing between microphones. As the microphones 

are located in a circumferentially-spaced rather than  an axially-spaced array, the above 

ecjuation is applicable, but with s taken as the microphone spacing in the azinmthal 

direction. In this case, the Mach number M  refers to the Mach number of the flow 

in the swirl direction. W hen applying the modal decomposition techni(iue, this swirl 

velocity should be minimised by locating any microphone arrays as far from rotating 

turboniachinery elements as j)ossible, and through use of s ta tor vanes to straighten out 

the swirl these turbomachines produce. Flow swirl will also affect the cut-on frequencies 

of any higher-order acoustic modes as shown in Equation 2. Ki.

If a modal analysis is to be performed where the incident and reflected azinnithal modal 

amplitudes or specific radial modal amplitudes are of interest, several rings of microphones 

are recjuired. Abom [b5] further considered the errors in using a transfer function method 

for performing a modal analysis using several rings of microphones, and fornnilated an 

additional range of param eters for microphone spacing in the axial-direction:

().l7r(l — AP)  <  ajjinUJSxIc <  0.87t(1 — M^)  (C.30)

where is defined in Equation 2.(i.
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Summary

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 E.U. FP-7 TEENI (Turboshaft Engine Exhaust Noise 

Identification) project aims to better characterise the specific contributions of each core 

noise-source to this exhaust noise. Sources of core noise include direct combustor noise 

generated by the unsteady heat release at the combustor stage, broadband turbine noise, 

periodic turbine noise and flow-noise. Core noise also contributes significantly 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.

Additional experimental tests were undertaken using a bench-top rig at TCD to in

vestigate sum and difference scattering of noise. Tests were 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. 

These experimental tests not only validated the existing analytical theory, but also demon

strated scattering of non-tonal noise.

1



A relationship was found between the onset of significant scattering of noise and the 

cut-ons of certain acoustic mode orders. This was 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, raising the possibility of the distribution of acoustic energy across frequency 

and mode order being significantly affected for broadband noise propagating through a 

rotor.
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