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Abstract

Despite advances in engine design, from higli bypass to  co-axial or lobe shaped 

nozzles, the problem of jet noise reduction continues to require ongoing research 

in order to comply with the criteria inherent in enviromnental objectives set 

out by relevant bodies worldwide. Fundamental to this work, will be a clearer 

understanding of the generation and propagation of noise sources in subsonic jets.

In this regard, it is the aim of this thesis to identify and examine noise source 

mechanisms from a subsonic jet. The correlation between the velocity fluctuations 

inside the jet and the near-field acoustic pressure is measured and a multiple 

inj)ut /  multiple output model is implemented. This identifies how each source, 

independent of all others, propagates and radiates into the near-field. Through 

the use of dedicated testing, specifically designed to extract information on source 

propagation, techniques such as those proposed in this work will lead to further 

understanding of how source terms behave in a subsonic jet.

For this purpose Laser Dopi)ler Anemometry has proved to be an extremely 

useful technique since it enables very complex flow conditions to be measured 

successfully. Literature shows th a t the random acquisition of d a ta  associated with 

this technique has received considerable attention, with many methods available 

to process the random data.

This thesis contributes to the area of noise source identification in subsonic 

jets. In this thesis the time domain reconstruction procedure of Sample & Hold 

is validated against the most connnon alternative technique of Slot Correlation. 

The corrections associated with Sample &: Hold for coincident da ta  are detailed. 

This validated technique of Sample & Hold is then used to determine the velocity 

fluctuations and hence identify noise sources. A technique is proposed to extract



both the hydrodynamic and acoustic regions of the jet. Using this technique the 

hydrodynamic sources are successfully identified however the acoustic sources 

are contam inated by external vibrations. The identification technique used in 

the application of je t noise has proved beneficial in the understanding how noise 

sources behave.
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Chapter 1

Introduction

Aeroacoiistics is a discipline th a t unites such topics as acoustics, fluid mechanics, 

flow induced sound, and flow induced vibration. It is a multidisciplinary subject 

tha t has been slow to gain acknowledgment, particularly in engineering where it 

is essent ial to deal with problems related to enviromnental noise. There is a need 

to reduce noise and vibration due to aeroacoustic phenomena, but at the same 

time, th a t has regard to the effect on performance and cost. In the aeroplane 

industry, in this regard, it is particularly im portant to minimize the effects of any 

alterations or modifications to aircraft tha t would result in significant increases 

in dimensions and weight.

The pressures implicit in new' directives and legislation at EC and interna­

tional level, for example EC Directive 2002/30/£ 'C , ICAO Annex 16 C hapter 4, 

combined with the growing public awareness of the environmental issues involved 

have forced the aeroplane industry to seriously address the issue of sources of 

je t noise. In 1999 the World Health Organisation [1] published the Guidelines 

for Coimnunity Noise which stated ‘taking all exposure to transportation noise 

together, about half o f all European Union citizens are estimated to live in zones 

which do not ensure acoustical comfort to residents. More than 30% are exposed 

at night to equivalent sound pressure levels exceeding o5dB{A), which are dis­

turbing to sleep. ’ Aside from the nuisance factor, noise has been shown to be 

detrim ental to health. Prolonged exposure to noise levels of 9i)dB can result in 

permanent damage to the auditory nerves. Levels of \2QdB will cause pain and

1



Chapter 1. Inlrodnciion

‘ringing’ in the ear. Extensive damage to the nerves and sharp pain will occur 

with levels in the region of lAOdB. The most serious damage, resulting in mass 

destruction of the auditory nerves with a persistent ringing in the ears, occurs 

at levels of 150 — 160dB. The noise levels in the vicinity of aircraft reach these 

dangerous levels of IGOdB.

At major airports around the world, including Dublin airport, legislation ex­

ists to limit the effect of noise in the surrounding areas. These measures require 

restrictions on maintaining certain flight paths immediately following takeoff, 

prioritisation of ruiw ays for noise abatement purposes and avoidance of reverse 

thrust procedures on landing specifically between the hours of l lprn  and 6am. 

Presently Dublin airport monitors noise levels using a Briiel & Kjaer system 

which consists of six fixed stations positioned around the airport in addition to 

two mobile units.

The aviation industry continues to experience significant growth w'ith forecasts 

suggesting a  demand for 7600 new aircraft every decade, representing a market 

investment of 1300 Ijillion euro by 2019. In the three decades since aviation 

became an environmental issue, there have been significant improvements in noise 

abatem ent. For example, the noise footprint of an Airbus A320 is 80 per cent 

smaller than an older Boeing 727-200. The noise level of an Airbus A320 is 

approximately 20dB less than tha t of a Caravelle or Boeing 727 of 40 years ago. 

As reported by Ffowcs-Williams [2] the first generation Boeing 707 at take-off 

produced as nuich somid as the world population shouting in phase! A Boeing 767 

of 30 years later (with four times as much thrust per engine) produced as much 

sound as the city of New York shouting in phase. Despite these advances the 

Aeronautics and Space Transportation Technology Enterprise of NASA has set 

25 Year Deliverables to achieve 20dB community noise impact reduction relative 

to 1997 levels.

The to tal noise tha t radiates from a je t exhaust is often termed je t noise. In 

fact this to tal noise is comprised of several components. The most fundamental 

and most difficult to reduce is tha t due to the turbulent mixing of the je t exhaust 

with the ambient fluid downstream of the nozzle exit plane. The development of

9



Chapter 1. Introduction

high bypass ratio, low jet efflux velocity engines has brought about other sources, 

referred to as excess noise, tailpipe noise, or core noise. High bypass ratio  engines 

have led to a reduction in aircraft noise, although this is a direct result of the 

lowered velocity compared to the low bypass engines. While the combined noise 

produced by a je t engine may be dominated by fan noise, the je t exhaust is still 

the most dominant source at full power. W ithout significant improvements in 

technology the maximum bypass ratio is limited by many factors, for example 

rotor speed and length of fan blades, and currently modern engines operate at 

near this maxinnmi value. Therefore the procedure of increasing the bypass ratio 

to reduce the je t noise is limited.

1.1 Objectives Sz. Outline

Previous experimental work into the origin of je t noise has used statistical meth­

ods to obtain information on noise sources. These techniques have resulted in the 

atx'uniulatioii of useful information regarding the average noise source location 

but have failed to provide detailed information regarding the noise generation 

mechanisms. Consequently it will be necessary to develop new techniques that 

will result in je t noise reduction in the long term. This w'ill entail a clearer and 

more thorough miderstanding of the source mechanisms and will evolve only if 

reliable methods for modelling these mechanisms can be developed.

The latest developments in com putational fluid dynamics (CFD) provide in­

formation on the statistical character of the flow field and also on its instantaneous 

behaviour. This is used to build prediction techniques beised on an understanding 

of the noise generation mechanisms. The focus of this present work therefore is to 

examine experimentally the relationship between turbulent structures in the jet 

and the associated noise generation mechanisms, as this has not received adequate 

attention to date.

The introductory sections of this thesis sets out to dehne the concept of Jet 

Noise. The techniques used to extract relevant information from je t flow's are 

discussed in Chapter 3. Chapter 4 describes the preliminary analysis employed

3
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in this regard. Finally, the experimental findings from the acoustic and combined 

velocity and acoustic measurements are presented in Chapters 5 & 6.

4



Chapter 2

Jet Noise

When jet engines were invented in the 1930s, the main design objective was to 

achieve the required thrust. This resulted in more powerful engines but a t the 

expense of increased noise production. In the following decades this increased 

noise production w'as of major concern. However some experimental testing did 

exist to examine noise production. During the 1940s the experimental setup to 

predict noise generation was very primitive. Test beds were used to measure jet 

noise but it was not until open air tests were developed that measurements of 

the sound radiating away from jets became possible. These techniques lacked 

calibration and accuracy, and spectral analysis equipment rarely resolved more 

finely than the octave band. All tha t could be concluded from these tests was that 

‘big je ts ’ were noisier than ‘small je ts ’, ‘fast je ts ’ were noisier than ‘slow je ts ’, and 

th a t the expansion ratios across the propulsive nozzle were im portant as were jet 

t em perature and density. W hat was missing was an miderstanding of the physics 

involved before the experimental results could be interpreted properly. In this 

section an overview of the historical development of jet noise, commencing with 

the seminal work of Lighthill up to and including the most recent studies and 

methods currently being researched, are referred to.
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2.1 Turbulent Shear Flows

An example of a free shear flow is the je t formed when fluid is continuously added 

to an otherwise stagnant fluid. The area separating the turbulent jet from the 

surrounding ambient flow is random in shape and continuously changing. The 

movement of this interface induces rotational fluid motion of the surrounding 

fluid.

Figure 2.1 illustrates the development of the jet. As fluid exits from the 

nozzle the flow of the high velocity fluid is fully aligned with the nozzle wall, 

and a core region of potential flow is formed (hence ‘potential core’). Between 

the high velocity fluid exiting the nozzle and the surrounding fluid a shear layer 

is generated. Due to the addition of fluid from the surroundings (entrainment) 

this shear layer grows and develops and the amount of turbulent fluid increases 

in the downstream direction. This causes the je t to spread in the transversal

S e l f - s im i  lor 
p ro f i le s

N o z z le T u r b u le n c e
In tens ify y , /D

M e o n
v e lo c i ty

I  T ra n s i t io n  
I re g io n

Mixing re g io n Fully d e v e lo p e d  je t

FlGlJHti 2. f ;  Struclure of a JeL {Rihner [3j)

direction. The radial extent of the potential core region decreases as the width 

of the shear layer increases, and more and more of the flow becomes turbulent. 

It is just downstream of the potential core closure tha t the je t is turbulent and 

thus fully developed. It is in this region, where the je t is fully turbulent, th a t 

most mixing occurs and hence where most noise originates, which is dependant 

on frequency.

()
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Fully developed turbulence is a turbulence which is free to develop without 

imposed constraints. The possible constraints are boundaries, external forces, or 

viscosity. Implying tha t no real turbulent flow, can be fully developed in the large 

energetic scales, even at high Reynolds numbers. At smaller scales, turbulence 

will be fully developed if the viscosity does not play a direct role in the dynamics 

of tliese scales. However for theoretical purposes, when studying a freely-evolving 

statistically homogeneous turbulence, it is possible to assume tha t turbulence is 

fully developed in both the large and small scales.

Self-sirnilar profiles are observed in this far field where the mean velocity 

[)rofiles experience a linear growth of the je t width and a linear decay of the 

square of centerline velocity. The assumption tha t these self-similarity profiles 

are independent of initial conditions for all quantities and are therefore standard 

for all jets has been cjuestioned by George [4]. The mean velocity profiles become 

self-preserving about 5 diameters downstream. Details of the turbulent structure 

can take much longer to become self-similar.

2.2 Sources o f N oise

It was not until the 1950’s when Lighthill [5] developed a general theory of 

aerodynamic sound generation, which became known as the Lighthill Acoustic 

Analogy Theory, that Jet Noise became a significant issue. In his theory, Lighthill 

proposed tha t the unsteady turbulent fluctuations which give rise to noise are 

replaced by a volume distribution of equivalent acoustic sources embedded in 

an otherwise luiiform medium at rest. The propagation of sound in a uniform 

medium is governed by the equations

where the first is the exact equation of continuity, the second is an approxim ate 

equation of momentum, and the third is obtained by eliminating the momentum 

density from the first two equations. Lighthill’s idea was to change the compress­

ible equations of motion into a form representing the propagation of acoustic
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waves. The result is an inhomogeneous wave equation of the form:

( 2 . 1)

where p is the density, is the ambient sound speed, and

Ty =  pvivj + { p -  +  Tij ( 2 .2 )

is know'n as the Lighthill stress tensor, where Vi, p, and are the velocity, 

pressure, and viscous tensor stresses and 5ij is the Kronecker delta. The left 

hand side of equation 2.1 represents acoustic wave propagation and the right 

hand side the sources tha t generate the noise field. These source term s involve 

second spatial derivatives of the stress tensor and are referred to as quadrupoles, 

depicted in figure 2.2. Physically the quadrupole strength is equivalent to the

applied stress to an element of fluid suffering from equal and opposite forces. 

Where each source of the applied stress is equivalent to a dipole and each such 

pair to a quadrupole. The auto correlation of the acoustic pressure, in term s of 

the correlation function of the Lighthill tensor is given by equation 2.3, where the 

Doppler correction factor (Co) i» applied.

Stress Stress Ti2

Quadrupole equivalent

FiCiUKK 2.2: Loiu/itadinal and Lateral Quadrupok.s

8
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A very important result came from Lighthill’s inhomogeneous wave equation. 

By using a Green’s function for the wave equation, Lighthill estabhshed that 

the acoustic power radiated by a jet should vary as the eighth power of the jet 

velocity. This agreed with available experimental data and became known as the 

\ f  Law.

2.3 Turbulence structures

Knowledge of the characteristics of jet flow's is essential to the understanding of 

.Jet Noise since the sources of sound are defined by the turbulence struct ures. 

In the f950’s, turbulence was considered to be a random assortment of small 

eddies. As a consequence, the primary focus of jet noise investigation at that 

time was to quantify the noise generated from fine-scale turbulence, as reviewed 

by Tam [6]. Later Crow L Champagne [7], and Brown & Roshko [8] discovered 

independently the existence and importance of large-scale, as well as fine-scale 

structures within turbulence in jets and mixing layers. It was found that these 

large-scale structures were important noise sources for supersonic jets. However 

at that time their importance in subsonic jets was not established. It was not 

until 1998 that Tam [6] showed that both large and fine-scale structures are 

responsible for the noise that is generated in subsonic jets.

The instabilities which cause vortices to develop in the shear layer of a jet 

are known as Kelvin-Helmholtz instabilities. Due to secondary instabilities these 

vortices, as they move downstream, often evolve into three dimensional structures. 

Laufer [9] proposed that the principle of pairing of vortices was responsible for 

noise generation in jets. This pairing occurs in the shear layer, near the lip line of 

the jet, and is finished within one diameter downstream. However Hussain [10] 

showed that the break down and interaction of structures near the end of the 

potential core is in fact the region most responsible for noise generation in jets.

9
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2.4 N oise P attern

The souiid generating structures or quadrupoles in jet flows are convected down­

stream  by the mean flow, so tha t the sources are moving. Lighthill realised the 

importance tha t the source convection effect has on the directivity of je t noise, 

which is more obvious at higher je t velocity. Ffowcs-Williams [11] found tha t, by 

extending Lighthill’s dimensional argument including the effect of source convec­

tion, for high speed jets the power of the radiated noise should vary as the third 

power of the je t velocity, i.e. P  ~  Tam [6] and Ribner [12] showed that 

moving sources tend to radiate more sound in the direction of motion. When 

quadrupoles generate sound, in order to reach the far field, this sound must prop­

agate through the jet flow. As the mean flow' is highly non-uniform the sound 

is refracted as it travels outward from the je t How' resulting in less sound being 

radiated in the direction of the flow, as shown in figure 2.3. This effect creates 

a relatively quiet region surrounding the je t axis - known as the cone of silence 

(see figure 2.4). Atvars et al [13] dem onstrated experimentally that the noise 

intensity drops by more than 2QdB due to the presence of the cone of silence.

Refraction

Nozzle

Convection

F k u 'RE 2.3: Convection & Refraction

Decomposing the turbulence velocity into mean and fluctuating components 

=  USi+Ui, where U is the local mean velocity and Uj the fluctuating component.

10
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Cone of Silence

>>

F i g u r e  2 . 4 ;  Cone of Silence

enables the quadrupole velocity correlations contributing to  the generation of 

soiind to be examined, as was shown by Ribner [12], Source terms tha t contain 

only turbulent velocity components and tha t are independent of the mean flow 

are defined as self noise. Whereas term s tliat contain both turbulent velocity 

and mean flow components are known as shear noise. The self noise term s have 

the form; uiujii'i^u'i while the shear noise terms have the form; UiU^UiUj. The 

quadrupole correlation can be expressed as a function of the midpoint and the 

separation in space and time, as show'u in figure 2.5. Ribner [12] analysed 

tlie potential contribution of the source term s and concluded th a t only nine of 

the thirty-six possible quadrupole correlations yield distinct contributions to the 

axisynnnetric noise pattern  of a round jet. The correlations contribute either 

cos^6*, cos^ 6^sin  ̂6̂, or sin“*0 directional patterns, where 6 is the angle with the 

je t axis. He showed tha t the nine self-noise patterns combine as:

The self noise is radiated equally in all directions whereas the shear noise gives 

a dipole like contribution. Therefore the overall ‘basic’ pattern  is the addition

IJ

/4cos** 6̂ (1) -I- Acos^ 0sin^ 0 ( | +  g +  |  +  | )  +  Asin'* + ^  + ^  + ^ )

= A(cos'^ e +  sin^ e f  = A (2.4)

and two shear-noise correlation patterns combine as:
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X i
ObserverObserver

Quadnipolc strength pvivj

Quadrupole strength 
pvWi

FlGi'HK 2.5:  Gvonie.lry fo r  quadrupole correlations, (R'lbner [12])

of the self and shear noise terms, resulting in a form shown in equation 2.6 and 

illustrated in figure 2.6 as the basic pattern.

/I +  B(cos^ 0 +  cos^ ^^)/2 (2.6)

In addition to the basic pattern, the directional pattern  of je t noise is dominated 

by convection and refraction. Figure 2.3 also shows the effect of convection on the 

sound waves, where it attem pts to corivect sound waves downstream into a broad 

fan enveloping the jet. Convection and refraction alter the basic noise pattern  of 

a jet to the form shown in figure 2.6, where the resulting shape is a heart-shaped 

pattern  of jet noise.

The correlation function is found to comprise a sum of second, third and 

fourth order velocity correlations as shown by Ribner. Of these, the radiat-

12
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-3db

Self noise 
A

+

Shear noise 
B{cos*e + cos^e)l2

Basic pattern

Basic 
(figure 2) Convection 

(C"’ factor)

^  Jet
Refraction

F i g u r k  2 . G:  Jet Noise Pattern (Bihner [12])

ing quadrupoles are the fourth  and second order term s, corresponding to  self 

and shear noise m echanism s respectively. T hrough single and tw o-point tu rb u ­

lence velocity m easurem ents an estim ate  of the  quadrupole field s tru c tu re  can be 

achieved. Considering only a  two dim ensional slice through the  je t the  necessary

required term s are: uiu'^, U2 U2 , u^u'^, u^u^-, u \u 2 i u iu 2 u \u 2 -

2.5 R ecent D evelopm ents in Jet N oise R esearch

T hroughout the 1980’s the frequency content of je t noise was m easured in 1/3 

octave bands. However th is technique artificially enhances the  im portance of the  

high frequency noise com ponent, which com plicated the physical in te rp re ta tion  of 

the  m easured da ta . Im provem ents in instrum en ta tion  and experim ental facilities

13
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in the following decade led to detailed analysis being carried out on the two 

components of turbulent mixing noise in supersonic jets.

Hussain [10] showed that large eddies evolve and interact in three ways. 

Firstly, structures form and convect downstream while growing in size. Secondly, 

when a fast moving structure catches up with a slower structure that is further 

downstream, they begin to rotate about a common point leading to ‘pairing’ of 

the two structures. Thirdly, individual structures have been observed to break 

dow'ii into two or more separate structures. The understanding of how these 

structures behave is important in the understanding of turbulence and hence jet 

noise.

Convection velocity is an important quantity in aeroacoustics since it can 

be used to establish the speed of moving sources within jets. The end of the 

potential core is where most of the turbulent mixing noise production occurs, as

reported by, for example Tam [14] and Morrison et al [15]. Turbulent mixing

noise has been shown to be highly directional within the acoustic far field, with 

peak noise emission at angles close to the jet axis. Using the correlation between 

the velocity fluctuations inside the jet and the far-held acoustic pressure the noise 

sources can be identified as originating from a particular region in the jet and 

their propagation speeds identified.

In irrotational flows, the relationship betw'eeii pressure and velocity is de­

scribed by the unsteady Bernoulli equation:

P  -  Poo d<f> V  ... -X
p a t  2

where Pqo is tiie pressure far from the flow and 0 is the velocity potential. The

pressure fluctuations associated with equation 2.7 can be divided into two parts. 

The first being the propagating or acoustic fluctuations which are usually in 

phase with the velocity fluctuations and secondly the non-propagating or hy­

drodynamic fluctuations that are 90deg out of phase with the velocity. The 

acoustic fluctuations usually dominate the far field whereas the hydrodynamic 

fluctuations occur in the near field. Arndt et al [16] determined both analyt­

ically and experimentally that the demarcation between the hydrodynamic and

14
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acoustic regions, dependant in a change of spectral roll-off from to kR^^.

Where k is the wavenumber which describes the spatial variation of waves, i.e. 

the phase change per unit distance (=  2'kJ / c) and R  is the radial position rela­

tive to the shear layer axis. A rndt et al showed tha t a value of kR  =  2.0 defined 

the demarcation with the hydrodynamic for kR < 2.0 and acoustic for kR > 2. 

Experimentally this implies tha t to achieve either the hydrodynamic or acoustic 

regions for a given frequency the measurement position needs to be carefully lo­

cated, as shown in figure 2.7. This dem arcation region, as examined by Jordan et 

al [17], identifies a coherence drop which results from a locally highly coherent 

mechanism.

kR=2.3

kR=1,9

kR=0.92

kR=0.46

>
>>

FlGl'liE 2.7: kR deniarcation, at lOOOHz

Hileman et al [18] concluded from an examination of the sound pressure signal, 

in the time domain, and from the associated spectra that different mechanisms 

of noise production are present within a jet. They observed large amplitude 

sound pressure peaks interspersed among quiet periods, where the je t did not 

produce any large am plitude noise. The quiet periods lasting over one millisecond, 

are equivalent to large structures travelling over seven jet diameters. This led 

Hilenian et al. to suggest that there are distinct events within the je t that are 

producing the largest am plitude noise.

15
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2.6 M odelling & P rediction  o f Jet N oise

In order to estim ate aerodynamic source term s for je t noise prediction in subsonic 

je ts Lightliill [19] suggested tha t his Acoustic Analogy Theory should be used in 

conjunction with Com putational Fluid Dynamics (CFD) methods.

2.6 .1  A erod yn am ics

The first step towards je t noise reduction is to improve prediction techniques using 

the most recent CFD models. The processes of sound generation and propaga­

tion to the far field for a real je t flow is completely governed by the compressible 

Xavier-Stokes equations which can be investigated by direct numerical simulation 

methods. New techniques can only be developed when a better understanding of 

the source mechanisms of je t noise is achieved. These new techniques will subse­

quently require validation using reliable methods for modelling the source mecha­

nisms. The simulation of the flow th a t generates sound requires a time dependent 

solution of the Navier-Stokes equation. The numerical solution of the turbulent 

Xavier Stokes equations can be achieved using a number of approaches. These 

include Reynolds Averaged Xavier Stokes (RANS), Direct Xumerical Simulation 

(DNS), and Large Eddy Simulation (LES). Each method involves approximations 

and simplifications.

The most connnon procedures are Reynolds Averaged Xavier Stokes where 

the statistical characteristics of the turbulence are determined using turbulence 

closure models. These results can then be used as input for aeroacoustic source 

modelling and propagation. In a Reynolds-averaged approach, the turbulent How' 

is averaged and solved. Statistics based on previous experimental d a ta  are then 

used to model the fluctuating effects of the turbulent motions greatly reducing the 

com putational requirements. But RANS lacks the necessary information required 

on spatial correlations and is therefore not accurate enough on its own to deal 

with flow separation and noise generation. Self [20] for example has defined a 

source model which incorporated the frequency dependance of the moving-axis 

tiniescale.

IG
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Alternative methods to solve the Navier Stokes equations include Direct Nu­

merical Simulation and Large Eddy Simulation. Both have the capacity to com­

pute the unsteady aerodynamic and acoustic (near and far) fields. DNS is the 

most precise way to model the physics involved in turbulent mixing. However, 

this involves solving even the smallest turbulent motions in a flow' and thus makes 

it very com putationally intensive, and is therefore, currently restricted to very 

low Reynolds number flows in jets (<  1000).

LES is a more recent approach to turbulence modelling and is an intermediate 

step between DNS and RANS. In this approach a filter is used to separate the 

large turbulent motions from the smaller ones. Since large scale motions are more 

significant, they are solved. Subgrid scale (SGS) models are then used to model 

the interactions tha t would have otherwise occurred between the large and small 

eddies. Although large eddy simulation requires much less computing power than 

the DNS a])proach, it requires more com putational time than th a t of a Reynold’s 

averaged solution, but achieves more accurate results. This technique has been 

used to resolve the turbulent scales in shear layers at high Reynolds numbers. 

For noise prediction LES combined with other techniques has been applied to 

circular jets and has proved very promising, for example, by Bogey et al [21] and 

Andersson et al [22]. Recently LES and RANS have been combined to  produce 

a hybrid LES/RANS, as shown by, for example, Spalart [23] and Shur et al [24]. 

An alternate approach to the grid based techniques, i.e. RANS, LES, DNS, is the 

Vortex Filament Method which is based on modelling the dynamics of discrete 

vortex tubes.

2.6.2 Source and Propagation P redictions

When the convection velocity of large turbulent structures is supersonic, Tam 

Aurialt [25] determined tha t the most im portant factor is the radiation of 

instability waves, whereas for high Reynolds number subsonic flows, the fine 

scale turbulence is the main source of noise. They also showed tha t tha t the 

Linearized Euler Equations (LEE) can provide good predictions for far field noise. 

The Stochastic Noise Generation and Radiation (SNGR) model, as proposed by

17
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Bailly et al [26] [27], generates unsteady pressure for noise source term s by using 

RANS solutions comi)ined with the turbulent velocity field which is estimated 

from a sum of random Fourier modes. This is then combined with either LEE or 

an acoustic propagation model.

The more widely used approach is ‘classical’ acoustic propagation modelling 

which is based on Green’s functions and Kirchhoff methods. To model acoustic 

propagation the most recent studies, for example Bogey et al [21] and Bailly & 

,Iuve [28], have focused on the combination of LEE and LES, where some success 

has been seen for simple jet flows. An advantage of this approach is tha t LEE 

does not require as much com putational power and LES could provide the neces­

sary requirements to accurately capture the noise generating turbulent structures. 

However due to refraction effects tjeing neglected and simplified descriptions of 

the turbulent correlations the spectral predictions can be unsatisfactory.

Self [29] for example, has examined the Fourier Transform equation of the two- 

point correlation of the Proudm ann stress equation. When the Fourier Transform 

is known throughout the jet then the far held noise spectrum can be calculated. 

His aim was to develop a je t model tha t uses RANS data  as input, but it may not 

be practical to provide the quantity of data  that would be required to calculate 

the far held spectrum. Instead the approach taken is to model a functional form 

for which is consistent with what is known experimentally. Despite all

of t his extensive knowledge and work the direct estimation of aerodynamic noise 

sources in turbulent flows is still very limited to low Reynolds number flows.

2.7 Sum m ary

The Lighthill Acoustic Analogy in 1952 provided the starting  point for the un­

derstanding of the physics responsible for jet noise production. In the following 

years it was determined tha t both large and small scale structures were im portant 

in the je t noise investigation and, the correlation between the velocity fluctua­

tions in the je t and the far held acoustic pressure enables the noise sources to be 

identihed. In order to obtain a signihcant reduction of jet noise reliable predic-

18
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tion methods accounting for all phenomena responsible for sound generation and 

propagation are required.

Existing prediction techniques as discussed are still very limited. RANS tech­

nique can be Unked to aeroacoustic source modelling. The Navier Stokes equa­

tions can be solved using DNS, but this is limited to very low Reynolds numbers, 

or LES, which is currently limited to simple geometries but shows promise; for 

development. For these and future techniques to have the ability to predict 

the acoustic performance, for say novel geometries, they w'ill rely heavily on ex­

tensive validation from experimental measurements. Currently, measurements 

can provide information such as potential core length, turbulence intensities and 

spatio-tem poral correlations. In order for future modelling and prediction to be 

tested and validated, experimental findings will need to provide information con­

cerning how the noise source term s behave in and around the jet. In this thesis, 

techniques are developed to achieve this objective.
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LDA Processing Techniques

It has been shown tha t the im portant statistical properties of coherence, phase, 

convection velocities and length and time scales can be derived from the auto 

and cross spectra, as shown by for example Kerherve et al [30]. LDA systems 

provide a non-intrusive study of flows, for example, and provide the necessary 

data  to estim ate spectra.

O btaining the auto and cross spectrimi using a Laser Doppler Anemometer is 

complicated by the interm ittent nature by which data  is acquired from the random 

passing of particles through the measuring volume. A lunnber of techniques are 

available for computing the auto spectrum  from LDA measurements. The limiting 

factor for all methods is the average sample rate of the data and the lunnber 

of da ta  points in each sample, as these influence the maximiun and mininmm 

frequencies th a t can be resolved.

The most straight forward technique for dealing with the LDA random ac­

quisition is the Sample Hold time domain reconstruction procedure, whilst the 

most common alternative method is the Slot Correlation technique proposed by 

C aster Roberts [31]. Various comparisons have been made of the different 

methods used to determine the auto spectrum from LDA data  by, for example, 

Buchave et al [32], Lee & Sung [33], Britz & Antonio [34] and Benedict et al 

[35], but no particular technique has proved superior although Slot Correlation 

is widely used.
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3.1 Sam ple & Hold

The Z e ro th -O rd e r  In te r p o la t io n  or S a m p le  a n d  H o ld  method^  as illus­

trated  by Figure 3.1, has been well analyzed in terms of spectral content (Adrian 

& Yao [36]) and in terms of moments (Edwards & Jensen [37]). The inherent

Original time signal 

Sample & Hold signal

" O

'5.

ETO

t

FKi TRK 3 . 1 :  Sarnplc & Hold: Rc-HanvpVnig a random  acquired L D A  signal at 

equal Itni.e m lc i i ’a h

errors associated with Sample & Hold have been detailed by Adrain & Yao [36] 

and Boyer & Searby [38]. Tliey consist of a step noise, which adds a constant 

bias to the estim ated spectrum, and a low pass filter effect. These errors were 

shown to be functions of the mean sample rate and the maximum frequency to be 

resolved. Adrian &: Yao determined tha t by using the autocorrelation function, 

an expression can be derived for the expectation of the power spectral density, as 

giv^en by equation 3.1.

5 u J o ; )  =  —

filter step noise

where the Sample &: Hold spectrum , Su{uj) is the true spectrum , / „

is the mean data  rate, T\ is the Taylor micro-scale and cr̂  is the variance. The 

second term  in the parentheses is termed step noise and corresponds to the spec-

1

(2^/)7 /,
5 „ (a ;)

2(7,
(3.1;
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tra l contribution necessary to account for the step-hke jum ps in a Sample & Hold 

signal. The term  in front of the parentheses, which affects both the true spectrum 

and the step noise, is a first-order low-pass filter with cut-off frequency 

By comparing the effect of data  rates Adrian & Yao concluded tha t spectra are 

only reliable up to a frequency of which substitutes the Nyquist fre­

quency rule for regularly sampled data. In order to improve this limit correction 

procedures proposed by Nobach et al [39] and Simon & Fitzpatrick [40] have 

resulted in reliable spectra up to /m /2.

Simon & Fitzpatrick [40] illustrated the estimation of the auto-spectrum of

a random LDA signal u{t) by Sample & Hold, as shown in figure 3.2. Here the

s(t)

u(t) x(t) r(t)
L(f)

F i g i ' RH 3.2; Sch.(:niaf.'ir of the Sample. & Hold Prvccdu're

step noise is represented by s(t)  and the low pass filter effect by L{ f )  so tha t r{t) 

is the reconstructed signal. The relationships are as follows:

G . . ( / )  =  (? „ „ ( / )+  G ,,( / )  (3.2)

where Guu corresponds to the one-sided true spectrum , Gxx to the one-sided filter 

corrected Sample k, Hold spectrum, and Gss to the step noise estimate.

GrrU)  =  \L { , f tG x . ,U )  (3.3)
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If the characteristics of the low pass filter are known and if the step noise can 

be estimated, then the calculated spectrum Grr{f)  can be corrected to obtain 

the true spectrum  (?„„(/). Simon & Fitzpatrick [40] showed tha t the use of the 

contiinious filter proposed by Adrian & Yao in 1987, (equation 3.4), was incorrect 

and proposed a discrete filter, given by equation 3.5. The continuous filter is a 

function of the mean da ta  rate / „ ,  whereas the new discrete filter is a function 

of both the mean da ta  rate and the re-sample rate fr- The difference in a filter 

corrected signal when using a discrete and continuous filter will be examined in 

chapter 4.

l + ( 2 n f / U ^

,2 fm f  1 -  e
\  1 ~  2 c o s ( 2 7 r /a i ) e  2 f m / j r

It is possible to estim ate the step noise, but the actual form of the spectrum  

needs to be known and this is impossible in most practical cases. However as the 

step noise spectrum  is white it can be estim ated using the variances as follows:

I . The variance of the turbulent velocity, u{t) can be determined from the 

original time domain da ta  as;

This has been shown (Simon et al [40]) to be equal to the variance of the 

reconstructed signal a^.

2. The variance of the reconstructed signal corrected for the low pass filter 

effect can be determined from the auto-spectrum as:

7 V ^ | L ( / ) | 2

From figure 3.2, this is equal to the variance of the original signal plus the 

step noise, so tha t the variance of the step noise can be found from:

(3.8)
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and

3. Since tfie step  noise is w hite its spectrum  over N points is a constan t given

Once the  step  noise is quantified an estim ated  spectrum  Gee{f )  can be found by 

sub trac ting  the step  noise spectrum  from the filter corrected spectrum .

An LDA signal acquired w ith either a low or high acquisition d a ta  ra te  is 

re-sam pled ( G r r ( f ) )  a t approxim ately  ten  tim es the  d a ta  rate . This is to  avoid 

any high frequency contam ination. How'ever th is does not imply th a t frequen­

cies above the m ean d a ta  ra te  can be accurately in terp reted  from the spectrum

Now th a t the  au to  spectra  has been corrected for the  errors th a t are as­

sociated with the Sam ple & Hold reconstruction procedure, it is necessary to 

determ ine how the  cross spectra  is estim ated. There are two conditions under 

which cross spectra  are to  be found from two LDA m easurem ents, coincident and 

non-coincident.

3.1.1 N on-coincident LDA Signals

Consider the schem atic shown in figure 3.3 where two signals (subscripts 1 & 2) 

are acquired in non-coincident m ode (i.e th a t  each signal acquired is independent, 

w'ith its ow'ii acquisition tim e and d a ta  rate). T he cross spectrim i can be defined

Gx.x.(/) =  {x;{f)x2{f)) = m i f ) + s i i f ) } m f ) + s^if)})  (3.11)

where a  cap ital le tte r (nam ely X ,  U and S)  denotes a  Fourier transform  and =(= 

its conjugate. As these two signals are acquired in non-coincident m ode the  step 

noise contam inations (5i(^) S2 {t)) can be considered to  be uncorrelated  w ith

by:

(3.9)

„ , a „ U )  r  
G M )  -  -  G . (3.10)

( G e e ( / ) ) .
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Si

X,
L i( f )

Ri

L2(f)

S2

F ig u k k  3.3: Srfiernattc of  Two LDA signals

eacli otlier, and also w ith ui{t )  and U2 {t), so th a t the estim ated  cross spectrum  

can be simplified to  become:

Ge^eM )  =  (3,12)

Obviously, some of the d a ta  will be acquired coincidentally, b u t th is is only likely 

a t the  lower frequencies. T he estim ated  cross spectrum  between two LDA signals 

acciuired in non-coincident m ode is sim ply the filter corrected cross spectrum .

T he coherence betw een the two signals can then  be w ritten  as:

2 ( n  =   ^x ix 2 ( /)^a :ix 2 ( / ) ______
[Gu^uM) + Gs,sAf)][Gu,uAf) + G.,.,(/)] '

From this the  actual coherence (as defined by F itzpatrick  & Simon [41]) can be 

estim ated  from:

7eie2(/)  =  7xiX2(/)[1 +  Q;i ( / ) ] [ 1 +  a2 ( / ) ]  (3.14)

where a i { f )  = G s ^ sA D /G e .e i i f )  a-nd Q sI/) =  Gs^s2 { f ) / Ge 2 e2 {f )  are the  noise 

to  signal ratios th a t u ltim ately  determ ine how effective estim ates can be. W hen 

the  noise to  signal ratio  becomes sa tu ra ted  obviously the corrected estim ates of 

coherence will be um ealistic.
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3.1.2 C oincident LDA Signals

However if the LDA signals in figure 3.3 are acquired in coincident m ode (i.e. 

a d a ta  point is only validated if it is registered by bo th  m easurem ent points 

sim ultaneously) the  correction procedure is som ew hat different. B oth  signals 

will use the  sam e filter correction, as the  d a ta  ra te  is constan t between the two 

channels. However the  step  noise contam ination  will affect the  cross spectrum . 

If the  reconstructed  d a ta  is filter corrected, then  the  cross spectrum  is

In th is case the step  noise sources 5 i and S q are not identical due to the different 

variance of tw'o signals and cannot be elim inated. Therefore the  cross spectrum  

will be contam inated  by step  noise. T he issue now is how to  estim ate  this stej) 

noise and correct the cross spectrum , in the  equation 3.16.

T he m ethod proposed to  correct the  coincident d a ta  and u ltim ately  determ ine 

the  ac tual coherence is as follows:

1. The estim ate  of the  step  noise th a t contam inates the  coincident cross spec­

trum , in equation 3.16, is determ ined by using the  sam e procedure th a t  was 

im plem ented on the au to  spectra  (non-coincident & coincident). In o ther 

words, the  step  noise will be defined as:

G .,.,(/) =< Xlif)X2{f) >

=<{u*,{f) + s;{f)}{u2{f) + s2{f)}>
=  U l U ) U 2 { f )  +  U * { f ) S 2 { f )  + S ; ( f ) U 2 ( f )  +  S U f ) S 2 { f )  (3.15)

G x i X 2 i f )  — G u i u ^ i f )  +  G s i S 2 i f ) (3.16)

GxiX2 ~  Gr^r2 j
■ i = ^  9 — 1 '

(3.17)

2. W hen Gs^s2 inserted into equation 3.16 it yields the  Sam ple and Hold 

estim ate  of the cross spectrum  between two coincident LDA signals. The
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uiicorrected coherence calculated using equation 3.13. However,

the  corrected coherence estimate from coincident d a ta  is different from the 

non-coincident form and needs to  be defined. This difference arises due to  

the  step noise contam ination of the  cross spectrum.

3. The estimated coherence from two coincident LDA signals is given by equa­

tion 3.18 where all terms are a  function of frequency. a \ { f )  and a 2 ( / )  are 

the  noise to  signal ratios previously defined, GsiS2 is the  step noise estim ate  

th a t  is applied to the  cross spectrum, GxiX2 ( / )  is the filter corrected cross 

spectrum  and Gei ei i f )  ^  Ge2 e2 i f )  ^.re the estim ated au to  spectra  th a t  have 

been filter and step noise corrected.

iC  P — C* C  — P  C*
2 /  e \  2 / I  I  \ / ' i  , \  I  l ^ « l ' 5 2 l  ^ X i X 2 ^ S 1 « 2  / . I  i o \7ei«2(/) =  7 x iX 2 ( l+ a i ) ( l+ a 2 j  + ----------------- ^ ^ ^  (3.18)

3 .1 .3  O ne L D A  Signal &; a C onventional In stru m en t

s(t)

Ul(t)
x(t)

L(f)
r(t)

Hi2(0

U2(t)
U2(t)

FkU'HK 3.4: Sche.mal'/c o f an LD A signal and a convtnti.onal in sln m u m t (e.g. 

hot-wire or microphone.)

One other configuration exists for an LDA signal, which is illustrated in figure 

3.4. This schematic shows a Sample & Hold reconstructed signal with a conven­

tional instrum ent sampled independently. As with non-coincident d a ta  the  step
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noise contam ination  does not affect the  cross spectnm i. Therefore the  estim ated  

cross spectrum  between the  LDA signal and a  convectional instrum ent can be 

sim ply defined as:

Geu3(/) =  G ,„ ,( /)  (:il9)

where the  LDA signal has been filter corrected. T he uncorrected coherence is 

calculated  from equation  3.20 where Gxu2 i f )  is the  cross spectrum  w ith th e  LDA 

signal filter corrected, Gxx{f )  is the  filter corrected LDA au to  spectrum  and 

Gu 2 U2 { f )  is sim ply the  au to  spectrum  of th e  coiivectional instrum ent. T he actual 

coherence (defined by F itzpatrick  & Simon [41]) between an LDA signal and 

a convectional instrum ent sam pled independently  is defined by equation 3.21, 

where q i is the  noise to  signal ratio.

\G .u M  
( £\

^ X X \ J  ) ^ U 2 U 2 \ J  )

7 e ^ 2 ( /)  =  7 L 2 ( / ) ( 1  + f i i ( / ) )

In the three configurations of LDA processing (i.e. non-coincident, coincident 

m odes and w ith a  conventional instrum ent) the  coherence corrections associated 

w ith Sam ple & Hold are influenced by the  noise to  signal ratio . It will be shown, 

using experim ental d a ta , in later chapters how th is param eter will be the key to 

frequency limits.

3.2 Slot Correlation

T he Slot C orrelation technique was in troduced by Mayo et al [42] and C aste r & 

R oberts [31] as a m eans of estim ating  the  au tocorrelation  function of the  flow 

velocity fiuctuations from random ly sam pled LDA data . The velocity p roduct of 

all sam ple pairs w ith tim e separations falling w ithin a  given bin w idth is added 

to the  b in ’s sum  as ano ther estim ation  of the au tocorrelation  function for th a t 

lim e lag. After processing all sam ple pairs, each bin is divided by the  num ber of 

accunuilated products. This can be w ritten  as:
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Rk = R ikA r) = (3.22)

The cross-product is plotted as a function of the associated time lags, which 

gives an estimation of the autocorrelation function which is then windowed and 

Fourier transformed to result in an estimation of the power spectral density of 

the signal. A one-sided power spectral density is formed by taking the discrete 

cosine transform, mathematically shown as:

where K  is the index of the maxinmm time lag of the auto correlation function.

Due to limited accuracy of the particle velocity estimation the self-products 

lead to an estimate of the velocity variance that is too large and a biased power 

spectral density estimate. Hence a limitation of the standard slotting technique 

is its high variance which results in poor estimates of turbulence spectra. Van 

Maanen k. Tunnners [43] reduced the high variance that results from the slotting 

technique by using an auto-correlation function normalized by a variance estimate 

particular to each slot, called the local normalization. Another approach to reduce 

the high variance was proposed by Nobach et al [39], which was called the fuzzy 

slotting technique. This operation defined as:

.V N  .  N  N  N  N  V - 1 / 2

R k =  [ I [ X ]  S  -  ii)] [ u]hk[ t j  -  u) i
i= l  j = l  i = l  j = l  1=1 j=\ ^

data points in the signal, bk is the triangular windowing function used to perform 

the “fuzzy” operation, defined as

K - \

(3.24)

where Rk is the autocorrelation function estimate for slot k, N is the number of

- \ { t j - U ) / / \ T - k \  iox \ - \ { t j - U ) / ^ T  - k \ < \
bk(tj -  k)  =

U otherwise

with r  the slot width.
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Nobach et al [39] used a lag p roduct weighting scheme instead of the  top -ha t 

function in the  original algorithm . This proved a m ore accurate  technique as it 

enabled the  lag p roducts to  con tribu te  to  two slots a t the sam e tim e and weights 

lag products th a t lie close to  the  slot centers more heavily, as illu stra ted  in Figure 

3.5. T he slo tting  results th a t  will be presented in later chapters were calculated 

using the ‘Fuzzy S lo tting ’ approach.

bk(tj-ti)

slotO slo tA r slot2A r slotSAr

1

0
A t 2 A t 3Ar

FlCilMiH 3.5: The mcigli.tvnfi .sche'/rw o f  the fu z zy  slo tting  tevhvKiuc

Slot C orrelation has been used in the past for m any applications. Bench­

m ark tests  were perform ed using num erous m ethods including slot correlation 

and Sam ple & Hold, Benedict et al [35]. Two d istinct d a ta  sets were exam ined, 

nam ely band-lim ited  random  noise and Pao-like spectrum . It w'as shown th a t  of 

the  algorithm s exam ined the  fuzzy slo tting  technique and the  refined reconstruc­

tion technique were superior. Benedict et al. [44] exam ined the  fuzzy slo tting  

technique using local norm alisation (proposed by van M aanen et al [45]) and 

com pared th is to  a  refined Sam ple & flold technique (proposed by N obach e t al 

[39]). T he refined Sam ple & Hold technique incorporates an inverse partic le-ra te  

filter, which sim ply removes the  m ean velocity and large-scale fluctuations from 

the  da ta , to  improve the  pre-estim ate. It was found th a t  bo th  techniques estim ate
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very similar results even a t low d a ta  rates.

3.3 C oncluding Rem arks

The random data  acquisition tha t arises from LDA systems requires a specific 

type of processing. The two most common techniques used are Sample & Hold 

and Slot Correlation. In this section the correction procedures associated with 

Sample & Hold were defined for four acquisitions types:

1. Single component LDA signal (Simon & Fitzpatrick [40])

2. Non-coincident LDA signals (Fitzpatrick & Simon [41])

3. Coincident LDA signals

4. One LDA signal with a convectional instrum ent (Fitzpatrick & Simon [41])

Also defined is the ‘Fuzzy’ Slotting technique (Nobach et al [39]). The main 

differences between these two techniques is their approach to estim ate spectra. 

Sample <k: Hold directly estimates the frequency domain from the time domain, 

w'hereas Slot Correlation must perform a Fast Fourier Transform to determine 

the frecjuency domain from the initially estim ated correlation domain.
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Chapter 4 

Prelim inary Analysis of LDA  

D ata

T he analysis procedures derived are now applied to  real da ta . In the  first instance, 

the correction procedure for Sam ple &: Hold reconstruction is exam ined. T hen  a 

com parison is m ade between the signal processing techniques of Sam ple & Hold 

and Slot Correlation. This com parison includes au to  and cross spectra, coherence 

and phase, and correlation curves. Finally the different modes of LDA acquisition 

th a t  exist and the  consequences on velocity fluctuations and the  Reynolds stress 

term s are examined.

4.1 Sam ple & H old A nalysis

The m athem atical corrections associated w ith Sam ple & Hold were covered in 

chapter 3, where it was shown th a t  two different filters have been used; a  contin­

uous filter, (equation 3.4), proposed by A drian & Yao [36] and a d iscrete filter, 

(equation 3.5), proposed by Simon & F itzpa trick  [40].

W hen the filter correction is applied to  the  raw Sam ple k .  Hold spectrum  

{ G r r i f ) )  of experim ental d a ta , the  differences betw een th e  two filters, as shown 

in figure 4.1 can be seen. In the  case of th e  continuous filter, it can be seen th a t  the 

step  noise estim ate  is g reater th an  the  continuous filter corrected spectrum . W hen 

the step  noise is sub trac ted  from the  filter corrected spectrum , the estim ated
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spectrum  will be negative at frequencies above approximately i k H z .  However

-  10 '

 SH spectrum
C ontinuous filter correc ted  

 S te p  N otse spectrum

Frequency  (Hz)

(a)

10

10°

•2

10 * - SH sp ec tn jm  
D iscrete filter correc ted

-  S te p  N oise spectrum

.2 .3 ,5i o ' 10' 10^ 10-

F req u en cy  [Hz]

( b J

FlCJl' l-iK 4 . 1 :  San I .pie & Hold Filters applted on JE A N  Jet 3 data {a) Contmuous 

(see equation S.4) [h) Discrete (see eqwition 3.5))

when the discrete filter is used, the filter corrected spectrum  approaches the step 

noise. Therefore any negative spectral values will occur a t higher frequencies. For 

this reason the filter employed will be the discrete filter of Simon & Fitzpatrick 

(2004).

Now tha t the filter selection has been verified the remainder of the correction 

procedure associated witli Sample k. Hold, as detailed in chapter 3, can be il-
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lu stra ted . Figure 4.2 represents the  au to  spectra  for u' where the final corrected 

(filter and step  noise corrected) spectrum  is shown in green, denoted G eeif)  in 

equation 3.10. T he lim iting factor of spectral estim ates is not solely dependent 

on the d a ta  rates as the  Noise to  Signal ratio  (a )  plays a  significant role. Figure

— Ra w S+H spectrum  
Filter correc ted

 Filter+SN correc ted
 S te p  no ise  spec trum

o  10'

Datarate = 41.8kHz

F req  (Hz)

P'iGUHK 4.2; Avto  Sp('cl.T(il csHmaHon. illusl.ml.vig the Sample & Hold coTvecitonH 

applied 0 1 ) J E A N  Jet 3 data

10-

4
10

,310^

.210'

i o ’

,010̂

10̂

,2 ,3 .510' 10' 10 '
F req  [Hz]

F 'k u jrk  4.3 : Noise to Stjjnal Ratio e.stirnate.d from J E A N  Jet 3 data

4.3 illustrates the  noise to  signal ratio  corresponding to  the au to  spectrum  of 

figure 4.2. The frequency th a t  corresponds to  the  noise to  signal ratio  reaching 

a  value of approxim ately  10 appears to  indicate the upper lim it of the  spectral 

estim ate. This is considerably less th an  th e  value of 50 obtained by F itzpatrick  et
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al [41], but their da ta  was simulated. The additional noise associated with real 

measurements has reduced this limit. It will be shown in the next section how 

this noise to signal limit is also evident in the cross spectral estimates and the 

phase. In this example, the upper frequency limit is approximately 20kHz, which 

corresponds to half the da ta  rate of the acquisition (/m /2). This is a considerable 

improvement on the Adrian & Yao [36] resolution of /m/(27r).

4.2 Com parison of Processing Techniques

To ensure that the modified Sample &; Hold technique performs efficiently a com­

parison with Slot Correlation is now examined. This approach has already been 

m athematically defined in chapter 3. The most obvious difference between the 

two techniques is the path  they take to estim ate a spectrum  from random data. 

The Sample & Hold technique estimates the frequency domain directly from the 

time data, whereas the Slot Correlation requires a Fourier transform to obtain 

the frequency domain from the initially estim ated correlation domain. Since 

both teclmiciues approach random data  from opposite ends it will therefore be 

inevitable tha t some discrepancies will exist. However it is the aim of this section 

to validate the Sample & Hold procedure.

4.2.1 M easurem ents

The data  presented in this section was acquired under the European ‘JEA N ’ (Je t 

Exhaust Aerodynamic Noise) contract. The objectives of the JEAN project were

1. the assessment of efficient flow solvers for aeroacoustic applications

2. interfacing these to update classical and novel source & propagation models

3. use of new signal processing techniques for turbulence/acoustic measure­

ments

4. prediction methodologies for jet noise applications.
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The experimental measurements under this contract were performed on a sub­

sonic je t at the MARTEL facility of CEAT (Centre d ’Etudes Aerodynamiques et 

Thermiques) in Poitiers, France.

Acoustic and aerodynamic measurements were performed using a 50-mm di­

am eter nozzle (figure 4.4) operating at tem peratures and velocities as shown in 

table 4.1.  The jet was aligned vertically and exhausting into free space. The 

M artel test facility is open to the external envirormient and is therefore subject 

to ambient noise. The facility is not fully anechoic, however it is acoustically 

treated. A Laser Doppler Anemometer (LDA) system was operated in forward 

scatter using two configurations. Firstly, one point /  two component (as depicted 

in figure 4.5) and secondly two-point /  one-component. The laser light source 

was generated by a 5 w att argon-ion laser producing both blue and green beams. 

Silicon dioxide seeded both the potential core and shear layer, with particles of 

diameter OAfirn.

F i g u r e  4 .4 :  Close-up of the JE A N  nozzle.

3G
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•let No. Tem perature T^/Ta Velocity Vj / rio Velocity V} [//;/.s]

3 1 0.75 253.31

4 1 0.90 303.98

8 2 0.75 253.31

9 2 0.90 303.98

’T ' a h i  i t  1 • A i l  Al  I ‘l y)  f r v f r y i  n t o  r \ n

F i g u h k  4 . 5 ;  One point /  two component nieaswirrnenis performed at C EAT  

Poitiers, France 'under the JE A N  contract

The single point measurements were used to map the je t and determine char­

acteristics such as potential core length and location of the shear layer. The two 

velocity components were acquired simultaneously so th a t the Reynolds stress 

components could be obtained. Mapping the je t enabled the two-point measure­

ments to be performed in those areas within the je t considered to be responsible 

for noise generation. These two-point measurements were then performed for
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various axial locations within the je t {X  = “i/ALc, Lc, 5/4Lc, where Lc  repre­

sents the location of the potential core for each jet). From these, the correlation 

functions of the longitudinal component velocity and Reynolds stress fields can 

be determined. The length and time scales can then be estimated from these 

correlation fmictions.

The axial and radial profiles of the mean {U & V)  and turbulent {u\ v' & 

u'v') velocities were obtained from single-point two-component measurements. 

The axial profiles were normalised with respect to the je t exit velocity (Vj), are 

shown in figure 4.6 as a function of x/Lc ,  where x  is the axial position and

0.6
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FlGU}iE 4.G; Axial distrthution of the rnmn velocity components (nieasuTements 

perform.cd (it CEAT Poitiers, France under the JE A N  contract) □ Jet 3. x Jet 

4, . Jet 8, - Jet 9

the length of the potential core evaluated at U = 0.95Vj. Using this criterion 

the potential core length for Jet 3 is estim ated at 6.5D. The radial profiles, 

normalised with respect to the jet exit velocity, are shown in figure 4.7 for x / D
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values of 1, 2.5 & 5 as a function of y /D .  This da ta  was analysed as part of the 

.JEAN contract and presented in Technical Reports [46].

X /D « 1  X /0 * »

Q5

1.4
at 0.1 r

0.2

0.1̂Q l

1,4

r  ~t— T(
ai

_ i_  J

Jfrt) '  * y/D >1/0 "

FlGUliK 4.7: Radial dtslvihul.Km of the mean velocity componenis (measurements 

performed at C EA T Poitiers. France under the JE A N  contract) □ Jet ,y, x Jet 

4. . Jet 8. - Jel 9

4.2.2 A uto  Spectra

The first comparison between the two processing techniques will focus on the 

estim ate of the auto spectrum. The LDA measurement, position for this example 

was on the shear layer axis at the end of the potential core for the Mach 0.75 

je t (jet No. 3 in table 4.1), depicted in figure 4.8 as ‘x4f/2’. The auto spectra 

shown in figure 4.9 reveal the standard turbulent shape tha t would be expected 

for this particular measurement location. Here it can be seen tha t the Sample 

fc Hold estimate, shown in black, compares very well with the Slot Correlation 

estimate, shown in blue. The Sample & Hold estim ate reaches a slightly higher
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F ig u h k  4.8; Location of JE A N  two-poinl measuremetiis on Jet 3

10'

,010

•210

-410

•610
1 2 ,3 ,4 ,510 10' 10 10 10 '

Freq [Hz]

FiCiUHE 4.9: CompariHon of Sample & Hold estimates (black) to Slot Correlation 

estimate (blue) of the a.vto spectra of u' (Jet S)

frequency resolution, but both techniques easily atta in  the Nyquist frequency of 

20kHz. Above this Nyquist frequency the noise to signal ratio is too high to 

interpret the auto spectra. It should be noted tha t the auto spectral estim ates as
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plo tted  in figure 4.9 could be m isin terpreted  a t higher frequencies. The Sam ple & 

Hold reconstruction is perform ed a t a  re-sam ple ra te  of approxim ately  ten  tim es 

the  d a ta  rate , however th is does not imply th a t  the  estim ates are accurate a t 

frequencies above the  m ean d a ta  ra te  of the  original acquired signal.

4 .2 .3  C ross S p ectra

Two p o in t/o n e  com ponent m easurem ents entail the  first m easurem ent, u[,  being 

fixed (a t position ‘a:4y2’ in figure 4.8), while u '2  represents the  m easure of the 

movable point. Therefore the  cross spectrum  of the resulting d a ta  will have a 

displacem ent between the  two m easurem ent points, except for the  initial position, 

where bo th  points coincide. The cross spectral estim ates used in th is com parison 

are for the  initial position and are shown in figure 4.10. The estim ates for the 

PSD of u[u 2  for bo th  teclm iques com pare well in m agnitudes and shape, with 

some small deviations a t higher frequencies.

FlGlUlH 4.10: Coniparison- o f the cross spectrum o f u\ & u '2  withA)D separation: 

Sample & Hold (black) and Slot Correlation (blue.)
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4.2.4 C oherence & Phase

The coherence between two-point/one-component measurements gives the spatial 

decay as the second measurement moves away from the first. In figure 4.11 the 

results obtained from Sample & Hold and Slot Correlation are presented, where 

each plot represents the coherence for five different axial displacements (0, 0.18, 

0.62, 1.26, and 1.9D). As this displacement increases it is expected that the 

coherence w'ill reduce. On comparison of Sample &; Hold versus Slot Correlation, 

the coherence estimates can be seen to differ. W ith zero separation between the 

measurement positions, the Slot Correlation coherence is greater than one, over 

most frequencies, whereas with Sample & Hold a definite frequency dependence 

manifests itself in the coherence estimates, with a decay occurring above IkHz. 

The frequency resolution seen for the auto and cross spectra will not be achieved 

for the coherence estimates, even when the measurements are spatially coincident, 

as discrepancies in positioning and local interference can occur in experimental 

testing.

When the axial separation is increased to 0.18D, a similar result is noted, i.e. 

Slot Correlation estimates a coherence greater than one while Sani[)le & Hold 

estimates a frequency decay. A coherence of greater than one is only seen with 

Sample k. Hold when the effect of the noise to signal ratio is present. Conse­

quently it would appear tha t Slot Correlation is less reliable when estim ating the 

coherence between measurements taken in close proximity of each other. Having 

regard to the small diam eter of LDA beams it is not considered tha t overlapping 

of the fringes could give rise to this phenomenon, especially at a separation of 

0.18D. When the separation between the measurement positions is increased 

to 0.62D both techniques appear to  estim ate a similar decay of coherence over 

the frequency range of 0-3kHz. This continues to  be the trend between the two 

techniques as this observed decay is seen for displacements of 1.26 and 1.9D.

A peak can be seen in the region of 200 — 300Hz in figure 4.11. These peaks 

correspond to the Strouhal instability of the MARTEL jet for this particular 

location, which was noted as 0.4 in the JEAN reports [46].

The phase is presented in figure 4.12 for both techniques, where the same
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Slot C o rrela tion  
S a m p le  & Hold

( a )

F re q  [Hzl

(V

Slo t Correlatior^ 
S a m p le  & Ho)d

(c) (d)

0 .8 }-

0.4 P

S a m p le  & Hold

F re q  [Hz]

(e)

F ig u r p :  4 .1 1 :  Comparison of Cohere.nct est.irnates fi'oni the two-point rneasure- 

rnents v’here the displacements are (a) 0, (h) 0.18, (c) 0.62, (d) 1.26 & (c) \S)D  

: Sample & Hold (black). Slot Correlation (blue)
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displacements for the coherence were examined. W hen the measurement positions 

coincide (i.e. OD), both techniques show excellent agreement, with only some 

difference occurring at the high frequency end. The phase is realistic up to the 

point where the coherence reaches zeros, and this is due to the lack of step noise 

contamination. W ith increasing displacement the phase estimates of both Sample 

& Hold and Slot Correlation result in a consistent pattern  of decay.

A variable phase can be observed for displacements of 0.62D, 1.26D and 1.9D 

which suggests tha t the turbulent structures are convecting at varying speeds. 

This can physically be applied to a jet, since a jet will consist of large and small 

scales structures tha t will convect at different speeds and dissipate at different 

rates. The limit of reliability of the phase estimates decreases with increasing 

separation. This is due to the lower frequencies, which represent the larger struc­

tures in the jet, being capable of being examined over these greater distances. 

W’liereas t he higher frequency, small scale structures, dissipate over these greater 

distances. The previously noted noise to  signal limit of 10 revealed a frequency 

resolution of the Nyquist frequency from the auto spectnm i. This limit is also 

evident in the phase estimates, in particular in figure 4.12 (a), where the phase 

estimates are reliable up to this limit only.

4,2.5 Cross Correlation

Performing t wo-point/one-component measurements also enables the extraction 

of information such as length and time scales and bulk convection velocities from 

the correlation domain. It is necessary th a t Sample & Hold can also accurately 

predict these parameters.

The cross correlation function for a number of normalised separations, shown 

in figure 4.13, show the classical form of spatio-tem poral correlations. Using the 

same five separations of 0,0.18,0.62,1.26, and 1.9D reveals tha t some discrepan­

cies between the two techniques are observed. One possible reason stems from 

the way in which Sample & Hold and Slot Correlation estim ate the correlation 

domain. Sample & Hold does not appear to consistently over or underestim ate 

the curves compared to Slot Correlation, as seen by the five locations in figure
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-1 -0.5 0 0.5 
tau [s]

1.5 2
X 10,-3

Fku'KK 4.13: ( ’ross Correlation estimates using Sample & Hold (bhick) a.nd Slot 

("orrelation [blue) for displaeenienls ofO,  0.18. 0.62. 1.26. and l.dD

4.13 but llie overall comparison between the two techniques is very good.

4.2.6 C onvection V elocity

The correlation domain can be examined in iso-contour form which provides in­

formation on the bulk convection velocity. Figure 4.14 illustrates this for both 

Sample & Hold and Slot Correlation. This convection velocity is calculated from 

the slope of the line th a t intercepts the correlation peaks when plotted in iso­

contour form. These calculated bulk velocities are included in table 4.2. Good 

agreement between the iso-contour plots can be seen, with similar overall evolu­

tion as noted by the comparable bulk convection velocities.

The bulk convection velocity is not an accurate representation of the convec­

tion velocities within a jet. Since a je t will consist of different size structures it 

is essential tha t the convection velocity, as a function of frequency, be examined. 

This frequency dependance can be extracted from the previously examined phase 

plots (figure 4.12) using the formulation;

(4.1)
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F ' i g u r k  4.14: C ontour CoTniation Curves from two-point /  one-com ponent mea- 

suretnenls [a) Sample & Hold (/;) Slot Correlation

where /  is the frequency, 8 the displacem ent observed betw een the  two m easure­

m ent positions and 0  the  phase. Figure 4.15 shows how Sam ple & Hold and Slot 

Correlation deal w ith th is ex traction  of the  frequency dependance of convection 

velocity where all displacem ents from the  tw o-point m easurem ents are used. A 

definite increase in velocity w ith frequency is evident up to  approxim ately  2 k H z  

for bo th  techniques. W here the  larger struc tu res are convecting at slower speeds 

and the  small scale s truc tu res a t higher speeds. It is clear th a t the  previously
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estim ated bulk convection velocities correspond to frequencies of approximately 

800Hz  (for S&H) and llOOHz (for Slot).

300
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o SH
SL-bulk Uc 
SH-bulk Uc

500 1000 1500 2000 2500 3000
Freq [Hz]

P'Kil'KP: 4.15: Corivcction Velocities as a function  o f frequency, included also are 

bulk convection velocities

4.2.7 Spatial-tem poral correlations

The spatial-tem poral correlation function R uiS ,  r )  can be separated into the spa­

tial and temporal decreases denoted by R n i^ ,  0) and i?i2(0, r )  respectively. These 

are shown in figure 4.16 where similar esimates are observed. As can be seen from 

figure 4.16 (b) insufficient points were acquired to estim ate the temporal corre­

lation. Therefore in order to estim ate this scale the da ta  was extrapolated and 

an exponential curve was htted  to the data. When these functions are integrated 

over separation distance and time, the length and time scales are obtained, as 

detailed in table 4.2. Overall differences of less than 15 per cent are globally seen 

between both techniques, but Sample & Hold gives higher estimates of length 

and time scales as compared to the Slot Correlation method.

4.2.8 C oncluding Rem arks

The aim of this section was to validate the Sample & Hold technique proposed 

by Simon (k Fltpatrick [40], versus the most commonly used alternative, i.e.
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F i g u r e  4 . 1 6 :  Spatial and Temporal C orrdaiion func.ii(m.s comparing Sample & 

Hold (black) and Slot Correlation (blue) (a) spal.ial. (h) temporal

,let Techni(iue Length Scale Temj)(;ral Scale Convection Velocity

[nun] [ms] [m/s]

M ach 0.75 S 11 56 0.77 142

Slot t ing 45 0.69 145

I a b i . K  4 . 2 :  Lev.gtfi & Tim e Scales a,nd Convection velocity estim ates usiru/ Sa m ­

ple & Hold and Slot Correlation

Slot Correlation. T he outcom e of the  physical results th a t  were obtained  from 

the  tw o-point/one-com ponent m easurem ents is not the issue here; the d a ta  sets 

have already been analysed in th is regard, for exam ple by Jo rdan  & Gervais [47] 

and L aurendeau et al [48]. The purpose was purely to  validate the  processing 

m ethods of th is Sam ple k. Hold technique.

The use of the procedures proposed by Simon h  F itzpatrick  [40] for Sam ple & 

Hold reconstruction achieved an upper frequency lim it of /m /2  for PSD estim ates 

for bo th  au to  and cross spectra. This replaces A drian & Yao [36] frequency limit 

of fr ,j2 n .  T he au to  spectra  estim ates from Sam ple & Hold and Slot C orrelation 

com pared well. Some discrepancies betw een the  techniques were noted for the 

cross spectra  and correlation functions. From this s tudy  it would appear th a t
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Slot Correlation still has some difficulties with the coherence estimates. However 

both techniques determine very similar phase estimates, and consequently com­

parable estimates of the convection velocity as a function of frequency. An added 

advantage of Sample & Hold is the shorter time required to process data.

Finally, Sample & Hold can provide, if required during acquisition for example, 

a very powerful and fast insight into randomly sampled data. Sample & Hold more 

accurately estimates the frequency domain while the Slot Correlation technique 

is more accurate in the correlation domain, suggesting a combined method would 

best be suited to this type of LDA data, in order to examine both the frequency 

and correlation domains.

4.3 LDA acquisition m odes

As detailed, LDA data  is acquired randomly, however there is another concern 

regarding LDA acquisition th a t needs to be addressed as it also affects the jjrocess- 

ing technicjue of Sample & Hold. LDA data  can be acquired in one of two ways, 

either in non-coincident mode or coincident mode. These modes of acquisition 

differ in how the random data  is acquired. For non-coincident acquisition the two 

measurement positions sample independently, i.e a particle can pass through the 

fringes of either measurement position and its velocity is registered, whereas co­

incident mode requires tha t a particle be registered by both positions at the same 

time. Realistically, coincident mode can only be implemented for one-point/two- 

component measurements. In chapter 3 the procedures for dealing with the dif­

ferent corrections associated with non-coincident and coincident data  when using 

Sample & Hold reconstruction was obtained. W hat was not mentioned was the 

extraction procedure necessary to obtain all the Reynolds stress terms from one- 

point /  two-component measurements. The turbulent velocity fluctuations {u' & 

v') and Reynolds stresses k, u'v') can all be obtained from coincident time

domain data. However when data  is acquired using the non-coincident mode the 

Reynolds stress term u'v' needs to be calculated from u'[t) and v'{t) which have 

been sampled independently. The approach taken is to estim ate this term  from

50



Chapter 4. Prcliininm'y Analysis o f LDA Data

tiie reconstructed time series of and The aim of this section is to

examine tlie effect th a t the mode of acquisition has on the estimation of spectra 

and on the extraction of the Reynolds stress term u'v', a« this term plays an 

im j)ortant role in the prediction and understanding of je t noise.

4.3.1 V elocity F luctuations

Controlled measurements to examine in detail the effects of the mode of acquisi­

tion were performed on a subsonic je t of 50m m  diameter at a velocity of 80m /s. 

For this comparative study of LDA acquisition modes the data  was acquired in 

either non-coincident or coincident mode and the LDA system was setup to ac­

quire two-point /  one-component data  (the axial component - denoted u, and 

the radial component - denoted v). The experimental details for these tests are 

described in chapter 6.

As the approach to extract the u'v' term  from non-coincident data  is to use the 

reconstructed time series it is essential first to compare the velocity fluctuation 

estim ates from both acquisition modes. The first comparison is of the estimation 

of the PSD of u '. The estim ated PSD are illustrated in figure 4.17 for both acqui­

sition modes. Generally the da ta  rates associated with non-coincident d a ta  are 

higher than those obtained for coincident. As table 4.3 reveals the da ta  rate  asso­

ciated with the non-coincident u' term  is more than  double tha t for the coincident 

mode. As previously shown the Sample & Hold spectral estimates will be accu­

rate up to approximately /m /2 , i.e. half the data  rate. This autom atically implies

D ata Tyi)e D ata rales (/,„) Resample rates

Non-coincident

Coincident

u' - 68kHz &: v’ - 27kHz 

u (t v' - 25kHz

800kHz

400kHz

Tablk 4.3; Data rates and Resam ple rat.e.s fo r  iw ii-coinndent and coriiciden.t 

inodes

that the frequency resolution associated with the non-coincident estim ate will be 

higher than tha t of the coincident estimate. However, as previously discussed, the
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10 ' '

Coincident Auto u' 
Non-coincident Auto u'

10^  10^ 10“  10^ 

Freq [Hz]

F k u s rk  4.17: AiiU) SptcLruin o f u' : Comparison between Cotiicident and Non- 

covncidenl nuxles

noise to signal ratios also play an im portan t role in spectral estimates. Figure 4.18 

shows the noise to signal ratios for both coincident and non-coincident modes for 

u '. The noise to signal ra tio  for the coincident mode reaches the lim itin g  value of 

ten at approxim ately \Q kH z  whereas the non-coincident mode obtains a higher 

frequency o f approxim ately 'iQkHz. Despite the different frequency resolution

Coincident u' 
Non-coincident

10^ 10^ 10‘  10® 
Freq [Hz]

F ig u k k  4.18: Notse l.o Signal Ratio o f a ' : Compari.son between Coincident and 

Non-coincident modes

52



Chapter 4. Prclhnina.ry Analysis o f LDA Data

between the two inodes the overall shape and levels of both PSD estim ates of u' 

(figure 4.17) compare well.

The examination of the radial fluctuation is shown in figure 4.19, where the 

coincident and non-coincident auto spectral estimates are almost exact. The 

estimates are accurate up to a frequency of approximately /m /2  ( l 2kHz) .  Table

1 0 ’

■■■■"  C oincident Auto v' 
  N on-co inciden t Auto v'

-  10 '

1 0 '

Freq [Hz]

F i c ; u h k  4.19: Auto Spficlrum of r' : Comparison between Coincident and Non- 

covnndent modes

4.3 gives the da ta  rates associated with non-coincident v', which is similar to 

the coincident data  rate. The noise to signal ratios (figure 4.20) show th a t the 

estimates from the different modes of acquisition show little difference in shape, 

magnitude and frequency resolution.

4.3.2 R eynolds Stress Terms

The Reynolds stress term s of and v'“̂ are estim ated directly from the random 

time series of u' and v'. Therefore the comparison of modes on their auto spectra 

should not present any changes already seen from the velocity fiuctuations. Figure 

4.21 shows the auto spectra for these Reynolds stress term s using both coincident 

and non-coincident modes of acquisition. Slight differences occur with the 

estimates, which as seen from u' is due to the data  rates, whereas the v''  ̂ estimates 

compare very well.

The final Reynolds stress term u'v' from non-coincident da ta  is calculated
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C oincident v ’ 
N on-co inciden t v'

10'^

10      —   '
10 ' 10^ lo ' 10‘

Freq (Hz)

F k ju r k  4 .20: Noise to Signal Ratio of v' : Co'inpurison hetwer.n Coiricident and 

Nov-coincident modes

from the  reconstructed  tim e series of u^(i) and T he au to  spectra  of the

Reynolds stress term  u'v' derived from the  non-coincident and coincident d a ta  is 

shown in figure 4.22. F irstly  it can be seen th a t  some discrepancies exist a t the  low 

frequency end of the  spectriun, w ith the non-coincident m ode estim ating  a  slightly 

higher energy value. Evident also is a difference in the  spectral shape which occurs 

in the  region of 3 — IQkHz.  On exam ination of the noise to  signal ratios, as shown 

in figure 4.23, sim ilar differences are revealed between the  acquisition modes. The 

m axinuun frequency resolution appears again to  be dependan t on the d a ta  ra te  

and the  noise to signal ratio , w ith the non-coincident m ode achieving a  slightly 

higher resolution th an  the  coincident estim ate.

To establish  w hether the  varying d a ta  rates results in the  observed differences, 

d a ta  w ith the  sam e acquisition ra tes  for all com ponents in bo th  non-coincident 

and coincident m odes was acquired. A lthough th is is difficult experim entally  as 

coincident acquisition norm ally results in lower d a ta  rates. Figure 4.24 illustrates 

the  spectral estim ate  for u' when the  d a ta  ra te  for all com ponents for bo th  non­

coincident and coincident acquisition wa^i approxim ately 56kHz.  Since the  d a ta  

rates are the sam e throughout, the  filter correction associated w ith each com po­

nent is the  same. Figure 4.24 shows th a t  the only rem aining discrepancy betw een 

the two estim ates occurs a t the  low frequencies where again the  non-coincident
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mode estimates a different magnitude and shape to tha t of the coincident mode. 

The remaining shape, magnitude and frequency resolution are identical. The cor­

responding noise to signal ratios, shown in figure 4.25, also reveal this discrepancy 

at the low frequency end from the non-coincident data. This suggests th a t the 

technique of combined the reconstructed non-coincident signals of u'^{t) and v'^{t) 

is causing this low frequency discrepancy seen in both the auto spectrum and the 

noise to signal ratio.

The nature of non-coincident d a ta  is th a t the two LDA signals are uncorre­

lated, in other words, their time traces are not identical. However, especially
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Coincident Auto u'v' 
Non-coincident Auto u'v'

Freq [Hz]

F i g u h k  4.22; Auto Sptclrum  of u'v' : Comparison beiwttii Coincident and 

Non-coincident inodev

——  Coincident u'v'
— Non-coincident u'v'

0= 10 '

l O " '

Freq [Hz]

F k ;u r e  4.23: Noise to Signal Rations o f u'v': Comparison between Cotncident 

and Non-corn cident modes

with high data  rate acquisition it cannot be guaranteed th a t a particle will pass 

through the two volumes and be registered at the same time. Table 4.4 shows a 

sample time trace, where the times in bold and color coded highlight tha t coin­

cident acquisition occurs when running in non-coincident mode. However, these
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Non-coincident Auto u’v'

occurrences should not affect the estimation of an auto spectrum. The possible 

complication arises when calculating the cross spectrum  and subsequently the 

coherence.
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'rAHLH 4.4: Sanijilc trmc tract; for two non-comctdcni stgndls measuruiii axial 

and radial vclocilirs

4.3 .3  C oheren ce e stim a tes

Good spectral estimates of the velocity fluctuations and the Reynolds stress com­

ponents are necessary if these are to be used to  identify noise source mechanisms. 

In chapter 6, the use of a five input model (inputs being u ', v \  u'^, v '“̂ and u^v') to 

identify possible sources requires accurate estimates of the auto and cross spec­

tra  of these hve inputs. This enables the conditioned coherence (i.e. wliere the 

mutual coherence between the inputs is removed) to  be calculated. Accurate 

coherence estimates are required for the extraction of length and time scales, as 

a function of frequency, as shown by for example Kerherve et al [30]. To com­

plete the comparison of acquisition modes, the coherence between the velocity 

fluctuations and the Reynolds stress term s are examined.

Figure 4.26 shows the coherence between all hve components for both the
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noii-coiiicideiit and coincident modes. In bo th  cases the  uncorrected (dashed hue) 

and corrected (sohd hne) coherence is shown, for the  non-coincident acquisition 

(left colum n) and the  coincident acquisition (right colunm ). In chapter 3 the 

corrections were detailed  to  calculate the  coherence between two LDA signals, 

equation  3.14 for non-coincident and equation 3.18 for coincident, where both 

corrections were a function of the  noise to  signal ratios, (cti & a 2 ). It can be 

seen th a t  the  m odes have varying effects on the  coherence estim ates. It would 

appear th a t  the non-coincident corrected estim ates are in general g reater than  

those obtained from the  coincident data . These variations are not confined to 

the Reynolds stress term  of u'v'. The velocity fluctuations are also affected. 

T he m ost notable differences betw een the  two m odes occur aa a result of the 

noise to  signal ratios used to  correct the  cofierence. T his is clearly evident for 

the  non-coincident corrected coherence in figure 4.26, wfiere it can be seen the 

coherence rises d ram atically  when the frequency is above I k H z .  By com parison 

the  corrected coincident estim ates do not exhibit a  sim ilar characteristic  above 

this frequency.

This d a ta  was acquired w ith the  m easurem ent volumes positioned in the  shear 

layer close to tlie edge of the  po ten tia l core. A t th is location the  flow is anisotropic, 

i.e. u' ^  v'. The flow will be dom inant in the axial direction, im plying th a t  the 

Reynolds stress term  of will be the dom inant source in th is region. This 

physically explains why, for exam ple, in figure 4.26 (a) a lower coherence is noted 

betw'een u' & v' th an  u' k.

The exam ple w ith constan t d a ta  rates is exam ined in relation to  the  non­

coincident and coincident coherence estim ates, and is shown in figure 4.27. The 

coherence between u' k. v', u' & u'v ' and u'"̂  & u'v' are shown. T he com parison for 

u' k  v' sliow very sim ilar coherence estim ates for non-coincident and coincident. 

Some difference is noted a t low frequencies in the  coherence estim ates of u' & u'v'. 

fiowever the  m ain differences occur from the  coherence estim ates of u''  ̂ k. u 'v', 

where the  consequence of the  low frequency variation seen in the  au to  spectra  of 

u'v ' is witnessed.

A final note nm st be m ade on the  observed coincident d a ta  th a t  is inherent
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in non-coincident acquisition and the implications for coherence estimates. As 

chapter 3 detailed, when two LDA signals are acquired in coincident mode, the 

cross spectrum  is contam inated by step noise and consequently the actual co-
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herence is estim ated by equation 3.18. For non-coincident data, no step noise 

contamination occurs and equation 3.14 is applied in this case. However, the 

question arises, when da ta  is acquired in non-coincident mode and some coinci­

dent points are occurring, how can the actual coherence be calculated. In this 

situation, it is found tha t when these coincident points are removed from the 

non-coincident acquisition no change appears to occur in the actual coherence 

estimates. This impUes tha t the observed differences between the actual coher­

ence estimates from coincident and non-coincident da ta  are not due to coincident 

points occurring during non-coincident acquisition.
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4.3.4 C oncluding Rem arks

This section has examined the imphcations of acquiring LDA data  in non-coincident 

and coincident mode. This analysis is useful to assess the differences th a t arise in 

the estim ation of the Reynolds stress term u'v', using both modes of acquisition.

It has been shown th a t this Reynolds stress term  is easily obtained from coin­

cident data, when the random time series of u'{t) and v'{t) are combined. The 

process for obtaining this same term from non-coincident da ta  involved combining 

the reconstructed time series and

The comparison of acquisition modes was applied to the velocity fluctuations 

and the Reynolds stress terms of and ?/^. Shght spectral differences were ob­

served which were due to varying mean da ta  acquisition rates. The study of the 

ii'v' term  resulted in different spectral estimates from the two modes of acquisi­

tion. By obtaining coincident and non-coincident da ta  with similar mean data  

acquisition rates enabled the elimination of errors associated with the filt er cor­

rection to be made (as the data  rates were constant the filter would be constant). 

The only difference in the spectral estimates occurred at low frequencies, which 

may suggest a velocity bias. When the non-coincident time trace was examined, 

coincident data  points were discovered. However these coincident points did not 

appear to have any significant effect on the coherence.

The influential param eters for this comparison would appear to be noise to 

signal ratios and the da ta  rates. This concurs with the conclusions of Fitzpatrick 

^  Simon [41] in respect of inherent noise in LDA measurements. The auto spec­

trum  of the velocity fluctuations and Reynolds stress term s u'^ and v'^ can be 

obtained from coincident or non-coincident data. However to correctly estim ate 

u'v' it is required tha t LDA data  is acquired in coincident mode, until the low fre­

quency bias associated with correction procedures can be eliminated. When this 

bias is addressed some coincident da ta  points may still occur in non-coincident 

acquisition (especially for high da ta  rates). This suggests th a t the Reynolds stress 

term u'v' should therefore be estim ated from coincident data.
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Chapter 5 

A coustic Experim ental Analysis

A series of acoustic measurements on a subsonic je t were performed using the 

open-jet facility described by Chatellier & Fitzpatrick [49]. The purpose of 

1 hese tests was to determine if the noise generated by the je t could be registered 

by microphone measurements and to examine if the hydrodynamic and acoustic 

regions of the je t could be identified and hence decisions made in respect of regions 

of interest for combined LDA and microphone measurements.

As detailed in chapter 2 the pressure fluctuations associated with the unsteady 

Bernoulli equation can be divided into hydrodynamic fluctuations and acoustic 

fluctuations. Arndt et al [16] defined the demarcation between the hydrodynamic 

and acoustic regions to be proportional to the wavenumber (k) and the radial 

position of the measurement device relative to the shear layer axis (R). In this 

regard the hydrodynamic region occurs iov 0 < kR < 2 and the acoustic region for 

kR > 2. This kR. param eter enables the acoustic region of a je t to be examined 

nmch closer to the jet axis than  was previously thought.

The experimental setup as shown in figure 5.1 was carried out on an open- 

je t where the inlet flow was generated by a 5.5kW centrifugal fan. This air 

flow was channelled through wire meshes and honeycomb into a plenum chamber 

as illustrated in figure 5.2. Through a bell-mouth elliptic cross section the jet 

discharged the air at velocities from Uq ~  30 to 83rn/s {Rq — 10® to 2.8x10®).

Seeding was introduced to the jet flow in order to perform the LDA measure­

ments, this was provided by an Antari Z300 fog generator. Particles of approxi-
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1̂ R
A c q u is it io n

F i g u r e  5 .1;  Srhernatic of experimental setup

150 * 150 ’ioo 'i66 '

800400 400W
3050

FlGl'RE 5 .2:  TCD Jef iChalellier & Fitzpatrick [49j)
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niately \ j i m  were added at the centrifugal fan inlet. The LDA head was mounted 

on a traverse to achieve movement in both the axial and radial directions. The 

forward scatter camera was also mounted on this rig so as to  maintain volume 

focus throughout testing.

The axial and radial velocity profiles are shown in figure 5.3. For these profiles 

it can be seen tha t the potential core length for this je t can be estim ated to be 6 D  

and there appears to be a slight deviation of the potential core along the center 

axis. This is also confirmed from the turbulence intensity, figure 5.3 (c), where a 

bias towards the positive y-direction is evident.
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The microphones were acquired a t a rate of 25kHz over a ten second range. In
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order to acquire synchronized measurements between the LDA and microphones 

an additional channel was acquired. This channel recorded when the LDA system 

acquired its first and last da ta  point. This time trace was then used to extract 

the correct microphone da ta  from the ten second acquisition. The LDA d a ta  was 

acquired for six seconds with the param eters for record length, bandw idth and 

voltage were altered depending on test and laboratory conditions. No filters were 

initially applied to the acquired data. On implementing Sample & Hold on the 

LDA data, the time trace was divided into a number of blocks, typically applying 

100 averages. The number of points in each block was dependant on the mean 

data  acquisition rates.

To achieve acoustic measurements th a t were not contam inated by outside 

noise, for example by the centrifugal fan, numerous precautions were taken. The 

test area was enclosed on both sides and above and below the je t without causing 

interference with the je t exhaust and foam wedges were placed on the ground to 

prevent reflection. If any unusual peaks occurred in the microphone trace, tests 

were repeated to ensure repeatability and avoid possible environmental noise 

contamination.

The acoustic measurements were obtained using 10 Senhauser Electrotet quar­

ter inch microphones. The microphone array, as illustrated in figure 5.4 was po­

sitioned parallel to the outer shear layer axis. The closest position of the array, 

relative to the jet axis, was r /D  = 1.1 (which corresponds to the distance of the 

first microphone to the je t axis). This is the closest th a t the array could be posi­

tioned to avoid measurement saturation. The axial posit ion of the microphones 

is presented in table 5.1. This somewhat irregular microphone positioning was 

implemented in order to enable conditioning of exit effects if required.

Microphone 1 is positioned inline with the je t exit while the remaining micro­

phones are positioned approximately 6D  downstream at the end of the potential 

core of the je t at intervals of 34mm. Measurements were performed with the 

array positioned at r /D  =  1.1, 2.0, 3.0 and 4.5 for two je t velocities of 83rn/s 

<k 40m/.s. In the following sections the results obtained from the acoustic array 

positioned a t r /D  =  1.1 &; 4.5 with the je t operating at maximum velocity (i.e.

6G
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Microphone Array

r/D = 4.5

r/D=1.1 ■ '
O LDA locationsoo

D
I

6D

F k j u r k  5 .4 ;  Schematic o f expertrnental setup

Microplione Axial Position 

/D

1 0

2 4.67

3 5.34

4 6.01

5 6.68

6 7.34

7 8.01

8 8.68

9 9.35

10 10.02

T a b l e  5 . 1 :  Axial m-icrophone postitons
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83m/s) are presented.

5.1 Configuration 1 {r /D = 1.1)

Measurement of the acoustic region of a je t is dependent on two factors, namely, 

the position of the measuring device relative to the shear layer axis and the 

wavenumber. In this respect a large r / D  is necessary while for r/Z ) =  1.1 it is 

expected that the measured da ta  will mainly relate to the hydrodynamic region 

of the jet.

5.1.1 A uto  Spectra

W ith r / D  = 1.1, the auto spectra of all ten microphones is shown in figure 5.5 

(a) as a function of frequency, and in, 5.5 (b) as a function of kRj. It can be seen

10

■3I10 '

ov>a.

10

10 ' '

10-*
2̂ 3̂10' 10̂

10 '*

e ,
o
V)
CL

kR

(a) (h)

F'kji'HK 5.5: r/'D = 1.1; Axdo Spectra for Microphones as a function of (a) 

frcqucncy (b) kR^

clearly tha t the auto spectrum  of microphone 1 is different from the others. From 

the frequency domain, this spectrum  has a peak at approximately lOOOHz. O ther 

peaks are observed at 1200 & l900Hz  whereas the spectra of microphones 2 — 10 

do not have similar characteristics. This suggests tha t microphone 1, positioned 

at the je t exit, is measuring some ‘additional extraneous noise’. When the auto
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spectra are plotted as a function of kRj (figure 5.5 (b)), the peaks observed 

in the auto spectrum  of microphone 1 occur for kR < 2.0 implying th a t the 

observed extraneous noise is within the hydrodynamic region. As stated  earlier, 

measurement of the acoustic region required a large r / D.  Notwithstanding, figure 

5.5 (b) indicates some measurement of this phenomenon when r / D  = 1.1.

.\lthough the observed extraneous noise appears to be present only in the 

immediate area surrounding the je t exit, it was deemed necessary to eliminate 

this as a possible source of contamination th a t might effect the downstream mea­

surements. When the coherence between microphone 1 (at the je t exit) and all 

other microphones is examined, as shown in figure 5.6, it can be seen th a t the ob­

served extraneous noise is partially coherent with the downstream microphones, 

particularly at frequencies of 1000,1200 and 1900i/2. When the extraneous noise

1
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0.8 micl-m icS
■■■■— " mic1-mic6
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0.6 -  -  -  mtc1-mic9 .
-  “  -  m icl-m icIO
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0.3

0.2

0.1

------ ^
0 500 1000 1500 2000 2500 3000 3500 4000

Freq (Hz]

FlGlJ[?K 5 .6;  Coherence between niicrophone  1 and all o ther rmerophones at 

r / D  =  1.1

is conditioned out, by removing the coherent part between microphone 1 and the 

remaining microphones from the auto spectra of microphones 2 — 10, the residt ing 

auto spectra are shown in figure 5.7 (a), as a function of frequency, and in, 5.7  

(b) as a function of kRj.  When the conditioning is applied very little notice­

able difference is observed, suggesting tha t, even witfi the extraneous noise being 

present, the jet noise is still dominant a t the end of the potential core.
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Fkjuhe 5.7: r / D  = \ . \ :  Avt.o Spectra for Microphones conditioned trnng mi­

crophone 1 a.s a function of (a) frequency (b) kRj

5.1.2 C oherence

The use of tlie microphone array allows for identification of the hydrodynamic 

and acoustic regions of the jet. An examination of the coherence between each 

individual microphone and all other microphones enables the coherence decay 

within a region to be observed. Figure 5.8 (a) & (c) shows the coherence between 

both microphone 2 and microphone 7 w'ith the microphones located dow'nstream. 

These coherences were then conditioned for the extraneous noise, and are show'n 

in 5.8 (b) & (d). Some differences are noted. In particular at the frequencies 

where the extraneous noise between microphone 1 and the remaining downstream 

microphones, are coherent, as seen by figure 5.6. From figure 5.8 two distinct 

regions of decay occur. The first between 0 and approximately 800Hz,  where 

the region is highly correlated. The second region occurs at frequencies above 

800Hz.  Here the region is less correlated with increasing distance between the 

microphones. The sudden drop off in coherence between the regions can only 

be due to the existence of a local interference node, indicating a highly coherent 

mechanism, as observed by Jordan et al [17].

The dem arcation between the hydrodynamic and acoustic regions, as previ­

ously detailed, is dependent on wavenurnber and frequency. Arndt et al [16]
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sliowed this to be kR = 2.0. Exam ination of the coherence as a function of kRj, 

shown by figure 5.9 reveals this dem arcation very well. However it appears tha t 

tlie measured hydrodynamic region occurs for 0 < kR < 1.2, with the acoustic 

region occurring for kR > 1.2. Both the unconditioned and conditioned case are 

illustrated.

In order to further understand this dem arcation and the difference in coher­

ence decay between regions, the propagation of coherence moving downstream 

with the microphones was examined. Figure 5.10 shows this, as a fmiction of (a) 

frequency but, more im portantly, (b) as a function of kRj. Figure 5.10 (b) shows
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applied

tha t the coherence in the hydrodynam ic region {kR <  1.2), which comprises plane 

waves convecting perpendicular to  the shear layer axis, appears to be h ighly cor­

related over a ll microphone locations and would seem to  act as a single oscillating 

unit, as reported by Jordan et al [17], while in the acoustic region {kR >  1.2), 

the coherence increases in the downstream direction w ith  the greatest coherence 

occurring between microphones 6 &  7. The nature of wavenumber exam ination 

is sim ilar to Strouhal number exam ination, where a collapse of data is expected. 

Figure 5.10 (b) reveals a slight increase of the demarcation w ith  the downstream 

direction. The velocity profile of this je t is such tha t it  is biased in  the upwards
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direction, suggesting th a t the measured radial distance between the microphones 

and the shear layer axis are over estimated, which would account for the observed 

increase in demarcation.

This observed difference in coherence decay between the regions is due to the 

lower frequencies in the hydrodynamic region (the energy region) being associ­

ated with larger turbulence scales and these larger scales are correlated over a 

much greater distance. Furthermore, dowmstream of the potential core, sources
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behave more like a single source mechanism due to the dominance of the column 

instability, as suggested by Jordan et al [17].

To further illustrate this dem arcation the coherence between all microphones is 

presented in the form of contour plots, where the x-axis is the axial distance from 

the je t exit and the y-axis is the wavermmber term  kRj. Figure 5.11 illustrates 

the contour coherence and figure 5.12 the conditioned contour coherence. In both

6 6A
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6 6 104
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4.51-
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( c ) (d)

F ic u h k  5.11; r /D  = l .l . ' Contour Coherence with refertnce microphone (a) 2, 

(b) 5. (c) 7, (d) 10

of these figures the reference microphones are 2,5, 7, & 10, with a straight vertical 

line indicating the coherence of each microphone with itself (i.e. a coherence of 

one). Some small differences are seen when the effect of the extraneous noise, as 

measured by microphone 1, is conditioned out of the coherence. This reaffirms
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tha t the extraneous noise is only affecting the immediate area surrounding the 

je t exit. The dem arcation between the hydrodynamic and acoustic regions is also

45}
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referetu'e iriicrophone (a) 2, (h) 5, (c) 7, (d) 10

evident . As previously noted for kR < 1.2 the hydrodynamic region is seen to 

be more coherent over a greater distance compared to tha t for kR > 1.2. The 

observed shape and dem arcation as seen by the contour coherence agrees with 

those presented by Jordan et al [17].

5.1.3 Phase

The relationship of the foregoing, with respect to phase, is now analysed. Figure 

5.13 illustrates the phase calculated between both microphones 2 and 7 with the
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remaining downstream microphones. For completeness, the conditioned and un­

conditioned cases are considered. As can be seen from  figure 5.13, the previously 

observed extraneous noise does not affect the phase estimates.
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Two d istinct regions were previously noted from the coherence estimates. 

These two regions are also seen in  the phase estimates. In  this respect, figure 

5.14 illustrates the phase as a function of the wavermmber term  kRj, where the 

demarcation is once again clearly evident.

A sim ilar decomposition to the coherence propagation, previously performed, 

is applied to the phase estimates. Figure 5.15 illustrates th is as a function of, 

(a) frequency, and, (b) kRj. Here the demarcation between regions is very ob-
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vioiis. These results conhrm, as would be expected for r /D  = 1.1, th a t the 

hydrodynamic region is convecting while the acoustic region is propagating.

As mentioned convection velocities can be obtained from phase estimates, 

an example of this is shown in figure 5.16. W here the convection velocity is 

calculated from the phase between microphone 2 and microphones 3 — 7, over 

a frequency range of 0 — 500Hz. This represents the convecting velocity of the 

hydrodynamic waves where an obvious increase with frequency is seen.
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5.2 Configuration 2 ( r /D  =  4.5)

W ith the microphone array positioned at r /D  = 1.1 it was seen tha t both tlie 

hydrodynamic and acoustic regions of the je t were examined. In order to examine 

more of the acoustic region of the jet, and consequently less of the hydrodynamic 

region, the array must be located further in the radial direction to r /D  =  4.5.
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5.2.1 Auto spectra

For r / D  — 1.1, it was observed tha t the extraneous noise affected only microphone 

1 which was positioned a t the je t exit. As shown by figure 5.17 (a) as a function 

of frequency and (b) as a function of kRj,  with the array a t r / D  = 4.5 it can

~  -  mic8
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-  -  m idO
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1 0 ’ 10°  10 ’ 
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F k ;u h e  5.17: r / D  = 4.5.- Auto Spcctru for  Microphoric.s «.s a fimcl.ion of {a) 

freq'nency (b) kR,

be clearly seen tha t all ten microphones seem to measure this noise. When 

the array was positioned at r / D  =  1.1 microphone 1 measured approximately 

\AdB  for the hydrodynamic region, with the remaining downstream microphones
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measuring between 40 and A9dB. W ith the array positioned further in the radial 

direction it can be clearly seen th a t all microphones are measuring approximately 

lAdB. W ith a relatively small increase in radial distance the noise levels have 

dram atically reduced.

An examination of the auto spectra as a function of the kRj term  reveals th a t 

this observed noise occurs predominantly in the acoustic region {kR > 2.0). In 

order to investigate further the possible origin of the extraneous noise, a laser 

vibrometer was used to measure vibration on the front panel of the wind tmmel, 

while simultaneously the microphones measured the je t noise. The coherence be­

tween the laser vibrations and microphone measurements is shown in figure 5.18 

(a). For this analysis microphone 1 was positioned at r / D  = 1.1 and microphones

F re q  [Hz]F re q  (Hz)

(a) (h)

FlGlMlK 5.18:  (a) Coherence between inbrattom on wind tunnel with the m i­

crophone 1 pos'dioned at r /D  =  1.1 and the rem.ainmy microphones positioned 

at r /D  = 4.5, (b) Phase between laser vibrometer and all. microphones ( m id  

positioned at r /D  =  1.1, microphones 2 — 10 positioned at r /D  =  4.5

2 — 10 at r /D  =  4.5. This investigation reveals tha t the vibrations are partially 

coherent w’ith the microphone measurements. The coherence is greatest witli 

microphone 1, particularly at 200,800,1000,1300 k. 1800//z. The remaining mi­

crophones, positioned downstream at r /D  =  4.5, are also partially coherent with 

these vibrations at the same frequencies. The phase between the laser vibrometer 

and the microphones is shown in figure 5.18 (b). Propagation can be observed at
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the frequencies where partial coherence between the vibrations and microphones 

occurred.

The auto spectra of the laser vibrometer and microphones 1 & 2 is shown in 

figure 5.19 (a). As mentioned the laser vibrometer was placed on the front panel 

of the wind tunnel and any vibrations present were measured. The diagram 

shows tha t there are clearly peaks in the vibration auto spectrum . These are 

also seen to occur in the auto spectra for microphones 1 2. It should be

noted tha t the movement of the front of the plenum chamber altered throughout 

testing. Through numerous vibration laser tests it was concluded tha t the peaks 

seen in the microphone spectra were resulting from the movement of the front 

panel. Examination of the coherence between microphone 1 a t r / D  =  1.1 and 

the remaining microphones positioned downstream sA r / D  = 4.5, as shown by 

figure 5.19 (b), shows that the frequencies tha t were dominant in the vibration 

examination are also dominant here. This implies that some of the extraneous 

noise ot)served, by microphone 1 at r /D  =  1.1 and, all ten microi)hones at r / D  =

4.5, is due to the viljration of the front panel of the wind tunnel.

1 0 ’

O
tf)

—  microphone 1 r/0  = 1.1 
microphone 2 r/D = 4 5

10 ®

Freq [Hz]

m ic l -  m ic2

-  micl -  m idO

r T  0.5

Freq [Hz]

( a )  (h)

F i G U R K  5.19: («) Avio Spectra of vi.braMon.s on wrnd tunnel and nneropfione 1 

(positioned at r /D  =  1.1)  (/;) Coherence betweeji microphone 1 ((lyai.n r /D  = 1.1^ 

With the remaining microphones positioned al r /D  =  4.5

Returning to the configuration where all microphones are positioned at r /D  =

4.5, the coherence between microphone 1 and the remaining downstream niicro-
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phones reveals some of these vibration frequencies previously noted, (see figure 

5.20).

0.9
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F i g u k k  .5.20; f / D  =  4.5.' Coherence between Microphone 1 and all other mi­

crophones

The auto spectra, conditioned for the extraneous noise, reveals little change 

while the observed peaks remain dominant in the acoustic region, as shown in 

figure 5.21.

10*̂ 1

o
a.

kR

lO"*

Freq [Hz]

(a) (b)

F i g u h k  5 .2 1 :  r /D  =  4.5.' Conditioned Auto Spectra for Microphones as a func- 

lioa of ((/) Jrequencij [b] kR^
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5.2.2 Coherence

Examination of the coherence between the downstream microphones, (for exam­

ple between microphone 2 and the remaining microphones as shown by figure 

5.22), again reveals the presence of the extraneous noise. The unconditioned case

mic2-mic3
mic2-mic4
mic2-mic5
mic2-mic6
mic2-mic7
rrnc2-mic8
mic2-mic9
mic2-mic10

q \----------- ,----------- ,------------ ,--a----- ^  I I  1  ^

0 500 1000 1500 2000 2500 3000 3500 4000
Freq [Hz)

(h)

F k ;u r k  5.22: r /D  =  4.5.- Coherence between Microphone 2 and all other intcro- 

phone.H («) No (■onditionvng applied (b) Coridtttonvng applied (removing the effect 

of niicrophonc one)

5.22 (a) and conditioned case 5.22 (b) are illustrated. While some decrease in 

coherence is noted at the dominant vibration frequencies with the removal of
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llie extraneous noise tlie overall change is not significant enough to  elim inate the 

v ibrations entirely.

In order to  exam ine the  propagation of the  acoustic waves, the  coherence 

between m icrophones 2 — 3 ,3  — 4 ,4  — 5, 5 — 6 and 6 — 7 is analysed. Figure 5.23 

(a), as a  function of frequency, and, 5.23 (b), as a  function of kRj  illustra te  th a t

1
mic2-mic3 c1 

" mic3-mic4 c1
  mic4-mic5 c1
— —  mic5-mic6 cl 
— mic6-mic7 c1
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c
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0.1

0
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0,9
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0.5

0,4

0.3

0.2

0.1

kR

ff>)

F i g u r k  5.23: r / D  =  4.5.' Coherence between Microphones as a function- o f  {a) 

frequency {h) kR

all m icrophones would seem to  be m easuring an area  which is highly correlated 

in both  the  hydrodynam ic and acoustic regions. T he behaviour of the  acoustic
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region as measured at r / D  =  4.5 is very different to tha t seen at r / D  =  1.1 since 

no increase in coherence w ith  the downstream direction is noted.

To determine i f  the demarcation between regions can be observed, the contour 

coherence is examined, as shown in  figures 5.24 (unconditioned) and 5.25 (condi­

tioned). The reference microphones are again 2, 5, 7, and 10. As noted previously, 

the conditioned coherence results in  h ttle  change. Consequently there appears to 

be a division comprising two regions in  the contour coherence. Nonetheless the

demarcation would seem to  be at kRj =  10.

3 5 !-

( r ‘

k/D

(a) (l>)

25 ^

a '

k/D

I
lO i-

x /0

I

(c) (d)

F ig l ’HH 5.24: r / D  — 4.5.' Contour Coherence with refererice, rmcrophom: (a) 2, 

(h) 5, (c) 7. (d) 10
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FlGlJHK 5 .2 5 :  r /D  = 4.5; Contour Coherence conditioiied for imcrophojie 1 with 

reference micro phone (a) 2, (b) 5, (c) 7. (d) 10

5.2.3 Phase

As previously mentioned and shown by figure 5.13, the phase estimates are not 

affected by the extraneous noise. Figure 5.26 illustrates the phase between mi­

crophones 2 and 7 with the remaining downstream microphones as a function of 

(a) & (c) frequency and (b) & (d) kRj. The dem arcation between regions is again 

somewhat uncertain. However when the propagation of the phase is examined, 

particularly for the acoustic region, as shown by figure 5.27, it would seem to 

suggest tha t the sources being registered by these microphones are propagating 

past them. Therefore it would appear tha t in fact the acoustic region is being 

measured for this particular r / D.  To extract source propagation velocities will
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require careful analysis so as to avoid the observed vibrations tha t are contami­

nating the acoustic field.
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F ig u rk  5.27: r /D  =  4.5.' Phase between Microphones as a function of (a) 

frequency (b) kR

5.3 C oncluding Rem arks

The primary aim of this experimental acoustic analysis was to determine if the 

acoustic region of the je t could be successfully measured. As was shown by Arndt 

et al [16], in order to measure the acoustic region of a jet, the position of the 

measuring device is dependant not just on the radial distance from the shear layer 

axis but also on frequency. The term ‘/c/?’ evolved to describe the demarcation 

zone between the hydrodynamic and acoustic regions. The foregoing acoustic 

analysis was performed from measurements obtained a t two microphone array 

locations { r / D  =  1.1 & 4.5) with the je t operating at maximum velocity (i.e. 

83m/s).

The close array position of r/Z ) =  1.1 enabled both the hydrodynamic and 

acoustic regions of the je t to be examined. The microphones were configured 

so tha t microphone 1 w'as located inline with the je t exit and the remaining 

nine microphones were located near the end of the potential core of the jet, 

approximately 6D  downstream. The array was placed parallel to outer shear 

layer axis.

It was observed th a t some additional noise was measured at the jet exit. This 

noise was partially coherent with the downstream microphones, but had little, if
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any, overall effect on coherence and phase estimates. This implied that the jet 

noise was dominating the observed contaminating noise for r /D  =  1.1.

Examination of the coherence between the microphones revealed the point 

of demarcation between the hydrodynamic and acoustic regions of the jet. The 

hydrodynamic field, which comprises plane waves convecting perpendicular to 

the shear layer axis, was highly correlated over all microphones. The nature of 

noise generation in jets is such that the region at the end of the potential core 

and on the shear layer axis is where most mixing occurs. Hence it is here that 

most noise occurs. This was clearly shown when the acoustic field increased in 

the downstream direction from the end of the potential core, and onwards. The 

demarcation between regions was again evident from the phase estimates. When 

plotted a function of wavemunber {kR), the phase clearly showed that for 

k:R < 1.2 the hydrodynamic field w'as convecting and, for kR > 1.2 the acoustic 

field was propagating, as reported by Arndt et al [16] and Jordan et al [17].

In order to observe the expanding acoustic region of the jet, the array was 

positioned further from the jet axis to a position with r /D  =  4.5. The contam­

inating noise previously observed at the jet exit was now radiating outwards as 

detected in all microphone measurements. The coherence between microphone 1 

(positioned at the jet exit) and the remaining microphones located downstream 

at the end of the potential core revealed that this noise was correlated over the 

entire field, in the frequency range of interest to this study. When conditioning 

was applied to the data, very little appreciable difference resulted. The demarca­

tion between the hydrodynamic and acoustic regions was not clearly identifiable 

w'ith no increase in the acoustic field being noted in the downstream direction. 

The phase estimates revealed propagation occurring, however it appears that with 

the array positioned at r / D  = 4.5 the extraneous noise and not the jet noise was 

dominating the measurements.

The remaining microphone array positions, namely r / D  = 2.0 & 3.0, provided 

similar findings to those obtained aX r / D  = 4.5. When the jet was operated at a 

reduced velocity of 45m/s no further insight was obtained than when operating at 

maximum speed. Finally in an attem pt to increase the jet velocity and hence the
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je t noise, the exit nozzle was reduced to a diameter of 26mm. This smaller nozzle 

only provided an increase of 5 m /s  in the exit velocity which was not significant 

enough to increase the je t noise to a dom inant level.
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Chapter 6

Source Identification

The preceding chapters have dealt with the correction procedures associated with 

(he reconstruction technique of Sample &: Hold, and the comparison of this tech­

nique to Slot Correlation. The LDA acquisition modes of coincident and non­

coincident were also examined in relation to the velocity fluctuations, and, more 

importantly in relation to the Reynolds stress terms. Subsequently acoustic mea­

surements were performed on the wind tunnel at Trinity College where the noise 

footprint of the jet w'as examined. All of this information will be utilized in 

this chapter to perform source identification of the jet using combined LDA and 

acoustic mea«urements.

LDA and acoustic measurements are used to perform detailed analysis relating 

to the proj^agation of the source terms u', v \  & u'v' to ten microphones

positioned parallel to the shear layer axis. The correlation between u' k. u'^ and 

v' & v'‘̂ indicates the degree of quadratic interaction present in velocity data. The 

relationship between u' k, v' and the microphones are termed linear source terms, 

whereas the relationship between & v'’̂ and the microphones are quadratic 

sources.

The aim of combined LDA and acoustic measurements w'as to identify the 

noise source mechanisms and examine their propagation and radiation within the 

area surrounding the jet. This chapter is divided into three sections. The first 

deals with the method used to extract information from five sources in conjunction 

with a number of microphones. The second details the measurement setup while
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the third presents the results obtained.

6.1 Five Input M odel

III order to provide a greater insight into the generation of noise it is necessary to 

obtain da ta  from the LDA and microphones measurements and identify possible 

sources of noise. In a study of je t noise it is also im portant to extract this infor­

mation from each noise source independently. This is necessary when correlation 

between input records exists. The technique used is detailed in Bendat & Piersol 

[50], where the relationship between each input and the output, with the m utual 

coherence between the inputs removed, is defined in equation 6.1.

Using this equation enables conditioned spectral quantities of order r! to be cal­

culated from known conditioned spectral quantities of order (r — 1)! for any 

r  =  1 ,2 ,..., q and i , j  up to [q + 1), where i > r and j  > r.

The combined LDA and acoustic measurements will result in five inputs {u', 

v', u'^, v''̂  & u'v') and ten possible outputs (microphones 1 — 10). Conditioned 

spectral analysis is achieved through the use of this simplistic model. Implement­

ing a multiple input /  single output model requires tha t the inputs are ranked 

according to the coherence with the output. This process cannot be applied to a 

multiple input /  multiple output model, however an intelligent order is assigned 

to the inputs. The relationship between the inputs and each output is shown 

in figure 6.1. In order to extract the phase of the frequency response functions 

and work backwards to calculate {H^y} equations 6.2 & 6.3 are employed, for

( 6 . 1)

i  =  ( Q -  l ) , ( g  -  2),. . . ,  2,1.

(6 .2 )
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(6.3)

u ' FRFi

v' FRF2

FRF3 P(t)

FRF4

FRFs

F'k^uhk 0.1: Conditioned vnpat.s & outputs

The multiple-inpnt output model detailed in Bendat & Piersol [50] was orig­

inally from a technique by Rice et al [51] which determined the nonlinear co­

efficients together with a physical model of the underlying linear structure that 

required excitation signals at each response location. This spectral technique is 

used for the identification of multiple degrees of freedom systems from input out­

put records. Richards et al [52] compared their reverse path technique, which 

develops only one reverse path model from the entire set of N frequency domain, 

to tha t proposed by Rice et al [51]. They determined that the advantage of the 

technique of Rice et al was tha t the physical properties are identified however the 

application to a large number of degrees of freedom could be difficult. Whereas, 

their approach would be better suited to a large number of degrees of freedom. 

Roberts et al [53] used a generahsed spectral estimation method similar to tha t 

proposed by Rice et al [51] where the addition of an equivalent wfiite noise is 

used to model the unmeasured excitation. This modified approach overcomes the 

difficulty of separating linear and non-linear damping contributions using spectral 

methods and was applied to noise-free simulated data.
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6.2 E xperim ental Setup

The use of the LDA system enables the velocity field to be measured non- 

intrusively and simultaneously with the acoustics so tha t the source mechanisms 

can be identified. The one-point/ two-component LDA system comprised of a 

Laser Physics 500mW  Argon-ion laser (wavelengths of 488nm & 514.5nm), a 

Dantec Fiberflow' optical system operating in forward scatter, a Nikon camera 

and a burst spectrum  analyser (BSA F50). This system produced a focal length 

of 250mm and a measurement volume of diameter 0.12mm and length 1.6mm. 

The LDA and acoustic arrangem ent is shown in figure 6.2, where in this instance 

10 microphones are mounted at an incline of approx 9deg to the je t axis the first 

of which is located at the je t exit and the remainder positioned a t intervals of 

35nnn.

F i g u r e  6.2: Expeirmrntal Setup at Trimty - cornhined LDA and aca'iislic. rnea- 

sureinentH

The velocity and acoustic measurements were performed for two je t velocities
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of 8‘i r n / s  & 3b m /s ,  w ith the  m icrophone array  positioned &t r / D  =  1.1,2.0, 3.0 

& 4.5. In chapter 5 it was shown th a t the  hydrodynam ic and acoustic regions 

could be identified when the  array  was positioned at r / D  =  1.1 & 4.5, where the 

first m icrophone in the  array  was positioned a t the  je t exit and the  rem aining 

m icrophones (2 — 10) located dow nstream  near the  end of the  po ten tia l core at 

spacings of 35m m.  A num ber of LDA positions were exam ined as depicted in 

figure 5.4. The results presented in the following sections where obtained  when 

the LDA m easurem ent volumes were located a t the  end of the  po ten tia l core and 

on the  lip line where the  axial com ponent (u) and radial com ponent {v) were 

acquired initially  in non-coincident mode. The im m ediate surrounding area of 

the test was isolated in order to  shield external noise as far as possible.

6.3 R esults

The correction procedures associated w ith the Sam ple fc Hold reconstruction 

technique have been detailed in chap ter 3. This technique was im plem ented on 

coincident and non-coincident LDA d a ta  which was included in the  prelim inary 

analysis of chapter 4. Before the results from the combined velocity and acoustic 

m easurem ents are presented, some initial analysis of the LDA d a ta  is presented. 

Figure 6.3 shows the estim ated  spectra  of the  velocity fluctuation u'  and the

10 '®

F re q  [H2]

FKUJRt: G.3: LDA auto spectra (a) u ' . (hj u '^  - raw S&H. S&H jiUer corrccl.cd. 

S I -  H  J i l l (  r and  .s/( /; ( ornct.cil

Reynolds stress term  The final estim ates are shown in green, (i.e. filter
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and step  noise corrected). Similarly the  au to  spectra  of the  velocity fluctuation 

(/ and the  Reynolds stress term  v'^ are shown in figure 6.4. T he m ean d a ta  

acquisition rates for the  axial and rad ial com ponents of velocity were 36 k  A ik H z  

respectively.

F re q  [Hzj

1 0 -1

F re q  [Hz]

FlOUlu: 6.4; LDA auio spectra (a) r ' , (b) r '‘̂ -  Taw S&H, S&H filter corrected, 

^'t-11 jilt ( r a nil -̂ 1(11 ii(iis( coirccltd

W ith  regard to  non-coincident LDA da ta , when two signals are acquired, the 

cross spectrum  is not contam inated  by step noise, as detailed in chapter 3. The 

original and corrected cross spectra  between the velocity fluctuations u' and v' 

are shown in figure 6.5.

10'  r .  ---------------- ------------------ ------------ ------------------ ------------------- ---- ---------------  --------------------

■ S&H raw  sp ec tn jm
- " S&H filler co rrec ted  spectrum

 ^
10^ 10^ 10 ‘  10*

F req  (Hz)

F k u jh e  6.5: LD A cross spectrum- hetwe.en ?/' & v'

The coherence between the  LDA sources is calculated from the  estim ated  au to
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and cross spectra. Figure 6.6 (a) shows the corrected coherence between u' and 

v \  and 6.6 (b) between v' & u'' ,̂ v'^ and vP' h  v'"̂ . As discussed in chapter

4 the hiniting factor in the coherence estimates is the noise to signal ratio (q ).

r ?  0.5

Freq [Hz)

0.5

Freq (Hz)

(a) (h)

F'lGrUE 6 . 6 :  C’lr m c le d  C o h tr e n a t  betw een  L D A  nources (a )  u' w ith  r '. u'^ &  r'^ 

(I)) r' w itfi u'^. r''̂  a n d  n'- w ith  v'~

It was shown th a t the corrected coherence is greater than one when the noise 

to signal ratios reach a value of approximately 10, which occurs at the higher 

frequencies. From this example of the coherence between the LDA sources, it 

can be seen tha t mutual coherence exist between the record inputs. The greatest 

coherence is between the two velocity fluctuations. As expected, coherence exists 

between u' and since this Reynolds stress term  is calculated from the velocity 

lluctuation. How'ever, the coherence between v' and v'^ is considerably less. These 

correlations signify tha t quadratic mixing is present in the velocity data.

As shown, the LDA sources of u ', v ', , v''̂  h  u'v' have m utual correlation,

implying that the conditioning identification technique proposed in section 6.f 

must be implemented to extract accurate relationships between the combined 

velocity and acoustic measurements. The schematic of figure 5.4 shows how the 

combined tests were configured. Microphone 2 is located upstream  of tfie mea­

surement volume and microphone 3 positioned directly above while the remaining 

microphones are located downstream of the measurement volume. The first set 

of measurements (denoted ‘Configuration 1’) was acquired when the LDA was
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located at the end of the potential core and on the lip line, initially with the 

microphone array located at r / D  =  1.1 while for the second set of measurements 

(denoted ‘Configuration 2’) the microphone array was repositioned to r / D  = 4.5.

6.3 .1  C onfiguration  1

The acoustic measurements performed for r / D  = 1.1 were shown to reveal both 

the hydrodynamic and acoustic regions of the jet. Some extraneous noise was seen 

in the immediate area surrounding the nozzle, but the microphones positioned 

further dowmstream did not register the noise. Through the use of combined 

LDA and acoustic measurements, it was expected to identify convection and 

propagation of noise sources to the microphone array positioned a t r / D  =  1.1.

Figure 6.7 illustrates the ordinary coherence where the coherence between 

each of the LDA sources {u', v', u'^, v''  ̂ k, u 'v' acquired in non-coincident mode) 

and each microphone in the array is displayed. Insufficient coincident data  was 

acquired in order to examine the Reynolds stress term  of u'v' therefore this term 

will not be completely reliable (as seen from Chapter 4). Since it is mainly the 

hydrodynamic field tha t this close array configuration examines, this term  will 

not be of major significance for this setup. In order to examine how each source 

propagates downstream the partial coherence is calculated, as shown by figure 6.8. 

As u' is the first input in the model, no conditioning is applied. Hence there is no 

change in the coherence. However, the remaining sources fiave been conditioned. 

The ordinary colierence of u' (figure 6.7 (a)) reveals a spatial decrease, w'ith 

the maximum coherence being achieved by microphone 3, directly above the 

measurement volume. The next highest coherence is achieved with microphone 

2, whicli is located upstream , this is then closely followed by microphone 4. The 

coherence seen by microphones 2 — 5 appear to have a similar shape, where the 

dominant frequency is approximately 150Hz. The coherence frequency range is 

narrow (0 — 6 0 0 //2 ) while the coherence for the remaining microphones decays 

quite rapidly over t his band.

The ?>component (radial direction) fluctuations can now be examined without 

interference from the u-component (axial direction). Upon close examination,
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it appears tha t the dominant frequency seen in the ordinary coherence (figure 

6.7 (b)) between v' and microphones 3 & 4 is reduced, leaving a frequency of 

approximately 600Hz dominating these microphones. These higher frequencies 

appear to dominate the region surrounding the measurement volume. W hen the 

source identification technique is implemented, (figure 6.8 (b)) a reduction in the 

overall contribution seen by microphones 2 — 8 occurs. The partial coherence 

with microphones 4 — 8 appear to exhibit a similar pattern , whereas none was 

obvious from the ordinary coherence. This decreasing pattern, both in size and 

frequency with the downstream direction, can be similarly observed.

The dominant frequencies seen in figure 6.8 (a) and (b) suggest th a t, as the 

vortices within the je t are merging, the lower frequencies s ta rt to dom inate in the 

downstream direction. The flutter at the end of the potential core, due to the 

Kelvin-fielmholtz instabilities, is seen in particular in the radial direction for the 

microphones positioned close to the measurement volume.

The Reynolds stress is a term  tha t in a sense is moving in the axial direc­

tion. It would therefore be expected to observe coherence of similar magnitude 

with the microphones tha t are located on either side of measurement point. This 

is exactly the behaviour th a t is seen with the partial coherence between and 

the microphone array (figure 6.8 (c)). Microphones 2,3 & 4 which are positioned 

upstream , directly above and downstream of the measurement volume in fact 

show this quite markedly. The dominant frequency seen by these microphones 

is approximately A2bHz. Microphone 5 could also be included in this grouping 

since it sees a similar shape to the others, although at a lower magnitude since 

the source contribution is propagated dow'nstream. The peak frequency of 425Hz 

corresponds to a Strouhal number of 0.26 based on frequency, exit velocity and 

diameter. A jet-noise spectrum has a peak at a Strouhal number of 0.3, however 

t he exact Strouhal number will be dependant upon the angle from the je t axis, 

(Mollo-Christensen et al [54]). This observed peak suggests tha t the column 

instability is dominant for the Reynolds stress term  u'’̂. The remaining micro­

phones are positioned too far away to witness any significant presence of the u '‘̂ 

term, since the coherence levels never exceed 0.005.
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By comparison, for the other Reynolds stress term  v'^, the dominant frequency 

tha t is causing a disturbance in the radial direction is 200Hz. The coherence 

levels noted from the partial coherence with iP  (figure 6.8 (d)) are half those 

seen by u'' ,̂ where a very different pattern  is also seen. Interestingly microphones 

3 & 5 reveal almost the same coherence estimates, even though microphone 3 

is positioned directly above the measurement volume and 5 downstream of it, 

but the source is seen to be most dominant by microphone 4, This observed 

behaviour depicts how the source term  v'^ is most dominant in the immediate 

downstream direction. The peak frequency of 200Hz  corresponds to a Strouhal 

number of 0.12, which is half the observed Strouhal peak for u'‘̂. Once again the 

coherence levels seen from this source by the remaining five microphones are not 

of sufficient magnitude to suggest any definite conclusion.

W ith the microphone array positioned at this close r / D  location it was shown 

in the previous chapter th a t the main region being observed is the hydrodynamic 

region. Even though the data  was acquired in non-coincident mode, for com­

pleteness it is included in the coherence estimates. The source term u'v' is most 

correlated with microphones 2 — 4, at frequencies between 450 &; bQ{)Hz (figure 

6.7 (e)). W ith the conditioning identification technique applied, the partial co­

herence (figure 6.8 (e)) reduces the previously noted dominant frequencies and 

now reveals a dominant frequency of 350Hz, as seen by microphone 4, and a 

frequency of 750Hz, as seen by microphone 3. N otwithstanding overall coher­

ence levels are less than 0.015. It. should be noted tha t in order to see more of 

the acoustic region and consequently more contribution from u'v', th a t the array 

should be positioned further from the je t axis.

An alternative way to examine the coherence between the LDA sources and 

microphones is to observe the contribution of all the LDA sources to  each mi­

crophone, as shown by figure 6.9. The plots represents what each microphone is 

measuring in turn  from the possible five sources, where the partial coherence is 

being used. The velocity fluctuations are dom inant throughout. The u' term  has 

two dominant frequencies of 200 and 400Hz. This shape is maintained until ap­

proximately microphone 8. Beyond this the contribution seen is very small. The
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v' component has the effects of u' removed, where the contribution seen by micro­

phones 2 & 3 are different in shape than that seen by the remaining microphones. 

This is due to the position of the microphones relative to the source, where micro­

phones 2 & 3 are respectively upstream of, and directly above the measurement 

volume. The remaining microphones which have this similar pattern of reduc­

ing coherence are all positioned downstream. The Reynolds stress terms for this 

close r /D  location are not as dominant as the velocity fluctuations. The term 

is coherent up until microphone 5, where its dominant frequency appears to be 

425Hz. The contributions of and u'v' as seen by the nine microphones never 

attains a coherence level greater than 0.01.

fo r a system with multiple inputs and one output, the multiple coherence 

represents the fraction of power in the output accounted for by simultaneous 

linear filter relationships with all the inputs. Therefore the calculation of the 

multiple coherence between the LDA sources and microphones enables the overall 

contribution of the sources to the noise to be examined for each microphone, as 

shown in figure 6.10. It can be seen that the most dominant source contribution 

is seen by microphones 3 & 4. Lower frequencies are seen to dominate further 

downstream. When the multiple coherence is plotted as a function of the 

term, where the perpendicular distance from each microphone to the shear layer 

axis is used, it is clearly evident that only the hydrodynamic region is seen. In 

other words, the propagation of these LDA sources are purely hydrodynamic.

In figure 5.27 of chapter 5 the demarcation between the hydrodynamic and 

acoustic regions was clearly evident at kR =  1.2, which corresponded to a fre­

quency range of O-lOOOHz for r /D  = 1.1. It was observed that the hydrodynamic 

region was convecting whereas the acoustic region was propagating. From the 

ordinary and partial coherence between the LDA sources and the microphones, 

(figures 6.7 and 6.8), the correlation above lOOOHz was less than 0.01. Therefore 

it is unlikely that an examination of the angle of the frequency response function 

above IOOO/ /2  will provide any useful information regarding source propagation. 

As figure 6.11 shows, when the frequency is greater than lOOO//^, it is difficult 

to determine how the sources u' and v' are convecting. For this reason the angle
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of the  frequency response function will only be exam ined between 0 and lOOOi/z, 

as shown by figure 6.12 where the norm alised angle is p lo tted  as a  function of 

frequency between all five sources and m icrophones 2 — 10. Consequently this 

frequency range confines the  exam ination to  the  hydrodynam ic region, and hence 

the  contribution of the  Reynolds stress term  u'v' will be of less significance.

Five frequency response functions are calculated from the five input sources 

which are labelled (a) th rough  (e) in figure 6.12. T he angle from th e  velocity
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Hucluation inputs appears to have a definite trend, as seen by the micropliones. 

It is not clear if any such trend exists for the Reynolds stress inputs. When the 

partial coherence was examined, (figure 6.8), it was seen by microphones 2 — 5 

that the Reynolds stress term had a dominant frequency of approximately 

450ifz. It may therefore be possible to determine how this source propagates 

at this frequency. Similarly, the partial coherence of revealed a dominant 

frequency of 200//2  which was seen by microphones 2 — 6. Some propagation is 

identifiable in a  region between 0 and 200//2 when the angle of the frequency 

response function of input 3, i.e. the Reynolds stress term  v''^, is calculated.

The partial coherence for the final Reynolds stress term  of u'v' revealed little 

insight into this source term for two reasons. Firstly, because the hydrodynamic 

region is measured predominantly at r/£> =  1.1, and secondly, the LDA data  was 

acquired in non-coincident mode.

Figure 6.13 (a) shows both the partial coherence and 6.13 (b) the angle of the 

frequency response function for coincident u'v '. This da ta  was obtained with the 

LDA measurement volumes positioned 0.3D from the je t axis and 6Z) from the 

jet exit. Despite the difference in measurement location, there does not seem to 

be an improvement in the angle of the frequency response function of the source 

term n'v' obtained from this coincident data.

6.3.2 Configuration 2

In chapter 5 it was shown th a t the noise radiating from the front panel of the 

wind tunnel affected all microphone measurements when the array was positioned 

at r /D  =  4.5. In order to provide insight into the propagation of acoustic noise 

sources combined LDA and acoustic measurements for this configuration were 

performed.

The ordinary coherence between the velocity fluctuations and the microphones 

is shown in figure 6.14 (a) & (c) as unconditioned coherence, and 6.14 (b) & (d) 

with the effects of microphone 1 conditioned out. The ordinary coherence of u' 

reveals peaks a t 200 & 1000/^2. When microphone 1 is conditioned out there is an 

increase in the coherence, particularly when the microphones are positioned closer
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to the measurenient vohmie. The dominant peak in the ordinary coherence of v' is 

2{)()Hz. A secondary peak of 1500Hz can also be seen, measured by microphone 

10. Notwithstanding the coherence between the axial velocity fluctuations and 

the microphones never exceeds 0.01. When microphone 1 is conditioned out some 

increase in coherence can be seen, particularly for microphones 2 & 3. A similar 

analysis is applied for the Reynolds stress terms, with the ordinary coherence 

shown in figure 6.15 (a),(c), & (e) and the conditioned ordinary coherence in 6.15 

(l)),(d), L  (f). When this is performed very little overall discernable difference is 

observed.

When the conditioning identification technique is applied the partial coher­

ence is examined, as shown by figure 6.16. In this instance the microphones are 

conditioned for microphone 1. As before u' is the first input, therefore the partial 

coherence is not altered by this tecfmique. When the effects of u' are removed 

from w', (figure 6.16 (b)), the previously dominant coherent frequency of 200Hz 

is reduced and the coherence at lOOOHz is dramatically increased. The partial 

coherence of the Reynolds stress term  u'^ is increased a t 200Hz, similarly a slight 

increase occurs for ?/^. A global increase in the partial coherence for the final 

Reynolds stre;ss term of u'v' occurs, but in this instance the coherence is less than
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The overall contribution of the five sources, as observed by each individual 

microphone, is shown in figure 6.17. It is obvious th a t the dominant coherent 

frequencies are approximately 200 &: lOOOi/^.

The angle of the frequency response function is examined for each LDA source, 

as previously performed for Conhguration 1, (figure 6.18). From this analysis, it 

is clear th a t there is no conclusive evidence of noise source propagation. While 

some noise source propagation may be occurring there is not sufficient evidence 

to justify this, since the partial coherence only identified dominant vibration 

frequencies.
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6.4 C oncluding Rem arks

A source identification technique has been implemented on combined LDA and 

acoustic measurements. This technique allows noise source mechanisms and their 

propagation to be examined.

The combined measurements were carried out using two configurations. The
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first configuration enabled both the hydrodynamic and acoustic regions to be 

measured successfully. The partial coherence between the LDA sources and the 

microphones, for this configiu'ation, clearly revealed how the different sources 

behave. It was shown tha t the radial velocity fluctuation was greatest when 

measured directly above the LDA position. A clear dominant frequency was noted 

which decreased in the downstream direction as the source dissipated. Whereas 

in the case of the axial velocity fluctuation, the dominant frequency remained 

constant in this direction.

The partial coherence of u''̂  revealed tha t this source term  is most correlated 

with those microphones th a t are located in the vicinity of the measurement j)osi- 

tion, whereas v '‘̂ is more correlated with the downstream microphones. Since it is 

t he hydrodynamic region of the je t th a t is examined for the frequency range 0 to 

lOOOiiz, the Reynolds stress term  u'v' is not of significance for this configuration.

The angle of the frequency response function of the velocity fluctuations re­

vealed a definite trend which dem onstrated the convection nature of these source 

terms. However for the Reynolds stress terms there is no such obvious trend. 

The use of coincident LDA data  did not provide any further insight into the 

propagation of the Reynolds stress term  u'v'.

In order to measure more of the acoustic, and subsequently less of the hydro- 

dynamic region, the second configuration was examined. The partial coherence
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for this configuration revealed dominant frequencies th a t were associated with 

the vibration analysis carried out previously in chapter 5. This implies th a t these 

vibrations are inherent in the measured velocity field. The source identification 

technique revealed tha t some acoustic propagation was occurring, although its 

origin was inconclusive.
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Chapter 7

Conclusions &c Future Work

The work reported in this thesis has examined the means by which noise source 

mechanisms in je ts can be measured and identified. To do this, combined LDA 

and acoustic measurements were performed.

For the LDA measurements, a Sample & Hold time domain reconstruction 

technique, proj)osed by Simon & Fitzpatrick [40], was iniplemented.

• Since the study of je t noise and noise source mechanisms requires a knowl­

edge of the Reynolds stress terms, this therefore suggests tha t the Sample 

& Hold m ethod must be expanded to deal w'ith possible coincident signals.

Having defined the Sample & Hold correction technique, a  validation proce­

dure with the Slot Correlation m ethod was performed on experimental data. This 

comparison was performed in both the frequency and correlation domains,

• Some inconsistencies were noted in the coherence estimates from Slot Cor­

relation, and slight differences occurred between estim ates of convection 

velocity and length and time scales using both techniques.

• Sample & Hold provided better estimates in the frequency domain than 

those obtained using Slot Correlation, while the differences noted in the 

correlation domain estimates were most likely due to the manner in which 

each technique calculates this domain.
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• A combination of both Sample & Hold and Slot Correlation best suits an 

analysis of both the frequency and correlation domains from random LDA 

data.

An analysis was performed on the two modes of LDA acquisition, i.e. coinci­

dent and non-coincident. This analysis has regard to the implications of how the 

Reynolds stress term  u'v' is calculated.

• Some differences occurred at low frequencies in the spectral estim ates of 

u ' t / .

•  Coincident da ta  points were inherent in non-coincident acquisition, however 

these coincident points did not appear to affect the spectral estimates from 

the non-coincident data.

• In order to correctly estim ate the Reynolds stress term, the LDA data 

should be acquired in coincident mode.

Source identification requires tha t the liydrodynamic and acoustic regions 

of the jet be differentiated. A preliminary acoustic analysis was performed to 

determine if these regions could clearly be seen. Two microphone array locations 

were employed.

• W ith the array positioned at r /D  =  L I both regions were successfully 

identified.

• The convecting hydrodynamic and propagating acoustic regions were shown 

from both the coherence and phase estimates.

• When the array was repositioned to r /D  =  4.5, less of the hydrodynamic 

and more of the acoustic region was examined.

• Vibrations originating from the front panel of the wind tunnel were conta­

m inating the microphone measurements, for this array location.

• A ttem pts w'ere made to condition out this additional noise, but there was 

not sufficient je t noise at this location to be recorded.
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• Although it was possible to determine that some propagation was occurring 

at certain frequencies, it was not possible to conclude, on a qualitative basis, 

its definitive source.

Combined LDA and acoustic measurements, with the LDA positioned at the 

end of the potential core and on the lip line, and the microphone array at r / D  = 

1.1 k  4.5, were performed to examine source identification and propagation.

• The first configuration identified that the greatest contribution from the 

sources was seen by the microphones positioned directly above and imme­

diately downstream of the LDA position.

• The most dominant sources were the velocity fluctuations. Th(> column 

instability was identified from both the Reynolds stress terms of and 

1/2 .

• The array was positioned too close to the jet axis to conclude how tlie sotirce 

term u'v' behaved.

• The second configuration aimed to reduce the effects of the hydrodynamic 

region and increase that of the acoustic. However, the vibrations that were 

associated with the front panel of the wind tunnel, registered by tlie micro­

phones at r jD  — 4.5, were also inherent in the LDA velocity measurements.

The techniques and developments described above have the potential to ad­

vance further knowledge and understanding of the important area of jet noise. 

In order to fully explore that potential it will be necessary to apply these source 

analysis methods to an investigation of jet noise at higher acoustic levels than 

those achievable for the purpose of tliis thesis. However, there are sufficient 

grounds established herein for believing that further research in this area is war­

ranted.
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