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Abstract

To minimize the significant environmental impact of air travel a reduction in noise 

pollution from jet engines is required. This has led to a renewed focus on active and 

passive techniques which modify the turbulence characteristics and hence the noise 

production mechanisms in the jet. One of the most prominent technologies of this 

type about to be implemented on commercial aircraft are chevron nozzles. It has been 

shown that this technology can j)rovide noise reductions without significant thrust 

penalties. However chevron nozzles suffer from a high frequency noise penalty that 

has been attributed to increased mixing in the near nozzle region. Current noise 

prediction methods can not handle the complex changes to the turbulence properties 

of the jet. While the effects on the far field sound and on the jet structure have been 

well documented more fundamental research is required on how chevrons affect the 

turbulence properties in order to improve the current noise prediction capabilities.

A detailed investigation has been carried out comparing three chevron nozzles to a 

baseline single je t in which extensive measurements have been performed to determine 

the turbulent characteristics of the flows. The investigation is primarily concerned 

w’ith the affects of chevron immersion on the flow.

A whole flow field investigation has been under taken using PIV to examine the 

effects of the chevrons on both jet structure and the basic turbulence properties. In 

terms of jet structure the primary quantities of interest are potential core length and 

shear layer growth. It was found that chevron nozzles significantly alter the growth 

of the shear layer and the ratio of the turbulence components. In addition chevron 

immersion was identified as the significant factor in altering the potential core length.

A more intensive investigation of the turbulent length scales w'as then undertaken.



Two point, two component LDA and cross hot wire measurements were taken to 

determined the length scales associated with both the turbulence and shear stresses 

for the different configurations. These statistics are directly related to the noise source 

mechanisms and are used in the principle noise source models.

Through the use of frequency dependent length scales this investigation has clearly 

shown that the different scales of the turbulence respond very differently to the addition 

of chevrons to a nozzle. This has clearly demonstrated tha t without the use of a 

frequency dependent length scale no model is capable of capturing the altered flow 

properties produced by chevrons. It is suggested tha t any model wishing to capture 

the physics of the noise production must now include frequency dependent length and 

time scales.
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Chapter 1

Introduction

The commercial airline industry is today one of the largest global industries and one 

that effects many aspects of daily life. The airline industry has a significant environ

mental impact and a key element of this is jet noise. Many airports have now expanded 

into residential areas which has led to the introduction of strict legislation regarding 

noise pollution. In order to meet these challenges the airline industry has placed a 

huge demand on research to provide efficient noise reduction technologies. As a result 

the field of aeroacoustics is today perhaps more vibrant than ever and consists equally 

of experimental, theoretical and numerical research.

Many of the key revolutions in jet noise research began with Lighthill’s work in the 

1950s which opened the door to understanding how a turbulent flow produces noise 

for the first time. From here advances in measurement technologies led to detailed 

experimental studies through the 1970s and 80s. This work produced massive empirical 

databases from which predictions of jet noise could be drawn. Combined with the 

revolution in computing power through the 1990s these empirical databases were used 

to provide fast rough and ready predictions of aircraft noise. This led to the birth 

of Computation Aero-Acoustics (CAA) and a vast amount of research time is still 

spent developing these prediction technologies. Many jet noise prediction codes still 

rely on the original empirical data provided by the earlier research to validate their 

results. Many of the most successful prediction codes still rely heavily on empirical 

constants to correct or normalize their results. It is not sufficient to rely on empirical

1
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data to provide an accurate answer for jet noise prediction and a true understanding 

of the physics of the problem is required. We now have the computational power and 

prediction methodologies available to begin including more of the real physics of the 

problem of jet noise in the prediction codes.

Perhaps the strongest reason to move away from empirically based prediction tech

niques is the increasing complexity of jet engine design. Many of the most recent 

noise reduction technologies rely on changing the fundamental flow structure of the 

jet. Two of the most prominent technologies of this type to emerge from new research 

are chevrons and microjets. The latest designs for these technologies can provide sig

nificant noise reductions without significant thrust [)enalties [1]. However since the 

fundamental physics of the flow have been changed evidence is emerging that the tra 

ditional scaling laws probably no longer apply [2]. The airline industry has come to 

rely heavily on computer prediction technologies as an alternative to exj)ensive wind 

tunnel testing. Now that these noise reduction technologies are being realised on com

mercial aircraft designs the challenge will be to update our prediction capabilities to 

handle the new physics.

This is particularly relevant since this year, 2009, will see the release of the first 

commercial aircraft to feature chevrons as a noise reduction technology: the Boeing 

787 Dreamliner. This aircraft has been designed with the pressures of fuel economy 

and environmental impact in mind and these factors will continue to be a driving force 

in design for some time to come.

1.1 O bjectives and Overview

The purpose of this investigation is to provide a parametric study of the effects of 

chevron geometries on flow physics. Keeping the requirements of noise prediction 

technologies in mind this study had a number of objectives:

•  To design a series of chevron nozzle geometries tha t represent the action of full 

scale aircraft designs. This is achieved through the design of a parametric series 

of nozzles focused on the feature of chevron immersion into the flow.

2
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• To quantify the changes in flow structure resulting from the addition of chevrons 

to nozzle designs. This is achieved by a full flow field comparison with a baseline 

nozzle. In addition this process identified areas of interest for further tests.

• To provide in depth turbulence statistics of the type used for aeroacoustic pre

diction codes. This is achieved through two point measurements of the frequency 

dependent turbulence properties and Reynolds stresses.

• To examine the change in the turbulence properties with a view to explaining 

the changes in jet noise produced by chevron designs.

The contents of this thesis are organized as follows. Chapter 2 outlines the difficulties 

turbulence j)resents the researcher anti gives a brief outline of the main theories used 

to predict the noise it generates.

Chapter 3 describes the theory required for calculating turbulence statistics and 

their frequency dependence.

Chapter 4 gives an overview of the research into the effects of chevron nozzles as 

a noise reduction technology and describes the state of the art technology soon to be 

found on commercial aircraft.

Chapter 5 describes the experimental facilities and instrumentation used for this 

investigation and quantifies the experimental error associated with such techniques.

The results of the preliminary PIV investigation are given in chapter 6 and are 

used to characterize the chevron nozzles and their changes from a baseline single jet.

The results for the turbulence statistics and their frequency dependence are given 

in chapter 7 with a discussion of the general effects of chevrons and their immersion 

into the flow.

Finally a discussion of the implications for noise source modeling and the require

ments for future research are discussed in chapter 8.

3
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Chapter 2

Turbulence and Aeroacoustics

2.1 Turbulence

The study of turbulence is often described as the study of the last unsolved problem 

in classical mechanics. Research into this topic has been ongoing throughout the last 

century but the basic mechanisms involved in a turbulent flow and in particular gov

erning noise production are still not understood. The complex nature of the problem 

has been well known since the beginning of aeroacoustic research and the principle dif

ficulties are summarized well by Batchelor [3]. He identified the three main obstacles 

faced by the researcher as

• The three dimensional character of the velocity field

• The non-linearity of the equation of motion

• The random variation of the velocity and the need for statistical methods

From an experimental point of view the three dimensional nature of the turbu

lent field is a large obstacle to gathering sufficient data to quantify the flow. The 

availability of non-intrusive three component measurement technology is a very recent 

development and even today few researchers have access to such equipment. As a 

result our insights into the structure of turbulence have for the most part been limited 

to measurements of a single variable in one or two spatial dimensions at a single point

5
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in space. It has required decades of research to build up sufficient empirical data to 

test theories and to propose modifications where appropriate.

The non-linearity of the governing equations has hampered research as often gross 

simplifications of the equations are required before they can be solved. The validity 

of the assumptions involved needs to be tested and while simplified equations will of

ten give rough-and-ready answers on the nature of turbulence they also often remove 

elements essential to the physics of the problem. In a problem as complex as turbu

lence it may be the case than any simplification of the governing equations impedes an 

accurate understanding of the problem. It is only with recent developments in com

putational power tha t full solutions of the governing equations for simple problems 

have become possible. As technology develops over the coming decade this ability will 

spread to cover increasingly complex turbulent flows and will hopefully provide further 

insights to aid our understanding of how a turbulent flow produces noise.

The random nature of the turbulence is a particular difficulty for all elements of 

turbulent research including theoretical, numerical and experimental research. While 

it is impossible to predict what value a turbulent fluctuation wall take at any given 

moment it was accepted very early in the research that the average values for a par

ticular location in the flow should remain constant. While this view of turbulence 

as a stationary continuous process allowed for much easier analysis of the problem it 

is possible that not all scales of the turbulence can be viewed in this manner. The 

identification of intermittent large scale structures in turbulence posed difficulties for 

any analysis technique tha t relies of time averaging. In addition it may be difficult 

to justify classifying the formation and decay of these large scale structures as a sta

tionary process. However the statistical properties of turbulence have provided great 

insight into the nature of turbulent flows and proven to be vital in predicting the noise 

they produce.

Beyond the initial problem of defining and measuring turbulent motion there ex

ists the equally difficult task of understanding how such flows produce noise. Any 

air flow will produce pressure fluctuations either in the form of regular eddies or an 

irregular turbulent flow. These pressure fluctuations can be detected and measured 

by a microphone or the human ear; however only a relatively small proportion of the

6
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energy of these fluctuations actually propagates away from the disturbance as what 

can accurately be called sound. Most of the pressure fluctuations, for example eddies, 

are transported in the flow at the flow speed and do not propagate at the typical 

sound speed for the medium. These hydrodynamic pressure fluctuations transfer a 

certain amount of their kinetic energy into radiated sound. An examination of the 

radiated sound fleld reveals that it is comprised of a continuous frequency spectrum 

and therefore all scales of the turbulent pressure fluctuations must be producing some 

propagating sound. However the large and small scales of the turbulence may behave 

very differently and the exact mechanisms through which sound is generated by these 

fluctuations are not understood.

Identifying the factors that make a particular turbulent structure an eflicient pro

ducer of sound has always been a key aim of research. It is logical to assume that 

this understanding would lead to improvements in noise reduction technologies as this 

would allow a clear aim for modifying the flow' to be stated for the flrst time. To 

further complicate the problem there is the possibility of this radiated sound field 

having an effect on the flow field that produced it. For most purposes this feedback 

effect of the radiated sound is deemed negligible and is therefore ignored. However 

there has been research that sound can strongly affect flows in air ducts and boundary 

layers [4]. Also in the case of supersonic jets that produce a strong screech Lighthill 

[5] himself stated that the reaction on the flow could no longer be ignored. So while it 

is convenient to ignore these effects for normal jets they may prove important as even 

a small change in the turbulence may affect how efficiently it generates sound.

In summary the problem of predicting how turbulent flows produce sound is ex

tremely complex and requires highly detailed and accurate analysis techniques. The 

dramatic increase in computational power available to  researches in the last two 

decades has produced important new research tools. These computer modeling and 

prediction tools can provide the entire flow fleld and all relevant variables required to 

solve the problem of turbulent noise production. An im portant role of experiments is 

now to validate these new tools and conflrm that their predictions are reflected in the 

real life physics of the problem. Furthermore experiments should be designed so that 

they can feed new information into these computer codes to improve their prediction

7
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capabilities. It was with this aim in mind tha t this investigation was undertaken and 

a review of the relevant computer prediction technologies will now' be given. The chal

lenge will be to incorporate the experimental results of this investigation into these 

technologies to improve their capabilities.

2.2 C om putational Fluid Dynam ics 

2.2.1 R eynolds A veraged N avier Stokes

The most widely used numerical simulations of turbulence in industry are based on a 

Reynolds Averaged Navier Stokes (RANS) solver. These are perhaps the least com

putationally exi)eiisive to run and therefore provide the fastest solutions; often being 

nui on standard desktop PCs. The governing equations are time averaged to get their 

steady form. As a result all variables consist of a steady, time independent average 

value and a modeled fluctuating value.

This means tha t all scales of the turbulence are modeled in RANS. These turbulence 

models have been developed from vast empirical databases of turbulent measurements 

over decades of research. However the advent of new noise reduction technologies tha t 

rely on changing the flow structure and turbulent statistics means there is increas

ing evidence tha t these models may no longer be valid [2]. Despite this RANS often 

provides a starting point for further computations, in particular computational aeroa- 

coustics [6]. Rough answers for local turbulent kinetic energy and the length and time 

scales can be calculated relatively quickly and then used in further modeling of the 

turbulence for other applications.

Even with the most advanced turbulence models RANS is inherently unsuitable 

for many problems, in particular flows with large unsteady turbulent structures which 

can not be time averaged. Turbulent jets consist of these large scale structures so a 

more comprehensive computational technique is required for accurate results.

8
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2.2.2 Large Eddy Sim ulation

W ith the increased computational power available in modern super computers and 

computer clusters another technique for turbulence simulation has emerged; large eddy 

simulation (LES). In this technique the equations are not time averaged so unsteady 

turbulent fluctuations can still be calculated how'ever a detailed LES can take several 

months to simulate even a few seconds of real time flow. The basis of this technique is 

to volume average filter the Navier Stokes equations. This divides the equations into 

large scale structures that can be directly calculated and small scale structures tha t can 

be modeled. The premise being that the small scale structures are more isotropic and 

homogeneous and so are more conducive to being modeled accurately. By calculating 

the large structures of the flow' more of the real physics of the flow are retained. In 

essence LES approaches a direct numerical solution of the governing equations for the 

larger scales. The choice of where to stop calculating and start modeling is left to the 

researcher and is usually in the inertial sub range. A finer computational grid will 

allow for smaller scales of the turbulence to be resolved accurately but unfortunately 

fine 3D meshing of the problem leads to a dramatic increase in computational time 

over the coarse 2D RANS solutions. Despite this LES simulations are increasingly 

being used as the starting point for aeroacoustic predictions [7].

2.3 C om putational A ero-A coustics  

2.3.1 The A coustic Analogy

By far the greatest single advancement in the history of aeroacoustics was the develop

ment of the acoustic analogy by Lighthill. This work was released in two papers in the 

early 1950s [8] [9]. It was groundbreaking research as it allowed acoustic predictions 

of turbulent flow to be made for the first time. A brief overview of the main theory 

as outlined in Lighthills original papers will be discussed here. Lighthill began by 

considering a fluctuating fluid flow occupying a small part of very large body of fluid 

at rest. He then related the equations governing the fluctuations of density in the fluid 

to those governing a uniform acoustic medium at rest. This produced an equation

9
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expressing the m om entum  contained in a small fixed region of space. This equation 

relates the rate  change of m om entum  to  the stress acting a t the boundaries and the  

flow across the boundaries of m om entum  bearing fluid. Comparing these real stresses 

w ith the stress found in an acoustic medium produced the equation below

T , j  =  p u ^ U J  +  [ ( p  -  p o )  -  C q ( p  -  p o ) ] 6 i j  +  Gi j  ( 2 . 1 )

where cq is the am bient speed of sound, p  and p  are the absolute local pressure and 

density, the am bient pressure and density are given by po and po, &ij is a delta function, 

Gij is the viscous stress tensor and the subscripts i and j  are summation notation. The 

external stress system  incorporates sound generation, convection with the flow, 

propagation with variable speed and dissipation by conduction and viscosity [8]. This 

is all of the relevant inform ation required for aeroacoustic predictions and the equation 

required no approxim ations to  be made in order to achieve this form. At this point 

assumptions can be made about the relative im portance of the terms. The dissipation 

by viscosity is a very slow process and is assumed unim portant for most problems. 

It can also be said th a t the pressure fields are unim portant in problems which are of 

fairly uniform tem perature. The essential piece of inform ation gained is therefore th a t 

the Reynolds stresses, pUiUj, are the principle generators of sound.

This equation now shows the relationship converting the kinetic energy of fluctuat

ing shearing motions into acoustic energy of fluctuating longitudinal motions [8]. The 

next step is to rewrite the equations of fluid motion in light of these observations

where p' is the acoustic density fluctation. These are the basic equations used in the 

theory to  define the Lighthill source terms. Physically these sta te  th a t a fluctuating 

flow in a limited region of space a t rest produces the same density fluctuations as those 

of a stationary  acoustic medium under a system of externally applied stress [5].

Developing these equations to  provide the Lighthill source term  produces the need 

for a two point correlation of the  velocity and density fluctuation in all three spatial 

dimensions. Modeling this correlation tensor accurately has been the subject of much

10
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research. A popular model based on assum ptions of homogeneous isotropic turbulence 

was proposed by Ribner [10] and this model predicts the far field spectral density of 

the noise to  be given by the equation below

dS{x,Xs,uj) = "̂128X 4?^ e x p i - ' ^ i C ^ T ^  + | ) ) d y  (2.3)

w'here d V  is the volume of the element and the to tal spectral density can be ob

tained by integrating over the je t volume. The turbulence statistics required for this 

model are It the length scale, Tt the tim e scale and uf  the isotropic turbulence kinetic 

energy.

The essential point to note from acoustic analogy type predictions is th a t soimd is 

produced by quadrupoles with strength  related to  the two point correlation function 

of the Reynolds stresses. The difficulty now' lies in calculating the Reynolds stress 

term s as experim ents can generally only acquire two point velocity measurements in 

two spatial dimensions leaving the recjuirement to  model the th ird  velocity component 

and density fluctuations. This is where statistical modeling of turbulence is required. 

Therefore it is necessary to  have detailed turbulence statistics including the length 

scales in order to  perform an acoustic analogy prediction. This is the starting  point 

for many com putational aeroacoustics predictions which use a RANS calculation and 

statistical modeling to  provide this information.

2.3.2 The Tam -Auriault M odel

While there have been many modifications to  Lighthill’s original acoustic analogy there 

have also been several new theories th a t a ttem p t to  solve the problem from a different 

starting  point. The most popular of these more recent models was proposed by Tam 

and A uriault [11]. This theory uses the kinetic theory of gases as a starting  point to 

relate the  local turbulen t kinetic energy to  the local pressure fluctuations of the small 

scale turbulence. The theory w'as developed using turbulence statistics supplied from 

a. k — e turbulence model which was itself developed from empirical data. As such the 

original theory is also semi-empirical. This theory deals with the noise produced from 

the fine scale turbulence and not th a t produced by the large scale structures. The far

11
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field spectral density is given integrating the  equation below over the volume of the 

je t

s { x , x s , u ) -  1 + 2 ^ 2 (1 _^C O S 0 ) 2  ^  ( • )

Similarly to the acoustic analogy the integral length scale It and the integral time 

scale Tt are required as is the turbulen t kinetic energy qf. All of these quantities 

can be supplied by a RANS calculation and so this theory is also easily applied at 

low com putational cost. However the length and tim e scales and kinetic energy are 

modeled for both methods and this is significant for noise reduction technologies th a t 

significantly alter the nature of these statistics.

2.4 T he Turbulent Jet

A je t is a flow consisting of the continuous addition of fluid into a surrounding station

ary medium. The interaction between the flow and the surrounding medium leads to  

intense mixing and the creation of a shear layer. As the flow extends further from the 

je t exit the shear layer widens and eventually the inner core of the jet, which m aintains 

the original velocity of the flow, dissipates and a fully developed mixing region exists. 

The basic structure of the je t is shown in figure 2.1.

FullyP o ten tia l C o re T ransition
D ev elo p ed

Mixing R egion

Figure 2.1: S tructure of a Je t

There are several regions of interest in the je t structu re and while some consensus 

exists over which are most relevant for noise production there still exists a lot of 

uncertainty. The original work in je t noise focused on the  fine turbulence scales as 

these were believed to  be the source of the je t noise. However during the 1970s large

12
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scale turbulent structures were discovered in the shear layer and the focus shifted 

to how' these could generate noise. It w'as show'n by Juve [12] that these structures 

displayed significant intermittency and he demonstrated tha t 50% of their noise was 

produced in only 10 — 20% of the time. Juve also suggested tha t noise emission would 

take place upstream of these structures as non-turbulent fluid was rapidly entrained. 

The breakdown of these structures at the end of the potential core is also believed to 

be a significant source of noise.

In order to shed more light on the noise producing regions of a jet numerous 

attem pts have been made to correlate point measurements of velocity with near and 

far field acoustic measurements. This approach was taken by the likes of Schaffar [13] 

[14] when large scale structures were first discovered and is still applied today with 

modern measurement techniques by many researchers such as Panda [15]. However the 

process of relating a point velocity measurement to a far field microphone measurement 

is far from trivial. A microphone measurement will record all of the soiuid radiated 

by a jet and the emissions of a single point, regardless of how significant tha t point is 

in relation to the overall sound field, can be lost in the rest of the noise.

The use of microphone arrays allows more advanced techniques such as beam form

ing to be used. This technique uses the overlapping signals of several microphones to 

focus in on a specific region of space and has been applied successfully to propeller 

noise [16] and jet noise [17]. This technique allows the important noise producing 

regions of the flow to be identified. However there are other issues which affect how 

sound radiates out from a source in a jet. Most noise producing phenomena are carried 

in the jet at a relatively high speed; this convection of the source has a strong affect 

on the directivity of the noise radiated. It can be shown that this leads to increased 

radiation in the direction the source is being carried. Furthermore in order for the 

radiated sound to reach the far field it must pass through the shear layer which results 

in refraction effects [18]. These result from the velocity and temperature gradients 

that exist in the shear layer.

Since the discovery of the larger scale structures in turbulence there has been much 

debate as to which turbulent scales are most significant for noise production. The 

spectral content of the noise differs at different angles to the jet axis and researchers
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focus on the radiated sound at 30° and 90°. The different spectral content of the noise 

at these angles has led some researchers to propose tha t two different mechanisms are 

responsible. Tam [11] has proposed that the fine scale turbulence is responsible for 

noise at 90° to the jet axis while the large scale structures are responsible for the noise 

at 30°. Other researchers still support the earlier view proposed by the likes of Ffowcs 

Williams [19] that the difference in spectral content can be explained by the directivity 

of the source without the need for two separate mechanisms.

14



Chapter 3

Turbulence Statistics

It is usual to picture turbulence as random fluctuations superimposed on a mean flow. 

This breaking of the velocity signal u into a mean and fluctuating part is given by the 

equations below and this process can be applied to the three components of velocity.

u{t) = u + u'{t)

^  =  ( 3 -1)

For a jet flow turbulence in the three spatial directions is given by the equations 

below with u{i) along the axis of the jet, v[t) in the radial direction and w{t) the

azimuthal direction. Any mean flow in the radial or azimuthal directions will be due

to entrainment of the surrounding fluid into the jet.

u{t) = u + u'{t)

v{t) = V + v'{t) (3.2)

w{t) =  +  w'{t)

The mean square values and cross products of these fluctuating turbulence components 

are also important as these represent the Reynolds stresses which have been shown 

to be important in noise production. These are the basic statistics used to quantify 

turbulence.
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3.1 Spatial and Temporal Correlations

Turbulence is often described in term s of its spatial and tem poral statistics nam ely the 

length scale, tim e scale and convection speed. By calculating a length scale in each 

of the three spatial dimensions a volume of fluid is defined. This volume is a measure 

of the average spatial extent of the turbulent structures a t th a t location in the  flow 

[3]. In addition the tim e scales and convection velocity give an indication of the  speed 

of the average vortex in the flow and its ra te  of decay. In general only one or two of 

the three spatial dimensions are available through experim ent. These statistics can be 

obtained from the normalized cross correlation function as will now be outlined. The 

cross correlation fimction between two measurements is given by

/OO

Ui{x, t )u j {x  + 6, f  + r ) d t

•OO

(3.3)

where <5 and r  represent spatial separation and a tim e delay between the two mea

surement positions. The normalized cross correlation function can then be expressed 

as

r ( i r )  = _____________   (3 4)

From this function the turbulence length and tim e scales can be calculated as de

scribed by Townsend [20]. For a fixed reference frame the length scale as a function of 

separation is given by

From this the integral length scale can easily be obtained from

poo

=  /  hj{^)dS  (3.6)

In order to  calculate the time dependent statistics a series of correlation peaks, one 

for each separation distance 5, are calculated. As the separation distance increases the 

peak moves away from the origin. P lotting  these peak values as a function of 6 and
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f ,  the associated time lag, produces a function fij{S,T).  T he integral tim e scale can 

then be calculated from

Tij
poo

= / r i j { 6 , f ) d f  (3.7)
Jo

From the tim e delay f  the convection velocity, I7c, and moving axis length scale, A*j 

can be calculated

=  T (3.8)
r

poo

^ * J =  f i j { S , f ) d T  (3.9)
J o

The m ajority of engineering analysis of turbulence is conducted in the frequency do

main and as such is it worth noting th a t the cross spectra  and the  cross correlation 

function are Fourier transform  pairs.

/
OO

R,,iS,T)e-^^^^^dr (3.10)
•OO

It then follow's th a t the normalized cross correlation function can be expressed in term s 

of the cross and auto spectra as

In order to  calculate the fixed axis length scale the cross correlation functions needs

to be evaluated at r  =  0 and it can be shown th a t th is is equivalent to  the real part

of the  cross spectra

Rt j y
POO

, { 6 , 0 ) =  Re[G^,{5J)]df  (3.12)
J o

Thus th e  length scales are given by

 JrRelG.,(SJ)W_____

The fixed and moving axis integral length scales can now be calculated as outlined 

previously.
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Figure 3.1 (a) shows the norrnahzed cross correlation functions calculated from 

the cross and auto spectra for the baseline nozzle at 50%Lc- The fixed axis integral 

length scale is calculated by evaluating these functions at r  =  0 and this value is 

plotted as a function of <5 in figure 3.1 (b). Numerical integration is then used to 

calculate the integral length scale, An in this case. The convection speed is calculated 

by plotting the correlation function peaks as a function of time and seperation distance 

and using a linear fit. The slope of the fitted line provides the convection speed as 

shown in figure 3.1 (c). This fit is affected by the finite size of the cross wire and LDA 

measurement volumes both of which are on the order of Imm. which is comparable to 

the initial spacing of the test points. The accuracy of this fit was checked by insuring 

that the curve passed through the origin since there should be zero time delay at zero 

seperation. The moving axis length scale also provides more difficulty as the value of 

the length scales often do not reach zero within the range of measurement positions. 

In order to over come this problem the values must be extrapolated to zero and then 

integrated. An inverse Gaussian is fitted to the data and this is shown in figure 3.1 

(d). In reality this curve may still underestimate the values for the moving axis length 

scale but was seen as an improvement over the lower under estimate found by simply 

integrating as far as the final measurement point.
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C ross C orrelations Fixed Axis Integral Length S ca le  U’: 7.96 mm

*
%
*
*
*
*

*

*

Time [s]
20 40 60 so  100 120 140

Delta [mm]

(a) Cross Correlations

Convection S p eed  U’: 41 ,95  m /s

Delta mm

(b) Fixed Axis Length Scales

M oving Axis Integral Length S ca le  U’: 27 .06  mm

D elta [mm]

(c) Correlation Function Peaks vs. Separation (d) Moving Axis Length Scales

Figure 3.1: Spatial and Temporal Statistics u ' Baseline Nozzle 0.5/c
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3.2 Frequency D ependent Statistics

The notion that turbulence consists of a superposition of a large number of eddies 

of different sizes, shapes and orientations has been accepted for quite some time. It 

was suggested by Townsend as early as 1974 that while local average statistics may 

provide important insight into the turbulence structures that they may also hide the 

multi-scale aspect of turbulence. Recent work by Kerherve at al. [21] has developed 

the concept of frequency dependent length scales, time scales and convection velocities. 

Through the use of this new technique more information has been revealed about the 

muilt-scale structure of turbulence. This investigation will be one of the first to use 

a technique such as this to investigate the effects of complex nozzle geometries on 

the different turbulence scales. Due to the novel nature of this technique it will be 

unfamilar to many researchers.

In order to attain the frequency dependence of the turbulence scales the space

time correlation function nmst be considered in the frequency domain. It was shown

by Kerherve at al. [21] that this results in the definition of a “complex coherence

function” using the auto and cross spectra as

"  ]G~UyG~UW
From this the frequency dependent fixed axis length scales were given by

h, {S,  f )  =  R e [ j , , { S J ) ]  (3.15)

poo

/  h j { S , f ) d S  (3.16)

Using the phase of this complex coherence function a frequency dependent convection 

speed Uc { f )  can be calculated as shown below

f )  =  2nf Ti j {S,  f )  =

Finally the moving axis length scales can be obtained from 
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(3.18)

/»oo

Jo
(3.19)

In order to calculate the frequency dependent integral length scales the experimental 

da ta  often requires interpolation. The fixed ax;is length scale required identification 

of the first zero point crossing and the moving axis length scale required interpolation

be fitted to the length scales for each frequency. While a polynomial fit could have 

been applied to the data  this would not have lended itself well to future inclusion in

implemented in existing computer codes. Since many of this codes already employ 

Gaussian type models for some variables this was the logical starting point.

It was found tha t an inverse Gaussian curve suited the moving axis length scale 

while nmltiplying an inverse Gaussian and a sine wave matched the fixed axis length 

scales. The equations used for these curves are given below

For the Ci curve the variable a  is the reciprocal of the standard deviation and the 

variable L controls the width of the curve. Fixing the value of a  =  2 the curve was 

fitted to the lowest frequency length scale using L. The value of a  was then linearly 

increased over the frequency range to produce the decay in the length scale seen for 

higher frequencies. The fixed axis length scales required this curve to be combined 

with a sine wave the period of which was set to match the first zero point crossing of 

the experimental data. An example of the types of curves produced by this method is 

given in figure 3.2. Figures 3.3 and 3.4 show the fitted curves for the fixed and moving 

axis length scales for a range of Strouhal numbers for the u' component of the baseline 

nozzle at 50%Lc.

to zero for the larger turbulence scales. In order to achieve this a curve needed to

CAA codes. As such an effort has been made to find a curve fit th a t will be easily

(3.20)

C2( ,̂/) = Ci(cos(27rT)) (3.21)
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Figure 3.2: Example Curve Shapes for Fixed and Moving Axis Length Scales
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U' Moving Axis Length Scale
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Figure 3.3: Frequency Dependent Moving Axis Length Scale u' Baseline Nozzle 0.5/c
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U’ Fixed Axis Length Scale
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(e) St =  1.0 

Figure 3.4: Frequency Dependent Fixed

24

U' Fixed Axis Length S cale

A X

(b) St =  0.01
U' Fixed Axis Length Scale

AX

(d) St =  0.50
U’ Fixed Axis Length Scale

oe

04

AX

(f) St =  2.0 

Length Scale u' Baseline Nozzle 0.5/c



3 .2. F r e q u e n c y  D e p e n d e n t  S t a t i s t i c s

In order to calculate the frequency dependent convection speed the phase of the 

complex coherence function is required. Unfortunately the phase is most sensitive to 

noise within the measurement. In order to achieve as accurate and smooth a phase 

result as possible a larger number of averages were required when calculating the cross 

and auto spectra and smoothing was required on the final phase data. The smoothing 

function applied to the phase is given below and this w'as applied for three iterations 

to the data.

(p(i) =  0.25(f>(i -  1) +  0.5(f>(i) + 0.25(p(i + 1) (3.22)

The value for the phase was then rejected beyond the point where the value deviated 

by greater than 5% of the expected value based on the previous 15 points. Figure 3.5 

shows the results of this precedure for the baseline nozzle at 50%Lc. The smoothed 

and truncated phase is then used to calculate the convection speed as outlined above. 

An example of the convection speed for the u' component for the baseline nozzle at 

50%Lc is given in figure 3.6. Due to the extreme sensitivity of these calculations to 

error and the quantitiy of other data available only the frequency dependent length 

scales will be presented in future chapters.
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Figure 3.5: Cross Coherence Function Phase
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Frequency Dependent Convection Speed

1

0.8

0.6

0.4

0.2

0
0,2 .6 20 0.4 0.6 0.8 1 1.2 1.4 1 1.8

St (fD/U.)

Figure 3.6: Frequency Dependent Convection Speeds
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Chapter 4

Noise Reduction Technologies

There are numerous sources of noise found throughout the processes of a jet engine. 

Internally the fan and turbine blades produce noise which is related to the frequency of 

the blade rotation. In order to counteract the swirling motions produced by the blades 

the flow is straightened using vanes called stators. The interaction of the flow with 

these stators also produces noise. The first noise reduction technologies were based on 

optimizing the geometry of this system. By changing characteristics like shape, angle 

or number of these blades and stators this noise can be reduced. Further significant 

reductions are achieved through the use of acoustics liners in the inlet and exhaust 

ducts. Further research into optimizing the flow path [22] and boundary layer profiles 

[23] over these ducts is ongoing and they still have potential to further reduce sources 

of jet noise within the engine.

Unfortunately a significant portion of noise produced by the jet is produced by 

turbulence as the jet mixes with the free stream. This noise is produced after the flow 

has left the engine and therefore can not be removed by internal engine design. The 

majority of this noise is produced by mixing in the shear layer of the jet. By having 

two flows through the jet, the core and fan flows, the shear layer mixing is separated 

into two regions. The first is between the inner core flow and the outer fan flow and 

the second is between the fan flow and the free stream. The ratio between these two 

flows is called the bypass ratio and by optimizing this bypass ratio the jet noise can 

be further reduced. The majority of these noise reduction technologies have now been
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optimized and new tedmologies are now required.

Several of these new noise reduction technologies focus on altering the flow structure 

after it leaves the nozzle in order to reduce the noise. The most popular technologies 

of this type currently being researched are chevrons and microjets, sometimes referred 

to as fluidic chevrons. Both of these technologies have achieved noise reductions of 

several dB and some researchers have begun to use them in combination to achieve 

further reductions as in the work by Alkislar et al [24],

4.1 Chevron N ozzles

The concept of nozzles with mixing enhancement features is not a new' one. Lighthill 

stated that measures which shorten the mixing region or decrease turbulence intensity 

w’ould likely prove beneficial for noise reduction [5]. These comments were being made 

in relation to lobed mixers which were being tested as early as the 1960s. Jet engines 

incorporating these designs did indeed show a significant noise reduction but posed 

problems in terms of weight increase. The difficulties associated with engineering these 

nozzles were too great in comparison to other noise reduction technologies yet to be 

implemented in jet aircraft. Nearly half a century on researchers have returned to 

mixing enhancement features to further reduce the noise.

Beginning in the late 1990s NASA personnel at the Glenn Research Center con

ducted a number of experiments on the noise reduction achieved from various nozzle 

designs. Since there was little or no understanding of how' to optimize these nozzles 

for noise reduction a wide variety of designs were put forward and tested. Beginning 

with the lobed mixer designs from the 1960s tests were run on one quarter scale noz

zles with internal lobed mixers. These results showed tha t lobed mixers reduce the 

low'-frequency noise and produce a more uniformly mixed exit flow however they also 

increase the high-frequency noise upstream possibly due to enhanced mixing inside the 

nozzle [25]. Further tests were run on nozzles using chevron and tabbed designs. These 

were found to have an improved performance over the lobed mixer designs; mainly due 

the significantly lower thrust loss for similar noise reduction. They also showed that 

in comparison with chevrons, tabs appeared to be an inefficient method of reducing
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jet noise [26]. By testing this wide variety of nozzle design they selected those which 

showed the most potential to go on for further research. Two point turbulent statistics 

were acquired for these nozzles in order to quantify the changes to je t structure [27]. 

Through extensive experimental measurements of the selected nozzle designs, includ

ing far field noise and turbulence statistics, some insight had been gained into which 

technology would likely prove most beneficial for noise reduction.

Until this point research had focused on high speed hot jets containing both fan 

and core flows. Tests had been carried out on configurations where both fan and core 

nozzles had been altered with mixing enhancement devices and also where only one 

of the two had been altered. It was realized th a t in order to better understand the 

effects of the chevrons a more parametric approach was required. In 2004 a report 

was published by NASA Glenn Research Center which detailed a parametric study on 

10 single flow nozzles which are shown in figure 4.1 [28]. Using these simpler nozzles 

they were able to draw several conclusions about the importance of chevron count, 

penetration, length and synmietry. Based on their findings it appears tha t chevron 

length is not a key factor in the noise reduction and th a t asymmetry in the nozzle 

design marginally decreases the effectiveness of the chevrons. It was found th a t the 

key features are chevron count and penetration.

A high number of chevrons decreases the low frequencies without a significant high 

frequency penalty. The maximum number of chevrons in a nozzle design is limited 

by structural stability so further improvements in noise reduction require control of 

the chevron penetration. The results showed tha t an increase in chevron penetration 

into the flow further decreases the low frequency noise coupled with an increase in 

high frequency content. This dem onstrated th a t varying chevron penetration can 

control the frequency content of the noise produced. The explanation for the effects 

of chevrons was the production of counter rotating vortices formed from the chevron 

tips. These vortices increase mixing in the shear layer of the potential core and their 

production and properties are controled by the geometries of the chevrons. The study 

also compared the effects of chevrons on hot and cold jets and found th a t there were 

no significant differences in the behavior. This showed th a t valid conclusions can be 

drawn about chevron behavior in real life jet engines from studies on isothermal jets.
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Figure 4.1: NASA Nozzle Designs

These were essentially em pirical results bu t they could be used to  begin nozzle 

design for commercial aircraft. Boeing has since developed a highly advanced system 

for testing chevron penetra tion  on a full scale commercial aircraft. They have imple

m ented a variable geom etry chevron design on a Boeing 777-300ER w ith  GE-115B 

engines [1]. Figure 4.2 shows the nozzle design im plem ented on the  aircraft. The m ain 

aim  was as a design tool to  com pare chevron configurations and investigate the pos

sibility th a t a different configuration will provide b e tte r noise reduction a t a  different 

stage of fiight. They used a 14 chevron nozzle on the  outer exhaust flow. Since it has 

been shown th a t chevron im mersion leads to  a th ru s t penalty  their current designs aim 

tow ards minim um  im m ersion of the  chevrons into the  flow. Each chevron is comprised 

of shape memory alloy actuato rs com bined w ith a system  of heaters and stra in  gages 

to  change and control the  chevron immersion. They are designed for a tip  m otion 

of 0.9 inches which transla tes  into approxim ately 3 degrees. T he effects on je t noise 

were m easured using a ground based m icrophone array during take off and  the  results 

found a  reduction of 2dB  could be achieved. During flight interior microphones were 

used to  m easure cabin noise where im provem ents of 1 — 2db were also achieved.

One particu larly  interesting proposal in relation to  the  com nm nity noise results
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Figure 4.2: Boeing 777-300ER with Chevron Nozzle

of their research is the possibihty of directing the noise away from the ground based 

observer [29]. It is already known that the noise field is asymmetric due to interactions 

with the aircraft frame. The possibility of varying chevron immersion azimuthally 

and hence varying the mixing around the nozzle means tha t it may be possible to 

direct the noise away from the ground based observer. This offers the possibility of 

reducing community noise using chevrons without necessarily reducing the overall noise 

produced by the jet. The success of this variable geometry chevron design has led to 

it being incorporated into Boeing’s next generation of commercial aircraft. Beginning 

with the release of the Boeing 787 Dreamliner noise reduction using chevron nozzles 

may become a standard feature of future aircraft.

In conjunction with the research being conducted at the NASA facilities and on 

full scale Boeing flight tests there are numerous other research projects underway that 

are involved with the effects of chevrons. Several attem pts are being made to run 

the first numerical simulations of chevron nozzles. Due to the limitations on the size 

of an LES com putation several of these computations have focused on capturing the 

changes to the flow near the nozzle. The increase in high frequencies produced by
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chevron nozzles is often a ttributed  to the increased mixing near the nozzle. A recent 

investigation of the near nozzle region of the flow by Uzun et al [7] showed th a t the 

turbulence length and time scales are being effected by chevrons. Some work has also 

been done by Mihaescu et al [30] in making aeroacoustic predictions from LES results 

on chevron nozzles. These results have been successful in capturing the overall noise 

reduction produced by chevrons.

The research so far has been hampered by the large number of variables and ge

ometries associated with nozzles th a t have mixing enhancement features. The effects 

on the far field sound and on the jet structure have been well documented but more 

fundamental research is required on the effects on the turbulence properties. This 

change in the nature of the turbulence needs to be quantified and incorporated into 

computational models before accurate aeroacoustic predictions of these new nozzles 

designs are possible.

4.2 Sum m ary

The effects of chevron nozzles are driven by chevron coimt and penetration into the 

flow. In general the effects include

• Increased mixing in the nozzle region resulting in more isotropic turbulence. This 

produces a faster centerline velocity decay and a shorter potential core.

•  A high chevron count leads to a noise reduction for low frequencies without a 

high frequency penalty.

• As the chevrons are immersed into the flow further low frequency reductions are 

possible but are coupled with a high frequency penalty.

• The latest nozzle design is based on controlling chevron immersion to  achieve 

additional noise reduction during take off and landing and reducing thrust losses 

during flight. This design has been realized in the new generation of Boeing 

commercial aircraft.
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• The LES and CAA computations have so far captured some of the changes to 

the turbulence properties and the overall reduction in noise levels. They have 

so far been confined to the nozzle region and do not include variable chevron 

immersion.

Due to the large number of variables involved in chevron nozzle design by necessity 

most research has focused on the effects of chevrons on far field sound. This approach 

has allowed researchers to develop the current variable geometry chevrons found on 

Boeing’s next generation aircraft by identifying the key features required to achieve 

noise reduction at low thrust penalty. Now that this has been achieved more funda

mental research on the effects these nozzles are having on the jet structure and the 

turbulence properties is required. A key objective of this research is to fill the gap in 

this more fundamental knowledge tha t has been left by the drive to achieve the most 

beneficial noise reduction. This knowledge is required to enable the fields of CFD and 

CAA to accurately predict the effects of these new nozzle designs.
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Chapter 5 

Experim ental Facilities and 

Instrum entation

This chapter describes the experimental facilities and measurement techniques used in 

this investigation. A description of the subsonic open jet facility used for these exper

iments is provided. In addition the instrumentation available and the data acquisition 

and processing procedures are outlined. The use of hot wire anemometry requires accu

rate calibration and an overview of the calibration procedures and facilities developed 

for this work is provided.

5.1 Small Scale Jet R ig

The subsonic open jet facility described by Chatellier et al [31] was used for all tests 

in this investigation. The jet is powered by a b.bkW  centrifugal blower. The 50mm 

diameter jet discharges into quiescent air from the plenum through a bell mouth of 

elliptic cross-section. The facility is capable of achieving velocities from 30m/s  to 

84m/s.  This provides a Reynolds number range of approximately 10  ̂ to 3 x 10  ̂ for a 

standard 50mm diameter nozzle. In order to insure a low turbulence intensity in the 

nozzle exit and to uncouple the flow from the centrifugal blower a series of honeycomb 

screens is used in addition to the bell mouth. A schematic of the facility is provided 

in figure 5.1.
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Figure 5.1: Subsonic Open Jet Facility and Nozzle Close Up

5.2 N ozzle D esigns

As extensive testing had been ])refonned on a 50mm diameter single jet nozzle this 

nozzle was used as the baseline comparison for the chevron nozzles. This single jet 

nozzle had been manufactured using rapid prototyj^ing technology available within 

the department. This process provides high dimensional accuracy and can deal with 

complex geometries. This made it a perfect choice for producing accurate, uniform 

chevrons which would be difficult to machine using traditional manufacturing tech

niques.

Due to the large number of factors which come into play for complex nozzle ge

ometries the designs were chosen to allow for future modification while also setting 

a realistic limit on the experimental time required for the study. The most relevant 

variable for current chevron nozzle designs is chevron immersion. The designs cur

rently being pursued by Boeing involve a variable geometry chevron design [1]. This 

allows for the thrust penalty associated with chevron immersion to be removed once 

the aircraft has reached cruising altitude. Any future CAA models must be able to 

take account of this changing immersion of the chevrons during the initial take off 

period.

A high chevron count was chosen due to the evidence that increased chevron 

count provides noise reduction without a high frequency penalty [28]. The number 

of chevrons on each nozzle was limited to eight in order to insure they were struc-
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turally rigid enough to avoid vibration once immersed into the flow. The chevron 

length was chosen as 30mm since length was shown to be a less significant variable 

and this length was comparable to nozzle designs used during tests at NASA Glenn 

Research Center [28]. The chevrons tapered to a minimum thickness of 1mm. The 

nozzle diameter in each case is 50mm, taken at the base of the chevrons and the nozzle 

exit was taken as the tip of the chevrons.

Figure 5.2: Four Degree Chevron Nozzle Profile and Model

Due to the fact that chevron immersion results in a thrust loss it is desirable to 

keep the immersion angle to a minimum. A baseline chevron nozzle with no immersion 

into the flow was required. In addition two other nozzles with increasing immersion 

were chosen and these were the two and four degree chevron nozzles. Figure 5.2 shows 

the four degree nozzle CAD proflle and 3D render. These levels of immersion are 

comparable to the variable geometry chevrons tested by Boeing [1]. An overview of 

the nozzle parameters is provided in table 5.1.

Nozzle ID Chevron Count Chevron Length Penetration Angle Penetration Diameter

SJ 0 50mm

NO 8 30nini 0° 0.0mm 50mm

N2 8 SOnini 2 ° 1.0mm 50mm

N4 8 SOnini 4° 2.1mm 50mm

Table 5.1; Nozzle Parameters
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5.3 Seeding Particle G eneration

Both laser based measurement techniques used in this work require the flow to be 

seeded. Seeding particles were produced using a commercial smoke machine; the 

Phantom PS31 produced by PeaSoup Ltd. A supply of compressed nitrogen is used 

to nebulize the working fluid before being passed through the heating element. This 

machine is capable of producing smoke particles from any working fluid since the 

tem perature of heating element can be adjusted. By altering the ratio of gas to fluid 

the particle size can also be accurately adjusted. The primary advantage of this 

system is its ability to produce a uniform particle size. These LDA experiments used 

a commercially available oil based fluid again manufactured by PeaSoup. By varying 

the gas supply smoke particles ranging from 0.2 — l.bfim can be produced using this 

fluid. The maximum size of l.bf-irn is ideal for use with LDA while smaller particle 

sizes can be used for PIV.

5.4 Particle Im age V elocim etry

Particle Image Velocimetry, PIV, is a non-intrusive laser based technique capable of 

providing quantitative flow' field information including turbulent statistics. The flow 

is seeded with neutrally buoyant tracer particles which are illuminated using a double 

pulsed laser beam. This laser beam passes through a series of lenses to produce a light 

sheet which covers the measurement region. A high speed camera records a pair of 

images from the two light pulses. Since the time interval between the two images is 

known the movemxent of the particles and hence the flow velocity can be calculated 

|32|.

This process involves dividing each image into a series of interrogation windows and 

performing a 2D cross correlation between the same window in each image to evaluate 

the particle displacement. This method provides the average displacement for all 

particles in the interrogation window. Interrogation window size should be chosen such 

that all particles within the window are moving with a relatively homogeneous velocity 

and there are a reasonable number of particles within the window. The implication of
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this is th a t the spatial resolution of the calculated vector field depends on the size of the 

interrogation window which should be small enough to ignore any velocity gradients. 

The results can be improved by using overlapping interrogation windows and multiple 

iterations to provide the software with expected values of the local velocity.

The timing of the laser pulse should be such th a t all particles in the flow have had 

time to move a detectable distance while remaining in the same interrogation window. 

This has implications for flows with high velocity gradients such as jets. Choosing a 

time step to provide optimum displacement for particles at the jet velocity will be less 

then optimum for the particles in the shear layer and surrounding medium. However if 

the time displacement is chosen for those particles in the shear layer then the particles 

in the potential core of the jet may have moved too far between pulses to be within 

the same interrogation window. Both of these situations may result in an incorrect 

vector calculation. As a result a compromise must be chosen th a t captures the entire 

velocity range as accurately as possible. Figure 5.3 shows the experimental setup 

for these investigations. The red area in the figure marks one of the four overlapping 

measurement regions. Figure 5.4 shows an example vector calculation for the 0° nozzle.

La Vision 
Flowmaster 3

Camera

New Wave Solo PIV 
Double Pulse Laser i 
& Focusing Optics

Jet Axis
Laser Sheet

Figure 5.3: PIV Experim ental Setup

Using the correct post-processing procedures PIV can provide an accurate and more 

global representation of the flow than single point measurements making it much easier 

to identify areas of interest. The PIV system used for these experiments featured a 

15m J New Wave Solo PIV Double Pulse Laser. The images are recorded using a 

double exposure LaVision Flowmaster 3 camera th a t has a maximum resolution of
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Figure 5.4: PIV Calculation Example

1280x1024 pixels. D ata acquisition and processing is preformed using the supplied 

LaVision DaVis software. The system is capable of operating at 4Hz  i.e. acquiring 

four PIV image pairs every second.

5.5 Laser D oppler A nem om etry

Laser Doppler Anemometry, LDA, is another non intrusive measurement technique 

which relies on seeding particles within the flow. The principle advantages of this 

technique are the high spatial and temporal resolution it provides. An LDA system 

consists of a laser beam passed through a beam splitter, Bragg cell and focusing optics. 

The beam splitter and Bragg cell work to split the laser beam into two beams of equal 

intensity one of which has been slightly frequency shifted. These beams are then passed 

to a probe which contains the focusing optics. These beams are made to intersect a 

certain distance from the probe. The interference pattern  of the two light beams is 

a series of light and dark fringes. The spacing of these fringes is a function of the 

laser wavelength and the beam angles. This area of interference is the measurement 

volume. The frequency shift th a t was introduced into one of the beams causes these 

fringes to move at a velocity related to the frequency shift of the Bragg cell.

As a seeding particle passes through the measurement volume it scatters light. 

This scattered light contains a Doppler frequency related to the particle velocity and
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the fringe spacing. Due to the movement of the fringes a particle traveling at the same 

speed in opposite directions will produce a different signal. Receiving optics mounted 

either within the probe or attached to an external camera lens pass this light to a 

photo multiplier. The signal from this photo multiplier gets sent to the processing 

hardw'are which calculates the velocity. Figure 5.5 shows the setup for the LDA and 

hot wire experiments used in this investigation.

O pen  J e t  Facility

2D LDA D antec P robe 
(Fixed)

D an tec  2D 55P61 
P robe  & Support 

(Moving)
Nozzle

J e t Axis
- 2 0 '

'  LDA R eceiver
T raverse  S ystem

Figure 5.5; LDA Experimental Setup

The LDA system used for these experiments consists of a 500rn.U^ argon ion laser 

provided by Dantec Dynamics. The system is a two component system which allows for 

the simultaneous measurement of two velocity components. The laser is split into two 

pairs of beams of different w'avelengths. The two beams have wavelengths of 514.5nm 

and 488nm producing green and blue beams respectively. The two beam pairs are 

focused on the same location producing co-incident measurement volumes which are 

0.12mm X 0.12mm x 1.6mm w'ith 1.6mm being the length of measurement volume.

5.6 C onstant Tem perature A nem om etry

Constant tem perature anemometry, or hot wire anemometry, was the first measure

ment technique tha t allowed for fast responsive measurements of turbulence. The 

continuous analogue signals provided by the probes also lend themselves well to being 

digitally sampled at high data rates. The foundation for this technique is based on the
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principles of heat transfer. This technique uses a probe usually containing a tungsten 

wire approximately 1mm in length and 5/xm in diameter. This wire is maintained at 

a constant overheat tem perature above the fluid temperature. The resistance of the 

wire should be constant for a given temperature. A CTA system uses a Wheatstone 

bridge to keep resistance, and therefore temperature, constant by varying the voltage 

across the wire. Using the thermodynamic principles of a heated cylinder in cross flow 

the voltage required to maintain the tem perature can be related to the heat loss and 

hence the flow velocity.

The advantages of this technique include a very high frequency response and high 

data rates. The probes can also be used over a very wide velocity range but require an 

accurate calibration. The intrusive nature of the probe and this calibration require

ment are the principle disadvantages of this technique. For most applications a simple 

single wire (ID ) probe is used. Due to the nature of this probe the measurement is 

not directionally sensitive. In addition any thermal variation in the flow will affect the 

calculated velocity. As a result these probes are best suited to unidirectional flows of 

constant temperature. A typical hot wire anemometry set up is shown in figure 5.6.

Computer
Anemometer

CTA Signal
Conditioner

Connector A/D 
SoxProbe Probe Support Probe Cable

Board

3 ^  V V=(H □  ® 
F ilter G a m

0 1 1 0 0 0 1 1 1
' —  S e n /o  

B r id g e  lo o p

CTA
Application
Softv^are

Figure 5.6: Dantec Dynamics Hot Wire System

The CTA system used in this investigation has several capabilities to overcome 

these limitations. The inclusion of a temperature dependent resistor in the Wheat-
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stone bridge with tem perature sensor in the flow compensates for any variation from 

the cahbration temperature. By using a probe consisting of two wires orientated 

perpendicular to each other additional velocity components can be measured. These 

probes, known as X-wire probes, require additional steps in the calibration procedure.

5.6.1 H ot W ire P robe Calibration

The departm ent has a self-contained calibration unit for use with hot wires. This unit 

consists of a compressed air supply, settling tank, mass flow meter, yaw manipulator 

and je t with interchangeable nozzles for different velocity ranges and this is shown in 

figure 5.7.

Figure 5.7: Calibration Facility

In order to achieve accurate results using a X-wire probe a directional calibration is 

required in addition to the usual velocity calibration. The Dantec 55P61 x-wire probes 

used in this investigation is shown in figure 5.8. This probe consists of two 5//m wires 

in parallel planes orentatied at 45° to the probe axis. Using the yaw manipulator 

the probe is rotated through a series of angles from —45° to -|-45° about the probe 

axis. At each extreme one wire is positioned perpendicular to the flow and one wire 

parallel to the flow. At each angle where one wire is perpendicular to the flow a 

velocity cahbration can be carried out as usual using a fourth order polynomial fit 

to the data. This velocity calibration will provide an eff'ective velocity K / /  once the
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wire is positioned at an angle to the flow which will be related to the actual velocity 

magnitude V  and a function of the angle f {a) .

Figure 5.8: Dantec Dynamics 55P61 X-WireProbe

Veff = V f { a )  (5.i;

The standard function for f {a )  is given below where m. is a calibration constant.

/ ( a )  =  cos^a  

g{a) = m tana (5.2)

At each angle a velocity calibration is conducted and this produces a complete 

calibration map for the probe as shown in 5.9. From this the value of m  can be 

calculated and used to calculate the U and V  velocities as outline below where a  is 

the measurement angle.

[ /  =

V  =

effl Ke / / 2

2 /(3 )
K / / 2  ~  ^eff l  

2f (a)g(a)
(5.3)
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Figure 5.9: Calibration Map Dantec 55P61 X-Wire Probe

5.7 D ata  A cquisition  and Error A nalysis  

5.7.1 PIV

The PIV system consists of purpose built acquisition hardware and software which 

provides the calculated velocity data. Provided the correct experimental parameters 

have been chosen this system is capable of providing extremely accurate velocity values. 

The guideline for optimum particle displacement within an interrogation window is 

less than  a cjuarter the window size. For this investigation four vector calculations 

of decreasing interrogation window size were computed. The initial two passes were 

conducted using 64x64 pixels interrogation windows and the final two passes at 32x32 

pixels. The timing of the laser pulse was set to  allow for a pixel displacement of 

8 pixels for the jet velocity of 84m /s. Recent work has shown th a t the latest PIV 

algorithms can accurately calculate particle displacement to within 0.01 pixels under 

ideal conditions however a more reasonable value for laboratory conditions is 0.1 pixels. 

This produces an error of 1.25% for particle displacements at the je t velocity from the 

PIV algorithm itself.

The quality of the seeding is also vital in achieving good PIV data. For these tests 

considerable effort was spent achieving relatively equal levels of seeding both within

Calibration Map for 55P63 X -ho t-w ire  Probe

-45

80 m/s

0 m/s

1.8 2 21 4 1,6 2 2.4 2 6
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the jet and in the surrounding medium. In addition to seeding the jet through the 

compressor inlet an enclosure containing the jet rig and PIV system was constructing 

and seperately seeded. This was found to be vital in maintaining uniform seeding 

throughout the shear layer and avoiding low particle densities. The seeding particle 

size is also a key factor. If the seeding particles are too small the pixel displacements 

will tend towards integer values in a phenomena known as peak locking [32]. This 

effect can be detected by plotting a histogram of the particle displacements. Figure 

5.10 shows a comparison of a generated peak locking histogram with a histogram from 

a single calculated vector map of this investigation. As can be seen the histogram 

from this investigation shows a smooth range of pixel displacements from 8 pixels at 

the jet velocity through to 0 pixels in the surrounding medium. The smooth transition 

through these regions is a good indication of particle seeding quality.

There are other factors which effect the accuracy of the results which are harder 

to quantify. These include reflections and out of plane displacements which can result 

in bad vector calculations. As a result a rigorous post processing procedure nuist be 

applied to the vectors in order to ensure their accuracy. The common method is the 

Q peak test used in combination with a median filter. The Q peak test compares the 

correlation peak representing the displacement with the highest noise peak [32]. The 

ratio is calculated using the formula below and compares the ratio of these two peaks, 

Pi and P2 , after the minimum value has be removed. This ratio is set so that the value 

of Pi can be confidently stated not to be noise.

Q =  p _  (5.4)
^ 2 P m in

This technique is combined with a median test developed by Westerweel [33]. This 

method compares a vector against the median and deviation of the surrounding eight 

vectors according to the formula below. The vector is rejected if it found to be outside 

the allowable range of the values.
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Figure 5.10: Pixel Displacement Histograms (a) Peak Locking Example (b) Measure

ment Example
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U y n e d i a n  fA 'm s  ^  ^  U f f ie d ia n  “1“ U r m s (5.5)

In order to investigate the quahty of the data the values of these tests were recorded 

for a series of images in the 0 — 2D region of the 0° nozzle. This region was chosen as 

it contained the steepest velocity gradient, reflections from the nozzle and a significant 

region of ambient fluid outside the jet and as such it should represent the worst case 

scenario for the data validation. The Q test criterion was set to remove vectors which 

had a Pi value less than 1.3P2- On average the Pi value was 2.72^2- The median filter 

w'as set to remove vectors greater than 2 x R M S  of the surrounding vectors. Based on 

these criteria there were 0.26% bad vectors in the measurement region per image.

Evidence of the quality of the data is demonstrated by the fact that no interpolation 

was required when joining the results from the four measurement regions for each jet.

5.7.2 LDA

The LDA system manufacturers provide dedicated acquisition hardware and software 

which provides the calculated velocity data. The supplied calibration certificate reports 

a measurement uncertainty of 0.12%. While this is an exceptional level of accuracy 

there are other factors which can effect the results. If the measurement volumes are 

not aligned perfectly with the axis of the jet there w'ill be some error in the axial and 

radial velocity magnitudes. The measurement volumes are 1.6mm across and are not 

a true point measurement.

The largest draw back to the technique is that the flow needs to be seeded with 

particles to scatter the light. Since these particles will be irregularly distributed there 

is no way to control the sampling rate for the data. In addition the sampling rate 

will be coupled with the flow since the number of particles passing through the mea

surement volume will increase at higher speeds. Irregularly spaced data also presents 

difficulties for some analysis techniques and can lead to computationally expensive 

post processing. To counter this problem researchers originally applied analogue fil-
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ters and equidistant tim e resampling and the possible effects of these techniques on 

the spectral content of the signal were ignored [34]. O ther factors which affected the 

spectral content were already known. Exam ples of these are reflections and the scat

tering of light from multiple particles passing through the  measurement volume; these 

were known to produce noise in the signal. Each of these noise signals is indistin

guishable from a genuine turbulence fluctuation but as a collective whole they form 

a very recognizable white noise spectrum . This is easily identified and removed from 

the genuine turbulence spectrum . Provided th a t the effects of the resampling process 

are similarly calculated and removed from the  signal the problem of irregularly spaced 

data  is overcome.

The sample and hold technique allows the  d a ta  to be easily resampled at the desired 

rate and the effects on the turbulence spectrum  were shown by Simon et al [35]. The 

technique is based on a simj)le tim e resampling of the data. This is highly advantageous 

since it is less com{)utationally expensive than  other techniques. A continuous time 

signal is reconstructed from the point velocity m easurements by simply holding the 

same value until the next point is measured. This signal can then be artificially 

resampled at the desired frequency using a simple com puter algorithm. It has been 

shown th a t this process adds a step noise com ponent to  the signal and also acts as a 

low pass filter which attenuates the reconstructed d a ta  [35].

The effect of the low pass filter is related to the mean da ta  rate  of the original da ta  

and the resampled da ta  rate. As shown by F itzpatrick and Simon [36] this filter is 

accurately calculated using the formula below where f m  is the mean d a ta  rate and f r  

is the resample frequency.

1 ___ p ~ f m / f r

1 _  e - / m / / r e - j 2 ’T / / / r

An estim ate of the step noise can be obtained from the filtered auto spectra of the 

data. This procedure assumes th a t the step noise is uncorrelated with the signal and 

th a t the step noise in two signals is uncorrelated. The spectra of the original signal 

can be easily calculated from the resampled d a ta  once the spectra of the filter and 

noise are obtained.
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Figure 5.11: LDA and Hot Wire Signals

The spectra of the original signal can be easily calculated from the resampled data 

once the spectra of ttie filter and noise are obtained. In this investigation the cross 

spectra of hot wire and LDA signals is required. The resulting system is shown in figure 

5.11. This calculation is made easier if the step noise of the LDA signal is assumed 

to be completely uncorrelated with the hot wire signal. As was shown by Fitzpatrick 

and Simon [36] in this case the step noise can be ignored in the cross spectra. As a 

result only the filter correction is required for these cross spectra.

Of the three measurement techniques employed in this investigation hot wire anemom- 

etry is perhaps the most prone to experimental error. The velocity and directional 

calibrations required for the use of X-wire probes are not trivial and factors such a 

temperature variation, probe vibration and particle contamination can prove signifi

cant.

The x-wire measurements in this investigation were aquired simultaneously with 

LDA measurements which require the use of seeding particles. If seeding particles 

condense on the hot wire probes this can effect the heat transfer from the wire and 

result in an apparently reduced velocity measurement. The seeding fluid chosen for 

these tests was designed to produce very little condensation. In order to insure that 

the seeding had no effect on the hot wires tests were conducted with and without 

seeding and the turbulence statistics and spectra were compared.

In order to validate the hot wire calibration the results were compared with the 

LDA system as this is regarded as the most accurate measurement of the flow. A

5.7.3 X-Wire
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comparison of the mean velocities showed an error of only 1% for the axial component 

u. In order to  further quantify the error the fluctating velocity component was exam

ined. The irregular sampling rate of the LDA made a direct comparison impossible 

since very few data point would occur at the exact instant a hot wire measurement 

was recorded. LDA data points were deemed sufficiently close for a comparison if they 

occured within 25% of A t for the hotwire measurements. This comparison revealed a 

mean error of 6% on the u' fluctuating velocity and 5% for the v' component.

m
\ W Ida (̂ )l

(5.7)

T = t ±  0.25A t

(c) u ’v ’ Spectra

(b) v’ Spectra

Figure 5.12: Comparision of LDA and Hot Wire Spectra Baseline Nozzle 0.5lc
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A comparison of the calculated X-wire velocity spectra and the LDA results is 

given in figure 5.12. The difference in amplitude of the spectra can be explained by 

the error in velocity amplitudes. The other main source of error is at high frequencies 

where the turbulent scales are comparable in size to the measurement volumes of the 

probes. The probes can also no longer be said to be approximately coincidient in space 

for these turbulence scales since the the x-wire probe can not intrude into the laser 

measurement volume and in reality is positioned just outside the beams.

5.7.4 DAQ System

In order to acquire simultaneous measurements from the hot wire and LDA systems 

a National Instrum ents DAQ system was used. The National Instruments system 

consisted of a mainframe NI PXWQAA  which housed six eight channel N I P X I M 7 2 B  

acquisition cards. Each card is capable of sampling eight voltage inputs simultaneously 

using 24bit analogue to digital conversion. The system was connected to a desktoj) 

PC via a PCI card. National Instrum ents Labview software was used to control the 

mainframe.

A dedicated labview program was w ritten for the two point LDA and hot wire 

tests. This program acquired the hot wire data  and controlled the hot wire probe 

position via a stepper motor. The LDA hardware provides a BNC analogue out which 

can be programmed to output 5V  while measurement is running. This was used as 

the trigger signal for the Labview program.

5.7.5 Test M atrix

This investigation comprised of two m ajor test campaigns to be outline in the following 

two chapters. Table 5.2 shows a test m atrix for the PIV experiments while table 5.3 

shows the test m atrix for the LDA and X-wire experiments.
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PIV 0-2 D 2-4 D 4-6 D 6-8 D

Single Jet 2000 PIV Images 2000 PIV Images 2000 PIV Images 2000 PIV Images

NO Tip 2000 PIV Images 2000 PIV Images 2000 PIV Images 2000 PIV Images

NO Trough 2000 PIV Images 2000 PIV Images 2000 PIV Images 2000 PIV Images

N2 Tip 2000 PIV Images 2000 PIV Images 2000 PIV Images 2000 PIV Images

N2 Trough 2000 PIV Images 2000 PIV Images 2000 PIV Images 2000 PIV Images

N4 Tip 2000 PIV Images 2000 PIV Images 2000 PIV Images 2000 PIV Images

N4 Trotigh 2000 PIV Images 2000 PIV Images 2000 PIV Images 2000 PIV Images

N4 Trough 2000 PIV Images 2000 PIV Images 2000 PIV Images 2000 PIV Images

56000 P IV  Im ages

Table 5.2: PIV Test Matrix

LDA/X-wire 0.5 Le 0.75 he 1.0 Lc Total Measurements

Single Jet ‘,\1 measurements 37 measurements 37 measurements 111 measurements

NO Tip 37 measurements 37 measurements 37 measurements 111 measurements

NO Trough 37 measurements 37 measurements 37 measurements 111 measurements

N2 Tip 37 measurements 37 measurements 37 measurements 111 measurements

N2 Trough 37 measurements 37 measurements 37 measurements 111 measurements

N4 Tip 37 measurements 37 measurements 37 measurements 111 measurements

N4 Trough 37 measurements 37 measurements 37 measurements 111 measurements

21 T ests 777 m easu rem en ts

Table 5.3: LDA and X-wire Test Matrix
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Chapter 6

Nozzle Characterisation

Tliis chapter outhnes the changes from the baseUne nozzle in order to identify areas of 

interest for the subsequent two point measurements. The results of the PIV investi

gations are used to identify changes in jet structure and the nature of the turbulence. 

In addition LDA spectra are provided to further characterize the nozzles.

6.1 Jet Structure

A whole flow field investigation was under taken using PIV in order to examine the 

effects of chevrons on jet structure. The purpose of this study was to identify changes 

in both jet structure and the basic turbulence properties. In terms of jet structure 

the primary quantities of interest are potential core length, defined based on a center 

line velocity Uc =  0.95[/j, and shear layer growth indicated by the momentum integral 

thickness 9. The turbulent properties of interest are u ', v ', u'"̂ , v '‘̂ and u'v'.

Due to the complex nature of these nozzle geometries the flow exiting the nozzle 

is not uniform as differences exist between the tip and trough regions of the chevrons. 

Quantifying how far downstream these differences persist is a major objective of this 

study. As a result two series of tests were conducted for each chevron nozzle; the 

first for a plane in line with the chevron tip and the second with the plane in line 

with chevron trough. In order to achieve a complete picture of the jet structure 

measurements were taken in the region of 0 — 8D downstream of the nozzle. Due to 

the limitations on laser power and camera field of view the tests were conducted in
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OD 2D 4D 6D 8D

Figure 6.1: Measurement Positions

four overlapping measurement positions. Two thousand PIV image pairs were taken 

in each position. This resulted in eight thousand PIV images for each of the seven 

nozzle configurations. Figure 6.1 shows the measurement positions and the nozzle 

configurations are given in table 6.1. In order to provide as accurate a measurement 

as possible each series of tests was conducted on a continuous run of the jet. A system 

of laser pens was employed to reposition the camera without the need to turn  off the 

jet. Due to reflections from the nozzle no vectors could be calculated in the region of 

0 -  0.2D.

The vectors were calculated using multiple passes of the standard PIV cross corre

lation technique. Three passes were used 64x64 pixels with 50% overlap down to two 

passes of 32x32 pixels with 75% overlap. The Q peak and median filter post processing 

techniques were also applied to identify and remove bad vectors. The resulting spatial 

resolution of the calculated vectors is on the order of 1mm.

A comparison of the U profiles for all nozzles is presented in figure 6.2. The results 

for each chevron nozzle in both tip and trough configurations are plotted over the 

baseline single jet profile. As expected the chevrons significantly alter the potential 

core length and the immersion of the chevrons into the flow has further affected the 

jet structure.

The three chevron nozzles exhibit difference behavior as the je t evolves. The 0° 

nozzle shows a widening of the proflles with a larger effect in the trough regions. This

58



6 . 1 . J e t  S t r u c t u r e

SJ 0-2 D 2-4 D 4-6 D 6-8 D

NO Tip 0-2 D 2-4 D 4-6 D 6-8 D

NO Trough 0-2 D 2-4 D 4-6 D 6-8 D

N2 Tip 0-2 D 2-4 D 4-6 D 6-8 D

N2 Trough 0-2 D 2-4 D 4-6 D 6-8 D

N4 Tip 0-2 D 2-4 D 4-6 D 6-8 D

N4 Trough 0-2 D 2-4 D 4-6 D 6-8 D

Table 6.1: Nozzle Configurations

effect extends over the entire je t out to 8D downstream. The 2° nozzle shows a less 

significant widening of the profiles but the centerline velocity has been significantly 

reduced in the flow region beyond 4D downstream. This nozzle also exhibits very little 

difference between the tip and trough regions of the fiow.

Close to the nozzle the 4° nozzle exhibits the largest difference between tip and 

trough regions. The tip  profile is narrower than the baseline case at I D  downstream 

but evolves to be wider from 2D onwards. This nozzle exhibits both a significant 

widening of the profiles and a reduction of the center line velocity as the fiow develops. 

The effects on the centerline velocity are shown by the potential core lengths given in 

table 6.2.

SJ 4.92D

NO 4.64D

N2 3.80D

N4 4.13D

Table 6.2: Potential Core Length

The axial evolution of the shear layer was measured using the momentum integral 

thickness 0. The standard formulation was used for the calculation where U denotes 

the local velocity and Uj the jet velocity.
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0° Nozzle 2° Nozzle 4 Nozzle

3.5

2.5

0.5

-0.5 0.5
X/D

3.5

2.5

0.5

-0.5 0.5
X/D

3.5

2.5

0.5

-0.5 0.5
X/D

Figure 6.2: u/u j  Profiles 1 — 8D 

Red - Chevron Tij). Black - Chevron Trough. Black Dashed - Single Jet

The results for each nozzle in tip and trough configurations are shown against the 

baseline single jet in figure 6.3. All chevron nozzles show a significant increase in the 

thickness of the initial shear layer in comparison to the single jet. In addition the 

trough regions have a thicker initial shear layer than the tip regions. As can be seen in 

the figures the chevron nozzle shear layers tend to become uniform after approximately 

4D downstream of the nozzle exit. The wider initial shear layer of all nozzles is in 

keeping with the widening of the U profiles. The 4° tip  region has a narrower U profile 

than  the baseline case but still exhibits a wider initial shear layer than  the baseline. 

In this case the shear layer has grown inwards to the potential core region.

Turbulence spectra were calculated at two radial locations at the end of the po

tential core for each nozzle configuration. Measurements were taken on the je t center 

line and on the nozzle lip line. These spectra are presented as a function of Strouhal 

Number in figure 6.4.
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St =  ^  (6 .2 )

The centerhne spectra show a similar Strouhal instability for all nozzles at S t  = 

0.45. The spectra on the nozzle lip line do not show this Strouhal instability and all 

nozzles show' very similar spectra for both  tip and trough regions.
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(c) 4° Nozzle 

Figure 6.3: Momentum Integral Thickness 9 /D
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o  S ingle Je t 

°  0® C hevron  N ozzle 

^  2 °  C hevron  N ozzle 

0  4 °  C hevron  N ozzle
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Figure 6.4: Hot Wire Spectra
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6.2 Turbulence Properties

In order to calculate the turbulence properties the mean values for u and v were 

calculated using two thousand PIV images for each position. Once the mean had been 

calculated it was then subtracted from each instantaneous vector field to provide the 

fluctuating components. This process allowed u', v', u''̂ , v''̂  and u'v' to be calculated 

and averaged. All of these statistics have been normalized using the jet velocity Uj. 

Due to the large quantity of data involved profiles and surf plots are provided only 

for the basic turbulence properties u' and v'. All Reynolds stress components are 

represented using profiles.

The differences between tip and trough configurations are more evident for the 

turbulence statistics. Surf plots for the regions 0 — 8D are given for both tip and 

trough regions in figures 6.5 and 6.6. The results for the u profiles and momentum 

integral thickness showed alterations to the shear layer thickness and potential core 

length. These changes are also clearly evident in these plots. The initial shear layers of 

all chevron nozzles show' much higher turbulence intensities with the largest increase 

for the 0°. Despite this thicker and more intense shear layer the 0° shows only a small 

6% decrease in potential core length.

The shape and length of the potential core is more significantly affected by the 2° 

and 4° nozzles. The tip regions for these nozzles show a narrower initial potential core 

which mixes with the wider trough region 2D downstream of the nozzle exit. This 

would suggest the chevron penetration has the most significant effect on the potential 

core length and it is the tip regions which produce a narrowing effect which leads to 

the length reduction.

These differences can be more clearly seen in the profiles comparison given in 

figure 6.8. In the region of 0 — ID  of the nozzle the chevron nozzles show significantly 

higher turbulence intensity than the baseline nozzle. However the peak u' turbulence 

intensity of 16% is similar for all nozzles. The 4° nozzle shows a reduction in v' 

turbulence beyond the potential core.
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Single Jet 0° Nozzle Tip 2° Nozzle Tip 4° Nozzle Tip

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Single Jet 0° Nozzle Trough 2° Nozzle Trough 4° Nozzle Trough

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Figure 6.5: u' /uj  Tip and Trough Regions
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S in g le  J e t  0°  N o z z le  T ip 2 °  N o z z le  T ip 4 °  N o z z le  Tip

S in g le  J e t  0 °  N o z z le  T ro u g h  2 °  N o z z le  T ro u g h  4 °  N o z z le  T ro u g h

Figure 6.6: v'/uj Tip and Trough Regions
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Figure 6.7: u' /u j  Profiles 1 — 8D 

Red - Chevron Tip. Black - Chevron Trough. Black Dashed - Single Jet
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Figure 6.8: v ' /u j  Profiles 1 — 8D 

Red - Chevron Tip. Black - Chevron Trough. Black Dashed - Single Jet
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6.2.1 R atio o f Radial to  A xial Turbulence Intensity

The most significant changes to the basic turbulence properties are within 0 — 2D  of 

the nozzles and affect the v' component. In order to dem onstrate the change in the 

nature of the turbulence the ratio of radial to axial components was calculated along 

the nozzle lip lines. Figure 6.9 show the ratio of turbulence components u' and v' 

for each chevron nozzle in comparison to the baseline nozzle along the lip line. The 

chevrons significantly increase the v '/u ' ratio in the nozzle region from a value of 50% 

for the baseline nozzle to values close to 80% for the 0° and 4° nozzles. The ratio of the 

turbulent component is even higher in the initial region of these two nozzles than  it 

is in the mixing region after the potential core. While the 2° nozzle has higher values 

than  the baseline case for the near nozzle regions these are still lower than  the values 

found downstream in the mixing region.

Chevron nozzles have been shown to suffer from a high frequency penalty despite 

their overall noise reduction and these results suggests th a t the radial component of 

velocity might play a larger role in noise production near the nozzle for chevron designs. 

While all nozzles show an increase of the v' component near the nozzle there are also 

significant differences between nozzles.

The 0° nozzle shows an increasing v' intensity between 0.5D and ID  which then 

falls to the baseline level after 4D. This nozzle produced the largest increase in v' and 

the tip and trough regions also show a very similar v '/u ' ratio.

The tip and trough regions behaved significantly different for the 4° nozzle. The 

trough regions exhibit the behavior of the 0° nozzle with a high 80% ratio of the 

turbulence intensities. The tip  region shows the behavior of the 2° nozzle with a 

v '/u ' ratio higher than  the baseline case but lower than  the ratio in the mixing region 

downstream of the potential core.

Although the 0° nozzle showed the largest difference in the nozzle region this col

lapsed to the baseline case after AD. The 2° and 4° nozzles do not collapse onto the 

baseline nozzle and the turbulence ratio is actually lower than the baseline case after 

AD.
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Figure 6.9: R atio of Radial to  Axial Turbulence Intensities v '/u '

69



6 . 2 . T u r b u l e n c e  P r o p e r t i e s

6.2.2 Reynolds Stresses

It has long been understood that the Reynolds stresses play a larger role in noise 

production than the basic turbulence statistics of u' and v'. An examination of how 

the stresses u'̂ , v'  ̂ and u'v' change was conducted along with the effects on vorticity. 

As is expected from the precious results the most significant effects are present near 

the nozzles. The and v'‘̂ profiles are given in figures 6.10 and 6.11. The nozzle 

region shows significantly higher values which then reduce to the baseline case after 

approximately AD downstream. As before the nozzle regions show a wider shear layer 

apart from the 4° nozzle which has a tip region narrower than the baseline. The 2° 

nozzle again shows the smallest variation between tip and trough regions.

Beyond 3D downstream of the nozzle the n'̂  and v''̂  stresses are significantly higher 

along the centerline for the 2° and 4° nozzles due to the shorter potential core lengths.

The v'̂  term again shows the greatest increase over the single jet case in the nozzle 

region. In order to demonstrate this further figure 6.12 shows how the ratio of v''̂  to 

develops along the nozzle lip line. Similarly to before the 0° nozzle showed the largest 

difference in the nozzle region and this collapsed to the baseline case after 4D. The 

2° and 4° nozzles do not collapse onto the baseline nozzle and the ratio is again lower 

than the baseline case after 4D. As before the 4° nozzle shows two clearly different 

regimes between the tip and trough regions with the trough behaving similarly to the 

0° nozzle and the tip similarly to the 2°.
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Figure 6.10: Profiles 1 — 8D

Red - Chevron Tip. Black - Chevron Trough. Black Dashed - Single Jet
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Figure 6.11: v /u j  Profiles 1 — 8D 

Red - Chevron Tip. Black - Chevron Trough. Black Dashed - Single Jet
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Figure 6.12: Ratio of Reynolds Stresses
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Figure 6.13: u'v'/uj Profiles 1 — 8D 

Red - Chevron Tip. Black - Chevron Trough. Black Dashed - Single Jet

Similar results were found for the u'v' component of the Reynolds stress. The u'v' 

profiles are given in figure 6.13. The most significant changes are again in the nozzle 

regions which show higher values in comparison to the baseline nozzle. The most 

noticable change here is in the ratio of the u'v' to u'’̂ Reynolds stress. Figure 6.14 

shows how the ratio of u'v' to develops along the nozzle lip line. As can be seen 

from the figure the ratio close to the nozzles is very close to the levels found in the 

mixing region. This is a result of the rapid evolution of the shear layer for the chevron 

nozzles and the increased v' component close to the nozzle exit.

The effects on vorticity were examined to provide a final additional insight into the 

effects of the chevrons. These results can be seen in figures 6.15 and 6.16. The levels 

of vorticity are lower for the chevron nozzles as a result of the wider shear layers. A 

narrower more intense region of vorticity can be seen around the nozzle tips. The most 

intense vorticity apart from the baseline case is seen for the 4° nozzle tip region. Here 

the vorticity almost reaches the levels in the base line case.

The 2° shows the smallest variation between tip and trough regions but the trough
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6 . 2 . T u r b u l e n c e  P r o p e r t i e s

regions of vorticity are still slightly less intense and wider. This nozzle also shows 

the  lowest levels beyond AD dow nstream  of the nozzle as th is nozzle had  the shortest 

po tential core. The 0° nozzle shows the lowest levels of vorticity close to  the nozzle 

w ith the  most significant w idening of the  regions of vorticity.

As found previously the 4° nozzle tip  region behaves similarly to  the  2° nozzle and 

the  trough region behaves similarly to  the 0° nozzle.
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Figure 6.15: Vorticity Tip Regions
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Figure 6.16: Vorticity Trough Regions
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6.3 D iscussion

Two effects on jet structure were identified for the chevron nozzle designs.

• Widening of the shear layer

• Shortening of the potential core

The principle effect on the turbulence properties was found to effect the v' component 

and was most significant in the nozzle region. While all nozzles exhibited these features 

to some extent there were important differences between nozzles.

0° N ozzle This nozzle did not significantly effect the potential core length showing 

a reduction of less than 6%. This nozzle showed the thickest initial shear layer 

w'hich increased by almost 100% from the baseline case for the trough region. 

The largest increase in the v' turbulence in the inital region was also observed 

for this nozzle as the v '/u ' ratio increased from 50% for the baseline nozzle to 

80% for this nozzle. This collapsed to the baseline after AD.

2° N ozzle This nozzle showed the most dramatic changes to the potential core length 

with a reduction of over 22%. This significantly lowered the centerline velocity 

and increased the turbulence properties well above the baseline case beyond AD. 

This nozzle showed the lowest tip to trough region differences and while both 

regions showed a wider shear layer than the baseline case the increase was less 

significant than the 0° nozzle. This nozzle also increased the v '/u ' ratio in the 

initial region but the values were still below those found in the mixing region 

after the potential core.

4° N ozzle This nozzle showed the largest tip to trough differences. The trough region 

behaves very similarly to the 0° nozzle while the tip region is similar to the 2° 

nozzle. After AD these differences have mixed and the flow exhibits the behavior 

of both other nozzles with a wider shear layer and lower centerline velocity.

The 0° nozzle demonstrated tha t the addition of chevrons to a nozzle has strong effects 

on the shear layer and v' turbulence. However the mechanisms involved change once
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6 .3 . D is c u s s io n

the chevrons are immersed into the flow. The 2° nozzle appears to have a balance 

between tip and trough regions working together to significantly alter the potential 

core length while having less of an impact on the shear layer and v' turbulence. Beyond 

this low angle of immersion the tip and trough regions begin to behave very differently. 

For the 4° nozzle the trough regions revert to the behavior found in the 0° nozzle with 

significant effects on the shear layer and v' turbulence. The tip regions continue to 

behave as the 2° nozzle and lead to a shortening of the potential core.

A possible explanation of this may be found in the depth of penetration of the 

chevrons. For the 2° nozzle only the front face of the chevrons penetrates into the flow 

where as both the front and back faces of the chevrons are immersed into the flow in 

the 4° nozzle. This may imply tha t the mechanisms involved in chevron immersion 

are more efficient when the flow' is not forced around the back face of the chevron. 

It has been suggested that the penetration of chevrons into the flow produces pairs 

of counter rotating votrices from the chevron tips and the formation and propagation 

of these vortices may be adversely affected by the flow around the back face of the 

chevrons.
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Chapter 7

Two Point Statistics

Following on from the preliminary PIV work outlined in chapter 6 two point statistics 

were calculated from LDA and X-wire measurements. The results of these two com

ponent tests are presented here. The tests were conducted at three positions along the 

nozzle lip line for each nozzle 50%Lc, 7b%Lc and 100%Lc where Lc is the potential core 

length. Each test consisted of thirty seven measurement positions. For all tests the 

LDA probe was held stationary and the hot wire position controlled via a traversing 

system. The hot wire was stepped back from the LDA with an initial spacing of 1mm 

increasing to 2mm after 0.2D  downstream of the LDA and 5mm between 0.8D  and 

2.5D  downstream. Figure 7.1 shows the test locations for the baseline nozzle.

Due to the differences between tip and trough regions identified during the PIV 

investigation two sets of measurements were required for each chevron nozzle. The 

chevron nozzle tests were conducted at equivalent positions to the baseline with one 

set of measurements aligned with a chevron tip and the second set aligned with a 

chevron trough. From these tests the axial length scales and convection speeds for the 

u ', v ', u''^, and u'v' components were calculated. As outlined in chapter 3 both the

traditional and frequency dependent statistics were calculated.

Due to the large quantity of d ata  the frequency dependent length scales for 50%Lc 

and 100%Lc positions are presented here and 75%Lc results are included in Appendix 

A. The frequency dependent length scales are non-dimensionalised using the nozzle 

diameter and presented as a function of Strouhal number.
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Figure 7.1; Two Point Measurement Positions Baseline Nozzle
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7.1 Bulk Length Scales

7.1.1 u' and v' Length Scales

Tables 7.1 to 7.3 show the length scales and convection speed for the u' and v' compo

nents. Table 7.1 shows the u' and v' component length scales at the bO%Lc position. 

The most significant changes from the baseline nozzle are found in the 0° chevron 

nozzle. There is a dramatic increase to all the length scales with a larger increase in 

the tip region. The v' component is also effected more strongly than the u' compo

nent. The v' fixed length scale is increased by 36% for the tip region where as the u' 

component is increased by 26%. The 2° nozzle behaves quite differently. For the u' 

component the tip region length scales are larger than the trough region length scales. 

Generally the tip region length scales are larger than the baseline values while the
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trough region length scales are lower than the baseline values. The opposite trend is 

observed for the v' length scales and these are larger in the trough region than the tip 

region. The 4° is very similar to the 2° nozzle but the values are significantly closer to 

the baseline values. Despite this the same patterns can be observed.

Table 7.2 shows the u' and v' component length scales at the 75%Lc position. As 

w'ith the previous position the most significant changes from the baseline values are 

found for the 0° nozzle. All length scales show a significant increase however the 

difference between tip and trough regions has decreased substantialy. Several of the 

trough region length scales are now larger than the tip region values. The u' length 

scales for the 2° and 4° nozzles still show an increase over the baseline for the tip 

regions and a decrease in the trough regions. Unlike the previous position all v' length 

scales, with the exception of the fixed axis length scale for the 4° nozzle, are lower 

than the baseline values. The tip region v' length scales are also larger than the trough 

region values of for these nozzle.

Table 7.3 shows the u' and v' component length scales at the 100%Lc position. The 

0° nozzle length scales are still increased for this position but the difference from the 

baseline values is less than for the previous positions. The values for tip and trough 

regions are almost equal in this position. The v' length scales are decreased below the 

baseline values for both the 2° and 4° nozzles. The u' length scales are still decreased 

compared to the baseline for the 2° nozzle but are increased for the 4° nozzle.
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Table 7.1: u' and v' Length Scales and Convection Speed O.SLc

0.5 Lc Lc Fixed Axis Moving Axis Convection Speed

u' (mni) v' (mm) u' (mm) v' (mm) u' (m/s) v' (m/s)

SJ 4.92D 7.96 4.54 27.06 19.60 41.95 52.63

NO Tip 4.64D 10.10 6.18 38.90 25.18 44.36 50.49

NO Trough 4.64D 9.36 5.63 35.24 22.68 41.11 43.25

N2 Tip 3.80D 8.41 4.00 27.01 16.94 41.67 51.19

N2 Trough 3.80D 7.66 4.34 26.82 17.88 40.60 41.60

N4 Tip 4.13D 8.71 4.48 28.06 20.28 40.92 41.67

N4 Trough 4.13D 7.43 4.69 26.09 18.10 38.94 36.68

Table 7.2: u' anrl v' Length Scales and Convection Speed 0.75Lc

0.75 Lc Lc Fixed Axis Moving Axis Convection Speed

u' (mm) v' (mm) u' (nun) v' (mm) u' (m/s) v' (ni/s)

SJ 4.92D 10.60 5.82 37.53 23.22 40.48 43.69

NO Tip 4.64D 12.48 6.91 47.41 27.85 42.84 44.81

NO Trough 4.64D 13.12 6.92 48.12 26.28 40.74 43.14

N2 Tip 3.80D 10.90 5.28 38.49 19.96 40.15 41.81

N2 Trough 3.80D 9.74 5.13 35.91 18.56 38.53 41.67

N4 Tip 4.13D 10.96 5.88 39.46 23.05 39,44 37.81

N4 Trough 4.13D 9.84 5.43 35.95 22.85 38.90 39.10

Table 7.3: u' and v' Length Scales and Convection Speed l.OLc

1.0 Lc Lc Fixed Axis Moving Axis Convection Speed

u' (mm) v' (mm) u' (nnn) v' (mm) u' (m/s) v' (m/s)

SJ 4.92D 13.60 7.19 47.06 27.14 39.73 40.16

NO Tip 4.64D 15.45 7.88 55.92 31.04 41.44 43.58

NO Trough 4.64D 15.86 7.72 56.20 30.62 40.18 40.95

N2 Tip 3.80D 13.13 5.91 46.13 22.29 38.48 39.45

N2 Trough 3.80D 12.06 6.09 43.57 22.74 38.64 40.28

N4 Tip 4.13D 13.64 6.55 48.05 25.03 37.40 37.19

N4 Trough 4.13D 13.81 6.67 49.78 23.96 38.74 38.87
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7.1.2 u '“̂ and Length Scales

Tables 7.4 to 7.6 show the length scales and convection speed for the u'̂  and v'̂  

components. Table 7.4 shows the nozzles at bO%Lc as with the previous results the 0° 

chevron nozzle shows the largest difference from the baseline values. All length scales 

show a significant increase over the baseline with a larger increase in the tip region. 

The increase is more significant for the v'̂  length scales w'hich show' an increase of up 

to 43%. The 2° nozzle length scales are all decreased from the baseline values with the 

exception of the moving axis length scale for the tip region which shows an increase. 

The u'“̂ length scales are larger for the trough regions while the v'̂  length scales are 

larger for the tip regions of this nozzle. All of the length scales for the 4° nozzle are 

larger in the tip region than the trough region and the values are either close to the 

baseline or show an increase.

Table 7.5 shows the length scales for the nozzles at 75%Lc. The 0° nozzle length 

scales are still significantly increased over the baseline. The trough region length scales 

are now larger than the tip region with the exception of the moving axis length 

scale. The 2° nozzle length scales are generally lower than the baseline vaules with 

the exception of the tip region moving axis length scales. The tip region length scales 

are all larger than the trough region in this position. The 4° nozzle behaves similarly 

to the 2° nozzle and the length scales are generally lower than the baseline with the 

exception of the tip region moving axis length scales. All of the tip region length scales 

are larger than the trough region.

Table 7.6 shows the length scales for the nozzles at 100%Lc. The 0° nozzle length 

scales are still increased but the v'̂  length scales in particular are now very close to 

the baseline values. For this postions the length scales are more strongly effected 

than the v'̂ . Tip and trough region length scales are also very similar. For the 2° 

nozzle the tip and trough region v'“̂ length scales are approximately equal but the tip 

region length scales are still larger than those in the trough region. The values are 

generally a reduction of those of the baseline nozzle. The u'̂  length scales for the 4° 

nozzle show a slight increase from the baseline values and the v'̂  length scales show a 

slight decrease. Tip and trough region length scales are very similar at this position.

83



7. 1 . B u l k  L e n g t h  S c a l e s

Table 7.4: u'^ and Length Scales and Convection Speed 0.5Lc

0.5 Lc Lc Fixed Axis Moving Axis Convection Speed

w'2(mm) v'Hmm) w'2(mm) v'^(ram) w'^(m/s) i>'2(m/s)

S3 4.92D 4.05 2.66 9.25 5.79 37.31 53.76

NO Tip 4.64D 4.80 3.37 13.49 8.28 37.21 56.65

NO Trough 4.64D 4.54 3.37 11.92 7.26 27.93 58.16

N2 Tip 3.80D 3.72 2.49 8.83 6.39 48.54 50.07

N2 Trough 3.80D 3.84 2.42 9.01 5.72 21.32 28.61

N4 Tip 4.13D 4.00 2.77 10.48 7.67 45.08 41.83

N4 Trough 4.13D 3.75 2.53 9.67 5.76 27.13 28.71

Table 7.5: and Length Scales and Convection Speed 0.75Lc

0.75 Lc Lc Fixed Axis Moving Axis Convection Speed

u'2(inni) ?;'2(mm) M'2(mm) i>'^(nun) 1
to 1 to

SJ 4.92D 5.23 3.47 13.36 8.09 49.92 53.34

NO Tip 4.64D 5.80 3.92 17.02 10.00 40.34 54.17

NO Trough 4.64D 6.01 4.20 16.85 10.18 47.05 54.99

N2 Tip 3.80D 4.97 3.14 13.77 8.32 41.84 47.16

N2 Trough 3.80D 4.67 2.99 12.58 7.11 31.81 56.16

N4 Tip 4.13D 5.04 3.43 14.62 8.47 36.52 45.84

N4 Trough 4.13D 4.67 3.03 13.39 7.99 34.55 51.84

Table 7.6: u'^ and Length Scales and Convection Speed l.OLc

1.0 Lc Lc Fixed Axis Moving Axis Convection Speed

v'2(rnm) M'^(mni) u 'Hm/s) v'^(m /s)

SJ 4.92D 6.53 4.40 16.52 10.00 47.36 50.15

NO Tip 4.64D 7.16 4.69 20.84 11.88 44.69 51.04

NO Trough 4.64D 7.19 4.77 19.93 11.95 44.52 48.71

N2 Tip 3.80D 6.33 3.60 16.76 8.79 44.63 50.41

N2 Trough 3.80D 5.49 3.66 15.50 8.79 44.57 50.83

N4 Tip 4.13D 6.66 3.96 17.87 9.98 44.04 49.81

N4 Trough 4.13D 6.78 4.01 18.01 9.47 45.71 46.65
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7.1.3 uV  Length Scales

Table 7.7 shows the u'v' length scales for the nozzles at 5Q%Lc- All of the nozzle 

show an increase to the length scales above the baseline vaules for both tip and trough 

regions. Tip region length scales are larger than the trough region and the largest 

increase is found for the 0° nozzle.

Table 7.8 show's the u'v' length scales for the nozzles at 7b%Lc. The length scales 

for the 0° nozzle are still increased over the baseline but the trough region length scales 

are now larger than the tip region. The 2° nozzle length scales are all decreased from 

the baseline vaules with larger length scales in the tip region. The tip region of the 4° 

nozzle has larger length scales than the baseline but the trough region length scales 

are low'er than the baseline values.

Table 7.9 shows the u'v' length scales for the nozzles at 100%Lc. The 0° nozzle 

length scales are still increased above the baseline values but less than the previous 

positions. The 2° nozzle length scales are decreased from the baseline values with 

slightly larger length scales in the tip region. The 4° nozzle length scales are very close 

to the baseline values but generally show a slight increase particularly for the trough 

region.
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Table 7.7: u'v' Length Scales and Convection Speed 0.5Lc

0.5 Lc Lc Fixed Axis Moving Axis Convection Speed

u'v' (mm) u'v' (mm) u'v' (m/s)

SJ 4.92D 2.55 7.22 .50.08

NO Tip 4.64D 3.21 9.66 49.27

NO Trough 4.64D 3.04 8.87 46.88

N2 Tip 3.80D 2.78 8.10 48.06

N2 Trough 3.80D 2.71 7.40 45.68

N4 Tip 4.13D 3.00 8.71 46.93

N4 Trough 4.13D 2.96 8.01 42.56

Table 7.8: u'v' Length Scales and Convection Speed 0.75Lc

0.75 Lc Lc Fixed Axis Moving Axis Convection Speed

u'v' (nun) u'v' (mm) u'v' (m/s)

SJ 4.92D 3.50 9.83 48.06

NO Tip 4.64D 3.91 11.77 49.22

NO Trough 4.64D 4.08 11.88 46.94

N2 Tip 3.80D 3.27 9.65 47.15

N2 Trough 3.80D 3.22 8.99 48.03

N4 Tip 4.13D 3.60 10.46 46.46

N4 Trough 4.13D 3.38 9.65 46.31

Table 7.9: u'v' Length Scales and Convection Speed LOLc

1.0 Lc Lc Fixed Axis Moving Axis Convection Speed

u'v' (nmi) u'v' (mm) u'v' (m/s)

SJ 4.92D 4.43 12.25 46.50

NO Tip 4.64D 4.72 14.51 47.22

NO Trough 4.64D 4.76 14.36 46.30

N2 Tip 3.80D 3.89 11.36 46.58

N2 Trough 3.80D 3.63 10.62 46.39

N4 Tip 4.13D 4.38 12.43 43.07

N4 Trough 4.13D 4.49 12.66 46.13
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7.2 Frequency D ependent Length Scales 

7.2.1 u ' M oving Axis Length Scale

Figures 7.2 and 7.3 show the frequency dependent moving axis length scale for the u ' 

com ponent in the axial direction. Figure 7.2 (a) shows the 0° nozzle in comparison to 

the baseline je t a t 50%Lc- This nozzle shows a significant increase to  the length scale 

for all frequencies a t this position. The tip  regions also produce a larger increase in 

the length scale than  the trough regions for all frequencies. There is a larger increase 

in the length scale for higher frequencies beyond a Strouhal number of 1 which show 

a 100% increase over the baseline values.

Figure 7.2 (b) shows the 2° nozzle in comparison to  the baseline je t at 50%Lc- The 

values for both tip  and trough region are equal to  the baseline values below a Strouhal 

num ber of 0.2. Beyond this Strouhal luunber the baseline values fall between the tip 

and trough regions with the trough region having larger length scales. This nozzle 

had the shortest potential core length which may explain why it show’s the smallest

difference to the baseline nozzle in this position.

Figure 7.2 (c) shows the 4° nozzle in comparison to  the baseline je t a t 50%Lc- This 

nozzle shows an increase to  the length scale for all frequencies a t this position. The 

effects are more significant for higher frequencies beyond a Strouhal num ber of 1. The 

trough region shows the largest length scale while the  tip region is much closer to  the

baseline particularly  below a Strouhal num ber of 1.

Figure 7.3 (a) shows the 0° nozzle in comparison to  the baseline je t a t 100%Lc. 

The length scales for this nozzle are still significantly increased over the  baseline values 

but the difference is less than  the previous position. There are tip  to trough region 

differences below a Strouhal number of 0.5 where the trough region has larger length 

scales. The length scales above this Strouhal num ber are equal for both  regions and 

show a larger increase over the baseline than  those a t the lower S trouhal numbers.

Figure 7.3 (b) shows the 2° nozzle in comparison to  the baseline je t a t 100%Lc. 

The trough region has larger length scales than  the baseline at all frequencies. The 

tip region has lower length scales than the baseline below a Strouhal number of 0.4
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but they are increased above the basehne beyond this Strouhal number.

Figure 7.3 (c) shows the 4° nozzle in comparison to the baseline jet at 100%Lc. The 

baseline length scales fall between the tip region and trough region for all frequencies. 

The trough region shows a slight increase to the length scales over the baseline case 

at all frequencies and the tip region a slight decrease. The tip region of this nozzle in 

this position is the only result lower than the baseline at all Strouhal numbers.

Firstly comparing the traditional statistics to the frequency dependent statistics at 

50%Lc it is found that the 0° nozzle reflects what was previously observed and shows 

an increase for all frequencies with a larger effect in the tip region. In comparision 

the traditional statistics for the 2° nozzle showed a larger increase in the tip region 

while the frequency dependent statistics show that beyond a Strouhal number of 0.2 

the trough region length scales are actually larger. This could be explained if the 

traditional statistics are dominated by the larger scales of the turbulence. The 4° 

nozzle length scales do not agree well with the traditional statistics as the trough 

region length scale is clearly larger for all scales of the turbulence where as the tip 

region is larger in the traditional statistics.

At 100%Lc the 0° nozzle again reflects the traditional statistics as the trough region 

shows an increase over the tip region below a Strouhal number of 0.5. Beyond this 

Strouhal number the two regions are equal and this is in agreement with the slightly 

larger values foimd in the trough region’s traditional statistics. For this position 

the 2° nozzle does not agree well with the traditional statistics as the trough region 

length scales are larger than the tip. While the low frequency length scales are close 

to or below the baseline values the high frequencies are significantly increased. This 

difference from the traditional statistics could again be explained if they are dominated 

by the larger turbulence scales. The 4° nozzle agrees with the traditional statistics 

as the trough region length scales are larger than the tip region. The trough region 

length scales are increased over the baseline for all frequencies reflecting the increase 

in the traditional statistics where as the tip region length scales show a high frequency 

reduction not seen in the traditional statistics.
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7.2 . F r e q u e n c y  D e p e n d e n t  L e n g t h  S c a l e s

7.2.2 v '  M oving A xis L ength Scale

Figures 7.4 and 7.5 show the frequency dependent moving axis length scale for the v' 

component in the axial direction. Figure 7.4 (a) shows the 0° nozzle in comparison 

to the baseline jet at 50%Lc. This nozzle globally increases the length scale for all 

frequencies. The effect is less significant than for the u' component which showed 

increases of up to 100% for the higher frequencies. However the increase seen in the 

length scales of the lower frequencies is larger than that seen for the same u' length 

scales. The tip and trough regions are relatively equal for this nozzle in this position.

Figure 7.4 (b) shows the 2° nozzle in comparison to the baseline jet at 50%Lc. The 

baseline case falls between the tip and trough regions for this nozzle . The tip regions 

have slightly lower length scales than the baseline over all frequencies and the trough 

regions have slightly increased length scales particularly above a Strouhal number of 

0 . 8 .

Figure 7.4 (c) shows the 4° nozzle in comparison to the baseline jet at 50%Lc. 

Similarly to the 2° nozzle the baseline case falls between the tip and trough regions 

for this nozzle in this position. The trough region has a slightly increased length scale 

and the tip region shows a slight decrease in comparision to the baseline values.

Figure 7.5 (a) shows the 0° nozzle in comparison to the baseline jet at 100%Lc- 

The length scales are still increased over the baseline values for all frequencies but the 

increase is significantly less than for the previous position.

Figure 7.5 (b) shows the 2° nozzle in comparison to the baseline jet at 100%Lc. 

There is a significant reduction in the length scales below a Strouhal number of 0.7 

and above this Strouhal number the length scales are equal to the baseline. The tip 

region has a larger decrease than the trough region. Tip to trough region differences 

have also increased in comparison to the previous position.

Figure 7.5 (c) shows the 4° nozzle in comparison to the baseline jet at 100%Lc. 

Length scales above a Strouhal number of 0.8 are equal to the baseline values for both 

tip and trough regions. Below this Strouhal number the tip and trough region have 

slightly decreased length scales.

The frequency dependent statistics for the 0° nozzle agree w'ith w'hat was observed
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in the traditional statistics and show a global increase at 50%Lc- A point of note is 

that the increase in the high frequency v' length scales is significantly less than the 

increase observed for the u' high frequency length scales while the traditional statistics 

would indicate than the v' length scales are more strongly affected. The low frequency 

length scales of the 2° nozzle at 50%Lc show a slight reduction from the baseline as 

was found in the traditional statistics but at high frequencies the trough region in 

particular shows increased length scales. The 4° nozzle was closest to the baseline in 

the traditional statistics and this nozzle also matches the baseline length scales for all 

frequencies.

At 100%Lc the 0° nozzle still shows a slight increase over the baseline in the tradi

tional statistics and the frequency dependent statistics show than the increase is still 

more significant for higher frequencies. The 2° nozzle length scales for this position 

clearly point to the traditional statistics being driven by the lower frequencies as it 

is these scales of the turbulence that show the significant decrease observed in the 

traditional statistics. The higher frequency turbulent length scales are in fact equal 

to the baseline nozzle values. A very similar result is observed for the 4° nozzle as 

the reduction in length scale observed in the traditional statistics is only found for the 

lower frequency length scales.
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Figure 7.4 : Frequency Dependent Moving Axis Length Scale v ' 50%Lc
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Figure 7.5: Frequency Dependent Moving Axis Length Scale v '  100%Lc
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7.2.3 u '^  M oving A xis Length Scale

Figures 7.6 and 7.7 show the frequency dependent moving axis length scale for the u'^ 

com ponent in the axial direction. Figure 7.6 (a) shows the 0° nozzle in comparison 

to  the baseline je t a t 50%Lc- This nozzle increases the length scales over the baseline 

values for all frequencies in both  tip  and trough regions. The tip  region has a larger 

increase than  the trough region.

Figure 7.6 (b) shows the 2° nozzle in comparison to  the basehne je t a t 50%Lc. The 

trough region is equal to the baseline for all frequencies in this positon. The tip region 

shows decreased length scales below a Strouhal num ber of 0.5. Above this Strouhal 

number the  tip  region length scales are also equal to  the baseline.

Figure 7.6 (c) shows the 4° nozzle in comparison to the baseline je t at 50%Lc. 

Below a Strouhal number of 0.4 the baseline values fall between the tip and trough 

region w ith the trough region being larger than the baseline. Al)ove this Strouhal 

inmiber both  region show an equal increase in the length scales over the baseline.

Figure 7.7 (a) shows the 0° nozzle in comparison to  the baseline je t a t 100%Lc. The 

length scales for both  tip and trough regions are increased over the baseline values. 

The tip  region length scales are larger below a Strouhal number of 1.

Figure 7.7 (b) shows the 2° nozzle in comparison to the baseline je t a t 100%Lc. 

Below a S trouhal number of 0.5 the tip and trough region length scales are equal to 

the baseline values. Above this Strouhal number the length scales are increased with 

the trough region having larger length scales.

Figure 7.7 (c) shows the 4° nozzle in comparison to the baseline je t a t 100%Lc. 

The tip  and trough region length scales are approxim ately equal to the baseline values 

for all frequencies a t this positon.

The 0° nozzle frequency dependent statistics agree with the trad itional statistics 

a t 50%Lc and show an increase in both tip  and trough regions over the  baseline with 

a more significant effect in the tip  region. The 2° nozzle shows another interesting 

result as the  decrease in the length scales of the tip region found in the traditional 

statistics is shown in the frequency dependent statistics below a Strouhal num ber of 0.5. 

Beyond this Strouhal number the length scales are equal to the baseline. The trough
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region length scales are approximately equal to the baseline as were the traditional 

statistics. The tip region of the 4° nozzle is interesting as the frequency dependent 

statistics show a low' frequency decrease and a high frequency increase compared to 

the baseline. This difference in behaviour between turbulent scales is not captured in 

the tradtional statistics which show a slight increase for both tip and trough regions.

The 0° nozzle shows good agreement with the traditional statistics at 100%Lc as 

all turbulence scales show an increased length scale w'ith a larger incease in the tip 

region particularly at low frequencies. The traditional statistics for the 2° nozzle in 

this position are very close to the baseline and are generally slightly reduced. In 

contrast the frequency dependent statistics show significant increases to the length 

scales of both tip and trough regions beyond a Strouhal number of 0.5 with a larger 

increase in the trough region. The lower frequency turbulent scales are very similar to 

the baseline. The traditional statistics for the 4° nozzle show a slight increase which 

is possibly reflected in the frequency dependent statistics at low frequencies but the 

values are very close to the baseline.
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Figure 7.6: Frequency Dependent Moving Axis Length Scale u ''^  50% L c
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Figure 7.7: Frequency Dependent Moving Axis Length Scale 100%Lc
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7.2.4 M oving A xis L ength  Scales

Figures 7.8 and 7.9 show the frequency dependent moving axis length scale for the v ’'̂  

component in the axial direction. Figure 7.8 (a) shows the 0° nozzle in comparison 

to the baseline je t a t 50%Lc. This nozzle shows an increase to the length scales for 

both tip  and trough regions w ith a clearer increase below' a Strouhal number of 1. The 

trough region length scales are larger than  the tip  regions below a Strouhal number of 

0.5.

Figure 7.8 (b) shows the 2° nozzle in comparison to  the baseline je t a t 50%Lc. 

The trough region length scales are approxim ately equal to the baseline values in this 

position with a slight increase in the tip  region.

Figure 7.8 (c) shows the 4° nozzle in comparison to  the baseline je t at 50%Lc. The 

tip  region length scales are increased above the baseline values for all frequencies. The 

trough region length scales are equal to  the baseline vaules above a Strouhal number 

of 0.8 bu t are increased below this Strouhal number.

Figure 7.9 (a) show's the 0° nozzle in comparison to the baseline je t a t 100%Lc- 

The tip  and trough region length scales show an equal increase over the baseline values 

for all frequencies. T he increase is less significant than  for the previous position.

Figure 7.9 (b) shows the 2° nozzle in comparison to  the baseline je t a t 100%Lc. 

Above a Strouhal num ber of 1 both  tip  and trough region length scales are equal to 

the baseline values. Below this Strouhal number both  regions have decreased length 

scales. T he trough region shows a  larger decrease than  the  tip  region.

Figure 7.9 (c) shows the 4° nozzle in comparison to  the baseline je t at 100%Lc. 

T ip and trough region length scales show' a slight decrease from the  baseline values for 

all frequencies.

The 0° nozzle show's good agreem ent w'ith the traditional statistics a t 50%Lc as 

both tip and trough region length scales show a significant increase. The traditional 

statistics show a larger tip  region length scale and this is reflected in the frequency 

dependent statistics below a Strouhal number of 0.5. The 2° nozzle trough region is 

very similar to the baseline nozzle in both  the trad itional and frequency dependent 

statistics. The tip  region shows a slight increase in the length scale over the baseline
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and this is visible in the frequency dependent statisitcs particularly in a Strouhal 

number range of 0.2 — 1.5. The 4° nozzle tip region shows a significant increase to 

the length scales at 50%Lc for both frequency dependent and traditional statistics. 

The frequency dependent length scales for the trough region are equal to the baseline 

above a Strouhal number of 0.5 but the increase for lower frequencies than this is not 

seen in the traditional statitics.

The frequency dependent statistics for the 0° nozzle at 100%Lc are still increased 

but the increase is less significant than in the previous position and this is reflected 

in the traditional statistics. The scales above a Strouhal number of 1 are closest to 

the baseline and there and minimal tip to trough region differences found in either 

traditional or frequency dependent statitics. The 2° nozzle show a decrease in the 

traditional length scales from the baseline for both tip and trough regions. This is seen 

in the frequency dependent length scales below a Strouhal luimber of 0.6. Above this 

Strouhal number both tip and trough region length scales are equal to the baseline. 

The traditional statitics for the 4° nozzle show a less significant decrease from the 

baseline than for the 2° nozzle. However the frequency dependent statistics show' that 

the decrease is for a wider range of frequencies than for the 2° nozzle.
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Figure 7.8: Frequency Dependent Moving Axis Length Scale v'‘̂ 50%Lc
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7.2.5 u'v' Moving Axis Length Scale

Figures 7.10 and 7.11 show the frequency dependent moving axis length scale for the 

u'v' component in the axial direction. Figure 7.10 (a) shows the 0° nozzle in comparison 

to the baseline jet at 50%Lc. Tip and trough regions show an equal increase to the 

length scales over the baseline values. The increase is more significant for higher 

frequencies.

Figure 7.10 (b) shows the 2° nozzle in comparison to the baseline jet at 50%Lc. 

Tip and trough regions are equal to the baseline length scales below a Strouhal of 1. 

Above this Strouhal number both tip and trough regions show a slight increase to the 

length scales.

Figure 7.10 (c) shows the 4° nozzle in comparison to the baseline jet at 50%Lc. Tip 

and trough region length scales are both increased above the baseline values. Below a 

Strouhal innnber of 0.4 the trough region length scales are larger than the tip region. 

However above a Strouhal number of 0.8 this reverses and the tip region length scales 

are larger.

Figure 7.11 (a) shows the 0° nozzle in comparison to the baseline jet at 100%Lc. 

Tip and trough regions are equal and show increased length scales over the baseline 

values at all frequencies.

Figure 7.11 (b) shows the 2° nozzle in comparison to the baseline jet at 100%Lc. 

Below a Strouhal number of 0.7 tip and trough regions show decreased length scales 

compared to the baselin but above this Strouhal number both regions show slightly 

increased length scales.

Figure 7.11 (c) shows the 4° nozzle in comparison to the baseline jet at 100%Lc- Tip 

and trough regions are approximately equal to the baseline values for all frequencies 

in this positions.

The traditional statistics for the 0° nozzle at 50%Lc show increased length scales 

in the tip and trough regions over the baseline with a larger increase in the trough 

region. The frequency dependent length scales also show this increase with a slight 

indication of larger tip region length scales beyond a Strouhal number of 0.7. The 2° 

nozzle shows a slight increase in the traditional length scales with a larger increase
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over the baseline found in the tip region. This increase is shown in the frequency 

dependent statistics for the higher frequencies where the tip region show's an increase 

beyond a Strouhal number of 0.5 and the trough region beyond a Strouhal number of 

0.7. The traditional length scales for the 4° nozzle show an increase over the baseline 

with a larger increase in the tip region. While both tip and trough region length scales 

are increased in the frequency dependent statistics it is the trough region that shows 

a larger increase at lower scales and the tip region has a slightly larger increase at 

higher frequencies.

The traditional statistics for the 0° nozzle at 100%Lc show increased length scales in 

the tip and trough regions over the baseline and the frequency dependent length scales 

also show' this increase. The traditional statistics for the 2° nozzle show decreased 

length scales in the tip and trough regions from the baseline values. This decrease is 

seen in the frequency dependent length scales below a Strouhal number of 0.7. Above 

this Strouhal number the length scales for both regions are increased above the baseline 

values. The traditional length scales for the 4° nozzle at 100%Lc show a very slight 

increase over the baseline and the frequency dependent length scales are approximately 

equal to the baseline at all frequencies.
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7.2.6 u ' F ixed  A xis Length Scale

Figures 7.12 and 7.13 show the frequency dependent fixed axis length scale for the i i ' 

component in the axial direction. Figure 7.12 (a) shows the 0° nozzle in comparison 

to  the baseline je t at 50%Lc. Tip and trough regions are equal and show an increase 

in the length scales above the baseline values for all frequencies. Above a Strouhal 

num ber of 0.8 the length scales show a more significant increase from the baseline.

Figure 7.12 (b) shows the 2° nozzle in comparison to the baseline je t a t 50%Lc. 

The tip  and trough region length scales are roughly equal to  the baseline vaules in this 

position.

Figure 7.12 (c) shows the 4° nozzle in comparison to  the baseline je t a t 50%Lc- The 

tip  and trough region length scales are roughly equal to  the baseline vaules below a 

Strouhal number of 1. Above this Strouhal number both  region show increased length 

scales with a more significant increase in the trough region.

Figure 7.13 (a) shows the 0° nozzle in comparison to the baseline je t a t 100%Lc. 

Tip and trough region length scales are still increased above a Strouhal number of 

0.7 bu t the increase is less significant than  in previous positions. Below this Strouhal 

num ber the length scales are equal to  the baseline.

Figure 7.13 (b) shows the 2° nozzle in comparison to  the baseline je t at 100%Lc. 

Below a Strouhal number of 0.7 tip and trough region length scales are equal to the 

baseline values. Above this Strouhal number both region have increased length scales 

w ith a larger increase in the trough region.

Figure 7.13 (c) shows the 4° nozzle in comparison to  the baseline je t a t 100%Lc. 

Below a Strouhal num ber of 0.8 the tip region length scales are equal to  the baseline 

but above this Strouhal number the tip  region length scales are decreased. These are 

the only high frequency length scales to show a decrease from the baseline. The trough 

region remains roughly equal to  the baseline for all frequencies.

T he tip and trough region traditional length scales for the 0° nozzle at 50%Lc are 

increased above the baseline value by approxim ately the same am ount as the lower 

scales of the frequency dependent length scales. However the length scales above a 

Strouhal number of 1 show a 100% increase above the  baseline values not seen in the
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traditional statistics. The frequency dependent statistics for the 2° nozzle are very 

close to the baseline and the slight increase found in the tradtitional statistics may be 

seen in the length scales above a Strouhal number of 1. The traditional statistics for 

the 4° nozzle show an increase in the tip region and a decrease in the trough region. 

This in not reflected in the frequency dependent statistics as both regions are increased 

at high frequencies above a Strouhal number fo 1 and the trough region shows a larger 

increase. Below this Strouhal number the scatter in the data make both regions appear 

approximately equal to the baseline value.

The traditional length scales for the 0° nozzle at 100%Lc are increased above the 

baseline for both tip and trough regions. The frequency dependent length scales also 

show an increase for both regions at all frequencies. The 2° nozzle traditional length 

scales show a decrease for both tip and trough regions. While there is some indication 

of a decrease at lower Strouhal numbers there is a clear increase in the length scales 

for both regions at high frequencies. The traditional length scales for the 4° nozzle 

are very close to the baseline with both regions show'ing a very slight increase. The 

frequency dependent length scales for the trough region are very close to the baseline 

at all frequencies but the tip region length scales are decreased from the baseline values 

above a Strouhal number of 1.
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7.2.7 v ' F ixed  A xis Length Scale

Figures 7.14 and 7.15 show the frequency dependent fixed axis length scale for the v ' 

component in the axial direction. Figure 7.14 (a) shows the 0° nozzle in comparison 

to  the baseline je t a t 50%Lc. T ip and trough region length scales are increased over 

the baseline values for all frequencies in this positons.

Figure 7.14 (b) shows the 2° nozzle in comparison to the baseline je t at 50%Lc. 

T ip and trough region length scales are increased above the baseline values beyond a 

Strouhal num ber of 1. Below this value they are approxim ately equal to the baseline.

Figure 7.14 (c) shows the 4° nozzle in comparison to the baseline je t a t 50%Lc. 

T ip region length scales are slightly increased com pared with the baseline values for 

all frequencies. The trough region also shows an increase for all frrequencies but they 

are significantly increased beyond a Strouhal num ber of 1.

Figure 7.15 (a) show's the results for the 0° nozzle at 100%Lc there is a slight 

increase to the length scales for all frequencies for both  tip  and trough regions.

Figure 7.15 (b) shows the 2° nozzle in com parison to the baseline je t at 100%Lc. 

The frequency dependent length scales for bo th  tip  and trough regions are apj)roxi- 

m ately ecjual to  the baseline for all frequencies.

Figure 7.15 (c) shows the 4° nozzle in com parison to  the baseline je t a t 50%Lc. 

This nozzle shows a slight decrease to the length scales beyond a Strouhal number of 

1 otherwise the  length scales for both  tip  and trough regions are approxim ately equal 

to  the baseline.

The trad itional statistics for the 0° nozzle at 50%Lc show' an increase in the length 

scales of both  tip  and trough regions w ith a larger increase in the tip  region. The 

frequency dependent statistics also show increased length scales a t all frequencies for 

both  regions bu t the increase is approxim ately equal in both regions. The traditional 

length scales for the 2° nozzle are slightly decreased from the baseline values w ith a 

larger decrease in th  trough region. The frequency dependent statistics show there 

is a decrease in the lower frequency length scales for the tip  region but both regions 

show increased length scales above a Strouhal num ber of 1. The traditional length 

scales for the 4° nozzle are very close to  the baseline values with a slight decrease in
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the tip region and a sUght increase in the trough region. The frequency dependent 

statistics are also very close to the baseline below a Strouhal number of 1 with a slight 

indication of a decrease in the tip region length scales. However above this Strouhal 

number both regions show an increased length scales w'ith a significant increase in the 

trough region.

The 0° nozzle frequency dependent length scales show a slight increase for tip and 

trough regions for all frequencies at 100%Lc w'hich is in agreement with the traditional 

statistics. The traditional length scales for the 2° nozzle at this position show a 

decrease however the frequency dependent length scales are approximately equal to 

the baseline values. The traditional length scales for the 4° nozzle in this position also 

show a decrease from the baseline. There is a decrease in the frequency dependent 

length scales for this nozzle at high frequencies.
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7.2.8 Fixed Axis Length Scale

Figures 7.16 and 7.17 show the frequency dependent fixed axis length scale for the vP ' 

component in the axial direction. Figure 7.16 (a) shows the 0° nozzle in comparison 

to the baseline jet at 50%Lc. Tip and trough region length scales are increased above 

the baseline values for all frequencies in this position. A more significant increase is 

observed above a Strouhal number of 1.

Figure 7.16 (b) shows the 2° nozzle in comparison to the baseline jet at 50%Lc. 

Tip and trough region length scales are approximately equal to the baseline below a 

Strouhal number of 1.5. Above this Strouhal number there is a slight increase observed.

Figure 7.16 (c) shows the 4° nozzle in comparison to the baseline jet at 50%Lc. 

Below a Strouhal number of 1 both tip and trough region length scales are equal to 

the baseline. Above this Strouhal number both regions show an increase in the length 

scales with a more significant increase found in the trough region.

Figure 7.17 (a) shows the 0° nozzle in comparison to the baseline jet at 100%Lc. 

Tip and trough region length scales are increased above the baseline values for all 

frequencies in this position. A more significant increase is observed above a Strouhal 

number of 1.

Figure 7.17 (b) shows the 2° nozzle in comparison to the baseline jet at 100%Lc. 

Tip and trough region length scales are equal to the baseline values below a Strouhal 

number of 1. Above this Strouhal number trough region length scales show a significant 

increase and tip region length scales show a slight increase.

Figure 7.17 (c) shows the 4° nozzle in comparison to the baseline jet at 100%Lc-  

Tip and trough region length scales are equal to the baseline vaules below a Strouhal 

number of 1. Beyond this Stouhal number the tip region length scales are decreased 

and the trough region length scales remain equal to the baseline.

The traditional length scales for the 0° nozzle show an increase over the baseline 

at 50%Lc. This increase is reflected in the frequency dependent statistics however 

the large increase of almost 100% for Strouhal numbers above 1 is not seen in the 

traditional statistics. The traditional length scales for the 2° nozzle are decreased 

from the baseline. While no clear decrease in the frequency dependent length scales is
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observed there is an indication of an increased length scale for very high frequencies. 

The traditional length scale for the 4° nozzle also shows a slight decrease. While no 

clear decrease in the frequency dependent length scales is observed there is a definate 

increase in the length scales of the tip and trough region beyond a Strouhal number 

of 1.

The frequency dependent length scales for the 0° nozzle at 100%Lc show an increase 

for all frequencies with a more significant effect above a Strouhal number of 1. The 

traditional statistics also show an increase over the baseline value but the magnitude 

of the increase corresponds to the increase of the low frequency length scales. The 

traditional length scales for the 2° nozzle are decreased from the baseline. There is a 

no clear decrease in the frequency dependent length scales at low frequencies where 

the values are approximately equal to the baseline and the high frequency length 

scales show a significant increase. The traditional length scales for the 4° nozzle are 

slightly increased. The frequency dependent length scales for the trough region are 

approximately equal to the baseline for all frequencies while the tip region length scales 

above a Strouhal number of 1 are decreased from the baseline values.
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7.2.9 Fixed A xis Length Scale

Figures 7.18 and 7.19 show the frequency dependent fixed axis length scale for the v'"^ 

com ponent in the axial direction. Figure 7.18 (a) shows the 0° nozzle in comparison 

to  the  baseline je t a t 50%Lc. Tip and trough region length scales show in increase 

above the baseline values for all frequencies in this position.

Figure 7.18 (b) shows the 2° nozzle in comparison to  the baseline je t a t 50%Lc- 

Both tip  and trough region length scales are approxim ately equal to the  baseline values 

in th is position.

Figure 7.18 (c) shows the 4° nozzle in comparison to  the  baseline je t a t 50%Lc. At 

this position there is a slight increase to the length scales for all frequencies in both 

tip  and trough regions.

Figure 7.19 (a) shows the 0° nozzle in comparison to  the baseline je t a t 100%Lc. 

Tip and trough region length scales are increased above the baseline values a t all 

frequencies but the effect is less than  in the previous position.

Figure 7.19 (b) shows the 2° nozzle in comparison to the baseline je t at 100%Lc. 

There is a slight decrease in the length scales below a Strouhal num ber of 0.4 at this 

position. At all o ther frequencies the length scales are approxim ately equal to  the 

baseline.

Figure 7.19 (c) shows the 4° nozzle in comparison to  the baseline je t a t 100%Lc. 

A slight decrease in the length scales below the baseline vaules is observed for all 

frequencies.

T he traditional statistics for the 0° nozzle show an equal increase over the  baseline 

for both  tip and trough regions at 50%Lc. A similar increase is observed for both 

regions in the frequency dependent statistics. The traditional length scales for the 2° 

nozzle show only a slight decrease from the baseline value. The frequency dependent 

length scales are also approxim ately equal to  the  baseline values. T he trad itional 

length scales for the 4° nozzle are closest to  the baseline and the frequency dependent 

length scales are also very close to  the baseline values.

T he traditional length scales for the 0° nozzle a t 100%Lc are slightly increased 

over the  baseline value and a slight increase is also observed for all frequencies in
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the frequency dependent statistics. The traditional length scales for the 2° nozzle are 

furthest from the baseline value in this position and are decreased. While there is a 

slight decrease in the frequency dependent statistics for low Strouhal numbers higher 

frequencies are approximately equal to the baseline values. The traditional statistics 

for the 4° nozzle at 100%Lc are slightly decreased and a slight decrease is also observed 

for all frequencies of the frequency dependent length scales.
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Figure 7.18: Frequency Dependent Fixed Axis Length Scale v ' “̂ 50%Lc
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7.2.10 u'v' Fixed Axis Length Scale

Figures 7.20 and 7.21 show the frequency dependent fixed axis length scale for the u'v' 

component in the axial direction. Figure 7.20 (a) shows the 0° nozzle in comparison 

to the baseline jet at 50%Lc. Tip and trough region length scales are increased above 

the baseline vaules for all frequencies. A more significant increase is observed above a 

Strouhal number of 1.

Figure 7.20 (b) show's the 2° nozzle in comparison to the baseline jet at 50%Lc. 

Tip and trough regions show a slight increase to the length scales above the baseline 

values at all frequencies.

Figure 7.20 (c) shows the 4° nozzle in comparison to the baseline jet at 50%Lc. 

Both tip and trough region length scales show an increase above the baseline vaules 

at all frequencies.

Figure 7.21 (a) shows the 0° nozzle in comparison to the baseline jet at 100%Lc. 

Tip and trough regions show increased length scales for all frequencies. The increase 

is less significant than for the previous position.

Figure 7.21 (b) shows the 2° nozzle in comparison to the baseline jet at 100%Lc. 

Both tip and trough region length scales are approximately equal to the baseline for 

all frequencies.

Figure 7.21 (c) shows the 4° nozzle in comparison to the baseline jet at 100%Lc. 

Both tip and trough region length scales are approximately equal to the baseline below' 

a Strouhal number of 1 and there is a slight decrease in the tip region length scales 

beyond this Strouhal number.

An interesting point to note is that all of the traditional u'v' length scales for 

the chevron nozzles at 50%Lc are increased over the baseline value. This is also true 

for the frequency dependent statistics as all chevron nozzles show increased length 

scales at all frequencies. The largest increases are for the 0° nozzle w'ith the second 

largest increases for the 4° nozzle and the 2° nozzle having the lowest increases above 

the baseline value. This is true for both the traditional and frequency dependent 

statistics.

The situation has changed significantly at 100%Lc as the traditional length scales
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for the 2° nozzle are significantly decreased from the baseline and the 4° nozzle tip 

region shows a slight decrease. The 0° nozzle frequency dependent length scales are 

still increased at all frequencies. The 2° nozzle frequency dependent length scales show 

no clear decrease due to the scatter in the data but there is a slight indication of a 

decrease for low frequencies. The traditional statistics for the 4° nozzle are very close 

to the baseline values. There is a slight decrease in the frequency dependent length 

scales for the tip region beyond a Strouhal number of 1 but otherwise the length scales 

are very close to the baseline values.
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N4 Tip 4.13D 4.38 12.43 43.07

N4 Trough 4.13D 4.49 12.66 46.13

( d )

Figure 7.21: Frequency Dependent Fixed Axis Length Scale ii'v ' 100%Lc
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7.3 . C o m p a r i s o n  o f  u '  a n d  v '  L e n g t h  S c a l e s

7.3 Comparison of u' and v' Length Scales

A significant result of the PIV investigation was the change in the ratio of the u' 

to v' turbulence. This change was investigated along the nozzle lip line and it was 

found to be most significant in the nozzle region of 0 — 2D downstream. Beyond 

4D  the ratio was approximately equal to the values in the baseline case. In order to 

further understand these changes the length scales of the u' and v' turbulence are also 

compared in figures 7.22 and 7.23. Due to the large number of nozzle configurations 

only the 0° nozzle is presented here and compared against the baseline as this nozzle 

show'ed the largest change in the ratio of the turbulence in the PIV investigation. The 

frequency dependent moving axis length scale was chosen over the fixed axis length 

scale as there was less scatter in the data than for the fixed axis length scales.

Figure 7.22 shows the frecjuency de{)endent moving axis length scales for u' and v' 

for the baseline jet at the three measurement positions of 50%Lc, 75%Lc and 100%Lc. 

There is a clear transitional point at a Strouhal number of 0.6 for all positions beyond 

which the v' length scales are larger then the u' length scales.

Figure 7.23 shows the same comparison for the 0° nozzle. There is a significant 

difference to the baseline nozzle as for the 50%Lc and 75%Lc positions the u' length 

scales remains larger than the v' length scales up to a Strouhal number of 1 and 

beyond this Strouhal number the length scales are equal. For the 100%Lc position the 

u' length scale drops below' the v' length scale at a Strouhal number of 0.7 but the 

difference between the two is still significantly less than the baseline nozzle.

The PIV study indicated that chevron nozzles produced more isotropic turbulence 

especially in the nozzle region. These results also indicate th a t the axial length scales 

of the two turbulence quantities are equal for the smaller turbulence scales in chevron 

nozzles. The fact that the u' length scales are smaller for the 100%Lc position indicates 

that the turbulence is begining to recover from the effects of the nozzle by this positon. 

This is in agreement with the PIV results which showed the turbulence ratio reverted 

to the baseline case by approximately AD downstream.
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Single  J e t
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Figure 7.22: Moving Axis Length Scale u' to v' Comparison: Single Jet
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O'" N ozzle Tip

O  V

S t (fD/U.)

(a) 50%Lc
0^ N ozzle Tip

O  V’

S t (fD/U.)

(b) 75% L,
O'" N ozzle Tip

O  V’

S t (fD/U.)

(c) 100%Lc

Figure 7.23: M oving Axis Length Scale il ' to  v '  C om parison: 0° Nozzle



7A.  L o c a l  S t r o u h a l  N u m b e r

7.4 Local Strouhal N um ber

Aeroacoustic prediction codes require the use of statistical modeling of the turbulence. 

One of the general assum ptions made is the the nature of the turbulence is the same 

a t all locations in the jet. This investigation has revealed th a t significant differences 

exist over the potential core region of the je t between the various chevron nozzles and 

the baseline case. Existing CFD codes can provide values for the local bulk turbulence 

length scales and this section investigates if there is a common relationship between 

the bulk statistics and the frequency dependent statistics. If such a relationship ex

ists it would justify many assum ptions on the nature of the turbulence. This was 

attem pted  by non-dimensionalising the frequency dependent statistics using the local 

bulk statistics for each nozzle. Figures 7.24 and 7.25 show the fixed and moving axis 

length scales for all nozzles non-dimensionalised using local statistics. The frequency 

dependent length scales X n { x , f )  and A *j(x ,/) are non-dimensionalised using the tra 

ditional length scales A n(x) and A* (̂a:;). In addition the length scales are plotted as 

a function of a Strouhal luunber based on the local length scale and convection speed 

as outlined below

U c { x )

U c { x )

The results for the fixed axis length scales show an excellent collapse of the  da ta  

for the low frequency turbulen t scales and some interesting results for the higher 

frequencies. Figure 7.24 (a) shows the  results a t 50%Lc and for this position there is 

significant variation between nozzles. There are also tip  to trough region differences 

for the 2° and 4° nozzles. Figure 7.24 (b) shows the fixed axis length scales a t 7 b % L c -  

For this position the tip to  trough region differences have disappiated and all of the 

chevron nozzles have collapsed to  approxim ately the same values but not onto the 

baseline case. Figure 7.24 (c) shows the fixed axis length scales a t 100%1/c. T he 4° 

nozzle length scales are now equal to the baseline for the entire Strouhal num ber range. 

The other two nozzles are equal to  the baseline below a Strouhal number of 1 bu t the
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length scales are still larger beyond this Strouhal number.

The moving axis length scale shows very similar results to the fixed axis length 

scale. Figure 7.25 (a) shows the length scales at 50%Lc as was seen previously the 

data  collapses very well for the lower frequencies but there are significant differences 

between nozzles at this position. The 2° nozzle tip  region is very similar to the baseline 

for the w'hole Strouhal number range in this position. By the 75%Lc position the tip to 

trough region differences have disappiated but there is a clearer difference between the 

nozzles than  for the fixed axis length scales. The 2° nozzle is closest to the baseline at 

higher Strouhal numbers with the 4° nozzle length scales having slightly higher values 

and the 0° nozzle furthest from the baseline. The 4° nozzle is very close to the baseline 

at 100%Lc as shown in figure 7.25 (c). The 0° nozzle is furthest from the baseline and 

the 2° nozzle length scales lie between the other tw'o chevron nozzles. The 4° nozzle 

had a very fast collapse to the baseline values between the 75%Lg and lOOLg positions.

The excellent collapse of the low' frequency turbulence scales may be further indica

tion th a t the traditional statistics are driven by these larger scales. It is therefore not 

surprising th a t the use of the bulk statistics was successful at collapsing these scales. 

However the behavior of the high frequency scales may have some im portant implica

tions. Several im portant noise prediction models make assumptions on the nature of 

the fine scale turbulence. The high frequency length scales initially behave very differ

ently for each nozzle but begin to converge further downstream. The high frequency 

length scales are increasing for all nozzles further downstream from the nozzle exit and 

this may be an indication th a t the fine scale turbulence eventually evolves to a have 

common structure for all jets. However if this is the case it is clear th a t the nozzle can 

have an im portant impact on how quickly this theoretical structure develops. It may 

therefore be necessary for models based on assumptions on the nature of the fine scale 

turbulence to take account of the variations over the potential core length where the 

turbulence is clearly still evolving towards this theoretical structure.
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Figure 7.24: Fixed Axis Frequency Dependent Length Scale; Local Strouhal Number
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7.5 Discussion

Significant differences have been identified in the turbulence statistics for the chevron 

nozzles in comparison to the baseline nozzle. In addition the immersion of chevrons 

into the flow produces further significant changes to the statistics. The implications 

for noise source modeling will be discussed in the following chapter and an attempt 

will be made to draw some conclusions for the method of noise reduction. Firstly an 

overview of the changes for each nozzle will be given here.

0° Nozzle - This nozzle produced a significant increase in the traditional fixed and 

moving axis length scales. The effect was more prominent in the v' and length 

scales with showed increases up to 43% from the baseline values. The differences 

from the baseline values lessened further from the nozzle and while tip to trough 

region differences existed at 5()%Lc these had decayed by the 75%Lc and 100%Lc 

positions. The frequency dependent statistics showed that this nozzle increased 

the length scales for all frequencies but that increase was not equal for all scales 

of the turbulence. The u' and u'^ length scales showed increases of up to 100% for 

the higher frequencies but the lower freciuencies were less dramatically affected. 

The v' and v'‘̂ length scales showed larger increases for the lower frequencies than 

the higher frequencies. This clearly demonstrates that the traditional statistics 

are been driven be the larger scales of the turbulence and are hiding the fact than 

different scales of the turbulence are being affected differently by the chevrons. 

This nozzle can be characterised by a global increase to all length scales with 

relatively equal effects in tip and trough regions.

2° N ozzle - This nozzle had values very close to the baseline for the 50%Lc tests 

in both the traditional and frequency dependent statistics. This is significant 

as this nozzle had the largest reduction in potential core length which implies 

than the turbulence has evolved to the levels found in the baseline nozzle much 

faster. Unlike the 0° nozzle which showed the largest differences to the baseline 

at 50%Lc this nozzle is most similar to the baseline at 50%Lc. Beyond this 

point the turbulence structures evolve very differently to the baseline. As you
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move further from the nozzle the traditional statistics decrease in comparision 

to the baseline with a more significant reduction for the v' component. This 

is further evidence that the traditional statistics are being driven by the larger 

turbulent structures as the frequency dependent length scales show that the 

higher frequencies are actually increased over the baseline. The tip and trough 

regions of this nozzle also show significant differences with the tip region length 

scales generally being larger. This nozzle can be characterised by a decrease in 

the length scales for low' frequencies and an increase in the length scales for high 

frequencies.

4° N ozzle - The traditional length scales for this nozzle were most similar to the 

baseline of any chevron nozzle. The tip region length scales were generally larger 

close to the nozzle and the trough region length scales larger at the end of the 

potential core but all were very close to the baseline values. The frequency 

dependent length scales were also the closest to the baseline values. The v' 

and v''̂  frequency dependent length scales were in particular extremely close 

to the baseline values for all positions. The u' and length scales show a 

difference to the baseline at high frequencies where they are increased close to 

the nozzle and decreased at the end of the potential core. This is the only 

nozzle to show decreased length scales at high frequencies. There are also tip to 

trough region differences at many locations for this nozzle. Generally they exist 

closest to the nozzle and more strongly for the u' component. The trends for this 

nozzle are less clear than for the other chevron nozzles. This nozzles has show'n 

both increases and decreases to the turbulent length scales at all frequencies 

in different locations. The PIV investigation showed the largest tip to trough 

region differences for this nozzle and as a results the two regions may be having 

separate effects on the turbulent length scales at different locations in the flow. 

As previously mentioned both the front and back surfaces of the chevrons of this 

nozzle are immersed into the flow' and this may be reducing their effectiveness.

The chevron nozzles behaved significantly differently from each other and from the

baseline. Generally they had separate efl'ects on two areas of the turbulence spectra
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• The larger turbulent scales below a Strouhal number of 0.7 — 1

• The small scale turbulence above this Strouhal number

The separate effects on these two regions of the turbulence spectra were further 

highlighted by the examination of the ratio of the u' and v' length scales and the use 

of a Strouhal number based on local statistics. The ratio of the u' to v' length scales 

revealed that the most significant changes occur at high frequencies where the two 

length scales become equal for the 0° nozzle. These sort of changes are hidden by the 

traditional statistics which seem to be driven by the larger scales of the turbulence.

The local Strouhal number proved to be very successful at collapsing the low fre

quency length scales but also highlighted different behavior for each nozzle for the 

higher frequency length scales. The chevron nozzles were all significantly different 

at the 50%Lc positions and showed tip to trough region differences. The 2° actually 

moved further away from the baseline turbulence length scales by the end of the po

tential core. The 4° nozzle is very similar to the baseline by the end of the potential 

core and the 0° nozzle moves closer to the baseline in each position. This is prehaps 

an indication that the high frequency turbulence is being affected differently by each 

nozzle.

Overall it is clear that the turbulence statistics evolve very differently for each 

nozzle. The effects on the different turbulent scales vary from nozzle to nozzle and 

while one nozzle may increase length scales at a certain frequency another may decrease 

them. While tip and trough region length scales are most different closest to the nozzles 

these differences often still persists at the end of the potential core. It is likely that 

these significant changes to the turbulence statistics also have strong effects on the 

noise sources. The clear and meaningful insight given by these frequency dependent 

statistics into the muilt-scale nature of turbulence is a significant validation of the 

technique as a tool for understanding turbulence. New complex nozzle geometries 

provide challenges to both experimental and numerical researchers and the insights 

provided by new experimental techniques can be of great benefit to all. It is important 

that this type of information is included in any aeroacoustic prediction code that wishes 

to capture the physics of the noise source mechanisms accurately.
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Recent work by Morris and Zainan [37] has also investigated the frequency depen

dence of the lengtli scales and indicated th a t the statistical properties of turbulence 

are independent of Mach num ber in the regions of highest turbulence intensity. While 

this supports the use of existing statistical models in these key noise producing re

gions this investigation has highlighted th a t the addition of chevrons to  a nozzle can 

strongly affect how quickly the turbulence evolves to this structure. The use of the 

local Strouhal num ber in this investigation provided some evidence th a t the turbulence 

can be non-dimensionalised to  a common form but only after the differences th a t exist 

in the potential core region have decayed. The key question for CAA predictions will 

now be if it is im portant to  take accoimt of these differences th a t exist in the initial re

gion of the je t or if it is possible to significantly improve results with just the inclusion 

of a common form of frequency dependence found in the regions further dow'nstream. 

The use of simple Gaussian anti sine wave fits to  the frequency dependent statistics 

used in this investigation should readily allow their inclusion in CAA codes which can 

then begin to compare these new predictions to experim ental d a ta  for far field sound 

and thus provide some insight to these questions.
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Chapter 8

Implications for Noise Source 

Modeling

This investigation has quantified how the addition of chevrons to a nozzle affects the 

c'haracteristics of a turl)ulent jet. These changes include effects on the shear layer 

thickness, potential core length, turbulence intensities and two point statistics of the 

turbulence fluctuations. How' these quantities are further affected by the immersion 

of chevrons into the flow has also been quantified. W hat follows is a brief discussion 

of the principle results from chapters 6 and 7 tha t are most pertinent for noise pro

duction. In addition comparisons will be draw'n with the sound field results attained 

during the NASA Glenn tests specifically those of Bridges and Brown [28]. Their work 

comprised of several different parametric studies focusing on flow field and far field 

sound results. In particular one of these parametric studies which is most comparable 

to this work focused on chevron penetration using nozzles with 6 chevrons of length 

22.6mm and penetration angles of 0°,2.5° and 8.3° as summarized in table 8.1. The 

nozzle parameters have been modified from the original paper to match the definations 

of nozzle diameter and penetration angle used in this work.

During this investigation the 0° nozzle significantly altered the development of 

turbulence in the jet. The shear layer thickness of the trough region of this nozzle 

0.5D downstream of the nozzle exit was 100% larger than the baseline nozzle. The 

turbulence intensity in the initial shear layer w'as also significantly higher than the
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Nozzle ID Chevron Count Chevron Length Penetration Angle Penetration Diameter

SJ 0 50mm

NO 8 30mni 0° 0.0mm 50mm

N2 8 30mm 2° 1.0mm 50mm

N4 8 30mm 4° 2.1mm 50mm

SMCOOO 0 50.8mm

SMC005 6 22.6 mm 0° -0.005mm 52.8mm

SMCOOl 6 22.6mm 2.5° 0.985mm 52.8mm

SMC006 6 22.6mm

OCO00 3.525nmi 52.8mm

Table 8.1: Nozzle Parameters

baseline nozzle. The v' turbulence was most strongly affected with an increase of 

approximately 80% over the baseline value ID  downstream of the nozzle exit. Beyond 

the intial region of the jet this nozzle showed the smallest reduction in potential core 

length, only 6%, and turbulence intensities were equal to the baseline levels by the end 

of the potential core. It is prehaps surprising that the nozzle with the most significant 

effects on the initial development of the turbulence is also closest to the baseline further 

down stream. Furthermore both the traditional and frequency dependent fixed and 

moving axis length scales show a significant increase over the baseline that persists 

beyond the potential core. The u' length scales had the largest increase for high 

frequencies while the v' length scales had the largest increase for low frequencies. 

Despite these strong effects for the 0° nozzle in this investigation the NASA tests 

showed that the sound field for their 0° nozzle was not significatly altered from the 

baseline. A explanation for this may be tha t the beneficial effects of chevron nozzles on 

far field sound are linked to the creation of counter rotating vortices formed about the 

chevron tips which increase mixing and effect the important sound producing regions 

of the jet. The strength of these vortices increases with chevron penetration so while 

a clear increase in mixing occurs near the nozzle exit for the 0° nozzle these vortices 

may quickly die out before reaching the important sound producing regions of the jet.

The 2° and 4° nozzles demonstrated tha t the effects of chevrons are strongly de

pendent on their immersion into the flow. The 2° nozzle had the strongest effect on 

the potential core producing a 22% reduction in length. However the changes to the
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shear layer and ratio of the turbulence components were the smallest changes observed 

for the chevron nozzles. The tip and trough regions of this nozzle appeared to work to

gether to produce the strong change on the jet structure. This is supported by the fact 

tha t both regions had very similar profiles for the turbulence properties. The signifi

cant reduction in the potential core length will strongly effect the location of sources 

for CAA predictions of chevron nozzles. The substantial increases observed for the 

length scales of the 0° nozzle are not seen for this nozzle. The frequency dependent 

length scales are generally very close to the baseline values at 50%Lc. The important 

changes from the baseline are observed at the end of the potential core where the large 

scales of the turbulence often have significantly decreased length scales. This reduction 

is also visible in the traditional statistics but this nozzle also increases the length scales 

at high frequencies and this is hidden in the traditional statistics. This demonstrates 

tha t not only does chevron immersion strongly affect the structure of the jet but also 

dramatically changes the length scales. The NASA chevron nozzles which penetrated 

into the flow produced low frequency noise reductions with a high frequency penalty. 

The high frequency penalty was prehaps associated with new sources near the nozzle 

exit since this high frequency penalty was most prominent at 90°. The decrease in the 

low frequency length scales observed at the end of the potential core may be the source 

of the low frequency noise reductions achieved for this nozzle type and the increased 

high frequency length scales may also be a contributing factor to the high frequency 

noise penalty. The design challenge is optimise this penetration angle to achieve the 

most beneficial noise reduction. While it is difficult to say with certainty which of the 

chevron nozzles used in this investigation would be most effective for noise reduction 

without having far field sound data there were some im portant differnces between the 

2° and 4° chevron nozzles.

The 4° nozzle showed the largest differences between the tip and trough regions. 

There is also evidence to suggest that these two regions are having separate effects 

on the flow. The tip region of this nozzle produced only a slight increase in shear 

layer thickness and this growth was inward to the potential core region. In contrast 

the trough region significantly w'idened the shear layer outwards to the surrounding 

medium. This may be evidence that it is the tip region tha t produced the shorter
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potential core seen for this nozzle. The trough region was shown to significantly alter 

the ratio of the turbulence properties and increase the v' turbulence. As a result 

this nozzle exhibits features found in both of the other nozzles. The fact that the 

two regions are having different, and perhaps countering, effects on the turbulence 

may explain why the length scales of this nozzle are closest to the baseline values. 

Despite having the lowest magnitude changes from the baseline this nozzle also had 

the widest variety of effects. For example it was the only nozzle to exhibit decreased 

high frequency length scales. A possible explanation for this is that the mechanisms 

involved change once both the front and back surfaces of the chevrons penetrate into 

the flow. The NASA tests showed that their nozzle with the aggressive penetration 

angle of 8.3° still achieved low frequency noise reductions but the the high frequency 

penalty was also more significant. This investigation has highlighted the differences 

that exist between the tip and trough regions of a chevron nozzle and it has also shown 

that the mechanisms associated with chevrons become increasingly complex when they 

are significantly immersed into the flow.

Considering tha t many industrial jet noise predictions are based on statistically 

modeled turbulence superimposed on a 2D axisymmetric RANS calculation these re

sults have several important implications. This investigation has highlighted tha t the 

differences in turbulence properties between the tip and trough regions of a chevron 

nozzle are both significant and persistent over the potential core length. While in 

principle it may be possible to superimpose these changes onto a 2D RANS calcula

tion such a procedure is questionable at best. A fully empirical 2>D model may now' 

be more sensible for any researcher wishing to perform a fast rough-and-ready noise 

calculation rather than superimposing turbulence on a steady 2D calculation.

As outlined in chapter 2 the turbulence length scale is required for the major 

noise prediction theories. The majority of researchers use local average values of 

the length scale with these models. Through use of the frequency dependent length 

scales this investigation has clearly shown that the different scales of the turbulence 

respond very differently to the addition of chevrons to a nozzle. A comparison of the 

frequency dependent length scales with the traditional length scales has revealed that 

the traditional length scales are often dominated by the larger turbulent scales.
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This evidence tha t the traditional length scales are dominated by the larger turbu

lence structures may have significant implications for the Tam-Auriault model which 

is based on fine scale turbulence noise. If the changes to the fine scale turbulence are 

hidden by the large structures of the flow it may be particularly important to include 

frequency dependent length scales in these models. W ithout the use of a frequency 

dependent length scale no model is capable of capturing all of the changes produced 

by chevrons. Any model wishing to capture the physics of the noise production must 

include a frequency dependent length and time scale.

8.1 Future Work

The results of this investigation can be used to direct further experimental and nu

merical research. In terms of further experimental research:

• The correlation of changes in turbulent statistics with far field soimd may shed 

further insight on how' these changes achieve the noise reduction. Such an inves

tigation could directly correlate a decrease in noise at a particular frequency to 

the change in the associated length and time scales.

• An investigation of the effects of chevrons on radial and azimuthal lengtli scales. 

The results of this investigation clearly show how chevrons alter the ratio of the 

u' to v ' turbulence intensities and their axial length scales. Similar important 

changes are likely to occur for the radial and azimuthal length scales.

• Further investigation of the frequency dependent convection speeds and time 

scales may also be necessary to capture all of the information required to improve 

jet noise models.

• The application of similar analysis techniques to microjets. Microjets are a tech

nology which provide similar noise reduction abilities to chevrons and studies 

have shown that the combination of these technologies can lead to further re

ductions. There has been little research into how the mechanisms for the two 

technologies are related or how their combination provides further benefits.
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In term s of numerical research:

• The capturing of altered frequency dependent length and times scales by a LES 

or DNS simulation would be a clear indication th a t CFD codes can handle the 

new physics of chevrons.

•  The im plem entation of a new frequency dependent correlation tensor in a noise 

source model w'ould hopefully capture the noise reduction abilities of chevrons 

more accurately.

•  A comparison of the improved prediction methodology with far field sound mea

surements woulfl dem onstrate if the inclusion of frequency dependence in tu rbu

lence models is enough to  capture the effects of chevrons on the far field sound 

or if further work is required to  improve the models.
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Appendix A

Frequency Dependent Length 

Scales 75%Lc

Presented here are tlie frequency dependent fixed and moving axis length scales for 

the 75%Lc measurement positions.
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