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Summary

The reduction of community exposure to aircraft noise is an im portant consideration 

in the design of future aircraft. A review is currently under way of novel aircraft 

configurations, which may exploit the fuselage, wings and empennage, as acoustic 

shields in order to reduce the engine noise transm itted towards the ground during 

take-off and approach. To assess the acoustic benefits attainable with such coniig- 

urations, suitable design evaluation methodologies must firstly be developed. The 

complex physical noise sources must be represented in a manner appropriate :or 

input into propagation methods.

In this thesis, the development of an innovative methodology to compute the 

reduction in the sound pressure level from a shielded jet configuration is described. 

Analyses centres on the European FP6 NACRE project’s wind-tunnel test pro

gramme, in which a simphfied jet shielding configuration was examined. Directional 

point sources are located from the mean flow properties of a Reynolds-averaged 

Navier-Stokes solution using a variation on Lighthill’s acoustic analogy.

The location of these sources is calibrated with the source locations identified 

from the test data. A scheme is introduced to divide the jet into sub-volumes. 

This limits the number of sources retained to represent jet noise in propagation 

codes, and therefore, reduces the computational demand required for a jet shielding 

prediction. A numerical approach, to include the refractive effects of the mean- 

fiow in jet noise propagation, is outlined. The shielding factor from this source 

distribution is evaluated using the Fresnel-KirchhofT method.

Isolated and shielded predictions have been made for a NACRE test case, at 

a range of frequencies, and compared with the available data. Good agreement with



isolated data  may be achieved using the proposed jet model. However, shielding 

pr(;dictions over-value the reduction in sound pressure level when compared with 

th(  ̂ NACRE values.

A thorough discussion is made of the possible causes of this disagreement, 

and of the implications of these results. Many im portant trends and considerations 

have been identified, in this thesis, which may guide future investigations into the 

acoustics of installed jets.
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Chapter 1

Introduction

“Given fo r  one instant an intelligence, which could comprehend all the 

forces by which nature is animated and the respective positions o f the 

beings which compose it,... nothing would be uncertain, and the future  

as the past would be present before its eyes. ”

-  P ierre Simon de Laplace

“Should I  refuse a good dinner simply because I  do not understand the 

process o f digestion?”

-  Oliver Heaviside

Aircraft noise has long been a m ajor concern to  residents around airports. Over the 

past 20 years, air travel has grown by an average of 4.8% each year. Latest long-term 

predictions by Airbus [3] and Boeing [14] forecast an average annual growth rate of 

5% for the period between 2007 and 2027. This means th a t the num ber of aircraft 

will double over the next 15 years. It is accepted th a t fu ture industry growth is likely 

to depend on further reductions in the environm ental impact of airline operations 

[21 ].

The prediction of noise generation and radiation from turbulent flow's has been 

the subject of continuous research for over 50 years, however, the essential problem 

in modelling this noise source rem ains the limited knowledge of the properties of
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2 Introduction

turbulence [51]. Ever-increasing numerical simulation capabilities offer the prospect 

of an aid to understanding the most fundamental aspects of the physics of tu rbu 

lent noise source mechanisms. For the moment though, complete simulation of the 

jet turbulence and the noise it generates and radiates is still too computationally 

expensive for use as a practical design tool.

In order to develop design tools to evaluate the reduction in jet noise attainable 

with new aircraft shielding configurations, Heaviside's pragmatism might be more 

appropriate than Laplace’s wishful thinking. In this thesis, a new methodology for 

describing a jet noise source for use in airframe shielding evaluation is presented.

1.1 M otivation

The negative impact on the health and productivity of populations exposed to high 

noise levels is well documented [9, 68, 46, 36, 35]. The continuing strengthening of 

regulations on community noise near airports has ensured that the reduction of noise 

generated by aircraft at take-off and approach remains an essential consideration 

in the design of new commercial aircraft. In its January 2001 report "European 

Aeronautics; A Vision for 2020” , the Advisory Council for Aeronautics Research in 

Europe (ACARE)^ set the goal of a reduction in perceived noise to half of current 

levels for aircraft entering service from 2020.

While attem pting to reach this ambitious target, through aircraft design, noise 

reduction must be balanced with many other considerations. The two major envi

ronmental issues for aircraft -  noise and emissions -  are not unrelated. In the past, 

reduction of engine noise was often achieved at the expense of weight and aerody

namic drag, leading to higher fuel consumption. W ith growing concern about the 

climate impact of aircraft emissions and rising uncertainty over oil prices, future 

noise benefits must be secured without compromising fuel burn. This has prompted 

a review of novel engine installations and airframe configurations, which could possi-

^ACARE is a European consortium responsible for establishing and carrying forward a strate

gic research agenda that will influence all European stakeholders in the planning of research pro

grammes, particularly national and EU programmes, in line with the Vision 2020 and the goals it 

identifies.



M o tiv a tio n  3

bly be exploited to reduce commimity exposure to aircraft engine noise. Tiie leading 

concept is to position the engines above the aircraft so tha t the fuselage, wings and 

empennage would act as a noise shield or barrier.

This proposal is currently being investigated in a large number of research 

projects, including the European FP6^ funded New Aircraft Concepts Research 

(NACRE)'^ project and the Silent Aircraft Initiative (SAI). For more information on 

NACRE and SAI, the reader is referred to [67, 75].

F ig u re  1.1: European NACRE j)roject's ‘•Pro-Greeii” configuration with the engines

shielded by a U-shaped empennage.

Design evaluation tools nnist be developed, which can acoustically evaluate 

such novel shielding configurations within the financial, time and computational 

constraints of industry.

^FP6 is the European Coninuiuity’s Sixth Framework Programme for Research, Technological 

Development and Demonstration. It is a collection of the actions at EU level to fund and promote 

research.
®The NACRE project has directly funded this present work.
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Compress(
Jet

Turbine \  
and 

Combustion
Forward-Fan

Rear-Fan

F ig u re  1.2; Engine noise components for a typical modern turbo-fan engine. The shapes 

are representative of the relative direction and amplitude of the soince components.

Although engine noise is comprised of many component so\irces, as can be seen 

in figure 1.2, this thesis only considers the je t noise component, which is a leading 

engine noise source, particularly at take-off.

The future goal of this work is the development of an acoustic design tool, 

which can be used in acoustic shielding optimisation. As a constraint for any design 

tool, it must be at least capable of predicting sound pressure level differences for 

geometrical variations sufficiently accurately, while being at the same time computa

tionally cheap enough to allow for a large number of computations in an acceptable 

time frame.

1.2 Jet Noise Shielding

The generation of je t noise, and its propagation and scattering, may be described in 

principle by the complete compressible Navier-Stokes equations. However, solving 

these non-linear partial differential equations for the acoustic field, over the large 

domains in question, will not be practical for the foreseeable future. In order to eval

uate the scattering of je t noise by the airframe, it is necessary to make appropriate 

approximations of these governing equations.

The domain considered in jet noise shielding problems is separated into two 

regions -  inside, and outside the turbulent je t region -  and it is assumed that the
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sound only radiates outwards from the je t region. This approximation may have 

implications for cases where the back-scatter is significant. The separation of the 

domain implies tha t the jet shielding problem is separated into two steps:

1. Source definition: this represents the complex turbulent jet flow, from an 

isolated jet, as an acoustic source, and

2. Source propagation: this models the propagation of these sources to the far- 

field using an appropriate method, which may for example, account for the 

scattering of the sound by an acoustic shield.

F ig u re  1.3; Shielding of a point-source by a fiat plate. A quiet shadow-zone is visible below 

the shield.

To acoustically evaluate airframe shielding configurations, the soimd pressure 

level (SPL) from both an isolated and an installed jet must be evaluated at a far- 

field receiver. The effectiveness of an acoustic shield is typically quantified in terms 

of the insertion loss or shielding factor,

Fs = 201ogio ( =  S P U h i e l d e d  -  S P U s o l a t e d  , (1-1)
V Pisolated  /
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where p is the acoustic pressure.

This m etric has two advantages. Firstly, it provides an easily luiderstood 

measure of the benefit of a design a t an observer position, which can be provided 

to  regulatory authorities and the  general public alike -  ‘‘this design will reduce the 

noise by ten decibels”. Secondly, it is a  relative m easure and so uncertainties in the 

evaluation of the isolated and shielded values will often tend to  cancel each other, 

so long as they are constant between both conditions. For example, estim ation of 

absolute am plitude levels are not necessary for shielding factor prediction. For these 

reasons, the shielding factor is a popular m easure to  present a design evaluation 

result.

1.3 D efining a Jet N oise Source

Aircraft engines produce je t mixing noise as a result of exhaust flow mixing with 

the external flow downstream  of the exhaust nozzle. As the flow emerges from the 

nozzle exit into the external fluid, a free shear layer originating at the lips of the 

nozzle forms. This layer separates the fast moviug jet from the external fluid, and, 

a t a certain critical Reynolds num ber, it becomes unstable and breaks down into a 

tu rbulen t mixing-layer. Small-scale turbulence near the nozzle exit produces high- 

frequency sound. As the mixing-layer expands and the turbulence grows, the soimd 

produced is of lower frequency. Je t mixing-noise as a  whole is broadband.

o O

Dissipation Range
(High Frequency) Inertial Sub Range Energy—Containing Range

(Low -Frequency)

Figure 1.4: Noise-producing regions in a simple jet.
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In addition to this mixing noise, jet shock noise can occur when a supersonic 

flow is not fully expanded to the local ambient pressure. Shock w'aves are formed 

in the flow, which generate noise consisting of both shock-cell screech and shock- 

associated noise. However, this jet noise source is not a significant noise source for 

commercial aircraft engines, where the flow is typically subsonic. In this present 

work, only jet mixing-noise is considered and is referred to simply as je t noise.

To make predictions of the radiated noise from a turbulent je t flow it is neces

sary to describe the properties of the turbulence. This is the essence of the jet noise 

problem. At present, turbulence, and in particular the mechanisms by which it gen

erates noise, are not well understood [51]. A jet mixing-noise source term typically 

results from some recasting of the governing non-linear fluid dynamics equations 

into a form that describes linear acoustic propagation, with the source defined as 

the residual terms [57] or by some heuristic evaluation [81]. This source term quite 

often includes propagation effects.

Although the motion of a turbulent jet flow is described by the Navier-Stokes 

equations, obtaining the solution for the acoustic variables is a difficult numerical 

problem. Significant numerical challenges must be overcome as acoustic fluctuations 

are very small in comparison to the aerodynamic fields. Acoustic fluctuations are 

so small that they will often fall within machine precision limits. However, recent 

advances in computational capabilities allow direct numerical simulations (DNS) 

[61, 40] of the governing equations. These complete solutions provide, a,nd will con

tinue to provide, insights into the subtleties, which comprise the source mechanisms 

within jets. This could greatly advance our fundamental understanding of jet noise. 

However, such simulations are computationally very expensive -  prohibitively so 

within a design context.

Large-eddy simulation (LES) [16, 87] is a technique in which the large-scale 

motions of the flow are calculated, while the effect of the smaller universal scales 

are modelled using a sub-grid scale model. The flltered Navier-Stokes equations are 

solved, incorporating an additional sub-grid scale stress term. Although this again 

is a very promising approach, difficulties must still be overcome. Despite being com

putationally less demanding than DNS. LES is still significantly more computation-
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ally expensive and problem atic th an  solving the Reynolds-averaged Navier-Stokes 

(RANS) equations with a turbulence model.

At present, practical fluid flow calculations, including je t noise predictions, 

over large structures are generally based on RANS type simulations. This m ethod 

provides averaged flow-fleld information, which when used with semi-empirical noise 

analogy models and calibrated with data, have the capacity to provide reasonable 

je t noise predictions [8, 81]. Crucially for design evaluation, these predictions are 

atta inab le  w ithin a short tim e period and with very m odest com putational require

ments. For the problems at hand -  th a t of modelling the je t flow in order to  predict 

the  shielding effect provided by an acoustic shield -  a RANS solution is to taken to 

be the basis for je t noise source definition.

1.4 Propagation of A coustic Sources

T he governing equations are generally reduced considerably, through a series of more 

restrictive assum ptions, before being solved in order to  make predictions about the 

acoustic shielding effect attainable from an airframe. Quite often, the propagation is 

considered to  simply obey the linear w'ave equation. Once equations w'ith an accept

able level of approxim ation have been derived to  describe the acoustic propagation, 

there are m any numerical m ethods available to  solve such equations. These m ethods 

vary greatly, in term s of the accuracy of the solution, the robustness and stability 

of the m ethod, the com putational dem and, and the  ability to  include complex ge

ometries and base-flows.

D iscretisation m ethods break a com putational dom ain into points or elements, 

and a set of system  equations is defined, with boundary conditions to  lim it the so

lution. For full-domain m ethods, such as the finite difference m ethod (FDM ), the 

finite element M ethod (FEM) or the  wave expansion m ethod (W EM), the discreti

sation is of the full domain and the partial differential equations (PDE) are solved. 

For boundary element m ethods (BEM ), the PD Es are first converted into reduced- 

order integral equations using Gauss-Green’s theorem. The problem is thus reduced 

from a volume to  an often more economical surface integral. This Boundary Integral
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Equation (BIE) formulation relies upon the existence of known Green’s functions for 

the governing equations, which must model the flows within the enclosed volumes.

The highly oscillatory nature of acoustic fields makes numerical computation 

of high-frequency solutions very challenging. It is known from the Nyquist theory of 

signal processing analysis that, in order to avoid aliasing effects, the sampling rate 

must be at least twice that of the highest frequency involved. Thus, a minimum 

of two points per wavelength will usually be required in numerical discretisation 

methods. The Helmholtz number is the ratio of the characteristic dimension of the 

domain to the acoustic wavelength, which is often used to characterise an acoustic 

propagation problem size. Even for computational domains of modest Helmholtz 

number, the number of unknowns required to resolve an acoustic solution can be 

in the millions. For this reason, the BEM, which reduces the dimensionality of a 

problem, usually has an advantage over full-domain discretisation methods, for the 

computation of acoustic scattering. On the other hand, full-domain methods are 

much better equipped to deal with inhomogeneity in the base media.

Figure 1.5: BEM propagation of a monopole located in the forward nacelle onto an airframe 

geometry.

When the wavelength of the sound is small compared to the characteristic 

dimension of the scattering body approximate high-frequency methods must be used. 

The diffraction can be estimated using Fresnel-Kirchhoff difTraction theory, which 

is based on physical optics. Computation of the diffracted sound may be reduced
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to explicit surface integrals, performed over the illuminated face of the scatterer. 

In the high-frequency limit, wave theory can be replaced by geometrical acoustic 

theory, in which the sound in considered to behave like rays or beams. Ray-tracing 

techniques consist of the calculation of the paths of all sound rays between the source 

and the receiver, and the computation of the sound pressure by summation of the 

contributions of these sound rays. No diffraction is therefore modelled in pure ray 

theory.

1.5 Scope o f T hesis

In this thesis, analyses was confined to the shielded je t flow examined in the NACRE 

wind-tunnel test programme, which waa a high-Reynold’s-number subsonic coaxial 

flow, with the primary flow heated. A steady-state RANS solution provided mean 

flow properties for the isolated jet. The turbulent mixing-noise of the jet was the 

only noise source considered, and this was modelled using an acoustic analogy.

It was assumed tha t the acoustic shield used in NACRE could be approximated 

as a flat surface and, therefore, the Fresnel-KirchhofF shielding prediction method 

was considered to be sufficiently accurate to assess the shielding factor across a 

broad range of frequencies. Isolated and shielded predictions were computed, and 

compared with the NACRE data, and also with predictions computed by NACRE 

partners using alternative approaches.

It is a prerequisite of this work that modelling methodologies used are low in 

computational demand and practical within a design evaluation environment. The 

more specific assumptions, which were made in this work, are discussed as they are 

introduced in the chapters to follow.

1.6 Structure o f Thesis

In chapter 2, a review of acoustic propagation theory is made, and the more relevant 

of numerical propagation methods are discussed in some more detail. In chapter 3, 

the present understanding of jet noise theory is reviewed. Lighthill’s acoustic analogy
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and Tam and Auriault’s jet noise model are presented in detail.

In chapter 4, a variation on Lighthill’s analogy is introduced, which is to be 

used to model equivalent je t noise sources for use in shielding predictions. This 

model attem pts to exploit the possible advantages in the form of the Tam and 

Auriault method. A scheme is presented to reduce the number of sources retained 

in shielding computations to represent the je t noise. The Fi'esnel Kirchhoff shielding 

method is outlined, and a technique to correct the sound propagation for refraction 

by the mean jet flow is proposed.

In chapter 5, the predictions computed using the modelling methodology from 

chapter 4 are presented, and comparisons are made with the NACRE isolated and 

installed data, along with predictions from alternative methodologies. A number 

trends pertinent to modelling installed jet noise are identified. In chapter 6. a 

broad discussion of the findings of this present work is made and possible areas 

for new investigations are suggested. Finally, in chapter 7, the conclusions of this 

investigative work are stated.



'
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Chapter 2

A coustic Propagation and  

Scattering Prediction

The state of a fluid, at time t, can be completely described by specifying the velocity, 

u, and any two thermodynamic variables, such as the pressure, p, density, p, or 

entropy, S  [48]. The evolution of these fields in time is described by the equations of 

mass continuity, conservation of inomentum and conservation of energy. An equation 

of state is required to close the system. In most circumstances, these governing 

equations are reduced considerably, through a series of more restrictive assumptions, 

before a solution is sought. In this chapter, the development of acoustic propagation 

equations, of interest to the jet noise shielding problem, are reviewed and some of 

the solution techniques discussed.

2.1 A coustic Propagation Equations

The full non-linear fluid-dynamic equations for a compressible fluid are

(2.1b)

(2.1a)

(2.1c)

13
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where p, p, S  and u the absohite density, pressure, entropy and velocity respectively; 

D /D t  = d /d t+ u .V  is the substantive derivative, q is an external volume flow source,

V.cr accounts for the viscous forces, f denotes an externally applied volume force,

T  is the temperature, and K  is the conductivity coefRcient. The subscripts i and j  

denote Einstein’s summation notation. It is taken that p = p (p, S).

2.1.1 T he L inearised Euler E quations

For acoustic computations outside the source region, derivation of acoustic pertur

bation equations begins by neglecting viscous, external and heat transfer terms, and 

linearising the equations about the mean flow. Expressing the field variables in 

terms of mean and fluctuating components (with subscript 0 and primes denoting 

mean and fluctuating values respectively), and ignoring products of small values, 

leads to the homogeneous linearised fluid-dynamics equations, referred to as the 

homogeneous linearised Euler equations (LEE)

+ p'V.uo +  u'. Vpo +  PoV.u' =  0, (2.2a)

+  u'.Vuo +  — V p '- -^Vpo =  0, (2.2b)
D t  po p^

£ ^  + u'.WSo = 0. (2.2c)

Do/Dt = d /d t+ U Q .S 7  is the substantive derivative with respect to the mean flow. To 

close the system, for an ideal gas with constant specific heats, ĉ , and Cp, the pressure 

fluctuations can be expressed in terms of the density and entropy fluctuations by

where cq =  ^c^RTjc^  is the ambient speed of sound, R  is the gas constant and T  

is the absolute temperature.

Equations (2.2) describe the propagation of all small amplitude disturbances 

in an inviscid flow. This may include vortical and entropy disturbances in addition 

to acoustic perturbations. A difficulty of the LEE model of acoustic propagation is 

that the system also supports hydrodynamic instabilities, which can overwhelm the 

acoustic field in a numerical simulation.
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2 .1 .2  W ave E q u a tio n s

As u' is a three-component vector, there are five simultaneous equations in the LEE, 

which must be solved for the five independent variables. It is desirable, therefore 

to reduce equations (2.2) to a single partial differential equation (PDE) for a single 

scalar field quantity -  some potential, (p.

A linearised velocity-potential wave equation for inhomogeneous moving me

dia, may be derived [69], when the ambient flow is considered to be non-rotational 

and steady, and when the entropy per unit mass has the same value at every point 

and for all time, as

(2.4)
Po D t Vc5 D t )

In a potential flow, the acoustic pressure is related to the potential by

=  (2.5)

and the acoustic velocity by

u = V ( j ) .  (2.6)

The restriction of an irrotational isentropic mean flow' is limiting in practice since 

most engineering applications involve at least a minor deviation from potential mean 

flow. In comparison with the flve independent variables of the LEEs, equation (2.4) 

is a second-order PDE, w'ith one unknown. This represents a considerable reduction 

in the computational resources required w'hen equivalent meshes are used.

At low Mach numbers, the mean flow density and the speed of sound may be 

assumed to be constant, and equation (2.4) can be reduced to the convected wave 

equation

V ^ - 1 § 0  =  O, (2.7,

which has the same form as the ordinary wave equation with a convected time deriva

tive. The assumption of incompressibility is approximately valid when |uoP /cq =

M q 1, which limits the use of equation (2.7). For homogeneous non-moving

ambient media, these wave equations reduce to the (ordinary) wave equation

1 52



16 Acoustic Propagation and Scattering Prediction

2.1 .3  Frequency D om ain  E quations

For a harm onic source, the frequency domain equivalents of the LEE or the wave 

equations may be obtained by replacing the tim e derivative operator by iu, where

where L is the  complex linear operator {iuj +  Uq-V). In the case of a homogeneous 

non-moving ambient medium, the frequency dom ain velocity-potential obeys the 

Helmholtz equation

where /r =  w/ cq is the wave number.

2.2 N um erical M ethods

The governing PD Es may only be solved analytically using Green's functions for free 

propagation through simple flows. The scattering from certain highly-symmetrical 

geometries in a static  ambient flow, may also be determ ined through separation 

of variables [18]. These exact solutions rely heavily on the availability of knowm 

functions, and their use, for the most part, is limited to  the assessment of the ac

curacy of numerical m ethods. For most scattering applications of practical interest, 

it is necessary to use numerical m ethods to  evaluate solutions of the governing field 

equations.

2.2.1 D iscretisa tion  M eth od s  

Finite Difference M ethod

The finite difference m ethod (FDM) is a full-domain discretisation technique, and 

is a popular way to  model Helmholtz problems [4, 95, 39]. The basic principles of 

the finite difference m ethod are:

I =  and u  is the angular frequency. The frequency-domain equivalent of

equation (2.4) is, therefore

V. (poV(p) -  L (2.9)

-j- k ~ ( f )  — 0  , (2 .10)
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• Discretisation of the domain into a finite number of points uniformly dis

tributed within the domain,

• Approximation of the derivatives of the governing equation by interpolating 

polynomials, formulated in terms of surrounding points in the grid, and

• Solution of a system of equations of the form A x =  b , where, for the FDM, 

A is the banded coefficient matrix, b is the forcing vector determined by the 

boundary conditions and loadings applied on the physical domain, and x is 

the approximated field variable at each discretisation point.

Finite E lem ent M ethod

The finite element method (FEM) is probably the most widelj' used method in the 

numerical modelling of problems of general engineering interest due to its adaptabil

ity and straightforward implementation [95, 39]. Like the FDM, the full domain is 

discretised in the FEM. The method is based on the following concepts:

• Transformation of the original differential problem to its respective integral 

formulation (weighted residual or variational),

• Division of the continuum into small non-overlapping sub-domains called ele

ments, over which the system integral equations may be summed,

• Approximation of the field variable distributions and the geometry of the con

tinuum domain, in terms of a set of shape functions, which are locally defined 

in each element, and

• Solution of a system of equations of the form A x =  b , where, in this case, A  

is a sparse coefficient matrix.

In most applications the finite element method is used with the Galerkin formulation 

for the weighted residuals.
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Boundary Elem ent M ethod

The boundary element method (BEM) has become one of the most prominent meth

ods in the numerical analysis of the Helmholtz equation [19, 17, 93, 92], This nu

merical method for field problems is based on boundary integral equations. The 

problem’s dimensionality is reduced by one, so that three-dimensional domains are 

reduced to a two-dimensional surface integral. There are two main approaches in 

obtaining a boundary integral equation formulation for acoustic problems -  the 

so-called direct and indirect methods. For the direct or indirect formulation, the 

boundary element solution is obtained by the following procedure:

• The field equations are transformed to a boundary integral using divergence 

theorem,

• The boundary is discretised, and discrete integral equations are formed using 

loading points situated on the boundary, leading to a system of equations,

• When these equations are restrained, a system of equations of the form A x =  

b , is solved, where A is a full coefficient matrix in the BEM. and x is the 

distribution of boundary values, and

• The field variable at any point in the domain may be obtained by integrat

ing the product of boundary values and the fundamental solution over the 

boundary.

The main advantage of full-domain discretisation methods, like the FDM or FEM, 

over BEM is that inhomogeneities in the propagation medium can be easily intro

duced into the models. BEMs are reliant on valid Green’s functions within the 

enclosed volume for propagation. Although many useful acoustic predictions can be 

achieved using wave/Helmholtz equation type formulations, some recent advances in 

aeroacoustic computations have focused on the LEE [63] and the full Euler equations 

[78, 84], which for example, use a time-domain discontinuous Galerkin method, that 

may allow acoustic modelling with complex background flows.
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On the other hand, the FDM and FEM may require prohibitive computational 

resources for large domains. The BEM requires discretisation of the surface instead 

of the full domain. This results in a considerable reduction of the computational 

modelling requirements, especially in the case of acoustic applications for aircraft. 

However, this advantage is somewhat offset by the full structure of the system ma

trix, which means that a full-domain method in three-dimensions may be still be 

more computationally efficient, if certain solving strategies are applied.

Despite the fact that these discretisation methods have been widely used for 

many years, their efficiency is limited to lower frequencies. At higher frequencies, 

the computational cost required to obtain an accurate solution rapidly consumes 

available computational resources. Many alternative numerical techniques have been 

developed over the past number of years, w'hich attem pt to address some of the 

problematic issues associated with the traditional methods. The computational cost 

is closely related with the number of points per wavelength needed to accurately 

discretise each dimension of the domain under consideration. Existing FDM and 

FEM methods using polynomial interpolations require a mesh spacing of about six 

to ten points per wavelength to obtain acceptable accuracy in the solution of the 

Helmholtz equation [23].

W ave E xp ansion  M eth od

In order to alleviate some of these limitations, associated with traditional methods, 

new physically based methods, such as the w'ave expansion method (WEM), were de

veloped [23, 24, 74]. The WEi\I solves the inhomogeneous moving-media Helmholtz 

equation by full-domain discretisation, relating the value of the unknown at each 

discrete point of the domain to the values at a selected set of neighbouring points. 

The WEM represents a local interpolation formula to obtain the field values in the 

domain. The procedure to obtain a wave expansion method solution is

• Discretisation of the domain into a finite number of points distributed within 

the domain,

• Formulate the relationship betw'een a point and its surrounding points in the
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grid using the summation of hypothetical plane waves, and

• Solve of a system of equations of the form A x =  b , where A is a sparse 

coefficient matrix and x  is the field variable at each discrete point.

For more information on this methods the reader is directed to Appendix A.

This discretisation methods offers an enormous improvement in computational 

efficiency, by reducing the number of points per wavelength required to obtain ac

curate solutions to as low' as two to three, and the sparse system matrix, has a high 

bandwidth especially in three-dimensional problems. This discretisation is perhaps 

optimal, as it valid down to the Nyquist limit of two points per wavelength.

2 .2 .2  H ig h -F V eq u en cy  M e th o d s  

R ay  tra c in g

Ray tracing techniques are based on geometrical acoustics, where the sound is con

sidered to act like rays [94, 76]. This assumption is valid when the wavelength of the 

propagated sound is small compared to the dimensions of the scattering surface, and 

large compared to the roughness of the surface. The method has been extensively 

used for scattering problems in computational electromagnetics and for rendering 

3D images with lighting effects in computer graphics. For these type of applications 

the external media can always be treated as uniform, and so much of the develop

ment of ray tracing has focused on this case. For aeroacoustic scattering problems 

this is not always the case.

Ray model techniques consist of the calculation of the paths of all sound rays 

between the source and the receiver, and the computation of the sound pressure by 

summation of the contributions of these sound rays. There are several variations 

of the algorithm. In the basic algorithm the sound source emits sound rays, which 

are then reflected at surfaces according to their specular reflection and the sound 

pressure at the receiver is computed as an incoherent sum of the rays tha t intersect 

at the receiver. The receivers are typically spheres of finite radius, and the detection 

mechanism makes it possible to compute the sound energy density inside the receiver 

volume.
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Classical ray tracing algorithm s are not well suited to the addition of diffrac

tion theory, in particular, sm ooth surface diffraction effects are difficult to  implement 

w ith non-sm ooth geometry. Ray tracing m ethods may also fail to find all significant 

propagation paths containing diffraction. The receiver position and diffracting edges 

are often approxim ated by volumes of space, which can lead to  false h its and paths 

counted multiple times. Moreover, im portant propagation paths may be missed by 

all samples. In order to  minimise the likelihood of large errors, ray tracing system s 

often generate a large num ber of samples, which requires a large am ount of compu

tational resources. Advantage may be taken of parallel com puting system s in these 

cases.

F resn el-K irch h off D iffraction  T echniques

The Fresnel-Kirchhoff diffraction m ethod (FKM) is an approxim ate m ethod for the 

determ ination of the field scattered by an object, through an assum ption about the 

specific form of the field distribution on the surface. It is based on physical^ optics. 

In contrast to geometrical acoustics, the scattering is frequency dependent and it, 

therefore, provides a more accurate estim ate of the scattering [18].

To predict the  scattering effect from a flat plate using the FKM, the geometric 

complement of the problem [13] is considered -  th a t is, an acoustic source separated 

from a receiver by a slot in an infinitely long rigid plate. The acoustic pressure at 

the receiver may then be obtained using the Ilelmholtz-Kirchhoff integral equation. 

Assuming th a t the acoustic field on the shielded side of the infinitely long plate is 

zero, and th a t the  field in the aperture is the same as it would be in a completely free 

field, the  integral surface reduces to  the area of the slot. B abinet’s principle, th a t 

com plem entary diffracting objects have complementary diffraction patterns, reverts 

back to  the original shielding problem of interest.

The assum ptions involved place significant lim itations on the geometries, which 

the FKA^ may be applied to. These assum ptions are also better approxim ated at 

higher frequencies. A lthough the accuracy of predictions reduces at lower frequen-

'  Physical denotes th a t it is more physical than  geometrical optics and not th a t it is an exact 

physical theory
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cies, the method does not fail completely. The method is also dependent on knowing 

Green’s functions for the integral equation and so its application is, in general, lim

ited to homogeneous non-rotating propagation media. Promising calculations have 

also been reported recently, which attem pt to include curved scattering surfaces, 

such as those of an aircraft fuselage [62].

2.3 D iscussion

In this present work, the propagation field was considered to be homogeneous and 

non-moving. As both the location of jet noise sources and the effectiveness of acous

tic shields are highly dependent on frequency, the analyses was conducted in the 

frequency domain. The governing field equation was. therefore, the Helmholtz equa

tion. This selection is very much in keeping with traditional acoustic analogies for 

modelling jet noise, as is shown chapter 3.

The NACRE tests examined were performed with a (nominally) stationary 

medium beyond the jet, and so, this assumption is appropriate for the majority of 

the acoustic propagation domain under consideration. This choice also facilitates 

the selection of the FKM to  predict the shielding effect, and so limits required 

computational demand.

In chapter 4, however, it is proposed tha t the effect of the mean jet flow on 

sound propagation through the jet, may be accounted for by solving equation (2.9) 

for an irrotational inhomogeneous moving media within the vicinity of the jet. using 

the WEM. This exception is employed in order to provide a correction factor to the 

source directivity, and so to enable an assessment of the effect of flow refraction on 

shielding predictions.



Chapter 3

Jet Noise M odelling

At present, jet noise predictions for industrial design purposes are frequently based 

on Reynold’s-averaged Navier-Stokes (RANS) solutions with statistical models of 

space-time correlation functions. In this chapter, a review of jet noise theories is 

presented. The two most relevant jet noise models to this study -  Lighthill’s acoustic 

analogy, and Tam and Auriault’s model -  are then examined in detail.

3.1 R ev iew  o f Jet N o ise  T h eory  and M od ellin g

E arly  A co u stic  A n a log ies

Lighthill’s two-part paper [57, 58] in 1952 and 1954 established the acoustic analogy 

theory, and is regarded as marking not only the beginning of jet noise research but 

also the birth of aeroacoustics. Lighthill recast the full compressible Navier-Stokes 

equations in the form of an inhomogeneous acoustic w'ave equation with all non- 

linearities included on the right-hand-side and, thus, considered to be an acoustic 

source term. Lighthill’s source takes the form of a double-divergence, and therefore, 

the source is considered to be quadrupole in nature. In Lighthill’s theory, the jet 

is interpreted as being comprised of acoustically compact, or small-scale, random 

sound-producing turbulent fluctuations, which are correlated over a limited space

time area. As these acoustic sources are thought to be convected downstream, 

the radiated sound field is stronger in the downstream direction, and there is a

23



24 Jet N oise M odelling

Doppler shift in the frequency [34], Lighthill’s equation shows th a t there is an 

exact analogy between the density fluctuations th a t occur in any real flow and the 

small am plitude density fluctuations th a t would result from a convecting quadrupole 

source d istribution in a fictitious non-moving acoustic medium.

The appeal of Lighthill’s equation is th a t it is relatively easy to solve for the 

linear response of the base-flow using a  Green’s function sokition, assuming th a t the 

source term  is known. However, a full description of Lighthill’s source is equivalent 

to  solving the full non-hnear governing equations. Despite this, the broadband effect 

of the source can be estim ated using a combination of statistical modelling and a 

RANS solution.

As all the non-linearities are included on the right-hand-side of Lighthill's 

equation, all acoustic-flow interaction term s are also hidden in this source term , 

including the refraction of the sound away from the  je t axis. Lilley [60] attem pted 

in 1974 to  separate these acoustic-flow interactions from the source term , as he 

derived a third-order wave equation, which described compact convecting sources, 

whose sound fields are modified by the  sheared mean-flow. Lilley’s analogy does 

remove some of the sound production redundancy from the source term s, but not all 

of it [51]. On the other hand, it may be more difficult to solve Lilley’s third-order 

partial differential equation than  Lighthill's equation.

This comparison between Lighthill’s and Lilley’s analogies defines an acoustic 

analogy as an implicit linearisation of the governing equations about some base-flow, 

with the rem aining term s being considered as external noise source. It typifies the 

trade-off' th a t takes place in defining an acoustic analogy, as the simpler the base- 

fiow, the  greater the complexity of the source term , if the equations are to  remain 

exact [51]. It also raises the philosophical question as to  w hat exactly constitutes a 

source mechanism in a free jet, a question th a t is a t the  heart of m odern aeroacoustic 

research. Indeed, it can still be said th a t there is no clear understanding of the 

physics of noise generation in free turbulent flows.

O ther acoustic analogies, such as those by Powell [70], How’e [47], and Mohring 

[64], form ulated the source term  in term s of the  vorticity of the flow. The appeal 

of these analogies is th a t it is more intuitive th a t sound is produced in a turbulent
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flow by vorticity than  by the double-divergence of a second-order stress tensor, as 

in Lighthill’s analogy.

Large-Scale Structures

In the 1970s, Crow and Cham pagne [29]; Lau et alia [55]; Fuchs [41]; Brown and 

Roshko [20], and others identified, the existence of large-scale coherent flow struc

tures, which generate noise in je t flows, and dom inate the sound field in downstream  

directions. W hile there is no real consensus as to  the precise mechanisms, which un

derlie this source component, some popular candidates for single stream  jets include 

vortex pairing [56], wavy-wall-type mechanisms [91, 28, 26], and vortex eigenoscil- 

lations [54].

These structures can be considered to  introduce a type of large-scale deter

ministic source mechanism, in addition to the earlier small-scale random  mechanism. 

The jet region between the nozzle exit and the end of the potential core has been 

shown to be characterised by such coherent structures. Their violent collapse a t the 

end of the potential core may also constitute an additional source mechanism [52].

Tam et alia [82] investigated the possibility th a t two source mechanisms ex

isted for supersonic jets -  one, a low' frequency component generated in the  dowm- 

stream  direction by large-scale structures; the  other, a high-frequency component 

radiated  by the small-scale turbulen t structures of the flow, with a  relatively uni

form directivity, th a t dom inates in the sideline and the upstream  directions. Tam 

[79] proposed two sim ilarity spectra related to  each mechanism. V isw anathan [88] 

showed th a t these sim ilarity components also agree well with d a ta  for subsonic jets. 

However, the underlying physics of this two-mechanism hypothesis remains unclear 

and it is noted [44, 51] th a t it may not correspond to any physical flow structure.

In the region immediately downstream  of the  nozzle exit, sound production 

may be more efficient due to  the presence of the nozzle itself, as identified experi

m entally by Tinney et alia [86] and numerically by Visw'anathan et alia [89]. As this 

strong source is not evident when the nozzle is not included, as in Bogey and Bailly’s 

[15] work, it can be inferred th a t a source mechanism is related to  the presence of 

the nozzle. A lthough whether this is strictly a je t noise source, or not, is a m atter
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of opinion.

It should be noted th a t the characteristics of these large-scale source mecha

nisms precludes the use of steady-state RANS com putations to characterise them .

R ecent Jet N oise M odels

Tam and A uriault [81] introduced a model in 1999, through a heuristic argum ent, on 

an analogy between the molecular pressure from the kinetic theory of gases and the 

turbulen t pressure from packets of small-scale turbulence. The sources are explicitly 

modelled and their propagation is described by the  linearised Euler equations. As 

with predictions based on Lighthill’s analogy, statistical modelling of the turbulence 

is required, and a RANS solution of je t is often used to provide averaged flow prop

erties. A lthough th is model initially appeared to be a break from earlier acoustic 

analogies, Morris and Farassat [65] showed th a t if consistent assum ptions are made 

concerning the statistical modelling, both  approaches can yield identical results.

Tam and A uriault also proposed [81] the use of three empirical param eters in 

their model, which are evahiated bj’ a best-fit of experim ental data , to  supposedly 

exclude the contribution from the large-scale turbulen t structures to the  RANS 

solution. In a comparison between this model and various acoustic analogies, Afsar 

et alia [1] found the Tam -A uriault model to be sensitive to slight changes in the 

m ean flow profile.

Bechara et alia [7], and Bailly and Juve [5] proposed a Stochastic Noise Gen

eration and Radiation (SNGR) je t noise prediction m ethod in 1990s. An unsteady 

velocity field is generated by stochastic sim ulation with a collection of discrete ran 

dom  Fourier modes, w ith the  same local statistical properties as the  RANS solution 

of the flow. This tu rbulen t field is used as a source term  in E uler’s equations, lin

earised about the  mean je t flow from the RANS solution. Despite recent work to 

improve the  physics of the synthetic turbulence [12], SNGR does not appear to  have 

yielded any improvement to  date, over Lighthill’s analogy-based models, of far-field 

SPL predictions of je t noise, despite the additional com putational costs required 

[5, 10, 11].

In a variation on SNGR, Ewert [37] incorporates synthetic turbulence in a
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R andom  Particle-M esh (RPM ) m ethod. In th is m ethod, fluctuating quantities are 

generated by spatially filtering convective w hite noise, w ith a shape function. These 

quantities are used in a tim e-dom ain realisation of the Tam -A uriault je t noise source. 

This m ethod is seen as an algorithm ic extension of traditional statistical broadband 

m ethods. It is too early to  draw any conclusions on this approach, as quantitative 

results are not available as yet.

Sum m ary

As a RANS solution is to  provide inform ation on flow' properties, for th is present 

work, the  presence of large-scale je t noise structures is ignored. It is assumed th a t 

this approxim ation has a small im pact on acoustic predictions at angles aw’ay from 

the je t ajcis, which are of interest here. As such, only the small-scale je t noise 

structu res are considered.

In the  following sections, Lighthill’s acoustic analogy is presented in depth, 

as it forms the core of m odern je t noise models. The Tam -A uriault m ethod is also 

presented, as it is popularly used as a je t noise model, and as the m ethod has shown 

good agreem ent w'ith a large set of d a ta  [81], it may provide some insight into jet 

noise m odelling in a broader sense.

where p  and p  are the absolute local pressure and density, po and po are the am 

bient pressure and density, 6ij is a Kronecker delta  function, cry is a viscous stress 

tensor, and the subscripts i and j  denote E instein’s sum m ation notation. For a high-

3.2 Lighthill’s A coustic A nalogy

Lighthill recast the exact equations of m otion (equations (2.1)) as

(3.1)

where p ' is the  acoustic density fluctuation and cq is the ambient speed of sound. 

T ij is L ighthill’s stress tensor

T i j  =  p u i u j  +  [(p -  Po) -  c l i p -  Po) ]  6 i j  +  cTij , (3.2)
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Reynolcis-number flow the source term Tjj can be approximated by the Reynold’s 

stress as Tij =  puiuj, where ~p is the local mean density.

3.2.1 Solving L ighth ill’s E quation

Lighthill’s equation has the same form as the ŵ ave equation that governs the acoustic 

field from a quadrupole source in a stationary medium. If any solid boundaries, 

which may be present, do not appreciably influence the sound field, the solution can 

be expressed using a time-dependent free-space Green’s function, G. The density 

fluctuations at a receiver point located at x, from a compact turbulent source volume 

distribution located at Xg, are

L-Q J  J —oo  ' J X s i d X s j

where t and tg are the receiver and sources times. The analyses often proceeds with 

the evaluation of the time integral, which exploits the sifting property of an impulse 

function^ followed by the changing of the spatial derivatives to a time derivative 

using multipole expansion, which assumes that the source and receiver are many 

wavelengths apart [43]. This leads to

1 f  d^T
5 '(x ,f) =  ^ /  / G (x ,xs,f,^s) ^ { X s , t s )  dtsdyis , (3.3)

C(1 J  J —oo U X s i O X s j

(3.4)

where r  is the vector separating x  and Xg, and r  =  |x — Xs|. The volume integral is 

over the source volume V.

The far-field spectral density is related to the Fourier transform of the auto

correlation function of the far-fleld density as

4̂4 roo
(x, ^ y (p' P t +  T)} d r , (3.5)

where () denotes an ensemble average. It therefore follows that

1 nrjrkri
S  (x,tc-) =

327t 3c^ I I I  exp

^  (x i,/- i)  - ^ T k i  (x2,/-2 + t ) )  dr dxi  <ix2 , (3.6)

' / ( 5  (<s -  < + |x -  X s j / c o )  f  ( i s )  dts = f ( t  -  jx -  X s | / c o )
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where x i and X2  are two points in the source region, t i  =  t — |x — x i|/cq  and 

2̂ = i  — |x — X2 I/C0 . The cross-correlation tensor in this equation may be rewritten 

as

^ ^ r y ( x i , i i ) ^ T f c ; ( x 2 , t 2  +  r)^ =  ^X2,i +  r +  ^ ^ ^  ,

(3.7)

where r/ =  X2  — Xi is a separation vector.

Inserting equation (3.7) back into equation (3.6) and changing the variable of 

integration, the spectral density may be rewritten as"

/ / e x p  (x i,rj,T ) drdryrfx i,

(3.8)

with

R,jkl = {Tij {y:i,t)Tki {X2,t + t ) )  . (3.9)

R  ijki is a fourth-order two-point time-delayed correlation tensor.

The correlation tensor in equation (3.8) is measured in a fixed-frame of ref

erence. In order to evaluate the intensity spectrum using this equation it is useful 

to introduce a moving-axis transformation into the separation vector. Introducing

4 =  77 —  i  c q M cT  into equation (3.8) gives

5  ( x , u )  =  j  j  /  ~ ( x i , ^ , t )  dr d^dy i i ,

(3.10)

where 1 is a unit vector in the mean flow direction. Me is the convective Mach num

ber of the source, C  =  1 — Me cos 9 is a convection (or Doppler) factor, cos0 =  v i / r  

and ri is the component of r  aligned with the mean jet flow direction. This op

tional moving-axis transformation essentially decouples the convection of the noise- 

generating turbulent eddies from the correlation tensor, and may leave it easier 

to model. If this transformation is not included, source convection must be mod

elled within the correlation tensor, ^i jki  is a fourth-order two-point time-delayed 

moving-axis correlation tensor and 'R-ijki =  RijK-i (xi>^, t) .

^It should be noted th a t the Fourier transform of the tim e derivative of function /  is 

F  [ d ^ f / d ’'r] =  {—iu})" F  [/], where n  is the order of the derivative.
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3.2.2 M odelling the Correlation Tensor

In order to evaluate the spectral density, it is necessary to measure or deduce an

alytically Rijfei ( x i ,^ , r ) .  This remains a difficult problem, though a number of 

approximate models have been developed over the past 50 years. Lighthill himself 

used dimensional analysis of a simple jet, and famously established that the acoustic 

power radiated by a jet should vary with the eight-power of the je t velocity.

The turbulence velocity vector is normally separated into mean and fluctuating 

parts. If the mean flow is approximated as parallel to the jet axis [59, 73]

Ui{x,t) = u, (x) Sii + , (3.11)

where Ui is the time-averaged velocity and is the fluctuating velocity, thus the 

correlation tensor may be expressed as

R - u H ( x i , ^ , t )  = p ' ^  ( u \ ^ u \ ju '2 i ^ u 2 i  + U 11TI21 ( ^ S i i5 i k u \ j U 2 i

+5ijSiiu' -̂u' f̂. -I- 5ij5ik'u'iiU2i + . (3-12)

where u u  denotes Ui (x i). The first term  in equation (3.12) involves only turbulence 

self-interactions, whereas the rest of the terms involve interaction between the mean- 

shear-flow and the turbulence. Lillej' [59] introduced the terminology self-noise and 

shear-noise to indicate noise generated by turbulence-turbulence interactions and 

noise generated by turbulence-mean-shear interactions.

Ribner’s work [73, 72] is the principle basis for many statistical jet noise mod

els. With an assumption that the joint probability of and u'2  ̂ is normal, the 

fourth-order self-noise correlation term in equation (3.12) can be written in terms 

of second-order tensors as

( x i ,^ , t )  =  KikRji  ( x i ,4 ,r )  +  ( x i ,^ , r )  , (3.13)

where (x i,^ , r)  =  (x i,^ , r) . Ribner also assumes that these space-time

correlation functions may further be separated into independent functions of space 

and time and so

Rij ( x i ,^ , r )  =  Rjj ( x i , ^ ) p ( x i , r ) (3.14)
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H om ogeneous Isotropic Spatial M odel

Ribner considered the turbulence to  be homogeneous and isotropic and, therefore, 

a single velocity correlation describes its spatial decay, a single time-scale describes 

its tem poral decay, and a single value of the tu rbu len t kinetic energy to represent 

the kinetic energy of the flow. These values are also considered to be independent 

of frequency. For homogeneous isotropic turbulence, where Xg =  (x i + X 2 ) /2 , the 

spatial correlation function may be defined as [73]

IdfU. (3.15)
2 d i j  2 d i  i

where uf  is the turbulen t kinetic energy and /  is the  longitudinal correlation coef

ficient function. /  is some universal function of which is generally assumed to 

be

/  ( 0  =  exp . (3.16)

where It is the integral length-scale of the turbulence.

Alternatively, as Deveriport et alia [33] showed, the homogeneous isotropic 

spatial correlation function in an incompressible flow can be expressed as the double 

curl of the vector-potential correlation

(3.17)

where Sjim is the Levi-Civita or perm utation tensor. For homogeneous turbulence 

the vector-potential correlation is given by

gij (Xs,^) = - p  . (3-18)

and h ( 0  is the first moment of longitudinal correlation coefficient function

(3-19)
Jo

Isotropic Tem poral M odel

The tem poral correlation function in this homogeneous isotropic case is usually taken 

to be either of the form
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or

5 (x s ,r )  = e x p  , (3.21)

where ti is the integral time-scale of the turbulence.

S p a tia l  C o r re la t io n  F u n c tio n

The mean-flow two-point correlation function Ui ( x i ) t i i  (X2 ), w'hich is required for 

the shear-noise term s, was modelled by Ribner as the  Gaussian expression u\iTi\ 2  =  

(xs) exp (—cr7T(f2//^), where cr is a local coefficient. This expression is not well 

adapted to  real modelling situations as a  is not a constant [8]. To avoid modelling <7, 

a be tte r approach is to perform a Taylor expansion to  the first order of ui (y i)  u i (7 2 ) 

around the m idpoint y  such th a t

( x i ) u i  (X2 ) =  t i l  (xs) -  ^  (x s )^  . (3.22)

The m ean axial velocity, Usi, and its radial gradient, 0x^2, niay be taken from 

a RANS solution.

In h o m o g e n e o u s  A n is o tro p ic  S p a t ia l  M o d e l

Realistic je t turbulence is neither homogeneous nor isotropic. The iuhomogeneity 

manifests in the Reynold’s stress field, with the ratio  between the axial component 

and the radial and lateral com ponents varying over the jet. Additionally, anisotropy 

is to  be found in the length and tim e scales due to  the mean flow. Davies et alia [30] 

note th a t large-scale eddies become mainly cylindrical structures w ith a  longitudinal 

scale approxim ately three times the transverse scale.

Goldstein and Rosenbaum  [45] argued th a t it is more appropriate to assume 

the turbulence is axisym metric ra ther than  isotropic and, as such, the space-time 

correlation can be expressed in term s of tw’o independent scalar functions, therefore

R , j ( x s ,^ , r )  =  (3.23)

w’here qim is the skew tensor

•Jim [^imkQl (^lmQ2 • (3.24)
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Kinematically acceptable models for Qi and Q 2 are [8, 53]

Q i  (x s ,^ ,r )  =  - - p u 2 j 5 ( x s , r ) e x p e2+es 1/ 2 -

/2‘«2

and

Q 2 (xs, r) =  (u'^2 -  ^ t i)  9 (xs, t )  exp 2̂ + ^ 3

?̂2

1/ 2 -

with

(3.25)

(3.26)

(3.27)

where In  and lt2 are the longitudinal and transverse length-scales; and and 

are the longitudinal and transverse turbulent kinetic energy For axisymnietric 

turbulence

X12 +  X22 x i 3  +  a:-23'i ^2 2 8 )
X s  =  I x i i ,  2  ’ 9

as opposed to the mid-point of x i  and X2 used in the isotropic models.

Jordan and Gervais [50] describe a modification of the vector-potential cor

relation to model the inhomogeneity of a jet flow. T he turbulent kinetic energy is 

replaced by a scaling function, aij, in equation (3.18), giving

Qij (xs,4) =  a i j  ( x s , ^ ) / i ( 0 ^ i j  ■ (3.29)

Jordan and Gervais modelled aij w ith an analytical expression to describe the struc

ture of the R eynold’s stress field for a simple jet. An analytical expression is not 

practical for coaxial jet flows of interest. They also note that the assumption of nor

mal joint probability, used in equation (3.13) to rewrite the fourth-order self-noise 

tensor as second-order tensor, im poses homogeneity.

To account for anisotropy in the turbulence, Jordan and Gervais introduced a 

anisotropic longitudinal correlation coefficient function

(3.30)

The spatial decay of the longitudinal velocity correlation function is thus described 

by an ellipsoid, the major and minor axes, of which, are defined by the integral 

length-scales of the turbulence.
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3.2.3 Far-Field S p ectral D en sity

As has been shown in the previous section, many approximations exist to model 

the correlation tensor Rijfc;. As an example, if the homogeneous isotropic (Ribner) 

model is selected, the far-held spectral density due to self-noise from an elemental 

volume of turbulence may be obtained by substituting equations (3.12) to (3.16) 

and equation (3.21) into equation (3.10) to give

where dV  is the volume of the element. The total spectral density from the jet is 

obtained by integrating this equation over the je t volume.

For this set of approximations, set out by Ribner for homogeneous isotropic 

turbulence, statistically describing the turbulence has been reduced to evaluating u^, 

It and Tt -  the isotropic turbulent kinetic energy, integral length-scale and integral 

time-scale. These values may be obtained from a RANS solution with a -  e 

tiu'bulence model of the jet flow.

Tam and Auriault [81] developed a jet noise prediction method for small-scale tu r

bulence, in which the sound sources are modelled explicitly. The method is based 

on the heuristic argument that the small-scale turbulence generates local pressure 

fluctuations tha t are proportional to the local turbulent kinetic energy per unit 

volume.

In the kinetic theory of gases, the pressure is given by

where m  is the mass of a molecule, n is the number density, u  is the random molecular 

velocity, p is the density of the gas, and () is the ensemble average. Considering the 

small-scale turbulence as small blobs of fluid moving randomly, a direct analogy is 

made with the gas molecules, such tha t the fine-scale turbulence effectively exerts a

•2

(3.31)

3.3 T he Tam -A uriault M ethod

(3.32)
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pressure, pturb > on its surroundings given by

1 2 
P tu rb  — Qt =  g P  ( u  )  =  1 (3.33)

where kt = (u^)  / 2  is the  kinetic energy of the fine-scale turbulence per unit mass.

Once sound has been generated by these pressure fluctuations, its propagation 

is described by the linearised Euler equations. W ith  a locally parallel approxim ation, 

the mean flow properties are

P = Po\ P = P {r) ; ui  = ui  (r) and U2 =  U3 =  0 , (3.34)

where p  is the mean pressure, p is the mean density and (u i, TZ2 , ^ 3 ) are the  mean 

velocity components in cylindrical coordinates, (x, r , (p), aligned with the je t axis. 

W ith this approxim ation, the governing equations can be w ritten in the linearised 

form [81]

/  duidu'i _  du[

du'2 
dt

du'

u

Ui

2 dr  
du'2
dx

+

dx

dr

dqt 
dx  
dqt 

' dr

dp' _  dp' 
dt

p

1 d {u'or) 
r dr

+
r d(p r d(j}

1 du'n du'-,
_|-----------± -I-------- L

r d(p dx
=  0 ,

(3.35a)

(3.35b)

(3.35c)

(3.35d)

with Qt =  2pfc(/3 and where {p', Uj, u'2 , U3 ) are the  acoustic fluctuations. Molecular 

and eddy viscosity term s are ignored as they have only a relatively small efi^ect on 

the acoustic disturbances. The variable kt is the tim e dependent part of the kinetic 

energy of the small-scale turbulence. Equations (3.35) imply th a t kt acts as a source 

of noise in the three components of the m om entum  equation.

3.3.1 Solving the Adjoint Formulation

R ather than  converting the operators on the left-hand-side of equations (3.35) into 

Lilley’s equation, Tam and A uriault make use of the adjoint equations [42]. They 

show th a t the periodic Green’s function for the linearised Euler equations is related
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to the solution of the adjoint Euler equations by

P i  ( x ,X s , t x ; )  =  u i a  ( x s , x , a ; )  , 

P2 (x ,X s ,a i )  =  UOa ( x s ,x ,u ; )  , 

P3 ( x , X s , w )  =  U3„ ( X s , X , w )  ,

(3.36a)

(3.36b)

(3.36c)

where p„, for n =  1,2,3,  are the Green’s functions for the sources in the x, r  and 

(p components of the linearised momentum equations, respectively, and u\a, U2a 

and ?i3a are the solutions to the adjoint equations. Note the reciprocal dependence 

between the observer, x , and the source, Xg. The adjoint equations are given by

- P
, _  du2a

tUJU2a +  Ui—---
OX

, _  duia
ILOUia +  U \ — ----

O X

dui
U\a dr

- P
, _  du3alUlU'jfi +  U\

ox

-lU>Pa -  Ul
dpa
dx

I djuogr)  1 dujg _____
r dr  r d(p dx

- d p  a „
-  7 P - ^  =  0ox

- d p  a „
-  " ) P ^  =  0or

ip d p a  
r d(p 

duia

=  0

1
=  77-5 (Xs -  x)

/[

(3.37a)

(3.37b)

(3.37c)

(3.37d)

In the adjoint problem, the observer is located inside the jet at Xg, and the 

source is in the far-field at x. Using the adjoint Green's function, the pressure field 

is given by

Dqt  (xs , t s)
Dt .

■ (Its f̂ Xs ,

(3.38)

where D / D t s  =  d /d t s  +  u i d / d x s  is the convective derivative following the mean 

flow, \^"ith this adjoint formulation, only one calculation of a Green's function is 

required, instead of three with the direct formulation, therefore providing computa

tional savings. Additionally, if the number of receiver points in far-field is less than 

the number of points in the jet flow, it may be computationally cheaper to evaluate 

the Green’s function for a source at each receiver point rather than a source at each 

point in the flow [80]. However, for a shielding problem, where each point on the 

shield is efi"ectively a receiver, this may not be the case.
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3.3.2 M odelling the Source Term

The spectral density of the radiated  sound is expressed as

Of \ f  f t  \ t  ̂ /  Dqt {y i i , h )  Dqt{:si2,t2)'
5 ( x , w )  =  I . . .  /  J 9 a ( X i , X , t ^ i ) p a ( X 2 , X , t L ; 2 )  ( ------ -------------------------- -------

X exp {—i (cji +  L0 2 ) t +  iuJiti +  iuj2 t 2 ) S {to — U2 ) diOi du) 2  d t\  dt2  dx i dx2 .

(3.39)

As the Tam -Auriault model is based on an acoustic analogy, it is necessary to make 

some some assumptions about the correlation function for the source term . It is 

assumed th a t the two-point cross-correlation of the axial velocity fluctuations in a 

fixed reference frame is

/ D g j  ( x i , t i )  (x2,<2) \  g? f  \vi\ l n 2  /  _  2̂ , 2 ,

(3.40)

where 77 =  x i  — X2 ; t  — t\ — t,2 \ k  is the characteristic length-scale of the tu rbu

lence, Tt is the characteristic time-scale and qt is the root-mean-square value of the 

fluctuating kinetic energj' of the small-scale turbulence.

Upon inserting equation (3.40) into equation (3.39), (and following the manip

ulation described in reference [81]) the spectral density of the sound radiated from 

an elemental volume is given by

dS  (X,XS,LJ) =  4 -  —   \pa (xs,x ,u ;) r ---------------------------  — d \  .
1 + ^ , 2  2 / 1

‘  V CO

 ̂ 2
cosT

(3.41)

3.3.3 Adjoint G reen’s Function

Evaluating the radiated sound requires the calculation of the adjoint Green’s func

tion, which can take into account the propagation effects between the source and the 

receiver. These effects can be divided in two contributions -  firstly, the scattering of 

the acoustic wave due to a solid boundary, such as an acoustic shield; and secondly, 

mean flow effects on the propagation [80].

If the flow effects are neglected -  it is assumed th a t =  0 and th a t the mean 

desnsity, p, is constant -  then the adjoint equations (equations 3.37)) reduce to the
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Helmholtz equation

up' lU)
V Pa +  — Pa =  7,---2 ^ ■ (3.42)

Cq ZTTCq
.2
-0

In this case, the Green’s function may be evaluated using known free-space Green’s 

functions or through numerical propagation m ethods, for example, using a Boundary 

Element M ethod (BEM). In the free-space case

\Pa ( X s ,  X , w) p  =  ~ ~  ^ . (3.43)
647r̂ CQ

where r  =  |xs — x| and so the spectral density from an elemental volume is

tjP (  TT \3 /2  exp ^=7 (4 ]^ )
^ 5 ( x ,x „ a ; )  =  ^ ^ - ^  —   ̂ (3.44)

lb . ,  C(,r V l n i /  Tt 1

For the Tam -A uriault m ethod, it is necessary to evaluate param eters qf, k  and 

Tt- As with Lighthill’s analogy, these values may be obtained from a RANS solution 

with a K -  € turbulence model of the je t flow.

3.4 RANS Input

A RANS solution with k -  e model provides only two pieces of information about 

the turbulence of the je t flow. These are the  averaged turbulence kinetic energy 

K and dissipation rate  e. From these quantities it is possible to form a length /, 

characterising the size of the turbulence, and a tim e r ,  characterising the decay 

tim e of the turbulence [81, 65]. The model param eters It and Tt are proportional to 

these values and may be given as

=  c / ; rt =  C r ( « / e ) .  (3.45)

For the Lighthill-Ribner model, the isotropic turbulen t kinetic energy may be 

given as

u f  = CA (2k/3) , (3.46)

while for the Tam -A uriault model the source strength  is taken to  be

q ^ ^ c \ { 2 p K / 3 f  . (3.47)

It is clear th a t the  source strength  in the two models are related.



D iscu ssion  39

3.5 D iscussion

The main differences between the Lighthill-Ribner, and the Tam-Auriault je t noise 

models may be summarised [65] as:

• Lighthill equation is a re-expression of the full equations of motion with the 

acoustic propagation described by the wave equation. It is inherent that a 

change in the propagation medium changes the source term. The Tam-Auriault 

model contains a heuristic argument to create a noise source term and uses the 

linearised Euler equations to describe the propagation of sound generated by 

this model source. The source is the same regardless of approximations made 

about the propagation medium.

• It is assumed in Lighthill’s analogy tha t the source is compact, and tha t the 

Green’s function is simply the free-space Green’s function for the w'ave equa

tion. In the Tam-Auriault method, there is no explicit assumption concerning 

the compactness of the source (though it is implied), and the Green’s function 

is obtained from the adjoint solution of the linearized Euler equations.

• In Lighthill’s analogy, the cross-correlation function is of the Lighthill stress 

tensor, whereas, in the Tam-Auriault model it is of the convective derivative 

of the source term.

As noted by Morris [66], this final point is very im portant as the convective derivative 

only appears on the source term in the Tam-Auriault model following an integration- 

by-parts to move it there from the adjoint Green’s function. This arbitrary transfer 

would appear to be the crucial difference, tha t leads to the apparent improvement 

of predictions by this model, over those by Lighthill’s analogy based models.





Chapter 4

A Jet Source Localisation  

Strategy

As far-field noise predictions have focused on isolated free jets, the je t has trad ition

ally been considered as a single volume. Indeed, the entire je t is often considered 

to be located, in effect, at the origin of the coordinates (the centre of the je t exit 

plane is usually selected as the origin), with the distance separating the  entire source 

region and the receiver reduced from r  =  |x — Xg| to r  ss |x|. In the modelling of jet 

noise shielding, the spatial extent of the je t can not be neglected, as it is desirable 

to position the shield near the jet, both, in order to  achieve m aximum  shielding and 

to meet realistic aircraft design requirements. In this chapter, a strategy to replace 

the to ta l je t volume with a num ber of sub-volumes is described. These sub-volumes 

are then used to weight point sources for use in shielding prediction m ethods. The 

jet noise is modelled using a new form of Lighthill’s acoustic analogy.

4.1 A Jet N oise M odel for Shielding A pplications

A solution to  Lighthill’s equation may be derived using the same strategy as Tam 

and A uriau lt’s. The Green’s function, G (x, Xg, is), is given by the solution of

-  4  V^G =  c l  <5 (x -  Xs) S {t -  t s )  . (4.1)

41
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The Fourier transform of this equation is

(V2 +  e) G (x, x „  a;) =  , (4.2)
ztt

which has a free-space solution of

A / X 1 exp (i/clx — Xgl) ,
G (x ,x„a;) =  ^  (4-3)

O/t  | X  — X g  I

From Lighthill’s equation (equation (3.1)), the far-field density fluctuations 

may written as

p ' ( x , t )  =  ^  J  J  J  G ( x , x s , ( j )  ( x s , t s ) e x p { ~ i u { t - t s ) )  ( L o d t s d y i s ,

(4.4)

where

/ OO

G(x, x s ,w )ex p (-ic i;(i- is ))  cL; . (4.5)
-OO

Instead of evaluating the frequency and time integrals at this point, as is usually done 

in traditional Lighthill based methods, the Tam and Auriault approach is adopted in 

order to retain an explicit Green’s function term in the spectral density expression. 

This Green’s function may subsequently be modelled to include a scattering object.

The Tam-Auriault method has been showai to agree well with a wide set of 

jet noise data [81]. This apparent improvement over traditional Lighthill based 

predictions may possibly be attributed to the fact that it is a derivative of the 

source, which is modelled in the cross-correlation, as opposed to the source itself 

in traditional Lighthill models [65]. The Lighthill model may be derived to use the

same type of correlation model as the Tam and Auriault model, if one derivative is

transferred to the Green’s function through integration-by-parts, w'hile the other is 

retained on the source. Although this transfer is arbitrary, it may possibly improve 

jet noise predictions. Therefore, equation (4.4) becomes

I r r r dG , . or,,
p ' { x , t )  =  - - ^ j  J  J  - ^  { x , x s , u j ) - ^ ^  { x s , t s ) e x p { - i u j { t - t s ) )  d j j d t s d x s .

(4.6)
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To simplify the analyses, the shear-noise term s in the correlation are neglected 

and the various i and j  com ponents of this equation are replaced by a single com

ponent in the direction of the  receiver, as shown by Proudm an [71]. The spectral 

density of the radiated  sound may be expressed as

The shape of the spatial correlation functions in the Lighthill-Ribner (equa

tion (3.15)), and Tam -A uriault (equation (3.40)) models are essentially the same. 

The difference is th a t the Lighthill-Ribner version is in a moving reference frame, 

whereas the Tam -A uriault one is given in a fixed reference frame, and so, the tim e 

and space separations are related by the convection velocity as r  =  r)/Uc- Addi

tionally, the tem poral function in the Lighthill-Ribner model is from equation 3.21, 

whereas the Tam -A urialt tem poral function takes the order of equation 3.20.

A correlation function selected for the present model, which retains the shape 

of the Lighthill-Ribner function, in a fixed reference frame is

where t /  =  X2 — x i ;  t  = — It is the characteristic length-scale of the turbulence;

Tt is the characteristic time-scale and Uj is the isotropic turbulen t kinetic energy. Uc 

is the convection velocity in the  axial direction. It should be recalled th a t realistic 

je t turbulence is neither homogeneous nor isotropic. However, the present selection 

of a homogeneous isotropic turbulence correlation function is made as it simplifies 

the following analyses, and the  introduction of additional complexity a t this point 

would not enhance the present investigation (see chapter 5 and 6). A more realistic 

turbulence model could be introduced at a later stage.

Inserting this correlation model back into equation into equation (4.7) and 

evaluating the frequency and tim e integrals (following the m anipulation shown in

(
dTrr (Xi,fi) dTrr (X2, 2̂) 

d x \r  dX2r
((m - U c r f  + ril + riiyj ,

(4.8)
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Tam and A uriau lt’s paper [81]) leads to

I

The derivatives of the G reen’s functions in the direction of the receiver may 

be approxim ated as

( x ,x i , - c j )  ( x ,x 2 ,a;) ss G ( x ,x i , - w )  G ( x ,x 2 ,u;) . (4.10)

For compact sources G (x ,x i ,a i)  may be related to  G ( x ,x 2 ,w) by a simple phase 

shift, as in the Tam -A uriault m ethod [81], such th a t

G (x, X2 ,a;) G (x, x i.o ;)  exp I —2 — COS0 ) , (4.11)
V Co /

where 9 is the angle between the receiver and the downstream  je t axis. Upon evalu

ating the spatial integrals over all spatial separations, and noting th a t G (x, x i ,  —u,') 

is the complex conjugate of G (x ,x i,w ) , the far-field spectral density from an ele

mental volume may finally be expressed as

, . 'jJp'ltTt2-n~p~ u l  . - , 9 f  f  ̂ 0  2
dS  (x ,xs,u ;) = ----------^ 2 -------^  |G (x ,X s,u ;) |- exp [ C - t^  + ^ J J  dV  ,

(4.12)

where C  =  1 — Me cos 9 is the convection factor and the volume of the element is 

dV.

A RANS solution provides the necessary local mean values, r^. It and (see 

section 3.4), and so each element is taken to be a discrete cell in the RANS mesh. 

This form has the benefit th a t the Green’s function is explicit and may be evaluated 

to include the scattering by a shielding surface.

In the absence of a shielding surface, inserting equation (4.3) into equa

tion (4.12) gives

ItTtp^ u'̂ '̂  (  /  2 2 ,
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This equation is clearly very similar to equation (3.31), which was derived using 

Ribner’s approximations. The difference is that the frequency weighting is now of 

the same order as that in the Tam-Auriault method. The far-field spectral density 

from the total jet is

5 (x , w )=  f  d S , (4.14)
Jv

where V  is the total jet volume.

4.2 Point Source D istribution  for Shielding A pplications

Equation (4.12) may be rewritten as

dS(x,Xs,Lj) = A~ (x,xs,cj) dV I G (x,xs,uj) ^ , (4.15)

where
 2

(x,xs,cj) = k n  exp

is a local directional amplitude term.

For jet noise shielding computations, it is desirable to model the jet as a 

distribution of point sources. To this end, equation (4.15) is rewritten as

|p(x,xs,w) I  ̂ (x,Xs,o;) dV I G (x,xs,a;) f  , (4.17)

which represents a point source concentrated at the centroid of the element, Xg.

As this source is resultant from the integration over all space-time separations, all

interaction effects between the source and surrounding elements in the jet have been 

included in the amplitude. The sound fields produced by a distribution of such 

sources, located at the centroid of each element in the RANS mesh, may also be 

considered incoherent, and so will sum as

Ns

|p(x,tj) 1̂  =  ^ | k (x ,Xs,w) 1^ (4.18)
1 = 1

where Ns  is the elements that comprise the total jet. Importantly, as the phase 

relationship between the sources is not important, any phase may assumed for the
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purposes of computing the diffraction about a shielding object for an individual 

source.

The amplitude term acts as a directional spatial frequency filter. Observe 

that over an arc of far-field receivers, for a fixed receiver angular frequency, u;, the 

term A  amplifies source frequencies lower than u; at downstream angles, and source 

frequencies higher than cj at upstream angles, due to the convection term C. This is 

expected with sources tha t are convected downstream relative to the receiver. For 

jet noise, it implies that at downstream receiver angles, the sound originates from 

a turbulent region that is located further downstream than is the case at upstream 

receiver angles (as it is known that the characteristic frequency of the turbulence 

decreases with axial distance from the nozzle exit). In other words, the source 

location is not fixed for a given frequency' but is dependent on the receiver location.

4.3 R educing the N um ber of Sources

For an axisymmetric RANS simulation of a jet flow, it is normally the case that 

N s > 10"̂ . For a 3D jet this number is even greater. It is prohibitive to retain 

a large number of point sources to represent the jet noise source for a nimiber of 

reasons:

• If a source is located at each cell in the mesh used for the RANS computation, 

then inevitably there will be redundant or zero amplitude sources. These in

crease the computational demands and may be located in unrealistic locations 

(for example, inside the shielding surface or upstream in the nozzle duct).

• As the sources do not sum coherently, local interference effects between the 

sources are not important, and only the overall power from a local region 

is relevant to the sound field. It is, therefore, unnecessary to have a dense 

distribution of sources, as the contribution to the total acoustic pressure from 

sources located within a small distance of each other, can be achieved from a 

single stronger source located at an averaged location.

• It can become computationally very expensive to compute and store the sound
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field from a large number of sources by numerical propagation, or at a large 

number of receivers, as required at a shielding surface.

As this is intended to be a practical approach to modelling jet noise for shielding 

applications some pragmatic steps are novi' taken to minimise the number of sources.

4 .3 .1  D efin in g  th e  J e t V o lu m e

Although the je t volume, V, has been introduced earlier, it has yet to been defined. 

RANS domains for jet computations often contain nozzle ducts and numerical buffer- 

zones. These regions, along with the silent potential-core, do not contribute to the 

jet noise, and should be removed.

The most simple approach to removing redundant source regions is to use a 

cut-off criteria, w'here only elements, which meet the criteria value, are included in 

V. The jet volume is thus defined by

where F\y is a weight distribution across the domain and 0 < q < 1 is an appropri

ately selected cut-off' factor.

For example, if the turbulent kinetic energy is used as Fw, with a  =  0.1, 

then only elements with a turbulent kinetic energy of at least 10% of the maximum 

value are considered to be in the jet. The turbulent kinetic energy is, however, an 

vmsatisfactory variable, as it is difficult to define a cut-off value, which both retains 

enough sources to define the source region over a range of frequencies, and limits 

the number of redundant sources.

A more appropriate choice for F\y is the frequency dependant amplitude of 

equation (4.16). As the amplitude term is also dependent on the angle between the 

receiver and the je t axis, direct use of this term would result in a set of sources for 

each receiver position. To avoid this undesirable jet volume definition, the amplitude 

is averaged over a sphere of receiver positions, to give

Xs G V if F\v (xs) > Q {Fw (xs)) m a x  ’
(4.19)

(4.20)
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This equation, along with equation (4.19), may be used to define a frequency de

pendent je t source volume, V.

4.3.2 Localisation of Jet Sources

The je t domain, V, (defined in previous section) will still contain a large num ber of 

elements. If each element is replaced by a point source, there is still an excessively 

large num ber of sources for use in a shielding com putation. The je t v'olume may 

be divided into a num ber of sub-volumes or blocks, in w'hich, the  contribution from 

individual elements is combined into a single source block. The to ta l je t volume is 

decomposed into

N b

V  = ^ A V ] ,  (4.21)
1= 1

where N b  is the num ber of blocks th a t comprise the to tal jet. The far-field spectral 

density is therefore

N b  /  p  \  N b

S'(x,u;) =  V ( /  dS ) =  V  A 5i (x ,x b ,^ )  , (4.22)
,= i ViAV- )

and the  spectral density from an individual block is

A 5 '(x ,x b ,u ;)  =  /  (x ,x s,c j) |G  (x ,x s ,0.') p d x s  , (4.23)
J a v

and Xb is the  centroid of the block. In order to  define directional point sources with

the same form as equation (4.17), averaged values of Tj, It, and Uc are evaluated,

using F\v  to weight the elements w ithin the block.

Splitting the am plitude term  into components so th a t

.A (x ,xs,w ) =  As (xs)A ^ (x ,x s,a ;) , (4.24)

with

a 2(x,) =  3 5 Z ^ ,  (425)

is a local am plitude (independent of receiver position), and

A l  (x ,xs,u ;) =  u'^ltTt exp > (4-26)
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is a directional frequency filter. The spectral density from a block can, therefore, be 

expressed as

A 5 (x ,x b ,c j )  =  ( x , X s , u ; ) )  IG (x ,xb ,u ;) p /  (xg) rfx  ̂ , (4.27)
J a v

and so

\p (x, Xb, w) I  ̂ =  ŷ b (xb) A l  (x, Xb, w) I G (x, Xb, a;) ^ , (4.28)

where

y l5 (x ,X b ,a;) =  (x , Xs, w)> =  ik) (rt) exp ( L ^ )  )  ’

(4.29)

is the averaged directional amplitude filter; ()  denotes the weighted-average over 

the block; (C) =  1 — (Uc) {x\  — X bi)/co |x  — Xb|, and

A l  (xb)  =  [  A l (xs ) ( i x s , 
J A V

(4.30)

is the amplitude of the point sovirce. In this manner, the jet volume may be divided  

into a number of sub-volumes and each replaced by a directional point source. This 

reduced number of point sources may be used in shielding prediction m ethods, for 

which it is assumed that

 ̂ M  \ n t  \ ^ ( x , xb , w) e xp( i / c | x - xb | )  , ,p(x,xb,u>)  =  A  (x,xi , ,u.’) G  (x,X b,o;) = --- — --------------- 1-----------1-------, (4.31)
07T“ X  — X b |

W,'here ^  (x, Xb, w) =  A^ (xb) A^  (x , Xb, w).

4.3 .3  Selectin g  Sub-V olum e D im ensions

The quantity of point sources, which the jet may be reduced to, is dependent on 

the block size selected. However, there is no strict rule as to the scale of each 

block, or as to a minimum number sources, which should be retained. It may be 

prudent, though, to select a dimension small enough so as to maintain an effective 

representation of the jet -  thus, it should be ensured that there are enough sources 

retained to adequately define the spatial extent of the jet and that the averaged



50 A  Jet Source Localisation Strategy

values are still somewhat representative of the values within the block, which they 

have replaced.

Uniformly spaced blocks, all of the same dimension, could be used. This has 

the appeal that the jet would be decomposed into a predefined number of sources, 

which may be of interest in determining the total computational requirements for 

a shielding prediction. The selection of L would, however, be completely arbitrary 

and, as such, it would be difficult to maintain an effective representation of the jet.

This trade-off, between reducing the number of sources to minimise the com

putational demand and maintaining enough sources to represent the jet, is best 

illustrated at its two extremes. Firstly, if the block size is the size of each element. 

A y  =  d V , no reduction takes place and the number of soiuxes remains large. Sec

ondly, if the block size selected is th a t of the jet volume, A F  =  V , there wovild be 

a single value for rj, It and Uc and Xb for the entire jet and a poor prediction of the 

je t noise shielding would be inevitable for all configurations of interest.

An appropriate scale for the block length, L, may be the integral length- 

scale, with L oc. It, as the length-scale is representative of the spatial extent of the 

turbulence, and it is reasonable to expect that the values of rt, k and Uc do not vary 

excessively over It.

A value for L must be defined before an averaged value of the length-scale is 

evaluated within the block. The following scheme is employed to define L, and to 

divide the jet into sub-volumes:

1. As the spatial extent of je t source region is primarily in the axial direction, L 

is defined as L =  L^jixi) and is computed by a linear least-squares fit of the 

It values across the jet volume, at the frequency in question, and so L is given 

by the equation

Lojixi) =  ULXi +  bL,  (4.32)

where a i  and bi  are the linear coefficients resultant from the linear fit.

2. The axial extents of a discrete block i, denoted as =  Xbi,i ±  are
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L { x i ) =  (iLXi +  bL

Figure 4.1: Schematic of spacing strategy, 

used to locate Xbi.i by

L ^ (A '+ ) ta n (7 r /2 -a )  sin(Q ) sin(/?)
3’b l.t —  ^ -------------- 1 ( 4 .J J )

Sill (7 )

where a  =  tan“ ' ( a i ) ; /3 =  tan “ ' (2); j  =  tt ~  a  — /3, and

— X _  =  (3:bi,!:) 1 (•4-34)

by definition.

3. Starting by setting =  (^si),nax iterating upstream, the jet is divided

into axial slices.

4. Each slice, is further divided using (which is taken to be constant within  

the slice), thus defining 2 :5 2 .!, and so the volume of a block, for an axisymmetric 

jet, is given by

^ b 2 , i  d ( p , (4.35)

where (f> is the azimuthal angle.

Using this strategy to split the jet into sub-volumes or blocks significantly reduces the 

number of point sources, which represent the jet, and as a result the com putational 

requirements o f a jet shielding com putation.
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Figure 4.2: Sdiematic of the jet sub-vohimes. The source region is bounded tjy the green 

Hne and the sub-volume are bounded by the red squares.

4.4 Jet N oise Shielding P rediction

The point sources defined in the previous two sections may be used as a jet noise 

source in shielding prediction methods. In order to investigate the agreement of 

these je t sources with test data, the Fresnel-Kirchhoff shielding method is employed. 

To predict the shielding factor at a receiver location x from an acoustic source at 

Xs, attained by the insertion of a rigid barrier, the Fresnel-Kirchhoff method (FKM) 

considers the geometric complement of the problem [13], that is, a receiver separated 

from an acoustic source by a slot in an infinitely long rigid plate. The acoustic 

pressure at the receiver point may then be obtained using the Hehnholtz-Kirchhoff 

integral equation,

1 f  f  d '' \
p (x ,x s ,a ;)  =  —  ^j5(s,Xs,u;) —  (s,x ,w ) -  A (s,x,cj) —  (s,Xs,a;)J dS , (4.36)

where s is a point on the surface 5 , n  is a unit vector normal to the slot and 

A =  exp(j/c|rA|)/|r;^|.

Assuming that the acoustic pressure on the shielded side of the infinitely long 

plate is zero and tha t the acoustic pressure field in the aperture is the same as 

it would be in a completely free-field, the Kirchhoff surface reduces to the area of 

the slot. These assumptions place significant limitations on the geometries and the 

Helmholtz numbers, to which the Fresnel-Kirchhoff method may be applied to.

If the limits of the slot are large, then Helmholtz-Kirchhoff equation can be

approximated as

p (x, X s ,  w) =  ^  ^  p (s, X s ,  w) (s, X, u;) dS  , (4.37)

through integration-by-parts.
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— o o

X s

F ig u re  4.3: Sdieinatic of tlie FVesnel-Kirclihoff shielding method.
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Applying B abinet’s principle, th a t coniplenientary diffracting objects have 

com plem entary diffraction patterns, reverts the analysis back to  the original shield

ing problem  of interest, and so the shielded pressure a t a  receiver separated by a 

p late (with the dimensions of the slot) is given by

Ps/iiew(x,Xg,u;) = P re /(x ,X s ,o ;) -P s to t(x ,x s ,u ;)  , (4.38)

where P r e f the free-space isolated pressure and pgiot is given by (4.37).

4.5 M ean Flow R efraction Effect

An implication of Lighthill’s equation is th a t a homogeneous and non-moving prop

agation medium is imposed outside the local je t source region. Any change from 

this s ta te  would alter the source term , leading to  Lilley’s analogy for example. In a 

real je t, these conditions are not met. One aspect of the acoustic propagation of jet 

sources, which is neglected under these assum ptions, is the refraction of the sound 

by the m ean je t flow.

In order to  take some accomit of this effect on jet noise shielding predictions, 

the assum ption is made th a t the source can be assumed to  be held fixed, despite 

the introduction of a mean flow. In some regards, this is similar to the approach of 

Tam and A uriault, who derived their source term  heuristically and so assume it to 

be fixed for different flow conditions. The refraction of a point source by the mean 

je t flow is used to  define a refraction correction factor,

T - T  /  \  | P / / o r u  ( ^ !  ^ )  I  / .Fn (x, Xs, w) =  ^ ^  , (4.39
\ P r e f (x,Xs,Lj)|

which are to  be included in the am plitude of the  je t point sources in equation (4.31).

If the mean flow is assumed to  be irrotational and inhomogeneous then it can 

be modelled as a  potential flow, and the  governing field equation for the velocity 

potential, 0, as shown by Pierce [69], is given by

iv . ( p V < ^ ) - L ( ^ ^ L ( / ) )  = 0 ,  (4.40)

where L  is the complex linear operator {iuj -I-u.V) and u , p, c, are the local mean

velocity, density, and speed of sound respectively. The acoustic parts of the velocity
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potential and pressure are related by

p  =  ~ j  pujcj) — p  U .V 0 . (4.41)

Equation (A .l)  may be solved efficiently, for example, using a wave expansion 

m ethod (W EM) [22]. This m ethod is described at length in Appendix A.

4 .5 .1  W a v e  E x p a n s io n  D i s c r e t i s a t io n

The velocity potential at a discrete point, (f)Q, (and so the acoustic pressure) may be

at each point in a domain may be approximated by the superposition of the field 

generated by N  hypothetical plane waves of strength 7„ and with vmit propagation 

in direction d„, as described by Caruthers [22], such that

where h„ =  exp [— (d.xo)] (the subscript 0  denotes the value at the point in 

cpiestion and should not be confused with an ambient value).

and where M q =  uq/  ■

Similarly, the velocity potential at a neighbouring point, m , in the computa

tional lattice, where m  =  1,2, . . ,  M ,  is given as

N

=  (d -Xm)]  =  H j  . (4.46)
n=l

If is the pseudo-inverse of H  then

computed from the amplitude and phase of A/ neighbouring points. T he potential

N

(4.42)

(4.43)

with

B o  =  2 z A ’ M o  - I -  u q . V

2 • — 1 
/C q  — _  2 Z C JU q .V  _  2  1 

^0  ^ 0
(4.45)

(4.47)
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Hypothetical Plane Waves

F ig u re  4.4: Wave expansion discretisation stencil.

and substituting this back into equation (A. 12) leads to

0 o - h H + ( / > „  =  O. (4.48)

If the he local stiffness vector for a computational lattice is kq =  — hH'*", then

00 +  =  0 ,  (4.49)

which may be rewritten as

(bn ,
' = 0 .  (4.50)

0 r

For the total computational domain, with a source vector, f, added to the right- 

hand-side and where k  is the overall stiffness matrix, a linear system of equations 

may be defined of the form

K 0  =  f .  (4.51)
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This may, with the addition of appropriate boundary conditions, be solved for 0 , a 

vector containing the velocity potential at each point in the overall computational 

lattice. Once the velocity potential field has been determined, the acoustics pressure 

field may be determined through equation (4.41).

4.5.2 Im plem entation o f W EM  Boundary Conditions

The implementation of boundary conditions for this numerical method may imple

mented, as shown by Ruiz [74], as follows

D irich le t

Dirichlet boundary conditions may be implemented in the WEM by simply con

straining the appropriate entries in the overall stiffness matrix.

N a tu ra l R a d ia tio n

Natural radiation boundary conditions can be imposed by only selecting the plane 

waves travelling out of the domain when assembling the stiffness matrix for points 

on the boundary. Equation (A.16) for natural radiation boundary points becomes

N eu m an n

To impose the normal velocity of a boundary point as

where n is a unit vector normal to the boundary, equation (A. 13) is augmented by 

each Neumann boundary point, so that

4*0 ^O .n a tra d  0 m  ^  • (4.52)

(4.54)
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Figure 4.5: A Kirchhoff surface external to the jet flow.

Taking the pseudo-inverse of Haug

7  =  [ H i , ] (4.55)

equation (A. 15) may be partitioned, and so l>ecomes

< P o  =  vs • (4.56)

Using the WEM, a monopole source may be propagated through the je t flow. It is 

only necessary to numerically propagate the sound to beyond the inhomogeneous 

flow of the jet, as a Kirchhoff surface may then be defined outside the jet and the 

sound propagated to the far-fleld using the Helmholtz-Kirchhoff integral equation.

A comparison was made using this wave expansion method for the benchmark 

case presented by Bailly and Juve [6] for the radiation of a point source in a sheared 

mean flow and was found agree very well as can seen in figure 4.6.

4.6 D iscussion

It is intended that the source distribution may be easily integrated into alternative 

propagation codes, such as a BEM. Adaptation of such codes to include directional 

sources is not always desirable. This can this overcome, though, by replacing each 

directional source with a multipole, centred on the same location, which has been 

fitted to give the same directivity.
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X

F ig u re  4.6: Benchmark comparison of the radiation of a point sotirce in a sheared flow for 

the configuration described in reference [6]: Bailly and Juve’s ray-tracing solution (top-left,) 

and LEE computation (top-right), and the wave expansion method, WEM, computation 

(bottom).
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In order to use this modelhng methodology, it has to be assumed that the 

shielding surface is sufficiently far removed from the turbulent source to maintain 

the validity of the presented je t model. This may not be the case.



Chapter 5

Jet N oise Shielding Assessm ent

Je t noise predictions for tlie NACRE je t have been made using the approach outhned 

in chapter 4 and are presented in this chapter. These predictions are compared with 

the available test data, the Lighthill-Ribner and Tam -A uriault models, and also, the 

je t noise predictions of NACRE partners, which were computed using similar jet 

noise shielding prediction approaches.

5.1 Jet Test Setup

The noise from a scaled coaxial jet, in isolated and shielded configurations, was 

measiu’ed as part of the NACRE wind-tunnel test progrannne carried out by ONERA 

a t its CEPRA19 facility in Saclay, France in 2007 [31]. The anechoic w ind-tunnel 

a t CEPRA19 has a convergent nozzle of two m etres in diam eter, as can be seen 

in figure 5.1, and has maximum velocity of 130m /s. The nozzle’s prim ary and 

secondary flow capacities are determ ined by the compressed air supply, which is 

limited to a maxiirmm mass flow rate  of 12kg/s, pressure of 8bar and tem perature  

of 500A'. The prim ary flow may be heated by a propane burner to tem peratures in 

the range of 500A' < T  < 1150 A'.

61
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F ig u re  5.1: View of the isolated BPR9 nozzle in the anechoic wind-tunnel at CEPRA19. 

Tlie flyover and sideline microphone arrays are visible.

F ig u re  5.2: View of the BPR9 nozzle installed over the EUROPIV model in the CEPRA19 

facility.
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The coaxial jet noise simulator is a high bypass ratio { B P R  = 9) nozzle with a 

secondary exhaust diameter of D =  0.264m and includes a central plug and part of 

the aircraft mounting pylon. To assess the shielding of the jet noise, the EUROPIV 

model was installed in a position representative of a possible airframe shielding 

configuration, such as NACRE’s “Pro-Green” concept. This model is a 2D high-lift 

wing with a chord of 0.5m, a span of 1.5m, and is without a sweep angle. Tlie model 

also includes side-plates and side-beams as part of its wind-tunnel mounting, as can 

be seen in figure 5.2.

Acoustic measurements were acquired in the flyover and sideline azimuthal 

planes using two arcs of microphones*, centred on the intersection of the secondary 

exit plane and the jet axis. The radius of both arcs was Gm and microphones were 

distributed at 10° intervals between 30° and 140° from the downstream jet axis, as 

illustrated in figure 5.3. The plane of the flyover arc bisected the shield and the 

sideline arc was at 56° to the flyover plane.

Far-field measurements were taken with the pylon at two different azimuthal 

angles -  in the flyover plane at 0°, as is visible in figure 5.4, and at —45° (101° to 

the sideline microphone arc), as is visible in figure 5.2. The rotation of the pylon 

was found to have a very weak effect on the far-field acoustic measurements, for all 

the test conditions examined.

In order to assess the axial location of the jet noise generation, measurements 

were also taken (for the isolated case only) using a linear array of 43 microphones 

mounted parallel to the jet axis. The axial source position was determined by 

ONERA using a beam-forming method.

'Briiel & Kjaer 1/4" type 4139 microphones.
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2.75m

Linear Array

2.75m

140'

130'

120 '

110 '

100'

F ig u re  5.3: Location of far-field microphone arc and linear microphone array.

F ig u re  5.4: View of the BPR9 nozzle installed over the EUROPIV model with the pylon 

oriented in the flyover plane.
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F ig u re  5.5: Isolated sound pressure levels measured at the flyover arc.

0.332m

0.5kHz
IkHz
2kHz
4kHz
8kHz
16kHz

Receiver Angle ]

F ig u re  5.6: Location of EUROPIV shield relative to the jet nozzle.
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60 90
Receiver Angle [° ]

150

F ig u re  5.7: Shiekiing factor measured at the flyover arc.

F ig u re  5.8: Normalised beam-forming axial source localisation from the linear array data.
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F ig u re  5.9: Noise spectrum measured at the flyover arc.
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5.2 Jet R A N S C om putations

A number of flow conditions were measured as part of the NACRE wind-tunnel test 

programme, however, the flow case shown in table 5.1 was selected by the NACRE 

partners for numerical analyses, and has, therefore, been the focus of this present 

work.

Velocity external \m/s] 16.5

Pressure external [Pa] 99136

Temperature external [°A'| 301.2

Primary pressure ratio 1.237

Primary total temperature [°Â ] 799

Primary exit velocity [m/s] 277.82

Primary exit Mach number 0.50

Secondary pressure ratio 1.502

Secondary total temperature [°A'] 337

Secondary exit velocity [m/s\ 260.62

Secondary exit Mach ninnber 0.75

T ab le  5.1: NACRE jet flow conditions.

An axisymmetric k — e RANS solution was computed for these flow conditions 

by Dassault Aviation using their in-house code. As the numerical flow simulations 

are axisymmetric, the pylon, which is present in the test setup, has been neglected 

from the present numerical computations.

The exit velocities from the two nozzles are quite closely matched at this this 

set of flow conditions, and so, the shear-layer between the primary and secondary 

flows does not play a significant role in jet noise production for this present jet. 

The turbulent kinetic energy, in figure 5.10 indicates that the mixing shear-layer 

between the secondary jet flow and the surrounding flow is the main region of jet 

noise production.

Although the surrounding flow in the wind-tunnel was nominally stationary,
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F ig u re  5 .10 : D assault’s axisyiuuietric k -  e RANS solution: M ach num ber (top), density 

[kg/m^]  (middle) and turbulen t kinetic energy (bottom ). N ote th a t the  axes scales

are not the  same.
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as can seen in table 5.1, the external flow velocity was in fact 16.5m /s

5.3 Full Source M odel Predictions

The source reduction scheme, described in section 4.3 was not included at this point 

so as to  avoid possible errors being introduced through the reduction procedure (the 

reduction schemes are examined in section 5.5). The Green’s function was computed 

to consider the full spatial extent of the je t source volume and so r  =  x —Xg. As there 

is one source a t each element of the RANS mesh, this je t noise source distribution 

is referred to as the full-SD  source.

5.3.1 Jet M odel C alibration

A critical factor in the effectiveness of acoustic shielding is the relative locations of 

the source, shield, and receiver. Given th a t the location of the shield and receiver are 

known in the je t noise shielding problem, it is im portant to identify the location of 

the je t noise sources for a given frequency. In the jet noise models presented in this 

thesis -  the Lighthill-Ribner (LR) model (in section 3.2), the Tam -A uriault (TA) 

model (in section 3.3), and the model presented in chapter 4 (which is refered to as 

M odelc) -  the characteristic length scale, It, and tim e scale, T( of the turbulence, 

determ ine the location of the  je t noise source. As these variables m ust be estim ated 

from the RANS solution, evaluating the model scaling constants, c; and Ct, is critical 

to je t noise shielding predictions.

Jet Noise Model Q Ct

Lighthill-Ribner (LR) 0.3 0.8

Tam -A uriault (TA) 0.3 0.3

M odelc 0.3 0.3

Table 5.2: Calibrated Model constant values.

The axial source location of the  NACRE je t was evaluated using a beam- 

forming m ethod with the d a ta  from the linear microphone array [31]. The beam-
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F ig u re  5.11: Axial calibration: normalised source power distribution from Modelc with 

uncalibrated (left) and calibrated (right) model constants, a t 0.5kHz,  I kHz ,  2kHz,  AkHz  

and 8kHz  (from top to bottom).
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F ig u re  5.12: Axial calibration: normalised axial source power distribution from the LR

model (b lu e  ), the TA model (green — •) and Modelc (red —), with uncalibrated (left)

and calibrated (right) model constants, a t 0.5kHz.  I kHz ,  2kHz,  4 k H z  and 8kHz  (from 

top to bottom ).
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F ig u re  5.13: Beam-forming axial source location: NACRE test data (bold black —), LR

model (b lu e  ), TA model (green — •) and Modelc (red —), with uncalibrated (left) and

calibrated (right) model constants, a t O.^kHz.  I k Hz ,  2kHz,  4kHz  and 8 k H z  (from top to 

bottom).
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forming m ethod is not a  very rigorous approach for determ ining the actual location of 

an acoustic source as the solution is non-unique. A focus position m ust be assumed, 

which in this case was along the je t axis. In reality, the je t noise near the nozzle 

exit is generated in an annulus about a cone o f silence. Additionally, the evaluated 

location is somewhat sensitive to the position of the receiver array. Despite these 

shortcomings, it is still more appropriate to  determ ine the model constants using 

this approxim ate near-field inform ation ra ther than  far-field measurements.

The model constants have, therefore, been determ ined so as to  best-fit the 

beam-form identified source location, by replicating the beam-forming procedure 

[77] using model generated values a t the  linear receiver positions. A fitness criteria 

was defined as the distance between the weighted average axial locations, which was 

minimised by searching q  and Ct values were searched between 0 and 1. Table 5.2 

shows the values of these constants determ ined for the three models.

Figure 5.11 presents the source power distribution for M odelc, with uncali

brated  (c/ = Ct = I) and calibrated results shown. The source power was evaluated 

by integrating the elemental spectral density over a sphere of far-field receivers. In

tegrating again over radial and azim uthal source positions gives the axial source 

power d istribution, shown in figure 5.12 for the three models. A shift downstream  

of the source location is evident, particularly  for the TA model and M odelc, and 

it may be observed th a t the calibrated locations of the three models agree well, as 

expected.

Figure 5.13 shows the corresponding beam-forming am plitudes of this calibra

tion. A num ber of features are noticeable here:

• The actual (figure 5.12) and apparent (figure 5.13) axial locations of the model 

sources do not agree. This is most likely due to the om nidirectional weighting 

used in the beam-forming m ethod (as was used in the O N ERA ’s beam-forming 

of the NACRE data). It rem ains far from certain th a t the  model source loca

tions m atch the real location of the je t noise sources.

• The NACRE distribution is much broader than  th a t from the model sources. 

Although this may be due to  a  difference between m easured and artificial
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positioning, it may also be tha t the models do not capture the actual extent 

of the source region.

• The NACRE result shows the source location upstream of the nozzle exit at 

high frequencies. This, again, is probably due to beam-forming inaccuracies, 

although tha t said, it can be observed tha t the peak location remains down

stream of the exit for the model sources (which can not be upstream of the 

exit by definition). This raises the possibility that sources may be present 

upstream of the nozzle in the NACRE tests.

The presented source location calibration is not intended to be definitive (and, in

deed, given the limitations of beam-forming, it can not be). Instead, the model 

source locations have been calibrated to highlight the influence of source location 

on shielding predictions and to enable a better comparison l^etween the models and 

NACRE data. It also illustrates some of the shortcomings of these RANS dependent 

jet models.

5.3.2 Isolated M odel Predictions

Figure 5.14 shows a comparison of the far-field SPL for the isolated configuration 

predicted by the three models with the model constants set to miity. With the 

exception of the lowest frequency predicted. Models gives the best agreement with 

the acquired data. The TA model consistently imder-predicts the directivity, whilst 

the opposite is true of the LR model. As all the models do not include refraction in 

the propagation of the sources, they all fail to predict the drop-off in SPL at receiver 

angles near the jet axis.

Calibrated model constants have been used in the predictions shown in fig

ure 5.15, and so the sources are now located at (roughly) the same axial point in this 

comparison -  an axial location that, it can be claimed, agrees with the measured 

jet. This also means tha t local input values, such as density and Mach number, are 

the same. The difference in far-field directivity predictions, due to the change in the 

model constants, is very small, with a slight change at low frequencies.

Figure 5.16 shows how the jet model spectra are altered by the model con-
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F ig u re  5 .14 : Je t models w ith uncalibrated  constants: isolated far-field normalised SPL

[clB] d irectiv ity  from NACRE test d a ta  (black + ) , LR model ( b lu e  ), TA model (green

— •) and  M odelc (red —).
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F ig u re  5.15: Jet models with calibrated constants: isolated far-field normalised SPL [rfB]

directivity from NACRE test data  (black + ), LR model (b lu e  ), TA model (green — ■)

and Modelc (red —).



78 J e t  N o ise  S h ie ld in g  A ssessm en t

^ 50

2 3 4 5

■ + +

40

I O ' 10
4

Frequency [H:] Frequency [H:]

70

+ V

,2 ,3 ,54
10'

Frequency [Hz] Frequency [Hz]

F ig u re  5.16: Noise spectra: NACRE test d ata  (black + ), LR model ( b lu e  ), TA

model (green — •) and Modelc (red —), with uncalibrated (left) and calibrated (right) model 

constants, a t 90° (top) and 30° (bottom).
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stants. At 90° there is a slight improvement. Tam and A uriault’s method was 

originally focused on improving the far-field spectra at 90° and indeed it does ap

pear to be the most responsive here. At 30° the use of the model constants does 

not improve the predicted spectra. Tam and Auriault argued the use of such con

stants is justified because they are modelling the small-scale je t noise source -  or a 

proportion of the total jet noise production. As the contribution from the different 

jet noise components varies with receiver angle, it is questionable to use the same 

constant irrespective of observation angle. Constants could be evaluated which are 

frequency, spatially and directionally dependent. However, given their limited phys

ical meaning, it may be more fruitful to direct future development into enhancing 

the space-time models (for example, frequency dependent length- and time-scales) 

and flow models (perhaps using LES).

More importantly, the evaluation of the model constants to best-fit the spectra 

at 90° (as is common practice) is inadvisable, particularly for shielding predictions, 

as small improvements at 90° may be countered by disimprovements at other angles 

and significant shifts in the source location. The use of far-field evaluated model 

constants should, therefore, not be taken lightly.

Although, it may not be concluded tha t Modele offers an improved far-field 

prediction model, as this comparison is very limited, it may be said that, for the 

present NACRE data and RANS solution, Modele is the best choice for the present 

shielding prediction assessment.
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5.3.3 Source Location Effect

As the cahbration of model constants, c; and Cj, changes the location of the modelled 

jet source, a comparison of the predicted (isolated and shielded) far-field values was 

perform ed between calibrated (c; =  Ct =  0.3) and uncalibrated (c; =  C( =  1) M odelc 

sources. The sources investigated, in this section, are defined with one source per 

element of the RANS solution (as described in section 4.2), and the source region 

has been limited to  elements where Fiv (xs) >  le-3 (Fh" (xs))j„„^. As the RANS 

mesh is 2D, the sources have been ro tated  about the je t axis, and so, the element 

volume is dV  X2 d4>, where 4> is the azim uthal angle.

Figure 5.17 shows the far-field SPL for the isolated configuration. The dif

ferences are relatively small, considering the  large shift in axial position (as much 

as 4 diam eters for the low frequency sources) and both sets of results m atch the 

d a ta  well. It could be claimed th a t far-field isolated predictions are relatively ro

bust to variations in RANS input or source location, although this may be a little 

over-optimistic.

A note-worthy feature of the difference in directivity, resultant from the two 

different source locations, may be observed at .500/^^. Although the sources have 

been moved downstream  in the calibration, towards the lower angled receivers, this 

prediction shows a lower directivity than  the uncalibrated sources, when the opposite 

m ight be expected. This is because a t the dow nstream  location, the sovirces convect 

a t a slower Mach num ber and are, therefore, less directional -  there is a trade

off between the source directionality and position. The implication of this is th a t, 

although Cl and Ct may be tuned for different je t models or different RANS solutions, 

je t noise predictions will still be heavily influenced by spatial variations in the RANS 

variables.

Figure 5.18 presents the shielding factor for the two source locations, pre

dicted using the Fresnel-Kirchhoff m ethod (FKM ). The EU RO PIV  (foil and flap) 

was approxim ated as a single flat siu'face. Unfortunately, there is poor agreement 

between the predicted shielding factors and the m easured NACRE levels. It w’ill 

be shown in subsequent analyses th a t this disagreement between the predicted and
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—) model constants.
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measured shielding levels is observed throughout the prediction comparisons, of this 

and alternative methods, and a full discussion of the possible causes is reserved for 

chapter 6. However, some useful traits of the modelling methods may still be noted.

Figure 5.18 shows that the shift in source location has been accompanied by a 

complementary shift in shielding directivity, with peak levels remaining unchanged. 

It may also be observed (at 2kHz  and i kHz)  that there is a slight narrowing of the 

shielded region with the calibrated sources, due to the spreading of the source region 

(see figure 5.11), which accompanies the shift downstream. This result highlights the 

importance of accurate source positioning to shielding predicition, although, given 

the lack of agreement with the shielding factor data, it can not be established if the 

calibration of the axial source location with the beam-forming result was successful 

(or even appropriate). It is assumed, though, that the calibrated sources are valid, 

and the continued analyses is confined to this source.

5.4 Jet Spatial Volum e

Given that the jet source region is typically longer in the axial dimension than the 

radial or transverse dimensions, it may be acceptable to approximate the volume 

distribution of jet noise sources as an axial distribution. This approximation would 

result in a reduction of the number of jet noise sources. Additionally, as an axisym- 

nietric R ANS solution is the input of choice, a 3D distribution must be generated.

Selecting the full-3D source distribution, used in the previous section, as a 

benchmark, figures 5.19 and 5.20 compare the effect of computing the propaga

tion distance, between the source at Xg and a receiver at x, as r =  |x — Xg| and 

r  «  |x — Xsii| (to be referred to as the full-lD source). Such an approximation is 

common in far-field isolated jet noise predictions, and indeed, it is often the case 

that the approximation r w |x| is made. However, for shielding predictions, where 

the location and spatial extent of the source region are important factors, such ap

proximations must be questioned. As such, it can be observed that both the isolated 

and shielding factor predictions are almost identical, although there is some small 

variation in the high-frequency shielded case.
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(green -  •).



J e t S p atia l V olum e 85

55

55

5

0

-5

- 1 0

-1 5

-20

+ + + -•—

0.5kHz

0

-5

- 1 0

-1 5

-20
IkHz

0 30 60 90 120 150 0 30 60 90 120 150

5

0

-5

- 1 0

-15to

-20
2kHz 4kHz

0 30 60 90 120 150 0 30 60 90 120 150

=9

S

%
- 1 0-10

-1 5

16kHz8kHz

-20-20
15030 60 90 120120 150 0

Receiver Angle. Q f° ] Receiver Angle, Q [° ]
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The case of r  «  |x| has been included in the isolated predictions. Here it 

can be seen how the neglected axial position leads to an under-prediction of the 

far-held directivity at low-frequencies, as would be expected from simple geometric 

considerations. This is in contrast to the effect of the axial shift imposed through 

the model constants discussed in section 5.3.3, where the underlying input values 

were changed.

5.5 Jet Source R eduction  Schem es

It was proposed in chapter 4 that the total jet volume could be divided into a small 

number of sub-volumes blocks, each of which is represented by a directional point 

sources in shielding computations. Although there are computational benefits to be 

gained by reducing the number of sources, which represent the jet noise, care should 

be taken tha t the reduction scheme employed does not reduce the quality of the 

prediction to any appreciable extent. In the present case, the predictions from the 

full-3D source is the benchmark tha t must be matched.

5.5.1 U niform  Sub-V olum es

As a starting tactic, the jet source volume was divided into square blocks, which 

were uniform in dimensions throughout the source region. As the selection of the 

length of each block is arbitrary, a number of different block scales were investigated. 

If Vi is the axial dimension of the je t source volume, blocks of length L =  Vi/100, 

Vi/10 and Vi/5 were analysed. Once the local block properties have been defined, 

they are all considered to lie on the jet axis, and thus, the propagation distance is 

taken as r  =  |x — Xsii|.

Figures 5.21 and 5.22 display the far-held results of this reduction scheme. 

It can be seen that the Fi/lOO source matches the full-3D source perfectly, and 

that this agreement deteriorates somewhat with the coarser spacing. Interestingly, 

even with as few as five axial source locations (in the Vi/5 source), predictions 

are reasonably consistent with the full-3D source distribution, and even manage to 

match the prediction at some frequencies, such as the SkHz  isolated prediction. This
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Figure 5.21: Source reduction using a uniform block dimension scheme: normalised

isolated far-field SPL [dB] directivity from NACRE test data (black +), and Modelc 

with full source distribution, AV  ̂ =  dV (red —), and reduced source distribution with 

AV  — (Vi/100)^ (cyan — ), A V  =  (Vi/10)^ (green — •) and AV  =  (Vi/5)^ (blue —
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shows that retaining one source per element of the RANS mesh is indeed excessive 

for shielding computations.

The reason for the decline in the agreement, with this source reduction scheme, 

is due to the residual in the evaluation of the block-averaged values of <  > , <  /̂  >

and <  Uc > , 8iS this essentially is the only difference from the full source. Figure 5.23 

shows a plot of the tinie-scale residuals for these three source distributions (note 

the axes vary in these plots), and as can be seen, the 14/100 source maintains 

the lowest residual, although observe that this residual is skewed left (this is best 

observed in figure 5.26, where the Vi/100 residual is re-plotted), suggesting that a 

more appropriate reduction scheme might he to link the sub-volume block size to 

the scales of the turbulence, which become finer closer to the nozzle exit.

5.5.2 Scaled Sub-Volum es

In this source reduction scheme the jet volume is divided into sub-volume blocks, 

whose dimensions scale (roughly) with the length-scale of the turbulence. The far- 

field acoustic predictions are displayed in figures 5.24 and 5.25 for two variations of 

this scaled block dimension scheme -  one with square sub-volume blocks (as before), 

referred to as the scaled-square source, and the other with (rectangular) blocks that 

are full axial slices of the jet (and so there is only one source at each axial block 

location), referred to as the scaled-axial source. The axial locations of these two 

source distributions are identical. The scaled-axial block source distribution shows 

some deviation from the full-3D source. The scaled-square source does match the 

benchmark source exactly.

Once again, any deviation is due to the residual of the block-averaged values. 

Figure 5.26 shows the time-scale residual for these source distributions, and for the 

uniform-block scheme with Vi/lOO. It can be observed that the residual for the 

scaled-square source is small for all sources, and there is no longer evidence of the 

skewness observed in the Vi/lOO source distribution.
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5.5.3 Com putational Savings

Table 5.3 shows the number of point sources defined for each axial source distribu

tion. Dassault’s RANS mesh had 159,322 elements. Another flaw of the uniform 

block distribution scheme is immediately apparent, as it can be seen that the number 

of sources increases greatly with frequency. This is a repercussion of indiscriminately 

dividing a small source region by, what is, an arbitrary number. The scaled-square 

source, on the other hand, does not show this trait, as the division size is not linked 

to the dimensions of the source region, and so this scheme is more robust than the 

uniform block scheme. The scaled block scheme should minimize the number of 

sources required in a je t noise shielding prediction to satisfactorily represent the jet, 

whilst maintaining the accuracy of predictions.

Source 0.5kHz I kHz 2kHz AkHz 8kHz m H z

HAXS cifnicnts 1 .■)!).;?22 1 r)'t..T_>2 ir,!).;522

Full-ID 39,005 32,880 21,733 8,776 2,115 718

Fi/lOO 929 929 1,213 1,562 2,375 2,896

Vi /W 10 10 20 28 29 43

Vx/b 5 5 5 10 10 14

Scaled-Square 772 686 567 504 622 716

Scaled-Slice 92 89 77 66 83 66

T able 5.3: Number of point sources for each of the source distributions.

Figure 5.27 displays scatter plots for the computational time taken to compute 

the shielding factor using a FKM code. As might be expected, it is clear tha t a re

duction in the number of sources gives a reduction in computational time. Although, 

the computational cost will vary greatly with the method used and the efficiency of 

the code itself, this trend should be typical of all shielding predictions.
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5.6 M ean Flow Propagation  Effects

The jet self-noise sources, which have been considered in this work, are in themselves 

omnidirectional. The directionality of the sound field generated by a je t is due to 

the mean flow (for the most part), which convects the sources downstream, and also 

refracts the propagating sound away from the axis. In this section, the impact of 

these effects on je t shielding predictions is examined.

5.6.1 Source C onvection

The convection of the source by the mean-flow acts to amplify the source in the 

downstream direction and Doppler shifts the frequency of the propagating sound 

field. This convection effect has been included in the present model, through the 

correlation function, R,  and appears as the convection factor, C. In the evaluation 

of C, the convection velocity must be estimated, most likely, using a scaled function 

of space based on the axial velocity from the RANS solution [30, 8]. However, as 

has been shown, different je t noise models, with varying model constants, can lead 

to very different jet source locations and, therefore, different luidcrlying mean flow 

vahies for the source.

In order to assess the impact of source convection on shielding predictions, two 

cases were compared, namely, with and without source convection. Figures 5.28 and 

5.29 present the far-field acoustic predictions for this comparison. As is expected, 

the isolated results show little directivity when convection is neglected. The direc

tivity visible at low frequencies is due to the location of the sources closer to the 

downstream receivers.

For shielded predictions, it can be observed that there is a shift in the angle of 

peak shielding (certainly at lower frequencies), and also, an increase in the shielding 

factor when the sources are omnidirectional. It is reasonable to expect that these 

trends should also be observed a t other convection values.
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F ig u re  5.28: Source convection: isolated normalised far-field SPL [dB] directivity from 

NACRE test data  (black + ) and Modelc with convection (red —) and without convection 

(blue — ).
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5.6.2 Flow Refraction

The refractive effect of the mean jet flow on sound propagation has been included 

through a directivity correction factor (equation (4.39)). This is very much an ap

proximate approach but it should be sufficient to identify whether or not refraction 

is a likely to be responsible for the large differences between the predicted shielding 

levels and the data values. As this approach is intended to be a computationally 

cheap correction for the refraction efltect, the WEM propagation was carried out in 

2D. This introduces a small error in the propagation values, however, as a ratio value 

is the result of this computation, and given the approximate nature of the strategy 

itself, this approximation were considered to be acceptable. The scaled-square re

duced source distribution was used to specify the unit volume source locations.
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F ig u re  5 .30: Flow refraction: noniialified isolated far-field SPL [dB] directivity from

NACRE test data (blaclc + ) and M odelc without (red —) and with (b lu e  ) refraction

correction factor.
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Figure 5.30 displays the isolated far-field predictions. The refracted predictions 

do show a drop-off in SPL corresponding to the cone of silence, however, it would 

appear that the predicted angle at which drop-off occurs is closer to the jet axis 

than the measured values show. This may, again, be due to the location, at which, 

the sources have been embedded in the RANS flow solution.

Figure 5.31 show the shielded predictions. The results with refraction only 

show a small deviation from those without refraction. Although it is difficult to 

draw any clear conclusions, as the margins of difference are quite small, it may be 

said tha t refraction of the propagating sound does not appear to be reason for the 

large differences betw'een predicted shielding factors and the NACRE test data.
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5.7 N A C R E  Partner’s Predictions

Numerical jet shielding predictions have been computed for the same RANS solution 

by NACRE partners Snecma and Dassault Aviation. Snecma modelled the jet using 

a hybrid Tam-Auriault method (that they call the THM), which essentially is the TA 

model (from section 3.3) at 90° to the jet axis, with a separate directivity correction 

tha t is calibrated with Snecma’s far-field jet noise database. Shielding predictions 

were computed using an in-house ray tracing code with a diffraction correction based 

on Cooke’s theory [27]. The EUROPIV is modelled as two semi-infinite planes. This 

code, however, is limited to omnidirectional sources, and so, the je t source is included 

in the shielding calculation as a monopole distribution, with one source per element 

of the RANS mesh.

F ig u re  5 .32: EUROPIV model for Dassault’s 2 k H z  BEIVI computation.

Dassault used the TA model with an additional adjustment to the model con

stants, Cl and Ct, proposed by Tam for hot jets [83]. The shielded Green’s functions 

were computed by a BEM code, which included the full 3D EUROPIV geometry, 

as shown in figure 5.32. The computational demands for such a calculation are 

very large -  at 8kHz,  a BEM mesh with over 1.6A/ nodes is required. Dassault’s 

predictions were, therefore, limited to 800Hz  and 2kHz.  A Green’s function was 

computed to each element in the RANS solution.

Figure 5.33 and 5.34 show a comparison of the far-field acoustic predictions 

using the present modelling methodology with the available predictions from Das-
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sault Aviation’s and Snecma’s approaches. Although at first, the results may appear 

quite different, in light of the trends established in section 5.3.3, it is plausible to 

attribute  the differences to an axial shift of the source region. Snecma’s predictions 

would certainly appear to be due to a combination of this reason and the omnidirec

tional nature of their jet sources (see section 5.6.1). There may also be some small 

contribution to the difference from the fact tha t tw'o shielding planes were used.

Dassault’s isolated predictions show a stronger directivity than those presented 

in figures 5.14 or 5.15 from the TA model. As the models used are identical, except 

for the evaluation of the model constants, this difference, again, ties into the sugges

tion tha t their sources are located further dow'nstream. Dassault calibrated their jet 

model with a far-field database. It is unclear whether or not the full BEM geometry 

captiu'es any effect, which has been missed in the geometry approximations of the 

other two shielding prediction methods, as a peak shielding factor is not reached for 

the two frequencies investigated by Dassault.

5.8 Summary

In this chapter, many trends relevant to acoustic shielding predictions from a jet 

noise source have been established. The use of the modelling methodology pre

sented in chapter 4 as a sensitivity analysis tool has been demonstrated. It has 

been shown that RANS based jet noise models are capable of predicting the far- 

field noise directivity from an isolated jet, if the model scaling constants are tuned 

appropriately.

It has also been shown that the je t may be represented in propagation meth

ods by a relatively small number of axially distributed directional sources, thereby, 

reducing the computational demands of such calculations. However, for jet shield

ing predictions, the tuning of model constants may significantly alter the location 

and the near-field directivity of the jet noise source, and therefore impact largely on 

predicted shielding factors.

Additionally, despite the calibration of je t noise models, the shielding predic

tions fail to reproduce the NACRE test data  values for the shielding factor. This
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raises many questions about the current strategies employed for jet noise shielding 

assessment, which are addressed in chapter 6.



Chapter 6

Discussion

111 chapter 5, it lias been shown tha t seini-enipirical je t models, with k -  e RANS 

generated mean flow values, have the potential to predict the far-field noise direc

tivity from a turbulent jet. How'ever, when an acoustic shield in located between 

the jet noise source and the far-field receivers, the reduction in SPL values is greatly 

over-predicted in comparison with those observed in the test data. In this chapter, 

the possil)le causes of this disagreement are probed, and some general jet broad 

considerations are discussed.

6.1 A Lack of Shielding?

Perhaps the most striking feature of the NACRE measurements are the low shielding 

levels (a 4dB reduction at most) even at the highest frequencies. For an incoherent 

source distribution, positioned near the location of the secondary nozzle lip, shield

ing factors of up 20dB are predicted, as shown in figure 6.1. This magnitude of 

attenuation is typical of predictions for computational setups of this type (as has 

been shown in section 5.7, and also in references [2, 62], amongst many others).

Although there may be some uncertainty as to the location of low-frequency 

jet noise sources (as was shown in sections 5.3 and 5.7), it can be expected that 

high-frequency jet noise production is concentrated in the shear layer immediately 

downstream of the nozzle lip. The beam-forming axial source position, computed 

from the NACRE data, has indicated as much (see figure 5.8). Assuming tha t the

105
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Figure 6.1: Shiekiiag factor from a ring of incoherent nionopoles on the secondary exit 

plane.

NACRE measurements are free from large errors, the poor shielding levels observed 

are something of a curiosity, if it is assumed that the present jet noise shielding 

methodologies are valid. There are a nmnber of possible reasons why these method

ologies fail to predict the NACRE levels of shielding.

6.1.1 The Role o f Jet N oise M odels

Lighthill's equation is exact. The problem with acoustic analogies is not so much 

the analogies themselves, but rather the inexact flow information they rely upon. 

Models based on acoustic analogy do provide excellent predictions of rotor-craft, 

propeller and airfoil noise [38], where the sources may be well defined. Steady-state 

RANS solutions provide limited averaged information about jet flow fields, and are 

themselves subject to significant variations, which impact the accuracy of acoustic 

predictions.

Using time-averaged inputs to acoustic analogy type models requires the mod

elling of space-time correlation fmictions, which scale over the source region. A great 

variety of models have been proposed since Lighthill’s papers in the early 1950s, 

which attem pt to match the turbulent statistics within the source region, and ul-
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tim ately enhance far-field spectral and directivity predictions. A RANS solution 

may be used to  provide the necessary am plitude values for these functions, however, 

due to the inaccuracies of RANS solutions, it is also necessary to  calibrate the je t 

noise model inputs, through model constants. As vast databases of local turbulent 

properties, for a wide range of nozzles and flow conditions, do not exist (and are 

indeed im practical), calibration is based on far-field spectra  or directivity.

As has be shown in chapter 5, such calibration of statical flow' properties shifts 

the je t source region, and therefore, the source location is effectively driven by far- 

field values in order to compensate for the  deficiencies in the RANS solution. The 

true  predictive ability of RANS dependent je t models m ust be questioned. It could 

be argued th a t such models are, in a sense, more of an interpolation m ethod for 

use with far-field databases, and it may be more logical to  simply interpolate the 

databases directly. A comparison of the true capabilities of various je t noise models 

to  predict fcir-field values should only be undertaken wdth m easured local statistical 

values, which are the same in each model (w ithout calibration constants).

Even if RANS dependent models are acceptable for far-field isolated predic

tions, their inherent source-location uncertainty (at least a t low frequencies) is more 

of an issue w'hen an acoustic shield, located in the  near-field, is of interest. As has 

been shown in section 5.3.3, for the shielding configuration investigated, the  direc

tion of peak shielding is quite sensitive to  the location of the equivalent je t noise 

sources. T ha t said, however, a shift in source location still does not explain the 

over-prediction in shielding levels, although it is im portant to  consider its influence 

on predictions, as in case of comparing different shielding predictions from different 

je t models.

For high-frequency jet noise, the problem  is somewhat less ambiguous, as 

regardless of the je t noise models, it can be expected th a t the equivalent source 

region is adjacent to  the nozzle exit. Different noise models, may predict different 

noise directivity patterns, however, it would appear th a t the directivity of the jet 

noise is not overly im portant to shielding predictions -  a t least not as much as source 

location.

The disagreement of the model predictions w ith the  NACRE d a ta  can not sim-
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ply be attributed to the particularities of the je t models. However, the assumption 

that equivalent jet sources could be evaluated from the isolated mean flow profile 

may still be erroneous.

6.1,2 A lternative Propagation Paths

It has been assumed in this present work tha t the shielded noise has not been 

reflected by other objects present in the NACRE tests back towards the far-field re

ceivers. This assumption neglects the potential of the large nozzle body to influence 

the acoustic field. Jet noise impinging on the nozzle directly will not have a signif

icant influence on the shielding effect, as the nozzle is present in both the isolated 

and installed configurations. If anything it should lead to increased shielding levels, 

as a source will appear to be located directly over the shield. However, sound, which 

has been scattered back from the upper surface of the shield, may be reflected by 

the nozzle body towards the far-field receivers once more. It may also be the case 

that the Fresnel-Kirchhoff method (FKM) shielding predictions over-simplify the 

EUROPIV shield geometry (as the FKM can only consider flat surfaces as shields). 

Figure 6.2 shows the nozzle and EUROPIV locations, as they have been included in 

a 3D wave expansion method (WEM) computation.

Figure 6.3 shows a comparison of the shielding factors obtained from a single 

AkHz monopole point source located on the jet eixis above varying shield geometries. 

As can be observed the aerofoil and flap does not achieve the levels of shielding 

predicted for a flat surface, however, this loss in shielding is still not comparable 

with the NACRE data, and high shielding levels are expected directly below the 

shield. It must also be remembered tha t the approximation of the aerofoil as a 

flat surface is more appropriate at higher frequencies than that computed here, and 

therefore, the difference observed here is expected to be less at higher frequencies.

Also in figure 6.3, are shielding predictions tha t include the side-plates and 

side-beams (the full EUROPIV), and the nozzle body. These have a relatively small 

impact on the predicted shielding level. It should also be noted tha t in this present 

3D WEM computation the surfaces are modelled as hard w'alls (a Neumann bound

ary condition of d(p/dn =  0), whereas the side-plates were coated in an acoustic
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F ig u re  6.2 : 3D WEM solution for a 4 k H z  moiiopole point source locatcd on the jet axis 

over the EUROPIV with the nozzle present.
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F ig u re  6.3: Shield approximations: shielding factors from a 4kHz  monopole point source 

locatcd on the jet axis above the shield, coinpnted using the 3D WEM. The shielding factor 

has been averaged over 10° intervals to remove the interference pattern.
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absorbing foam in the NACRE tests to reduce reflections. It would, therefore, seem 

unlikely th a t the poor shielding levels in NACRE test are due to the sound propa

gating to  the far-field receivers by reflecting from objects not considered in the FKM 

predictions.

I t could also be suggested th a t  the unsteady turbulence itself reflects the sound 

back towards the  receivers in the  same m anner as the nozzle body. Cervino et alia 

[25] showed in their numerical pertu rbation  sim ulations th a t some back-scatter may 

be observed from a sound waves impinging on unsteady vortex roll-up. However, 

given the limited effect on the shielding factor th a t nniltiple reflections off the nozzle 

body had, it would seem extremely unlikely th a t any reflections off the turbulence 

would have the am plitude to  play a significant role in the NACRE test.

6 .1 .3  N ear-F ield  Shield  L ocation  E ffects

The poor shielding levels observed in the NACRE test d a ta  are thought to be due 

to  the position of the acoustic shield in the near-field of the jet. This configuration 

may have had the  following unforeseen effects;

Sh ield  G en era ted  F low  N o ise

The EU RO PIV  shield was possibly located close enough to  the je t to interfere with 

its flow entrainm ent. Figure 6.4 shows a 2D RANS solution for the configuration 

imder investigation. It can clearly be observed th a t the flow increases in velocity 

across the top surface of the  shield due to entrainm ent by the jet. A typical en

trainm ent velocity profile, for an isolated nozzle, is still evident a t the top lip of the 

nozzle.

Of greater relevance to  present question is th a t, it is indicated in this figure, 

from the  tu rbu len t kinetic energy, th a t  a source may be generated a t the  leading-edge 

of the EU RO PIV  and also a t the trailing-edge of the main foil. It is acknowledged 

th a t the 2D natu re  of this com putation may exaggerate such an effect, and it is 

difficult to estim ate the relative am plitude of a leading-edge source. As an initial in

dication of the im pact th a t a  source in this location may have on the shielding factor, 

figure 6.5 shows the shielding predictions of the NACRE jet, using M odels and the
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F ig u re  6.4: Sliield generated noise: 2d k -  € RANS solution of the installed NACRE 

configuration with Mach number (left) and turbulent kinetic energy (right).
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F ig u re  6.5: Shield generated noise; far-field shielding factor [dB] directivity with (---- )

and without (—) an isolated source at the leading-edge of the shield. The amplitude of this 

source is only one-percent of the total je t source model amplitude.
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FKM, w ith an additional isolated source a t the leading edge location. The source 

strength  here is ju st one-percent of the  to tal source am plitude for each frequency. 

This is an unrealistic source as any noise generated by this mechanism would vary 

in location for different frequencies b u t it does help illustrate the point. It may seen 

th a t a considerable loss in shielding is predicted. Although this com putation is quite 

crude, and has also changed the direction of peak shielding, it does show th a t any 

source w ith a clear line-of-sight to  the far-field receivers would have a considerable 

im pact on the shielding levels.

In his 1981 paper, Wang [90] examined experim entally the effects of the wing 

on je t noise propagation for an under-wing installation. He sta tes th a t

T he boundary layer generated on the surface of the wing as the result

of entrainm ent of the air into the  region between the wing and the je t is

believed to  be responsible for the low-frequency noise enhancem ent

In addition to this boundary layer noise, a trailing-edge source, as indicated in 

Figure 6.4, would contribute to increased high-frequency noise. It would, therefore, 

seem m ost likely th a t the inclusion of additional installation  sources is responsible 

for the  differences between predicted and test shielding levels. The shielding factor 

is sensitive to contam ination from additional sources.

N ea r-F ie ld  E x c ita tio n

Tinney and Jordan  [85] have recently described an evanescent acoustic field, which 

dom inates m easurem ents of the irrotational hydrodynam ic periphery of (coaxial) 

jets. This field is driven by the large-scale turbulent structures. The existence this 

field has been recognised for some tim e, and as far back as 1960, Howes [49] discussed 

how a m icrophone in the near-field will be subject to  fluctuations associated with 

incompressible “pseudo-sound” , which does not propagate, and compressible prop

agating sound waves. However, there  is no indication in the literature of how the 

insertion of an object in, or near, th is held influences the far-field sound. Indeed, 

it should be remembered th a t there is no consensus on large scale je t structures 

themselves (see section 3.1 or reference [51]).
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It is speculated th a t the presence of the EU ROPIV in the NACRE test may 

have scattered some of these waves to  the  far-field. This effectively means th a t 

additional sources may be present, which have not been included in the present 

shielding methodologies. Once again, any additional small am plitude source, located 

in a  disadvantages position, could be responsible for a dram atic reduction in shielding 

levels.

B ack-Scatter Source A m plification

The location of the acoustic shield near to  the je t may alter the je t source term s 

themselves. It may be possible th a t the back-scatter from the shield increases the 

term  p U i U j .  Not only would this amplify the shielded source bu t may also change 

the  source locations. As the order-of-m agnitude of this effect in not available from 

the published literature, its influence on the m easured shielding levels can not be 

assessed at this point.

6 .1 .4  P y lo n  E ffects

One remaining object present in the NACRE tests, which has not been included in 

the present assessment, is the nozzle pylon. Although the NACRE test established 

th a t ro tating the pylon position has little effect on the shielding factor, whether or 

not the presence of pylon generates noise itself, which contam inates the shadow zone 

below the shield, has not been clarified.

The best available indicator of the influence of the pylon, is from comparing 

the d a ta  with N A CR E’s predecessor, the EU FP5 funded Research on Silent Aircraft 

Concepts (ROSAS) project [32], where a w'ind-tunnel test programme was performed 

for a very similar shielding configuration with a je t sim ulator th a t had no pylon. 

A lthough the observed shielding levels were m arginally greater than  those measured 

in the NACRE test, they were still unexpectedly small. It seems unlikely, from 

comparing these sets of data, th a t the poor shielding levels can simply be a ttribu ted  

to  pylon effects.
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6.2 R em aining C onsiderations

6.2.1 Increasing th e  Shielded  A m p litud e

The suggestion tha t the shielded source is somehow greater in amplitude than the 

isolated source must tempered against the fact that the test data does not show any 

significant levels of amplification. If, for example, the amplitude of the modelled 

small-scale je t noise sources, which have been considered in this present work, was 

to be uniformly increased in the shielded case, then the shielding predictions would 

simply be shifted in the positive direction, and positive shielding factors (amplifi

cation) might be evident. As this is not to found in the data, the overall acoustic 

power from the noise source region must remain reasonably constant, between the 

isolated and shielded configurations. Additional noise sources introduced into the 

shielded case would have to be small in magnitude.

The crucial factor in the effectiveness of shielding a turbulent jet is, there

fore, the location of all the noise sources. The shielding factor is sensitive to the 

introduction of small amplitude sources, which could be generated by any of, or a 

combination of, the reasons discussed in the previous section.

6.2.2 Tw o Frequency R egim es

It may be beneficial to the assessment of jet noise shielding to define to distinct prob

lems -  low-frequency and high-frequency jet noise shielding. As has been discussed 

in this present work, there are significant challenges in identifying the location of 

low-frequency jet noise, which is paramount to shielding it. Also, low-frequency noise 

is not amenable to this reduction technique, in the first place, due to its distributed 

nature, and its long wavelength.

Referring back to the source location map in figure 5.8, it may observed that 

the jet transitions quite rapidly from a low-frequency distributed source to a high- 

frequency relatively concentrated source. The possibility of achieving reductions in 

the high-frequency content of the je t noise are much more realistic from a physi

cal point-of-view, than from low-frequency noise sources. High-frequency jet noise 

shielding may also have a greater susceptibility to small amphtude contamination
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of the shield shadow zone, than  low frequency noise.

This quite subtle distinction, of two frequency regimes, which is commonly 

used to  distinguish propagation m ethods, may be of benefit when considering the 

source itself and the shielding concept as a whole, as it would guide the design of 

experim ents and the selection of modelling m ethods. In a broader context, this 

abstraction may assist in combining aircraft engine noise issues, like core-noise, the 

use of nozzle chevrons, et cetera, w ith “high-frequency je t noise” , into a group of 

noise source types where shielding gains might be achieved.

6.2.3 Is Jet N oise Shielding a Practical Possibility?

The use of the airframe as a shield to  reduce the je t noise, which propagates tow'ards 

the ground, m ust be questioned as a plausible concept for tw'O reason. Firstly, the 

possible generation of installation sources may largely negate any reduction th a t 

m ight be expected if the jet noise source was not effected by the introduction of the 

shield. This problem might not be as significant when an external flow is present, 

as the  je t flow would be more axially compact and so interact less with the shield.

Secondly, the proposed shielding configurations are essentially low-Helmholtz 

num ber problems. Jet noise is predom inantly low-frequency (see the m easured spec

trum  in Figure 5.9), where the source is d istributed over a large spatial region, and is, 

therefore, difficult to shield. The higher frequency content, may be more amenable 

to shielding, bu t also dissipates more readily as propagates through the atm osphere 

naturally. This situation may change with the introduction of technology, such as 

chevrons, to alter the frequency content of je t noise.

6.2.4 The Shielding Factor as a A^easure?

The shielding factor compares the decibel difference between an installed shielded 

configuration and an isolated jet. Any true assessment of the  benefits of a proposed 

shielding configuration, m ust be compared with the present under-wing installa

tions, which enhance noise propagation tow'ards the ground. The installed shielded 

configuration should be offset against the installed under-wing configuration. Jets
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are never  isolated.

An underlying assum ption of the  je t noise shielding concept, to-date, is th a t 

a reduction in the far-field sound pressure levels would be a positive achievement. 

How new configurations im pact the  perceived noise levels has only been considered 

to a  very limited extent. The shielding factor takes no account of how the quality 

of the je t noise may be changed by the presence of the  shield, and how the sound is 

perceived by the only receiver of true consequence -  the hum an ear. The shielding 

factor is possibly too crude to tru ly  assess je t noise shielding configurations.

6.3 N ew  Areas of Interest

It has been found th a t the far-field reduction in the SPL levels from a turbulent jet, 

achieved by the  installation of acoustic shield in the near-field, does not m atch the 

expectations of the predicted values. It would appear th a t the positioning of the 

shield may have had a num ber of unforeseen side-eff'ects, which merit investigation.

Focused tests should be conducted, in which the  shield is removed sufficiently 

from the je t so as to avoid the complications th a t have been discussed in section 6.1. 

I t  would also be highly beneficial to do these test w ith a fundam ental je t shielding 

configuration -  a single je t with a flat plate as a shield.

T he je t noise should be m easured both  in a shielded configuration and in an 

under-wing configuration so as to  assess the improvement th a t shielded configura

tions may have over traditional under-wing installation.

More near-field d a ta  is required, for both  isolated and installed jets, to assist 

in source location, and to  evaluate the  evanescent acoustic field. Je t noise shielding 

models m ust successfully predict this simple shielding setup before it can be hoped 

to  predict realistic installed configurations.

A useful benchm ark would be to  predict the shielding from a small ideal loud

speaker source a t various locations with the  je t off (but the nozzle present). D ata  

on the interaction effect between an exterior source and the je t would also aid jet 

noise shielding assessment.

I t would be of great interest to  examine the transition  effect of progressively
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moving the shield from a far-field position into the near-field of the jet. This would 

provide substantial insight into both the location of the noise sources and the prob

able generation of additional noise sources. Indeed, it would also be of benefit to 

map the isolated jet field by moving the microphones progressively closer to the jet.

More installed flow computations are needed, and perhaps a comparison be

tween the near flow flelds from a RANS computation and a LES computation, of 

simple shielded configurations.





Chapter 7

Conclusions

• A jet noise model has been derived, which is a combination of traditional 

aeroacoustic models based on Lighthill’s analogy and, the more recent, Tam- 

Auriault model. This model has been used to locate directional point source 

distributions.

• The predicted isolated far-field sound pressure levels, from these source distri

butions, agree well with the NACRE data.

• Present methodologies to predict the far-field shielding levels, from an installed 

jet configuration, fail to reproduce the NACRE data values.

• An axial source distribution is sufficient to represent the spatial volume of the 

jet in shielding predictions.

• A scheme has been presented to divide the jet noise source region into sub

volumes. This reduces the computational demand for far-field noise predic

tions, without adversely effecting accuracy.

• Identification of source locations is critical to noise shielding predictions, whereas 

source directivity is mildly important.

•  Although isolated far-field jet noise models may be relatively robust to the 

inherent deficiencies in RANS flow solutions, installed far-field predictions ap

pear to be cjuite sensitive to these shortcomings.

119
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• The unexpectedly low shielding levels, observed at high frequencies in the 

NACRE data, are most likely due to near-field effects resultant from the intro

duction of the shield, which have not included in present shielding methodolo

gies. The assumption tha t the noise source is the same for both the isolated 

and installed configurations is mostly likely invalid.

• There is a need for focused shielding experiments with simple jet and shield 

configurations. J^lore near-field data is required for both isolated and installed 

jets.

•  There is a need for more investigations into the near-field interactions betw'een 

the jet noise source and the shielding object.

• It may be beneficial to future aircraft engine noise research to consider two 

separate frequency regimes in the jet noise source.

• The use of the shielding factor as a criteria to judge shielding configurations 

is questionable, and a metric is required, which considers perceived noise a t

tenuation.

• The shielding factor is quite sensitive to contamination from sources introduced 

with the introduction of the shield.
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The W ave Expansion M ethod

A .l  In Inhom ogeneous, Irrotational, Steady Flows

If the mean fiow is assumed to be irrotational and inhomogeneous then it can be 

modelled as a potential flow, and the governing field equation for the velocity po

tential, 4> is given by

(pV0) -  L =  0, (A.l)

where L is the complex linear operator {iu> +  u.V) and u, p, c, are the local mean

velocity, density, and speed of sound respectively. The development of a solution to

equation (A.l) begins with expanding the equation such that

(M.Vf</>-B.V(/> + K^(P = Q, (A.2)

where

B =  2ifcM + u.V I ) u + : :^ u .V u  — ^ V p ,  (A.3)
\c-^/  c-̂  p

K^ = ^ ~ i u j u . V ^ ,  (A.4)

and where M  =  u/c.

If xq is centre point in a small domain covering any stencil of the entire 

computational lattice, it follows that

V “(̂ o “  (Mq.V)^ (po ~  Bq.V(^o +  ^^0 00 =  0 , (A.5)
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where B q =  B (xq), Kq =  K'  ̂ ( xq) a.nci (^o) are constant coefficients.

Equation (A.5) is a constant coefficient, homogeneous, linear, second-order 

differential equation, which may be solved by, firstly, defining the characteristic 

equation

■ 1 -  (Mo.d)" ) -  (Bo.d) R + Kl = Q, (A.6)

where d is an a rb itrary  real unit vector. The roots of this equation are

Bo.d ±  J(Bo.d)" -  AI<1 ( l  -  (Mo.d)2
R = ------------V ^ ----------------i - , (A.7)

2(l-(Mo.d)2j

and definingC>

iBo.d ± J4K^  M -  (Mo.d)"J -  (Bo.d)
q =  iR = --------------------- -̂----------------- r------------------- . (A.8)

2 f l - ( M o . d ) 2

Therefore a fundam ental plane wave solution, (po, can be expressed as

Oo =  exp [ - iq  (d.xo)] . (A.9)

If the term s involving gradients in B and are neglected, which assumes 

th a t the nodal spacing in the  com putational lattice is small, then B =  2ikM  and 

A'2 _  Therefore, equation (A.8) reduces to

it l  — Mp.d
(̂1 + Mo.d) ( 1 - Mo.d) ’  ̂ ^

and so equation (A.9) can be expressed simply as

—ik (d.xo)
(po =  exp 1 + Mo.d

A .2 W ave Expansion D iscretisation

(A .ll)

The velocity potential a t a discrete point, ipo, (and so the acoustic pressure) may be 

computed from the am plitude and phase of M  neighbouring points. The potential 

a t each point in a domain may be approxim ated by the superposition of the field
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generated by N  hypothetical plane waves of strength 7 „ and with unit propagation

in direction d„ such that

N

00 =  ^ 7 n e x p [ -z 9 (d .x o ) ]  =  h 7 ,  (A.12)
n=l

where hn =  exp [—zg (d.xo)]. Similarly, the velocity potential at a neighbouring 

point, m , in the computational lattice, where m  =  1, 2 , M,  is given as

N

=  I n  exp [~iq  (d.Xm)] =  H 7  . (A. 13)
T} =  1

If H"*" is the pseudo-inverse of H  then

7  =  H+</,„, (A.14)

and substituting this back into equation (A.12) leads to

< ^ o -h H ^ 0 ^  =  O. (A.15)

If the he local stiffness vector for a computational lattice is kq =  —hH+, then

<f>o +  — 0 ) (A. 16)

which may be rewritten as

{ i  <"")

For the total computational domain, with a source vector, f, added to the right- 

hand-side and where k  is the overall stiffness matrix, a linear system of equations 

may be defined of the form

K(f) =  i .  (A.18)

This may, with the addition of appropriate boundary conditions, be solved for </>, a 

vector containing the velocity potential at each point in the overall computational 

lattice.
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A .3 Im plem entation  o f W EM  B oundary C onditions

The implementation of boundary conditions for this numerical method may imple

mented as follows

D irich le t

Dirichlet boundary conditions may be implemented in the WEM by simply con

straining the appropriate entries in the overall stiffness matrix.

N a tu ra l R a d ia tio n

Natural radiation boundary conditions can be imposed by only selecting the plane 

waves travelling out of the domain when assembling the stiffness matrix for points 

on the boundary. Equation (A. 16) for natural radiation boundary points becomes

'Po ^O .n a tra d  0 ■ (A.19)

N eu m an n

To impose the normal velocity of a boundary point as

d(j)B
dn VB , (A.20)

where n  is a unit vector normal to the boundary, equation (A. 13) is augmented by 

each Neumann boundary point, so that

(A.21)

✓ \  

4>m H

VB

/

> -- dh .B /d n m {t } —  H a u g y

Taking the pseudo-inverse of H,aug

7  =
VB

equation (A. 15) may be partitioned, and so becomes

(f>0 = +  ^Kug,R

(A.22)

(A.23)
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