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“Everything owes its existence solely and completely to sound. Sound is a factor which holds it
together, sound is the basis for form and shape.”

(Dr. Peter Guy Manners, 1960)



RESUMO EXPANDIDO

Introducao

Em motores turbofan com grandes razdes de passagem (High bypass ratio — HBR) de aeron-
aves modernas, o fan constitui uma das principais fontes de ruido, a qual é dependente da
condicdo de operacdo da aeronave. A geracdo aeroacustica da componente de fan vem sendo
amplamente investigada ao longo das ultimas décadas, e a reducao de suas fontes de ruido de-
pende principalmente do projeto das pds, estatores, nacele e o material aplicado para tratamento
acustico. Assim, o projeto de materiais de tratamento acustico aplicado a entrada de motores
aeronduticos, chamados de /iners acusticos, t€ém recebido grande atencdo, onde sua modelagem
€ complexa e envolve importantes varidveis como a presenca de escoamento e elevados niveis
de pressao sonora. Desta forma, suas propriedades acusticas e atenuag@o sonora proporcionada
variam com as condi¢des de voo e sua geometria. Para avaliar a efetividade desses dispositivos
em termos de propagacio a longo da nacele e a radiacao sonora para exterior do motor, difer-
entes niveis de modelagem e técnicas de predicao ja foram propostos. Efeitos de conveccgao,
reflexdo e refracdo sonora gerados pelo escoamento interno e externo e pela terminagdo da
nacele sdo comumente incorporados em ferramentas de modelagem, as quais sdo necessdrias
para esbogar o ruido gerado pela componente do fan na fase de projeto conceitual da aeronave
ou do motor.

Objetivos

O principal objetivo da pesquisa nesta tese foi desenvolver uma ferramenta de modelagem
analitica e de baixo custo para o projeto de liner aplicado na entrada de motores aeronduti-
cos objetivando mitigar o ruido de fan. Com base na abordagem modal, o presente trabalho
também abordou o efeito da atenuagdo do liner na previsdo da diretividade de radiacdo sonora
e ao longo da nacele, assumindo escoamento inviscido uniforme e nao-uniforme.

Revisao da literatura e fundamentacao tedrica

As ferramentas preditivas de ruido de fan na presenca de liners acusticos sao baseados na soma
de diversos efeitos e dependem da modelo analitica ou numérica utilizado. Tradicionalmente, os
modelos sdo utilizados para prever o impacto do ruido do fan no ruido global de uma aeronave.
Nesse caso, a abordagem modal pode ser assumida, onde a geragcdo, propagacdo e radiacao
sonora podem ser representadas analiticamente. Observa-se que os termos relacionados a efeitos
de escoamento nas condi¢des de voo tem forte influéncia na predi¢ao da propagacao e radiacao
modal, e portanto, devem ser melhor investigados.

Modelos analiticos

Algumas formulagdes analiticas, como a técnica mode matching e modelos radiag¢do, assumindo
diferentes efeitos dentro e fora da nacele de motores foram discutidas em detalhes. Os modelos
baseados na integral de Rayleigh/Kirchorff e no método de Wiener-Hopf sao utilizados para
solucdo da radiacdo em campo proximo e distante. Enquanto, a técnica mode matching pos-
sui duas condi¢des de coincidéncia nas interfaces com liner e dois modelos segmentacdo de
liner: uniforme e segmentado. A estrutura dos c6digos computacionais criado para resolver tais
modelos analiticos é detalhado (descrevendo dados de entrada e saida e o consumo de tempo



da rotina), onde as principais caracteristicas de ambos os c6digos e condi¢des de contorno im-
plementadas sdo apresentadas. Os modelos foram implementados para que sejam facilmente
integrados entre si e utilizam umsolver para determinar o nimero de onda adequado para pare-
des rigida e com impedéancia.

Avaliacio e validacao dos modelos analiticos

A investigagdo da precisdo dos modelos preditivos € feita a partir de um software de elementos
finitos especializado em propagacdo sonora de motores aeronduticos. Desta forma, um estudo
paramétrico baseado nos principais parametros de motor UHBR, em condi¢des de voo, € exam-
inado em detalhes. Os modelos implementados sdo analizados separadamente e discutidos em
relacdo as suas limitagdes. Seis modelos numéricos com diferentes caracteristicas sdo consider-
ados para avaliar modelos analiticos implementados. Como principais resultados, é observado
que a variacdo de secdo e de velocidade do escoamento ao longo da nacele, espessura e forma
da borda da entrada da nacele modificam a solugdo interna e externa do duto de entrada. Emb-
ora essas variagcoes sejam esperadas, € possivel observar que os erros encontrados sao pequenos
quando comparados com os niveis globais previstos.

Efeitos do escoamento nao-uniforme na transmissao sonora

Os efeitos do escoamento nao-uniforme sobre a propagacdo sonora considerando a discon-
tinuidade das transicoes liner-parede rigida sdo explorados em termos da espessura de camada
limite e impedancia acustica. O principal ponto desta andlise € entender o comportamento do
liner na presencga de diferentes condi¢des de voo e como a propagacdo sonora € afetada por
tais efeitos. Com base na equacdo de Pridmore-Brown, investiga-se os efeitos de velocidade de
escoamento e espessura de camada limite com &nfase para atenuagdo de modos de alta ordem
(por serem as componentes dominantes do ruido de fan na condi¢do de decolagem e cruzeiro).
E observado que a espessura de camada limite é de grande importancia na predigio da aten-
uacdo sonora, levando a diferenca significativas quando comparada com a modelagem usando
escoamento uniforme. Essas variagdes também foram confirmadas para outras configuracdes de
liner por meio de uma andlise parametrica de impedancia.

Efeitos do escoamento no ruido radiado em campo distante

As condi¢des operacionais consideradas no capitulo anterior sdo investigados com relacdo os
efeitos do escoamento interno e externo na nacele, em termos de campo distante. Assim, 0s
efeitos convectivos fora e dentro do motor sdo investigados assumindo velocidade igual (M, =
M) e diferentes (M, > M..). E observado que a diferenca de velocidades modifica o padrio
de diretividade, especialmente na regidao do 16bulo principal de radiacdo sonora que depende
da condicdo de operacdo. Além disso, na condi¢do de teste estatico (M,, = 0), o aumento
de escoamento interno desloca o 16bulo principal de radiacdo sonora para o eixo de entrada
da nacele, isto ¢, com 6, , — 0°. Em contraste, se a velocidade no campo distante aumenta,
nas mesmas condicdes, o lobulo principal tende a ser ortogonal a entrada do motor (Oﬁn,n —
90°). Em seguida, a aten¢ao é mudada para o equacionamento que permite a integracao direta
entre um modelo de radiacdo e a técnica mode matching. Esse modelo analitico hibrido "mode
matching + modelo de radiacdo" fornece uma ferramenta prética para a previsao de padroes de
radiacdo de campo distante para dutos assimétricos em freqiiéncias e condi¢des de escoamento
de interesse pratico para aplicacdo em motores aeronauticos, incluindo os efeitos de refracao



gerados pela presenga de escoamento interno ndo uniforme. O efeitos de reducdo de atenuagdo
do liner com aumento da espessura de camada limite do escoamento e de impedancia do liner
observados no capitulo anterior, também sao confirmados em termos de radiagdo sonora para o
campo distante.

Consideracoes finais

Todas as ferramentas para predicao do ruido de fan e para o projeto de liners desenvolvidas neste
trabalho possuem suas limitacdes que devem ser posteriormente investigadas. A integracao di-
reta entre os modelos de radiacdo e as técnicas mode matching se mostra robusta o suficiente
para entregar uma primeira estimativa do ruido em termos de campo sonoro interno e externo a
nacele. O modelo analitico de atenuacdo sonora demonstra a importancia de incluir a espessura
de camada limite no projeto do liner. Entretanto, a andlise estd limitada para dutos de secdo
constante e sem reflexdo na saida do duto, condi¢des que podem nao ser genérica para todas as
condic¢des de fonte sonora e de voo de motores aeronduticos. De forma geral, este trabalho en-
globa a constru¢do de uma metodologia baseada na propagacao e radiacdo de modos acusticos
para representar as fontes de motores reais. Tais ferramentas sdo necessarias na fase conceitual
do projeto para projetar a atenuacio adequada para essas fontes. Se todos os resultados e as
discussdes alcancgados a partir dos capitulos sdo analisados em conjunto, conclui-se que a ferra-
menta proposta possui grande potencial para andlise da reducdo do ruido de fan em condi¢des
realista de voo (em alta frequéncia e com camada limite) e que possui versatilidade suficiente
para inser¢do de melhorias nos modelos atuais ou novos modelos.

Palavras-chave: Ruido de fan. Liner acustico. Motor turbofan. Modelo de radiacdo. Técnica
mode-matching. Escoamento ndo-uniforme.



RESUMO

A previsao do ruido gerado por motores aeronduticos, em condi¢cdo de voo, € uma ferramenta
importante para o projeto de uma aeronave ou um motor. Tais ferramentas possibilitam investi-
gar o ruido de diferentes componentes desses motores, dentre os quais o ruido proveniente do
fan pode ser mais significativo em determinadas condi¢des de voo. Em geral, o campo sonoro
gerado pelo fan dentro da nacele pode ser computado por meio de uma representacdo modal,
a qual pode ser correlacionada com os diferentes mecanismos de geracdo sonora como ruido
tonal (devido ao movimento periddico) e de banda larga (associado com escoamento turbu-
lento). Para reduzir o ruido de tais mecanismos, /iners actsticos sdo comumente utilizados, os
quais, em geral, sdo modelados como uma impedancia acustica localmente reativa. No entanto,
sob condicdes realistas de escoamento, as propriedades de absorcdo acustica dos liners e a
mitigacdo de ruido resultante podem ser afetadas, o que pode levar a uma reducio na sua efi-
ciéncia e a modificacio da direcionalidade do ruido resultante em campo distante. Desta forma,
o principal objetivo do presente estudo pode ser dividido em duas partes. O primeiro € ded-
icado ao desenvolvimento de uma ferramenta analitica para estimar a atenuagdo do ruido do
fan provocada pelo liner em termos de propagacdo interna e radiacao em campo distante. Em
outras palavras, desenvolver uma ferramenta de predicdo que possa ser utilizada no projeto do
tratamento actstico de naceles na presenga de escoamento realistico ainda na fase de projeto
conceitual. A segunda parte € comparar o efeito da atenuagdo do /iner no campo distante para
diferentes condi¢cdes de contorno que representam os liners, envolvendo escoamentos médios
uniforme e nao-uniforme. Neste caso, as condi¢cdes de contorno de Ingard-Myers e Brambley,
bem como a solu¢do de Pridmore-Brown sdo usadas para estimar os efeitos de atenuacdo do
liner na presenca de uma camada limite com espessura finita. Para o som irradiado para fora do
duto foram implementadas as formulacdes de Rayleigh, Kirchhorff e Wiener-Hopf para campo
proximo e distante. O estudo foi conduzido considerando parametros tipicos da geometria de
naceles e as condi¢des de operacdo de motores turbofan modernos. Para os casos de escoa-
mento uniforme, uma solugao de referéncia foi obtida a partir de um cédigo baseado no método
de elementos finitos e usada para validar os modelos analiticos, os quais sdo baseados na téc-
nica de mode-matching e em modelo de radiacdo. Os resultados dentro do duto, em termos de
perda de transmissao e taxa de decaimento modal sugerem que uma espessura de camada limite
crescente implica na redugdo direta da atenuacao sonora do liner aplicado ao intake do motor.
Além disso, a interacdo entre os efeitos de refracdo e a resisténcia e reatancia do liner pode
ser de natureza complexa, onde o efeito da camada limite depende fortemente da impedéncia
do liner, e os dois nao podem ser separados. Por outro lado, os modos transmitidos podem ser
acoplados a um modelo de radiacdo analitica para computar a solu¢do em todo o dominio. Os
resultados sugerem que a espessura da camada limite influencia diretamente no espalhamento
modal produzido pelas descontinuidades do liner, o que pode resultar em um comportamento
complexo (com uma redistribui¢do da energia acustica em outros modos propagantes) em ter-
mos de radiac@o de ruido. A partir da integracio destas abordagens estudadas, € possivel obter
uma ferramenta de engenharia simples e rdpida para investigar diretamente como as varidveis
relacionadas a impedancia do /iner influenciam o ruido do fan nas etapas de propagacdo e radi-
acao.

Palavras-chave: Ruido de fan. Liner acustico. Motor turbofan. Modelo de radiacdo. Técnica
mode-matching. Escoamento ndo-uniforme.



ABSTRACT

The prediction of noise generated by aero-engine components and their mutual interaction for
in-flight condition is an important tool for the aircraft design. Such tools make it possible to
investigate the noise of different elements of these engines, in which fan noise may be the most
significant under certain flight conditions. In general, the sound field generated by the fan within
the nacelle can be computed employing a modal representation, which can be correlated with
different sound generation mechanisms such as tonal (due to periodic movement) and broad-
band noise (associated with turbulent flow). In order to reduce these noise sources, acoustic
liners are commonly used for noise control, which are frequently modeled as a locally reacting
acoustic impedance. However, under realistic flow conditions, the acoustic absorbing properties
of liners and the resulting noise mitigation can be affected, which may lead to a reduction in
their efficiency and modification of the far-field sound directivity. The main goal of the present
study can be divided into two parts. The first is dedicated to develop an analytical tool regarding
fan noise attenuation by the acoustic liner in terms of in-duct propagation and far-field radiation.
In other words, it relates to the development of a prediction tool to design intake nacelles with
acoustic liner in the presence of realistic flow for the conceptual design phase. The second part
is to compare the effect of liner attenuation in the far-field for different boundary conditions
representing the liners, involving uniform and non-uniform mean flows. In this case, Ingard-
Myers and Brambley boundary conditions, as well as the Pridmore-Brown solution, are used to
estimate the liner attenuation effects in the presence of a boundary layer with a given thickness.
For radiated sound, the Rayleigh, Kirchhoff, and Wiener-Hopf formulations for near- and far-
field were implemented. The study was conducted considering typical geometry and operating
conditions of modern turbofan engines. For uniform flow cases, a reference solution was ob-
tained from a finite element method code and used to validate the analytical models, which are
based on the mode-matching technique and analytic radiation model. In-duct results in terms of
the power transmission and modal decay rate along the duct suggested that the influence of the
boundary layer thickness can lead to a significant reduction on intake liner attenuation. Besides,
the interaction between refractive effects and liner resistance and reactance can be complex,
where the boundary layer effect strongly depends on the liner impedance, and the two cannot
be separated. On the other hand, the transmitted modes were coupled to an analytic radiation
model for the entire solution. Moreover, the results suggested that modal scattering produced by
liner discontinuities results in a complex behavior (in terms of the redistribution of the acoustic
energy onto cut-on modes) in terms of noise radiation. By integrating the analytical approaches,
it is possible to obtain a fast and straightforward engineering tool for investigating directly how
the liner impedance quantities influence the fan noise in propagation and radiation modeling.

Keywords: Fan noise. Acoustic liner. Turbofan. Radiation models. Mode-matching scheme.
Shear flow.
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1 INTRODUCTION

1.1 CONTEXT

The use of single-jet turbojet engines became the predominant form of aeronautical propul-
sion after the World War II. In the 1960s, this type of propulsion was extended to turboprop
engines. Later, a large fan was introduced in the engines, which allowed it to drive the inflow to
pass only partially through the compression stages (and in the additional duct named by-pass).
The proportion between flows through the by-pass and compression stages defines the ratio of
the mass flow, which is related to the efficiency and consumption of the turbomachine. The
ratio of the mass flow of air by-passing the engine core divided by the mass-flow of air passing
through the core is referred to as the by-pass ratio (BPR).

In order to increase performance and reduce fuel consumption, new architectures tend to
turbofan engines with high BPR, and consequently, with higher diameters (SMITH, 2004). In
addition, to reduce the weight brought by these geometries, it is necessary to reduce the length
of the nacelle in order to gain compactness. This architecture has improved the performance of
the new generation of engines while reducing jet noise, which was the dominant engine noise
source for aircraft, as shown in Figure 1. Most of the airflow through a high-bypass turbofan
has a lower velocity: even when combined with a much higher velocity engine core exhaust,
the average exhaust velocity is considerably lower than in a pure turbojet. For this very reason,
turbofan engines are significantly quieter than a pure-jet engine of the same thrust, and jet noise
is no longer the predominant source.

The noise of the fan has become one of the major contributions of modern turbofan and
aircraft noise in general. The International Civil Aviation Organization (ICAO) and airport reg-
ulations are becoming increasingly restrictive, and, therefore, the reduction of this noise com-
ponent is essential for both engine and aircraft manufacturers (see Figure 2). The international
standards define three certification points to evaluate the aircraft community noise: two points at
takeoff known as sideline and flyover (or flyover cutback), and one point at approach. The per-
centages in Fig. 2 are defined in terms of the Effective Perceived Noise Level (EPNL)!, which
is the metric defined by the standards to evaluate the noise impact.

The fan stage is composed of two main elements, which are the fan (rotor) and the out-

' The EPNL is an indicator of airplane noise at a certification point, integrated over time and filtered from the

maximum level to account for psychological factors related to the human ear, which is measured in EPNdB.
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Figure 1 — Evolution of the directivity and the relative levels of the different sources as a func-
tion of engine architecture (or ratio of the mass flow): (a) low BPR (single flow

turbojet). (b) High BPR (turbofan engine).
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Source — Adapted from Smith (2004).

Figure 2 — Relative importance of the noise source on a commercial aircraft for the three control
points of the ICAO certification.

Approach Flyover Sideline
2% 1%1% g% 2% 3%, %
(1]

24%

52%

32%
[]Fan intake [l Fan exhaust [N Jet [ Airframe [ Combustion [ |Turbine |

Source — Adapted from Cadot-Burillet et al. (2007).
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let guide vanes (OGV) or stator, both placed inside the nacelle, as shown in Figure 3. In the
primary circuit (red arrow), the airflow is compressed by the compressor and expanded by fuel
burning in the combustion chamber, passing through the turbine stages, which powers the fan
and compressor. The rest of the flow (blue arrow) is directed to the OGV where it is straightened

to increase the thrust.

Figure 3 — Representation of a turbofan engine with a high BPR. (1): nacelle; (2): fan; (3): sta-
tor (or OGV); (4): engine section stator; (5): low-pressure compressor; (6): high-
pressure compressor; (7): combustion chamber; (8): high-pressure turbine; (9): low-
pressure turbine; (10): nozzle; (11): acoustic treatment. The red and blue arrows
represent the primary and secondary flows, respectively.

Source — Adapted from Rienstra (2016a).

An essential aspect for the design of the nacelle is the presence of the acoustic treatment
(element 11 in Fig. 3) known as liner. Commonly, the structure of the liners is composed of
three constructive elements: perforated plate, honeycomb structure, and rigid plate, as shown
in Figure 4. These coupled elements act as Helmholtz resonators that are designed to operate
in the frequency range of interest. In the most common variations, the liners may have a metal
mesh covering the perforated plate (wire mesh liner), two or more liner layers (multiple degrees
of freedom — MDOF - liner ), axially segmented configuration, etc (LEYLEKIAN; LEBRUN;
LEMPEREUR, 2014). In general, the liners are located inside the nacelle, in the inlet ducts
and/or by-pass (see Figure 3), where the perforated plate is subjected to the tangential flow
and the acoustic field generated by the different sources inside the engine (fan, core, compres-
sor, etc.). The sound attenuation produced by a liner is an interplay between thermo-viscous

dissipation inside its holes and the interaction with the grazing flow (EATON, 1999).
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Figure 4 — Representation of typical liners applied to the aeronautical industry: (a) Single DOF
liner; (b) Wiremesh liner; (¢) Double DOF liner.
®) /Wiremesh

Perforated plate

Source — Adapted from Smith (2004).

The prediction of fan noise can be a complex task due to its interaction with the liners,
affecting the sound propagation and radiation to the far field. In addition, fan noise sources at
different operating condition may also behave differently and need to be properly accounted
for. One of the major sources of fan noise is the fan tone at the blade-passing frequency (BPF)
caused by the periodic loading of the air mass closer to rotor blades. On the OGV interaction,
it is responsible for the excitation of high and low order propagation modes along the engine
duct. Besides, the interaction between turbulent flow and the edges of the rotor blades and OGV
greatly contributes to the overall broadband noise (BB) level radiated to the far field (see Figure
5). Moreover, if the Mach number measured at the blade tip (and relative Mach number?), is
supersonic (two bottom spectra in Fig. 5), shock waves attached to the blades generate multiple
pure tones, harmonics of the rotation frequency, also called buzz-saw noise (BS).

The behavior of tonal and broadband noise was investigated experimentally by Tyler and
Sofrin (1962) using a modal decomposition of the in-duct acoustic field, and the conditions
under which the excited modes propagate or decay was verified. The study demonstrated the
critical relationship between in-duct modal content and the far-field directivity patterns. In this

sense, the prediction of far-field fan noise by means of a modal representation involves three key

2 Absolute value with respect to axial and blade tip Mach number values in front of the fan plane.
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Figure 5 — Example of narrowband spectra in the inlet duct of a turbofan for different relative
Mach number. €2 and €2 are actual and maximum speed rotation, respectively.
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Source — Adapted from Lewy (2002).

elements: modal content generated at the fan plane, the in-duct propagation and the modal ra-
diation efficiency. Thus, the complexity in the prediction of this noise component usually leads
to a segmentation of the problem by modeling separatly the source, in-duct propagation and
radiation to the far-field as shown in Figure 6. Black arrows represent the sound transmitted be-
tween the interfaces. In terms of the modal approach, the sound generation caused by unsteady
flow fluctuations excite propagating modes, which propagate inside the inlet or exhaust duct
and then are radiated to the free field. Each region is modeled based on their physical particular-
ities (boundary conditions, physical characteristics, etc.) and may consider different prediction
approaches (numerical, analytical, semi-empirical, etc.).

The importance of advanced simulation capabilities for fan noise prediction is demon-
strated by the fact that most organizations and institutions have their own in-house software for
fan noise predictions. An important step to further improve the overall noise prediction is the
combination of different methods with different levels of accuracy. The most prominent exam-

ples of tools to investigate sound radiated from the aircraft and aero-engines were developed
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Figure 6 — Typical divided regions used to predict fan noise in engines: sources generation, prop-
agation and radiation.

Radiation

ropagation

Source — Adapted from Rienstra (2016a).

by the main research institutions and aerospace agencies. These tools are developed to address
overall aircraft/engine noise at the conceptual design stage, where available input data is limited
in quantity and complexity. One may cite some prediction tool examples such as Aircraft Noise
Prediction Program (ANoPP and ANoPP 2.0) (GILLIAN, 1982; LOPES; BURLEY, 2016), Si-
lencer Common Platform for Aircraft Noise calculations (SOPRANO) (OOSTEN; COLLIN,
2014), Infrastructure for Evaluating Air Transport Systems (IESTA) (MALBEQUI; ROZEN-
BERG; BULTE, 201 1) and Parametric Aircraft Noise Analysis Module (PANAN) (BERTSCH;
GUERIN, et al., 2011), which were developed by NASA (American aerospace agency), AN-
OTEC (European aero-noise consulting), ONERA (French aerospace agency) and DLR (Ger-
many aerospace agency), respectively. These prediction tools focus mainly on the low-cost,
overall noise and physics—based approaches such as analytical and semi-empirical models.

In contrast, numerical simulations must allow to precisely model the mechanisms of gen-
eration, propagation, and radiation of noise. However, the differences between aerodynamic and
acoustic fluctuations require sufficiently mesh sizes and small time steps to capture the physics
of the problem. The mesh domain must also be large enough in order to contain all the sources
and receivers. In such cases, the direct methods (DNS, Direct Numerical Simulation (ZHANG;
BODONY, 2016), LES, Large-Eddy Simulation (LEONARD et al., 2016), LBM, and Lattice
Boltzmann Method (CASALINO; HAZIR; MANN, 2016)) are very appealing but also costly
in terms of computing time and can currently be applied to simplified configurations. Thus,

hybrid methods in computational aeroacoustics (CAA) context provide less expensive meth-
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ods that consist of decoupling computational fluid dynamics (CFD) and acoustic calculations.
For the acoustic part, the boundary element method (BEM) for homogeneous (DUNN, 1997)
and non-homogeneous (MANCINI et al., 2016) propagation media, finite-difference method
(FDM) (GABARD; BRAMBLEY, 2014), discontinuous Galerkin method (DGM) (RARATA,
2014; GABARD; DAZEL, 2015) and finite element method (FEM) (ASTLEY, 2009; ASTLEY;
SUGIMOTO; MUSTAFI, 2011; OZYORUK; ALPMAN, et al., 2004; MUSTAFI, 2013) repre-
sent the most common approaches. These numerical methods may be applied to solve the Euler
and Navier-Stokes equations, in the complete or linearized form, considering the presence of
the mean flow. For the aerodynamic part, in general, the simulation accuracy and computational
cost applied to the region of the engine being studied depends on the flow characteristics being
considered (inviscid, irrotational, etc.). In studies considering some arbitrary mean flows for
intake regions (RARATA, 2014; MUSTAFI, 2013), it is observed that the temperature gradient
and the turbulent flow intensity are small and, the adiabatic and irrotational flow hypothesis can
be generally assumed.

These methods are excellent tools to study, in depth, the noise mechanisms and prop-
agation conditions that arise from the source in the ducted fan stage. However, it remains
particularly expensive to solve a propagation problem such as the fan inlet with a fully three-
dimensional geometry. On the other hand, the calculation cost is currently too great to be used
as pre-design tools, especially during preliminary parametric studies. This is why the analytical
approaches remain quite useful and will be detailed in the continuation of this work.

The analytical modeling of the transmission and radiation of sound in ducts is reviewed
by several authors (RIENSTRA, 2016a; EVERSMAN; HUBBARD, 1991; SHUR et al., 2016)
in terms of modal approach. Some works focus on an infinite straight, circular duct (assuming
most inlets are nearly circular), where the reflections and mode radiation are neglected, and the
duct has a smooth geometry so that the aerodynamic flow is stable and total pressure losses
are small. At typical BPF, the acoustic wavelength is of the order of one-tenth of the inlet duct
diameter (MCALPINE; ASTLEY, et al., 2006), so changes in the duct diameter and the mean
flow are generally assumed small, at least over an acoustic wavelength. For practical purposes,
some of these approaches are also used to investigate the modal absorption rate due to the liner
presence employing parametric studies (GABARD, 2016) (e.g., for a given frequency, mode
order and Mach number) or considered an optimized noise reduction study for broadband and
tone components (MCALPINE; ASTLEY, et al., 2006; LAFRONZA et al., 2006; SPILLERE,;

CORDIOLI, 2019). Moreover, other studies assuming the sound transmission in slowly varying
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ducts were carried out for the same purposes for different flow cases and liner configurations
(RIENSTRA, 1999; OVENDEN; RIENSTRA, 2004; RIENSTRA, 2016b).

In general, the noise reduction depends on the characteristics of the mean flow and other
parameters such as liner geometry and acoustic sound pressure level (SPL) (SPILLERE, 2017).
Usually, acoustic liners are represented as a locally reacting wall impedance, leading to different
wavenumbers and mode shapes in the lined section, as opposed to a hard-walled duct. If the
flow profile is taken as uniform, the acoustic particle displacement is assumed to be continuous
across a thin vortex sheet over the liner surface. This set of assumptions constitute the basis
of the Ingard-Myers boundary condition (INGARD, 1959; MYERS, 1980), which has been
thoroughly used to represent the interplay between the flow and the acoustic impedance that
represents the liner within the duct.

Over the past years, many studies have shown that this assumption may lead to erro-
neous predictions in modal attenuation (GABARD, 2016), which in turn can yield inaccurate
far-field predictions (MUSTAFI, 2013). Other issues related to the Ingard-Myers boundary con-
dition include time domain instabilities (BRAMBLEY, 2009) and differences between educed
impedances using downstream and upstream propagating waves (RENOU; AUREGAN, 2011;
BODEN et al., 2017). These studies show that the design of acoustic linings for inlet applica-
tions must include careful consideration of boundary layer effects.

When predictions of the radiated noise are required, recourse usually is made to a simpli-
fied model of a cylindrical axisymmetrical duct with mean flow. Most of the proposed solutions
are based on strong assumptions (for very long wavelength (LEVINE; SCHWINGER, 1948))
or strongly idealized situations, such as a zero thickness duct wall (HOMICZ; LORDI, 1975;
RIENSTRA, 1984; MUNT, 1990) or an infinite flange (TYLER; SOFRIN, 1962; MORFEY,
1969). Numerical simulations with finite or boundary elements (MUSTAFI, 2013; DUNN;
TWEED; FARASSAT, 1999; LIDOINE et al., 2001) can also be used, but they are not very
conducive to physical insight or the implementation of optimization methods.

An important aspect addressed in the present work, but not dealt with in previous studies,
is the effect of the boundary layer and flow profile on the intake duct that include the liner
interfaces. As far as we know, no previous research has investigated this issue for turbofan
intake applications where the liner section has a significant effect on the noise radiated from
the exit duct. Also, the use of an in-duct model coupled to a radiation model has the advantage
of shorter computational times as well as providing the possibility of gaining some physical

understanding of the problem separately.
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Despite the fact that the numerical and analytical methods are well developed for predict-
ing the propagation of sound on subsonic flow regimes, some limitations have been observed.
Most of them are based on a convective theory and cannot capture the propagation within a non-
uniform flow, which is strongly influenced by the operating conditions. Moreover, the effect of
refraction is inappreciably exploited when the liner discontinuities and far-field modeling are

considered.

1.2 AIM AND OBJECTIVES

The main objective of the research in this thesis is to develop a semi-analytical tool to
predict the far-field fan noise based on a modal approach. As a essential requirement, the tool
must capture the effects caused by the interplay between liners and different flow conditions on
the noise calculations. Moreover, this study aims at verifing the extent to which typical modeling
assumptions, such as an uniform flow can affect the far-field prediction. Other contributions can

be structured in the specific objectives, which are listed below:

e Develop a computational tool for calculation of the sound propagation and radiation from
the inlet duct of a turbofan engine, considering the modal approach, which should allow

to assess the effectiveness of different liner configurations.

e Evaluate the relevance and the limitations of numerical and asymptotic methods used
on the problem of the intake configuration. In this case, the acoustic field in the duct
should be simulated to assess the accuracy of the analytical methods by means of a FEM

commercial code.

e Use different approaches to analyze the physical phenomena governing acoustic propaga-
tion and radiation of the inlet ducts and isolate the influence of the different parameters of
the problem such as acoustic treatments, geometry and shear flow for tone (single mode

analysis) components.

e Investigate the boundary layer effects on the liner attenuation and, consequently, its influ-

ence on the radiation directivity, considering uniform and shear flows.

1.3  DOCUMENT STRUCTURE

This thesis consists of 7 chapters organized as follows:
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Chapter 2 provides a literature review. First, the basic equations of duct acoustics are re-
viewed. This is important for two reasons: (i) the methods and techniques implemented in this
thesis are based on the fundamentals of duct acoustics; and (ii) the key concept of a prediction
tool for fan noise reduction is based on the duct acoustics formulation and its relationship with
the non-uniform mean flow and acoustic impedance. On the following, details about modeling
approaches in fan noise context regarding the main characteristics of prediction tools, special-
ized methods and techniques, and acoustic liner representation are given. Moreover, a brief
explanation is given about the noise source representations by means of the modal approach.

Chapter 3 describes the predictive semi-analytical models implemented in this thesis.
Two mode matching schemes (for uniform and segmented liners) and two matching conditions
are shown in details. Additionally, the radiation models for different duct ends are also briefly
presented and their main characteristics are discussed. On the following, the basic structure of
the code is provided, where the inputs of these models are mainly linked to (i) air properties, (ii)
liner geometry and (iii) operating conditions.

Chapter 4 investigates the accuracy of these predictive models by using a finite element
(FE) specialized software. A compressible parametric study based on typical engine parame-
ters is explored in detail. Both in-duct and radiation models are also examined separately and
discussed regarding their limitations in the present work. Six numerical models with different
characteristics are considered to evaluate these analytical models.

Chapter 5 concentrates on the effect of the boundary layer thickness applied to circular
lined ducts with discontinuities, with emphasis on the sideline, cutback, and approach oper-
ating conditions. This chapter aims at including the impact of non-uniform flow on the liner
attenuation performance. More specifically, this is done considering typical parameters of the
inlet duct and applying different boundary conditions (described in Chapter 2), which are com-
pared in terms of the modal decay rate along the duct and sound power transmission. Also, an
impedance parametric study is conducted in order to verify if the effects observed previously in
the course of the chapter are also presented in other conditions.

Chapter 6 investigates sound attenuation prediction in the far-field noise, due to the pres-
ence of shear flow in the in-duct propagation. Details about the numerical formulation to couple
the analytic radiation model to a mode-matching scheme are given. On the following, effects of
mean flow velocity and boundary layer thickness are investigated for a typical turbofan engine,
which is presented in terms of the radiated far-field sound. Moreover, employing the impedance

parametric study investigated in Chapter 5, the attenuation and scattering effects are also anal-



ysed in the far-field predictions.

Chapter 7 presents the overall conclusions and recommendations for future works.

38
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2 LITERATURE REVIEW AND THEORETICAL BACKGROUND

This chapter describes the literature review and theoretical modeling used in this thesis
to describe the propagation of sound in the engine intake ducts and radiation to the far-field.
This chapter starts with a review of duct acoustics in the presence of flow and a lined sur-
face. Subsequently, a description of typical modeling tools used in aeronautical applications is
given. These tools provide a basic understanding of the modeling capabilities of the different
approaches. Also, the main methods and techniques in fan noise modeling are described, fol-
lowed by a review of the most recent studies related to impedance models for the representation

of acoustic liners.

2.1 DUCT ACOUSTICS

In this section, the governing equations and boundary conditions are presented. Initially,
we seek the wavenumbers and mode shapes at the rigid and lined sections in the presence of
uniform and shear flows. On the following, we introduce some important concepts related to

the eigenvalue problem for hard-walled and lined duct assumed in the next chapters.

2.1.1 Governing equations

Consider a duct of radius a* with a lined section of length L*, locally reacting impedance
Z* and cylindrical coordinates, as shown in Figure 7. In the presence of an inviscid compressible

flow, the governing equations are given by the Euler equations

Figure 7 — Straight duct with a lined segment and shear flow.

<
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Source — Own authorship.
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dp*
V-(p'u*)=0 2.1
Dou*
* Vp* =0 2.2
P Do T VP ; (2.2)
Dop* QDOP*
— = 2.3
DO D (-3)

where p* is the fluid density, ¢* is the time, u* is the velocity vector, p* is the pressure and ¢ is
the speed of sound and Dy /Dt = 0/0t + u,0/0x is the material derivative in the non-stationary
fluid (or in the frequency domain Dy/Dt = iw + ugd/0x). The superscript * denotes physical
variables. At this point, it is convenient to introduce the non-dimensional variables:

* %2

p=1p"/py t=tcg/a’, x=x"[d", p=p"/pcg,
u=u"/c;, Z=27"/pics, M =uj/c,

(2.4)

where p; 1s a reference density, x is the coordinate vector, M is the flow Mach number and Z is
the liner impedance. The linearization of the equation can be performed by introducing a steady

mean flow and small unsteady acoustic pressure p of angular frequency w, so that

u=ug+ u, (2.5)
p=po+D, (2.6)
p=pot @

Assuming a modal solution, the in-duct pressure field can be described as the sum of

acoustic modes of the form of

[D, 1, p] = [p, 0, p] exp(iwt — ik, & — iMep), (2.8)

where m is the azimuthal mode order, - denotes the harmonic variable, and k,, ,, is the axial
wavenumber. Assuming a homoentropic relation and that the sound speed is radially uniform

(i.e. p = D), the linearized Euler equations can be written in cylindrical coordinates as

d 1 i
i(k — My )P — ikt + (5 n ;) b — Ime —0, (2.9)
M
ik + ik — M)t + C;—@ —0, (2.10)
T
% +i(k — Mk, )0 =0, (2.11)
T

ik — M )i = 0 (2.12)
T
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where k = w*a* /c}; is the non-dimensional wavenumber and 1, v and 1 are the acoustic velocity
components in axial, radial, and azimuthal directions, respectively. Equations (2.9) to (2.12) can
be combined to form the Pridmore-Brown (PRIDMORE-BROWN, 1958) equation

@ 1+ 2k dAMY dp
dr? k— Mk, dr ) dr

(2.13)
m

(= Mb? = K2 = 5 ) =0
although the system of equations is preferred when solving it numerically by means of finite
difference or spectral methods. In the case of uniform flow, the Mach number M becomes
My, and dM/dr = 0, such that the Pridmore-Brown equation is simplified to the convected
Helmholtz equation (CHE)!,

. . ; 2
— + -+ ((k:—Mokm,n) —k?m——Q)ﬁ:O, (2.14)
’ r
which satisfies the dispersion relation
Oé?n,n + k72n7n = (k - MOkm,n)Qy (215)

for each pair of modes (m, n) and radial wavenumber ., ,, value. The solution of the pressure
field in Eq. (2.14) is given in the form of Bessel functions of the first kind and azimuthal de-
pendence J,,, (i, 1) exp(—imep) for both right- and left-running modes (or downstream and
upstream propagation, respectively). In Eq. (2.13), the Pridmore-Brown modes are generically
written as W, ,(r) exp(—imy) for both directions as well. For each acoustic velocity compo-
nent or pressure we can assume modal shape solutions of the form W,, ,,(r) exp(—imyp) =
[P(r), U(r), V(r), W(r)] exp(—imep).
The expressions of the general solution in terms of pressure and axial acoustic velocity?
on any section of duct, for both Egs. (2.13) and (2.14), are given by
plx,r,p) Z menx'r‘go + D, 7, 0)],  with
m=—o00 n=1 (2.16)

—i _ .t
pi:’b,n (27, T, SO) = A’r:‘:z,n\pm,n (7“)6 ime—ikm n

and

w(x,r, ) Z Z W2, 0) + g, (2,7, )], with

m=—oo n=1
N 2.17)

k. - o
+ + —ime—ikm nx
Up, o (T,7,0) = —k e MAmn\If n(r)e
Note that M is also the centerline Mach number for shear flow case.
It is not demonstrated here but it is straightforward to find pressure and acoustic velocity relation from the
momentum conservation equation (Eq. (2.2)).
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where A,,,, is the pressure modal amplitude. For Eq. (2.14) (i.e. corresponding to uniform
flow solution) ¥, ,,(r) = Jy(@m,r) and for Eq. (2.13) the pressure modal form is used
U, n(r) = P,n(r). The sign + denotes the propagation directions along the duct, which is
assumed as positive direction for wave in the same direction of the mean flow (or downstream
propagation), otherwise when it is against the mean flow (or upstream propagation) the propa-

gation is negative.

2.1.2 Boundary conditions

In the presence of mean flow, in order to address the the wall boundary condition that
representing the acoustic liner, this Section is divided into: uniform and shear flows. For slipping
mean flow or uniform flow, it is introduce the boundary conditions in the context of the CHE in
Eq. 2.14. On the following, in the case of shear flow, we assume that there is no mean flow at

the duct wall, such that the standard relation of hard-walled and lined duct is used.

2.1.2.1 Uniform flow

In hard-walled ducts, the normal acoustic velocity at the wall is zero, or
u-n=0, (2.18)

where n is a unit vector normal to the wall. Therefore, the derivative of pressure must vanish
(i.e., by means of the momentum conservation equation), and the radial wavenumbers o, ,,
must satisfy

J! () = 0. (2.19)

The spatial distribution of the normalized acoustic pressure is illustrated in Figure 8 for
four different modes (and four Bessel roots of the Eq. (2.19)). In our notation, the circumferen-
tial order is assumed —oo < m < oo and radial order n > 1. Note that the nodal lines of higher
modal patterns (i.e., |m| > 1 or n > 2) are visible in the duct cross-section and the transversal
pattern is rotating along the duct for higher circumferential modes (|| > 0), which are usually
called spinning modes. The radial acoustic pressure distribution of the spinning modes is con-
centrated at the duct wall with increasing circumferential order, which spirals around the x-axis
with a constant spin pitch 27m/|Re(k, ,,)|. For uniform flow cases, these Fourier-Bessel modes

still are solutions that satisfy the Eq. (2.19).
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Figure 8 — Modal form and propagation pattern of acoustic modes in cylindrical ducts.
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Source — Own authorship.

From Eq. (2.15), the axial wavenumber can be calculated as

k’ la% 2
+ . _ B 2 m,n
kmm_l_Mg[ Moi\/l (1 MO)< . )] (2.20)

with Im {i\/l —(1— M) (amm/k)z} < 0. In a rigid-wall duct, only a finite number of

modes can propagate and transmit acoustic energy. These modes are called cut-on modes and

can be found by using the following definition (also called cut-off ratio):

= r (2.21)

L 7

where 7),,, , > 1 means that mode is cut-on, otherwise it is cut-off (also called evanescent mode).

Later, a similar cut-off parameter will be necessary to identify general trends in the modes (e.g.
in terms of absorption rate or the influence of the boundary layer’) defined by Rice (1978) as

follows
3

These both cut-off definitions are derived for uniform flow, it is also useful for sheared flows to order the
acoustic modes.
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Figure 9 — Illustration of cut-on phenomena of a higher-order mode (without mean flow) and
the influence cut-off ratio on its propagation.

Y —N

(@) N = 2 (Em,n = 0.25) (®) i =1 Emn =1) (©) N = 0.8 (Emn = 1.7)

Source — Own authorship.
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The propagation pattern of a higher order mode as a function of the cut-off parameters is
illustrated in Figure 9. The well cut-on modes (as seen in Fig. 9a) have a higher cut-off ratio,
which is commonly assumed as 7, , > 2. If 1,,, = 1, the mode is defined as nearly cut-off,
and in the absence of mean flow, the mode can be understood as at resonance and the axial
wavelength (27 /k,, ,,) is infinite (see Fig. 9b)*. Once the wavenumber is reduced to below the
cut-off frequency of the mode (defined as «,, , \/1—7]\402), the amplitude decays exponentially,
which is determined by the imaginary part of axial wavenumber k,, ,, (see Fig. 9¢). In general,
for higher-order modes, it is reasonable to neglect all evanescent modes, especially far from the
noise source. On the other hand, the cut-off modes might become important if the cut-off ratio
is too close to 1.

The convective effect due to the uniform mean flow is also important on the modal prop-
agation. It is interesting to note that in the Eq. (2.20), due to the uniform mean flow, the axial
modal wavenumbers are shifted to the left (A, > 0), or right (M, < 0), by a fixed amount
of —kM,/ m, while the cut-off ratio limit is lowered from &/, ,, = 1 for no flow to
k/og,, = m with flow (it can be seen in the Eq. (2.21)). It implies that with mean
uniform flow more modes are possibly cut-on than in the absence of flow. Figure 10 illustrates
the convective effect in a higher order mode propagating in the same direction and against the
mean flow. The effect of the flow for hard wall is more simple, which is to stretch the wave-

length of waves travelling in the direction of the flow by a factor of 1 + M, corresponding

4 When the uniform mean flow is present and 7,,,, = 1, the propagation mode only depends on the Mach

number and duct mode eigenvalue or wavenumber (i.e. Eq. (2.20) becomes kin = —kMy/(1 — M3) =
—mnMo/\/1 — MOQ). Therefore, the axial wavelength becomes finite.
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Figure 10 — Uniform mean flow effects on the downstream (top) and upstream (bottom) propa-
gation of higher-order modes.

(a) Mo = 0.1 (b) My = 0.5

(c) My = —0.1 (d) Mo = —0.5

Source — Own authorship.

to an increase of the speed of sound and to contract the wavelength of waves travelling in the
opposite direction by a factor of 1 — M, corresponding to a decrease of the speed of sound.
Another physical insight of the modal propagation is the point of view of the acoustic
field as the result of the interference of plane waves propagating at an angle to the duct axis
and therefore reflecting from the duct walls. This approach follows the definitions of geomet-
ric acoustics or ray acoustics (GTD), as described in Section 2.2.2. Note that it is exact in a
two-dimensional duct with parallel walls and approximate in a circular duct. The angle of prop-
agation is directly related to the cutoff ratio, and the duct modes can be expressed exactly as the
superposition of two plane waves (see in (HOCTER, 1999; CHAPMAN, 1994) for more details).
For example, without flow, the structure of propagation angles is given as sinf,,, = 1/1mn
and sin,, ,, = m/ay, . as shown in Figure 11. Therefore, modes nearly cut-off have mode
angles close to 90°, whereas modes that are well cut-on have smaller angles and have a promi-
nent upstream directivity closer to the axial duct line. For instance, when high order modes
propagate in a lined duct close to its cut-off frequency, a large axial absorption rate is expected
(EVERSMAN; HUBBARD, 1991). Conversely, well cut-on modes will have small axial decay
rates, due to the acoustic lining proprieties and the radial profile of the acoustic pressure inside
the duct, generally concentrated far from the wall. Moreover, even though the cut-off ratio is
derived for uniform flow, it is also useful for sheared flows and lined duct and may be used to
order the acoustic modes. Several authors used these definitions to obtain an advantage in corre-

lating attenuation in lined ducts (RICE, 1971; MOREAU; GUERIN; BUSSE, 2009; GABARD,
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2013) and in estimating the direction of the major lobe of the radiation from a duct termination

(HOMICZ; LORDI, 1975; HOCTER, 1999).

Figure 11 — Propagation angles in cylindrical ducts: a ray to be piecewise linear helix of higher-
order modes.

(a) Side view of duct (b) Front view of the duct.

Source — Adapted from Chapman (1994).

In contrast to the rigid wall, the soft wall (prescribed by a locally reactive impedance 2)
is much more sensitive to the details of the flow, especially in the region close to the wall. If
uniform flow is assumed, the non-zero flow velocity is present at the duct wall (corresponding
to a slip condition). Ingard (1959) derived a boundary condition assuming continuity of the
normal component of acoustic particle displacement, for a planar boundary, across an infinitely
thin boundary layer (also called vortex sheet) as shown in Figure 12. This boundary condition
was generalized to curved surfaces by Myers (1980), leading to the Ingard-Myers boundary

condition, given by

Figure 12 — Illustration of the Ingard-Myers boundary condition implications at wall.
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Source — Adapted from Rienstra and Hirschberg (2015).

(2.23)
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and which leads to the eigenvalue equation

ik K\ 2 J! ()
N, 1_M 2 = mn—m 2 . 2.24
Z< 07 ) G (Comn) (2.24)

Later some authors (BRAMBLEY, 2009; BRAMBLEY, 2011; RIENSTRA; DARAU,

2011; RENOU; AUREGAN, 2011) noted that a very thin boundary layer along an impedance
wall might be unstable for certain frequencies and impedance values, leading difficulties for
computational simulations in time domain (GABARD; BRAMBLEY, 2014). Some of these
instabilities were discussed in details by Rienstra (2003) and Vilenski and Rienstra (2007),
which show that the complex behavior of the hydrodynamic field above the liner is different
from what is predicted by the Ingard-Myers condition. From a dispersion analysis, Brambley
(2009) showed the growth rate® can be unbounded as k — oo, implying that the problem is
ill-posed.

Alternatively, the boundary layer effects can be included in the boundary condition, turn-
ing into a “corrected” impedance as seen by an acoustic field in the presence of uniform flow.
Brambley (2011) proposed a modified Ingard-Myers boundary condition by introducing a small

but finite boundary layer 0 at the wall, such that the eigenvalue equation is given by

ikZ [1 (82, 4 ) —Lmlma) ] =

A ()

(2.25)
S (@)
k— Mky,)? | —2" 51|,
( ") {am,nJm(am,n) 0]
where the coefficients 1y and d/; are given by
1 _ 2
on= [ e
0 " (2.26)

1 2

(k: — Mkmn)
I, = 1— )
oh / (ko (P k)"

The former may be interpreted as a correction to the impedance as seen by the acoustic
field in the presence of uniform flow, while the latter is responsible for the well-posedness
of the boundary condition (BRAMBLEY, 2011). The ¢/, term can be understood physically as
the mass, momentum and kinetic energy deficit in the boundary layer which causes the effective

boundary seen by the acoustic field. So, this term can be rewritten as follows

1
(k — Mk:m,n)Q[

For bounded initial conditions, implying k,, , is real, the stability of the subsequent evolution may be charac-
terized by the exponential growth rate —Im(k(ky, »)).

61y = k*60 — 2kkpn M6y + M3k2, (61 + 62)], (2.27)

5
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where J is the “mass” thickness, ¢; is the displacement thickness of the boundary layer and o
is the momentum thickness. The “mass” thickness is associated with the mean density profile,
which should be significant when there is a density profile (e.g. caused by temperature profiles).
For the displacement and momentum thicknesses of a boundary layer in a circular duct can be
understood as approximations of first order in §. Since a constant density was assumed across

the boundary layer, the displacement thickness is given by

5y = / LM (2.28)
1-6 My

Note that the displacement thickness d; can be used to characterize the boundary layer.

In terms of the impedance analysis, it can be used to collapse for any mean profile, and the

results depend weakly on the shape of the profile (NAYFEH; KAISER; SHAKER, 1974). A

detailed review about shear flow effects on the liner impedance is given in the continuation of

this Chapter in Section 2.2.3.

2.1.2.2 Shear flow

In the presence of shear flow, the flow velocity is usually assumed zero at the wall, i.e., the
flow profile is defined as fully developed (or at least strongly sheared). The boundary condition
for hard-walled ducts remains the same (Eq. (2.18)), while for lined ducts the standard definition
of impedance can be used,

(1) = % (2.29)

Note that it is not restrictive to soft-wall in the presence of shear flow, and another ap-
proach commonly assumed is Ingard-Myers boundary condition for free-slip cases (i.e., the
wall Mach number is not zero) (OPPENEER; RIENSTRA; SIITSMA, 2016).

One can solve Eq. (2.24) and Eq. (2.25) recursively starting with a well-known value, i.e.,
the radial wave numbers for hard-walled ducts, given by Eq. (2.19), and take small increments
in the impedance until the desired amount is reached. This method is known as the tracking
method, and a brief outline of the procedure is given in section 3.2.

By applying the boundary conditions in the linearized Euler equations (Egs. (2.9) to
(2.12)), the eigenvalues and the corresponding eigenfunctions can be found either by a high-
order finite difference method (GABARD, 2016) or a spectral method (MARX; AUREGAN,
2013; BOYD, 2001). Also, these boundary conditions can be applied directly in Pridmore-

Brown equation, and it is usually solved by means of a fourth-order Runge-Kutta scheme
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(MUNGUR; GLADWELL, 1969; EVERSMAN, 1971). Eversman and Hubbard (1991) discuss
that a great advantage of these discretization methods is that the resulting eigenvalue solution
spans a complete finite subset of eigenvalues with neither omission nor duplication, provided

the discretization is carried out to a high enough level of accuracy.

2.2 FAN NOISE MODELING OVERVIEW

2.2.1 Prediction tools

Several research institutions and engineering sectors of today’s leading aviation compa-
nies are seeking forecasting methodologies for increasingly accurate estimates of total aircraft
noise. In the case of engine noise, specifically for the fan noise component, the estimation tools
are usually based on one or more of the approaches described in this section.

Farassat and Casper (2006) proposed to distinguish four different approaches within the
current full range of modeling capabilities (specifically derived for airframe noise but in princi-
ple applicable to engine noise as well). Later, Bertsch, Simons, and Snellen (2015) added one
more important modeling approach to this list. The following five different approaches may be

distinguished as (BERTSCH; SIMONS; SNELLEN, 2015):

1. Fully numerical: where the source and propagation are simulated simultaneously in one
time-dependent CFD and CAA run. These types of simulations require the computational
domain to be large enough for both capturing the sound source regions and the propaga-

tion of the sound to the receiver.

2. A CFD step combined with the application of the acoustic solver (i.e., numerical methods
or acoustic analogies): the source and propagation are simulated in two different steps.
The aerodynamic flow is calculated first for the region where the origins of the sound
are expected to be located. Based on post-processing the aerodynamic field results, the
sound sources are calculated and then propagated, e.g., using numerical solvers such as

ACTRAN/TM and COMSOL commercial codes, which are based on FEM.

3. Fully analytical (also called semi-analytical) methods: this group comprises all approaches
where both the flow and acoustic field are derived analytically. The source model is some
combination of monopoles, dipoles, and quadrupoles, based on the flow characteristics
and object geometry. In the case of engine nacelles, it is commonly modeled by a modal

basis and boundary condition assumptions.
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4. Semi-empirical (SE) methods: these methods are based on databases containing measured
acoustic data, either from component wind-tunnel tests or from full-scale aircraft and
for varying operational conditions. For instance, for fan noise, Heidmann’s methodology
(HEIDMANN, 1979) is commonly used to predict sound level pressure in the far-field

and will be further discussed ahead.

5. Fully empirical methods (also called best-practice methods (BERTSCH; GUERIN, et al.,
2011)): in this case, the tool is based on databases with measured and standardized noise
levels for many aircraft and engine types. As a consequence, only existing aircraft and
engine technology can be evaluated with these tools. It is commonly referred to as a

non-physics—based approach.

Other hybrid approaches are also considered by many authors, which are based on these
key approaches. There is an extensive list of prediction tools for fan noise developed by many
companies and research institutions, and it is impracticable to consider all these tools here.
Therefore, the fully empirical and numerical methodologies are out of scope of this thesis, and
the review will concentrate only analytical and semi-empirical methods.

Envia, Wilson, and Huff (2004) provide as an overview of CAA fan noise tools, presenting
the methods and their underlying principles and discussing the relevant results, issues, and con-
clusions. He also presents an in-depth description of the sources of fan noise and a discussion
of the current status of the fan noise prediction methods and their shortcomings.

In order to exemplify these specific characteristics of each modeling approach, some of
the most prominent tools based on one or more of these approaches are listed in Table 1. It
should be noted that only research institution tools with enough documentation were consid-
ered in this review. On the other hand, some of them are commonly referred to as overall air-
craft/engine noise simulation tool, which means that their main application are focused on the
prediction of the entire engine or aircraft. Also, the approaches listed previously are labelled
as “Type” (i.e., following the numbering highlighted previously). In general, the tools based on
the CFD step combined with the application of a acoustic solver (i.e., type 2 tools) are focused
on: the new aircraft/engine design (in this case, detailed design phase) and the existing aircraft
components. The same applications are possible for type 3 tools or fully analytical tools. With
tools type 4 or SE methods, applications are expected on the: new aircraft/engine design (in this

case, preliminary and conceptual design) and existing aircraft components.
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Table 1 — Examples of aircraft/engine noise modeling tools.

Tool Type Brief description Origin References
ANoPP 4 Aircraft Noise Prediction Program NASA Gillian (1982)
Aircraft Noise Prediction Program,

ANOPP 2 3,4 Rk NASA Lopes and Burley (2011, 2016)
the new version
SOPRANO 4  Silencer Common platform for ANOTEC Oosten and Collin (2014)
Aircraft Noise calculations consulting
Infrastructure for Evaluating Air I p
IESTA 4 Transport Systems ONERA gi?gziu;g?séenﬁeriﬁiiggfi [(]2(021011) 6a;nd
Engine noise module: CARMEN ’ qut,
Model for predicting single flight events to
SonAIR 4 investigate and optimize noise abatement EMPA Zellmann et al. (2018)

procedures by using either generic
data, e.g. cockpit data from real flights

Aircraft system noise modeling Bertsch, Guerin, et al. (2011) and

PANAM 3,4 Engine noise module: HEIDI DLR (HEIDI)
PropNoise 3 Modular tool for propulsion noise DLR Moreau, Guerin, and Busse (2009)
Piano 2 Computacional Aeroacoustic code DLR Caro (2007)
Thin duct, Boundary Integral
TBIEM3D 2.3 Equation Method, three dimensional NASA Dunn (1997)
LINFLUX- 23 Computational Aeroacoustic code NASA Verdon, Montgomery, and Chuang (1999)
TURBO ’ focused on the fan interaction noise and Envia (2016)
TFaNS 2 Tone Fan Noise Design/Prediction System P&W and NASA  Topol and Huff (2003)
clsA- p3 Hybrid approach focused on ONERA Polacsek and Burguburu (2005)
sAbrinA fan interaction noise
Parametric mesHing and analysis ISVR and
PHOENIX 2 of aerOENgine Intakes and eXhausts: MSC Actran/TM Mustafi (2013)

CAA code
Source — Adapted from Bertsch, Simons, and Snellen (2015).

The most prominent example of this group of tools is the Aircraft Noise Prediction Pro-
gram (ANoPP) developed at NASA. Initially, the tool was developed to predict noise for single
flyover events. Engine noise components within ANoPP are modeled as proposed by Krejsa
and Stone (2014) for jet noise and Heidmann (1979) for fan noise. Recently, some dedicated
studies (ENVIA; TWEEDT, et al., 2008; KREJSA; STONE, 2014; BERTON, 2015) have been
published to access NASAs current jet and fan noise prediction capabilities. It has been demon-
strated that the implemented methods result in reasonable overall agreement with experimental
data. Besides, the airframe noise and other engine noise sources (such as turbine and core noise)
can be accounted for with this tool as well. The code is continuously updated, and for fan noise
model, for instance, new noise source models have been recently implemented (KONTOS; JA-
NARDAN; GLIEBE, 1996; HERKES; REED, 2005; KREJSA; STONE, 2014). As main lim-
itation, ANOPP is based only on semi-empirical models, which are strongly dependent on the
experimental fitting methods and aero-engine configuration (i.e., manufacture details, nacelle
design, by-pass ratio, etc).

Recently, NASA has released a new version called ANoPP2. The focus of the latest ver-
sion lies in a framework that allows the communication with different methodologies (numeri-

cal, analytical, etc.) (LOPES; BURLEY, 2011). In some sense, engine/aircraft noise prediction
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through ANoPP2 is closer to a hybrid tool than to a parametric one such as its older version.
ANoOPP2 addresses the problem through the use of acoustic data surfaces (ADS). All acous-
tic information is stored in ADS, which facilitates and enables communication and acoustic
data transfer between prediction methods. According to Lopes and Burley (2016), the ADS can
accommodate acoustic data in almost any form, ranging from acoustic pressures, density and ve-
locity history, spectral and integrated metrics. The highest fidelity data surface available within
ANOPP2 is the Ffwocs Willians and Hawkings (FW-H) surface proposed by Farassat, Dunn,
and Spence (1992). Therefore, there are various source surfaces around the noise components
of the aircraft, which are enclosed within an average acoustic surface surrounding the aircraft.
The methodology was developed to allow the communication between NASA’s main prediction
tools such as those listed in Table 1.

The tool proposed by DLR, called the Parametric Aircraft Noise Analysis Module (PANAM),
addresses the overall aircraft noise prediction at the conceptual aircraft design stage (BERTSCH;
GUERIN, et al., 2011). The tool provides for the noise generated by the aircraft during flight op-
erations (approach, cruise, takeoff, etc.) considering multidisciplinary effects. The platform In-
frastructure for Evaluating Air Transport Systems (IESTA) proposed by ONERA (MALBEQUI;
ROZENBERG; BULTE, 2011; LEGRIFFON, 2015; SANDERS; MALBEQUI; LEGRIFFON,
2016) follow similar characteristics of the previous tool. The noise generation of an aircraft is
determined by its design, the relative location of the observer, configuration and operating condi-
tions along the flight path. In addition, sound propagation effects under flight conditions need to
be taken in account to correct the static noise emission when predicting the aircraft noise during
flight. In the IESTA and PANAN tools, the individual noise components are modeled with spe-
cific SE and analytical models. In the case of the engine component, the dominant noise sources,
i.e., the jet and fan, are modeled separately. Similar to ANoPP, the two standard jet (KREJSA;
STONE, 2014) and fan (HEIDMANN, 1979) models were adapted and implemented by DLR
and ONERA. Recently, the integration of a model for acoustic treatment modeling improved the
accuracy of the results of both tools. For the PANAN tool, the acoustic treatment model is de-
rived from ray theory and based on modal approach, which is described by Moreau, Guerin, and
Busse (2009). This approach assumes that the presence of liners does not significantly modify
propagation angles or induce mode dispersion. In addition, the implementation of an acoustic
treatment attenuation prediction model allows the investigation of the influence of liner length.
For the IESTA tool, the analytical model proposed by Eversman (1971) allow the calculation

of the propagating and non-propagating modes, as well as their attenuation in dB per material
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length. The absorption coefficient or the transmission loss can be derived, and the noise reduc-
tion in the far-field due to the liner can be estimated at the inlet and exhaust ducts. The effects
of wave diffraction, refraction, reflection and scattering provided by the impedance and mean
flow are not modeled in these approaches.

A fourth example is the European tool SOPRANO (Silencer Common Platform for Air-
craft Noise Calculus). This tool was developed within the framework of the European aircraft
noise research program called SILENCE(R). According to Rolt and Kyprianidis (2010), the
latest version can model various noise components of the engine. Thus, similar to other para-
metric tools, the main engine noise components such as fan and jet noise are modeled with the
SE methods (HEIDMANN, 1979; KREJSA; STONE, 2014). Moreover, the tool structure al-
lows pre-processed or measured source noise data to be stored in tables and used in the forecast.
Similar to PANAN and IESTA, the SOPRANO tool enables the evaluation of individual sources
or the sum of several components to study noise-generating effects, with its main focus being
on noise prediction for flight events in a single location or multiple observation locations.

In the fan noise context, as mentioned previously, some of these tools are combined with
analytical or numerical approaches to improve the accuracy. In contrast to the SE-based pure
tools, hybrid prediction models separate the overall aircraft noise into its major contributions.
In general, hybrid models predict the source (fluid-dynamic model) and propagation (acoustic
model) independently, based on information and flow.

In the first computational approach coupled with fan noise source predictions, we can
cite the code developed by NASA called LINFLUX (VERDON; MONTGOMERY; CHUANG,
1999; CHUANG; VERDON, 1998), which is used to calculate the rotor-OGYV interaction tone.
This code provides three-dimensional, unsteady modeling of the mean flow, which is based on
the Linearized Euler Equation (LEE). In addition, for cases with non-linear mean flow, there is
also the possibility of using an in-house auxiliary code called TURBO (ENVIA, 2016), which is
based on RANS modeling. For a given mean flow, LINFLUX calculates the acoustic response
of the OGV to the incident perturbations (e.g., wakes rotor) which propagate over the flow
in a given BPF harmonic. The output results of the LINFLUX is commoly connected with
another tool to compute the propagation and radiation of the duct called CDUCT-LaRC (NARK;
ENVIA; CASEY, 2009). This code calculates the propagation of a given acoustic source in
front of the fan plane or downstream OGV plane in the inlet or exhaust ducts, respectively.
Once the in-duct acoustic field is estimated, the code has the ability to calculate the far-field

noise radiation, which is based on the application of the FW-H surface.
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In addition to NASA approaches, the European community has been developing over the
years several hybrid tools used in the prediction of fan noise. Recently, the hybrid tool Prop-
Noise (JARON; MOREAU; GUERIN, 2015; MOREAU; AULICH, et al., 2016) developed by
DLR has been used in several research projects. The tool has a modular structure divided into
two ways: “RANS-informed” and ‘““autonomous” options (for few geometry inputs). The mod-
ular structure allows the generation, propagation, and radiation modeling of noise to be con-
sidered individually. Following a similar approach, ONERA has recently developed a hybrid
computational procedure to provide a complete numerical simulation of fan tonal noise, includ-
ing source generation, acoustic propagation in the nacelle, and radiation through the intake or
exhaust duct (POLACSEK; BURGUBURU, et al., 2006). By coupling a RANS solver and a
3D high-order LEE solver, the tool allows the simulation of the rotor-OGV sound generation,
the propagation in the nacelle and the radiation in the vicinity of the intake (and the exhaust).
The acoustic pressure in the near-field is extrapolated to the far-field using a Kirchhoff integral,
written in the frequency domain (FARASSAT; DUNN; SPENCE, 1992).

Over time, an extensive literature has developed on commercial tools specialised in analy-
sis of aero-engine intakes and exhausts, and based on FEM and BEM formulations. The hybrid
tool called PHOENIX (Parametric mesHing and analysis of aerOENgine Intakes and eXhausts)
(MUSTAFI, 2013) is an axisymmetric FE code which automates the procedures for noise pre-
diction in both intake and bypass sections of a turbofan engine. PHOENIX is referred to as a
shellcode of commercial code ACTRAN/TM focused on nacelle analysis. Similar to the com-
mercial version, the acoustics solution is based on convected Helmholtz equation (CHE) for
the acoustic velocity potential, assuming irrotational flow and appropriate boundary conditions
for lined nacelles. On the other hand, The TBIEM 3D (Thin duct, Boundary Integral Equation
Method, 3 Dimensional) is based on the boundary integral equation method applied for a finite
and unflanged duct, which was proposed by Dunn, Tweed, and Farassat (1996). Later, several
studies (DUNN, 1997; DUNN; FARASSAT, 1998; DUNN; TWEED; FARASSAT, 1999) have
shown its numerical efficiency for parametric purpose, considering various engine parameters
and liner configurations. In this model, the sources are monopoles and dipoles concentrated
in single points, and the flow is assumed as unidirecional and uniform. The main limitations
of this approach are: the modeling is limited to low Mach numbers (M < 0.4), uniform flow
(with same Mach number inside and outside the duct), the need to know the strength of the
point sources (being related to the torque applied to the fluid), unflanged duct assumption, i.e.,

phenomena related to thickness of the walls are not taken into account (drag, diffraction, and
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scattering effects, etc.).

It should be expected that major aircraft and engine manufacturers run their own confi-
dential noise prediction tools. Due to the lack of information, these tools cannot be detailed
and allocated to one specific group. Most likely, the tools are based on each extensive available
database produced by these manufacturers, which can be customized for each particular aircraft
and engine. Moreover, it can be expected that tools are probably still parametric to some extent
to account for different configurations and operational noise generating effects.

In what follows, the attention is switched to different fan noise techniques used in CAA
predictions, focusing on numerical and analytical schemes used to model the propagation and

radiation from the nacelles.

2.2.2 Techniques and methods in fan noise

In general, the target of noise computation is sound levels in the far field, and a complete
noise prediction strategy has to address issues not only of noise generation but also of noise
propagation along the intake and bypass ducts and then of radiation to the far field (ENVIA;
WILSON; HUFF, 2004).

Over the years, different techniques and methods have been applied to fan noise model-
ing in order to improve the prediction accuracy of analytical and numerical approaches. In this
section, the main focus is on the methods employed to in-duct fan noise modeling, which con-
sider important physics insight about mean flow, acoustic liners, modal decomposition and their
effects on the radiation.

Many efforts in the literature detail eigenmode decompositions of duct flows both for the
purpose of supporting numerical methods for computational aeroacoustics, and also to better un-
derstand the physical behavior of problems in duct acoustics. Ovenden, Eversman, and Rienstra
(2004) and Grace et al. (2012) detail different analysis and subsequent numerical methodolo-
gies for eigenmode decomposition of duct flows in support of turbomachinery problems. They
demonstrate their approach as post-processing tools for the modal decomposition can be used
to construct the acoustic field in terms of the reflected and transmitted cut-on modes excited by
fan-OGYV interaction.

In order to analyze analytically the modal propagation within the engine nacelle, it is
necessary to consider the modal scattering (e.g., the transition between rigid and lined sections,

and reflections at the duct termination). Other discontinuities may also be considered, such
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as varying duct geometry and axially segmented liners (MCALPINE; ASTLEY, et al., 2006;
GABARD; ASTLEY, 2008; LAW; DOWLING; CORRAL, 2010; OPPENEER; RIENSTRA;
SIJTSMA, 2016). A specific formulation to slowly varying duct can avoid the restriction of a
straight duct section, and therefore, it is possible to match the acoustic pressure halfway along
the spinner (in the inlet duct) (RIENSTRA, 1999; RIENSTRA; EVERSMAN, 2001). However,
at high frequency and for low order mode, it led to some deviations, which is well explained by
modal scattering effect (not considered on the slowly varying formulation).

In such cases, a mode matching technique can be employed to predict the entire in-duct
acoustic field correctly. McAlpine, Astley, et al. (2006) proposed a mode matching based on
a Galerkin formulation considering a matching condition of pressure and axial acoustic veloc-
ity conservation at the interface between each section. Also, Law, Dowling, and Corral (2010)
and Lafronza et al. (2006) extended this formulation to investigate multimodal propagation and
optimum liner impedance. Lafronza et al. (2006) used an approximated evaluation of the Per-
ceived Noise Level (PNL) as a cost function to optimize liners in ducts with uniform cross
sections assuming a broadband source. A mode matching method was used to perform acoustic
analysis, and Response Surface Modeling (RSM) was used as an optimization tool. Law, Dowl-
ing, and Corral (2010) optimized segmented liner (with three liner segments) configurations
for broadband source in cylindrical ducts. Later, Gabard and Astley (2008) and Gabard (2010)
demonstrated that an improved mode matching technique based on the continuity of mass and
momentum could give better results for modes propagating in exhaust by-pass duct, particularly
at the liner discontinuities.

In a recent study, the effects of shear refraction inside an exhaust duct have been investi-
gated using a mode matching scheme by Oppeneer et al. (OPPENEER; RIENSTRA; SIITSMA,
2016). In this case, the PridmoreBrown equations (PRIDMORE-BROWN, 1958) were used to
describe modal acoustic waves in straight lined ducts with the radially non-uniform mean flow
and mean temperature, which was used to simulate APU operating conditions. Also for exhaust
region, the boundary layer effects and different flow profile have been considered by Brooks and
McAlpine (BROOKS; MCALPINE, 2007), which used the mode matching scheme with match-
ing conditions of pressure and axial acoustic velocity to calculate the sound transmission in
annular ducts. The formulation is based on the McAlpine et al’s work (MCALPINE; ASTLEY,
et al., 2006) and solutions of the PridmoreBrown equations (PRIDMORE-BROWN, 1958). The
authors showed that a linear shear flow profile has significant effects of sound refraction in the

resulting acoustic field.
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In such cases, the modal radiation directivity is used to link the in-duct modal content to
the far-field noise. In this sense, a simplified model of a duct opening surrounded by an infinite
baffle (thereby eliminating sharp edge) or by an unflanged edge is usually considered. The
sound radiation by an unflanged cylindrical duct was calculated via the Wiener-Hopf technique
by Levine and Schwinger (1948) for plane waves and no flow condition. The generalization
to high order modes without flow was later proposed by Weinstein (1974) (an approximate
solution). Other works that used this technique for high order modes include Homicz and Lordi
(1975), which used a Lorentz transform to the solution for the no-flow case, applying it to the
pressure and potential velocity equations for the exhaust and intake cases. Munt (1977, 1990)
and Rienstra (1984) extended the Wiener-Hopf technique for exhaust flow inside a annular ducts
(also computing vortex sheet in the leading edge of the duct). For cylindrical and annular ducts
in a baffle, the sound radiation can be calculated by Rayleigh integral approximation (TYLER;
SOFRIN, 1962; MORFEY, 1969). Another approach is the Kirchhoff integral approximation,
which is useful for intake radiated noise since there is no hypothesis of flanged inlets (LEWY,
2003, 2005). This approximation can be an alternative to Wiener-Hopf methods since it does
not require extensive computations and shows accurate results at angles near the maximum lobe
(HOCTER, 1999).

With regards to estimating sound radiation into the far-field from engine ducts, Rice
(1971) and Rice (1978) established a relationship between the maximum lobe in far-field di-
rectivity patterns and cut-off ratio. It was shown that a nearly cut-off mode would radiate pre-
dominantly at 90° from the duct axis while the well-propagating modes radiate nearer to the
axis. In a follow-on effort, Rice, Heidmann, and Sofrin (1979) have been shown that the radia-
tion directivity with flow (with free-field Mach number equal to in-duct Mach number) includes
a convective effect, which shift the maximum lobe away from the inlet axis (i.e., toward the
sideline angle). With in-duct flow only, the principle lobe peak beams significantly closer to the
inlet axis than for the case of flow everywhere.

At high frequencies where many modes are present, identifying and tracking modes can
be very difficult. In such cases, a more straightforward approach such as ray acoustics can be
used. When ray acoustics is used, the correct prediction of the diffraction of sound waves around
duct edges and corners requires the use of methods, such as the geometric theory of diffraction
(GTD) studied by Chapman (1994). Moreover, in nacelles, other effects such as inferences,
refraction and specular reflections are expected (see Figure 13), which are produced by the

interaction with acoustic treatment at the wall, internal and external mean flow, lip and shape
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inlet, etc.

Figure 13 — Mechanisms that modify wave propagation in nacelles intake.

Interferences
(reflections)

Specular reflection

Source — Adapted from Dougherty (1996).

These interactions were observed by Dougherty (1996) and Tester (1973), which studied
ray methods in nacelles and lined duct at different operating conditions. The diffracted waves
also called creeping waves are generated at the exit of the duct by some acoustic modes, which
are used to explain deviations in the results. On the other hand, Lidoine et al. (2001) have used
BEM to investigate the diffraction effects in different nacelle inlet lips. The study considered
thicker and thin curved lip and scarfed lip. Using Keller’s law of edge diffraction proposed by
Pierce (1989), the authors explained that the edge acts as a directional source of acoustic energy
depending on the relative angle between the incident wave and wedge and the wedge angle.
If the wedge angle is zero, the wall thickness ¢ is infinitely small, and it leads an unflanged
duct. The main part of the diffracted field radiates in the Keller cone. These concepts are shown
geometrically in Figure 14.

As can be seen in the previous paragraphs, the analytical methods and techniques are
placed between the empirical and computational methods. They require an acoustic analogy or
modal model assumptions, wherein the aecrodynamic pressures are separated from the acoustic

pressures. The model equations are mostly based on the wave equations relying on the aerody-
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Figure 14 — Local behaviour of the scattered field at a duct lips (thicker curved lip and scarfed
lip). x and ¢ are incident wave angle and the wedge angle, respectively.
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Source — Adapted from Lidoine et al. (2001).

namic loads. Most of these models rely on highly idealized representations of the duct (usually
a thin cylindrical duct) and mean flow (usually uniform). If applications require a parametric
analysis or a system optimization, long computational times become impractical.

Previous research may be considered a first step towards a more profound understanding
of the effect of the boundary layer and flow profile on the intake duct that includes the liner
interfaces, especially, when predictions of the radiated noise are required. This approach re-
mains briefly addressed in the literature. Therefore, some of the interesting questions in this
context are: How the typical modeling assumptions, such as the uniform flow, can affect the far-
field prediction? How the behavior of the acoustic fields close to liner discontinuities between
lined and hard surfaces modify these predictions? And for which flight conditions, for intake
aero-engines, these effects are more critical?

Another key point in the computational models is how to model the acoustic treatment
adequately within the intake, bypass, core and APU ducts. Acoustic liner modeling, therefore,
plays a crucial role in the design of low noise engines. The real representation of their acous-
tic properties has been studied extensively over a year. Almost all techniques and methods
described in this section mainly consider representations of the liner as an impedance in the
presence of the uniform mean flow. Most of the methods and techniques in fan noise make use
of the Ingard-Myers boundary condition INGARD, 1959; MYERS, 1980). In the next section,

the attention is switched to different liner modeling approaches used in analytical and numerical
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predictions.

2.2.3 Shear flow effects on the liner impedance

The usual approach is to characterize acoustic liners is by its acoustic impedance, defined
as the relation between acoustic pressure p and acoustic velocity v (as defined in Eq. (2.29)). In
general, such impedance is assumed to be independent of the acoustic wave incidence angle, the
so-called locally reactive impedance, which means that there are no waves propagating within
the material. However, the representations of the liner employing a locally reacting acoustic
impedance may be not applicable to in the entire nacelle. In fact, real engine acoustic treatment
can be non-locally reacting (EATON, 1999). The impedance of the single layer liner (see Fig.

4(a)) is commonly expressed as

Z=R+iX (2.30)

where R and X are the non-dimensional facing sheet resistance and inertial reactance, respec-
tively. The non-dimensional resistance R of the facing sheet depends on an averaged grazing
flow Mach number M, over the lined surface and the percentage open area (or porosity). On
the other hand, the reactance is commonly related to dissipative effects, which depends on the
thickness of the sheet 7', the diameter of the holes d and the percentage of open area. Figure 15
shown the typical representation of a acoustic liner by means an array of Helmholtz resonators
and the typical representation by means of an effective acoustic impedance.

Besides the liner geometry, as it will be seen, the acoustic impedance also depends on the
acoustic wave frequency or wavenumber £, as well as on the temperature, grazing flow velocity,
boundary layer effects (thickness, viscosity, etc), and high SPL (SPILLERE, 2017; BODEN
et al., 2017).

Figure 15 — Modeling scheme of (a) an array of liner cells and (b) effective acoustic impedance.
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The assumption that a discrete perforated liner (Fig. 15(a)) with grazing flow can be acous-
tically described as a continuous impedance (Fig. 15(b)) has been investigated by the literature
(BODEN et al., 2017; SPILLERE, 2017; DAI; AUREGAN, 2016; RENOU; AUREGAN, 2011).
Usually two different approaches are investigated: one considers the liner as a periodic system
and the second approach assumed the liner as homogeneous and described by an impedance.
Some authors (BODEN et al., 2017; DAI; AUREGAN, 2016) observed that systematically dif-
ferent results were obtained for upstream and downstream excitation. The main issue is that an
equivalent impedance should depend only on the geometry of the problem and possibly on the
mean flow characteristics, but should not depend on the direction of the incident waves. Previ-
ously, the same characteristics were observed by Renou and Aurégan (2011), who were the first
to point this out and attributed it to a failure of the Ingard-Myers boundary condition (INGARD,
1959; MYERS, 1980).

As discussed before, the Ingard-Myers boundary condition leads to an effective impedance
as seen by the acoustic field in the presence of the uniform flow. The limitations of this model
have been revealed recently, for which it appears that: (1) it is a not a well-posed problem in the
time domain (BRAMBLEY, 2009), (2) the boundary condition is not able to correctly predict
the instabilities appearing over a liner (RENOU; AUREGAN, 2011) and (3) it cannot explain
the differences that were experimentally observed by many test rigs (BODEN et al., 2016) when
wave propagates in the same direction of flow or in the opposite direction to the flow. However,
Bodén et al. (2016) suggested that these models can be used with care depending on the con-
ditions under analysis, but improved models may be necessary if an optimal design is desired.
In the frequency domain, far from hydrodynamic instabilities, this boundary condition correctly
represents the limit of a vanishingly-thin inviscid boundary layer over the acoustic lining, where
this boundary layer needs to be extremely thin for this to be a good approximation.

Over the years, several extensions (RIENSTRA; DARAU, 2011; BRAMBLEY, 2011;
KHAMIS; BRAMBLEY, 2016; MASSON et al., 2018; PETRIE; BRAMBLEY, 2018) have
been proposed to Ingard-Myers boundary condition and attempt to account for the presence
of a boundary layer on top of the liner and the ill-posedness is regularised by considering a
non-slipping inviscid mean flow with a finite region of shear (rather than a vortex sheet). The
model of Brambley (2011) extended this boundary condition to relax the assumption of low
Mach number, with the only remaining premise being that the boundary layer was thin. High-
frequency asymptotics of the viscous boundary layer model led to a recovery of the Myers

boundary condition (conservation of normal displacement), while low-frequency asymptotics
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led to the conservation of mass flux. Rienstra and Darau boundary condition (RIENSTRA;
DARAU, 2011) is also considered a first order boundary condition similar to Brambley, which
is mainly applied for very thin boundary layers (however, restricted for linear flow profiles).
Khamis and Brambley (2016) have demonstrated that the effects of viscosity on the acoustics
are of comparable magnitude with the effect of shear, and thus both should be taken into account
in the boundary condition. Viscosity effects on the boundary layer have been included in the
boundary condition. This approach agrees most closely with results from solving the linearized
Navier-Stokes equations for the entire duct.

At fan stage (i.e., between fan and OGV), the swirling flow and high SPL effects are dom-
inating, and also Ingard-Myers boundary condition leads to an non-effective impedance in such
cases. To address the swirling flow issue, Masson et al. (2018) developed a generalization of
the Ingard-Myers boundary condition in an annular duct with swirl flow, both for the inner wall
(hub) and for the outer wall (tip). It has been shown that the Ingard-Myers boundary condition
is not the correct limit in the presence of an infinitely thin boundary layer at the walls in the pres-
ence of swirl. On the other hand, the high SPL effects were computed by Petrie and Brambley
(2018) by using a three-layer formulation on the acoustics within a non-parallel boundary layer
flow over an acoustic lining in a cylindrical duct. The formulation combines the influences of
the sheared mean flow, viscosity, and non-linearity into a sufficient impedance boundary condi-
tion. It was seen that the radial pressure for a given mode does not obey the effective impedance
boundary condition due to the amplifying mechanisms within the boundary layer. This means
that a single effective impedance boundary condition will not adequately resolve both the linear
and the nonlinear acoustics as they have different effective impedance.

For engine applications, where the boundary layer is very thin, Ingard-Myers boundary
condition (INGARD, 1959; MYERS, 1980) has been previously assumed be a valid assumption.
However, Gabard (2016) has shown that, even for boundary layers of 1% of the duct radius, the
Ingard-Myers boundary condition may incorrectly predict the liner attenuation, especially for
upstream propagating waves (i.e., engine intake condition). The author performed a detailed
parametric study of the effects of the inviscid mean flow boundary layer on sound propagation
for downstream and upstream propagating waves. By using normalized absorption rate results
calculated from LEE eigenvalue solver or considering Ingard-Myers (INGARD, 1959; MYERS,
1980) and Brambley (BRAMBLEY, 2011) boundary conditions, some important trends asso-
ciated with the boundary layer: (1) the boundary layer only modifies slightly the downstream

attenuation (even for broadband noise propagating, it is not very sensitive to the boundary layer),
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(2) the absorption rate depends strongly on the liner resistance, and the two cannot be separated
(both variables can actively modify the modal form) and (3) in almost all cases, Brambley
boundary condition is a qualitative improvement over the Ingard-Myers condition and the cor-
rect trend is captured. Also, Gabard has confirmed Nayfeh’s (NAYFEH; KAISER; SHAKER,
1974) observations, in which changing the boundary layer profile, i.e., quadratic, power law,
etc., has a small effect on the absorption coefficient, as long as the displacement thickness re-
mains constant, and thus the linear profile was chosen for the sake of simplicity. The same
effects in terms of absorption rate were observed in previous studies by Eversman (1971) and
Ko (1972) for different frequencies and considering upstream and downstream propagation (i.e.,
corresponding to the engine intake and exhaust), which led to the conclusion that the boundary
layer effects must be carefully included in the design of acoustic linings for turbofan intakes. In
addition, for the single mode and equal amplitude assumption for the modal energy distribution
analyses, Ko (1972) was observed the maximum attenuation at a given frequency: (1) as Mach
number increases, it decreases to the higher frequency side with for the exhaust condition and
it increases to the lower frequency side for the inlet condition; (2) as Resistance and reactance
increases, it indicates that an optimum resistance and reacting exists for a given situation (and
peak attenuation depends on a right set of the mode, frequency, Mach number and boundary
layer thickness).

This section points out some of the problems encountered in the extant research. Only a
few works in literature demonstrate the application of these boundary conditions such as the
Brambley (2011) to model an aero-engine intake. As far as we know, no previous research has
investigated a predictive tool to compute the Brambley boundary condition to include shear flow
effects at the liner design. Therefore, additional studies to understand more completely the key
tenets of this boundary condition in a predictive tool are required. For engine applications, at
realistic operating condition, Brambley boundary condition can be compared with Ingard-Myers
boundary condition to answer how the uniform flow affect the liner attenuation predictions.

As observed in Ko’s work and other studies reviewed in this section, the transmission loss
or absorption rate results also depends on the acoustic source characteristics and their behavior
along the duct (i.e. single mode or equal amplitude assumption for the modal energy distribu-
tion definitions). Their correct modeling allows to represent the sound field to be represented
by propagating modes within the duct, which can be expressed in terms of known analytic func-

tions. Therefore, the attention is now switched to sources representation in the modal context.
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2.2.4 Modal source representation
2.2.4.1 Rotor-stator modes (Tyler-Sofrin modes)

Tyler and Sofrin (1962) analyzed the mechanisms of propagation and noise generation
in axial compressors. After detailing the conditions for acoustic field propagation in terms of
cut-on and cut-off modes for rectangular and annular ducts, their article addresses in a phe-
nomenological way the noise generated by the interaction between a rotor and OGV. Tyler and
Sofrin’s approach is to consider the acoustic field generated by the rotor-OGV interaction as
the superposition of rotating modes. Assuming the interaction between the rotor and the OGV
composed of a single vane, they express the generated pressure measured at the fan plane and
in the reference of the OGV, by a double decomposition in the space of Fourier. Also, the
authors consider the following characteristics: (1) a azimuthal grid of V' vanes, spaced from
Apyme = 2m/V, (2) identical B blades equally spaced Apyjge = 27/ B and (3) the time taken
by a blade rotating from a given position to the next is At = Ay/<). By assuming these three
statements on the generated pressure at the fan plane in different time steps of a revolution,

Tyler and Sofrin have observed that it yields for any azimuthal order m the restriction

—ipuBQAt +imAp = 127k, (2.31)

or

m=~rV +uB (2.32)

where & is any integer, and p the harmonic of interest. This mode can be identified with a spatial
pattern composed of m lobes rotating at angular velocity 2, = pBQ/m. The rotor-OGV
interaction generates specific azimuth modes, of which only those with a sufficient rotation
speed can propagate. The existence of such patterns can be shown qualitatively with an example
involving few blades and vanes illustrated by Bouley (2017). Figure 16 illustrates in the simple
diagrams form the interaction of a fan of eight blades (in black, which a blade of reference is
blue) with an OGV with six vanes (in red). For ;. = 1 (i.e., at first BPF), the Eq. (2.32) predicts
the existence of a mode with 8 — 6 = +2 lobes rotating in the same direction as the fan, with
a rotational speed equal to €2, = 4€). In the first diagram, the position of the reference pad
coincides with that of the paddle to the right, and a similar coincidence exists on the opposite

side. These coincidences are represented by the shaded parts of the double-lobed pattern. The
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different diagrams show the intermediate positions of the rotor and coincidences when the rotor
rotates a quarter of a turn. It can be observed that during this time, the mode has made a complete

revolution, illustrating the fact that its rotational speed is four times that of the rotor.

Figure 16 — Representation of the Tyler and Sofrin modes. The red and black lines represent the

OGYV vanes and the fan blades, respectively, and the blue line indicates the reference
blade.

OR®
®0®

Source — Adapted from Bouley (2017).

By selecting B and V' such that the lowest |m| possible is high enough for the harmonic
of interest to be cut-off, and this component is effectively absent for a long enough inlet duct
(RIENSTRA, 2016a). The rotor-stator modes are dominating at subsonic fan tip speeds, for
instance at approach and cruise conditions. The periodic interaction between the wakes from
the rotor blades and the OGV produces tones with dominating modal components for each BPF
harmonic (MCALPINE; ASTLEY, et al., 2006).

It should be noted that rotor-stator modes are based on the idealization of the perfectly
radially symmetric mean flow, and there are no variations on the blades and vanes spacings.
All the inlet flow distortion give rise to so-called distortion modes, not satisfying the Tyler-
Sofrin formulation in the Eq. (2.32), which mainly contributes to other types of sources such as

broadband noise modes and rotor-locked modes (at supersonic Mach number blade tip).

2.2.4.2 Rotor-locked modes

At take-off, rotor-locked tones are the primary source of fan noise. In this case, a simple

two-dimensional model of the rotor-alone pressure field, with supersonic flow impinging on the
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fan rotor blades was used for McAlpine and Fisher (2001) to explain the rotor-locked tones.
For relative Mach number M., the pressure field consists of a series of bow shock waves and
Prandtl-Meyer expansion fans, as shown in Figure 17. The expansion fans facilitate the turning
of the flow onto the suction surface of each rotor blade. The pressure signature in a direction
normal to the shock fronts (in direction relative X') will resemble a sawtooth once the shock
waves and expansion fans have coalesced into a continuous waveform, which is assumed to

occur shortly upstream of the fan.

Figure 17 — Shock-wave generation by a supersonic fan.

Shock waves

Fan blades
Source — Adapted from McAlpine and Fisher (2001).

All the shocks propagate upstream of the fan at the undisturbed speed of sound relative
to the oncoming fluid (weak-shock theory (MCALPINE; FISHER, 2001)), and therefore the
blade-to-blade periodicity in the pressure signature is maintained. The energy remains at the
BPF harmonics, and the high-pitched tonal noise (predominantly at BPF) is predicted to be
radiated from the inlet of an ideal fan. The frequency spectrum of an irregular sawtooth contains
energy distributed amongst harmonics based on the engine rotation frequency, called engine
orders (EO). The EO harmonics are spinning modes which are all steady in a frame of reference
rotating with the fan. Therefore, the dominant propagating modes have the azimuthal mode

order equal to the number of fan blades (i.e., m = B), and most of the acoustic power is



67

concentrated on the first radial mode order (MCALPINE; ASTLEY, et al., 2006). Hence, the
EO harmonics (including the BPF harmonics) are defined as the “rotor-alone” tones, whereas
the “Buzz-saw” tones are defined as the EO harmonics with a frequency less than BPF. This
condition is also characterized by high in-duct Mach number and high frequencies, such that
the presence of a boundary layer should be relevant (GABARD, 2016). In general, the rotor-

locked tones can be the major source of noise at sideline and cut-back operating conditions.

2.2.4.3 Multimode broadband noise

A simple model commonly used as an approximate description of broadband noise in
intake and bypass ducts is the uncorrelated modes with equal energy per mode. This can be
supported by the fact that each mode at an acoustic frequency is generated by a different har-
monic loading. These harmonics are orthogonal (according to Parsevals theorem), and it can
be expected that a random acoustic field can be expanded in azimuthal modes m (also called
spinning modes) in the same way. There is no similar argument for radial modes 7, but it has
been experimentally demonstrated by Castres and Joseph (2007) and analytically by Lafronza
et al. (2006) that they are incoherent as well. Moreover, in general, they are much less numerous
to propagate, and the first radial modes often dominate in a hard-wall duct. The uncorrelated
modes with equal energy per mode assumption has also been justified in Lewy’s works (LEWY,
2003, 2005, 2008) by averaging the phase v} cross product in cos(V, », — Uy /) OVer 2.

The key points on the multimode propagation include (1) the random nature of the sound
field, (2) the wide range of frequencies, and (3) the simultaneous presence of all the acoustic
modes of the duct. Gabard (2014) has demonstrated a computational method to generate a truly
broadband source model within the circular duct. This stochastic source allows computing in a
single time-domain simulation the complete spectrum of the broadband multimode sound field,
which was tested in the following source assumption: equal incident in-duct power per mode,
excitation by incoherent monopoles and axial dipoles uniformly distributed over a duct cross
section. The key point in this approach is the cross-correlation between mode amplitudes, which
characterizes the stochastic source models that are tailored to radiate a sound field. The author
concluded with two fundamental observations (1) the duct mode shape functions represent the
ideal basis for constructing the stochastic field, and (2) these shape functions, being independent
of frequency, can be used equally in the frequency domain and the time domain.

It should be noted that the multimode broadband noise is outside the scope of this work
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(i.e., this thesis is concentrated only on the single mode modeling), however, due to scattering

effect present on the formulation studied it is convenient to review these concepts.
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3 SEMI-ANALYTICAL MODAL MODELS

In this chapter, the theory outlined in Chapter 2 is applied to the formulation of in-duct
propagation and free-field sound radiation models. These analytical predictive models were de-
veloped as a low-cost prediction tool for fan noise modeling including acoustic treatment mainly
based on the liner geometrical parameters and operating conditions. The main assumptions and
limitations of the models are discussed in the continuation of this chapter. Also, the structure of
the computer code related to these models, implemented in MATLAB language, is highlighted.
The key characteristics of the main codes and an auxiliary code to solve the eigenvalue of the

boundary conditions are presented in the last sections.

3.1 MODE MATCHING TECHNIQUE

In general, a single modal basis can only be used to compute the acoustic field in a duct
section with constant properties (RIENSTRA, 2016a). Therefore, when rigid and lined sections
are connected, it is necessary to couple the modal basis of adjacent segments with a suitable
matching condition. Thus, the matching conditions are used to define a continuity across the in-
terfaces. To model the impedance discontinuity, two matching conditions are considered in this
work, which are based on the continuity of pressure and axial particle velocity (MCALPINE;
ASTLEY, et al., 2006) and continuity of mass and momentum at the interfaces (GABARD;
ASTLEY, 2008). Also, details of different matching conditions applied to the mode matching
scheme can be found in Gabard (2010).

Figure 18 shows a representation of the scattering effect at the liner interface. Each mode
is scattered into a modal spectrum of transmitted and reflected modes N at the segments s and
5+ 1. Note that because of circumferential symmetry there is no scattering into other m-modes
(i.e., only purely radial modes are considered). The entire field is, therefore, a composition of
all the possible cut-on and cut-off modes (i.e., close to the interface).

As discussed before, the solution for the pressure field in a duct can be written by a
superposition of FourierBessel modes, defined in Eq. (2.16) for upstream and downstream prop-

agation that can be rewritten as

plra)y= > > pha(ra) +p (). 3.1)

m=—oo0 n=1

From the momentum conservation equation (Eq. (2.2)), one can find that the axial acoustic
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Figure 18 — Incident and scattered field considered in the mode matching scheme.
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velocity is given by
B = Gl = —mn gt (32)
m,n m,nt’m,n k— ki nM m,n

In this work, the incident and scattered fields are calculated for two liner configurations:
uniform and segmented liners (see Figure 19). We consider a single incident mode of azimuthal
order m in Section I and no reflection at the duct termination in Section /7] (uniform liner) or

1V (segmented liner), such that the pressure field can be written for each duct segment s as

N
o (rx) = Y (Ash st (r)emHntne 4 As Wi (r)e T, (3.3)
n=1

where s canbe I, /] and /11 (and [V for segmented liner) and also, from Eq. (3.2), the acoustic

particle velocity becomes

m,n* m,n < m,mn

n=l (3.4)

+ 5= AST S (T)e—ikﬁ,;nar :

m,n* m,n < mmn

N
wp(rx) = Y| Gl AR W (r)e

and, in case of uniform flow, the radial modal form becomes W%, (r) = Jy,, (7). In a rigid-

walled duct, o, = a ., even when the non-uniform flow is considered'. The source ampli-

m,n’

tude AT at the fan plane is assumed to be known, and the remaining amplitudes are found by

N

" The radial wavenumber definition does not make sense when considering Pridmore-Brown modes since the

dispersion relation is found when assuming uniform flow. However, this variable is useful in the presence of
shear flow to order the acoustic modes (GABARD, 2016).
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Figure 19 — Inlet duct geometry used on mode-matching technique: (a) uniform and (b) seg-

mented liner.
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means of the Galerkin method of weighted residuals and considering continuity of pressure and
axial particle velocity (P-V) at the interfaces (r = [ and x = [ + L), which leads to
/ Wonn (05 = p5,)dS = 0 and

§ (3.5)

/SWm,n(a;jl —4:)dS =0, n=1toN,

where s is the segment number (e.g., at both interfaces, s = I, I or [11), and W, ,, denotes
the trial weighted function, usually defined by the modal basis. Gabard and Astley (2008) also
suggest the use of mode shapes of lined ducts W1+ as test functions. This is based on the
fact that the mode shapes of hard-walled ducts do not span the complete space of admissible
solutions for a lined duct. In this work, we consider the hard-wall mode shapes as trial functions,

such that Eq. (3.5) can be rewritten as

1
[P0 5 ar = 0. and
| " (3.6)
[ et e =0, n=tt N
0

In the presence of an uniform mean flow, the acoustic pressure and acoustic velocity at
the rigid-lined wall interface are discontinuous due to the abrupt change of normal acoustic
displacement, which induces a singularity in the pressure field in the vicinity of the transition
region (GABARD, 2010). To solve this problem, Gabard and Astley (2008) proposed an im-
proved matching condition based on continuity of mass and momentum (M-M). The continuity
relation is defined from a variational statement for the field equations and impedance boundary
condition over a small transition region between the segments with different impedances. Thus,
the formulation of this continuity relation leads to a finite contribution from the contour I' (see

Figure 19) of the transition region to the matching condition, which is written as

1
/ UL ()5 — P dr =
0
iM?
k(1 — M?)
1
/ UL (), — a5 )dr =
0
~IT

iM P
pocok(l - MQ) /F m,n(r) 7 , N o N,

ﬁH
/ vl (r)=2dr, and
r A

(3.7)

where I' is the contour of the cross section at the interface between liner and the hard-wall.

Therefore, the match at each interface, considering both matching conditions, is given in matrix
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form as
-1
s+1+ + — + -
Am,n Ps+1 - Ps Ps - Ps+1
s— + - + -
Am7n M, — M, M; - Mg,
(3.8)
—ik;, 1 s+
e Wmnt () Al
)
—ikin (I+L s+1—
0 e tkmnl+L) ASTo

where the diagonal matrix (with size 2N x 2N) of e~#*mn® accounts for mode propagation
and attenuation. The components of the matrices P§ and M§ (with size N x N) depends on
the matching condition chosen, which is obtained by the assumption of pressure and velocity

continuity as

1
P:m,n = / T\Ij’{n,n(r)q]f’r::n(r)dra (39)
+ g 1 . Ko
M — N\ s m,n . 1
s, m,n /0 r m,n(r) m,n(r) (l{ _ k}%ﬂM(T)) d’l" (3 O)

Note that the Mach number can be a function of the radius, and the integral needs to be
evaluated numerically. For the continuity of mass and momentum?, these matrices are given by

k 1
Psi,l’n,n = k ki M / T\IITIn,n(T)\IIfni,n<r)dr7 (311)
— hmntt0 Jo

ki 1
+ m,n I s+
Ms,m,n = [Mo + (Wﬂ /0 T\Ijm,n(r)q]m,n(r)dr
1Mo i +
——— v v dar.
iyl RATRGL A
In order to solve the system of equations a simple iterative process was used (CUM-

MINGS, 1999; MCALPINE; ASTLEY, et al., 2006; LAW; DOWLING; CORRAL, 2010) and

(3.12)
+

summarized as follows: (1) all amplitudes are initially zero except the incident one A,Infn, which
can be assumed unitary. (2) Eq. (3.8) is evaluated to estimate the values on the left-hand side,
which are necessary to evaluate the next interface. (3) Updated values are inserted into Eq. (3.8)
as they become available. Convergence is assumed when there is no significant change in the

amplitudes.
2

Note that it is necessary that there is a finite normal acoustic displacement for this formulation to make sense.
Therefore, this formulation is only used for uniform flow cases since for sheared flow, we assume a flow profile
with the velocity equal zero at the walls.
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3.2 BOUNDARY CONDITION SOLVER

One requirement for the mode matching calculation is the correct estimation of the axial
wavenumber for a given modal input data, such as (m,n) and k. In the present work, the spectral
method was chosen to solve the linearized Euler equations with Ingard-Myers and the standard
relation of locally reacting impedance boundary conditions. The system of Eqgs. (2.9)-(2.12) 1s

a generalized eigenvalue problem,

for a given m and k, where k,, ,, is the eigenvalue corresponding to the axial wavenumber and
1) is the eigenvector containing pressure and acoustic particle velocity in the axial, radial and
azimuthal directions. The matrix A and B contain the modal and flow parameters and can be
found in Gabard (2016). This system of equations can be solved by a pseudospectral method
(BOYD, 2001), together with a Gauss-Lobatto grid point distribution (with NV, points), given by

i .
1J; = COS (F) , 1=0,1,..., N, (3.14)

p

where y € [—1,1]. A high number of points are located at both ends of the domain, which
is necessary to represent the boundary layer profile correctly. A change of coordinate is made
by r; = (y; + 1)/2, along with the necessary corrections in the differentiation matrix (TRE-
FETHEN, 2000). The Ingard-Myers boundary condition from Eq. (2.23) is applied at the rows
corresponding to » = 1. Notice that, in the presence of a shear flow, the condition given by
Eq. (2.29) is recovered. Parity conditions at the duct center, as outlined by Gabard (2016), are
necessary to ensure the correct behavior of the modal solution. The generalized eigenvalue
problem from Eq. (3.13) can be solved using the Matlab function eig with a QZ algorithm.
The Brambley boundary condition, Eq. (2.25), is not suitable for this kind of problem
since some terms are quadratic in k. For this boundary condition, the tracking method, proposed
by Rienstra (2016a) (adapted from Eversman and Hubbard (1991)), is used to find the values
of k,,, in a lined duct. These are found by starting from the values in a rigid duct or soft-wall
with Ingard-Myers boundary condition, and tracking the values of the k,,, ,, in the complex plane
as the acoustic impedance is varied from a high value (rigid wall) to impedance wall Z. The
tracking is performed using an initial value problem formulation, and the eigenvalues are refined

using the NewtonRaphson method.
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3.3 THE MODAL RADIATION PROBLEM

The in-duct modal content described in previous Section can be linked to the far-field
noise using the modal radiation directivity. In this sense, some simplified models of a duct
opening surrounded by an infinite baffle (thereby eliminating sharp edge), without the baffle or
by an unflanged edge are usually considered, which are represented in the Figure 20. In this
Section, the governing equations and some physical insights in the sound radiation problem of
a cylindrical duct considering integral methods (represented in the Figure 20.a and Figure 20.b)

and the Wiener-Hopf technique (illustrated in the Figure 20.c) are presented.

Figure 20 — Geometry of a circular duct ending in an infinite baffle (a), without baffle (b) and
with unflanged edge (c) (with edge thickness ¢ — 0).

Source — Adapted from Kolbrek (2016).

3.3.1 Integral methods

The sound radiated from the duct termination, in spherical coordinates, is represented in
Figure 21. Note that point () can be in the near-field or far-field, therefore, if we consider any
position outside the duct, the sound radiated at a single frequency can be written as the sum of

modal contributions, so that

rad D k,go, ZZprad Z ZAexltan D k’ 9 ) (315)

m=0 n=1 m=0 n=1

where [}, ,(k,0) is the directivity function (and |F,, ,(k, )| is the radiation pattern), D =
D*/a* is the normalized distance from the duct termination and A¢7” is the modal amplitude
at the exit plane. If Rayleigh integral is considered, the classical problem of sound radiation

produced by a circular vibrating piston in a baffle, without mean flow, is given by (PIERCE,
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Figure 21 — Coordinate system for the computation of sound radiation.
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1989)

" ik 1 p2r e—ikh(D,(p,G)
D,k ,p,0)=— U ——r,dr,d 3.16
p ( y Vs O, ) 271_/0 /; u<?np7 90;0) h(D7 0, (9) rp rp SOp, ( )

where 1 is the acoustic velocity of the piston and h(D, ¢, §) distance from between the point Q

and a point on surface area of the piston located in the plane x = 0, which is defined as

h(D,p,,0) = D\/l + <%>2 - 2%’ sin(f) cos(p — pp). (3.17)

Note that the second and third terms (i.e., the second and first-order terms) should be more
critical at the vicinity of the piston source, and if D — 0, the near-field solution of the Eq. 3.16
is the own acoustic velocity at piston surface. Since the solution for the acoustic pressure was
defined in Eq. (2.16) and the relation between acoustic velocity and pressure is given by the
momentum conservation equation (Eq. (2.2)), in the absence of mean flow, it is straightforward

to show that

. p
U(ry, p) = AL, = T ()PP (3.18)

The integral in Eq. 3.16 is solved numerically to obtain the radiated sound pressure at any
point in the forward arc (i.e., 0 > 6 > 7/2) for a given mode. In the far-field, for large D (i.e.

a << D) the distance h is approximately D — r,sin(f) cos(¢ — ¢,). Also, the integral over
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@ from zero to 27 is exactly the representation of the cylindrical Bessel function of order m

argument k& sin ¢, and Eq. 3.16 can be written analytically as (TYLER; SOFRIN, 1962)

) e—ikD—imgo
P (D0, 0) = ATLFE (k. 0) —5—. G
and the Rayleigh directivity function is given by
ksin6J), (ksin6
FE (k,0) = "™ by T () m(sinf) (3.20)

(Qmn)? — (ksin®)?’

where J,,,(-)’ is the the first derivative of the Bessel function of the first kind with respect to its
argument. The far-field solution has the following characteristics: (1) modal radiation vanishes
as cut-off is approached, i.e. F,,, ,, — 0 as n,,,, < 1; (2) the polar angle of the main radiation
lobe occurs near Qﬁm = arcsin 1/7,, , (as seen before in Section 2.1.2.1); (3) the polar angles
of the radiation nulls (i.e. the zeroes) are located at GXW = arcsin 1/, ;, for j # n.* Only first
and second far-field characteristics are also applied for near-field solution in Eq. 3.16.

Another integral method is based on Kirchhoff-Helmholtz integral theorem for the same
radiation problem in Figure 21. Therefore, the derivation begins assuming the inhomogeneous
Helmholtz equation for an isolated piston vibrating surround by unbounded fluid. In compari-
son with Rayleigh integral, this implies a subtle difference in the solution because the flanged
inlet is not considered here. Therefore, considering the Green’s second identity solution for the
Helmbholtz equation (with piston source), which has the surface integral over any surface enclos-
ing the primary source (in this case, we assume a sphere), pressure in any point Q) is given by
(PIERCE, 1989)

1

P(Q) = — [ (GVp—pVG)-ndS, (3.21)
47T S

where the Green’s function solution in the free-space for the axisymmetric case is given by
G(D,0,¢) = €*P/D. Rewriting the in-duct acoustic field as .J,, (v, ,) exp(—im¢) (defined

in Section 2.1), we obtain

_ 9
_8x =0

Vp-n

= (W0 = —ikp Ay, I ()€™,

3 These zeroes always occur in the forward hemisphere, § < 90° and their number is limited by the fact that

equation 0, . = arcsin 1/m,, ; can be satisfied only for those a,, ,, < k. Knowing where the zeroes are, one
can then reasonably infer the minor lobes to be roughly midway between them (HOMICZ; LORDI, 1975).



78

and
D cos ¥
VG = 20 ik — 1)elkh,
h?
Considering these definitions in Eq. (3.21), the Kirchhoff-Helmholtz integral can be rewrit-
ten as follows
1Am n 2 D cos 6
pr{i,n(D7907 / / < m,n kh o ) h2 >
(3.22)

e~ imep
Jm(am,nr) —h TpdTpd(,Op.

In the presence of in-duct and external mean flow (in same direction), the convective

effects modify the Eq. (3.22), which become (LEWY, 2003)

1Am n D cos6
Prnn(D, 0,0 / / { B ko + ( e T Mo)}
(3.23)

I Q) Trpdrpdcpp.

The distance h becomes

h(D,r,, ¢p,0) = \/(ﬁgD)2 — 2B%r,Dsinf cos ¢ + (fry)?, (3.24)

in which 32 = 1 — Mg and 33 = 1 — (Mjsin 6)? are defined as the Doppler parameters. The
far-field approximation for Kirchhoff integral can be determined analytically, as well as, the
Rayleigh Integral. If we consider a point Q in the far-field (kD — o0), the sound radiated at a

given frequency can be written for any modal contributions, so that

e—imzp—ikD
D )
where F,ff (K, 0) is the Kirchhoff directivity function is given as follows (HOCTER, 1999)

pﬁAD7 k,,0) =A% FE (k 6)

mnT mmn

(3.25)

i [ ksin 0.7 (ksin 6)
(amn)? — (ksind)?

FE.(k,0) = (1+ kcosb) (3.26)

It is interesting to note that Kirchhoff and Rayleigh directivity functions have a direct
correlation in terms of far-field sound radiated. The Kirchhoff directivity function ij (K, 0)

can be related to the Rayleigh directivity function F)[}, (k, ) by

EE (k,0)

. (3.27)
(3 +522)

Fo (k. 0) =
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For radiation modeling of modern turbofan, Lewy (2003) observed that the Kirchhoff
approximation better simulates actual configurations mainly for lateral radiation (angles closer
to 90°) because there is no hypothesis of the flanged inlet. In comparison with Wiener-Hopf
techniques, Hocter (1999) found that the Kirchhoff approximation accurately predicted the main
radiation lobe and the zeros of the directivity pattern, but the accuracy of the solution near the
sideline was poor. This can be expected when the Kirchhoff approximation is used since the
sound radiation in the backward hemisphere cannot be predicted. However, the author found
that the usefulness of Kirchhoff approximation may be underestimated for spinning modes (i.e.,
when m > 0). As one changes the governing parameters, such that the number of lobes in the

forward arc increases, the overall accuracy of this approximation is improved.

3.3.2 Wiener-Hopf-based method

To this point, we have been concerned with a duct termination neglecting the leading edge
(duct wall geometry). In this sense, Wiener-Hopf method can be an alternative, which assumes
the discontinuity at the termination and an unflanged end (see Figure 20.c). The essential dif-
ference between the intake and exhaust duct problems lies in the different behavior at the duct
leading edge, which is conveniently expressed in terms of the radial velocity or radial derivative
of the velocity potential. For exhaust problems, the correct behavior at the duct edge is obtained
when the Kutta condition is satisfied*.

This section is a summary of the formulation presented by Homicz and Lordi (1975) for
computing the magnitude of the far-field pressure p™(k, §) radiated from a semi-infinite, hard-
walled circular unflanged duct. The governing equations of the sound diffraction problem for
an open end duct are not shown in details here. Similar to the Kirchhoff integral, this complex
formulation starts with the solution of the velocity potential field using the Green’s function
on the exit plane at + = (0. However, the integration is defined over the composite surface
(51, S2, S3) shown in Figure 20. Due to the Sommerfield radiation condition, the integral over
surfaces S and S, must be zero as D goes to infinity. The resulting external radiation field may

be written in the far-field pressure (assuming the point QQ in Figure 21 far from the source and

4 Tt is not shown here, but Kutta condition is essentially applied to edge condition problems such as a hard-soft

lining transition, duct termination and to solve the vortex shedding problem. In exhaust radiation problems, the
effect of the Kutta condition is significant, but it is particularly large for the plane wave at low frequencies,
which implies a smooth streamline at exit plane. In the models proposed by Rienstra (1984) and Gabard and
Astley (2006), the Kutta condition can be turned on and off in the current solution, and this capability is used to
assess the effect of vortex shedding on noise radiation, which grows exponentially in the streamwise direction.
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which is equivalent to Eq. (3.19). As the other directivity functions, £/
plex quantity, and directivity pattern |F" |, is given by (HOMICZ; LORDI, 1975)
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and Re[C] represent the real part of the function C, which is given by

1 (P Y(kv1—12
—1
and
/(. —), if 0
T(-) = arctan ?T“E; T g) (=), if m> | 331)

(+), if m=0
where Y,,,(+)" is the the first derivative of the Bessel function of the second kind. The value n,
represents the order of the highest radial mode that can propagate at k, with k,,,,, € R (and
cutoff ratio n > 1). The Cauchy principal value sense must be used to solve the integral over v
in Eq. (3.30). This integral can be solved by standard methods whenever v # (. In the region
v =~ (, it can be solved by polynomial approximation. Also, for the endpoints (( = k), it
can be simplified into an easier integral. In Eq. (3.31), the function Y represents the phase of
the Hankel function derivative, where negative m values are not taken account in the numerical
calculation. An important condition on the function Y, not stated explicitly but essential to
compute the directivity function in Eq. (3.29), is related to its continuous behavior and must
consequently be unwrapped for phase: the singular math problem into the integral need be
evaluated carefully (JOSEPH; MORFEY, 1999).

In the presence of in-duct mean flow only, the convective effects can be computed by the
dispersion relation between radial wavenumbers v, ,,, non-dimensional frequency &/ \/1—7]\43

and axial wavenumbers £, ,, as given by Eq. (2.15). For the presence of both in-duct and
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external mean flow, the solution to the pressure in the far-field reads (including Rayleigh and

Kirchhoff approximations)

o—ikDS(0)

p(D, k,0) ZA““an (k. 0)—F— (3.32)

The factor S(#) accounts for the wavefront stretching or constricting introduced by the

ambient mean flow (M) given by

V31— M2 — M,
S(0) = sin? cos (3.33)

1—M2 ’

where M., = M. In chapter 6, the effect of flow velocities inside and outside the inlet duct of
a turbofan engine is analyzed in detail.

In general, the Wiener-Hopf method is used to couple the sound field inside and outside
an unflanged duct in terms of modal reflection and directivity. The reflections at the duct ter-
mination can be important in some cases, which lead to a complex computational solution in
the presence of mean flow. The reflection coefficients are then defined as | R,y . ¢| = / Al o
where the modal amplitudes were defined in Eq. (2.16) and ¢ is the radial order reflected at the
termination. The typical plot of magnitude |R,, , ¢| as function of frequency has been evaluated
by many authors (LORDI; HOMICZ, 1974; MUNT, 1977; RIENSTRA, 1984; SNAKOWSKA;
JURKIEWICZ; GORAZD, 2017). In general, the magnitude of the reflection coefficient for any
value of £ grows asymptotically toward unity near that mode’s cut-off frequency. At higher fre-
quencies it decays quickly, exhibiting well-defined dips at the cut-off frequency of each higher
mode; this higher mode, of course, is now getting most reflected energy. The behavior for lower
azimuthal modes are qualitatively similar.

Due to the high frequency behavior, for low and high order modes (with cut-off ratio
Nm,n above 1) typically found in turbofan engine intakes, the reflections at the duct termination
can be, in general, neglected (GABARD; ASTLEY, 2008). On the other hand, cut-off modes
are assumed to have little contribution to the far-field sound pressure distribution and are not
included in the general formulations. Generally speaking, the radiation models compute the far-
field acoustic pressure for cut-on modes on a forward arc (and in such case in backward arc)
from an exit plane. This modal far-field content is then used to calculate the complex pressure
at the other azimuthal angles including the effect of the relative phase between the modes (i.e.,

in the case a multi-modal analysis).



82

3.4 COUPLING THE MODELS

Studies of liner performances are often limited to in-duct propagation and assess the
power loss achieved by different liner configurations under shear flow effects (GABARD; AST-
LEY, 2008). In some cases, it is essential to characterize these performances in terms of re-
duction of the noise radiated out of the duct to the far-field. By integrating the mode-matching
technique with a radiation model, it is possible to investigate directly how the liner impedance
influences the far-field noise.

In order to integrate the radiation model with the mode-matching method, we assume
that (1) the duct is not lined at the exit plane, and (2) the effect of the non-developed boundary
layer is not considered at the exit plane (assuming a boundary layer with negligible thickness
at the duct entrance). Although, it is assumed the modes in a hard-wall section with uniform
mean flow, i.e. the simplest eigenvalue solution, which can facilitate the integration with the
radiation model. In order to make the integration with the radiation model more simple, a linear
combination of the modes (m, n) is assumed.

The solution of the linear systems in Egs. (3.8) and (3.9) can be rewritten in terms of the

scattering matrix S of the duct defined by the relationship

=S , (3.34)

which A* and B are the global incident and transmitted modes after the liner section (e.g.,
following our notation, it is equivalent to s = /11, see Fig. 19a). The scattering matrix is given

by

Saa Sas
S — _ (3.35)

Ssa SB
Note that BT denote the outgoing mode amplitudes towards the exit plane and, conse-
quently, these modes are radiated to the outside of the duct. Thus, as the sound propagates out

of the duct, a part of the acoustic energy is reflected back into the duct (B™) since there is a

change in acoustic impedance at the duct exit plane. As described in Section 3.3, these reflec-
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tions depends on the properties of the flow inside and outside the duct and can be described in

the matrix form by a reflection matrix R given by

B~ =RB". (3.36)

By introducing Eq. (3.36) into Eq. (3.34), it is straightforward to derive

BT = TA'" = (I - DggR) 'DgaA™, (3.37)

where T is the transmission matrix of the duct and I denotes the identity matrix. While the
scattering matrix depends solely on the duct properties, the transmission matrix depends also
on the ambient flow since it takes the reflections at the plane exit into account. As seen in
Section 4.5.2, in practice, the reflections at a intake nacelle at operating conditions are marginal
and can be neglected. In this case, the vector with reflected modes B~ is zero, and the Eq. (3.37)

can be simplified as

Bt = DpaAT™, (3.38)

which means T = Dga. Also, transmission matrix T can be understood as a transfer matrix
in which each term represents the contribution from each source mode independently to the
resulting modal amplitudes at the duct exit. For instance, 7;; is the modal amplitude of mode
(m, i) by injecting only the mode (m, j) of unit amplitude at the source plane.3

Finally, from Eq. (3.19) the sound radiated to the far-field can be rewritten in matrix form

as

D

where P and F are the far-field pressure matrix and the directivity matrix, respectively. Note

1 .
P= (—elkDS) B'F, (3.39)

that term %P /D is independent of the modal content, which is constant for a given distance
from the exit plane. By introducing Eq. (3.38) into Eq. (3.39), the sound radiated from the exit

plane is given by

1 .
P= <561’st> DpaATF, (3.40)

Note that the Equation 3.40 represents the coupling of the radiation model with the mode-
matching method, so that the liner attenuation can be investigated directly in terms of the acous-

tic far-field (knowing incident modal content A ™). Moreover, transmitted, scattered and radiated
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modes B depends on the combination of the scattering matrix of the duct with the reflection
coefficients (when considered). It is necessary to calculate all terms of the scattering matrix S

by means of the mode matching procedure to assess the transmission matrix T.

3.5 COMPUTER CODES

The theory outlined in Sections 3.1 to 3.4 has been implemented in a MATLAB computer
code. The code is referred to as “Liner Discontinuity Code”. The theory described in section
3.3, i.e., far-field radiation, has been implemented in a separate MATLAB code, which is named
“Free-field radiation code”. This code may read the output of the “Liner Discontinuity Code”
to obtain the amplitude at exit plane (such as defined in Section 3.4), or the amplitudes can

be manually attributed to compute the far- and near-field radiation. The main characteristics of

both codes are presented in sections 3.5.1 and 3.5.2.

3.5.1 Liner discontinuity code

The “Liner Discontinuity Code” code was developed as an analysis tool for the design
of liners (with segmentation) in the presence of non-uniform flow and is based on the theory
presented in Section 3.1. This is mainly focused on nacelle intake modeling (i.e., upstream
propagation). The flowchart for the code identifying the main routines is shown in Figure 22.

As a secondary function, the eigenvalue solver presented in Section 3.2 is necessary to
compute the wavenumbers for each boundary conditions (hard- and soft-wall) at the cylindrical
duct wall. A convergence analysis of this solver is reported in Appendix B.1. The code for the
lined duct case follows the same structure of hard-wall one, but it takes a significantly higher
amount of computational time to process. Three options were implemented in the first version
(1) Ingard-Myers (defined by Eq. (2.24)), (2) Brambley (defined by Eq. (2.25)) and (3) Pridmore-
Brown (defined by Eq. (2.29)). The results with all the boundary conditions will be presented
later in Chapter 5.

The code can solve the acoustic field inside the duct for particular conditions and config-
urations. Different cases can be simulated by changing parameters in the input data. The input
data can be divided into fluid properties and dimensions, wall properties, modal expansion pa-
rameters, and additional data. In the fluid properties and dimensions setup, the inputs are defined

by duct radius a*, number of liner segments N,°, hard-wall [* and liner length L* (or L} and L%)

> Currently, there are only uniform (1 segment) and segmented (2 segments) liner configuration options, as
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Figure 22 — Liner Discontinuity code structure.
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and fluid properties as Mach number M, flow profile M (r), boundary layer thickness ¢, fluid

density p; and speed of sound cj. In the fluid wall properties setup, the acoustic liner impedance

Z (or Z; and Z5) and boundary condition are chosen. In modal expansion parameters, the inci-

dent mode order (m,n), amplitude A}, | (by default it is unitary), and wavenumber & must be

defined. The additional input data is the number of modes computed in the mode matching, a

number of points on the grid NV, (defined in the Section 3.2) and the print controllers. Typical

results of the eigenvalue solver used in the mode-matching scheme are outlined in Appendix

B.2.

formulated in Section 3.1.
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The scattering and attenuation effects of liner discontinuities are computed by solving the
system of equations in Eq. 3.8 (and P-V or M-M matching must be selected). A modal sound
power routine is used to compute this amplitude sound power employing the formulation shown
in Appendix A. Besides, a new routine to check the behavior of the scattering matrix in terms
of transmission-reflection effects has been included.

The output of the “Liner Discontinuity Code” can be used directly as input for “Free-field
radiation code”. The coupling with the “Liner Discontinuity Code” is described in detail in
Section 3.4 and applied in Chapter 6.

An average computation takes about 2 to 4 minutes per mode and per frequency for uni-
form and segmented liner models on a PC with processor intel core i5 with 2.4 GHz, 8 GB
physical RAM and 3G virtual memory, without optimizing the MATLAB code.

It should be pointed out that the segmented liner with two segments is also implemented
in this version. However, it is outside the scope of this work to investigate such lined duct
configuration.

In the proposed prediction approach, the assumptions can be summarized, as:
1. Source noise is known;
2. Axisymmetric duct is straight and does not have thickness and lips;

3. The formulation is based on the linearized Euler equation solution by means: Pridmore-

Brown equation and convective wave equation (CWE);
4. Fully-developed inviscid flow is assumed;

5. Hydrodynamic modes or instability waves produced by the eigenvalue problem are dropped

of the solution;
6. The sound diffraction, reflection, and refraction are neglected on the inlet duct;
7. There is a linear combination of the modes (m,n) for coupling of the radiation models
and mode matching scheme;
3.5.2 Free-field Radiation code

The major routines used to calculate far- and near-field radiation through the radiation
models presented in the Section 3.3 are shown in Figure 23. In contrast with the “Liner Discon-

tinuity Code”, this tool was developed to compute the modal radiated sound outside the duct at
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any point in the free-field, based on the modal theory presented in Chapter 2 and on the radiation
models described in this Chapter. Furthermore, this code considers only the radiation effect at
forward hemisphere, assuming upstream propagation. Therefore, depending on the source, and
geometric characteristics as the wavenumber k£ and the distance from the exit plane D, it de-
fines the far- or near-field solutions. Then, Rayleigh and Kirchhoff radiation models (referred in
Fig. 23 as flanged and no-flanged duct models, respectively) may compute the radiated sound
by using Egs. (3.16) or (3.19) and Egs. (3.23) or (3.25), respectively. On the other side, the

Wiener-Hopf-based method computes only the far-field prediction.

Figure 23 — Far-field Radiation code structure.
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The input data can be easily divided into two types: far-field parameters and modal expan-
sion parameters. The far-field parameters are defined as the duct radius a*, the distance from exit
plane to the listening point D*, lateral # and azimuthal ¢ angles range and the fluid properties
as Mach number M, (the ambient mean flow can be turned on and off in the current solution),
fluid density p;; and speed of sound cjj. In modal expansion parameters, the incident mode order
must be defined m, n and amplitude A, | (i.e., it may be linked with the output amplitude of the

“Liner Discontinuity Code” by means the integration formulated in Section 3.4) and wavenum-
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ber k. In addition, the eigenvalue solver presented in Section 3.2 is used here to compute the
wavenumbers for hard-wall boundary conditions («, ,, and k,, ,,) of the cylindrical duct, which
is defined by Eq. (2.20). As output data, the code returns the radiated sound outside the duct
in terms of SPL as a function of the lateral § and azimuthal ¢ angles range and the PWL for a
given frequency (defined in Appendix A).

In terms of computational time, the models take about 3 to 5 minutes per mode and per
frequency for Rayleigh/Kirchhoff integrals and Wiener-Hopf-based method on a PC with pro-
cessor intel core 15 with 2.4 GHz, 8 GB physical RAM and 3G virtual memory, without opti-
mizing the MATLAB code. The far-field approximation solutions are faster than the integral

ones and it take a half minute on the same computer configuration.
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4 ASSESSMENT AND VALIDATION OF THE SEMI-ANALYTICAL MODELS

In this chapter, the mode-matching scheme and the radiation models are benchmarked
for acoustic propagation in turbofan intake problems. The main objective of this chapter is
to explore the accuracy and efficiency of the semi-analytical methods for simulating intake
propagation and radiation at relevant frequencies and flow condition by comparing results with
the FE code. Both acoustic and mean flow fields in the inlet duct (i.e., nacelle intake) have
been simulated using specialized FE software called ACTRAN/TM, whose acoustic tool for
turbomachinery noise prediction is based on a hybrid approach of finite/infinite element method

and includes a CFD code for potencial flow analysis.

4.1 MODELING THE MEAN FLOW

The assessment of the mean flow effect on the acoustic propagation requires the discretiza-
tion of the acoustic waves in moving media. For large problems such as those considered in
aeronautics, the common methods are generally based on a hybrid approach that consists of
dissociating aerodynamic and acoustic problems. The mean flow then serves as a support for
writing the acoustic propagation operator and must be determined prior to the acoustic computa-
tion. Figure 24 shows schematically both computational domains typically considered to solve
intake nacelle radiation problem separately.

The CFD approach considered in this work is based on a compressible potential flow
model', for which a systematic decoupling between a mean flow and sound waves is rigorously
valid (RIENSTRA; EVERSMAN, 2001). The fluid is assumed as inviscid, irrotational, isen-
tropic, perfect gas. It can be described by the Euler equations (2.1) - (2.3), which can be used
to write the steady irrotational compressible flow (ANTWERPEN et al., 2008). As assumed
in Eq. (2.5), the acoustic disturbances in the mean flow can be described by decomposing the

potential field in fluctuation (acoustic) and the steady-state velocity potential, which is given by

¢ = o+ @, (4.1)

The potential flow model is not necessarily restrictive for hybrid tools such as ACTRAN, and other mean flow
models can also be used. Rarata (RARATA, 2014) has shown the influence of other types of mean flow on the
intake nacelles with non-symmetric lips by using other approaches such as RANS solver. The author observed
that the effects of refraction due to the mean flow distortion play an important role in shaping the sound field
inside and outside the nacelle.
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Figure 24 — Representation of the computational domains for mean flow (top) and acoustic prop-
agation (bottom) modeling.
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where it is assumed that ¢y >> ¢. The velocity vector 1y may be expressed in terms of a veloc-
ity potential such as uy = V¢ (i.e. corresponding to a potential flow). The flow field boundary
condition is specified in terms of Mach number at the fan plane (T'},) and the ambient flow Mach
number (T'}). These conditions can also be specified in the model in terms of mass flow rate.
The boundary conditions on rigid surfaces correspond to zero normal velocity condition at walls
(ug - n = 0 on '), and the velocity potential is specified at outlet boundary (I').

Assuming a potential flow (i.e. isentropic and irrotational), the momentum equation may
be integrated into a compressible flow variant of Bernoullis equation. Thus, the mean flow field

may be calculated by following a set of equations given by (RIENSTRA; EVERSMAN, 2001)

C
u + ——=E, 4.2)

where [/ is a constant and v = 1.4 is the ratio of specific heats at constant pressure and vol-
ume for air. The subsonic mean flow is determined by conditions of uniformity upstream, the

constant I/, and a constant axial mass flux. A numerical model for mean flow is based on a
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finite-element discretization of the steady flow field equation. Second order and quadratic finite
elements are used to perform this calculation. The mean flow solution is then interpolated on

the acoustic mesh.

4.2  ACOUSTIC FIELD MODELING

Assuming a harmonic acoustic excitation on the form of ¢(x, ) = ¢(x) exp{(iwt)} and
combining the Euler equations, QAS is found by solving the convected Helmholtz equation (Eq.
(2.14)) in terms of the velocity potential. The FEM is based on a weak variational statement
constructed by multiplying Eq. (2.14) by weight function ¢ g% and integrating over the acoustic

domain =, (see Figure 24):

/: 0 {V&Vdé— (‘C‘—(‘)’-vé) (‘:—;’-w(ﬁﬂ 4=,

i / £ [Votuo - v5d)| iz —w? / 2 466 d=, 4.3)
g1 % 1 €0

= /,\5(5 {pOVgE - C%(zwqg —Uup - ng)uo] ;

0

where A = ApUA UAp is the bounding surface of the computational domain (e.g. the surfaces
represented in Figure 24). The surface integral right hand side of Eq. (4.3) can be simplified
because it is assumed that on A the mean flow is tangent to the boundary surface, so ug - n = 0.
In addition, for a hard wall boundary (Ay), both ug - n and QAS -n are equal to zero (MCALPINE;
WRIGHT, 2006). The right hand side of Eq. (4.3) is then zero. For a lined wall (A, ) however,
only ug - n is zero and any impedance boundary condition can be defined for g% -n. The surface
integral A is then calculated by using the impedance boundary condition originally derived
by Ingard-Myers (INGARD, 1959; MYERS, 1980) and implemented for FEM formulation by
Eversman (2001) as

iwt = [iw+ug-V—n-(nVug)] (%) , on Ap, (4.4)

which is equivalent to Eq. (2.23). In general, the acoustic domain = is divided into an inner and
outer domain (MCALPINE; WRIGHT, 2006) (see Figure 24). Infinite elements® are used for

the outer domain (=5), which is restricted to sound radiation analysis. The inner domain (=)

2 The infinite element method implemented in the ACTRAN is an extension of a variable order Legendre poly-

nomial formulation whose numerical performances have been extensively studied in the past. Details about this
domain formulation is discussed in Astley (2009) and Astley, Sugimoto, and Mustafi (2011).
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is required for the propagation simulation, where the source and/or exit planes (i.e., Ay) of the
ductare defined and, QAﬁ - n is prescribed in terms of duct modes.

The conventional Galerkin FEM is used to discretize the acoustic domain, which is di-
vided into a number of sub-domains called finite elements (and nodes are defined at the element
vertices). Therefore, Equation 4.4 is calculated at each node and a summation of the volume
and surface integrals is performed for each element in the entire domain =;. The solution for

velocity potential gg within the entire computational domain can be expressed as

J
o(x) = &N;(x), 4.5)
j=1

where J is the total number of nodes, /N is a vector containing the global interpolation functions
(or shape functions), and N; and ¢; are the local shape function and velocity potential. More
details of the FE procedure are discussed by McAlpine and Wright and Antwerpen et al. (2008)
and can also be found in the ACTRAN user manual (ACTRAN/TM, 2016).

4.3 MESH REQUIREMENTS

The mesh density is governed by the demands of the acoustic problem and is substantially
more refined than the one required for the mean flow analysis for the frequencies of interest. The

acoustic mesh is then locally refined in order to correctly catch the local wavelength as

27(1— M)

\ = , (4.6)
k(«/l—”T*lMQ—M)
for plane waves, which can be usually simplified to
2n(1 — M
A= u’ 4.7)
k
and the element size H needs to be at least
A
< — 4.8
= PPW’ (4.8)

where PPW is points (or nodes) per wavelength, which has been defined by many authors and
summarized as follows. Ozyoruk, Alpman, et al. (2004) and Ozyoruk and Long (1996) has
shown that a structured mesh grid resolution of 12 to 15 PPW gave results without significant
dispersion and dissipation for modal radiation from nacelles. McAlpine and Wright (2006) de-

fined that the axial resolution of 10 PPW is sufficient for an unstructured mesh of in-duct model



93

with spliced liner. From a convergence analysis, Gabard and Astley (2008) assessed the accu-
racy of the in-duct model for a positive mode and a negative mode (i.e. negative azimuthal
order) propagation, where a mesh resolution of 17.4 PPW to 22 PPW showed good results. For
the unflanged duct case, Chen et al. (2004) has shown that a minimum 7 PPW can be used for
the majority of the propagation area, but around the duct edge a high resolution of PPW > 15
should be adopted. Moreover, the convective effect on the )\ implies that locally higher velocity
areas need to be refined. For high order modes, it is necessary to take into account the cut-on

mode with maximum radial order to determine the local wavelength, i.e., (ACTRAN/TM, 2016)

27(1 — M)
kn.

The mesh refinement needs to take into account the fact that mode shapes of higher order

A= 4.9)

modes are more complex and less accurately resolved in FE meshes with poor resolution. On
the other hand, Gabard and Astley (2008) observed that with structured meshes the numerical
error can vary significantly from one mode to the next. This is due to the fact that for some
modes the azimuthal symmetry of the mesh matches that of the mode, and this effect is less

pronounced with unstructured meshes.

4.4 TEST CASES - COMPARISON WITH SPECIALIZED FE SOFTWARE

A model-scale problem is used to simulate realistic subsonic fan operating conditions.
The aim being to preserve most of the physics of the full-scale problem. The engine nacelle
geometry was inspired in the Advanced Ducted Propulsor (ADP) fan rig developed by NASA
and Pratt and Whitney, which has similar dimensions to the original test rig. In order to assess
different physical behavior through the FE models, the numerical models of this nacelle are
separated in terms of the in-duct field and near-field/far-field modeling.

The scattering and transmission of sound in the lined nacelle inlet duct are modeled using
two inlet duct geometries shown in Fig. 25. Note that the straight duct model (Fig. 25.(a))
is equivalent to the analytical approach considered in this work, which is based on the mode
matching scheme. The second model (Fig. 25.(b)) has more realistic characteristics considering
the regions of non-uniform duct geometry, such as the section variation and spinner. Moreover,
the sound radiation effects of inlet duct are considered in the entire domain (near-field) and
surround the nacelle exit plane as shown in Fig. 26. In such cases, flanged duct, no-flange

duct and unflanged duct models (Fig. 26.(a)-(c)) are equivalent to analytical radiation models
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Figure 25 — Representation of the FE models of the in-duct domain: (a) straight duct and (b)

real nacelle.
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Figure 26 — Representation of the FE models of the near-field close to inlet duct: (a) flanged
duct, (b) no-flanged duct, (c) unflanged duct and (d) real nacelle.
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such as Rayleigh, Kirchhoff, and Wiener-Hopf-based methods, respectively. The values of the
parameters used in these analyses are the duct length L* + 2[* = 0,29 m, the outer radius
ay, = 0,28 m and inner radius a, = 0,11 m at fan plane and the liner length L* = 0,18 m. For
the radiation models, the sideline angles were limited to an arc from 0° to 90° and a distance

from the duct of 5 m (approximately 1) = 18a), which is defined in Section 4.5.2. All cases are

assumed as two-dimensional axisymmetric models.
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Table 2 — Operational parameters considered in this study.

Fan operating condition parameters
azimuthal order, m 0,4, 8, 12, 16, 20, 24

Frequency, f* 5422.8 Hz
Wavenumber, k 28
Mach number, M 0.4
Liner impedance, Z 2-11

Source — Own authorship.

The in-duct acoustic field is obtained for each incident mode applied at the fan plane (or
exit plane depending on the model) at a given frequency. On the fan and exit planes, the natu-
ral boundary conditions can be used to introduce the noise source and non-reflecting boundary
conditions. Therefore, the numerical model consists of three main boundary conditions: modal
basis, impedance, and non-reflection. Outside the duct, the acoustic field is radiated for each
transmitted mode that is propagating at the near-field region to IE/FE interface and then propa-
gates on the external region model using infinite elements, at the far-field region, which works
naturally as a non-reflecting boundary condition. And the numerical model consists of two main
boundary conditions: modal basis and non-reflection (generated artificially by IE domain).

The number of quadratic elements in the radial direction is decided in such a way that the
elements are square-shaped at the fan plane. A mesh resolution of 18 PPW is used to discretize
the FE domain (based on the review in section 4.3). Moreover, depending on the model, the
structured mesh is preferred instead of an unstructured one based on the ease of construction of
the mesh grid.

The parametric verification analysis was performed considering the boundary effects of
each model on the modal propagation and radiation. Table 2 lists the details of the operating
condition used in this analysis. Note that the test cases were defined with fixed liner length
and impedance, the radius of the duct, Mach number and the wavenumber. Only the first radial
order of the propagating modes will be considered, which has cut-off ratio 7, ,, ranging from
1.15 to 5.75 (or cut-off parameter &, , varying from 0.03 to 0.74). In view of the symmetry,
only positive values of m and «, ,, are to be considered here.

As variations of the circumferential mode number m yield the biggest effect, these pa-
rameters are varied as indicated, and the values are chosen such that they are representative
of aircraft engines. Therefore, the results from the different radial eigenvalue or cut-off ratio

are compared regarding each FE model in terms of in-duct propagation and free field radiation.
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This will allow capturing the modal effects, in term of modal scattering, sound transmission and
reflection and directivity patterns, comparing each FE model with analytical approaches. On the
other hand, the acoustic impedance would always vary with frequency, it was restricted to two
wall impedances (Z = oo for hard-wall, and Z = 2 — 1i for lined duct). Other values have been
experimented but they did not seem to produce essentially different conclusions. Similarly, it
has been considered, only, a mean flow of Mach number 0.4. The issues about a parametric
study in terms of Mach number (and without flow), impedance and frequency was extensively
discussed in the past by several authors such as Rienstra and Eversman (2001) and Ovenden,

Eversman, and Rienstra (2004).

4.5 RESULTS

4.5.1 In-duct acoustic field

The test cases used in this verification assume a cylindrical duct composed of three seg-
ments as presented in Section 4.4. For a real nacelle case, the fan plane is annular due to spinner
presence, and the modes have an eigenvalue solution quite different than that of the cylindrical
duct, which is more critical for low order modes and higher radius ratio a;,/a.,. To evaluate
this effect on the FE prediction, an additional model without spinner was examined.

The analytical methods used in this work have been converged and verified as follows: (1)
The uniform flow eigenvalue solver using the methodology presented in section 3.2 is converged
for a high number of points on the radius (see Appendix B.1); (2) The uniform flow mode-
matching solver is validated by comparison with the FE commercial code. In the next section, a
mode matching convergence is analyzed and the number of cut-off modes necessary for a better
relationship between computational fidelity and cost is defined. For the analysis proposed in
this section 50 modes are included in the mode matching schemes.

First, the mode matching schemes are used to predict the transmission loss (i.e. the acous-
tic power absorbed and reflected by the liner), which is generally the quantity of practical in-
terest for liners design. For each incident mode assumed at the fan plane, Figure 27(a) shows
the transmission loss given by the analytical solutions (dash lines) and by the FE models (solid
lines). As expected, the real nacelle FE model has a deviation on the order of 20 dB for higher
modes, while the nacelle without spinner FE model is closer to a straight duct model, which
means that the reflections provided by the section variation have slight influence on the trans-

mission loss (see Fig. 27(b)). The greater discrepancies observed between analytical models and
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nacelle FE model for higher order modes can be understood as a consequence of the eigenvalue
solution for annular duct (at fan plane) and the higher gradients in the mean flow velocity along
the nacelle, which have effective lower Mach numbers than the other numerical and analyti-
cal models. Nevertheless, the mode matching with two matching conditions have a reasonable
agreement with numerical models. The difference between the straight duct FE model and the
M-M matching scheme (black lines) yields good results with an error below half a decibel for
all the modes, and the P-V matching condition (red lines) exhibit relatively higher error around
4 dB, especially for the higher order modes.

The liner attenuation is also clearly illustrated by comparing the pressure amplitude along
the duct wall as shown in Figure 28. Note that the interfaces between the liner and hard-wall
segments are located approximately at =/ Lo,y = 0.18 and 0.84. In terms of acoustic field, it has
been observed that agreement between mode matching schemes increase with azimuthal order
(see Fig. 28(a-e)), which can be explained due to pressure distribution of the mode strongly
concentrated close to the wall, and the spinner’s reflections having less influence. The reflected
and transmitted modes have a complex behavior (and it depends on the cut-off ratio and number
of cut-on modes), which have, in general, greater deviations in the second and third segments.
Moreover, the gradient of mean flow close to the wall produces variations on the convective
effect, such that it strongly influences the acoustic field. The same issue with the nacelle FE
model is observed here (see Fig. 28(f)), where the higher order mode (m = 24) has a strong
attenuation. Again, it is observed that there is a higher variation in the pressure at the wall, which
is better captured by the M-M matching scheme, especially in the vicinity of the interfaces (i.e.
where the impedance discontinuity at the wall induces a singular pressure field).

Generically speaking, one can summarize the possible modeling discrepancies between

FEM and mode matching with different matching schemes as following:

1. The geometry plays an important role. The transmission loss does not only depend on the
acoustic impedance (strictly speaking in dissipation), but the net reduction may benefit

from reflections at discontinuities in the duct (hard/soft walls and varying cross-section).

2. The modal scattering provided by the varying cross section depends on the local cut-off
ratio (i.e. due Mach number gradient), and consequently on the number of the cut-on
modes. Moreover, it may be more important since an attenuated mode does not produce

a significant reflection (RIENSTRA; EVERSMAN, 2001).
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Figure 27 — Predicted sound power transmission loss:(a) for each FE model (—) and analytical
solution with the matching of P-V and the matching of M-M (— — —).(b) Absolute
error on the transmission loss between mode matching solutions (red lines: match-
ing of P-V and black lines: matching of M-M) and nacelle FE solution (solid lines)
and straight duct FE solution (dash lines).
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Figure 28 — Sound pressure level at the duct wall (r = a) with the uniform flow for different
azimuthal order. Comparison of the analytical solution with the matching of P-V
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Figure 29 — Contour of the in-duct mean flow velocity (ug) calculated from FE models: (a)
Nacelle without spinner and (b) Entire nacelle.
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3. The annular duct may be important in some cases (for nacelle FE model). It yields an
eigenvalue solution quite different than cylindrical ducts, especially for low order modes

(see Figs. 28(a) and 28(b)).

4. In regions with a high variation on the mean flow, especially in the nacelle FE case, the
propagating modes have an effective cut-off ratio smaller than the cut-off ratio used in the
analytical approach and the straight duct FE model, what affects the liner attenuation (see
Figure 29). In addition, the axial variation of the mean flow near the outer radius modify

significantly the behavior of the modal absorption rate along the duct.

In order to illustrate some of these issues, the contours of the pressure field (Re(p)) ob-
tained numerically and analytically are shown in Figures 30 and 31, respectively. The low order
modes are represented by mode (0,1) (plane wave) and the high order by mode (20,1). Note that
the phase of waves propagating in Fig. 31 are shifted in approximately 7 regarding the results
in the Fig. 30. For the cases of the high order mode (see Fig. 30 (b)(d)(f) and Fig. 30(c)(d)) the
agreement of pressure contours is reasonably good, where these cases share the characteristic
of high attenuation and wave propagation. Even in the nacelle FE model, the acoustic field is
slightly affected. In the plane wave cases (Figs. 30 (a)(c)(e) and 30(a)(b)) almost no attenuation
is given for either the mode matching or FEM results. As noted previously, the presence of the
spinner produces the noticeable change in the acoustic field. Further modified mean flow field

(see Figure 29), a considerable number of scattered cut-on modes play a role in this case. Some
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Figure 30 — In-duct pressure field calculated from mode matching scheme with matching con-
dition of P-V (a,c) and M-M (b,d) for azimuthal orders m = 0 (a,b) and m = 20
(c,d).
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discrepancies are visible in the other FE and mode matching solutions, where the average trend,
however, does not seem affected.
The general information about the cases studied in this section in terms of the sound

power transmission loss (defined in Appendix A) and reflection® afforded by liner impedance is
3

The sound power reflection has a similar definition regarding the sound power transmission loss in the Eq. (A.9).
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Figure 31 — Contour of the in-duct pressure field calculated from FE models for azimuthal or-
ders m = 0 (a,c,e) and m = 20 (b,d,f): Nacelle (a,b), Nacelle without spinner (c,d)
and straight duct (e,f).
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given in Table 3. In addition, Table 3 gives the number of hard-wall cut-on modes at the source
plane and the cut-off ratio of the respective incident mode*. Note that important features such
as (1) interference of incident and reflected modes (associated with the cut-off ratio and the
number of cut-on modes) creates the bumps in absolute pressure implying a complex behaviour
on the propagating wave; (2) the sound power reflection for high frequency follows the opposite

behaviour of the transmission loss.

However, it is calculated for opposite direction and considering the sign “—” in the Eq. (A.4).

4 Note that the number cut-on modes at the source plane and the cut-off ratio for annular duct is quite different.
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Table 3 — Summary of observed attenuation and reflection provided by liner impedance, includ-
ing the number of hard-wall cut-on modes (n.) and the cut-off ratio (1),,,) of the
incident mode.

Sound power transmission loss (dB)\reflection (dB)

™ TTFE, FE, w/o FE, MM, MM, e e
Nacelle spinner straight duct P-vV M-M
0 1.6\21.9 1.1\224 0.7\29.6 1.6\30.1 0.6\l26.6 10 oo
4  32\23.0 2.7\21.6 1.8\26.5 33\24.1 0.8\255 8 5.8
8 4.5\19.5 3.9\20.5 2.7\26.7 53\22.6 2.6\235 6 32
12 59\19.5 5.1\19.6 3.8\21.3 6.8\21.4 39\223 5 22
16 7.4\174 6.4\18.9 49\18.9 8.4\204 54\214 3 1.7
20 14.5\18.6 12.1\21.7 9.6\20.9 12.2\18.8 10.1\19.8 2 14
24 61.0\17.5 43.3\18.7 39.2\19.1 42.9\18.5 399\18.1 1 1.15

Source — Own authorship.

4.5.2 Duct external acoustic field

The problem of the free field sound radiation has its own important features, especially
in the presence of mean flow. For the sake of brevity, the same velocity is taken throughout
the free-field for the analytical radiation models. In Section 6.1, the effect of flow mismatch in
terms far-field solution is carried out. In addition, possible reflections of incident acoustic waves
on the duct exit are neglected.

An important issue about the acoustic field outside the duct is the definition of near-field
and far-field for high order modes. In the general acoustics, once in the far-field, the pressure and
acoustic velocity must be in phase, and wave-fronts are nearly parallel, which extend outward
to infinity. For each doubling of distance away from the source, the sound pressure will drop
6 dB in the far field (PIERCE, 1989).

Both regions were formulated analytically in the Section 3.3 considering Rayleigh and
Kirchhoff integrals, which can be useful for a first analysis of the acoustic pressure in the far-
field and near-field regions. Figure 32(a) shows a comparison of the Sound Pressure Level
at a single position (p,0), k = 28 and M = 0.4 between near-field and far-field solutions
for varying distance. Kirchhoff exact and approximation integral solutions were used on this
analysis. The low order modes are represented by mode (0,1) (plane wave) and the high order
by mode (20,1). At the mentioned conditions, it can be observed that the low order mode needs
a greater distance to be in the far-field region, which can be used to establish this region for all
other modes. As defined previously in Section 4.4, a distance greater than or equal to 18a seems

sufficient. Figure 32(b) is a comparison of directivity patterns between the near-field solution
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of Eq. (3.23) and the far-field solution of Eq. (3.25) for mode (0,1). Note that the directivity
solution is symmetrical for both formulations.

In order to analyze the agreement of the radiation models formulated for the far-field
region in Section 3.3, this section is focused on the modeling of the radiation from an open-
ended waveguide. Again these analytical approaches are compared with FE models. The ability
to compute the far-field sound radiation for higher values of m might be of importance in cases
where coupling occurs between modes with different azimuthal dependence (i.e. multi-modal
analysis). The parametric study has been undertaken with the same characteristics presented in
Section 4.5.1 and follows the four FE models presented in Figure 26.

Figure 33 presents the results of these FE models and analytical approaches in terms
of the far-field sound radiation directivity for each mode. This shows the normalized sound
pressure level in the forward arc (0 to 90°). A unitary amplitude is assumed for each incident
mode at the fan plane. The radiation models based on Rayleigh, Kirchhoff, and Wiener-Hopf
are represented directly by flanged, no-flanged and unflanged FE models (also called here as
representative FE models), respectively. In this sense, a quantitative and qualitative agreement
is naturally expected between these analytical and numerical methods. On the worst case at
0;, »» the absolute deviation is around 5,1 dB between the flanged duct solutions, 1 dB for no-
flanged duct solutions and 2,5 dB for unflanged duct solutions. It has been observed that these
deviations at the main lobe angle vary slightly when all modes are considered. One can expect
the higher deviation found between flanged analytical and numerical models, which may be
understood as a first-order approximation on the Rayleigh integral (assuming a << D as a
simplification of the general formulation (TYLER; SOFRIN, 1962)).

The analytical and representative FE models follow reasonably the general trend of the
real nacelle FE model in the case of very high order modes. The mentioned trend due to the
lip influence seems to be still observed, but careful attention must be paid to the inherent error
committed in the vicinity of the lip and close to the sideline angles (6 > 70 degree) (LIDOINE
et al., 2001). With accelerating Mach number on the wall, strong discontinuities in the velocity
field have to be considered in addition to the scattering effects (also observed on the previous
Section). Therefore, in the cases with high Mach number, these characteristics may be important
in the prediction. However, such effect of flow in the vicinity of the lip are outside the scope of
this work.

The absolute error between the analytical approach and its numerical representation is

shown in Figure 34. The differences between the representative FE models and the respective
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Figure 32 — Comparison between Kirchhoff integral solution for azimuthal orders m = 0 (red
lines) and m = 20 (blue lines): Exact (dash-dotted line) and approximation (solid
line) solution.
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Figure 33 — Predicted far-field directivity pattern in terms of sound pressure level for several
modes radiated from a cylindrical duct. Comparison of the analytical solution based
on integrals approximation (— — —) and FE solutions (—).
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Figure 34 — Absolute error of the predicted far-field SPL between the analytical approach and
its numerical representation: Flanged duct (blue), no-flanged (red) and unflanged
(green). The main lobe is highlighted by a dash line.
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analytical model yield reasonable results with an error remaining below some decibels for the
region near the main lobe, and for regions near the angles of the radiation nulls it exhibits
relatively higher error greater than 15 dB, especially for cases of high cut-off ratio (i.e. cases
with great number of the cut-on modes). Therefore, it is observed that the local pressure minima
97Vnc are found instead of pressure-nulls and they are proportional to the number of the cut-on
modes.

In term of the main lobe angle, all analytical and numerical approaches have a similar
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Figure 35 — Main lobe angle as function of modal content (in-terms of the azimuthal order and
cut-off ratio) for study condition considered here: M = 0.4 and k& = 28.
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result. Even when all cut-on modes are used, this is the case as shown in Figure 35. This agree-
ment could be expected here, since input modal base at a given frequency and free-field Mach
number is the same, and the diffraction effects may be negligible. On the other hand, it is possi-
ble to observe the effect of the “infinite” baffle required by flanged models implies a deviation
for modes radiating mainly above 70° (i.e. nearly cut-on modes). Moreover, the unflanged FE
model overestimates the effects of the diffraction on the lip, and provide a small reduction these
main lobe angles around 6° with relation to the real nacelle model when nearly cut-on modes
are propagating.

Of particular relevance for the turbofan application, the reflection on the exit plane is usu-
ally neglected when the analytical approach is assumed (GABARD; ASTLEY, 2008; LEWY,
2003). In order to assess the real impact of this assumption, reflections on the exit plane were
calculated by FE models in terms of the sound power, which is defined as 10log,,(P™/P"?).
Figure 36 shows the key difference between the sound power reflection as a function of the all
cut-on modes for real nacelle and straight duct FE models (selected for natural reasons). At high
frequency, when nearly cut-off modes propagate (7 ~ 1 and 6, ,, ~ 90°) is expected a higher
reflection energy. This trend is easily observed for both FE models, which has low reflection

energy for the most part of modal content and an exponential growth when it radiates near 90°
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Figure 36 — Sound power reflection as function of modal content (same of Fig. 35) for real
nacelle (black line) and straight duct (red line) FE model.
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(see Figure 36). The numerical discrepancies between the FE models may be explained by the
variation of the flow field next to the lips wall, which has higher Mach number values for the
nacelle FE model.

Finally, the significant effects are caused by the presence of lip discontinuities and a
mean flow lead to some numerical discrepancies between the analytical radiation model and

FE modes, which may be mainly summarized as:

1. The lip geometry plays an important role. It is not investigated here, but on the main lobe
of the directivity pattern, it is expected that SPL increases with increasing lip thickness,
whereas sideline radiation decreases (= 90°) (LIDOINE et al., 2001). It is not happening
here due to the reflections at the exit plane and on the in-duct section variation. At this

point, this seems more important for modes near to the cut-off frequency of the duct.

2. Thickness and curvature of the inlet lip have a significant influence on the modal directiv-
ity patterns. In some studies using ray tracing method in nacelles (DOUGHERTY, 1996),
it is observed that the mechanism of diffraction around inlet lip is different for curved (or
nacelles) and discontinuous (or unflanged duct) lips and this scattered field vanishes at

high frequencies.
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3. Combined convection and relative frequency shift modify the modal directivity patterns.
It has been observed that the presence of mean flow involves only problem convection
effects on the frequency for analytical methods (i.e. based on a simple Prandtl-Glauert
transformation that allows the problem to reformulate). The FE models without finite
lips (flanged and no-flanged models) follow closely this simplification. But for the FE
models with thick or finite lips, simulating a mean flow leads to a change of the physical

modeling.

Another conclusion of this study is that the validity of the flanged, no-flanged and un-
flanged approaches follow closely to the real nacelle results, which depends on three significant
factors: frequency (fixed and approximated of the typical engines operating conditions), modal
content (typically high order modes are well cut-on and dominate) and mean flow (it involves
an equivalent increase of the frequency which allows some cut-off modes to become cut-on).

In comparison with the representative FE models, the analytical method shows a good ap-
proximation for far-field directivity pattern, even when the reflection is neglected. However, in
the vicinity of the cut-off frequencies, the analytical radiation models are affected by some dis-
crepancies (i.e. reflection and diffraction issues may be important). Nevertheless, the methods

may be able to describe reasonably well the behavior of a nearly cut-off mode.
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5 EFFECTS OF THE SHEAR FLOW ON THE SOUND TRANSMISSION

This chapter explores the effect of the shear flow on the in-duct propagation considering
liner discontinuities by using the mode matching scheme. The key point on this analysis is to
understand the behavior of the liner impedance on the presence of the inviscid and homoentropic
flow at different operating conditions. The effect of the boundary layer thickness over Brambley
boundary condition is explored and compared with the Pridmore-Brown solution. Futhermore,
a parametric impedance study is conducted to verify if the effects are also observed for other

conditions.

5.1 FLOW PROFILE ALONG THE NACELLE

The particular case of the nacelle intake with the acoustic liner presence is considered here.
From the modal approach, we assume that only the modes propagating against the flow from
the fan plane are present. At real engine nacelles, the boundary layer is constantly changing
(at some conditions, the section variation may retard or reset the boundary layer development),
and it is usually assumed thinner at intake lip and thicker closer to the fan plane. Since the
boundary layer thickness varies reasonably, this refraction effect is not constant along the in-
duct propagation. In the present work, we focus on propagating modes within the subsonic
sheared flow with particular emphasis on the role of lined walls.

The main issue about boundary layer thickness in the in-duct nacelles is related to the
question: what is a representative value at a given operating condition? It is not a straightfor-
ward task to find the right answer to this question. The boundary layer growth within the nacelle
can be affected in different ways: (1) by the angle of attack of the nacelle, (2) by turbulence in-
gestion, (3) by the turbulent boundary layer of the nacelle (and interaction of inflow with a
perforated plate of the liner). Therefore, the real flow profile in nacelles and its boundary layer
thickness are also relative to these variations. In the presence of a strongly inhomogeneous
shear layer, such as a viscous boundary-layer near the wall, dissipative effects on the propagat-
ing wave are expected (VILENSKI; RIENSTRA, 2007). Therefore, a distinction must be made
between the refractive effect of a laminar boundary layer and a turbulent boundary layer on
acoustic propagation. The refractive effect of a turbulent boundary layer on the sound attenua-
tion is out of scope in this work, which is discussed in details by Weng (2015) for hard-walled

duct.
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In reality, the mean flow gradients is caused by viscosity effects. For the aero-engine
intake, these mechanisms are considered insignificant for the acoustic perturbations (BRAMB-
LEY, 2011). As assumed in Section 2.1.2.2, we considered a fully-developed shear flow with
zero axial velocity component at the wall (no-slip condition). Here the boundary layer thickness
0 is defined as the distance from the wall to the radial position, where the local velocity is equal
to 99% of the free stream in-duct velocity M,. Moreover, the boundary layer thickness ¢ is a
percentage value of the total duct radius, with the rest of the mean flow being virtually uniform.

In order to analyze the boundary condition of the uniform flow compared to the others
boundary conditions, a flow profile M (r) describes by the Mach number in the duct, and it must
be included in the mean flow. In this sense, some profiles have been used in previous studies to
assess the impedance boundary conditions (NAYFEH; KAISER; SHAKER, 1974). In terms of
liner attenuation analysis, it is desirable to have an analytic form of the velocity profile, which
has a minimum impact on sound attenuation rate provided by the acoustic impedance, and its
derivative to be infinite at the wall (i.e., M’(1)). For purposes of calculating attenuation rates,
Nayfeh, Kaiser, and Shaker (1974) observed that the details of the flow profile has little effect on
sound absorption, and, in general, it is sufficient to rely on parameters such as the displacement
thickness and shape factor to characterize the boundary layer impact on the liner attenuation.
This assumption is confirmed later by Gabard (2013, 2016) with different boundary conditions
modeling. Also, he observed that since the same boundary layer thickness is used for all profiles,
it can be seen that some differences are visible, especially in the upstream propagation.

The flow profiles such as the polynomial (MARX; AUREGAN, 2013), parabolic (GABARD,
2013), linear (GABARD, 2016), sinusoidal (EVERSMAN, 1971) and hyperbolic tangent (tanh)
(VILENSKI; RIENSTRA, 2007; BRAMBLEY, 2011) profiles have been used for calculating
liner attenuation rates. For flow profile such as the 1/N power law, Eversman (1972) has been
shown that its derivative is singular at the wall, and the numerical solution (in this case, Runge-
Kutta procedure) of Pridmore-Brown equation can be affected in the wall vicinity. The only
exception to this occurs if the walls are rigid, in which case the zero pressure derivative bound-
ary condition eliminates the singular behavior if appropriate special care is used in the numerical
procedure.

The boundary conditions implemented on the numerical solver studied in this work are

able to handle an arbitrary flow profile, and the hyperbolic tangent profile has been selected due
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to its infinite derivative at the wall, which is given by (VILENSKI; RIENSTRA, 2007)

M(r) = Mo{tanh (17) + [L =] [1 - tanh (671)]

1 + tanh(571) G-
ety ]

d

where M (r) is practically constant in 7 except for a boundary layer of thickness §. On the
other hand, the boundary layer thickness ¢ is characterised by M (1 — §) ~ 0.76M,, and a
displacement thickness (defined in Eq. 2.28) given by §; =~ ¢ — § In[cosh(1)] + O(6?) ~ 0.56 +
O(6?). Given that this flow profile is not very realistic, it should have little impact on the sound
attenuation compared to other profiles (VILENSKI; RIENSTRA, 2007). As explained before,
if one assumes the same boundary layer displacement thickness for any arbitrary flow profile,
the results remain the same (GABARD, 2013). Moreover, at engine intake, the boundary layer
thickness is constantly growing until the fan plane and, in general, ¢ values of less than 2% are
expected (GABARD, 2016). The range of boundary layer profiles from 0.1% to 3% used in this

chapter are shown in Fig. 37.

Figure 37 — Tanh flow profile for (a) different values of boundary layer thickness, and (b) detail
at the boundary layer close to the wall.
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Table 4 — Typical turbofan engine operating conditions considered in this work.

Operating Mach No, Wave- Azimuthal Cut-off Impedance,

conditions M number, £ order, m  ratio, 1, Z
Sideline 0.5 31 24 1.36 3-0.51
Cutback 0.4 26.6 24 1.1 2-1i
Approach 0.288 16.67 9 1.63 2-1i
Source — Own authorship based on the results of the McAlpine, Astley, et al. (2006) and McAlpine and Wright
(2006).

5.2 APPLICATION TO INTAKE FAN NOISE - CASE STUDY

In order to better understand the impact of uniform and shear flows on the in-duct noise
prediction, three different flight conditions were considered based on typical operating condi-
tions (MCALPINE; ASTLEY, et al., 2006; MCALPINE; WRIGHT, 2006), which are shown in
Table 4. For sideline and cutback conditions, we assume a supersonic fan tip speed, and there-
fore a dominant rotor-locked mode (see Section 2.2.4.2). For approach condition, a subsonic
fan tip speed is assumed, such that the dominant azimuthal mode order is calculated by the
Tyler-Sofrin rule (TYLER; SOFRIN, 1962), as described in Section 2.2.4.1. Notice that the cut-
off ratio is close to 1, especially for cutback condition, indicating that the propagating mode is
nearly cut-off. The impedance values presented in Table 4 have been chosen to be representative
of a typical intake liner.

For the mode matching technique, typical dimensions of a turbofan engine and liner length
are used in this work, and the geometric parameters are the same as those used by McAlpine,
Astley, et al. (2006). In this case, following the coordinate system from Fig. 7, the duct radius
is a* = 1m, the duct length is L, = L* + 2I* = 1,1 m, and the lined length is L* = 0,8 m.
For the radiation model, the sideline angles were limited to an arc from 0° to 90° and a distance
from the duct of 5 m.

The flow profiles used in this work are based on the tanh profile, as given by Eq. (5.1),
with ¢ varying from 0.1% to 2% for sideline and cutback conditions and from 0.5% to 3% for

approach condition (see Fig. 37).

5.3 IN-DUCT RESULTS

In this section, we are concerned with the in-duct propagation, particularly the modal
absorption rate along the duct, transmission loss, and scattering effects. The accuracy of the

mode matching schemes used in this work was assessed in the previous chapter by using the
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commercial finite element (FE) code ACTRAN/TM. Moreover, for the sideline operating con-
dition, McAlpine, Astley, et al. (2006) and Braga, Cordioli, and Reis (2018) have shown that,
without flow, the solutions considering the mode-matching method and FE exhibit excellent
agreement. On the other hand, when the mean flow was included, the agreement was slightly
affected, especially near the interfaces. Nevertheless, the transmission loss results were still in
good agreement, with differences smaller than 1,8 dB.

The same behavior is observed here in terms of SPL, as shown in Figure 38. In regions far
from the liner discontinuities, the deviations on the results follow the same trend observed by
other authors (GABARD; ASTLEY, 2008; GABARD, 2010; BROOKS; MCALPINE, 2007),
with a relative error of less than 2,5dB for cutback and 1dB for other conditions. Also, the
error in transmission loss remains smaller than 2.5 dB for all cases considered. In this validation
and for all conditions 30 cut-off modes were included and the matching condition of P-V on
the mode matching solutions was considered. Since there no significant deviation between the
matching condition of P-V and M-M was observed in Chapter 4 for high order modes, for

simplicity, the matching condition of P-V was preferred here.

Figure 38 — Acoustic pressure at the duct wall with uniform flow: approach (green), cutback
(red) and sideline (blue) conditions. Mode matching (- - - ) and FE (—) solutions.

10

o

-10

-20

-30

-40

-50

-60

-70

Sound Pressure Level, 201og;,(|p(x,a)|)

| | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Normalized axial length, =/ Liota

-80 ‘ ‘

Source — Own authorship.

As a matter of fact, the mode matching accuracy could be improved if more cut-off modes
were included. Figure 39 shows how the number of modes affects the in-duct content for uni-
form and shear flow at transitions, with emphasis on the sideline condition. It can be observed

that increasing the number of radial modes modifies the acoustic field only at distances close
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to the interfaces. Since most of these modes are well cut-off, their influence is limited to the
vicinity of the interface, and therefore their contribution to other locations is negligible. A con-
vergence analysis has been performed by other authors and summarized as follows. McAlpine,
Astley, et al. (2006) concluded that, for n, = 2, a total of 20 radial modes was sufficient for
convergence. Law, Dowling, and Corral (2010) demonstrated that, for seven cut-on modes with
azimuthal order m = 0, it was reasonable to use 30 radial modes. For n, = 5, Gabard (2010)

included 80 radial modes to represent accurately the solution near the liner interface.

Figure 39 — Variation of the mode matching solution for sideline condition with the number of
radial modes included.
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The discontinuity at the interfaces is not observed when considering shear flow in terms of
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the acoustic pressure, as shown in Figure 39b. In this case, a better convergence at the interfaces
is achieved when a greater number of modes is considered. It follows directly from the no-slip
condition at the wall, which provides better agreement for matching condition considered here.
When considering the Ingard-Myers boundary condition, the acoustic power is not conserved
across the interface due to the presence of a vortex sheet on the liner surface, such that the
standard matching assumption of pressure and axial particle velocity is incorrect (EVERSMAN,
2001; GABARD, 2010), which can explain the mismatching at the interfaces.

To estimate the error of the matching at the interface as function of the number of radial
modes N, one can use the mean squared error function ¢,,, defined as (LAW; DOWLING;

CORRAL, 2010)
[ 1BsE (o, N = s, (r, N dr

em(N) = 1
fo |pstt(r, N| dr

and shown in Figure 40 for the interface at x = [ and sideline condition. Since the computational

(5.2)

cost scales with the matrix size in Eq. (3.8), it is important to define a maximum number of
radial modes that guarantees a satisfactory level of accuracy for all conditions. In this work, we
consider 30 cut-off modes, which should be sufficient for computing the transmission loss, even
in the presence of a sheared flow. In addition, a convergence analysis of the wavenumber solver

used in the the mode matching scheme is outlined in Appendix B.1.

Figure 40 — Variation of the error function at sideline condition with the number of radial modes
included: Ingard-Myers (black) and Pridmore-Brown (red) solutions.
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To assess boundary layer effects, the solution of the Pridmore-Brown equation and con-

vected Helmholtz equation with Brambley boundary condition were considered for rigid and



118

lined sections. The procedure to find the wavenumbers was different for each case. The Pridmore

Brown equation was solved using a spectral method, as outlined in Section 3.2, in the form of a
generalized eigenvalue problem. The Brambley boundary condition is not suitable for this kind
of problem since some terms are quadratic in k, and therefore the tracking method proposed by
Eversman and Hubbard (1991) was used in this case for each mode. For this reason, the time
to compute the Pridmore-Brown solution is much faster than the Brambley formulation. The
mode matching prediction for both formulations are shown in Figures 41 to 43 for all operating
conditions. The results with uniform flow and Ingard-Myers boundary condition are used as ref-
erence, and a parametric study with four different boundary layer thicknesses was considered
for this comparison.

A first observation is that increasing the boundary layer thickness leads to a reduction on
liner attenuation, which is more prominent for higher Mach numbers. For the sideline condi-
tion, the acoustic field in the lined section is significantly modified when compared to the uni-
form mean flow case. In fact, at some locations, the difference between assuming uniform and
shear flow with 6 = 2% is above 10 dB for both Pridmore-Brown solution and convected wave
equation with Brambley boundary condition. Although it is not clear in Figures 41a and 41b,
assuming Brambley boundary condition results in a slightly overpredicted attenuation, which is
in line with the results shown by Gabard (2016). Nevertheless, it is a more conservative choice
when compared to Ingard-Myers boundary condition. It should be noted that scattering occurs
pre-dominantly at the start of a each interface.

For cutback condition, only one radial mode is cut-on in the hard-walled duct and the
cut-off ratio is close to 1. Therefore, this mode is well absorbed in the lined section in the
presence of uniform flow, as seen in Figures 42a and 42b. The presence of a boundary layer
leads to a significant reduction in total attenuation, although the mode remains well attenuated.
In Figure 42b when considering Brambley boundary condition, this reduction is about 20 dB
for § = 2% at the duct termination. On the other hand, this boundary condition underpredicts
the liner attenuation when compared to the Pridmore-Brown solution in less than 2,5 dB.

For approach condition, the lower Mach number leads to a liner attenuation barely af-
fected by the presence of a boundary layer. When comparing to the uniform flow case, even a
thicker boundary layer of 3% results in a reduction of only 1,3 dB in the Pridmore-Brown solu-
tion, and 1,6 dB in the convected wave equation with Brambley boundary condition. Since most
of the acoustic power in this mode is quite distanced from the duct wall when compared with

the mode (24, 1), it is expected less attenuation due to liner impedance. This is consistent with
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complex plane analysis outlined in the Appendix B.2, which shows at each operating condition
that the higher spacing from real axis (i.e. corresponding a higher modal attenuation) happens
for upstream propagation for thin boundary layer.

In addition, the pressure of a mode in the lined section decreases like exp[—Im(k,, )],
which is linear in a sound level as can be found for cutback condition (see Figure 42), but not in
the two other cases (Figures 41 and 43). This can be explained by two distinct mechanisms: (1)
due to the reflected wave at low attenuation and (2) the presence of radial modes propagating.
The last one will be analyzed in Section 6.2.1.

The change in the transmission loss associated with the presence of a boundary layer
is shown in Figure 44 for each operating condition. It is clear that the effect of the boundary
layer becomes important as the Mach number increases. Considering § = 2% and comparing
to results with uniform flow, a difference of approximately 0,5 dB is found for approach condi-
tion, 24 dB for cutback condition and 9,5 dB for sideline condition. The results with Brambley
boundary condition closely follow the trends observed in the Pridmore-Brown solution when
considering this range of boundary layer thickness. Moreover, comparing the Brambley bound-
ary condition with the Pridmore-Brown solution, it can be seen that it slightly overpredicts the
attenuation at sideline and approach conditions, whereas at cutback condition it underpredicts.

An interesting behavior is that the presence of a boundary layer increases the attenuation
when 0% < § < 0.1% at sideline and cutback conditions and 0% < § < 0.5% at approach
condition, which is not explained by the refraction effect. This indicates that the interaction
between the liner and the boundary layer is actually more complex (GABARD, 2016). In fact,
it is possible that the increase in sound attenuation with the boundary layer thickness may be
linked to the liner impedance reaching its optimum value (SPILLERE; CORDIOLI, 2019). For
larger values of ¢, the trend is a reduction in attenuation, which has been observed by Gabard
(2016) in terms of absorption rate. From the analysis presented here, the mean flow assumption
together with Ingard-Myers boundary condition can lead to erroneous results of the transmission
loss, specially in sideline and cutback conditions, which may result in inaccurate predictions of

the far-field radiated noise.

5.4 PARAMETRIC IMPEDANCE STUDY: IN-DUCT PROPAGATION

To extend the analysis to other liner configurations, a brief parametric study of the acous-

tic impedance is carried out to identify general trends at the sound power transmission loss in
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Figure 41 — Prediction of acoustic pressure at the duct wall with uniform and shear flow for
sideline condition.
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Figure 42 — Prediction of acoustic pressure at the duct wall with uniform and shear flow for
cutback condition.
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Figure 43 — Prediction of acoustic pressure at the duct wall with uniform and shear flow for
approach condition.
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Figure 44 — Predicted sound power transmission loss for boundary layer thickness growth con-
sidering Pridmore-Brown solution (Black) and Brambley solution (red): a) Sideline,
b) Cutback and c) Approach.
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terms of the liner impedance for the operating conditions studied here. The non-dimensional
specific acoustic impedance of the lining was defined in Eq. (2.30), which is commonly rewrit-
ten by a simple impedance model for a single-degree-of-freedom (SDOF) as (EVERSMAN;
HUBBARD, 1991)

0.3M,
Y

7 =R+iX = +i(kw — cot(kB)), (5.3)
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where B is the depth of the liner, o is the % porosity (or the percentage open area) and o is the
mass inertance. This mass ww of the facing sheet is determined by
[T+ £(0)d]

w=—" (5.4)
0

where £ is the dimensionless end correction, which depends on porosity ¢ and the grazing flow
effects. Note that the dimensionless end correction is always less than unity (€ < 1). On the
other hand, the resistance R in the Eq. (5.3) is taken to be independent of the frequency directly.
However, it depends on an averaged grazing flow Mach number M, (which is related to speed
rotation) over the lined surface and the percentage open area.

In order to limit the upper and lower values of the variables within feasible values, the
values suggested by Spillere (2017) were used'. Therefore, the realistic values of R and X are
specified. Figure 45 shown acoustic impedance curves for two parametric studies proposed in
this section. In the first case, in Figure 45.(a), the liner resistance was varied around typical val-
ues of liner configurations, which is applicable for liner design at low and high frequencies. For
the second parametric analysis, the liner reactance was also varied around typical values follow-
ing results of the Eqgs. (5.3) and (5.4). Note that the black dash line highlighted wavenumbers
of the operating condition studied in this chapter. Therefore, the liner resistance values used in
this section, vary from 2 to 4 for sideline condition. For approach condition, a lower variation
is observed in terms of liner resistance, with values from 1 to 3. Regarding the impedance val-
ues for cutback condition, it follows the intermediate trend observed for the previous condition,
which can vary from 1 to 2.5. The same range was also considered for variable liner reactance
case.

Firstly, the resistance is analyzed. Figure 46 presents the results for the transmission loss
for parametric study of variable liner resistance, which was investigated for assigned values of
the Table 4. In this case, the liner resistance was varied around typical values for each condition,
which is applicable for liner design at low and high frequencies. Only results for the Pridmore-
Brown solution are shown here since results with Brambley boundary condition are very similar.
In terms of transmission loss, different behaviors can be observed for this parameter in terms
of the boundary layer thickness when the resistance is varied. The attenuation maximum lobe
is a function of the liner impedance, and this may be linked to the relation between optimal

impedance and refraction effects within the boundary layer (SPILLERE; CORDIOLI, 2019).

Some of these bounds were defined empirically while care was taken not to overly limit the possible curves
that can be generated by Eqs. (5.3) and (5.4)
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Figure 45 — Impedance curves as function of the non-dimensional frequency in terms of the
liner resistance and reactance: (a) varying the non-dimensional resistance R of the
facing sheet and (b) varying the non-dimensional reactance X (gray filled areas).
Fixed reactance and resistance values are solid black lines, respectively.
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Depending on the liner resistance, especially at approach (Fig. 46a) and cutback (Fig. 46b) con-
ditions, larger values of ¢ can lead to an increase of the attenuation, which goes against the
common sense associated with refraction effects. At sideline condition (Fig. 46¢), the behav-
ior of the attenuation is less affected by the liner resistance, with only a small impact in the
maximum attenuation for lower values of § (closer to the uniform flow condition).

As can be seen in Figure 47, the presence of a boundary layer in a lined duct considering
different reactance values have a strong influence in the transmission loss results. It modifies
both the maximum attainable attenuation (similar to offset in the curves) and shifts the boundary
layer thickness of peak attenuation shifts towards its lower value with a moderate change in the
level of peak attenuation (as the imaginary part of the impedance increases), for all operating
conditions. This characteristic is mainly seen in Figures 47a and 47b. Again, this trend indicates
that an optimum acoustic reactance exists for a given situation. For cutback (Fig. 47b) and
approach conditions (Fig. 47¢) (where the mean flow M is smaller), the behavior of the curves
is similar, where the peak attenuation is slightly shifted and the boundary layer thickness has
smaller influence on transmission loss results (i.e., it is approximately constant for any boundary
layer thickness).

These results demonstrate why efforts should be concentrated in the impedance values,
especially in improving the values towards liner optimization for BPF tones. While liner re-
sistance was vigorously explored in terms of the attenuation rate by several previous authors
(EVERSMAN, 1971; KO, 1972; NAYFEH; KAISER; SHAKER, 1974; GABARD, 2016), as
can been in this section, the liner reactance also plays a hole on the liner attenuation — the
curves in Fig. 47 provide much more information about its importance for the liner design pro-
cess, which is far from simple. The trends shown in results are very different depending on the
operating condition (i.e., it can be generalized in terms of the modal parameters). It is therefore
not a straightforward task to find a liner impedance value that provides a large attenuation at all

operational conditions, and, in general, liners are optimized for a specific condition.
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Figure 46 — Predicted sound power transmission loss considering the Pridmore-Brown solution
for different values of boundary layer thickness and liner resistance: (a) Sideline,
(b) Cutback, and (c) Approach. Black solid line: reference curve (same as Figure
44). Colored dot-dashed line: varying resistance for fixed reactance (following the

values in Table 4).
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Figure 47 — Predicted sound power transmission loss considering the Pridmore-Brown solution
for different values of boundary layer thickness and liner reactance: (a) Sideline,
(b) Cutback, and (c) Approach. Black solid line: reference curve (same as Figure
44). Colored dot-dashed line: varying reactance for fixed resistance (following the

values in Table 4).
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6 EFFECT OF THE FLOW ON THE NOISE RADIATED TO THE FAR-FIELD

In this chapter, the attention is switched to the effect of the mean flow in terms of the far-
field prediction. First, the effect of the in-duct and external flows will be analytically evaluated
by using the radiation models, where the key issues about flow presence are investigated. Sec-
ond, the equations for the integration of the radiation model with the mode-matching method
is described in detail. Then, the hybrid tool (based on the “in-duct eigenmode + analytic radia-
tion” models) is used to predict the far-field radiation patterns for the asymmetric intake ducts at

different frequencies and mean flow conditions (uniform and non-uniform) of practical interest.

6.1 EFFECT OF THE EXTERNAL FLOW ON THE FAR-FIELD RADIATION

Previous far-field radiation theories applicable to engine inlets have dealt with the special
cases of zero Mach number or uniform Mach number inside and outside the duct (RICE; HEI-
DMANN; SOFRIN, 1979). The external flow that may be present due to the aircraft movement
(also called in-flight effect) can modify significantly the far-field noise radiation pattern depend-
ing on the operating condition. Also, in the case of a static engine test, when the external flow
is zero (also called duct flow alone), the in-duct Mach number plays a hole in the modal prop-
agation. Therefore, in the presence of mean flow, two main effects are expected: (1) the noise
radiation pattern is shifted as Mach number is varied and (2) its overall sound level pressure
trend increases for upstream propagation and decreases for downstream propagation.

In such cases, the concept that the far-field radiation pattern is a function of the modal cut-
off ratio can be useful for acoustic linear design purposes. By using this definition, the location
of the maximum peak or lobe of each mode can be approximated, which also depends on the
relation of the in-duct M, and external M., Mach numbers. In the past, Rice (1978) has shown
that the angle of maximum lobe in far-field radiation is perhaps a more basic parameter such
that the cut-off ratio for multimode calculations. When the flow velocity inside and outside the
duct is the same (i.e., avoiding any flow mismatch), an expression can be written from results

of as

1— 7]_2 1/2
=/1— M2 n 6.1
fi- [ | e

which is a generalized case of the 6, , defined in Section 3.3.1, and it is equivalent to the

A
cos 0, .,

Moo=DMo

factor S(0) given by Eq. (3.33). Note that for My = 0, the zero Mach number case of Eq.
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(6.1) leads to 0, , = cos™ /1 — 7.2 = sin™" 1/1y, .. The flow velocity in the far-field equal
to the duct (also called flow everywhere (RICE; HEIDMANN; SOFRIN, 1979; HEIDMANN;
SAULE; MCARDLE, 1980)) can cause relatively small angular displacements toward the axis.
Rice, Heidmann, and Sofrin (1979) extended the work of Homicz and Lordi (1975) to handle
the case of radiation from a duct with an in-duct Mach number different from the free-field
Mach number, and showed the main lobe &7, , as function of both external and internal Mach

number so that

A
cos by, ,,

= [ Moo = My + (1 = MyMeo)y /1= 2] /

Moo#Mo

1/2
+(2Mye — My — MoMZ)4 /1 — 1,2, } :

Note that when M., = M, Eq. (6.2) reduces to Eq. (6.1). An special case of Eq. (6.2) is

that of M, = 0 which is applicable for static engine tests. Eq. (6.2) then reduces to

= — —— .
Mao—0 1 Mgw/]_ nm,n

As discussed by Rice, Heidmann, and Sofrin (1979), the radiation directivity with flow

A
cos O, ,

inside and outside the duct includes a convective effect in the far-field. For the duct flow alone,
the principle lobe peak beams significantly closer to the inlet axis than for the case of flow
everywhere. Therefore, the change of cut-off ratio (i.e., in the modal content) or Mach number,
of course, modifies the estimated main lobe directly. It should be noted that the theory was
developed by Rice, Heidmann, and Sofrin (1979) using approximations for sound propagation
and ray tracing and in the circular duct may deviate when it is compared with predicted and
measured radiation patterns as observed by Heidmann, Saule, and McArdle (1980). Despite the
limitations, these are valuable in light of the concepts behind angle transformations as can be
seen in Figures 48 and 49, which is applied for operating conditions defined in the last chapter.
The three radiation models studied in this work were used here.

For the results in Figure 48, the effect of the in-duct Mach number is assumed to be
uniform, and it is solved by dispersion relationship between the wavenumbers of Eq. (2.15)

for radiation models (colored solid lines), while the Eq. (6.3) is used to calculate the duct flow
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alone angle for each operating condition (black dash line). On the other hand, for the results in
Figure 49, the factor S(#) (Eq. (3.33)) with external Mach number values is used in addition
with dispersion relationship for the in-duct Mach number at each operating condition. The main

characteristics of the operating conditions are listed in Table 4.

Figure 48 — Convective effect upon far-field radiation main lobe angle for inlet under Static test
(M., = 0) at different operating conditions. Comparison between Rayleigh (blue),
Kirchhoff (red) and Wiener-Hopf (green) radiation models with solution of the Eq.
(6.3) (black).
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For static test configuration, in Figure 48, as in-duct Mach number increases, the main
lobe in the radiation pattern is shifted considerably toward the inlet axis when compared to zero
Mach number radiation theory (i.e., 0, ,, = sin~ ' 1/1,,.,,)- On the other hand, as the external
Mach number is increased (see Figure 49) the noise radiation pattern is shifted away from the
inlet axis (i.e., toward the sideline angle). The results in Figs. 48 and 49 show some deviations
from Rice’s theory, but they corroborated qualitatively with it.

The radiation directivities for the operating conditions are shown Figure 50. Since a sim-
ilar behavior is observed for radiation models, the Kirchhoff solution is used to exemplify the
tendency in terms of the directivity pattern. Also, the present solution produces a main lobe
in a similar range of Figure 49. Note that the directivities show a monotonic fall-off at small

angles, which is a characteristic of the high order modes. For the mean flow M, < M., most
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Figure 49 — Effect of the external and in-duct flow velocities on the far-field main lobe an-
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of the radiation content is confined on the angles around 50°, 71° and 42° at sideline, cutback

and approach conditions, respectively. However, for duct flow alone (M., = 0) the variations

around 3 to 10° are observed for these conditions. Therefore, even small variations of the ve-

locity can imply erroneous estimation of the far-field directivity pattern, which implies that the

Mach number outside and inside of the duct needs to be carefully estimated. For cutback and

approach conditions, the inclusion of an external flow modifies the far-field directivity pattern

slightly due to the small variation on the cut-ratio. In contrast, at sideline condition, the shape of

the far-field directivity has been modified due to a great variation on the cut-ratio, which is more

affected by higher Mach number. Moreover, the flow effect implies in a reasonable variation of

the magnitude values, which is also attributed to the external convective effect, as observed by

Lewy (2003).
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Figure 50 — Far-field directivity variation with external Mach number for Kirchhoff approxima-
tion in different operating conditions.
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6.2 EFFECT OF THE LINER IN FAR-FIELD PREDICTIONS

6.2.1 Output amplitudes modes at the exit section

The procedure outlined in the Section 3.4 is implemented to predict the far-field noise
levels by using mode matching method with analytic radiation model. This involves the follow-
ing steps: (1) Predict the modal amplitudes of the transmitted modes B at the duct exit by
using the mode matching scheme (for instance, assuming unitary incident amplitude A™), as
discussed in Chapter 5); (2) identify the transmitted amplitudes B™ yield by scattering effect
(i.e. the cut-on radial modes for a particular azimuthal mode m); (3) define the proper radiation
model (i.e., defined by the directivity matrix F') and operating characteristics; and (4) determine
the radiated sound pressures of all the azimuthal mode orders at different lateral angles in a
correlated manner to obtain the total far-field solution.

In the single mode analysis, this procedure needs to be done once for a given azimuthal
mode cut-on at the fan plane. In the case of the multimodal analysis, it is necessary to execute
these steps for each azimuthal mode cut-on at the fan plane.

In the previous chapter, the mode matching scheme was used to compute the transmitted
modes, which is necessary for the solution of the sound radiation into the far-field, and their
levels. As it was observed, the sideline and approach conditions yield scattered and transmit-
ted modes at the exit plane, which depends on the solution obtained for each boundary layer
thickness. For the sake of brevity, the results with Brambley boundary condition are omitted,
and we will focus only on Ingard-Myers boundary condition and Pridmore-Brown solution.
The results of the transmitted modal amplitudes at the exit plane for unitary incident amplitude
are presented in Figure 51. It should be pointed out that the incident mode is scattered to all
modes considered in the mode matching solution, even the cut-off modes (in these cases, with
n > 2) that are not considered on the transmitted modes array B™. In Figures 51a and 51b,
mode (24, 1) and (9, 1) are incident. The cases considering different boundary layers were de-
fined in Figures 41 and 43. The scattered modes are distributed approximately symmetrical into
two cut-on modes, where it is observed an important change of the energy between the modes
is outlined at approach condition (see Figure 51b). In this case, the change in the modal ampli-
tudes associated with the presence of a boundary layer is significant. Considering 6 = 3% and
comparing to results with the uniform flow (i.e., § = 0% ), the second cut-on mode is greater
than first one. It is interesting to note that the presence of the boundary layer also modify the

modal scattering since the energy exchange is quite different in each case, which is directly
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related to the performance of the liner, which will be reduced by the presence of boundary layer

thickness.

Figure 51 — Transmitted modal amplitudes at exit plane for approach and sideline conditions
based on results of the mode matching scheme in Section 5.3.
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6.2.2 Sound radiation pattern

The far-field sound radiation model was previously validated using the commercial finite
element ACTRAN/TM in Chapter 4. In this case, the results are very accurate near the principal
lobes and zeros, but the agreement is poor near angles of 90°. The best results were observed
when there is only one radiating mode. In this section, we assume that only in-duct convective
effects modify the modal directivity pattern, which had the main issues explored in Section 6.1.
Therefore, the external flow that may be present due to the aircraft movement (also called in-
flight effect) is neglected, as in the case of a static engine test. Moreover, the attention can be
concentrate on the investigation of the sound attenuation prediction in the far-field, due to the
presence of shear flow in the in-duct propagation. Also, since the results of the radiation models
have been similar to the forward arc, only Kirchhoff approximation is considered here.

Figures 52 to 54 present the far-field predictions considering different in-duct boundary
layer thicknesses for each operating condition. Again, the results with Brambley boundary con-
dition are omitted, and only Ingard-Myers boundary condition and Pridmore-Brown solution are
presented. The far-field prediction in the presence of hard-wall (HW) was calculated directly by
the formulation presented in Section 3.3.

At sideline condition (Figure 52), the main lobe of the directivity is located at approxi-
mately 63° and 84° for the two cut-on modes. The inclusion of a lined wall modifies the far-field
directivity pattern slightly due to the small redistribution of acoustic energy into the two first
cut-on radial modes. This redistribution does not change when the boundary layer is included.
On the other hand, the presence of a boundary layer reduces liner attenuation in approximately
6 dB for 0 = 1%, for instance.

At cutback condition, a substantial attenuation is observed in Figure 53 for both uniform
and shear flow cases. The main lobe is concentrated at approximately 81° for mode (24, 1). The
far-field directivity pattern is only slightly shifted from hard wall prediction, and the boundary
layer thickness clearly reduces the liner attenuation, even for a thin boundary layer.

At approach condition, the first radial mode (9, 1) has two lobes concentrated at approx-
imately 45° and 83°, as seen in Figure 54 for the hard wall prediction. On the other hand, the
second radial mode (9, 2) has the maximum lobe at 66,5°. In this case, the presence of a lined
wall modifies the far-field directivity pattern due to the redistribution of the acoustic energy to
other cut-on radial modes. This modal redistribution causes these modes to have approximately

the same amplitude and almost the same radiated energy. The notch observed on the red line (at
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approximately 66°) is a result of the directivity pattern of the mode (9, 1), and the maximum of
the mode (9, 2) is at 66,5°. Due to scattering effects provided by liner, the second radial mode
receives significant energy, and its maximum lobe covers the zero of mode (9, 1). The inclusion
of the boundary layer does not only modify this scattering effect (also observed in Fig. 51b), but
it also slightly reduces the liner attenuation. In other words, the uniform mean flow prediction
may be sufficiently accurate to estimate liner attenuation effect in the far-field for this condition.
Figure 52 — Predicted sound pressure level in the far-field for different boundary layer thickness
at sideline condition.
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Figure 53 — Predicted sound pressure level in the far-field for different boundary layer thickness
at cutback condition.
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Figure 54 — Predicted sound pressure level in the far-field for different boundary layer thickness
at approach condition.
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In summary, with the shear flow and impedance liner combination, the far-field sound
radiation at certain operating conditions can be strongly affected in terms of the magnitude and
shape. This is why these effects need to be taken account and predicted carefully for the design
of acoustic linings for inlet applications. The combined effect with external flow leads to a

significant issue that modifies the overall sound pressure computed for the fan noise component.

6.3 IMPEDANCE PARAMETRIC STUDY: FAR-FIELD RADIATION

This section can be understood as a continuation of the impedance parametric analysis
carried out in Section 5.4. The keypoint, therefore, is to verify if the effects observed in the
course of the Chapter 5 in terms of induct attenuation are also presented for the far-field radia-
tion. The results on modal content considering the liner resistance and reactance varied around
typical values for each operating condition are extrapolated in terms of far-field radiated noise.
It comprehended the same process to determinate the modal amplitude outlined in Section 6.2.1.
For the sake of brevity, only Kirchhoff approximation is considered here.

In Figures 55a, 55b, 55¢, similar tendencies were observed to those seen for the trans-
mission loss (see Fig. 46). The liner resistance variations impose modifications to the far-field
sound pressure levels and the shape of the far-field pattern. The dash lines show the limits of
the far-field sound pressure level for different values of liner resistance, while the solid line

represents the mean value. In general, the bound limits are the results for the higher and lower
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liner resistance at each condition. In agreement with section 6.2.2, the general tendency of the
results depends mainly on the scattering effect (in the cases where there are two cut-on modes)
and the modal attenuation provided by the liner impedance. The variation of the impedance
resistance does not only modify the scattering behavior, but it also influences the liner attenu-
ation, which decreases for thicker boundary layers. The most significant changes in the sound
radiation pattern were associated with approach and sideline conditions, whereas the cutback
condition produced the highest variations of the far-field sound pressure level. Depending on the
liner resistance, this behavior can be easily understood from the combined effect of modal atten-
uation and scattering of each mode transmitted to far-field. In addition, at approach and sideline
conditions, the resultant main lobe angle has varied quite differently (i.e., a consequence of
modal amplitudes combination).

The reactance results for the acoustic far-field have also shown a significant impact in the
attenuation and shape of the sound pressure levels as can be seen in Figure 56. In comparison
with liner resistance results, the impact of the liner reactance variations may be considerably
more significant for the condition studied here. Moreover, it follows the transmission loss results
presented in the Section 5.4, which also modifies both the attenuation and the general shape
of the curves, especially for lower Mach numbers and greater boundary layer thickness. At
approach conditions (Figs. 56b), the second radial mode can be more critical than the first
one. This trend was observed previously for the same operating condition in Fig. 51b, whereas
the amplitude associated with the second cut-on mode may be higher than the first one. The
resultant main lobe angle is almost the same for all cases.

As can be seen, the variation in the liner resistance and reactance for uniform flow and
shear flow may be completely different at some operating condition. In the presence of shear
flow with a thin boundary layer thickness (e.g., 0.5%), the far-field radiation is clearly affected.
Also, the main lobe is affected, which may be modified for the case with more cut-on modes.
This analysis can be extended to different boundary layer thicknesses, which would lead to
different values of the magnitude of SPL and shape (i.e., as can be seen by the SPL variations
in dash lines).

It must be noted that the previous section is based on a finite lined duct with a constant
boundary layer thickness — the overall picture changes for aero-engines, as discussed in Section
5.1. First, duct radius is not constant, and neither Mach number inside the duct nor boundary
layer thickness. Secondly, the high SPL also varies along the lined wall, and as consequence the

liner impedance may be modified. Thus, the previous analysis provides some insight into liner
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Figure 55 — Predicted far-field sound radiation considering the Pridmore-Brown solution for dif-
ferent values of boundary layer thickness and liner resistance: (a) Sideline,(b) Cut-
back (c) Approach. Colored solid line: mean value of the far-field sound radiation
considering impedance variation. Colored dash lines: limits considering different
liner resistances (corresponding to same values defined in Fig. 46).
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Figure 56 — Predicted far-field sound radiation considering the Pridmore-Brown solution for dif-
ferent values of boundary layer thickness and liner reactance: (a) Sideline,(b) Cut-
back (c) Approach. Colored solid line: mean value of the far-field sound radiation
considering impedance variation. Colored dash lines: limits considering different
liner reactances (corresponding to same values defined in Fig. 47).
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performance under shear flow effects at different conditions in terms of far-field radiation and

in-duct propagation, but a more detailed analysis may be also required.



143

7 CONCLUSIONS AND FUTURE WORK

7.1 OVERALL CONCLUSIONS

Fan noise reduction remains a key technology in the context of the turbofan aero-engines.
However, due to the complex environment to which fan noise is exposed, it remains a challenge
to predict sound attenuation in different conditions correctly. The presence of flow gradients
and liner impedance at different operating condition play a fundamental role in the sound prop-
agation behavior. The work presented in this thesis is motivated by the need to better understand
this complex scenario and properly predict the performance of acoustic liners in modern turbo-
fan intakes to reduce community noise. In this sense, a predictive tool concept was proposed
regarding fan noise attenuation by the acoustic liner. The main physical parameters of the acous-
tic field inside and outside of the nacelle (i.e., represented here as a straight duct) are considered.
Then, the concept of attenuation provided by impedance for circular ducts with the shear flow,
considering liner discontinuities (therefore, for a given finite liner) is investigated. Of particular
interest are boundary layer effects, so both uniform and shear flows are analyzed inside and
outside of the duct. On the following, the main conclusions from each chapter are summarized.

Chapter 3 reviews the formulation of the intake sound propagation and radiation avail-
able in the literature. These formulations were structured in two wireframe codes referred to
“Liner Discontinuity Code” and “Free-field radiation code”. The key point in the “Liner Dis-
continuity Code” is the presence of a sub-routine to determine duct eigenvalues, which depends
extremely on the initial inputs and the numerical discretization of the duct radius (i.e., inher-
ent to spectral method (TREFETHEN, 2000)). The numerical eigenvalue solver can be used to
obtain the eigenvalues and radial form of the modes in the lined or hard-wall sections with uni-
form or shear flow. Moreover, the mode-matching scheme routine is presented in two versions
(depending on the solution near the transition between rigid and lined surfaces): matching of
P-V and M-M. “Liner Discontinuity Code” also offers the option for segmented liner solution,
which was not exploited in this thesis, but it has important insights to increase the attenuation of
fan tones at high engine powers. “Free-field radiation” code may read the output of the “Liner
Discontinuity Code” to obtain the amplitude at exit plane. This code is simpler than “Liner
Discontinuity” because it uses the modal solution in a hard-wall section only. Three different
radiation models can be used in this code, based on Rayleigh, Kirchhoff approximations and

Wiener-Hopf method. Several assumptions were taken to estimate the modal amplitudes asso-
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ciated with the fan noise source (required by the code) to investigate tone noise components. It
was observed that the liner performance can be sensitive to the modal content of the disturbance.

Chapter 4 presents a validation of the code developed in Chapter 3 by means of typi-
cal conditions for turbofan engines for the in-duct and radiation models, where the methods
were compared with specialized FE software. At specific frequency and Mach number, differ-
ent modes were used in this verification. The transmission loss does not only depend on the
dissipation due to the acoustic impedance (strictly speaking in dissipation), but also may ben-
efit from reflections at discontinuities in the duct (hard/soft walls and varying cross-section).
The modal scattering provided by spinner presence can also become significant in such cases,
which can be more critical for an attenuated mode that does not produce a significant reflection
(RIENSTRA; EVERSMAN, 2001). Also, it has been observed that regions with a high variation
on the mean flow (e.g., in the nacelle FE case) the propagating modes have an effective cut-off
ratio less than the cut-off ratio used in the analytical approach and the straight duct FE model.

Another discussion arises from differences between the FE and the analytical solutions in
terms of the far-field radiation. The lip geometry may play a role. This seems more important for
modes near to the cut-off frequency of the duct. Thickness and curvature of the inlet lip have a
significant influence on the modal directivity patterns. In some studies using ray tracing method
in nacelles (DOUGHERTY, 1996), it is observed that the mechanism of diffraction around inlet
lip is different for curved (or nacelles) and discontinuous (or unflanged duct) lips. Moreover,
this scattered field vanishes at high frequencies.

The combined convection and relative frequency shift modify the modal directivity pat-
terns. And, the presence of mean flow produce only convection effect on the frequency propaga-
tion for analytical methods. The FE models without finite lips (flanged and no-flanged models)
follow this simplification closely. However, for the FE models with thick or finite lips, simulat-
ing a mean flow leads to a change of the physical modeling. Therefore, despite some discrep-
ancies, the mode matching and radiation models implemented deal more accurately with well
cut-on modes and display a reasonable agreement with FE models.

Chapter 5 analyzes the sound transmission considering the effects of the shear flow in
lined ducts. In order to verify the boundary condition of the uniform flow compared to the
other boundary conditions, a flow profile M (r) was included in the mean flow. Three typical
turbofan engine operating conditions were considered in this work: sideline, cutback, and ap-
proach. In order to investigate boundary layer effects over liner attenuation, a modified Ingard-

Myers boundary condition proposed by Brambley (2011) was implemented and compared to
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the Pridmore-Brown solution (PRIDMORE-BROWN, 1958). In the presence of thin boundary
layers up to 6 = 0.5%, the boundary condition by Brambley (2011) shows a good agreement
with the Pridmore-Brown solution. For thicker boundary layers, some deviations were observed
between them for the sideline condition. The same tendency was observed for the transmission
loss prediction when increasing the boundary layer thickness, which displayed differences up
to 0,5 dB for approach condition, 24 dB for cutback condition and 9,5 dB for sideline condition
in comparison with uniform mean flow. Therefore, analyses based on Ingard-Myers boundary
condition can lead to a significant error in transmission loss, especially for sideline and cutback
conditions. From a parametric impedance study, it was observed that the acoustic field interac-
tion with the boundary layer in the presence of the liner is also a function of the liner reactance
and resistance. It has been suggested that this behavior may be linked to the refraction effects
and the liner impedance approaching or getting away from its optimum value (SPILLERE;
CORDIOLI, 2019), which can explain maximum attenuation lobes in the transmission loss re-
sults.

Chapter 6 focuses on the prediction of far-field sound radiation, considering the effect
of the external and in-duct flow. Also, the liner attenuation in the presence of in-duct shear
flow was considered here. The effects of flow velocity inside and outside of the duct are first
investigated. It has been observed that as in-duct Mach number increases, the main lobe in the
radiation pattern is shifted considerably toward the inlet axis when compared to zero Mach
number radiation theory (i.e., 0, = sin™' 1/7,.,). On the other hand, as the external Mach
number is increased, the noise radiation pattern is shifted away from the inlet axis (i.e., toward
the sideline angle). However, this study considers only a direct solution of the radiation models
(i.e., applied to the hard-wall solution). Then, by using a formulation to integrate a radiation
model with the mode-matching method is possible to characterize the liner performances in
terms of reduction of the noise to the far-field. The far-field noise prediction showed that the
influence of liner impedance on the far-field directivity is far from simple, and the modal scat-
tering at the liner discontinuities can result in complex behavior in terms of noise radiation, as
observed for the approach condition. Also, the influence of the boundary layer thickness can
lead to a reduction of liner attenuation, which is more prominent at higher Mach numbers, and
even when different liner impedance is considered. Finally, from a parametric impedance study,
it was observed that the variation in the liner resistance and reactance for uniform flow and
shear flow might be completely different at some operating condition.

Finally, it should be pointed out that the analysis presented in this thesis is limited to
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straight ducts with constant boundary layer thickness, which is not the case in aero-engines but
should provide a first estimate of liner performance in terms of the in-duct transmission loss and
far-field directivity pattern. On the other hand, the results obtained by the numeral methods are
computationally expensive (e.g., FE and CFD methodologies)and still cannot account for more
complex boundary conditions that include the boundary layer thickness. Then, the analytical
modal expansion approach not only provides a reliable solution, but it is also computationally
efficient. To better represent typical turbofan aero-engines, the effects of slowly varying duct
radius and impedance transition should be investigated. Also, viscous effects and turbulent mix-
ing have been neglected in this work, but they may also play a role in sound attenuation, and
consequently in liner design. Last but not the least, the study also indicates the importance of
considering shear flow effects on the propagation studies (especially for high Mach numbers)
in the prediction to accurately calculate the liner transmission loss and the noise radiation to the

far field at high fan speeds.

7.2 SUGGESTIONS FOR FUTURE WORK

This section summarizes the different research topics that can arise from the work in this
thesis. Based on the work conclusions and the suggested recommendations given in the previous

sections, the following future tasks are proposed:

e In order to be able to have clear information about the propagation of a single mode in the
lined duct, it is proposed to run simple experiments with a few modes present. The results
from these experiments can be used to validate the mode matching models for modes that

are essentially cut-off or attenuate rapidly.

e The increased attenuation at high engine powers provided by this segmented liners could
be investigated considering realistic flow profile. Also, the concept of a two-section ax-
ially segmented liner will be extended to a multi-section axially segmented liner. The
aim is to analyze a single-mode at a given frequency, the optimum number of lined duct

sections to improve the attenuation in this scenario.

e The shear flow effects employing Brambley boundary condition and Pridmore-Brown so-
lution could be extended to include multiple-frequency and multi-modal analysis. There-

fore, the same characteristics explored in Chapters 5 and 6 could be observed in terms of
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a range of modes for a given frequency (e.g., assuming uncorrelated modes with equal

energy per mode).

Following the similar issues of the previous topic, the liner optimization could be per-
formed concerning single layer liner construction characterized by liner resistance and
reactance for tone and broadband source modeling. Also, the sound attenuation predic-
tion affected by the presence of the boundary layer can be included to check whether
trends found in this work are still valid. For instance, the use of response surface method
(LAFRONZA et al., 2006) could be considered as an option for optimization studies when

more design parameters are included.

In order to extend the model used here for aft-fan radiation, the model has to be modified
for annular geometry. Also, it is necessary to analytically and experimentally investigate
the combination of liners impedance (inner radius and outer) in this sector of the engine

to obtain an improved noise abatement device.

By adapting the boundary condition solver for the linearized Navier-Stokes equation, the
mode matching scheme will be able to explore the effect of the viscosity in the transmis-
sion loss. It will be challenging to investigate the effect of the sound propagation and

radiation from the inlet of a turbofan by considering a turbulent flow profile.

The model presented in this thesis does not account for the reflection of energy at the exit
plane and source generation modeling at the fan stage. It will be challenging to investigate
the effect of the complete modeling of fan noise each step by considering the whole
propagation circuit (i.e., the noise propagated inside the duct and radiated out of the duct
to the far field) as the sound source. A preliminary attempt at such an approach is the

framework reported in Appendix C.

An inverse methodology will be used to predict modes and their amplitudes radiated by
a duct from far-field numerical and experimental data. The proposed method will be as-
sessed during the model engine fan tests, which will include both in-duct modal analyses
and free-field acoustic measurements. The main goal is to deduce the modal structure
generated by the acoustic sources from free-field measurements without requiring any

in-duct modal analysis.
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e Most of the mathematical formulation in this work is valid for infinitely long straight
ducts. In order to better represent typical turbofan aero-engines, effects of slowly vary-
ing (also called multiple-scales solution) duct radius transition should be investigated for
modal sound transmission with the mean flow and acoustic lining. Ultimately, numerical

simulations and experimental data can be used to validate this implementation.
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APPENDIX A - SOUND POWER TRANSMISSION

A.1 MODAL ACOUSTIC POWER

In some cases, a basic assessment of the validity of the computations consists of checking
that sound powers inside the duct and the radiated to the far-field are equal. Morfey (1971a)
defined that the sound power, as the surface integral, extends the continuity property of sound
power for homo-entropic and irrational flows. Thus, the acoustic power of a given mode in the
presence of mean flow is calculated by integrating the axial acoustic intensity over the duct

cross-section, expressed by Morfey (1971a,b) as
P =on /1 1,(r) dr (A1)
0
where the (non-dimensional) axial acoustic intensity /,,(r) is
I.(r) = gRe{(p + Moi) (@ Vo)), (A2

where Re denotes real part, and the overline symbol is the complex conjugate. In the rigid duct
sections, the sound power is the sum of the power in all the cut-on modes (i.e., each mode can
be summed because the mode shapes are orthogonal). The modal axial sound intensity can be
given by (MORFEY, 1971a)

Fpn(r) = 5Re (L MR)Wh i+ Molpt + Mo, ] (A3)
and by using acoustic pressure (Eq. (2.16)) and velocity (Eq. (2.17)) definitions, it is straight-

forward to show that

1
Ir, () = sRe

z,m,n

k
A:t 2 2
e = )

<k]\/[0 + k(1 — M§)>] .

On the other hand, Mohring (1971) defined an equivalent acoustic intensity expression

(A.4)

for shear flows, which leads to an acoustic intensity given as

kK dM
2(k — kM) dr

1 k
[;t,m,n(r) = §Re{|Am,n|2 (k’ _ k= M)

d’qjm,n<7")‘2
dr

(A.5)
+ (kM + K, (1 — MQ))] }
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Note that "cross-terms" were neglected in the Eq. (A.5) from the original equation, which
computes the interactions between different modes and their coherence. It has been found that
the contribution of the "cross-terms" is small (BROOKS; MCALPINE, 2007). This assumption
implies that one can use an incoherent sum of the individual sound power in the case of non-
uniform flow as well.

The sound power in free field is also deduced from the integration of the axial component
of the time-averaged sound intensity (Eq. (A.2)) computed on a sphere of radius D and the
same velocity is taken throughout the space to avoid any flow mismatch in the exit plane (M, =
M.). Thus applying the axial component of acoustic velocity % and pressure p definition and
following the notation in Figure 21, the sound intensity (non-dimensional) in a uniform flow of

velocity is given as

1
e = §Re (1 — Mg cos 0)p™u™ + M cos 0(p™)*+
(A.6)
M cos 9(umd)2] :

Again the momentum equation links 4 to p, and this relation can be written as u™ =

prad /N1 — M sin” @ (neglecting the second order term (LEWY, 2002)) and Eq. (A.6) becomes

1
[rad — R
x 9 €

1 — M2 cost 1
+ 1+
1 — MZsin?0 1 — Mg sin?0
(A.7)
M cos 6] (p™)2,

Finally, the sound power radiated in the half-space 0 < 6 < 7/2, i.e., for the intake region,

is given by

w/2
prid _ 97?2 / 1™ sin 6 db, (A8)
0

which can be evaluated from the traditional integration methods (e.g. trapezoidal, rectangular,

Simpson methods etc.).
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A.2 TRANSMISSION LOSS

To assess the sound power transmitted by the modal pressure field, it assumes that all
incident acoustic energy is concentrated on the first radial mode'. Therefore, the transmission
loss can be expressed as a relation between cut-on mode amplitudes, in terms of the sound
power, before and after the lined duct, given by

I+
Apwr = 101og, z:n+7;zvg+
n=1"mn

where 7, is the total number of cut-on modes for a given azimuthal mode order m, as defined

(A.9)

by Eq. (2.21). 735;“1 is the power associated with the single incoming mode at the fan plane (in
segment I), and P,In[ I+ (or P,{lv,j for segmented liner) is the power of the propagating (scattered)
mode of order (m, n.) at the exit plane (in last segment N;). The summation is performed over
all of the propagating modes. Also, it is convenient to define the transmission loss in terms of

SPL as

I+

Agpr = 201logy, ﬁ’
n=1

m,n

(A.10)

which implies that the sound pressure spectrum, for the lined duct, can be found by subtracting

directly the values of Agp;. from the sound pressure spectrum for the hard-walled duct.

Even if there are more cut-on modes, one can easily assume the propagation of a single mode. In other words,
the modal amplitude of higher order radial modes is negligible when compared to the first radial mode. It is
a common assumption made to evaluate results without dependence on the phasing of the multiple incident
mode. Lafronza et al. (2006) and Law, Dowling, and Corral (2010) have shown that phasing between the
incident modes has a small effect on transmitted power.
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APPENDIX B - VALIDATION OF THE WAVENUMBER SOLVER

B.1 CONVERGENCE ANALYSIS

In this appendix, the necessary number of grid points for convergence of the wavenumber

is investigated. Therefore, one can defined the error function as (MARX; AUREGAN, 2013)

) . (B.1)

The reference value k:’,ffl is given by the best resolution available, in this work /N,, = 500. Higher

Re (kpn(Ny) — kel
Re (kieh)

Im (kpn(Np) — ket
Im (kped)

Yonn(Ny) = max (

resolutions were also tested and no significant change in the results were observed.

For support the chapter 5, we consider as reference case the sideline condition (k = 31,
M = 0.5 and m = 24) and boundary layer thickness of ¢ = 0.1% and 2%. Figure 57 shows the
error as function of the number of grid points for high order radial modes (n = 10, 20 and 30)
which are necessary for the mode matching scheme, in both upstream and downstream direc-
tions. For uniform flow, high accuracy is achieved even for a small number of grid points. For
shear flow, more grid points are necessary, specially for thin boundary layers, and a relatively

small error of 1071 is achieved with N, = 400.

B.2 TRAJECTORIES OF AXIAL WAVENUMBER

The axial wavenumber can vary significantly for each boundary layer thickness in the
operating conditions considered in this work. The trajectory of these wavenumbers in the com-
plex plane (also called k-plane) can give valuable insights about in-duct acoustic behavior and
transmission loss prediction using the mode-matching technique. Thus, to illustrate this behav-
ior, the trajectories are shown in Figure 58. The results are based on an exact solution to the
Pridmore-Brown equation, as outlined in the previous sections, and include both hard and soft
wall boundary conditions. The boundary layer thickness varies from 0.1% to 2%. It can be ob-
served that the upstream propagating modes are mostly affected by the presence of a boundary
layer in all conditions. Moreover, in most cases, the imaginary part of the axial wavenumber
of cut-on modes is reduced as boundary layer thickness increases, which is associated with the
reduction in transmission loss predictions.

It has been pointed out that Figure 58 is consistent with Fig. 44, which in the k-plane

shows at each operating condition that the higher spacing from the real axis (i.e., corresponding
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Figure 57 — Convergence of the wavenumber as function of the number of grid points NV, for
(a) uniform flow and (b) shear flow with 6 = 0.1% and (c) shear flow with § =
2%. High order radial modes considered n = 10 (blue), 20 (red) and 30 (green) in

upstream (—) and downstream (— — —) directions.
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a higher modal attenuation) happens for upstream propagation for thin boundary layer, and the

pressure of a mode in the lined section decreases theoretically like exp[—Im(k,, ,,)x].
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Figure 58 — Trajectories of the axial wavenumbers £,,,, for upstream (red) and downstream
(black) propagation at sideline condition varying with §. Hard wall and (left) soft
wall (right) solutions. Symbol e represents the final value of  in analysis.
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APPENDIX C - COMPUTATIONAL TOOL - MODAL2FAN

This appendix describes briefly a computational tool in the modular form with the fi-
delity and flexibility necessary to predict the aero-engine fan noise in different flight conditions,
named here as MODular ALgorithm to FAn Noise (MODAL2FAN). The implementations de-
scribed in this thesis (i.e., in Chapter 3) are part of this current tool. The simulation framework
has been planned for a mathematical language capable of connecting the different modules
through a modal approach. This approach was chosen because it is a complete and simple base
for any solution (even in conditions with more complex behavior in terms of mean flow and
acoustic field). Therefore, the sound generation, propagation, and radiation solution steps can
be written by modal solutions, which would allow their integration. Then, different methods
can be compared by MODAL2FAN, where the user can choose from a range of possibilities for
predictions based on the fidelity requested at execution speed.

The structure of the tool proposed is similar to the architecture of ANOPP2, IESTA, and
PANAN described in Section 2.2.1. On the current parametric tool, the input data can be more
straightforward with the operation, geometry (engine and acoustics parameters), modal ampli-
tudes and acoustic metrics or, in the case of hybrid tools, more involved with geometric defini-
tions in CAD or mesh. As output data, the code will always address the SPL spectra and total
SPL directivity, in the required metric and the distance from the source, as well as the modal
and total attenuation obtained with the acoustic treatment.

The Data-flow diagram (DFD) of the MODAL2FAN tool is shown in Figure 59. The
red boxes and their line connections are the auxiliary functions considered in the scope of this
thesis. Initially, the input parameters are required by the command platform in two different
ways: engine/acoustic characteristics and geometry file. In this diagram, the numbered boxes
are the auxiliary functions that will be connected to the four main modules (preprocessing,
generate the source, propagate the modes, calculate the radiation). The key idea is to select the
individual models (analytical, numerical, experimental, or SE) for a given stage of fan noise
prediction. The databases represent numerical solutions obtained by external software or the

input of the experimental data.
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