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ABSTRACT

Significant interior noise and vibrations in aircraft cabins are generated by the
turbulent flow over the fuselage. The turbulent boundary layer (TBL) excitation is
the most important noise source for jet powered aircraft during cruise flight. Reduced
levels of interior noise are desirable both for comfort and health reasons. However,
to efficiently design noise control systems, and to design new and optimized struc-
tures that are more efficient in the noise reduction, a clearer understanding of the
sound radiation and transmission mechanisms is crucial. This task is far from being
straightforward, mainly due to the complexity of the system consisted by the aircraft
fuselage, and all the sound transmission mechanisms involved in a such complex en-
vironment. The present work aims to give a contribution for the understanding of
these mechanisms. For that, a coupled aero-vibro-acoustic analytical model for the
prediction of the TBL-induced noise and vibration in aircraft is developed. Closed
form analytical expressions are obtained to predict the structural vibration levels,

noise radiated from the structure and interior sound pressure levels.
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As well as the physical system under study, the mathematical model is composed
by three distinct submodels: the aerodynamic model, which describe the TBL wall
pressure fluctuations over the aircraft fuselage skin, the structural model, representing
the aircraft panels structural vibration, and the acoustic model, which represents the
acoustic pressure field in the aircraft cabin. These individual submodels are then
mathematically coupled, such that the effect of the first submodel can be observed
in the second and third submodels. As a random process, the TBL wall pressure
is statistically described in terms of the power spectral density (PSD), by the use
of empirical models. The structural response of the aircraft panels is defined using
the linear plate and shell theories. The wave equation is used to define the cabin
acoustic field. The displacement of the panels and the interior acoustic pressure
are represented, respectively, through the panel and acoustic natural modes. The
models were developed for the Cartesian and the cylindrical coordinates systems,
respectively, for a rectangular and a cylindrical cabin. The flexible structure can be
composed by one or several panels, which are considered to be simply supported.
For both the structural and acoustic models, a damping factor was added in the
equations of dynamics, in order to account for the structural and acoustic damping
of the respective subsystems.

Results for the prediction of the vibration level of the aircraft panels, radiated
sound power, and interior sound pressure levels in the aircraft cabin are obtained.
The analytical models are validated through the successful comparison with several
independent experimental studies. The TBL empirical models existent nowadays
provide different predictions for the TBL wall pressure fluctuations PSD. For this
reason, it is important to understand the range of conditions that different wall pres-
sure fluctuations PSD produce in the noise radiation problem. To accomplish that,
a sensitivity analysis on the sound radiated by the structural panels to the change of
TBL parameters is undertaken. The models are able to predict localized and average
values of interior noise level and structural vibration level. It is shown that average
values and localized values can be very dissimilar from each other. Usually, the av-
erage values are assumed to be representative of the physical system response. This
can be of particular importance, for instance, in the noise reduction systems design,
where the accurate information about the system behavior is crucial. It is shown that
the number of structural and acoustic modes considered in the analysis can greatly

affect the accuracy of the predicted quantities.



Keywords:

e Aircraft Cabin Noise

e Aircraft Fuselage Panel

e Turbulent Boundary-Layer-Induced Noise
e Turbulent Flow Modeling

e Structural-Acoustic Coupling

e Analytical Modeling

e Structural Vibration Level

e Radiated Sound Power

e Sound Pressure Level

e Power Spectral Density.



vi

Contents
Supervisory Committee ii
Abstract iii
Table of Contents vi
List of Figures viii
Acknowledgements ix
Dedication xi
1 Introduction 1
1.1 Motivation . . . . . . . . ... 1
1.1.1  Significance of TBL as Noise Source in Aircraft Cabins . . . . 1
1.1.2 Noise Effects on Health and Comfort . . . . . ... ... ... 3
1.1.3  Application of Noise Reduction Techniques . . . . . . . . . .. 4
1.1.4 Noise as a Variable in the Aircraft Conceptual Design . . . . . 6
1.2 Statement of the Problem, Objectives and Approach . . . .. .. .. 6
1.3 Dissertation Outline . . . . . . ... .. ... 0oL 9
2 State of the Art Review 10
2.1 Turbulent Boundary Layer Modeling . . . .. ... ... ... .... 10
2.1.1 Physical Phenomenon and Context . . . . ... .. ... ... 10
2.1.2 Mathematical Formulation and Models . . . . . . .. ... .. 12
2.2 Modeling the Structural-Acoustic Problem . . . . .. ... ... ... 16
2.2.1 Characteristics of the Physical System and Context . . . . . . 16
2.2.2  Mathematical Description and Modeling . . . . . . ... ... 18

3 Summary of Contributions 23



vil

3.1 Prediction of Flow-Induced Noise in Transport Vehicles: Development
and Validation of a Coupled Structural-Acoustic Analytical Framework 23
3.2 Turbulent Boundary Layer Induced Noise and Vibration of a Multi-

Panel Walled Acoustic Enclosure . . . . .. ... ... .. ... ... 29
3.3 Prediction of Turbulent Boundary Layer Induced Noise in the Cabin
of a BWB Aircraft . . . . ... .. ... 33
3.4 Flow-Induced Noise and Vibration in Aircraft Cylindrical Cabins: Closed-
Form Analytical Model Validation . . . . . . ... ... ... ..... 36
3.5 On the Sensitivity of Sound Power Radiated by Aircraft Panels to
Turbulent Boundary Layer Parameters . . . . . . . .. .. ... ... 42
4 Conclusions and Future Work 46
Bibliography 49

A Prediction of Flow-Induced Noise in Transport Vehicles: Develop-
ment and Validation of a Coupled Structural-Acoustic Analytical
Framework 58

B Turbulent Boundary Layer Induced Noise and Vibration of a
Multi-Panel Walled Acoustic Enclosure 76

C Prediction of Turbulent Boundary Layer Induced Noise in the
Cabin of a BWB Aircraft 91

D Flow-Induced Noise and Vibration in Aircraft Cylindrical Cabins:
Closed-Form Analytical Model Validation 107

E On the Sensitivity of Sound Power Radiated by Aircraft Panels
to Turbulent Boundary Layer Parameters 123



List of Figures

Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4

Figure 1.5

Figure 2.1
Figure 2.2

Typical variation of noise levels in a jet airplane cabin during
takeoff and climb to cruising altitude: A, start of takeoff roll;
B, liftoff from the runway; C, stabilized level flight at cruising
altitude and air speed. Figure from [1].. . . . ... .. ... ..
Boeing 737 aircraft forward turbulent boundary layer pressure
power spectral density of the TBL. Figure from [2]. . . . . . . .
Vibration spectrum of a McDonnell Douglas MD-80 aircraft skin

panel: blue, untreated skin panel; red, treated skin panel. Figure

Schematic representation of the aero-vibro-acoustic coupled model:

(a) physical system, (b) mathematical model. . . . . .. .. ..
Schematic diagram for (a) a rectangular enclosure coupled with
a flat plate, and (b) a cylindrical cabin coupled with a curved

panel. . . ..

Sketch of the TBL over a flat surface. . . . . .. ... .. ...
Airplane interior sound pressure levels for different flight Mach
numbers: a, M=0.55; ¢, M=0.65; o, M=0.8. Figure from [4].

viil

14

17



1X

ACKNOWLEDGEMENTS

I would like to thank:

Dr. Afzal Suleman, supervisor of the present research, for his mentoring, support,
and encouragement during all the Ph.D. program. I am extremely thankful for
his guidance in finding the best path to achieve the goals of this work. Thank
you for offering me the great opportunity to perform this research, which allowed

me to grow so much scientifically and personally.

Dr. Fernando Lau, for his co-supervision, for sharing his knowledge with me, for
his help and guidance, especially in the stage of the work in which the mathe-
matical modeling approach was defined. I want to thank his total availability.
Even not being close by, Dr. Fernando Lau was always available to give his

support.

Dan Palumbo, who supervised my research work during my stay at the Structural
Acoustics Branch, NASA Langley Research Center, in the last phase of my
Ph.D. program. I am profoundly thankful for his guidance, dedication, long
discussions and advices on the research subject, and for sharing his talent,

knowledge and experience with me.

Department of Mechanical Engineering, University of Victoria, I would like
to thank my friends and colleagues at the University of Victoria, who, over the
past few years, have accompanied me in this terrific and challenging journey, be-
ing a source of relaxation and insight from different perspectives. To Michelle
Fuller, for her friendship and the great coffee times, allowing me to be more
time in touch with the real world! To Sandra and Art Makosinski, for their
continuous support, generosity and friendship, for organizing and hosting the
amazing get together lunches and dinners for the research group. To my peers
Kerem Karakoc, André Carvalho, Ricardo Paiva, Ali Taleb, Baris Ulutas, Casey
Keulen, Ahmad Kermani and Jenner Richards, for sharing their time with me,
for the lunches together, for the good humor, and for making my day a better
day.

NASA Langley Research Center, Structural Acoustics Branch, [ would like
to thank the research group at NASA LaRC - StAB for the amazing opportunity

they offered me to collaborate with their team during three months. A special



thank you to Dr. Richard Silcox for his time and consideration, and taking
care of all the logistics and long process necessary to make my stay at NASA
possible. To Dr. Kevin Shepherd, for inviting me to the Branch meetings and
making me feel as part of the group. To Alexandra Loubeau, Jonathan Rathsam,
John Fualler, Noah Schiller, Steve Miller, Chris Kilzer and Eric Greenwood, for
the lunch times together, for inviting me to join the group social events, and

for making my stay at NASA even more amazing and enjoyable.

My family and friends, the final words of acknowledgment go to my family and
friends. To my friends Alannah Hanlen and Alan Bryant, who were extraordi-
narily supportive, always believed in me and give me encouragement to keep in
the road. Thank you for your friendship and love, and for being our family in
Victoria, BC. To my friends in Portugal, who despite not being present were
always with me. Thank you for your unconditional friendship and for always
believing in me. Thank you to my mother-in-law, Maria Odete Rocha, for being
my friend and for helping me so many times during the last few years. Thanks
to my grandparents, Madalena Martins and Fernando Rocha, for giving me un-
conditional love and for believing in me for all my life. You both died years
ago, but you still are and always will be present during all the phases of my life.
Thank you to the most amazing sisters ever, Inés Rocha and Libania Rocha.
Thank you for your love, generosity, patience listening to me, encouragement,
for believing in me and for always being there. To my parents, Maria da Luz
Torres and Luis Rocha, how can I say thank you to you in few words? I owe
everything I achieved in my life to my family’s love, constant support and en-
couragement. Thank you for always believing in me, in the good and bad times.
I owe you my life, my identity and who I am today. To my husband, Bruno
Rocha, who was always supportive, for his love and friendship, for sharing his
life with me. You have my eternal thank you. Finally, to the most important
person in my life, my daughter, Helena Rocha, to whom I dedicate this work.
Helena, the real thank you for you is well beyond words. Thank you, thank
you, ..., thank you for always believing in me, for giving me your smile all days,
for the happiness you give to all of us, for your sincere love, for your inner

encouragement, for everything you are.

To all of you, thank you.



DEDICATION

Dedicated to my daughter, Helena Rocha.

X1



Chapter 1

Introduction

1.1 Motivation

1.1.1 Significance of TBL as Noise Source in Aircraft Cabins

Aircraft interior noise is a result of several sources, namely: (i) discrete tones at the
fundamental blade passage frequency of the engines and their harmonics, for propeller-
driven aircraft; (ii) structure-borne noise caused by out-of-balance forces within the
engines, inducing vibrations into the aircraft structure; (iii) aircraft systems, such
as auxiliary power unit, pressurization and conditioning systems; (iv) aerodynamic
noise, in which turbulent boundary layer induced noise is included. For all types of
aircraft, the TBL over the fuselage surface is characterized by a fluctuating pressure
which excites the fuselage skin. In fact, at cruise flight conditions, the TBL wall
pressure fluctuations represent the major source of noise in jet aircraft cabins [1,5,6],
and they become even more significant as the flight Mach number increases [2,7].
Figure 1.1 illustrates the importance of the several noise sources during the course
of a flight of a jet transport aircraft [1]. Flight measurements show that while during
takeoff and climb the engine noise is the dominant source of cabin noise, the TBL is
the major contribution during cruise flight. When cruise flight condition is reached,
the TBL becomes the dominant source of noise, resulting from the increase from climb
to cruise speed; a reduction of engine noise is also observed, as the engine thrust is
reduced to cruise setting. As referred in [8], TBL excitation is regarded as the most
important noise source for jet powered aircraft at cruise speed, particularly, as quieter
jet engines are being developed. Figure 1.2 shows the increase of TBL pressure levels

on the exterior of the fuselage with the flight speed, for subsonic flight [2].
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Figure 1.1: Typical variation of noise levels in a jet airplane cabin during takeoff
and climb to cruising altitude: A, start of takeoff roll; B, liftoff from the runway; C,

stabilized level flight at cruising altitude and air speed.

Figure from [1].

103

Mach 0.78
102

Mach 0.60

Mach 0.45

10}

Pressure Power Spectral Density, PSD (f)

|
10°
Frequency [Hz]

102

10t

Figure 1.2: Boeing 737 aircraft forward turbulent boundary layer pressure power

spectral density of the TBL. Figure from [2].



1.1.2 Noise Effects on Health and Comfort

High levels of cabin interior noise is a challenging problem in most aircraft and many
other transport vehicles. Reduced levels of cabin noise are desirable both for comfort
and health-related reasons. As shown in the recent study by [9], high levels of noise
and vibration in aircraft cabins have a significant influence on the human response to
various symptoms and health indices, particularly in long flights. High noise levels,
specially low-frequency noise (20—500H z), can be annoying and during long exposure
periods it produces hearing loss, fatigue, loss of concentration, and reduced comfort.
Moreover, reduced concentration may lead to increased risk for accidents.

The study of aircraft passenger’s comfort is a subjective matter, since the sensa-
tion of comfort is influenced by a large variety of physical and psychological factors,
such as air quality, pressure, temperature, humidity, odors, etc., and it is different
from person to person. However, in [10] it is concluded that an increase in sound pres-
sure level, in loudness, fluctuation strength or vibration magnitude causes a decrease
in comfort sensation by aircraft passengers. Specifically, the study by [11] showed
that low-frequency sound can lead to various negative symptoms, including general
annoyance, deterioration of task performance, reduced wakefulness and sleep distur-
bance both reflecting a general slowdown of physiological and psychological states.
In [12], it is shown that the prolonged exposure to a combination of high-intensity
and low-frequency noise and vibration can influence the respiratory rate, heart func-
tions, stomach and intestine functions, and function of central nervous system. The
effect of low-frequency noise and vibrations on health is described in [13-17], as the
“Vibroacoustic Disease” (VAD), characterized by the abnormal thickening of cardiac
structures. VAD was observed on long-term low-frequency-exposed professionals,
such as commercial aircraft pilots and cabin crews. In consequence, most aircraft
manufacturers are interested in noise control techniques, both passive and active,
and recently the application of the active techniques in passenger’s cabins had an
increased interest. This interest was mainly due to the advent of prop-fan powered
aircraft, characterized by their high level of low-frequency internal noise. Addition-
ally, the developments in electronics and computers allow the implementation of such
systems. As shown in Figure 1.2 low frequency noise is the dominant form of noise

in aircraft cabin during cruise flight.



1.1.3 Application of Noise Reduction Techniques

Noise can be defined as any undesirable sound. The definition of what is and what
is not desirable differs between individuals. However, the suppression of aircraft
interior noise can be appreciated by anyone who spends a long time in continuous
flight. In consequence, most aircraft manufacturers are interested in noise control
techniques. Noise control methods can be classified in two categories: passive control,
and active control. The choice of the most appropriate technique is determined by the
characteristics of the noise environment and the application. Both approaches can
also be applied simultaneously in the same aircraft, since they are complementary.

Passive noise control (PNC) consists in the use of supplementary treatments or
structural modification, and do not require a power source to reduce noise and/or
vibration. Supplementary treatments include damping materials, stiffeners and ad-
ditional mass. Typically, PNC approaches are inexpensive and easy to implement.
However, their performance is limited to the mid- and high-frequency range [18]. Fig-
ure 1.3 illustrates the reduction in vibration of an aircraft skin panel when a structural
damping treatment is applied. Acoustic damping materials, like insulating blankets
and acoustic foam, are usually applied in the aircraft fuselage wall cavity, but they
are ineffective for attenuating low-frequency noise. To be effective for low-frequency
noise, an acoustic absorber would be very thick, involving a forbidden weight increase
in aeronautics [19].

It may be possible to overcome these problems using active control techniques.
Many noise problems exist as a result of structural vibrations and, consequently, two
primary active control approaches have emerged: Active Noise Control (ANC) and
Active Structural Acoustic Control (ASAC). Unlike passive treatments, active control
methods require additional energy to be introduced into a system through a series
of control inputs or secondary sources. These sources are used to create a secondary
field that couples with the primary field, such that the total system response is min-
imized or altered in a desired way. ANC focuses in the reduction of the radiated
sound pressure from a system. This control approach involves the generation of an
“anti-sound” field [20], by exciting the acoustic medium with secondary noise sources,
usually produced by loudspeakers. When the electronically produced inverse wave is
added to original unwanted sound the result is zero sound at that location (the called
destructive interference). However, noise cancellation in three-dimensional spaces is

difficult or impossible to achieve [21]. The ASAC approach takes advantage of the
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Figure 1.3: Vibration spectrum of a McDonnell Douglas MD-80 aircraft skin panel:
blue, untreated skin panel; red, treated skin panel. Figure from [3].

close coupling between the structural vibration and the radiated sound field, and in-
volves applying a mechanical input directly to the vibrating structure [22,23], and
thus reducing the noise caused by the reduced vibration. The secondary vibrational
sources are normally produced by shakers or piezoelectric actuators, which are the
control sources, having the same amplitude and opposite phase comparatively with
the primary source (the vibration field to be controlled). The advantage of these
techniques in aircraft applications is the ability to decrease sound levels without a big
penalty in terms of weight, compared to the PNC alternatives. Current aircraft struc-
tures have poor acoustic transmission loss in the low frequency range (up to 500H z)
and this problem can be even more significant in the future, with the composite
fuselages.

However, the implementation of these techniques is far from being straightforward.
One of the main reasons is the complexity of the coupled structural-acoustic system
consisted of the fuselage structure together with the cabin acoustic field. Another
difficulty is the fact that the airflow noise transmission is a random phenomena, from
which is difficult to obtain a reasonable number of time-advanced reference signals.
To design an efficient noise control system, a clear understanding of the mechanisms of

sound transmission through the structure and noise radiation in the cavity is crucial.



1.1.4 Noise as a Variable in the Aircraft Conceptual Design

With the recent interest in environment friendliness and sustainable societies, noise
pollution tends to be a global major concern. In aircraft and automotive industries
the requirements linked to environmental issues, such as emissions and noise limits,
are strongly gaining importance. This applies to the aircraft interior noise, as well to
the external noise, related to the increasingly strict exterior noise regulations around
airports. To achieve the noise reduction goal, it is expected that environmental re-
quirements may become driving parameters for a given aircraft design, including these
parameters within the conceptual design phase of aircraft development [24]. The air-
craft cabin design can have a big impact on the noise levels during flight. With the
early inclusion of the noise as variable in aircraft design, it is expected that any needed
design change can be made prior to the initial prototype. If the design is right the
first time, there is a reduction in engineering and prototyping expenses. However, to
be able to predict the acoustic characteristics of a specific cabin design, an accurate

predictive model is needed.

1.2 Statement of the Problem, Objectives and Ap-

proach

When an aircraft is in flight, the external turbulent boundary layer developed over
the aircraft causes vibration of the aircraft skin, which in turn radiates noise in the
aircraft cabin, as illustrated in part (a) of Figure 1.4. As previously discussed in
this report, the turbulent flow can be a major source of aircraft interior noise, and
increases with the flight speed. The increased interior noise levels due to the higher
cruise speeds, the use of new materials in the structure, the development of advanced
noise reduction techniques, and the inclusion of noise as a variable in the conceptual
design of aircraft, generate a need for better understanding the noise radiation and
transmission mechanisms into the aircraft cabin. Currently, there is a lack of accurate
and fast models for the prediction of noise in aircraft cabins.

In this context, the aim of the present work is to develop an analytical framework
for the prediction of flow-induced noise and vibration in aircraft cabins. As shown in
Figure 1.4, the physical system can be divided in three subsystems, that are coupled
among them. Similarly to what is physically observed, the mathematical model is

developed as a aero-vibro-acoustic coupled model. Specifically, the analytical model
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Figure 1.5: Schematic diagram for (a) a rectangular enclosure coupled with a flat
plate, and (b) a cylindrical cabin coupled with a curved panel.

is divided in three submodels: (1) the aerodynamic model, in which the output is the
wall pressure fluctuations induced by the TBL, developed over the aircraft fuselage
skin; (2) the structural model, representing the aircraft fuselage skin vibration, in
which the output is the vibration of the structure; and (3) the acoustic model, which
represents the acoustic pressure field in the aircraft cabin section, and has the inte-
rior sound pressure as output. These individual submodels are then mathematically
coupled, such that the effect of the first submodel can be observed in the second
and third submodels. Closed form analytical expressions are obtained to predict the
structural vibration levels, radiated sound power and interior sound pressure levels.
All the mathematical computations were performed using Fortran.

As represented in Figure 1.5, the models are developed for two types of systems:
(a) the rectangular system, defined in Cartesian coordinates, and (b) the cylindrical
system, using the cylindrical coordinates. In the rectangular system the cabin is a
rectangular enclosure, filled with air, and having one flexible flat wall excited by the
TBL. The cylindrical system represents a cylindrical cabin, filled with air, and with a
flexible cylindrical wall excited by the turbulent flow. The flexible wall can be com-
posed by one or several panels or shells, respectively, for the Cartesian and cylindrical
system, which are considered to be simply supported. For both the structural and
acoustic models, a damping factor is added in the equations of dynamics, in order to
account for the structural and acoustic damping of the respective subsystems.

As a random process, the TBL wall pressure is statistically described in terms of

the power spectral density, by the use of empirical models. In the present work, the



TBL is described through these empirical models. The structural model represents
the aircraft fuselage panels/shells vibration, and is described using the linear plate
and shell theories. The wave equation is used to define the cabin acoustic field. The
displacement of the plate/shell and the interior acoustic pressure are represented,
respectively, through the plate/shell natural modes and acoustic modes.

The analytical models are validated through the successful comparison with sev-
eral independent experimental studies. Results for the prediction of aircraft panels’
vibration level, radiated sound power, and interior sound pressure levels in the air-
craft cabin are obtained. The models are able to predict localized and average values

of interior noise and structural vibration levels.

1.3 Dissertation Outline

This dissertation is organized as following:

Chapter 1 provides the Introduction, which contains the motivation of the work,
the statement of the problem, overall objectives and approach. The bulk of the
work presented in this thesis is contained in the Appendices. Each Appendix (A-
E) includes a complete scientific journal publication. These five peer-reviewed
journal articles are either published, in press, or currently under review. The
fiftth paper is currently under review at NASA Langley Research Center. All
publications made by or in collaboration with NASA need to undergo an internal
revision process prior to submission. After this revision, the paper will be

submitted to the Journal of Sound and Vibration.

Chapter 2 includes and overview of the research and previous work done to date on

the scientific problem.

Chapter 3 summarizes each one of the articles, explaining the contribution of each
publication, and how they are connected in order to meet the objectives of this

dissertation.

Chapter 4 contains a brief summary of the overall contributions, conclusions, and

enumerates avenues of future work for further development.
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Chapter 2

State of the Art Review

2.1 Turbulent Boundary Layer Modeling

2.1.1 Physical Phenomenon and Context

A boundary layer is typically a thin region of fluid immediately adjacent to a solid
structure, along which a fluid is moving. Any interaction between the fluid and the
surface of the solid takes place through that layer of fluid. Boundary layers can be
laminar or turbulent, depending on the velocity, density and viscosity of the fluid,
and on the characteristic length of the solid surface. A TBL is characterized by high
Reynolds number. For flow over a flat plate, the transition from laminar to turbulent
flow occurs at a Reynolds number around 10° to 10°. The Reynolds number is the

ratio between inertial forces and viscous forces, being defined as follows

_pUL UL  Inertial Forces

Re = =
1 v Viscous Forces

(2.1)

where U is the mean fluid velocity, L is the characteristic length of the solid surface,
p is the density of the fluid, i is the (absolute) dynamic fluid viscosity, and v = % is
the kinematic fluid viscosity.

Since the TBL is characterized by turbulent eddies of many different sizes, wall
pressure fluctuations induced by turbulent flow are a broadband phenomena, making
it a very complex physical problem, difficult to calculate, predict and measure. This
broadband nature of the TBL limits the calculation of pressure fluctuations using the
direct numerical simulation of the governing equations. Using current techniques, it

is not possible to directly measure the pressure fluctuations within the boundary layer
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without altering the flow field. Therefore, pressure fluctuations can only be measured
at the solid surface beneath the solid surface. However, the transducer used for
these measurements should be very small (miniature), since turbulent eddies, which
produce the pressure fluctuations, extend to very small sizes. In recent studies, such
as in [25-27], an array of wall pressure sensors have also been used to obtain the field
of wall pressure fluctuations. For the measurement of the wall pressure flcutuations,
the pressure sensor is usually equipped inside of the wall so that the distance between
the pinhole on the wall surface and the diaphragm of the pressure sensor can be
minimized in order to obtain better frequency response.

A TBL developed around an aircraft fuselage generates a fluctuating pressure,
which excites the fuselage skin, and gives rise to high noise levels inside the cabin.
As well as aircraft, trains and cars suffer from the same problem since other sources
of noise (due to engines, wheel-road contact, or on board equipment), have been
dramatically reduced. This problem affects the comfort of the passengers, and is
more significant at higher flow speeds. The flow-induced noise increases more rapidly
with respect to the vehicle velocity than other noise sources [2,19].

The basic mechanisms related with the production of the TBL wall pressure fluc-
tuations in subsonic flow appear to be two-fold. First, there is a component associated
with the eddies at the edge of the laminar sublayer, tentatively associated with the
laminar sublayer ”eruption” process. The second component is associated with the
eddies in the outer intermittent parts of the TBL. The intensity of this component
appears to be affected by upstream conditions such as roughness or protuberances,
and is typically of low frequency [28]. A viscous sublayer with a less solenoidal per-
turbation velocity is below the fully turbulent zone of the turbulent boundary layer,
and a buffer zone connects them. As referred in [29], the majority of the turbulence
energy is produced in the viscous sublayer and the buffer zone, and most of the energy
in the turbulent flow is contained in large eddies. The energy associated with smaller
eddies is smaller and their life span is considerably shorter.

The nature of the TBL excitation is random both in frequency and spatial domains
[5]. A large number of empirical and theoretical models have been developed to
describe these random TBL wall-pressure fluctuations on a smooth wall [30]. In these
models, the TBL excitation is usually described in terms of the statistic properties
of the wall pressure fluctuations, and it is assumed that pressure fluctuations are not
modified by the vibrations of the structure. This way, the pressure developed on

the structure is the pressure that would be observed on a rigid structure, also called



12

the blocked pressure - and thus, as shown in Figure 1.4, the aerodynamic model
is partially coupled with the structural model. In other words, it is assumed that
the wall-pressure fluctuations are not affected by the vibrations of the plate. This
assumption holds as long as the flow-induced displacements are much smaller than the
characteristic length scales of the flow and as long as we are further downstream from
the transitional boundary layer, so that the flow is robust to small perturbations due
to the plate vibrations [19]. This approximation makes the problem more tractable,
and suitable for the derivation of analytical expressions. An exact approach, based
upon the Lighthill theory of aerodynamic sound generation [31,32], would be to
consider the plate excited by the acoustic pressure generated by moving acoustic
sources and with an integral representation, which requires the solution of the entire
flow field.

The bulk of research on the behavior of surface pressure fluctuations in TBL flows
were made for zero pressure gradient, two-dimensional turbulent boundary layers.
Even though studied extensively, the pressure fluctuations for this case still sub-
ject of current research. Current studies considering the effect of pressure gradient
and boundary layer separation on surface pressure fluctuations are typically highly
idealized laboratory flows. For the case of TBL developed on a rigid surface, with
zero mean pressure gradient, the boundary layer increases slowly in thickness and
its turbulent pressure field can be expressed as stationary and homogeneous random
phenomena [33-36]. Measurements of the TBL wall pressure fluctuations in a wind
tunnel can be performed under controlled conditions with specified pressure gradi-
ents and surface roughness. This is not the case of flight measurements, in which
the boundary layer on the exterior of the fuselage is subjected to adverse and favor-
able pressure gradients. However, to a first approximation, the TBL wall pressure
fluctuations can be estimated based on relationships for flow over a flat plate with
zero pressure gradient [4]. Furthermore, currently there is not a widely accepted
systematic approach/model available to provide information about the TBL pressure

fluctuations, other than for zero pressure gradient conditions.

2.1.2 Mathematical Formulation and Models

As a random process, the wall pressure fluctuations due to the TBL is usually statis-
tical described. The experimental work performed is, then, usually concentrated

on measurements of mean square pressure, space-time correlations, wavenumber-
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frequency spectral density and cross (space-frequency) spectral density [37]. If the
pressure is a random process, its cross correlation function is defined as the ensemble
average of the product of the pressure at one point in space and time with that at
another point.

The TBL over a rigid flat surface and at zero pressure gradient can be modeled
as a homogeneous and stationary random process. Assuming this, the TBL pressure
space-time correlation function is independent of the choice of the time and spatial
origins, respectively, and is only a function of the separation of the points in space
and time. This way, for turbulent flow in the z—direction and over the (z,y) plane,
as shown in Figure 2.1, the space-time correlation of the pressure field, R(&,,&,,7),
is a function of the two-dimensional spatial separations, {, = x — 2’ and §{, =y — v/,

and the time delay, 7 = t — t/, being defined as follows

R(&,&,,7) =< p(x,y, t)plx + &y + &yt +7) > (2.2)

where p(z,y,t) is the fluctuating component of the wall pressure at the surface point
(xz,y) at time ¢, and <> denotes the expected value. The wavenumber-frequency
spectral density of the wall pressure fluctuations, S(k, ky,w), the space-time corre-
lation function, R(&,;,&,, 7), the space-frequency spectral density of the wall pressure
fluctuations, S(&;, &y, w) (usually called cross power spectral density), are all related

by inverse Fourier and Fourier transforms as following:

S(ka, by, w) = ) / / / R(&,, &y, 7) e Rl thy&ytwnge de dr (2.3a)

—00 —00 —O0

R(&: &y, 7) /// (kg oy, w) €'k &e Thv &yt gk dl, dew (2.3b)

—00 —00 —OO

S(6n o) = 5 / R(Es,6y,7) i dr (2,30
Rn&m) = [ () do (234)

where (ky, k) is the two-dimensional wave-vector and w is the radian frequency.
Experimental measurements of either of these quantities are difficult to make. In

general, measurements have been restricted to intermediate functions such as [37]:
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Figure 2.1: Sketch of the TBL over a flat surface.

the correlation function in the time domain R(0, 0, 7); the correlation functions in the
space-time domain, R(&,,0,7) and R(0,&,,7); and the singe-point spectrum in the
frequency-domain, S,.f(w). The single-point reference pressure spectrum is related
to the space-time correlation function by
o0
1
T 2n

— 00

Syep(w) R(0,0,7) e "“7dr (2.4)

The mean square pressure fluctuation in a specific point is defined as

o0

< p* >= R(0,0,0) = /Sref(w)dw (2.5)

—00

One of the first models for power spectral density of the TBL wall pressure fluctu-
ations was introduced by Corcos [38,39]. Corcos developed a TBL statistical model
based on a large number of measurements of the pressure field at the wall of turbu-
lent attached flow, and concluded that the cross-PSD of the wall pressure fluctuations
can be expressed in a separable form along the spanwise and streamwise directions.
The model assumes that knowing the pressure PSD at one point of the surface, it is
possible to derive the PSD at another point, which is apart &, in the streamwise di-
rection and &, in the spanwise direction from the reference point. Thus, the TBL wall
pressure cross-PSD is usually expressed as the product of a reference-PSD function
and a spatial correlation function.

Consider two points at positions & = (z,y) and @ = (z/,¢') in the flat panel
excited by the TBL, as shown in Figure 2.1, separated by a distance of &, in the

x—direction and &, in the y—direction. The convective velocity in the boundary layer
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Ue
Ul
Corcos considers the cross power spectral density defined in a separable form in the

is denoted by U,, so that the flow direction is €; = The model proposed by

streamwise, r—, and spanwise, y—directions, as follows

(€)= S @) Fi(522) fo(532) 75 (2.6

in which Syef(w) is the reference point-power spectrum, U, ~ 0.7U, [40] is the eddy
convective speed, in which U, is the free-stream velocity. Corcos found that measure-
ments of the particular forms of the cross spectral density S(&,,0,w) and S(0,&,, w)
could be well represented as functions of the variables (°z]5“”) and ( ), respectively. In
practice, functions fl( ’“‘) and fg( 5y) are frequently approxnnated by exponential

decay functions, i.e.

—agwlée| —oywllyl —iwéy

(£xa£ya ): ref( ) Ve € U € Ue (2’7>

where o, and o, are empirical parameters, chosen to yield the best agreement with
the reality, which denote the loss of coherence in the longitudinal and transverse
directions. Usually, a, € [0.1;0.12] and «, € [0.7;1.2]. Recommended values for
aircraft boundary layers are a, = 0.1 and «,, = 0.77 [30,41]. The lengths defined

by L, = aUC and L, cw are the called coherence lengths in the streamwise and
x Qy

w

spanwise directions, respectively.

The Corcos model is well suited to describe the statistics of TBL wall-pressure
fluctuations induced by high speed subsonic flows such as in aeronautical applications
[42]. Although developed in 1963, this model continues to be widely used in several
recent researches involving TBL induced noise [40,42-46]. Corcos model has the
main advantage of being simple enough to enable extensive simulations without a
considerable computational effort. Its main drawback is that it assumes that the
coherence lengths are independent of the boundary layer thickness.

Subsequent improvements of the Corcos model were proposed, which are Corcos-
like models since they follow the same formulation initially developed by Corcos. In
1982, Efimtsov [47] incorporated the boundary layer thickness as a variable into the
coherence lengths. To do this, he derived a new set of correlation lengths, which were
based on a large experimental data set, over a Mach number range 0.41-2.1. Also in
1982, Ffowes Williams [48] derived an expression for the coherence length functions,

which are very similar with Corcos model, containing several unknown constants and
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functions to be determined experimentally. To the date, these remain unknown, but
Hwang and Geib [49] proposed a simplified version. Their final expression was ad-
justed to agree with the Corcos parameters. In 1980 and 1987, Chase [50,51] developed
two models of similar form to fowcs Williams, containing a number of adjustable con-
stants. However, the final model does not have measurements available to determine
the constants. Smol’yakov and Tkachenko [52], in 1991, developed a model which fol-
lows the same approach of Efimtsov. However, they followed a combined correlation
to compute the correlations lengths, instead of the direct exponential decomposition
proposed by Efimtsov, containing several unknown constants and functions, to be
determined experimentally.

In the comparison of these models [30], the model developed by Efimtsov is cited
as a suitable candidate, being the only model derived from aircraft rather than labo-
ratory measurements. More recently, flight tests in the Tupolev 144LL aircraft [53],
demonstrated that Efimtsov model has the best agreement with the experimental
data.

For further information please refer to Appendices.

2.2 Modeling the Structural-Acoustic Problem

2.2.1 Characteristics of the Physical System and Context

One of the main differences between the acoustic behavior of a fluid contained within
physical boundaries (the case of air enclosed in an aircraft cabin) and an unconstrained
fluid (free space), is that the first has natural modes, normally called acoustic natural
modes. The interaction between a structure and an enclosed volume of fluid, and the
calculation of this coupled response, is of great interest in many practical applications
in the aerospace and automotive industries.

The typical aircraft structure incorporates aluminum ribs and stringers, which
provide localized stiffness. The aircraft frame is usually covered with thin aluminum
skin, which is composed by several panels. During flight, the combination of the
frame covered with the thin skin results in a structure that behaves as an array of
panels and shells, whose vibratory behavior couples with the interior acoustics [54].
As mentioned before in this report, the vibration of panels due to the TBL is one of
the several noise transmission paths into the aircraft cabin, and represents a major

source of interior noise in cruise conditions, increasing as the flight speed increases.
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Figure 2.2: Airplane interior sound pressure levels for different flight Mach numbers:
&, M=0.55; ¢, M=0.65; o, M=0.8. Figure from [4].

Figure 2.2 shows interior sound pressure levels measured in a business jet airplane
at three Mach numbers, in which the TBL dominates the SPL at frequencies above
about 400H z. Furthermore, at certain cruise speeds, the hydrodynamic coincidence
phenomenon can occur [5]. When hydrodynamic coincidence occurs, the TBL phase
matches the phase of the bending wave vibration of the fuselage structure, and as a
result, large vibration amplitudes of the fuselage skin and large sound pressure levels
in the aircraft cabin are observed.

The sound transmission into the interior of aircraft and aerospace vehicles has
received significant attention, since interior noise levels have in some cases exceeded
acceptable criteria. The work performed in sound transmission has essentially cap-
tured the dominant mechanisms involved when the structure is subjected to harmonic
sources. However, when the structural excitation is the turbulent boundary layer,
much work still to be done to understand the mechanisms involved [55]. When a
structure is subjected to a random excitation, the case of the TBL induced wall pres-
sure fluctuations, the first challenge of the problem is that no deterministic solution
can be obtained. There is a need to better understand the interaction between the
random pressure fluctuations and its induced structural vibration field.

An important problem in modeling three-dimensional acoustic enclosures is to

obtain a reliable and “low-order” model for the systems. This problem occurs since
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the acoustic enclosure has a high modal density, and then a high model order. De-
spite this difficulty, analytical modeling of such systems is very important, in order
to provide the essential basis for further analyzes, such as noise control and optimiza-
tion applications. However, there is limited literature that addresses the modeling
of structural-acoustic interaction. Most of the work in three-dimensional enclosures
modeling deals with either “acoustic-only” or “structure-only” dynamic models [56].
Numerical methods can also be used to solve the structural-acoustic interaction. How-

ever, that is not the scope of the present research.

2.2.2 Mathematical Description and Modeling

Usually, to describe the structure response, the linear plate and shell theories (which
assume that the plate/shell deflection is small compared to its thickness) are used. For
the internal acoustic field, the wave equation is used. More details of the mathematical
modeling of the structural and acoustic system are in the Appendices. The structural
and acoustic damping effects may be included in the model by adding a damping
term in the respective governing equations.

Probably, the most well known structural-acoustic coupling method, presented
in [57], is the called modal-interaction technique, and was used in several other stud-
ies [5862]. This technique assumes both structure and acoustic cavity responses
expressed directly in terms of the uncoupled natural modes. It uses the in vacuo
modal response of the structure, and the hard walled modal response of the cavity,
combining the two responses into a coupled vibro-acoustic system. The normal sur-
face displacement of the structure is the agent by which the structure influences the
adjacent fluid, and the fluid pressure on the surface of the structure is the agent by
which the fluid influences the structural displacement. Generally, the natural frequen-
cies of a coupled system are different from those of the individual uncoupled systems.
The advantage of this method is the considerably reduced computational time. The
level of accuracy of this method depends on the number of modes considered.

Most of the models describing the vibro-acoustic response of aircraft structures
excited by a TBL have considered the analysis of simply supported panels, vibrating
individually and uncoupled with the interior acoustic field. Early analytical and ex-
perimental [35,63-65] investigations were performed for the TBL-induced vibration of
isolated simply supported plates. For instance, in 1968, Strawderman and Brand [35]

obtained an analytical solution for the plate-velocity statistics of a turbulent bound-
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ary layer excited simply supported plate. Their results for plate-velocity spectral
densities were in good agreement with experimental data. Similarly, in 1972, Chyu
and Yang [66], investigated the response of a rectangular panel under the TBL exci-
tation in subsonic flows, using the normal mode approach together with the spectral
analysis. In their work they obtained a solution for the plate displacement PSD as a
whole, and independent of the location of the panel.

More recently, additional studies were performed using the same approach of the
flat plate driven by TBL excitation. In 1995, Thomas and Nelson [46] used a mathe-
matical model of a simply supported plate excited by a TBL to investigate the use of
ASAC to reduce the noise transmitted by the TBL. In 1996, Graham [41] presented
results for a simply supported elastic plate (with parameters similar to those of a
typical aircraft panel) forced by a pressure spectrum described by Efimtsov model,
previously referred in this report. In 1999, Han et al. [67], obtained the structural
vibration response and the radiated sound power of a plate excited by wall pressure
fluctuations under turbulent boundary layers, and separated reattached flows. In
2005, Finnveden et al. [68], performed a comparative analysis of the plate response
for different TBL wall pressure models.

Other studies have considered the coupling between structure and internal acous-
tic systems. Instead of evaluating the individual uncoupled structural and acoustic
systems, and focusing the attention on the noise radiated by the uncoupled plate or
shell, these studies also considered the coupling between the acoustic and the struc-
tural systems.

Between 1976 and 1985, Vaicaitis [69,70] presented an analytical study to predict
low frequency noise transmission through panels into rectangular enclosures, in order
to predict the noise transmission through the sidewall of an aircraft, due to the turbu-
lent boundary layer and propelled blade frequency. The acoustic pressure within the
cavity was determined by solving the coupled system. However, the cavity pressure
effects on the plate response was only retained for the fundamental panel mode. The
external pressure was obtained applying a 100 dB random white noise on the panel.
Good agreement between theory and experiments was obtained.

In 1978, Barton and Daniels [71] presented an experimental and analytical study
on five panel locations coupled with a small acoustic cavity. Similarly to the work
performed by Vaicaitis, a random source (white noise) of 120 dB was used as the
excitation. Results indicated that both the location and material absorption charac-

teristics had significant effects on the noise reduction. Increasing panel mass improved



20

the noise reduction at almost all frequencies, and increasing panel stiffness improved
noise reduction below the fundamental resonance frequency. Different locations re-
sulted in a 15 dB difference in noise reduction at a particular frequency.

Frampton and Clark [8] investigated the response of an elastic plate coupled with
a rectangular acoustic enclosure and subjected to TBL excitation in 1997. In their
work, the external force, the plate and acoustic responses are computed using a power
balance of the entire system. The dimensions of the studied enclosure are L, = 3.0
m, L, = 0.3 m and L, = 0.3 m, and of the plate are « = 0.3 m and b = 0.3 m,
and flow Mach numbers between 0.1 and 2.0 were considered. The results show
that the cavity power spectrum increases with the Mach number, and emphasize the
importance of including the convected fluid loading.

A first point of concern in these studies is the fact that usually the cavity dimen-
sions do not match those of a real aircraft cabin section. This results in different modal
characteristics of the acoustic field compared with the real case, which in turn results
in different structural-acoustic response, compromising the predicted levels of struc-
tural vibration and interior noise. A second point of concern is the reduced number
of natural modes considered mainly to model the acoustic field. These simplifications
are usually made to reduce the processing time to a manageable level. However, in or-
der to obtain accurate predictions, the essential features of noise transmission should
be retained. A third point is the geometry of the modeled system. The conventional
aircraft has a cylindrical fuselage, and the effects of curvature should be considered.
However, the influence of curvature still appears negligible when compared with the
influence of in-plane stresses acting on the panels [41,72]. These in-plane tensions are
due to the cabin pressurization and lead to an increase of the fundamental resonance
frequency of each bay by a factor of up to about 7 [19].

Considering the analysis of aircraft cabin noise induced by the TBL excitation,
some studies considered the curvature of the panels, as well as cylindrical enclosures.
In 1996, Tang et al. [55] examined the sound transmission into two concentric cylin-
drical shells subjected to turbulent flow on the exterior part of the shell. The classical
thin shell theory was used to model the structural shell. The analysis was performed
for Mach numbers between 0.67 and 1.42. In this study it was concluded that the
change of convective speed of the flow does not lead to a significant difference in the
overall structural response or the interior pressure.

In 2001, Henry and Clark [73] developed an analytical model of a single curved
panel coupled to the interior acoustic field of a rigid-walled cylinder. They applied
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a criteria for maximal structural acoustic coupling between the modes of the curved
panel and the modes of the cylindrical enclosure. For panels with aspect ratios typical
of those found in aircraft, results indicate that predominantly axial structural modes
couple most efficiently to the acoustic modes of the enclosure. In this analysis, they
concluded that the structural-acoustic coupling is not significantly affected by varying
panel position. However, their analysis does not focus the TBL excitation. The curved
panel was considered to be subjected to a static pressure load.

Regarding the aircraft cabin interior noise induced by the TBL, several studies
were conducted providing measurements of the interior SPL and fuselage skin vibra-
tions spectrum, made at various locations in the cabin and cockpit of commercial
aircraft [74-77], for aluminum and composite fuselages. The effect of aircraft speed
on boundary layer induced interior noise can be seen to be dramatic, with the SPL
being higher for higher flight speeds (as expected, following the same tendency of the
external TBL pressure levels). These results are a good database for comparison with
theoretical predictions of interior noise levels induced by the TBL.

The vibro-acoustic problem for the TBL excitation can also be solved using nu-
merical methods. In each instant, or time step, one individual system is solved inde-
pendently, and its solution will then provide a boundary condition to solve the other
individual system. The solution of this system is then used as a boundary condition
for the first one, that will be solved again. Before advancing for the next time step,
this iterative process will be repeated until convergence for the coupled system is
achieved for all the domain. For the numerical analysis of the sound field, it is possi-
ble to use Finite Difference (FD) analysis. The fluid is divided in a line grid, and field
values are assigned to the grid intersection points. In a Cartesian coordinates system
the grid is square, while in Finite Element (FE) analysis can have various geometric
forms. FE analysis consists in the subdivision of the materials space into a finite set
of transmittable elements, which can be straight or curved. At the nodes of the grid,
connecting the several elements, the field variables and their partial derivatives are
selected as the nodal degrees of freedom. Some studies were performed for the turbu-
lent boundary layer excitation of plates and shells coupled with acoustic enclosures
using numerical methods, in which the Finite Element (FE) analysis is usually used,
such as in [78,79]. However, numerical methods are not in the scope of the present
work.

Another method that can be used to solve structural-acoustic coupling is the called
Statistical Energy Analysis (SEA). In this context, SEA is a method for predicting
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vibration transmission in dynamic systems made of coupled acoustic cavities and
structures. The method estimates the time-average energy flow between the fluid
and the structure, and divides the system in coupled sub-systems. It is assumed that
the total energy flow between a structure and a volume of fluid is given by the sum of
energy flows attributable to coupling between isolated pair of modes of the uncoupled
components. Then, it is necessary to identify pairs of modes that are well matched
spatially and that have approximate natural frequencies. The accuracy of the results
highly depends on the choice of those pairs of modes. The equations of the method
involve energies and power flows which are averaged over time, and also over the
modes of vibration having natural frequencies in a band of frequencies which is large
enough to contain a statistical usable modal population. This method, however, is
more reliable in applications to systems which have fairly close natural frequencies,
as described in [80]. Since the vibrational behavior of the system is described in a
time-averaged energy flow, this method is usually used to obtain global information
about the overall system.

For further information please refer to Appendices.
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Chapter 3
Summary of Contributions

The contributions in this dissertation are contained in the five journal articles provided
in Appendices A through E. This chapter summarizes these contributions and explains

how they are connected toward the aims of the present work.

3.1 Prediction of Flow-Induced Noise in Transport Vehicles: Develop-
ment and Validation of a Coupled Structural-Acoustic Analytical

Framework

In this part of the study, a complete analytical framework for the prediction of flow-
induced noise and vibration in transport vehicle cabins is presented. The mathemat-
ical model here developed represents a coupled structural-acoustic system, consisted
by a plate subjected to a random excitation or to flow-induced noise, and a rect-
angular acoustic enclosure representing the transport vehicle cabin. The panels are
considered to be flat and simply supported in all four boundaries, and the acoustic
cabin is filled with air, with five rigid walls and one wall completely or partially flexi-
ble. The flexible part of the enclosure wall is excited by the turbulent boundary layer
or by normally impinging random noise.

The coupled analytical model is developed using the contribution of both struc-
tural and acoustic natural modes. It is shown that the analytical framework can be
used for the prediction of flow-induced noise for different types of transport vehicles,
by changing some of the parameters, as shown by the good agreement between the
analytical results and several experimental studies. The results indicate that the
analytical model is sensitive to the measurement location, with the change in posi-

tion significantly affecting the predicted interior noise levels, as should be expected.
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Different sizes for the acoustic enclosure, as well as different types of panels were
investigated. This study demonstrates the importance of including the acoustic re-
ceiving room (i.e., the vehicle cabin) contribution in the analytical formulation, in
order to accurately predict the noise transmission and interior noise levels.

The mathematical model representing the problem of TBL-induced noise and
vibration in transport vehicles’ cabins was developed through the coupling between
three different submodels: (1) an aerodynamic model, representing the TBL pressure
fluctuations on the cabin structure; (2) a structural model, which characterize the
vibration of the cabin structure; and (3) an acoustic model that represents the cabin
interior sound pressure level. Corcos model [38,39] was used to provide the cross
power spectral density of the TBL wall pressure field, described by Eq. (2.7), in
Section 2.1.2 of this dissertation. For the TBL reference power spectrum all the
chosen studies for the validation of the analytical framework provide information
about its value. However, in case of the absence of an adequate reference power
spectrum function or value, the model proposed by Efimtsov [47] provides the best
agreement with experimental data for the case of an aircraft in cruise flight. The
classical plate theory was used as the governing equation for the plate structural

displacement, w, which for a given applied external pressure is defined by

Dpv4w + pphpw + pr - pemt(‘ra Y, t)7 (31)
3

where where p,, is the density of the plate, h, is the thickness, D, = 125’{“’2) is the
Vp

panel stiffness constant, ¢, was added to account for the damping of the plate, and

w is defined through the plate natural modes as follows

M, My

ZL‘ Y, T Z Z amz /Bmy )szmy(t)v (3'2)

me=1my=1

where o, (v) and S, (y) are the spatial functions, defining the variation of w(x,y,?)
with # and y respectively, gm,m, () are the temporal functions, defining the variation
of w(z,y,t) with time, and M = M, x M, is the total number of plate modes (m,, m,)
considered. For simply supported plates, the spatial functions were defined as [57,81]:
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O, () = \/g sin (mﬂ;”> , (3.3a)
B, (y) = \/% sin (mfy> , (3.3b)

where a and b are the dimensions of the plate in the x— and y—directions. The wave

equation was used as the cabin acoustic field governing equation, defined as follows
2 1. .
Vp — P~ Cacp =0, (34)
50}

in which ¢y is the speed of sound inside the cabin, (,. is added to account for the
acoustic damping in the enclosure, and the pressure p is given through the cabin

acoustic modes [57,82] by

ac Ny z

x y Yy 24 t Z Z Z wnz ¢ny ( )Tnznynz(t>> (3’5>

ng=1ny=1n.=1

where v, (1), ¢n,(y) and I',,_(2) are the spatial functions, 7,,,,n. (t) are the temporal
functions, and N = N, x N, x N, is the number of acoustic modes (n,,n,,n,)
considered. The individual spatial functions are assumed to be orthogonal between

each other, and given by the rigid body enclosure modes [83,84], as following:

U, () = ﬁ% Cos (7127;'23) : (3.6a)
Ap

on, () = con (P2, (3.60)

Lo (2) = éz_z cos (niz> , (3.6¢)

in which L., L, and L, are the dimensions of the enclosure in the z—,y— and
z—directions, respectively, and the constants A, were chosen in order to satisfy nor-
malization.

The equations of each subsystem are then coupled in order to obtain a system
of equations which describes the behavior of the structural-acoustic system, excited
by the turbulent flow. This system of equations is developed such that three system

matrices are obtained: (1) mass matrix, M, (2) damping matrix, D, and (3) stiffness
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matrix, K, as following:

[Mpp 0 ](q(ﬂ) Dy 0 ](qw) K, K] (q(t))
. + . +
M, M. ¥ (t) 0 D r(t) 0 K. r(t)
_ Py (1)
0 Y
(3.7)
where:
M,, = diag[pphy)] , (3.8a)
D,, = diag[2pphpwmé,)] (3.8b)
K,, = diag [w},pphy)] . (3.8¢)
M., — diag {12} | (3.84)
=0
D.. = diag {Q%wn@w} , (3.8¢)
=0
K.. = diag {wi%} ) (3.8f)
50
)= A, [ Up
Mo, = o [ [ i / " <y>¢ny<y>dy] By

VLZ Tp; Yp;

ypf xpf .
Pur(t) = — / / o, (2) B, ()P, 9, )y | (3.8)

Yp; Tp;

K. = — [(_l)nZA”z " U, (), (x)dx " By (Y) n, (y)dy] ) (3.8h)

in which w,, and w, are, respectively, the natural frequencies of the plate and acoustic
enclosure, the subscripts p and ¢ correspond respectively to plate and cavity, with
M,,,D,,, and K,, € R*M M, , D, and K, € RN M, € RVM K, €
RMXN q(t) and py,(t) € RM*1 and r(t) € RY*1. All matrices and vectors ex-
pressions were obtained analytically, as shown in more detail in the Appendix A.
The equations are then written in the frequency domain and in terms of the power

spectral density, in order to obtain the PSD matrix of the plate displacement and the
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PSD matrix of the cabin pressure, respectively defined as following:

Sww (w) = Hiy (W) (w)Hiy (w), (3.9a)
Spp(w) = Hp(w)Su(w)Hp(w), (3.9b)

where the system response matrices Hy (w) and Hp(w) are defined, respectively, by

Hy(w) = (A-BD'C) ', (3.10a)
Hp(w) = —D 'CHyy (w). (3.10b)

The generalized PSD matrix of the turbulent boundary layer excitation, S;y(w) €
RMXM g defined by

Ypy Ypy Tpy Tpy

Sul) = | [ [ [ [ @@ @), (6150, (013 (€0, )b dyay |

Yp; Yp; Tp; Tp;

(3.11)
The PSD functions of the plate displacement and interior pressure are obtained,

respectively, as follows:

Sww(:vla Y1,T2,Y2, W) =
M2 My (3.12a)
> Yo Qg (T1) iy, (72) By, (1) By, (¥2) Sww (W) my mo

Mgy ,May=1 My, My,=1

Spp<x17 Y1, 21, T2, Y2, 22, w) =
N2 N2 N2

> > ZZ ¢nzl (Il)wnzg <I2)¢ny1 <y1)¢ny2 (yQ)Fnzl (21>Fn22 (22)SPP(W)ny ns

Ny 7n12:1 Ny, ,ny2:1 nzy 7n22:1

(3.12b)

Finally, the overall displacement PSD and overall interior pressure PSD can be found
by integrating the individual power spectral densities over the plate surface and the

cavity volume, respectively, as:
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Ypy Ypy Tpy Tpy

Sww(u))z////Sww(:cl,yl,xz,yz,w)d:rld:czdyldyg, (3.13a)

Yp; Yp; Tp; Tp;

Zpy Zpy Ypy Ypy Tpy Tpy

Spp(w)://////Spp(xl,yl,zl,@,yg,zg,w)d:vldxzdyldygdzldzg. (3.13b)

Zp; 2p; Yp; Yp; Tp; Tp;

Closed-form analytical expressions were obtained for the prediction of flow-induced
noise and vibration, as shown in Appendix A. The analytical expressions are able to
predict overall values of interior SPL, overall values of plate vibration levels, as well as
the SPL at a chosen point in the interior of the enclosure, and the level of structural
vibration at a given point of the structure. The spectral quantities were obtained for
frequencies up to 1000H z. The predictions obtained with the analytical framework are
validated through the good agreement with several experimental studies [8,71,85,86].
The analytical predictions showed an overall match with the data from the validation
cases, indicating that the developed framework can be used for the accurate prediction
of noise and vibration levels, for vehicles with rectangular shape. Furthermore, it is
shown that the number of plate and acoustic natural modes used in the analysis play
an important role in the model accurate prediction. There is a minimum number of
natural modes which needs to be used in the analysis, in order to accurately predict

the noise and vibration levels up to a maximum frequency.

The main contributions of this part of the research are:

e (Closed-form analytical expressions were obtained, that can be used in order
to predict the noise and vibration inside transport vehicles with rectangular

enclosures coupled with flow-excited panels.

e Validation of the analytical framework through the successfully comparison be-

tween the analytical predictions and the several experimental studies.

e Results lead to conclude that the analytical model is sensitive to the position
(x,y, z), with the change in position (i.e., point of interest) significantly affect-
ing the predicted interior noise levels and structural vibration levels, as should
be expected. This study demonstrates the importance of including the acoustic

receiving room (i.e., the vehicle cabin) contribution in the analytical formula-
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tion, in order to accurately predict the cabin interior noise levels. Additionally,
to obtain accurate predictions for the vibration and noise levels up to a certain
frequency, a minimum number of structural and acoustic modes should be used

in the analysis.

e The analytical framework developed represents a fundamental basis for further
analysis (such as optimization and noise reduction analyses) on the rectangu-
lar system. The availability of fast and accurate models for the prediction
of vibration and interior noise is fundamental for the implementation of these

techniques.

For further information, the reader is directed to Appendix A.

3.2 Turbulent Boundary Layer Induced Noise and Vibration of a Multi-

Panel Walled Acoustic Enclosure

This part of the work investigated the analytical prediction of turbulent boundary
layer induced noise and vibration of a multi-panel system. In this phase of the re-
search, the objective was to investigate the coupling between individual panels, lo-
cated in different positions, and the acoustic enclosure. Each panel is coupled with
the acoustic enclosure, which consists of a large rectangular room, with five rigid walls
and one partially flexible wall. Different locations of the panels are examined, and
the respective contributions to the interior noise compared.

The characteristics of the physical system were selected to represent an aircraft
cabin, and the external flow considered is representative of typical cruise conditions of
a commercial aircraft. This way, the properties of the panels and acoustic enclosure
represent a typical fuselage skin panel and a rectangular cabin section, respectively.
The turbulent boundary layer wall pressure PSD is defined through the Corcos model,

for each panel, as follows

—agwléy| —oywlbyl —iwte

S<x>§m7£y7w) = Sref(l‘7w)e Ue e Ue e Ue (314)

in which, comparatevely with Eq. (2.7), the = dependence was added to account

for the variation of the panel position along the streamwise direction, and the TBL
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reference PSD was provided by the Efimtsov model [47], defined by

) — 72(2)d(x) 0.017
Sres (@) Ur(x) 1+ 0.025h3 (z,w) (3.19)
with
U () = Uy CfQ(“"), Tw(x):%pzfgocf(x), and Sh(a:,w):;igg, (3.16)

in which 7,, is the mean wall shear stress, ¢ is the boundary layer thickness, U, is the
friction velocity, C is the friction coefficient, and Sh is the Strouhal number. The
functions Ct(z) [87] and 0(z) [88], needed in previous equations were computed using

the following semi-empirical expressions for turbulent boundary layer:

Cy(x) = 0.37 (LogipRe,) >, (3.17a)

RG 2] 10
() | 7

in which Re, = Uz/v is the Reynolds number.

§(x) = 0.372Re;

The panels are considered to be flat, simply supported in all four edges, and
assumed to represent the distance between adjacent stringers and frames of a con-
ventional aircraft skin-stringer-frame structure. Each panel is individually vibrating
and coupled with the acoustic enclosure. The governing equation of the panels, for
the unpressurized cabin, is the one previously presented in Eq. (3.1), and for the

pressurized cabin, is defined by

2 2
Dpv4w + pphp?I) + pr - |:TI (m;ﬂ-> + Ty (mé/ﬂ-> :| w = pext<x7y>t>7 (318>

in which T, and T}, are the plates’ in-plane tensions in x — and y—directions, respec-
tively. The plates’ displacement w was defined through the panels’ natural modes, as
defined by Eq. (3.2), but with the spatial functions described as follows:

U, (1) = \/g sin (M) , (3.19a)

B, (y) = \/% sin (M) : (3.19D)
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in which (z,,,y,,) is the position of the origin of the i’ plate coordinates system,
written in the global coordinates system. The governing equation of the acoustic
system is the wave equation, as previously defined in Eq. (3.4), and the interior
pressure p was described through the acoustic modes, as shown in Egs. (3.5) and
(3.6). The solutions for local and average values of the plates’ displacement PSD and
acoustic enclosure pressure PSD were derived from Egs. (3.12) and (3.13).

A convergence study was performed to determine the number of structural and
acoustic modes required for the calculation of the spectral quantities, indicating that
a large number of non-resonant modes need to be considered in the analysis. For the
aircraft panel considered in the present study, and for f,,,., = 1000H z, the number
of structural modes required to accurately calculate the PSD of the panel response
is M, = 11 and M, = 4 for the untensioned plate, and M, = 9 and M, = 3 for the
tensioned panel. Additionally, an hydrodynamic coincidence analysis was undertaken,
showing that the hydrodynamic coincidence lines match the plate natural modes over
a large part of the frequency range, which confirms the importance of inefficient, but
resonant and highly excited modes in the aircraft noise problem.

Analytical predictions were obtained for both the space-averaged interior sound
pressure level and local interior sound pressure level, as well as space-averaged and
localized plate displacement PSD, for the pressurized and unpressurized cabins, as
shown in results of the Appendix B.

It is shown that panels located at different locations have similar average displace-
ment PSD (ADPSD), with panels located at bigger x-coordinates having a slightly
higher ADPSD at all frequencies. This can be explained since an increase in x-station
results in a higher value for the reference PSD of the TBL excitation. The first 3
ADPSD peaks correspond to plate bending modes, for both untensioned and ten-
sioned plates. Additionally, considering pressurization effects results in a decreased
radiated ADPSD for lower frequencies compared with the unpressurized cabin, re-
sulted by the shift in the plate natural frequencies.

Results for local values of panels’ displacement PSD (DPSD) were obtained for
three different locations in the surface of the plate (1,1). It is shown that the point
located at the center of the panel follow the same line as the ADPSD, with the peaks
located at the same frequencies. However, the same does not occur for the other
points considered, in which additional peaks can be observed for the DPSD curves.
This can be explained since the point at the center of the plate is not affected when

the longitudinal mode number, m,, or the lateral mode number, m,, is even. Thus,
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when evaluating the PSD of the plate response, it is important to know the position
of interest in the plate, since its value is dependent on the position of measurement.

The acoustic enclosure average pressure PSD (APPSD), due to the individual
contribution of the panels, located at two different positions in the flexible wall, was
analyzed. It is concluded that some peaks correspond to plate natural frequencies
and other to acoustic natural frequencies, which illustrates the importance of the
structural-acoustic coupling for the accurate prediction of the pressure in the interior
of an enclosure. The uncoupled study of the sound radiated by an individual plate,
vibrating due to turbulent flow, does not give the total information when the main
goal is to predict aircraft interior noise. Another conclusion is that plates located
at different positions have dissimilar contributions to the enclosure interior pressure
levels.

The localized pressure PSD (PPSD) was obtained for four points inside the en-
closure, due to the individual radiation of plates, located at four different positions
- specifically, plates (1,1), (3,1), (3,5), and (5,1) are analyzed. It can be observed
that point located closer to the vibrating panels have higher PPSD at almost all
frequencies, compared with the other points. As expected, decreasing z-coordinate
(i.e., moving away from the plates) results in lower PPSD values. It is interesting to
verify that the structural-acoustic coupling has an important role in the prediction
of the interior SPL. Analyzing the results for the four different plates, and the same
observing point (x1,y1, 21), one can verify that the PPSD plot has some variations
from plate to plate. Since point (z1,y,21) is always at the same relative position
at each plate, that difference can only be due to the enclosure acoustic modes. The
fact that each plate is in a different position with relation to the enclosure global
coordinate system, changes the way it couples with the acoustic enclosure. This way,
and as concluded for the DPSD, when evaluating the PSD of the interior pressure is
important to know which is the position of interest in the enclosure, since the SPL

value is dependent on the position of measurement.

The main contributions of this part of the research are:

e The application of the analytical framework to the prediction the turbulent
flow-induced noise and vibration in a real-scale rectangular cabin, in which the

panels, cabin and flow have properties that are representative of a real aircraft.

e Analysis of the hydrodynamic coincidence and unpressurized /pressurized cabin
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effects on the prediction of vibration and noise levels.

e Study of the variation of the panels position in the cabin flexible wall. The
results lead to conclude that, for the accurate prediction of aircraft interior
noise and vibration, the position of the panel as well as the structural-acoustic
coupling need to be considered. The traditional approach of assuming a single
panel vibrating to free air does not provide all the information necessary for the

accurate prediction of cabin interior noise.

e [t is shown that the space-averaged values are different from the localized values,
both for the plate displacement and interior pressure. It is concluded that
identical panels located at different positions have dissimilar contributions to
the cabin interior noise, showing that the panel position is an important variable
for the accurate prediction and suppression of cabin noise. In this context,
considering the traditional approach of a single panel coupled with an acoustic

enclosure may not be enough for an accurate prediction of the cabin noise levels.

For further information, the reader is directed to Appendix B.

3.3 Prediction of Turbulent Boundary Layer Induced Noise in the
Cabin of a BWB Aircraft

While in the previous paper the contribution of individual panels to the cabin interior
noise was considered, in this part of the study the objective was to investigate the
simultaneous contribution of multiple turbulent flow-excited panels to the cabin in-
terior noise. The analytical framework is further developed and advanced to account
for several panels vibrating simultaneously. The structural-acoustic system analyzed
aims to describe a Blended Wing Body (BWB) cabin bay, filled with air and pres-
surized. The cabin bay is considered to have five rigid walls and one flexible wall,
composed with 50 structural panels. The dimensions and properties of the panels and
cabin are similar to those of a typical aircraft structural panel and passenger cabin
section, respectively. The TBL excitation is representative of typical cruise conditions
of a commercial aircraft, in high subsonic cruise and stabilized flight conditions.

As in the previous analyses, the TBL wall pressure fluctuations was defined
through the Corcos and Efimtsov models, and the modal approach was used to define

the panels’ displacement and cabin interior pressure. The plate governing equation
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and the wave number equation were used to describe the structural and acoustic
systems, respectively. The individual systems were coupled and the basic coupled
model system, represented previously in Eq. (3.7), was modified to represent the

system consisted by a single acoustic enclosure coupled with several vibrating panels,

as follows
M, 0 0 1 { a®
0 M., 0 At
.. +
0 0 . MNp_1pp 0 0 Anp—1 (t)
0 0 0 Myy,, O A, ()
Mlcp M2cp MNP_]-C;D MNpCP MCC r(t>
D, 0 0 01 /( a®
0 D,, 0 0 Q(t
+ . +
Dprlpp 0 0 qu—l (t)
0 Dnp,, 0 Apyp(t)
I 0 0 D I(t)
[ Klpp 0 S 0 0 I<1pC | ql(t) pltbl(t)
0 Ky, ... 0 0 Ky, qa,(t) P2y, (t)
. : : _ :
0 Kyp-1,, 0 Knp-1,. Anp—1 (t) PNp—14 (t)
0 e 0 KNppp KNppc qu(t> prtbl(t)
0 0 ... 0 0 K. | r(t) 0

(3.20)
where N, is the number of vibrating panels, M;  and M,  are mass matrices of
the " plate, D;,, is the damping matrix of the ith plate, K;,, and K; _ are stiffness
matrices of the i"* plate. The local and average values of displacement and interior
pressure PSD were obtained by Egs. (3.12) and (3.13), in which the TBL excitation
PSD matrix was now defined by
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[ Sy, W) 0 ... 0 0 |
0 Ss,,, (W) : :
Sun(w) = : : : : ; (3.21)
0 N SNp_ltbl (UJ) 0
L 0 SNptbl(w) i

with each S;,,(w) matrix representing the TBL wall pressure fluctuation for the i
plate, obtained by previous Eq. (3.11).

As discussed in the Appendix C, analytical predictions are obtained for the av-
erage and local interior of sound pressure level inside the cabin. Results show that
average SPL increases with the number of vibrating panels and that the SPL curve
maintains a similar shape as all plates have the same properties and dimensions. As
shown in previous works, the peaks on the cavity power spectrum curve correspond
to both plate and acoustic natural modes. For the local values of SPL, it is shown
that as the number of vibrating plates is increased, the SPL also increases in all lo-
cations. However, the SPL curve shape is different from location to location. When
considering 50 panels vibrating, the SPL curves for the locations considered are sim-
ilar for frequencies greater than 355.45 Hz, i.e., for frequencies above the first panels
mode. For frequencies below 355.45 Hz, the same does not occur, with curves having
dissimilar shapes in the several locations. In the frequency range |0; 355.45] Hz, the
peaks in the SPL curve correspond to the acoustic natural modes. Even though the
SPL values are smaller in this frequency range, compared with the level for the 355.45
Hz peak, some of the SPL peaks lying in this range correspond to almost 60 dB SPL
in the 50 panels configuration. This can be of particular interest, since these peaks
lie in the human audible range, creating tones and directly affecting the passengers
comfort. It is also important to verify that, depending on the location, these peaks

have different amplifications, with their importance shifting from point to point.

The main contributions of this part of the research are:

e The development of an analytical framework and derivation of closed-form ex-
pressions for the prediction of vibration and noise levels for the Cartesian system

with the simultaneous vibration of panels, excited by the turbulent flow.

e Investigation of the effects on SPL and vibration levels of increased number of

vibrating panels.
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e [t is concluded that average SPL values show an overall increase with the number
of panels, with the SPL curve essentially maintaining the same shape when all
the vibrating panels have the same properties. Local SPL values, in specific
locations inside the cabin, are also affected by the number of vibrating panels,
generally increasing with the number of vibrating panels. As the number of
vibrating panels increases, the local SPL curves and values become more similar
among the several locations, for frequencies above the first panel resonance. For
frequencies below this resonance, where the acoustic modes are dominant, the
SPL curves are different from point to point, showing dissimilar amplifications

of the acoustic modes.

For further information, the reader is directed to Appendix C.

3.4 Flow-Induced Noise and Vibration in Aircraft Cylindrical Cabins:
Closed-Form Analytical Model Validation

The main objective of this state of the research was to develop closed-form analytical
models for the prediction of turbulent boundary-layer-induced noise in the interior
of aircraft cylindrical cabins. The mathematical model represents the structural-
acoustic coupled system, consisted by the aircraft cabin section coupled with the
fuselage structure. The aircraft cabin section is modeled as a cylindrical acoustic
enclosure, filled with air. The fuselage structure, excited by external random exci-
tation or by turbulent flow, is represented through two different models: (1) as a
whole circular cylindrical shell with simply supported end caps, and (2) as a set of
individual simply supported open circular cylindrical shells. So, the model was also
developed for the case in which several shells are simultaneously vibrating. The pre-
dictions obtained from the developed analytical framework are validated through the
successful comparison with several experimental studies. Analytical predictions are
obtained for the shell structural vibration and sound pressure levels, for the frequency
range up to 10,000 Hz. Compared with the rectangular system, the cylindrical system
presents additional challenges in the mathematical manipulations, mainly due to the
introduction of the Bessel functions, needed to model the acoustic natural modes.
The Corcos model [38,39] was used to describe the TBL excitation. Assuming that
in substitution of a flat panel, one has a shallow open circular shell, the Corcos model,

previous defined in Eq.(3.14) was written in the cylindrical coordinates systems as
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agw|éx| aywl|ég| wéx

S(fl',gx,fg,W):Sref(fL',W)e_ Ue e U e Ue, (322)

where & = R(6 — ¢'), in which R is the radius of the cylindrical cabin, and the
reference spectrum Syef(x,w) is given by the Efimtsov model [47], defined in Eq.
(3.15). The shells’” governing equation was defined by [89]

ou Ov  h? 1, Ps (1—-v?)R? (1 —v?)R?
S = —S b S L = = Eex 707t ) '2
wHv Ra +80+12R2V E. W+ (s Eoh Pext(,0,1), (3.23)

in which v, is the Poisson ratio of the shell, A, is the shell thickness, E is the shell
Young’s modulus, ¢ = 2w, . & is the structural modal damping, &, is the shell
damping ratio, wy, .. is the shell natural frequency corresponding to the (Mg, my)

shell mode. The structural displacement was defined by the modal approach, as

follows

z

My
w(@,0,8) = > > i, () By (0) Gy, (£), (3.24)

My= lmg 1

where ay,, () and S,,,(0) are the shell mode shape functions, gy, m,(t) is a function
of time, and M = M, x M, is the total number of shell structural modes considered
in the analysis. Considering a circular cylindrical shells with simply supported end

caps, and without axial constraint at its ends, the mode shape functions were defined

by
(J)) / 2 . m,mx (3 )
m Lx > Lx ’ ) &

Bme () = \/g cos (mg0) , (3.25b)

and considering a circular cylindrical cabin composed by several open cylindrical

shells, with simply supported edges, the mode shape functions were defined as follows

U, (1) = \/g sin (—m”% ) ) , (3.26a)
By () = \/020 cos (%ﬂ) , (3.26b)
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in which a is the shell length, 6 is its arc, and (x;, 6;) is the origin of the i’ shell with
relation to the cabin global coordinates system. The governing equation of a cylin-
drical acoustic enclosure is the wave equation written in the cylindrical coordinates

system, as following

1. i
Vi = == Gk = 0, (3.27)
0
where (o = 2wyp%, . &ac 18 the acoustic modal damping, &, is the acoustic damping
ratio, and wy,, . is the acoustic natural frequency corresponding to the (n.,ng,n,)

acoustic mode. The pressure field inside the enclosure was defined by

b0 = 33 3 e o Ol P 0, (325)

Nng=0ng=0n,=0
in which ¢, (x), ¢, (0) and I',,,(r) are the mode shape functions, 7, ,,n,, (t) are func-
tions of time, and N = (N, + 1) X (Ng+ 1) x (N, + 1) is the total number of acoustic
modes considered. The mode shape functions are assumed to be orthogonal between

each other, and were defined as follows [81]

A, NLTT
U, (T) = \/L_xcos ( I > : (3.29a)
I T
On, (0) = 7 sin <n,~9 + 7§> , (3.29Db)
Ay, .
) = B ey (o) (3290

where J,, are Bessel functions of the 1 kind of n" order, \,,,, factor represents the
ni" root of the equation dJ,, (An,n,7/R)/ d(r/R) =0 at r = R, and A, are chosen to
satisfy normalization.

Combining the equations of the individual uncoupled subsystems, the governing
equations of the coupled system are defined by Eq. (3.7), for the closed cylindrical
shell, and by Eq. (3.20), for the cylindrical cabin composed by a set of curved panels,

but now with the system matrices and excitation defined by:



39
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The closed-form analytical expressions obtained for matrices M., and K. are
shown in Appendix D. Previous matrices are then used to compute the PSD ma-
trix of TBL excitation, Srpy(w), the PSD matrix of the coupled shells displacement,
Sww(w), and the PSD matrix of the coupled acoustic cabin pressure, Spp(w). Fi-
nally, through the PSD matrices, one can obtain the PSD functions of the shells

displacement, S, and of the acoustic cabin pressure, S,,, as following

Sww($1791’x27927w) =

M3 My 3.31
S S a1 (52)5m, (6B, (92)Sm (s (3:31e)

Mgy, May=1mp; ,mp,=1
Spp($1,91>7’1,37279277"2jw) =
S S,

r

> > > ng, (X1)Un,, (22)0n,, (01)bn,, (02)Tny (1)L, (12)SPP(W)ny 0o

Nz Nagy =0 ng, Ng, =0 Npy Mg =0

(3.31b)

Finally, the overall-average PSD functions, Sy.,(w) and S,,(w), are obtained by
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integration of Sy, (%1, 01, T2, 02, w) over the shell area and of Sy, (1, 01,71, T2, 02,72, W)
over the cabin volume. Closed-form analytical expressions obtained for functions
Sww(w) and Sp,(w) are shown in Appendix D.

Predictions for the shell vibration and interior acoustic field are presented for fre-
quencies up to 10,000Hz. To validate the analytical framework, two independent
studies were considered for comparison [90,91]. It is shown that the analytical frame-
work provides a good prediction of the reality, and once again, that the full coupling
between structural and acoustic systems is important to obtain accurate predictions.
The study by [73,92], which investigates a single-shell system coupled with a cylindri-
cal acoustic cabin, was used as the basis for analysis of the cylindrical cabin composed
by a set of shells. In this study, the dimensions of the curved panel have been se-
lected to approximate the Boeing 737 fuselage sub-panels, while the dimensions of
the cylinder approximate the size of a Boeing 737 fuselage, and results for the shell
vibration and interior acoustic field are presented. Using our analytical model, pre-
dictions were calculated for three different cases, as follows: (1) single shell, excited
by random white noise, coupled with the cylindrical enclosure; (2) the same single
shell, but now excited by the TBL, coupled with the same cylindrical enclosure; (3)
twelve shells (of the same dimensions and properties as the previous ones, and all lo-
cated along the same z-coordinate), excited by the TBL, and coupled with the same
cylindrical enclosure.

As shown by the results in Appendix D, it is concluded, both for local and average
values, that the shell response due to the TBL differs from the shell response due to
the random excitation, mainly for frequencies above approximately 338 H z, i.e., above
the first shell natural mode. This result should be expected as the white random
excitation has a flat power spectral density, exciting all the frequencies with the same
power, while the TBL excitation power spectral density varies through the frequency
spectrum, exciting the low frequencies with higher power than the high frequencies.
It is shown that dissimilar shell vibration curves are found for different points of the
shell. Furthermore, it is shown that predictions for average and local values of the
shell velocity are different, demonstrating the significance of including the position as
an important variable in the development of predictive models.

The SPL analytical predictions were obtained for the three different cases pre-
viously described. Similarly to what was observed for the shell vibration level, it
is shown that the random excitation is responsible for a higher amplification in the

frequency range above 338Hz, than the observed for the TBL excitation. In fact,
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it is observed that compared with the case of the 12 shells excited by the TBL (the
bold curve), a single shell, excited by white noise, can be responsible for generating a
higher SPL for frequencies above approximately 1000H z. Comparing the SPL from a
single shell excited by the TBL, and the SPL from the 12 shells excited by the TBL,
it is clear that increasing the number of shells causes an overall increase in SPL. It
is noted that SPL has the tendency to increase in the range 100 — 338 Hz (below the
shell first mode), and then a general decrease is observed. However, the increase in
the number of shells can be responsible for changing the shape of the SPL over the
frequency. It is clear that peaks in the SPL curves correspond not only to structural
but also to acoustic modes. Specifically, for frequencies below the first shell reso-
nance, the observed peaks correspond to acoustic modes, showing the importance of
including the acoustic field contribution in the development of the analytical model.
Depending on the location being analyzed, each mode has a dissimilar amplification,
with their importance shifting from point to point. Results show that not only SPL
is dependent on the position, but also different from the average values. This leads
again to the conclusion that the ability of the model to predict average and local

values is essential to obtain an accurate prediction of the reality.

The main contributions of this part of the research are:

e (Closed-form analytical expressions were obtained for the prediction of turbulent
flow-induced noise and vibration in aircraft cylindrical cabins, for systems with

a single vibrating shell and for multiple shells.

e Validation of the analytical cylindrical framework through the successful com-

parison with experimental studies.

e It is shown that the type of excitation (random and TBL) produce different
interior noise results, and that the number of structural and acoustic modes
considered is a very important aspect in the accuracy of the predicted values.
The random excitation is responsible for a higher amplification of the SPL for

frequencies above the first shell resonance, compared with the TBL excitation.

e [t is concluded that the increase in the number of vibrating shells causes an
overall increase in SPL, and it can be responsible for changing the shape of
the SPL curve over the frequency spectrum. Results show that not only SPL

is dependent on the position, but also different from the average values. This
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leads to the conclusion that the ability of the model to predict average and local

values is essential to obtain an accurate prediction of the reality.

e A basis was created for further analysis on the cylindrical system.

For further information, the reader is directed to Appendix D.

3.5  On the Sensitivity of Sound Power Radiated by Aircraft Panels to

Turbulent Boundary Layer Parameters

This stage of the research aimed to investigate and quantify how sensitive the sound
radiated by aircraft panels is to the change of TBL excitation parameters, and was
performed in collaboration with NASA Langley Research Center, Structural Acous-
tics Branch. Several empirical models exist nowadays for the prediction of the TBL
wall pressure cross spectrum. These wall pressure cross spectrum models are usually
dependent on four parameters: the reference power spectrum, the Mach number (as-
sociated with the TBL convective velocity), and the coherence lengths in streamwise
and spanwise directions. The existent empirical models provide different predictions
for the TBL wall pressure cross spectrum. Furthermore, real flow conditions over
aircraft do not conform to the ideal behavior of the TBL wall pressure predicted by
these models. However, the accuracy of the empirical models is important to the
prediction of aircraft cabin interior noise. In this context, the questions that this
research aims to explore are “What is the impact of different wall pressure estimates
in the radiated sound power?” and “What is the effect of the range of possible flow
conditions on the radiated sound power?”. For that objective, data from flight tests
and estimates provided by the empirical models are used to predict radiated sound
power, and the results are compared. The panel radiated sound power (RSP) was
calculated through the analytical closed-form expressions obtained in the previous
papers.

As described in the Appendix E, the flight tests measurements were acquired at
3 different flight conditions, which were identified as Cases 1, 2 and 3 throughout the
paper. Measurements of the TBL wall pressure PSD, and coherence lengths in the
streamwise and spanwise directions were undertaken for the 3 flight conditions [93].
The TBL reference PSD and the coherence lengths from flight measurements were

compared with those predicted through Corcos and Efimtsov models. To obtain the
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predicted values for the coherence lengths for Corcos model, the following equations

were used [38]:

Ue

L, = —=%, (3.32a)
QU
Ue

L,=—5%, (3.32Db)
oW

in which U, is the TBL convective velocity, w is the angular frequency, o, = 0.1 and
ay = 0.77. The coherence lengths predicted by the Efimtsov model were defined as
following [47]:
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Ly = ) ! , (3.33)
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where 0 is the TBL thickness, U, = U \/m is the friction velocity, Cf is the friction
coefficient, Sh = wd /U, is the Strouhal number, M is the flight Mach number, and
constants ai-a; are, respectively, 0.1, 72.8, 1.54, 0.77, 548, 13.5, and 5.66. Predicted
L, values for M = 0.8 were obtained through interpolation. Values for C'; and  were
calculated using the Eqs. (3.17a) and (3.17b), respectively. To calculate the TBL

pressure spectrum, the following Efimtsov equation was used [53]:

B
(1+8a3Sh2)5 + a 3 Re, (g—h)
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The radiated sound power matrix, containing the several II,,,,,, components, was

defined by

Spep(w) =2malU?p*§ ; (3.34)

«l3

where ¢ = 0.01 and )
3

8= (3.35)

II(w) = Sy M(w), (3.36)

in which the panel velocity PSD matrix is Syy = w?Syw, where Sy is the panel
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displacement PSD matrix - determined by previous Eq. (3.9a) - , and M(w) is the

radiation matrix, given by

2 .r Lm
M(w):8@< 3”“" )//
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(3.37)

Data from flight measurements were compared with the data provided by the
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Efimtsov model, and the RSP was obtained both for flight measurements data and
for data predicted by the empirical model. The RSP for both conditions was then
compared, to investigate the the effect of different flow conditions on the RSP. The
numerical study was obtained assuming appropriate parameters for a typical aircraft
panel [19,40]. A total number of M, = 19 and M, = 14 panel modes were used to
achieve convergence of the results up to 5K Hz. As in [19,40], the quantities were
calculated based on the panel displacement level predicted for the point (z,y) =
(0.3a;0.2b). The predicted RSP is in good agreement with the results shown in [19].
Additionally, the average RSP, calculated based on the average panel displacement
level, was also analyzed. It is observed that, mainly for the low frequency range, the
RSP for measured data have higher values than the RSP for the predicted values
from Efimtsov model.

To understand how each TBL parameter affects the panel RSP, an uncertainty
and sensitivity analyses were performed. As shown in detail in Appendix E, the
influence of the change of each TBL parameter on the variation of the RSP was
individually investigated, through the derivation of mathematical functions which
describe the change of RSP as function of each individual parameter. With relation to
the TBL reference PSD parameter, its was concluded that increasing the TBL power
spectrum has a direct effect on the RSP without regard to hydrodynamic coincidence
and modal interaction, i.e., an increase of xdB in S,.s yields an increase of xdB in
RSP, over the entire frequency spectrum. For the change in streamwise coherence
length, a different behavior was observed for RSP variation for frequencies below or
above the hydrodynamic frequency. In the absence of hydrodynamic coincidence,
i.e., for frequencies above the coincidence frequency, shorter lengths produce higher
RSP levels. Below this frequency, in the regions where the hydrodynamic coincidence

occur, longer coherence lengths produce higher RSP levels. Considering the coherence
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length in the spanwise direction, it is found that higher values of coherence length
produce an increase in RSP. Finally, the increase in Mach number will also increase
the hydrodynamic coincidence frequency, and this is reflected in the RSP predictions.
An increase in the Mach number results in higher RSP levels for frequencies above
the hydrodynamic coincidence frequency.

It is shown that different TBL parameters have different effect on the RSP. For
the frequency range analyzed, it is shown that higher values of Mach number, TBL
reference spectrum, and spanwise coherence length produce higher values of RSP,
while higher values of streamwise coherence length produce lower RSP. It is concluded
that the Mach number is the parameter that most affects the RSP, followed by TBL
PSD, and then by coherence lengths. For instance, an uncertainty of 1% in the Mach
number parameter (or in the convective velocity) is responsible for a 41% difference
in RSP at 4000H z, while 1% uncertainty in TBL PSD causes a 9% difference in RSP
at 4000Hz. This leads to conclude that a better understanding of the TBL wall
pressure in the aircraft sidewall is necessary to have more reliable RSP predictions,

and to tighten uncertainty in RSP predictions.

The main contributions of this part of the research are:

e Comparison between TBL parameters obtained from flight measurements and
predicted by empirical models. This allowed to understand the level of uncer-
tainty of the TBL measured parameters related with the predicted parameters.
The RSP for each TBL data set (measured and predicted) is obtained and

compared.

e Determination of individual functions which describe the variation of RSP with

relation to the variation of each TBL parameter.

e Quantitative answer on how much z1% of variation in the TBL parameter Y

will affect the panel RSP, given as x,%.

For further information, the reader is directed to Appendix E.
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Chapter 4
Conclusions and Future Work

This dissertation is devoted to the development of analytical models for the prediction
of flow-induced noise and vibration in aircraft cabins. The turbulent boundary layer
is a major source of aircraft cabin interior noise, while in cruise flight, making it an
important subject of research. Furthermore, there is an increased concern about the
effect of high noise levels in our society, but at the same time a lack of understanding
of the mechanisms of sound radiation and transmission involved in the aircraft cabin
noise problem. This thesis main contribution is to provide an analytical framework
in the direction of this understanding. Closed-form analytical expressions were de-
rived. Predictions of noise and vibrations levels for several representative cases were
obtained, and validated through the successful comparison with several independent
experimental studies. The analytical models were developed for Cartesian and cylin-
drical coordinates, for systems with one or more vibrating panels/shells, providing
a basis for the prediction of noise and vibration for future and conventional aircraft
configurations.

Results indicate that the analytical model is sensitive to the change of position,
i.e., the vibration level is different from point to point in the plate surface, and the
SPL is different from point to point in the interior of the cabin. It is shown that the
change in position can significantly affect the predicted values of interior noise and
structural vibration. Furthermore, to an accurate prediction of aircraft interior noise
and vibration, the position of the panel, with relation to the cabin, should also be
considered. The traditional approach of assuming a single panel vibrating to free air
does not provide all the information necessary for the accurate prediction of cabin
interior noise prediction. Also, considering a single panel coupled with an acoustic

enclosure may not be enough as well, since similar panels at different locations have
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different contributions for the interior noise, as shown by this investigation.

It is concluded that an increase in the number of vibrating panels/shells causes an
overall increase of the average SPL values, and that the average SPL curve essentially
maintains the same shape over the entire frequency range, when all the panels are kept
with the same properties. Local SPL values, in specific locations inside the cabin, are
also affected by the number of vibrating panels/shells. When the number of panels
increase, the local SPL curves and values become more similar among the several
locations, for frequencies above the first panel resonance. For frequencies below this
resonance, the SPL curves are different from point to point, showing dissimilar am-
plifications of the acoustic modes. Results show that not only the SPL is dependent
on the position, but it can also be very different from the average values. This leads
to the conclusion that the ability of the model to predict average and local values is
essential to obtain accurate predictions. Additionally, the type of excitation (random
and TBL) produce different predictions of interior SPL, with the random excitation
being responsible for a higher amplification of the SPL for frequencies above the first
shell resonance, compared with the TBL excitation.

The analysis of the panel RSP sensitivity to TBL parameters provides useful in-
formation, since the several empirical models existent nowadays provide dissimilar
predictions for the TBL wall pressure spectrum. The sensitivity and uncertainty
analyzes performed show that the change in the TBL parameters have dissimilar ef-
fects on the RSP. The effect of the variation of each TBL parameter is individually
studied, and functions are obtained to describe these variations, providing a quan-
titative measure for the effect of each parameter. It is shown that an increase of
xdB in TBL reference PSD produces an increase of xdB in RSP. For the change in
streamwise coherence length, for frequencies above the coincidence frequency, shorter
lengths produce higher RSP levels. Below this frequency, in the regions where the
hydrodynamic coincidence occur, longer coherence lengths produce higher RSP lev-
els. Considering the coherence length in the panels’ spanwise direction, it is observed
that higher values of coherence length yield an increase in RSP. The increase in Mach
number will increase the hydrodynamic coincidence frequency, and this is reflected in
the RSP predictions. An increase in the Mach number results in higher RSP levels
for frequencies above the hydrodynamic coincidence frequency.

Finally, for the frequency range analyzed, it is shown that the Mach number is the
parameter that most affects the RSP, followed by TBL PSD, and then by coherence

lengths. For instance, an uncertainty of 1% in the Mach number parameter (or in
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the convective velocity) is responsible for a 41% difference in RSP at 4000H z, while
1% uncertainty in TBL PSD causes a 9% difference in RSP at 4000H z. This leads to
conclude that a better understanding of the TBL wall pressure in the aircraft sidewall
is necessary to obtain more reliable RSP predictions, and to tighten uncertainty in
RSP predictions.

As future work, the objective will be to investigate different configurations of air-
craft panels to obtain reduced aircraft interior noise. The panel shape, size, material
properties, boundary conditions, number of stringers, and panel location relative to
the cabin are parameters that dictate how much noise is radiated into the cabin, for
specific flight conditions. Currently, the typical aircraft panel is of rectangular shape.
The aim will be to investigate several panel configurations, such that the radiated
sound power can be evaluated and compared with the baseline rectangular panel, in

order to find optimized panels.
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ABSTRACT

In this study, a complete analytical model framework able to accurately predict the flow-induced noise in
the interior of a transport vehicle cabin is presented. The mathematical model framework presented
represents a coupled structural-acoustic system, consisted by a plate subjected to a random excitation or to
flow-induced noise, and an acoustic enclosure representing the transport vehicle cabin. The coupled
analytical model is developed using the contribution of both structural and acoustic natural modes. It is
shown that the analytical framework can be used for the prediction of flow-induced noise for different
types of transport vehicles, by changing some of the parameters, as shown by the good agreement between
the analytical results and several experimental studies. The results indicate that the analytical model is
sensitive to the measurement location, with the change in position significantly affecting the predicted
interior noise levels, as should be expected. Different sizes for the acoustic enclosure, as well as different
types of panels were investigated. This study demonstrates the importance of including the acoustic
receiving room (i.e., the vehicle cabin) contribution in the analytical formulation, in order to accurately
predict the noise transmission and interior noise levels.

RESUME

Dans cette étude, un modele analytique complet, capable de prédire avec précision le bruit a l'intérieur
d'une cabine d'un véhicule de transport induite par l'écoulement externe, est présenté. Le modele
mathématique représente un systéme structurel-acoustique accouplé, qui consiste en une plaque avec une
excitation aléatoire ou a l'excitation du écoulement turbulent, et une chambre acoustique qui représente la
cabine du véhicule de transport. Le modéle analytique accouplé a été développé en considérant la
contribution combinée des modes naturels de ces deux systémes, structurel et acoustique. Il est démontré
que le modele analytique peut étre utilisé pour prédire le bruit induit par I'écoulement externe dans
différents types de véhicules de transport, en variant certains parametres, tel que vérifié par la bonne
concordance entre les resultants analytiques et les résultats des multiples études expérimentales. Les
résultats indiquent que le modéle analytique est sensible a la variation du point de mesure, et que le
changement de la position de mesure affecte significativement les niveaux de bruit intérieur prédit, comme
cela était prévu. Différentes dimensions de chambres acoustiques, ainsi que différents types de panneaux
ont été étudiés. Cette étude démontre l'importance d'inclure la contribution de la salle acoustique de
reception (i.e., I'habitacle du véhicule) dans la formulation analytique, afin de prédire avec précision la
transmission du bruit et les niveaux de bruit a l'intérieur.

INTRODUCTION

The interior noise and vibration in the cabin of an aircraft is
mostly generated by the external flow excitation and engine
noise. In opposition of what happens during takeoff, where
the engine noise is the dominant cabin noise source, during
cruise flight the airflow sources are the major contribution
for the interior noise. Early measurements performed in jet
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transport aircraft by [1], have shown how the relative
importance of engine and flow noise changes drastically
during the course of a flight. This study concluded that,
during takeoff and initial climb, the engine was the main
source of cabin noise. However, during the climb to cruise
flight altitude, the turbulent boundary layer (TBL) noise
gradually increases and the engine noise decreases. Finally,
when the cruise flight is reached, the TBL becomes the

Canadian Acoustics / Acoustique canadienne



dominant source of interior noise, resulting from the
increase of flight speed, and there is a reduction of engine
noise, as the engine thrust is reduced to cruise setting.
Furthermore, as referred in [2], turbulent boundary layer
excitation is regarded as the most important noise source for
jet powered aircraft at cruise speed, particularly, as new
quieter jet engines are being developed. Similarly,
automotive industry is progressively more concerned with
passengers comfort. Since major advances have been made
to the reduction of sound transmitted to the interior from the
engine, transmission, and tires, the reduction of flow-
induced noise is becoming more important. Additionally, as
concluded by several studies for subsonic flight, e.g. [3-5],
turbulent boundary layer pressure levels on the exterior of
the fuselage increases with the flight Mach number.

Nowadays, reduced cabin interior noise is an important
factor when considering the design of aircraft and transport
vehicles in general, and it will even become a more
important issue in the future transport vehicles. Reduced
levels of interior cabin noise are desirable for both comfort
and health-related reasons, and they are balanced with the
cost, complexity, and physical constraints of noise control
systems. Passive noise control (PNC) techniques are not
effective in the low-frequency noise (LFN) range, where the
active noise control techniques (ANC and ASAC) have
demonstrated better results, showing the ability to decrease
sound levels without a big penalty in terms of weight,
compared with the PNC solutions [6-9]. However, the
successful implementation of noise control techniques is a
challenging problem, and is far from being a straightforward
task. The complexity of the physics of the structural-
acoustic coupled system itself, consisting of the fuselage
structure together with the cabin interior, is already a major
difficulty for solving the problem. To efficiently design a
noise control system, a clear understanding of the
mechanisms of sound radiation and transmission of the
coupled structural-acoustic system is crucial. Furthermore,
when considering the TBL excitation, the noise reduction
problem turns into even more complicated, since the
turbulent boundary layer induced pressure has a random and
broadband nature.

Early experimental tests have been conducted as an effort to
characterize the radiation of sound from single panels
excited by turbulent boundary layers [4, 10-15]. The results
illustrate that the TBL is a major source of exterior pressure
fluctuations and provide knowledge about the shape of the
spectrum, convection velocity and space-time correlation of
the turbulent boundary layer pressure fluctuations on aircraft
panels, as well as displacement and acceleration spectra of
the vibrating aircraft panels. In addition, theoretical studies
have been performed for the vibration and sound radiated by
isolated panels (i.e., not coupled with an acoustic enclosure)
excited by turbulent flows [16-20], and for random vibration
of a plate coupled with acoustic enclosures [2, 21, 22]. In
these studies, when the TBL excitation is object of study, it
is usually described in terms of the statistical properties of
the wall pressure fluctuations based on the Corcos
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formulation [23, 24]. A number of new models were
developed after Corcos model for the TBL statistical
description [25-29]. The main limitation of the Corcos
formulation is the assumption that spanwise and streamwise
correlations lengths do not depend on the boundary layer
thickness parameter, unlike other methods. Despite not
being the most accurate, the Corcos model is widely used to
describe the induced TBL pressure field, since it captures
the fundamental pressure tendency along the frequency and
requires significantly reduced computational effort to
employ. In the other hand, the Corcos-like formulation
provides a good estimation for the TBL wall-pressure
fluctuations levels at and near the convective peak, which is
of fundamental importance for aircraft boundary layers (for
high subsonic Mach numbers) [30]. Finally, with the Corcos
model it is possible to obtain analytical expressions for the
response of simply supported panel, which is fundamental
in the present study. For all these reasons, the Corcos
formulation is still being used in recent studies to describe
the TBL wall-pressure fluctuations, e.g., [2, 30-36].

As a physical problem, the TBL-induced noise into a cabin
can be simply explained as follows: (1) the turbulent
boundary layer pressure fluctuations induce vibrations on
the cabin structure, and (2) the vibrating structure radiates
noise into the cabin. Mathematically, this physical problem
can be simulated by the interaction of three different
models: (1) an aerodynamic model, representing the TBL
pressure fluctuations on the cabin structure; (2) a structural
model, which characterize the vibration of the cabin
structure; and (3) an acoustic model that represents the cabin
interior sound pressure level.

The mains goal of the current investigation is the
development of an accurate analytical framework for the
prediction TBL-induced noise into transport vehicles cabins,
and its validation. The knowledge of the characteristics of
the turbulent boundary layer excitation, its induced vibration
on the structure, and the noise radiated into the cabin space
is essential for the accurate prediction of the interior noise
levels. The effect of the receiving room space, i.e. the cabin
space, is an important factor for the accurate interior noise
prediction, as shown by the results shown in this study.

For the validation of the analytical framework, four studies
were considered for comparison, more specifically the
investigations by [2, 8, 22, 37]. The acoustic enclosure is of
rectangular shape, filled with air, with five rigid walls and
one wall completely or partially flexible. The flexible part
of the enclosure wall is backed by the turbulent boundary
layer or by normally impinging random noise. The
analytical expressions obtained in this study, shown in the
Appendices section, are able to predict overall values of
interior SPL, overall values of plate vibration levels, as well
as the SPL at a chosen point in the interior of the enclosure,
and the level of structural vibration at a given point of the
structure. The spectral quantities were obtained for
frequencies up to 1000 Hz. The analytical framework here
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validated can be used to predict cabin noise for more
complex cases, as the case shown [38].

The present article is organized as follows. First, the
concepts and models used in the study are formally
described. Section 2 presents the turbulent boundary layer
wall pressure fluctuations model, Section 3 the structural
model, Section 4 the acoustic model, and Section 5 the
coupled structural-acoustic model. The method of solution
for the prediction the spectral quantities is discussed in
Section 6. Section 7 provides a discussion of the results
obtained using the developed analytical framework, and
their validation with the results from the literature. Finally, a
summary of the results and concluding remarks are
presented.

2. TURBULENT BOUNDARY LAYER
WALL PRESSURE FIELD MODEL

The prediction of the vibration and sound of a flow-excited
structure is dependent on a good description of the wall
pressure field. Since numerical predictions are limited to
low Reynolds number simple flow, one has to rely on semi-
empirical models fitted to experimental data. Modeling the
turbulent boundary layer wall pressure has been a subject of
study for many years. As previously referred in this report, a
large number of empirical models have been developed to
describe the wall pressure fluctuations on a flat plate wall
due to the TBL. The turbulent boundary layer wall pressure,
p(x, y, t), is usually statistically described in terms of the
pressure power spectral density, S(s;, sy, ®), where s, is the
current position along the plate, and s, the separation vector
between two measurement points.

In general, for a fully developed TBL, and for zero mean
pressure gradient, the turbulent flow can be regarded as
stationary and homogencous in space, so that the s
dependence disappears in the S(s;, s;, ®) function. This
way, for turbulent flow in the x-direction, the cross power
spectral density (PSD) of the wall pressure over the (x, y)
plane, can be defined as

S(‘t:xa‘t:yaw) = < p*(X, Y, (D), p(X - ‘t:xa y- ‘t:ya (D) > ] (1)

in which &= x - x" and =y - y' are the spatial separations
in the streamwise and spanwise directions of the plate,
respectively. Also, the cross PSD of a stationary random
process can be expressed as the product of a reference PSD
function, S.(®), and a spatial correlation function,

§(§x,<§y,m), as
S(E.€,-®0) = Srer(®) S(E,.E,.) - (2)

Corcos [23, 24], proposed a model which considers the
cross power spectral density of the stationary and
homogeneous TBL wall pressure field in a separate form in
the streamwise, x-, and spanwise, y-direction, as
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® é -io&
S(‘:X>§y>®) = See(0) £ (%) f ( U y) e U, (3)

where U, is the TBL convective speed. Corcos found that
measurements of particular forms of the cross PSD
S(&.0,0) and S(0,&,,0) could be well represented as
functions of the variables (0&/U;) and (0&/U,),
respectively. In practice, the functions fj(w&/U,) and
fH(wE/U,) are frequently approximated by exponential
decay functions, i.e.

oy o€, _aym\éy\ iwg

SE.E®) =Ser(w)e Ve Ueoe U, “4)

where o and o, are empirical parameters, chosen to yield
the best agreement with the reality, which denote the loss of
coherence in the longitudinal and transverse directions.
Usually, o € [0.1; 0.12] and o, € [0.7; 1.2]. Recommended
empirical values for aircraft boundary layers are o, = 0.1
and o, = 0.77 [39]. For the reference power spectrum,
Sief(®), all the chosen studies for the validation of our model
provide information about its value. However, in case of the
absence of an adequate reference power spectrum function
or value, the authors anticipate that the model proposed by
Efimtsov [25] provides a good agreement with experimental
data for the case of an aircraft in cruise flight [39, 40].

3. STRUCTURAL MODEL

Generally, an aircraft fuselage is a conventional
skin-stringer-frame structure, with several panels connected
between adjacent stringers and frames. Each individual
panel can be assumed to vibrate independently of each
other. As concluded in [13, 14], while jet noise induced
vibration in aircraft is highly correlated over several aircraft
panels, in both longitudinal and circumferential directions,
the TBL induced vibration (in which the vibration
correlation decays rapidly especially in the circumferential
direction) is confined to one or two adjacent panels in the
longitudinal direction.

The panels are considered to be flat and simply supported in
all four boundaries. With these conditions, the vibration of
an individual panel can be defined as [41, 42]

My My
WEED= DT D (9B, () dy, (O 5)

my=1 my=1

in which oy, (x) and Bmy(y) are the spatial functions,

defining the variation of w(x,y,t) with the variables x and y
respectively, q (t) functions define the variation of
y

w(x,y,t) with time, and M = M, x M, is the total number of
plate modes (my, my) considered for the analysis. For simply
supported plates, the spatial functions can be defined as:
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G, (X) = jé sin (). (62)
B, ) f sin (=),

where a and b are the length and width of the plate,

(6b)

respectively. The natural frequencies of the simply
supported panel are given by
D m, T2 m, T2
p _ | b x y
R [ |5+ (5 ] o

in which pp is the density of the panel, h,, is its thickness,
and D,=

> (1 by 5 is the panel stiffness constant, with E,
being the panel Elasticity modulus and v, the Poisson ratio.
The plate governing equation, for a given applied external

pressure, is defined as
DPV4W + pp hP W Cp W= pext(x’y’t) ’ ®)

in which the term , was added to account for the damping
of the plate.

4. ACOUSTIC MODEL

The acoustical physical system consists of a three-
dimensional rectangular enclosure, with five fixed walls,
and one totally or partially flexible wall. Similarly to the
description of plate vibration in the structural model, the
pressure field inside the acoustic enclosure can be defined
through the acoustic modes, as following [43, 44]

pxY.20) = Z Z Z ¥, 09 60, 0) T, ) T 0, 9)

ng=1 ny=1 n,=1

in which wnx(x), q)ny(y) and I', (z) are the spatial functions,

defining the variation of p(x,y,zt) with the variables x, y
and z respectively, Lo ngn, (t) functions define the variation of

p(x,y,z,t) with time, and N = Ny x Ny x N, is the total
number of plate modes (ny, ny, n,) considered. The spatial
functions are assumed to be orthogonal between each other,
and are given by the rigid body enclosure modes [45, 46],
ie.:

‘an(x) =—2 cos <n T X) , (10a)

_ Ly Ty 10b
$n (¥) = \/_L_y cos L) (10b)
I, (z)= \?—E_ZZ cos (nanZ Z) , (10¢)
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where Ly, L, and L, are the dimensions of the acoustic

enclosure in the x-, y- and z- direction, respectively, and

constants A, were chosen in order to satisfy normalization.

It can be shown that:

A= {\/E, for n#0 (11
1, for n=0.

The natural frequencies of a rectangular cavity can be
determined using the following equation [45]

e (nx 7:)2 (T : N (nz 7:)2
o =c -_— ,
nynyn, 0 Lx L Lz

y

(12)

in which ¢y is the speed of sound inside the acoustic
enclosure. The governing equation of this subsystem is the
wave equation, defined by

1
2 .o .
v -gp-éacp*O, (13)

where the damping term ,. was added to account for the
acoustic damping in the enclosure.

5. STRUCTURAL-ACOUSTIC MODEL

The governing equations for the coupled structural
acoustic system are obtained from the combination of the
previously described governing equations for the individual
uncoupled systems. To perform that combination, some
mathematical manipulation is needed.

First, considering the plate governing equation, the right-
hand side of Eq.(8) may be divided in two different
contributions: (1) the external TBL excitation, pg(X, y, t),
applied in the upper part of the panel, and (2) the pressure
field, p(x,y,z=L,,t), applied in the panel due to the acoustic
enclosure contribution. Considering this, Eq.(8) can be re-
written as

DpV4w +p, h, W+ Qp W = p(X,y,z=L,,t) -py (X,Y,0) - (14)
Substituting w(x,y,t) in Eq.(14) by the expression defined in
Eq.(5), expressing p(x,y,z=L,,t) in terms of Eqgs.(9) and (10),
making use of the orthogonality of the plate modes, and
integrating the entire equation over the plate area, Eq.(14)
becomes

p,h {ii, 0 +20n 4,0 +oha 0)=

ypf
™A,
S A ) j i (%) 1, () f B (9) O ()Y £,()
Ypf Xpg
- f [ 039 B ) pixyz=L,0 dx dy, (15)
b *pi
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where {,= 2 o, &, is the structural modal damping; Xp, and

X, are, respectively, the initial and last x-coordinates of the

Pr

plate (corresponding to the plate length); Y, and AL

respectively, the initial and last y-coordinates of the plate
(plate width); and o) (t), and rnxnynz(t) were

mymy> qm my
substituted, respectively, by @y, , qm(t) and r,(t), for notation
simplicity.

Second, considering the rectangular acoustic enclosure
governing equation, Eq.(13), the boundary conditions may
be defined as follows: (1) normal component of the air
particle velocity equal to zero at the enclosure rigid walls,
and (2) equal to normal velocity of the panel, at the flexible
wall, i.e.,

at z=L,
at rigid boundaries,

ap_ _po Wo
——{ 0. (16)

ou

in which u represents the direction normal to the boundary,
and py is the air density into the acoustic enclosure.

Substituting Eqgs.(10) and (11) into Eq.(9), and then into
Eq.(13), making use of the orthogonality condition of the
acoustic modes, integrating over the volume of the
rectangular enclosure, and, finally, applying the boundary
conditions given by Eq.(16), the rectangular enclosure
governing equation Eq.(13) becomes

Ciz{i:n(t) +2 o, éac in(t) + 0F 1y(0)} =
0

y
anAn
G j_ : j G, (O, ()X j B (90, () G, ()
Z m_ ypl

(17)

where (.= 2 o, &, is the acoustic modal damping, and
mﬁinynz, rnxnynz(t), and q_ () were substituted,
Xy

respectively, by o, , r,(t) and qu(t), for notation simplicity.
Note that the term on the right-hand side of Eq.(17) and the
first term on the right-hand side of Eq.(15) represent the
coupling between the structural vibration and the enclosure
acoustic pressure.

Third, it is convenient to write the couple system governing
equations, Egs.(15) and (17), together into the following
matrix form:

[ W OO oGO 16
:{ptbé(t)} , (18)
in which:

M,,=diag[p | and M.~ diag L—Z] , (192)
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Ypp

f o, (W, (90X j B (0, ([

1

(1)™Ay, 1)“2

Mep= P [—F—

(19b)

1
D,,= diag [2pphpmm;p] and D,.= diag [2C—%mn§m], (19¢)

1
K,p= diag [coﬁ, P, hp] and K= diag [mﬁ C—z], (19d)
0
n Yor
_|CDTA,, 1) A
Kpe=- 0lm,((X)\V (X)dX Bon, )P, ()|,
(19¢)
ypf Xpp
o=~ [ [ 008, ) D210 ax .
yPi Xp;
(199)

In these equations, M corresponds to mass matrices, D to
damping matrices, K to stiffness matrices, and subscripts p
and C represent respectively plate and cavity, with: M,,,, D,
and K,, € R®™"™ ; M., D and K. € R ; M, € R
Ko € RN q(t) and pei(t) € KM and r(t) e RV All
matrices and vectors expressions were obtained analytically.
Appendix A contains final analytical expressions derived for
M., and K. matrices.

Since the TBL wall pressure field model, described in
section 2 of this article, is expressed in the frequency
domain, it is opportune to transform Eq.(18) from the time
domain to the frequency domain. For this purpose, one may
assume the components of the time functions defined as qy,
= Q, ¢ and r, = R, ¢ Using this form of the time
function, Eq.(18) can be written in frequency domain as

Y(o) = H(o) X(©), 19

in which the Y(w) is the response of the system to the
excitation X(o), and H(w) is the frequency response matrix
of the system, and are defined, respectively, by:

_{W(w) _ (Pwi(®)
Y(m)f{P(m)} and X((o)f{ thOO) } , (20a)
y My, oD, Ky, Kpe ! o
(@)= [ M, -szcc+imDCC+KCC] - (200)

In these equations, vectors W(w), P(®w) and Py (o)
correspond to the frequency domain vectors of the
previously defined time domain vectors W(t), p(t) and pe,(t),
respectively.
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6. METHOD FOR SOLUTION

One last step, needed to obtain a solution for the problem, is
to transform the coupled system equations to PSD domain,
as the TBL wall pressure model available is written in terms
of the power spectral density of the wall pressure. This way,
considering the TBL random excitation as a stationary and
homogeneous function, the spectral density of the system
response, Syy(®), is defined by [47, 48]

Svv(®) = H¥(@) Sxx(®) H'(0) e2y)

where Sxx(®) is the PSD matrix of the random excitation,
X(®), Syy(o) is the PSD matrix of the random response,
Y(w), and superscripts * and T denote Hermitian conjugate
and matrix transpose, respectively. It is convenient to write
the system response matrix, H(®), defined by Eq.(20b), in
the following form

A B!
Ho= |2 5] - (22)
with:
A=-o"My+ioDy,+K,, (23a)
B =Ky, (23b)
C=-0o’ M, , (23¢)
=- @ Mg+ Dg, + Ke (23d)

Also, for mathematical calculations, it is opportune to divide
the matrix Syy(®) into two matrices: (1) the PSD matrix of
the coupled plate displacement, Syw(®), and (2) the PSD
matrix of the coupled acoustic pressure, Spp(®). Similarly,
the matrix Syx(®) may be divided in two: (1) the PSD
matrix of the TBL pressure, and (2) a null matrix. With this
manipulation, Eq.(21) can be written in a separate form,
defining matrices Syw(®) and Spp(®), independently, as
functions of the PSD matrix of the TBL excitation, Stblw,
respectively, as follows:

Sww(®) = Hw (0) Swi(®) Hy'(@) (24)
and
Sep(w) = Hp'(0) Swi(w) Hp' (@), (25)

in which matrices the Hw(®w) and Hp(w) are defined,
respectively, by:

Hw(o)=(A-B D" C)",
(26)

and
Hp(w) =—D"' C Hy(w) . 27)

The generalized PSD matrix of the TBL excitation, Sy (®)
e RM™M is defined as follows
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Stpi(w) =

ypf Xpe

| ] 900,598, 08, 985, onanaxayay'|
ypi *p;

(28)

in which S(&,.&y,») is defined by Eq.(4). The analytically
expression obtained for the matrix Sy, () can be seen in
Appendix B. Finally, the PSD functions of the plate
displacement and acoustic enclosure pressure can be defined
using the previously defined PSD matrices, respectively as:

SWW(XIJ yl: X2, yzs (D) =
2

> 3

my,, mx2=1 my,, my2=1

O, (X1, (X2)By, (VDB (52)Sw (@), 1,

29)

and

Z >

Uy GV, (520, (5900, (90T, (zl)rnzz(z» Sep(0),,
(30)

p(Xl: yl: 71, X, yZa 7, ('0) E
ny,, Ny, =1

ng, nz2—l

Eqgs.(29) and (30) can be used, respectively, to calculate the
displacement PSD at a certain point in the plate, and the
pressure PSD at any given location of the acoustic
enclosure. If one desires to predict the auto-spectral density
solutions, for instance, at the location 1, it can be calculated
by replacing x, by xy, y, by yy, and z, by z; in Egs.(29) and
(30). The overall PSD functions are calculated by
integrating the individual PSD functions over the plate area
and the cavity volume, respectively, as following:

ypf Xpp

Sun(@) = | [] Sw1: 91500 v50 0) dx,ady,ay, 31
Y, Xpi

and

Spp(®) =

Zep ny Xep

ff ff ff Spp(X1,Y5Z1,X,,Y,,Z2,®) dx;dx,dy, dy,dz,dz,. (32)

Ze; yci Xci

in which x, and x,, are, respectively, the initial and last x-
coordinates of the acoustic enclosure (corresponding to the
enclosure length); Ye, and Y, are, respectively, the initial and
last y-coordinates of the enclosure (enclosure width); and z
and z, are, respectively, the initial and last z-coordinates of
the enclosure (enclosure height). The final analytical
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expressions derived for Sy.(®) and S,,(w) are shown in
Appendix C.

7. VALIDATION OF THE MODEL
7.1 Validation Case 1

The study documented in [22] performed by NASA,
presents an experimental and theoretical study with different
panels in order to determine the noise transmission in a
coupled panel-cavity system.  The analytical model
presented is a simple, one-dimensional model, providing a
good fitting with the experimental results trend line. The
noise sources considered were normally impinging sine
waves (with an amplitude of 110 dB) and normally incident
random noise (a white noise source providing 120 dB sound
pressure level).

Noise
z
I
| Panel
. -
e | i 0.278 .
[ - T=IJ.556
| Mic 1 z
|-
Mic 2
|
Lz .
Acoustic enclosure
g
- D ﬁé
- -~ ; Ly=b
= =
= o, = ®
T

Ly=a |l"

Figure 1. Details of the physical system of validation case 1.

Table 1. Parameters of the physical system for
validation case 1.

Plate Properties (PVC)

Variable Description Value

Pp Density 1562.5 Kg m”
E, Elasticity Modulus 3.2x10° Pa’
\Y Poisson’s ratio 0.41

& Damping ratio 0.02

h, Thickness 0.0016 m

a Length 0.305 m

b Width 0381 m
Acoustic Enclosure Properties (Air)

Variable  Description Value

Co Speed of sound 348 ms '
Eac Damping ratio 0.001

L, Length 0.305 m

L, Width 0.381 m

L, Height 0.454 m

This study was considered as the validation case 1, and the
system is composed by a PVC (Lead impregnated
polyvinylchloride) panel coupled with a hard walled
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acoustic cavity, as shown in Fig. 1. The main properties of
the system are displayed in Table 1. Two measurement
microphones were located inside the cavity, directly behind
the flexible panel, as shown in Fig. 1, in order to provide
measurements of the interior sound pressure level. The noise
reduction, NR, was obtained as following

_ Spp
NR =-101log (5 ) - (33)
ext

in which, S,, is the pressure PSD at the location of the
interior microphone and S is the external pressure PSD.
Using our analytical framework, S, can be calculated from
Eq.(30), while S corresponds to S,.r expressed in Egs. (2)
to (4).

Figs. 2 and 3 show the noise reduction results obtained with
our analytical model (part (a)), and the measured and
theoretical results from [22] (part (b)), respectively, for the
interior microphone locations 1 and 2, as shown in Fig. 1.
Comparing these two figures, it is clear that changing the
location of measurement also changes the noise reduction
results, as should be expected. To obtain our analytical
results, a total number of M = 10 and M, = 12 plate modes,
and Ny = 3, Ny = 4 and N, = 4 acoustic modes, was
necessary to achieve convergence of the results, for the
maximum frequency of interest, i.e., 1000 Hz. It was found
that, for the frequency range of interest, [0; 1000] Hz, it is
necessary to include some non-resonant modes. A detailed
explanation of criterion followed to determine the number
of structural modes and acoustic modes required for
convergence can be found in [38].

By comparison of parts (a) and (b) of Figs. 2 and 3, it can be
concluded that our analytical model provides a good
approximation to the experimental data from [22].
Comparing the analytical results in parts (a) and (b), it is
clear that results from our framework confirm the existence
of a more complex trend line, compared with the analytical
results in [22]. This is explained by the fact that, in the
present study, a much larger number of plate and acoustic
modes were considered, compared with the number of
modes used in [22]. An important conclusion from these
results is that the number of modes, considered to obtain the
analytical results, plays a crucial role in achieving an
accurate prediction of the interior noise. However, some
differences exist between our analytical results and the
experimental results from [22]. As explained in [22], some
acoustic leakage through the enclosure sides was observed
during experiments, and those differences may be explained
due to this factor.

7.2 Validation Case 2

The second case chosen for validation of our analytical
model is based on the study described in [8]. It consists of a
rectangular simply supported aluminum panel, which was
flush mounted in the floor of a wind tunnel test section. An
acoustically treated enclosure was mounted below the panel.
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The sound pressure level, due to the noise radiated from the
panel, was measured at various microphone locations inside
the acoustic enclosure. Additionally, an accelerometer was
located in the centre of the plate to evaluate the vibration

levels. A schematic of the physical system is shown in Fig.
4.

The reference power spectral density of the external
pressure field is approximately constant, as follows:

Seer =7.5x 107 12p* U, &, (34)

Moise Reduction [dB]
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20 I | | | | | | | |
4] 500 1000
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Figure 2. Noise reduction results for validation case 1, obtained
for microphone location 1. (a) Obtained using our analytical
model. (b) From [22]: , analytical results; - - -,
experimental data.

in which A = 3, p is the external air density, and & is the
boundary layer displacement thickness. As explained in [8],
a displacement thickness of 12.8 cm gives a correct value
for the pressure power spectra, and was used for the
calculation of the turbulent excitation. The dimensions and
characteristics of the panel and acoustic enclosure, and the
properties of the external fluid are displayed in Table 2.
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Figure 4. Noise reduction results for validation case 1, obtained
for microphone location 2. (a) Obtained using our analytical
model. (b) From [22]: ——, analytical results;- - -,
experimental data.

The analytical results obtained using our framework are
compared with the results from [8], as shown in Figs. 5 and
6. In Fig. 5, the response at higher frequencies is not
accurately predicted by calculations in [8]. Both analytical
results in parts (a) and (b) of Fig. 5 overpredict the
acceleration level in the region from 900 Hz to 1000 Hz.
However, our model is able to accurately predict the
acceleration magnitude across the 700-900 Hz region. As
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stated in the validation case 1 section, this may be related
with the number of structural and acoustic modes
considered in the analysis. To accomplish convergence of
the spectral quantities, a total number of M, = 5 and M, = 4
plate modes, and N, = 8, N, = 6 and N, = 5 acoustic modes
were used in our model. Again, not only resonant modes
were considered in the analyses - a considerable number of
non-resonant modes were necessary to achieve convergence
of the results. The predicted SPL from our model is shown
in Fig. 6 (a). The model accurately predicts the sound
pressure levels obtained experimentally in [8], with the main
differences observed for low frequencies.

Table 2. Parameters of the physical system
for validation case 2.
External Flow Properties (Air)

Variable Description Value

p Density 1.225Kgm™
Uy Free stream velocity 35.8ms’

U, Convective velocity 0.65 U

0,/ Oy Empirical parameters  0.115/0.7
Plate Properties (Aluminum)

Variable

Po Density 2800 Kg m™
E, Elasticity Modulus 6.5x10'° Pa’
v Poisson’s ratio 0.3

& Damping ratio 0.01

h, Thickness 0.0048 m
alb Length / Width 0.46 m/0.33 m
Acoustic Enclosure Properties (Air)

Variable  Description Value

Co Speed of sound 340 ms !

Eac Damping ratio 0.03

L, Length 1.05m

L, Width 0.857m

L, Height 0.635m

7.3 Validation Case 3

The study chosen as the validation case 3, [2], investigates
the modeling of an elastic panel coupled with an acoustic
enclosure, with the plate occupying a portion of the cavity
and subjected to a convected flow, as shown in Fig. 7. The
system parameters can be seen in Table 3.

In this study, the model consists of four parts: (1) the
external aerodynamic model, (2) the TBL model, (3) the
plate model, and (4) the acoustic cavity model. Their model
is based on the power balance equation, written in the
frequency domain, with the transfer functions of the system
of equations computed using MATLAB, and using 4 plate
modes and 17 cavity modes (i.e., resonant modes for
frequencies up to 1000 Hz). For this frequency range, the
TBL point pressure power spectrum was taken to be
constant, as follows

2
U,
Sref(('omax) =3.84 x 10_5 (57) > (35)

(Dmax
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Figure 5. Validation case 2: acceleration power spectral
density. (a) Analytical results obtained using our model.
(b) From [8]:- - -, calculated; , measured.

in which ®p,x is the maximum frequency of interest.
Assuming 4 plate modes and 17 cavity modes, the results
for the cavity power spectrum are shown in Fig. 8. The
cavity power spectrum was calculated through the acoustic
pressure PSD, S, (w), defined in Eq.(30), as following

L,L,L,
TOC% (0] Spp(O)) . (36)

Epp(0) =

Comparing results in parts (a) and (b) of Fig. 8, one can
conclude that they in very good agreement, taking into
account the entire frequency spectrum. One might now
consider a more accurate result as a larger number of plate
and cavity modes should be needed in the model. Again,
aiming for convergence of calculated spectral quantities,
one must consider a total number of My = 5 and M, = 5
plate modes, and Ny = 21, N, = 3 and N, = 3 acoustic modes
in the series expansion. With this number of system natural
modes, the results become different, as shown in Fig. 9. As
can be concluded by comparison of Figs. 8 and 9, a larger
number of modes results in higher cavity power spectrum
amplitudes, mainly for frequencies above 300 Hz. The
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bigger amount of spectral peaks above 300 Hz displayed in
the more accurate results, shown in Fig. 9, is associated with
the additional resonant modes considered. Results for lower
frequencies remain essentially unaltered from Fig. 8 to Fig.
9.

70
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Figure 6. Validation case 2: Sound pressure level: (a) obtained
using our analytical model; (b) experimental data from [8].

Panel

e

T Lx T
Figure 7. Schematic of the validation case 3 physical system.

y  Acoustic enclosure

Table 3. Properties of the system for the validation case 3.
External Flow Properties (Air)

Variable Description Value

Co Speed of sound 310ms

P Density 0.42 Kgm™
U Free stream velocity 1 0.1 ¢

U, Free stream velocity 2 0.5 ¢

U3 Free stream velocity 3 0.8 ¢
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U, Convective velocity 0.6 U,

Oy Empirical parameter 0.1

a, Empirical parameter 0.5

Plate Properties (Aluminum)

Variable

Pp Density 2800 Kg m”
E, Elasticity Modulus 7.0x10" Pa’
v Poisson’s ratio 0.3

Enl Damping ratio 1 0.01

Em Damping ratio 2 0.02

En Damping ratio 3 0.03

h, Thickness 0.0018 m

a Length 03m

b Width 0.3 m
Acoustic Enclosure Properties (Air)

Variable  Description Value

Co Speed of sound 310ms
Po Density 0.42 Kgm”
Eac Damping ratio 0.05

Ly Length 3.0m

L, Width 0.3 m

L, Height 0.3 m

Cavity Power Spectrurn [N m)

1|:| 1 1 1 1
0 200 400 BOO ao0 1000
Frequency [Hz]
ln"" X i - - — T —
Lo i sh Mo, =i,
i N ey Mach No=0'3
E.‘ iy ---o=o== Mach Mo.=08
Iy ! 1'-':-.5‘ i Mach Mo.=1.0
E OOV
'l.; T i
£
E
51
2
v
B
z 15
£ 1 1
£
Z
[}
m

0 100 200 300 400 SO0 600 700 SO0 900 1000
Frequency, Hz
Figure 8. Validation case 3: cavity power spectrum results
(using 4 plate modes and 17 cavity modes): , M=0.1;
-==.,M=05; --=--,  M=08.
(a) From our analytical framework. (b) From [2].
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Figure 9. Validation case 3: cavity power spectrum results
from our analytical framework (using a larger number of plate
and cavity modes): ,M=0.1;-=--, M=0.5;

----,M=038.
7.4 Validation Case 4

The validation case 4 is the study by [37]. As in the
previous validation case, this study investigates the model
of a convected fluid loaded plate coupled with an acoustic
enclosure. However, the dimensions are different from the
previous case, and were chosen to reproduce a small
commercial aircraft. The physical system schematic is
shown in Fig. 10 and the main parameters of the system are
displayed in Table 4.

Table 4. System parameter of validation case 4.
External Flow Properties (Air)

Variable Description Value

Co Speed of sound 310ms '

p Density 0.42 Kgm®
U, Free stream velocity 0.1¢

U, Convective velocity 0.6 U,

Oy Empirical parameter 0.1

o, Empirical parameter 0.5

Plate Properties (Aluminum)

Variable

Po Density 2700 Kg m™
E, Elasticity Modulus 7.1x10" Pa?
v Poisson’s ratio 0.3

& Damping ratio 0.01

h, Thickness 0.0022 m

a Length 0.6 m

b Width 0.525m

Xp Plate x-coordinate 0.6 m

Yo Plate y-coordinate 0.6 m
Acoustic Enclosure Properties (Air)

Variable  Description Value

Co Speed of sound 310ms
Po Density 0.42 Kg m™
Eac Damping ratio 0.05

L, Length 6.0 m

L, Width 1.8 m

L, Height 1.8 m
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In [37], a total number of 50 acoustic modes and 20 plate

modes were used to obtain the numerical results. For this

number of natural modes, the results for the cavity acoustic

potential energy are shown in Fig. 11. Fig. 12 shows the
z

'y y
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Figure 10. Physical system of validation case 4.
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Figure 11. Validation case 4: acoustic potential energy results
(using 20 plate modes and 50 cavity modes): (a) obtained using
our analytical framework; (b) from [37].
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Figure 12. Validation case 4: acoustic potential energy results
from our analytical framework (using a larger number of plate
and acoustic modes).

results obtained with analytical results, but using a total
number of My = 9 and My = 7 plate modes, and Ny = 40, N,
=7 and N, = 7 acoustic modes, in order to obtain accurate
results in the bandwidth of interest. To calculate the cavity
potential energy, in Figs. 11 and 12, the following equation
was used

L,LyL, |
TOC% (O] Spp((D) , (37)

Epp(0) =

in which S, (o) is defined by Eq.(30). Comparing parts (a)
and open-loop plot in part (b) of Fig. 11, one can conclude
that results are in good agreement. However, when
considering a larger number of natural modes, the results are
very different, mainly for higher frequencies, as shown in
Fig. 12. The consideration of the larger number of system
modes results in an increase of acoustic energy for
frequencies above 200 Hz.

8. CONCLUSIONS

The model validation is an essential part of the model
development process in order to the models to be accepted
and used as a predictive tool. Several independent
experimental and numerical studies, with different physical
properties and environment, were used for conducting the
validation of our model. The analytical results from our
model show an overall match with the data from the
validation cases. This indicates that our model can be used
for the prediction of noise levels, and applicable for
different practical cases.
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The analytical model has applied for the prediction of noise
levels to 4 different cases. The analytical predictions of the
plate vibration PSD and the enclosure pressure PSD were
calculated in order to perform the comparative analysis with
the experimental and numerical data from the validation
cases. In all 4 analyses, the predicted values are in good
agreement with the data from the validation chosen studies.
Additionally, it was found that the number of plate and
acoustic natural modes used in the analysis play an
important role in the model accurate prediction. In fact,
there is a minimum number of natural modes which needs to
be used in the analysis, in order to accurately predict the
noise and vibration levels up to a maximum frequency.

The analytical framework developed and here validated can
be used for the noise and vibration levels prediction for
physical systems with a rectangular shaped enclosure with
one flexible wall. This framework presents a solid basis for
further analyses, opening the doors for its use in the design
and implementation of noise reduction techniques. As
demonstrated, accurate analytical models can be used to
solve the problem of cabin TBL-induced interior noise
prediction. Moreover, being the cabin an acoustic enclosure,
it is important to consider not only the structural natural
modes associated with the structural panels, but also the
cabin acoustic modes, as well. Even though the structural-
acoustic coupling turns the analytical framework more
complex, it can be a first alternative to the much more time
consuming numerical solutions. Future work of the present
research will aim for the prediction of TBL-induced noise
into an acoustic enclosure with several flexible panels, and
also the development of additional analytical frameworks
for cylindrical and spherical acoustic enclosures.
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APPENDICES
A. Analytical expressions for M., and K,, matrices

Matrices M, and K, are defined, respectively, by
Egs.(19b) and (19¢). To derive the final analytical
expressions for these matrices, the integrals over x, and y,
on the equations need to be analytically obtained.

Starting by the derivation of the mass matrix, M, by
substituting Egs. (6) and (10) into Eq.(19b), it becomes

Xp

my T (X-X,,)
AL AnyAn f sin| ———
X Z a

Xpi

2p0
M= ——t— (-1
° ,/abLXLyLZ[( )
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I
DX ' (T (y-ypi) WYY A
cos(LX)xfsmTcos L, y, (A.1)
P

where x and y correspond to the acoustic enclosure (global)
coordinate system, and terms inside [ ] are developed to
obtain a matrix, according with the n and m indexes. Note
that, in Eq. (A.1), the plate spatial functions, defined in Egs.
(6a) and (6b), were modified in order to be expressed in the
enclosure coordinate system. For convenience, one may
consider Eq.(A.1) written as the an alternative form as

2p0 n,
Mcpfm[(-n AnAn An Bun(0Bun(y)] . (A2)
with:
*pg
. [T (X_Xpi) n,m X
Bnm(x)=f sin[ —— cos( )dx, (A.3a)
a L,
Xpi
Yor
t o [IyT (Y'ypi) ngwy
Bnm(y)=f sin{ ————— Jcos{ = dy (A.3b)
y
Yo,

The analytical development of the functions B,,(x) and
Bum(y) results in the following final expressions:

m, 0\, (Xp,
0y)-fCxp.), (T;tL—X) AL even)
my Ty Xpi
fi(xp,)-(xp,), <? #L—X) A (? odd) A(m, even)
B ()= ool
f(x,)-f(xp,) (?7&—) A (;‘ odd) A(m, odd)
m g
O (T N LX)
(A.4a)
and
my 1y A M
8y, )-8y, ); T;éL—y - even
m, n Y.
8y, )-8y, ); (Ty?fL—y> A % odd) A(m, even)
Bun(Y)= Y
gy, )-g(y, ) (ﬂ;ﬁ&) A (ﬁ odd) A(m, 0dd)
i f b Ly b
oy L
' > r)
(A.4D)
in which:
m,  n, m, n,
cos | (G 2) mx] cos|(F-22) m
0= ——s— s (ASa)
(Fep)e (S
and
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Similarly to mass matrix, the stiffness matrix, K., may be
written in the following form

K., D" Ag An, An Bun()Ba(y)] . (A.6)

2
P JabLLL, [

with functions By,,(x) and B, (y) defined by Eqgs.(A.4a) and
(A.4b), respectively.

B. Analytical expression derived for Sy, () matrix

Substituting Egs.(4) and (6) into Eq.(28), Syi(®)
matrix becomes defined as follows

Xpg
4 S,ef(® m, T X m\ X" % @lx-x]
Swi(®) = aelf)( )Iffsin( . )sin( - )e Ue
Xpl

Yoy

Lo (x-x) m.m m.ry\ Syely-yl

e U dxdx‘ffsin( yby)sin( yby)e Ue  dydy'
Yo,

(B.1)

in which terms inside [ ] are developed to obtain a matrix,
according with the m and m’ indexes, and x and y
correspond to plate (local) coordinate system. After some
mathematical manipulation, Eq. (B.1) can be written as

x'

pr
4 S..f® m' mx" | X . /MTX
Sppi(w) = elf)( )Ij sin( ) e U jsm( . )
Xp,

a a
Xpl
*p
X (o~ 1) © X' (oxt i) © m, T X X (-ox-1) ©
e U dxt+te U f sin( )e Ue  dxpdx'
a
J
g ) y
o mymy' Yoo Comymyy Y%©
jsm( yb ) e Ue sm( yb )e Ue dy +
Yp. Y,
Yo
Yoyo mymyy YH®
e Ue fsin( yb )e Ue dy pdy'| , (B.2)
y

Developing Eq.(B.2) analytically, one obtains the final
analytical expression for the Sy() matrix components,
which become defined as follows:

48, ,
S0y = [Cy 0, ) € i, m) + 0, )

C..(m,m") + C..(®, m) C..(0, m") + C..(®, m) C..(0, m"]
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[CY| (o, m) Cys(m, m') + Cy3 (o, m) Cy7(0), m') + Cy4(0), m)

C,, (o, m')] : (B.3)

in which functions C’s are defined by the following
analytical expressions:

() oo (57)

C. (o m)_ZOtXu)
xp WU 2 2
o) @ T pe )]
(B.4)
m, 7 4(1X(02)i
Cralnm)=- 0 \? ( : r)n(n [zjgz o\
(@) @0+ (50 ]+ (@) ]
(B.5)
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{[ ( U% )2 @1y (m;n)z . ( Uﬂc )2 i} [(a)[ji)co n (mx:xm)
s ()] B

(Xp],+ a)(oxt i) ®

Ue cos(m,m)
(&) @ ()] +[ou (&)
() s (25 2 () o[ 2m ()

CX4 (Q),m): -

m,m myT X,
+——cos < ')] , (B.7)
a a
a f o,
Cy,(m, m) ={ 20 O T (B.8a)
Const.,,, for m, #m',
with:
. T . T
-sin |(m',+ m,) = (X, + a)| + sin |(m',+ m,) =X,
Const.,,= [ a b ] = [ a p']
2(m'x+mx) a
sin [(m‘x- my) g (xp. T a)] - sin [(m’x- m,) g xp_]
+ i = =, (B.8b)
2(rn'x' mx) a
a
N 0, for m,=m',
Cx5 (m> m) - {Const.xé, for my ¢ m'x (B9a)
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with:

sin [(m'y+ my) % (ypi+ b)] + sin [(m‘y+ my) % ypi]

2(m'y+ my) %

Const.y5=
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For random incident white noise, the external PSD

excitation may be defined as

Xpg
4 S N ‘x ]
Sext = a ];ef ff sin (m : X) sin (m : X ) dx dx'
Xpl
ypf
m,7 m',my'
ﬂm(iﬁm(%”@w, (B.18)

Yp;

which analytically developed results in the following
expression
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where S; is the constant PSD amplitude of the normally
impinging noise on the plate.

C. Analytical expressions for S.(®) and S,,(®) functions

The plate overall displacement PSD function,
Sww(®), was previously defined by Eq. (31). In order to
obtain the final analytical expression for this function, one
must substitute Eqs. (6) into Eq. (29), and then integrate
over the plate area, as shown in Eq. (31). Doing this, the
final expression for S (®) is

)/

Sn(0)= Z >

My My, = 1 my, My, =1

my, X, my 1y, my 7y,
cos ( ) cos %) cos
a b b

[cos(my, ) -1] [cos(myln) -1] [cos(myzn) -17.

SWW((’J)ml my my, TXp,
cos ( )

mmmm a

Yo

i) [cos (my ) —1]
(C.1)

with each matrix component S\,\,W((o)m1 mzcorresponding to

the respective element of the matrix previously defined in
Eq. (24).

Similarly, the analytical expression for the enclosure overall
pressure PSD function, S,,(®w), may be obtained by
replacing Egs. (10) into Eq. (30), and then integrating over
the enclosure volume, as shown in Eq. (32). It can be shown
that the final analytical expression for S, (®) is

2 2 2
Z Z Z AL AL A2, Seel@), ,,

ny,, nxl—l ny,, nyl—l ng, nZl—l

L,L,L,

p((l))_
(C2)

with each matrix component Spp(oo)nl n corresponding to

the respective element of the matrix previously defined in
Eq. (25).
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ABSTRACT

Flow-induced noise in aircraft cabins can be predicted through analytical models or numerical methods. To
date, analytical methods have been used for simple structures and cabins, where usually a single panel is
vibrating due to the flow excitation, and coupled with an acoustic enclosure. The present work investigates
the analytical prediction of turbulent boundary layer induced noise and vibration of a multi-panel system.
The objective is to investigate the coupling between individual panels and the acoustic enclosure. Each
panel is coupled with the acoustic enclosure, which consists of a large rectangular room, with five rigid
walls and one flexible wall. The properties of the panels and acoustic enclosure represent a typical fuselage
skin panel and a cabin section, respectively. It is shown that identical panels located at different positions
have dissimilar contributions to the cabin interior noise, showing that the panel position is an important
variable for the accurate prediction and suppression of cabin noise. Analytical predictions were obtained for
both the space-averaged interior sound pressure level and local interior sound pressure level. The space-
averaged sound pressure level is usually accepted to provide the necessary information for the noise
prediction; however, in some real life applications, the local sound pressure may also be desirable.

RESUME

Le bruit a l'intérieur d’es cabines d’es avions induite par écoulement externe peut étre prédit par modéles
analytiques ou méthodes numériques. A ce jour, les méthodes analytiques ont été utilisés pour structures et
chambre simples, ou, normalement, un seul panneau est considéré a vibrer en raison de 1'écoulement
externe, et couplé avec la chambre acoustique. Cet article étudie la prévision analytique des vibrations et du
bruit dans un systéme avec plusieurs panneaux. L'objectif est d’examiner le couplage entre panneaux
individuels et la chambre acoustique, en considérant de I'emplacement du panneau comme une variable. La
cabine acoustique est une grande chambre rectangulaire et les panneaux rectangulaires sont considérés
simplement appuyés. Les propriétés des matériaux et les dimensions des panneaux et de chambre acoustique
sont représentatives d'un panneau de fuselage typique d'un avion et un compartiment de la cabine,
respectivement. Il est conclu que panneaux similaires situés dans des positions différentes de la cabine ont
contributions différentes du bruit intérieur, montrant que la position du panneau est une variable importante
pour une prévision précise de bruit et de suppression de bruit dans la cabine. Ont été obtenu des prévisions
analytiques des valeurs localisées du niveau de pression sonore a l'intérieur, et la moyenne de ces valeurs en
I'espace. Le niveau moyen de pression acoustique a l'intérieur est habituellement utilisé pour obtenir
information de la prévision du bruit; cependant, dans certaines situations et applications réelles, la valeur du
niveau de pression acoustique d'un point précis dans 'espace peut étre souhaitable.

INTRODUCTION

excitation. While during takeoff the engine noise is the

The turbulent boundary layer (TBL) induced vibration in
transport vehicles, particularly in aircraft, is a major source
of interior noise, and thus an important topic of
investigation. As confirmed by flight measurements in [1],
the interior noise in the cabin of a jet transport aircraft,
during cruise flight, is mostly generated by the external TBL

1-Vol. 38 No. 4 (2010) — In Press

dominant source of cabin noise, the airflow sources become
the major contribution for the interior noise during cruise
flight. For subsonic flight, the TBL pressure levels on the
exterior of the fuselage increase with the flight speed [2—4],
representing a major source of aircraft interior noise for
frequencies below 1000 Hz [1, 5]. Specifically, in [6], flight
test measurements in an aircraft cockpit indicated that
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interior noise was dominated by low-frequency noise (<500
Hz), and that the main noise source was the external
turbulent flow. As referred in [7], TBL excitation is
regarded as the most important noise source for jet powered
aircraft at cruise speed, particularly, as new quicter jet
engines are being developed.

The main objective of the present work is the development
of accurate analytical models for the prediction of TBL-
induced noise in the interior of a real scale rectangular
cabin. The physical system considered corresponds to a
rectangular shaped acoustic enclosure, filled with air, with
one flexible wall and five rigid walls. The flexible wall is
composed of 50 identical simply supported panels. The
dimensions and properties of the plates are similar to those
of typical aircraft fuselage skin panels. A larger acoustic
enclosure, compared with the plate’s dimensions, was
studied in order to simulate a more realistic approach of an
aircraft fuselage section. Both the unpressurized and
pressurized cabin are explored. The external flow excitation
is representative of typical cruise conditions of a commercial
aircraft, i.e., of the TBL wall pressure fluctuations in the
aircraft fuselage, while in cruise and stabilized flight
conditions. The TBL is assumed to be attached and
completely developed over the aircraft structure. The
amplitude of the wall pressure fluctuations is dependent on
the TBL thickness, thus depends on the longitudinal position
of the plate.

Previous work performed by the authors has validated the
analytical models for single panel coupled with an acoustic
enclosure, as in [8]. The analytical framework was
successfully validated through comparison with several
independent experimental studies. The present work adds a
step forward compared to previous studies - it considers the
TBL as the panel’s excitation, while considering each panel
(located at different positions in the flexible wall) coupled
with a real scaled acoustic enclosure. The aim is to
investigate the coupling between individual panels and the
acoustic enclosure. It is shown that the position of the plate
relative to the enclosure plays a crucial role in the accurate
prediction of the interior pressure field. The difference
between predicted space-averaged sound pressure level
(SASPL) and predicted local sound pressure level (LSPL) is
also explored.

The analytical formulation was developed from the
fundamental equations and intrinsically derived as a
structural-acoustic coupled model, i.e., it accounts for the
natural modes of the plate and the acoustic modes of the
enclosure. A convergence study was performed to calculate
the minimum number of plate and acoustic modes needed
for convergence of the predicted spectral quantities. Results
were obtained for the prediction of vibration and sound
pressure levels in the power spectral density (PSD) domain,
up to a frequency of 1000 Hz. The model is able to predict
the space-average plate displacement level, the space-
average interior SPL, local plate displacement level (at a
specified location on the panel surface), and local SPL. The
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occurrence of the hydrodynamic coincidence phenomenon is
also investigated.

1.1 Turbulent Boundary Layer Excited Panels

Previous investigations on flow-induced noise and vibration
have been reported, although, it is important to recognize
how different these studies are, and how their nature can
affect the development of a predictive mathematical model.
Specifically, the study of the noise radiation by a isolated
panel into free air, involves a different analysis compared
with the study of cabin interior noise prediction due to the
vibration of a panel. The later involves the coupling between
the structural vibration and the cabin acoustic field. When
the purpose is to develop analytical models for the
prediction of cabin noise levels, one needs to consider the
properties of: (1) the excitation, (2) the vibrating structure,
and (3) the sound receiving room.

Several early experimental studies were performed to
investigate the vibration and radiation of sound from
structural panels, excited by the TBL, e.g. [9-12]. These
studies provide knowledge about the shape of the spectrum,
convection velocity and space-time correlation of the
exterior TBL pressure fluctuations on aircraft panels, as well
as displacement and acceleration spectra of the vibrating
aircraft panels. Additionally, theoretical studies have also
been performed to study the vibration and sound radiated by
isolated panels (i.e., not coupled with an acoustic enclosure)
excited by turbulent flows [13-17], and for random
vibration of a single panel coupled with a small acoustic
enclosure [7, 18, 19]. In these studies, the TBL excitation is
usually described in terms of the statistical properties of the
wall pressure fluctuations based on the Corcos formulation
[20, 21]. Even though a number of new models were
developed after the Corcos model for the TBL description,
e.g. [22-25], the Corcos formulation is widely used in recent
studies to describe the TBL pressure field [26-30], since it
captures the fundamental pressure tendency along the
frequency and requires significantly reduced computational
effort to employ. Furthermore, Corcos formulation provides
a good estimation for the TBL wall-pressure fluctuations
levels at and near the convective peak, which is of
fundamental importance for aircraft boundary layers (for
high subsonic Mach numbers) [26], the case of the present
study. In order to account with the streamwize variation of
the boundary layer thickness, in the present study the
Efimtsov model [22] is used to provide the point power
spectrum. In the comparison of the several models available
to describe the turbulent boundary layer wall pressure in
[31], the model developed by Efimtsov is cited as a suitable
candidate, being the only model derived from aircraft flight
tests rather than laboratory measurements. More recently,
flight tests performed in the Tupolev 144LL aircraft [32],
demonstrated that the Efimtsov model shows the best
agreement with the experimental data.

In the present study, the panels are considered to be simply
supported in all four edges. Each panel represents the
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distance between adjacent stringers and frames (no
additional stiffeners are considered), and is individually
vibrating and coupled with the acoustic enclosure. As
concluded in [11, 33], while jet noise induced vibration is
highly correlated over several panels in both longitudinal
and circumferential directions, the TBL induced vibration
(in which the vibration correlation decays rapidly especially
in the circumferential direction) is confined to one or two
adjacent panels in the longitudinal direction. For the TBL
excitation, the vibration of an isolated panel can be
considered with the limitation that it is not necessarily valid
at frequencies below the lowest natural frequency of a single
bay of the fuselage structure (which in the present study is
61.44 Hz for the unpressurized cabin, and 355.45 Hz for the
pressurized cabin).

1.2 Aircraft Cabin Noise Induced by Turbulent Flow

Several experimental studies were conducted to investigate
the aircraft cabin interior noise induced by the TBL [34-37],
providing measurements of the interior SPL and fuselage
skin vibrations spectrum, at various locations in the cabin
and cockpit of commercial aircraft, for aluminum and
composite fuselages. These studies are a good database for
comparison with theoretical predictions of interior noise
levels induced by the TBL. The effect of aircraft speed on
boundary layer induced interior noise can be seen to be
dramatic, with the interior sound pressure levels being
generally higher for higher flight speeds. The TBL wall
pressure levels increase with the flight Mach number, as
concluded in [2, 4, 33]. In the absence of hydrodynamic
coincidence phenomenon, the interior noise level usually
follows the same tendency, i.e., it increases with the flight
Mach number [7, 16, 38]. In the presence of hydrodynamic
coincidence, the tendency of increased interior noise with
higher flight speeds is generally valid for frequencies below
and above the neighborhood of frequency at which
hydrodynamic coincidence occurs, as shown in [11].

Interior cabin noise is a challenging problem in most aircraft
and many other transport vehicles. The reduction of cabin
noise levels is desirable for both comfort and health-related
reasons, and they are balanced with the cost, complexity,
and physical constraints of noise control systems. As well
known, passive noise control techniques are not effective in
the low-frequency noise range, where the active noise
control techniques have demonstrated better results,
showing the ability to decrease sound levels without a big
penalty in terms of weight. However, because of the
complexity of the coupled structural-acoustic system, the
implementation of these techniques is far from being
straightforward. To efficiently design a noise control
system, a clear understanding of the mechanisms of sound
radiation and transmission of the coupled structural-acoustic
system is crucial. In this context, the objective of the present
study is to contribute for the understanding of the sound
transmission phenomenon involved in the multi-panel
structural-acoustic system.
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2. MATHEMATICAL MODELS

In this section, the mathematical models developed are
presented. Three models need to be defined: (1) the TBL
model, which represents the external force applied to each
panel, (2) the structural model, representing each individual
plate coupled with the acoustic enclosure, and (3) the
acoustic model, consisting of a rectangular acoustic cabin. In
the following subsections, the mathematical models
involved in the analysis are presented. Since previous work
was performed in order to validate the analytical model, for
simple systems, in this work the new developments on the
model are emphasized. If the reader wishes to see more
details of the mathematical manipulations involved in the
analysis, please refer to [8].

2.1 Turbulent Flow Model

As previously referred, modeling the TBL wall pressure has
been a subject of study for many years. Since the TBL is a
random process, the resultant wall pressure, p(x, y, t), is
usually statistically described in terms of the pressure power
spectral density (PSD). These models were developed for
turbulent flow over a flat plate, assuming fully developed
flow and zero mean pressure gradient. For these conditions,
the turbulent flow can be regarded as stationary in time and
homogeneous in space. The cross-spectral density of the
wall pressure over the (x, y) plane, for flow in the x-
direction, can be defined through the Corcos formulation
[20, 21], as follows

_axm\ixl _uym|§y\ _im&x
S(xE,.6,,0) =Sef(xw)e Ve e U e Ve, (1)

in which & and & are the spatial separations in the
streamwise and spanwise directions of the plate,
respectively, o is the angular frequency, U is the convective
speed of the TBL, and a, and o, are empirical parameters
that denote the lost of coherence in the longitudinal and
transverse directions, and are chosen to yield the best
agreement with the reality. Recommended empirical values
for aircraft boundary layers are o, = 0.1 and o, = 0.77 [31].
Note that, with relation to previous study [8], x was added as
a variable for the S(x,&.&y,®) and S, (X,®) terms. This
variable needs to be added since the TBL pressure cross-
spectral density dependents on the position of each panel;
ie., panels positioned at different x-coordinates have
different S, values. Efimtsov model, defined in [22], is in
good agreement with experimental data for the flow speed
of interest in the present work, and provide the reference
PSD as follows:

0.01 m
1+0.02 Sh**(x,w)’

(%) 3(x)
U:(x)

Sref(x,m) = (2)

with:

Canadian Acoustics / Acoustique canadienne



Crl(x)
2

® 3(x)
Ur(x) ’

Uex) =U,, |42, 7,() = 1 pULC(x), Sh(x,0) = 3)

where U, is the friction velocity, T, is the mean wall shear
stress, Cy is the friction coefficient, d is the boundary layer
thickness, Sh is the Strouhal number, and U, is the free-
stream velocity. Functions C{x) and 6(x) were computed
using the following semi-empirical expressions for turbulent
boundary layers, respectively from [39] and [9]:

Ci(x) = 0.37(Log, ,Re,) ™, (4a)
1
1 Re, \’]°

5(x) = 0.37 x Re |1+ (6 9X107) ] . (4b)

Values of Crand § for each plate are shown in Fig. 1. Plates
located at the same x-coordinate have same values of C; and
5. In these figures, points x; through xs correspond to the
panel center locations from the first to the fifth rows of
panels along x-direction. Points x; and x; correspond,
respectively, to the x-coordinate in which the first row of
panels starts (i.e., to x = 9.14 m) and to the x coordinate in
which the last row of panels ends (i.e., x = 11.64 m) - refer
to Fig. 3 for more details about the physical system under
study. Fig. 2 shows S.«(x,m) for different flight speeds and
altitudes, given by Eq.(2), for the fifth row of panels. For
this row of panels, the curve corresponding to the present
study is the one with solid line and bold circle — refer to
Table 2 for more information about external fluid
parameters. As concluded in [32], the predictions provided
by the Efimtsov model, using Eq.(2), show a weaker decay
than the measured data at high frequencies (above 1000 Hz),
over predicting the spectral quantities above this frequency.
Since the present study considers only frequencies up to 1
KHz, this problem does not significantly affect the results.

2.2 Panels Displacement Model

All plates are considered to be flat panels, simply supported
in all four boundaries (as in Fig. 3b) and are assumed to
represent the distance between adjacent stringers and frames
of a conventional aircraft skin-stringer-frame structure. The
displacement of each panel is defined in terms of its natural
modes, as follows

My M)’
WK = D D () By (9) Gy (O 5)

my=1 my=1

where a,,, (x) and B_ (y) functions define the variation of w
y
with the x and vy, respectively, q () define the variation
Xy

of w with t, and M = M, x M, is the total number of plate
modes considered in the analysis. As shown in Fig. 3a, the
direction of the plate displacement, w, was chosen to be the
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positive z-direction. Since the panels are simply supported
plates, the spatial functions may be defined, in the plate
(local) coordinates system, as:

(6a)

(6b)

in which a and b are the dimensions of the plate in the x- and
y-directions. However, in order to compute the structural-
acoustic coupling, it is convenient to work in the enclosure
(global) coordinates system. To accomplish that, Eqs.(6) can
be written in the global coordinates system, for each
individual plate, as follows:

) mym(xx)
(XmX(X) = g sin (f) ,

2 (mym(y-y,)
By )= | ¢ sin {(———— .

where (Xpi , Ypi ) is the position of the origin of the i plate
coordinates system, written in the global coordinates system.
The natural frequencies for the simply supported
untensioned plate (unpressurized cabin) and tensioned plate
(pressurized cabin), are given respectively by:

D N 2
mﬁlxmf Ppﬁp [(ma n) +(mly9 TE) ] s

(7a)

(7b)

(8a)

Oy, jp [D, (% + 8y2)? + Tuf,” + Tygy?] . (8b)
P

in which p, is the density of the panel, h, is its thickness,

D,= is the panel stiffness constant, Ty and T, are the

Ep b
12(1 2)

1n—plane tensions 1n x and y-directions, respectively, and

fe=

given apphed external pressure, for the unpressurized and
pressurized cabins, are respectively:

™% The plate governing equations for a

DpV4W + pp hp W + Cp W= pext(xay’t) ) (93)

DypVhw +p, by W+ { W - (T £+ Tyg ) w=p (xy.0) ,  (9b)

where {, was added to account for the damping of the plate,
and w is given by Eq.(5).
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2.3 Acoustic Cabin Pressure Model

Following the same approach as for the plate’s displacement
models, the pressure inside the enclosure is defined in terms
of the acoustic modes, as follows:

Ny Ny N,

Pz =Y Z ¥, 09 &0, () T, (D) Ty, 0, (10)

ng=I ny=1 n,=

where y_ (x), cl)ny(y) and TI', (z) are spatial functions,
rnxnynz(t) are functions of t, and N = (N +1)x(Ny+1)x(N,+1)
is the number of acoustics modes considered. As shown in
Fig. 3a, the direction of the interior pressure, p, was chosen
to be the positive z-direction. The individual spatial
functions are assumed to be orthogonal between each other,
and given by the rigid body enclosure modes, as follows:

(11a)

x) :i cos (nxn X)
Yn, JL L,/
A
o (¥) =2 (11b)

e ()
N

A, n,mz
I, @) =2 cos (25),

JL, L,
where Ly, Ly and L, are the dimensions of the enclosure in
the x-, y- and z-directions, respectively, and the constants A,
were chosen to satisfy normalization. For a rectangular

cavity, the natural frequencies are determined as follows:

o (nx n)2+ ng 7 2+ (nz n)z
(’Jnxnynz Co Lx Ly Lz >

where c is the speed of sound inside the acoustic enclosure.
The governing equation is the wave equation, defined by

(11c)

(12)

[ .
Vzp-%p-CaCPZO, (13)

in which £, was added to account for the acoustic damping
in the enclosure.

2.4 Coupled System Model

To obtain the governing equations of the coupled structural-
acoustic system, the equations of the individual uncoupled
subsystems should be combined (please refer to [8] for the
coupling details). The equations of the coupled plate-
enclosure system can be written together in the matrix form,
as follows:
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POt R S [ S R
)
with:

. |1
M,,= diag [p, | M,.= diag H : (15a)
0

Yy
j G, (W, (X)X f B (90, ()|

l

1™Ay, 1)n‘

Mep=Po [— =

(15b)
. Lt
Dy,= diag [2p hyoné | and D= diag [2%%@% . (15¢)

K, = dia [0)2 h] and K- diag |02 = (15d)
pp g mpp P cc g n C% )
y
™A
Ko - [ 20 ) f G, (O, (0% f B (), () .
(15¢)
ypf Xpg
pu®=-| [ [ a8, 0 b0 axay].  asn
yPi *p;

In the previous equations, M represents mass matrices, D
damping matrices, K stiffness matrices, subscripts p and ¢
correspond respectively to plate and cavity. All matrices and
vectors expressions were obtained analytically as shown in
[8]. Additionally, {,= 20, is the structural modal damping
and (,.=2®,&,. is the acoustic modal damping. For notation
simplicity, o ., ®, .. q _(t), and 1, ,,(t) were
xMy xNylz mymy xMylz

substituted, respectively, by ®, , ®,, qu(t) and r,(t). Note
that o,, in Egs.(15), is given by Eq.(8a) for the
unpressurized cabin and by Eq.(8b) for the pressurized
cabin. The cross terms, i.e., matrices M, and K, are
responsible for the coupling between each panel
displacement and the enclosure pressure. Note that Eq.(14)
accounts for the coupling of only one plate with the
enclosure, i.e., the contribution of each panel for the interior
sound pressure level is individually analyzed.

3. SOLUTION IN THE SPECTRAL
DOMAIN

Since the TBL wall pressure field model is expressed in the
frequency domain, one needs to transform the equation of
the coupled system, Eq.(14), from the time domain to the
frequency domain. As introduced in [8], this can be
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performed by assuming g, = Q, ¢ and r, = R, ¢"". The
spectral density of the system response is then given by:

Syv(®) = H*(0) Sxx(0) H'(0), (16)

in which superscripts * and T denote, respectively,
Hermitian conjugate and matrix transpose, Sxx(®) is the
spectral density matrix of the excitation, and Syv(®) is the
spectral density of the system response. For mathematical
convenience, matrix Syy(®) can be divided in two matrices:
(1) the PSD matrix of the coupled plate displacement,
Sww(®), and (2) the PSD matrix of the coupled acoustic
enclosure pressure, Spp(®). Similarly, matrix Sxx(®) can be
divided in: (1) the PSD matrix of the turbulent boundary
layer excitation, Sy (®), and (2) a null matrix. Considering
this, Eq.(16) can be written in the following separate form:

Sww(®) = Hw (0) Sii(@) Hw' (), (17a)
Spp() = Hp ' (®) Sii(®) He'(0) , (17b)
where matrices Hy/(®) and Hp(®) are defined by:
Hw(w)=(A-BD'C)", (18a)
Hp(w) =— D' C Hw(0) (18b)
and

A=-0"M,+ioDy,+K,, (192)
B =K, (19b)
C=-0'M,, (19¢)
D=-0"Mg+ioDg+ K. (19d)

The generalized PSD matrix of the TBL excitation, Sy, (o),
the PSD function of the plate’s displacement, and the PSD
function of the enclosure interior pressure are defined,
respectively, as follows:

Sipi(®) =

[ J .m0 000, 0B, )50 & iSO

SWW(Xls yls X2, st (D) =
2

> 3

mxl,mx2=l myl,my2=l

O (<10, DB, 3By, 6)Sun(@)

e2y)
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N Ny N2
Spp(Xla yla Zy, X3, yZ, Zy, (,0) = Z Z Z

ny,, nx2=1 ny, ny2:1 ng, nZZ:I

W, KOV, ()P, (¥)bn, (0)T, (20T, (@) Sep(o),
22)

in which S, = a x b is the plate surface area. Eqgs.(21) and
(22) can be used to predict the displacement PSD at a
chosen point in the plate, and the pressure PSD at any given
location of the acoustic enclosure, respectively. Finally, the
space-averaged PSD functions can be found by integrating
the individual power spectral densities over the plate area
and the cavity volume, respectively, as:

Sy (©) = f f Suw(X1s ¥y %21 ¥, ) dS;dS3, 23)
SP Sp

Spp(m) :.[V j\/ Spp(xlvylszlaxzayzvzbm) dVldV2= (24)

in which V. = L, x Ly x L, is the enclosure volume. The
analytical expressions derived for Sgi(®), Sww(®) and Sp,(w)
are shown [8].

4. PHYSICAL SYSTEM

The geometry of the complete system is shown in Fig. 3.
The turbulent flow is developed across the plates, at z = L,,
in the positive x-direction. The dimensions of the system are
given in Table 1 and the physical parameters, including the
external fluid, the plate, and the acoustic enclosure are listed
in Table 2. The properties of the plates are for aluminum,
and the parameters of the external fluid correspond to a
cruise flight altitude of 25000 ft (i.e., 7628 m). Damping
ratios for the structure and for the acoustic field of 1% were
chosen to be representative of those in an aircraft [2, 26]. A
large acoustic enclosure compared with the plates was
chosen in order to simulate a more realistic approach of an
aircraft cabin section. The flexible wall of the enclosure is
composed by 50 simply supported identical plates (same
dimensions and properties), with 5 panel rows along x-
direction and 10 panel rows along y-direction. The panels
have dimensions and properties similar to that of a typical
commercial aircraft fuselage panel, representing the distance
between adjacent frames and stringers. The fuselage cabin
section is considered to start at x = 9.14 m from the nose of
the aircraft, in order to consider a more realistic case of an
aircraft fuselage section - as shown in [2], this is the start
point of the forward section of a Boeing 727-200 airplane
fuselage.
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Table 1. Dimensions of the system.

Description Symbol Value, m
Plate length a 0.5

Plate width b 0.22
Plate thickness h, 0.00102
Enclosure length Ly 2.5
Enclosure width L, 2.2
Enclosure height L, 2.1

Table 2. Properties of the physical system.

External Fluid:

Description Symbol Value

Air density p 0.54Kgm”
Air kinematic viscosity v 2.85x10° m*s™!
Speed of sound c 309.6ms ™'
Free stream velocity U, 229.104 ms'
Convective velocity U, 0.7 U,
Empirical parameter Olx 0.1

Empirical parameter Oy 0.77

Panels:

Description Symbol Value
Density Pp 2800 Kg m™
Elasticity Modulus E, 7.24x10" pa’
Poisson’s ratio v 0.33
Damping ratio & 0.01
Longitudinal tension T« 29300 Nm'
Lateral tension T, 62100 N m"'
Number of modes M

- unpressurized cabin: 44 (M,=11, M,=4)
- pressurized cabin: 27 (M,=9, M=3)

Acoustic Enclosure:

Description Symbol Value

Air density Po 12Kgm®
Speed of sound Co 340ms !
Damping ratio Eac 0.01
Number of modes N 2912

(N,=16, N,=14, N=13)

5. RESULTS
5.1 Convergence

A convergence study was performed to determine the
number of structural and acoustic modes required for the
calculation of the spectral quantities. It was found that, for
the frequency range of interest, [0; 1000] Hz, some non-
resonant modes need to be considered. A simple criterion to
determine the number of structural modes required for
convergence of the modal series up to a frequency f,,.x is the
following: convergence is reached when the distance
between two nodes of the structural mode shape is less than
or equal to the half-wavelength of the bending wave on the
plate, A,/2, at the analysis frequency, i.e.,
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Figure 3. Geometry of the physical system.

a _hy(o)

MXS R (25)

M(@) =2 7 02 <D—l‘;> . (26)
p P

Thus, for f,,,,=1000 Hz, from Eq.(25) one obtains M, > 11.
Another convergence criterion is presented in [16] - for a
given upper frequency fi., the number of modes (My,M,)
required for the calculation of the spectral quantities, for a
tensioned panel, can be calculated by

2

ey -0 22y

p

1/4
p,hp 2 fax
> 2= /— ) 27
_( D, ) T @7

For the untensioned plate case, the convergence criterion is
obtained from Eq.(27) with in-plane tensions equal to zero.
For the aircraft panel considered in the present study (for
fax=1000 Hz), the number of structural modes required to
accurately calculate the PSD of the panel response is M,=11
and M,=4 for the untensioned plate, and M,=9 and M,=3 for
the tensioned plate. Table 3 displays the first 20 natural
frequencies of the untensioned panel, and the corresponding
frequencies for the in-tension panel. The number of
enclosure acoustic modes required for the accurate
calculation of the spectral quantities was also determined.
Similarly to the plate, convergence is reached when the
distance between two nodes of the acoustic mode shape is
less or equal than half-wavelength of the acoustic wave in
the interior of the enclosure, i.e.,

Lx Co

NX _2 fmax ’

(28)

Thus, from Eq.(28) one obtains Nx > 15. For the aircraft
cabin considered and f;,,,=1000 Hz, the number of acoustic
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modes required to accurately calculate the PSD of the
acoustic response is N,=16, Ny=14 and N,~=13. The 2912
acoustic modes considered are plotted in Fig. 4, as well as
the plate’s mode lines for the untensioned and in-tension
cases. As can be seen, several non-resonant modes need to
be considered.

Table 3. Panels first 20 natural frequencies [Hz].

(my,my,) Untensioned panel In-tension panel
(1,1) 61.44 355.45
(2,1) 91.34 402.11
3,1 141.17 473.89
4,1) 210.93 566.52
(1,2) 215.87 711.41
(2,2) 245.77 742.08
(3,2) 295.60 793.07
(5,1) 300.62 677.62
(4,2 365.36 864.22
(6,1) 410.25 806.19
(5,2) 455.05 955.41
(1,3) 473.26 1115.82
(2,3) 503.15 1142.37
(7,1) 539.81 952.05
(3,3) 552.98 1186.99
(6,2) 564.68 1066.51
4,3) 622.75 1250.11
(8,1) 689.29 1115.36
(7,2) 694.24 1197.46
(5,3) 712.44 1332.24

5.2 Hydrodynamic Coincidence

To study the effect of hydrodynamic coincidence, it is
important to first identify the degree of matching between
the boundary layer and the plate modes. Figure 5 shows the
plate natural frequencies plotted against longitudinal mode
number, m,, for modes with m,=1,...,4. Also plotted in this
figure are the hydrodynamic coincidence lines (representing
f = m,U./2a) for three cases: U, = 0.7 U, (reference case),
U, =0.75 U, and U, = 0.8 U,,.

In Press — Vol. 38 No. 4 (2010) - 8



Frequency [

01234567 8 9101112131415
Longitudinal mode number, m, and #n,

Figure 4. Matching between acoustic modes (+) and plates
modes: untensioned (black lines), tensioned (grey lines).

5000

4000

3000}

2000

Frequency [Hz)

1000 -

0 3 10 15 20
Longitudinal mode number, m,
a) Untensioned Panel

5000
——m,= I
——m=2
4000F| M=
——m,= 4
_ ———Ue=07U
__‘\:
= 3000
|l
5
g 20007
1000 -
U i Il i i
0 3 10 15 20

Longitudinal mode number, m,
b} In-tension Panel
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From Fig. 5 one can confirm that hydrodynamic coincidence
lines ‘match’ the plate modes over a large part of the
frequency range, mainly for the untensioned plate case. As
explained in [40], this confirms the importance of
inefficient, but resonant and highly excited modes in the
aircraft noise problem. In the reference case, for the
untensioned case, the plate modes (4,3), (12,3), (15,2) and
(16,1) provide the best matching with the turbulent
convecting scales (myU./aw = 1), and are thus highly excited
modes. Of these 4 modes only (4,3) has a resonant
frequency in the range of study, [0; 1000] Hz. For the
tensioned case, the plate mode (3,1) provides the best
matching with the hydrodynamic coincidence line. In the
reference case, the hydrodynamic coincidence frequency,

2 [oh
ff% /%, is 2580.74 Hz. Thus, in the frequency range
p

under study all resonant and nonresonant modes considered
are inefficient radiators.

5.3 Frequency Resolution

All spectral quantities were obtained for the frequency range
[0; 1000] Hz. The frequency resolution for the PSD
calculations was obtained through an adaptive algorithm to
meet the damping coefficient constraint, both for the
untensioned and tensioned plates. This algorithm was
developed to guarantee enough frequency resolution to
resolve all resonance peaks within the frequency range
covered (maximum frequency was determined based on the
convergence study), for both structural and acoustic modes.

5.4 Predicted Structural Vibration Levels

The space-averaged plates displacement power spectral
density (ADPSD), expressed by Eq.(23), and the plate
displacement power spectral density (DPSD) in several
points on the plates, given by Eq.(21), were obtained.

Figure 6 shows the ADPSD for the panel (1,1), i.e., panel
located at first row of panels and first row of columns.
Panels in other locations have similar ADPSD, with panels
located at bigger x-coordinates having a slightly higher
ADPSD at all frequencies. This can be explained since an
increase in x-station results in a higher value for the
reference PSD of the TBL excitation. The first 3 ADPSD
peaks correspond to the bending modes (1,1), (3,1) and
(5,1), for both untensioned and tensioned plates.
Additionally, considering pressurization effects results in a
decreased radiated ADPSD for lower frequencies compared
with the unpressurized cabin. For the untensioned panel, a
large response due to resonant amplification of (4,3) plate
mode does not occur. This can be explained because, in the
present case of study, hydrodynamic coincidence is not well
tuned at frequencies where the hydrodynamic matching line
broadly coincides with the resonant modes. For the
tensioned plate, the mode (3,1), which provides the best
matching with the hydrodynamic coincidence line,
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corresponds to the second ADPSD peak. This may be
explained because (3,1) is the only plate mode which
provides ‘matching’ with the hydrodynamic coincidence
line, while for the untensioned plate a larger number of
modes provide this matching.

The results for the DPSD are shown in Fig. 7, for three
different locations in the surface of the plate (1,1),
specifically at: (x;, y;)=(0.25,0.11)m, (x,, y»)=(0.1,0.06)m,
and (x3, y3)=(0.4,0.06)m. DPSD plots for the other plates
show similar results and, as for the ADPSD, it shows a
slight overall increase with the increase of the x-coordinate.
As shown in this figure, point 1, located at the center of the
panel, follow the same line as the ADPSD, with the peaks
located at the same frequencies. However, the same does not
occur for the other points considered, in which additional
peaks can be observed for the DPSD curves. This can be
explained since the point at the center of the plate is not
affected when the longitudinal mode number, m,, or the
lateral mode number, my, is even. Thus, when evaluating
the PSD of the plate response, it is important to know the
position of interest in the plate, since its value is dependent
on the position of measurement. Comparing points 2 and 3
(both located at y = 0.06 m), one can conclude that points at
higher x have generally bigger DPSD.

5.5 Predicted Cabin Sound Pressure Levels

The acoustic enclosure space-averaged pressure power
spectral density (APPSD) and the acoustic pressure power
spectral density (PPSD) at specific point in the enclosure,
were obtained through Eqs.(24) and (22), respectively.

The acoustic enclosure APPSD, due to the individual
contribution of the panels, located at two different positions
in the flexible wall, is shown in Fig. 8. An important
conclusion to draw from this figure is that some peaks
correspond to plate natural frequencies and other to acoustic
natural frequencies. This illustrates the importance of the
structural-acoustic coupling for accurate prediction of the
internal pressure in the interior of an enclosure, such as for
example an aircraft cabin. The uncoupled study of the sound
radiated by an individual plate, vibrating due to turbulent
flow, does not give the total information when the main goal
is to predict aircraft interior noise. Another conclusion is
that plates located at different positions have dissimilar
contributions to the enclosure interior pressure levels. For
instance, plate (3,7) has a negligible contribution in the
amplification of the acoustic mode (1,0,0) compared with
plate (1,1). Since plates in row 3 are located in the centre of
the enclosure in the x-direction, they do not add significant
contribution to the frequency associated to this mode, which
has a node at centre of the enclosure in this direction. For
the same reason, plates in row 3 have a decreased
contribution for the amplification of all other modes with
longitudinal mode number, n,, equal to 1, compared with the
other plates. All other modes (i.c., with longitudinal
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mode number equal to 0 or to 2) have similar mode
amplification, since for modes with n, = 2 the middle point
correspond to an antinode, while for modes with n, = 0 the
pressure is constant along x-direction. For untensioned
plates the interior SPL is bigger for lower frequencies, while
for tensioned panels the maximum SPL is observed at higher
frequencies. This occurs since the first plate mode increases
from 61.44 Hz, in the unpressurized case, to 355.45 Hz in
the pressurized case. However, for the pressurized case,
frequencies below 355.45 Hz cannot be ignored, since
several acoustic modes are amplified below this frequency.
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Figure 8. Space-averaged pressure PSD, for the contribution of
panels (1,1) and (3,7).

Figure 9 shows the results for the interior pressure power
spectral density (PPSD), at four chosen points inside the
enclosure, due to the individual radiation of plates, located
at four different positions - specifically, plates (1,1), (3,1),
(3,5), and (5,1) are analyzed. The points inside the enclosure
under study are the following (defined in the global
coordinates system): (X1, yi, Z1)=(Xpita/2, ypitb/2, 2) and (x,,
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Y2, Z2):(Xpi+a/29 ypi+b/2s 1)9 (X3a Y3, Z3):(lnla2)a and (X4a Y4,
74)=(1,1,1). Note that points 1 and 2 are different for each
plate, with x,; and y,; corresponding to the initial x and y
coordinates of each plate. It can be observed that point (x,
¥1, z1) has higher PPSD at almost all frequencies, compared
with the other points. As expected, decreasing z-coordinate
(i.e., moving away from the plates) results in lower PPSD
values. It is interesting to verify that the structural-acoustic
coupling has an important role in the prediction of the
interior SPL. Analyzing the results for the four different
plates, and the same observing point (x;, yi, z;), one can
verify that the PPSD plot has some variations from plate to
plate. Since point (x;, y;, z;) is always at the same relative
position at each plate, that difference can only be due to the
enclosure acoustic modes. If only the plate modes were
considered, one would obtain the similar curves for all plates
in point (Xy, y1, 1), and as well in point (X2, 2, Z»), which is
not what is observed. The fact that each plate is in a
different position with relation to the enclosure global
coordinate system, changes the way it couples with the
acoustic enclosure. This explains why plates (1,1) and (5,1)
have similar curves for points (xy, yi, z;) and (X, y2, 22). As
concluded for the DPSD, when evaluating the PSD of the
interior pressure is important to know which is the position
of interest in the enclosure, since the SPL value is dependent
on the position of measurement.

6. CONCLUSIONS

An analytical study to predict the turbulent boundary layer-
induced noise in the interior of a rectangular enclosure with
one flexible wall, consisting of several panels, is presented.
Predictions of the space-averaged PSD and localized PSD
were obtained for the displacement of the plates and interior
acoustic pressure in the enclosure. The characteristics of the
physical system were selected to represent an aircraft cabin,
and the external flow considered is representative of typical
cruise conditions of a commercial aircraft. The analytical
model is based on modal analysis, and it considers the
structural-acoustic coupling for frequencies up to 1000 Hz.
A convergence study was performed to determine the
number of structural and acoustic modes required for the
calculation of the spectral quantities, indicating that a large
number of non-resonant modes need to be considered in the
analysis. Also, it was found that hydrodynamic coincidence
lines ‘match’ the plate modes over a large part of the
frequency range, confirming the importance of inefficient,
but resonant and highly excited modes in the aircraft noise
problem.

This study leads to conclude that, for the accurate prediction
of aircraft interior noise, the position of the panel as well as
the structural-acoustic coupling effects are important factors
to consider. Thus, the traditional approach of assuming a
single panel vibrating to free air or coupled with an acoustic
enclosure needs to consider these two factors. Additionally,
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the space-averaged PSD values only give information about
the mean value. If one desires to determine the localized
PSD values (for the plate vibration or for the interior
pressure level), then the space-averaged values may not
sufficiently accurate, since predicted averaged and localized
values are dissimilar. For instance, one might want to
predict the interior SPL at the passenger’s head height, while
in flight.

The analytical model presents also a solid basis for further
analyzes, such as multidisciplinary design optimization
analysis, and design and implementation of noise reduction
techniques, as for instance: the use of added masses in the
structure as passive noise control methods; the use of
structural actuators embedded in the plates as active
structural acoustic control methods; or loudspeakers
installed at the interior of the cabin as active control noise
methods.
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ABSTRACT

This paper discusses the development of analytical models for the prediction of aircraft cabin noise
induced by the external turbulent boundary layer (TBL). While, in previous works, the contribution
of an individual panel to the cabin interior noise was considered, here, the simultaneous
contribution of multiple flow-excited panels is analyzed. Analytical predictions are presented for
the interior sound pressure level (SPL) at different locations inside the cabin of a Blended Wing
Body (BWB) aircraft, for the frequency range 0-1000 Hz. The results show that the number of
vibrating panels significantly affects the interior noise levels. It is shown that the average SPL,
over the cabin volume, increases with the number of vibrating panels. Additionally, the model is
able to predict local SPL values, at specific locations in the cabin, which are also affected with by
number of vibrating panels, and are different from the average values.

1. INTRODUCTION

The structural response to turbulent flow excitation and the radiation of sound by vibrating
structures have been a topic of investigation by many authors. These problems are of considerable
interest, especially in aircraft, where the structural parts are subjected to fatigue, and the structural
vibration being a significant cause of interior cabin noise levels. Even though these topics have
been investigated for many years, there is still space for new developments in understanding the
mechanisms of sound transmission and radiation involved in these problems. In particular, the TBL
has been identified as the major source of interior noise in jet powered aircraft, while in cruise
flight [1, 2]. Understanding the turbulent boundary layer phenomenon, the induced wall pressure
fluctuations, consequent vibration and radiated noise is an ongoing subject of investigation.

Several theoretical, numerical and experimental studies were performed to explore the vibration
and radiation of sound from isolated panels (i.e., not coupled with an acoustic cabin), excited by
the turbulent flows [3-9]. These investigations provide knowledge about the shape of the power
spectrum and space-time correlation of the TBL pressure fluctuations on aircraft panels, as well as
displacement and acceleration spectra of the vibrating panels.

Additionally, a number of studies were conducted to investigate structural-acoustic coupled
systems excited by random noise or by turbulent flow, consisted by a single panel coupled with a
small acoustic enclosure [10-13]. These studies provide a good basis, and were utilized as
validation examples in [14], to confirm the analytical predictions obtained for the structural
vibration levels and interior noise levels. Several experimental studies were performed by NASA
taking into consideration the aircraft interior noise induced by the TBL [15-17]. These studies
make experimental data available for the interior SPL and fuselage skin vibrations spectrums, at
various locations in the cabin and cockpit of commercial aircraft, for aluminum and composite
fuselages. These measurements are a good validation database for future and more advanced
models, capable of predicting interior noise levels for such complex systems.

The TBL has been shown to be a major source of interior noise in jet powered aircraft.
Specifically, in [15], interior SPL measurements show that increasing the aircraft speed has a
dramatic effect on the TBL-induced noise, as the interior sound levels increase with the flight
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Figure 1: Cabin section layout of a 5 bay BWB aircraft.

speed. Additionally, as concluded in [18, 19], the TBL wall pressure levels increase with the
flight Mach number, and in the absence of hydrodynamic coincidence, the interior SPL usually
follow the same tendency [12, 20, 21]. In the presence of hydrodynamic coincidence, the increased
interior SPL with the flight speed is generally valid for frequencies below and above the
neighbourhood of the frequency at which hydrodynamic coincidence occurs, as verified in [6].

Nowadays, the TBL wall pressure fluctuations power spectral density is commonly defined
using empirical models. The Corcos formulation [22, 23] has been widely used for this purpose.
Although a number of other models were developed after Corcos model, the Corcos formulation is
widely used in recent studies to describe the TBL pressure field, as in [24-27]. Corcos model
captures the fundamental pressure tendency along the frequency, requires significantly reduced
computational effort to employ, and provides a good estimation for the TBL wall-pressure
fluctuations levels at and near the convective peak — which is of fundamental importance for
aircraft boundary layers [24]. The main disadvantages of Corcos model is the fact that it does not
account with the variation of the boundary layer thickness in the flow direction. In order to
overcome this drawback, in the present study the Efimtsov model [28] is used to provide the TBL
reference pressure power spectral density (PSD), which considers the boundary layer thickness as a
variable. Comparing the several models available to describe the TBL wall pressure PSD [29], the
Efimtsov model is a suitable candidate, which provides a good agreement with the experimental
data [30].

Motivated by the previous studies, and by the significance of understanding the physics
involved in the flow-induced noise problem in real transport vehicle cabins, with rectangular cross
section, a three-dimensional analytical model is developed to investigate the coupling between the
vibration of a multi-panel wall and a box acoustic cabin. A good example of a rectangular-shaped
aircraft cabin section is a 5 bay cabin BWB (Blended-Wing-Body) aircraft, which configuration is
shown in Figure 1 [31].

In the present study, a BWB cabin bay, filled with air and pressurized, is analyzed. The cabin
bay is considered to have five rigid walls and one flexible wall, composed with 50 structural
panels. The dimensions and properties of the panels and cabin are similar to those of a typical
aircraft structural panel and passenger cabin section, respectively. The TBL excitation is
representative of typical cruise conditions of a commercial aircraft, in high subsonic cruise and
stabilized flight conditions, and the flow is assumed to be attached and completely developed over
the aircraft structure. The amplitude of the wall pressure fluctuations is dependent on the turbulent
boundary layer thickness, thus depends on the longitudinal position of the plate.

Previous works were performed by the authors that led to the present investigation. In [14], the
base analytical model was validated, considering a single panel coupled with an acoustic enclosure.
The analytical framework was successfully validated through the comparison with several
independent experimental and numerical studies. Additionally, considering a system with a multi-
panel wall vibrating and coupled with a large acoustic cabin, studies were conducted in order to
investigate the individual contribution of each plate, located at different positions, to the interior
SPL. It was shown that plates located at different positions have dissimilar contributions to the
cabin interior SPL. In contrast with previous works, the present study investigates the structural-
acoustic systems in which several plates are vibrating simultaneously. Several cases, varying the
number of vibrating panels, are examined and compared.



2. MATHEMATICAL APPROACH

2.1 Turbulent boundary layer empirical model equations

The TBL wall pressure field is usually statistically described in terms of the pressure power
spectral density. More specifically, the previously referred models, [22-27], were obtained for fully
developed turbulent flow over a flat plate, for zero mean pressure gradient. For these conditions,
the turbulent flow can be regarded as stationary in time and homogeneous in space. In this case, the
cross-spectral density of the wall pressure over the (X, y) plane, for flow in the x-direction, is
defined through the Corcos formulation [20, 21], as

x| _ayw\éyl g
S(x,8,8,0) = Sr(x0) ¢ Ue e Ve ¢ U, M

where S,.¢(X,®) is defined through the Efimtsov model [28] as follows

.. (x.0) = rzw(x) o(x) 001 = @
ref 02 U(x)  1+0.02 Sh¥3(x,0)
with:
U.(x)=U, sz(x), T(x) = %p U2 Cx), and Sh(x.o)= %8((3). 3)

In the above equations, £ and éy are the spatial separations from the reference point in the x- and

y-directions,  is the angular frequency, ox and a, are the empirical parameters which denote the
loss of coherence in the x- and y-directions (in [29], the recommended values for aircraft boundary
layers are ax = 0.1 and oy = 0.77), U, = 0.7 U, is the TBL convective velocity, U, is the free-
stream velocity, U.(x) is the friction velocity, t(X) is the mean wall shear stress, C«(x) is the
friction coefficient, and 5(x) is the TBL thickness. For turbulent boundary layers, C{x) and d(x)
may be defined, respectively from [32, 4], by
L
1

= Re, 1™
Ci(x) = 0.37(Log,,Re,) >*™, and  §(x) =037 xRe] [1+ (6 5 107) ] . @
Ox

The external flow parameters used in the present study are shown in Table 1, corresponding to a
normal cruise flight conditions, at 25000 ft altitude.

Table 1: External flow properties (air).

Description Variable Value

Speed of sound c 309.6 ms’

Air density p 0.54 Kgm™

Air kinematic viscosity v 2.85x10° m’s”
Free stream velocity Uy 229.104 ms’
TBL convective velocity U, 0.7 Uy,

Empirical parameter (x-direction) Ol 0.1

Empirical parameter (y-direction) oy 0.77
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2.2 Structural-acoustic coupled system equations

2.2.1 The single-panel coupled with an acoustic cabin

The structural panel displacement and acoustic enclosure pressure may be defined, through the
panels and enclosure natural modes, respectively as follows

M, My
WK = D Yt (9B )y O (5)
my=1 my=1
And
P20 = Z Z Z ¥, 09 oy (9) T, 2) T, (0 (5b)

n,=1 ny=1 n,=1

where oy, (x) and Bmy(y) are the w(x,y,t) spatial functions, qumy(t) are the w(x,y,t) time functions,
v, (%), q)ny(y) and I';, () are the p(x,y,z,t) spatial functions, rnxnynz(t) are the p(x,y,z,t) spatial time

functions, M = MyxM, is the total number of plate modes (my, my), and N = N,xNyxN, is the total
number of acoustics modes (n, ny, n,). For the simply supported panel and rigid body enclosure,
the spatial functions can be defined, respectively, as

Oy, (X) = \/E sin (mx: X), and Bmy(y) = \/7% sin (myl:t y)’ (6a)

A, (nxn x) A, (nyn y> A, n,m z
=——=cos , On (y) == ,and I (Z)=—ZCOS( ) 6b
,Lx LX y [Ly Ly z [LZ Lz ( )
in which a is the panel length, b is the panel width, L,, L, and L, are acoustic enclosure length,

width and height, respectively, and A, is V2 when n#0 and equal to 1 when n=0. As described in
more detail in [14], the governing equations on the coupled structural-acoustic system, consisting
of a single panel-single acoustic enclosure, results in the following system of equations written in
the matrix form:

[Mpp ] {q(t)} [ ] {q(t)} [ ] {q(t)} {ptbl(t)}

MCP r(t) r(t) cc r(t) 0 (7)

where subscripts p an ¢ stand for plate and cavity, q(t) and r(t) are the vectors of the considered

time functions q_  (t) and rnxnynz(t), respectively, p, (t) express the TBL excitation, and M, D,
xMy

and K are the mass, damping and stiffness matrices, defined as follows

Yor

f i, (W, (X)X f B (90, () | (82)

bi

) 1
D= diag [2pphpmm§p] , D= diag [ = 0.E, | (8b)
%

1 1™ Ay, 1)nZ
,—diag [p h ] M,.= dlag s Mep=py |——
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=g o] Kemding [ 3. | F [ 0w, 0% [ B, 00,0, 50)
‘ Xp; ypi
ypf Xpg
P®=| | | 0B 0) piglxy2L, 0 dx (84)
Yo Xpi

In the above equations, p, and h, are the density and thickness of the panel, o, and o, are the
natural frequencies of the panel and acoustic enclosure, &, is the plate structural damping ratio, &,
is the enclosure acoustic damping ratio, x,, and Xp, are the initial and last x-coordinates of the plate,

y_and y_are the initial and last y-coordinates of the plate, and ¢ is the speed of sound inside the
p; P

enclosure. In the frequency domain, ®, eqn(7) can be written as follows

Y(0) = H(o) X(»), (9a)

with:

_(Q(w) (P (o) A B!
Y(m)_{R(w)}’ X@={" ), Hor= [ gl (9b)
and

A=-0" My, +ioDy+ Ky, (9¢)
B=K,., (©d)
C=-’M,, ©e)
(90

:'(Dchc+i0)Dcc+K007

in which Q(®), R(®w) and Pg(®) are the frequency domain vectors of the q(t), r(t) and pgw(t)
vectors defined in the time domain. In the spectral domain, eqn(9a) can be written as

Sww(®) = Hw'(0) Swi(®) Hw' (o), (10a)
and
Ser(®) = Hp (@) Si(®) He'(©) , (10b)

where Syw(®) is the PSD matrix of the plate displacement, Spp(®), is the PSD matrix of the
acoustic pressure, Sip(®) is the PSD matrix of the TBL pressure, and superscripts * and T denote
Hermitian conjugate and matrix transpose, respectively. Finally, the system response matrices
Hw(®) and Hp(®), and generalized PSD matrix, Sypi(®), are defined as follows

Hw(®)=(A-BD"'C)", (11a)

Hp(w) =— D'C Hw(o) , (11b)



Prediction of turbulent boundary layer induced noise in the cabin of a BWB aircraft

ypf Xpg

S0 = | [[ ]t G900, 508, 98, 45008, ordxaxayay'| (11b)

ypi *p;

in which the term S(X,&X,éy,oa) is known from eqn(1l). It is through the Spp(®) matrix that is

possible to determine the PSD of the acoustic enclosure pressure, in a specific point inside the
enclosure as

Spp(xl 9yl »Z1,X2 ’yz 5) ,0)) =

N N N2
(12)
DD D v G0, ()b, (), ()T, (2T, (22) See(©),
nxl,nx2=l nyl,ny2=l nzl,n22=l
or space-averaged in the acoustic enclosure volume as
LZ L)’ Lx
Spp((o):ff ff ff Spp(X15Y15215X5,Y,,Z2,0) dx;dx,dy, dy,dz,dz,. (13)
6 0 0

2.2.2 The multi-panel wall coupled with an acoustic cabin

Regarding the system consisted by a single acoustic enclosure coupled with several vibrating
panels, the basic model presented previously needs to be modified. Shall one consider N, plates,
part of the same enclosure flexible, and all vibrating due to the TBL excitation, it can be shown
that the system governing equations, defined in eqn(7) for one panel, becomes:

-Ml‘pp 0 0 0 0 1 'ql(t) 3\ -Dlpp 0 0 0 07 ql(t)
0 Mg, ... 0 0 0 g,(0 0 Dy oo 0 0 0 a,(®
0 0 ..M 0 0 \y of la 0

No-lo, qu.l(t) 0 0 .. DNp'lpp 0 0 qu‘l(t)
0o 0 .. 0 MNppp 0 qu(t) 0 0 ... 0 DNpppO qu(t)
MlcpMZCp MNp :|-cp|v|’\lpcp|v|cc_L i;(t) J Lo 0 .. 0 0 DCC'L f’(t) g
M D
_Klpp 0 e O 0 Klpc i ql(t) ) ( pltbl(t)
0 szp 0 0 szc qz(t) pztbl(t)
e Np lpp Np_lpc qu-l(t) pr-ltb] (t)
o o0 .. 0 K K t
Nopp Nepe qu() prtbl(t)
Lo 0 .. 0 0 K\l o
K

where Mipp and Micp are mass matrices of the i" plate, Dipp is the damping matrix of the it plate,
Kipp and Kip . are stiffness matrices of the i plate. Note that, since Mipp, Dipp, and Kipp e WM,

Mi, € R, Ki o e R, and M, Dec and Ko € R, it results that M, D and K e
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similarly to eqns(9), it becomes:

Y (o) = H(o) X(w),

Now, writing the governing equations in the frequency domain, and

(15a)
in which:
Ql(m) \ Pltbl(m) )
Qg((’)) P2tbl(®)
: ' A B!
Y (@)= 1 r, X(0)=1 r» Ho)= )
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QNP((D) PNptbl((D)
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0 0 Ags O pp pp PP
P
0 0 Ay,
B=[B: B2 .. By Bw]' with Bi=K_, (15d)
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where A ¢ RNPMNPW g o gNPMN ¢ ¢ gNOPM and D e RN, The matrices Sww(o) is
and Spp(®) are obtained as in eqns(10a) and (10b), Hw(w) and Hp(®) though eqns(11a) and(11b),

and the matrix PSD matrix for the multi-panel single-enclosure system, Sy (®) €

defined as follows

Sigp(@) 0
0 Sy, (w)
Swi(@)=| :
0 0
0 0

0 0
. SNp_ltbl(CO) 0
Sip.p, (@)

SR(NpXM)X(NpXM), is

; (16)

with each S| (w) € RMM representing the TBL excitation matrix for the it plate, and defined by
eqn(11b). After determining these matrices the acoustic enclosure pressure PSD can be calculated
from eqns(12) and (13), respectively for local and average values.
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3. PREDICTED FLOW-INDUCED NOISE IN A BWB AIRCRAFT CABIN
3.1 Model verification
In the present Section, the analytical model presented in the previous Section is used to predict the
interior noise inside a simpler cabin, which configuration is shown in Figure 2. The predictive
results are obtained for four different cases, as following: (a) acoustic cabin coupled only with
panel 1; (b) acoustic cabin coupled with panels 1 to 4; (c) acoustic cabin coupled with panels 1 to
6; and (d) acoustic cabin coupled with all 10 panels. The case (a) is the base model, from [2], and
was used as a validation case in [14]. The properties of the system shown in Figure 2 are presented
in Table 2.

The results for the cavity power spectrum were calculated through the acoustic cabin pressure
power spectral density, S, as follows
~ LLJL,

4p,c}

Epp ® Spp (17)

for frequencies up to 1000 Hz. For this frequency range, a total number of 20 plate modes (My = 4
and My = 5), and 189 acoustic modes (Nx = 21, Ny, = 3 and N, = 3) were necessary to achieve
convergence of the spectral quantities. The results for the average E,, (averaged over the enclosure
volume) are shown in Figure 3, increasing the number of vibrating panels from 1 to 10. As
expected, the average cavity power spectrum increases with the number of vibrating plates, and the
curve maintains a similar shape since all plates have the same properties and dimensions. As
shown in previous works, the peaks on the cavity power spectrum curve correspond to both plate
and acoustic natural modes.

Figure 4 shows the cavity power spectrum prediction at four locations inside the enclosure. As
can be seen, as the number of vibrating plates is increased from (a) 1 to (d) 10, the cavity power
spectrum also increases in all four locations. Additionally, as the number of vibrating panels
increase, the curves peaks and valleys become less evident. Specifically, considering point 1, as the
number of plates increase the curve shape becomes gradually more similar with the curve for the
average cavity power spectrum, shown in Figure 3. This way, the model is able to predict local and
average values of interior noise, and for a variable number of vibrating panels. As shown in Figure
4, for a specific point in the enclosure, the number of vibrating panels significantly affects the
prediction of interior noise, and this is an important factor in the cabin noise prediction and aircraft
design.

0 * X

Figure 2: Configuration of a simple multi-panel wall cabin, composed by 10 panels.
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'''''''' (Ly/2+a;b/2;L,/2).
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Table 2: Properties of the physical system in Figure 2.

Description Variable Value
External flow speed of sound c 310 ms’
External air density p 0.42 Kgm™
Free stream velocity Uy 0.8¢

TBL convective velocity U. 0.6 Uy,
Empirical parameter (x-direction) Olx 0.1
Empirical parameter (y-direction) oy 0.5

Plate density Pp 2800 Kg m™
Plate Elasticity Modulus E, 7.0 x 10'° Pa’
Plate Poisson’s ration Vp 0.3
Structural damping ratio & 0.01

Plate length a 0.3 m

Plate width b 03m

Plate thickness h, 0.0018 m
Internal air speed of sound Co 310ms’
Internal air density Po 0.42Kgm™
Acoustic damping ratio Eac 0.05
Acoustic enclosure length Ly 3.0 m
Acoustic enclosure width L, 0.3m
Acoustic enclosure height L, 0.3 m

Table 3: Properties of the physical system in Figure 5.

Description Variable Value

Plate density Pp 2800 Kg m™
Plate Elasticity Modulus E, 7.24 x 10" Pa?
Plate Poisson’s ration Vp 0.33
Structural damping ratio p 0.01

Plate length a 0.5m

Plate width b 0.22 m
Plate thickness h, 0.00102 m
Plate longitudinal tension Ty 29300 N m’
Plate lateral tension T, 62100 N m™
Internal air speed of sound Co 340 ms’
Internal air density Po 1.2Kg m”
Acoustic damping ratio Eac 0.01
Acoustic enclosure length Ly 2.5m
Acoustic enclosure width Ly 2.2m
Acoustic enclosure height L, 2.1m

3.2 BWB aircraft cabin results

The cross section shape of a Blended Wing Body aircraft cabin is approximately rectangular, as
illustrated in Figure 5. Figure 5(a) shows the schematic configuration of a 5 bay BWB aircraft
fuselage section, with each bay being a single and separate passenger compartment. Figure 5(b)
shows the configuration of a single bay, in which the upper wall is considered to be composed by
50 identical structural panels (fuselage skin panels), with 5 panel rows along the x-direction, and
10 panel rows in y-direction. In order to investigate the interior noise induced by the external fully
developed TBL, it is assumed that the aircraft fuselage section, shown in Figure 5(a), is located at a
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distance of 9.14 m from the aircraft nose. The characteristics of the external flow are shown in
Table 1, and the properties of the physical system are given in Table 3, which are similar to those
of a real aircraft. The passenger cabin compartment is assumed to be pressurized, and the results
were obtained from frequencies up to 1000 Hz. In order to achieve convergence of the calculated
spectral quantities up to this frequency, a total number of 44 plate modes (M, = 11 and My = 4) and
2912 acoustic modes (Ny = 16, Ny, = 14 and N, = 13) is necessary to be considered in the analysis.

Figure 6 shows the variation of the average cabin pressure sound pressure level (averaged over
the cabin volume), as a function of the frequency. The results show that, as the number of vibrating
panels is increased from 1 to 20, and 20 to 50, an overall increase of the average interior SPL is
also observed. As concluded for the simple case analyzed in Section 3.1, the shape of the SPL
curve is maintained, as all panels have the same properties. This would not happen if the panels
would have different dimensions or properties among them, which can also be obtained through
the model presented in Section 2. Some of the peaks in Figure 6 correspond to the plate’s natural
frequencies, while others correspond to acoustic natural frequencies, showing the importance of the
structural-acoustic coupling for the accurate prediction of cabin interior noise.

To assess the noise levels at specific interior locations in the cabin, the local values of SPL
should be calculated. This is particularly important in the estimation of the cabin locations where
the passengers will be more negatively affected by the TBL-induced noise. Figure 7 shows the
results obtained for four different locations in the BWB aircraft cabin, considering three cases: 1
panel vibrating, i.e., panel (1, 1); 20 panels vibrating, i.e., from panel (1, 1) to panel (2, 10); and 50
panels vibrating, i.e., all panels in the upper wall, from (1, 1) to (5, 10). The cabin interior points
under study are: (X1, yi1, 1) = (a/2, b/2, 2), (X2, V2, Z2) = (a/2, b/2, 1), (X3, ¥3, z3) = (1, 1, 2), and (X4,
ya, z4) = (1, 1, 1).

(a)
Bay 1 Bay 2 Bay 3 Bay 4 Bay 5
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Figure 5: General BWB aircraft cabin layout: (a) 5 bay cabin cross section, (b) bay 3

schematic: multi-panel wall and box-type cabin, (c) structural panel configuration.
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Figure 6:
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Average power spectral density of the cabin interior pressure (average over the
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Figure 7: Power spectral density of the cabin pressure, at (a) point 1: (a/2;b/2;2), (b) point

2: (a/2;b/2;1), (c) point 3: (1;1;2), and (d) point 4: (1;1;1). Comparison among 3
cases: = 1 panel, — 20 panels, and —— 50 panels.
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Observing the results in Figure 7, it can be concluded that considering only panel (1,1)
vibrating, the results in the four locations differ significantly from one another. However, when
considering the 50 panels vibrating, the SPL curves for the four locations are similar for
frequencies greater than 355.45 Hz, i.e., for frequencies above the first panel’s mode. For
frequencies below 355.45 Hz, the same does not occur, with curves having dissimilar shapes in the
four points. In the frequency range ]0; 355.45] Hz, the peaks in the SPL curve correspond to the
acoustic natural modes. Even though the SPL values are smaller in this frequency range, compared
with the level for the 355.45 Hz peak, some of the SPL peaks lying in this range correspond to
almost 60 dB SPL in the 50 panel’s configuration. This can be of particular interest, since these
peaks lie in the human audible range, creating tones and directly affecting the passenger’s comfort.
It is also important to verify that, depending on the location, these peaks have different
amplifications, with their importance shifting from point to point. For instance, point 3 has more
amplification on the 2™ peak compared with the 1% peak, the opposite is observed in point 4.

The accuracy of the predicted cabin SPL can be of crucial importance. In particular, the earlier
knowledge about which locations in the cabin have more noise amplification, and at which
frequencies, can be important for the implementation of noise control techniques. Motivated by
this, the present model allows the user to predict the cabin interior noise, induced by the TBL, in
the desired locations. Furthermore, the model can easily be used to investigate other systems, by
simply changing the properties and dimensions of the panels and acoustic cabin, and also varying
the number of vibrating panels. Since changing the number of vibrating panels, and their
properties, can significantly affect the interior SPL, the present model can also be used as a basis
for a multidisciplinary design optimization analysis, in order to find the best configuration of
structural panels and acoustic cabin.

4. CONCLUSIONS

In the present work, an analytical model for the prediction of TBL-induced noise in a rectangular
aircraft cabin, with multi-panel wall, is presented. Interior noise levels (average and local) were
obtained for different locations in the cabin. The effect of the number of vibrating panels in the
predicted SPL was analyzed. Results were obtained for a simple cabin, and for a more complex
cabin, composed by 50 panels. The characteristics of the external flow, structural panel and
acoustic cabin were chosen in order to represent a real aircraft cabin in cruise and stabilized flight.

The predictive results show that the cabin interior noise levels are significantly affected by the
number of vibrating panels. For frequencies up to 1000 Hz, the average SPL values show an
overall increase with the number of panels. Additionally, as the numbers of panels increase, the
SPL curve essentially maintains the same shape, if all the vibrating panels have the same
properties. Local SPL values, in specific locations inside the cabin, are also affected by the number
of vibrating panels. The local SPL results show that, as the number of vibrating panels is increased,
the local SPL curves and values become more similar among the several locations, for frequencies
above the first panel resonance. However, for frequencies below this resonance, where the acoustic
modes are dominant, the same does not happen. In that range, the SPL curves are different from
point to point, which show dissimilar amplifications of the several acoustic modes.

The presented analytical model can be used to study a broad range of different systems
involving a rectangular cabin coupled with several vibrating panels, excited by the TBL. The
properties of the flow, acoustic cabin, and panels, as well as the number of vibrating panels, can be
easily changed to represent other systems. These abilities of the model make it a solid basis for
future investigations involving the implementation of noise reduction techniques and
multidisciplinary design optimization analyzes.
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ABSTRACT

The turbulent boundary layer is a major source of interior noise in transport vehicles, mainly in aircraft during
cruise flight. Furthermore, as new and quieter jet engines are being developed, the turbulent flow-induced noise
will become an even more important topic for investigation. However, in order to design and develop systems to
reduce the cabin interior noise, the understanding of the physical system dynamics is fundamental. In this context,
the main objective of the current research is to develop closed-form analytical models for the prediction of turbu-
lent boundary-layer-induced noise in the interior of aircraft cylindrical cabins. The mathematical model represents
the structural-acoustic coupled system, consisted by the aircraft cabin section coupled with the fuselage structure.
The aircraft cabin section is modeled as a cylindrical acoustic enclosure, filled with air. The fuselage structure,
excited by external random excitation or by turbulent flow, is represented through two different models: (1) as a
whole circular cylindrical shell with simply supported end caps, and (2) as a set of individual simply supported
open circular cylindrical shells. This paper presents the results obtained from the developed analytical framework,
and its validation through the successful comparison with several experimental studies. Analytical predictions are
obtained for the shell structural vibration and sound pressure levels, for the frequency range up to 10,000 Hz.

Keywords: Aircraft Cabin Noise, Cylindrical Cabin, Closed-Form Analytical Model, Flow Induced Noise and Vi-
bration, Random Vibration, Structural-Acoustic Coupling.

1 Introduction

Turbulent boundary layer (TBL) is a major source of aircraft cabin interior noise. In fact, jet powered aircraft cabin
interior noise is mostly generated by the external flow excitation and engine noise. However, while during takeoff the engine
is the dominant source of noise, in cruise flight the airflow sources are the major contribution for the interior noise [1].
As referred in [2], TBL excitation is regarded as the most important noise source for jet powered aircraft at cruise speed,
particularly, as new quieter jet engines are being developed. For these reasons, reducing the turbulent flow induced noise in

*Address all correspondence related to ASME style format and figures to this author.



aircraft cabin is an important topic of research. Still, since the TBL is stochastic phenomenon and due to the complexity of
the aircraft structure itself, this is an ongoing topic of investigation. In order to successfully design effective noise control
systems, a clear understanding of the mechanisms involved in the aircraft cylindrical cabin TBL-induced noise, such as the
sound transmission and radiation of the coupled structural-acoustic system, is crucial. The main goal of the present work is
the development of a closed-form analytical framework for the prediction TBL-induced noise into a cylindrical cabin, and
its validation against experimental studies. The closed-form framework here presented can easily be adapted for different
systems, in which the user only needs to change the flow parameters, and physical system properties. Besides this, closed-
form analytical expressions are also presented for the physical system consisted by several shells coupled with a cylindrical
cabin, and thus adds a step forward to the traditional single-panel single-cabin analysis.

Several theoretical, numerical and experimental studies were performed to explore the vibration and radiation of sound
from isolated panels (i.e., not coupled with an acoustic cabin), excited by turbulent flows, for flat panels [3-5] and for
curved panels [6,7]. Additionally, a number of studies were conducted to investigate structural-acoustic coupled systems,
consisted by a single flat panel coupled with a rectangular acoustic enclosure, and excited by random noise or by turbulent
flow [2, 8-10]. These studies provide a good basis, and were utilized as validation examples in the previous work for
rectangular cabins performed by the authors [11], to confirm the analytical predictions obtained for the structural vibration
levels and interior noise levels.

However, in order to accurately predict the interior noise levels in a cylindrical aircraft cabin, the structural model must
account for the effects of aircraft panel curvature on the structural dynamics, and the acoustic model should be modeled
as a cylinder. As concluded in [12], the curvature of the panels is shown to have a significant effect on the bandwidth of
the noise control systems. Previous research was conducted on the structural-acoustic coupling between the vibration of
a cylindrical structure and its interior. The sound transmission through a closed cylindrical shell, with simply supported
end caps, to the internal acoustic cavity was numerically and experimentally investigated, for external random excitation
by [13-15], and for an impinging external plane acoustic wave by [16, 17]. Additionally, several studies were performed to
investigate the noise transmitted through a single curved panel into a cylindrical enclosure. In [18], a numerical study was
developed for predicting the noise transmitted through a stiffened curved panel into a semicylindrical enclosure. In [6,12,19]
the sound transmission through a typical aircraft panel into the interior of a cylindrical cabin, due to the turbulent boundary
layer excitation (which is modeled as a white noise process) is investigated, as well as the development of control systems to
attenuate the sound transmission. Several experimental studies were also undertaken to evaluate the performance of active
noise control systems, with the objective of reducing the interior noise and vibration of aircraft cylindrical cabins, such as
in [20-22] for random noise excitation, and in [23] for an incident acoustic field.

This paper presents the development and validation of an analytical framework, for the prediction TBL-induced noise
into aircraft cylindrical cabins. To validate the analytical framework, several studies were considered for comparison. The
acoustic enclosure is of cylindrical shape, filled with air, with simply supported end caps, and with a flexible cylindrical
shell. The flexible cylindrical shell is backed by random noise or by turbulent flow. Additionally, the model was extended
for the cylindrical structure consisted by several curved panels. The closed-form analytical solution of the coupled system
response is obtained, and the analytical expressions are presented. As concluded in [11, 17, 24], both the structural and
acoustic resonances can have a significant contribution for the interior noise in the cabin. For this reason, the dynamic
response of a fully coupled vibro-acoustic system is derived in terms of the acoustic modes and structural modes. It is shown
that the analytical model provides a good prediction of the reality, and that it is important to consider the full coupling
between structural and acoustic systems. Analytical predictions are obtained for random and TBL excitations, both for the
shell vibration and sound pressure levels.

2 Analytical Model Development
2.1 Turbulent Flow Model for Cylindrical Coordinates

As described in detail in [11,24], the power spectral density (PSD) of the TBL wall pressure fluctuations over a flat
panel, py(x,y,t), can be defined using Corcos model [25,26] for flow in the x-direction, as follows

o] oy imky
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in which &, = x —x" and §, = y — )’ are the spatial separations in the x- and y- directions of the panel, S,.r(x,®) is the
reference PSD, U, is the TBL convective speed, and o, and o, are empirical parameters, chosen to yield the best agreement
with the reality, which denote the loss of coherence in the longitudinal and transverse directions. Recommended empirical
values for aircraft boundary layers are o, = 0.1 and o, = 0.77 [27]. Now, assuming that in substitution of a flat panel, one
has a shallow open circular shell. In this case, Eq.(1) may be re-written in the cylindrical coordinates systems as
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where Eg = R(6 — ©'), in which R is the radius of the cylindrical cabin. Finally, using Efimtsov model [28], S,.f(x,®) is
defined by

2, (x)8(x) 0.01m
Sre , W) = ) 3
76, ) Ur(x)  140.028h(x, )3 ®

where U (x) is the friction velocity, T,,(x) is the mean wall shear stress, 8(x) is the boundary layer thickness, all defined as

in [24,29], and Sh(x,®) = wsé >) is the Strouhal number.

2.2 Cylindrical Shell Structural Model
For a given applied external pressure, p.y (x,0,7), the shell governing equation may be defined as follows [30]
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in which vy is the Poisson ratio of the shell, /; is the shell thickness, E; is the shell Young’s modulus, {s = 2®}, ,, &s is the
structural modal damping, &; is the shell damping ratio, ®, mq 18 the shell natural frequency corresponding to the (my,mg)
shell mode, and p..(x,0,7) = p(x,0,r = R,t) — ppi(x,0,t), where p(x,0,r = R,1) is the acoustic cabin interior pressure
acting on the shell. The structural displacement may be defined as follows

M, Mg
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in which o, (x) and B,,,(0) are the mode shape functions, g, m,(¢) is a function of time, and M = M, x M is the total
number of shell structural modes considered in the analysis.

2.2.1 Closed Circular Cylindrical Shell
Considering a circular cylindrical shells with simply supported end caps, and without axial constraint at its ends, as
shown in part (a) of Fig. 1, the mode shape functions are defined by

Oy (%) = \/LT sin (mzm> , (62)
1
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where L, is the cabin length. The shell natural frequencies, for an unpressurized cabin, are

E\?

@ = 7
o =\ pyi— VAR "

in which the dimensionless parameter A is calculated using the procedure described in [31].

2.2.2 Cylindrical Cabin composed by a Set of Shells
Consider a circular cylindrical cabin, composed by several open cylindrical shells as the one in part (b) of Fig. 1. For
the curved panel with simply supported edges, the mode shape functions are defined as

Oy () = \/g sin <"W(Z—x’)> 7 (82)
By (0) = \/970 cos ("Wfo_e)) , (8b)



Fig. 1. Schematics of: (a) closed circular cylindrical shell; (b) open shell.

in which a is the shell length, 0 is its arc, x; and ©; are the starting coordinates of the shell in the cabin global coordinates
system. For a pressurized cabin, the natural frequencies of the curved shell are
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where N, and Ny are the in-plane tensions in the x- and 0-directions.

2.3 Cylindrical Enclosure Acoustic Model
The governing equation of a cylindrical acoustic enclosure is the wave equation written in the Cylindrical Coordinates
system, as follows

1
V2p— = —Cach =0, (10)
i)

where ¢ is the speed of sound inside the enclosure, the damping term {,. = Zmﬁinem&ac is the acoustic modal damping,
added to account for the acoustic damping in the cabin [32,33], &, is the acoustic damping ratio, and (Dﬁjnem is the acoustic
natural frequency corresponding to the (n,,ng,n,) acoustic mode. The pressure field inside the enclosure can be defined by
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in which ,,, (x), ¢, (0) and I, (r) are the mode shape functions, 7, n,n, (¢) are functions of time, and N = (N, + 1) x (Np +
1) x (N, 4+ 1) is the total number of acoustic modes considered. The mode shape functions are assumed to be orthogonal



between each other, and are defined as follows [31]
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where J,,, are Bessel functions of the 1* kind of ' order, An,ng factor represents the n' root of the equation dJy, (Anngr/R)/
d(r/R) =0atr =R, and A, are chosen to satisfy normalization. The natural frequencies of a circular cylindrical cavity can

be determined as following
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3 Coupled Structural-Acoustic Cylindrical Model

Following a mathematical procedure similar as the one described in [11,24,29], the governing equations for the coupled
structural-acoustic system are obtained from the combination of the governing equations of the individual uncoupled systems,
and applying of the boundary conditions, which in the present study are

9p(x,0,11) _ { —po¥(x,0,1) at =R .

or 0 elsewhere.

Combining the equations of the individual uncoupled subsystems, the governing equations of the coupled system are defined
by Eq. (18) of [11], for the closed cylindrical shell, and by Eq. (12) of [24], for the cylindrical cabin composed by a set of
curved panels, but now with the system matrices and excitation defined by:

M,, — diag [M] (15)

D,, = diag [Mz O s } , (16)

Ky, = diag [0 @y, ,, 2] (17

M. = diag [ . (18)

Dy = ding | 22015, Euc] (19)

K,. — diag [ (mz;,,en,)z} , (20)

M = po |:A’1r f;ff Oy, Wi, dx fe,-f Bmeq’nrde} ) 1)
Koo = O (A, [ O, W Jy Bung 00,48 22)

2 1\p2 0
Do (1) = S [ o 3t () B (8)pus (. 6,1)dxde)]
(23)

The closed-form analytical expressions obtained for matrices M., and K. are shown in Appendix A. Previous matrices
are then used to compute the PSD matrix of TBL excitation, S7p;(®), the PSD matrix of the coupled shells displacement,
Sww (@), and the PSD matrix of the coupled acoustic cabin pressure, Spp(®), as in [11,24]. Finally, through the PSD
matrices, one can obtain the PSD functions of the shells displacement, S,,,,, and of the acoustic cabin pressure, S,,, as



following

M Mg
SWW(xlvelax2a927w) = Z Z amxl (xl)amxz (xz)
My M, =1 mg ;mg, =1 (24)

Bmel (el)Bm92 (92)SWW(03)m1m2

N2 N? N2
Spp(x1,01,71,%2,02,72,0) = ) Y Y
Txy Ty =0 ng, 1o, =0 Ny iy =0 (25)

W”xl ()Cl )W”lxz (xz)q)”rl (el )q)”rz (GZ)Fnel (rl )Fn92 (VZ)SPP(m)nan

Finally, the overall-average PSD functions, S,,,,(®) and S,,(®), are obtained by integration of S, (x1,01,x2,6,,®) over the
shell area and of Sy, (x1,01,71,X2,02,72,®) over the cabin volume. Closed-form analytical expressions obtained for functions
Syw(®) and S,, (o) are shown in Appendix B.

4 Results
4.1 Validation of the Analytical Model

Two independent studies are utilized as validation cases for the analytical framework. The first validation case, [13],
shows a theoretical model, based on the power balance method of analysis, for the prediction of sound transmission into
a aluminum cylinder under a broad band random excitation. In [13] predictions were also compared with experimental
measurements, and statistical significant differences were identified, which were related to input data deficiencies. The
properties of the physical system used for the validation case 1 are shown in Table 1, and the average damping ratios for
each one-third octave band are provided in [13]. Part (b) of Fig. 2 shows the noise reduction results and measurements
obtained in [13], while part (a) displays the noise reduction obtained through our analytical framework. To obtain our
analytical results, a total number of M, = 30 and Mg = 30 shell modes, and N, = 12, Ng = 8 and N, = 8§ acoustic modes
were necessary. By comparing parts (a) and (b) of Fig. 2, it can be concluded that our analytical framework provides a good
approximation to the experimental data limits.

The second validation case is the study described by [34]. This study presents a numerical formulation based on a
variational approach, in order to investigate the vibroacoustic behavior of an isotropic thin cylindrical shell, with and without
an internal floor partition. The numerical results are also compared with experimental results. The boundary conditions at
the two ends of the cylinder are assumed to be simply supported. The properties of the physical system are shown in Table
2. Figure 3(b) displays the results from [34], showing the acoustic effect of the floor on the internal pressure filed. Figure
3(a) shows the SPL results obtained through our analytical framework, considering a random excitation applied to the shell.
To obtain the analytical results, a total number of M, = 15 and Mg = 15 shell modes, and N, = 10, N9 = 10 and N, = 10
acoustic modes were used to achieve convergence. Comparing the analytical predictions in part (a) and part (b) (solution
without attached floor), it can be concluded that our analytical model provides an overall good prediction of the interior SPL.
The difference between the results in parts (a) and (b) may be explained by the differences in the shape of the cylindrical
acoustic cavity - i.e., while in our model a purely cylindrical acoustic enclosure is considered, in [34] the existence of an
internal floor changes the shape of the acoustic enclosure, which directly affects the acoustic natural modes, and thus the
interior acoustic field.

4.2 Cylindrical Cabin composed by a Set of Shells

The study by [12,19] was used as the basis for this part of the work, and is refereed as case 3. It investigates the reduction
and sound transmission through a single aircraft fuselage panel, excited by the TBL, into a cylindrical acoustic enclosure.
The model analyzed is of a typical aircraft panel coupled to the interior acoustics of a rigid-wall cylinder. The dimensions
of the curved panel have been selected to approximate the Boeing 737 fuselage sub-panels, while the dimensions of the
cylinder approximate the size of a Boeing 737 fuselage. Properties of the physical system are defined in Table 3. Results for
the shell vibration and interior acoustic field are presented. Using our analytical model, predictions were calculated for three
different cases, using the dimensions and properties in [12, 19] as a basis, as follows: (1) single shell, excited by random
white noise, coupled with the cylindrical enclosure; (2) the same single shell, but now excited by the TBL, coupled with the
same cylindrical enclosure; (3) twelve shells (of the same dimensions and properties as the previous ones, and all located
along the same x-coordinate), excited by the TBL, and coupled with the same cylindrical enclosure. Figures 4 and 5 show,



Table 1. Physical system properties for the validation case 1.

Symbol  Description Value
a Shell length 1.1938 m
hy Shell thickness 0.0016 m
R Cylinder radius 0.254 m
L, Acoustic enclosure length ~ 1.2192 m
Po Internal air density 121 Kgm3
o Internal air speed of sound 343 m s~}
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Fig. 2. Noise reduction for the validation case 1. (a) From our analytical framework. (b) From [13]: — predictions, - - - measurements.

respectively, the results for the shell vibration levels and sound pressure levels, in which parts (a), (b) and (c) are obtained
through our analytical model, and parts (d) are results from [12].

The first result is shown in Fig. 4 which depicts the shell velocity response due to the TBL and random excitations.
Parts (a) and (b) show the analytical predictions for shell velocity at specific points in the surface of the shell, while part
(c) shows the average shell velocity. The in vacuo shell natural mode frequencies are shown in Table 4. It can be observed,
for both local and average values, that the shell response due to the TBL differs from the shell response due to the random
excitation, mainly for frequencies above approximately 338Hz, i.e., above the first shell natural mode. This result should be
expected as the white random excitation has a flat power spectral density, exciting all the frequencies with the same power,



Table 2. Physical system properties for the validation case 2.

Symbol  Description Value
a Shell length 1.209 m
hyg Shell thickness 0.0032 m
E; Shell Elasticity Modulus ~ 2.07 x 101N m?2
Ps Shell density 7860 Kgm™3
Vy Shell Poisson’s ratio 0.3
&s Structural damping ratio 0.01
R Cylinder radius 0.254 m
L, Acoustic enclosure length ~ 1.1684 m
Po Internal air density 12 Kgm™3
co Internal air speed of sound 343 ms™!
Eac Acoustic damping ratio 0.01
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Fig. 3. SPL for the validation case 2. (a) From our analytical framework. (b) From [34]: — with attached floor, - - - without attached floor.



Table 3. Physical system properties for the validation case 3.

Symbol  Description Value

a Shell length 0.508 m

6o Shell arc 0.131 rad

hg Shell thickness 0.0018 m

Eg Shell Elasticity Modulus 6.93 x 10'°N m?
Ps Shell density 2680 Kgm3
Vg Shell Poisson’s ratio 0.33

&s Structural damping ratio 0.05

R Cylinder radius 1.75 m

Ly Acoustic enclosure length  43.18 m

Po Internal air density 121 Kgm™3
co Internal air speed of sound 343 ms™!
Eac Acoustic damping ratio 0.05

Table 4. First 12 shell natural frequencies.

(my,mg)  Frequency, Hz

(1,1) 338
2,1 437
3.1 562
4.,1) 697
(1,2) 699
(2,2) 748
(3,2) 834
5.1 851
4,2) 955
(6,1) 1032
(5,2) 1108
(1,3) 1184

while the TBL excitation power spectral density varies through the frequency spectrum, exciting the low frequencies with
higher power than the high frequencies.

Comparing the solid line results in part (c) with the results in (d), it can be concluded that the curves follow the same
tendency, generally decreasing with the frequency for frequencies above the first shell natural mode. The main difference
between these two plots is in their respective peaks. While in the curve in part (d) only the plate modes were considered, in our
analysis results, displayed in part (c), also the acoustic modes were taken into account. The effect of changing the observation
point is analyzed in parts (a) and (b). It is shown that dissimilar shell vibration curves are found for different points of the
shell. For instance, while at position (x,0) = (0.5a,0.56) the first peaks correspond to the (1,1), (3,1), (5,1) shell modes
(i.e. it is not sensitive to modes with nodes at the center of the shell), the first peaks for the position (x,8) = (0.334,0.56))
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Fig. 4. Shell vibration level. From our analytical framework: (a) at (x,0) = (0.5a,0.569), (b) at (x,y) = (0.33a,0.56), and (c) average
values; - - -, random excitation; —, TBL excitation. From [12]: (d).

correspond to the shell modes (1,1), (2,1), (4,1). Furthermore, it is shown that predictions for average and local values of
the shell velocity are different. These results demonstrate the significance of including the position as an important variable
in the development of predictive models.

The sound pressure level analytical predictions obtained for the three different excitations are shown in parts (a) through
(c) of Fig. 5. Part (c) displays average values, over the cabin volume, while parts (a) and (b) show the predictions for two
specific points inside the cabin. Here, and similarly to what was observed in Fig. 4, it is shown that the random excitation
is responsible for a higher amplification in the frequency range above 338Hz, than the observed for the TBL excitation. In
fact, it is observed that compared with the case of the 12 shells excited by the TBL (the bold curve), a single shell, excited
by white noise, can be responsible for generating a higher SPL for frequencies above approximately 1000Hz. Comparing
the SPL from a single shell excited by the TBL, and the SPL from the 12 shells excited by the TBL, it is clear that increasing
the number of shells causes an overall increase in SPL. Analyzing the results in parts (a) through (d), it is noted that SPL
has the tendency to increase in the range 100 — 338Hz (below the shell first mode), and then a general decrease is observed.
However, the increase in the number of shells can be responsible for changing the shape of the SPL over the frequency, as
seen by the results obtained for point (x,0,7) = (0.3Ly,0.56¢,0.5R), in part (a). Again, the differences between plots in parts
(a)/(b)/(c) and in part (d) can be attributed to the dissimilar number of acoustic modes considered in both analyzes.

As can be observed in Fig. 5, SPL curves show a much more complex prediction compared with the shell vibra-
tion curves. In fact, it is clear that peaks in the SPL curves correspond not only to structural but also to acoustic modes.
Specifically, for frequencies below the first shell resonance, the observed peaks correspond to acoustic modes, showing the
importance of including the acoustic field contribution in the development of the analytical model. Considering the results
for position (x,0,r) = (0.3L,,0.50¢,0), in part (b) of Fig. 5, the two peaks below the first shell resonance frequency cor-
respond to frequencies 121Hz and 222Hz, and to acoustic modes (5, 1,0) and (8,2,0), respectively. In part (a), the results
for point (x,0,r) = (0.3L,,0.580,0.5R) have the peaks at frequencies 169Hz and 221Hz, corresponding to acoustic modes
(8,1,1) and (8, 1,2). Note that acoustic mode shapes for modes with n, = 5 and n, = 8 have maximum amplitude at and near
the position x = 0.3L,. Depending on the location, each mode has a dissimilar amplification, with their importance shifting
from point to point. Results show that not only SPL is dependent on the position, but also different from the average values
shown in part (c). This leads to the conclusion that the ability of the model to predict average and local values is essential to
obtain an accurate prediction of the reality.
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5 Conclusions

This study presents the development of an analytical model and gives closed-form expressions for the prediction of
flow-induced noise in aircraft cylindrical cabins. The model was developed considering the full structural-acoustic coupling,
and results were obtained for frequencies up to 10,000Hz. The analytical predictions were successfully validated through
the good agreement with several independent studies. The closed-form analytical expressions can be easily used for the
prediction of shell structural vibration and interior sound pressure levels for a wide range of shell-cylindrical cabin type
of systems, by just changing the system parameters and properties. Furthermore, the analytical framework can be used to
predict vibration and noise levels for cylindrical systems with one or more vibrating shells, excited by turbulent flow or by
random noise.

Analytical predictions were obtained for several different systems. It was noted that the random noise excitation is
responsible for a higher amplification of shell vibration and interior noise for frequencies above the first shell natural mode,
when compared with the turbulent boundary layer excitation. Additionally, the obtained results reflect the importance of
including the acoustic field in the analytical model development in order to obtain an accurate prediction of the cabin sound
pressure level. It is predicted that increasing the number of vibrating shell results in an overall increase of interior noise
levels. However, depending on the location under consideration, increasing the number of vibrating shells may also result in
a different SPL curve over the frequency spectrum, when compared with the SPL curve obtained for single shell vibration.
Finally, the models show that average and local values of vibration and interior sound are dissimilar. This can be of particular
interest in the design and implementation of noise control systems, where the accurate prediction of localized noise levels
is crucial. This emphasizes the importance of including the effect of position change in the model used to predict the sound
transmission to aircraft interiors.
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Appendix A: Expressions for Matrices M., and K.
The system matrices M. and K, are obtained, respectively, by developing expressions in Egs.(21) and (22), resulting
in the following closed-form expressions:

Mcs = pPo [An,Banmeen,] P (26)
2 1\p2
KSC = (VSES;II_ZR [Aanmxanmenr] 5 (27)

in which, for a closed cylindrical shell with simply supported end caps, By, and By, are defined by

B, , = Y2Au [0 o = Iy (28)
L LA(Lx) = £1(0), my #
with
fil) = — cos [(my +ny)mx]  cos[(my —ny) x| 29)
! 2(my+ny) T 2(my—ny)T
and
o 1, Mg = Ny
Bmen, - {O, me 7& ny . (30)
Considering the open cylindrical shell, B, and By, are defined by
Bmxrzx =
0, =
2 .
VatAn\ flep) = ), (% # 1) A & oddAmyodd
f3(xp) — f3(x;), otherwise
(31)
with
cos [ (% + ) m] | cos [ (% — ) m
frx) = — + — ) (32)
2(m+3)m 2(m - )n

f3(x) = —falx), (33)



and
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with

Appendix B: Expressions for S,,,,(») and S,,(®)

(34)

(35)

(36)

Functions S,,,,(®) and S,,(®) are obtained through the integration of S, (x1,01,x2,6,,®) over the shell surface and
Spp (x1,01,r1,%2,02, 2, ®) over the cabin volume, respectively. For a closed circular cylindrical shell with simply supported

end caps, the S,,,,(®) closed-form analytical expression can be defined by
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C 2, My = My
mym L2
"\ g leos (mum) — 1] feos (mym) — 1], my # my
and

C o 27527 me = mg
memg — 0, mg # my

Considering the cylindrical open shell, the closed-form expression for S, (®) is

4 My My My
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Finally, the closed-form expression for S,,(®) may be defined by
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Abstract

The objective of the present study is to investigate and quantify how
sensitive the response of an aircraft panel is to the change of the turbulent
flow parameters. Several empirical models exist nowadays that provide the
turbulent boundary layer wall pressure cross spectrum. These wall pressure
cross spectrum models are usually dependent on four parameters: the refer-
ence power spectrum, the flow convective velocity, and the coherence lengths
in streamwise and spanwise directions. All the proposed models provide
different predictions for the wall pressure cross spectrum. Also, real flow
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boundary layer pressure predicted by the models. In this context, the ques-
tions that this work aims to explore are “What is the impact of different wall
pressure estimates in the radiated sound power?” and “What is the effect
of the range of possible flow conditions on the radiated sound power?”. For
that objective, data from flight tests and estimates provided by the empirical
models are used to predict radiated sound power, and the results are com-
pared. A sensitivity analysis is performed and the relative contribution of
each boundary layer parameter to the radiated sound power is obtained.
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1. Introduction

The turbulent boundary layer (TBL) wall pressure modeling has been a
subject of investigation for several years. Several empirical models have been
developed to predict the TBL wall pressure spectrum, as described in [1, 2.
The models were developed to describe the TBL wall pressure fluctuations
on a flat plate, and it is assumed that the TBL power spectral density (PSD)
can be expressed as a stationary and homogeneous function, for zero mean
pressure gradient. It is well established that the TBL cross power spectral
density can be expressed as a product of a reference PSD function and a
correlation function, such as described in [3 - 8]. The correlation function is
usually written in a separable form in the streamwise and spanwise direction,
in which streamwise and spanwise functions decay exponentially with the
distance. In this work, the Corcos [3, 4] and Efimtsov [5] models were used
to provide the TBL parameters and to relate with the flight tests data. The
objective is to compare the experimental data with the empirical results,
and establish a quantitative analysis on the produced plate radiated sound
power (RSP). The experimental data for the present study were acquired in
a flight test that was a cooperative work between the Gulfstream Aerospace
Corporation, Boeing Commercial Airplanes and the National Aeronautics
and Space Administration (NASA) [9].

The wall pressure spectrum provided by Corcos model [3, 4] is dependent
on four parameters: (1) the reference power spectrum function, (2) the flow
convective velocity (associated with the flow Mach number), (3) and (4) the
coherence lengths in the streamwise and spanwise directions. The Corcos
model assumes that coherence lengths are directly proportional to the con-
vection velocity, and inversely proportional to the frequency and an empirical
parameter. The fact that the coherence lengths are inversely proportional to
frequency leads to the prediction that they tend to infinity as the frequency
approaches zero. This problem is overcome by Efimtsov model [5], which
considers the coherence lengths also dependent on the boundary layer thick-
ness, 0, Strouhal number, Sh, and friction velocity, U,. In the comparison of
models by [2], the Efimtsov model [5] is cited as a suitable candidate, being
the only model derived from aircraft rather than laboratory measurements.
Flight tests of Tupolev 144LL aircraft, conducted at the Flying Laboratory
in Russia, NASA and Boeing [10], demonstrated that the model developed



by Efimtsov has the best agreement with the experimental data.

At cruise conditions, turbulent boundary layer pressure fluctuations on
the exterior of the fuselage are a major source of noise inside jet aircraft
[11, 12], and is more significant as the flight Mach number increases, as
shown in [13] for subsonic Mach number. The TBL induces vibrations on
the fuselage skin, and the vibrating structure radiates noise into the aircraft
cabin. Early experimental tests have been conducted as an effort to char-
acterize the radiation of sound from single panels excited by the turbulent
boundary layer [14 - 18]. These studies provide knowledge about the shape
of the spectrum, convection velocity and space-time correlation of the TBL
pressure fluctuations on aircraft panels, as well as displacement and acceler-
ation spectra of the vibrating panels. In [16], the aircraft panel acceleration
spectra was measured for two locations on the fuselage - a forward location
and a aft location -, and for three flight Mach numbers. In both locations,
the measurements were performed at the center of the panels. At these mea-
surement points, the acceleration spectra showed maximum vibration around
1000 Hz, and the phenomenon of hydrodynamic coincidence was identified
to occur in the neighborhood of 1000H z, at Mach number 0.6. In addition,
several theoretical studies have been performed for the vibration and sound
radiated by panels excited by turbulent flows [19 - 24].

The present study deals with the RSP of aircraft panels subjected to
TBL excitation. The structural vibration response PSD is obtained through
a previously validated model developed by the author [25]. The panel is
assumed to be simply supported in the all four boundaries. The RSP is
calculated for measured data and the Efimtsov model, and the results are
compared. A sensitivity analysis is performed to investigate the influence of
TBL parameters on RSP.

2. Flight Tests Data versus Predicted Data

The flight test data presented and analyzed in this section were obtained
through a cooperative effort between the Gulfstream Aerospace Corpora-
tion, Boeing Commercial Airplanes and NASA. The tests were performed in
a Gulfstream G550 aircraft, which has windows that provide a good platform
for a long, streamwise, array of sensors. The sensor array was located in the
first window of the G550 aircraft, at a distance of 6.7m from the nose. De-
tailed information about the flight test data, test bed instrumentation, data
consistency and analysis are described in [9]. The flight tests measurements



were acquired at 3 different flight conditions, as shown in Table 1, which will
be referred as Cases 1, 2 and 3 throughout this paper. Measurements of the
TBL wall pressure PSD, and coherence lengths in the streamwise and span-
wise directions were undertaken for the 3 flight conditions. Fig. 1 shows the
TBL power spectrum for the 3 flight conditions and also the predicted TBL
spectrum by the Efimtsov model for the respective 3 flight conditions. Fig. 2
shows the coherence lengths from flight measurements, and those predicted
through Corcos and Efimtsov models. To obtain the predicted values for the
coherence lengths for Corcos model, the following equations were used [3]:
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in which U, is the TBL convective velocity, w is the angular frequency, o, =
0.1 and o, = 0.77. The coherence lengths predicted by the Efimtsov model
were defined as following [5]:
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where ¢ is the TBL thickness, U, = U+/C/2 is the friction velocity, Cf
is the friction coefficient, Sh = wd/U, is the Strouhal number, M is the
flight Mach number, and constants a;-a; are, respectively, 0.1, 72.8, 1.54,
0.77, 548, 13.5, and 5.66. Predicted L, values for M = 0.8 were obtained
through interpolation. Values for § and Cy were calculated using the following
equation for turbulent boundary layers [26, 27]:
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Cy = 0.37 (Logio Re,) %", (6)

in which Re, = Uz /v is the Reynolds number. To calculate the TBL pressure
spectrum, the following Efimtsov equation was used [10]:
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The analysis of Fig. 1 shows that predicted and measured TBL spectrum
differ from one another for the 3 flight conditions. Flight data PSD levels
are bigger than predicted PSD, for frequencies between approximately 200Hz
and 4KHz for Case 1 and Case 2, and for frequencies between approximately
350Hz and 2KHz for Case 3. At 1KHz, measured PSD is about 3dB higher
than predicted PSD for Cases 1 and 2, and 2dB higher for Case 3. Even
though one expects S, to increase with Mach number, the PSD for M = 0.8
has an overall lower amplitude compared with M = 0.56 and M = 0.7,
since data for M = 0.8 is measured at higher altitude. Fig. 2 illustrates
that measured and predicted coherence lengths also have different values.
Measured coherence lengths are higher than lengths predicted by Efimtsov
model, for low frequencies. Coherence lengths exhibit a maximum for Case
3, M = 0.8, measured data, opposite of what is observed with the PSD.
These results suggest that real conditions in the aircraft TBL do not conform
with the behavior predicted by the models. The fact that predicted and
measured TBL parameters do not match exactly will have an effect on the
RSP. Considering this, the objective of this work is to analyze what are the
effects on the aircraft panel RSP, and the range of possible condition on RSP.

Spep(w) =21 U2 p*§ : (7)
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3. Panel Radiated Sound Power

The total acoustic pressure field radiated by a baffled panel, at an obser-
vation point, R=(x,y, z), can be found from the Rayleigh integral [28, 29],
as
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in which py and ¢y are the density and the speed of sound of the interior
fluid, respectively, w is the angular frequency, v(xs,ys) is the panel normal
surface velocity, which is a function of the position in the panel, ry=(zs, ys).
As described in [29], the analytical evaluation of this integral is facilitated by
assuming that the plate is simply supported, the observer point, R = |R —r;|
is in the far field, and that R is much greater than the characteristic dimen-
sion of the plate so that R ~ r. For the exponential term, the observation
distance is normalized about the point r = r, ¢ = 0, § = 0, leading to the
approximation R ~ r —x sin 6 cos ¢ — y sin # sin ¢. Using this approximations,
the acoustic field in the far field is defined by
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where a = —a sinfcos¢ and g = “;bsm9$1n<b The panel surface velocity
can be descrlbed through the panel natural modes by
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in which a,, (z5) = sin(m,mzs/a) and By, (ys) = sin(m,mys/b) are the spatial
functions, and M = M, x M, is the total number of plate modes (m,, m,)
considered. Substituting Eq. (11) into Eq. (10), and integrating over the
panel surface, the acoustic pressure associated with the m!* panel mode is
given by
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The average acoustic power radiated by a mode from one side of the panel
is found from [31]
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Substituting Eq. (12) into Eq. (13), and considering the symmetry of the
acoustic field, the radiated sound power associated with the m!® mode is



obtained by
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Co
where cos(a/2) and cos(/3/2) are used, respectively, when m,, and m, are odd
integers, and sin(«/2) and sin(3/2) are used, respectively, when m, and m,
are even integers. The radiated sound power matrix, containing the several
1L, m, components, can be defined by

Mw) = VIM(W)V, (15)

in which V is the structural modal velocity vector, and M(w) is the radiation
matrix, which is evaluated numerically, and given by

M

o o Teee
Mo =2 () [ <>¢

Eq. (15) can also be written as function of the panel surface velocity power
spectrum, Sy, as follows

II(w) = SyyM(w), (17)

in which Sy = w?Syw, where Sy is the panel displacement power spec-
trum. In the present study, the panel radiated sound power was obtained
using Eq. (17), and the displacement power spectrum of the turbulent flow
excited panel, Sy, was calculated using the previously validated analytical
model described in [25].

4. Sensitivity Analysis

To better understand the sensitivity of the RSP to turbulent flow pa-
rameters, the radiated sound power is predicted for turbulent flow excitation
from flight measurements, representing the observed PSD levels, and from
the empirical models, representing the expected PSD levels, for the three
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flight conditions described in Section 2. The following four flow parameters
are analyzed in the RSP sensitivity study: (1) TBL power spectrum, S,.r, (2)
convective velocity, U,, or Mach number, M, (3) and (4) coherence lengths
in the streamwise, L., and spanwise, L,, directions. The numerical study
was obtained assuming appropriate parameters for a typical aircraft panel
22, 23]. These values are given in Table 2, and Table 3 shows the first 16
panel natural frequencies. A total number of M, = 19 and M, = 14 panel
modes were used to achieve convergence of the results up to 5K Hz. As in
22, 23], the quantities were calculated based on the panel displacement level
predicted for the point (z,y) = (0.3a;0.2b). The predicted RSP is in good
agreement with the results shown in [22]. Additionally, the average RSP,
calculated based on the average panel displacement level, was also analyzed.
Throughout this study, the quantities calculated for these two situations will
be referred as local and average values of RSP, respectively. Fig. 3 shows
the predicted RSP for Case 1 conditions, obtained for measured data and
for predicted values from the Efimtsov model. It is observed that, mainly
for low frequencies, the RSP for measured data have higher values than the
RSP for the predicted values from Efimtsov model. In the following section
a more detailed discussion is performed for the comparison of the RSP from
TBL measured and predicted data.

4.1. RSP levels from measured and predicted data

The objective of this Section is to compare and analyze the predicted RSP
results obtained through the measured flight data and predicted data from
Efimtsov model. The TBL data obtained in the flight measurements and the
predicted TBL data from the Efimtsov model were previously presented in
Figs. 1 and 2. Figs. 4 and 5 show the relation between RSP obtained from
flight and predicted data, for flight conditions Case 1, Case 2 and Case 3,
respectively, for point and average values.

For the low frequency range, it can be shown that the frequency range
where the PSD raises above the predictions corresponds to longer measured
coherence lengths than predicted. For all Mach numbers, when measured
L, and L, are greater than predicted the L, and L,, higher RSP levels are
observed. For Cases 1 and 2, measured S,.¢, L, and L, are greater than pre-
dicted values, and the same is observed for RSP. Considering Case 3 results,
at frequencies below 350H z, measured S, is lower than predicted Sy, while
measured coherence lengths are bigger than the measured coherence lengths.
With this in mind, and looking at part (c) of Fig. 4, one can observe that
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RSP obtained from measured data is still higher than RSP obtained from
predicted data for the frequency range below 350Hz. This suggests that,
for the low frequency range, coherence lengths have a more significant effect
on RSP level than S,.;. However, one should also take into account that
the difference between measured and predicted coherence length can be as
great as about 500% for L,, and about 600% for L,, while the maximum
difference for S,.s is about 55%. For higher frequencies, measured and pre-
dicted coherence lengths have similar values and, for Case 3, measured S,y
is lower than predicted S,.;. Looking at Case 3 results, in part (c) of Fig. 4,
the negative values of the RSP at higher frequencies are related with the fact
that the measured power spectrum is lower than the predicted one. However,
to have a better understanding on how the each parameter affects RSP, an
uncertainty and sensitivity analyses are necessary. That is the objective of
the following sections.

4.2. RSP Sensitivity to TBL Power Spectrum

By maintaining constant Mach number and coherence lengths, and vary-
ing the TBL power spectrum, one observes the effect of S,.; on the panel
RSP. The flight measurements for Case 1, M = 0.56, conditions are used
as the reference. Keeping the L., L,, and M = 0.56 as constant, the S,.¢
is increased by 1dB and 5dB. The results are plotted in Fig. 6. It can be
seen that increasing the TBL power spectrum has a direct effect on the RSP
without regard to hydrodynamic coincidence and modal interaction, i.e., an
increase of xdB in S,.; yields an increase of xdB in RSP, over the entire
frequency spectrum. A similar conclusion is drawn for the Cases 2 and 3
flight conditions. So, as a sensitivity measure to TBL spectrum variation,
the radiated sound power can be defined as follows, for each frequency w:

RSP(w, Syef + 2 [dB]) = RSP(w, Syey [dB]) + z, [dB]. (18)

4.8. RSP Sensitivity to Streamwise Coherence Length

Holding Mach number, S,.r, and L, constants, we can evaluate the ef-
fect of variable L, on the RSP. Changing L, while maintaining constant
the other TBL parameters should reflect the hydrodynamic coincidence in-
fluence in the RSP for each Mach number condition. The hydrodynamic
coincidence frequency provides an upper limit above which no structural
modes can be efficiently excited by the turbulent pressure field, and it is
defined as the frequency at which hydrodynamic wavenumber, k. = w/U,,



matches the plate bending wavenumber, k, = (m,w?/D,)'/*, and is obtained
by w. = U2(m,/D,)*?, in which m, is the panel mass per unit area and
D, = (E,h3)/(12(1 —12)) is the plate bending stiffness. For the flight condi-
tions and panel properties considered in the present study, the hydrodynamic
coincidence frequencies are 1521.05H z, 2220.53H z, and 2794.53H z, respec-
tively, for Cases 1, 2 and 3. Figs. 7, 8 and 9 show the RSP results for L,
variation.

Fig. 7 plots the results for Case 1 conditions, considering L, = 0.02m,
and varying L, between 0.05m and 0.5m, with predicted point RSP in part
(a) and predicted average RSP in part (b). It is shown that the RSP vari-
ation along the frequency spectrum has a different behavior below or above
the hydrodynamic frequency, 1521.05Hz. As expected, in the absence of
hydrodynamic coincidence, i.e., for frequencies above 1521.05H z, smaller L,
values will produce higher RSP levels. Below this frequency, the hydrody-
namic coincidence phenomenon has an important effect on RSP, with longer
L, producing higher RSP in the regions where the hydrodynamic coincidence
occur. This is easier to observe in Figs. 8 and 9, which plot the RSP for
the several cases, relative to the baseline RSP (obtained for L, = 0.05m
and Ly = 0.02m). In these figures, one can observe that as the Mach num-
ber is increased, from Case 1 to Case 3, a progression of the hydrodynamic
coincidence effects for higher frequencies is observed, up to approximately
1521.05H z for Case 1, 2220.53Hz for Case 2, and 2794.53Hz for Case 3,
respectively, i.e., up to the respective hydrodynamic coincidence frequencies.
Where hydrodynamic frequency occurs, a longer L, is responsible for higher
values of RSP. This is well visible, for instance, in parts (b) and (c) of Fig.
8.

In order to find how sensitive RSP is to the change in L,, the results in
previous figures were analyzed. For the frequency range above the hydrody-
namic frequency, and for each Mach number, the difference between the RSP
for a specific L, and the RSP for the baseline L, = 0.05m was taken for each
L., and averaged over that frequency range. Following this approach, and
as shown in Fig. 10, parts (a) and (c), one obtains the following relationship
between RSP and L., for each Mach number:

RSP(M,L,) — RSP(M, L, = 0.05m) = fi(M)In(L,) + f»(M), [dB] (19)

in which f1(M) and fo(M) are functions of Mach number, shown in parts
(b) and (d) of Fig. 10. Results in parts (a) and (b) of Fig. 10 correspond to
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the predicted point RSP, while parts (c¢) and (d) correspond to the average
RSP. Following this analysis, the following equations are found for RSP as
function of L,, respectively, for point and average RSP:

RSP(M, L) = (2.5438M — 4.7437) In(L,) + (20)
+8.33M — 14.64 + RSP(M, L, = 0.05m), [dB]

and

RSP(M, Ly) = (1.8975M — 5.0166) In(L,) + (21)
+5.6014M — 14.966 + RSP(M, L, = 0.05m), [dB]

in which RSP(M, L, = 0.05m) is equal to —117.45dB, —117.59dB, and
—124.43dB, respectively, for Cases 1, 2 and 3, in Eq. (20), and equal to
—161.15dB, —162.90dB, and —170.78dB in Eq. (21).

4.4. RSP Sensitivity to Spanwise Coherence Length

Similarly to L,, this section explores the RSP sensitivity to the change of
L,. Fig. 11 shows the results for Case 1 conditions, considering a constant
L, = 0.2m, and varying L, between 0.005m and 0.05m. Fig. 12 plots
the results for Case 1 conditions, considering a constant L, = 0.2m, for
L, between 0.01m and 0.05m, with relation to the baseline RSP obtained
with L, = 0.005m. In the two figures, parts (a) display the predicted point
RSP, and parts (b) the predicted average RSP. As expected, changing L, is
not related with hydrodynamic coincidence phenomenon. The RSP results
obtained for Cases 2 and 3 conditions are very similar to the results for Case
1, leading to conclude that the change in Mach number has a minor effect
on the RSP results for different L, values. For the values of L, analyzed, it
is shown that increased L, produces a general increase in RSP level over all
the frequency spectrum.

To find the sensitive of RSP to the change in L,, a similar approach
as performed for L, analysis was undertaken. In this case, the difference
between the RSP for a specific L, and the RSP for the baseline L, = 0.005m
was taken for each L,, and averaged over the frequency spectrum. As shown
is Fig. 13, the relationship between RSP and L, was found to be, respectively,
for point and average RSP:

RSP(L,) = 3.6654in(L,) + 19.855 + RSP(L, = 0.005m), [dB]  (22)
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and
RSP(L,) = 2.7106In(L,) + 15.336 + RSP(L, = 0.005m), [dB] (23)

with RSP(L, = 0.005m) = —103.74dB in Eq. (22), and —142.503dB in Eq.
(23).

4.5. RSP Sensitivity to Mach Number

By holding L, L,, and S,.; constant one can establish the Mach number
effect on RSP. It is expected that changes in the Mach number will also affect
the hydrodynamic coincidence conditions, and this should be reflected in RSP
predictions. Figs. 14 and 15 plot the predicted RSP for S,.; = 0.1Pa’Hz"",
L, =0.2m, and L, = 0.02m, and show the effect of changing Mach number.
Parts (a) display results for point RSP, and parts (b) for average RSP. The
effect of hydrodynamic coincidence is visible both for Case 2 and Case 3,
for point and average RSP. Hydrodynamic coincidence for Case 2 should
occur below 2220.53H z, and for Case 3 below 2794.53H z. It is up to these
frequencies, respectively for each Mach number, that one observes a rise in
RSP, followed by a drop in RSP for higher frequencies. The RSP increases
with frequency up to hydrodynamic coincidence, and this his why, in Fig. 15,
the RSP for Cases 2 and 3 have a higher increase above the Case 1 coincidence
frequency. Also, an increase in the Mach number results in higher RSP levels
for frequencies above the hydrodynamic coincidence frequency.

To find the RSP sensitivity to M a similar analysis was performed as in
previous Sections. The difference between the RSP for a specific M and the
RSP for the baseline, Case 1, was taken and averaged over the frequency
spectrum above the hydrodynamic coincidence frequency. The following re-
lationships were found, respectively, for point RSP and average RSP:

RSP(M) = 32.4005In(M) + 16.1408 + RSP(M = 0.56), [dB] (24)
and
RSP(M) = 20.5493In(M) + 10.1722 + RSP(M = 0.56), [dB] (25)

where RSP(M = 0.56) = —135.67dB in Eq. (24), and —180.53dB in Eq.
(25).
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4.6. Uncertainty and Sensitivity

In this section the objective is to discuss and evaluate the sensitivity of
each one of the functions previously determined, to specific perturbations in
the independent variables, i.e., variation in Sy.¢, L., L, and M. For that,
the derivatives of the RSP functions with respect to the each independent
variable were calculated. The derivative with respect to S, is equal to unity,
for the point and average values, as follows:

ARSP(S,ef)

=1. 2
dSyef (26)

For point RSP, the derivatives with respect to coherence lengths and Mach
number are, respectively:

dRSP(M,L,) 1
L = 7 (25438M - 47437) (27)
dRSP(L 6654
RSP(L,) _ 36651 (28)
dL, L,
dRSP(M)  32.4005
avd - M 2
and for average values of RSP, the derivatives are, respectively:
dRSP(M,L,) 1
gL = o (1L89T5M — 5.0166) . (30)
dRSP(L 2.71
RSP(L,) _ 27 06 (31)
dL, L,
dRSP(M 20.54
RSP( ): 0593' (32)
dM M

The total uncertainty in RSP, egzsp, can be calculated in terms of the uncer-
tainties of the individual variables, i.e.,

dRSP dRSP

‘ iy dRSP
dS,e; | dL,

dL,

dRSP
+€M‘d—M s (33)

€ERSP = €S,.¢ €Ly

in which the respective derivatives were previously calculated for point and
average values of RSP. For specific values of individual uncertainties, and of
independent variables, it is possible to calculate egrgp. Finally, considering
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those values, the sensitivities of the RSP to changes in each of the four
variables are obtained as following:

€S,.; ARSP
= _— 34
et T epgp Sy 7 (34)
€r.,. dRSP
S = 39
€r, dRSP
Sp = — , 36
Ly €ERSP dLy ( )
ey dRSP
Sy = . 37
M epsp dM (37)

Recalling that the sensitivity functions were obtained for frequencies
above the respective hydrodynamic frequency, this analysis is only valid for
that range of frequencies. Table 4 shows the results for the sensitivity analy-
sis for flight conditions in Case 1. The uncertainties for the S,.f, L, and L,
parameters were calculated based on the difference between measured and
predicted values of each parameter. For the Mach number, a constant uncer-
tainty of 1% was used. For this range of frequencies, it is shown that higher
values of M, S,.; and L, produce higher values of RSP, while higher values
of L, have the opposite effect on RSP. Additionally, Fig. 16 shows the ratios
Sa,;/€x; for the four TBL parameters, giving the information on how much a
1% change in each parameter z; affects the change of S,,. It is concluded
that the Mach number is the parameter that most affects the RSP, both for
point and average values of RSP. For instance, at 4000H z, a 1% variation
in M will affect the point RSP in 41% and the average RSP in 32%. S,y is
the next more significant parameter affecting the RSP variation. The change
in coherence lengths, L, and L,, have similar effect on the point RSP, while
for average RSP the variation in L, is more significant than the variation
in L,. So, when predicting TBL parameters through empirical models, it
is important to have a low uncertainty in the TBL parameters, first in the
Mach number, then in the S,.f, and last in the coherence lenghts.

5. Conclusions

Several empirical models exist to provide the TBL wall pressure cross
spectrum. These models provide different predictions for the wall pressure
cross spectrum. Furthermore, it is known that real flow conditions over
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aircraft do not conform to the ideal behavior, predicted by the empirical
models, for the TBL wall pressure PSD. The accuracy of the empirical models
is important in the prediction of aircraft cabin interior noise. Considering
this, the aim of the present work was to investigate how sensitive is the sound
radiated by aircraft panels to the change of TBL conditions.

Data from flight measurements were compared with the data provided by
the Efimtsov model. The RSP was obtained both for flight measurements
data and for data predicted by the empirical model. The RSP for both
conditions was then compared, to investigate the the effect of different flow
conditions on the RSP. From this comparison, it is shown that, for the low
frequency range, the RSP obtained for the predicted data is higher that the
RSP obtained for the measured data. In the high frequency range the RSP
for both conditions are similar. It is observed that the frequency range where
the PSD raises above the predictions is due to the longer measured coherence
lengths than predicted coherence lengths. Also, it is observed that, for the
low frequency range, the change in coherence lengths has a more significant
effect on RSP level than S,.;. However, this is due to the higher difference
between measured and predicted values of coherence lengths, compared with
the difference between the measured and predicted values of S,.¢. For that
reason, a sensitivity analysis is needed for a clearer understanding on how
each parameter influences RSP.

A sensitivity analysis was performed, in which the variation of RSP due
to the change of the TBL parameters was obtained. Four TBL parame-
ters were analyzed: (1) the TBL reference PSD, S,ef, (2) the flow Mach
number, M, (3) the streamwise coherence length, L,, and (4) the spanwise
coherence length, L,. To accomplish that, the influence of the change of
each TBL parameter on the variation of the RSP was individually investi-
gated. Specifically, mathematical functions were calculated which describe
the RSP as function of each individual parameter. For the TBL reference
PSD parameter, it is shown that increasing S,.; has a direct effect on the
RSP without regard to hydrodynamic coincidence phenomenon and modal
interaction, i.e., an increase of dB in S,.; yields an increase of xdB in RSP.
For the change in L, parameter, a different behavior was observed for RSP
variation for frequencies below or above the hydrodynamic frequency. In the
absence of hydrodynamic coincidence, i.e., for frequencies above the coinci-
dence frequency, smaller L, values produce higher RSP levels. Below this
frequency, in the regions where the hydrodynamic coincidence occur, longer
L, produce higher RSP levels. Considering the coherence length in the span-
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wise direction, it is found that higher values of L, produce an increase in
RSP. Considering the Mach number parameter, the increase in M will also
increase the hydrodynamic coincidence frequency, and this is reflected in the
RSP predictions. An increase in the Mach number results in higher RSP
levels for frequencies above the hydrodynamic coincidence frequency.
Finally, a sensitivity analysis based on the parameters uncertainty was
undertaken. The uncertainties for the four parameters analyzed represent
the difference between measured and predicted values for each parameter.
For the frequency range analyzed, it is shown that higher values of M, S,.¢
and L, produce higher values of RSP, while higher values of L, are responsible
for producing lower RSP. Also, it is concluded that M is the parameter that
most affects the RSP, followed by S,., and then by L, and L,. These findings
lead to an important conclusion: when predicting the TBL parameter using
the empirical models, it is important to have an accurate prediction first
of the Mach number, and of the S,.f, followed by the coherence lengths.
An uncertainty of 1% in the M parameter (or in the convective velocity) is
responsible by a 41% difference in RSP at 4000H z, while 1% uncertainty in
Sres causes a 9% difference in RSP at 4000H z. Thus, a better understanding
of the TBL wall pressure in the aicraft sidewall is necessary to have more
reliable RSP predictions, and to tighten uncertainty in RSP predictions.
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Figure 1: TBL wall pressure spectrum for: Case 1 in black, Case 2 in blue, and Case 3
in red. Dashed lines: data from flight tests. Continuous lines: predicted using Efimtsov

model, by Eq. (7).
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Figure 2: TBL coherence lengths, in (a) streamwise and (b) spanwise directions: Case 1 in
black, Case 2 in blue, and Case 3 in red. Dashed lines: data from flight tests. Continuous
bold lines: predicted using Efimtsov model, by Egs. (3) and (4). Continuous regular lines:
predicted through Corcos model, by Egs. (1) and (2).
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Figure 4: Point RSP for flight data with relation to RSP for Efimtsov model data, for the
following conditions: (a) Case 1, (b) Case 2, and (c) Case 3.
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Figure 5: Average RSP for flight data with relation to average RSP for Efimtsov model
data, for the following conditions: (a) Case 1, (b) Case 2, and (c) Case 3.
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plus 5dB in red.
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Figure 15: Predicted RSP considering L, = 0.2m, L, = 0.02m, Sycf = 0.1Pa’Hz~1, air
conditions for Case 1, for the following Mach numbers: blue, M = 0.7; red, M = 0.8.
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Table 1: Flight Tests Conditions and Flow Parameters.

Variable Description, Units Case 1 Case 2 Case 3

M Mach number 0.56 0.7 0.8

h Altitude, m 7315 9754 13106

c Speed of sound, ms~* 311 301 295

U Flow speed, ms™! 174.15 210.42 236.06

p Density, Kg m™3 0.5692 0.4262 0.2622

v Kinematic viscosity, m?s~! 2.7242x107° 3.4401x107° 5.422x107°
T Temperature, K 240.66 224.85 216.65

Re, Reynolds number 4.2832x107  4.0982x107  2.917x107
Cy Friction coefficient 1.9387x107%  1.9513x107  2.0526x1073
U- Friction velocity, m s~! 5.18 6.3 7.29

o TBL thickness, m 0.075 0.077 0.082

fe Coincidence frequency, Hz 1521.05 2220.53 2794.53
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Table 2: Physical properties of the aircraft panel.

Variable Description, Units Value
a Panel length, m 0.414
b Panel width, m 0.314
hyp Panel thickness, m 0.001
E, Panel Elasticity modulus, Pa 7.24 x1010
v Panel Poisson ratio 0.33
p Panel density, Kg m™3 2800
&p Panel damping ratio 0.01
N, Panel longitudinal Tension, N m~' 29300
N, Panel lateral Tension, N m™! 62100
co Internal fluid speed of sound, m s~' 340
00 Internal fluid density, Kg m™—3 1.42
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Table 3: First 16 panel natural frequencies.

mg; my Frequency, Hz
1 270.2
1 352.1
1 465.8
2 503.0
2 557.1
1 603.6
2 643.4
2 759.1
3 760.0
1
3
3
2
1
3
4

763.6
803.5
875.7
902.2
946.0
976.6
1041.0

— R O U W N U R W RN R WN
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Table 4: Sensitivity analysis results.

f = 2000 Hz:
Parameter, Measured Uncertainty, Point  Average Point Average
xilunits] Value €2, % % Sensitivity, Sy, Sensitivity, Sy,
M 0.56 0.0056 (1.0 %)  57.86 36.70 9.5 % 6.1 %
L,[m)] 0.13 0.043 (33.1 %) -25.53  -30.42 -32.3 % -38.8 %
Ly[m] 0.013 0.0017 (13.1 %) 281.95 208.51 14.1 % 10.5 %
SrefldB] 90.5 1.5 (1.7 %) 1 1 44.1 % 44.6 %
[Pa?Hz1] 0.45 0.13 (28.9 %)
f = 3000 Hz:
Parameter, Measured Uncertainty, Point  Average Point Average
xi[units] Value €x; df}i P dgip Sensitivity, S5, Sensitivity, Sy,
M 0.56 0.0056 (1.0 %)  57.8 36.70 19.2 % 13.2 %
L,[m)] 0.074 0.011 (14.9 %) -44.85  -30.42 -53.4 % -37.6 %
Ly[m)] 0.0091 0.0082 (9.9 %) 402.79  297.87 21.6 % 172 %
SrefldB] 89 0.5 (0.6 %) 1 1 29.8 % 32.0 %
[Pa’Hz™1] 0.32 0.04 (12.5 %)
f = 4000 Hz:
Parameter, Measured Uncertainty, Point  Average Point Average
xi[units] Value €z, dl;fip dgip Sensitivity, Sz, Sensitivity, S,
M 0.56 0.0056 (1.0 %)  57.8 36.70 41.0 % 32.0 %
L,[m)] 0.049 0.001 (2.0 %)  -67.74  -80.69 -8.6 % -12.6 %
Ly,[m] 0.0065 0.0003 (4.6 %) 563.91  417.02 21.4 % 19.5 %
SrefldB] 87.9 -0.2 (-0.3 %) 1 1 -29.0 % -35.9 %
[Pa’Hz™1] 0.25 -0.01 (-4.0 %)
f = 5000 Hz:
Parameter, Measured Uncertainty, Point  Average Point Average
xi[units] Value €z, % % Sensitivity, Sz, Sensitivity, S,
M 0.56 0.0056 (1.0 %)  57.86 36.70 25.4 % 17.0 %
L,[m] 0.035 -0.004 (-11.4 %) -94.83 -112.97 29.8 % 37.4 %
Ly,[m] 0.0052 0.0001 (1.9 %) 704.88  521.27 5.5 % 4.3 %
SrefldB] 87.3 -0.5 (-0.6 %) 1 1 -39.3 % -41.3 %
[Pa’Hz™1] 0.21 -0.03 (-14.3 %)
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