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ABSTRACT

“If you want to find the secrets of the universe, think in terms of energy, frequency, and

vibration” — Nicola Tesla
The present thesis started in the quest to understand the energy, frequency, and vibration behaviour
of the structural panels when subjected to turbulent boundary layer (TBL) excitation, one of the
major noise sources. Structural vibration and noise (vibroacoustic) problem is a serious issue
encountered by the transportation industry in terms of human health, environmental noise
pollution, structural stress, fatigue, etc. Therefore, it is very important to understand the TBL-
excited vibroacoustic behaviour of the vehicular panel and the enclosed cabin. Usage of stiffened,
tensioned, double wall panels and panels made of orthotropic laminated composites also
necessitates a comprehensive TBL-excited vibroacoustic study with a fully coupled system
development.

Over the years, the vibroacoustic response of plate structures subjected to a turbulent
boundary layer flow has been the subject of numerous studies. This is because the interaction
between the flow and the plate can lead to significant changes in the acoustic and vibration
characteristics of the panel. The understanding of this interaction is essential in various engineering
domains such as aerospace, automobile, marine, high-speed railway, and civil engineering where
plate structures are commonly used.

This thesis work focuses on investigating the vibroacoustic response of a plate structure
due to the fully developed turbulent boundary layer over it. Besides the analytical and semi-
analytical models, the study combines computational fluid dynamics (CFD), Reynolds-averaged
Navier-Stokes (RANS) simulations, and large eddy simulations (LES) to investigate/predict the
turbulent pressure fluctuations over a plate structure. The aim is to understand vibration, sound
radiation, and sound transmission characteristics of several different panel configurations that
include single, double, tensioned, and stiffened panels. Different orthotropic laminated panels are
also extensively studied in this context. The study also evaluates the influence of the turbulent
boundary layer on the panel's overall vibroacoustic response. In-house finite element (FE) codes
are developed to couple the TBL loading with the flexible structure and the flexible structure with
the adjacent acoustic medium. All the coupling models are developed in the FE environment using
in-house MATLAB (ver. R2013b) or cloud-based Python scripts.

Different semi-analytical single-point wall-pressure spectrum models are used to estimate
the pressure fluctuations, with prior studies of their prediction accuracy with the wind tunnel
experiments and the in-flight test results. All these spectrum models essentially work based on the
TBL wall parameters, like boundary layer thickness, displacement thickness, momentum
thickness, shear velocity, etc. Therefore, one has to depend upon the experimental feed, which is
quite a labour and cost intensive. In order to predict various wall parameters, the computational
fluid dynamics (CFD) simulations are carried out using both commercial and open-source flow
solvers, ANSYS Fluent (V14.5) and OpenFOAM (v-2012 in Ubuntu 20.04 LTS), respectively. A
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detailed sensitivity study is performed to identify the change in wall-pressure fluctuations due to
the choice of RANS turbulence model parameters, like turbulence model, solver, normalized wall
distance, flow velocity, etc. The best predicting configuration is thus identified and used in further
vibroacoustic computations in the energy (power spectral density; PSD) domain.

The wall pressure fluctuations are estimated in the normal frequency domain also. In order
to achieve this, two methods are adopted in the present study. A) The wall-pressure spectrum is
decomposed using Cholesky’s technique. This resulted in the pressure fluctuations magnitude in
the frequency domain. B) The large eddy simulation (LES) is employed to simulate the real-time
pressure fluctuations over single or multiple points over the plate. The Smagorinsky-Lilly model
is used as the sub-grid scale model. Typical LES models have a near-wall eddy-damping issue
which is resolved using the artificial inflow turbulence generated using the superposition of the
Fourier modes. This continuously perturbs the flow and desired near-wall pressure fluctuations are
obtained.

In the present study, the single-point pressure fluctuation is obtained considering the wall
beneath the TBL to be rigid. Considering the TBL wall pressure to be random, stationary, and
ergodic, the cross-spectrum of the pressure fluctuations over the plate is calculated using Corcos
and Mellen’s spatial coherence function. This pressure cross-spectrum is further used to estimate
the plate vibration.

Once the wall-pressure fluctuation is obtained over the panel, in the next step the TBL-
excited plate vibration is estimated using a one-way coupled fluid-structure interaction model. A
two-way coupling model is used to couple the excited plate and the adjacent acoustic domain to
estimate the radiated sound power in the free field or the sound transmission into the enclosed
cavity. The required panel transfer function or the frequency response function (FRF) is developed
using the mode shape and frequency data obtained from the FE modal analysis using MATLAB
or ANSYS APDL (V14.5). The FE discretization of the panel is performed with the TBL-induced
plate bending wave consideration. The coupling between the TBL cross-spectra and the panel
transfer function resulted in panel response in terms of displacement and velocity PSD.

In order to simulate the real-life sound radiation and transmission phenomena four types
of TBL-structure-acoustic coupling models are developed to account for single panel, panel-
enclosure, panel-cavity-panel (double wall), and panel-cavity-panel-enclosure (double wall
backed by an enclosure) systems. Panels are modelled using 4-node isoparametric plate elements,
and the acoustic domain is modelled using 8-noded 3D brick elements. Once the transfer functions
of the panel(s) and the acoustic domain(s) are estimated in a fully coupled condition, they are used
to calculate the panel-radiated sound power into the free field using the radiation resistance matrix
(RRM) technique, where each finite element behaves as an elemental radiator. The TBL-excited
panel velocity PSD is coupled with the RRM and the radiated sound power is estimated. In the
case of sound transmission into an enclosure, the system transfer functions of each part are directly
coupled with the TBL cross PSD, and the panel velocity PSD and the enclosure pressure PSD are
obtained.
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As observed from the two-fold sensitivity study, k — w family of turbulence models are
found to be best predicting the TBL wall pressure over a flat plate. Large eddy simulation (LES)
powered by the in-house developed user defined functions (UDFs) for artificial inflow turbulence
manifests excellent wall pressure fluctuation prediction. Wall pressure fluctuations using Cholesky
decomposition coupled with boundary element (BE) technique estimates panel vibration and sound
radiation in frequency domain, providing with similar trend to the results obtained in the PSD
domain. Orthotropic laminated composite panels with (45/-45), sequence, when excited by TBL
force, exhibits counter-intuitive vibroacoustic results. The results obtained using FE-RRM
technique for free field sound radiation, and fully coupled FE-FE technique for sound transmission
in panel-gap-panel-enclosure system are in excellent agreement with the reported analytical
results.

In real-life transport vehicles, different type of structural variations is observed, in terms
of geometry, material properties and support conditions. In order to capture these variations, the
present study uses FE modelling of the orthotropic laminated composite panels, stiffened and
tensioned panels with generic boundary conditions and scope of different geometry. This study
can thus be useful for any structural or aerodynamic modification of the transport vehicle in the
very early design stage.
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CHAPTER 1: INTRODUCTION

1.1 BACKGROUND

Sound and vibration are much older than humanity. The elastic wave generation due to any
vibration phenomena is eternal. The big bang was a vibration on the space fabric itself. But human
beings exploited sound and vibration to the fullest possible extent to make life easier. The radio
and ultrasound are the inventions any species can be proud of. Apart from the usage of the radio
wave in the defence and marine sectors, communications, medical tests, and even structural
damage detection is possible with the help of non-invasive ultrasound testing facilities.

On the other hand, in this journey of development, several unwanted vibration and sound
called noise have been created. This noise is detrimental to human and animal health when exposed
for a prolonged time, especially low-frequency noise [1]. Hearing impairment, ischemic heart
disease, hypertension, annoyance, and sleep disturbance are very common and severe problems
one can experience [2]-[5] when exposed to this unwanted noise for a long duration. Not only
human health but the structures also get affected when exposed to excessive noise and vibration
levels. Stress and fatigue life reduction [6], [7] are the most common problems for the structures.

Therefore, it is necessary to understand the generation and transmission mechanism of the
noise and vibration problem in the day-to-day mechanical systems, especially in the transportation
industries such as aerospace, automobile, marine or high-speed railways where the health of the
commuters and crews, environmental pollution and structural safety are of paramount importance.
This is particularly important in the modern era with exponential population growth and high
demand for transport vehicles.

Although the initiation of vibroacoutic studies can be dated back to 3000 BC, the modern
study on waves and acoustics can be attributed to Galileo Galilei (1564-1642) who established a
correlation between pitch and frequency. Subsequently, a great number of studies have been
performed involving sound generation, radiation, transmission, and even attenuation. In acoustics,
the sound generation mechanism has broadly been classified into three categories, namely
1) Structure-induced: Sound caused by mechanical vibrations.

2) Flow-induced: Sound produced by a turbulent flow.

3) Thermal-induced: Sound caused by local variation in the temperature of the fluid.

There are many shaded areas in-between that require further studies. But, at this point, this
classification is sufficient to proceed. If one keeps aside the structure-induced and thermal-induced
sound generation, turbulent flow or to be precise turbulent boundary layer (TBL)-induced sound
and vibration problems can be again classified into two categories, a) flow acoustics, which deals
with sound generation within the flow itself, and b) structural acoustics or vibroacoustics, which
deals with the sound and vibration produced due to flow-induced structural excitation. This genre
of study is particularly important for an aircraft or an automobile where outer panels of the vehicles
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are subjected to turbulent boundary layer (TBL) excitation and the resulting vibration produces
noise that either radiates into the free field or gets transmitted into the enclosed vehicular cabin.
The flow-induced vibroacoustic problems involve two interaction phenomena, fluid-
structure interaction, and structure-acoustic domain interaction. Depending upon the accuracy
required, the interactions or energy transfer is formulated as one-way or two-way problem.
Although there are problems where scattering sounds are significant contributors, radiation
problems are predominant in the case of the vibroacoustic problems associated with the
transportation industries. Sound radiation problems can be subdivided into two types of problems,
a) radiated sound power into the free field, and b) transmission problem into the enclosed cavity.

Flow-induced

acoustics
|

Vibroacoustics Flow acoustics

q Radiation | qTransmissionl

The very first and one of the key steps of TBL-induced vibroacoustic modelling is to
estimate the TBL pressure fluctuations. Real-time TBL pressure fluctuations can be measured,
with a large experimental setup, either by using a wind tunnel [8]-[15] or an in-flight test [16]-
[18]. They are really big facilities, and can not always be a feasible option. The TBL excitation is
random and produces a broadband signal. To capture this signal, even if one attempts to use the
established semi-empirical pressure spectrum models, the TBL parameters are to be measured
through experimentation. Therefore, one of the rational options that remain available is to model
turbulence, “the most important unsolved problem of classical physics.” (Richard Feynman).
“When | meet God, | am going to ask him two questions: why relativity? And why turbulence? |
really believe he will have an answer for the first.” Werner Heisenberg.

However, despite the challenges involved, turbulence modelling is attempted for the last
two centuries, starting with French engineer and physicist Claude-Loius Navier (1822) and Anglo-
Irish mathematician and physicist George Gabriel Stokes (1842-1850). They incorporated the non-
linear fluctuating velocity components in the Reynolds stress term in the famous Navier-Stokes
(NS) equations. To estimate the mean velocity and pressure values one has to close the NS
equations by estimating the Reynolds stress term. Joseph Valentin Boussinesq first attempted to
close the NS equations with an eddy viscosity term (1877). In order to capture the varying eddy
viscosity with the varying distance from the wall, Ludwig Prandtl introduced an additional term
‘mixing length’, for the wall-bounded flows. Subsequently, several Reynolds-avergaed Navier
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Stokes (RANS) steady-state turbulence models were developed based on these hypotheses [19]-
[25]. They are Spalart —Allmaras (SA), k — w, k — €, k — w Shear Stress Transport ( k — w SST),
realizable k — €, etc., and are discussed later in this thesis. Joseph Smagorinsky first proposed a
subgrid-scale eddy viscosity model for a large eddy simulation (LES) modelling technique [26],
that was later supplemented with an important system coefficient [27] and implemented in a 3D
turbulent channel flow [28]. LES is an important simulation technique that optimizes the accuracy
and computation cost between RANS and direct numerical simulation (DNS). Detailed
mathematical development of this technique is discussed later on.

The present work uses computational fluid dynamics (CFD) flow modelling to estimate the
pressure fluctuations over a flat plate. RANS simulation provides global mean flow parameters
that are used as inputs to the various semi-empirical wall-pressure spectrum models [16], [17],
[29]-[42]. Empirical or semi-empirical TBL wall-pressure spectrum models are a popular and
efficient choice to estimate the TBL loading over a structural panel, for simple flow and geometry
cases. However, the inputs to these models are traditionally obtained from experiments. Therefore,
the application of RANS simulations makes the process more efficient and cost-effective. The
spectrum models with RANS inputs eventually estimate the wall-pressure power spectral density
(PSD) values. In a different approach, the LES technique is used to directly estimate the local wall-
pressure fluctuations and transformed into pressure PSD using Welch’s technique [43]. In order to
obtain a continuous perturbation, artificial inflow turbulence is generated numerically and used at
the inlet of the domain. This is an improvement to the available commercial LES solvers, such as,
ANSYS Fluent. It is worth noting that for all the CFD simulations the wall under the turbulent
boundary layer (TBL) is considered to be rigid. Once, the pressure fluctuations are estimated they
are used as the loading to the same wall and the dynamic response is estimated considering the
structural wall as flexible. In this process, multiple single-point wall-pressure PSD are correlated
using the spatial coherence function [44], [45], and the cross-PSD is obtained, which is distributed
over the plate. This wall-pressure cross-PSD plays a very important role as input forcing in the
TBL-structure interaction modelling as discussed next.

TBL-induced panel vibration can be efficiently studied experimentally. However, this
involves time and requires expensive set ups. Analytical and numerical techniques are most
common to overcome this problem. It is already reported [46]-[51] that the FE approach of
structural modelling provides the flexibility to model different structures having complex
geometries and boundary conditions, thus making the work more versatile. Following the FE
model of the structural panel, free vibration analysis is performed and these modal responses serve
as the basis to develop the frequency response function (FRF). Subsequently, this FRF is coupled
with previously obtained TBL wall-pressure cross-PSD, and the structural response is estimated
in terms of displacement or velocity PSD.

It is quite obvious that this TBL-excited panel will either radiate sound in the free field or
will transmit into an enclosed space depending on the situation. The sound radiation and/or
transmission phenomenon due to TBL-induced vibration can be modelled either analytically or
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numerically. An integral function based elemental radiator approach is often used to model the
sound radiation behaviour from a flat panel. Following this approach RRM can be developed and
can be coupled with panel velocity PSD to obtain the radiated sound power [18], [52]-[55].
Alternatively, wall pressure spectrum could be decomposed using Cholesky’s technique and this
decomposed pressure fluctuations may be employed and radiated sound power is computed.

The transmission of sound into an enclosed space can be modelled numerically following
a FE-based technique, a better alternative to the previously reported analytical modal expansion
technique [56], [57], in terms of geometry and boundary conditions. In this modelling, first, the
FRF for the panel and the cavity are calculated in the coupled condition. Subsequently, the TBL
force is coupled with the panel FRF and cavity FRF leading to the estimation of panel vibration
and sound pressure level into the enclosure. This model is extended further for a double wall panel
system separated by a smaller cavity and backed by a larger enclosure, which is a more practical
replication of a modern-day aircraft or automobile cabin, subjected to external turbulent
disturbance.

1.2 MOTIVATION FOR THE PRESENT RESEARCH

Through various research, it is observed that the transport vehicles during its operation is subjected
to various noise sources among which low-frequency noise is mostly responsible for human
annoyance. However, with the rapid improvement in the engine technology and several isolation
techniques the mechanical sources of noise have been mostly taken care of while TBL still remains
one of the key noise sources. TBL-excited flexible panels produce broadband noise levels where
the low-frequency regime becomes predominant due to the first few fundamental modes of the
structure and their coupling with the initial acoustic modes. This low-frequency noise is
particularly detrimental when commuters experience this for a very long time. Therefore, it is
essential to address and understand this flow-induced vibroacoustic problem, especially in the low-
frequency regime, in order to produce a more user-friendly transport vehicle attracting a larger
customer base.

It is in this context; the present thesis work focuses on the TBL-excited vibroacoustic
modelling for a flexible panel in a numerical framework. As the prediction of the TBL pressure
fluctuations is essential for the subsequent modelling, various techniques to estimate the TBL
pressure fluctuation are explored. Special emphasis is given to computational turbulence
modelling. The sensitivity of the estimated mean square pressure (MSP) to the different turbulence
models and model parameters is studied extensively in cohort with different wall pressure
spectrum models, and the best predicting combined configuration is proposed. Separate attempts
are made to decompose the wall pressure spectrum to obtain frequency-dependent wall pressure
spectra, and to directly compute real-time wall pressure fluctuations.

As the physical model suggests, the flexible structural panel, if excited by any external
disturbance, perturbs the adjacent acoustic medium and generates sound. Now, if there is no or
negligible reverberation experienced, the free-field sound radiation model can be developed for
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the half-space. If the panel is backed by a relatively smaller enclosure with a significant effect of
the acoustic medium on the panel, the two-way coupled (fully or strongly coupled) model becomes
imperative. In the present thesis work, both one-way and two-way coupling formulation is
employed. The TBL-excited panel vibration and subsequent sound radiation or transmission
models are developed in a FE environment, which provides essential flexibility in terms of
geometry and boundary condition of the structural panel. The present work can therefore be
broadly classified into the following subsections:
1. Estimation of TBL-pressure fluctuations
2. TBL-excited vibration of the flexible panel using the estimated pressure fluctuations
3. Estimation of acoustic radiation and transmission due to a TBL-excited vibrating panel
Based on the physical understanding, the basic components of the present work thus can
be listed as follows:
= TBL wall-pressure estimation
e Semi-empirical model with experimental feed
e Semi-empirical model with CFD-RANS feed
e LES with artificial inflow turbulence
= TBL-induced vibration model
e Structural model
e Fluid-structure interaction model
= Vibroacoustic model for the transmission problem
e Structural model
e Acoustic model
e Coupling of structural and acoustic domains
A brief introduction of the chapters presented in this dissertation is discussed next.

1.3 ORGANIZATION OF THE DISSERTATION

The present dissertation contains six chapters. The current chapter, i.e., Chapter 1, provides a brief
introduction to the TBL-induced vibroacoustic problem, and its adverse aspects related to human
and structural health. A discussion on the approach toward the numerical modelling is also
provided here.

A detailed review of the past research works on turbulence modelling, TBL wall-pressure
estimation, and TBL-excited vibroacoustic modelling techniques is presented in Chapter 2. Both
the sound radiation and transmission modelling are reviewed. The review is broadly classified into
four sections:

1. Past works on TBL wall-pressure estimation (analytical, semi-analytical, computational)
2. Past works on TBL-excited structural vibration
3. Past works involving the TBL-induced free-field vibroacoustic problem
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4. Past works involving the TBL-induced coupled structural-acoustic problems in an enclosed
field
Through a critical appraisal of the past works, the scope of the present research work is
comprehended, and the objectives of the present dissertation are determined. The required steps to
attain the objectives are also described.

One major part of the thesis work is TBL wall pressure estimation, which is covered in
detail and presented in Chapter 3. At first, semi-analytical models are explored in light of their
prediction capability with respect to the wind tunnel experiment or in-flight tests. Next, a detailed
work is performed to identify the sensitivity of mean square pressure (MSP) to the CFD-RANS
turbulence model parameters. This CFD study can particularly be important in the early design
stages where there is no reference experimental TBL parameters are available. The LES technique
powered by artificial inflow turbulence is performed to obtain real-time wall-pressure fluctuations
and the findings are presented in the present chapter.

Once the TBL wall pressure is obtained, the pressure is used as the forcing function that
excites the flexible panel beneath the TBL. Chapter 4 contains the numerical TBL-structure
coupled modelling in the FE environment. The baffled structural panel is modelled using a four-
node linear quadrilateral isoparametric finite element. The dynamic analysis of the panel
eventually estimates the FRF of the structural panel, which in turn gets coupled with the TBL
cross-PSD to finally provide the panel vibration. The numerical results are validated with the
reported experimental results, for both point and surface averaged velocity PSD. The structural
panels are modelled with different boundary conditions, stiffener orientations, and orthotropic
lamina sequences. The panel vibration results are presented and discussed with reference to the
unstiffened and isotropic panel case. In a separate study, Cholesky’s technique is used to
decompose the already obtained wall pressure spectrum, and the resulting frequency-dependent
pressure fluctuation is employed to estimate complex panel response and presented in the later part
of this chapter.

Chapter 5 addresses in detail both radiation and transmission problems due to the TBL-
excited vibrating structural panel. In the first part of this chapter, a weak one-way coupling is
assumed for the free-field radiation problem and is detailed with governing equations, numerical
modelling, and implementation of the radiation resistance matrix (RRM). This RRM is then
coupled with the panel velocity PSD to compute the radiated sound power. The numerically
estimated radiated sound power is validated with established analytical results and is presented. In
the validation work, structural panel is modelled both as a tensioned and a non-tensioned panel.
Subsequently, TBL-induced free-field sound radiation estimation is carried out for different
orthotropic lamina sequences. This work is then extended for double wall panels also, where the
fully coupled structure-acoustic modelling is performed, as discussed in the following part.

In the second part of the Chapter 5, a FE model is developed to capture the mechanism of
sound transmission into an enclosed cavity due to TBL-excited flexible panel vibration. The
structural panel is modelled as described in Chapter 4. The acoustic domain is modelled as an 8-
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node brick element with pressure as another degree of freedom. The detailed mathematical
formulation to couple the structural and the acoustic domains is presented. The TBL cross PSD is
used as the force to finally estimate the panel vibration and the pressure within the enclosure in a
fully coupled condition. This work is further extended for a panel-gap-panel-cavity system. The
required formulation is developed and numerically implemented. The results are validated with
previously reported analytical results. This work is then performed with different panel and gap
thicknesses, the results are presented and discussed.

Finally, Chapter 6 concludes the dissertation on the basis of the works presented in the
previous chapters. It also summarizes the efforts and contributions of the present research work.
The scope of further research is also discussed.
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CHAPTER 2: LITERATURE REVIEW

2.1 INTRODUCTION

The study of TBL-excited structural vibration and the resulting sound radiation and transmission
mechanism is a complex and multidisciplinary subject. The study deals with fields like fluid
dynamics, structural mechanics, vibration, acoustics, and their coupling and use them as
components of the overall study. Therefore, it is crucial to understand each one of these
components separately to comprehend their mutual coupling in the later part. The estimation of
TBL pressure fluctuations, modelling of TBL-structure interactions for calculating panel vibration
responses, and coupled structural-acoustic modelling to simulate sound transmission and radiation
phenomena make up the primary focus of the present study. These various areas have been the
focus of work of several researchers, which ultimately improved the overall TBL-induced
vibroacoustic study.

It is important to note at this point that because the current research focuses on TBL-induced
vibroacoustics for flexible panels, the review of literature is kept limited to the scope of the flow-
induced vibration and sound radiation/transmission study, along with various supporting
techniques. In order to keep a focus on the main theme of the present study the study on panel
vibration due to mechanical loading or acoustic energy transmission through single or double rigid
walls is kept out of the purview of the literature review. A succinct classification of the earlier
literature is given in the following subsection.

2.2 OVERVIEW AND CLASSIFICATION OF PREVIOUS LITERATURE

The focus of the current work is on the elements of flow-induced vibroacoustic study, as the
introduction suggests. As a result, the literature review of the earlier works is also divided into a
variety of pertinent sections and discussed in the following few subsections. Estimating the TBL
wall-pressure fluctuations is one of the key elements. Several researchers and research groups have
carried out studies to estimate pressure using various methods, which are described in subsection
2.3. These methods include a) analytical and semi-analytical pressure spectrum models; b)
computational fluid dynamics (CFD) simulations; RANS simulation to feed semi-analytical
pressure spectrum models; and c¢) LES to measure direct real-time wall pressure fluctuations. The
results of the wind tunnel experiments or the data from in-flight tests serve as the foundation for
all of the empirical or semi-analytical pressure prediction models. There are a very few works that
recognize the use Cholesky's method to decompose the wall pressure spectrum in the frequency
domain so that it can be used in the ensuing vibroacoustics studies. However, no explicit study
using the Cholesky’s technique is reported so far. Subsection 2.4 discusses the TBL-structure
coupling models that have previously been developed and reported. The earlier research on
coupled structure-acoustic modelling methods for the free-field sound radiation from TBL-induced
vibrating flexible panels is covered in this section. This section reviews the structural modelling
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of stiffened and tensioned panels with a focus on the modelling research for orthotropic laminated
composite panels. The discussion includes both analytical and numerical developments.

It is necessary to understand the behaviour of the fully coupled structure-acoustic domain in order
to model sound transmission into an enclosure. Therefore, with a focus to estimate sound
transmission into an enclosed cavity, previous works on structure-acoustic coupling techniques are
reviewed in subsection 2.5.

2.3 REVIEW OF PREVIOUS WORKS ON TBL WALL PRESSURE ESTIMATION
STUDY

The initial step in the flow-induced vibroacoustic study, TBL wall pressure estimation determines
how accurately the subsequent vibration and sound radiation/transmission calculations will be
made. On the other hand, cost is also a major factor in real-world projects. As a result, the accuracy
and expense of earlier TBL wall pressure estimation attempts are kept into the account.

2.3.1 Analytical and semi-analytical techniques

Analytical formulae were the only practical choice for wall pressure estimation prior to the rapid
expansion of computational or large experimental facilities. Kraichnan [58] developed an
analytical model in one of the earliest attempts to forecast wall-pressure fluctuations brought on
by turbulence. A similarity argument is used to describe how his work expresses the wave number
spectrum of the pressure fluctuation distribution over the surface of the plate in terms of transforms
of two-point velocity correlations. The spectrum and correlation function of the surface pressure
distribution is compared to the corresponding functions for a homogeneous turbulent flow using
an idealized model of TBL flow. It is concluded that the mean velocity profile and the two-point
quadratic correlation of the fluctuating velocity component perpendicular to the boundary surface
should be the only variables that significantly influence the pressure fluctuations. There aren't
many presumptions, such as adiabatic conditions, low compressibility, and a slow rate of boundary
layer growth.

In his analytical work, Lowson [39] derived the governing equations for the pressure
fluctuations in TBL from the known empirical formulations of RMS pressure fluctuations,
obtained from experimental results and referring to incompressible Navier-Stokes equations. The
attached boundary layer is discussed with the advancement of a new hypothesis, creating the
physical framework for understanding pressure fluctuations. Thereafter this approach is applied to
separated boundary layers also. Failure of some assumptions made in the previous case indicated
a new source of pressure fluctuation in the separated boundary layer case. Lowson pointed out that
Kraichnan found the ratio of the turbulence-turbulence contribution to that of the turbulence-mean
shear as 1:32, which is estimated by Lilley-Hodgson [59] as 1:20. This suggests turbulence-mean
shear interaction to be the predominating factor for the wall-pressure fluctuations. But, as per
Corcos [44], the ratio is 1:1.6 which keeps the issue alive.
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With the rapid advancement in experimental fluid mechanics empirical and semi-empirical
models were developed to estimate TBL wall pressure. Turbulent Boundary Layer (TBL) wall
pressure spectrum models aim to predict the statistical properties of wall pressure fluctuations in
turbulent boundary layer flows. These models have been developed based on empirical
formulations and theoretical considerations. In this section, several commonly used TBL wall
pressure spectrum models are discussed in detail.

Lighthill's Acoustic Analogy

Lighthill's acoustic analogy provides a theoretical framework for predicting the wall pressure
spectrum in turbulent flows. According to this analogy, the wall pressure fluctuations are related
to the fluctuating vorticity field near the wall. Lighthill's formulation expresses the wall pressure
spectrum as a convolution of the wall-shear spectrum and the quadrupole source spectrum. The
wall-shear spectrum is often approximated using empirical relations derived from experimental
data, while the quadrupole source spectrum can be estimated based on the flow conditions and
geometries.

Curle's Analogy

Curle's analogy, similar to Lighthill's acoustic analogy, relates the wall pressure fluctuations to the
vortex sheet strength along the wall. It assumes that the vortex sheet acts as a distributed noise
source. Curle's formulation provides an expression for the wall pressure spectrum in terms of the
vortex sheet strength and its spatial distribution. The vortex sheet strength is typically determined
using experimental data or by solving appropriate integral equations. Curle's analogy has been
widely used in aeroacoustic studies to estimate the noise generated by turbulent boundary layer
flows.

Kirchhoff's Analogy

Kirchhoff's analogy is based on the assumption that the wall pressure fluctuations can be
represented as the diffraction of incident sound waves by an equivalent scattering surface. This
analogy considers the reflection and transmission coefficients of the equivalent surface to calculate
the wall pressure spectrum. The coefficients are derived from the knowledge of the mean flow and
acoustic properties of the boundary layer. Kirchhoff's analogy is particularly suitable for high-
frequency sound predictions in the near-field of turbulent boundary layers.

The Compressible Fluctuating Pressure Equation (CFPE) Model

The CFPE model was developed to predict the wall pressure spectrum in compressible turbulent
boundary layers. It incorporates the effects of compressibility and temperature fluctuations on the
wall pressure fluctuations. The CFPE model uses a linearized form of the compressible Navier-
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Stokes equations to derive an equation for the wall pressure spectrum. The model requires the
knowledge of the mean flow properties, turbulence statistics, and the sound speed of the fluid. The
CFPE model has shown good agreement with experimental data for high-speed flows.

Spectral Element Method (SEM) Models

Spectral Element Method (SEM) models employ high-order spectral discretization techniques to
solve the linearized compressible Navier-Stokes equations for the prediction of wall pressure
spectra. These models capture the complex spatial and temporal characteristics of wall pressure
fluctuations in turbulent boundary layers. SEM models have been successful in predicting the wall
pressure spectra in a wide range of flow conditions, including low-speed and high-speed flows.
They provide detailed information about the spatial distribution of the wall pressure fluctuations.

Data-driven Models

Data-driven approaches, such as machine learning techniques, have gained attention in recent
years for modelling turbulent boundary layer wall pressure spectra. These models utilize large
datasets of experimental or numerical simulations to learn the mapping between flow features and
wall pressure fluctuations. Machine learning algorithms, such as artificial neural networks and
support vector machines, can capture the nonlinear relationships and provide accurate predictions.
Data-driven models offer potential advantages in capturing complex flow physics and reducing
the reliance on empirical formulations.

It is important to note that the choice of TBL wall pressure spectrum model depends on the
specific flow conditions, desired accuracy, available data, and computational resources. Each
model has its strengths and limitations, and careful consideration should be given to the underlying
assumptions and validation against experimental results. Common approaches include the one-
dimensional PSD models, which provide frequency domain representations of wall pressure
spectra. Other models incorporate more complex representations, such as the superposition of
discrete frequencies or wavelet-based methods. These empirical models often involve adjustable
parameters, which are calibrated using experimental data.

Fundamentally, three types of empirical and semi-empirical TBL models are reported in
the literature namely a) Mean-square pressure models, b) single-point wall-pressure spectrum, and
¢) the normalized wavenumber-frequency spectrum. The mean-square pressure is a measure of the
total energy due to TBL pressure fluctuation where the single-point wall pressure spectrum and
normalized wavenumber-frequency spectrum essentially represent the same spectral information
but in different forms.

Exploration of pressure fluctuations associated with turbulent boundary layers has been a
subject of significant interest spanning several decades. The primary focus on turbulent boundary
layers and pressure fluctuations revolves around concerns related to structural vibration and noise
generation. Gaining insights into the behaviour of velocity and pressure fluctuations arising from
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turbulent boundary layers is crucial for understanding the origins of noise generation.
Consequently, numerous researchers have dedicated themselves to extensive experimental and
computational investigations within this realm.

In the year 1962, Willmarth and Wooldridge [8] undertook an experimental study with the
aim of quantifying wall-pressure fluctuations. Their findings revealed that the fully turbulent tube
flow exhibited the highest convection speed for low-frequency pressure fluctuations. Additionally,
they observed that both small- and large-scale wall-pressure fluctuations displayed similar
transverse and longitudinal scales. Williams and Lyon [60] formulated an equation for the resonant
vibration response of a flat plate in the presence of a low-speed turbulent boundary layer.
Pioneering work in this field was also carried out by Corcos [44], [61], who explored various
aspects of near-wall turbulent boundary layer flow. In 1963, Corcos [44] investigated the effect of
transducer size on measurements, highlighting the presence of significant errors associated with
certain sizes. Furthermore, Corcos proposed a model for the frequency cross spectrum, which later
prompted refinements by subsequent researchers. In a separate study, Corcos [61] examined
statistical properties of the pressure field at the wall of turbulent attached shear flows. Willmarth
and Roos [62] examined the impact of finite-sized circular transducers on wall-pressure
measurements beneath a turbulent boundary layer. In 1964, Williams [63] put forth a
compressibility-based theory describing surface pressure fluctuations within the boundary layer
on a rigid surface. Chase [64] conducted measurements of the area-averaged turbulent boundary
layer pressure spectrum using transducers of varying stream wise sizes, incorporating arbitrary
spatial responses in the high-frequency domain. Additionally, Chase proposed an approximate
form of the wave number frequency spectrum of pressure on the wall for the turbulent boundary
layer, introducing the elliptic model [65], [66]. In 1982, Efimtsov [29] carried out an experimental
investigation to measure pressure fluctuations on the surface of aircraft. The tests were conducted
at large Reynolds numbers and a Mach number range of 0.41 to 2.1. Another experimental study
conducted in a wind tunnel by Schewe [67] investigated the statistical properties of the
characteristic wall pressure structures by signal averaging, its connection with the phenomena
occurring in the buffer layer and visual analysis in the time domain. This work involved the
measurement of wall-pressure fluctuations using pressure transducers of different sizes. Schewe
emphasized the significance of maintaining a small ratio between the pressure transducer size and
the smallest relevant length-scale of the flow. Experiments conducted by McGrath, [68] led to
obtaining rational and consistent surface pressure fluctuation results for zero and favourable
pressure gradient flows. Chandiramani [69], [70] modified the theory of sound transmission across
an isotropic flat plate to be applied for high convective wavenumbers.

The investigation of turbulence modelling in aeroacoustics and underwater sound has
garnered significant attention. Mellen [71] conducted a study on convective turbulence modelling
and noted that the predictions of the Corcos [44] model were excessively high below the
convective peak. To address this, Mellen proposed the elliptic model as a modification to the
frequency cross spectrum of the Corcos model. Choi and Moin [72] performed a numerical
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investigation utilizing direct numerical simulation (DNS) to compute the three-dimensional
frequency wavenumber spectrum of wall-pressure fluctuations. Chase [73] examined the
properties of the wave-vector-frequency spectrum of fluctuating pressure in a turbulent boundary
layer flow over a smooth plane at low Mach numbers. Farabee and Casarella [35] carried out an
experimental investigation on the spectral features of wall-pressure fluctuations beneath the
turbulent boundary layers. Their results demonstrated the sensitivity of the wall-pressure field to
energized structures in the outer flow. They recognized the turbulent source regions within the
boundary layer as an important contributor to the frequency spectra of low-, mid-, and high-
frequency ranges of the wall pressure field and frequency cross-spectra of the wall pressure
fluctuations beneath a fully developed turbulent boundary layer. Keith et al. [74] compared
turbulent boundary layer wall-pressure spectra from multiple studies. Mellen [66] further studied
the analytical model proposed by Corcos and extended the comparison between the Corcos model
and the elliptic model, including implications for wave vector filter experiments. Lueptow [75]
investigated the impact of pressure transducer size on the accuracy of wall-pressure measurements
beneath a turbulent boundary layer. Manoha [76] conducted an experimental investigation in a
hydrodynamic tunnel to validate available semi-empirical models. The comparison between
simulated and measured estimators indicated that Chase's model outperformed other models in the
low wavenumber and convective domains. Additional investigations in the field of wall-pressure
fluctuations in turbulent boundary layers were conducted by Bull [77], Sawada et al. [78], and
Abraham and Keith [79]. Experiments of Gravante et al. [80], indicated that the wall region of the
boundary layer is the governing source of the high-frequency pressure fluctuations. Efimtsov et
al. [33] performed extensive investigations on forward and backward steps and proposed pressure
fluctuation spectra for each case. Smol'yakov [81] developed a method for calculating wall-
pressure spectra in turbulent boundary layers based on modelling the wavenumber spectrum of the
sources resulting from the interaction of turbulence with mean shear. The calculated spectra and
root mean square (RMS) values of pressure fluctuations were compared with experimental data,
showing good agreement. Experiments to measure surface pressure fluctuations beneath low
Reynolds number, two-dimensional turbulent boundary layers and high Reynolds-number three-
dimensional boundary layers were performed by Goody and Simpson [14]. Tkachenko [82]
examined the conditions for the existence of similarity in the non-dimensional cross spectra for
frequency and spacing. Wang [83] developed a numerical procedure using a combination of large
eddy simulation (LES) with wall modelling to simulate wall-bounded flows. This cost-effective
method provided accurate predictions of low-order velocity statistics. Smol'yakov [84] continued
investigations on the noise generated by turbulent boundary layers over plates and demonstrated
that the logarithmic region of the velocity profile contributed to a zone of quadrupole noise
spectrum with a hyperbolic frequency dependence. The study also showed that the surface
roughness increased the radiation levels of a boundary layer flow in a certain frequency range.
Efimtsov et al. [85] analyzed flight test data of pressure fluctuations (on Tu-144LL) in front of
forward-facing and behind backward-facing steps across a Mach number range of 0.57 to 1.97.
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Efimtsov et al. [86], [87], and Smol'yakov and Tkachenko [84] conducted studies on measuring
wall-pressure fluctuations under different conditions. In 2004, Goody [41] presented an empirical
model for the surface pressure spectrum, which demonstrated good agreement with experimental
data. Rackl and Weston [16] adjusted the Efimtsov model based on in-flight test data [17] and was
eventually established as the best predictor of the wall pressure spectrum in the low to medium
frequency. Rocha and Palumbo [88] investigated the sensitivity of fuselage sidewall sound
radiation corresponding to changes in TBL parameters. Wall pressure fluctuations measurement
and direct measurements of wavevector-frequency spectra have been performed by Salze et al.
[13]. A statistical post-processing technique was developed by Blitterswyk and Corey [89] for
extracting coherent motions using intermittency of energy in the wavelet coefficients.
Shahmohamadi and Rashidi [90] conducted experiments on a flat plate in a wind tunnel and
suggested two new correlations for the friction coefficient and boundary layer thickness as
functions of Reynolds number. In a very recent work Thomson and Rocha [12] adjusted Goody
model based on flight test experiments conducted near the range of M = 0.7 and found the adjusted
model to predict the magnitude and the shape of the pressure spectrum really well. They extended
their work on semi-empirical pressure spectrum modelling to favourable pressure gradient [91].
Data from the wind tunnel experiments or CFD are fetched into semi-empirical model to
estimate zero pressure gradient (ZPG) turbulent boundary layer (TBL) wall-pressure spectrum
models with different TBL parameters. There are several semi-empirical single-point wall-
pressure spectrum models available and widely used for practical purposes. However, these
models are essentially dependent on the feeding of the experimental data. Here, a very interesting
attempt was made by Leneveu et al. [92] to combine CFD simulation data and semi-empirical
pressure spectrum models. They carried out CFD simulation using OpenFOAM solver, replicated
the experimental data of Salze et al. [13], [93], and used these mean flow parameters as inputs to
the semi-empirical pressure spectrum model. This work prepared the base of a reliable and efficient
technique for wall pressure estimation, which is explored in detail and reported in Chapter 3.

Computational Fluid Dynamics (CFD)

Computational Fluid Dynamics (CFD) enables the estimation of turbulent boundary layer wall
pressure by simulating the complex behaviour of turbulent flows near solid surfaces. By selecting
appropriate turbulence models, defining accurate boundary conditions, optimizing mesh
resolution, and configuring the solver settings, engineers can obtain valuable insights into the
pressure distribution along the wall. CFD plays a crucial role in the design and analysis of various
engineering systems, contributing to improved performance, safety, and efficiency. Generally, the
CFD models can be classified in three broad categories.

Reynolds-averaged Navier Stokes (RANS) can accurately predict the time-averaged global flow
quantities. However, it is unable to capture the varying quantities at their local scales. Models for
Large Eddy Simulation (LES): These models model the eddies of smaller length scales and resolve
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the large eddies up to a scale that is almost equal to the grid size. These models are able to predict
the varying values up to a length scale, which is thought to hold the majority of the total energy.
The turbulence phenomenon in actual flow problems can therefore be well approximated by these
models. The most reliable and computationally intensive method is supposed to be the direct
numerical simulation (DNS), where unsteady Navier-Stokes equations are solved at every node.
This method is the most trustworthy, but it comes at a high computational cost.

Reynolds-averaged Navier Stokes (RANS) Modelling

The Reynolds stresses are the ones that are to be computed, to find a solution to the RANS
Equation. To solve this, Boussinesq made an assumption in 1877 known as the Boussinesq
hypothesis or Eddy-viscosity model (EVM). In this hypothesis, turbulence, here fluctuations which
are in the form of eddies, are considered as particles in Brownian motion, although turbulence is
not random in nature. But turbulence is caused by the shear of faster-moving fluid particles over
slower-moving fluid particles and there is a momentum transfer from the faster to the slower-
moving fluid particles. This can be further justified by saying that momentum is transferred in the
direction of the velocity gradient. This is further explained in the mathematical formulation in
Chapter 3.

In complicated flows, a model for the large-scale motion of inhomogeneous turbulence
which enables the stresses in the turbulence to be estimated was given by Kolomogorov [94]. The
standard k — e model was presented in [95], in which the local turbulent viscosity was calculated
from the solution of transport equations for the turbulence kinetic energy and the rate of energy
dissipation. A form of the model was provided that is appropriate for regions with low turbulence.
The model was employed to predict wall boundary-layer flows where stream wise accelerations
are so significant that the boundary layer partially turns back to laminar, and the turbulence
structure is directly affected by viscosity. The application of this model in some practical cases
like isothermal low Reynolds number pipe flows, wall boundary layers with stream wise pressure
gradient and wall injection are detailed in [96]. It has been observed that the structure of the viscous
sublayer exhibits a notable influence on the flow of a variety of turbulent shear flows. The
turbulence model used here, calculates the turbulence energy and turbulence dissipation rate using
transport equations that are solved in parallel with the conservation equations for the mean flow.
As a place of improvement, the authors suggested adjustment in the model coefficient, C, and
similar refinements on the other viscosity dependent terms. The provision of a transport equation
for the turbulent shear stress in the mean momentum equation was also suggested, hence the
variables k and e would remain the unknowns, necessitating the retention of the transport
equations for these variables as well. Such a model was proposed by [97], but applicable
specifically to regions where the viscosity has no direct impact on turbulence. The discrepancy
and the evolution of the standard k — e model is further addressed in [98] and [99]. Numerical
predictions of turbulent flow are reviewed in [98] and it was shown that the turbulence models that
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calculate the magnitudes of two turbulence quantities, the turbulence kinetic energy k and its
dissipation rate, €, from transport equations in tandem solved with those governing the mean flow
behaviour are best suited for computational economy, range of applicability, and physical realism.
The numerical applicability of the model was exemplified by using numerical calculations of nine
significantly different types of turbulent flow. This type of model allowed for the prediction of
both near-wall and free-shear flow phenomena without requiring modifications to constants or
functions and successfully accounts for many low Reynolds number features of turbulence whose
application resulted in reliable estimates of flows with recirculation in addition to those of the
boundary-layer type. The wall functions used were based on the assumption that the length scale
is a universal function of distance from the wall, and the low Re formulation was given. In the
work of Launder et al. [99], the flow generated by a rotating disc in a quiescent atmosphere was
considered that produces very high gradients of swirl velocity in the proximity of the disc which
in turn highlights previously unnoticed terms in the kinetic energy and dissipation equations. This
application thus provided a test of the model's universality for a significant class of fluid flows. It
has been discovered to forecast accurately the flow, heat, and mass transfer in the vicinity of a
revolving disc to predict certain low-Reynolds-number phenomena in boundary layers and duct
flows, the outcome of which is important for estimating convective heat transfer rates in turbine
discs. The model coefficients of the standard k — e model estimated by [95], [98], [99] are shown
in Table 2.1

Table 2.1 Evolution of the model coefficients of the standard k — e model
Model Ok Oc Cy C, G
Jones & Launder [95] 10 13 155 20 0.09
Launder & Spalding [98] 1.0 13 144 192 0.09
Launder & Sharma [99] 10 13 144 192 0.09

The CFD software like OpenFOAM, ANSYS Fluent, CFX, StarCCM uses the model coefficients
given by Launder et al. [99].

The k — w model originated as a development of the k — e model as the latter cannot accurately
predict boundary layers with adverse pressure gradients like that required in aerodynamics and
turbomachinery, for instance separation in the trailing edge of an aerofoil for high angle of attack
and in diffusing sections where the area increases. If k — e model is used, then the point of
separation of flow is predicted incorrectly and thus there are huge differences in the predicted flow
parameters like coefficient of lift and drag than the actual ones. To overcome the above-mentioned
problem, various other turbulence models were developed with time, the first one by Wilcox [100].
Many literatures have shown that small changes in freestream turbulent kinetic energy led to large
changes in the turbulent viscosity and skin friction coefficient and the absence of cross diffusion
term is the reason for which various values of the coefficients has been suggested by [101]. This
affects the forces on the body and the inception of flow separation. Now, for an adverse pressure
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gradient, the point of flow separation occurs where the coefficient of skin friction is zero and this
depends on the freestream turbulence conditions. The remedy for this limitation of both the models
was proposed in [102]. A blend of both the models is used by using the k — € model far away from
the wall in the free stream when it is not susceptible to small changes in k and w; and then near
the wall the k — w model is used. In between these, a blend of both the models is used which forms
the basis of the k — w SST model [21]. Wilcox [20] incorporated some changes in the model
proposed in [21] in the form of turbulent eddy viscosity, constants and auxiliary functions that was
present in the k — w model. The one-equation Spalart-Allmaras model was proposed at this time
by [23] as an improvement over the k - € model, to build a model that can predict boundary layer
for adverse pressure gradients, which is even complicated when shocks are present, like that in the
case of supersonic flow. The k — w model is further revisited in [103] in order to address and
improve its sensitivity to free-stream boundary conditions on omega. The addition of only one new
closure coefficient and a modification to the influence of eddy viscosity on turbulence parameters
has been done, due to which, a substantially enhanced model that applies to both boundary layers
and free shear flows and has very minimal sensitivity to finite freestream boundary constraints on
turbulence parameters has been developed. The model outperforms previous versions in terms of
accuracy for even more intricate separated flows.

A new model dissipation rate equation based on the dynamic equation for fluctuating
vorticity and a new realizable eddy viscosity formulation, and a new eddy viscosity formulation
had been proposed in [104]. These equations ascertain realizability and hold the effect of mean
rotation on turbulence stresses. Applications are in rotating homogeneous shear flows, channel and
flat boundary layer flows with and without pressure gradients, boundary-free shear flows and
backward facing step flows. This model is studied to be numerically more stable in turbulent flow
calculations as the spreading rate anomaly of planar and round jets was removed completely.
Some of the eddy-viscosity models used in this work are: k — e, k — w, k — w SST, realizable
k — €, Spalart Allmaras models (RANS) and Smagorinsky, Dynamic Smagorinksy models (LES).
A detailed explanation of statistical turbulence modelling is given in [105]. The journey from
general Navier-Stokes equation to the closure of Reynolds stresses and solving of unknown scalar
fluxes through various turbulence modelling is given in this book. Another detailed explanation
regarding turbulent flows, RANS, LES and Probability Density Function (PDF) are given in [106].
The mathematical concepts and model equations are developed for various approaches. In this
book, it is concluded that the suitability of a particular model depends on a weighted combination
of various criteria specific to a particular turbulent flow problem.

There are certain limitations to the Eddy Viscosity models mentioned in [107]. A cubic
relation between the strain, vorticity, and stress tensor was proposed in this study which captures
the effects of streamline curvature across a variety of flows better than the traditional eddy-
viscosity scheme. The variety of flows taken into account range from pipe flow and simple shear
at high strain rates to flows with severe streamline curvature and stagnation. The processing time
needed for this kind of cubic closure was found to be just 10% longer than for a linear EVM. Other
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turbulence closure models along with cubic k — € model is Reynolds stress, Full Sub-grid scale
models.

Large Eddy Simulation (LES) Modelling

Large Eddy Simulation (LES) is a computational fluid dynamics (CFD) technique that has gained
significant attention in recent years for simulating turbulent flow phenomena. It provides a balance
between the computational cost of Direct Numerical Simulation (DNS) and the limitations of
Reynolds-Averaged Navier-Stokes (RANS) models.

The development of Large Eddy Simulation (LES) can be traced back to the mid-1960s,

although its foundations were laid much earlier with the advent of turbulence research. LES
emerged as the computational fluid dynamics (CFD) technique aimed at resolving the large-scale
turbulent structures while modelling the small-scale structures. The historical development of LES
can be understood through key milestones and advancements in subgrid-scale modelling.
The study of turbulence began in the early 20th century, with pioneers like Osborne Reynolds and
Albert Einstein. In the 1940s and 1950s, researchers such as Theodore von Karman and Ludwig
Prandtl made significant contributions to the turbulence theory. In the 1960s, the concept of Direct
Numerical Simulation (DNS) was introduced, which involved solving the Navier-Stokes equations
without any turbulence model. However, DNS was computationally expensive due to the need to
resolve all scales of turbulence, limiting its practical application.

In the late 1960s, the concept of subgrid-scale (SGS) modelling emerged as a way to

represent the unresolved small-scale turbulent motions in numerical simulations. Deardorff [108]
introduced the first eddy viscosity model for SGS modelling, which later became known as the
Deardorff model. The Deardorff model treated the unresolved turbulent motions as a diffusive
process with an eddy viscosity coefficient. Despite its simplicity, the Deardorff model proved to
be a significant step towards LES by providing a means to account for the unresolved scales.
In the early 1970s, Joseph Smagorinsky [26] developed a groundbreaking subgrid-scale model that
became widely known as the Smagorinsky model. The Smagorinsky model extended the concept
of eddy viscosity by introducing a dynamic approach based on local flow properties. The model
estimated the eddy viscosity coefficient using a subgrid-scale length scale and the local strain rate
of the resolved scales. The Smagorinsky model was simple yet effective, and it remains one of the
most widely used subgrid-scale models in LES to this day. Later, Lilley contributed significantly
to the development of important coefficient value [27].

Following the introduction of the Smagorinsky model, researchers focused on developing
more accurate and advanced subgrid-scale models. Germano et al. [109] proposed the dynamic
procedure, which improved the Smagorinsky model by dynamically estimating the eddy viscosity
coefficient based on resolved-scale quantities. Other popular subgrid-scale models include the
scale similarity model, the mixed model, and the dynamic Lagrangian model, among others.
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These models aimed to capture the complex interactions between the resolved and the
unresolved scales more accurately.

In the early years, DNS was the primary method for simulating turbulence, providing
highly accurate results but limited to low Reynolds number flows. As computational resources
became more powerful, researchers sought to develop techniques that bridged the gap between
DNS and traditional turbulence models. LES emerged as a promising approach that could simulate
high Reynolds number flows by resolving the larger scales and modelling the smaller scales. The
LES methodology enabled the study of turbulent flows in practical engineering applications with
a reasonable computational cost. In the late 20th century and early 21 century, LES saw
significant advancements and applications in various fields. LES has been extensively used in
aerospace engineering for studying aircraft aerodynamics, jet engines, etc.

The three-dimensional, time-dependent primitive equations of motion were numerically
integrated by Moin et al. [110] for a turbulent channel flow using a partially implicit numerical
method and an eddy viscosity model to simulate residual field motions and large-scale fields. A
method for performing nested grid calculations with a large-eddy simulation code was described
by Sullivan et al. [111]. They observed that inter-grid communication matches the velocity,
pressure, and potential temperature fields in the overlapping region. Simulations of a convective,
strong shear planetary boundary layer were carried out with varying surface-layer resolutions in
their work. With surface-layer grid nesting, significant increases in resolved eddy fluxes and
variances were found. The energy-scale content of the vertical velocity was mostly influenced by
increased grid resolution. Outside of the nested region, average heat and momentum fluxes and
spectra were slightly influenced by the fine resolution in the surface layer. Koren and Beets [112]
modelled subgrid-scale effects implicitly through a monotone discretization method, resulting in
satisfactory results for large-eddy simulation. Okong’o and Knight [113] developed an
unstructured grid algorithm for tetrahedral cells for large eddy simulation. Inviscid flux
computations were performed by applying a Riemann solver, viscous fluxes and heat transfer were
obtained by Gauss' theorem. The numerical scheme is explicit with second-order spatial and
temporal accuracy. They compared the results with DNS and experiments. Mahesh et al. [114],
[115] developed a numerical algorithm and solver that can perform large eddy simulation in
geometries as complex as a gas-turbine engine’s combustor. The algorithm created for
unstructured grids is robust at high Reynolds numbers on highly skewed grids and non-dissipative
at low Reynolds numbers. They simulated results for the incredibly complex geometry of a Pratt
& Whitney gas-turbine combustor along with results from validation in simple geometries. Balaras
[116] introduced an interpolation scheme to simulate large-eddy simulations around complex
boundaries on Cartesian grids. It is second-order accurate and mimics solid boundaries accurately,
with results in good agreement with analytical and numerical data. Templeton et al. [117] proposed
a near-wall treatment based on eddy viscosity, to allow large eddy simulation to be run on coarse
grids. In their formulation they combined eddy viscosity in the vicinity of the wall with boundary
conditions that impose wall stress. They used an averaged velocity profile of a resolved large eddy
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simulation of a channel flow at Re = 395 to calculate the wall stress and eddy viscosity, both of
which have a Reynolds-averaged Navier Stokes (RANS) like character and were used to tabulate
instantaneous quantities. Using the resolved turbulent stress, the tabulated eddy viscosity is further
corrected. They presented numerical results for a Reynolds number ranging from 395 to 100000.
Frohlich et al. [118] presented block-structured Finite VVolume Large Eddy Simulations of plane
channel flow at friction Reynolds numbers of 180 and 395, reducing computational cost by using
local grid refinement and subgrid-scale models. They found that the computed fluctuations are
significantly impacted by numerical discretization. In their investigation Sengupta et al. [119]
observed that the discontinuous Galerkin (DG) spectral element method secures geometrical
flexibility, allows for arbitrary order of accuracy, and has excellent stability properties. Bose et al.
[120] used explicit filtering in large-eddy simulation in order to obtain a numerical solution that is
grid-independent. The convergence of simulations for a turbulent channel flow at Re =180, 395,
and 640 that use a fixed filter width and a variety of mesh resolutions to a real large-eddy
simulation solution is examined. It is demonstrated through the use of explicit filtering that the
mesh resolution has no effect on turbulent statistics or energy spectra. Drikakris et al. [121]
concluded that the high-resolution LES methods are needed to accurately simulate complex flows,
with results from implicit LES for a range of flows and schemes.

In an extremely important investigation on grid resolution, Choi and Moin [122] modified
the resolution requirements for large eddy simulation, as estimated by Chapman [123] using
precise formulae for high Reynolds number boundary layer flow. That updated estimates show

that while a wall-resolving LES requires grid points as N~ReL1:/7, where L, is the flat plate length

in streamwise direction, a wall-modelled LES requires N~Re,_. On the other hand, N~ReL3x7/14 is
needed for direct numerical simulation (DNS) to resolve Kolomogorov length scale.

24 REVIEW OF EARLIER WORKS ON TBL-STRUCTURE INTERACTION
MODELLING AND FREE FIELD SOUND RADIATION

One of the most comprehensive works on the problem of flow-induced panel vibration and noise
radiation inside a typical aircraft cabin can be attributed to Maury et al. [53]. They estimated the
TBL-induced vibroacoustic response by using harmonic deterministic forcing function to prepare
the structural response function, and the stochastic description of the TBL wall-pressure
fluctuations as the external forcing [124]. At cruising conditions, a typical aircraft skin panel
experiences longitudinal and transverse tension due to pressurization. In order to replicate the real
condition, they took into account the in-plane tension, alongside non-tensioned panels. Through
their modal-expansion technique-based analytical model, they found that each structural mode
independently radiates sound power, necessitating the vibration of each mode to be controlled in
an independent manner. On increasing the structural damping from 1% to 5% the resonant peaks
are found to be damped and an overall reduction of 10dB in inwardly radiating sound power is
observed. Besides the structural damping, they identified two other significant parameters
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affecting the flow-induced sound radiation; a) the hydrodynamic coincidence, and b) the radiation
efficiency of the structural modes. In a set of complementary works, they first discussed the
generalized vibroacoustic theory combining system response to the deterministic harmonic
excitation, and the stochastic forcing such as TBL excitation [54] and then compared the developed
analytical model with experimental results for high subsonic turbulent flow [55]. They performed
the convergence study with different structural mode numbers in order to determine the number of
highly excited non-resonant modes and neglected the radiation damping which was found to be
less significant in comparison to the structural damping. They observed that the influence of cross-
modal coupling terms on the overall response of the plate is negligible and thus can be neglected.
This in turn drastically reduces the computational cost.

One of the earliest attempts to develop a quasi-numerical model describing TBL-induced
sound radiation from a single, flat, elastic, isotropic vibrating panel can be attributed to W. R.
Graham [125], [126]. He used the analytical modal expansion technique for plate modelling and a
combined computational-asymptotic technique [127] to evaluate the modal integral and eventually
estimated the dimensionless radiated power spectrum. He considered the wall pressure as the
combination of the boundary layer pressure on a rigid wall and plate vibration-induced acoustic
pressure [128]. He concluded that increasing structural damping, decreasing plate stiffness, and
the number of stiffeners reduce the radiated sound power. The effect of resonance between TBL
and plate elastic wave velocity is found to be insignificant for smaller variations in cruising speed
and structural parameters.

Hwang et al. [48] formulated the coupling of structural mode and flow in all three regions
including the intermediate region between low and high wavenumber and observed that this
particular region is of significance in cases. They used various boundary conditions for plate
response prediction and found that in the case of simply supported and clamped boundary
conditions the low to intermediate wavenumber region of the TBL pressure spectrum plays the
most important role. In the case of high wavenumber forcing the number of finite elements
drastically becomes huge and unfeasible. In order to overcome this problem, Hwang [49] proposed
a model that ignores the high-wavenumber convective ridge region in very low-wavenumber
dominant cases. The finite element (FE) approach was introduced to solve the multiple input-
output problems of flow-induced panel vibration in physical space by Hambric et al. [50]
following the works of Bendat and Piersol [129] and Lin [46]. They modified the Corcos model in
order to reduce low wavenumber content. This work was carried out in the low-frequency region
(0-600Hz) with low Mach number flow and low-wavenumber forcing, representing the surface
interaction for an all-side-clamped steel plate. The low-wavenumber truncation reduces the
requirement of mesh density. They further modelled the plate with a free edge to account for the
edge interaction [51]. They validated their numerical model with the experiments conducted at
Purdue University by Han et al. [130], wherein an extensive study captured the different aspects
of the TBL-induced vibroacoustic problem, both experimentally and numerically. Their study
[130] included separated-reattached flow and its effect on the underneath plate vibration and
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resulting sound radiation. They used a fence upstream of the test plate to create flow separation
and performed the CFD analysis to properly simulate the setup. Low-speed wind tunnel
experiments were conducted to evaluate the statistical energy flow analysis (SEA) method which
is a better alternative to the finite element analysis (FEA) in the high-frequency regime in terms of
mesh requirements. They found that the FEA method provides an accurate prediction of the
transverse plate velocity in the high-frequency region. They extended their work [131] to structural
vibration and radiated sound pressure due to complex vortical flows, involving CFD with
similarity arguments, FEA, and experimentation. They idealized the input non-uniform distributed
fluid loading as a summation of discrete forces acting on the structure, each discrete force acting
on the incremental plate area. Though the FEA model was developed for the high-frequency
analysis, they noted that the mobility of a finite plate significantly varies from the mobility of an
infinite plate at the lower frequencies. This problem can however be addressed by performing
space or frequency averaging. They used the radiation efficiency method to estimate the free-field
sound radiation from a flow-excited vibrating plate. Birgersson et al. [132] used the spectral finite
element method (SFEM) to solve the turbulence-induced vibration problem of pipes. They noted
the advantages of the finite element method (FEM) in handling frequency-dependent material
properties and boundary conditions. In their work Fritze et al. [133] compared three popular
approximation methods to evaluate radiated sound power of a diesel engine under realistic load
case; a) boundary element method (BEM), b) equivalent radiated power (ERP), and c¢) lumped
parameter model (LPM). They used structural surface velocity as input to determine the radiated
sound power. It was observed that the LPM provides reasonable predictions only if there is phase
information present.

Rocha developed an analytical framework to predict structural vibration and sound
radiation for turbulent flow-excited composite panels [134]. She used empirical wall-pressure
spectrum models for TBL flow excitation and considered each fuselage panels to be vibrating
independently and are simply supported. Considering stationary and homogeneous turbulence, the
structural vibration was estimated in the form of plate velocity power spectral density (PSD) as
the product of TBL cross-PSD and the conjugate and transpose of the system transfer function.
Eventually, the velocity PSD was coupled with the radiation resistance matrix (RRM) and the
radiated sound power (RSP) was estimated. She identified the difference of the flow-induced
vibroacoustic response of composite sandwich panels with that of the isotropic panels. She used
different face sheet and core properties in her study. The composite panels were generally found
to exhibit a lower level of vibroacoustic response, with exceptions at certain frequencies. She
carried out parametric studies with different panel size, thickness of core and surface layers. The
vibroacoustic behaviour of both isotropic and composite panels was observed for correlated TBL
excitation and uncorrelated random noise excitation. A higher number of modes were found to be
excited by TBL excitation than the random excitation. This observation was more prominent in
the case of composite panels. Therefore, it was suggested not to use uncorrelated random noise
excitation to replicate a TBL flow.
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Maxit and Denis [135] studied radiated sound and vibration of an infinite periodically
stiffened panel excited by TBL. Their analytical model involved the wavenumber-point reciprocity
technique. They applied the developed model to a naval test case and identified the effects of
Bloch-Floquet waves on the fluid-loaded panel vibration and sound radiation. Berton et al. [136]
discussed different deterministic vibroacoustic models that are coupled with the stochastic TBL
force acting on a heavy fluid-loaded panel. They studied different coupling techniques involving
a) physical space, b) an uncorrelated wall plane wave field, c) realizations of the stochastic
uncorrelated plane wave model, and d) reciprocity technique that was previously introduced by
the authors. They used Patch Transfer Function (PTF) in order to evaluate different transfer
functions of the fluid-loaded panel and identified that all the approaches provide similar results for
some optimized parameters. Moreover, they observed that the estimation in the physical space is
the most time-consuming if the output excitation is not restricted to a small area, and the Cholesky
decomposition of the wall-pressure cross-spectrum could be an efficient technique in terms of
computing time.

In an experimental approach conducted in the Acoustic Wind-Tunnel Braunschweig
(AWB) facility at the German Aerospace Center (DLR) Hu and Misol [137] measured the
boundary layer pressure fluctuations over a flat flexible plate and the resulting response in terms
of plate acceleration PSD. They used miniature piezo-resistive pressure sensors to measure surface
pressure fluctuations, and a matrix of miniature accelerometers to measure the averaged plate
vibration characteristics. In another experimental work conducted in the transonic wind tunnel at
the CIRA (Italian Aerospace Research Center) Ciappi et al. [138] measured TBL-excited plate
vibration of composite panels for high Mach number flow (0.4 to 0.8). They used a tripping system
to achieve full-scale size pressure spectra representing the real flight condition and used a
viscoelastic layer embedded into the CFRP (Carbon Fiber-Reinforced Polymer) layers. They
performed experimental modal analysis for model updating and obtained the frequency-dependent
structural modal damping values. The computational framework was developed in the
wavenumber-frequency domain using the analytical spectral element method. Purohit et al. [139]
conducted experiments in an open-ended wind tunnel to estimate the flow-induced vibration of a
flexible plate. The plate was harmonically actuated, and the vibration was mainly due to the
downstream wake formed due to an obstacle. They studied the individual influence of external
harmonic excitation and flow excitation. They found that at the lower excitation amplitude
influence of both excitations is significant, though at the higher excitation amplitude the effect of
the flow excitation fades away.

Jeyaraj et al. [140], [141] used commercial finite element software for vibroacoustic study
of isotropic and orthotropic rectangular plate in a thermal environment. Zhao et al. [142], [143]
used an analytical model to predict the vibroacoustic response of composite plates in a hygroscopic
environment and validated the model with finite element (FE) results.
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Sound Transmission Efficiency and Sound Transmission Loss

In one of the earliest works to measure sound transmission efficiency and transmission loss (TL),
lower limits of validity are established for the transmission room method of measuring
transmission loss. This article describes a different way to measure low loss panels [144]. In their
study Efimtsov and Larazev [145] found that the resonant elements can increase the transmission
loss of panels in narrow frequency bands, and three main principles of increasing transmission loss
are discussed: soft reflection, hard reflection, and compensation. They presented a universal
expression to compare the efficiency of different types of resonators and determine their optimum
parameters [146]. In the investigation of Xie et al. [147] two boundary element analyses were used
to investigate the sound transmission characteristics of an aluminum panel and two composite
sandwich panels. Air loading, modal energy loss factor, and wave impedance analysis were used
to make sound transmission loss predictions. Comparisons between predictions and experimental
measurements were presented. Zhou et al. [148] investigated the sound transmission loss property
of a single sinusoidal corrugated panel using a modal expansion method. The results show that the
predicted sound transmission loss has a good agreement with the measured one, yielding smaller
prediction errors than the classic wave approach. Arunkumar et al. [149] presented a bi-objective
optimization of double-walled panels to minimize weight while maximizing acoustic transmission
loss. Biot's theory was used to model the poroelastic material, and Pareto fronts were obtained to
trade off the two objectives. Santoni et al. [150] developed a prediction model to evaluate the
sound transmission loss provided by ETICS, including mechanical bridges. The model was
developed within the transfer matrix method framework and was based on a decoupled approach.
Validity of the model was verified with experimental data and reliability was investigated. Ehsan
Moosavimehr et al. [151] observed that FRP sandwich panels have better vibroacoustic and sound
transmission loss characteristics due to their high stiffness and material damping. Resonant
amplitudes are controlled by modal damping factors and can be used to replace aluminium without
losing acoustic comfort.

Zhang et al. [152] combined the Bloch-wave analysis and the finite element method to
understand wave propagation and sound transmission in sandwich panels with a truss lattice core.
Results show that even without optimization, significant enhancements in sound transmission loss
performance can be achieved in truss lattice core sandwich panels compared to traditional
sandwich panels. A theoretical investigation on the sound transmission loss characteristics of four-
side simply supported sandwich panels was presented by Li et al. [153] considering the flexural
rigidity of the face sheet. The theoretical prediction model proposed has high accuracy on
predicting the natural frequencies and sound transmission loss. Droz et al. [154] found that the
small-scale resonators can improve sound transmission loss of curved panels by varying the spatial
distribution and using multi-frequency resonators with fixed spatial distribution. The numerical
approach proposed by Errico et al. [155] is efficient for predicting the sound transmission loss of
complex curved aircraft panels under diffuse acoustic field excitation. Wen et al. [156] proposed
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an ultra-lightweight sandwich panel with closed octahedral core, which demonstrates excellent
acoustic and mechanical performance.

2.5 REVIEW OF COUPLED TBL-INDUCED VIBROACOUSTIC PROBLEMS IN
ENCLOSED FIELD

Bremner and Zhu [157] used unsteady CFD to generate the input wind pressure acting as a forcing
function on the outer surface of an automobile body. They used statistical energy analysis (SEA)
to model the structure and the acoustic enclosure and estimated the flow induced sound
transmission into the vehicle interior cabin. They separated the contribution of two types of modes
contributing to the radiated sound power, namely a) stiffness-controlled resonant mode, and b)
mass-controlled non-resonant modes, and found that for diffuse acoustic field excitation the non-
resonant modes are predominant below 2000Hz, and resonant modes dominate above 2000Hz. de
Lima et al. [158] used energy finite element analysis (EFEA) to compute the TBL-induced
structural vibration and interior noise of a full-scale business jet.

In their analytical work, Rocha et al. [159] developed a structure-acoustic coupled model
and validated the model. Modal expansion technique was used to develop the structural transfer
function for simply supported boundary conditions. Efimtsov single point wall-pressure spectrum
model and Corcos coherence function were used to estimate the pressure cross-spectral density
(CSD) depicting the TBL forcing. In an extension of their earlier work, they predicted TBL-
induced sound transmission into a Blended Wing Body (BWB) aircraft cabin using a system of
single-panel coupled with the enclosed cabin [52]. They analyzed multiple isotropic or orthotropic
laminated flow-excited aircraft panel systems to estimate sound pressure level (SPL) inside the
cabin for a frequency range of 1-1000Hz. They used experimental data of aircraft noise levels and
fuselage skin vibration spectra provided by NASA for validation purposes. Contribution of the
individual panel to the cabin interior SPL was also investigated and it was reported that the SPL
at different locations was due to contributions of different panels.

Caiazzo et al. [56], [57] developed an analytical model to predict the structural vibration
and transmitted sound power through a double-panel system backed by an acoustic enclosure.
They used Goody’s semi-empirical spectrum model to describe the TBL wall pressure and modal
expansion technique to model the structural panels. The panel-gap-panel-cavity coupling is
performed in the analytical framework. They found the first fundamental mode and panel-air-panel
coupled mode to be the most efficient sound radiator into the acoustic cavity.

A three-dimensional vibroacoustic coupling model is established by Du et al. [160] to
analyze sound attenuation of elastically restrained plate silencer backed by irregular acoustical
cavity. Numerical results are presented to illustrate the correctness and effectiveness of the
proposed model. Experimental study is also conducted to verify the theoretical prediction.
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2.6 CRITICAL APPRAISAL OF THE PREVIOUS WORKS

It is clear from a thorough review of the previously published works that there are various
established methods for estimating turbulent boundary layer wall pressure and several different
methods for modelling structural vibroacoustic problems caused by TBL in both the free field and
enclosed cavity in the low to mid frequency range. The common modelling approaches that have
been discussed in the literature in the past can be summed up as follows:

1.

Various wall-pressure spectrum models are developed over the years and used with
experimental data inputs. Later, Reynolds-averaged Navier Stokes (RANS) equations are
employed to estimate the mean flow quantities which replaced the experimental data
feeding process. Large Eddy Simulation (LES) techniques are extensively developed for
precise computation of flow quantities.

Turbulence-structure interaction modelling involved analytical approach, where an
analytical modal expansion technique is used to model the structural panel, and analytical
or semi-analytical TBL loading is used to estimate the forced behaviour of the panel.
Though common in many applications, the analytical technique is more suitable for
structures with regular shapes and simple geometry that adhere to a specific axis system.
Analytical computation frequently entails complex mathematical calculations, which limits
its applicability.

FE modelling of TBL-structure interaction using traditional semi-empirical pressure
spectrum models are reported. Involvement of CFD in the interaction process is rarely
found, which prevails the dependency and requirement of the experimental investigations.
Analytical models are presented, which measure free field sound radiation from a TBL-
excited vibrating panel. The panel is modelled as tensioned or non-tensioned panel, and
orthotropic laminated composites are used for material modelling. Analytical radiation
resistance matrix (RRM) is developed for sound radiation estimation. But again,
restrictions are the geometry and support conditions.

Fully coupled analytical model for TBL-induced sound transmission into an enclosure
backed by single as well as double wall is developed. The excited structural panel perturbs
either directly the inside acoustic medium (single wall) or through the small cavity between
the panels (double wall). The analytical method is fast but difficult to compute for a
complex system.

For the interior vibroacoustic problem, a modal coupling method based on Green's function
is used, in which the FE governing equations for the structural and acoustic domains are
transformed to the modal domain. The structural (in-vacuo) and acoustic cavity (rigid-
walled) mode shapes based on Green's function are then used to couple the two domains.
In this method, in order to capture the complex shape of the cavity three-dimensional
discretization becomes challenging.
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Although several modelling techniques of TBL-induced vibroacoustic study is developed in
the past few decades and efficiently used in practical-purposes, few critical aspects can be
identified for further investigation.

All the TBL wall pressure spectrum models are used with experimental inputs of flow
parameters. Only a few works are observed where RANS simulation is combined with
those spectrum models like [13], [93] but in their work they did not study various
turbulence models or model parameters which dictates the final pressure spectrum or mean
square pressure (MSP) values. An extensive sensitivity study on MSP to different
turbulence model parameters is missing.

There are only a handful of literature available like that by Hambric et al. [51] where FE
framework is used for TBL-induced structural vibration modelling. However, they used
traditional semi-empirical pressure spectrum models. Later, they used CFD, but with no
sensitivity study. Also, they did not extend their work to acoustic study in any form. Han
et al. [130], [131] used CFD to estimate wall pressure, studied the acoustic response but,
they did not use FE modelling technique, thus limiting their model to study simple
geometric forms.

The majority of the literature on the subject of sound transmission into enclosures considers
only one panel to be flexible, which limits the application to simple geometries and a small
number of special cases. There are a few rare cases in the literature where the estimation
of sound transmission is made through an enclosed acoustic domain between two flexible
panels into another enclosed field. As a result, the estimated free-field transmission is used
to measure the transmitted sound. One such work is from Caiazzo et al. [56], [57]. But they
worked in the analytical framework, restricting the future realistic development with
complex shape of the structural panels and enclosure.

It is also seen that the TBL-induced vibroacoustic study on stiffened double wall system, or
enclosure backed by double wall with stiffened or orthotropic panel is almost non-existent.

2.7 THE OBJECTIVE AND THE APPROACH
In the present research work, it is therefore attempted to,

identify the best predicting RANS turbulence model parameters corresponding to wall-
pressure fluctuation estimation vis-a-vis wind-tunnel experiment and in-flight test
develop a numerical model to estimate and understand one-way fluid-structure interaction
and resulting TBL-induced flexible panel vibration

develop a numerical model to estimate and understand the free field sound radiation by a
TBL-excited flexible panel

develop a numerical model to estimate and understand transmission behaviour into any
acoustic cavity enclosed by a TBL-excited flexible panel

estimate the vibroacoustic behaviour of stiffened, tensioned, orthotropic and double-
wall panels subjected to TBL excitation
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To accomplish the research objectives as listed, the fo