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1. Introduction

Computing sound, taking into account the dynamical phenomena leading to its generation and
transmission through fluid, is a challenging issue, with several applications into different industrial
sectors [1,2]. Automotive and aerospace industries, dealing with vehicles and their comfortability for
passengers’ transportation and payload preservation, constitute two natural frameworks in which
these subjects acquire a prominent role.

In principle, aeroacoustics calculations can be addressed solving Navier-Stokes equations,
exploiting direct numerical simulations. In practice, such approach is extremely time-consuming,
leading to the introduction of the analogy-based approaches, traditionally ascribed to the field of
computational aeroacoustics (CAA). With this kind of method, the near field aerodynamics is computed,
giving velocity and pressure fluctuations used as acoustic source terms [3].

Aeroacoustic noise represents a boundary condition applied on the vehicle model, in applications
of industrial interest. Recently, the interest in such a kind of calculations is grown, thanks to the
enhanced computational power of nowadays computers. In [4], for instance, a turbulent model was
used in the CFD calculations and the rear of a car model was optimized using genetic algorithm
method. This is an example of the increasing interest in detailed aeroacoustics simulations at the
design level in automobiles.

Alongside with aeroacoustics, vibration studies cover a crucial role in applications [5,6]. Several
deterministic and statistical approaches exist, and each of them bears advantages and limitations.
The challenge when using deterministic methods in case of complex application systems derive from
the need for accurate vibrational response of the model. Validating each mode of a complex structure,
when the frequency range of interest covers hundreds of natural frequencies is computationally
expensive. In addition, in order to have an accurate response, the model cannot be oversimplified
and this adds a significant cost in terms of computation. The advantage of using statistical methods
derives from simpler requirements for validating each eigenfrequency, even if these approaches are
less accurate for a specific solution with a clear tonal resonance.

For these reasons, hybrid methods are appealing, merging together the strength point of both
deterministic and statistical simulation techniques. Lower frequencies—where the tonal resonances are
significant—are calculated applying finite element methods, whereas for higher frequencies, a statistic
energy approach can be chosen.

The idea of identifying noise paths in vehicle noise transmission using statistical energy analysis
(SEA) is not new, being already established in 1980s by DeJong. In [7], DeJong created a SEA model
of a passenger car and used it to identify the transmission paths of acoustic energy from the engine,
tires, and floor to the interior of the vehicle, predicting the noise level of the passenger compartment.
In recent years, this idea has been extended: Musser and coworker [8], for instance, simulated vehicle
interior noise levels using SEA, validating the study with a full sized car.

Appl. Sci. 2018, 8, 366 1 www.mdpi.com/journal/applsci
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On the other hand, the finite element method has gained attention, as in [9] where a finite element
structural acoustic model of a car has been made.

As an alternative to FEM, the boundary element method (BEM) can be adopted for noise emission
calculation [10,11]. In [12], the numerical modelling of noise radiated by a car body, using the so-called
acoustic transfer vector (ATVs) and modal acoustic transfer vector (MATVs) concepts, is presented.

Combination of the aeroacoustics and vibroacoustics simulation analysis lies at the core of the
current applied research in transportation industries. Miiller and coworkers [13] used fast multipole
BEM (FMBEM) to characterize the exterior aeroacoustic loads of a vehicle, combined then to statistical
energy analysis simulation. Cotoni and coworkers [14] used FEM combined to statistical energy
analysis simulation.

Concerning the FMBEM for the exterior problem, there still remains the famous issue of the
so-called irregular or spurious frequencies, especially in the mid-frequency domain in which there is
a high modal density.

Wang and coworkers [15] calculated a car interior noise level by combining the LES (large eddy
simulation) to FEM /BEM simulation, validating CFD results in a wind tunnel by 1/3rd size model.

In summary, numerous newer strategies have been proposed in recent years, circumventing some
of the problems and sources of inefficiency found in the past. The aim of this special issue is to help
to shed some light on current progress in applied research in the field of transportation, linking the
results obtained in recent years with industrial development, in the pursuit towards attaining more
and more comfortable and sustainable mobility.

2. The Present Issue

We are deeply honored to be the guest editors of this thematic issue, which includes original
articles and reviews of interest for the scientific community working on these subjects, as well as for
industrial R&D departments. We are particularly grateful to the several leaders in these areas who
decided to honor us with their valuable contributions. We want to thank them and their collaborators
for the effort they have done for publishing their works in this issue of Applied Sciences. We are
equally thankful to many colleagues who have helped us evaluating and reviewing these manuscripts
with substantial improvements. In particular, we appreciate the editor-in-chief of Applied Sciences for
inviting us to edit this topic issue and the staff of the editorial office who supported the entire process.

The purpose of this special issue is to highlight the latest advances in vibroacoustics and
aeroacoustics applied to aerospace and automotive industries. In proposing this wide topic, we wanted
to give scientists and engineers the opportunity to publish their studies of current interest, both in the
theoretical and experimental fields of vibration, sound generation, and radiation; and passive and
active noise control approaches, which can be of interest for assessing vibroacoustics characteristics
of aerospace and automotive vehicles. In particular, we have tried to include articles focusing on the
introduction of new approaches and methodologies in the vibroacoustics and aeroacoustics fields.

This issue provides access to several articles encompassing the aforementioned themes.

In the first article [16], an innovative integrated design verification process is described, based on the
bridging between a new semiempirical jet noise model and a hybrid finite-element method /statistical
energy analysis (FEM/SEA) approach, for calculating the acceleration produced at the payload and
equipment level within the structure of Vega-C Launcher, vibrating under the external acoustic forcing
field. The result is a verification method allowing for accurate prediction of the vibroacoustics in the
launcher interior, using limited computational resources and without resorting to computational fluid
dynamics (CFD) data.

Another paper of this issue [17], estimated the internal aerodynamic noise due to valve flow
in a simple constriction-expansion pipe (a pressure relief device), by combining the large eddy
simulation technique with a wavenumber-frequency analysis, which made it possible to decompose
the fluctuating pressure into the incompressible hydrodynamic pressure and compressible acoustic
pressure. The results showed that the acoustic pressure fluctuations in a pipe could be separated
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from the incompressible ones. This made it possible to obtain accurate information about the acoustic
power, which could be used to assess the likelihood of a piping system failure due to acoustic-induced
vibration, along with information about the acoustic power spectrum of each acoustic mode, which
could be used to facilitate the systematic mitigation of the potential acoustic-induced vibration in
piping systems.

In [18], flow-induced vibrations and the sound radiation of flexible plate structures of different
thickness mounted in a rigid plate were experimentally investigated. Therefore, flow properties
and turbulent boundary layer parameters were determined through measurements with a hot-wire
anemometer in an aeroacoustic wind tunnel. Furthermore, the excitation of the vibrating plate was
examined by laser scanning vibrometry.

In [19], fully-resolved rotor-fuselage interactional aerodynamics was used as the forcing term in
a model based on the Euler-Bernoulli equation, aiming to simulate helicopter tail-boom vibration.
The model was based on linear beam analysis and captured the effect of the blade-passing as well as
the effect of the changing force direction on the boom. Results for the tail-boom vibration served to
demonstrate the strong effect of aerodynamics on tail-boom aeroelastic behavior.

In [20], the mechanism by which plasma actuators can control the cavity tone was explored;
in particular, the amount of sound reduction (‘control effect’) produced by actuators of differing
dimensions was measured and direct aeroacoustic simulations were performed. The simulations
showed that longitudinal streamwise vortices are introduced in the incoming boundary by the
actuators, and the vortices form rib structures in the cavity flow. These vortices distort and weaken
the two-dimensional vortices responsible for producing the cavity tone, causing the tonal sound to
be reduced.

In [21], the prediction and reduction of noise from subsonic jets through the reconstruction of
turbulent fields from Reynolds-averaged Navier-Stokes (RANS) calculations are addressed. This
approach, known as stochastic noise generation and radiation (SNGR), reconstructs the turbulent
velocity fluctuations by RANS fields and calculates the source terms of vortex sound acoustic analogy.
An active fluid injection technique, based on extractions from turbine and injections of high-pressure
gas into the main stream of exhausts, has been proposed and finally assessed with the aim of reducing
the jet-noise through the mixing and breaking of the turbulent eddies. The SNGR method is, therefore,
suitable to be used for the early design phase of jet-noise reduction technologies.

In [22], an aerodynamic noise optimization was performed by a non-linear acoustics solver
(NLAS) approach for acoustic calculation. With the use of Kriging surrogate model, a multi-objective
optimization of the streamlined shape of high-speed trains was obtained, which takes the noise level
in the far field and the drag of the whole train as the objectives. To efficiently construct the Kriging
model, the cross validation approach has been adopted.

In [23], a vibro-acoustic numerical and experimental analysis was carried out for the chain cover
of a low powered four-cylinder four-stroke diesel engine. By applying a methodology used in the
acoustic optimization of new engine components, firstly a finite element model (FEM) of the engine
was defined, then a vibration analysis was performed for the whole engine (modal analysis), and
finally a forced response analysis was developed for the only chain cover (separated from the overall
engine). A boundary element (BE) model of the only chain cover was realized to determine the chain
cover noise emission, starting from the previously calculated structural vibrations. All the information
thus obtained allowed the identification of those critical areas, in terms of noise generation, in which
to undertake necessary improvements.

The paper [24] provides a summary of some common research works carried out by the authors
concerning computational methods for the prediction of the responses in the frequency domain
of general linear dissipative vibroacoustics (structural-acoustic) systems for liquid and gas in the
low-frequency (LF) and medium-frequency (MF) domains, including uncertainty quantification (UQ)
that plays an important role in the MF domain. An efficient reduced-order computational model
(ROM) is constructed using a finite element discretization (FEM) for the structure and the internal
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acoustic fluid. The external acoustic fluid is treated using a symmetric boundary element method
(BEM) in the frequency domain. All the required modeling aspects required for the analysis in the
MF domain have been introduced, in particular the frequency-dependent damping phenomena and
model uncertainties.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The verification of a space launcher at the design level is a complex issue because of
(i) the lack of a detailed modeling capability of the acoustic pressure produced by the rocket;
and (ii) the difficulties in applying deterministic methods to the large-scale metallic structures.
In this paper, an innovative integrated design verification process is described, based on the
bridging between a new semiempirical jet noise model and a hybrid finite-element method /statistical
energy analysis (FEM/SEA) approach for calculating the acceleration produced at the payload and
equipment level within the structure, vibrating under the external acoustic forcing field. The result is
a verification method allowing for accurate prediction of the vibroacoustics in the launcher interior,
using limited computational resources and without resorting to computational fluid dynamics (CFD)
data. Some examples concerning the Vega-C launcher design are shown.

Keywords: transport; noise; acoustics; rocket; analysis

1. Introduction

Many factors influence the definition and selection of the structural design concept. In general,
in complex systems, structural designing is an iterative process. The process starts with the conceptual
design of possible alternatives, which could be considered to satisfy the general performance requirements
and are likely to meet the main mission constraints (e.g., mass, interfaces, operation and cost).

The system’s engineering activities are equally valid and necessary at all levels of decomposition
within the space product. In particular, the verification engineering function, which iteratively
compares the outputs from other functions with each other, in order to converge upon satisfactory
requirements, functional architecture, and physical configuration, defines and implements the
processes by which the finalized product design is proved to be compliant with its requirements.

According to the European Space Agency (ESA) standards [1], the verification process activities
shall be incrementally performed at different levels and in different stages, applying a coherent
bottom-up building-block concept and utilizing a suitable combination of different verification
methods. To reach the verification objectives, a verification approach shall be defined in an early phase
of the project by analyzing the requirements to be verified, taking into account the following:

e  design peculiarities;

e the qualification status of the candidate solution;
e the availability and maturity of verification tools;
e  verification and test methodologies;

. programmatic constraints;

Appl. Sci. 2018, 8, 88 6 www.mdpi.com/journal/applsci
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e  the cost and schedule.

In the mechanical design of launchers, the verification of vibroacoustics requirements is crucial for
guaranteeing the preservation of the payloads’ functionalities during the preorbital phase. This process
is particularly affected by the lack of both the availability and maturity of standardized design testing
tools. This work describes the innovative integrated process used at the design-stage level in the
verification of the Vega-C rocket project development.

The interstages of the new Vettore Europeo di Generazione Avanzata (VEGA, European Advanced
Generation Vector) configurations are examined in the framework of the ESA-funded VEGA
Consolidation and Evolution Program (VECEP), in order to derive the acceleration level at the
equipment locations and the average vibration response of the connecting interfaces. The analysis is
needed in the framework of the re-engineering phase aimed at further increasing the performance
of the VEGA launcher, and it is part of a preliminary numerical verification necessary to assess the
compliance of the designed structure with the acceleration level imposed as a limit for the protection
of the equipment and payload.

The complexity of the analysis is driven by two critical elements, which have been addressed
in this work with an innovative approach. First, the acoustic pressure generated at lift-off cannot
be calculated with the resolution needed because of the computational complexity of the
simulation. Then, the vibroacoustic analysis driven by the calculated acoustic field on the basis
of finite-element/boundary-element method (FEM/BEM) techniques turns out to be unfeasible in a
medium to high frequency range, even when resorting to computationally efficient approaches such as
the acoustic transfer vector (ATV) or modal ATV (MATYV) [2], because of the high modal density of
the structure. On the other hand, the employment of a fully energy-based approach in this frequency
range is restricted by the need to simulate the equipment as lumped masses, connected to the main
structure throughout rigid links.

In this paper, we propose an integrated verification approach [3-5] exploiting an innovative
semiempirical Eldred-based source model with BEM propagation [6,7] for building the jet acoustic
pressure field, as well as a state-of-the-art hybrid FEM/statistical energy analysis (SEA) method
adopted to combine the equipment’s local deterministic responses with the mean value of the dynamic
response of the launcher’s major sections. In Figure 1, the logical structure of the whole integrated
method is shown, with the acoustic field calculation feeding the structural dynamic simulation.

Input: jet parameters,
empirical data
Vibro-acoustics: Hybrid FEM-
SEA model

Aero-acoustics: semi-empirical
Jet-noise model, BEM
propagation

Acoustic pressure field

Output:
acceleration

Figure 1. The logical scheme of the integrated multidisciplinary approach used for the VEGA Consolidation
and Evolution Program (VECEP) design verification process, described in this paper, is shown.
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The power of the proposed approach, with respect to other hybrid vibroacoustic methods, lies in
its integration with the aeroacoustic component. In fact, a realistic model for the forcing pressure clearly
implies a realistic reconstruction of the structural response in the operating condition considered.

The concept of a space launcher can be, in some sense, elusive. It is thus worthy to try to define
the range of applicability of the approach described in this work. In particular, the model used for
reconstructing the acoustic pressure field acting on the structure and due to jet fluid dynamics aspects is
general and independent from the type of the structure taken into account as well as from considering
a horizontal or vertical launch. On the other hand, the hybrid techniques describing the response of the
structure to the load cannot be reliable for geometries including wings, because of the complications
arising in the model and the possible fall down of the diffuse-field assumption.

The semiempirical approach for reconstructing the acoustical pressure component of the rocket jet
is described in Section 2. It is an improvement of the Eldred Standard model, based on heuristic
assumptions and scaling laws, properly tuned against experimental data from different rocket
engines [8-11]. In this simple model, in order to determine a realistic equivalent noise source, several
parameters, such as the vehicle geometry or launch pad configurations, have to be taken into account.
Several hybrid methods have been proposed for overcoming this limit [12,13], and the new formulation
contains an explicit expression for the acoustic pressure of each noise source, in terms of amplitude
and phase, in order to account for correlation effects and propagate the signal using a wave equation.
The noise prediction obtained with the revised Eldred-based model has thus been used for formulating
an empirical /BEM approach that allows us to evaluate the scattering effects, which, summed with the
direct, correlated acoustical pressure, is exploited for the prediction of the aeroacoustics loads of the
VEGA launch vehicle at lift-off.

The hybrid FEM/SEA vibroacoustic approach is described and validated in Section 3.
The implemented analysis resorts to a FEM solver to extract the modal parameters associated to the
deterministic subsystems of the VEGA interstages. The development of the statistical subsystems and
the set-up of the global hybrid models are realised within a numerical environment, formerly devoted
to SEA methodology only, in which the required dynamic analysis is also performed. The structural
and acoustical models of the interstages are validated through a comparison with theoretical and
numerical estimates. As required for the assessment of the equipment qualification status, the activity
is finalized with the delivery of the dynamic response database, numerically generated by applying
the acoustic pressure field to the interstage validated models.

Two sections, dealing with the discussion of the results and some concluding remarks, close the paper.

2. Jet-Noise Source Model and Propagation

The complexity of the detailed modeling of the acoustic component in rocket exhaust can be
circumvented using empirical approaches, on the basis of the assumption that an equivalent source
distribution can be determined using few parameters (e.g., jet exit conditions and acoustic efficiency)
and some universal curves determined experimentally. In particular, the first Eldred model [8] is based
on the observation that each slice of the jet contributes to acoustic radiation, mostly in the frequency
band f; that depends on the distance of the slice from the exhaust. The subsequent reformulation of the
approach states that each slice contributes to the full noise spectral frequency content with an overall
power that depends on its curvilinear distance from the exhaust [12]. Differently from the original
Eldred model, which directly provides a definition of the sound pressure level (SPL), its reformulation
can be revised to provide an explicit formulation of the acoustic pressure phasor p; [14]. In particular,
this simpler version of the reformulated semiempirical model moves from the relation

pjo = 8(rj)+/Po - 87tpc (1)

equating the phasor of the incident pressure, pjo, due to the jth source, to the corresponding monopole
amplitude, Qp = /P - 87tpc, with Py indicating the power, p being the air density and c being the
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speed of sound at ambient conditions, through the green function of the nonconvective Helmholtz
operator, g(r;); the directivity effect produced by the inflow refraction, can be taken into account with
a directivity function D = %, where [y = 45—32 and [ indicates the intensity. Hence, the pressure of
each monopole source, composing the equivalent set that reproduces the jet noise, can be expressed in
the form

pj = 8j(r)Qoy/Dj(0) )

with 6 indicating the angle between the observer and the monopole source position.
The second formulation of the Eldred model assumes a contribution from each jet slice to the full
noise spectral frequency content with an overall power that depends on its curvilinear distance from
the exhaust [12]. Denoting w(s) as the sound power per unit axial length, the contribution of each
slide reads as
Lrefw(sk) Wi Asy
Wac Lre f

w(sy)Asy = ®)
where Ly is a jet reference length, and k denotes the kth slice at a distance s; from the exhaust.
W, represents the overall acoustic power [15] of the engine, which is a fraction of the mechanical
power Wy, (Wge >~ yW,y,, with 7 = 0.03).

The overall power density level, w(sk), can be distributed on the frequency spectrum. Denoting
with w(s, f;) the sound power level per unit axial length and unit frequency, one can introduce the
reduced sound power density:
w(sk, fi) Ujca

W=
w(sk) sk ¢

(©)]
with u; being the jet speed at the exhaust, ¢, being the ambient sound speed and ¢; being the jet exhaust
speed. Consequently, it is possible to obtain the monopole source’s acoustic power at each axial length
and for each frequency from
Sk G DskAfi
u i Cg Lre f

Pp=0- 0 ®)

The revised Eldred-based model is enriched with two free parameters, a« and p, respectively
related to the mixing-layer turbulence length scale and its integral correlation length.

The Eldred standard model describes the jet noise with a set of equivalent sources, laying along
the jet axis with no consideration of their number or spatial distribution. It is reasonable to think that
the spatial scale of each source, and consequently its number, is related to its turbulent length scale.
In analogy with similar physical consideration taken from the Stochastic Generation and Radiation
model for turbulent Noise (SNGR) [16], the energy peak of the universal energy spectrum can be
related to the turbulent length scale through a free mode parameter, according to

Lr=iet ®

This equation puts in relation the turbulent scale Lt with the value of the curvilinear abscissa s,
and takes into account the experimental evidence according to which the energy peak has its maximum
at a value 1.5 of the modified Strouhal number [14]. Equation (6) states that the turbulent scale grows
up gradually increasing the distance from the jet nozzle, with sources emitting at lower frequencies at
a greater distance from: it.

On the other hand, a classical result [17] relates the integral length scale L;,; for homogeneous,
isotropic turbulence with the correlation length Ly = i—g of a vortex structure at a single wavenumber ko,
according to the following equation:

3
Lint = gLo (7)

This equation implies then that the correlation length at each frequency is proportional to the
wavelength. In the revised Eldred-based model, it would means that each single source is correlated
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with all the others with a correlation length that depends on the frequency considered. In order to
enhance the capabilities of the revised model and in order to tune the model exploiting the experimental
data, the parameter § is then added to the equation:

L = glo" ®

A comprehensive analysis concerning the role of g is provided in [14].

Both Eldred-based uncorrelated and correlated source models can be used for the hybrid
empirical/BEM computation. The hybrid approach’s implementation has firstly been tested to check
that the total pressure, p, is equal to the Eldred incident field, p;,,., when a vanishing scattering BEM
surface is considered (psc = 0).

3. Hybrid FEM/SEA Model and Interstage Response Analysis

As pointed out in the introduction, the objective of this work is to predict the acceleration response
level at the equipment and payload location, for subsequent verification of their qualification status.
In addition, the dynamic average response of the VEGA interstage interfaces IS01, IS12 and IS23 to the
acoustic field generated at lift-off by the P120 engine has been calculated with the innovative approach
described in the previous section.

A numerical prediction has been obtained through the development of hybrid FEM/SEA
models and their analysis in the 100-1600 Hz frequency range using the commercial code VAOne
[18], in order to overcome the limitation of deterministic tools in the investigated frequency range.
The fourth section of VEGA, constituted by the interstage I1S34, the Attitude Vernier Upper Module
(AVUM) and the Fairing, was left out from the numerical investigation because it has been unchanged
with respect to the old configuration. The large frequency range spread of the pressure power spectra
motivates the need for a vibroacoustic response analysis accounting for all the frequency content of the
main external pressure field to avoid underestimating the equipment’s and components’ acceleration
levels. Despite the relatively high skin thickness and the opportunity to perform the analysis on each
component separately, the large dimensions of the VEGA interstages still require the involvement of a
large number of structural modes, not to mention at all the even higher modal density of the coupled
interior acoustic cavities.

As a consequence, above 400/500 Hz, the FEM technique turns out to be computationally unfeasible
even when resorting to modal superposition procedures, and the SEA approach becomes more
appropriate for acquiring the responses of both the structure and the acoustic cavity. As a matter of
fact, SEA represents systems in terms of a number of coupled subsystems, taking into account the
global energy trade-off due to their interaction, namely, energy storage, transmission and dissipation.
The parameters in SEA equations are typically obtained with certain statistical assumptions about the
dynamic properties of each subsystem. For running the calculations, the commercial code VAOne has
been used.

The code allows for a complete range of analysis because different solution methods and modules are
available, specifically, FEM, BEM and SEA. The capabilities in dealing with any kind of dynamic problem
are even enlarged by the option to develop hybrid models, in which all available methodologies are
combined. The development of structural models entirely based on a SEA approach was restricted by
the need to simulate the equipment as a lumped mass, connected to the main structure throughout
rigid links. These components are not suitable for SEA modeling because they have no modal behavior
by definition, while a large modal participation is required for a SEA model to be accurate.

The adoption of a hybrid approach was mandatory for the monitoring of the equipment
acceleration levels, in order to verify their qualification status. Consequently, for all interstages,
a full SEA model could not be developed, and a careful identification of the number and extension
of the interstage parts to be modeled as FEM subsystems was required to avoid building up a model
unsuitable for a SEA approach. Moreover, all the external and internal interfaces have been modeled
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as FEM subsystems to retain all their dynamic contributions, otherwise ignored by using a SEA
“beam”-type subsystem for their simulation.

The correct balance among the different type of subsystems (either SEA or FEM) was essential to
allow a fairly quick analysis with no penalties in terms of accuracy. General rules to check the accuracy
of a SEA subsystem are based on the following concepts, applicable to the frequency bands chosen for
the analysis:

e A mode count of no less than 5.
e A model overlap factor (MOF) greater than or equal to the unitary value.

Both parameters depend on the modal density, representing the number of modes per hertz
associated to the subsystem, while the MOF is also dependent on the loss factor; together they provide
the conditions for which a “diffuse-kind” vibration or acoustic field characterizes the SEA subsystem’s
dynamic behavior.

Hybrid FEM/SEA modeling, then, requires an iterative process aiming for the exact identification
of the frequency range accuracy for each subsystem in order to correctly define their geometries
and dimensions. For accurate predictions in a large frequency band, more than one model might be
necessary, where the number of subsystems modeled according to one methodology or the other could
consequently change. The validation process of the SEA and hybrid structural models is carried out by
relying on the following;:

o  Theoretical assessments of SEA subsystems against simplified formulations to verify the consistency
with some global distinguishing parameters.

e  Numerical checks on sections of the interstages performed by comparison of the prediction data
provided by the hybrid model and by the equivalent FEM model.

e  Numerical mutual checks between the full interstage hybrid and FEM models performed in the
overlap frequency region where the two approaches are reasonably applicable.

The acoustic loading applied is considered a diffuse field, acting on the external surface of
interstages; the power spectral density (PSD) of the pressure autocorrelation function is assumed to be
constant over the entire surface.

The responses of all the interstages are expected to be characterized by a more or less uniform
modal energy, which is beneficial to reduce the effect of nonideal modeling, in terms of SEA accuracy,
of some of the model components, and in order to reduce the effect of not simulating the entire
launch vehicle.

In fact, modal energy equivalence can also be interpreted as an opportunity to perform a first
approximation analysis on each component or subsystem by assuming it as being disjointed from the
others. This assumption is strictly applicable to models made of SEA subsystems only and for which
SEA criteria are fulfilled; thus, the application to hybrid models must be carefully verified, because of
the “non-diffuse-field” characteristics of FEM subsystems.

The Interstage Models

The interstages I1S01 (Figure 2) and IS12 are made of aluminium. The former is cylindrical and
presents a nonuniform lateral surface thickness, 4 mm thicker in the area in which the openings are
located, whereas the latter is constituted by two sections, having the form of a cone frustum connected
through an internal interface. The third interstage, 1523, has different characteristics; it is realized by a
composite material, and it is reinforced over the lateral surface by axial and circumferential stiffeners.
The shape is still conical, split into two sections connected by an internal frame. Frames, reinforcing
elements and skins are all constituted of a composite material.

The simpler VEGA section among those analyzed, namely, interstage 1501, is taken as an example
for illustrating the final part of the design verification described in this paper. Its main geometrical
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and dynamic characteristics are summarized in Table 1, along with the theoretical estimates of the ring
and coincidence frequencies referred to the mean thickness.

Figure 2. From the top to the bottom: (i) finite-element method (FEM) model; (ii) hybrid model;
and (iii) acoustic coupled model for the IS01 interstage.

Table 1. Geometrical characteristics and theoretical estimates of dynamic frequencies for the IS01 interstage.

Property Value
Length (m) 1.18
Diameter (m) 34
Ring freq. (Hz) 500

Coincidence freq. (Hz) 1100

The various subsystems of the interstage model are shown in Figure 2: the SEA structural
subsystem in green, the FEM structural subsystem in gold-brown, and the SEA acoustic subsystem in
grey. In the same figure, the original FEM model used for deriving the hybrid model has been reported.

12
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In particular, the hybrid FEM/SEA model has been built up by assembling six FEM structural
subsystems (two large subsystems for the upper and lower rings, two large subsystems for the areas in
which several equipment are located, and two small subsystems, each connected to a single equipment
component), four large SEA structural subsystems (modeling the areas with lower thickness) and one
SEA acoustic subsystem.

A preliminary check of the model was performed by analyzing the modal density and radiation
efficiency of the interstage: all SEA subsystems in the IS01 hybrid model presented a good agreement
with the characteristic theoretical parameters reported in Table 1 and their asymptotic values, as shown
in Figure 3, where the modal density and radiation efficiency are reported for each SEA subsystem of

the hybrid model.
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Figure 3. From the top to the bottom: (i) modal densities; and (ii) radiation efficiency for the statistical
energy analysis (SEA) subsystems in the IS01 interstage hybrid model.

For each SEA subsystem, the modal density displays how the ring frequency is close to the
theoretical value. Asymptotic values also confirm theoretical modal density estimates, evaluated for
the curved subsystems through the equivalent flat panel relation, valid above the ring frequency f;.
This frequency, along with the structural modal density 7 (f), can be expressed as

13
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in which the structural properties (elasticity modulus E, Poisson ratio v, volume density ps,
and thickness /) are recalled along with the inner ring radius r, the axial length L and the arc angle
A6 [19]. The radiation efficiency curves confirm the theoretical values for both the characteristic
frequencies (ring and coincidence), as they superimpose almost perfectly with discrepancies limited to
low frequencies. The congruency of the SEA subsystems is thus assured.

An assessment process based on a comparison with an equivalent full deterministic analysis is
also applied, either to limited portions of the interstage hybrid models to verify the accuracy of the
coupling loss factors among specific SEA and FEM subsystems, or to the entire interstage models for an

overall check of the hybrid approach’s accuracy. For each examined system, the results are compared
in the frequency range for which the two models (hybrid and full FEM) are expected to be accurate.

4. Discussion

The results of the proposed integrated verification process are discussed in this section. Verification
and validation are both crucial in assessing the project robustness. However, the analysis proposed
here has been performed at the design level; thus the validation with experimental data is to be
performed afterwards.

4.1. Resulting Pressure

In the framework of the VECEP, the Italian Aerospace Research Centre (Centro Italiano Ricerche
Aerospaziali, CIRA) and the prime contractor, Avio SpA, are involved in the prediction of the
aeroacoustic loads at lift-off due to the introduction of the first-stage solid rocket motor 120, a longer
version of the currently used P80 motor. In this work, the empirical models used within the design
verification process have been fed with the experimental data acquired using a 1/20 scaled mock-up
of the VEGA launcher equipped with the first-stage solid rocket motor P80 [12,20]. Two experimental
campaigns have been carried out by Avio, ELV and ONERA in the framework of the VEGA
program [20,21] and by Avio, ELV and CIRA in the framework of the Italian Space Agency-funded
project CAST (Configurazioni AeroTermodinamiche per Sistemi di Trasporto spaziale, AeroThermodynamic
Configuration for space Transport Systems) [12,22]. The launcher mock-up has been conceived to
reproduce the same acoustic environment generated by the full-scale VEGA first-stage solid rocket
motor P80 at different launcher altitudes, from 0 to 75 m, corresponding to the first 4 s of the VEGA
ascent trajectory during lift-off.

The free-field results achieved with the Eldred standard model and the Eldred-based uncorrelated
and correlated models have been compared with the VEGA and CAST experimental results for three
launcher altitudes (0, 10 and 75 m) in [14]. The uncorrelated model has shown to provide a better
prediction at 0 and 10 m, while the correlated model is better at 75 m, matching the experimental data
with an uncertainty of about 5 dB.

The reason for the different matching between the correlated /uncorrelated models and the
experiments’ data can be explained reasonably with the different turbulent mechanisms that occur
at different altitudes. At 75 m, the launcher is far from the launching pad, and, as a consequence,
the jet does not interact with the ground. Indeed, the turbulence structures are still unchanged, and the
correlation is preserved. Because the correlated model is developed to reproduce the jet turbulent
scales’ correlation, it is expected to be more suitable for reproducing the free jet conditions at the
altitude of 75 m. Conversely, at the reduced distances of 0 and 10 m between the launcher and the
launching pad, the jet turbulent structures are broken and mixed as a result of the interaction with the
launching pad, and, as a consequence, the turbulent structures become more uncorrelated.

14
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The effect of the launcher has thus been investigated with the hybrid approach. A three-dimensional
multifrequency computation has been performed up to a maximum frequency of 1000 Hz, and the
results have lastly been processed to achieve third-octave spectra. The uncorrelated model was used
for 0 and 10 m, while the correlated model was used for 75 m. The output of this process was then
passed as input to the hybrid procedure for analyzing the launcher response, as described in the
following section.

The results of the BEM calculation are shown in Figure 4, where they are compared, in terms of
SPL, with the standard Eldred results and the data from the two experimental campaigns.

SPL[dB]
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Figure 4. Sound pressure level (SPL) in third-band octave. Comparison between hybrid model results
and experimental data collected at 0 (a), 10 (b) and 75 (c) m of altitude of the launcher interstages 2-3.
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The SPL values have been computed in two sets of points, representing far- and near-field point.
Far-field points, distant from the launcher by 15% of the nozzle diameter, have been dubbed in the
figure as “free-field microphones”. Near-field points, selected on the rocket surface itself, are indicated
as “flush-mounted microphones”. The gap observed between the free-field and the flush-mounted
microphones resembles that occurring between the two experimental datasets, suggesting a different
position of the microphone in the respective experimental set-up.

4.2. Vibroacoustic Analysis

The description of the hybrid model’s response to the external acoustic field and internal acoustic field
generated at lift-off by the P120 engine are reported, respectively, in terms of an average acceleration
and a root-mean-square (RMS) pressure.

The acceleration data are reported as band-limited RMS spectrum responses strictly associated to
the frequency band selected for the analysis. In the analysis, the damping was assumed as constant
on the frequency, and similar was assumed for all the structural (values set to 0.04) and the acoustic
(values set to 0.001) subsystems. The response of some equipment is reported in Figure 5 as an example.

EMA1

PSD acceleration [g42/Hz

S0 acceleration [gh2/ Hz

PSD acceleration [g 2 /Hz

o 200 400 600 &0

fequency [Hrz}

Figure 5. Accelerations calculated for some equipment in the IS01 interstage.
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For IS01, the acceleration levels were very high in the low frequency range. In particular, the main
contribution to the vibration energy was clearly associated to the structure’s ring frequency, along with
global modes” impact occurring at a lower frequency; above ring frequencies, the acceleration levels
attenuated significantly for almost all the equipment, with some high-frequency contributions derived
from the coincidence frequencies effect. In general, the dynamics of the lumped masses simulating the
equipment appears as confined to the low—mid frequency.

The average pressure level associated to the IS01 cavity is reported in Figure 6, described in decibel
values, referred to the band-limited RMS spectrum response, in which the reference pressure is the
standard pressure value, 2 x 10~° Pa. The responses reflect the same distribution against the frequency
of the structural interstage, with the higher energy concentrated at the characteristic frequency already
identified for the structure.

Acoustic Cavity IS_01

RMS pressure (dB)

0 500 1000 1500 2000
Frequency [Hz]

Figure 6. The acoustic cavity response in terms of the root-mean-square (RMS) pressure (dB) for the
IS01 interstage.

5. Conclusions

An innovative, multi-domain verification process has been conceived and applied to the design
of an enhanced version of the VEGA space launcher. The procedure has allowed a virtual, time- and
cost-saving testing activity, developed by the prime contractor, Avio, in collaboration with CIRA SCpA.

The results are encouraging, and potentially the adoption of similar integrated and hybrid
approaches can be foreseen in space and aviation industries.
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Abstract: High-pressure gas is produced during the oil production process at offshore plants,
and pressure relief devices, such as valves, are widely used to protect related systems from it.
The high-pressure gas in the pipes connected to the flare head is burned at the flare stack, or, if it
is nontoxic, is vented to the atmosphere. During this process, excessive noise is generated by the
pressure relief valves that are used to quickly discharge the high-pressure gas to the atmosphere.
This noise sometimes causes severe acoustic-induced vibration in the pipe wall. This study estimated
the internal aerodynamic noise due to valve flow in a simple constriction-expansion pipe, by
combining the large eddy simulation technique with a wavenumber-frequency analysis, which
made it possible to decompose the fluctuating pressure into the incompressible hydrodynamic
pressure and compressible acoustic pressure. First, the steady-state flow was numerically simulated,
and the result was compared with a quasi-one-dimensional theoretical solution, which confirmed the
validity of the current numerical method. Then, an unsteady simulation analysis was performed to
predict the fluctuating pressure inside a pipe. Finally, the acoustic pressure modes in a pipe were
extracted by applying the wavenumber-frequency transform to the total pressure field. The results
showed that the acoustic pressure fluctuations in a pipe could be separated from the incompressible
ones. This made it possible to obtain accurate information about the acoustic power, which could
be used to assess the likelihood of a piping system failure due to acoustic-induced vibration, along
with information about the acoustic power spectrum of each acoustic mode, which could be used to
facilitate the systematic mitigation of the potential acoustic-induced vibration in piping systems.

Keywords: aerodynamic noise; valve noise; pipe flow; wavenumber-frequency analysis

1. Introduction

High-temperature and high-pressure gas is produced by various processes in chemical,
petrochemical, and offshore oil production plants. Excessive noise and vibration can be generated
when such gases are discharged, usually as they pass through a valve in the piping system used to
protect the system and equipment from being damaged by such high-pressure gases. In the 1980s, pipe
failures due to acoustic-induced vibration (AIV) were reported. Thus, the assessment and control of
noise and vibration in piping systems have become essential parts of the design stage. Carucci et al. [1]
first investigated pipe failure using nine pipe failure cases and 27 normal pipe cases. They suggested a
criteria curve for the sound power and pipe diameter. This curve has been used as the basic screening
method for the AIV of pipes. Eisinger [2] proposed simple piping design criteria by including the pipe
wall thickness as an additional parameter. These were adopted in the Norsok Standard [3]. Recently,
Bruce et al. [4] suggested new guidelines for the pipe AIV problem, in which the maximum vibration
level is proportional to a nondimensional parameter that is given by the pipe diameter divided by the
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pipe wall thickness. The Energy Institute [5] published guidelines for the pipe AIV problem based on
the likelihood of failure (LOF), which depends on parameters, such as the branch connection, main
pipe diameter ratio, and material type.

However, all of these studies assumed that the main noise sources in a piping system are the
pressure relief valves and estimated their acoustic power levels using an empirical formula that was
based on API521 [6] and IEC 60534-8-3 [7]. In addition, they used an empirical criteria curve, the
main parameters of which were the sound power and pipe dimensions obtained from the available
pipe failure cases. Although these methods are very efficient at quickly screening a large number
of pipes, it is difficult to apply efficient mitigation measures, because these tools rely on a limited
number of input parameters to quantify the LOF, without any understanding of the relevant physical
mechanisms. Recently, Agar et al. [8] proposed a finite element methodology based on fluid-structure
coupling, which makes it possible to predict the dynamic stress in a complex piping system. However,
even though this method could be used to quantitatively and effectively assess mitigation actions,
the acoustic energy that was generated by a pressure-reducing device was estimated using a simple
empirical formula, which inevitably limited its predictive accuracy with significant uncertainty.

In this study, to overcome this limitation, a systematic first-principles-based method was
developed by combining high-order computational fluid dynamics (CFD) techniques with a
wavenumber-frequency analysis. This method makes it possible to separate the acoustic pressure
waves from the total pressure fluctuations in a pipe flow induced by valves, and to compute the
acoustic power that is generated by the valves. First, the valve flow is predicted using high-resolution
CFD techniques, in which the valve is modeled as a simple constriction-expansion pipe for simplicity.
The validity of the calculated steady pressure is confirmed by comparing it to the theoretical solution
obtained from quasi-one-dimensional (1D) inviscid compressible flow equations. Then, an unsteady
simulation is performed to predict the fluctuating total pressure inside a pipe. Finally, the acoustic
pressure modes in the pipe are extracted by applying the wavenumber-frequency transform to the
total pressure field. The results show that the acoustic pressure fluctuations can be separated from the
incompressible ones; this can provide accurate information about the acoustic power spectrum, which
is used as an important parameter to determine the LOF of a piping system due to AIV.

The remainder of this paper is organized as follows. Section 2 introduces the theoretical
background related to valve noise in piping systems, including the wavenumber-frequency analysis.
Section 3 describes the governing equations and the numerical methods in detail. Section 4 presents
the numerical results, including the steady and unsteady flow fields. Finally, the acoustic pressure
modes in a pipe are extracted from the total pressure field using the wavenumber-frequency analysis,
which makes it possible to predict the acoustic power spectrum. Section 5 concludes this paper.

2. Theoretical Background

2.1. Valve Flow and Its Quasi-1D Approximation

Commercially available valves may be categorized into globe valves, butterfly valves, pressure
relief valves, and so on. A schematic diagram of a typical pressure relief valve is shown in Figure 1.

A relief valve is designed to open at a set pressure to protect a pressure vessel or other equipment.
When the inlet pressure exceeds this set pressure, the relief valve opens and a portion of the gas is
diverted through the valve system. As the fluid begins to move faster, its compressibility plays an
increasingly important role, and it undergoes a significant change in density. If the pressure ratio
across the constriction area exceeds a critical value, a choked flow with shock waves occurs [9], which
causes additional aerodynamic noise.

The flow passage through a valve can be considered as a simple constriction and expansion pipe
in terms of its cross-sectional area variation, whereby the area is reduced to a minimum at the throat of
the valve and is then increased. An orifice plate works by essentially the same principle [10], in that
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it reduces the local pressure by providing a mechanical constriction in the pipe, although a valve is
much more sophisticated than an orifice.

Spring

Outlet

Figure 1. Schematic diagram of typical pressure relief valve.

The high-speed flow through a pipe with an orifice can be simplified as a quasi-1D compressible
flow if the cross-sectional area is smoothly varied: the velocity components normal to the axial direction
of the pipe (in the x and y directions) are small when compared to the velocity in the axial (z) direction,
such that the flow field can be assumed to be a function of z only. In other words, it can be assumed
that the flow is uniform across the cross-sectional plane of the pipe, which is called a quasi-1D flow.
In this quasi one-dimensional flow, internal flow can be predicted analytically by solving the relevant
equations presented by White [9].

As the pressure difference between the upstream and downstream regions increases, the mass
flow rate also increases until the system reaches a critical condition, under which the mass flow no
longer increases with an increase in the pressure difference. If the pressure difference increases further,
the flow velocity in the throat remains constant at Mach 1. This is also called a choked condition [11].
When the outlet pressure is below the critical pressure, normal shock waves occur in the pipe, which
are generated perpendicular to the flow direction. Generally, normal shock waves occur in a very thin
region on the scale of 107 m, and are characterized by sudden changes in the flow quantities [12].
In a steady inviscid adiabatic 1D normal shock wave problem, the flow quantities downstream of the
shock wave can be calculated from the upstream flow properties, which are used as the inlet conditions.
The changes in the pressure and velocity across the shock wave are expressed as follows:

p2 1 2

2o (29M2—(y—1 1
D= (M -(-1) M

> (r-1MP+2
21 /7

2yMi = (v 1)

where p; and p, are the pressures before and after shock wave, respectively. Because the shock wave is
an adiabatic and irreversible process, an energy loss occurs and the entropy increases. The entropy

@

variation across the shock wave is expressed as follows:
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The entropy variation can be expressed using the total pressure change as follows:
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In the case of a gas with T < 1000 K, the specific heat can be assumed to be constant. A perfect gas
with a specific heat constant is referred to as a calorically perfect gas. In this paper, the flow through a
pipe can be assumed to be of a calorically perfect gas. Therefore, it can be assumed that the specific
heat (cp) and gas constant (R) are constant.
Because the mass flow rate through the pipe should be constant, the relationship between the
cross-sectional area and Mach number in the pipe can be derived using the isentropic flow relation

AN? 1 ( 2 -1 =
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where A is the area of the pipe and A* is the critical area, which is the area of the throat. In this paper,
because the geometry of the pipe is known, the theoretical solution derived from the above equations
is compared with the numerical solution to confirm the validity of the numerical method.

and mass conservation.

2.2. Wavenumber-Frequency Analysis for Internal Aerodynamic Noise

AlV is known to originate with the high acoustic energy that is generated by pressure-reducing
devices, which causes pipe shell vibration and thus induces excessive dynamic stress. Acoustic energy
propagates at the speed of sound, i.e., the energy travels at the same speed as the compressible
pressure waves. The total pressure fluctuation induced by valve flow in a pipe consists of compressible
and incompressible pressure fluctuations. The incompressible part is the hydrodynamic pressure
of a turbulent flow field with a relatively high energy content, whereas the compressible pressure
fluctuation propagates at the speed of sound, which is determined by the compressibility of the
fluid. The incompressible pressure fluctuation propagates at the convection speed of the mean flow.
Therefore, it is essential to separate the compressible and incompressible acoustic pressure fluctuations
to accurately assess the AIV. This can be achieved using a wavenumber-frequency analysis, which is
described in detail below [13].

Because the cross-sectional shape of a pipe is circular, it is better to perform a
wavenumber-frequency analysis in a cylindrical coordinate system. The analytical solution of the
three-dimensional (3D) wave equation in a circular duct can be written in the following form:

(r,0,2,t) 2 2 Jin (K ) el el {C+,m,n3 —iKEmnz 4 C,,m,neﬂszm,nl} (6)
m=0n=0

where 7, 6, and z are the coordinates in the radial, circumferential, and axial directions, respectively,
and t is time. [, is the 1st kind of Bessel function of the m-th order in the circumferential direction and
w is the angular frequency, k; is the wavenumber in z-direction. C is the unknown constant and the
subscript + and — mean the upstream and downstream parts, respectively.

Using the Fourier transform for the z-direction propagated wave, the spectral power density is
expressed as follows:
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where k; ., is the radial wavenumber of the m-th circumferential mode and n-th radial mode, and k,
is the wavenumber in the axial direction. The dispersion relation of the internal acoustic waves to a
constant mean flow of Mach number M can be expressed in the following form:

2
kg,m,n + k%,m/n = (kO + MkZ,mﬂl) (8)
Thus, the axial wavenumber in the positive and negative axial directions can expressed as follows:
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Because the acoustic modes affecting the pipe wall vibration are the 6 and z modes, the Fourier
transform is considered only in the § and z directions, whereas the coordinate in the r direction is
treated as a constant. For the cut-on higher-order mode, the following relation must be satisfied.

K2 - (1 Mz)kfm,, >0 (10)

In this paper, the discrete Fourier transform is performed using the Hanning window, which can
be written in the following form:
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2.3. Acoustic Power Level

The formula for the acoustic power of a fluid in a pipe is briefly introduced, because most of the
existing empirical approaches consider the acoustic power level to be a critical parameter. The acoustic
particle velocity in a duct with a circular cross-section can be described as follows [14]:

N
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From Equations (6) and (12), the acoustic power is defined as follows:

AW = L dA = pu.dA
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where I is the intensity of the propagated acoustic wave, A is the cross-sectional area, and I is the
time-averaged acoustic intensity.
After some algebra, the formula for the acoustic power can be written as follows:

o 00 Z 1 r2r RZ
-3 Z g [, cos2(mO)a0={In(krmiR) = ot (R st (rmaR) ) (14)

koPoco

Note that this is valid when the effects of the mean flow are negligible.
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3. Governing Equations and Numerical Methods

3.1. Governing Equations

As the governing equations for the fluid flow in a pipe, the compressible Navier-Stokes equations
are used in the following form:

Z—erv-(p?):o (15)
%(p?>+V‘(p$$):—Vp+V~?+? (16)
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where p is the fluid density, v is a velocity vector, p is the static pressure, T is the viscous stress tensor,

5 =
and F is the external body force. The stress tensor, T, is found as follows:
= — =T 2 -
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where 1 is the dynamic viscosity, and I is the unit tensor. The energy conservation is described by the
following equation:

%(pE)-ﬁ-V- (?(pEer)) ==V - (Y hil;) + Sn (18)

where E is the energy per unit mass, h; is the heat transfer coefficient, and J; and S, are the diffusion
flux and heat source, respectively.

3.2. Numerical Methods

First, a steady-state simulation was performed. The Reynolds-averaged Navier-Stokes equations
(RANS) were used as the governing equations in the following form:
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Equation (19) could be solved using the k—w SST turbulence model, where k represents the
turbulent kinetic energy, and w denotes the specific turbulent dissipation rate. The k—w SST model
uses the k—w model near the wall and a k—¢ model in the region far from the boundary for accurate and
stable calculations. This turbulence model is known to be the most suitable model for a supersonic
internal flow16. The equations are written in the following form:

0 d 0 ok ~
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d d d Jw
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where Gy is the production term for the turbulent kinetic energy k due to the velocity gradient, and
Guw is the generation term for the specific dissipation rate w, I' and Y are the effective diffusivity
and dissipation terms, respectively. The k—w SST model requires a cross-diffusion term D,,, which
contributes to the conversion relationship between the k—w model and the k—¢ model. S and S, are
source terms. The density-based implicit solver was used to solve the RANS equation numerically.
The flow was discretized using a second-order upwind scheme, and the turbulent kinetic energy and
dissipation rate were found using a first-order upwind scheme.
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Then, the large eddy simulation (LES) method with a Smagorinsky-Lilly model was used for the
unsteady simulation to predict the fluctuating pressure waves inside a pipe with a high resolution.
The turbulent viscosity of the Smagorinsky-Lilly model was calculated as follows.

?‘: 255, @)

where §,~]~ and L are the rate of the strain tensor and the mixing length, respectively. These are
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expressed in the following form:

where « is the von Karman constant, d is the distance to the nearest wall, Cs is the Smagorinsky
constant, and A is the local grid size, which is defined as follows:

A=V3 (25)

Although Lilly proposed Cs = 0.23 for a homogeneous isotropic turbulence, because it is known
that excessive damping occurs for large pressure fluctuation components, Cs ~ 0.1 was used to obtain
an accurate unsteady pressure in the current numerical simulation. The second-order upwind scheme
was used as the spatial discretization scheme. The maximum Courant number was set to 1 and the
time step was 0.05 ms, for which the Nyquist frequency was 10,000 Hz. The nonreflective boundary
was applied to the outlet to accurately capture the acoustic pressure waves in the computation
domain, by eliminating any possible contamination due to reflected waves from the outflow boundary.
The simulations were performed with the commercial CFD code Fluent, which is based on finite
volume methods. A wavenumber-frequency analysis was performed and the results were combined
with the LES results to separate the compressible acoustic pressure waves from the incompressible
hydrodynamic pressure fluctuations.

4. Numerical Results

First, the steady-state results were used to confirm the validity of the current numerical method
through a comparison of its prediction result with those of the analytical solution, and then the
unsteady LES results were investigated. The total pressure and temperature values were prescribed on
the inlet and outlet surfaces of the pipe as boundary conditions. The boundary values of the pressure
and temperature were determined based on the design values of the piping system that were obtained
using the software HYSYS, which is widely used for process simulation.

4.1. Axisymmetric Steady Simulation

The valve flow was simplified as a quasi-1D flow in a pipe consisting of uniform inlet and outlet
ducts with the same diameter (0.292 m), and an orifice with a minimum diameter of 0.144 m, as shown
in Figure 2. These dimensions were based on the data for a real valve in a pipe that is used in an
existing ocean plant.

The inlet and outlet flow conditions were prescribed using the following design data. The inlet
total pressure was 9.0 bar, inlet static pressure was 7.0 bar, inlet temperature was 523 K, outlet pressure
was 4.4 bar, and outlet temperature was 433 K. An axisymmetric boundary condition was applied
along the center line of the pipe, and the no-slip boundary condition was applied on the inner pipe
wall. The number of grid points in a typical calculation was 200,000.

The results of the axisymmetric steady simulation were compared with those that were obtained
from the quasi-1D theory. Figure 3 shows the convergence time of the simulation in terms of the inlet
and outlet mass flows. The mass flow rates are seen to converge quickly after 5000 iterations to the
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same value (25.7 kg/s) at the inlet and outlet. Because the flow is an inflow at the inlet, the mass flow
rate has a positive value, and vice versa at the outlet. All of the subsequent analyses were performed
using the converged numerical results.

(a) (b) ()

T wall Wall

Pressure

outlet

6m

Figure 2. Grids in physical domain for pipe flow for steady and unsteady computational fluid dynamics
(CFD) simulations (a) pipe inlet; (b) pipe throat; (c) pipe outlet.
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Figure 3. Time histories of mass flow rates.

Figure 4 shows the iso-contours of the static pressure, temperature, and velocity magnitude in
the vicinity of the orifice. Their variations on the center line (y = 0) of the pipe are also shown in
Figure 5, where the velocity results are described in terms of the Mach number. Note that the orifice
is located at x = 1 m. Upstream from the orifice, the total pressure is approximately 9.0 bar, and it
continuously decreases as the flow approaches the orifice. Downstream of the orifice, the static pressure
increases sharply up to 4.4 bar and remains almost constant far downstream. It is found that the shock
wave is located at approximately x = 1.1 m. Other variables show similar behaviors. To verify the
numerical results, these distributions along the center line were compared with those of the theoretical
solutions. To improve the understanding of the numerical solutions, three conditions for the numerical
results were compared with the theoretical ones: steady with friction, steady without friction, and
unsteady with friction. Because the analytical solution was based on the 1D inviscid compressible
Euler equations, the numerical results without viscous friction showed the closest agreement with
the theoretical ones. The steady and unsteady RANS results showed similar behaviors, except for the
oscillation of the steady results in the vicinity of the shock waves.

However, there was excellent agreement between the numerical and theoretical results, except for
the region just after the shock wave, where the complexity of the interaction between the shock wave
and boundary layer invalidated the 1D approximation based on the theoretical approach. These results
ensured the validity of the current numerical method.
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Figure 4. Converged results: (a) static pressure [Pa]; (b) temperature [K]; and, (c) velocity
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Figure 5. Spatial distributions of (a) static pressure; (b) temperature; and, (c) Mach number along axis
of pipe.

4.2. Three-Dimensional Steady Simulation

To obtain the initial values for the unsteady LES simulation, a 3D steady RANS simulation
was performed using the same inlet and outlet boundary conditions as the axisymmetric simulation.
The geometry and grids are shown in Figure 6. The number of grids used was 2,700,000. To obtain
more reliable unsteady results by reducing the possible reflection waves from the outlet, the length
of the computational domain was extended so that the outlet was 20.5D away from the orifice in the
downstream direction.

3.5D 20.5D

Pressure | Pressure

inlet outlet

Wall (No slip)

Figure 6. Grids in physical domain for pipe flow for three-dimensional (3D) steady CFD simulations
with applied boundary conditions.

To verify the results, the mass flow rate predicted is shown in Figure 7. It can be seen that the mass
flow rate converges at the inlet and outlet. The iso-contour distributions of the pressure, temperature,
and Mach number on the central cross-sectional plane in the vicinity of the orifice are shown in Figure 8.
These results are almost the same as those in the axisymmetric case. The spatial variations of these
variables along the pipe axis are shown in Figure 9. Again, there is an excellent agreement between the
numerical and theoretical results, with the exception of the transient region.
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Figure 7. Time histories of mass flow rates.
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Figure 8. Flow fields for 3D Reynolds-averaged Navier-Stokes equations (RANS): static pressure [Pa],
temperature [K], and velocity [m/s].
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Figure 9. Spatial distributions of properties along pipe axis: (a) static pressure; (b) Mach number;
(c) temperature.

As shown in Figure 10, a complicated flow structure is formed in the region downstream of
the shock wave as a result of the complex interaction between the shock wave and the boundary
layer at the wall surface. These complex interactions generate a strong turbulent flow, and thus cause
aerodynamic noise. The following section shows how this was investigated in detail.
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Separation Shock

Figure 10. Vorticity contours near throat: (a) separation location due to shock-boundary layer
interaction; (b) shock location at center line.

4.3. Three-Dimensional Unsteady Simulation

This section discusses an unsteady simulation that was performed using the LES to capture
the compressible acoustic field, as well as the incompressible hydrodynamic flow field. For efficient
computation, the 3D RANS steady simulation result was used as an initial condition for the LES
simulation. The unsteady simulation was carried out with a time step of 0.05 ms and 8,220,000 grids.
In the case of the unsteady LES analysis, the unsteady flow characteristics should be captured by
the numerical method combined with its mesh. The important unsteady phenomena in the CAA
simulation are two-fold: one is aerodynamic noise source mechanism and the other is acoustic wave
propagation. Therefore, the quality of grid for CAA simulation is generally determined by the highest
frequency of the concerned frequency range of the problem. In other words, as the grid-resolution
increases, the resolved frequency range also increases. An important aerodynamic noise source
mechanism in the current problem is closely related to the turbulence in the boundary layer, especially,
downstream of the orifice. The important length scale related to the aeroacoustic source is y+ so that
the minimum grid length is determined, such that y+ = 10. The length scale related to acoustic wave
propagation is the wavelength of the highest frequency component, which is set to be 10,000 Hz in
the current problem. The maximum grid length is matched to be Axyax = Ay /8, where Ay, is the
wavelength of the acoustic wave of 10,000 Hz. The geometry and boundary conditions were the same
as those for the 3D RANS simulation, as shown in Figure 6.

Figure 11 shows the variations in the mass flow rates at the inlet and outlet in the LES simulations.
Because the 3D RANS result was used for the initial condition, a transient period is seen before the
converged numerical solutions occur after 1500 iterations. Figure 12 shows the distributions of the
static pressure, turbulent viscosity, and vorticity on the central cross-sectional plane and in an enlarged
area downstream of the orifice. The strong turbulent fluctuation due to the complex interaction
between the shock and the separated boundary layer is observed in the region just downstream of the
shock wave.

There are two types of excitation sources for the vibration of a pipe wall: the compressible
pressure fluctuation that is associated with acoustic waves, and the incompressible pressure fluctuation,
which is associated with a turbulent flow. As shown in Figure 12¢, the incompressible pressure
fluctuations associated with a strong vortex convected with the mean flow can induce pipe vibration.
This phenomenon is called flow-induced vibration. In addition, the acoustic waves generated by the
turbulent fluctuation and its interaction with the solid surface propagate at the velocity of sound plus
the mean flow velocity. The compressible pressure fluctuation associated with the acoustic waves also
causes pipe vibration, which is called AIV. However, because the compressible pressure fluctuation
propagates at the speed of sound, it is difficult to directly observe it from the flow field. Therefore,
the compressible pressure fluctuation and incompressible pressure fluctuation were separated using a
wavenumber-frequency analysis.
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Figure 11. Time histories of mass flow rates for large eddy simulation (LES).
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Figure 12. Flow fields for LES: (a) static pressure [Pa]; (b) turbulent viscosity [kg/ms]; and,
(c) vorticity [1/s].

4.4. Wavenumber-Frequency Analysis

The wavenumber-frequency analysis was performed using the LES results presented in Section 4.3.
Figure 13 shows the wavenumber-frequency transform of the static pressure on a cylindrical inner
duct wall, i.e., r = d/2 for a length of 1 m from the pipe outlet. The frequency and time intervals
are Af =10Hz and At = 5 x 107° s, respectively. The spatial and wavenumber intervals are
Az =3.844 x 103 m, A@ = 10°, and Ak, = 1.004, respectively. The average speed of sound and
mean flow Mach number over the target region are ¢ = 317 m/s and M = 0.296, respectively.
The speed of sound is considered to be the smallest value in the entire flow field.

The black cut-off lines corresponding to the modes of (i, n) = (0:4, 0:3) are also drawn to make it
easier to understand the behavior of the pressure waves inside the pipe in the wavenumber-frequency
domains. The m-mode is the circumferential mode, and the n-mode is the radial mode. The dashed
line represents the incompressible pressure wave convecting at a constant mean flow speed of 0.88L.
The strong compressible acoustic waves propagating at speeds of ¢ + U (downstream propagating
waves) and —c + Uy (upstream propagating waves) can be identified in the wavenumber-frequency
diagram of the m = 0 and 1 = 0 modes. The condition for the higher-order modes is shown in Equation
(10). From Equation (9), the variation in the z-direction wavenumber, k;, for the higher-order modes
is described in Figure 13 in the parabola form, according to the n-modes [14]. It can be seen from
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Figure 13 that the n = 0 and n = 1 modes contributes dominantly, whereas the higher-order modes
with n = 2 or higher are relatively negligible. Cowling mentioned that pipe failure due to acoustic
waves occurs in the range of 500-2000 Hz [8,15]. In this study, the higher-order modes above n = 2
occurred at frequencies greater than 2000 Hz. Thus, they did not belong to the pipeline failure region
due to acoustic waves. The line of the n = 0 mode shows the velocity of the acoustic wave propagating
upstream and downstream, where the area inside the line is the compressible pressure fluctuation
component, and the area outside the line is the incompressible pressure fluctuation component.
Based on the results of the wavenumber-frequency analysis, it can be seen that the compressible and
incompressible pressure fluctuations can be separated from the entire flow field, as shown in Figure 14.
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Figure 14. Region of compressible pressure fluctuation component for m = 0 mode.

Figure 15 compares the acoustic power level spectrum that was obtained from the inverse
wavenumber-frequency transform of the compressible and total pressure fluctuation components.
It shows that the acoustic power spectrum can be separated from that due to the total pressure
fluctuation. Figure 16 shows the acoustic power spectrum of each circumferential mode. These were
obtained from the inverse wavenumber-frequency transform of the wavenumber-frequency diagram,
as shown in Figure 14. The contribution of each circumferential acoustic mode to the total acoustic
power can be quantitatively assessed based on these results. This information can be utilized because
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the higher modes (i > 0) are known to be more critical in causing flow-induced vibration in a pipe.
Carucci et al. [1,4] presented an empirical formula for predicting the acoustic power level in pipes
based on flow field information. Eisinger et al., Riegel et al. and CSTI proposed standard values for
the acoustic power level based on the pipe dimensions [4], and recommended designing a pipe with
a value smaller than the standard value. Table 1 compares the overall acoustic power levels that are
predicted using the current approach with those obtained using these empirical methods. Note that
the empirical formulas cannot consider the influence of the mean flow, because these models were
developed using a jet noise model that does not include the mean flow effects. Therefore, in this
study, the acoustic power was calculated without considering the influence of the mean flow for a

fair comparison. It can be seen that the empirical approaches over-estimate the acoustic power levels.
The reason for this is that the empirical formula were developed using the data obtained from the

real valves with more complex geometries than the present model. However, the empirical methods

cannot provide detailed information about the spectral distribution of acoustic power levels that the
present method can do.
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Figure 15. Power level spectrum of total and acoustic component.
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Figure 16. Power level spectrum of each mode.

Table 1. Overall acoustic power levels found using empirical formulas.

Acoustic Power Level, L, (dB)

Carucci et al. (1982) 163.24
Eisinger et al. (1996) 167.85
Riegel et al. (2007) 169.69
CSTI (2013) 169.85
Present study 146.32
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5. Conclusions

The LES technique and a wavenumber-frequency analysis were combined to estimate the
internal compressible acoustic waves and incompressible hydrodynamic pressure waves in a simple
constriction-expansion pipe. First, the steady-state flow was numerically simulated, and the result was
compared with a quasi-1D theoretical solution, which confirmed the validity of the current numerical
method. Then, an unsteady simulation was performed to predict the unsteady pressure fluctuation
inside a pipe. Next, the compressible acoustic pressure waves and incompressible hydrodynamic
pressure waves in the pipe were separated by applying a wavenumber-frequency transform to the
total pressure field. Finally, the inverse wavenumber-frequency transform facilitated the estimation of
the acoustic power spectrum by separating the compressible and incompressible pressure fluctuations.
The estimated acoustic power level was compared with those that were obtained using the existing
empirical models, which highlighted the fact that the current method can provide more detailed
information about the acoustic source for the so-called AIV of a piping system, and thus facilitate
systematic measures for the mitigation of this AIV.
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Abstract: Flow-induced vibrations and the sound radiation of flexible plate structures of different
thickness mounted in a rigid plate are experimentally investigated. Therefore, flow properties
and turbulent boundary layer parameters are determined through measurements with a hot-wire
anemometer in an aeroacoustic wind tunnel. Furthermore, the excitation of the vibrating plate is
examined by laser scanning vibrometry. To describe the sound radiation and the sound transmission
of the flexible aluminium plates into cavities, a cuboid-shaped room with adjustable volume and
34 flush-mounted microphones is installed at the non flow-excited side of the aluminium plates.
Results showed that the sound field inside the cavity is on the one hand dependent on the flow
parameters and the plate thickness and on the other hand on the cavity volume which indirectly
influences the level and the distribution of the sound pressure behind the flexible plate through
different excited modes.

Keywords: aeroacoustics; flow-excited; vibration; sound radiation; acoustic coupling; turbulent;
boundary layer

1. Introduction

There are noise sources everywhere in our environment, and these sounds are transferred in
different ways to the human ear. The simplified generic model subject to this investigation reflects
the type of sound excitation and transmission that occurs in numerous applications, e.g. in passenger
vehicles, such as cars, buses, trains or planes. This undesirable sound is caused by excited flat structure
elements. Today, people are constantly exposed to continuous noise which constitutes one of the
most serious problems of our time [1]. Therefore, a growing need for personal acoustic shielding
arises. The increasing travel time for great distances is indirectly leading to higher driving velocities
to save time in turn. Thus, the flow noise develops to the dominating driving noise. In this context,
there are numerous scientific studies discussing individual issues of the noise origination without
considering the entire effect chain, starting with excitation, over the sound radiation und transmission
to the sound detection.

Recent studies analyzed the flow-induced vibration of a plate with a crosswise prefixed obstacle
plate and an additional external exciter with a varying frequency and amplitude [2]. External forces
often have an effect on flow-excited plates. It turned out that both excitations are influencing the
dynamics of the system. The frequencies of both test modes appear in the frequency spectrum at a low
amplitude of the external harmonic excitation, whereas the external excitation in a coupled system is
prevailing at a higher amplitude.

Appl. Sci. 2017,7, 1062 35 www.mdpi.com/journal/applsci
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Concerning the sound radiation into a room, there were vibroacoustical analytical investigations
on a model of a railway vehicle body [3]. The structure-induced noise radiation of flexible floor
panels was analyzed and the natural frequencies and the sound pressure field inside the cavity
were analytically determined. The result of the study is that significant resonance peaks arise from
two concentrated forces on the plate if the dominant excitation frequency approaches the natural
frequencies of the system. Moreover, the rise of the flow velocity led to an increase in the sound
pressure inside the cavity. Regarding the spatial distribution of the sound pressure, it was found that
the sound pressure above the excitation points takes remarkably higher values.

Numerous cases regarding the flow over different obstacles have already been investigated. Low
importance has been attached to the sound radiation of a plate and the coupled distribution inside a
cavity yet. However, two novel studies considering this subject were published this year. SHI et al. [4]
focussed on the analytical modeling of a three-dimensional coupled acoustic system consisting of a
cavity with a coupled flexible plate and a semi-infinite expanded field. The excitation of the system,
including acoustic and structural-acoustic coupling, is generated inside the cavity by a point source.
A solution method was found to predict the dynamic behavior of the entire system using Fourier series
to express the sound pressure and the displacement of the plate. The results are validated through
numerical simulations. This approach examined the issue which will be covered in detail in this
paper, but only in an analytical way with an excitation in reverse direction without the influence of an
external flow.

GANJI and DOWELL [5] investigated the sound transmission into and radiation from a cavity
through a flexible plate structure in a noisy/thermal environment in a supersonic flow. Using nonlinear
models for the pre- and the postflutter regions, equations for the flexible panel, cavity acoustics and
turbulent boundary layer are developed. Based on several approaches and theories, the resulting
equations are solved numerically. The results for the postflutter domain are high sound pressure levels
in the lower-frequency regions and a Helmholtz resonator condition with homogenous sound pressure
distribution inside the cavity.

While there are numerical and analytical studies, there are hardly any experimental investigations.
This paper provides correlations between the excitation, the sound radiation and the sound detection.
In particular, the flow is characterized, the plate vibration analyzed and the measured sound inside
the cavity is described.

The aim of this study is to understand the effects of different influences on the sound radiation and
the sound transmission of flexible plate structures with different measuring configurations. The effect
chain of a clearly defined excitation should be understood in small scale and hereinafter transferred to
special application fields. Moreover, an additional flexible plate could be added and different damping
and absorbing materials could be analyzed to reduce the sound radiation and transmission.

2. Theory

Before analyzing the sound radiation of the plate, a determination of the boundary layer
parameters is required to achieve a starting position with well-defined initial and boundary conditions.
For illustrative purposes, a scheme of the theoretical setup is depicted in Figure 1.

To specify whether the boundary layer is laminar or turbulent, an analytical calculation of the
dimensionless velocity profiles is required. Therefore, different approximate solutions for the wall
shear stress T, are examined in detail. The first one has resulted from empirical measurements of a
pipe flow and can be transferred to smooth plate walls due to similarity. The analogous approach for a

turbulent boundary layer [6,7]
1
7
o _g75 (”z‘s) )

Ur
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Figure 1. Scheme of the theoretical setup.

is solved for the friction velocity with the main flow velocity 1, the wall shear stress velocity ur,
the boundary layer thickness § and the kinematic viscosity v. Using the following equation T, = pu2
with the density p yields:

I
Ty = 0.0225~pu§o<u - 5) @)

The boundary layer thickness 4 of the turbulent flow as a function of the running length x is developed
through substitution in conjunction with the 1/7 power law, rearrangement and integration from 0 to x [6,8]:

5(x) = 0371 x - Rey 5. 3)

with the Reynolds number based on the running length in flow direction Rey. For Reynolds numbers
ranging from 5 x 10° to 107, the local friction coefficient for a turbulent flow over an isothermal plate is
correlated by [9,10]:
Cpr=0.0592- Re, @
The friction coefficient as the dimensionless shear stress is defined as [9]:
Tw

'uooz

Crx = ©®)

2

Equalizing the two Equations (4) and (5) results in the following wall shear stress 7, as
second equation:

T, = 0.0296 - pu, Rey ™5 6)

We tried to approach the velocity distribution in the boundary layer to the real course of
the experimental measurement data. Indirect turbulence models are used as a basis of the direct
velocity modeling:

e 1/7 Power Law [6,9]

1

z \7 7
) = e (575 "
with the distance perpendicular to the plate z. The dimensionless velocity is calculated using the

following equation u™ = u(z) with ur =, / -%w

Ur

e Logarithmic Law after Coles and Adapted by Golliard [11,12]

The dimensionless velocity which follows the outer-layer corrected logarithmic law after Coles is
given by:
u(z — zo)

wr = MEZE i (RestfZE) 4B+ Hw(d) (0= -a) <0) ®)
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This indirect turbulence model uses a Reynolds number which is based on the boundary layer
thickness ¢:

Ueod
Reo~ = T (9)

The dimensionless wall distance ¢ is defined as

_Z—2

;=2

(10)

with the position of the wall zg. The von Karmdn constant is ¥ = 0.4 [11] and the boundary layer
constant is B = 5.1. HINZE [13] fitted the data analytically from an empirical table after Coles and
derived the following relation for the wake-function:

w (&) = 1 — cos (7€) = 2sin? (g%) (11)

The profile parameter IT is dependent on the pressure gradient and results in Equation (8) for
¢ = 1. At this point the velocity is 1, and the z-coordinate corresponds to the boundary layer

thickness é. 1 B
K oo Ur K
=:-2—_In(Res—~ ) — = 12
2ur 2 “( € um) 2 12
e Reichardt’s Formula [14]
1 = +
ut = p In(1+xz%)+78 [1 —exp T —Zl—l exp’o'33Z+ (13)

. . . . zZ-uU
with the dimensionless wall distance z+ = =—=.

Regarding the laminar boundary layer,vthere is a solution in general form of the simplified
approximated form of the boundary layer equations after Prandtl for the special case of a flat plate [9].
The appropriate derivation through a similarity clause was realized by Blasius [9]. In this case, another
formula for the wall shear stress according to the laminar boundary layer is used:

Ty = 0332 puZ, Re, 2 14)

The running length x is defined so that it takes the value 0 at the front edge of the rigid plate,
which is connected to the wind tunnel, and represents the x-position of the measured velocity profiles.
This position is either directly or indirectly (by using the Reynolds number) required to calculate the
wall shear stress. Moreover, this assumption states a boundary layer which is turbulent from the
beginning and ‘normally” developing in x-direction. However, the transition from laminar to turbulent
in this investigation is artificially created by a roughness trip located at the inner wall of the nozzle.
Thus, the transition occurs in a certain distance, which is displaced in the downstream direction and
not unambiguously determinable. Consequently, a new x-position is reverse calculated by rearranging

1 u 3 i
Xnew = <100001> (15)

The boundary layer thickness d;gp and the velocity ug at the boundary layer border are directly
estimated from the hot-wire measurements because usual definitions are not sufficient. For this case,
it can not assumed that the boundary layer thickness is the position where u takes a constant value of
0.99 - 1. Therefore, the measurement data are fitted with a spline curve. To determine its gradient,
a moving average with a window width of 50 samples is used due to the noise caused fluctuations of
the flow velocity at the boundary layer border. At the beginning the gradient is high but it decreases
constantly to almost zero. Below a gradient of 0.05, only minor velocity fluctuations occur which leads
to a good approximation of the wall distance z for the boundary layer thickness d1o.

Equation (3):
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3. Materials and Methods

This section mentions all the measurement methods with its associated measuring setups and
evaluation procedures.

3.1. Experimental Setup

The following subsections deal with the experimental setups that have been utilized to measure
the fluid flow and the sound field.

3.1.1. Flow Field

The measurements were performed in the aeroacoustic wind tunnel of the Chair of Sensor
Technology at the Friedrich-Alexander University Erlangen-Niirnberg. The measuring section is
located in an anechoic room with the dimensions 9m x 6 m x 3.6 m. The general test setup is installed
at a massive base frame built from aluminium profiles to ensure the structural stiffness. To determine
the pressure coefficient at the plate surface, 64 holes with the diameter of 0.3 mm are drilled on the
flow-exposed surface of the rigid plate, whereas on the other side a threated hole is drilled and tapped
to connect pressure hoses to 4 Pressure Systems 16TC/DTC pressure scanners from the company
Pressure Systems (Melbourne, Australia). The pressure holes are arranged in a straight streamwise
line with a constant spacing from one another. The second measurement setup is shown in Figure
2. The replaced continuous rigid plate is equipped with a square opening in which a manufactured
aluminium frame is inserted. The different flexible plates with the thickness t = 1,3 and 5 mm are each
bonded to the frame by an adhesive to avoid possible tensions in contrast to bolting. After installation
of the frame, the plane surface of the flexible plate is arranged at the same height as the solid plate.
The position of the flexible plate in relation to the nozzle outlet is set so that the entire surface of the
plate structure is located in the core area of the free-stream at any time. This substructure ensures that
the only way that sound is transferred into the cavity is through the flexible plate.

All dimensions in mm

z o 7”00
O | =—p . . =}
a Flow-excited side
X
Y Non flow-excited side
Cavity
Rigid plate
Upper base plate
Nozzle ‘g § §

z X /
Flexible plate Lower base plate

1420

Figure 2. Schematic sketch of the experimental setup.
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3.1.2. Sound Field

To investigate the sound radiation and transmission of the flexible plate more precisely,
a cuboid-shaped room is installed at the back surface of the rigid plate. The outer walls of this cavity are
built from 21 mm thick multiplex panels and equipped with microphones to analyze the radiated sound
field. The complete mounting and the exploded view are depicted in Figure 3. The cavity volume can be
varied by putting the rear panel from above in appropriate recesses at the insides of the sidepanels. The
internal dimensions of the cavity are 450 mm x 217 mm x (255 mm or 435 mm). Consequently, there
are two different values for the side length of the cavity, orthogonal to the plate structure. Accordingly,
the two obtained different minimum and maximum possible cavity volumes with a room depth of
255 mm and 435 mm are Vinin ~ 0.0249 m® and Vinax ~ 0.0425m>.

Flexible cover panel
Rear panel

Tight cover panel

Sidepanel
Microphone mount

Aluminium bracket
Base panel

Figure 3. Assembly and exploded view of the cavity.

3.2. Measurement Technology and Methods

The wall pressure was measured over a period of 60s with a sampling frequency of 100 Hz
using the pressure system DTC Initium working with the DTC-technology (Digital Temperature
Compensation). To determine the pressure coefficient, 64 positions on the plate in the direction of the
flow are simultaneously recorded. The determination of the velocity and of the turbulence intensity
is forming the basis for the flow characterization. To approach the true value of the flow velocity as
accurately as possible, the velocity regulating differential pressure transducer Model 239 from Setra
Systems (Boxborough, Middlesex, MA, USA) is calibrated with the Prandtl Probe TPL-03-200 from
KIMO Instruments (Montpon Ménestérol, France) working with very high accuracy. On this basis, the
velocity field and the turbulence intensity distribution perpendicular to the flow direction in a certain
distance to the nozzle outlet are measured by this Prandtl probe and a hot-wire anemometer with the
miniature wire probe 55A53 from Dantec Dynamics (Skovlunde, Denmark).

Using a traversing system, a zero point in the corner of the nozzle outlet is set as a reference for the
108 measurement points. They are arranged on a planar grid, parallel to yz-plane with equal spacing.
The velocity profiles were measured at distances x = 100, 350 and 520 mm from the nozzle outlet with
a sampling rate of 5 kHz and a measuring period of 20s. The turbulence intensity is determined in the
same planes.

For the examination of the boundary layer, the boundary layer probe 55P15 from Dantec
Dynamics is necessary in terms of measurements in direct wall proximity. The corresponding
measurement setup with the nozzle, the flow-excited plate and the traversing system is shown
in Figure 4. The measurement distances to the nozzle are chosen between the position of the front edge
(x = 350mm) and the rear edge (x = 520 mm) of the installed flexible plate. More precisely, different
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not equidistant points in z-direction perpendicular to the plate are measured. While approaching
towards the wall, the distance is successively decremented. The traversing system automatically
moves the probe to all points till the contact point between probe and plate is reached.

Top view

Prandtl probe

Boundary layer probe

Figure 4. Measurement setup and enlargement of the boundary layer probe.

The microphones in the side panel and the top panel are arranged in such a way that they are
able to collect the generated noise at anytime independent of the rear panel position. Moreover,
one microphone row is placed in the middle of the minimum and the maximum volume in each case.
The cavity volume and the microphone measuring positions are varied for the same plate thickness
of the flexible plate structure. This results in different measuring configurations with the following
variation possibilities:

e  Cavity volume: minimum and maximum
e  Microphone arrangement: left, top and rear

e  Flow velocity: 45ms~!

e  DPlate thickness: 1 mm, 3mm and 5mm

Additionally, a frame, milled from solid with a thickness of 20 mm, is precisely closing the square
opening in the rigid aluminium plate and has been prepared for comparative purposes. It can be
assumed that there is no noise transmitted through this frame.

To detect structural vibrations of the flexible plate and to establish a correlation with the sound
radiation in the cavity, Laser Scanning Vibrometer measurements are performed. The method is based
on the Doppler-effect where two coherent light beams with different path lengths overlap and result in
optical interference. The velocity of a certain point on the vibrating plate is determined through the known
wavelength of the laser beam and the frequency shift due to the motion of the surface (Figure 5).
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Laser Scanning Single-Point

Vibrometer LSV-600 85z rometer PDV-100

Figure 5. Measurement setup with Laser Scanning Vibrometers.

A square-shaped grid with 256 measuring points is generated and placed on the surface of the
flexible plate using the Laser Scanning Vibrometer PSV-500 from Polytec (Waldbronn, Germany) with
an automatic scanning mirrors system. To accurately replicate the structural modes of the plate, the
phase relation of each measuring point to one fixed point is required. Therefore, the Single-Point
Vibrometer PDV-100 from Polytec is connected to the first reference input channel of the data acquisition
card of the PSV-500 Scanning System. Flush-mounted microphones are also used as reference signals.

4. Experimental Results

The experimental results of all measurements are presented and interpreted in this section.

4.1. Flow Characterization

Initially, the flow directly influencing and exciting the flexible aluminium plate was examined
in detail in the following two subsections. In particular, different flow parameters and the boundary
layer on the flow-excited surface of the flexible plate have been investigated.

4.1.1. Flow Parameters

In general, the wind pressure merely acts towards the plate surface and thus, the pressure
coefficient achieves positive values. The results show that first there is a sharp decline till the pressure
coefficient is reaching a certain level. This suggests that the flow is not fully turbulent developed
yet, but the transition area between laminar and turbulent flow is still present. A rough calculation
of the critical Reynolds number confirms this assumption. In conclusion, there is no boundary layer
with zero pressure gradient because the pressure coefficient is not close enough to zero. However,
the values are only slightly increasing above 0.01 so that the deviation is relatively small. The relevant
range between the front edge and the trailing edge of the flexible plate shows the least fluctuating
pressure coefficient with values between 0.005 and 0.01. Consequently, the boundary layer along a
flat plate is characterized by the fact that the velocity profiles measured at different distances to the
leading edge of the rigid plate are similar.

The spatial distribution and the accuracy of the flow velocity is very important in the aeroacoustic
wind tunnel because the validity of the measurements is strongly dependent on whether a uniform
velocity field with nearly constant velocity in the core region is formed in the test section. The resulting
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velocity profiles are depicted in Figure 6 by means of contour plots linked to a simplified CAD model of
the nozzle and the rigid plate. It is shown that the core area of the flow with a nearly constant velocity
is shrinking, whereas the mixing zone in the transition area to the resting medium is broadening. The
flow-excited flexible plate, which is exactly located between the two velocity profiles at x = 350 and
520 mm, is clearly lying in the core flow.

Velocity

in m/s

(u=45m/s)
46

Figure 6. Velocity profile at 45m s~ with distances x = 100, 350 and 520 mm from the nozzle outlet.

The turbulence intensity for isotropic turbulence with equal average velocity fluctuations in all

. . 2 2 2 :
three dimensions u}” = u;” = u;" [9,15] is

u'?
T, =+ x100 in%, (16)

o5}

The distribution of the increasing turbulence intensity from 0% towards the edges is similiar
to the decreasing velocity from 45m s~ (Figure 6). Moreover, the turbulence intensity is identically
depicted as the velocity profiles (Figure 7) at the same position. The turbulence intensity values at the
edges increase with distance to the nozzle. Accordingly, a contour with relatively small width and
increased turbulence intensity, which is recreating the form of the nozzle outlet, is growing in width
towards the middle of the profile. The first contour plot shows a high turbulence intensity at the edges.
Considering the contour plots at the position x = 350 mm and 520 mm, the turbulence intensity at the
edges decreases with increasing distance to the nozzle. As already mentioned in connection with the
flow velocity, a good comparability and transferability of the measurement results can be provided
because the area of the flexible plate structure is exposed to low turbulence.
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Figure 7. Turbulence intensity at 45 ms~! with a distance x = 100, 350 and 520 mm from the nozzle outlet.

4.1.2. Boundary Layer

The dimensionless velocity profiles of the measurement, of the three indirect turbulence models
and of the approach after Blasius (refer to Section 2) for a distance to the nozzle outlet of x = 350 mm
are shown in Figure 8. The turbulence models correlate in exponential curve characteristics compared
with the measurement in contrast to the approach after Blasius which shows a linearly increasing
course at the beginning changing to an exponential growth till the maximum value of ™. This result
suggests that the boundary layer is turbulent.
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__________ ] asius

*, I 1/7 power law |+, 500F
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_é 1000 law (Coles) § 400F
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Figure 8. Dimensionless velocity profiles at 45ms~! with a distance of x = 350 mm from the nozzle outlet.
(a) Turbulent presumed boundary layer in case of shear stress 1; (b) Laminar presumed boundary layer.

To evaluate the quality of the indirect turbulent models more clearly, another depiction of the
dimensionless velocity profiles of the turbulent presumed boundary layer is presented in Figure 9.
Besides this, the graphs of the logarithmic overlap law and of the laminar sublayer are added.
The 1/7 power law reproduces the curve shape of the measurement most closely at the beginning,
whereas the logarithmic law after Coles overlaps the measurement between a dimensionless distance
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from z* = 90 to 200. Towards the end, a plateau with constant dimensionless velocity is to be noticed
which means that this section is already outside of the boundary layer. The curve progressions of
the logarithmic law and the logarithmic overlap law are the same till reaching the outer part of the
boundary layer. There, the law of the wake as the third summand added to the logarithmic overlap
law takes effect and describes the outer part in the corrected equation of Coles (Equation (8)). The

laminar sublayer completely deviates from the other curves.
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Figure 9. Dimensionless velocity profiles of the turbulent presumed boundary layer at 45ms~1 in case
of shear stress 1 with a distance of x = 350 mm from the nozzle outlet.

The shape factor Hj; as the ratio of the displacement thickness 6; to the momentum loss thickness
&7 is used to characterize the boundary layer developing on a flat plate. The integral calculation of the
displacement thickness J; and the momentum loss thickness ¢, is done by a spline interpolation with a
following exact numerical integration using global adaptive quadrature and preset fault tolerance [16].
The values of Hy, converge towards 1.3 despite varying values for 4, and J, for different x-positions.
For laminar flows on a flat plate, Hy; is typically about 2.59. At the transition point it falls to a
considerably smaller number range between 1.4 and 1.0 [9,17]. CLAUSER [18] concluded that Hj,
is dependent on the Reynolds number Re, based on the running length x and on the skin friction
coefficient C Y for equilibrium boundary layers. In this case of constant pressure profiles, for a range of
10 < Rey < 107, the values of Hy, are expected to be between 1.27 and 1.35 with C £ between 0.025
and 0.036. According to HEAD, COLES and Smith and Walker [19] H;, assumes higher values between
1.3 and 1.42 in the same range of Re,. NIKURADSE [20] concluded after measuring the boundary layer
for a pipe flow that Hj = 1.3 is constant in the measurement range of 1.7 x 10° < Rey < 1.8 x 107.
All boundary layer parameters are shown in Table 1. The resulted values of Hj, clearly prove that
there is a turbulent flow in the entire area of the flexible flow-excited plate. Moreover, the calculated
x-distance xpew from Equation (15) is nearly twice as high as the real x-position. The boundary layer
thickness d1(g increases with the distance to the nozzle.
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Table 1. Boundary layer parameters for the analytical approaches.

X-pOS.  Xnpew oo Uy 5100 N o Hyo Re, = Rer = Re;, =

1 1

mm mm ms 5 ms ~ mm - - - UooXnew!/V  UrI100/V U O2lV

350.0 7022 4500 1.80 1444 180 138 130 1.91 x10° 1571 3.76 x 100
3925 7217 4501 179 1477 189 145 131 1.96 x10° 1598  3.93 x 10°
4350 807.7 4501 178 1618 207 158 131 2.18 x10° 1722 426 x 100
4775 8594 4501 177 1701 222 170 131 231 x10° 1796  4.58 x 10°
520.0 977.8 4501 1.74 1887 241 183 1.31 2.63 x10° 1963  4.92 x 10°

The measurement data is fitted using the approach from Golliard [12] to reproduce the curve
progression of the dimensionless velocity most accurately. The generated curve points based on the
spline interpolation are entered as input data for the curve fitting using the least squares method.
The logarithmic law from Equation (8) is the objective function, in which ue is replaced by the
velocity at the boundary layer border from the hot-wire measurements 1. The z-distance is the passed
dependent variable and the four fit variables are uy, u,,, 6100 and zo with the Levenberg-Marquardt
algorithm as numeric optimization method [21,22]. Another curve fitting with constant 1y and 199
and only i, and z as fit parameters is performed to verify the quality of the results.

Comparing the wall shear stress resulting from the analytical calculation (ur,, u,) with those
from the numerical approximation (., Uz, ), one can recognize different values as shown in Table 2.
However, relating to their respective velocities (i, 1), nearly equal values are obtained. It can thus
be concluded that the Equations (2) and (6) for the wall shear stresses 7, and T, provide a very good
approximation. The adapted running length xpew (Equation (15)) and the boundary layer thickness
6100 (Equation (3)) are used for the calculation. Without measurement data it is impossible to calculate
or predict the boundary layer parameters in case of an artificially induced turbulent boundary layer,
whereas the adjusted analytical approaches solely suffice to characterize the boundary layer with the
existance of measurement data.

Table 2. Comparison of the boundary layer parameters to analytical approaches and to the curve fitting
beyond the approach of Golliard.

U Uz, Urg, Urg,,
X-pos. up Uy Ur, Urg, Urg, — — - —
2 U U Uup Uup

1 1 1 1 -1

ms - - - -

350.0 44.11 1.799 1.823 1.758 1.792 0.040 0.041 0.040 0.041
392.5 43.87 1.795 1.819 1.733 1.763 0.040 0.040 0.039 0.040
435.0 44.44 1.776 1.799 1.730 1.767 0.039 0.040 0.039 0.040
477.5 43.99 1.765 1.789 1.704 1.739 0.039 0.040 0.039 0.040
520.0 43.78 1.743 1.766 1.664 1.707 0.039 0.039 0.038 0.039

mm ms— ms— ms— ms—

4.2. Flow-Induced Sound Radiation into the Cavity

To determine the influence of the single measuring configurations and to compare and assess
those effects, there are only one or two varying parameters. All figures are related to microphone
position number 5 which is each located in the middle of the rear, side and top panel of the cavity
(Figure 10). Unless otherwise specified, the maximum volume and the microphone position on the rear
panel is chosen in the following. The lower cut-off frequency of the cavity as an acoustic chamber with
maximum volume is 2866 Hz. Above this frequency, a strong superpositioning of natural frequencies
occur which is apparent in the following sound pressure level depictions.
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Figure 10. Sketch of the microphone positions on the cavity walls.

Figure 11 shows the effects of different microphone positions on the sound pressure levels.
The measuring planes (Figure 11a), the distance from the flexible plate (Figure 11b) and finally the
microphone position in the rear panel (Figure 11c) are varied. The frequency range is from 100 to
1000 Hz because that is the interesting area where significant modifications arise. The sound pressure
level spectrum is plotted against the frequency for the three microphone positions on the different

cavity walls.
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Figure 11. Sound Pressure Level at variation of the microphone position (plate thickness = 1 mm).

(a) Different measuring surfaces; (b) On the cover panel in z-direction; (c) On the rear panel in

x-direction (minimum volume).
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Common peaks appear in Figure 11a at 310 Hz, in the range of 400 Hz, 550 Hz and at higher
frequencies, too. Below 300 Hz, the curve characteristics differ considerably because the frequency is
below the frequency of the first room mode of the cavity and thus not influenced by the room.

The second figure (Figure 11b) depicts the different distances from the flexible plate with position 2
as the nearest position to the plate. Between 300 and 500 Hz, the sound pressure level measured at
position 8, located at half of the cavity length, is significantly lower than those of the other positions.
This is because special acoustic waves, whose wavelength correspond to the half room length,
form nodes and thus sound pressure minima. A greater distance to the flexible plate leads to a
lower sound pressure level at low frequencies with the exception of a few peaks.

Finally, different x-positions, describing the distances from the nozzle outlet in streamwise
direction, are selected and located on the rear panel. The distance increases with a decreasing
microphone number while number 5 exactly represents the perpendicularly displaced center of
the flexible plate. There is a lower sound pressure level between the microphone positions 4 and 6
compared with 5 between 330 and 450 Hz and between 770 and 900 Hz. The responsible axial modes
run in negative z-direction from the flexible plate and produce sound pressure minima at position 5.
The curve shapes up to a frequency of 330 Hz in the low-frequency range are similar to each other.

Changing the rear panel position and thus the cavity volume implicates different developing
sound pressure levels (Figure 12). The maximum at 210 Hz only occurs with maximum volume
although cavity modes do not propagate below the first axial mode at approximately 400 Hz.
This sound superelevation is dependent on the room size and position. The small peak at a frequency
of 387 Hz can be explained by the second axial room mode for the minimum cavity volume.

0
(=]

Sound Pressure Level in dB, ref. 2. 10" °Pa

& =
(=3 <

[
(=1

0 —————— Minimum room volume

Maximum room volume

10' 10° 10° 10*
Frequency in Hz

Figure 12. Sound Pressure Level at variation of the room volume.

The next step was to study the influence of plate thickness variation which is depicted in Figure 13.
There is a considerable difference in the development of the sound pressure level at low frequencies
for a plate thickness of 1 mm and the remaining thicknesses. The shape modes of the thinnest plate are
excited and radiate sound into the cavity. Furthermore, the sound transmission through this plate is the
highest among the other thicker plates. The first two peaks at 160 and 210 Hz appear regardless of the
thickness and only for maximum volume. Subsequently, their development is not associated with the
natural frequency of the thinnest plate. An immense sound pressure level variation is shown at 310 Hz.
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Whereas there are only small impacts on the medium thick plates at this point, a huge positive peak is
shown for the 1 mm thick plate and on the contrary a negative peak for the 20 mm thick solid plate.
The short-circuit area and the piston-diaphragm area are located below the first natural frequency of
the thinnest plate at 217.4 Hz. Thus, the increase can be explained by the sound transmission through
the plate structure. At higher frequencies above 3000 Hz, the sound pressure level is increasing with a
reduction of the plate thickness due to a different degree of oscillation excitation and varying sound
transmission strength. Additionally, the illustrated frequency spectrum is extended to 20 kHz to show
the sound pressure increase from approximately 12,800 Hz for the 1 mm thick plate. This is caused by
the coincidence frequency above which a full sound radiation occurs. This effect is superimposed by
other sound sources for the remaining plate thicknesses. Finally, the common peak at 550 Hz is due to
the first tangential room mode.
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Figure 13. Sound Pressure Level at variation of the plate thickness.

To evaluate the mutual influence of the vibrating plate and the cavity, the auto power spectral
density (APSD) of the surface normal velocity of the single-point vibrometer and the sound pressure
level (SPL) of the microphone which is located in the middle of the rear panel are depicted together in
Figure 14. The APSD is calculated as follows:

1

(signal length) - (sampling frequency)
APSD = 10 log,, 1018

- |t

(17)

with the signal length of 3200 and the sampling frequency of 2000 Hz. They are both converted to the
unit dB but have two different reference values concerning the level calculation. There are 9 vertical
dashed red lines representing the highest peaks of the APSD and 4 vertical dash dotted blue lines
which show peaks of the SPL and small influences in the APSD at identical frequencies.
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Figure 14. Comparison between structural vibration and sound radiation.

In the low frequency range till approximately 400 Hz, numerous maximum values of both curves
appear at the same frequency in contrast to higher frequencies. Plate vibrations which occur below
the first natural frequency of the plate at 353.125 Hz develop due to coupling with the entire frame
structure of aluminium and pressurisation which is caused by low-frequency vortices.

The first peak at f = 11.875Hz which is depicted in Figure 15a results from a vibration of
the entire system which can be derived from the chronological sequence of the plate vibration.
Every measurement point of the plate is oscillating with the same amplitude and phase. In the
second Figure (Figure 15b), a superimposition between the vibration of the plate and a the formation
of a kind of structural oscillation occurs although the first shape mode firstly appears at a higher
frequency. The front area of the flow-excited plate, which is closer to the nozzle outlet, is considerably
stronger oscillating upwards and downwards towards the surface normal than the rear region. The
movement of the plate’s rear edge is lagging behind the front edge like the phase-shifted points of a
standing wave. The plate tilts whenever the front or the rear edge reaches the maximum oscillation
amplitude. It is exposed to a compressive and tensile load caused by vortex structures with a long
wavelength. The maximum value of the APSD is not clearly noticeable and has a higher peak
width. The third peak of the APSD and the SPL results in a vibration form f = 164.375Hz in Figure
15c. The bending of the plate moves in streamwise direction. One reason for the occuring mode
shape across a wide frequency range which is similar to the first shape mode at f = 353.125Hz
(Figure 15d) is the increasing convection velocity with increasing frequency in the low frequency
region [23]. Thus, the wavelength of the large eddies is slightly changing, whereby the effect on
the plate remains similar. The vibration of the flexible plate leads to a sound radiation into the
cavity which occurs at the first shape mode. Conversely, the first axial room mode at f = 397 Hz
in Figure 15e appears in form of a peak in the SPL of the microphones and the APSD of the
surface normal velocity. The plate is oscillating, induces the room mode, which in turn excites
the plate to vibrate at the same frequency. The same phenomenon arises on a smaller scale at the
frequencies which are highlighted by the 4 vertical dash dotted blue lines. The second shape mode at
f = 736.25Hz in Figure 15f has similarly to the following plate modes (Figure 15g—i) only a minor
impact on the sound pressure level in the cavity.
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In summary, the first shape mode has the greatest influence on the sound pressure level in the
cavity. Moreover, the larger peaks of the APSD of the surface normal velocity match with those of
the SPL in the low frequency region. The vibrations of the plate or the entire system with a higher
amplitude are transferred into the cavity and influence the inner sound pressure level.

(b) (0)

(d) (e)

(8) (h)

Figure 15. Plate vibration forms (plate thickness f = 1mm). (a) Plate vibration at f = 11.875Hz;
(b) Plate vibration at f = 45Hz; (c) Plate vibration at f = 164.375Hz; (d) First shape mode at
f = 353.125Hz; (e) Plate vibration at f = 396.875Hz; (f) Second shape mode at f = 736.25Hz;
(g) Third shape mode at f = 1111.875Hz; (h) Forth shape mode at f = 1356.875 Hz; (i) Fifth shape
mode at f = 1718.125Hz

5. Conclusions

In this paper, measurements to characterize the flow and to determine the vibration and sound
radiation of flexible plate structures into cavities are recorded. Moreover, the corresponding results
are discussed. In summary, the flow is clearly defined by the analytical and numerical approaches.
The velocity profiles and the turbulence intensity distribution reproduce the rectangular geometry of
the nozzle outlet, are uniformly developed, but show wider edges with deviation from the optimum
range. However, the flow-excited flexible plate structure is completely located in the core area of
the open jet. The type of the flow along the plate is demonstrably a turbulent boundary layer which
is proved by the shape factor Hyp. To describe the boundary layer through the measurement data,
the adapted analytical approaches suffice. The analysis of the flow-induced sound radiation into
the cavity yields to different results depending on the measuring configuration. The highest sound
pressure levels in the cavity are detected at the thinnest plate t = 1 mm. This can be seen both in
the low frequency and the high frequency region and especially at 310 Hz. With the laser scanning
vibrometer measurements, correlations between the vibration of a plate, the sound radiation and the
retroactive effect of the cavity could be captured.

The aim of all the efforts is to understand the entire effect chain from the plate excitation to the
sound detection for which fundamental knowledge is required. These includes basic experiments
which were carried out in the present study. The measurements should serve as a benchmark for
future tests. Adding another flexible plate behind the first one and testing different materials could
provide more knowledge about multilayer constructions like already in use in nearly all vehicles.
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Lsv Laser Scanning Vibrometry

SPL Sound Pressure Level
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Abstract: In this work, fully-resolved rotor-fuselage interactional aerodynamics is used as the forcing
term in a model based on the Euler-Bernoulli equation, aiming to simulate helicopter tail-boom
vibration. The model is based on linear beam analysis and captures the effect of the blade-passing as
well as the effect of the changing force direction on the boom. The Computational Fluid Dynamics
(CFD) results were obtained using a well-validated helicopter simulation tool. Results for the
tail-boom vibration are not validated due to lack of experimental data, but were obtained using
an established analytical approach and serve to demonstrate the strong effect of aerodynamics on
tail-boom aeroelastic behavior.

Keywords: Computational Fluid Dynamics (CFD); helicopter main rotor; tail-boom vibration;
Euler-Bernoulli equation

1. Introduction

Interactional effects between the main rotor and the fuselage are commonplace in rotorcraft.
In particular, at low advance ratios of the main rotor, its wake can interact with the main fuselage
and the empennage. The higher the helicopter weight, the stronger the rotor wake, and therefore
interactional aerodynamics can be significant. Leishman [1,2] carried out experiments on the topic and
there are several numerical studies too. Nevertheless, amongst the current research reports there is
little information on the effect of these aerodynamic interactions on the vibration and deformation of
the tail-boom structure. This interaction is expected to be significant if a long tail-boom is used or if the
employed structure is light with substantial weight added at the end of the boom due to the presence of
the tail rotor, its rotor-head, the intermediate gear-box, fin and horizontal stabilizer. One can expect that
the tail boom loads are not high, but estimating the vibration level is important for design and fatigue
analysis of the boom. Therefore, this work aims to investigate the effect of unsteady aerodynamics
on the vibration and deformation of a helicopter tail-boom. In contrast to earlier works [3] where the
rotor aerodynamics is represented by blade-element methods, Computational Fluid Dynamics (CFD)
is used here to compute the unsteady flow, and then the aerodynamic loads are used in conjunction
with a simple structural model. The use of CFD allows for the details of the unsteady flow spectrum to
be captured and preserved in the flow around the tail-boom.

In terms of modeling the structure of the tail-boom, it was decided here to keep the model
simple, based on the Euler-Bernoulli equation for coupling with CFD via embedding the model in
the framework of a CFD solver. The Euler-Bernoulli equation for various end conditions allows for
analytical or approximate solution of the natural and forced vibrations of uniform and non-uniform
beams [4-9].
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Detailed empennage models with structural optimization were considered in [10], where complete
Finite Element Method (FEM) models are demonstrated for computing the natural mode shapes and
frequencies of the structure. In [11], maintaining the non-dimensional amplitude of the forces against
several lifting conditions were analyzed with the FEM approach. Nevertheless, these works did not
proceed to compute the effects of wake aerodynamics on the tail boom.

To determine the transverse vibrations of an Euler-Bernoulli uniform beam in the present study,
an approximate analytical approach is used, based on the approach of [12]. According to [12],
a solution of the Euler-Bernoulli can be presented as a series of spatial and time coordinates. The forced
vibrations are computed using an approximation of the tail boom load obtained from CFD calculation
of rotor-fuselage configuration.

The selected test case is motivated by the Ansat light helicopter (Kazan Helicopters Public Stock
Company, Kazan, Russia), although the results obtained serve to demonstrate the employed method
and correspond to a generic interaction case. The aerodynamic predictions of the helicopter fuselage
aerodynamics are validated against wind tunnel tests.

2. Fuselage Aerodynamics

The first step of this work is the simulation of the flow around the isolated “clean” fuselage.
The Helicopter Multi-Block (HMB) solver is established in the field of rotorcraft aerodynamics and it
is based on the discretization of the Unsteady Reynolds Averaged Navier-Stokes (URANS) equation
on multi-block structured grids. The solver allows for sliding and overset grids and has a variety of
solution methods for flows at low or very high Mach number. A mesh deformation method based on a
combination of the Trans-Finite Interpolation and the Spring-Analogy method allows for aero-elastic
cases to be studied. Also, a sliding-mesh method is implemented so that test cases with relative
motions of different parts of the geometry can be modeled. The HMB method has been validated for a
range of rotorcraft applications [13-18] and has demonstrated good accuracy and efficiency for very
demanding flows. The parallel implementation makes use of the Message Passing Interface library
for inter-processor communication and of parallel I/O for saving and reading data from out-of-core
storage. The HMB method has so far been used for the analysis of rotors, wind turbines, propellers
and cavities and has demonstrated good scalability for up to 10 k cores. This was of course achieved
using a fine mesh. A summary of the method in HMB is presented in reference [13]. The code can also
use actuator disks or virtual blade models to simulate the effect of the main rotor on the fuselage.

Although the solver is able to use Detached-Eddy Simulation (DES) and Large-Eddy Simulation
(LES) models, the URANS equations were used in this work. This was justified by the rather
limited regions of flow separation encountered during computations. In general, different models of
turbulence, including the Spalart-Allmaras one-equation model, the k-w (SST) 2-equation model and
transition models of turbulence are available in HMB solver.

The geometry of the isolated fuselage corresponds to an early Ansat-P model of the Ansat
helicopter produced by the Kazan Helicopters. The wind tunnel model (Figure 1a) was manufactured
based on the computer model, used for CFD modeling. The aerodynamic analysis of this model was
considered in references [19,20], and were studied using the open test section (2.25 m diameter) closed
circuit, low speed, wind tunnel T-1K of the KNRTU-KAI Aerohydrodynamics department.

For the grid around the Ansat-P fuselage, the (ICEM)-hexa software of ANSYS™ mesh generation
tool has been used. The length of the wind tunnel model (Figure 1a) was Lr = 1.8 m. The computational
grid for this model contained 964 blocks and 13.5 x 10° cells. The surface grid and grid details are
shown in Figure 1b—d.

The topology and surface grid near the area of the engine exhausts is also presented on the
same figure. Care has been taken to represent the geometry of the wind tunnel models as accurately
as possible, regardless of the minor edits that the laser-scans of the models needed in order to be
converted to air-tight surfaces suitable for CFD.
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In terms of turbulence modeling, the k-w model [21] was employed. Experimental and CFD
analyses were conducted at Reynolds number of 4.4 x 10° and Mach number of 0.1.

(9 (d)

Figure 1. (a) Ansat-P fuselage model in the T-1K wind tunnel of KNRTU-KAI, (b) surface grid for
fuselage, (c) multi-block topology, and (d) surface mesh near exhausts.

Figure 2 suggests a good agreement between CFD and experimental results for the lift (C;) and
drag (Cp) coefficients in the considered range of pitch angles.

2

——+—— Experiment Re=4.4x106
——+—— CFDRe=4.4x10¢

/

15

<

Figure 2. Computational Fluid Dynamics (CFD) and experimental drag coefficients vs. lift coefficient
for Ansat-P model.

More detailed information about grid sensitivity studies and the HMB code validation vs.
experimental data is presented in [14,19,20].
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The next step was the simulation of the flow around the rotor model in hover [22]. The CFD
code validation was performed against the experimental data of Caradonna and Tung [23] that are
extensively used within the helicopter community. Figure 3 shows the satisfactory agreement of CFD
results for the pressure coefficient (Cp) distribution with experimental data (My;, = 0.612, collective
pitch of 8 degrees) at two values of the rotor dimensionless radius 7.
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Figure 3. Pressure coefficients along the rotor section: (a) 7 = 0.68, (b) 7 = 0.96.

3. Rotor-Fuselage Computations

Rotor-fuselage flow simulations are also considered in this paper. For the simulation of the rotor
over the fuselage, a sliding surface is constructed that divides the computational domain into two
parts (Figure 4). The movable upper part corresponds to the rotor, that includes four-blades made of
NACA 23012 airfoils with the root cut-off » = 0.2R, where R is the radius of the rotor. A simplified
elliptical hub is used. The geometry of the upper part is inclined to allow forward tilting of the rotor.

Rotation

Main rotor

Figure 4. Far and near view of the computation domain.

The CFD grids are constructed using the ICEM-hexa software of ANSYS™. The topology of the
blocks and the parameters of the computational grids correspond to what was used for the isolated
fuselage of the helicopter. The fixed part of the mesh contains 688 blocks and 9 x 10° cells.

The computational grid of the rotor was assembled in several stages. At the first stage,
the computational grid for a quarter of the computational domain (for one blade) was generated,
as shown in Figure 5. The computational grid for each blade comprises 144 blocks and 6 x 10° cells.
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Periodic in

forward flight Far field

Figure 5. Sliding plane arrangement near the main rotor hub.

The boundary conditions are shown in Figure 5. Only a single blade was meshed, but using
periodic conditions between blades allows for the full rotor to be considered by copying and rotating
the mesh of a single blade around the azimuth (Figure 6). This method simplifies the process of
constructing the computational grid for the main rotor and keeps constant the characteristics of the
computational grid for each blade.

L\\ 7"‘ / ~
w\j\ J
e d
L | ‘ I
(a) (b)
Figure 6. Multi-block topology (a) and mesh section (b).
After assembling of all elements, the computational grid had 1144 blocks and 33 x 10° cells.

The simulation concerns forward flight for a 1:6 scaled helicopter model, and all geometric and flight
parameters are presented in Table 1.

Table 1. Main rotor parameters.

Geometry Parameters

Number of blades, N 4
Rotor diameter, 2R (m) 1.92
Root cut-out, (m) 0.19
Blade twist, ¢ (deg) -53
Blade chord, ¢ (mm) 52
Blade thickness, f (%c) 12
Operation Parameters
Collective pitch angle, 6 (deg) 8
Cyclic pitch angle, 61, (deg) -2
Cyclic pitch angle, 01, (deg) 2
Coning angle, 3 (deg) 0
Angle of attack, « (deg) —4
Tip Mach number Myip = 0.64
Advance ratio, n 0.15
Direction of rotation Counter clockwise
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The following assumptions were made:

- Rigid blades;
- No flapping motion of the blades, only pitch input is considered;
- No lead-lag.

Changing the cyclic pitch of the rotor is achieved by deforming the computational grid.
The employed method is described in [13].

The simulation was unsteady, and with a time step corresponding to 1 degree in rotor azimuth.
An example of the surface pressure distribution at the azimuth of 1\ = 80° is shown in Figure 7.

Figure 7. Surface pressure coefficient on the fuselage and blades at the conditions of Table 1.

Analysis of the results was carried out using Tecplot 360™, and normal vectors to the surface of
the body oriented towards the outside were computed.

Variation of the pressure distribution over the surface of the fuselage and the rotor blades leads to
variable fuselage drag (Cp) and rotor thrust (Cr) coefficients, which are computed by:

D T

Cp = ,Cr= ,
P qooSF T qtjpTL’Rz

where (g is the free stream dynamic pressure, gy, is the dynamic pressure at the blade tip, S is the
reference fuselage area, D is the drag force, and T the rotor thrust. The oscillation amplitude values of
the coefficient Cp of drag of the fuselage are about 13% around the mean (Figure 8).

The average value of drag in the presence of a fuselage of the rotor is higher compared with the
simulation results of an isolated flow fuselage. Increased drag of 46.6% is seen, which correlates with
the results obtained by using a simplified actuator-disk model [24] (ACp = 45.6% at the value of thrust
coefficient Cr = 0.0128).

The value of the thrust coefficient also changes during the rotation of the rotor (Figure 9).
The oscillation amplitude reaches 2.25% of the mean.

The rotation of the rotor has a strong effect on the fuselage. Figure 10 presents diagrams of loading
of the tail boom at different azimuthal positions of the rotor.
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Figure 10. Load Z and Load Y present sectional forces along the tail boom projected in the vertical (Z)
and lateral directions for different azimuthal positions: (a) \ = 0°, (b) 1 = 40°, (c) 1\ = 80°.

The aerodynamic load acting on the tail boom is shown in Figure 11 in terms of vertical Fg, (1)
force coefficient that was computed according to the expression:
F Bz (11))
C = =27 1
Bz (1|)) oo Sk 1)
Figure 11 shows that the effect of the rotor on the tail boom is characterized by rapid loading
changes. The main oscillation frequency corresponds to the blade passing frequency.
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Figure 11. Vertical aerodynamic load on the tail boom, as a function of the azimuth of the main rotor blades.
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The variation of Cp, (1) can be approximated by a function
Cpz_a($) = o1(1+ o[l + a5 cos(y + Nip)|™) @

where o = 0.0189, &y = —0.329, oz = 0.7891, y = 0.15 rad (N = 4 is the number of blades).
Using a harmonic function (cosine) in expression (2) captures the periodic character of the tail-boom
load. The parameter «; allows for correction of the peak to peak amplitude and the parameters oy, «,
determine the shift of the Cp, ,(1) function with respect to the azimuth axis. The parameters «; were
fitted to ensure foz " Cpy a(P)d = foz ™ Cp,(p)dp. The function Cp, ,(1) is shown in Figure 11 in
comparison to the function Cg; ().

4. Mathematical Model of Tail Boom Vibrations

The tail boom of the helicopter is susceptible to vibration. Several factors contribute to this;
in particular, the impact of the main and tail rotor loads. An approximate analytical method for
simulation of the tail boom vibrations is considered here.

The mathematical formulation of the problem is bound by the following limitations and
assumptions: (1) The tail boom is considered to be of a constant diameter thin-walled cylindrical
structure with continuously distributed mass (no concentrated mass points), so that the total mass
of the beam is equal to the one of the light helicopter boom (but also adding the horizontal tail,
transmission and other design elements); (2) The tail boom is rigidly fixed at the fuselage end and
the other end is free; (3) The mathematical model of vibrations (vertically directed) without viscous
damping is determined by the Euler-Bernoulli equation with one spatial coordinate and variable tail
boom geometry along the tail boom span.

Under these assumptions, the equation of the tail boom deformation is described by equation [4,7,12]:

92 9%v %v
@{Elﬁ}+”&ﬁ —FL(t,x). 3)

Here x is the longitudinal coordinate; ¢ is the time coordinate; EI is the flexural rigidity (E is
Young’s modulus, I is a moment of inertia); v(t, x) is the transverse vertical deformation; my, is the
mass per unit length. The normal (vertical) component Fy (t, x) of the force acting on the surface of the
tail boom per unit length is given by

Fu(tx) = B g SE (e, @

Here cp(t, x) is the normal force coefficient; L is length of the beam. The boundary conditions for
the Equation (3) can be written as

Jv

0(0,%) = 9(x) 51(0,%) = £(x);
Jdv
v(t,0) = 0; a(t,O) =0; (5)
9%v v
ﬁ(t,L) =0; ﬁ(t,L) =0.

According to [12], the solution of Equation (3) with boundary conditions (5) can be written in
the form
v(t,x) =vo(t, x) +v1(t, x). 6)

Here the functions vy(t, x) and v (¢, x) can be determined by using constraints of the physical
and mathematical formulation of the vibration task: the function vy (¢, x) determines the natural and
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the function v1 (f, x) determines forced tail boom vibrations. Substitution of (6) in Equation (3) leads to
the expression:

82 Bzv BZU BZU azv
2 0 1 0 1) _
Here PLm(t,x) = PL(t,x)/mL, bz = EI/mL

From the last expression, a system of two equations can be obtained:

@)

2 841)0 821)0 _

oxt o 0

®)
d*v; %
2 1 1 _
P T = fnlt):
Boundary conditions for the Equation (8) can be written as

)

0(t,0) =0, %(t,o) =0,

azvo 8300
(L) =0, = (t,L) =
g B =053 (L) =0,

00(0,%) = 0(x), 2(0,%) = &(x).

For Equation (9), the boundary conditions are taken in the form

(10)

aU]
v1(0,x) =0, ﬁ(o,x) =0.
The Equation (8) can be rewritten in a dimensionless form

'ty 9%
B

:O,
P

with boundary conditions

(11)
. Ay
%(7,0) =0, 52 (£,0)

(12)
o, dUy, . =,

90(0,%) = 9(x), 77 (0.3) = £(%).
Similarly, Equation (9) can be written as:

v, %y - -
— +— = Fru(t,X
ot B?z Lm ( )
with boundary conditions

(13)

o 001, _
0,¥) =0, —(0,x) = 0.
5(0,7) =0, %1 (0,%)
The dimensionless variables in (13) and (14) are determined by the expressions

(14)

B =17

t

t=—,%
to

_ Y
0= 1

X
L
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where ty = L?/b is a reference time. The right part of (13) according to (4) can be written as
. _ 2
Frm(E %) = Fun(tof, Lf)f0 = Focr (£, %). (15)

Here cp (f, Y) is a normalized transversal load coefficient, and Fy = geoS pt% / (m LLZ) is a constant.
According to [4,7,12], the solution of Equation (11) can be presented in the form

77) = il T, (F) X (%), (16)

where T, (?), X, (X) are dimensionless functions. Substitution of (16) in (11) yields the system
of equations
T/ (@) T, = 0, X, — (@) *XLV = 0. (17)

The coefficients @, = a,L are determined by the relations [4,7,12]:
) = 1.875,a, = 4.694, a3 =7.855, 4, = t(2n —1)/2

wheren =4,5,6,7, ...
The solution of the system (17) with the boundary conditions of (12) can be written as

cos(a,) + cosh(a,)

m(sm(% ) — sinh (7, %))

X, (x%) = {cos(ﬁ,,?) — cosh(a,x) —

T, = Ancos(wnt) + Bysin(wyt)

Here,
‘1

1 — — — JR— = — — —
A, = /0 (X)X ()T, By = 1/ (@) /0 £ (%) X, (%)%,
and
Wy = 2 = Wyl (18)

So, the solution of Equation (11) has the form [4,7,12]

ZA X (%)cos (w,t) + ZBan X)sin(wnt) (19)
i=1

Figure 12 shows the basic functions X,(X) (n = 1,...,4) for the simulated conditions.
One can note that the shape of calculated X, (X) functions corresponds to the reference data
(see, for example [4]).

The solution of Equation (13) can be written as [12]

gl

71 (5%) =

Sn(F) Xu(%) (20)

n=1

where the function R(f,%) is approximated by the series

e

Fru(£%) =Y Hu(H)Xu(%)

n=1

Substituting (20) in (13) and after some transformations result in

i (s” 1w )X,, = HuXy
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that is a system of equations
S/ 4+ @3S, = Hy

with boundary conditions
Sx(0) =0, S;,(0) =0.

The functions S, (?) and Hj, (f) are determined by the expressions:

H(f) = /O o (£,%) X (R, @1

Su(F) = %ﬂ /OT Hy(0)sin[@, (f —o)]do.

Thus, based on the functions 7, (f, Y) and 7; (f, ?), the general solution of the Equation (3) can be
presented in the form of (6), (16) and (20) with a finite number of terms of the series expansion.

From the solution above, it follows that, in this study, the normalized functions 7, (f, Y) and
71 (,X) determine the natural and forced vibrations, respectively, for the equivalent uniform beam.
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X3 Xy
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(€) X3(%) (d) X«(%)

Figure 12. The basic functions X (%).

5. Calculation of the Tail Boom Vibrations

The geometric parameters and physical tail boom material properties are presented in Table 2 and
approximately correspond to parameters of a full scale light helicopter.
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Table 2. Tail boom parameters.

Parameters
Diameter of the fixed beam end, D (m) 0.546
Diameter of the free beam end, D, (m) 0.346
Beam length, L (m) 4
Wall thickness of the beam, & (m) 0.001
Thickness of the stringer, 55 (m) 0.003
Length of the stringer, Lg (m) 0.015
Number of stringers, Ng 10
Beam material density, pj, (kg/m%) 2.7 x 10°
Young’s modulus, E (MPa) 72 % 103

The formulation adopted in this paper does not account for a non-uniform tail boom surface.
For this reason, computations of forced vibrations were conducted for several equivalent uniform tail
booms with diameter and mass per unit length, obtained from:

_Di+Dy

D
2

(1+7),mp = p,(NsLsds + 270D) + m,
where 7 is a small parameter, m. = 30 kg/m is a mass of internal tail boom construction elements
per unit length. Table 3 presents the values of the 7y parameters, mass and geometry used for forced
vibration simulations.

The beam moment of inertia is determined, taking into account properties of the stringers used
typically for such beams. The moment of inertia of the stringers is determined by the expression:

I, = %DZJSLS,

so that the total moment of inertia of the tail boom is

T

[ =
64

(D~ (D-8)") + L.

Based on the results of the CFD simulation of the rotor-fuselage interaction, the normal force
coefficient was determined in the form cr (£, %) = cp¢ (f)cp(X), where cr; (), cpy(¥) are trigonometric
functions. From Figure 10, it follows that cgy(0) & 0, cpe(1) = 0, |cry(0.5)| ~ max. The results of
Figure 11 and the function cp;_,(1) (expression (2)) were used to determine the function cp¢ (). In this
case, the function cr,(¥) has to satisfy to the condition fol crx(X¥)dx = 1. So, an approximation of the
function cg (£, %) in (15) was taken here as

cp (E,%) = 05maq sin(r¥) (1 + a1+ a5 cos (v + Nawh) | V)
where f = 6.023 Hz is the main rotor frequency, w = 27tf is the angular rotor frequency, and @ = wty.

Table 3. Equivalent mass and diameter of tail boom.

Variant, Parameter Diameter D, Mass Per Unit Length Dimensionless Rotor

N v m my, (kg/m) Frequency N

1 0.224 0.546 40.48 9.07

2 0 0.446 38.78 10.52

3 —0.02914 0.433 38.56 10.9

4 —0.03812 0.4293 38.498 11.0168

5 —0.04484 0.426 38.44 11.12

6 —0.06502 0.417 38.29 11.41

7 —0.225 0.346 37.08 14.27
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One should note here that, for the employed main rotor frequency of 6.023 Hz, the time step At
corresponding to 1 degree in rotor azimuth is 612 x 10~ s, that satisfies the condition (At)71 > fi.
The peak value of the normal force coefficient ‘c Ft (f) |m 0.043 for the considered simulation parameters
corresponds to a peak vertical tail boom load of about 30 N per meter of tail boom length.

Using the basic functions X,,(¥), one can determine the function 7, (f, E) for the forced tail boom
vibrations (analytical transformations and calculations were performed using Maple 17™ software).

One can note here that the behavior of the 7; (f, 1) function is determined primarily by the first
two components Sq () X1 (¥) and S, (f) X2(%). The eigenfrequencies f; and f, depend on the geometry
parameter <. Nevertheless, in this work, all components S, (f) X, (%), n=1,...,4 were used to
determine 7 (f, Y). Thus, a general behavior of the 7, (f, l) function depends on the interaction of the
eigen and forced vibrations. Figure 13 shows the functions S; (?) and Sp (?) for the different values of
parameter 7. The time behavior of the functions Sy (f) and S;(f) is predominantly determined by the
frequencies w; and Wy, respectively, and the amplitude of the total function 7; (?, Y) depends on the
mass and geometry data. For variant 4, the function S (f) demonstrates resonance due to the second
blade passing harmonic 2Nf being equal to the second eigenfrequency f, and 2N®@ = w, = 22.0336.
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Figure 13. Functions S1 () (left column) and S, (¥) (right column) for different - values (variant numbers).

From Figure 13, it follows that, for variants 1 and 7, the amplitude of the forced tail boom
oscillations is determined by the S;(£)X;(¥) term and one can expect that the dominant frequency
of oscillations corresponds to the f; eigenfrequency (wW; = ﬁ%). On the contrary, for variants 2-6,
the amplitude of the forced oscillations is determined by the S,(f)X»(¥) term and the dominant
frequency of oscillations corresponds to the f> eigenfrequency (@, = a3).

Figure 14 shows the function v; (f, L) = L7, (f, 1) for the forced oscillations of the free tail boom
end (data are presented in mm) for different values of the parameter o except of the resonance
variant 4).

In general, one can note that the interaction between eigen and forced vibrations leads to two
oscillation types having short (AT;) and long (AT;) dimensionless periods. Thus, all considered
variants can be divided into two cases. Case I includes variants 1 and 6, for which 2N® # w; , and
case II includes variants 2-5, for which 2N® =~ @,.

For case I, the short period ATs; of oscillations is determined by the eigenfrequency
f1 (@1 = 3.515625) and oscillations of the free tail boom end have approximately constant amplitudes
of about 0.1 mm (peak to peak relative deviation is approximately 50 microstrains). In general,
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this value of the oscillation amplitudes corresponds to estimations of paper [11] for static deformations

of a light helicopter tail boom.
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For all variants of case II, the short period AT, of the oscillations is determined by the
eigenfrequency f, (@, = 22.033636) and the long (interactional) oscillations period AT; depends on
the 7y parameter value. For variant 2, the period of interactional oscillations is approximately equal
to AT, ~ 6 (0.417 s) and AT, ~ 8 (0.603 s) for variant 6. Maximum amplitude of the interactional
oscillations is about 0.2 mm (peak to peak deviation is about 100 microstrains).

The period and amplitude of interactional oscillations increased as the value of 2N@ approaches
the wy value. For variant 3, the dimensionless period of interactional oscillations is approximately
equal to AT; ~ 28 (2.016 s), and for variant 5 takes place AT, ~ 32 (2.35s). The maximum
amplitude of the interactional oscillations for variants 3 and 5 is about 0.5 mm (peak to peak deviation
is approximately 250 microstrains).

6. Conclusions

The effect of the unsteady aerodynamics on the forced vibration and deformation of a helicopter
tail-boom was considered. CFD modeling was used to compute the unsteady flow around the
main rotor-fuselage, and then the aerodynamic loads were used in conjunction with the analytical
structural model, based on the Euler-Bernoulli equation with one spatial coordinate. A solution of the
Euler-Bernoulli was presented as a series of spatial and time coordinates, including four harmonics.
The normal force coefficient acting on the tail boom surface was approximately determined based on
CFD results for the rotor-fuselage interaction case. The aerodynamics were obtained assuming rigid
tail boom.

The results of simulations showed that the amplitudes of the forced oscillations due to the main
rotor blade rotation are relatively small. However, for a long operational flight period, deformations
can become essential from the point of view of initiation of metal cracks, and delamination of structural
beam elements made of composite materials.

For certain geometric parameters of the tail boom, the results demonstrate a resonance effect if
the second blade passing harmonic is equal to the second tail boom eigenfrequency.

The tail boom was modeled as a thin-walled cylindrical structure with continuously distributed
mass (no concentrated mass points). In the future, the proposed vibration model will be generalized
for cylindrical structures with concentrated masses along their length.
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Nomenclature

T = rotor thrust

D = fuselage drag

Cp = pressure coefficient

Cr = rotor thrust coefficient

Cp = fuselage drag coefficient
My;p = tip Mach number

N = number of blades

(oo = free stream dynamic pressure
qtip = blade tip dynamic pressure
R = rotor radius

7 =normalized rotor radius

x = longitudinal tail boom coordinate
t = time coordinate

S = reference fuselage area

L = tail boom length

cp, = vertical load coefficient
E = Young’s modulus

I = moment of inertia

mj, =mass per unit length
Fp = per unit length tail boom force
cp =normal force coefficient
v = vertical deformation

v = natural deformation

v1 = forced deformation
Greek symbols

pp = beam material density
1\ = rotor azimuth angle

w = angular velocity of rotor
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Featured Application: Noise reduction in high-speed transport vehicles.

Abstract: A plasma actuator comprising a dielectric layer sandwiched between upper and lower
electrodes can induce a flow from the upper to lower electrode by means of an externally-applied
electric field. Our objective is to clarify the mechanism by which such actuators can control the cavity
tone. Plasma actuators, with the electrodes elongated in the streamwise direction and aligned in the
spanwise direction, were placed in the incoming boundary of a deep cavity with a depth-to-length
ratio of 2.5. By using this experimental arrangement, the amount of sound reduction (“control effect”)
produced by actuators of differing dimensions was measured. Direct aeroacoustic simulations
were performed for controlling the cavity tone by using these actuators, where the distributions
of the body forces applied by the actuators were determined from measurements of the plasma
luminescence. The predicted control effects on the flow and sound fields were found to agree
well with the experimental results. The simulations show that longitudinal streamwise vortices
are introduced in the incoming boundary by the actuators, and the vortices form rib structures in
the cavity flow. These vortices distort and weaken the two-dimensional vortices responsible for
producing the cavity tone, causing the tonal sound to be reduced.

Keywords: cavity tone; direct aeroacoustic simulation; aeroacoustics; plasma actuators; flow control;
noise control; vortices; wind tunnel experiments; acoustic sources

1. Introduction

Self-sustained oscillations in a flow over a cavity as shown in Figure 1—such as a sunroof of an
automobile or various gaps between parts of a high-speed transportation vehicle—can radiate intense
tonal noise as a cavity tone. This high-intensity noise also occurs at a single peak frequency, making
it a very unpleasant for many people. It is, thus, important to develop methods to suppress such
cavity tones.

Many researchers over the past 50 years have investigated the mechanism of acoustic radiation
from self-sustained oscillations in cavity flows. Rossiter [1] described an oscillation mechanism similar
to that presented for edge tones by Powell [2]. In this mechanism, the interactions of vortices with
the downstream edge of the cavity radiate acoustic waves, which cause the formation of new vortices
at the upstream edge. Furthermore, an acoustic resonance sometimes occurs in the cavity—such as
a one-quarter-wavelength-depth mode—making the cavity tone more intense [3].

Zhuang et al. [4] investigated the control of the cavity tone by blowing jets at the upstream edge
of the cavity. Yokoyama et al. [5] showed that the cavity tone can be reduced by blowing jets aligned
across the span in the upstream boundary layer, and the amount of reduction was affected by the
spacing of the jets.

Appl. Sci. 2017,7,790 74 www.mdpi.com/journal/applsci
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Figure 1. Configuration of the flow over a cavity.

Control of the cavity tone by a plasma actuator (PA) has also been investigated [6,7]. Figure 2
shows a typical configuration of a dielectric-barrier-discharge plasma actuator. It comprises an
upper exposed and a lower embedded electrode, with a dielectric layer sandwiched between the
electrodes. By applying a high AC voltage to the electrodes, momentum is transferred from the
charged plasma particles to the neutral gas through collisions between the plasma components and
neutral air molecules. As a result, a flow is induced from the upper electrode toward the lower one.
Plasma actuators have many advantages: they are simple configurations without moving parts, have
fast time response and low mass, with the ability to be attached easily onto objects, as compared with
other flow-control actuators, such as a piezo-actuator, an impinging jet, or a synthetic jet.

Induced flow

Upper electrode

O Dielectric layer
AC voltage source  Lower electrode

Figure 2. Typical configuration of a dielectric-barrier-discharge plasma actuator.

Huang et al. [6] succeeded in reducing the cavity tone by using spanwise-aligned plasma
actuators, with the electrodes elongated in the streamwise direction (“streamwise plasma actuators”),
which introduced a spanwise variation of velocity in the cavity flow. However, the sound-reduction
mechanism of this approach has not been clarified in detail.

The objective of the present investigation is to clarify the mechanism by which streamwise plasma
actuators reduce the cavity tone. In preliminary experiments, the effects of the spanwise width and
pitch of the lower electrode on the control of the cavity tone were studied. In Section 2, both our
experimental methodologies and the simulations performed to clarify the mechanism through which
the plasma actuators control the intensity of the cavity tone are discussed. The comparison of predicted
results with those measured is discussed in Section 3. The predicted and measured results are discussed
in detail in Section 4. In Section 5, conclusions are summarized.

2. Methodologies
2.1. Experimental Tests

2.1.1. Wind Tunnel and Test Section

Figure 3 shows the experimental setup for our tests. The experiments were carried out using
a suction-type, low-noise wind tunnel with a rectangular test section having a cross-section with
dimensions of 150 mm x 75 mm. The intensity of freestream turbulence was less than 0.5%, and the
background-noise level was 55.2 dB (A) at the freestream velocity of 30 m/s.
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The origin of coordinates was located at the mid-span of the upstream edge of the cavity. The x, y,
and z axes were oriented in the streamwise, normal, and spanwise directions, respectively.

The cavity length was L = 20 mm and the depth-to-length ratio was D/L = 2.5. From such small
gaps between parts of an actual high-speed transportation mode, such as an automobile, tonal sound
often radiates as cavity tone. The test section of the cavity was terminated in the spanwise direction by
end walls composed of porous plates, which suppressed acoustic resonances in the spanwise direction.
The width of the test section was W/L =7.5.

Microphone ——— ' —

Porous plate
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) 430

Nozzle

40 400

)
(
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v Unit : mm
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Figure 3. Experimental setup for the measurement of control effects on cavity flow and tone.

2.1.2. Measurement of Sound and Flow Fields

The magnitude of the acoustic pressure in the far field (x/L = 6.75, y/L = 21.5) was measured with
a non-directional %—inch microphone (UC-53A, RION, Tokyo, Japan) and a precision sound-level meter
(NL-52, RION, Tokyo, Japan) for a freestream flow velocity Uy = 10-45 m/s. The measurement time
required for data acquisition was 30 s, and the sampling frequency was 40 kHz.

The flow induced by the plasma actuators was also visualized by using a fog generator (Safex
Fog Generator 2010, Dantec Dynamics A /S, Skovlunde, Denmark), with tracer particles (D/SPEZIAL,
Safex, Tangstedt, Germany), in the absence of a freestream flow. The generated fog was illuminated
by a green laser sheet, and photographs of the visualized flow were taken with a digital camera
(Nikon D5200, Nikon, Tokyo, Japan).

2.2. Test Case Descriptions

In the experiments, the control effects of the actuators on the sound pressure were clarified
while changing the freestream velocities, Uy = 10-45 m/s, while the simulations were performed at
Up =30 m/s. The actuators are shown in Figure 3. The Reynolds number based on the cavity length
was Re = UyL/v =1.3 x 10*-6.0 x 10%, and the Mach number was M = U /a = 0.029-0.131, where v
and a are the dynamic viscosity and the speed of sound in air, respectively. In addition, to clarify the
nature of the flow induced by the actuators, flow visualizations and simulations were performed in
the absence of a freestream flow.

Figure 4 shows the measured sound-pressure spectra for freestream velocities Uy = 1545 m/s at
the location x/L = 6.75 and y/L = 21.5 without control. The frequency resolution of the spectral analysis
was 4.88 Hz. As shown in this figure, the tonal sound at the fundamental frequency f = 1500 Hz
becomes most intense at a velocity of 30 m/s, where the existence of an acoustic resonance was
confirmed by the phase distributions of the pressure in the cavity [8].

In both our experiments and simulations, the incoming boundary layer was laminar, and the
velocity profile was confirmed to agree with the Blasius profile. The momentum thickness was
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6/L =0.0071 for a freestream velocity of Uy = 30 m/s at the upstream edge of the cavity, where this
value was measured and found to be consistent with that predicted for flow over a flat plate without
a cavity.
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Figure 4. Measured sound-pressure spectra without control at Uy = 15, 25, 30, 35,45 m/s. SPL is the
sound-pressure level in decibels

2.3. Plasma Actuator Control

2.3.1. Control by Streamwise Plasma Actuators

As shown in Figure 5, the plasma actuators consist of lower and upper copper electrodes 18 um
thick, with a dielectric layer of polyimide 200 um thick sandwiched between them. The lower electrodes
were placed in the spanwise direction between the upper electrodes. The actuators were designed
and built by the authors. As discussed in Section 3.1, these actuators induce pairs of streamwise
vortices with spanwise widths equal to those of the lower electrodes. The electrodes were arranged
symmetrically in the spanwise direction with respect to the mid-span (z = 0).

Dielectric layer

Upper electrode
Lower electrode

1 d s
| e Srie
L O I | Tnduced flow Spanwise pitch s 1 1 mm
S 1R \&)( % Upper electrode f )Q/
o 75 AE . e Lower electrode| == : Copper (18 um)
50 Cavity Lower electrode width d; 3 : Polyimide (200 um)

(@) ' (b)

Figure 5. Configuration of the streamwise plasma actuators: (a) top view; and (b) view in a cross-section
perpendicular to the streamwise direction.

An AC voltage at the frequency fpa = 4.2 kHz was applied to the electrodes. To clarify the effects
of the applied voltage on the control, it was changed in the range from Ep, = 4 kVp, t0 5.5 kVpp, in
the experiments. Addtionally, the effects of the pitch of the actuators, s = 4, 10 mm, and the spanwise
width of the lower electrode, d) = 1, 3, 5, 7 mm, on the control were investigated. Moreover, to clarify
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the nature of the control on the cavity flow and tone, aeroacoustic simulations were performed, as well
as flow measurements, both with and without control. An actuator with Epa=5 kVp.p, s =10 mm
(s/L=0.5,5/6 =71), and d; = 3 mm was utilized at Uy = 30 m/s, where substantial reduction of the
intense sound was achieved.

2.3.2. Flush-Mounted Plasma Actuators

To minimize the influence on the flow and on noise generation of the protrusion of the actuators
from the wall, a flush-mounted actuator, with the dielectric layer embedded in the model, was utilized
so that the protrusion was only the 18 um thickness of the upper electrode. In order to maintain the
sharpness of the cavity edge, the actuator was set back from the upstream edge by a space of 0.1L in
the upstream direction.

Figure 6 compares the sound-pressure levels, at the fundamental frequency, of the cavity flow both
with and without the actuator; the difference was negligibly small. Consequently, this flush-mounted
actuator does not affect the evaluation of control effects on the cavity tone obtained using the low-noise
wind tunnel.
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Figure 6. Comparison of the sound-pressure level SPL of the cavity flow both with and without a
flush-mounted actuator.

2.4. Numerical Simulations

2.4.1. Governing Equations and Finite-Difference Schemes

To clarify the fluid-acoustic interactions in the cavity flows, the flow and acoustic fields were
simultaneously simulated by solving the three-dimensional compressible Navier-Stokes equations
with mass and energy conservation laws in conservation form:

Qt+(E7EV)X+(FfFv)er(GfGV)Z =D, 1)
0
sx(x,y,2,t)
D= sy(x,y, z,t) , (2)
sz(x,y,2,t)

D¢(sxtt + syv 4 s,w)

where Q is the vector of the conserved variables, E, F, G are the inviscid flux vectors, and Ey, Fy, Gy are
the viscous flux vectors. To reproduce the body force produced by the actuator, the term D representing
the body force and the power added by it to the unit volume are included on the right-hand side of the
equation [9]. Details of the body forces are described in next subsection.
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The spatial derivatives were evaluated using a sixth-order-accurate, compact, finite-difference
scheme (fourth-order accurate on the boundaries) [10]. Time integration was performed with a
third-order-accurate Runge-Kutta method.

The flow in the cavity became turbulent under the given conditions, although the incoming
boundary layer was laminar. To reduce the computational cost, large-eddy simulations (LES) were
performed in the present study. No explicit subgrid-scale (SGS) model was used. The turbulent energy
at the grid-scale (GS) that should be transferred to SGS eddies was dissipated by a 10th-order spatial
filter described below. A number of studies [11-13] have shown that this approach, which combines
low-dissipation discretization schemes with filtering, correctly reproduces turbulent flows. This filter,
which also removes numerical instabilities, is given by [14]:

5
R . . a
apig + i taphi =Y 7n(¢i+n +9in), 3
n=0

where 1 is a conserved quantity, and ¢ is the filtered quantity. For the coefficients a,, the same
values as Gaitonde and Visbal [15] were utilized, and the value of the parameter af was set to be
0.45. Cavity flows with incoming laminar and turbulent boundary layers can be predicted with high
accuracy using the methods described above [16].

2.4.2. Body Force Exerted by Plasma Actuators

The body force and the power exerted by the actuators were modeled by including the quantities
Sx, Sy, 5z and usy + vsy + ws; in the Navier-Stokes equations. For the body-force vector, the expression
as follows was used:

Sx ¢x(x,y,2)
sy | =Apc(x,y,2) | @y(x,y,2) sin2(27tfpat), 4)
52 9=(%,y,2)

A =1 (sin(27tfpat) <0), —0.4(sin(27 fpat) > 0), 5)

where p. is the plasma density, and ¢ is the electric field. The square of the sine function in Equation (4)
means that the plasma discharge occurs twice in one period, as in the body-force model of [9].

The distributions of plasma density and electric field were computed using the method proposed
by Suzen [17]. In computing the plasma density, the Debye length was taken to be 0.7 mm, and the
distributions of plasma density between the exposed upper electrodes were determined from the
luminescence of the plasma.

Figure 7 shows the distributions of plasma density determined from the luminescence
measurements along with those predicted near the wall (y = 0.05 mm), where the horizontal
direction is the spanwise position from the midpoint of the embedded electrode (z = zp,), which
is non-dimensionalized using the pitch of the actuators. As shown in the figure, the predicted
distributions agree well with those determined in the experiments.

The coefficient A in Equation (4) was introduced to represent the change of the amount and
direction body forces between positive and negative applied voltages. The value of A was set to be the
same as that in [18], where simulations by the above-described method were employed to reproduce
the induced flow in an experiment by Forte [19].

The simulated distributions of the body forces are shown in Figure 8. The most intense body force
is generated around the edges of the exposed electrodes. The non-dimensional maximum body force
was taken to be D¢ = pcmaxEpa/ (00 Up?/L) = 2.8 x 10 so that control effects on the mean velocity
profile in the cavity were in good agreement with those measured in the experiments discussed in
Section 3.1.
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Figure 7. Plasma distributions. Photograph of the plasma luminescence (left). Predicted distributions
of plasma density near the wall (y = 0.05 mm), compared with those determined from the plasma

luminescence in the photograph (right).
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Figure 8. Predicted vectors of the body force and contours of the magnitude of the force vector.

2.4.3. Computational Grid

Figure 9 shows the computational grid for the flow over the cavity. The spanwise length
W./L = 3.0 of the computational domain was sufficiently wide to reproduce the effects of control by
an actuator with pitch s/L = 0.5, with six sets of electrodes included in the computation. The spanwise
grid resolution was Az/L = 1/80. The streamwise resolution in the cavity was Ax/L = 1/100, and the
normal resolution near the wall in the incoming boundary layer and in the shear layer in the cavity
was Aymin/L = 1/400. The grid was stretched into the far field in both the normal and streamwise
directions. The grid resolution in the x-y cross-section in the cavity was the same as that in our past
research [8], where the predicted flow and sound fields were found to be in good agreement with those

measured. The total number of grid points was 55 million.

Figure 9. Computational grid, where every fourth grid line is shown for clarity.
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2.4.4. Boundary Conditions

Figure 10 shows the boundary conditions. Non-reflecting boundaries [20-22] at the inflow and
outflow boundaries were utilized so that acoustic waves pass the boundaries smoothly. On the lower
boundary at the upstream side of the cavity, the boundary condition was changed from a slip wall to a
non-slip and adiabatic wall. The position of this change was determined so as to make the thickness of
the incoming boundary layer equal to that measured. Periodic boundary conditions were used in the
spanwise direction. A uniform steady flow was asymptotically imposed in the inflow buffer region
(x/L < —12.5).

y/L Inflow buffer region Periodic,
51.0+ VAN A Outflow \L ” R
NI Outflow buffer region s

BT B Rcousiic region | |
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Figure 10. Computational domain and boundary conditions.

2.4.5. Prediction of the Far Acoustic Field

The porous Ffowcs, Williams, and Hawkings (FW-H) method [23-25] was used to predict the
acoustic pressure at the measurement point (x/L = 6.75 and y/L = 21.5). The pressure p was sampled
at a semi-cylindrical surface of radius r = 2.5L, near the center of the cavity (x/L = 0.5 and y = 0).

A spanwise computational domain of width W = 3L, which was chosen to be smaller than that of
the experiment, W = 7.5L, was utilized in order to reduce computational resources. To take the effects of
this difference into account, the sound-pressure levels, SPL (f), were corrected by using the equivalent
coherence length, L. (f), which was computed based on the coherence of the velocity along the center
of the cavity (x/L = 0.5, y = 0) in the spanwise direction. The detailed method is described in [5].

3. Comparison and Validation

3.1. Flow Fields

Figure 11a shows a visualization of the induced flow in the y-z cross-section produced by activating
the actuators in the absence of a freestream flow. As shown in the figure, a pair of vortices with
a streamwise (x) axis are induced by each actuator, composed of two upper electrodes and one
lower electrode. Figure 11b shows the predicted velocity vectors color-coded by the vertical velocity
component under the same conditions. The streamwise vortices measured in the experiments also
occur in the present simulation. The predicted maximum induced velocity was roughly 2 m/s.
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Figure 11. Vortices induced by actuators in the absence of a freestream flow: (a) visualized flow in the
experiment; and (b) the predicted velocity vectors color-coded by values of the vertical velocity.

The predicted mean velocity profiles at the position x/L = 0.05 and z = Zpa for Uy =30 m/s, both
with and without control are compared with those measured. The time-series velocity, measured by
the hot-wire anemometer in our experiment, was given by uy, = (1% + [0.50]2)%? in the computation,
in the same way as in our previous research [26], and the time-averaged values, U}, were computed.
Figure 12 shows that the predicted profile agrees well with that measured for cases both with and
without control. The free shear layer is moved in the upward direction by the control. This is because
the incoming boundary is moved upward due to the streamwise vortices induced by the control.
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Figure 12. Predicted and measured mean velocity profiles with and without control (x/L = 0.05, z = zpa).

3.2. Sound-Pressure Spectra

Figure 13 shows the measured and predicted sound-pressure spectra both with and without
control, where the frequency resolution is ASt = 0.1 (Af = 156 Hz), where St represents the Strouhal
number based on the cavity length and the freestream velocity. The spectra were averaged
9374 and 18 times, respectively, in the experimental and computational results. The predicted
fundamental frequency around St = 1.0 agrees well with that measured both with and without
control. The sound-pressure level at the fundamental frequency also is in good agreement with that
measured, both with and without control, where the level is reduced by the control. The predicted and
measured reduction levels were 5 and 6 dB, respectively.

The discussions in the previous and present subsections confirm that the present computations
adequately predict the flow and sound fields, both with and without control.
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Figure 13. Predicted and measured sound-pressure spectra, both with and without control.

4. Results and Discussions

4.1. Measured Geometric Effects of Actuators on Control

The variation of the sound-reduction level at the fundamental frequency of 1500 Hz as a function of
the voltage Epa applied to the actuators was measured, where the spanwise pitch of the lower electrode
was either s =4 mm or s = 10 mm, and the fixed width of the lower electrode was d; = 3 mm. Figure 14a
shows the measured variation. The frequency resolution of spectral analysis was Af = 4.88 Hz and it
should be noted that the reduction level was different from that in the previous section due to the
difference of the frequency resolution.

As shown in Figure 14a, the amount of noise reduction is greater for higher applied voltages,
particularly in the range from Ep, = 4 kVp, to 5.5 kVp,,. The sound level drops sharply at lower
voltages for the narrower pitch s = 4 mm, as compared to the case with s = 10 mm. For s = 4 mm, the
sound reduction level of 31 dB was achieved at Epa =5 kV).p. However, for a fixed cavity width, more
actuators and greater power consumption are necessary for narrower pitches. In the next subsection,
the sound-reduction mechanism is discussed for s = 10 mm and Epa=5.0kVpp.

According to the investigation by Yokoyama et al. [5], the cavity tone was also reduced by pairs
of introduced streamwise vortices by blowing jets in the incoming boundary layer. Additionally,
the results at the jet velocity of V;j/ Uy = 0.07, which roughly corresponds to the jet velocity (2 m/s)
induced by the present plasma actuators, show that the control effects became smaller for finer
spanwise displacement of the jets, such as s/L = 0.1 and 0.25. The maximum reduction level was
achieved at s/L = 0.5. This was because the induced longitudinal vortices were weakened for the
finer displacement.

Meanwhile, the present plasma actuators can most largely reduce cavity tone with a finer
displacement of s/L = 0.2. This difference from the results of blowing jets is possibly because the
electrodes of the actuators are elongated into the streamwise direction making it easier to introduce
intense streamwise vortices, while the blowing jets were ejected from simple circular holes. Deliberately
SETTING up the inlet shape and blowing direction for the jets for the introduction of the streamwise
vortices possibly increases the effects.

The comparison of the present results with those of the control by blowing jets indicates that
the present plasma actuators can effectively introduce longitudinal vortices and reduce cavity tone
with a finer displacement. Meanwhile, for a fixed cavity width, more actuators and greater power
consumption are necessary for a narrower displacement. The exact estimation of power consumption
remains a problem for the future.

To clarify the effects of the lower-electrode width on control of the cavity tone, the sound-reduction
levels were measured for lower-electrode widths of d; = 1, 3, 5, and 7 mm, at a constant pitch of
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s =10 mm, as shown in Figure 14b. The results show that sound reduction was obtained and that the
influence of the lower-electrode width on sound reduction was small, except for the narrowest width,
d) =1 mm. Streamwise vortices are not induced at this narrow width, possibly because the body force
is not sufficiently large, due to too narrow a width for expansion of the plasma between the exposed
electrodes [27].
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Figure 14. (a) The variation of the sound-reduction level, in decibels, at the fundamental frequency
of 1500 Hz as a function of the applied voltage; and (b) the variation of the sound-reduction level for
different lower-electrode widths as a function of the freestream velocity Uy.

4.2. Control Effects on Flow Structures and Pressure Fields

4.2.1. Vortical Structures

Figure 15 shows the predicted vortical structures with and without control as iso-surfaces of the
second invariantg = | [Q 112 — [ S| 12, where Q) and S are the anti-symmetric parts and symmetric
parts, respectively, of the velocity gradient tensor for the phase-averaged flow fields at the phase where
the vortex collides with the downstream edge of the cavity. The iso-surfaces are color-coded by the
values of the streamwise vorticity.
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Figure 15. Iso-surfaces of the second invariant of q/(Uy/ L) = 0.45 color-coded by values of the
streamwise vorticity for phase-averaged flow fields at Uy = 30 m/s at the phase where the vortex
collides with the downstream edge of the cavity: (a) baseline flow; and (b) controlled flow.
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As shown in Figure 15a, two-dimensional large-scale vortices are generated in the baseline cavity
flow. Low-pressure regions are generated in the large-scale vortices, and an expansion wave is radiated
due to the collision of the vortices with the downstream edge of the cavity [16]. Figure 15b shows
that streamwise vortices are induced by the actuators in the incoming boundary layer and form rib
structures between the large-scale vortices.

Figure 16 shows the iso-surfaces of the component of the second invariant g,, which was computed

from Equation (6):
Syx S ’ Syx S
— 2 — 2
O [ P [l
Xy vy Xy vy

where w, is the spanwise vorticity and Sy, Sxy, and S,y are the elements of the symmetric parts of the
velocity gradient tensor. This quantity is related to vortices with spanwise axes and is color-coded by
the spanwise vorticity in the figure. Figure 16 also shows the contours of streamwise vorticity in the
shear layer (y/60 = 2.9).

As shown in Figure 16a, vortical structures with spanwise axes are apparent in the baseline flow.
These vortices correspond approximately to the above-mentioned large-scale vortices. The periodic
collision of these vortices with the downstream edge of the cavity produces the intense cavity tone.
Figure 16b shows that these vortices are distorted by the streamwise vortices in the controlled flow.

2

, (6)
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Figure 16. Iso-surfaces of the component of the second invariant related to vortices with a spanwise
axis g;/(Up/L)? = —20 color-coded by the spanwise vorticity, together with contours of the streamwise
vorticity in the shear layer (/6 = 2.9) at the phase where the vortex collides with the downstream edge
of the cavity: (a) baseline flow; and (b) controlled flow.

4.2.2. Power Spectra of Velocity Fluctuations

Figure 17 shows the predicted power spectra of velocity fluctuations at x/L = 0.5 and z = zp,
at the peak of maximum power for y/6 = 6.4 and 3.6, respectively, with and without control, along
with the measured data. The figure shows that the power at the fundamental frequency is weakened
by the control in both computations and experiments. This corresponds to the weakening of the
above-mentioned large-scale vortices with spanwise axes that produce the cavity tone.

4.2.3. Spanwise Coherence

To clarify further the nature of the vortical structures, the coherence between two points separated
by spanwise distances Az at x/L = 0.5 and y = 0 was examined. Figure 18 shows the spanwise coherence
of the streamwise velocity with and without control. Although the coherence shows locally-high
values, depending on the pitch s/L = 0.5 of the actuators, overall it is decreased.

Figure 19 shows the phase-averaged fluctuation pressure with and without control at the phase
where the vortex collides with the downstream edge of the cavity. In the baseline flow, the distribution
of the pressure is coherent in the spanwise direction. At the collision of the large-scale vortical structures
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with the downstream edge of the cavity, the radiated sound is reinforced in the spanwise direction by
the coherent pressure fluctuations. In the controlled flow, however, the fluctuation pressure varies in
the spanwise direction. This variation also contributes to the weakening of the cavity tone.

—O— Baseline (comp.)
Weaker —O— Controlled (comp.)
102k { —&— Baseline (exp.)
—&— Controlled (exp.)

Power of u,/U,

Strouhal number

Figure 17. Predicted power spectra of velocity, uy, with and without control at the peak of maximum
power for y/0 = 6.4 and 3.6 at x/L = 0.5 and z = zp,, with and without control, respectively.
The measured spectra at the peak of maximum power for y/6 = 5.7 and 2.8 at the same streamwise and
spanwise positions of x/L = 0.5 and z = zp, with and without control, respectively, are also shown.
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Figure 18. Spanwise coherence of streamwise velocity, #, at x/L = 0.5 and y = 0 for baseline and
controlled flows.
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Figure 19. Contours of the fluctuation pressure at Uy = 30 m/s for phase-averaged flow fields at

the phase where the vortex collides with the downstream edge of the cavity: (a) baseline flow; and
(b) controlled flow.
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5. Conclusions

To clarify the mechanism by which streamwise plasma actuators aligned in the spanwise direction
reduce the cavity tone with the acoustic resonances, direct aeroacoustic simulations were performed,
as well as wind tunnel experiments. The predicted flow and acoustic fields, both with and without
control, are in good agreement with those measured. To the authors’” knowledge, this is the first time
that direct aeroacoustic simulations of the control of aerodynamic noise by plasma actuators have been
performed, including comparisons with experimental data.

On the measured effects of lower electrode width on the control, the cavity tone was effectively
reduced for a lower-electrode width of d) = 3, 5, and 7 mm, while the control effects on the cavity tone
were negligible for d; = 1 mm. The predicted and measured flow fields show that streamwise vortices
are induced by the actuators for dj = 3 mm in the absence of a freestream.

The results show that aerodynamic sound can be controlled at the relatively high freestream
velocity of 30 m/s by 31 dB by plasma actuators with the spanwise fine pitch of actuators of s = 4 mm
and d; = 3 mm at the applied voltage of Epa = 5 kVp,.p, even though they can only induce flows with
a maximum velocity of 2m/s. In comparison with the control by blowing jets, the plasma actuators can
more effectively reduce the cavity tone by introducing streamwise vortices with the fine displacement.

The predicted phase-averaged flow fields show that the streamwise vortices by the control are
introduced into the cavity flow as longitudinal vortices. Due to these vortices, large-scale vortices with
spanwise axes that cause the cavity tone are distorted and weakened. Moreover, the coherence of the
velocity fluctuations in the spanwise direction decreases, which also contributes to the reduction of the
cavity tone.

Although the exact estimation of the power consumption is a future problem, the effectiveness of
the plasma actuators as the devices for noise reduction can be shown in this paper. The technological
problems related with high-voltage safety or high-frequency effects are also remaining challenges for
application to actual vehicles.
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Abstract: In the framework of DANTE project (Development of Aero-Vibroacoustics Numerical
and Technical Expertise), funded under the Italian Aerospace Research Program (PRORA), the
prediction and reduction of noise from subsonic jets through the reconstruction of turbulent fields
from Reynolds Averaged Navier Stokes (RANS) calculations are addressed. This approach, known as
Stochastic Noise Generation and Radiation (SNGR), reconstructs the turbulent velocity fluctuations
by RANS fields and calculates the source terms of Vortex Sound acoustic analogy. In the first part of
this work, numerical and experimental jet-noise test cases have been reproduced by means RANS
simulations and with different turbulence models in order to validate the approach for its subsequent
use as a design tool. The noise spectra, predicted with SNGR, are in good agreement with both the
experimental data and the results of Large-Eddy Simulations (LES). In the last part of this work, an
active fluid injection technique, based on extractions from turbine and injections of high-pressure gas
into the main stream of exhausts, has been proposed and finally assessed with the aim of reducing
the jet-noise through the mixing and breaking of the turbulent eddies. Some tests have been carried
out in order to set the best design parameters in terms of mass flow rate and injection velocity and
to design the system functionalities. The SNGR method is, therefore, suitable to be used for the
early design phase of jet-noise reduction technologies and a right combination of the fluid injection
design parameters allows for a reduction of the jet-noise to 3.5 dB, as compared to the baseline case
without injections.

Keywords: jet-noise; stochastic noise generation and radiation; Reynolds Averaged Navier Stokes;
Large Eddy Simulations

1. Introduction

The problem of noise generation by compressible turbulent jets has been the subject of studies
since the early 1950s, with the introduction of the turbojet also in commercial aircraft. It has continued,
even later since the 1980s, with the introduction of turbofan with high bypass ratios, inherently less
noisy than previously, due to the reduced exhaust velocity. In recent decades, the problem of jet noise
prediction has been numerically addressed through a broad range of methods.

Despite the application of Direct Numerical Simulation (DNS) to jet-noise prediction [1-4],
becoming more feasible with the growing advancement in computational resources, due to the large
disparities of length and energy scales between fluid and acoustic fields, the use of fully solved Navier
Stokes equations without turbulence modeling (DNS) is still restricted to low Reynolds number flows.

Instead, the numerical simulation of aeroacoustics through the solution of filtered Navier Stokes
equations, either using fully Large Eddy Simulation (LES) or hybrid Reynolds Averaged Navier
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Stokes-LES approaches, such as the detached eddy simulation (DES), is a major area of research [5-7].
However, despite the increase in computational power, even these types of simulations are not yet
feasible for industrial purposes. Indeed, industry interest is mainly devoted to reliable numerical tools
to be applied to realistic configurations for redesign of old configurations and for the development
of new technologies. Furthermore, the growing interest on multi-disciplinary and multi-objective
optimization necessarily lead to approaches that require low computational time.

Therefore, Reynolds Averaged Navier Stokes (RANS) simulations still remains the more feasible
approach for Computational Fluid Dynamics (CFD) applications of industrial interest. However, RANS
computations are not able to model, solely, the aeroacoustic phenomena. In this context, the stochastic
approach for the prediction of noise from turbulence has received a great deal of interest in recent
years. It was introduced by Kraichnan [8] and Fung [9], and it is based on the idea that Fourier
components of solenoidal velocity fluctuations can be sampled in the wave-number space from a
prescribed mono-dimensional energy spectrum. The revision and improvement of these methods
for aeroacoustic applications have produced the stochastic noise generation and radiation (SNGR)
methods [10-15].

Concerning the jet-noise reduction devices, in recent decades, chevron nozzles attracted much
attention to their noise reduction benefits and are currently one of the most popular jet-noise reduction
devices. Chevrons typically reduce low frequency noise, while increasing high frequency noise [16]
with a limited thrust loss of only about 0.25%. Downstream vortex, generated by chevron, improves
mixing in the shear layer, which leads to a decrease or increase in noise at certain frequency ranges.
Several RANS computational studies were conducted about chevron nozzles [17-19]. The first LES
calculations for the chevron nozzle jets appeared to be performed by Shur et al. [20,21].

A promising technology seems to be the fluidic chevron, as alternative solution to the mechanical
chevron. This device consists of small injectors that inject high pressure air or other fluids, such
as water, near the nozzle exit edge in order to emulate the mixing and the noise reduction features
of the mechanical chevron. Numerous studies and experiments have been carried out to develop
fluid chevron technology, especially at NASA Langley Jet Noise lab [22-24]. Fluidic chevrons, tested
at NASA, were the first of their kind, designed with small slots near the nozzle exit edge to allow
air injection into the stream and promote mixing between the core flow and the flow from the fan.
Despite the simplicity of the mechanical chevron, the fluidic injection technique allows a greater
flexibility. It can be used when the jet-noise reduction requirement is needed, for example during
take-off and landing phases.

The main goal of this paper is two-fold. The first one is to make the assessment of an improved
SNGR method based on the previous works of Casalino and Barbarino [13] and Di Francescantonio [14]
through the comparison with experimental and LES data of a cold subsonic jet [7]. The second one is to
assess the design of an active fluid injection technique, based on extractions from turbine and injections
of high-pressure gas into the main stream of exhausts. The novelty of this paper is the proof of the
potential of the SNGR approach as applied to the design of new devices suitable for jet noise reduction.

2. Model Description and Validation

2.1. Model Description

The SNGR approach assumes that the turbulent velocity field can be reconstructed as a summation
of Fourier components, according to Kraichnan [8]. Therefore, the reconstructed turbulent velocity #’
at point x and time ¢ reads:

Nr
' (x,t) =2 Y dycos{ky - (x — oUt) + Ppu}ton )
n=1

where 1, 1, and ¢, are the magnitude, phase and direction of the nth Fourier component, respectively.
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As proposed by Bailly and Juvé [11], each Fourier mode is supposed to be convected at the local
mean-flow velocity U corrected by the vortex convection velocity ratio ¢. This factor may account for
the wall induction effect that reduces the vortex convection velocity with respect to the mean-flow
velocity at the location of the vortex core. The factor may also account for the vertical induction
in a jet shear layer, but this effect is negligible for low-speed subsonic jets. For jet noise prediction,
the value ¢ = 1 has been used. Notice that the scalar product gk, - U accounts for the local time
variation of the velocity field. Assuming incompressibility, the zero-divergence condition, applied to
the Equation (1), results in the relationship k - 0, = 0, stating that the wave vector is perpendicular to
the velocity vector.

By supposing that the turbulent flow field is isotropic, the magnitude of the nth Fourier mode is
related to the mono-dimensional energy spectrum E(k) by the expression, i, = +/E(ku)Ak,, where k,
and Ak, are the wave number and the corresponding band of the n-th mode. The Von Karman—Pao
isotropic turbulence spectrum is assumed [10]; that is:

E(k) = A(2/3)(K/ke) (k/ke)*exp[~2(k/ky)] [1 + (k/ke)z] e )

where K is the turbulent kinetic energy, A is a numerical constant, k, is the wave number of maximum
energy, k;, = el/4p=3/4 is the Kolmogorov wave number, v is the kinematical viscosity of the fluid and
¢ is the turbulent dissipation rate.

The constants A and k. can be determined by equating the integral energy and the integral length
scale derived from turbulence spectrum to the RANS quantities K and Lt = c;u'3/¢, respectively,
u' = /2K/3 being the isotropic turbulent velocity and ¢; the first tuning parameter of the method.
The aforementioned calculation provides [11] A = 1.453 and k., = 95—7515% = 0.747 /L.

The parameter ¢; allows tuning of the RANS turbulent integral length scale of the large-scale
eddies. Its value is, by definition, close to unity, but its optimal value depends on the turbulent flow
structure and conditions and on the RANS turbulence model. The optimal value of the parameter
¢1 = 2 was found by Casalino and Barbarino [13], and used in this work.

The stochastic isotropic and homogeneous velocity perturbation field can be generated by
choosing probability density functions for all the random variables involved in the Fourier
decomposition [10]. These random variables are the angles ¢;, &, 8, which define the direction
of the wave vector k;;, as sketched in Figure 1, the angle «,, which defines the direction of the unit
vector 0, in a plane orthogonal to k;;, and finally the phase angle ;.

K; 2

Figure 1. Representation of the wave vector k;, and velocity direction vector o, and definition of the
stochastic angles (Adapted from [13]).
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The requirement that the wave vector is uniformly distributed in the 3D wave-number space
provides the following probability densities:

Plgy) = (2n) "L, with -1 < ¢, < 7 ®3)

P(6,) = cos(6n)/2, with —1/2 <6, < 7/2

Analogously, by supposing that the ¢, vector is uniformly distributed in the plane normal to
ky, yields:
Play) = (2m) 7}, with —m < ap, < 71 )

Finally, the phase angle 1, is also supposed to be uniformly distributed in the 277 range, that is:
P(ipy) = (2m) 7, with —m <, < 7w (5)

The extremes of the wave number interval are related, at each node of the CFD mesh, to the value
of the wave number k, through the relationships:

kl = Czke; kNp = mii’l(C3k3,kn,27T/ (NwAi)) (6)

where A; = max(|U - (xjx7) |/U;) is the maximum distance between node i and its neighboring
stencil nodes j, projected in the direction of the local mean-flow velocity U;; N, is the number of grid
points for the Fourier component, set to 6 in the present work, as suggested by Bailly and Juvé [11].
The optimal value of the Fourier modes number, Ny = 50, was found by Casalino and Barbarino [13],
and used in this work. The constants c; and c3 are two additional tuning constants of the stochastic
model: ¢; = 0.1, c3 = 10.

The use of an adaptive wave-number interval allows reducing the number of Fourier modes.
Furthermore, in order to obtain a better discretization of the energy spectrum at the lower
energy-containing Fourier modes, a logarithmic distribution of the k;, values is used, say:

ky = exp[In(k;) + D(n —1)]; D = [In(kn;) —In(k1)] /(N — 1) (7)

The energy spectrum E(k) is integrated over each band 7 to obtain the magnitude of the velocity
component i, by discretizing the interval D in a number of constant subintervals, from the value
k, = exp[In(k;) + D(n —1.5)] up to the value k, = exp[In(k;) + D(n —0.5)].

A crucial point of the SNGR approach is the definition of the two-point space correlation of the
velocity fluctuations at each node of the CFD mesh by means of an artificial numerical approach able to
reproduce the physical behaviour of the turbulent structures. The simplest approach, used for instance
in Bechara [10], would consist of segmenting the bounding box of the active source region in square
paths with edges equal to the average value of the correlation length over the whole source region.
Then, a set of stochastic angles are sampled in each patch and these values are finally attributed to all
the mesh nodes falling in the patch. The main drawback of this approach is that the correlation length
is the same over all the source region, and therefore, does not account for the local Reynolds stresses
and size of the turbulent structures.

Conversely, two different SNGR approaches, based on the the correlation length of the CFD
solution, have been proposed. The first one consists in dividing the domain in blobs whose dimension
is proportional to the correlation length of the CFD cells falling inside the blob. In the first step,
the RANS correlation lengths lki = ‘ 70.18(1(2/6) oUy /ox; + 2K/3|3/2
directions, each one denoted by the subscript k, are evaluated at each node, i, of the CFD mesh. Thus,
random angles are assigned constant for each blob [13] as depicted in Figure 2a. The second one
consists in projecting the CFD solution on an acoustic domain made of Cartesian cells whose dimension
is proportional to the turbulent scale length Lt = cqu"3 /€ of the CFD cells falling inside the acoustic

/€ along the three Cartesian
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Cartesian cell (Figure 2b). The correlation length is assumed to be different for each Fourier mode of
Equation (1) and proportional to the mode wavelength, I! = 3Ly /8 where Ly is the wavelength of each
Fourier mode [14]. For each mode, random angles are assigned constant for the acoustic Cartesian
cells having the same correlation length.

The CFD mesh, used in the first approach, is not isotropic because its cells are elongated. Therefore,
the CFD solution must be projected on a hexahedral mesh with uniform cells, which greatly increases
the number of sources and consequently also computational time and memory.

Conversely, the second approach uses an adaptive acoustic mesh, wherein the cell size is
representative of the turbulent vortex size: within the stream there are small cells in correspondence
of small vortices and there are large cells in correspondence of large vortices. This adaptive acoustic
mesh is isotropic, i.e., its cells have the same dimensions in all three directions, but at the same time it
is also variable, i.e., locally, cells size is proportional to the turbulent vortex length.

The main advantage of the second approach is the reduction of the total cells to be
processed in respect of the CFD mesh, reducing computation time and memory but ensuring the
required refinement.

(a) (b)

Figure 2. Two-point space correlation of a jet plume. (a) First approach based on blobs structure;
(b) Second approach based on an adaptive Cartesian mesh.

The computed velocity field is finally transformed in the frequency domain and assemble to
compute the frequency counter-part of the Lamb vector (w’ x u’).

According to the vortex sound analogy, the far field noise is finally achieved by the Powell’s
equation in frequency domain:

p= —po/ (w' xu")-VGaV (8)
v
where G is the free-field Green function and (w’ x u’) is the frequency counter-part of the Lamb vector.

2.2. Model Validation

The SNGR approach has been firstly validated against experimental and LES results of a subsonic
jet with diameter Dj =0.050 m, Mach number M = 0.75 and the Reynolds number, Rep = 5.0 x 104,
described by Andersson [7].

The two-dimensional geometry of the domain, shown in Figure 3, has been built using the CAD
software Workbench by ANSYS.

A CFD RANS simulation based on the nozzle geometry used for the LES simulation [7] has been
performed. The external profile of the nozzle has been reproduced by scanning from the original
work [7]. The RANS simulation of the subsonic jet has been performed in the cold conditions, for
which T] /Teo = 1, where T] is the static temperature of the jet at the nozzle outlet section, and T, is the
ambient temperature. In this study, the static temperature and pressure of the jet at the nozzle outlet
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section are respectively T; = 288 K and P; = 101,300 Pa. The temperature and pressure at the nozzle
inlet section, respectively Ty and Py, were calculated using Rankine Hugoniot equations:

k

b _ k=1pp2)\F1

P! g
7= 1+5M

where M = (.75 is the Mach Number while k = cp /¢y = 1.4 is the specific heat ratio of air, temperature

and pressure at the nozzle inlet section, obtained by solving these two equations, are Py = 147,100 Pa

and Tp = 320.4 K.

The jet flow simulation has been carried out using the CFD software Fluent by ANSYS. The mesh
extends from 0 to 50 nozzle diameters, D i) in the axial direction. The radial extension is 10D ; at the
nozzle outlet position and it increases up to 20D; at the far-field outlet position. Mesh cells are refined
in the region near the nozzle exit and in the jet shear layer.

A 2D axisymmetric transient pressure based second-order upwind scheme has been employed
to converge fully coupled RANS equations with turbulence accounted for through K-¢ and K-w SST
models. A view of the mesh made up of 1.85 x 10° cells and contour plots of the axial velocity and
turbulent kinetic energy are shown in Figure 4.

20 Dj

10 Dj

_76Dj __ 50 Dj

Figure 3. Computational domain (Adapted from Andersson [7]).

(a) (b)

Figure 4. (a) Mesh used for the Reynolds Averaged Navier Stokes (RANS) jet flow simulation;
(b) Contour plots of the RANS solution. Mean velocity on the top and turbulent kinetic energy
on the bottom.

The aerodynamic field results were extracted along the centerline and along radial lines at three
axial positions downstream of the nozzle exit, according to Figure 5.
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4.0Dj

25Dj

5.0 Dj

12 Dj

Figure 5. The vertical dashed lines indicate lines along which profiles of time-averaged quantities were
extracted (Adapted from Andersson [7]).

The laminar core and the decay of the centerline velocity are in good agreement with the
experimental results. The predicted laminar core length of 8D is slight higher than the experimental
value as usual for RANS computations (Figure 6a). The maximum of centerline turbulent kinetic
velocity occurs at about 10Dj, in accordance with experimental results but its amplitude is slightly
underestimated (Figure 6b).
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Figure 6. (a) Centerline profile of the axial velocity; (b) Axial profiles of turbulence intensity. (Dotted
black lines: experimental results; continuous red line: K-¢ model; dashed green line: K-w SST model;
dotted-dashed blue line: LES).

Moreover, the radial profile of the axial velocity is well predicted by both RANS and LES
computations (Figure 7a), whereas, the uv correlation levels of the radial velocity profile are
underestimated by the RANS analysis due to lower mixing predicted and overestimated by the
LES (Figure 7b).
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It can be argued that the RANS analysis results are in fairly good agreement with experimental
data and LES results although they underestimate the value of uv correlation and do not predict the
gradual increase of turbulent energy in the region of the laminar core.

x=Dj x=25Dj

r/Dj

05

0.5 \x
/

.
p> %

3 4
70*urvI(Uj)A2
(b)

Figure 7. (a) Radial profiles of axial velocity; (b) Radial profiles of uv correlation. The profiles have
been staggered according to their axial location. (Dotted black lines: experimental results; continuous
red line: K-¢ model; dashed green line: K-w SST model; dotted-dashed blue line: LES).

The acoustic field is evaluated by processing the RANS data by means the SNGR approach.
To compute the stochastic noise sources, the axisymmetric CFD solution has been initially projected on
a 3D domain, i.e., a uniform grid that consists of 1.74 x 10° cubic cells with Ax = 5 mm (Figure 8).

@ (b)

Figure 8. (a) 3D acoustic domain; (b) 3D contour plot of turbulent kinetic energy.

The noise has been computed directly from the Fourier transform of the Lamb vector by using the
integral solution of Powell’s equation. Acoustic results are computed on a total of 25 microphones on
two microphones arcs in the jet far-field region (Figure 9) and compared against LES and experimental
results. Then, 14 microphones are arranged on a first arc of radius 30D; from the center of the
nozzle outlet section and positioned by 20 degrees to 150 degrees with an angular step of 10 degrees.
The remaining 11 microphones were placed on a second arc of radius 50D; from the center of the
nozzle outlet section and positioned by 50 degrees to 150 degrees with an angular step of 10 degrees.
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Figure 9. Position of the microphones (Adapted from Andersson [7]).

The acoustic results are expressed in terms of the PSD (Power Spectral Density) and OASPL
(Over-All Sound Pressure Level).

To simplify the comparison with experimental data, the PSD spectra were filtered in third-octave
bands. To represent all on the same graph, the PSD spectra have been staggered by multiplying the
amplitude by a factor 102", where n = (%) and 6 being the angle from the jet axis.

SNGR method does not take account for either convective effects or refractions by the shear layer.
Therefore, SNGR results have been corrected, as suggested by Lighthill [15], to account for convective
effects by using a Doppler factor of 1/(1 — Mccosf)”, where & is a proper exponential coefficient and
M_ is the convective Mach number. Furthermore, in a first approximation, mean flow refraction effects
have been neglected.

Figures 10 and 11 depict acoustic results for both arcs in terms of PSD spectra and OASPL levels
showing that SNGR results are in very good agreement with the experimental results and LES analyses,
with a matching within 2 dB except at the smaller angles where the maximum discrepancy is of about
5 dB (Figure 10b). In particular, the SNGR method allows predicting the trend of PSD spectra over
a large part of the frequency range and up to St = 1.5 = 2. Instead, the LES method allows a good
prediction only up to St = 1; after that, the PSD spectra decay abruptly because of sub-grid filter
that does not resolve the smallest scales, i.e., at the high frequencies. There are not great differences
between the two models of turbulence, K-¢ and K-w SST.

Experimental results
LES

RANS K-epsilon
RANS K-omega

[N [ Y O PO PO P |
10°H 5 2 75 80 85 90 95 100 10511011g
St=(1"Dj/Uj) OASPL

(2) (b)

Figure 10. (a) Power spectra of far-field pressure signal for a few observer locations on the inner arc,
30D;. The Power Spectral Density (PSD) spectra have been staggered by multiplying the amplitude by

a factor 10%", where n = (Bz—go) and 6 being the angle from the jet axis; (b) Overall Sound Pressure
Level Directivity.
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Figure 11. (a) Power spectra of far-field pressure signal for a few observer locations on the outer arc,
30D;. The PSD spectra have been staggered by multiplying the amplitude by a factor 10", where

n= (%) and 6 being the angle from the jet axis; (b) Overall Sound Pressure Level Directivity.

In conclusion, the SNGR model, appropriately corrected by the Doppler factor, allows predicting
the acoustic field of a subsonic jet both in terms of PSD spectra and in terms of directivity. In addition,
the method is not very sensitive to the turbulence model adopted and allows estimating the jet-noise
in a wide range of frequencies from a 2D axisymmetric RANS solution with a margin of uncertainty
comparable to that of a LES calculation.

Finally, the contour plot of the real part of the acoustic pressure at 700 Hz and computed with the
SNGR approach is shown in Figure 12. It can be observed that the lamb vector reconstructs the acoustic
source encapsulated inside the jet flow region whereas the acoustic pressure propagates outside the
jet region.

Figure 12. Sound radiation from the jet. Real part of the acoustic pressure [Pa] at 700 Hz.

3. Active Fluidic Injection System

In this section, an experimental technology for reducing the jet noise based on a fluidic injection
is assessed by means of the SNGR approach and applied to the jet analyzed in the Section 2.2.
Several experimental studies, conducted over recent decades, have shown that the fluid injection
technique effectively allows reduction of the noise from turbulence [22-24]. Therefore, the technological
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solution proposed here consists of injecting a small jet of secondary gas into the main flow, which
comes out from the nozzle of the jet engine exhausts (Figure 13). This secondary jet is derived from
gas bleeding from the turbine located immediately upstream of the nozzle.

Gas bleeding from turbine
—_—>

Nozzle Inlet

> ]ectmu
Nozzle Outlet 4’—>

Figure 13. Sketch of the active Fluidic Injection System.

The air extractions from the turbine and subsequent injections in the main stream of the exhaust
gas at nozzle outlet favor a greater mixing in order to break the large turbulent structures at low
frequencies, which are the main responsible for most of the radiated noise (Figure 14).

= 30D

}ft

Large scale turbulent region
connected to the noise
radiated at low frequency

Figure 14. Sketch of the low frequency turbulence region.

Figure 15 shows the difference in the view of the exhaust plume emitted from a jet engine between
the cases with and without fluid injection.

I e v A ‘21
g ?"vfz?
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Figure 15. Sketch of the exhaust plumes emitted from a jet engine without (on the top) and with fluid
injection (on the bottom).
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In this work, four experimental tests were carried out to evaluate the influence of the bled mass
flow rate, the area of the injection section and the jet angle over the noise reduction.

Two injection mass flow rate values are considered and corresponding about 5% and 10% of the
total mass flow rate of the turbine. A maximum rate of about 10% has been used in order to preserve
the nominal turbine power, whereas, pressure and temperature of the drained mass flow rate have been
computed, assuming to be greater than the ambient conditions and according to the thermodynamic
expansion. Two injection sections with a total area of around 4% and 10% of the nozzle outlet area
have been considered and modelled in the computational domain and corresponding respectively to
the 5% and 10% of the turbine mass flow rate. Finally, the spray conditions have been evaluated at
three different injections angles equal to 45, 60 and 80 degrees.

The following test matrix (Table 1) has been, thus, assembled for the RANS + SNGR analyses.
Examples of the different turbulence levels obtained by varying the injection patterns are displayed in
Figure 16.

Table 1. Test matrix for the injection system design.

TEST Injection Mass Flow Injection Section Injection Injection
Rate/Nozzle Mass Flow Rate Area/Nozzle Outlet Area Direction [deg]  Velocity [m/s]
1 13.0% 10.2% 45 350
2 13.0% 10.2% 60 450
3 13.0% 10.2% 80 690
4 6.5% 4.08% 80 720

(a) Test 1 (b) Test 2 8.000+03

7.20e+03
6.40e+03
5.60e+03
4.80e+03
4.00e+03
3.20e+03
2.40e+03
1.60e+03
8.00e+02
4.47e-03

(c) Test 3 (d) Test 4

Figure 16. Turbulent kinetic energy levels [m?/s?] for the injection patterns tested.

About the aerodynamic field results, Figure 17a shows the centerline profiles of the axial velocity
obtained from four tests with injection. Increasing the jet angle, the predicted laminar core length
decreases compared to the baseline case. In particular, focusing on the results of 3rd and 4th tests, the
laminar core length of 4th test is greater than the 3rd one, because at the same jet angle, y = 80°, the
injected jet has a higher speed, due to the lower injection section area. At the same time, increasing
the jet angle, the intensity of turbulence profiles moves toward the nozzle exit, because the mixing is
locally increasing (Figure 17b).
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Figure 17. Comparison between the different injection patterns in terms of velocity and turbulence
intensity. (a) Centerline profile of the axial velocity; (b) Axial profiles of turbulence intensity.

Figure 18 shows turbulent velocity difference, Auy,,;, between the baseline case and the 4th test
in the whole domain of interest. In the case with fluid injection, the impact between the injected
jet and the main flow cause a locally rupture of the vortical structures. The obtained result is an
increase of turbulence at nozzle outlet, i.e., at high frequencies, and a reduction of the turbulence in

the downstream domain, which manifests itself as noise reduction at low frequencies.
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Figure 18. Turbulent velocity difference, Auy,,;, [m/s] between the baseline case and the 4th test in the
whole domain of interest.

Finally, Figure 19 shows the directivity patterns achieved with the tested fluidic injection system.
It has been observed that the fluid injection technique produces a reduction of the OASPL compared
to the baseline condition in all the four tests analyzed. In particular, in the fourth test condition the
maximum reduction of the OASPL, of about 3.5 dB, is achieved at each directivity angle.

The experimental tests, carried out in this section, show that the fluid injection technique allows

to reduce the jet-noise.
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Figure 19. (a) Overall Sound Pressure Level Directivity on the inner arc; (b) Overall Sound Pressure
Level Directivity on the outer arc.

4. Conclusions

This paper illustrates the use of a computational aeroacoustics approach, named SNGR (Stochastic
Noise Generation and Radiation), based on CFD RANS solutions, and aimed at jet-noise prediction
and reduction.

The SNGR method, used in the present work, reconstructs the turbulent velocity fluctuations
and calculates the source terms of Vortex Sound acoustic analogy equation, by using Green’s
free-field function.

In the first part of this work, the Andersson'’s test case has been reproduced to validate the coupled
RANS-SNGR approach for its subsequent use as a design tool. The numerical results of aerodynamic
and acoustic fields, obtained with the coupled RANS-SNGR approach, have been successfully assessed
and validated against both experimental data and results of Large-Eddy Simulations (LES).

In the second part, a technique based on injecting small jets of secondary air, drained from the
turbine, into the main jet flow is proposed and assessed. The fluid injection technique, unlike fixed
and passive reduction systems such as mechanical chevrons, can be used in all cases that present a real
need for noise reduction, such as takeoff and landing phases when the most intense phenomenon of
jet noise takes place.

Four tests were carried out, involving gas bleed from the turbine and subsequent injections
into the main flow of exhaust gas with the aim of aiding a greater mixing and breaking the large
turbulent structures. The four tests have analyzed the influence on the noise reduction of several
parameters, such as drained mass flow rate, the area of the injection section and the slope angle of the
secondary jets at the same drained pressure and temperature. The best result was obtained in the 4th
test, characterized by i1 = 5% tittot, Pspint = 250,000 Pa, Ty = 367.2 K, Ajyj = 80 mm?, vy = 80° and
ujpj = 720 m/s, where the maximum noise reduction was achieved, by approximately 3.5 dB compared
to Andersson’s baseline case without injection.

Therefore, such tests have confirmed that the fluid injection technique allows an effective jet noise
reduction. Moreover, like pointed out by the parametric study discussed in the previous section, the
fluid injection technique can be designed as an active and adaptive system, after a proper optimization
of several parameters, like the drained mass flow rate, the related pressure and temperature, the
injection section area and jet angle, depending on the flight and engine operative conditions.

This kind of fluid injection technique will be controlled by an electronic control unit, in order to
produce air outflows from the turbine, and then injections within the gas flow, only when needed.
The electronic control of the fluid injection also should allow to regulate at any time the bled mass flow
and the temperature and outlet pressure values, in order to optimize the noise reduction in accordance
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with the operating conditions. Finally, the efficacy of this technique can be further enhanced by
azimuth control of the injections, which varies with the operating conditions.
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Nomenclature

A numerical constant

Ainj injection section area

c1, €2, €3, C4 stochastic model parameters

Cp, Co constant pressure and costant volume specific heat

D nozzle diameter

E monodimensional turbulent kinetic energy spectrum

G Green function

K turbulent kinetic energy

k acoustic wave number

k turbulent wave vector

ke wave number of maximum E

ky Kolmogorov wave number

Lt turbulence integral length scale

M Mach number

M. convective Mach number

m mass flow rate

Np number of Fourier modes

Nw number of grid points per Fourier component

p acoustic pressure

P probability density function

Py, Ty jet pressure and temperature at the nozzle inlet section
P, T; jet pressure and temperature at the nozzle outlet section
Peo, Teo ambient pressure and temperature

Pyyitr, Tspinn pressure and temperature of the drained mass flow rate
R microphone radial distance

Rep jet Reynolds number based on nozzle diameter

St Strouhal number

t time

u mean-flow velocity

uj, M; jet centerline velocity and Mach number at nozzle outlet section
u, o fluctuating turbulent velocity and vorticity

Ujnj injection velocity

Uy, Pu, Oy magnitude, phase and direction of nth Fourier component of '
x, @, 0 turbulent wave vector random angles

v injection angle

A; maximum distance between node i and its neighboring nodes j
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Ax cubic cells dimension of 3D domain

Aty turbulent velocity difference

€ turbulent dissipation rate

v kinematical viscosity

0 vortex convection velocity ratio

w radian frequency or specific turbulent dissipation rate

t time

u mean-flow velocity

uj, M; jet centerline velocity and Mach number at nozzle outlet section

References

1. Colonius, T; Lele, S.K.; Moin, P. Sound generation in a mixing layer. . Fluid Mech. 1997, 330, 375-409.

2. Colonius, T.; Mohseni, K.; Freund, J.B.; Lele, S.K.; Moin, P. Evaluation of noise radiation mechanisms in a
turbulent jet. In Proceedings of the Summer Program of Center for Turbulence Research, Stanford, CA, USA,
2 June 1998; pp. 159-167.

3. Freund, J. Noise Sources in a Low-Reynolds-number Turbulent Jet at Mach 0.9. J. Fluid Mech. 2011, 438,
277-305. [CrossRef]

4. Mitchell, B.; Lele, S.; Moin, P. Direct Computation of the Sound Generated by Vortex Pairing in an
Axisymmetric Jet. J. Fluid Mech. 1999, 383, 113-142. [CrossRef]

5. Bogey, C.; Bailly, C.; Juve, D. Computation of the Sound Radiated by a 3-D Jet Using Large Eddy Simulation.
In Proceedings of the 6th ATAA /CEAS Aeroacoustics Conference, Lahaina, HI, USA, 12-14 June 2000.

6.  Mankbadi, R.; Shih, S.; Hixon, R.; Povinelli, L. Direct Computation of Jet Noise Produced by Large-Scale
Axisymmetric Structures. J. Propuls. Power 2000, 16, 207-215. [CrossRef]

7. Andersson, N.; Eriksson, L.E.; Davidson, L. A Study of Mach 0.75 Jets and Their Radiated Sound Using
Large-Eddy Simulation. In Proceedings of the 10th AIAA/CEAS Aeroacoustics Conference, Manchester,
UK, 10-12 May 2004.

8. Kraichnan, R.H. Diffusion by a Random Velocity Field. Phys. Fluids 1970, 13, 22-31. [CrossRef]

9. Fung, ].C.H.; Hunt, ].C.R.; Malik, N.A_; Perkins, R.J. Kinematic Simulation of Homogeneous Turbulence by
Unsteady Random Fourier Modes. J. Fluid Mech. 1992, 236, 281-318. [CrossRef]

10. Béchara, W.; Bailly, C.; Lafon, P.; Candel, S. Stochastic Approach to Noise Modeling for Free Turbulent Flows.
AIAA ]. 1994, 32, 455-464. [CrossRef]

11. Bailly, C; Juvé, D. A Stochastic Approach to Compute Subsonic Noise Using Linearized Euler’s Equations.
In Proceedings of the 5th AIAA/CEAS Aeroacoustics Conference, Seattle, WA, USA, 8-9 November 1999.

12. Billson, M.; Eriksson, L.; Davidson, L. Jet Noise Modeling Using Synthetic Anisotropic Turbulence.
In Proceedings of the 10th AIAA/CEAS Aeroacoustics Conference, Manchester, UK, 10-12 May 2004.

13. Casalino, D.; Barbarino, M. Stochastic Method for Airfoil Self-Noise Computation in Frequency-Domain.
AIAA J. 2011, 49, 2453-2469. [CrossRef]

14. Di Francescantonio, P. Side Mirror Noise with Adaptive Spectral Reconstruction. In Proceedings of the SAE
2015 Noise and Vibration Conference and Exhibition, Grand Rapids, MI, USA, 22-25 June 2015.

15. Lighthill, M.]. Jet Noise. AIAA J. 1963, 1, 1507-1517. [CrossRef]

16. Bridges, J.; Brown, C.A. Parametric Testing of Chevrons on Single Flow Hot Jets: NASA TM 2004-213107.
In Proceedings of the 10th ATAA/CEAS Aeroacoustics Conference, Manchester, UK, 10-12 May 2004.

17. Engblom, W.A; Kharavan, A.; Bridges, J. Numerical Prediction of Chevron Nozzle Noise Reduction Using
WIND-MGBK Methodology. In Proceedings of the 10th AIAA /CEAS Aeroacoustics Conference, Manchester,
UK, 10-12 May 2004.

18. Birch, S.F; Lyubimov, D.A.; Maslov, V.P; Secundov, A.N. Noise Prediction for Chevron Nozzle Flows.
In Proceedings of the 12nd AIAA/CEAS Aeroacoustics Conference, Cambridge, MA, USA, 8-10 May 2006.

19. Massey, S.J.; Elmiligui, A.A.; Hunter, C.A.; Thomas, R.H.; Pao, S.P.; Mengle, V.G. Computational Analysis of
a Chevron Nozzle Uniquely Tailored for Propulsion Airframe Aeroacoustics. In Proceedings of the 12nd
AIAA/CEAS Aeroacoustics Conference, Cambridge, MA, USA, 8-10 May 2006.

20. Shur, M.L,; Spalart, P.R; Strelets, M.K. Noise Prediction for Increasingly Complex Jets, Part II: Applications.

Int. J. Aeroacoustics 2005, 4, 247-266. [CrossRef]

104



Appl. Sci. 2017, 7,623

21.

22.

23.

24.

Shur, M.L.; Spalart, P.R.; Strelets, M.K.; Garbaruk, A.V. Further Steps in LES-Based Noise Prediction for
Complex Jets. In Proceedings of the 44th AIAA Aerospace Sciences Meeting and Exhibit, Reno, NV, USA,
9-12 January 2006.

Henderson, B.S.; Kinzie, KW.; Whitmire, J.; Abeysinghe, A. The impact of fluidic chevrons on jet noise.
In Proceedings of the 11th AIAA/CEAS Aeroacoustics Conference, Monterey, CA, USA, 23-25 May 2005.
Kinzie, KW.; Henderson, B.S.; Whitmire, J.; Abeysinghe, A. Fluidic chevrons for jet noise reduction.
In Proceedings of the 2004 International Symposium on Active Control of Sound and Vibration
(ACTIVE 2004), Williamsburg, VA, USA, 20-22 September 2004.

Henderson, B.S.; Kinzie, K.W.; Whitmire, J.; Abeysinghe, A. Aeroacoustic Improvements to Fluidic Chevron
Nozzles. In Proceedings of the 12th AIAA/CEAS Aeroacoustics Conference, Cambridge, MA, USA,
8-10 May 2006.

@ © 2017 by the authors. Licensee MDP]I, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
[

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).

105



Firicd applied
L sciences

Article
Surrogate Based Optimization of Aerodynamic Noise
for Streamlined Shape of High Speed Trains

Zhenxu Sun *, Ye Zhang and Guowei Yang
Key Laboratory for Mechanics in Fluid Solid Coupling Systems, Institute of Mechanics, Chinese Academy of

Sciences, Beijing 100190, China; zhangye@imech.ac.cn (Y.Z.); gwyang@imech.ac.cn (G.Y.)
* Correspondence: sunzhenxu@imech.ac.cn; Tel.: +86-10-8254-3815

Academic Editors: Roberto Citarella and Luigi Federico
Received: 3 January 2017; Accepted: 13 February 2017; Published: 17 February 2017

Abstract: Aerodynamic noise increases with the sixth power of the running speed. As the speed
increases, aerodynamic noise becomes predominant and begins to be the main noise source at a certain
high speed. As a result, aerodynamic noise has to be focused on when designing new high-speed
trains. In order to perform the aerodynamic noise optimization, the equivalent continuous sound
pressure level (SPL) has been used in the present paper, which could take all of the far field observation
probes into consideration. The Non-Linear Acoustics Solver (NLAS) approach has been utilized for
acoustic calculation. With the use of Kriging surrogate model, a multi-objective optimization of the
streamlined shape of high-speed trains has been performed, which takes the noise level in the far
field and the drag of the whole train as the objectives. To efficiently construct the Kriging model,
the cross validation approach has been adopted. Optimization results reveal that both the equivalent
continuous sound pressure level and the drag of the whole train are reduced in a certain extent.

Keywords: aerodynamic noise; NLAS; kriging model; cross validation; equivalent continuous SPL

1. Introduction

As the running speed of high-speed trains increases, aerodynamic noise becomes to be
predominant and takes the major part of train noise. Severe noise problem will cause discomfort
for the passengers and surrounding people. Furthermore, it will also cause damage to surrounding
equipment and buildings. Noise issue becomes a key factor that limits the increase of running speed
of high-speed trains, which needs to pay enough attention in the design of new trains [1].

Current study on aerodynamic noise of high-speed trains mainly focuses on two aspects: On the
one hand, identification of noise sources of high-speed trains and mechanism analysis [2-6] were
performed, aiming at obtaining more precise acoustic structures of high-speed trains. Talotte presents a
critical survey of the identification and modeling of railway noise sources and summarizes the current
knowledge of the physical source phenomena [2,3]. Sun numerically analyzes the main noise sources
of high-speed trains, quantitatively compares the different noise sources and identifies the main noise
sources, such as the leading streamline, the inter-coach spacing, the bogie zone and the wake zone as
well [4,6]. Noger performed an investigation on acoustic production mechanisms in the TGV (which
is short from the French words “train a grande vitesse”) pantograph recess to be able to reduce the
radiated noise [5]. Until now, the study on aerodynamic noise mechanism has gradually matured.
On the other hand, many studies focus on noise reduction of specific components to meet practical
usage [6-10]. In order to obtain low noise pantograph, Ikada proposes a precise rail pantograph
design method that provides both aerodynamic and aero-acoustic sound designs more quickly and
economically [7,8]. West Japan Railway Co. made an investigation to find an optimum shape of
the front bulkhead of the pantograph cover and at the same time actively pursues development of
a wing-shaped pantograph which causes less aerodynamic noise. Iwamoto and Higashi made a
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technical view from results of their tests using the actual railcar and the wind test tunnel [9]. Sueki
proposed a new aerodynamic noise reduction method that involves covering the surface of objects
with a particular porous material [10]. Sun investigated on different designs of cab windows and
cowcatchers and gave a reasonable advice on low noise design of the streamlined shape [6]. It can
be seen that much effort has been put to the design of low-noise pantograph, which engineering
experience is mostly dependent on for noise reduction. This kind of design is usually constrained by
engineering experience and cannot obtain the most optimal shape. In addition, study on the noise
reduction of the streamlined head of high-speed trains could be seldom referred to, since abundant
flow phenomena exist on the surface of the streamline and the design approach which relies solely on
engineering experience could not meet the accuracy requirement. Consequently, optimization design
with corresponding algorithms is the only way to obtain the relationships between design variables
and aerodynamic noise and gets the chance to obtain the optimal design.

In recent years, optimization algorithms have been widely used in the streamlined shape design
of high-speed trains [11-16]. Lee and Kim dealt with the nose shape design of high-speed railways
to minimize the maximum micro-pressure wave and suggested an optimal nose shape that is an
improvement over current design in terms of micro-pressure wave [11]. Vytla used the Kriging
model to find the optimum shape of a two-dimensional nose shape of a high-speed train traveling at
350 km/h considering both the induced aerodynamic drag and the generated aerodynamic noise [12].
Ku used the VMF parameterization method on the train nose to reduce a micro-pressure wave and an
aerodynamic drag of a high-speed train [13]. Yao performed a constrained multi-objective optimization
design on a simplified CRH380A high-speed train with three carriages to optimize aerodynamic drag of
the total train and aerodynamic lift of the trailing car and got agreeable optimal results [14]. Suzuki and
Nakade presented a novel design technique for high-speed trains using a multi-objective optimization
method to balance plural aerodynamic properties [15]. Mufioz-Paniagua used genetic algorithms to
optimize the nose shape of a high-speed train entering a tunnel in term of the compression wave
generated at the entry of the train and the aerodynamic drag of the train [16]. It could be concluded
that the optimization objectives are mostly focused on the aerodynamic loads or tunnel effects. Even
aerodynamic noise is considered, it is only a two-dimensional study. Due to the massive cost of
computational aero-acoustics (CAA), aerodynamic noise optimization always seems untouchable for
researchers. In order to perform aerodynamic noise optimization, two problems have to be solved in
advance: On the one hand, the efficiency of CAA calculation has to be improved, which means proper
CAA algorithm should be determined to adapt the computing scale for high-speed trains; On the other
hand, assessment of the noise level in the far field should be determined. Once the above problems
have been solved, the aerodynamic noise optimization becomes feasible. It is very crucial to construct
an aerodynamic noise optimization strategy for practical streamlined shape of high-speed trains.

In the present paper, the authors present an aerodynamic noise optimization strategy for practical
streamlined shape of high-speed trains. The NLAS approach [17] has been adopted to perform CAA
analysis for each design sample. Meanwhile, the equivalent continuous SPL has been introduced to take
all of the far field observation probes into consideration and taken as one objective for multi-objective
optimization. With the use of Kriging surrogate model, the aerodynamic noise optimization of the
streamlined shape of high-speed trains could be performed. In the present study, the noise level in
the far field and the drag of the whole train are taken as the objectives. It is mainly based on the
following considerations: The aerodynamic drag of high-speed trains can be up to 75% of the total
drag at the speed of 300 km/h and the drag characteristics of the trains are directly related to the ability
of energy saving and environmental protection. As a result, the aerodynamic drag reduction is very
prominent and has become one of the key issues for aerodynamic shape optimization of high-speed
trains. Meanwhile, aerodynamic noise increases with the sixth power of the running speed, and would
be predominant over mechanical noise when the running speed is over 250 km/h. It is found that
simply reducing aerodynamic drag cannot efficiently reduce the aerodynamic noise, indicating that
aerodynamic noise optimization has to take aerodynamic noise as one optimization objective.
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After optimization, aerodynamic performance of the optimized shape and the prototype shape
with three carriages is comparatively analyzed. Finally, sensitivity analysis has been performed, so that
the nonlinear relationship between the objectives and design variables could be obtained. Current
research pushes forward the cognition on how to reduce the noise level by modifying the streamlined
shape of high-speed trains.

2. Algorithms

2.1. Acoustic Algorithms and Validation

Two kinds of approaches are adopted in the present work, NLAS [17] to solve the near field
noise and FW-IT sound propagation method to solve the far field noise, respectively. For the latter
approach, an acoustic surface around the noise sources is built to record fluctuation data during NLAS
calculation, which would be taken as the initial value for FW-H propagation equation. The overall
solving process is shown in Figure 1:

Synthetic
Turbulence
r

RANS > NLAS - Near field noise

Surface source
integration

= Far field noise

Figure 1. The schematic drawing of solution procedure for Computational aero-acoustics
(CAA) calculation.

The NLAS is a numerical acoustics solver designed to model noise generation and propagation
from an initial statistically-steady model of turbulent flow data, which can be provided by a simple
Reynolds Averaged Navier-Stokes (RANS) turbulence model. Through the RANS calculation,
the statistical steady mean flow could be obtained, from which the main generation zone of turbulence
could be revealed. In the present paper, an anisotropic turbulence model, the cubic k-¢ model, is utilized
to preferably model the statistically steady flow field [18]. Non-linear terms are taken into consideration
to account for normal-stress anisotropy, swirl and streamline curvature effects. Consequently, the local
Reynolds-stress tensor could be provided precisely to synthesize the noise sources. The transient
calculation of NLAS should be performed on the premise of the steady RANS calculation of the
flow field. NLAS uses a reconstruction procedure to generate noise sources from the given set of
statistics and allows the resulting propagation of the pressure disturbances to be simulated using
a high-resolution pre-conditioned solver.

The acoustic surface is used to record fluctuation data during the NLAS procedure. Once the
data is obtained, Ffowcs-Williams/Hawking equation can be solved based on these data. The FW-H
equation approach [19,20] can be used to predict noise at any observation point outside the acoustic
surface, even if the observation point is outside the computational domain. The whole CAA analysis is
performed by the commercial software CAA++ (Ver 10.1, Metacomp Technologies, Los Angeles, CA,
USA, 2011).

Numerical validation has already been performed in the literature by the author [4]. It took a
backward step case as the test case. It comes from the experiment by Lee and Sung in a subsonic
wind tunnel [21]. The flow conditions in the numerical simulation maintain the same with the
experiment. In the experiment, the span wise width is 12.5 times of the height of the backward
step to keep the central section two-dimensional. As a result, a two-dimensional simulation was
conducted for the central section. The observation points are chosen just on the floor behind the
step, as the experiment did. Fast Fourier Transformation (FFT) analysis is performed on the pressure
fluctuating data. Meanwhile, numerical simulation with the Large Eddy Simulation (LES) approach
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was also performed. The results from the NLAS approach, the LES approach and the experiment are
listed together for comparison, which mainly focuses on the sound pressure level and corresponding
dominant frequency (Tables 1 and 2).

Table 1. Maximal sound pressure level (decibel, dB), where x is the distance from the probe to the step,
and H is the height of the step.

Positions x/H=2 x/H=4 xH=6 x/H=8 x/H =10
experiment —26 -27 —24.2 —22.6 —24
NLAS —26 -23 —24.35 —-21.7 —23.2

LES —26.27 —25.2 —23.04 —18.6 —19.54

NLAS: Nonlinear Acoustics Solver; LES: Large Eddy Simulation.

Table 2. Dominant frequency (Hz), where x is the distance from the probe to the step, and H is the

height of the step.
Positions x/H=2 x/H=4 xH=6 x/H=8 x/H =10
experiment 115 10.5 18 12 18
NLAS 14 7.1 13 13 9.1
LES 13.9 14.5 28.5 28.5 43

It can be seen that better dominant frequencies are achieved through the NLAS approach, except
for the position x/H = 10. Meanwhile, the maximal sound pressure level predicted by NLAS agrees
well with the experimental data. However, the maximal sound pressure level and dominant frequency
obtained by LES under the same mesh and flow conditions show relative variation with experimental
data. This can be related to that the synthetic reconstruction of sub-grid sources can be achieved in
NLAS approach rather than LES approach, which makes the results from NLAS approach seems much
more accurate. Simulation results reveal that the NLAS approach is an efficient and high-resolution
computational method for aerodynamic noise prediction, and can be adopted for the large-scale
computation of aerodynamic noise generated by high-speed trains.

2.2. Assessment of the Noise Level in the Far Field

When performing the CAA calculation, the train is assumed stationary, while the air passes by the
train. Consequently, acoustic probes are placed equidistantly along the train to perform noise analysis.
Due to the relatively large number of acoustic probes, it is difficult to assess the noise level by only one
or two probes among them. When the acoustic optimization is conducted, it is necessary to take all the
acoustic probes into consideration. Considering that the real circumstance is that the train passes by
the probes one by one with the same speed, the equivalent continuous sound pressure level (SPL) is
introduced in the present paper, which takes the form as:

1 /T
Laeg = 10lg{? /0 100»1LAdt] )

where T is the measurement time and L 4 is the A-weighted SPL at time ¢.
As long as the noise probes are placed equidistantly, the equivalent continuous SPL could be
discretized as shown below:

ol 1o
LAez] =10 g[gzllo 10 ] (2)
i=

where 7 is the number of the acoustic probes and L »; is the A-weighted SPL at the probe i.

Since the equivalent continuous SPL could takes all the acoustic probes in the far field into
consideration, here it is taken as the objective to represent the noise level in the far field for the
whole train.
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2.3. Algorithms for Computational Fluid Dynamics (CFD) and Validation

As one goal of the whole optimization process, the drag of the whole train has to be evaluated,
which is performed by CFD analysis. CFD accuracy directly affects the construction of the surrogate
model and efficiency of optimization algorithm. In this paper, the speed of high-speed train is
300 km-h~!. Under this condition, air compressibility has to be considered. Therefore, the steady
compressible Reynolds-averaged Navier-Stokes equations [22] based on the finite volume method are
used to predict the aerodynamic drag. The k-w SST model [23] is selected as the turbulence model.
The standard wall functions are used near the wall so that the accuracy of the CFD results could be
ensured with a limited amount of mesh.

To validate the CFD algorithms, and to obtain a reasonable mesh configuration for aerodynamic
simulation of high-speed trains, the authors performed a comparison study with wind tunnel
experimental results. The experiments were performed in China Aerodynamics R&D Center. The wind
tunnel model is a 1:8 scaled train model, with the bogies and inter-coach spacing included, as shown
in Figure 2a. The velocity of the air flow is 60 m/s. The computational domain is the same as the
tunnel walls. Due to the complex geometry, local densification of the mesh is performed, and the total
number of grids is about 21.7 million. The mesh configuration is shown in Figure 2b.

(b)

Figure 2. Wind tunnel train model and mesh configuration for numerical simulation: (a) wind tunnel
model; and (b) mesh configuration.

Table 3 shows the comparison of aerodynamic coefficients between experimental results and
numerical results. It can be seen that the aerodynamic coefficient error for each car are all within
5%, which is acceptable for engineering application, indicating that the CFD algorithms and mesh
configuration for the simulation are both feasible for aerodynamic drag evaluation of high-speed trains,
and will be utilized in the present study.

Table 3. Comparison of aerodynamic coefficients between experimental results and numerical results.

Aerodynamic Loads Total-Cd Head-Cd Middle-Cd Tail-Cd
Experiment 0.326 0.125 0.082 0.119
CFD 0.310 0.118 0.079 0.113
Error 4.91% 5.60% 3.66% 5.00%

CFD: Computational Fluid Dynamics.

3. Local Shape Function Parametric Approach

In this paper, a parametric approach called Local Shape Function (LSF) which is based on FFD
method [24] and NURBS method [25] has been designed.
The whole processes are as follows:

(1) For a given geometry, deformation regions should be divided firstly.

(2) Mesh the deformation regions, and obtain the coordinate values of every grid point. In order
to keep the smooth transition of the surface, the structural grids have been utilized for mesh
discretization, as shown in Figure 3.
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(8) Choose the deformation function of each region, which can be selected randomly, but smooth
transition between adjacent regions should be ensured.

(4) Choose a weight factor W; for each deformation function, which determines the maximum
deformation value of each region.

(5) Calculate the increments A of coordinates of all grid points by the deformation functions and W;.

(6) Get the coordinates of the deformed shape by summing A and the coordinates of the
original shape.

(7)  According to the coordinates of the deformed shape, the deformed surface can be fitted exactly,
then a deformation process is done.

In the above process, Step (3) is the most crucial. The deformation surfaces are different
from each other due to the different choices of deformation functions. Inappropriate deformation
functions will easily lead to irrational deformation surfaces. Trigonometric functions, exponential
functions, logarithmic functions, polynomial functions and NURBS functions are all commonly used
for deformation functions.

3

Figure 3. Schematic of surface deformation by Local Shape Function (LSF) method.

Due to the symmetrical design along the longitude of the train, only one side of the symmetrical
plane of the streamline is parameterized. As a result, the design parameters can be reduced by half.
The parametric surfaces are separated into four deformation regions, as shown in Figure 4a. The width
of the streamline is controlled by Zonel, and a control point Point1 is set here, extracting its y coordinate
as the third design parameter w;. The slope of the cab window is controlled by Zone2, and the second
control point Point2 is set here, extracting its z coordinate as the fourth design parameter w,. Nose
height is controlled by Zone3, and another control point Point3 is set here, extracting its z coordinate
as the second design parameter w3. Nose drainage is controlled by Zone4, and a control point Point4 is
set here, extracting its y coordinate as the first design parameter wy. For simplicity, all the deformation
functions in this paper are trigonometric functions. Figure 4b shows the deformation in the height
of the nose and the cab window. As seen above, the deformation method can ensure the surface
smoothness and smooth transition among different deformation regions.

’

(@ (b)

Figure 4. Deformation zones and local deformations: (a) schematic of deformation zones; and (b) the

deformation of the nose and the cab window.
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4. Optimization Strategy

4.1. Construction of Cross-Validation Based Kriging Model

Considering the huge computational cost in the aerodynamic optimization, especially in the shape
optimization of high-speed trains, a sequential optimization method based on minimizing the response
surface criteria has been adopted in the present paper to reduce the training points. The Kriging
surrogate model is an interpolation technique based on statistical theory [26-29]. This model takes
full account of the relevant characteristics of the variable space, containing the regression part and
the nonparametric part. The Kriging model is obtained based on the cross-validation algorithm [30].
The use of cross-validation algorithm could prolong the time of the training process. However,
compared to the massive cost of CFD and CAA calculation for each sampling point, this time cost
could be ignorable. A basic Kriging model could be firstly constructed from the initial 20 training
points. Based on this model, the Pareto set could be obtained. Two typical points of the Pareto set could
be chosen for CFD/CAA validation. If the optimization accuracy could not meet the requirement, these
two points then would be added to the initial training points to build a more accurate Kriging model.
If the optimization accuracy meets the design requirement, the Kriging model is finally constructed.
During each iteration process, the training points are divided into groups randomly, and each group
has two training points.

4.2. Optimization Process

Figure 5 shows the whole optimization process designed in present paper. First, the Latin
hypercube method is adopted to initialize the sampling points in the design space. Then, the CFD
analysis is performed to obtain the values of the objectives corresponding to the sampling points.
Third, the Kriging model is constructed via genetic algorithm (GA) technique based on these sampling
points. After the Kriging model has been constructed, the multi-objective optimization based on
self-adaptive GA approach could be performed and the Pareto set could be obtained. Last, the final
Kriging model and multi-objective self-adaptive GA approach are both adopted to obtain the Pareto
solutions in the design space.

SBO Optimizer

‘ Analysis Code Data Surrogate Models L Optimizer
(e.g,CFD) Contaner (e.g, Kriging) (e8,GA)

New Designs

conv\Yes
erge

No

Figure 5. Schematic drawing of surrogated based optimization.

Based on the above process, multi-objective optimization of the streamlined shape of high-speed
trains is performed, which will be discussed in the following sections.

5. Computational Models, Mesh and Conditions

A three-grouping high-speed train model has been adopted in the present paper, which is named
as EMUI. The total length of the train is about 78 m and the height of the train is about 4.05 m.
The whole train is shown in Figure 6.
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Figure 6. The whole train model.

In order to reduce the computational cost, some additional components are eliminated, such as
the pantograph. When performing the CFD calculation, components such as the windshields and
bogies are reserved. However, since the computational cost of CAA analysis is extremely larger than
that of CFD, the windshields and bogies are both neglected to reduce the calculation time, yet the
influence of the streamlined shape on acoustic characteristics could still be considered.

Take the height of the train as the characteristic length H, the computational domain extends 30 H
ahead of the train nose and 60 H from the train tail to the exit of the computational domain. The top
of the computational domain is at a distance 30 H from the bottom of the rail and the sides are at
a distance of 30 H from the center axis of the train, the outline of computational domain and the model
are shown in Figure 7.

30H

60H 60H
30H

Figure 7. Computational domain.

The hybrid Cartesian/prism grids is adopted and six layers of prism grids are generated with an
increasing ratio of 1.2 and a total length of 30 mm, which keeps the value of y+ of the first layer near
the train surface in a range of 30~100. The total number of the cells is about 32 million. Figure 8 shows
the grids on the longitudinal section and on the surface of leading streamline, while Figure 9 shows
the grids on the longitudinal section of wake region.

(@) (b)

Figure 8. The grids on the longitudinal section and on the surface of leading streamline: (a) mesh
distribution on the longitudinal section; and (b) surface grids of the leading streamline.
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Figure 9. The grids on the longitudinal section of wake region.

The flow velocity is 300 km/h; the far-field pressure is 1 atm; the temperature is 288 K; and the
reference area is the maximum cross-sectional area of the train. As a result of the compressibility
calculation model, one-dimensional inviscid flow of the Riemann invariants is introduced as the
far-field boundary conditions, which are also known as non-reflective boundary conditions. Inflow,
outflow and the top boundaries are all set as far-field boundary conditions and the train body is
non-slip solid wall boundary condition. The ground is treated as the moving wall to simulate the
ground effect, and the moving speed is equal to the train speed.

When the NLAS procedure is conducted, three absorbing layers are imposed to the inlet boundary,
the outlet boundary and the far field boundary respectively to prevent wave reflections from these
boundaries. Two hundred Fourier modes are set to perform synthetic reconstruction for the turbulent
fluctuating quantities to capture the sub-grid sources correctly. The time step in NLAS simulation is set
to 2 x 75 s, and the simulated physical time is 0.3 s, which insures that the noise whose frequencies
locate between 10-10,000 Hz could be precisely predicted.

After solving the acoustic field in the near field, the far field noise could be obtained with the
use of FW-H equation. The observation probes are set according to the ISO-2005-3095 standard,
which requires the probes to be 25 m far from the train body and 3.5 m height from the ground.
Thirteen probes are placed along the train body with an equal distance of 10 m, which range from the
leading head to the trailing streamline, as shown in Figure 10.

—
25m | 3.5m \

’L. A - — —

Figure 10. Schematic drawing of the observation probes in the far field.

6. Results and Discussion

As parameters for GA operation, the size of initial population is set to 100. The probability of
crossover is 0.9 while the probability of mutation is set to 0.3. The size of evolution generations is set
to 100. The value of 6 varies from 0 to 10. After adding points for three times, the Kriging model meets
the accuracy requirement. Figure 11 shows the convergence history of the fitness and the exact value
for each variable.

The total aerodynamic drag coefficient and the equivalent continuous SPL are treated as the
optimization objectives, and the multi-objective optimization of the streamlined shape has been
performed on the final built Kriging model. The adaptive genetic approach with a population number
of 200 is adopted. Three thousand generations have been performed in the optimization process.
The roulette method is used as the selection operator, while the probabilities of crossover and mutation
are set as 0.9 and 0.3, respectively. Figure 12 shows the Pareto set of the two objectives. It can be
concluded that the optimal solutions of the objectives are both limited in a small zone, indicating that
specific individual in the Pareto set shows no large differences, while all the individuals are better than
the initial one. In order to demonstrate the mechanism for aerodynamic performance improvement,
a specific individual is chosen randomly in Figure 12 as an example, just as the red spot shows.
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Figure 11. The convergence history of the fitness and the exact value for each variable.
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Figure 12. The Pareto front based on the drag of the whole train and the equivalent continuous SPL.

The drag coefficient of the whole train and the equivalent continuous SPL for the prototype of
EMUL1 are 0.314 and 81.93 dBA, respectively, while the objectives in the Pareto set are all more optimal
than those of the prototype.

Table 4 shows the comparison between the CFD calculations and prediction from the Kriging
model. It can be seen that excellent agreement exists between the two approaches. The errors for both
objectives are 0.493% and 0.027%, respectively, which can meet the engineering requirement. It can be
concluded that the Kriging model built in the present paper could reveal the relationships between the
design variables and the objectives.

115



Appl. Sci. 2017, 7,196

Table 4. The comparison between the CFD calculations and prediction from the Kriging model.

Objectives Real Leq (dBA) Kriging (dBA) Error Real Cd Kriging
Test Case 80.676 80.698 0.027% 0.2919 0.29046

Figure 13 shows the variation of the streamlined shape between the prototype and the
optimal result:

(@) (b)

Figure 13. Comparison of the streamlined shape between the prototype and the optimal shape. (a) View
from the direction of positive y; and (b) view from the direction of negative y.

As shown above, the green one represents the prototype and the orange one represents the optimal
shape. Good smoothness can be observed on the shape after optimization. The width of the bottom of
the streamline and the shape of the cowcatcher keep unchanged, while the width of the upper part of
the streamline decreases and the heights of the nose and the cab window are both lowered.

Table 5 shows the variations of the design variables compared to the prototype model. Wy controls
the width of the streamline, W, controls the height of the cab window, W3 controls the height of the
nose and Wy controls the width of the drainage. It can be seen that all the design variables get smaller.

Table 5. The variations of the design variables compared to the prototype model (1:1).

Variations Wi/mm Wr/mm W3/mm W4/mm

Test Case —40.85 —38.50 —50.81 —61.55

Table 6 shows the comparison of the objectives before and after optimization. Results reveal
that the aerodynamic performance gets improved for the optimal shape. The drag coefficient and the
equivalent continuous SPL are reduced by 7.1% and 1.26 dB, respectively. For the optimization of
aerodynamic drag, reducing the inviscid drag plays an important role. As seen in Table 3, the inviscid
drag is reduced by 17.33%.

Table 6. The comparison of the objectives before and after optimization.

Objectives Leq (dBA) Cd Cd_inviscid
Original 81.9316 0.314114 0.165
Test Case 80.676 0.2919 0.1364

Reduction 1.5% 7.1% 17.33%

In order to better understand the aerodynamic performance before and after optimization and
investigate on the influence on the specific car by the deformation of streamlined head, the drag
coefficients of each carriage before and after optimization are given in Figure 14:
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Figure 14. Comparison of drag coefficients of each carriage before and after optimization.

As shown above, the inviscid drag mainly exists on the leading car and trailing car. The inviscid
drag is reduced by 5.2% and 27.6% for the leading car and trailing car, respectively. Meanwhile,
the inviscid drag on the middle car is also reduced. The inviscid drag is the main source for

drag optimization.
The pressure contour on the leading car before and after optimization is shown in Figure 15.

-2000

Figure 15. Pressure contour on the leading car before and after optimization (Pressure: Pa).

The height of the nose is reduced for the optimal model. Consequently, the high-pressure zone in
front of the nose varies. The high-pressure zone mainly covers the region between the nose and the
cowcatcher. Lower nose leads to a relatively smaller high-pressure zone, which results in a relatively

smaller inviscid drag.
The pressure contour on the trailing car before and after optimization is shown in Figure 16.

Figure 16. Pressure contour on the trailing car before and after optimization.

An obvious higher-pressure zone behind the trailing nose could be observed for the optimal
model, which could provide a thrust on the trailing car. As a result, the inviscid drag on the trailing

train could be effectively reduced.
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The pressure coefficient along the longitudinal profile of the leading car and trailing car before
and after optimization is also investigated, as shown in Figure 17.
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Figure 17. Pressure coefficient along the longitudinal profile of the leading car and trailing car before
and after optimization.

It can be seen that the biggest variation exists at the bottom part of the trailing nose. Higher
pressure could be observed along the lower longitudinal profile for the optimal model, which is the
root for the relatively lower inviscid drag of the trailing car.

Then, the acoustic characteristics in the far field are analyzed. As mentioned above, the equivalent
continuous SPL is reduced by 1.26 dB. Figure 18 shows the A-weighted overall sound pressure level
(OASPLA) of all the probes before and after optimization.
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Figure 18. The Overall A-weighted Sound Pressure Levels (OASPLAs) of all the probes before and
after optimization.

It can be seen that the OASPLAs of most probes for the optimal shape are reduced in a certain
extent, compared to the prototype. Results reveal that the noise circumstance in the far field is
improved after optimization.

In order to investigate on the influence of each design variable on the optimization objectives, it is
necessary to perform the sensitivity analysis for the design variables. Sensitivity analysis is performed
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by studying the correlations between the design variables and the objectives. The correlation r between
variable x and y takes the form:

r— NYxy—(Lx)(Xy) 3)
JINE# - (£0?] [Nz - (0]

where N is the number of pairs of values.
Figure 19 shows the student charts between the objectives and the design variables.
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Figure 19. Student charts between the objectives and the design variables: (a) student chart
between drag and four design variables; and (b) student chart between sound pressure level and
four design variables.

As stated in Section 3, W; represents the width of the cab window, W, represents the height
of the cab window, W3 represents the height of the nose, and W, represents the width around the
drainage. The design space is constrained under the real circumstance. Taking W3 as an example,
it should be not too much smaller or too much larger, or the connection between the hooks of adjacent
streamlines could be affected. As seen above, W4 has the largest influence on both the total drag
and the aerodynamic noise. Besides, W1 and W5 own relatively large influence on the total drag and
aerodynamic noise, respectively.

The three-dimensional relationship could also be established on the base of the final surrogate
model. Figure 20a shows the relationship between aerodynamic noise and W, and Wy, while Figure 20b
is the projection of aerodynamic noise on the W,-W, plane. Strong nonlinearity could be observed.
To facilitate analysis, we keep one of the design variables unchanged; the relationships of aerodynamic
noise and the other design variable could be obtained, as shown in Figure 21.
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Figure 20. Relationship between aerodynamic noise and W, and Wy. (a) Surrogate model between
aerodynamic noise and W, and Wy; and (b) projection of aerodynamic noise on the W,—W, plane.
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Figure 21. The relationships of aerodynamic noise and the other design variable on the condition of
one design variable unchanged: (a) SPL vs. Wy; and (b) SPL vs. Wj.

Nonlinearity could also be seen in above figures, and best performance of aerodynamic noise
does not appear at minimal or maximal values of W, or W,. For example, it can be deduced from
above figures that the width of the drainage could not be too thin or too wide, or aerodynamic noise
would grow apparently.

7. Conclusions

An aerodynamic noise optimization strategy for high-speed trains has been proposed in the
present paper. In order to take all the acoustic probes into consideration, the equivalent continuous
sound pressure level (SPL) has been taken as the objective for noise optimization. In order to improve
the optimization efficiency, the local shape function method has been utilized for streamlined shape
parameterization, which owns stronger generality and could set design variables directly on the
focused region. Meanwhile, the surrogate based optimization approach is adopted, taking the Kriging
model on the base of cross-validation method as the surrogate model. Once the Kriging model is built
up, multi-objective optimization by genetic algorithm could be performed on this model to avoid the
computational cost of CFD/CAA for each design point, which is the key for efficiency improvement.

Taking the drag of the whole train and the equivalent continuous SPL as the objectives,
a multi-objective optimization of the streamlined shape of HSTs is performed. Results reveal that the
aerodynamic performance has been improved apparently compared to the prototype. The drag of
the whole train has been reduced by 7.1%, and the equivalent continuous SPL has been reduced by
1.26 dB. The OASPLAs of the probes for the optimal shape are mostly reduced except for very few of
them, indicating that the acoustic circumstance in the far field has been effectively improved and it is
feasible to perform aerodynamic noise optimization for high-speed trains with the use of the strategy
in the present paper.
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Abstract: In this work, a vibro-acoustic numerical and experimental analysis was carried out for the
chain cover of a low powered four-cylinder four-stroke diesel engine, belonging to the FPT (FCA
Power Train) family called SDE (Small Diesel Engine). By applying a methodology used in the acoustic
optimization of new FPT engine components, firstly a finite element model (FEM) of the engine
was defined, then a vibration analysis was performed for the whole engine (modal analysis), and
finally a forced response analysis was developed for the only chain cover (separated from the overall
engine). The boundary conditions applied to the chain cover were the accelerations experimentally
measured by accelerometers located at the points of connection among chain cover, head cover,
and crankcase. Subsequently, a boundary element (BE) model of the only chain cover was realized
to determine the chain cover noise emission, starting from the previously calculated structural
vibrations. The numerical vibro-acoustic outcomes were compared with those experimentally
observed, obtaining a good correlation. All the information thus obtained allowed the identification
of those critical areas, in terms of noise generation, in which to undertake necessary improvements.

Keywords: vibration analysis; acoustic analysis; FEM; BEM; NVH; modal analysis

1. Introduction

The new more stringent environmental laws in the automotive industry induced original
equipment manufacturers (OEMs) and their suppliers and partners to address their efforts towards
eco-friendly vehicle development, keeping low noise emissions and high passenger comfort levels.
This is because—especially for premium cars—the interior acoustics play an important role for the
drive comfort and drivers’ subjective perception of quality, which in turn influences the customer’s
satisfaction and furthermore the purchase decision.

Currently, research and development is focusing strongly on multi-material applications for
lightweight bodies by combining aluminum, magnesium, high-strength steels, Carbon Fiber Reinforced
Polymer (CFRP), and organic sheets. Such materials will help to meet future requirements for lower
weight, higher safety, and increased strength. However, lightweight materials are easily activated
from a vibrational point of view (lightweight structures exhibit lower mass damping effects on
vibrations), making them noisier. In order to design an improved lightweight vehicle body with suitable
vibration and acoustics properties, the structural dynamics, vibrating behavior, sound transmission, and
radiating performances must be examined in detail (e.g., some aspects of the plastic timing chain cover
performances are presented in [1]). With reference to the powertrain, a reduction of noise emission can
be obtained by optimizing cover structures (e.g., stiffening them or adding damping material).

Appl. Sci. 2017,7, 610 123 www.mdpi.com/journal/applsci
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Besides combustion noise, the noise generated by mechanical contacts of the moving and vibrating
parts in an engine contributes to the overall engine noise. Depending on the engine operating condition,
this mechanical noise may become the dominant part [2].

In order to improve the lifetime and reliability performances of the timing drive systems used in
the automotive industry, the engines are often equipped with chain drives that become—with their
vibrations—possible sources of disturbing noise. An early assessment of possible negative acoustical
effects of the chain drive by the excitation of surrounding structures can significantly reduce the costs
for prototyping and successive changes in the layout of the chain drive and engine.

The main inner excitation mechanism in the chain drive is the polygonal action, which means that a
chain engaging on a sprocket forms a polygon rather than a circle due to the discretization of the sprocket
teeth which couples with chain rollers. Since the polygonal effect occurs with the meshing frequency, the
excited vibrations are basically narrow-banded and can finally be evaluated as an annoying whine-noise
(the typical noise excited by polygonal chain drive action is named chain whine or meshing noise).
The so-called polygon frequency depends on the number of teeth and the rotational speed of the
sprocket. In general, the polygon frequency lies between some 100 and some 1000 Hz [3].

Commonly, only a few elastic structures (e.g., shafts) are considered in dynamic chain drive
simulations. To consider the fully elastic behavior of arbitrary complex structures of chain drive
components and the surrounding structure, a possible approach combines the multibody representation
of the chain with an elastic Finite Element (FE) structure [4,5].

The main parameters that influence the system behavior and hence the acoustic performance of
the model are:

stiffness and damping of chain, guides, shafts/sprockets, bearings, and surrounding structure;
inertias of chain, sprockets, plunger (tensioner), and tensioning guide;

friction between chain-sprocket, chain-guides, chain link-sprocket;
e behavior of tensioner: damping (leakage, ventilation), and stiffness (oil, spring).

Another problem of the timing system equipped with chain is the elongation due to wear,
responsible for an increase of noise due to impact and vibrations.

An integrated experimental and analytical modeling approach aimed at examining the impact
noise characteristics of automotive-type timing chain drive systems was presented in [6], where
a comparative study between various system parameters and operating conditions was provided.

An acoustic model relating the dynamic response of rollers and corresponding induced sound
pressure levels is developed in [7], where the acceleration response of each chain roller for the noise
level prediction of a chain drive under varying operating conditions was studied by a FEM (finite
element method) approach.

Timing chain systems were modeled in [8] by a theoretical approach considering mass viscoelastic
contact characteristics of each link or tooth separately.

A new roller chain sprocket tooth geometry for engine camshaft drives was studied in [9], having
as a target the reduction of noise levels during meshing. Experimental tests were carried out to
compare the noise levels of the asymmetrical sprocket tooth profile to that of a standard ISO sprocket
tooth profile.

Experimental studies of timing chain vibration aimed at avoiding acoustically critical excitations
were carried out in [10].

The modeling of the entire timing drive system containing a bushing chain drive, camshafts, and
all connected single valve train was presented in [11], where the primary dynamics of the chain drive
and the forces which are transferred to the engine’s structure were assessed.

The torsional oscillations of engine camshafts induced by valve train loads were studied in [12]:
they can cause significant tension fluctuation in the timing chain with corresponding increase in the
chain transverse vibrations; this in turn causes an undesirable impact noise from the chain or sprocket
meshing process.
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In this work, the use of acoustic boundary elements and structural finite elements is aimed
at the prediction of the radiation of structural noise from a side cover. A comparison is made
between numerical results and experimental measurements, and a discussion is provided for
the practical application of these modeling methods to side cover design. As a matter of fact,
a computational method to allow reproducing the actual performance of a component for a car
engine from a vibro-acoustic point of view was developed.

The vibro-acoustic numerical and experimental analysis was carried out for the chain cover of
a low-powered four-cylinder four-stroke diesel engine (Figure 1a), belonging to the FPT (Fiat Power
Train) family called SDE (Small Diesel Engine).

(b)

Figure 1. (a) Fiat Power Train (FPT) Small Diesel Engine (SDE); (b) Finite element model (FEM) model
of the engine.

By applying a methodology used in the acoustic optimization of new FPT engine components,
firstly an FEM approach was applied for a modal analysis of the overall engine and also for a forced
response analysis of the only chain cover. For the latter, the applied boundary conditions were
the accelerations experimentally measured by accelerometers located at the points of connection
among chain cover, head cover, and crankcase. Subsequently, a boundary element model of the
only chain cover was realized to determine the chain cover noise emission, starting from the
previously calculated vibrations [13]. The numerical vibro-acoustic outcomes were compared with
those experimentally observed.

All the information thus obtained allowed the identification of those critical areas—in terms of
noise generation—on which to undertake necessary improvements.

The modelling and computation were carried out with the support of the Hypermesh [14] and
Abaqus [15] codes for the FEM modelling and modal analysis, and SIEMENS-LMS/ Virtual Lab [16] for
the BEM (boundary element method) modelling and vibro-acoustic analysis. In particular, Hypermesh
code was used for the FEM mesh generation. The aforementioned software suites were selected being
those in use in FPT at the time the work was performed.

2. Description of the Methodology

A vibro-acoustic analysis for a chain cover of a four-stroke four-cylinder diesel engine was
performed through an FEM-BEM coupled approach. Such a hybrid approach—selected as an
alternative to an FEM-FEM approach—is particularly advantageous when considering a free field
acoustic emission, because with BEM it suffices to model the vibrating finite boundary, being null the

125



Appl. Sci. 2017, 7,610

contribution of integrals evaluated on the infinite boundary (Sommerfeld condition). Moreover, even
for closed-domain acoustic emission problems, there can be computational advantages by coupling
FEM and BEM approaches [17].

In [17], the reader can find detailed explanations about the way in which the interface between
FEM and BEM approaches is realized (e.g., with reference to mapping of results from the FE-mesh to
the BE-mesh with corresponding interpolation errors caused by such a data transfer process).

The vibration analysis is executed using FEM, whereas BEM is adopted for the simulation of the
free field acoustic emission because it is more computationally efficient than FEM (BEM does not need
to model the remote boundary at infinity as provided by the Sommerfeld radiation condition). A free
field FE-based acoustic simulation would also be possible, but special FEM elements (infinite finite
elements) would be necessary in this case.

The interface between the programs is realized by automatic data exchange tools available in the
Virtual Lab environment following a theoretical approach detailed in [17] and synthetically reported
in Section 4.

The BE approach combined with the acoustic transfer vector (ATV) technique in principle allows
the acoustic emission to be evaluated in a shorter computational time when considering different
engine regimes and various stiffening configurations.

Having to map a vibrational scenario from a refined FEM mesh to a coarse BEM mesh, some
minor interpolation errors are introduced by the interfacing process.

Components showing a direct structural interaction with the chain cover were explicitly included
in the FEM model: tappet cover, head, crankcase, sub-crankcase with bearing caps, and oil pan.

The FEM overall model (Figure 1b) consisted of 546,155 linear elements with a size of 6 mm and
507,978 nodes, whereas the chain cover was modelled by using quadratic elements with a size of 3 mm.

The overall FEM engine model is only adopted for a free-free modal analysis from which to
extract the chain cover modal basis.

The modal analysis basis of the chain cover was extracted, leveraging on the results provided
by the modal analysis of the overall engine. Afterwards, applying the vibrational excitations
experimentally measured at the bolted connections between the chain cover and the engine block,
a modal-based forced response analysis was performed for the chain cover.

The interface between chain cover and engine block was modelled using tie constraints
everywhere except for the connection bolts where rigid elements (RBE2) are used. Equipment for the
experimental vibrational measurements was available and consequently exploited to get a realistic
assessment of the vibrational input to the chain cover.

The vibration numerical results were compared with corresponding experimental measurements.

The BEM model (Figure 2) was based on a discretization involving the component surface (outer
“skin” of the component) and consisted of 1300 surface linear elements and 1385 nodes.
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Figure 2. Boundary element method (BEM) model of the chain cover.

126



Appl. Sci. 2017, 7,610

The objective of this work was the evaluation of noise emission from the sole chain cover: in this
respect, the BEM discretization was only applied to the component under examination.

The environmental acoustic pressure distribution was calculated by the BEM model, and then
compared with the related experimental acquisitions.

3. Acoustic Analysis

A BEM analysis was carried out to provide the acoustic emission of the chain cover. It is important
to underline that the acoustic calculation evaluates the noise emission solely due to structurally
transmitted excitation vibrations (structural born noise). The airborne noise and that emitted by other
sources is not taken into account in any way.

The BEM analysis was performed, resorting to the indirect BEM [18] (quantities at the surface
are jump of pressure and jump of normal velocity) with a variational approach for the numerical
resolution [19,20].

The acoustic calculation is performed on a modal basis and involves different stages [17]:

e  creation of a BEM mesh;

e calculation of the ATVs;

e introduction of experimentally-measured vibration velocities on the BEM mesh;
e  calculation of the sound pressure and sound power.

As mentioned, the BEM mesh represents the mesh of the component surface.

The ATVs [21] are transfer functions allowing the calculation of the sound pressure in the chain
cover surrounding environment, starting from the structure vibration.

The ATVs depend on the geometry and impedance of the vibrating surface, the microphones
position, the frequency, and the physical properties of the domain in which the sound propagates
(temperature and density).

The calculation of the ATVs is independent from the vibration result, and consequently, it does
not depend on the loading conditions and damping values used in the structural calculation.

If the vibrating surface is divided into a discrete number of elements, the relationship between
their normal velocities and the sound pressure in multiple domain points can be expressed as follows:

{p(w)} = [ATV (W) {vn(w)} @

where {p(w)} is the column vector containing the acoustic pressure in the different points of interest,
[ATV(w)] is the transfer vectors matrix, and {v,(w)} is the column vector containing the normal
velocities of vibrating elements (as obtained by experimental measurements).

In particular, ATV is the output of a BEM problem solution, and represents the transfer function
relating the vibration velocity in a node of the structure to the sound measured in a point of the
acoustic domain.

The aforementioned computational processes represent a quite easy tool for the acoustic
calculation. In fact, once the mesh of the component has been defined, it turns to the ATVs computation.

The ATVs’ independence from the structural modal response entails a remarkable advantage in
terms of computational times reduction, since any further modification to the component—which does
not require a variation of its outer surface (acoustic emission side)—can be processed without the need
for an ex-novo ATVs computation.

ATVs would only change if the external (emission side) chain cover design changed, whereas
they would not be affected by structural changes on the remaining part of engine or changes in
the excitations.

The main interest of this work stands in the assessment of chain cover emission in order to
optimize its shape. The idea is to apply ribs on the chain cover internal side in order to stiffen it and
correspondingly reduce the acoustic emission versus variable engine regimes.
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The boundaries of the BE model enclose a domain; to avoid the presence of anomalous peaks in
correspondence of the eigenfrequencies of such enclosed acoustic cavity, a specific impedance was
assigned to the internal surface of the elements (and therefore to the material), equal to that of air—that
is, 416.5 Rayl (kg-s~!'-m~2).

Having placed the microphone in the chain cover near field, it is reasonable to assume that the
contribution from parts other than the chain cover to the recorded sound pressure level turns out to
be negligible.

4. Experimental Data

The vibrations transmitted by the engine running at 850 rpm were measured by placing
17 unidirectional accelerometers in correspondence with the attachment points of the chain cover
to the rest of the engine (Figure 3), and placing a unidirectional accelerometer (for this kind of
application, piezoelectric accelerometers perform pretty well) on top of the cover (Figure 4). Moreover,
a microphone was placed in proximity of the cover (near-field microphone) (Figure 5). A microphone
array was avoided because, due to its extension, it would be sensible to noise coming from parts other
than the chain cover.

The standard ISO 3745 recommends the use of one microphone at the distribution side, one at the
exhaust, one at the inlet, one for the timing of valves, and another one for gears. Being only interested
in the (near-field) distribution emission, only the corresponding microphone was arranged.

Figure 3. Accelerometers placed in proximity to the connecting pins between the chain cover and the
rest of the engine.

Figure 4. Accelerometer placed on the chain cover.
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Figure 5. Near-field microphone.

The accelerometers placed on the fasteners detect the excitations acting on the cover in terms
of local imposed accelerations; the latter are subsequently integrated by the code for vibro-acoustic
assessment in order to obtain a profile of vibrational velocities (boundary conditions for the acoustic
analysis). The accelerometer placed on the cover surface detects the vibration response of the chain
cover, to be compared with the numerical vibration response. The near-field microphone—due to
its short distance from the cover—essentially measures the sound pressure generated by the cover
vibration phenomenon.

5. Vibro-Acoustic Validation

The experimental data allow the values of the excitation input for the BEM computational model
to be obtained, to be introduced in the form of velocities at the attachment points of the chain cover
(Figure 6).

Excitation
input Output
points

Figure 6. Vibro-acoustic model for the vibration analysis.

In the model for the numerical vibration analysis, 17 nodes in which the measured accelerations
are converted into velocities were inserted at the attachment points between the cover and the engine.
Moreover, in addition to the selected position for the accelerometer placed on the chain cover, also
a node constituting the point in which the forced response is detected is taken into consideration
(Figure 6).
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The code for vibro-acoustic assessment allows the determination of the forced vibration response
of the narrow-band model in the frequency range 1-4000 Hz (this is the frequency range of interest).

The relevant modes of the chain cover are in the range 1-3 kHz, and the excitation is mainly related
to the engine regime that is generally lower than 4 kHz (e.g., the relevant combustion frequencies
are much lower, being in a range lower than 200 Hz). Consequently, there is no interest to go further
with the maximum frequency of considered eigenmodes. On the other hand, a further acoustic and
structural mesh refinement would be needed to operate at higher frequencies.

It can be observed how the behavior of the numerical and experimental curves are consistent with
each other (Figure 7).

numerical

N
==}
|
=
«

Amplitude [m/s?]

W i ' - ‘..)!“V’m i
] 400 800 1200 1600 2000 2400 2800 3200 3600 4000
Frequency [Hz] - linear x axis

Figure 7. Narrow-band numerical (up) and experimental (down) comparison of the acceleration at the
measurement point.

For the numerical acoustic analysis, a virtual microphone was placed in the position where the
experimental outcomes are measured (Figure 8). The narrow-band sound pressure in the range
14000 Hz was first obtained, and then compared with data experimentally acquired, showing
a satisfactory correlation (Figure 9).

Virtual Microphone
where to measure the
acoustic pressure

Figure 8. Vibro-acoustic model for the acoustic analysis.
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Figure 9. Narrow-band numerical (up) and experimental (down) comparison of the sound
pressure magnitude.

The dominant frequency of 3200 Hz is missing in the numerical result: one possible reason could
be related to the approximation inherent to the assumption of a uniform modal damping (3-5%) in the
whole frequency range.

The results related to the sound pressure allowed the resonant frequencies to be identified,
and therefore the corresponding resonant modes for which the noise emission of the chain cover is
maximum (Figure 9).

Once the resonant frequencies and modes are known (Table 1), for each mode, the areas of the
cover exhibiting higher emissions are visible (Figure 10).

2216Hz

2720Hz 3105Hz

Figure 10. Chain cover eigenmodes.
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Table 1. Critical modes.

Critical Modes

MODE 1 1534 Hz
MODE 2 2216 Hz
MODE 3 2720 Hz
MODE 4 3105 Hz
MODE 5 3502 Hz

The obtained information can be used during the component design/development phase, in
order to reduce its noise emissions.

6. Conclusions

In this work, a computational model for the vibro-acoustic analysis of the chain cover of a car
diesel engine was developed.

The numerical results were compared with the experimental measurements, showing a good correlation.

The component noise emission was evaluated by isolating the highest-emission areas and
correlating them with the local cover modes.

This method represents a valid tool to be used in the project design phase for the optimization of
the acoustic transparency of the engine components, since it allows the implementation of appropriate
changes without the need for prototypes, considerably reducing the development costs and times.

Author Contributions: A.P.and M.P. conceived, designed and performed the experiments; E.A. and R.S. analyzed
the data and wrote the paper.
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Abstract: Within the framework of the state-of-the-art, this paper presents a summary of some common
research works carried out by the authors concerning computational methods for the prediction of
the responses in the frequency domain of general linear dissipative vibroacoustics (structural-acoustic)
systems for liquid and gas in the low-frequency (LF) and medium-frequency (MF) domains, including
uncertainty quantification (UQ) that plays an important role in the MF domain. The system under
consideration consists of a deformable dissipative structure, coupled with an internal dissipative
acoustic fluid including a wall acoustic impedance, and surrounded by an infinite acoustic fluid.
The system is submitted to given internal and external acoustic sources and to prescribed mechanical
forces. An efficient reduced-order computational model (ROM) is constructed using a finite element
discretization (FEM) for the structure and the internal acoustic fluid. The external acoustic fluid is
treated using a symmetric boundary element method (BEM) in the frequency domain. All the required
modeling aspects required for the analysis in the MF domain have been introduced, in particular
the frequency-dependent damping phenomena and model uncertainties. An industrial application to
a complex computational vibroacoustic model of an automobile is presented.

Keywords: structural acoustics; vibroacoustic; uncertainty quantification; reduced-order model;
medium frequency; low frequency; dissipative system; wall acoustic impedance; finite element
discretization; boundary element method

1. Introduction

This paper presents a summary of some common research works carried out by the authors
concerning computational methods for the prediction of the responses in the frequency domain
of general linear dissipative vibroacoustics (structural-acoustic) systems for liquid and gas in the
low- frequency (LF) and medium-frequency (MF) domains, including uncertainty quantification (UQ)
that plays an important role in the MF domain. The contribution of this paper is the presentation of
an efficient computational methodology adapted to large-scale computational vibroacoustic models
which corresponds to a combination of established methods, and an application of this computational
methodology is presented for an industrial vibroacoustic system. Considering all the aspects that are
developed in this paper in order to present a complete strategy for the modeling and computational
approaches—external acoustic fluid modeling, internal acoustic fluid including a dissipation term
and frequency-dependent wall impedance, structure with frequency-dependent constitutive equation,
reduced-order model for weak and strong coupling between the structure and the internal acoustic
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fluid, complete methodology for uncertainty quantification—a synthetic presentation has been
adopted for readability, and we refer the reader to the given appropriate bibliography for the details.
Nevertheless, since the model uncertainties induced by the modeling errors—which cannot be taken
into account by using the usual probabilistic parametric approach of uncertain parameters or of other
deterministic approaches of uncertainties—is relatively novel for the readers who are not familiarized
with such a formulation, this part is more detailed in terms of equations.

More specifically, this paper is devoted to computational methods for the prediction of
the frequency responses of linear dissipative vibroacoustic (structural-acoustic) systems in the low- and
medium-frequency ranges. The vibroacoustic system consists of a deformable dissipative structure,
coupled with a bounded internal dissipative acoustic fluid including a wall acoustic impedance,
immersed in an unbounded acoustic fluid, and submitted to internal and external acoustic sources,
as well as mechanical forces.

Computational vibroacoustic predictions play an important and increasing role in analyzing
industrial complex systems, and many works have been published in this field.

The physics on which the computational vibroacoustics formulations are based can be found in
numerous books, such as in [1-11].

For the spatial discretization of structures and bounded internal acoustic fluids, the computational
vibroacoustics are generally based on the finite element method (FEM) (see for instance [12-15],
and [16] for the corresponding isogeometric formulation).

For the spatial discretization of the unbounded external acoustic fluid, either finite element
method or boundary element method (BEM) are used. Concerning the use of the local discretization of
the unbounded external acoustic fluid, we refer the reader to [17-26], and for the BEM that is based
on the finite element discretization of the boundary integral equation methods, let us cite [27-37].
Concerning the BEMs that are specifically devoted to the unbounded external acoustic fluid, we refer
the reader to [38-48].

Reduced-order models (ROMs) are very attractive and efficient for analyzing large computational
vibroacoustics models that have a significant number of design parameters—also called parametric
high-dimensional computational models (HDMs)—for design and optimization, for constructing
online models for active control, and for taking uncertainties into account. Particularly for parametric
nonlinear HDMs, many approaches which can also be applied to parametric linear HDMs have been
proposed, including hyper-reduced ROM, which guarantees feasibility [49-61]. With these methods,
the parameter admissible space must be sampled at a few points using a greedy sampling algorithm
(e.g., [62]), and a set of problems must be solved, yielding a set of parametric solution snapshots.
This generally results from a proper orthogonal decomposition (POD), which are compressed using,
for example, singular value decomposition (SVD) to construct a global reduced-order basis (ROB).
For linear vibroacoustic HDMs, the most common choice for the parametric ROB consists of taking
the modes of the different parts that constitute the vibroacoustic system (e.g., the elastic modes of the
structure and the acoustic modes of the internal acoustic fluid)[41,63-74].

The design of a vibroacoustic system is used to manufacture a real system and to construct
a nominal computational model with the methodologies listed above, and which will be presented
in the next sections. In practice, the real system can exhibit variabilities in its responses due to
fluctuations in the manufacturing process and due to small variations of the configuration around
a nominal configuration associated with the design. The vibroacoustic computational model has
parameters such as geometry, mechanical properties, and boundary conditions, which can be uncertain,
inducing uncertainties in the computational model parameters. On the other hand, the modeling
process induces some modeling errors defined as the model uncertainties. It is important to consider
both the model-parameters uncertainties and the modeling uncertainties in order to improve the
predictions. Two main types of approaches can be used to model uncertainties in the framework of the
probability theory [75]. The first is the parametric probabilistic approach, which consists of modeling
the uncertain parameters by random variables (e.g., [75-84]), but which does not have the capability
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to take modeling uncertainties into account. Two main methods can then be used to take them into
account. The first is the output-prediction-error method, which requires experimental data [85,86] and
uses the Bayesian method [87,88], but for which the computational model cannot be updated using
experimental data, which constitutes a lock for robust design and optimization. The second one is the
nonparametric probabilistic approach of modeling uncertainties induced by modeling errors proposed
in [75,89-91], based on the maximum entropy principle [92] in the context of Information Theory [93]
and on the random matrix theory [94], and extended for nonlinear dynamical systems in [95].
The outline of this paper is the following:
e  Statement of the problem in the frequency domain.
e  External inviscid acoustic fluid equations in the frequency domain and acoustic impedance
boundary operator.
e Internal dissipative acoustic fluid equations in the frequency domain.
e  Structure equations with frequency-dependent constitutive equation.
e Boundary value problem in terms of the structural displacement and the internal pressure field.
e  Vibroacoustic computational model.
e  Reduced-order vibroacoustic computational model.
e  Uncertainty quantification for the vibroacoustic computational model.
e  Experimental validation with a complex computational vibroacoustic model of an automobile.

2. Statement of the Problem in the Frequency Domain

The physical space R3 refers to a cartesian reference system, and the generic point of R® is denoted
by x = (x1,x2,x3). For any function f(x), the notation f,; designates the partial derivative with respect
to x;. The classical convention for summations over repeated Latin indices is used, but not over Greek
indices. The vibration problem is formulated in the frequency domain. Therefore, the Fourier transform
is introduced for various quantities involved. For instance, for the displacement field (x, t) — u(x, t),
the simplified notation (x,w) — u(x,w) = [ f:: e~ Wty (x, t) dt is introduced and consists of using the
same symbol for a quantity and its Fourier transform, in which the circular frequency w (rad/s) is real.
The vibroacoustic system is assumed to be in linear vibrations around a static equilibrium state taken
as a natural state at rest.

Structure. In general, the structure of a complex vibroacoustic system is composed of a main
part called the master structure that is accessible to conventional modeling including uncertainties
modeling, and a secondary part called the fuzzy substructure related to the structural complexity
and including for example many equipment units attached to the master structure. In the present
paper, we will not consider fuzzy substructures, and concerning fuzzy structure theory, we refer the
reader to Chapter 15 of [41] for a synthesis, and to [96] for an extension of the theory to the modeling
of an uncertain complex vibroacoustic system with fuzzy interface. At equilibrium, the structure
occupies the three-dimensional bounded domain ()g with a boundary 0Q)g that is made up of a part
T'g that is the coupling interface between the structure and the external acoustic fluid, a part T’ that
is a coupling interface between the structure and the internal acoustic fluid, and finally, a part I'z
that is another part of the coupling interface between the structure and the internal acoustic fluid
with acoustic properties. The structure is assumed to be free (free-free structure). The outward unit
normal to Qs is denoted as n® = (13,13, 13) (see Figure 1). In (), the displacement field is denoted
by u(x,w) = (u1(x,w), uz(x,w),usz(x,w)). A surface force field G(x,w) = (Gi(x,w), Ga(x,w),
G3(x, w)) is given on 0Q)s, and a body force field g(x, w) = (g1(x, w), g2(x, w), g3(x, w)) is given in
Q. The structure is a dissipative medium for which the frequency-dependent constitutive equation is
detailed in Appendix A.

Internal dissipative acoustic fluid. Let () be the internal bounded domain filled with a dissipative
acoustic fluid (gas or liquid) that is described in Section 4. The boundary 0Q) of Q is ' UT'z. The
outward unit normal to dQ2 is denoted by n = (11, 1y, n3), and we have n = —n° on 9Q) (see Figure 1).
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The acoustic properties of boundary I'z are modeled by a wall acoustic impedance Z(x, w) satisfying
the hypotheses defined in Section 4.2. In (), the pressure field is denoted by p(x, w) and the velocity
field by v(x,w). It is assumed that there is no Dirichlet boundary condition on any part of 9Q).
An acoustic source density Q(x,w) is given inside ().

External inviscid acoustic fluid. The structure is surrounded by an external inviscid acoustic fluid
(gas or liquid) that is detailed in Appendix B. The fluid occupies the infinite three-dimensional domain
Qf whose boundary dQ)g is I'r. The inward unit normal to oT'g is n5, defined above (see Figure 1).
In Q, the pressure field is denoted by pg(x,w). There is no Dirichlet boundary condition on T'g.
An acoustic source density Qg (x, w) is given in Q. This acoustic source density induces a pressure
field pgiven(w) on I'g (defined in Appendix B). For the sake of brevity, the case of an incident plane
wave is not considered here, and the reader is referred to [41] for this case.

Figure 1. Geometry of the vibroacoustic system.

3. External Inviscid Acoustic Fluid Equations in the Frequency Domain and Acoustic Impedance
Boundary Operator

Let p;; and cg; be the constant mass density and the constant speed of sound of the external acoustic
fluid at equilibrium. Let k = w/cr be the wave number at frequency w. The pressure is the solution of
the classical exterior Neumann problem related to the Helmholtz equation with a source term [2-4,41],

V2pg+ K pp=—iwQr in Qf, 1)
aﬂ = wngu-ns on I 2)
on® !

o 1 oPE . o 1

|PE\—O(§) , 87+1ka —O(ﬁ)/ (3)

with R = ||x|| — oo, where d/9R is the derivative in the radial direction and where u - n® is the normal
displacement field on I'r induced by the deformation of the structure. Equation (3) corresponds to
the outward Sommerfeld radiation condition at infinity. In Appendix B, it is shown that the value
PE|rE of the pressure field pg on the external fluid—structure interface I'r is related to the given
external pressure field pgiven |FE on I'r and to the normal displacement field u(w) - n® on the external
fluid-structure interface I'r by the equation

PElr (@) = Pavenlr (@) + i Zr, (w) {u(w) - 0%}, )
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in which Zr, (w) is the acoustic impedance boundary operator. It can be proven that for all given
real w and for all given u - n’ sufficiently regular on I'g, the boundary value problem defined by
Equations (1)-(3) (e.g., [97,98]) admits a unique solution.

4. Internal Dissipative Acoustic Fluid Equations in the Frequency Domain

4.1. Internal Dissipative Acoustic Fluid Equations

The internal fluid is called a dissipative acoustic fluid, and is assumed to be homogeneous,
compressible, dissipative, and at rest in the reference configuration. This dissipative acoustic fluid—for
which the dissipation due to thermal conduction is neglected and for which the motions are assumed
to be irrotational—is driven by the Helmholtz equation with an additional internal dissipative term.
For additional details concerning dissipation in acoustic fluids, we refer the reader to [2,4,6,9]. Let p,
be the mass density and let ¢, be the constant speed of sound in the acoustic fluid at equilibrium in
the reference configuration (). The Helmholtz equation with a dissipative term and a source term Q is
written as [41]

L9y i vy “Liwo—reviQ) in 0 G)
Po P Qo P e P 0o 0 !
in which 7 is given by
1 /4

The constant 7 is the dynamic viscosity, v = #/p, is the kinematic viscosity, and { is the second
viscosity which can depend on w. Therefore, T can depend on frequency w. To simplify the notation,
we write T instead of T(w). Taking T = 0 in Equation (5) yields the usual Helmholtz equation
with an acoustic source for wave propagation in an inviscid acoustic fluid. It should be noted that
the dissipation term is proportional to V2p and not to p (what modifies the boundary condition
defined after), and that the acoustic source term exhibits a V2(Q term.

4.2. Boundary Conditions

(i) Let v(x, w) be the velocity in the acoustic fluid. The interface condition on T for the inviscid
dissipative acoustic fluid is written as v-n = iwu-n onI. In terms of p, the Neumann boundary

condition is written as 20
1+iwT) =0 = w? . TR ==
1+ ) on pout M TG on

(ii) The wall acoustic impedance on I'z is defined by the following constitutive equation:

or on T. 7)

p(x,w) =Z(x,w){v(x,w) -n—iwu(x,w) -n}, 8

in which Z(x, w) is the wall acoustic impedance defined for x € I'z, with complex values. Wall acoustic
impedance Z(x, w) must satisfy appropriate conditions in order to ensure that the problem is correctly
stated (see [41] for a general formulation). In terms of p, the Neumann boundary condition on I'z is
written as

9Q

on

p

(1+iwf)g—z:w2p0u~n—iwpoz+fc§ on Iyz. )

4.3. Case of a Free Surface for a Liquid

In a case of an acoustic liquid with a free surface I'y, neglecting gravity effects, the following
Dirichlet condition is written as
p=0 on Tj. (10)
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5. Structure Equations with Frequency-Dependent Constitutive Equation
Structure Equations in the Frequency Domain
The equation of the structure occupying domain Qg is written as
2 .
— W PpsU;j — U,-j,/-(u) = g,‘ mn QS ; (11)

in which ps(x) is the mass density of the structure. For a linear viscoelastic model, the symmetric stress
tensor is written as
gij(u) = (@i (w) +iw bijpy (w)) e () , (12)

in which the symmetric strain tensor gy, (u) is such that

1
e () = 7 (uen(x w) +upr(x w)), (13)
and where the tensors a;j; (w) and b;j;, (w) depend on w and are detailed in Appendix A for the LF
and MF ranges.
On the fluid-structure external interface I'r, the boundary condition is such that
Uij(u)nf = G,‘ — pE‘FE nis on FE . (14)
Using Equation (4) yields
» S_ G —p. S _; Sy ,,S
oij(u) 17 = G; — Pgivenlr, 1y —iw Zry(w){u-n}n7 on Tg. (15)
Since n° = —n, the boundary condition on I' U I'; is written as

Uij(u)njs =Gj+pn on T'UIz, (16)
in which p is the internal acoustic pressure field defined in Section 4.

6. Boundary Value Problem in Terms of {u,p}

The boundary value problem in terms of {u, p} is written as follows. For all real w and for given
G(w), g(w), pg;ven\rE (w), and Q(w), find u(w) and p(w), such that

—w?psu—dive(u) =g in Qg, (17)
o(u) n’=G- pgivcn‘rg n’® —iw Zr, (w){u- ns} n® on Tg, (18)
c(uyn=G+pn on TUTy. (19)
@ wivyy o Ly — Liwo—7ev2Q) in O (20)
Pocép Po P Po F Po 0 '
P ap _ 2 2aQ
(1+1wr)a—n—w pou-n+rc(,a—n on T. (21)
. ap _ 2 oz E 2a£
(1+zwr)a—n—w pou-n—iwpy s + TG o 0 Ty. (22)

In the case of a free surface Iy in the internal acoustic cavity (see Section 4.3), the boundary
condition defined by Equation (10) must be added.
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Remarks

e Equation (17) corresponds to the structure equation (see Equations (11)—(13)), in which
{div U(u)}i = Ui]'/]‘(u).

e  Equations (18) and (19) are the boundary conditions for the structure (see Equations (15) and (16)).

e  Equation (20) corresponds to the internal dissipative acoustic fluid equation (see Equation (5)).

e  Equations (21) and (22) are the boundary conditions for the acoustic cavity (see Equations (7) and (9)).

e Itisimportant to note that the external acoustic pressure field pg has been eliminated as a function
of u using the acoustic impedance boundary operator Zr, (w) (see Equation (4) of Section 3
and Appendix B), while the internal acoustic pressure field p is kept.

7. Vibroacoustic Computational Model

The finite element method is used to construct the spatial discretization of the variational
formulation of the boundary value problem defined by Equations (17)-(22), with the additional
boundary condition defined by Equation (10) in the case of a free surface for an internal liquid.
We consider a finite element mesh of structure ()5 and a finite element mesh of internal acoustic fluid
Q. Tt is assumed that the two finite element meshes are compatible on interface I' UTz. The finite
element mesh of surface I'r is the trace of the mesh of Q).

7.1. Matrix Equation of the Computational Model

Let U(w) be the complex vector of the ng degrees-of-freedom (DOFs), which are the values of
u(w) at the nodes of the finite element mesh of domain Qs. For the internal acoustic fluid, let P(w)
be the complex vectors of the n DOFs, which are the values of p(w) at the nodes of the finite element
mesh of domain Q). The complex matrix equation of the computational model is written as

S
[m@ﬂﬁ&}{%ﬂ}, @

in which the complex matrix [Aggi(w)] is defined by

[ [A ()] +[AZ ()] @)

[AS(UJH —w? [Apem(w/ce)] [C] ] i

in which [C]T is the transposed matrix of [C]. In Equation (24), the symmetric (15 x ng) complex
matrix [A°(w)] is defined by

[A%(w)] = ~w?M®] + iw [D®(w)] + [K¥(w)], (25)

in which [M®], [D®(w)], and [K®(w)] are symmetric (ns x ns) real matrices, which represent the
mass matrix, the damping matrix, and the stiffness matrix of the structure. Matrix [M°] is positive
and invertible (positive definite), and matrices [D®(w)] and [K®(w)] are positive and not invertible
(positive semidefinite) due to the presence of six rigid body motions (free-free structure). The symmetric
(n x n) complex matrix [A(w)] is defined by
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[A(w)] = —w?[M] +iw [D(w)] + [K], (26)

in which [M], [D(w)], and [K] are symmetric (1 x n) real matrices. Matrix [M] is positive and invertible,
and matrices [D(w)] and [K] are positive and not invertible with rank (n — 1). In the case of a
free surface Iy in the internal acoustic cavity (see Section 4.3), the boundary condition defined
by Equation (10) is added, and consequently the corresponding matrix [K] is positive definite,
and is thus invertible. The internal fluid—structure coupling matrix [C] is related to the coupling
between the structure and the internal fluid on the internal fluid—structure interface, and is a (15 x 1)
real matrix that is only related to the values of U and P on the internal fluid—structure interface.
The wall acoustic impedance matrix [AZ(w)] is a symmetric (n x 1) complex matrix depending on
the wall acoustic impedance Z(x, w) on I'z, and which is only related to the values of P on boundary
I'z. The boundary element matrix [Aggv (w/cg)|—which depends on w/cg—is a symmetric (ns X ng)
complex matrix that is only related to the values of U on the external fluid-structure interface I'r.
This matrix is written as

[Apem(w/cg)] = —pk [N]T [BFE(W/Ch)} (N], (27)

in which [Br, (w/cg)] is the full symmetric (ng X ng) complex matrix defined in Appendix B, and where
[N] is a sparse (ng x ng) real matrix related to the finite element discretization.

7.2. Construction of the Matrices of the Computational Model

The expressions of the real or complex bilinear forms whose discretization allows the
corresponding real or complex matrices to be constructed are given hereinafter. For such a construction,
we consider the fields (p, 7, u) and the corresponding fields (dp, dn, du) as test functions that are real
(and not complex).

7.2.1. Matrices Related to the Equations of the Structure

e  Symmetric real mass matrix [M®] is positive definite, and corresponds to |, Qg Ps U - dudx.

e  Symmetric real damping matrix [D°(w)] is positive semidefinite with a kernel of dimension 6,
and corresponds to st bijgn(w) eg, (u) 5 (0u) dx.

e  Symmetric real stiffness matrix [KS(w)] is positive semidefinite with a kernel of dimension 6,
and corresponds to st ik (w) ey () g5 (6u) dx.

7.2.2. Matrices Related to the Equations of the Internal Acoustic Fluid

e  Symmetric real matrix [K] is positive semidefinite with a kernel of dimension 1, and corresponds
to p% Ja Vp - Vépdx. In the case of a free surface Ty in the internal acoustic cavity (see Section 4.3),
the boundary condition defined by Equation (10) is added, and consequently, the corresponding
matrix [K] is positive definite.

e  From Equation (20), it can be deduced that the symmetric real matrix [D(w)] = 7(w) [K] is
positive semidefinite with a kernel of dimension 1, in which 7(w) is defined by Equation (6).

e  Symmetric real matrix [M] is positive definite, and corresponds to p% Jo pdpdx.
0¢

e Symmetric complex matrix [A%w)] comes from sz %pépds, in which Z(x,w) is

a complex-valued function and where ds is the elementary surface area.

7.2.3. Matrices Related to the Coupling Terms

e  Rectangular real matrix [C] corresponds to — frurz pn-duds.
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7.2.4. Vector of Mechanical and Acoustical Excitations

e Complex vector F®(w) of external forces corresponds to fl’g (G — Pgiven |FE n%) - duds + -[Qs g - dudx.

e  Complex vector F(w) of internal acoustic sources corresponds to p% Joliw Qép +TEVQ - Vip) dx.

Remark concerning the construction of the solution. The vibroacoustic computational model without
model uncertainties (deterministic equations) can be numerically solved w by w, but for large-scale
computational models, the numerical cost can be relatively high. This is why reduced-order models
are generally introduced. In addition, if the nonparametric probabilistic approach is used to take the
uncertainties induced by modeling errors into account, then a reduced-order model must be introduced.
The methodology proposed for constructing a reduced-order model is presented in the next section.

8. Reduced-Order Vibroacoustic Computational Model

One possible method for constructing a reduced-order model would consist of choosing as
a reduced-order basis the elastoacoustic modes (coupled vibroacoustic modes) of an associated
conservative system that must be defined and which will be directly computed. The direct computation
of these elastoacoustic modes can be very expensive for solving the eigenvalue problem of large-scale
computational models, even if advanced algorithms based on Krylov methods are used. However,
with such an approach, the nature of the couplings between the subsystems through the knowledge of
the eigenfrequencies and the mode shapes of each subsystem can be difficult to analyze. In addition,
the use of the elastoacoustic modes does not allow anymore for adapting the level of uncertainties
as a function of the matrices of the coupled system (inertial forces, damping forces, stiffness forces in
the structure, and equivalent forces in the internal dissipative acoustic fluid, internal fluid—structure
coupling forces). This aspect is particularly important for the analyses in the medium-frequency
range. Certainly, knowledge of the elastoacoustic modes can also be very useful for analyzing
the consequences of the couplings. Their computation can be considerably decreased by using
a reduced-order model such as the one proposed hereinafter, which avoids the expensive direct
computation. Finally, if the direct computation of the elastoacoustic modes can be very useful for
the cases for which there is a strong effect of the internal acoustic fluid on the structural modes
(e.g., the case of a strong coupling such as a structure coupled with an internal liquid or of a lightweight
structure coupled with and internal gas), the use of the reduced-order model presented in Section 8 is
also very efficient (as explained in Section 8.1.2), because the structural modes are computed taking
into account the quasistatic effect of the internal fluid (the added mass effect). Finally, in order to
simplify the presentation of Section 8—which is devoted to the construction of the reduced-order
model—we have considered the case for which the internal acoustic fluid is a gas and the case for
which the internal acoustic fluid is a liquid in order to illustrate the two important cases of a weak
coupling and of a strong coupling. Clearly, these two cases cover many coupling situations, such as a
lightweight structure coupled with an internal gas for which a strong coupling can appear; in such a
case, the formulation presented in Section 8.1.2 must be used. The construction of the reduced-order
computational model requires appropriate projection bases to be introduced, as explained below.

e Projection basis for the structure.

- Iftheinternal acoustic fluid is a gas, the projection basis can be chosen as the undamped elastic
structural modes of the structure in vacuo for which the constitutive equation corresponds
to elastic materials (see Equation (A5)), and consequently, the stiffness matrix has to be
constructed for w = 0.

- If the internal acoustic fluid is a liquid (with or without free surface), for the structure,
the projection basis can constructed as for a gas but by taking into account the effects of
liquid’s added mass.
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e Projection basis for the internal acoustic fluid.

- We consider the undamped acoustic modes of an internal acoustic cavity with fixed boundary
(and rigid wall) and without wall acoustic impedance. Two cases must be considered: one
for which the internal pressure varies with a variation of the volume of the cavity (a cavity
with a sealed wall called a closed cavity), and the other one for which the internal pressure
does not vary with the variation of the volume of the cavity (a cavity with a non-sealed wall,
called an almost-closed cavity).

8.1. Computation of the Projection Basis for the Structure

8.1.1. Case of a Weak Coupling of the Structure with the Internal Acoustic Fluid

The undamped elastic structural modes of structure (g in vacuo are computed with

the constitutive equation corresponding to elastic materials. Setting AS = w?, we have to solve

the (ns x ng) generalized symmetric real eigenvalue problem,
[K(0)]U = A° M°] U. (28)

This generalized eigenvalue problem admits a zero eigenvalue with multiplicity 6 (corresponding
to the six rigid body motions), and admits an increasing sequence of (ns — 6) strictly positive
eigenvalues (corresponding to the elastic structural modes),

<A <. <AS<.... (29)

Let Uy,..., Uy, ... be the eigenvectors (the elastic structural modes) associated with AS, ..., Ag, e
Let 0 < Ng5 < ng — 6. We introduce the (15 X Ns) real matrix of the N elastic structural modes Uy
associated with the first Ng strictly positive eigenvalues,

(U] =[Uy...Uy... Uy . (30)
We have the orthogonality properties,
[U]" M) [U] = [M°], ¢1)

[U]"[K5(0)] [U] = [K5(0)], (32)
in which [M®] is a diagonal matrix of positive real numbers and where [K%(0)] is the diagonal matrix
of the eigenvalues such that [KS (0)]ap = AS Jap (the eigenfrequencies are ws = /A3).

8.1.2. Case of a Strong Coupling of the Structure with the Internal Acoustic Fluid

For the computation of the appropriate basis of the structure, the practical numerical procedure is
given hereinafter. Equation (28) is replaced by

[K*(0)]U = A° (IM°] + M) U, (33)

in which [M*] is the positive symmetric (15 x ng) real matrix (called the added mass matrix),
which corresponds to the quasi-static effect of the internal acoustic fluid on the structure. It should
be noted that the non-zero elements of matrix [M#] are only related to the DOFs of the internal
fluid—structure interface. This generalized eigenvalue problem admits a zero eigenvalue with
multiplicity 6 (corresponding to the six rigid body motions) and admits an increasing sequence
of (ng — 6) strictly positive eigenvalues,

0<A <. <AS <. (34)
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The eigenvectors Uy, ..., U,, ... associated with /\? S, Ai,. .. constitute a basis for the elastic
structure. For 0 < Ns < ng — 6, we introduce the (ng x Ng) real matrix of the Ns basis vectors Uy
associated with the first Ng strictly positive eigenvalues,

(U] =[Uy...Uy... Uy . (35)
We have the orthogonality properties,
(U] (M°] + MA]) [U] = [M™], (36)

(U] K5 O)] [U] = [K5(0)], ©7)

in which [M%1] is a diagonal matrix of positive real numbers such that [M51], p=H 56, - and where
[K%(0)] is the diagonal matrix of the eigenvalues such that [K5(0)], 5= Us AS 5, g- It should be noted
that wf( = m is not an eigenfrequency of the structure in vacuo, but is an eigenfrequency of
the structure with an added mass effect. For a closed acoustic cavity and for an internal acoustic liquid
with a free surface, the construction of matrix [M] is given hereinafter.

Construction of added mass matrix [MA] for a closed acoustic cavity. For a closed acoustic cavity,
the deformations of the interface can induce a volume variation of the cavity. The positive symmetric
(ns x ng) real matrix [M“] is written as

M4 = [C][s][C]", (38)

in which [S] is the positive symmetric (1 x 1) real matrix which is constructed in solving the following
linear matrix equation

(K] [S] = [In] - (39

Under the constraint matrix equation
[B)" [S] = [0], (40)

in which [I,,] is the (n x n) identity matrix, [0] is the (1 x n) zero matrix, and where [B] is the (n x 1)
real matrix constructed by
1B] = pocd M) [1], @)

where [1] is the (7 x 1) matrix such that [1];; = 1 forall j = 1,...,n. It should be noted that
the numerical construction of matrix [M4] can be viewed as the result of a Schur complement
calculation with the constraint defined by Equation (40).

Construction of added mass matrix [M?] for an internal liquid with a free surface. For an internal
liquid with a free surface on which p = 0 (see Equation (10)), the introduced added mass corresponds
to an incompressible fluid. The positive symmetric (15 x ng) real matrix [M4] is written as

M4 = [C[s][C]", 42)

in which [S] is the positive symmetric (1 x 1) real matrix which is constructed in solving the following
linear matrix equation
(K} [S] = [1a], (43)

in which [K] is invertible due to the free surface Iy in the internal acoustic cavity. It should
be noted that the numerical construction of matrix [M4] can be viewed as the result of a Schur
complement calculation.
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8.2. Computation of the Projection Basis for the Internal Acoustic Fluid

8.2.1. Case of a Gas or a Liquid without Free Surface

The undamped acoustic modes of a closed (sealed wall) or an almost closed (non-sealed wall)
acoustic cavity () are computed. Setting A = w?, we have the (1 x n) generalized symmetric real
eigenvalue problem

[K]P = A [M]P. (44)

This generalized eigenvalue problem admits a zero eigenvalue with multiplicity 1, denoted as Ag
(corresponding to constant eigenvector denoted as Py) and admits an increasing sequence of (n — 1)
strictly positive eigenvalues (corresponding to the acoustic modes),

0<A <. <Ay s, (45)

Let Py, ...,P,_1 be the eigenvectors (the acoustic modes) associated with Aq,...,A,_1.

e Closed (sealed wall) acoustic cavity. Let be 0 < N < n. We introduce the (n x N) real matrix of
the constant eigenvector Py and of the (N — 1) acoustic modes associated with the first (N — 1)

strictly positive eigenvalues,
[P]=[PoP; ... Py_1]. (46)

e Almost-closed (non-sealed wall) acoustic cavity. Letbe 0 < N < n — 1. We introduce the (1 x N) real
matrix of the N acoustic modes associated with the first N strictly positive eigenvalues,

[(P]=[P;... Py]. (47)

We have the orthogonality properties,
[PITIM][P] = [M], (48)
[P K] [P]=[K], (49)

in which [M] is a diagonal matrix of positive real numbers and where [K] is the diagonal matrix of
the eigenvalues such that [K],s = A4 d4p (for non-zero eigenvalue, the eigenfrequencies are wy = /Aq).

8.2.2. Case of a Liquid with a Free Surface

In such a case, there is a free surface I'y in the internal acoustic cavity (see Section 4.3) for
which the boundary condition defined by Equation (10) is added, and consequently the corresponding
matrix [K] is positive definite. The undamped acoustic modes of the acoustic cavity () are computed
by solving the (n x n) generalized symmetric real eigenvalue problem

K]P=AM]P, (50)

that admits an increasing sequence of # strictly positive eigenvalues (corresponding to the acoustic
modes), 0 < A; < ... < Ay, associated with the eigenvectors PPy, ..., [P, (the acoustic modes).
Let 0 < N < n. We introduce the (1 x N) real matrix of the N acoustic modes associated with the first
N positive eigenvalues,

[P]=[Py...Pn]. (61
Matrix [ P ] satisfies the orthogonality properties defined by Equations (48) and (49).
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8.3. Construction of the Reduced-Order Computational Model

Using the projection basis [/ | defined by Equation (35) for the structure, and the projection basis
[P ] defined by Equations (46), (47), or (51) for the acoustic fluid, the projection of Equation (23) yields
the reduced-order computational model of order N5 < ng and N < n, which is written as

U(w) = U] q°(w), (52)

P(w) = [Pl q(w). (53)

The complex vectors q°(w) and q(w) of dimension Ns and N are the solution of
the following equation

o [E@] _[F@)
[Apsi(w)] [ q(w) } = { £(w) } , (54)
in which the complex matrix [Agsi(w)] is defined by
(A% (w)] = w?[Apeu (w/ )] (C]
W [C]T [A(w)]HAZ(w)]] ' &)
In Equation (55), the symmetric (Ng x Ns) complex matrix [A%(w)] is defined by
[4%(w)] = ~w?[MP] + iw [D* (w)] + [K®(w)], (56)

in which [M%], [D5(w)], and [K®(w)] are positive-definite symmetric (N5 x Ng) real matrices such
that
[D%(w)] = U DY (@)] U], [K(w)] = U] [KS ()] U] (7)

The symmetric (N x N) complex matrix [A(w)] is defined by
[A(w)] = ~w?[M] +iw [D(w)] + [K], (58)

in which [M], [D(w)], and [K] are symmetric (N x N) real matrices. For a closed (sealed wall)
acoustic cavity, matrix [K] is positive and not invertible with rank N — 1, while for an almost-closed
(non-sealed wall) acoustic cavity or for a liquid with a free surface (see Section 4.3), matrix [K] is
positive and invertible. Matrix [M] is positive and invertible. The diagonal (N x N) real matrix [D(w)]
is written as

[D(w)] = t(w) [K], (59)

in which 7(w) is defined by Equation (6). The (Ng x N) real matrix [C] is written as
[€] =" [C][P]. (60)
The symmetric (N x N) complex matrix [A%(w)] is such that
[A%(w)] = [P]T [A%(w)] [P], (61)
and finally, the symmetric (Ns x Ng) complex matrix [Agem(w/ ce)] is given by
[Asen(w/cp)] = [U]T [Appu(w /ce)] [U]. (62)
The given forces are written as

£ (w) = U]"F*(w) , f(w)=[P]"Fw). (63)
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9. Uncertainty Quantification for the Vibroacoustic Computational Model

For the reasons given in Section 1, the nonparametric probabilistic approach of uncertainties
is proposed for performing uncertainty quantification for the vibroacoustic computational model.
It is recalled that such an approach is a way of modeling the uncertainties induced by the modeling
errors that cannot be taken into account with the usual approaches that only consider the uncertainties
on the physical parameters of the computational model. This nonparametric approach allows for
separately but globally describing the model uncertainties that exist for each matrix appearing
in the vibroacoustic computational model. There are only a small number of hyperparameters
in the nonparametric probabilistic approach, these hyperparameters being the parameters of
the probability distributions of the random matrices. This small number of hyperparameters allows for
carrying out the experimental identification of the probabilistic model, which can easily be performed
by solving a statistical inverse problem as explained in the application presented in Section 10. This kind
of approach yields robust predictions with respect to model uncertainties that can effectively be
quantified, for instance, by constructing the confidence region of the quantities of interest.

In this section, we summarize the fundamental concepts and the construction related to
the nonparametric probabilistic approach of both computational model-parameters uncertainties
and modeling uncertainties in computational vibroacoustics, detailed in [75,84]. The method presented
has recently been implemented in MSC-Nastran™ [99].

The methodology is applied to the reduced-order vibroacoustic computational model defined by
Equations (52)—(58). In order to simplify the presentation, it is assumed that there are no uncertainties
in the boundary element matrix [Apgw(w/cg)] or in the wall acoustic impedance matrix [A% (w)].
For fixed values of Ng and N, the stochastic reduced-order computational vibroacoustic model of order
Ns and N is written as

U(w) = U]Q°(w) , P(w)=[P]Qw), (64)

in which, for all real w, the complex random vectors Q° (w) and Q(w) of dimension Ng and N are
the solution of the following random equation

S S
(Arsi ()] [% ((f,f))] = [ff(%)} , (65)

and where the complex random matrix [Aps;(w)] is written as

[As(w)]f WZ[ABEM((U/CE)] [C]
{ w[c]t [A(w)]+[AZ(w)]} ‘ (©6)
The symmetric (N5 x Ng) complex random matrix [A%(w)] is defined by
[A%(w)] = ~@?M®] +iw [D® ()] + [K*(w)], (67)

in which the probability distributions of the positive-definite symmetric (Ng x Ng) real random
matrices [M®], [D°(w)], and [K®(w)] are constructed in Sections 9.2 and 9.3. The symmetric (N x N)
complex random matrix [A(w)] is written as

[A(w)] = —w? [M] + iw [D(w)] + K], (68)

in which [M], [D(w)] and [K] are symmetric (N x N) real random matrices. Random matrix [M] is
positive definite. The diagonal (N x N) real random matrix [D(w)] is written as
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[D(w)] = 7(w) [K], (69)

in which 7(w) is deterministic and is defined by Equation (6). For a closed (sealed wall) acoustic
cavity, random matrix [K] is positive and not invertible with rank N — 1, while for an almost-closed
(non-sealed wall) acoustic cavity or for a liquid with a free surface (see Section 4.3), random matrix [K]
is positive definite. The probability distributions of random matrices [M], [K], and of the (N5 x N)
real random matrix [C] are constructed in Sections 9.4-9.6.

9.1. Preliminary Results for the Stochastic Modeling of the Random Matrices for the Stochastic Reduced-Order
Computational Vibroacoustic Model

In the framework of the nonparametric probabilistic approach of uncertainties, the probability
distributions and the generators of independent realizations of such random matrices are constructed
using random matrix theory [89,94] and the maximum entropy principle [92,100] from Information
Theory [93], in which Shannon introduced the notion of entropy as a measure of the level of
uncertainties for a probability distribution. For instance, if px(x) is a probability density function on
a real random variable X, the entropy £(px) of px is defined by £ (px) = — ft:o px(x) log(px(x)) dx.
The maximum entropy principle consists of maximizing the entropy (i.e., maximizing the uncertainties),
under the constraints defined by the available information. Consequently, it is important to define
the algebraic properties of the random matrices for which the probability distributions have to be
constructed. Let E be the mathematical expectation. For instance, for real-valued random variable X,
we have E{X} = f::: x px(x)dxand €(px) = —E{log(px(X))}. In order to construct the probability
distributions of the random matrices introduced before, we need to define a basic ensemble of random
matrices.

It is known that a real Gaussian random variable can take negative values. Consequently,
the Gaussian orthogonal ensemble (GOE) of random matrices [94]—which is the generalization
for the matrix case of the Gaussian random variable—cannot be used when a positiveness property
of the random matrix is required [75]. Therefore, new ensembles of random matrices are required to
implement the nonparametric probabilistic approach of uncertainties.

9.1.1. Ensemble SGg of Random Matrices

Let M be the set of all the positive-definite symmetric (m x m) real matrices. Below,
we summarize the construction [75,89,90] of an ensemble—denoted by SGSr —of random matrices with
values in M. An element of SG{ is a positive-definite random matrix denoted by [Gy].

Definition of the available information for constructing ensemble SGJ . For a random matrix
[Go] belonging to SG, the available information consists of the mean value which is given and equal
to the identity matrix, and an integrability condition that has to be imposed in order to ensure
the decreasing of the probability density function around the origin,

E{[Gol} = [In], E{log(det[Go])} = x, (70)
in which || is finite and where [I;/] is the (m x m) identity matrix.

Probability density function of a matrix [Go] € SG;. The probability density function,
[G] = pig,([G]), defined on M, of a random matrix [Gy) satisfies the usual normalization condition,
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Juag Picy([G]) dG =1, (71)

where the volume element dG is written as dG = 2™(m=1)

number defined by

/4 Ii<j<k<m AGjk. Let & be the positive real

1/2
5= {SEIG] -] B} 72

which will allow the dispersion of the probability model of random matrix [Gy| to be controlled,
and where || M | ¢ is the Frobenius matrix norm of the matrix [M] such that || M [|2 = tr{[M]T [M]}.
For 6 such that 0 < 6 < (m +1)2(m +5) /2, the use of the maximum entropy principle under
the constraints defined by Equations (70) and (71) yields for all [G] in M,

Picy)(IG]) = co(det[G])™ exp{—c2 tr[G]}, (73)

in which ¢ is the positive constant of normalization and where ¢; = (m + 1)(1 —02)/(26?)
and ¢; = (m+1)/(262).

Generator of independent realizations of a random matrix [Gy] in SG{. The generator of
independent realizations (which is required to solve the random equations with the Monte Carlo
method) is constructed using the following algebraic representation of any random matrix [Go] that
belongs to SGSr ,

[Go] = L) [L], (74)

in which [L] is an upper triangular (m x m) random matrix such that:

e the family of the random entries {[L];#,j < j'} are independent random variables;

e for j < j, the real-valued random variable [L];y is written as [L];y = owUjy in which
o = 6(m +1)"1/2 and where Ujy is a real-valued Gaussian random variable with zero mean
and variance equal to 1;

e forj = j, the positive-valued random variable [L];; is written as [L];; = 0 /2V} in which V; is
a positive-valued Gamma random variable with probability density function I'(a;, 1) in which

. m+l 1-j
aj= 9 + 7
9.1.2. Ensemble SG; of Random Matrices

Let 0 < & < 1 be a positive number (for instance, ¢ can be chosen as 107%). We then define
the ensemble SG; of all the random matrices such that

6] = 1 {[Gol +¢ (]}, 79)

in which [Go] belongs to SG .

9.1.3. Cases of Several Random Matrices

It can be proven [75,91] that if there are several random matrices for which there is no available
information concerning their statistical dependencies, then the use of the maximum entropy principle
yields that the best model which maximizes the entropy (the uncertainties) is a stochastic model for
which all these random matrices are independent.

9.2. Stochastic Modeling of Random Matrix [M°]

Since there is no available information concerning the statistical dependency of [M%] with the other
random matrices of the problem, then random matrix [M®] is independent of all the other random
matrices. The deterministic matrix [M¥] is positive definite, and can consequently be written as
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[MS] = [Lys]" [Lpss], in which [Lys] is an upper triangular real matrix. Using the nonparametric
probabilistic approach of uncertainties, the stochastic model of the positive-definite symmetric random
matrix [M®] is then defined by

[MS} = [LMS]T (Gs] [Lgs] (76)

where [Gs] is a (Ns x Ns) random matrix belonging to ensemble SG; defined in Section 9.1.2
and whose probability distribution and generator of independent realizations depend only on
dimension Ng and on the dispersion parameter J,s.

9.3. Stochastic Modeling of the Family {[D®(w)], [K(w)]}« of Random Matrices Indexed by w

Since there is no available information concerning the statistical dependency of the family
{[D%(w)], [K’(w)]}w of random matrices with the other random matrices of the problem,
then the family {[D®(w)], [K®(w)]}w are independent of all the other random matrices. However, we
will see below that the families of random matrices {[D®(w)]}w and {[K®(w)]} will be statistically
dependent. For stochastic modeling of {[D®(w)]}« and {[K®(w)]} related to the linear viscoelastic
structure, we propose to use the extension presented in [101], which is based on the Hilbert
transform [102] in the frequency domain to express the causality properties (similarly to the transforms
used in Section A.2 of Appendix A). The nonparametric probabilistic approach of uncertainties then
consists of modeling the positive-definite symmetric (Ns x Ns) real matrices [D%(w)] and [K%(w)] by
random matrices [D5(w)] and [K5(w)] such that

E{D* ()]} = [D*(w)] , E{[K*(w)]} = [K*(w)], @7)
D%(-w)] = DCw)] , K (~w)] = [K(w)]. (78)

(i) For w > 0, the construction of the stochastic model of the family {[D%(w)], [K®(w)]}ws0 of
random matrices is carried out as follows:

e Constructing the family {[D(w)]}w>0 of random matrices such that
[D°(w)] = [Lps(w)]" [Gps] [Lps(w)], @9
where [Lps(w)] is such that

[D¥(@)] = [Lps (@)]" [Lps(w)], (80)

and where [Gpys] is a (Ng x Ng) random matrix belonging to ensemble SG;, defined in
Section 9.1.2. Its probability distribution and its generator of independent realizations
depend only on dimension Ng and on the dispersion parameter 65 that allows the level of
uncertainties to be controlled.
e  Constructing the family {[NR (w)]}w>0 of random matrices using the equation
N @)= 2px [T 0 @
s 0 Ww?-w'? ’

(in which p.v means the Cauchy principal value that is defined in Equation (83)) or
equivalently, using the two following equations that are useful for computation:
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R +°°
for w=0 , [N%0) = »/ w, (82)
R +oo s
for w>0 , [N%w) = 7p / w [DS(wu)] du,
2 1 oo
= =l . 83
nﬂb{.o +41+”} (83)
o Constructing the random matrix [K%(0)] such that
[KS(O)] = [LKS(O)]T [GKS(O)} [LKS(O)} ’ (84)
in which the deterministic matrix [Lgs )] is such that
[K3(0)] = [LKS(O)}T [Lks (o)l - (85)

The random matrix [Ggsg)] is a (N5 x Ns) random matrix belonging to ensemble SG"
defined in Section 9.1.2 whose probability distribution and generator of independent
realizations depend only on dimension Ng and on the dispersion parameter dys ) that
allows the level of uncertainties to be controlled. Note that random matrix [Ggs (0)} is
independent of random matrix [Gps].

e  Computing the random matrix [D"] such that
D) =80 = 2 [0 (@) do. (56)
e Defining the random matrix [K3] such that
[K3] = [K°(0)] + [D*]. (87)
o Constructing the random matrix [K%(w)] such that
[KS (@) = (K5 + [N" ()] (88)

It must be verified that w + [K%(w)] is effectively positive definite. In [101], the following
sufficient condition is proven in order for [K’(w)] to be a positive-definite random matrix
forall w > 0: if for all real vector y = (y1,...,yn;), the random function w +— y' [DS(w)]y
is decreasing on [0, +co] , then for all w > 0, [KS (w)] is a positive-definite random matrix.

(i) Forw < 0, the family {[D°(w)], [K®(w)] }w<o is deduced from the family {[D5(w)], [K®(w)]}w>0
by using Equation (78).

(ili) A numerical procedure for computing the integrals in Cauchy principal value can be found
in [103].

9.4. Stochastic Modeling of Random Matrix [M)]

Since there is no available information concerning the statistical dependency of [M] with the other
random matrices of the problem, then random matrix [M] is independent of all the other random
matrices. The deterministic matrix [M)] is positive definite, and can consequently be written as

M] = [Lm]" [Lm], (89)
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in which [Ly] is an upper triangular real matrix. Using the nonparametric probabilistic approach
of uncertainties, the stochastic model of the positive-definite symmetric random matrix [M] is then
defined by

M] = [Lu]" [Gu] [Lu], (90)

where [Gy] is a (N x N) random matrix belonging to ensemble SG; defined in Section 9.1.2,
and whose probability distribution and generator of independent realizations depend only on
dimension N and on the dispersion parameter 1.

9.5. Stochastic Modeling of Random Matrix [K]

Since there is no available information concerning the statistical dependency of [K] with the other
random matrices of the problem, then random matrix [K] is independent of all the other random
matrices. For the stochastic modeling of [K], two cases must be considered.

e Closed (sealed wall) acoustic cavity. In such a case, the symmetric positive matrix [K] is of rank N — 1
and can then be written as
[K] = [L&]" [Lk], ©1)

in which [Lg] is a rectangular (N x N — 1) real matrix. Using the nonparametric probabilistic
approach of uncertainties, the stochastic model of the positive symmetric random matrix [K] of
rank N — 1 is then defined [75,91] by

K] = [Lk]" [Gk] [Lk], (92)

where [Gg] isa ((N — 1) x (N — 1)) random matrix belonging to ensemble SG;~ defined in
Section 9.1.2 whose probability distribution and generator of independent realizations depend
only on dimension N — 1 and on the dispersion parameter Jk.

o Almost-closed (non-sealed wall) acoustic cavity or internal liquid with a free surface. Matrix [K] is positive
definite and thus invertible. Consequently, it can be written as

(K] = [Lk]" [Lk], (93)

in which [Lg] is an upper triangular (N x N) real matrix. Using the nonparametric probabilistic
approach of uncertainties, the stochastic model of this positive symmetric random matrix yields

K] = [Lk]" [Gk] [Lk], (94)

where [Gg]isa (N x N) random matrix belonging to ensemble SG; defined in Section 9.1.2 whose
probability distribution and generator of independent realizations depend only on dimension N
and on the dispersion parameter Jg.

9.6. Stochastic Modeling of Random Matrix [C]

Since there is no available information concerning the statistical dependency of [C| with the other
random matrices of the problem, then random matrix [C] is independent of all the other random
matrices. We use the construction proposed in [75,91] in the context of the nonparametric probabilistic
approach. Let us assume that Ng > N and that the (Ng x N) real matrix [C] is such that [C]q = 0
implies q = 0. If N > N, the following construction must be applied to [C]” instead of [C]. Using
the polar decomposition of rectangular matrix [C], one can write

[C] = [RI[T], (95)

152



Appl. Sci. 2017, 7,586

in which the (N5 x N) real matrix [R] is such that [R]T [R] = [Iy] and where the symmetric square
matrix [T] is a positive-definite symmetric (N x N) real matrix. Using the Cholesky decomposition,
we then have

[T] = [La]" [L1], (96)

in which [Lt] is an upper triangular matrix. The (Ns x N) real random matrix [C] is then written as
[C=RI[T] , [T]=[Lr]"[Gc][L], 97)

where [G¢] is a (N x N) random matrix belonging to ensemble SG; defined in Section 9.1.2
and whose probability distribution and generator of independent realizations depend only on Ng, N,
and the dispersion parameter d¢.

9.7. Hyperparameter of the Stochastic Reduced-Order Model (SROM) and Stochastic Solver

The dispersion parameter —also called hyperparameter—of each random matrix [G] allows
its level of dispersion (statistical fluctuations) to be controlled. The hyperparameters (dispersion
parameters) of random matrices [Gs], [Gps], [Gys(p)], [Gm], [Gk], and [G(] are represented by a
vector-valued hyperparameter ¢ such that

5:(§MS;5DS/5KS(0)/5M/ lsK/[SC)/ (98)

which belongs to an admissible set Cs and which allows the level of uncertainties to be controlled
for each matrix introduced in the stochastic reduced-order model. Consequently, if no experimental
data are available, then J has to be used to analyze the robustness of the solution of the vibroacoustic
problem with respect to uncertainties by varying J in Cs.

For a given value of hyperparameter § in Cy, there are two major classes of methods for solving
the stochastic reduced-order model (SROM) defined by Equations (64)—(69). The first one belongs to
the category of the spectral stochastic methods (see [76,77,83]). The second one belongs to the class of
stochastic sampling techniques for which the Monte Carlo method is the most popular. Such a method
is often called non-intrusive because it offers the advantage of only requiring the availability of
classical deterministic codes. It should be noted that the Monte Carlo numerical simulation method
(e.g., [104,105]) is a very effective and efficient one because it has the four following advantages:

e itis anon-intrusive method,

e itisadapted to massively parallel computation without any software developments,
e itissuch that its convergence can be controlled during the computation,

e the speed of convergence is independent of the dimension.

If experimental data are available, there are several possible methodologies (one is the maximum
likelihood method [87]) to identify the optimal values of hyperparameter § (these aspects are not given
here, and we refer the reader to [75,84]). Several works have been published concerning experimental
validation of the nonparametric probabilistic approach of both the computational model-parameter
uncertainties and the model uncertainties induced by modeling errors (e.g., [96,106-111]).

10. Experimental Validation with a Complex Computational Vibroacoustic Model
of an Automobile

We present an experimental validation of the nonparametric probabilistic approach of
uncertainties for a complex computational vibroacoustic model of an automobile [75,110].

Description of the vibroacoustic system. The vibroacoustic system is an automobile of a given
type with several optional extra, for which a single mean computational model is developed.
The experimental variabilities are due to the manufacturing process and to the optional extra.
The objective is to predict the booming noise for which the engine rotation is [1500,4800] rpm (rotations
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per minute), corresponding to the frequency band [50, 160] Hz, for which the input forces are applied
to the engine supports, and for which the output observation is the acoustic pressure at a given point
localized in the acoustic cavity.

Nominal computational model and stochastic reduced-order model. The nominal computational
model is a finite element model of the structure and of the acoustic cavity shown in Figure 2.
The structure is modeled with 978,733 structural DOFs of displacement, and the acoustic cavity
is modeled with 8139 acoustical DOFs of pressure. The structural reduced-order basis is such that
N = 1722 and the acoustical reduced-order basis is such that Ny = 57. The hyperparameters of
the stochastic reduced-order model are § = (6,1, dp, Ik ) for the structure, sz =dm = ép = 7% ¢ for
the acoustic cavity, and J¢ for the vibroacoustic coupling.

Figure 2. Finite element model of the structure (left figure). Finite element mesh of the vibroacoustic
computational model (right figure). Figure from [110].

Experimental identification of hyperparameter 5. The acoustical input is an acoustic source
placed inside the acoustic cavity. The acoustical measurements have been performed for v = 30 cars of
the same type with different configurations corresponding to different seat positions, different internal
temperatures, and different numbers of passengers. The acoustical pressures have been measured
with v, = 32 microphones distributed inside the acoustic cavity. For the statistical inverse problem
that is required for performing the experimental identification of hyperparameter Jy, the observation
is the real-valued random variable U defined by

U=/ dB(w)dw , dB(w) =10 1og10{plvl y ij(w)z} , 99)
m iz

ref j

in which Py, (w), ..., P, (w) are the components of P(w), which correspond to the observed DOFs,
and which are computed with the SROM defined by Equations (64)—(69). Let u®1,..., u"®" be
the corresponding measurements for the v = 30 cars. The identification of hyperparameter ¢y is
performed by using the maximum likelihood method [87],

14
o = argmax L(3y) L(65) = Y logyg(pu (=" ;67)). (100)
(=1

For{ =1,...,v, the value py (u=>’ ;5 ¢) of the probability density function (pdf) of the random
variable U is estimated with the kernel density estimation method by using the SROM for which the
stochastic solver has been chosen as the Monte Carlo method with vs = 2,000 realizations.

Experimental identification of hyperparameter § = (dp1,,dp,, Ok, ). The structural inputs are
forces applied to the engine supports. The measurements of the accelerations in the structure
have been performed for v = 20 cars of the same type. The random vector-valued observation
is U(w) = (Uy(w), ..., Us(w)) such that

Uj(w) = log;o(w? Vi (@)]) , j=1,...,6, (101)
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in which Yj, (w),..., Y (w) are the six components of Y(w) which correspond to the observed
structural DOFs, and which are computed with the SROM defined by Equations (64)—(69).
Let u™!,...,u*»" be the corresponding measurements for the v cars. The identification of
the hyperparameter § = (dy,,dp,,0k,) has been performed by using the least-square method.
The Monte Carlo method has been used as the stochastic solver with v; = 1000 realizations.

Experimental validation. The hyperparameters are fixed to their identified values, 6y = 67"
and § = §°, while ¢ is fixed to a given value. The SROM defined by Equations (64)—(69) is solved
by using the Monte Carlo method with vs = 600 realizations. The prediction—with the identified
SROM—of the confidence region of the internal noise at a given point of observation due to the engine
excitation is displayed in Figure 3. It can be seen that this prediction is good for representing the great
variabilities of the measurements, while the response given by the ROM (the nominal computational
model) gives only a rough idea of the real system.

10 dB(A)

>

Booming noise [dB(A)]

1500 2000 2500 G000 G500 4000 4500 5000
Rpm [tr/min]

Figure 3. The horizontal axis is the engine rotation expressed in rotations per minute corresponding

to the frequency band [50,160] Hz. The vertical axis is the level of the acoustic pressure in dB(A).

Experimental measurements (20 blue thin lines). Prediction with the ROM (black thick line). Prediction

with the identified SROM of the confidence region corresponding to the probability level 0.95 (region in

yellow color of in gray). Figure from [110].

11. Conclusions

We have presented a computational methodology that is adapted to the vibroacoustics predictions
of complex industrial systems in the low- and medium-frequency bands. The vibroacoustic system is
made up of a dissipative structure (possibly with a viscoelastic behavior), coupled with a bounded
acoustic cavity filled with a dissipative acoustic fluid, and coupled with an acoustic fluid occupying
an unbounded external domain. We have presented a reduced-order computational model that is
efficient for an acoustic cavity which is filled with a liquid or a gas. For the medium-frequency
band, the uncertainty quantification is particularly important. For complex industrial vibroacoustic
systems, the main source of uncertainties is due to modeling errors. We have summarized
the nonparametric probabilistic approach of model uncertainties, and we have detailed the construction
of the random matrices for the case of a viscoelastic structure in order to respect the causality of
the physical system. Finally, the application to a real automobile with experimental comparisons was
presented.
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The following abbreviations and mathematical symbols are used in this manuscript:
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BEM Boundary Element Method
DOF Degree of Freedom

FEM Finite Element Method

FRF Frequency Response Function
FSI Fluid-Structure Interaction
LF Low Frequency

MF Medium Frequency

ROM Reduced-Order Model
SROM Stochastic Reduced-Order Model

UuQ Uncertainty Quantification

Aijkh elastic coefficients of the structure

bijkn damping coefficients of the structure

o speed of sound in the internal acoustic fluid

CE speed of sound in the external acoustic fluid

f vector of the generalized forces for the internal acoustic fluid

£5 vector of the generalized forces for the structure

g mechanical body force field in the structure

i imaginary complex number i

k wave number in the external acoustic fluid
number of internal acoustic DOF

ng number of structural DOF

nj component of vector n

outward unit normal to Q)

n]s component of vector n®
5 outward unit normal to 9Q)g
[4 internal acoustic pressure field
PE external acoustic pressure field
PElr, value of the external acoustic pressure field on IT'g
Pgiven given external acoustic pressure field
Pgiven \,.E value of the given external acoustic pressure field on T'g
q vector of the generalized coordinates for the internal acoustic fluid
q° vector of the generalized coordinates for the structure
S;ijamp component of the damping stress tensor in the structure
t time
u structural displacement field
v internal acoustic velocity field
x| coordinate of point x
X generic point of R3
[A] reduced dynamical matrix for the internal acoustic fluid
[A] random reduced dynamical matrix for the internal acoustic fluid
[A] dynamical matrix for the internal acoustic fluid
[Apgm] reduced matrix of the impedance boundary operator for the external acoustic fluid
[Agem] matrix of the impedance boundary operator for the external acoustic fluid
[AFsi] reduced dynamical matrix for the fluid-structure coupled system
[Afgs1] random reduced dynamical matrix for the fluid-structure coupled system
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[Agsi] dynamical matrix for the fluid-structure coupled system

[AS] reduced dynamical matrix for the structure

(A% random reduced dynamical matrix for the structure

[AS] dynamical matrix for the structure

(A7) reduced dynamical matrix associated with the wall acoustic impedance

[AZ] dynamical matrix associated with the wall acoustic impedance

[C] reduced coupling matrix between the internal acoustic fluid and the structure
] random reduced coupling matrix between the internal acoustic fluid and the structure
[C] coupling matrix between the internal acoustic fluid and the structure

D] reduced damping matrix for the internal acoustic fluid

D] random reduced damping matrix for the internal acoustic fluid

D] damping matrix for the internal acoustic fluid

D% reduced damping matrix for the structure

DY) random reduced damping matrix for the structure

D] damping matrix for the structure

DOF degrees of freedom

F vector of discretized acoustic forces

FS vector of discretized structural forces

Gijkn (0) initial elasticity tensor for viscoelastic material
Gijkn (t)  relaxation functions for viscoelastic material

G mechanical surface force field on 9Q)g

[G] random matrix

[Go] random matrix

K] reduced “stiffness” matrix for the internal acoustic fluid

K] random reduced “stiffness” matrix for the internal acoustic fluid
K] “stiffness” matrix for the internal acoustic fluid

[K8] reduced stiffness matrix for the structure

(K9] random reduced stiffness matrix for the structure

[KS] stiffness matrix for the structure

M] reduced “mass” matrix for the internal acoustic fluid

M] random reduced “mass” matrix for the internal acoustic fluid
M] “mass” matrix for the internal acoustic fluid

[M5] reduced mass matrix for the structure

[M9) random reduced mass matrix for the structure

(M) mass matrix for the structure

Py internal acoustic mode

[P] matrix of internal acoustic modes

Q internal acoustic source density

Qr external acoustic source density

Q random vector of the generalized coordinates for the internal acoustic fluid
Q° random vector of the generalized coordinates for the structure
P random vector of internal acoustic pressure DOF

P vector of internal acoustic pressure DOF

8] random vector of structural displacement DOF

U vector of structural displacement DOF

Uy elastic structural mode «

U matrix of elastic structural modes

z wall acoustic impedance

Zr, impedance boundary operator for external acoustic fluid

) dispersion parameter

€k component of the strain tensor in the structure

w circular frequency in rad/s

00 mass density of the internal acoustic fluid

OE mass density of the external acoustic fluid

0s mass density of the structure
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[ stress tensor in the structure
0jj component of the stress tensor in the structure
o1 component of the elastic stress tensor in the structure

1
T] damping coefficient for the internal acoustic fluid
dQ)  boundary of ()
0Qr boundary of Of equal to T'r
0Q)s  boundary of Qg

r coupling interface between the structure and the internal acoustic fluid

I'e coupling interface between the structure and the external acoustic fluid

Ty coupling interface between the structure and the internal acoustic fluid with acoustic properties
Q internal acoustic fluid domain

Qf external acoustic domain
Qg structural domain

Appendix A. Frequency-Dependent Constitutive Equation for the Dissipative Structure

In this Appendix, we present an appropriate modeling of the frequency-dependent constitutive
equation for a dissipative structure in distinguishing the LF range and the MF range [70]. Two cases of
frequency-dependent linear constitutive equations are considered in order to describe all the various
types of mechanical behaviors encountered in a complex structure. The first one is relevant to
the framework of the general linear viscoelasticity theory for describing the constitutive equation
of viscoelastic materials, and therefore the frequency-dependent coefficients are constructed in this
framework that ensures the causality physical property. This constitutive equation will be referred to
as the linear viscoelastic constitutive equation. The second one allows different types of mechanical
damping to be modeled using the same type of constitutive equation. The frequency-dependent
coefficients will not be constructed in the framework of the linear viscoelasticity theory, but will be
constructed in such a way that causality physical property will still be satisfied. This constitutive
equation will be referred to as the linear dissipative constitutive equation for modeling damping effects.

Appendix A.1. Linear Viscoelastic Constitutive Equation in the Frequency Domain

The general theory of linear viscoelasticity is used (see [112-114]). With respect to the presentation
detailed in [41], we present here a summary of those results with additional developments. In this
section, x is fixed in g and will be omitted in all the quantities. The Latin indices, such as i, j,
k, and h, take the values 1, 2, and 3. The convention for summations over repeated Latin indices
is used. The general constitutive equation in the frequency range is written as

0ij(w) = (apn(w) + iw bjjg, (w)) e (w) (A1)
It can be proven that
lim a5, (w) = ajjn(+0), (A2)
|w]—+o0
lim w hijkh(w) =0, (A3)
|w]—+o0

in which a;j,(+00) is called the initial elasticity tensor. It can be deduced that
0ij(00) = ajjgn(+00) egp(00) . (Ad)

Equation (A4) shows that viscoelastic materials behave elastically at high frequencies with
elasticity coefficients defined by the initial elasticity tensor a;j,(+00) that differs from the equilibrium
modulus tensor a;j;,(0) that is such that
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Tijkn(0) = aijin(0) €k (0) (A5)

in which 0;j;,(0) = {0jjn(w) }w=0 and &;jx,(0) = {ejjxn(w)}w=0. The reader should be aware of
the fact that the constitutive equation of an elastic material in a static deformation process is defined
by equilibrium modulus tensor a,-jkh(O), and not by the initial elasticity tensor a,-jkh(—‘rOO). Referring
to [112,115], it has been proven that a;4,(0) — a;jx, (4-00) is a negative-definite tensor. The tensors
ajjn(w) and byjy; (w) are even functions:

A (—w) = ajjn (W), bijen(—w) = by (w) - (A6)

Due to the symmetry properties of tensors Gjj, (), it can directly be deduced that tensors a;jx;, (w)
and bjji; (w) must satisfy the symmetry properties

ajkn(w) = ajig(w) = agpr(w) = agij(w), (A7)
bijn(w) = bjign (w) = bijni(w) = by (w) - (A8)

In addition, the following positive-definiteness properties can be shown. For all second-order real
symmetric tensors X,-j,
ik (@) Xy Xij > calw) Xij X, (A9)
bijen (@) X Xij > cp(w) Xij Xij, (A10)
in which the positive constants ¢, (w) and c,(w) are such that c;(w) > cp > 0 and cj(w) > ¢o > 0,
where ¢ is a positive real constant independent of w.

Appendix A.2. Compatibility Equation between a;jx, and byj,

We recall that a;j, (0) is the equilibrium modulus tensor that is the elastic tensor and which is
denoted by af}}?ﬁ,

asih = aijn (0) (A11)

Due to the causality property in the time domain and using the Hilbert transform for causal

function [102,116-119]), it can be proven that there is a compatibility equation between a;j, and b;jip,

also called the Kramers and Kronig relation (see [120,121]), which is written

w +0 by (')
ajjn(w) = a?},f; + - p.v/ L, (A12)

Jeo w—w!

in which p.v denotes the Cauchy principal value. If y — h(y) is a locally integrable function on the real
line except in a singular point y = 0, then the p.v is defined as

+oo -1 ¢
pf mydy= dim (] Th)dy+ [ dy). (A13)

—o0

Appendix A.3. Construction of the Linear Viscoelastic Constitutive Equation in the Frequency Domain

Two cases are considered.

e (i) Particular case. A family of linear viscoelastic constitutive equations can be constructed
in the time domain using linear differential equations in ¢(f) and &(t). The associated
frequency-dependent coefficients a;j,(w) and bjjy(w) automatically verified Equation (A12).
In this framework, some examples for a;j;(w) and by, (w) can be found in the literature
(e.g., [41,98,112,113,122-127]).
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e (i) General case. In the general case for which a;j;(w) and b;jy,(w) are not derived from such
an algebraic representation but correspond to a general integral operator in the time domain
(e.g., constructed using experimental curves), a rigorous method of construction is proposed
below to satisfy the causality principle.

For the general case, it is assumed that a part (i, Of the structure Qg is made of material
modeled in the framework of the linear viscoelasticity theory (see after), while the complementary part
Qqamp Will be modeled with a linear dissipative constitutive equation for modeling damping effects
(detailed in Section A.4). We then have Qs = Qyisco U Qqamp-

For the practical construction of the constitutive equation related to Qyixo, it is assumed that
functions w > byj, (x, w) for w > 0 and equilibrium modulus tensor a?},‘;‘; (x) (which is the symmetric
and positive-definite elastic tensor) are given. For real w and for x belonging to Qis, functions
w > ajjp(x, w) can then be constructed.

e The given functions w — bjjy(x,w) cannot be arbitrarily chosen, but must satisfy some
hypotheses to ensure the coherence of the viscoelastic model:

(1) For all fixed x and w, the tensor {bjjx; (x, w) }jxy must be symmetric and positive definite.
(2) For w — +o0, Equation (A3) must hold, which means that functions b, (x, w) decrease at
infinity at least in w™* with a > 1.
(3) Functions w — bi/-k;,(x,w) that satisfy (1) and (2) are then extended to w < 0 using the even
property defined by Equation (A6).

e Tor all fixed x and w, the tensor {a;j,(x, w)}ijk, must be symmetric and positive definite.
For all w > 0, functions w ~ a;;(x, w) are then constructed using the following equation
(see Equation (A12)),

las
afjkh(x,w) = a?j,‘;‘;(x) + E p.V. . o —o w , (A14)

w /+°° bijen (x, w') !
and are extended to w < 0 using the even property.

e Asseen above, for all fixed x and w, symmetric tensor {a;ji; (X, w) }ijxy must be positive definite.
This property must then be checked at the end of the construction, and if it is not satisfied,
functions w — b,‘]‘kh(x,w) must be modified. In [101], it has been shown that the following
sufficient condition allows this property to be satisfied: if functions w + by, (x, w) are decreasing
functions for w > 0, then the property is verified.

Appendix A.4. Linear Dissipative Constitutive Equation for Modeling Damping Effects

This section deals with the linear dissipative constitutive equation for modeling damping
effects in the part Qgump Of the structure Qg. Several models of dissipative constitutive equation
(with frequency-dependent coefficients) corresponding to an elastic material are considered for which
the mechanical damping is arbitrarily introduced in order to represent damping effects. The first
model presented is the constitutive equation for an elastic material with a linear viscous damping
term. The second one is a constitutive equation for an elastic material with a parameterized family of
damping models depending on frequency. The construction proposed for these two models is such
that the causality principle will be verified, and consequently, the fourth-order tensor a;j, (w) will

depend on w although the elastic tensor af}f;ﬁ of the elastic material is independent of w.

(i) Constitutive equation for an elastic material with a linear viscous damping term. In this case,
the constitutive equation is given by Equation (A1), in which

aijin (%, @) = aSif (%), bije (%, @) = by (x) , (A15)
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in which the tensors a?}fﬁ,(x) and bjjy; (x) are symmetric positive definite and independent of w.

(ii) Constitutive equation for an elastic material with a parameterized family of damping models depending
on frequency. The constitutive equation is then defined as an elastic material with a parameterized
family of damping models depending on frequency and is written as

bijpn (x, w) = x(w) ﬂf}?ﬁ(x) , (A16)

in which the tensor af}fjﬁ(x) is symmetric positive definite and where x(w) is a positive-valued real
function in w which must satisfy the following properties:
(1) For w — o0, function x(w) must decrease at infinity at least in w™* in which a« > 1.
(2) Function y is even, x(—w) = x(w).

From Equation (A14), it can be deduced that for all fixed x and for all w > 0, the symmetric
positive definite tensor must be constructed by the following equation:

w e x(w') Jas
() = {1+ 2 por [ KO g o, (A17)
in order to ensure the causality property for the constitutive equation. For w < 0, the values
of a;5,(x, w) are obtained using the even property in w of functions a;j;(x,w). Finally, function
X(w) must be such that for all fixed x and w, symmetric tensor {a;j; (X, w) };j, is positive definite.
As previously explained, this property will be satisfied if function x(w) is a decreasing function for
w > 0.

Appendix B. Boundary Element Method for the External Acoustic Fluid

The general references related to the boundary element methods and to their discretization can be
found in [27-48,98]. The inviscid acoustic fluid occupies the infinite three-dimensional domain Qf
whose boundary 0Q)g is I'g (see Figure Al).

Figure Al. Geometry of the external infinite domain.

This section is devoted to the construction of the frequency-dependent impedance boundary
operator Zr, (w) such that pg|r, (w) = Zr, (w) v(w), which relates the pressure field pg|r, (w) exerted
by the external fluid on I'r to the normal velocity field v(w) induced by the deformation of the boundary
T'g. Furthermore, most of those formulations yield non-symmetric fully populated complex matrices.
The computational cost can then be reduced using the fast multipole methods [35,40,44—46]. A major
drawback of the classical boundary integral formulations for the exterior Neumann problem related to
the Helmholtz equation is related to the uniqueness problem, although the boundary value problem
has a unique solution for all real frequencies [97,98]. Precisely, there is not a unique solution of
the physical problem for a sequence of real frequencies called spurious or irregular frequencies,
also called Jones eigenfrequencies [31,128-131], and various methods are proposed in the literature to
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overcome this mathematical difficulty arising in the boundary element method [128,132-136]. In this
appendix, we present a boundary element method that was initially developed in [137] and detailed
in [41]. The formulation of this method is symmetric, and is valid for all real values of the frequency
(i.e., without spurious frequencies).

Appendix B.1. Exterior Neumann Boundary Value Problem Related to the Helmholtz Equation

The geometry is defined in Figure Al. The equations of the exterior Neumann problem related to
the Helmholtz equation (see Equations (1)—(3)) are rewritten in terms of a velocity potential ¢(x, w).
Let v(x,w) = Vi(x, w) be the velocity field of the fluid. The acoustic pressure p(x, w) is related to
P(x, w) by the following equation:

p(x,w) = —iwpePp(x,w) in Q, (A18)

where py; is the constant mass density of the external fluid at equilibrium. Let ¢; be the constant speed
of sound in the external fluid at equilibrium, and let k = w/c be the wave number at frequency w.
The exterior Neumann problem is written as

Vp(x,w) + K p(x,w) =0 in Qf, (A19)
%n’yw):v(y) on I, (A20)

1 . 1
P1=0%) . |Fh+iky|=0(ga), (a21)

with R = ||x|| — 400, where 9/0R is the derivative in the radial direction and where v(y) is the given
normal velocity field on I'r. Equation (A19) is the Helmholtz equation in the external acoustic fluid,
Equation (A20) is the Neumann condition on external fluid-structure interface I'r, and Equation (A21)
corresponds to the outward Sommerfeld radiation condition at infinity. For arbitrary real w # 0, the
boundary value problem defined by Equations (A19)-(A21) admits a unique solution denoted ¢! that
depends linearly on the normal velocity v [97,98].

Appendix B.2. Introduction of the Acoustic Impedance Boundary Operator and Radiation Impedance Operator

Let 1/)?"‘ be the value of ¥ on T'g. For all x in Q, let R(x, w/cg) be the complex linear operator
such that
P (xw) = R(x,w/c) v, (A22)

and let Br, (w/cg) be the complex linear boundary operator such that
IIJ?: =Br,(w/cp)v. (A23)
Using Equation (A18), for all x in Q)f, the pressure field p(x, w) is written as
p(x w) = Zua(x,w) v, (A24)
in which Z,4(x, w) is called the radiation impedance operator that can then be written as
Zra(X,w) = —iwps R(x,w/cp) . (A25)
Similarly, the pressure field p|; (w) on T’ is written as

plr(w) = Zrg(w)v, (A26)
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in which Zr, (w) is called the acoustic impedance boundary operator, which can then be written as

Zr, (w) = —iwpg Br,(w/cg) . (A27)

Appendix B.3. Algebraic Properties of the Acoustic Impedance Boundary Operator

Let 'Br,(w/ce) be the transpose of complex operator Br,(w/cg). We have the following
symmetry property:
"Br (w/ce) = Bry(w/ce), (A28)

and from Equation (A27), it can be deduced that
121y (@) = Zr, (). (A29)

It should be noted that these complex operators are symmetric but not Hermitian. Operator
iwZr, (w) can be written as

iwZr, (w) = —w? Mr, (w/cg) + iwDr,(w/cg), (A30)
in which Mr, (w/cg) and Dr, (w/cg) are two real linear operators such that
wMr, (w/cg) = SmZr, (w), (A31)

Dr,(w/cg) = ReZr, (w) . (A32)
The real part Dy, (w/ ;) of the acoustic impedance boundary operator is symmetric and positive,

due to the Sommerfeld radiation condition at infinity.
Appendix B.4. Construction of the Acoustic Impedance Boundary Operator for All Real Values of the Frequency

This construction is based on the use of two boundary integral equations on I'g. The first one is
based on the use of a single- and double-layer potentials on I'r. The second is obtained by the taking
the normal derivative on I'c of the first one. We then obtained the following system relating ¢! to v,

E

which then allows Br, (w/cg) to be defined using Equation (A23),

0 _ 7ST(UJ/CF_) lfI*fSD((U/CF_) er
L ?Zl} - [%I—SD(W/CE) 2 Ss(w/cx) H v } : (A33)

The linear boundary integral operators Ss(w/cg), Sp(w/ce), and St(w/cg) are defined by
<Ss(w/cg)v,0v>= / / G(x —y)v(y) ov(x) dsy dsx, (A34)
e JTE

aG(x—y)

<Sp(w/cg) l/Jr 00> = /r /r l/JFE(y) 0v(x) dsy dsx, (A35)

¢ ony

_ 12 _ .
<Sr(w/ce)yy, 0y, > =~k / / Glx=y) -y P (y) O (x) dsy dx (A36)
+ Jr, Jr, Gx=y) {“vaY‘/’FE( )b A Vdpy (%)} dsy dsx,

where G(x—y) is the Green function, which is written as
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Gx—y) =g(lx—yl) = —(4m) " e/, (A37)

inwhich r = ||x — y||. In Equations (A34)—(A36), the brackets correspond to bilinear forms which allow
the operators to be defined, and the functions v and (51/JrE are associated with functions v and b, -
Considering Equation (A33), let H(w/ ;) be the operator defined by

—Sr(w/ce) 1—1Sp(w/cx)

H((U/CE) = %I—SD((‘J/CE) SS((U/CE)

(A38)

Operator H(w/cx) has the symmetric property, '"H(w/cp) = H(w/ci). In Equation (A33), the first
equation can be rewritten as St(w/cg) ¢, = (% 1 —Sp(w/cx)) v. This classical boundary equation
that allows the velocity potential to be calculated for a given normal velocity has a unique solution for
all real w, which does not belong to the set of frequencies for which St(w/c) has a null space that
is not reduced to {0}. This set of frequencies is called the set of spurious frequencies. Consequently,
for a frequency that is a spurious frequency, br, is the sum of solution zpﬁzl with an arbitrary element
of the null space of St(w/cg). The method then consists of using the second equation that is written
as IIJ?E}I = (% I—Sp(w/ck)) ll)rE + Ss(w/cg) v, and which yields solution IIJ?E}I for all real w. Concerning
the practical construction of zp;"‘, for all real values of w, using Equation (A33), a particular elimination
procedure is described in Section B.6.

Appendix B.5. Construction of the Radiation Impedance Operator

The solution {**!(x, w),x € Qp} of Equations (A19)-(A21) can be calculated using the following
integral equation:

sol _ sol BG(x — Y)
P ) = [ {6y ely) = u ) O sy (A39)

For all x fixed in Q)g, the linear integral operators Rs(x, w/cg) and Rp(x, w/cg) are defined by

Rs(x,w/cg)v :/r, G(x—y)v(y)dsy, (A40)
Roxw/ce) ¥y, = [0y, (9) 2Py (As1)

Using Equation (A23), Equation (A39) can be rewritten as
1p5“](x,w) = {Rs(x,w/ce) = Rp(x,w/cg) Br (w/ce)}v. (A42)
From Equation (A22), it can be deduced that, for all x in Q)f,
R(x,w/ce) = Rs(x,w/cx) —Rp(x,w/c) Br,(w/cg), (A43)
and the radiation impedance operator Z,4(x, w) is derived from Equations (A25) and (A43),
Zra(x,w) = —iwpg {Rs(x,w/cg) —Rp(x,w/c5) Bry(w/cg)} . (A44)

Appendix B.6. Symmetric Boundary Element Method without Spurious Frequencies

The finite element method is used for discretizing the boundary integral operators Sg (w/cg),
Sp(w/cg), and St(w/cg) (called a boundary element method). Let us consider a finite element mesh
of boundary I'g. Let V = (V3,...,V,;) and ‘I’rE = (‘PFE’],. . .,‘PFE,nE) be the complex vectors of the ng
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degrees-of-freedom consisting of the values of v and ¥y, at the nodes of the mesh. Let [Ss(w/cg)],
[Sp(w/ce)], and [St(w/cg)] be the full complex matrices corresponding to the discretization of
the operators defined in Equations (A34)—(A36). The complex matrices [Ss(w/cg)] and [St(w/cg)] are
symmetric. The finite element discretization of Equation (A33) yields

{[E}O‘Y?Eﬂ} = [H(w/cx)] {Y‘;E] B (A45)

in which the symmetric complex matrix [H(w/cg)] is written as

[ ~[Sr(w/e)]  F[E]" - [sDw/cE)]T} (A46)

31E] = [So(w/cp)] [Ss(w/ce)]

In Equation (A45), ‘I’;Zl is the complex vector of the nodal unknowns corresponding to the finite
element discretization of ‘p;:l' The matrix [ E | is the non-diagonal (ng x ng) real matrix corresponding
to the discretization of identity operator I. The elimination of ‘I’rE in Equation (A45) yields a linear
equation between [ E ] ‘1’;‘: and V, which defines the symmetric (ng x ng) complex matrix [Br, (w/cg)],

which corresponds to the finite element discretization of boundary integral operator Br, (w/cg),
[E] ‘I’;Z‘ = [Br,(w/ce)] V. (A47)

Vector ‘I’rE is eliminated using a Gauss elimination with a partial row pivoting algorithm [138]. If w
does not belong to the set of the spurious frequencies, then [St(w/cg)] is invertible and the elimination
in Equation (A45) is performed up to row number ng. If w coincides with a spurious frequency
wy (i.e., w = wy), then [St(wy/cs)] is not invertible, and its null space is a real subspace of C"t of
dimension 1, < ng. In this case, the elimination in Equation (A45) is performed up to row number
ng — n,. In practice, n, is unknown. During the Gauss elimination with a partial row pivoting
algorithm, the elimination process is stopped when a “zero” pivot is encountered. It should be noted
that when the elimination is stopped, the equations corresponding to row numbers ng —n, +1,...,ng
are automatically satisfied. From Equation (A27), we deduce that the (ng x ng) complex symmetric
matrix [Zr, (w)] of operator Zr, (w) is such that

[Zry (w)] = —iwpg [Bry(w/cy)] . (A48)

The finite element discretization of the acoustic radiation impedance operator Z,,4(x, w), defined
by Equation (A45), is written as

[Zraa(x, )] = i wpe {[Rs(x, w/ce)] = [Ro(x,w/ce)] [Bry (w/ce)l} - (A49)

Appendix B.7. Acoustic Response to Prescribed Wall Displacement Field and Acoustic Source Density

We consider the acoustic response of the infinite external acoustic fluid submitted to an external
acoustic excitation induced by an acoustic source Qp(x, w) and to a normal velocity field on I'g, which
is written as v = iw u(w) - nS (see Section 2 and Figure 1).

(i) Pressure in Q. For all x in g, the total pressure pg(x, w) is written as

PE(X, @) = Praa(X, @) + Pgiven(X, @) . (A50)
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The field praa(x, w) that is radiated by the boundary I'r submitted to the given velocity field v is
written (see Equation (A24)) as

Prad(X, ) = iw Zpq(x, w){u(w) -ns} . (A51)

The given pressure pgiven (X, w) is such that

) inc,
Pven (%.©) = Pina(,0) = Zau (@) {2221 (A52)
in which pineq(x, w) is the pressure in the free space induced by the acoustic source Q, which is
written as

PincQ (X, w) = —iw G(x—x)Q(X,w)dx, (A53)
Kq

where G is defined by Equation (A37), and where ti,.q/9n° is deduced from Equations (A18)
and (A53). In the right-hand side of Equation (A52), the second term corresponds to the scattering of
the incident wave induced by the external acoustic source by the boundary I'r that is considered as
rigid and fixed.

(ii) Pressure on T'g. From Equation (A50), it can be deduced that the total pressure on I'g is
written as

Pelry () = Pl (@) + Pavenlr (@), (459
in which pmd\rE(aJ) is such that

Pradly, (@) = i Zr, (w){u(w) -n°}, (A55)

and where the pressure field pgiven \FE(aJ) on I'p is written

a inc
Paven e (0) = Pl (@) = Zry (w) {2220 (A56)

Equation (A54) can then be rewritten as

PElr (@) = Paivenlr, (@) + i Zr, () {u(w) - n°}. (A57)
Appendix B.8. Asymptotic Formula for the Radiated Pressure Far Field

At point x in the external domain (), the radiated pressure p(x, w) is given (see Equation (A24))
by p(x,w) = Zui(x,w)v. For an observation point x that is far from the structure, the Green
function is rapidly oscillating that induces numerical difficulties for performing the integration
over I't. To circumvent this difficulty, asymptotic formulas can be used. Introducing the following
parameterization of vector x ,

x=Re with R=|x|, (A58)

the asymptotic formulas are written as

lim Rg(Re;w/cs) =R$ (R, e;w/ce), (A59)
R—+o0

lim Rp(Re;w/c:) =RY (R, e;w/ce), (A60)
R—+o0

in which the operators R’ (R, e;w/c;) and RY (R, e; w/cx) are defined by

R(R e;w/ce)v = e R/ [Ne(y)oly)dsy, (A61)
E
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oo . _ ﬂ l —iwR/cg / .
RY(R,e;w/cx) ¥ = o R¢ - eny Ne(y)l/JrE (y) dsy, (A62)
with 1
Ne(y) = —z- explieyw/ce). (A63)
From Equation (A43), the asymptotic formula for the radiation impedance operator is then
written as
Rlim Za(Re, w) = —iwps{RS (R, e; w/ce) —RP(R,e;w/cg) Bry (wcg)} .
—+oo
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