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ABSTRACT

A measure of Sound Transmission Loss (STL) thrqueyiel structures is the ratio of the
average power over the panel surface from an intigeoustic pressure wave interacting
with the surface of one side of the panel withtla@smitted average power on the other
side of the panel. For panels filled with an @ivity defined by a depth between the two
panels, the panel interacting with the incidentustic wave vibrates producing structure-
born sound to radiate through the cavity and imtsravith the transmitted side panel,
causing sound to radiate into the acoustic regiothe transmitted side. For steady-state
frequency response analysis, power is measured fin@mntegration across the panel
surface of the product of acoustic pressure anacitglcomponent normal to the surface.
In contrast to water coupling, the effect of air the structural vibration response is
relatively small. For air, since the acoustic ini@ece defined as the ratio of pressure to
velocity is constant and given by the product ofssndensity for air multiplied by the
speed of sound, the expression for STL is simpliéie the ratio of incident to transmitted

pressure amplitude.

In the present work, a finite element model fordicBon of sound power transmission
through single panel, air cavity filled double plsteuctures, lattice panel structures, and
honeycomb panels is presented. In the case a dpahkd with internal air cavity model,
parameter studies are conducted to compare STligesith different cavity depths in
relationship to acoustic wavelengths. Results slibat STL is reduced when the

wavelength is twice the depth, implying that a sgraransmission effect is present
i



associated with the fundamental resonance cawtyufncy with zero vibration nodes in
the depth direction. Comparisons between singleslpahir-filled Double and Triple
Panel structures are studied. As the number oflgayers is increased the thickness of
each panel is decreased to have the same total maissavity interactions in layered
panels play an important role in sound transmisskResults show that more layers of
thinner panels have stronger Air-cavity interacsioshowing stronger Air-cavity
resonances in the frequency response for STL. Overaltilayered panels with the same
total mass show increased STL over the range qtiénecies studied between 0 and 2000

Hz.

Further studies are conducted to study the effecbonecting the panels with periodic
lattice structures. By connecting the panels, 3¢ is reduced, while significantly

increasing the stiffness and strength under otherhamnical loads. Air-cavity effects in

panels with periodic connections between the pamdide introducing cavity resonances
in the structure frequency response, does notfgigntly alter the Structure-borne sound
radiation and overall STL characteristics. Thisdgtuhelps in understanding the
challenges in designing structures needed to extdmd structural rigidity and also has

good sound insulation.

Honeycomb sandwich panels exhibit desirable stratfroperties of high stiffness and
low mass. Previous studies have examined the &@tacteristics for honeycomb panels
interacting with air, up to 1000 Hz and showed timathis frequency range, Auxetic
honeycomb with the total mass, which exhibit a tiggaeffective Poisson ratio, gives



higher STL compared to Regular honeycomb. In tfesgnt work, it is shown that for
frequencies between 1000 Hz and 1600 Hz, the STIlAxetic is reduced below the
STL value for Regular honeycomb. Beyond 1600 He,3AL for Regular honeycomb is

significantly reduced.

Previously studies have not considered the intemacf water with honeycomb panels.
In this work, the STL characteristics for the hatmyb panels with water on both sides,
and mixed combinations of Air on Incident side &Wdter on transmitted side and Water
on Incident side and Air on transmitted side akegi In the case of water on both sides
of the honeycomb panels, the overall STL is sigaiitly reduced compared to air
interaction on both sides, and over the entire eamg to 2000 Hz, Auxetic exhibited
higher STL compared to Regular. In mix-match case®\ir-Water and Water-Air,

Regular exhibited higher STL over Auxetic.

In addition to the steady-state analysis discusdex/e, a transient analysis of acoustic
plane interaction waves propagating and interachith panels are also discussed and
correlations are made with the results of time-lmamm procedures. Two plane
interaction waves are considered, sinusoidal aog#itdriven at 100 Hz, and modified

Ricker pulse amplitudes spread over a broader rahfyequency but centered at 100 Hz.
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CHAPTER 1:MOTIVATION AND BACKGROUND
Sound transmission through panels used to partition rooms and spaces are of great
interest for sound insulation applications. Of particular interest are double panels
containing air cavities [1-3]. Analysis of infinite double panels with finite size studs to
stiffen the structure while at the same time providing good sound transmission loss (STL)
has been conducted by Lin and Garrelick [4]. In [4], the sound transmission
characteristics of connected panels with and without acoustic-cavity effects were studied
and it was found that air-borne sound due to air-cavities resonances had a minor impact
on the overall sound transmission effects. Studies have developed theoretical modelling
of smeared modeling of double panels connected with uniformly distributed studs with
springs are compared with periodic models of double panels with lumped masses
connecting them [5]. Theoretical STL values were compared with experimental test
results. STL is the ratio of the average power over the panel surface from an incident
acoustic pressure wave interacting with the surface of one side of the panel with the
transmitted average power on the other side of the panel. For panels filled with an air
cavity defined by a depth between the two panels, the panel interacting with the incident
acoustic wave vibrates producing, structure-borne sound to radiate through the cavity and
interacts with the transmitted side panel, causing sound to radiate into the acoustic region
on the transmitted side. For steady-state frequency response analysis, power is measured
from the integration across the panel surface of the product of an acoustic pressure and

velocity component normal to the surface. For air, the acoustic impedance defined as the



ratio of pressure to velocity is constant and gitagrthe product of mass density for air
multiplied by the speed of sound. Thus in the calsair, the expression for STL is

simplified as the ratio of incident to transmitteessure amplitude. A prediction model
developed to determine airborne sound includingetfects of studs was developed using

spatial transform technique [6].

In recent studies, the sound transmission propeofisandwich panels which a structural
core sandwiched between double panel face sheetsbieen investigated in great detail.
Cellular sandwich panels such as honeycomb corectimer lattice structures are of
particular interest due to their high strengthffretiss and low mass properties [7]. In
Honeycomb sandwich panels, sound transmission dosae be significant due to the
interaction of cellular core structural vibratioasd the connected face sheet panels
interacting with acoustic regions. Since the datleores have small air cavities, and the
air light relative to the stiffness and mass of d®lular structures, the air cavity
resonance interaction on the structural vibratiomnléw to medium frequencies (longer
wavelengths are usually neglected). Hence prevstudies [8-10] have neglected the
need for considering the acoustic properties of dbeustic cavities in between the
honeycomb cores. In this study we are interestedinding whether there are any
significant differences in the Sound transmissibaracteristics of the sandwich panels
with honeycomb core when including internal acauatr cavity interactions. As defined
earlier the sound insulation in a material is namshmonly known as sound transmission

loss (STL) [7, 11]. Honeycomb sandwich panels Hasen widely used in wide array of



applications for their desirable properties of lovass and high stiffness. Honeycomb
sandwich panels are used for varied effective machhproperties achieved through
changing the core geometries. Many studies haveieeal the STL characteristics by
varying the core geometries and found that sandywatels performed better compared
to single panels. Recently general mechanical aoce g@eometric properties of
honeycomb sandwich panels have been studied b2[8and 13]. STL in Regular and
Auxetic honeycomb panels was studied by varying uhé& cell angles and Auxetic
model was found to have higher STL than Regulareh{iD] for the panels studied up
to 1000 Hz. Regular honeycomb is characterizetidyagonal periodic unit cells with
equal side lengths and angles. The effectivensts$ properties are orthogonal with a
Poisson’s ratio of 1. For auxetic hexagonal hooeye unit cells, the geometry has
alternating interior angles and produces an effeatiegative Poisson’s ratio. A negative
Poisson’s ratio is not found in naturally occurrimgaterials and has interesting
possibilities for novel design. In [9], a multijebtive procedure was designed to vary
the core geometries in order to maximize STL fegérency ranges of 200 Hz to 400 Hz.
All published studies have concentrated on Honeyceandwich panels with Air as the

external acoustic domain interacting with both fagand auxetic unit cell geometries.

In fluid-structure interaction problems, the intgran between a water and structure
significantly affects the response of the structdreese interactions need to properly
account for the resonant properties of the acofisid. The mass of water is 1000 times

larger than air and has a significant coupling aff@ith the thin-walled elastic panel



structures studies. This fluid-structure intemactrequires a fully coupled structural-
acoustic solution and the vibration, fluid loadiragyd structural-born acoustic radiation
and sound transmission loss are expected to bdisanly different than for air. In the

present work, we study various configurations imeorto study these interaction
properties. In addition to the external air or wamgéeraction with the panels, Honeycomb
sandwich panels are modelled with and withoutraiits cavities, to study its effects on

acoustic response of the structure.
1.1 Structure-fluid acoustic characteristics

For the analysis of a sound transmission througtblgopanel and honeycomb sandwich
panels, a 2D model is assumed with the third dimoentaken as infinite. Thus all
excitation and response is assumed in a 2D plaie,uvit depth in the third dimension.
Using this approach the panel and honeycomb stesttan be modeled as beams with
cross-section of 1 meter in the third dimensionis thus of interest to identify the wave
properties for elastic beam structures. For thigysta beam of thickness ‘t’ of 0.006848
meters and length ‘L’ of 2 meters. The beam haseri@tproperties of Aluminum of
young’s modulus 71.9*T0GPa and a poisson's ratio of 0.3 and mass deinsjty; of
2700 kg/m3. Acoustic fluid domain has Air propestas a reference with bulk modulus

of ‘K’ of 141179 N/nf and density 2, of 1.2 kg/nt is studied.

1.1.1 Waveform types
In the analysis of sound transmission in structwigls acoustic interactions, two types of

waves are generated, namely Structure-borne saumtbdvibrations and normal velocity
4



components on the interacting surface, and fluidkd®csound due to propagation and
resonance in internal cavities. Structure bornendds of major significance in solving

noise related problems.

For the analysis of sound transmission through dopbnel and honeycomb sandwich
panels, a 2D model is assumed with the third dim@ntaken as infinite. Thus all
excitation and response is assumed in a 2D plaitie,wvit depth in the third dimension.
Using this approach the panel and honeycomb stegttan be modeled as beams with
cross-section of 1 meter in the third dimensionis thus of interest to identify the wave

properties for elastic beam structures.

In elastic beam structures defined by cross-sediarensions smaller than the length
dimensions, various types of waves are responsibleibrations in finite sized beams

resulting in sound generation. Wave types wherglatement is normal to the beam axis
and therefore also normal to the propagation doeatf wave is called a Bending wave.
Torsional waves are created when there are tolsiorees acting on a beam depending
on the beam orientation in a 3-dimensional spaoagltudinal waves are created when
displacement is along the beam axis. Structuratlingnwvaves are efficient at generating

structural-born sound.

1.1.2 Bending waves in beams:
The following equation represents bending wavesa thin beam modeled with classical

Bernoulli-Euler theory [11, 14]:



PAELEI % =F (1.1)
where,p is density of beam in kgfrand A is the cross sectional area of the beém;

the second time derivative of displacement of teanb in transverse direction. E and |
are young's Modulus and Area moment of inertia eesipely.F is the external
transverse force per unit length of the beam. BdhaBuler beam theory includes
rotational deformation of the cross-section dudeading, but neglects transverse shear
deformation. Plane sections are assumed strarghnharmal after deformation. In this
model, the cross-section rotation due to bendinfgrdetion is assumed equal to the

slope of the deflection curve defined at the caedéloaxis of the cross-section.

For time-harmonic excitation, with steady-statedidependence of the forexp(io t) ,

the variables are interpreted as complex amplitémles/hich the bending wave equation

becomes

o't pA ,_ F'
_PA 5. _F' 1.2
x BYTE (1.2)

wherew is angular velocity.

1.1.3 Propagation of bending waves:

Solutions for propagating waves are characterizetth®

bending wavenumber is defined by [12,14]



ke =~ (p—AT (1.3)

whereo is angular frequency.

Figure 1-1 plots the bending wave number overrémge of frequencies in this study
from O to 2000 Hz. It is noted that the flexurakiflding) wavenumber is a nonlinear

function of frequency with a non-constant sloper Feference, the wavenumber for an

acoustic medium defined bty:2 wherec, is the speed of sound in air is shown for
C0

comparison. The acoustic wave number varies lipeaith frequency with constant

slope.
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Figure 1-1 Plot of flexural wavenumber vs. frequefar the beam compared to acoustic
wavenumber for air



The wavenumber can also be related to the spatiatiength by

k=== (1.4)
CB

where 4, the bending is wave length awegdis bending wave speed

Substituting (1.3) in (1.4), we can express thedbenwavelength (Flexural wave length)

in terms on frequency

27 | El

Ay =2 =
* Jo\ pA

(1.5)

It can be observed that bending wave lenigthin beams varies by square root of range

of frequencies. For higher frequencies, the wagtlers decreased.
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Figure 1-2 Plots of flexural wavelength vs frequefar a beam and acoustic wavelength
in air for reference

Figure 1-2 plots the bending wavelength of a bearfraquency.

The bending wave speed is defined by
¢, = 4o (1.6)

The bending wave speed (phase velocity) is a frequeependent parameter unlike the
constant acoustic wave speed for air or water. § lebaracteristics form the fundamental
differences in differentiating bending waves ininsao air-borne and water-born waves.
Figure 1-3 represents the bending wave speed gsidrey compared to the constant

acoustic wave speed (speed of sound) in air ofif34&c.
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Figure 1-3 Plots for flexural phase velocity vegiuency of a beam and acoustic wave
speed in air for reference

The equations for the natural resonance frequenafesmode shapes for a simply

supported beam of length L, based on classical@#lirEuler beam theory is given by

1 El Nz
f =—Kk? /—,Where = 1.7
mode 272_ kn ,OA kn L ( )

Figure 1-4 below plots the theoretical bending retfrequencies vs. mode numbers up

to the first 20 modes for a finite length of L=2m.
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Figure 1-4 Bending frequency vs mode for a finite@y-supported beam

In the case of time-dependent transient analysith @xcitation from a pulse function

with Fourier transform consisting of a range ofgfrency components, the frequency
dependent bending wave speed causes these specmabnents to ‘run away from each
other, the larger is the distance between fregesncrhis means that the spectral
composition is different for the beam at two diéfiet locations and has two different time
characteristics of beam velocities. Hence distogim time signal are encountered along

the propagation direction of the bending wave[T4je effect is called dispersion.
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1.1.4 Propagation of waves in air:

As discussed earlier, there are fundamental diffees in the propagation properties of
acoustic waves in a medium such as air or watepmparison to elastic waves in beam
structures. An important aspect is that the waweed (phase velocity), also called the
speed of sound, in air or water is constant irrespe of the frequency of study is given

as

C,=,|— (1.8)

where K is the bulk-modulus for air or water apdis the mass density for air or water.

The spatial wave number for acoustics is

= 1.9
ko Cair ( )
With spatial wavelength,
2r
Ao = E (1.10)

1.1.5 Propagation of bending waves using Timoshd@emm theory
Formulas derived earlier for propagation of bendirayes neglected the transverse shear
deformation and sectional rotary inertia. The failog equations consider the transverse

shear deformation and cross-section rotary ina@ording to Timoshenko Beam theory.
12



In this theory, the slope of the deflection curfetlee centroidal axis and the section
rotation are independent parameters. Assuming-tiammonic propagating solutions in
the equations for deflection of the centroidal aaisd section rotation results in a

quadratic polynomial for the bending wavenumberasgd in terms of frequency

squared:c,k* + ¢c,k* + ¢, = Q. The coefficients in the quadratic equation are

A 2
6=| - a’ _ (1.11)
(k'c,)
c’? )
= —=—+1|a (1.12)
(k'c,)
c,=-Clw’ (1.13)

where

ce:\/E,cg:\/§ (1.14)
p p

and E and G are Young's modulus and shear moddsisectively for the material.
Solving this quadratic polynomial for their rootsids the Timoshenko bending wave

number, and hence and hence the Flexural Wavelefgtie beam given as

/‘itimoshenko = ( o J (115)

kti moshenko
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The phase speed for bending waves based on Timksh#eory is defined by

c =wm/k The flexural wavelength for Timoshenko beam tiigs plotted

timoshenko timoshenk*

in Figure 1-5. For the properties considered, Timoshenko and Euler beam theories

have nearly the same wavelength

10° ‘ ‘ ‘ :
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10°
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H
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=
o
(=}
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frequency (Hz)

Figure 1-5 flexural wavelength vs frequency comgramifor Euler and Timoshenko beam
theory
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Figure 1-6 Comparison of flexural phase velocityfeoter and Timoshenko beam theory

The relationship between wave number is and phasedsfor is given by

(4]
ktimoshenko = (116)

Cti moshenko

The phase speed is given in Figure 1-6 and the nuamber is given in Figure 1-7. For
the properties considered, Timoshenko theory mat&hger frequency for the frequency

range considered up to 2000 Hz. About 1600 Hzethee small differences observed.

15



40

Acoustic Reference
351 Euler beam theory -
Timoshenko beam theory

flexural wavenumber (1/meter)

l 1 l 1 l l 1 l l |
0 200 400 600 800 1000 1200 1400 1600 1800 2000
frequency (Hz)

Figure 1-7 Comparison of Flexural wavenumber foleEbeam theory and Timoshenko
beam theory

Thicknesses of the beam have a significant impadhe flexural wavelength and a plot

showing its dependence is shown in Figure 1-8.
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Figure 1-8 Comparison of flexural wavelength foldtwand Timoshenko beam theory

These properties presented above are significargstimating the number of beam
elements required and mesh size for adequate ncethadcuracy and convergence of the

finite element analysis.

1.1.6 Natural frequencies of panel and air cavity
As discussed earlier, the natural frequencies sfngle panel with simple supports
(deflection restrained with free rotation) modebleith classic Bernoulli-Euler beam

theory is given by
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1(a) [E
f i =—|—| . |— 1.17
bending 27[(' ) pA ( )

whereoa =1,2,3...

Using separation variables, the resonance freqaesrmdirectangular air cavity with rigid

walls is given by

Fai =C—\/(Ej +[Ej (1.18)
2 | d

where m and n are non-negative integers, and L, are the dimensions of the

rectangular cavity, and, is the speed of sound in air.

1.2 Effects of symmetric and anti-symmetric modes

For double walled panels with rectangular air ogvitor frequency ranges below
coincidence frequency, STL gains are higher dueataellations of symmetric and anti-
symmetric motions of the panels with respect toitlogdent sound field. The symmetric
and anti-symmetric modes of the incident panelofella similar phase relative to the
acoustic incident wave field. However the transmitt panels have superimposed

motions nearly out of phase reducing the soundimassion [14].
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1.3 Objectives

As discussed earlier, Honeycomb sandwich paneligxdesirable structural properties
of high stiffness and low mass. Previous studegehexamined the STL characteristics
for honeycomb panels interacting with air, up td0Q0Hz and showed that in this
frequency range, Auxetic honeycomb with the totass which exhibit a negative
effective Poisson ratio, gives higher STL compare&egular honeycomb [10]. It is of
interest to study the STL for regular and auxeticHigher frequencies beyond 1000 Hz
to determine if this trend carries to higher freggies. Thus one of the objectives of this
work is to study the STL for honeycomb for frequiesaup to 2000 Hz. By doubling the
frequency range studied, a refined mesh must be arse further computational memory

and solution time is required.

Previously studies have not considered the intenaaif water with honeycomb panels.
In this work, the STL characteristics for the hotmyb panels with water on both sides,
and mixed combinations of Air on Incident side &Wdter on transmitted side and Water
on Incident side and Air on transmitted side arentdrest. A question to be answered is
whether the trends found for honeycomb in air caxgr to interaction with water, where
there is significant interaction and coupling mguhf the vibration and structural-born
sound not present in the case of acoustics inlailorder to model water on both sides,
an external acoustic domain on both sides of theelpaeed to be modeled and the
incident plane wave cannot be modeled as donequslyi as a uniform pressure load
applied to the incident panel surface. Insteadameninteraction must be defined with
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interaction on both the acoustic interface boundarg structural beam interface for the

incident panel.

In addition to studies of honeycomb panels, a nfieneamental understanding of sound
transmission through panels is sought. To gaiigls, the honeycomb core is removed
and replaced by a rectangular air cavity betweento face-sheet panels. This double
panel configuration does not have any structurainbess connecting the incident and
transmitted side panels, as a result, in additmrthie external acoustic regions, the
internal acoustic cavity region between the twogtermust be modeled to transmit
waves. The incident acoustic wave interacts whih incident panel causing vibration,

this vibration causes structural-borne sound tdtexcdack into the incident acoustic

region and also into the air cavity between theegmnThe sound transmitted into the air
cavity interacts with the transmitted side paneistiag it to vibrate and radiate sound into
the transmitted size external acoustic region.dditéon, a resonance in the air cavity is
generated due to the reflections between the twelpa The air in the cavity acts like an
additional spring stiffness between the two thasét panels. The depth of the air cavity
and relation to the thickness of the panels plagsimaportant role in the sound

transmission characteristics. Thus it is of irdete vary the depth of the double panel
cavities and observed the sound transmission lbsghe present work, a goal is to vary
the panel depth and study the role of depth to leagth ratio as the incident acoustic

wave frequency varies.
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The gain further insight, thin-walled elastic pelio lattice core structures will be

modeled connecting the incident and transmittecefsanin this case, a structural path of

vibration connects the two panels and is the maived for transmission between the

incident panel and transmitted panel. In this cdke effects of including or not

including an acoustic region within the air ca\stief the lattice core structure are of

interest and are studied in this work.

1.3.1 Specific objectives

The specific objectives of this work are

1.

Internal air-cavity interactions in double panelaypan important role in sound
transmission. An objective is to understand thatm@hship between air cavity
depths on the sound transmission loss (STL) arader¢he resonance modes and
wavelengths associated with fundamental naturguiacies of the air cavity and
elastic panels. A parametric study will be perfedrio determine the effects of
different depths of air-cavities on STL in doubknpl structures.

Compare the STL characteristics for single, doubid triple panels with air-
filled cavities. Comparisons are made between 8jngbuble and Triple Panels
with same total mass.

Connecting the panels with lattice core structuiesreases the strength and
stiffness is of the sandwich panel structure. Aalgss to study the sound
transmission effects of air-cavities in panels vg#riodic lattice cores connecting
the incident side panel to the transmitted sideepanin order to maintain a
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common high frequency limit for STL, the total mdss each structure consider
is kept same. This is accomplished by changingthiekness of the lattice core
structures and face sheet panels so that total ism#ss same.

. Previous studies have examined Honeycomb sandwacielp for their sound

transmission characteristics for a frequency rarmgé 1000 Hz [10]. In order to

study the STL characteristics for higher frequescike range is doubled for up to
2000 Hz.

. Earlier studies on STL have only concentrated on &si the exterior acoustic
domain interacting with Honeycomb sandwich pan&l&e are interested in

finding the STL characteristics for heavier fluidsch as water which have
stronger interactions with the sandwich panels.sTanother important goal of
this work is to investigate the STL effects of Hgo@mb panels with water as the
acoustic domain, and mix-match conditions of airtlo@ incident side and water

on the transmitted side and vice versa.
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1.4 Thesis overview

Chapter 1:

Here we introduce the concepts and theories degdleprlier to study the effects of Air-
cavities in double panels and panels connected dryogic connections. STL in
honeycomb sandwich panels and advantages of tffeictige mechanical properties

along with sound absorption characteristics ardagxed.

Sound transmission characteristics of structured #mids are dependent on their
mechanical and material properties. In this secti@n elaborate on the characteristic
properties affecting the sound transmission charatics. Emphasis is given on the
bending wave propagation in elastic beams and nguatar air cavities and finding the
fundamental resonant natural frequencies of beath aooustic rectangular cavities.

Effects of symmetric and anti-symmetric modes ése studied.

Chapter 2:

In this chapter detailed steps are shown to sefupta element model in ABAQUS for a
reference double panel. Different loading condgioapplied in the study are also
discussed. As a part of post processing resultgjlsi@bout calculating STL values for
structures in different acoustic fluid domains digcussed. In the last section we discuss
the theory explaining blocked wave and scatteriffgces as a consequence in the

incidence field.
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Chapter 3:

This chapter presents the results for various nsosieiup to examine the objectives listed
earlier. Detailed discussions are presented onsticocharacteristics of Air-cavities and
associate their depths with acoustic propertiesn@oisons are made between Single,
Double and Triple panels with same total mass.caiity effects in panels with periodic
lattice connections are studied. Results are ptederior Regular and Auxetic

Honeycomb panels with different combinations of &md Water.

Chapter 4:

In this chapter we elaborate on the conclusionsdha be drawn from the finite element
solutions for the different structural-acoustic ratsd considered. Acoustic Air-cavity
depths in relationship with wavelength of soundAin are discussed. Conclusions are

made on the performance of STL in Regular and Aoxetdifferent acoustic domains.
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CHAPTER 2:ACOUSTIC FINITE ELEMENT MODEL USING ABAQUS

2.1 Double-panel with acoustic air cavity as anefiee model

2.1.1 Model type
The panel structure is assumed to extend to igfimtone direction, and thus will be
modeled as a 2D planar problem with unit depthhea third dimension. All load

excitation, structural and acoustic response vallirbthe 2D plane.

2.1.2 Structural- Acoustical model

The finite element model and analysis are carrigdusing the ABAQUS commercially
available Finite element analysis (FEA) software validate the models created, mesh
convergence studies are performed and the resultseference cases are compared to

previous studies presented in the literature [10].

The reference model shown in the Figure 2-1 Doltdeel Acoustical model has two
thin elastic face sheet panels separated by ariangcoustic-fluid cavity of depth “d”.
The transmitted side of the double panel interadgth an external fluid as acoustic
domain. The exterior acoustic region extends tmiityf The condition that sound waves
radiating outwards from the vibrating panel progada infinity without reflection, the
exterior acoustic domain is truncated by a senuleiand modeled with a local non-
reflective impedance boundary condition (NRBC). Tleal NRBC maintains the
sparsity of the finite element equations and isinafeasing accuracy the further the

circular NRBC is moved from the vibrating panel [19he two panels are simply
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supported (pin connected), and the interior acouwsvity interacts with the two panels
but is constrained on its sides by a rigid conditioThe double panel structure itself is
mounted in a rigid baffle. The rigid conditionnedeled for the acoustic region with the
normal pressure gradient set to zero represeneng gtructural acceleration amplitude

[15].

Non-reflective boundary T T

Transmitted

™

Fluid in between pane /

—

Panel

Incident side Length

Figure 2-1 Double Panel Acoustical model

2.1.3 Parts

The 2D ABAQUS finite element model consists of tmain part types. Firstly, the face
sheet panels are modeled as beam elements on itt@ples of Timoshenko beam
theory. Secondly, the acoustic fluid domains aesent on the transmitted side as shown

in Figure 2-1, and in between the panels in theriral acoustic cavity. However, in case
26



of single panel study, the fluid is only modeledtba transmitted side which is discussed

later.

In terms of ABAQUS model geometry, he face sheatefsaare modeled as a 2D
deformable planar model with “wire profile” parth@ acoustic domain is modeled as a
2D “shell” model part. The wire profile geometry set-up for a beam element mesh,
while the 2D “shell” model part is set-up to mesithw2D acoustic elements. The length
of face sheet panels are set at 2m with the defpthe acoustic region in between the
face sheets is 0.0887m, which is consistent wighstindwich panel structures studied in
[8-10]. The acoustic domain on the transmitted ssdsemi-circular and set with a 2 m

radius. The out of plane thickness of the entirel@h@s set to a unit 1 meter

2.1.4 Sections
The beam sections for the face sheet panels aignadsthe out of plane dimension to
have a = 1 m, with a thickness of b = t mm, whére in-plane thickness t varies

according to requirements will be specified in pagameter studies.

For the 2D acoustic regions, a solid homogenoutsoseis created.

2.1.5 Materials

The materials used in this analysis are describddlpws:

Aluminum is used a standard material for face shesth the properties described in the

Table 2-1 below:
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Table 2-1 Material properties of Aluminum

Mass density

Young’'s modulus

Poisson’s ratio

2700 kg/m

71.9 GPa

0.3

The material properties of air are shown in Tabk 2

Table 2-2 Material properties of Air

Mass density

Bulk modulus

1.2 kg/nd

141179 Pa

The material properties of water are shown in T@bBe

Table 2-3 Material properties of Water

Mass density

Bulk modulus

1000 kg/n

2.2 GPa

2.1.6 Beam orientation

Parts assigned with beam elements have to be aslsigith orientations. Face sheets are
assigned with default beam orientations for a 2DdehoWhile assigning the beam
orientation, direction of “a” dimension has to Ibe thegative “z” direction which is the
out of plane thickness of the model. Figure 2-2otvekhows the orientation of face

sheets. The arrows indicate axial direction oftitham.
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Figure 2-2 Beam orientation

2.1.7 Analysis steps

Direct Steady State Analysis s

A steady stateitect Step is created in order to perform a freqyeesponseanalysis for
time-harmonic (sinusoidallexcitation The frequency ranges studied for the mc
analysis depends on the type of loadings ap on the model. For a loading type
Modified Ricker pulse, the range of frequency dejseon the dominant frequency of 1
study. With an instantaneous loading type, frequeange is generally studied to be
Hz to 2000 Hz with 1500 points in betweelem on a linear scale. The scale and nur
of points considered are important in calculatimgguaiate Sound Transmission Lo:

(STL) values.

The natural frequency extraction procedbased on solving an eigenvalue problis
conducted to find the naturaequencies and corresponding mode shap#sestructural
modelin vacuo (without fluid loading), and for the actasavity with rigid wall¢ This
information helps tdanterpre the peaks and valleys exhibiteéd the STL frequency
response curves. Irhé case of interactions with air, the coupling isak and th
resonant peaks in the frequency response due fttatowe closely follow the natur:
frequencies of the vibrating structure in vacuotadbng the natural frequencies from

eigenvalue extractioalso helps bias thfrequency response evaluatipnints toward:s
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the natural frequencies. To simply the analy$is,$teady State Direct step with a linear

scale as discussed earlier is performed.

For transient analysis, a Dynamic explicit stegrsated to conduct a time-dependent
analysis procedure. The value of final time in yn@mic explicit step is dependent on
the type of excitation loading considered. The nendjf time increments within that time
period for the analysis for accurate results isdheh internally by ABAQUS based on
the mesh size and material properties for wave dsgpeghich is the default automated

time-stepping scheme.

2.1.8 Assembly

The assemblies of structural parts are coupled thighacoustic fluid domains using tie-
constraints in ABAQUS. For a Fluid-Structure intgran, care must be taken to choose
the Master and slave surfaces. The master surfdtédevassigned to structure with
higher wave speeds and will have a relative coarsesh. The slave surface has a lower
wave speed and smaller characteristic wave lengthgh requires a finer mesh for
accuracy. Hence face sheets are chosen to be sterrsarfaces, and the surface of fluid

domain as slave.

2.1.9 Mesh
Face sheets are assigned with B22 beam elemerdd basTimoshenko beam theory in
ABAQUS. Timoshenko beam theory captures the traisgvehear deformations in the

face sheets and applies to a length to height gatiater than 8 times.
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The fluid parts are assigned 2D acoustic mesh eltrte capture the acoustic pressure
values. AC2D3 elements, which is a 3-node 2D aootrsangle type is used to mesh the
fluid domain. Mesh size is biased to have more eldsitowards the Fluid-Structure
boundary. This is done considering the need toutatle STL near the interface with a

high accuracy.

2.1.10 Acoustic pressure load

For models with air on the incident side, the iecilincoming acoustic plane-wave is
applied as a time harmonic loading with uniformgstee amplitude applied on the lower
face sheet as shown in the Figure 2-3. . Whenifrum pressure amplitude load is

specified in this way, the load amplitude is dodbte account for the rigid blocked

pressure due to back-scattering which for an aitkéd panel is equal to the amplitude of
the incident wave pressure [1]. For the case whater is interacting on the incident
side, the exterior acoustic region on the incidgde of the structure is modeled with
NRBC's similar to the transmitted side. The acmuptane wave excitation is modeled
in ABAQUS using a scattered field with wave loadingth interactions on both the

interacting acoustic surface and the structurafaser Wave interactions are also
specified on the incident side rigid baffle sugacThe direction of the plane-wave is

specified by defining a source target referencetpan the interacting surface.
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Figure2-3 Load with a uniform pressure

For transient analysis of a tirdependent plane-wave pulse Madified Ricker Pulse
with a dominantfrequency[15] is applied for a timelependent Dynamic Explic

analysis

(0252 0.5p 075 _ 13 13 < 66
v(t) = 051355 when 0<t < — -
0 otherwise

Whereu = ot ~3/6 is the dominant frequency of excitat

Figure 2-5plots the Modified Ricker pulse and the amplitudét® Fourier transforr in
Figure 2-5 It can be observed that the Fourier transforsahaingle well defined centr

frequencyw, and has nozero values only over a narrow frequency ra
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Figure 2-4 Modified Ricker Pulse vs normalized ticoe
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Figure 2-5 Fourier transform of Modified Ricker pel The amplitude spectrum vs
frequencyw/wr.
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Another dynamic excitationonsidered is a periodic sinusoidal loading of dieracy 10C
Hz, is applied for a timelependent transient analysis starting from zerois ihtroduce:

a transient solution which decays to eady-state solution over time.

For direct steadgtate frequecy response analysis, a tirharmonic pressure excitatit
is specified over a range of frequencies from 12690 Hz, in enough frequen

increments to resolve peak resonances in the respaunves

2.1.11 Boundary conditions
Figure 2-6 showd~ace shes have pinned boundary conditions; i.e. the X’ amtl

translations are zero. The rotatiodegree of freedom however, is free.

L..

Figure 2-6 Boundary conditions

2.1.12Sound Transmission Loss (S™ for structures interacting with air

An “.odb” file is created in ABAQUS containing tleeitputs of the analysis. The requi
output of interest is Acoustic pressure i.e.R at the interfacéhe transmitted sic Face
sheet and exterioAcoustic domain. A node set is created consistihgnazles at th
interface. A history output request allows the userequest the POR values for all

frames for the specified node s

STL (dB) values are calculated using these PORegalsinc
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STL, =20log, (B] (2.2)

t
where,
pi is the Root Mean Square (RMS) value of pressurihetincident side (N/f)
p: is the Root Mean Square (RMS) value of pressurietransmitted side (NAn

RMS values of pis calculated as shown below

2 2
plz\/lerszr ..... +p; (2.3)

Where p,, p,,....,p, represents values of acoustic pressure of indalichodes on the

incident side, and n is the number of nodes onrttident side.

Similarly the RMS values ofi#s calculated as shown below

2 2
pt:\/pl—l—pz—i— ..... + P, (2.4)

Wherep,, p,,....,p,, represent values of acoustic pressure of indalichodes on the

transmitted side, and n is the number of nodefenransmitted side.

2.1.13 STL of structures interacting with water arider fluid domains
The above method of finding the STL values usintgpraf acoustic pressures in only

valid if the structure is surrounded by Air on baildes. If one or both the Incident and
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Transmitted sides are composed of different acouttids, STL is more generally

defined as the ratios of acoustic powers, withdant power given by

where,

p are the complex nodal values of the incident atunqbéi

£ is the mass density of acoustic fluid in the leciddomain

¢ is the wave speed of sound in the acoustic fluithe incident domain

The power on the transmitted surface of the acowdstinain is given by,

fiyv)

I
N |-
o)
<

where,

p, are the complex nodal values of the acoustic pressuthe transmitted side

(2.5)

(2.6)

V," is the conjugate of the complex values of the atiouparticle velocity on the

transmitted surface.

Hence STL as ratio of powers is given by,
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STL=10log,, [%J (2.7)

t
2.2 Acoustic response of a baffled plate to incidemund waves

The incident sound wave characteristic of the pametacting with an acoustic fluid is of
particular interest in the present study. To sttlidy phenomenon of scattering of sound
waves as a result of reflection from elastic pasetfaces of non-uniform specific
acoustic impedance [1], the decomposition of th@ltpressure field into an elastic
scattered and incident wave solution is neede@. ilfpedance is the ratio of acoustic
pressure to the normal velocity of the panel on ithieracting surface. Analytical
solutions write the elastic scattering solutiorttees sum of a rigid scattered solution and
an elastic structural-borne sound radiation sotutio This decomposition helps to
understand the sound transmission characteristgsecially in modal analysis based
analytical methods for acoustic response of flexgituctures [1]. For analytical solution
methods, the rigid scattering solution is imposeda additional applied block pressure
load in addition to the incident pressure appliedhe elastic structural equations. The
radiated pressure term adds a fluid impedance terthe elastic equations. For a flat
elastic baffled panel, the added block pressuretihsame amplitude as the incident

pressure.

2.2.1 Effective scattering response to air incidieatdl (Pressure load)
For a given panel interacting with air, the scattiepressure is small in comparison with

the Incident sound pressure. However, as mentiomdte pressure load section, the
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blocked pressure leads to a total force per ungtleto be double that of an unobstructed
incident sound pressure for Structures with Aiitgincidence field [1]. This signifies
that the effects of scattering wave phenomenonbmmpproximated without actually
including an acoustic Air field on the incident sjchence reducing computational costs.
Thus to approximate the STL characteristics we oaiude the scattering wave
characteristics by either doubling the pressurel lamplitude or halving the value of

incident plane Sound wave in the STL calculatidtence equation for STL becomes

STL,, = 20log, (piJ (2.8)

t
where _R 2.9
P = (2.9)

Figure 2-7 compares STL values of a Double pané¢h wcattering wave effects in
incidence field and a Double panel with a surfapesgure load. For the double panel
with pressure load, effective scattering properéiesliscussed earlier is calculated using
(2.8) and plotted. It can be noted that the dipsmoall peaks in resonances observed in
Plane wave loading conditions is due to back scagef reflected waves from both the
panels and Air-cavity in between them. This conmgmari shows that the plane wave
incident load can be approximated with good acgueatd less computational effort for
air interaction on the incident side with a unifopmessure load with double the incident

wave amplitude.
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Figure 2-7 Comparison of STL values for a Doublegbavith pressure load (effective
scattering) and Plane wave load

Figure 2-8 plots the STL values for a Regular Haoeyb sandwich panel (specific
geometry to be discussed later) with a surfacespredoading and its effective scattering
compared with a plane wave and its exact scattegiffigcts. Again, comparison of

solutions shows good agreement between the exda@proximate load condition.
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Figure 2-8 Comparison STL Honeycomb Sandwich Paithlpressure load (effective
scattering) and Plane wave load

Figure 2-9 shows a plot for Regular Honeycomb sachivpanel for pressure loading

with effective scattering due to blocked presswmpared to a plane wave loading type
in vacuo. This comparison illustrates that when eliog the acoustic plane wave with a
uniform load directly to the structure with no eie acoustic interaction modeled, the
STL is shifted higher, and the adjustment of dowrtelitude or use same amplitude but
half effective incident in the STL ratio, must beade to account for acoustic block
pressure due to back-scattering, to obtain theecor8TL amplitude. So to consider
effective properties of an Air domain in the inaitiéield and its scattering effects due to
blocked pressure, henceforth the values of Inciégeoustic pressure is doubled or the

STL effective incident pressure is halved.
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Figure 2-9 Comparison STL values improperly caltadgno effective scattering) Vs

Plane wave load
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CHAPTER 3 RESULTS AND DISCUSSION

3.1 Modes andatural frequencie

Figure 3-1First mode of a simply supported be at 4.63 Hz

Figure 3-2First mode at 85.15 Hz of a rectangular-cavity in between pane

ENSEEeessTyy

§

Figure 33 1 mode of a Honeycomb sandwich panel
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Figure 3-510" mode of a Honeycomb sandwich panel

3.1.1 Natural frequencies

The natural frequencies for Double panels withkheasses of 0.006848 m and lengt
m and mass 73.96 kgith internal air cavity of depth 0.08667 m is giv (1.17) and
(1.18) The tables containatural frequencies tmd by ABAQUS and the natur

frequencies calculated using analytical methodsrgin(3.1)
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Table 4 Natural frequency convergence of Doublesfsaim comparison with analytical

solution
Mode number Natural frequency| Natural frequency

(ABAQUS) Analytical
1 4.00596 4.006043
2 16.0229 16.02417
3 36.048 36.05438
4 64.0766 64.09668
5 100.102 100.1511
6 144.116 144.2175
7 196.108 196.2961
8 256.067 256.3867
9 323.977 324.4895
10 399.825 400.6043

Table 5 Natural frequency convergence of Air-caeitglepth 0.08667 m in comparison
with analytical solution

Mode number Natural frequency Natural frequency
(ABAQUS) Analytical
1 85.7492 85.75006
2 171.493 171.5001
3 257.226 257.2502
4 342.944 343.0002
5 428.64 428.7503
6 514.31 514.5004
7 599.948 600.2504
8 685.549 686.0005
9 771.108 771.7505
10 856.619 857.5006

Table below is the natural frequencies of Regutar Auxetic Honeycomb model of

length 2 m and height 0.08667 m with total masg396 kg.
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Table 6 Natural frequencies of Regular and Auxieticeycomb sandwich panel

mode number Regular Auxetic
1 63.1614 21.2633
2 130.506 42.6452
3 207.072 65.7934
4 284.611 89.6301
5 362.895 114.453
6 441.502 140.127
7 520.732 166.653
8 600.567 193.928
9 681.121 221.929
10 762.368 250.604

3.2 Single panel analysis

In order to better understand the interactions betwfluid and structures in a finite
baffle, it is important for us to understand a denmodel setup in acoustic domain. A
Single panel model of finite size of length 2m impgly supported surrounded by an

acoustic domain on the transmitted side.
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STL (dB)

frequency (Hz)

Figure 3-6 Single Panel with air on the transmithe

3.3 Double panel analysis filled with air cavities

As mentioned earlier, the internal air-cavity remoces and its interactions with the
incident and the transmitted panels play an importale in determining the STL
characteristics. STL observed are dependent onhtbkness, characteristic wavelength
and bending wave speed of panels and on the degfthsiternal air-cavities in

relationship with the acoustic spatial wavelendtBaund in air.

Figure 3-7 plots the STL values in a double parith an air cavity in between.
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Figure 3-7 STL values of a Double Panel with Aiv@adepth to thickness ratio =
25.3125

The region up to the first depth resonant frequaamalled as stiffness region. The first
fundamental resonance is created by panels at 94608&. The region where all the
resonances for air-panel system are observed lsdcéhhe resonance region. At a
frequency of 85.15 Hz, the first natural frequemdyinternal air cavity is a dilatational

resonance.

It is observed that since internal air-cavity ig thnly way the sound waves propagate
from incident panel to the transmitted panel; atousesonances of air cavities are
significant in the STL response of the panels.alt be noticed that, at frequency range
900 Hz — 1100 Hz, STL is reduced. This phenomeraonle directly correlated to the
acoustic spatial wavelength of sound in air. If Weevelength of sound in air is twice the

depth of air cavity'd’, it is noticed that theresgynificant reduction in STL. In the above
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model, it occurs at a frequency of 1000 Hz havirgpatial wavelength of 0.3466 meters
which is twice the depth of air-cavity. These wavgjths have zero vibration nodes in

depth direction.

3.3.1 Effects of different depths to a constarntkhess ratio on a uniform pressure load
The ratio of depths of acoustic air cavity to tmeks of the beam is of considerable
interest for maximizing STL for a particular rangefrequencies. Figure below plots the
STL values for different depths to thickness ratidhe thickness of the panels is a
constant 0.006848m and depths of acoustic air yadwing 0.04334m, 0.08867m &

0.17334m.

100

d/t=3.1641
d/t=12.6563
d/t=25.3125

STL (dB)

1000 1200 1400 1600 1800 2000
frequency (Hz)

Figure 3-8 Sound transmission losses for a DouateeRR with ratios of different acoustic
Air Cavity depths to a constant Beam thickness

In the Figure 3-8, resonant and anti-resonant #aqies observed over the range up to

2000 Hz. The depth of acoustic air cavity playsimportant role in determining the
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effectiveness in blocking the sound for given matar frequency ranges. Larger the
acoustic air cavity depth doesn’t necessarily mieigher transmission losses. It can be
observed that, within the stiffness region, maximmwamsmission losses are observed for
panels with very small acoustic cavity depth. Th&LSvalues observed can be
categorized for maximum losses by choosing idepthdéor acoustic air cavity based on
targeted frequency ranges. In figure above, thbdsagd/t ratio of 25.3125 attains overall
increased STL over the frequency range up to 200@keept at frequency range from
895Hz to 1050Hz where it reduced. However, the rotive models of d/t ratios 12.6563
& 3.1641 respectively show maximum transmissiorségsover that same range. This
trend can be noticed for all the panels, with parfial/t ratio 12.6563 showing least STL

at 1960Hz and above.

Thus it is generalized that when the acoustic apativelengths of particular frequencies
of sound are twice the depth air-cavity thicknggeen byl = 2d, the STL values would
reduce at those particular frequencies. These émgjas have zero vibration nodes in the

depth direction of the air-cavities.

3.4 Triple panel analysis and comparison of STlhwlibuble and single panel

Structures with high stiffness and low mass hawy g®od sound insulation properties
over a large frequency band. Hence having multgjers of thin panels in parallel with
thin air gaps is effective instead of two or leasgls with the same total mass. Figure 3-9

plots the triple panel model with thin air layerl@Air on the transmitted side.
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Figure 3-9 Triple panel with air layers in betwestd air on transmitted side

3.5 Air-cavity filled double and triple panels coampd to single panel

Comparison between single panel, and air-filledkdewand triple panels are shown in
Figure 3-10. It is noticed that, by introducing@uwmnn of air in between panels (double
and triple), the overall STL is increased compdeesingle panel. The significance of air-
cavity interaction with the structure and its soundulation properties are of prime
importance. More layers of thinner panels havensfeo air-cavity interactions and hence
introduce stronger air-borne resonances are notioedriple panels. The increased

overall STL in the triple panels can be attributedhcreased effective stiffness.
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Figure 3-10 Comparison of Single, Double and Tripéel models with air on the
transmitted side

3.6 Effects of air-borne sound in panels with pa@igaconnections

Air-borne sound in sandwich panels in general iglewed in analyzing transmission
losses, assuming that Air with its low damping haegligible impact on sound
transmission characteristics. Effects of includiaig-cavities in idealized “in vacuo”

panels would significantly alter their vibro-acaadtehavior.

For a detailed understanding, we setup numerouselmagtarting with finite double
panels with rectangular cavity. Since there arstnactural connections in between these
panels, the coupling between the structure-airéosounds would be of prime
significance. These double panels are then straltyuconnected by using studs,
allowing a stronger interaction between panels @lanth air cavity coupling. Then

cross-members are added to the sandwich panelagadtbre rigidity. All models are
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designed for a constant me In all models, sund transmission characteristics are stu
with and withouthaving Air cavities in betwen for a clear understanding of -structure

coupling.

3.6.1 Doulke panel connected by multigstuds
A double panel connected byultiple studs as shown in Figure 3;1i& studied for it

acoustic characteristics with and without-cavities in between them.

Figure3-11 Double panels connected by studs
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Figure 3-12 Comparison of STL values with and withAir-cavities in double panels
connected by studs

The above figure compares STL values with Air-cavand without Air-cavity in the

double panels connected by studs. Data is obtdoredatural frequencies of “in-vacuo”

sandwich panel and air cavities respectively. Téptll resonance occurring at 83.72 Hz
is a sandwich panel resonance without Air-cavitiesetween, however it ceases to exist
with having acoustic Air-cavities in between thesi shown in the figure above. The
latter mode is called a dilatational mode. TH&r@ode for at occurring at 685.5 Hz for
air-cavities happens to be dilatational hence fogmanti-resonance in the STL curve.
These patterns are also noticed at higher freqasn8iuch changes in the Vibro-acoustic

behavior of the coupled Air-structure model make campelling to further our
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investigations.In order to make the coupling between the doubleelzastronger, w

introduce crossnembers in between those sti

3.6.2Double panels connected by studs and cross me
Figure below shows an abaqus model setup crossmembers added to the sandw

panel.

Figure 3-13Doublepanels connected by studs and cross mer
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Figure 3-14 Comparison of STL values with and withAir-cavities in double panels
connected by studs and cross members

For the sandwich panel shown in the above figureewgect the air-borne sound cause
negligible variations in STL characteristics. HoweViigure above shows it to be
otherwise. We see that the difference with havimgcavities and without air-cavities in
the overall pattern of STL curve to be significdatsay the least. To confirm with
assurance the impact of not including acousticcaiities we analyze the most widely
used Honeycomb structures for their unique effectivechanical properties along with

its sound transmission characteristics.
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3.6.3 Honeycombandwich panel withir filled core cavities
Figure below shows the Abaqus model setup for aejlommb sandwich panel wi
cavities filled with air.This is aspecial case in which the boundary conditions ppied

to the edges of honeycomb cores along with the $heet panel

Figure 3-15Regular Honeycomb sandwich panels with Air filcorecavities

We expect the STL to show minor differences with hgvai-cavities absorbing sour
and interacting with adjacent uctural surfaces. However, thanglwich panel with it
low mass and high rigidity might play a pivotaleoh absorbing the sound. Figurelow
plots the STL characteristics of two models onehvfiir-cavities and one without /-

cavities in between them.
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Comparison of values with and without Air in between the Honeycomb Sandwich Panel
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Figure 3-16 Comparison of STL values with and withAir filled core cavities of
Honeycomb sandwich panels

In above figure, it can be noticed that becausa sfrong structural coupling introduced
by cores in between the panels, most of the sosirabsorbed by the sandwich panels.
Inclusion of air-cavities in between these cores megligible impact on the overall sound
transmission characteristics. Air-cavity resonarmasur at frequencies beyond our scope
of interest. The % mode occurs at 3802 Hz antf' 2t 6233 Hz. Hence we expect any

variations to occur at higher frequencies.

Introducing periodic connections in between thegbgulefinitely improved the strength
and stiffness in panels under other mechanicalsloBdt those structural connections in

between the panels provide a structural path famdoto propagate strongly from
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incident side panel to the transmitted side pafélus stronger structural coupling
between panels allows easy propagation of sound fnezident side acoustic domain to
the transmitted side acoustic domain. This redubesoverall STL in panels. Such
studies allows better understanding of the cha#enigvolved in designing structures

which are stronger under mechanical loads butl@se good STL characteristics.
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3.7 Auxetic honeycomb panels

3.7.1 Validation of STL values found using ratio afoustic powers and acoustic
pressures in an air field

According to theory, the STL is ratio of power giMey (2.7) for any given incidence and
transmitted acoustic domain. However, the STL afghsin Air field is simply the ratio
of acoustic pressures given by (2.8) with effecfiveperties of scattering incidence field

of pressure load type and (2.2) for plane waveddagtattering incidence field.

In order to validate our results found using ABAQUtsoretically the STL values found
by both the methods i.e. STL using ratio of acauptiessures and STL using ratio of
power surrounded by Air on both sides should maketiectly. Figure 3-17 and Figure
3-18 plots the STL curves for an Auxetic honeycosdandwich panel with above
conditions. As expected, the values of STL showahnost identical trend up to a
frequency of 1350 Hz. Above 1350 Hz there are shigiriations in the STL values for
both methods which could be a computational inaaxyr Hence the overall trends
shown by both the methods prove the solutions toabeurate for the range of
frequencies. This helps us to confidently expltwe dound transmission characteristics of

Sandwich panels in different acoustic fluids.
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Figure 3-17 STL values calculated as ratio of attoysessures for Auxetic Honeycomb
sandwich panel with Air on both sides
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Figure 3-18 STL values as ratio of powers of Auxétoneycomb sandwich panel with

Air on both sides
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3.7.2 STL values with water on both incidence aadgmitted field

Figure 3-19 plots the STL values for an Auxetic Egeomb sandwich panel with water
on both sides. Water has strong interactions vghsurface of the sandwich panel. These
interactions in turn will change the behavior ofnels and significant damping is
introduced. Hence there is a shift in natural festpies of the panel. It can be noticed that
the highest STL value observed is 17 dB while therall STL values tend to remain
below 9 dB for the range of frequencies. This meam@e sound got through the
structure with water present on both sides of dwustic domain. It can be noticed that

at frequencies 750-800 Hz range there is signifit@ss relative to the overall trend.
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Figure 3-19 STL values of Auxetic Honeycomb sandivpanel with water on incident
and transmitted field
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3.7.3 Water on incident and air on transmitted side

Figure 3-20 plots the STL values for an Auxetic Egeomb sandwich panel with water
on the incident field and air on the transmittezldi The STL values are found to be in
the range lesser than the Air-Air field case shawrrigure 3-18 and higher than the
Water-Water field case shown in Figure 3-19. Themggnificant drop in the STL values
for the range 800 Hz to 1100 Hz. Beyond 1100 Hzta@000 Hz there is a steady

decrease in the STL values observed.
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Figure 3-20 STL values of Auxetic Honeycomb sandivpanel with Water on Incident
and Air on Transmitted field
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3.7.4 Air on incident side and water on transrdig&le

An Auxetic Honeycomb sandwich panel with air on theident field and water on the

transmitted field is studied for their sound tramssion characteristics. Figure 3-21 plots
the STL values over the range up to 2000 Hz. STt ghows a similar behavior when
compared to STL plot of water on the incident figldd air on the transmitted field

shown in Figure 3-20.
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Figure 3-21 STL values of Auxetic Honeycomb sandivpeanel with Air on Incident and
Water on Transmitted field
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3.8 Regular honeycomb sandwich panel

3.8.1 Air on both sides of acoustic domain

A Regular Honeycomb sandwich panel with air on bothdent and transmitted fields is
studied for its sound transmission characteristtégure 3-22, plots the STL values for
range of frequencies up to 2000 Hz. First resonaccers at 63.16 Hz which is alsd 1
mode of the sandwich panel. It follows that res@eanat higher also are due to natural
frequencies of the sandwich panel. These resonameamaffected by the presence of air

and its interactions with the sandwich panel.
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Figure 3-22 STL values for a Regular Honeycomb &actd panel with Air on both sides
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3.8.2 Regular honeycomb sandwich panel with waterboth sides of the acoustic
domain

Figure 3-23 plots the STL values for a Regular lyonenb sandwich panel with water on
both Incident and transmitted fields. It is obseértieat since water is of higher mass and
has stronger interactions with the sandwich paneis introduces significant amount of
damping in the sound characteristics and the res@saobserved are no longer driven by
structural frequencies only. Resonances and aswiR@ces are present over the range of

frequencies.
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Figure 3-23 STL values of Regular Honeycomb sandanel with Water on both
fields
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3.8.3 Regular honeycomb sandwich panel with airimcident field and water on
transmitted field

Figure 3-24 plots the STL values for a regular Hamoenb sandwich panel with air on
the incident field and water on the transmitteddfiéSimilar to Auxetic Honeycomb
sandwich panels, the mix-match of acoustic fluidscase of Regular Honeycomb
sandwich panels also show similar results. TheVater case has lower STL compared
to Air-Air case Figure 3-22 and higher STL comparedVater-Water case Figure 3-23.
In the lower range of frequencies anti-resonancesobserved with normal resonances

are more pronounced at higher resonances.
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Figure 3-24 STL values for Regular Honeycomb sanbwianel with Air on Incident &
Water on transmitted field
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3.8.4 Regular honeycomb with water on incident @imen transmitted side
Figure 3-25 plots a Regular Honeycomb sandwich Ipaite water on the incident side
and air on the transmitted side. Unlike the ardbreances seen in the Air-Water field

case shown by Figure 3-24, resonances are seka WWater-Air case.
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Figure 3-25 STL values for Regular Honeycomb santdwianel with Water on Incident
& Air on transmitted field
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3.10 Comparison between auxetic and regular homelggandwich panels

3.10.1 Comparison of regular and auxetic honeycamahdwich panel with air on
transmitted side and pressure loaded incidence

Figure 3-26 compares the STL plots of a pressusdd Regular and Auxetic
Honeycomb sandwich panels with Air on the transediside. For frequency range up to
800 Hz, the Auxetic model shows good sound insahathowever the higher frequency
ranges up to 1600 Hz would be led by the Regulaeiicomb model. Thus each both the

models exhibit good insulation properties in a giiquency range.

T
Regular
777777777 Auxetic

STL (dB)(ratio of acoustic pressures)

1000 1200 1400 1600 1800 2000
frequency (Hz)

Figure 3-26 Comparison of STL plots of PressureléocbRegular and Auxetic
Honeycomb Sandwich Panel with Air on transmittetesi
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3.10.2 Comparison of regular and auxetic honeycesarawich panel with water on both
incidence and transmitted fields

A Regular and Auxetic Honeycomb sandwich model wititer on both scattering fields
are compared for their sound insulation propertiesially for a frequency range up to
200 Hz, Regular Honeycomb model shows good STL athtaristics, but at higher
frequencies the Auxetic Honeycomb model exhibighbr STL. Hence in case of Water-
Water as Incidence/Transmitted fields, the Auxetizdel exhibits higher STL over the

range of frequencies studied.
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Figure 3-27 Comparison of STL plots of Regular &uoctetic Honeycomb Sandwich
panel with water on both sides
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3.10.3 Comparison of regular and auxetic honeycaahdwich panel with water on
incident field and air on transmitted field

Figure 3-28 plots the STL values of a Regular anctetic Honeycomb sandwich panel
with water on the incidence field and air on trengmitted fields. While in all the earlier
cases Auxetic model showed good sound insulatiopgsties, however in this case STL

is higher in Regular Honeycomb model.
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Figure 3-28 Comparison of STL plots of Regular &uoctetic Honeycomb Sandwich
Panel with water on Incidence field and Air on Tsnitted field
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3.10.4 Comparison of regular and auxetic honeycmabhdwich panel with air on
incident side and water on transmitted side.

In this section we compare the STL values of a Regand Auxetic Honeycomb
sandwich panel with air on the incident side andewan the transmitted side given by
Figure 3-29. Unlike for Air-Water fields where Régu Honeycomb panel clearly
showed higher STL, in case of Water-Air fields thare frequency ranges where each of

the models exhibit higher STL.

Regular
Auxetic

STL (ratios of power in dB)

15

10

frequency (Hz)

Figure 3-29 Comparison of STL plots of Regular &uoctetic Honeycomb Sandwich
Panel with Air on Incidence field and Water on Tgwanitted field
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3.11 Comparison of acoustic pressures on honeycsemdwich panels loaded with a

plane wave interaction of Modified Ricker pulsediisient analysis)

In this section, a time-dependent dynamic exphcialysis is conducted on Honeycomb
sandwich panels loaded with a modified Ricker puisteraction wave(2.1). The
dominant frequency of excitation is 100 Hz. The wstiz regions on the incident and
transmitted side studied are Air-Air Figure 3-30damVater-Water Figure 3-31
combinations. Comparisons are made between acoystssure values on the

transmitted side for Auxetic and Regular Honeyc@abdwich panels.
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Figure 3-30 Comparison of Acoustic pressure ortridr@smitted side of Regular and
Auxetic Honeycomb sandwich panel with Air on boithes

Figure 3-30 plots the acoustic pressures for hasraycpanels with air on incident and
transmitted field. It can be noticed that the olleaeoustic pressure is higher in Regular
model which can be directly correlated to the tina@monic steady state frequency
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analysis studied in the earlier section Figure 3426vas found; the STL values are
higher for Auxetic model at the dominant frequenty00Hz and frequencies up to 400

Hz.

Figure 3-31 plots the acoustic pressures on thstnédted side for Regular and Auxetic
Honeycomb sandwich panel with water on both sideacoustic domain. In this case
however, the acoustic pressures for Auxetic Honeycpanel are higher, meaning lower
STL values shown in Figure 3-27, consistent with steady state frequency analysis. It
is also observed that the transmitted pressuréhfowater interaction is of the order 10
times higher than the interaction with air. Thésult is also consistent with the much

lower STL found for water compared to air in theasty-state response.
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Figure 3-31 Comparison of acoustic pressure oré#msmitted side of Regular and
Auxetic Honeycomb sandwich panel with water on [xitles

73



3.12 Comparison of acoustic pressures vs. tima fogriodic sinusoidal load of 100 Hz

A periodic sinusoidal load of 100 Hz is appliedaasinteraction wave on the Regular and
Auxetic Honeycomb sandwich panel. The acoustic orgi on the incident and

transmitted side studied are Air-Air Figure 3-32aWater-Water combinations Figure
3-33. Acoustic pressure values on the transmitidd are compared in each of these

cases.

Acoustic pressures in Figure 3-32 are plotted foA&-Air case. The acoustic pressures
for Auxetic Honeycomb model is lower than the Reguhodel which shows as a higher
STL in Auxetic model in the steady state frequemegponse shown in Figure 3-26.
While in Water-Water case, acoustic pressures Bm®sh similar for Auxetic model
compared to Regular model, leading to similar STIRegular and Auxetic model shown
in Figure 3-27. It is also noted that for waterenaiction with higher speed of sound,
acoustic energy is radiated to the far-field thtotige NRBC faster than air, and thus the
transient part of the sinusoidal pressure loadistafrom zero rapidly decays leaving the
steady solution at the steady 100 Hz frequencythdrcase of air, the transient part of the
solution has not decayed significantly in the timgrval studied up to 0.06 seconds, and
appears that significantly more time would be néettg the transmitted solution to

decay to a steady-state value.
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CHAPTER 4:CONCLUSIONS

4.1 Effects of air-cavity depths on STL in relasbip with acoustic wavelength

Internal Air-cavity vibrations have significant imgt on the STL characteristics of
double panels. Air cavity resonances occurrindnair tnatural frequencies are dependent
on the geometric dimensions and material propediesir. STL responses for different
depths of air cavities in relationship to acoustavelengths are studied. Results showed
that when the wavelength is twice the depth of #iecavity, the STL is reduced
implying that an increase in sound transmissiono@ated with the fundamental
resonance cavity frequency with zero vibration rsoohedepth direction. This effect can
be noticed for the Air-cavity depths of 0.08667 nmil ®.17334 m at frequencies 2000 Hz,
1000Hz respectively. The Air-cavity depth of 0.0438 shows similar STL results
beyond frequency range of interest. It can be gdized that for any particular frequency
of sound, with its wavelength twice the depth of #toustic air cavity, the STL values

reduce significantly.

4.2 Sound transmission in single, double and tfaaels

STL analysis of Single panel, and Air-filled Doulded Triple Panels with same total
mass and Air on the transmitted side are studiexglé& panel showed lower STL
compared to double and triple panels, implying tAatcavities in Double and Triple
panels exhibited significant sound absorption ottaréstics. Air-cavity interactions in

layered panels play an important role in soundstraesion. Results showed that more
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layers of thinner panels exhibited stronger Airitainteractions showing stronger Air-
cavity resonances in the frequency response for. STiple panels with thin layers of
Air-cavities have higher effective stiffness andhée show higher STL for the range of

frequencies discussed.

4.3 Effects of connecting the panels with periddttice structures

In earlier sections we discussed the sound trassonieffects of panels connected by
acoustic Air-cavities. By connecting panels withripeic lattice structures, increases the
stiffness and strength of the panels necessaryotioer mechanical loads. However,
overall STL is reduced since such connections pieai strong acoustical path for sound
waves to propagate from panel on incident sideateepon the transmitted side. Results
showed for frequencies up to 2000 Hz, STL valuesitmble panel were varied from 70

to 80 dB and for Triple Panels STL values variexrfr80 to 110 dB, while STL values

for Regular and Auxetic Honeycomb were significamédduced to 40-50 dB ranges.

The effects of Air-cavities with periodic connectbetween the panels introduce cavity
resonances in the structure frequency response.etmw cavity resonances do not
significantly alter structure-borne sound radiataord overall STL characteristics. These
studies help us understand the challenges in dagigtructures needed to exhibit good

strength and rigidity along with higher sound irsidn properties.
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4.4 STL in honeycomb panels with air and watehasatcoustic fluid domains

Honeycomb sandwich panels with Air on the incidamd transmitted side is studied for a
range up to 2000 Hz. For frequencies up to 1000 thie, Auxetic honeycomb panel
exhibits higher STL than Regular Honeycomb. Howg¥em 1000 Hz to 1600 Hz,

Regular model showed higher STL than Auxetic maohel above 1600 Hz, Regular had

reduced STL.

We also investigated the interaction of water witheycomb panels for which STL is
ratios of acoustic powers. To accurately calcutatd validate the measure of STL as a
ratio of power, we validated the results for an éaise. Theoretically, finding STL as a
ratio of power should exactly match STL as a raifoacoustic pressures. Such a

validation approved the accuracy of the Finite EBatrmodel analyzed using ABAQUS.

For the cases of Water on both sides of the RegmidrAuxetic honeycomb panels, most
sound transmission is observed, meaning reduced Bfile mix match cases of Air on
the incident side, water on the transmitted sictt\mater on the incident side, Air on the
transmitted side had slightly lower STL than AirAcases. Comparisons are made
between Auxetic and Regular Honeycomb panels vdth ef these cases. Comparisons
showed that, in Water-Water case, Auxetic modeivgtbhigher STL than Regular and
in mix-match cases of Air-Water and Water-Air, leglSTL is observed in Regular over

Auxetic.
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4.5 Transient analysis of honeycomb panels

A transient analysis with a modified Ricker pulsmding and a Sinusoidal load on
Regular and Auxetic Honeycomb panels is studiedsuRe showed that in case of
modified Ricker pulse loading, for Air-Air case asbic pressure for Auxetic is lower
than Regular model correlating with higher STL Il tsteady state frequency response
for Auxetic model. However, in Water-Water casettleffect reversed with higher
acoustic pressures in Auxetic over Regular modethvbhowed as lower STL in Auxetic

model.

For sinusoidal load driven at a frequency of 100 tHe Air-Air case, Auxetic model has

higher acoustic pressure and the transient paheo$olution does not decay significantly
to a steady state solution in the interval studiddwever, for Water-Water case the
transient solution decays rapidly starting fromozleraving the steady state solution at a

steady frequency of 100 Hz.
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4.6 Future work

1. In this study reference cases of honeycomb coréeargf ‘+30’ and ‘-30’ are
studied. In order to maximize the STL charactersstif honeycomb panels with
different fluid domains, a multi-objective desigtudy with honeycomb core
parameters as design variables can be investigated.

2. The natural frequencies of internal air cavitiesbgtween honeycomb cores in
sandwich panels were observed at high frequenbiegea3800 Hz. These natural
frequencies can be seen as resonances and theificaigce in STL can be
investigated.

3. In this study, the 2D model studied has in-planedygsomb cores in between
double panels. As an extension, out of plane harapccores in between double
panels can also be studied, requiring a 3D moddhmanalysis.

4. In this study, effects of air and water are studisdthe external acoustic fluid
domain in honeycomb panels. It would be interestimgstudy STL effects of
panels for other fluid domains.

5. It was observed that connecting layered panels pttiodic lattice connections
reduced the STL characteristics; it would be irdeng to study the sound
transmission effects of composite panels with faerinternal cores which have
good sound absorption and insulation propertieslewtgtaining strength and

stiffness under other mechanical loads.
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APPENDICES

4.6.1 Regular honeycomb sandwich panel with waterboth sides of the acoustic

Results of SPL plots of auxetic and regular honeyzgsandwich panel

domain
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800

Figure 0-1 SPL values of Regular Honeycomb sanwanel with water on both sides
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4.6.2 Regular honeycomb sandwich panel with airimeident field and water on

transmitted field

(gp U1 sanssad onsnooe p o)) 1dS
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Figure 0-2 SPL values for Regular Honeycomb sanlywanel with Air on Incident &

Water on transmitted

82



4.6.3 Regular honeycomb sandwich panel with airimeident field and water on

transmitted field
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Figure 0-3 SPL values for Regular Honeycomb sanywanel with Air on Incident &

Water on transmitted field
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4.6.4 Regular honeycomb with water on incident aman transmitted side
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Figure 0-4 SPL values for Regular Honeycomb sanllwanel with Water on Incident &

Air on transmitted field

4.6.5 Auxetic honeycomb panel with water on botdles
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Figure 0-5 SPL values of Auxetic Honeycomb sandvpiahel with water on both sides
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4.6.6 Water on incident and air on transmitted side
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Figure 0-6 SPL values of Auxetic Honeycomb sandvpiahel with Water on Incident

and Air on Transmitted field
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4.6.7 Air on incident side and water on transmitishb
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Figure 0-7 SPL values of Auxetic Honeycomb sandvpiahel with Air on Incident and

Water on Transmitted field
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