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(ABSTRACT)

Low frequency noise is a common problem in aircraft and launch vehicles. New
technologes must be investigated to reduce this noise while contributing minimal weight to the
structure This thesis investigates passive and aativgrolmethods to improveew frequency
sound absorption and transmission lessg acoustic metamaterials. Tdmoustic metamaterials
investigated consist of pomlastic acoustic heterogeneous (HG) metamaterials and
microperforated (MPP) acoustic metamaterials. HG metamateoassst of poreelastic
material with a periodic arrangement of embedded masses astargarray of maspring
damper system&84PP acoustic metamaterials consist of periodic layers of Apigrous panels
embedded in porelastic materialThis thesis examineanalytically, experimentally, and
numerically thebehavior ofacoustic netamaterls compared to baselingporo-elasticsample
The development of numerical technigquseg finite element analysigill aid in understanding
the physics behind their functionality and will influertbeir design.Designstudiesare
performed to underand the effects of varying thltensity size, shape, and placement of the
embedded massas well as the location and distribution of microperforated pam@isro
elastic material. Anaive HGmetamaterial isnvestigated, consisting oharray of actve
massegmbedded within porelastic material. Successful tonal and broadbemse control is
achieved using teedforwardfiltered-x LMS control algorithm to minimize the downstream
sound pressure levdlow-frequency absorption and transmission iessuccessfully increased
in the critical frequency range below 500 Hz. Acoustic metamaterials are compact compared to
conventional materials and find applications in controlling-fosgquency sound radiation in

aircraft and launch vehicles.
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1. INTRODUCTION

1.1. Motivation

Recently, much work has beethoneon reducing the environmental impact imposed by
next generation aircraft while improving fuel consumption and saving weight. A large aspect of
the environmental impact is the need to decrease radiated noise fromsaiPoogftams such as
the Environmentally Responsible Aviation (ERA) program have been initiated by NASA to
address these issud@he ERA program is working on technologies that will simultaneously
reduce aircraft weight by 10% while reducing aircraft noise/Bycémpared to current
standards. Other work on controlling exterior aircraft noise has been deveiogedu NASAOG S

Subsonic Fixed Wingroject, ircluding the next generation Hybrid Wing Body (HWB) aircratft.

To address these issues, there is a need tdopeatesorptive materials that are lighter,
thinner, and have increased broadband absorption capabilities at low frequencies compared to
conventional standards. There remains opportunity to improve this technology for quieting
aircraft in the areas of engimoise and airframeorse Some examples include the control of
airframe noise by placing absorptive material on a landing gear recess, and the control of engine

inlet noise by placing the material on the wing surface.

Noise and vibration inside aircraftterior are some of the leading causes of health and
performance risk among crew and contritioteiscomfort among passengers. Thigctural
borne noisean causeibrations due to engine imbalances which radiate into the aircraft interior
[1]. There is a focus on reducing structural noise as more engines are being mounted directly on
the rar fuselage walhsimplemented irthe Hybrid Wing Body aircrafi2]. To suppress this
noiseintroduced totie aircraft interioracoustic treatment acedbetween the fuselage and
trim panel of an aircraft. This treatment, however, adds weight which reduces the efficiency of
next generation aircraft. Advanced absorptive materials which are thinner anceigititare

highly neededor this type of application.

Furthermore, the transmission of noise int
become a critical issue in the design and success of its mission. The increase in size and the use
of lightweight and coseffective composite structures have lowered the acoustic transmission
loss in the PLF, leading to increased vibration responsethambtential fostructural damages.
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One example where the acoustic transmisgiasa significantproblemis inthe Cassini
spacecraft, developed at the Jet Propulsion Laboratory for NASA to explore to planet Saturn and

its moong3].

The current method to reduce the interior acoustic vibration response is to use acoustic
blankets withn the PLF of expendable launch vehicles (ELM)ese blankets perform three
main functions. They reduce the acoustic transmission of energy into the PLF as measured by the
transmission loss, increase the acoustic absorption of the PLF as measured bgrgjtmab
coefficient, and add additional damping to the PLF as measured by the structural damping factor
[4]. Many acoustic blankets used in launch vehicles perform well at high frequencies, but are
limited at low frequencies @uto size and weight restrictions imposed by launch vehicle

conditions.

A recent example showing the need to attenuatefileguency noise is the Space Launch
System (SLS). The SL-I8tlaunshvéhide, and wihhe he mostxt heavy
powerfuland loudest rocket in historiligh acoustic environments ataisexpected in the
engine compartments, stage and launch vehicle adaptors, and the payload bay. Currently, the
payload bay is designed in accordance with the overall sound pressure leeehtidshv
rocket. However, compared to the Atlas V which has 285 thousand pounds of thrust, the SLS has
a heavy 9.2 million pounds of thrust, or 32 times the amount for the Aflak Vhiscould
resultin a much louder liftdfwith a significant low frequency component in the critical range
below500Hz. Currently there are no great solutions for reducing this low frequency noise.

There is a need to improve these passive techniques by combining different noise control

methodsjncluding the introduction of composite absorptive material and active noise control.

The goal of this research isdesign andlevdop an advanced blanket concept for the
application of launch vehicles at ldff and next generation aircraé furtherincrease the
absorption and transmission losghe criticallow frequency rangbelow 500 Hz Acoustic
heterogeneous (HG) metamaterials and microperforated panels (MPP) will be used in solving
this problem by attenuating low frequency noise in strusturbese techniques will be
investigated because they show promise in increasing low frequiesaspdon and transmission
lossand can be implemented in a blanket system within the PLF of experidabth vehicles.

Furthermorethese materials can lpasively or actively tuned to achieve attenuation at target
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bandwidths. The different types of noise contm@introduced, followed by an introduction to
acoustic metamaterials and heterogeneous metamaterials. Finally, the objectives and outline of

this pgeraregiven.
1.2. Introduction to noisecontrol

Passive, reactive, and actip@ control arethethree common methods of noise control.
Passivenoisecontroldissipats vibration and acoustic energy into heat through frictiRessive
treatments are seen in mufflers, noise barriers, damping materials, and acoustic absorbent
material, and do not require additional control enefgyusticporo-elasticfoam is a passive
controlmethod effective at absorbing high frequencigsy ar molecules within por@lastic
foam oscillate at the frequencysdund excitation which results in frictional losses. Changes in
flow through irregular pores resttt a lossof momentum in the direction of wave propagation.
These twghenomenaccount ér a loss in energy in the high frequency rajygeAcoustic
foam is notas effective at low frequencies because the wavelengths are much larger than the
thickness of the foam. Controlling low frequency noisthéeforea challenge due to the
thickness restrictions of passive absorpansl is generally impractical due to the added mass
and bulk which would be requireth the aircraft fuselage where the thickness is limited to a few
inches, passive treatntsrare ineffectivdelow 500HZ8]. Passivenoise controls generally an
inexpensive and reliablaethodto reduce noise in structures and vehicles, and can be combined
with active approacheReactive noise control methods, such as Helmhadanatorsserve as
acoustic attenuators innarrow frequency bandwidth. These devices have shown to reduce low
frequency noisevhen placed on lightweight vibrating structu[@k Active noise control
methods generate an odtpihase signal to create destructive interference with a noise source.
These methodgenerallyrequire additional equipment and space for functioning. To control

noise across the entire bandwidth, an integrated control scheme is needed.

A desirable noiseontrol system is compact and overcomes the restrictions imposed by a
purely active or passive devidkctive-passive hybrids take advantages of both methods of noise
control. The active elements enhance the performance of the passive system by adapting to
changes in the noise source and improving low frequency attenuBEt®mcoustic metamaterial
design proposed in this paper utilizes a combination of passive and active control methods to

increase low frequency absorption and transmission loss.



1.3. Introduct ion to acousticmetamaterials

Metamaterialsre atificially engineered materials that have properties that cannot be
found in naturd10]. Acousticmetamaterialgre tuned to the acoustic wavelength ead be
categorized ird nonrresonant and resonant materials. Mesonant metamaterials consist of a
periodic arrangement of elements, such as spheres or cylinders, embedded within a material
matrix andaretypically spaced less than a wavelength agdmése materialsisfuptthe
propagation of waves by scattering andaetion effectsCervera et al[11] arranged periodic
cylinders to act like a material with a low impedance value in air to attenuate sound at
frequencies where the wavelengthrisadler than the spacing betwetkie cylinders. Popa et al.
[12] arranged perforated plates in such a way to transmit a sound wave around a material as a 2D

acoustic cloak.

Resonanietamaterialare generally heterogeneous aratls containing a periodic
arrangement of elements smaller than the acoustic wavelength of the matecahthat
dynamically tuned by changing the spacing, arrangement, and densityr aitdréor elements
By selectively tuning the material proped of the metamaterial, the elastic or acoustic behavior
can be significantly altered from conventional material propeitigset al.[13] utilized the
resonant effects of a cube with small lead balls covered in a thindhgdicon to increase the
absorption coefficient. Resonant metamaterials can be applied to aircraft interior, airframe noise

in naval vessels, and controlling noise in automobiles.
1.4. Heterogeneous (HG)metamaterial

Work in studying the properties of atbeogeneous material has been carried out at
Virginia Tech in the past two decades, and has evolved into what is now termed a heterogeneous

(HG) metamaterial. First, the previous work at Virginia Tech is investigated.

Wright et al.[14] investigated the use of dened vibration absorbers to reduce the sound
radiated froma structureThe maximum sound reduction occurred when the each tuned vibration
absorber (TVA) was detuned from the excitation frequency by vargrsiiffness. Fuller and
Cambou 15] extended this approach by investigating a continuous vibration absorber with
tunable properties that vary with location. These distributed vibration absorbers (DVA) were



designed by varying the masstdbution using a genetic optimization algorithm. Experimental

tests of a DVA on a vibrating beam showed improvement in global noise reduction compared to

a TVA of the same weighdloshi and Jangrid 6] implemented multipleVA6s tuned t o s|
different frequencies for controlling vibration levels of flexible structures. They presented the
optimized values for the damping ratio, the tuned frequencies and the frequency bandwidth to
minimize the root mean squatesplacemenof the structure. Cambda7] developed a

distributed active vibration absorber consigiof a sinusoidal PVDF layer with an optimal mass
distributed on top. Good attenuation was obtained for an active and passive vergievnelio

the PVDF layer acted as afastic layer with a high stiffness, and a large mass was required for
obtaning low frequency attenuatioMarcotte etal[18]c onsi der ed appl ying DV
frequencies by investigatingaterials with a suitable spring stiffness. Acoustic foam was found

to provide the necessary stiffness to achieve
designed to have tunable frequencies of 100Hz, 122Hz and 140Hz by varying the thickness of

the foamand/or weight of the top maghctive control using a DVA concept wassal

investigated. Gentrjl9] embedded a layer of piezoelectric actuator in foam to excite the

structural and acoustic phases of the foam when driven bytematky supplied control voltage.

An experiment was performed by lining a section of duct wall with an array of smart foam and
soundwasminimized at several downstream error microphones. Successful harmonic and

broadband noise control was achievedl®9 Mathur et al[20]t e st ed DVAOGS on air
helicopter panels. The results demonstrated t
vibration and transmitted sound. It wasindt hat t he mas s e sbedréctyt he DVAS
embedded intanacoustic blanket treatment. The heterogeneous blanket concept was thus

created.

A sample of HG material was constructed from a 4 ft. by 4 ft. section of 2 inch thick
melamine foam with 50 spherical 6gm individual masses emdeddardomly distributed
depthg21]. The resultshowed close to doubling of the absorption coefficient at low
frequenciexompared to a sample of foam with no mas$sea 50 to 200 Hz due to the resonant
frequencies of thenasses. The sample was also tested in an actrastsenission l0ssI(L)
facility at Virginia Tech by locating it on a panel representative of an aircraft fuselage. Increased
TL onthe order of 6 dB was shown over a low frequency range of 6(0téi28vith added

massesThe addition of the masses to the panel showed an increase of &gl @autam



[22] presented the development of a finite element model to understand the behavior of
distributed vibration absorbers and hetgrneous blankets. The variation in material properties
and geometrical configurations was also studied on improving vibration attenuation capability of
heterogeneous material. 1drj&3] further studied the modeling and optaation of

heterogeneous blankets for the improvement of sound transmission through apdomable

system. A genetic algorithm was used to optimize the design of the heterogeneous blankets. A
full-scale fuselage experiment was performed on a Gulfstredmrsand the results indicated

that the proper tuning of heterogeneous blankets can result in broadband noise reduction below
500 Hz with less than 10% adde@ss. Fuller and Say24] investigated the application of

acoustic retamaterial concepts to improving the sound performance ofghastic foams.
Experimental testing of different configurations of HG material in which the masse are
periodically arranged are performed, and the results show promise for a material syistkaw wi
frequency sound absorption capabilities. Further work must be done to understand the behavior

of a HG material arranged in a periodanfigurationby employing a finite element model.

This research seeks to improve upon the work at Virginia Teérther investigating a
heterogeneous material with periodicajyacecembedded masses in a p@lastic material by
developing a finite element model to compare with analytical and experimental results. This
concept is unique from previous studies of M@terial in that a periodic arrangement of masses

within a poreelastic material is investigated.

A heterogeneou@HG) metamaterial is aewclass ofacousticmetamateriallt is defined
as acomposite system consisting of multiple small masses embedted apassiveporo
elastic matrixnaterial The embedded masses create an array of resonanspnagsdamper
systems within the materitiat operate at low frequencies where the passivegiasbic
material is no longer effectivB8y employing the pam-elastic material to provide the stiffness for
the embedded masses, the M&amaterial utiies two passive control schemeéamping at
high frequencies, and dynamic absorption at low frequencies, intgla device for broadband
noise reductionThedisplacement of thenasses against the foam stiffnassheirlow frequency
resonance leads &m increasé mechanical damping lossasd absorptiorAn increasecffect
of the embedded mass on the pelastic material is due to a mismatch in the ingnee

between the two materials. For optimum absorption a largexdamze mismatch is desirgb].



HG metanaterialscan beused forcontrolling low frequency sound radiatiomproving
low frequency transmission loss when eltiad to vibrating structureand is aighter and
thinner replacement to conventional materja& 27]. Embedding spherical masses in varying
depths ofmelaminefoam showed an increased absorption as a functioepbhdhese materials
have shown to significantly reduce interior noise with only a marginal increaseawets!
massof the structurelt has been demonstrated that H@tamaterials can be used as lightweight
blanket treatments for effectively conting low frequency sound radiating frostructureg28;
29]. Kidrer et al. concluded that H@etamaterial is more efficient when placing the masses to
target certain modes by varyingetdepth, weight, or shajg0]. Proper tuning will result in a
mode split of the targeted resonance into two damped peaks alablvelaw the original peak
[31]. It was also demonstrated that porous materials having porous inslusatied composite
porous materials, show increased performance in sound absorption and sound irj8@lation

The development of numerical finite element models will allow for an advanced
understanding of the physics behihé tnaterial functionaly. These models will be used for

conducting parametric studies in order to develop more advanced and effective designs.
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Figurel: HG metamateriabchematic

In this paper, multiple studies will be perford® investigate the effect of each
parameter on the acoustic performance of a HG metamaterial. These studies will be utilized to
gain more knowledge about the physics of HG metamaterials and will aid in the design and

manufacturing for specific applicatie.Figure 1 illustrates the arrangement of periodically



distributed masses acting as a series of fspgagdamper systems embedded in a pelastic

material.

There is a wide range of applications available for ydagtic HG metamaterglOne
broadapplication includes the placement of these materiatsroraftfor the damping of sound
and vibration. This application is largely dictated by the choice of theglastic matrix
material. In this paper, two pcerdastic foams are investigated. Tivstfporo-elastic material
melamine foamis a commonly used as acoustic foam that does not have stringent flammability
requirements. This foam can be used on launch vehicles the ek of thigequirement. The
secondpolyimide foam, has stringenammability requirements and can therefore be applied to

aircraft where there are flammability requirements.

HG metamaterials can be extendeddtive techniques that use a control system to
attenuate soundruller and Kidnef28] demonstrated an active and passive version of a HG
blanket by utilizing active masses. 5 active spherical 6gm individual weight masses were
embedded within a foam treatment and placed on top of a vibrating beam. The results show that
the active versio of a HG blanket demonstrated an additional broadband performance over the
passive version. In this study) active heterogeneous metamaterial consists of a distributed
array of lineaactuatorembedded within a porelastic matrix. Thectuatordunction as the
active noise control elements whican actively modify the acoustic impedance at its surface,
resulting in a net decrease in sound power through the maSamakor all of the elements of
the passive H@etamaterial can be replaced by actil@ments to create a composite hybrid
activepassiveHG metamateriasystem.This study uses a similar form of active input as studied

by Fuller and Kidner, bus used to control sound as opposed to structural vibration.

The goal of the active H&etamateal is to yield narrowband and broadband sound
attenuation. Passive poroelastic materials are effective at attenuating sound at high frequencies,
while the active elements are effective at attenuatingdat low frequenciesA feedforward,
filteredx LM S control algorithm is used to minimize the downstream pressure using one error
microphone located downstream of the sample to achieve sound attenuation atAnpoint
activepassive hybrid is used in this research to develop an activedti@naterialDueto its
compact nature, active metamaterial has many advantages over common active noise control

techniques that use secondary acoustic sources attoeipdmary noise sourck is shown in



the literature thataive controlhas the potential to provideoadband sound control, increased
controller reliability, and decreased control spillowdany applications arise in interior aircraft

noise control where size and weight are critical is§8@s34]
1.5. Objectives

Themain objectives of this research arenweestigate new forms @fcoustic
metamaterial using analytical, experimental, and numerical metAadsytic formulations and
experimental tests will be used to validate a numerical finite element model using QOMSO
Multiphysics. In order to understand the physical behavior of acoustic metamaterials, a
numerical studys performed by adjusting key acoustic parameters. This ssumhntinued into

a real world test using a reverberation room at NASA LangksearctCenter

Two key acoustic performance metrics of interest are the absocpidficientand
transmission loss he dsorptioncoefficientquantifies theatio of the absorbed and incident
energy of a materialvhile the transmission loss quantifies theoant of energy that is not
transmitted through the material. Using HG metamaterial, these quantities can be decreased or
tunedat specific frequencies while having a mass or volume smaller than conventional acoustic
material. The acousticabsorptioncoefficient andransmissiodoss will be studied in a normal
incident impedance tube. H@etamaterial will be designed by embedding mapseésdically
within aporo-elastic foam. An extensive study of H&tamaterials performed by studying the
effects of theporo-elastic properties, as well as the number, shape, and distribution of the

embedded masses.

Microperforatedoanels (MPP)s alsostudied forabsorption andransmissioross and
compared to H@netamaterials. Desigraeperformed combining MPP withGlmetamaterial
by layering the MPP within poro-elasticmaterialor adding an air cavity backed by HG
metamaterial downstream of the MRWPP as a form of metamaterialinvestigated by

embedding periodic layers of MPP within a pafastic material.

Active feedforwardcontrolis implementednto acousticHG metamaterial by utilizing
actively responding elements within thero-elasticmatrix. Samplesaretestedn a duct with
active vibrating masses using an active control algorithm to achieve dds@raghtion of tonal
and broadband frequencies.



1.6. Outline

Chapter 1 providethe motivation behind the work presented in this thesis along with an
introduction to noise control and acoustic metamaterials. It also provides an introduction to
heterogeneous (HGnetamaterial&nd &tive noise control, and lists the objectives of this

research.

Chapter 2 provides a detailed description of the analytical and numerical formulation of
anacoustic HGmetamaterial. The theoretical modeling of sdyropagation througaporo-
elasticmaterial is presented&xperimental testing is performed to measureabis®rption
coefficient andransmissioniossof a test samplasing anmpedancéube.The numerically
computed results are presented and validasathexperimentalesults. An extensive numerical
parametric study is performed to expldesign strategiesnd configurations different HG

properties.

Chapter 3 introducasicroperforatecpanels (MPP) and provides a description of the
analytical modeling and theorf. numerical model is built and results are validated using

experimental tests performed in anpedanceube.

Chapter 4 develops a microperforated panel as a form of acoustic metamaterial. Studies
are performed with multiple MPP embedded periodically widrirair cavity and embedded
periodically within poreelastic materialA HG metamaterial ishencombined with MPP and

additional experimental and numerical parametric studies are performed.

Chaptel5 investigates new arrangemenfsanactive acoustic HGmetamaterial and a
brief outline offeedforward control theorg presentedlonal and broadband noise control is
studied using a SIS@edforwardfiltered-x LMS controller. Soundeduction is measured using
an error microphone located downstream ofsidm@ple in an impedance tuaed results are

presented.

Chapter6 summarizes the major conclusions and offers future work of this research.
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2. HETEROGENEOUS (HG) ACOUSTIC METAMATERIAL

This chaptedescribesheanalyticaland numericamodelng of anacoustic
heterogeneous (HGhetamateriateveloped as part of this thesl$he theoretical modelingf
sound propagation through arp-elasticmaterial is presented. Experimental testing is
performed to measure tlabsorptioncoefficient andransmissionossof a test sample using an
impedanceube.A numerical model using COMSOL Multiphysics is built and the results are
presented and validated using experimental reultsimerical parametric study is performed to
exploredifferentconfigurations o HG metamaterial and conclusions are presenitising the
knowledge obtained from the numerical parametric studies, a HG metamadesas tested in
a reverberatio roomto measur¢he diffuse field absorption coefficiecbmpared to a poro

elastic panelResults are presented and discussed.

The goal ofa HG metamateriatiesignis to increase the absorption coefficient and
transmission lossf acoustic foanat low frequenies. The absorption coefficiefid) is the ratio
of absorbed and incident energy imaterial backed by a rigidgle. The transmission loss (TL)
is the reciprocal of the transmission coefficient defined as the ratio of sound energy transmitted
through a material to sound energy incidemthe materialexpressed in decibels (dB).

2.1. Heterogeneous metamaterial vibration study

The purpose dhe heterogeneous metamaterial vibration stedy understand hoviné
resonant frequency and damping is affected by varying the deptgof sphercal steel mass in
a 2in sample of melamine foam. This model will be approximated to a 1 d&fgireedom
massspringdamper system to analytically determine the resonant frequency of the system
excited by a vertical harmonic displacement. A numerical ine@ddso built using COMSOL
Multiphysics to determine the damping ratio and resonant frequency as a function of mass depth.
Finally, an experimental tes performed where the system is placed on a shaker and a transfer
function of the plate motion to xt&cal mass motion will be recorded to determine the damping

ratio and resonant frequency of the system.

11



2.1.1. HG metamaterial analytical vibration model

J\\:'Ig,fl'if'c

Figure2: Analytical approximation of a I6in diameter steel sphere embeddedin melamine
foamas a masspringdamper system

A simple 1 degreef-freedommassspringdamper system isuilt to approximate a
spherical mass embedded in a sample of melamine foam. As shéigar@2, a mass is
attached to a sprirgnd damper coratted in parallehnd connected to a plate that is being
forced in a harmonic motion. The mass represents the spherical steel mass, the spring represents
the equivalent stiffness of melamine foahe damper represents the equivalent damping of the
melamire foam,and the base represents a vibrating strucilakle 1shows the values used to

calculate the resonant frequency of this system.

Tablel: Material properties for analytidbration studycalculations

Material Material Propdy Property Value
Melamine Youngo6s m 400 kPa
Damping ratio- 0.0625
Steel Density,” 7850 kg/m
Radius, r 7/32 in

The stiffness of the foaims calculated using the stiffness model for a material in tension
or compression by the formula
o OTO (1)
whereEi s t he Y o uof pméanindfoachAis tiiesrossectional area of the
foam below the supported mass, and the depth of the embedded mass in the foam. The cross

sectional area of the foam is the projected area of the sphére, ti .

The damping constawtis determined by the formula

O ¢VaQ (2)
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The transfer function of the single degree of freedom mass spring damper system is

v p (3)
R TR T

Using MATLAB, the magnitude of the frequencyp®nse function is shown below in

Figure3.
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Figure3: Transfer function between rigid plate and mass vertical motion as a function of depth

mass,

embedded in 2in melaminéAnalytical

The natural frequency of the system is represemydatie formula

] qa (4)
wheremis the mass of the steel sphere, calculated from the density using the formula
a "o "t mnupn (5)

and the damped natural frequencies are calculated bgrthelt

1 1 p -

Thedampedatural frequenciearecalculated as a function of depth of the embedded
ranging from 8in to 2in, where the depth is measured from the base. Mgirews the
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analyticaldampedhatural frequenesof a6gmsteel mass as a function of depth embedded in
2in melamine foam.
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2.1.2. HG metamaterial numerical vibration model

Figure5: 2in melamine foam embedded witi8ih diameter spherical steel mass

A numerical model in COMSOIs built to calculate the damping ratio and resonant
frequency of a spherical mass embedded in faadhattached to a vibrating structure. To model
this system, melamine foalmmodeled as a porelastic material with a length, width, and
height of 2in. Since the model i's Pbossenvegct u
ratio, and density omelamine ar¢aken into account. The spherical messsiodeled as a linear

elastic material and embedded in the center of the foam. Table 2 shows the material properties
used for melamine and steel.
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Table2: Material properties fovibration studynumericalcalculations

Material Material property Property Value
Melamine Foam Youngos mod (400+50i) kPa
Poi ssi onds 0.4
Density,” 9.85 kg/nt
Steel Youngos mod 205e6 kPa
Poi ssonids 0.28
Density,” 7850 kg/mi

A prescribed displacemeistapplied to the base of the foam, where the motion is
prescribed only in the-direction (vertical motion). A frequency domain stuslperformed over
the range of 250Hz in 1Hz increments. In pegtocessing, th vertical displacement of the
steel masss recorded and the vertical displacement of the saszorded. To calculate the
transfer function between the rigid plate and mass vertical motion, the vertical displacement of
the spherés divided by the vertal displacement of the base and converted to dB. Fiyure
shows the transfer function between the rigid plate and mass vertical motion as a function of

depth in 2in melamine using COMSOL.
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From these transfer functions, the resonant frequencies and the damping ratio at each
depth can be calculated. The resonant frequency is the frequency where the peakienafynitu
the transfer function exists, and the damping ratio in percentage is calculated from the half power

bandwidth equation

-k (6)

wherg is the resonant frequency, andand| are the frequencies to the left and

right of the resonant frequency where the magnitude drops by 3dB, respectively.7Flgaves
the resonant frequenclyigure 8 shows the equivalent stiffness, Rigire9 shows the damping

ratio of abgmsteel mass as a function of depth embedded in 2in melamine.
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2.1.3. HG metamaterial experimental vibration study

FigurelO: Experimental setup of calculating resonant fregyeand damping ratio of al®
diameter spherical steel mass embedded in 2in melaminei fopen and closed

Experimental testareperformed to compare to analytical results and to verify the
COMSOL model. As shown in Figul®, a 2in cube sample of mehne foamis cutalong its
crosssectional areand a depth of 1irs cut into the foam where the embedded mass will be
placed. The diameter of the masgrecision cut into the foam, and d.8ih diametelgm
spherical steel massembedded in the foarA small ICP accelerometés then attached to the
top of the spherical mass with a piece of wax. The remaining top half of thes@amher cut to
contain the accelerometer aisglaced on top. The base of the fomthen glued to the base of
a shake and a second acceleromasgplaced on the base of the shaker close to the sample to

measure the vertical motion of the base.

A 400Hz bandwidth random signialsent to the shaker to induce vibrations to the
sample. Using B&K Pulse Data Acquisitionf8vare, a frequency response, hlgalculated
using the signal from the mass accelerometer to the reference signal from the base accelerometer

to calculate a transfer function between the two.

Three different depthareperformed to analyze the transfanction over a range of
different cases. The different depths of the embedded mase6in, 1.0in (as shown in Figure
10), and 1.8in. This data presentednd compared against numerical and analytical results to
validate the COMSOL model.

18



2.1.4. Resultsand validation of HG metamaterial vibration study

Figurell as shown below compares the transfer functions calculated froamahgical,
experimentahndnumerical results using COMSOL. Results show that the same approximate
resonant frequency and damgiexists between thhreetests.The embedded masses act as
resonant systems to increase the structural impedance of the material. The resonant frequency of

the system is moves to lower frequencies as the mass depth is moved closer to the base.
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Figurel12 shows the damping ratio compared against experimental and numerical results.

Results sha that the damping ratio is approximately the saméhferthrealifferent tests.
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Figure12: Damping ratio of a 2/6in diameter spherical steel mass as a function of depth
embedded in 2in melamineExperimental vs. COMSOL

Figure 13 shows the resonant frequency compared against experimental, numerical, and
analytical results. Results show that the resonant frequency is approximately the same for all

tests. Generally, as the mass is moved closer to the base, the resonantyfiequesses.

200 |

180 \
160 \

Frequency (Hz)
=
8

‘-—--._.___:_______

. :

40 s A nahytical

B Experimental

COMSOL Numerical

| |

1] 0.2 0.4 0.6 0.8 1 1.2 1.4 16 1.8 2
Depth (in)
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embedded in 2in melamirieAnalytical vs. Experimental vs. COMSOL
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2.2. Modeling of HG metamaterial in an impedancetube

2.2.1. Analytical modeling of a poro-elastic material

The theory describingound propagation in isotropic, peetastic materiatan be
explained by the Biot theory as presented by Al[8&]. TheBiot theory assunsgthe poro-
elastic magrialto be homogeneous and isotropitorder to satisfy this conditigthe pore size
must be much smaller théime macroscopic elementary volume of the matdyeahg evaluated
The macroscopic elementary volumessumed to be much smaller than taeelength of
propagating sounso the acoustic properties can be considered constant throughout the element.
Deformations arassumed to bemall which guarantees linearity in the mechanical process, and
viscous damping at the pore wallonsideredThefollowing sections use an equivalent fluid
representation of a pomastic material to calculate the absorption coefficient and transmission
loss using the characteristic impedance and complex wave number for many typesetdgtaro

material.
2.2.1.1. Analyti cal modeling ofthe absorption coefficient of aporo-elasticmaterial

The normal incident absorption coefficient gi@o-elastic material backed by a rigid
wall is calculated using the laws of Delany and Ba88]. The nornal flow resistivity of a
0.0254m sampleof melamine is assumed to be 10,0001f%. Assuming the density and speed
of sound in air to be 1.225 kgfrand 343.2 m/s, respectively, the complex wave nurkbed
the characteristic impedanggare calculatedor a large range of frequencies in many fibrous
materials with porosity close to 1. The quantikesdZ. depend on the angular frequencyand
the flow resistivity, of the material. These quantitiagecalculated using the following

equations, where "Q, is adimensionless parametér is the density of air, an@s the

frequency

» "op TErugy 8 a8t Yoy 8 (7)

0 xp oY T yo ° (8)
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In Figurel4, an acoustic plane wave is incident onirinite poro-elastic material
backed by a rigid wall. A second wais shown reflecting off the surface= -d). If the acoustic
field is a superposition of these two waves, the total prepsamed the total velocityr are
described by equations 9 and 10, respectively.
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Figurel4: Wave propgation acrossgro-elasticmaterial

n ofd  00Q 0'Q (9)
. 0 0 10
U o =-Q ——Q (10)
@ W
whereA andA @re the amplitudes of the incident andeeting wavesandZ;is the
characteristic impedan@sseen in equatioi. The impedance &il; (x = 0) can be written as

n o 6,36'9 0'Q (11)
0 0 0Q 0Q

At locationM; (x = -d), the impedance can be written as

w0

0 5 0Q 0Q (12)
0 0Q 0 Q

Equationll canbe rewritten to solve for the ratio A

6 Bb b (13)
5 H0 o
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Equationl3 can be substituted intmuation12to eliminate the ependence on

- Qb AT@R O
& 0

amplitude, where is equal tax(M1)-x(My). This is known as the impedance translation theorem.
@O

(14)

@ ATTAR
Assuming the impedance at locatidgh is infinite because it is a rigid impervious plate,
the impedance at locatidv, can be rewritten as

w0

© ATT@n (15)
From the impedance equation, tleflection factoR can be calculated, artde
absorptioncoefficientUcanthenbe solved.
&0 " ® 16
A (16)
P Y8 (17)
TheMATLAB codes used to calculate the analylabsorption coefficient afeund in
AppendixB.1.

2.2.1.2. Analytical modeling of thetransmissionlossof a poro-elastic material

The sound pressure and normal particle velocity at the rear surface ofelgsiio
samplg[36] of thicknessd can be calculated from the sound pressand normal particle
velocity at the front surface using a four pole matrix shown by

n Yo'y on
0 YUY U

(18)

the ratio of the sound energy transmitted through the materia sotind energy incident on the

The transmission coefficient, of a poreelastic sample is a function of frequency and is
material. Theéransmission coefficient and transmission loss are expressed by

vy cQ (19)
N Y Yy
YO ¢ 1é P8
YUY Al GEQ
n vy

(20)
» OE TR (21)
O E TR

A G
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Z. andk are the characteristic impedance and wave number of theefastic sample,
calcuated from equationg and8. TheMATLA B codes used to calculate the dgtical
transmission loss afeund in AppendixB.2.

2.2.2. Numerical modeling using COMSOL Multiphysics

Finite element analysis is a useful numerical technique for optimizing new designs,
predicting performance and evaluating nemcepts. The basic concept of finite element (FE)
modeling is the subdivision of the domain of a problem into simpler parts or elements. Using
finite elements, complex partial differential equations describing the behavior of a system can be
reduced to aet of linear equations that can easily be solved. FE modeling allows for the accurate
representation of complex geometry with the inclusion of dissimilar material properties with a

reasonable degree of confidence.

Two finite lementmodelsarebuilt using COMSOL Multiphysicdo calculate the
absorptioncoefficient andransmissioossof test samplesNumerical predictions are compared

against experimental and analytical restdtgalidate the model

2.2.2.1. Absorption coefficient COMSOL modeling

(ﬂ) Plane Wave Fadiation (b)
Pip-=1Pa
| Pressure Acoustics [ i
‘ Model {Air) \ b
) )
- =T 3 /_;F/
| ‘ l , L
Poro-elastic Material ——= | B 23
| o ]
N _ .,-J Linear Flastic Material |— 21 s O
Lin, ! 3
\ 5 "4 (36 spheres) \ /"
| 5. Pressure Acoustics | — |8 \
| o Model (Air)
L

‘ Plane Wave Radiation }4\

Figure1l5: COMSOLmodel of (a)absorptioncoefficient and (bjransmissionioss
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A 3D cylindrical model usinghe Poroelastic Waves physicedalein COMSOL
Multiphysicsis used to predict absorpti¢&7]. The COMSOL model is shown in Figure 15a.
The geometry consists of tvaylindrical domainstacked on top of each othd&he top cylinder
is modeled as a linear elastic flujair) in the pressure acoustics domalihe bottom cylinder is
modeledn theporoelasticdomainas a porous sampl€he poras materialis described ag
drainedisotropicmatrix with thefluid propertiesof airBi ot 6s | ow frequency r a
approximation is usetb determinghe fluid viscosity.The transition between the low and high
frequeng range approximation is defined by the reference frequiergiyen by the expression

- (22)

C“ "7
where” is the fluid (air) densityl.2 kg/nt, and* is the dynamic viscosity of air
1 . 8°Alaparsl he porosity and permeabiligredefined for the porelastic materials
melamineand polyimideas seefin Table3. The reference frequenéyfor melamine and

polyimide calculated to b&432Hz and 5372Hz, respectively.

The heterogeneous sample consist36dphereembeddedvithin foam in 3equidistant
layers.Figurel6ashows a crassection view of one layer of heterogeneous matekgakhown
in Figure 16b, wthin each periodidayer 12 spheres are periodically spaced with a céoter
center distancequal toa quarter of theuter radius ofl = 0.9365in.Three equidistant layersea
spaced a distan@gual toa quarter of the total height of the sample of Time spheresare

modeled asinearelastic materiag with a 7/16indiameter

Ol & a N ®

Figurel6: (a) Crosssection view of heterogeneous mateaiatl (b) eperimental crossection
view of 12 periodically spaced steel masses in melamine
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The boundaryonditions include aoundhardboundary on the outer walls of the air
domain, and @orous, fixed constraint on the outer wallgloé porous materialThis condtion
makes the porous matrix fully constrained at the edges where the displacements are zero in all
directions and &ts a soundhard boundary for fluid pressure. Free aodtinuity boundaries

existbetween the different domains.

Plane wave radiation &pplied to the top boundanyjth an incident pressure field
pinc = 1Pa.Plane wave radiation adds a radiation boundary condition for a plane Avplane
wave travels tevardsthe poreelastic materialanda reflected wave travels in the opposite

direction.

A direct frequency analysis performed from 22,000Hz in 20Hz increment$he
average pressupeon the surface of the samplemgasuredt each frequengyand the
absorption coefficient)is calculated as

| P ?]— (23)
wherepsca:= P 1 Pinc-

2.2.2.2. Transmissionloss COMSOLmodeling

A second modek built to calculate the transmission lagfsa poreelastic materiavith
embedded masses. The model is similar to the absorption coefiimeéal but apressure
acousticglomain is placed both abovedbelowthe poreelasticsampleg[38]. Plane wave
radiation is applied to the top and bottom boundaries, with an incident pressure.field,Ra,
applied to the topoundary. The tube lengths are bottI2ng. The transmission loss is
calculatedas

YOQ ¢w %n_ (24)

where he average pressupgy: is taken from theutlet of the sampldzigure15b shows
the AOMSOL model for calculating transmission loss, and Taldkows the material properties

used.

26



Table3: Material Properties adcoustic HGmetamaterials

Material Density t 2Aag, 2 dzy3BiotWillis | Porosity | Permeability| Tortuosity

[kg/m?] ratio modulus | coefficient [m?]

[kPa]

Melamine 9.85 0.4 400 + 50i| 0.99 0.99 1.5e9 1.0059
Polyimide 9.6 0.45 60 + 20i | 0.45 0.45 0.2e9 3.25
Steel 7850 0.28 20565
Aluminum 2700 0.33 7066
Polypropylene 927.8 0.45 1.5566

2.2.3. Sensitivity study on the properties of a poreelastic material

The choice of the type of posdastic material used in the COMSOL studies has a large
effect on the absorption and transmission loss responses of the mékeriatoustic properties
of an isotropic pm-elastic material are specified by seven macroscopic parameters. The three
structur al parameters are the density, Poisso
properties are the Bidwillis coefficient, porosity, and permeability, and the gedric
parameter is the tortuosity. These seven parameters are varied on measuring the normal
incidence absorption coefficient and transmission loss as measured in a standing wave tube
modeled in COMSOL Multiphysics. By performing a parameter sweep orpeagérty while
holding the others constant, the sensitivity of each parameter on the absorption performance of a
poroelastic materias furtherunderstood. This model is based on the finite element

implementation of the Biot theory for wave propagatimparoelastic material.
2.2.3.1. Sensitivity of poro-elastic materialto density

Density is a structural property of the foam, defined as the mass per unit volume. Figure
17 shows the sensitivity of the absorption coefficient and transmission loss of 4in meflamine
density. As the density increases, the natural frequency of the foam moves to lower frequencies.
As the results show, this corresponds to a moving of the peak absorption to lower frequencies.
The peak transmission loss is also moved to lower frequerkcigkermore, foam with a higher
density results in a higher transmission loss at higher frequencies because the added mass of the

foam impedes the acoustic waves transmitting through the material.
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2.2.3.2. Sensitivity of poro-elastic materialt o Poi ssonédés ratio

The Poi s sasirdcwralpraperty defined as the ratio of transverse to axial
strain. Figurel8 shows the gssitivity of the absorption coefficient and transmission loss of 4in
mel amine to Poissond6és ratio. The results show
unaffected by changes in the Poissonadesis rati o.
normally incident upon the sample, and due to the edge effects of the tube, all radial and solid
phase displacements are zero at the circumferential edges of the tube. Therefore, any acoustic
waves traveling normal to the axial direction of the taee little effect on the normal

incidence absorption and transmission loss.

1 | 7“\/ .M__, [ -| ‘ _“/J

— e lamine

—nu=005 [

==——nu=0.10

Absorption coefficient
=]
in

m—nu=0.15

0.3 wm—nu = 0.20 [

——nu=025
02 ——f

nu=0.30 ||

nu=035 | |

nu=040

o 200 400 600 800 1000 1200 1400 1600 1800 2000
Frequency (Hz)

(@

14
13
|
|
>
12 // %
iu F _|
]
5 — e lam ine
310 H
2 ——nu=005
8
E s——nu=0.10
£ H
£ 7 —nu=0.15
— U= 0.20
8 === ——nu=0.25 [
nu=030
7 nu=035 [
nu=0.40
6 T
0 200 400 600 800 1000 1200 1400 1600 1800 2000

(b)

Freguency (Hz)

Figurel8: Sensitivity of (a) absorption coefficient and (b) transmission loss of 4in melamine to
Poi ssondés ratio

29



2.2.3.3. Sensitivity of poro-elastic mateialt o Youngds modul us

The Youngbés modulus, or elastic modul us, i
isotropic material. This property has the opposite effect of the density of the material. As the
Youngds modul us i ncr efdhe oamincredses. Figd8 showsthe f r equ e
sensitivity of the absorption coefficient and
modul us. As the Youngds modulus increases, th
The peak transmissionds is also moved to higher frequencies. As seen at high frequencies, the

foam i s not very sensitive to changes in the
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2.2.3.4. Sensitivity of poro-elastic materialto Biot-Willis coefficient

The BiotWillis coefficient is a dimensionless acoustic property that relates the bulk
modulus, or compressibility, of the drained porous matrix to a block of solid ataterigid
porous material has a B#Yillis coefficient approximately equal to the porosity, and a soft or
limp porous material has a Biw¥illis coefficient approximately equal to 1.

Figure20 shows the sensitivity of the absorption coefficient andstrassion loss of 4in
melamine to the BieWillis coefficient. The absorption coefficient results show that changing
the BiotWillis coefficient does not largely affect the absorption. The transmission loss is
increased at certain frequencies, but it de@see at others. This parameter is largely not sensitive
to the absorption and transmission loss through the foam.
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2.2.3.5. Sensitivity of poro-elastic materialto porosity

The porosity is a dimensionless acoustic property that is defined as the amount of void
volume inside the porous material and varies from 0, where there is only fluid material, and 1,
where there isnly solid material. Figur@l shows the sensitivity of the absorption coefficient
and transmission loss of 4in melamine to the porosity. In general, porous materials with higher
porosity have a smoother absorption versus frequency, and as the porsiagsds to a fluid
material the absorption peaks are more pronounced. This shows that the solid phase of the foam
is able to effectively absorb a broadband range of frequencies, and a predominantly fluid
material is only effective at absorbing frequenciear resonance. The transmission loss of the
material is not as sensitive to changes in porosity. As the dimensions of the pores are smaller,

losses occur in the foam due to thermal conduction and viscous friction.
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2.2.3.6. Sensitivity of poro-elastic materialto permeability

The permeability is an acoustic property that is a measure of the ability of the porous
material to allow fliid to pass through it. It is similarly related to the porosity of the porous
material. Figur&2 shows the sensitivity of the absorption coefficient and transmission loss of
4in melamine to the permeability. The results show that as the permeabilitgsts;ress fluid
is allowed to pass through the material and transmission loss it higher at low frequencies.
Conversely, the absorption coefficient is lower at low frequencies. All of the cases studied

appeared to share the same resonant peak of absorgsioth100 Hz.
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2.2.3.7. Sensitivity of poro-elastic materialto tortuosity

The tortuosity, or the structural form factoraislimensionless geometrical property that
is related to the complexity of the propagation path through the material. It is conventionally

defined as the deviation from cylindrical passages within the foam.

Figure23 shows the absorption coefficient amartsmission loss of 4in melamine to
tortuosity. It is shown that the absorption peak can be shifted by controlling the tortuosity. As the
tortuosity increases, the absorption peak moves to lower frequencies and the levels of
transmission loss increases.n@eally, the absorption and transmission loss is increased as the
tortuosity increases, signifying that the acoustic waves are more likely to be absorbed in a foam

that has a complex path of propagation.
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2.2.3.8. Sensitivity of small tube vs. large tube

Measurements in standing wave tubes can be affected by the edge effects of the tube. The

diameter of the tube, therefore, wilfedt the absorption and transmission loss results.

To understand the edge effects in a tube, a small tube is modeled with a cylinder of radius
1.873 inches and a fixed boundary condition is applied to the circumferential edges. By this
constraint, the sa phase displacement at the edge is set to zero in the radial and axial
directions, as well as the fluid phase displacement in the radial direction. These conditions
assume the foam is bonded to the inner surface of the tube. The large tube is modeled by
applying a roller boundary condition to the circumferential edges of the cylinder. By applying
this constraint, the solid phase axial displacement is no longer zero and the edge effects of the

small tube no longer apply.

Figure24 compares the absorptiaoefficient and transmission loss measured in a small
tube and a large tube. It is shown that there is a significant difference between small and large
tube results. The first absorption peak appears at a lower frequency in the large tube than it does

in the small tube.

The tight contact between the foam and tube alters the acoustically induced motion of the
solid part of the porous material, thus altering the frequency depenafethesabsorption
coefficient[39]. The edge eéicts also results in a higher transmission loss at low frequencies
compared to the large tube. The large tube results are more representative of the foam because
due to the relatively small thickness, it is not able to absorb long wavelengths of sousd wave

corresponding to low frequencies.
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2.3. Experimental setup of impedancetube

Experimentsareconducted to investigatbe effects of utilizing HGmetamaterials to
increase thacoustic absorption coefficient and transmissi@s lofporo-elastic materialsThe
goal of the experimental teststesverify the numerical results and to characterize the properties
of the matamls. The initial HGmetamaterial sample configuration consist 12 spherical

masses embedded witharporo-elastic foamn 3 equidistantayers.

The foamis precision cut using a rotating ngountedon a band sayand the blade
distancerom the centeof foam isadjusted to perform a 3.786in diameter cut on a block of 2in
thick foam.This is performed to ensure an airtight fit in an impedance tube. To position the
arrangement of embedded masses, a template is printed and mounted on the surféaanof the
and the locations of each mass are precisely marked. A circular rotary cutting tool with a
diameter equal to the diameter of the embedded mass is drilled the length of the mass radius into
the surface of the foam, and a drop of superglue followeatéynass is placed in the cavity.

This step is repeated for the other half of the foam and the two pieces are then glued fagether.
experimental crossection view of 12 periodically placed steel masses in melamine is shown in
Figure 25 Cylindrical sampes oftwo porcelastic foams, mlamine angbolyimide, aretested.
Different types of embeddeti16in diametespheresrealsotested, incluthg 6gmsteelmass

andlgmpolypropylenemass

Figure25: Experimentalkrosssectionview of 12 periodically spacedeel masses in elamine
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An impedancéube designednd constructedt Virginia Techis usedto measure the

absorptioncoefficientandtransmissionioss of a sample under normal acoustic wave incidence

[40]. Theimpedanceube can be mounted in two configurations to measuse ttv& acoustic
propertiesTwo B&K %2in capacitor microphones spacedi@.@nd 10.¢n apart upstream and
downstream the sampdge usedor measurements in the 22870Hz and 8460Hz
bandwidths, respectivelfhe signalsareacquired by a NI data acquisition system and the
absorptioncoefficients, complex impedance, and dteobtained from VT developed software
implemented irMATLAB . See AppendiA.1 forimpedanceuberequirenents.See Figur&6

for thetest configurations and Tabd€for a list of the equipment used for performing tests.

Figure26: (a) Absorptiorncoefficient and (bjransmissionossimpedanceubeconfiguration

Table4: Equipment used fampedanceubeexperiments

Equipment used for Impedance Tube Experiments:

MATLAB

Pulse Labshop

B&K Type 316GA-042 4ch. Input 2ch. Output Generator Module 50 Khz

National Instruments NI cDAQ178 with 2 chassis

Rane MA 6Multi-Channel Amplifier

4 10 B&K Condenser Microphones

BNC Cables

Impedance Tube with Speaker, Test Holder, Steel Backing Plate and Microphone Slots
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2.3.1. Absorption coefficient experiment overview

The test sample is mounted at one end of a straight, sigidioth and airtight 48
impedance tube with a 3.78&liameter and cubff frequency of 2090Hz. The closest

microphone is spaced &lfrom thesample. A plane wave is sent downstream the tube as

randomfiltered white noise to take account of the speakgramics. The complex acoustic

transfer function of the two microphone signals is determined and used to compute the normal

incident absorption coefficient.

Microphone 1 Microphone 2

Incident Wave

Sound Source

Material Sample i i

Reflected Wave

Figure27: Absorptioncoefficientschematic

1.\

TheabsorptioncoefficientUcan be determined from theeasuring théransfer function

between two microphone positions in front of testmaterial. The sound pressures of the

incident wavep, and the reflected wavm ignoring the time dependent componait, are

n
f

T
AHE

The sound pressureg gnd p in the twomicrophone positions are

n N
n N

nHQ
nHQ

The transfer function for the incident wave alonesH

o L g
N

(25)
(26)

(27)
(28)

(29)
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wheres=x; T Xo. The transfer function for reflected wave alongisi
0 2— Q Q (30)

The transfer function H for the totll sound field can be obtad,

o n Q iQ (31)
n Q 1Q
wherenHu i nHUTransposing to yieldis
. O 0, (32)
' % o

Solving for alpha yields the absorption coefficient

| p 98 (33)
The experimental overvieis foundin AppendixA.2.

2.3.2. Transmissionlossexperiment overview

Transmission Loss is a k@ydicatorof the effectiveness of acoustical treatments for
engineering applicationsIransmission loss is the decibel ratidlué ratio of sounénergy
incident ona materiato the sound energyansmitted througkthe materialThe experimental
setup to calcula transmission loss is represented in Figure 28.
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Figure28: Transmissionossschematic
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A speaker sends white noise through the tube as a plane wave, and two sets of
microphones measure the acoustic pressure upstream andreéawnsf the sample. The four
acoustic waves related to the material sample are an incidgrar(étransmitted (B
component of the forward traveling wave, and an incideptdBd transmitted (A component

of the backward travelling wave.

Two sets otests are run with apenended anatlosed énechoic)termination[41]. To
account for a slight air gap between the edge of the foam and the walls of the impedance tube, a
thin layer ofVaselineis applied to the outer edgelsfoam to ensure an airtight fithis is
important because it reduces the amount of sound that may travel through the interior walls if a
proper seal is not achieveime domain data of the microphones are recorded using an NI Data
Acquisition System angdostprocessed iMATLAB . See AppendiA.3 for a detailed
description on how to determine the coefficients of the TransmissiorMasix andthe

experimeral overviewused tgoerformtransmissionossmeasurements

2.4. Results andvalidation usingimpedane tube
2.4.1. Melamine COMSOL testvalidation

Figure29 shows the absorption coefficient and transmission loss of melasimg
numerical and analytical resultsor absorption coefficient tests the sample is backed by a rigid
plate, and for transmission losst®the sample is not backed by a rigid plate to allow a
transmitted wave to pass through the matefiaé sample of melamine is varied from 1in to 4in
in 1in increments. The increased thickness of melamine greatly improves low frequency
absorption and ansmission loss. The absorption and transmission is also increased as the input

frequency is increased.

It is shown in the numerical calculation that there exists a dipeitransmission loss
near 700 Hz that is not seen in the analytical calculatios.i$tbecause the numerical model is
representative ad sample of foarmountedn a circular duct, where fixed edge conditions are
applied to the outer walls to simulate friction in a duct. This results in zero displacement and
sound radiation at the wallThe first mode of the structure is activated near 700 Hz, resulting in
the most efficient transfer of noise radiated through the structure at this fregBengyet al.

[42] found that the edge constraint results in a shgaesonance of the sample at which
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frequency the transmission loss is a minimiime analytical model, on the other hand, does not
experience this resonant behavior as it does not account for friction at the outer walls in a duct.
Overall, the numericaksults calculated in COMSOL Multiphysics compare wetht®

analytical results.
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Figure30 showsthe efects of adding 36 embedded ns&s to a 4in sample ofelamine
foamusing numerical and experimental results in an impedanceltgirelypropylene and
6gm individual weighsteel spheres a@liameter7/16inarechosen as the material for the
respective eilmedded masses in the following tests. The numerical results calculated in
COMSOL Multiphysics compare well to experimental results in an impedanceTtube.
addition of the embedded masgemelamine does not overall increase the absorption of the
materid at high frequencies because it is shown that melamine foam is already an effective
absorber of sound at high frequencies, thus masking the behavior of the embeddedtismsses
also shown that the addition of embedded magsédsan increase in broadhd transmission
loss, which according to the mass law shows that increasing the weight of the material will result
in an increase in transmission loss through the material. Furthermore, the acoustic wave speed is

lowered through the material due to saatig effects off of the embedded masses.
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The COMSOL modelsal so compared to NASAOGs Nor mal
independently validate the results. The NIT testdHfemormal incidence absorption coefficient

of a sample with &in square crossection from 4068000Hz in 50Hz increment&igure3l
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compares the absorption coefficient results using experimentagrioafn and analytical

methodsThe results agree well with each other.
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Figure31: Absorptioncoefficient of 2inmelaminesquarefoamin NIT T analytical vs.
experimental vs. COMSOL

2.4.2. Polyimide COMSOL testvalidation

Figure32 shows the effects of adding 36 embedded masses4insample ofolyimide
foamusing numerical and experimental results in an impedanceRababsorption coefficient
tests the sample is backed by a rigid plate, and for transmission loss tests thessaatple i
backed by a rigid plate to allofwr a transmitted wave to pass through the matergah
polypropylene andgm individual weighsteel spheres afiameter7/16inarechosen as the
material for the respective embedded masses in the following thstawimerical results
calculated in COMSOL Multiphysics compare well to experimental results in an impedance
tube. The addition of embedded masses introduces a low frequency peak in absorption as well as
a broadband increase in transmission Itiss.shown that the low frequency peak in absorption
is shifted to lower frequencies as heavier masses are embedded, indicating that this behavior is
due to a resonant effect of the embedded masses. Therefore the peak resonant displacement of
the masses corresportdsthe peak acoustic absorption of the system. This is advantageous
because it allows for the tuning of the peak absorption frequency by changing the properties of

the embedded masses.
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2.4.3. Impedancetube testconclusions

The effects of the embedded masses on the absorption coefficient arevidergin

polyimide as compared to melamine in Figu3géa and32a. Melamine haa

hi gher
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modulus resulting in a higher stiffness and a higher resonant freqédsaynelamine already
has a high absorption coefficient at low frequencies, which may lead to a masking of the
contributions of the embedded masses at low frequeridieshigher stiffness reduces the ability
of the embedded masses to displace against the foam, leading to a marginal increase in

absorption at lower frequencies.

As seen in Figur82a, the peak absorption frequency in polyienidoves to lower
frequenciess heavier masses are embedded. This effect is due to a dynamic resonance behavior
as the masses heavily displace against the stiffness of the foam at their resonant frequency,
leading to an increase in damping los3édwe frequency of maximum displacementncides
with thefrequency of maximum absorptipdetermined by the stiffness of the foam and the mass

of the spheres.

As seen in Figur82b, the addition of embedded masses increases the broadband
transmission loss of the material. A higher impedanisenatch between the two materials leads
to a lowering of the acoustic wave speed through the material due to scattering effects. As

heavier masses are embedded, the transmission loss increases.
2.5. Numerical parametric studies with HG properties

Parametridesignstudiesof an acoustic H@etamaterial aregygformed Each tesvaries
one HG property while keeping all others constant and studies the effects on absorption and
transmission loss'he shape, size, materidepth, and spacing of the embedded memses
variedto determinewhich parameters are most sensitivéhi acoustic performancéhe
baseline materiathoserfor these studies is polyimide with embeddegin polypropylene
masses because this combination yields increased absorption at low fregjasrseen in Figure
32a.

2.5.1. Changing the material of the embedded masses

In this test a 4in sample of polyimide is embedded with 36 periodic spherical masses. The
material of the embedded masses is varied using polypropylene, aluminum, and steel. The

absorpion coefficient and transmission loss of these samples are presented ir3Bigure

47



[y

IncreasinL / /\ )7§11\

0.9 A
Density { / o
- / \ // f
0.7 /
. \
c
2o / 4
Q
3 /
s d
B
5
0.4
5 ard
// ——4" Polyimide - COMSOL
0.3 H
=" Polyimide with 36 Polypropylene Masses - COMSOL
0.2 H
4" Polyimide with 36 Aluminum Masses - COMSOL
0.1 H
=—4" Polyimide with 36 Steel Masses - COMSOL
0 T T T T
0 200 400 600 800 1000 1200 1400 1600 1800 2000
(@) Frequency (Hz)
30
25
.
- 20 4+, 1 />\\
3 \ \é\ : >/
— .
€ /N 7
815 J /
/
E __/
w
c
2
" 10 i
/ 4" Polyimide - COMSOL
/ 4" Polyimide with 36 Polypropylene Masses - COMSOL
5 (-
\NE=d 4" Polyimide with 36 Aluminum Masses - COMSOL
==4" Polyimide with 36 Steel Masses - COMSOL
0 T T T T
0 200 400 600 800 1000 1200 1400 1600 1800 2000
(b) Frequency (Hz)
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As seenn Figure33a, & thedensitiesof the embedded massesncreasd, the
absorption peakioves to lower frequencieshis peak absorption frequency corresponds to the
natural frequency of the system where the embedded masses experience peak displasement.
therefore beneficial to add heavier masses when low frequency sound absorption isAResired.
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seen in Figur&4, a powelaw (y = X)) is fittedto the datdo relatethe density of the embedded
masses to theatural frequency of the systefrhis indicates a powelaw distribution between

the density and natural frequendis function will allowthe user to interpolate between
densitiesHigh agreement is showsy theR? value of 0.996indicatinga precisefit to the data

As seen in Figure 33b, #e densities of the embedded masses is inaeteebroadband
transmission loss greatly increases, especially at low frequehdgesxpected that the
transmission loss is increasing due to diffraction effects off of the masses as well as tlzavmass |
which states that for a doubling of the mass the transmission loss will increase by 5 dB.
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Figure34: Estimating the natural frequency aindeddednasses ipolyimide foam as dunction
of density

As seen in Figur85, the HG metamateriasplits the baseline absorption frequeirty a
low and high absorptiopeak at 220Hz and 920HRelow thebaseline frequency, thabsorption
peakis due to the resonabehavior of the masses as high levels of displacement within the foam
lead to an increase in damping loss&ove the baseline frequency, the masses do not displace
and the absorption peak is dueatoeffective stiffening of the foam which raises the natural
frequency (¥, where k and m are the effective stiffness and mass of the sy&tem

impedance mismatch between the masses and foam also slows down the acoustic wave in the
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material, leading to a higher transmission ldss to diffraction effects betweehe acoustic

wave and impinging masses
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Figure35: Absorptioncoefficient ofpolyimide with 36 polypropylene masse€OMSOL

Figure 36 illustrates the sound pressure level (SPL) within the HG metamaterial and the

effective diplacements at 220Hz and 920Hz and compared to a baseline polyimide sample at its

peak absorption frequency at 460 Hz. The color gradient shows the damping of the acoustic

wave as it travels through the material. Furthermore, the effective displacenwemt at |

frequencies is shown to be much higher than the displacement at high frequencies. This shows

that the resonant effect of the embedded masses leads to a dynamic vibration absorption within

the foam and increased absorption at resonance. The increaseriptian at high frequencies is

therefore not due to the dynamic vibration absorption of the masses, but it is due to diffraction

effects caused by the impedance mismatch between the embedded masses aneldwiporo

material.

50



Figure36: Soundpressurdevel of 4n polyimide with 36 polypropylenemasses afa) 220 Hz
and (b)920 Hzand (c) 4in polyimide at 460 Hz

A testis performed in COMSOL to further determine what effect the displacements of
the masses have on the dynawibration absorption of the HG metamaterial. In the following
test, a 4in sample of polyimide foam is embedded with 36 periodically distributed polypropylene
masses. In the first test, the masses are free to move and displace against the stiffness of the
foam. In the second test, a fixed bourydawnstraint is applied to the boundaries of the spheres

so that they are not allowed to displace within the foam.

Figure37 shows the absorption coefficient and transmission loss of the masses with free
and fixedboundary constraints. The results show that the low frequency absorption peak is only
found in the case where the masses are allowed to move within the foam. Therefore, the masses
act as dynamic vibration absorbers within the foam to dissipate soung enéngir peak
displacement. Conversely, the low frequency transmission loss is higherhehmiagses are

fixed because the magnitude of the reflected wave is large at low frequencies.

It is also shown thagachsample has a second absorption peak aB00g&lz. This
corresponds to the quarter wave resonaficke sampleThe quarter wave resonance of a 4 inch
resonator in air ishown in equation 34, which corresponds closely to this absorption peak.

p OTH

?Ta'[cur vra ©g

O (34)

As shown in Figur&7, the high frequency absorption peak of each sample is explained

P W
T

by the quarter wave resonance of the 4 inch resorfdterabsorption at this fregncy is
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increased by the presencebotth fixed andree masses, showirtlgatthe acoustic waves are
scattered by the rigid massashigh frequenciesThedisplacements of the embedded masses

result inlow frequency increase in absorption due to thevadyic vibration at low frequencies.
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2.5.2. Changing the size of the embedded masses

In this testhe radius of 36 periodigolypropylenespheres embedded within a 4in sample

of polyimideis variedin multiplesof x as seen in Figuré8, wherex = 7/32in.

bt PN
W=
*
-

7/4x 3/2x 1x 3/4x 1/2x

Figure38. Changing the size of the embedded masses

As seen in Figur89a, the peak absorption is moved to lower frequencies as the radius of
the embedded masses is increa3ée. transmission loss in Figure 39b is similar to the results
found with increasing the density of the masses. As the radius of the masses is inttreased
broadband transmission loss increases due to the increasing weight of the structure and
diffraction off of the masses within the foaAs seen in lgure40, a poweldaw is fittedto the
datato relate the radius of the embedded masses to the rfatgnadncy of the system. This
indicates a powelaw distribution between thadius and the natural frequency of the system
This function will allow the user to interpolate between radii. High agreement is shown b the R
value of 0.988.
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Increasing the radius the masseseduceghe separation distandeetween each mass
which allows the masses to operatere closelytogether in serieBy equating theoro-elastic
material to a distributed spring, each mass will have a region of infludmae the adjacent
material moves with the same displacem@stthe separation distance decreases, the masses
interact and behavaore closely ta single bulk matéal. As this effective mass increases, the

absorption peak mosgé¢o lower frequencies.
2.5.3. Changing the shape of the embedded masses

In this test different shapes of 36 periopgatypropylenemasses embedded within a 4in
sample of polyimide are testefls show in Figure4l, the basic geometrical shap@espheres,

diamonds, cylinders, and rectangles. Each shape has the same volume.

P F
N e

Spheres Diamonds Cylinders Rectangles

Figure41: Changing the shape of the embedded masses
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As shown in Figurd?2a, theshape of the embedded masses has little effect on the
absorption coefficient of the sysh. Since the volume and massheld constant, the relative
separation distance and surface area of eachdaoasgsot drastically change flat, round, or
sharp tipped surface area also had little effect on increasing absorption.

As shown in Figurd2b, diamonds, cylinders, and rectangles achieve higher broadband
TL than spheres. From 8aB00Hz a noticeable increase in TL is seen as the rectangular masses
outperform the others in maximum TL. This shape has the largest projected surface area which

leads to increased scattering effects upon normal acoustic incidence at high frequencies.
2.5.4. Changing the depth of a single layer of embedded masses

In this test the depth of one layer of 12 periodic polypropylene masses embedded within a
4in sample of polyimidés varied.As shownin Figure43, the top layer is closest to the incident

sound wave, and the bottom layer is closest td#seof the sample.

Top layer Middle layer Bottom layer

Figure43: Changing the depth of a single layer of embedded masses

As seen in Figre44a, the low frequency absorption peak is increased as the layer of
masses is moved towards the top boundary. Material close to the top free layersi&mace
higher magnitude than material close to the bottom fixed layer. The purple dotted awee sh
that placing one layer of masses on the bottom layer is comparable to having no embedded
masses in the foam. Similarly, the blue dotted curve shows that placing one layer of masses on
the top layer is comparable to placing three layers of masses thighioam As the masses are
farther away from the base of the foam, the effective stiffness decreases (see Figure 8). The
lowering of the effective stiffness moves the resonant frequency to lower frequencies, which is
shown in Figurelda as the masses the top layer experience a higher low frequency absorption

peak than the other arrangements. Thereforebgneficial to place masses towards the free end
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in order to target low frequency absorpti&s. seen in Figure 44b, the addition of masses
anywherewithin the sample will increase broadband transmission loss when both boundaries are

freebecause the stiffness is effectively the same in the axial direction of the sample
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2.5.5. Changing theradial distribution of the embedded masses

In this test the radial distribution of three periodic rows of 8 polypropylene magses
varied. As seen in Figu4b, the row of masses varies from an outer distribution along the
perimeter of the sample to an inner distribution along the center of the sample.

Outer row Middle row Inner row

Figure45: Changing the radiabcationof the embedded mass
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As seen in Figurd6a, the peak absorption frequensyowered as the masses are moved
towards the center of the foam. While the outer perimeter of the sample is fixed to approximate
friction in a duct, the maximum displacement osd¢owards the centeThe masseare
therefore more effective as low freaquey dynamic vibration absorbemhen placedowards the

center where displacement is the highest.

As seen in Figurd6b, placing the masses towards the center also results in a higher
transmission loss at low frequencies. The degree of interaction anen@atses increases as
the separation distance decreases towards the casigiting in highempedancef the HG

metamaterial.
2.5.6. Changing the random arrangement otthe embedded masses

In this test 12, 24, and 36 polypropylene massesandomly arranggwithin a 4in
sample of polyimide and compared to a periodic arrangerfignire 47 shows the random
arrangement af2, 24, and 3@nasseswhile Figure 48shows periodic arrangements of 4, 8, and
12 masses in a sample of 4in fodrhree trialsarerun for each random study, and the average
of the three trials is shown.

36 Periodic Masses 36 Random Masses 24 Random Masses 12 Random Masses

Figure47: Changing theandom arrangement of embedded masses

4 Periodic 8 Periodic 12 Periodic

Figure48: Changing the periodic arrangement of embedded masses
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As seen in Figurd9a, increasing the number of randomly arranged massgsthe
peak &dsorption frequencto lower frequenciesThe increased mass atlelcreasedeparation
distanceas the number of elements is increasaakributes tdiigherabsorption and transmission

loss at lower frequenciel.is also seen that the peak absorptionfagent is generally higher
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with a periodic arrangement, indicating that the periodic arrangement is a more optimal design of

a HG metamaterial.

In a periodic arrangement, all of the masses are tuned to the same resonant frequency, as
dictated by their rass and equivalestiffness determined by tltkstance embedded in foaand
aretherefore able to perform as an array of mgstngdamper systems to increase the amount
of acoustic energy dissipated at their resonant frequency. The randomly embedsks] oras
the other hand, are embedded with various stiffrakses determined by their randomly
embedded distange foam Since each mass is tuned to a different resonant frequency, the
dynamic vibration absorption effect does not occur at a single mgsimaequency but is
distributed over the frequency domaieriodic arrangements are tunable by varying the
positioning of the masses to attenuate target frequency bandwidths, whereas random
arrangements are not tunable by their nature because thergaig imhow the masses are
positioned within the porelastic material.

As seen in Figurd9b, a higher number of randomly arranged masses result in a higher
transmission loss across thdl bandwidth. The choice of randomayndperiodically embedding
the masses within a poroelastic material both lead to an increase in transmission loss, while it
does not appear that the random selection of embedded masses is an ideal conguration
cannot be tunabldoth conditions lead to an increase in trarssmon loss due to diffraction
effects of the incident wave impinging on the masses located randomly or periodically

throughout the material.
2.6. Reverbroomresults fordiffuse field absorption coefficient

Diffuse field @sorption coefficient measuremeateperformed n NASA Langl ey d
reverberation chamber in the Structural Acoustics Loads and Transmission (SALT) Facility.
diffuse field takes into account all angles of sound incidence upon a s&my, room
measuremds arecompared to a panel of malene foam and a panel ofalamine foam with
periodic embdded masse3he melamine samplésstedare2ft x 4ft x 2n panels As shown in
Figure 50a, ne layer of7/16n 6gmdiameter steel spheraseembeddegberiodicallyin a 19 x 9
grid within the panelThreemeasurementsretaken for botfpanesin threedifferent locations

in the roomas shown in Figure 50 obtain an average absorption coefficient measurement.
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This study uses the ASTM International test method for the measurement of sound
absorpion in a reverberatioroom by measurinthedecay rat¢43]. A band of random noise is
used as a test signal and turned on long enough for the sound pressure level to reach a steady
state. When the signal is turned off, therst pressure level decreased the decay rate in each
frequency band measued The absorption of the room and its contents is calculated, based on
the assumptions that the incident sound field is diffuse before and during decay and that no
additionalenergy enters the room duridgcay. The sound absorptiareaA (m?) is calculated
from the Sabine formula shown below, wh¥fis the volume ofhereverberation room (f) ¢
is the speed of sound (m/s), ahid the decay rate (dB/s).

w0 (35)

Figure50: (a) Crosssection oftest specimen fareverbroom and (bypecimen placed ireverb
room

Each samplés tested in three different random locations in the reverberatimm and
the averagéecay time andbsorption coefficient measuredrom 80-2000Hz in 20Hz
incrementsFigure51 compares th&@60 decay time of the melamine panel against noise floor
measurements in an empty nooT his plot shows that the decay time meaments of the
melamine foam areoticeablyabovethe noise floor measuremeiatisall frequenciedt is noted
that the sample size is smaller than suggested according to ASTM standard, but since the T60
times is noticeably different than empty room measents, the results of a HG panel will be

presented and compared to a baseline melamine panel.
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Figure 52 shows the percent increase in tle®m@dtion coefficient of embedding steel
masses in a melamine panel, or the difference between an acoustic HG metamaterial and a poro

elastic material. The percent increase in the absorption coefficient is calculated using the formula

601 GO di @b o - | zpmm (36)

Theaddition of the steel spheres withmelamine showan increase in absorptioma

low frequency badwidth 0f200-600Hz.A 24.7% maximum increase in the absorption

coefficient is found at 400Hz. At their low frequency resonance, an increase in displacement
against the porelastic foam leads to increased damping losses. Thus the steel spheres perform
asdynamic vibration absorbers in this frequency bandwitlie.shown the results for normal
incidence absorption coefficient in Figure 30a that melamine with embedded steel masses does
not increase low frequency absorption in an impedance tube, wheredanine panel with
embedded steel masses does increase low frequency absorption in a diffuse field environment.
The absorption coefficient of melamine in the impedance tube is already high at low frequencies,
which masked the effects of the embedded stesises. In this environment, the effects of the

masses are more pronounced as the thickness of the melamine foam geefonutall of the
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contributionat low frequencies to increase absorptibmese limited results show that HG

metamaterial is effeate at increasing low frequency absorption in a diffuse field environment.
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Figure52: Percentncrease irabsomption coefficientwhen adding periodic masses to a melamine
panelin reverbroom

2.7. Conclusions

Poroelastic materials areffective aabsorbingsoundat high frequencieand are
generally ineffective at low frequencigsmbeddingnassesvithin a poreelastic material
creats an array of resonant maspringdamper system&at operate at low frequencidhe
displacementfathe mases against the foaom resonance leads to an increase in damipisges
This results in increased absorption at low frequencies.massearemoreeffectiveat
attenuating low frequency sound wéaHarge impedance mismatatompared to thporo-elastic

material.Furthermore, diffractionff of the massesauses absorption at higher frequencies.

Parametric studiesreperformedon acousticHG metamaterial tstudythe factors that
affectabsorptiorand transmission losBy changing thenateral of the embedded masses the
frequency of absorption can be dynamically tuned according to a power relation. Heavier masses
lead to higher displacements and a lowering of the natural frequency of the systemlySinyilar

changing thesizeof the embedderhasses the frequency of absorption can be dynamically tuned.
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The increasedizeincreases the mass@decreasebe separation distangéhich both

contribute to increasing low frequency absorption and transmission loss.

It is more effective to place thmeasses in a section of peetastic material where the
displacement will be the highest. This tends to be near free boundaries that are not close to
constrained walls. s also foundhata random versus periodic location of embedded masses
both lead tancreased absorption and transmission through the material due to resonant
diffraction effects of the masses. Generally, as the pergmhcingoetween each element is
decreased, the absorption and transmission increases because the elementaaonésiasely
with each other. lis alsoshown that geriodic arrangement is more optimal for the embedded
massess compared to a random arrangemiena periodic arrangement, the effective stiffness
and thus resonant frequency of the masses on each taytbeasame, thus resulting in vibration

absorbers tuned to the same frequency to increase absorption at resonance.

At the peak absorption frequency, the majority ofabeusticenergy is being sent
through the material which is either dissipated as Ine#tte vibration of the material or passes
through as a transmitted wave. HG metamaterial shows thaefastic material can be
designed to achieve both high absorption and transmission loss at low frequencies. The
absorption coefficient tests are backsda steel plate which simulates the material bonded to a
hard wall. TL tests, on the other hand, have no structural support and are simply used to measure
the material characteristics of the HG metamaterial. Future work will take into account HG

metamatdal bonded to a structure for TL measurements.

It is shown that lowfrequency absorption and transmission ssscreased in the critical
range from 20250 Hz and belowHG metamaterials can be used for controlling low frequency
sound radiation, impraong low frequency transmission loss, grdvidingamore compact
replacement to conventional materidlbe result is a high performing system that increases both

the absorption and the transmission loss at low frequencies.
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3. MICROPERFORATED PANELS (MPP)

Microperforatedoanel (MPP)Yased acoustic metamateriaffer an alternative to
heterogeneous metamaterialsriareasing low frequency sound absorptigiPP consist of
submillimeter size poremachined into a thin plaf{é4]. Thesepores distort the flow of ain a
thin region as it passes through the panbé modificationof the flow results in viscous
dissipationthat increaseas the velocity through the ponesachesa maximun{35]. Increagd
viscous dissipation increases the acoustic resistance, and therefore increases the absorption of the
MPP.

In comparison to traditional sound absorbing material, MPP are cleanable, reclaimable,
rugged, and lightweighEor example, these panels guardiagt dirt angprevent deterioration
of acoustic foam when mounted on top. Furthermore, they are environmentally friendly due to
their reusability Applicatiors have been made in room acoustics, environmental noise barriers,
and silencer§45]. While MPP are usually more effective at lower frequencies than acoustic
foams of the same thickness, they become ineffective in certain frequency bands. It is proposed
that stacking multiple layers of MPP and/or combining with gelestc material willcreate an

acoustic metamaterial wignhancd broadband sound absorption.

This chapter serves to develop analytical, numerical, and experimental tests to validate
the acoustic properties of a microperforated panel. Numerical studies fareneelrto study the
combination of a MPP with a poslastic material. These results will be used in the following

chapter to develop a model of a MPP as a form of acoustic metamaterial.
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3.1. Modeling of MPP
3.1.1. Analytical modeling of MPP
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Figure53: MPP and backing cavity schematic

As seen in Figur&3, a MPP is spaced a distariagdrom a hard surface to form a backing
cavity. Anormalizedransfeimpedance through the MR®expressed as

o n _ 'ﬂ‘ (37)
WL
Where p and p are the upstream and downstream sound pressaspectivelyp is the
particle velocity in the pore, arid ds the characteristic impedance of &iecause the thickness

is small, the particle velocity is the same on both sides of the MPR, ang = v.

In the following formulation, small holesknown asapertues in a perforated panel are
modeled as short tuhe&’hen the apertures are very small the acoustic resistanocenégc
significant and must be taken into accoli&a[46] developed an approximate solution for
apertures of sumillimeter size For normal incidence, the normalized specific acoustic

impedance of the aperturesaculated i

Yy @ . . (38)
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whereR_andM_ are the specific acoustic resistance and reactance of the apersure,

the density of the aig is the sound velocity in aiand

. , Lo 39
i Qo n ng a (39)
an P oc wo
‘ ‘ (40)
0‘ ~
n
& W o

where;  "Qd& "Qtis the panel thickness (mnt)is the aperture diameter (mmp)is the
ratio of aperture area to panil percentagenamelyy p m“m ft® , andb is the distance

between aperture centers (mm). For-noetallic material, g= 0.147 and g = 0.316.

A MPP mounted alistanceD from a rigid wallas seen in Figurg3 formsa resonan

system. The normal specific acoustic impedance of the air behind the panel/membrane

wo o] 20
o ‘A IT—@ (41)
W
w h e r =2 f,Tis the frequency (Hzandc is the speed of sound of alihe normalized

specific acoustic impedance of thentiresystem is thus

N

) 1.0
¢ 1 w6 AlG (42)

The total acoustic impedaneés thereforea combination of the MPP plus the cavity
MPP absorbers are most effective when the backing cavity is approximagaiyarterof the
acoustic wavelength. In this casiee cotangent term is zero ath@ particle velocity in the pores

is & a maximum.
The absorption coefficient can be cditad by the formula

TY Ti (43)
Y 06 -1 A
P YiH Oaq p i 14 Alg

This method for calculating the absorption coefficient of a MB&ked by an air cavity

is compared to experimental and numerical resSkeAppendixB.4 for the MATLAB code.
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3.1.2. Numerical modeling using COMSOL Multiphysics

Numericalmodek arebuilt using COMSOLMultiphysicsto calculate the absorption
coefficient and transmission loss of a M&Rtem In this study, wo modelsare built and
verified using experimental resulfBhe first models built to input the known impedance value
of a MPPdirectly. The second modé built to input the known parameters of a M&iRectly,
such as the area porosity, thickness, and hole diameter. This model is advantageous when the
reported impedance is tiknown, and allows the user to directly change MPP properties to suit
the application. These two models are compared to each otheergdetl usingexperimental

and analytical results.

3.1.2.1. MPP model usingreported impedancevalues

Top (First) Boundary
Plane Wave Radiation
Incident Pressure Field

First Domain
Pressure Acoustics Model Second Boundary

p1 pressure (aveopl)

Third Boundary
popressure (aveopl)

Fourth Boundary
Second Domain Interior Impedance/
Poroelastic Material Interior Petforated Plate

Melamine / Polyimide — =

Figure54: COMSOL dsorptioncoefficientmodel of MPP with air cavity usinigterior
impedancéoundary

This model is builin theporoelastic waveELW) module in COMSOLas shown in
Figure54. The geometry consists of a 3.786in diameter cylindrical tub#efrad as air in the
pressure acoustics domain. A sound hard wall boundary condition is applied to all outer walls.

Plane wave radiation is applied to t@ boundarwith an incident pressure field offa.The
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fourth boundary adds an interior impedanoarary condition where the MPP exists. The
knownresistive and reactive components of a MPP backed by a lin air aeifyloaded to
this boundary condition over a frequency rang&@f#5,000Hz in 50Hz steps. Since the

reactive component of the impatte consists of the MPP and cavity in series, the cavity

impedarteis subtracted from the total impedance as seen by equHtiovhereD = lin.

The second and third boundaries are spaadidtances = 3in apart and the average
pressure at eadfoundaryis measuredsp; and p, respectively. From these two pressure
locations, the absorption coefficigntcalculated using the transfemction method47].

Assuming plane wave propagatiexistsin the tube, there are two wavthat propagate in
opposite directions, namely the incident and reflected wave. Using the two pressure Ipgations
andpg, the ratio of the incident and reflected wave can be calculated in COMS®@Llmethod

to calculate the absorption coefficient usthg twemicrophone method is shown through
equations 25 through 33 in section 2.3.1.

This model can be adjusted to inclddam, multiple MPP layers, or position the MPP
with a varying air gaprhis studyis performedwith MPP with a backing air cavity vied from 1
inch to 4 inches in 1 inch incremenkss seen in Figur&5, the absorption coefficient of a MPP
with varying aircavitiesis calculated in COMSOL and compardanalytical resultsThe

derivation of the analytical resuligasperformed in seatn 3.1.1.1.

The results show that the resonant frequency corresponding to the peak absorption
coefficient is determined by the backing cavity depth. The system has multiple resonances that
occur where the cotangent term of the cavity reactance from@udats zero and the
absorption is near a maximuithis is also known as the quarter wavelength resonant
frequenciesThe absorption goes to zero when the cotangent term reaches infinity. By increasing
the cavity depth, thivwest frequency absorptionagdecan be shifted to the left
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Figure55: Absorptioncoefficient of MPPbacked by an air cavitysing reported impedance
valuesi COMSOL vs.analytical

3.1.2.2. MPP model usinginterior perforated plate

The interior perforated plate mdd#lows for the direct inpubf MPP parameterd.he
interior perforatedplate boundary specifies the characteristic properties of a perforated plate in
COMSOL Multiphysics. The transfer impedance through the boundary is calculated by the

formula
6 p W o 0 (44)
” d) ., n (b p ’Q - £2” 0 (.|

As shown by the impedance formula, the resistive component increases as the hole
diameter is increased. Therefdd®P offer substantial resistance as the hole diameter is

submillimeter in sizeThe properties of the MPP used in the study are seen in J.able
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Table5: Interior perforatedplate COMSOLboundaryspecifications

Interior Perforatd Plate COMSOL Boundary Specifications

Parameter Value Units
Dynamic Viscosity 1 1.8¢€” (default, air) Pas
Area Porosity U 0.03
Plate Thickness, 0.381 mm
Hole diameter, ¢ 0.21 mm
End correction , U 0.25d, (default)
Flow resistance 1 d 0.4

From the previous model akownin Figure54, the interior impedandeoundary condition
is replacedvith the interior perforated plateoundary condition to replicate a MPP. The
absorption coefficient of a MPP with varying air cavities are calculated in COMSOL and

compared to analytical results as seen in Figére
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Figure56: Absaption coefficient of MPPbacked by an air cavitysinginterior perforatedplate
i COMSOL vs. aalytical
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The model for calculating the transmission loss of melamine foam with a MPP separated
by a cavity depth is shown in Figusé. This modelis built usng theporoelastic waves (ELW)
modulein COMSOL MultiphysicsThe numerical results match up well to the analytical results.
The model using the interior perforated plate is thus comparable to using reported impedance
values for the MPP. By increasing ttevity depth of the interior perforated plate, the peak

absorption can be moved to lower frequencies.

ol Top (First) Boundary
Plane Wave Radiation

First Domain — , Incident Pressure Field
Pressure Acoustics Model :

M

= Second Boundary
4 ) v Interior Petforated Plate

Second Domain
Poroelastic Material — _
Melamine / Polyimide 5

Third Domain
Pressure Acoustics Model

Bottom (Fifth) Boundary
Plane Wave Radiation
P> pressure (Intopl)

Figure57. COMSOLtransmissionossmodel of MPP with air cavity backed loyelamine dam
usinginterior perforatedplate

Theproperties used for melamine foam esterencedn Table4. As shown in Figuré&?,
plane wave radiation is applied to the top and bottom boundaries, and an inlet prgssafap
is applied to the top boundardyntegrationacross the bottom boundaryused to calculate the
outlet pressurgy,. po andp, are used to calculate the inlet and outlet powers, respectively. The
transmission lossT() is calculated as the ratio of the inlet to outkénsities in dB.
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A sound hard boundary is applied to alter walls, and a frequency domain of 20
2000Hz is studies in 20Hz stefdhe transfer impedance calculated in equadibis used to
calculate the pressudeop across the MPP, which is then converted to decibels (dB) to calculate
the transmission loss akown in Figure 58Results show that the transmission loss is increased
at higher frequencies. The transmission loss is affected by the resistive and reactive component
of the impedance of the MPP, and because the MPP is treated as a rigid plate themdi@s in
TL due to resonant effects of a flexible plate. Experimental tests are performed in the following
section to validate this model in an impedance tube.

7

Transmission Loss (dB)

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Frequency (Hz)

Figure58: Transmissionoss of MPP usintgransfer impedance edien

3.2. Experimental setup usingimpedancetube

A MPPis testedfor absorption and transmission l@sgerimentally in an impedance
tube. Toform abackingair cavityfor the MPR multiple lirch spacersrefirst designedising
the CAD design todPro/ENGINEER and printed in plastic using ® 3rinter. The outer
diameter of the spacer is equal to the inner diameter of the impeidaeoé 3.786into ensure
an airtight fit. The thickness of the spacer is 0.1in, and a lip of 0.2in thicisegended on one
side to attach the MPRigure59 shows the combined printed spacer vatPP stacked on top
of aporo-elastic foamThe MPPis cut into a circle equal to the outer radius of the spacer, and

the outer edgeareglued to the lip of the spacer. Three additibspacers without a ligre
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printed to extend the backing air cavity up to 4 incAdsorption coefficient and transmission
loss testareperformed followinghe procedureéetailed in sections 2.

Figure59: 1 inch 3D printed spacer with MPRa,b) and 1ioh 3D printedspacer with MPP on
top of(c) 4in polyimide and (d) 4n melamine

3.3. Results andvalidation
3.3.1. COMSOL testvalidation with MPP backedby a variable air cavity depth

lin MPP 2in MPP 3in MPP 4in MPP

Figure60: MPP backedya variable air cavity depth
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As seen in Figuré0, the depth of the backing cavity separating a MPP from a rigid plate
is varied from 1 to 4 inches itrinchincrements. Experimental versus numerical COMSOL
results are compared in Figuse. For absorptn coefficient tests the sample is backed by a rigid
plate separated by an air cavity, and for transmission loss tests the sample is not backed by a

rigid plate and a transmitted wave passes through the material.

Theresults in Figure 61show that the gak absorption frequency is largely dictated by
the air cavity depth backing the MP®Rhen the reactive componenttbe impedance of the
cavity is zero, or the quarter wave resonatioe absorption is at a maximum. TlEknown as
theresonance frequep@nd itoccurs in harmonics that are integaultiples of the first

resonance frequency. Furthermore, it is seen from equétitirat the reactive component of the
impedance i |-©wherg is the frequencyD is the cavity depth, andis the speed cfound

in air. At the frequencies where this term reaches infthigyabsorption goes to zero. Therefore,

MPP by themselves in an air cavity are not effective broadbandogiosor

Figure 61b shows that the predicted transmission loss of a MPP mounted in a duct closely
follows the experimental test. Experimental results show that there is a dip in TL near 200 Hz.
This is expected to occur near the axial resonance mode adribevhen mounted in a duct. In
this case, the MPP is flexible and the most efficient transfer of energy occurs near its flexible
mode. The COMSOL model, on the other hand, treats the MPP as a transfer impedance shown
by equation 44 and does not take iat@ount flexible modes. Overalhd results show that the
numerical modelsloselymatch experimental resultdow that the COMSOL model is validated

it canbe usedor numerical studies.
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3.3.2. Melamine COMSOL testvalidation with MPP separated by a variable air
cavity depth

2in melamine {

Oin MPP 1in MPP 2in MPP 3in MPP

Figure62: Melamine with MPP separated by a variable air cavity depth

As seernn Figure62, a single MPP is spaced a variable distance away from a sample of
melamine foamEor absorption coefficient tests the foam is backed by a rigid plate, and for
transmission loss tests the foam is not backed by a rigid plate so that a transavtes w
allowed to pass through the materigthe impedance of the MPP, the air cavity, and melamine
foam act in series to increase sound absorption and transmission loss. Experimental versus

numerical COMSOL results are compared in Figi8e

Results sha that the impedance of the MPP combines with the impedance of the
melamine foam. As shown in Figué& with only the MPP, the absorption coefficient goes to
zero when the reactive component of the impedance is zero. However, inGdguren the
MPP is lacked by melamine foam, the absorption at these frequencieszermThe
melaminefoamperforms asn effective absorber at high frequencies where the wavelength of
sound is smaller or comparalib the thickness of the foam. At high frequencies melami
dissipates the acoustic energy into heat through friclibis.is shown where the absorption
coefficient is increasedt high frequencies he esultsalsoshow that the numerical models
match experimental resultdow that the COMSOL model is validalté can be used for

numerical studies.
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Figure63: (a) Absorption coefficient and (b) transmission loss of 2in melamine with MPP
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3.3.3. Polyimide COMSOL testvalidation with MPP separated by a variable air
cavity depth

2in polyimide {

0Oin MPP lin MPP 2in MPP 3in MPP

Figure64: Polyimide with MPP separated by a variable air cavity depth

As seen in Figuré4, a single MPP is spaced a variable distance away from a sample of
polyimide foam For absorption coefficient tests the foam is backed by a rigid plate, and for
transmission loss tests the foam is not backed by a rigid plate so that a transmitted wave is
allowed to pass through the materkas. previous studies have showine impedane of the
MPP, the air cavity, and polyimide foam act in series to increase sound absorption and

transmission loss. Experimental versus numerical COMSOL results are compared ir65igure

Results in this section are similar to the previswslywhere melenineis used in place
of polyimide foam. As shown in Figu6s when the MPP is backed by polyimide foahe
impedance of the MPP is added to the impedance of polyimide to yieldenorabsorption
across all frequencies. The foam is an effective absatbegh frequencies where the
wavelength of sound is smaller or comparable to the thickness of the foam. This is shown at high
frequencies where the absorption coefficient is incred®esultsalsoshow that the numerical
models match experimental resulkw that the COMSOL model is validatgéatan be usetbr

numerical studies.
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Figure65: (a) Absorption coefficient and (b) transmission loss of 2in polyimide with MPP
separated by a variable air cavity dep#xperimental vsCOMSOL
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3.4. Numerical parametric studies of MPP

The goal of performing numerical parametric studies of a MPP is to study what parameters
are most influential in increasing the absorption coefficient and transmissiaf b$4PP
system In the following stidies, the absorption coefficient and transmission logsetdmine

and polyimidefoam withvarious configurations dfiPP are considered.

3.4.1. Studies ofmelamine with MPP
3.4.1.1. Melamine with MPP separated by a variableair cavity depth

2in melamine {

Oin MPP lin MPP 2in MPP 3in MPP

Figure66: 2in melamine with MPP separated by a variable air cavity depth

As seen in Figuré6, a single MPP is spaced a variable distance away from a sample of
2in melamine foam. Figuré7 shows the absorption coefficient and transmission loss of 2in

melamine with a MPP separated by a variable air cavity depth.

The results show that the addition of a MPP with an increasing air cavity depth on top of
melamine foam increases the absorption at low frequencies comparbedgeline melamine
sample The impe&lance of the MPP, the air cavity, and the melamine foam combaietthe
surface impedanaaf the sample and thus the low frequency absorption and transmission loss is
increasedBy removing melamine from this equation, the absorption coefficienbsdlllate
with frequency where zero point absorption occurs ath@fiewavelength harmonics of the air
cavity depth. The addition of the resistance and reactance provided by the melamine foam
removes the case where the reactance of the MPP resonatoragppoinfinity and results in
zero point absorption. Thus the MPP combined with melamine results in an effective broadband

absorber. Melamine foam provides attenuation at high frequencies where the wavelength of
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sound is smaller than the thickness of teni. Furthermore, it is shown that adding a MPP with

an air cavity to melamine foam increases the broadband transmission loss by about 6 dB.

The result is a system that absorbs low frequency sound and is also effective at high
frequencies. It is shown gscially as the air cavity increases that the absorption oscillates with
frequency determined by the depth of the air cavity. Therefore it is beneficial to increase the
depth separating the MPP from the melamine foam to achieve lower frequency absatption w

the cost of the system being less compact.

Figure67: (a) Absorption coefficient and (b) transmission loss of 2in melamine with MPP
separated by a variable air cavity dep@OMSOL
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