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Through the use of a layered arrangement, it is shown thgy kxsnic crystals can be arranged to create a structure with
extreme acoustic properties, namelyaooustic metamaterialThis artificial structure shows di erent e ective fluid
and absorptive properties in di erent orientations. Theale numerical and experimental results examining theerm
viscous losses in sonic crystals are presented, enabkrfglication and characterization of an acoustic metariahte
absorber with complex-valued anisotropic inertia. To aataly describe and fabricate such an acoustic metamlateria
in a realizable experimental configuration, confining stieess are needed which modify the e ective properties, due to
the thermal and viscous boundary layer e ects within thecsonystal lattice. Theoretical formulations are presented
which describe the e ects of these confined sonic crystall,ibdividually and as part of an acoustic metamaterial
structure. Experimental demonstrations are also repaiggdy an acoustic impedance tube. The formulations devel-
oped can be written with no unknown or empirical coe cientg tb the structured lattice of the sonic crystals and
organized layering scheme, and it is shown that higher dilfiaction arrangements can be used to provide a large
enhancement in the loss factor.

I. INTRODUCTION In most applications, acoustic metamaterials have been en-
visioned using ideal materials, with the presence of losses

Sonic crystals, defined as periodic distributions of souncf€€n as a hinderance to the design. However, acoustic waves
scatterers in a fluid or air background, have been proposed i fluids such as air or water have inherent Iosses_wh|ch arise
structures for attenuating and filtering sound waves bevafus from thermal and viscous e ects, and can be particularly pro-
their acoustic bandgapg. Their refractive properties, which nounced for small structures such as those encountered in
were studied in the pioneering work of Kock and Harey Metamaterial applications. Furthermore, for sound akesorb
back in 1949, were later revisited and expanded by Cerver@Pplications, these losses can be significant, and are in fac
and coworkerd These authors developed an acoustic lens fopecessary to achieving the goal of absorbing the acoustic en
airborne sound by using a cluster of rigid rods with externalrgy- A recent study analyzed the homogenized properties of
lenticular shape. The lensing behavior was understood to reeriodically distributed elastic cylinders embedded inis v
sultfromthe e ective properties of the cluster that, at lew f  Cous fluid®, however the analysis was constrained by the con-
quencies, behaves like a homogeneous fluid with some givefition of low filling fractions, where the sound absorbing ef
e ective mass density and bulk modulus. In fact, it has beeffcts are not significant unless the frequencies are vety, hig
demonstrated that sonic crystals, with hexagonal and equaP the structures are very small.
symmetries, behaves like isotropic fluids whose e ective pa- Recently, there has been interest in using the losses within
rameters simply depend on the lattice filling fracfion an acoustic metamaterial to provide an enhancement in the

Research on sonic crystals below the homogenization limigbsorption, using resonant structures such as membrades an
has been boosted in recent years due to the possibility of usrass-spring-damper systeffig®  However, such resonant
ing them as artificial structures with extreme homogenizedbsorption mechanisms are inherently narrowband, and thus
properties, referred to as acoustic metamaterials, befavi there is a need for nonresonant high loss structures in\achie
as broadband anisotropic fluids, or metafldidéMoreover, ing broadband acoustic metamaterial absorbers. Broadband
acoustic metamaterials or metafluids with mass anisotropgound absorption has been recently demonstrated by layered
are receiving increasing attention due to the extraorglinarstructures of porous materi&ts Two dimensional sonic crys-
acoustic devices predicted from transformation acousticdals made of cylindrical absorbing units were previously em
like acoustic cloaks and acoustic hyperlenses, which requi ployed to fabricate acoustic barriers with broadband saimd
anisotropic fluids as the principal ingredignif. Several sorption; their insertion loss being the result of two coeapl
designs and a few experimental demonstrations of acoustimentary e ecf&?% i) the absorbing properties of the indi-
metamaterials with dynamical mass anisotropy have been residual units and ii) the reflectance properties of the peciod
ported in the last few yeat$'15 which make use of a non- structure. Moreover, sonic crystals consisting of rigidgar-
resonant microstructure to create the desired anisotropy.  ranged in a hexagonal lattice with a large filling fractionda

been recently employed to dissipate broadband acoustic en-
ergy at the core of an omni-directional sound absorber, also
a)Electronic mail: mdguild@utexas.edu; Current addressCNAstdoctoral known as aracoustic black hORE?, thoth the authors did not

Research Associateship Program, U.S. Naval ResearchdtabpiWashing- exa_mme the physical mechanisms of the observed lossy be-
ton DC 20375 havior.

P)Electronic mail: jsdehesa@upv.es In this work, the use of lossy sonic crystals with high fill-



ing fractions will be examined to demonstrate its applica-
bility for sound absorbers, and how acoustic metamaterial:
with complex-valued e ective material properties can be cre
ated and implemented, allowing for anisotropy in both the
sound absorption characteristics and the e ective pregerti

Through the use of a structured sonic crystal lattice, pre-
cise layered arrangements and high filling fractions can b
achieved which enable higher losses and large anisotropy i
the e ective properties of the resulting acoustic metafluid

Unlike resonant acoustic metamaterial absorbers, these e
hanced losses and anisotropy in the absorption charaiteris
are broadband, due to the non-resonant, sub-wavelendéh sce

of the sonic crystal structure.

The work performed here is described as follows. In SecFIG. 1. Geometry for a sonic crystal with lattice parameteeylin-
tion 11, the theoretical formulations and parametric cletga  der radiug, and representative cell of radifts
ization of two-dimensional (2D) sonic crystals with thermo
visous losses are presented and verified with numerical sim- _ ) . .
ulations. Modifications to these formulations for sonicsery Where o is the density of the host fluid; is the filling frac-
tals in a confined test structure are developed in Section 1110, @nd — is dynamic tortuosity givenBy
The properties of these lossy sonic crystals in a complex- =
valued anisotropic acoustic metafluid are then formulated i 1 —=
Section IV and the experimental results are described in Sec ]

tion V. Finally, Section VI gives a brief sumary of our findins yith  denoting the high frequency limit of the tortuosity
and the function§ and ~ defined as

)

- — 1
Il. TWO-DIMENSIONAL SONIC CRYSTALS F 1 i M 3)
For thermoviscous fluids, the properties of the sonic ctysta - _0 (4)
are dependent on the size of the thermal and viscous bound- @ f)
ary layers relative to that of the cylinder and lattice dimen M 8 )
sions. In particular, an expression for the e ective homoge- 1 f) 2

nized properties is sought for a lattice of cylinders whioh a ) )
non-interacting, both fluid dynamically (i.e. boundary-lay From these equations, it can be seen that the e ects of the
ers which do not touch) and acoustically (neglecting multi-losses arise from the dynamic viscosity , the static flow re-
ple scattering e ects). Extensive work has been performed oHstivity  and the characteristic viscous length , which is a
the topic of porous media, and detailed models have been d¥iscous parameter defined by Johnsoal*®. For the density
veloped to describe such systems. The specific formulatior@f @ porous medium, the losses arise from viscous e ects, and
in each case depend on the configuration of the microstrud€sult in an e ective density which contains both a real and
ture. Two-dimensional sonic crystals, which consist of par Imaginary part. _ _
allel cylinders in a structured lattice, represent an iedl For alattice of rigid parallel cylinders embedded in an Idea
arrangement of a fibrous porous media, and previous work ofias, like that illustrated in Fig. 1, the bulk modulus can be
such fibrous porous materials can provide a basis for developVritten as
ment of a model for lossy sonic crystals. A theoretical formu P 1
lation for 2D lossy sonic crystals is presented in Sectiak I e ﬁ C (6)
from which a nondimensional parameter space is developed fiber
and discussed in Section Il B. The theoretical results ae th where s the ratio of specific heaf is the ambient static
compared and verified with Comsol Multiphysics simulationspressure, and is the filling fraction. The sound speed can
in Section I C. be determined from Egs. (1) and (6) by e e.In
Eq. (6), Ciier is the dynamic compressibility, which can be
obtained from the thermal boundary conditions.
A. Theoretical formulation for 2D sonic crystals For thermally conducting fibers in air, the conduction
through typical solid materials is several orders of magitat

The general form of the bulk density for rigid fibrous me- larger than that of air, giving nearly isothermal condison
dia consisting of parallel cylinders, such as the configanat Similarly, when the cylinder spacing is large compared with

illustrated in Fig. 1, can be expressed®as the thermal boundary layer (corresponding to either neii
high frequencies or low filling fractions), any thermal irste-

1 tion with the surrounding cylinders can be neglected, which
€ Tt (1) yields adiabatic conditions at the outer radiRis Applying
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these thermal boundary conditions, the dynamic compriéssib For a lattice of parallel rigid cylinders, an expression the

ity can be obtained? flow resistivity of a structured lattice has been derived by
of Tarnow®
Ciber 1 ( 1)@"' (7 af (10)
1 dilkro)HPaR) ik RHP (krro) . 2 iinf 3 f 1if2

krfo Jo(krro)HP(krR)  Ji(kr RHP (k
olkrfo)Hy"(krR) - JukrR)Hg (ko) which is equivalent to the earlier solution derived for aagu
where Hﬁﬁ) is the m" order Hankel function of the second lca;ggi fglleolvc;?u%ic?ns\lxvrgiadre?/%?(;ozghbb)lljgrl:wzt():iériillgrt:mhes
kind, ro is the cylinder radiusR is the radius defined by the >0 : Ped Dy using a circular repr
tative volume of fluid surrounding each cylinder (illustdin

filling fraction f (ro R)?, and the thermal wavenumber ° . 0.
ke (1 j) Pr . Thethermal e ects are quantified by the;g' 1), and assuming free conditions at the boundary of each

the Prandti number Pr_C and the viscous boundary layer For parallel cylindrical lattices, Tournat al3’ derived an

is definedas (2 ) (1 o), where is the viscosity, IS gyhresgion for the tortuosity, 1f. Although originally

the thermal conductivity andJs the specific heat capacity. yeyeloped as an approximate solution valid only for smail fi

ltcan be seenthatthe e ects O.f the losses arise from both V'ﬁig fractions, this solution holds for all filling fractioriis the

cous and thermal e ects, leading to a complex value for thgpqence of multiple scattering e ects. This can be seen by

bulk modulus. comparing Eq. (1) in the limit of zero viscosity to the lossie
quasi-static dynamic density for a sonic crystal, giveh¥y

1. Formulation of relevant model parameters
e 0 0 (11)
Due to the random nature of the fibrous media which has
traditionally been examined for absorptive acoustic niater
als, the existing literature has focused on the case of low
volume fractions (often on the order of a few percent), us-2. Effective density of a 2D sonic crystal with losses
ing parameters which often require experimental character

zation of specific samples since the precise microstruesure  \njith the expressions for and presented above, the

not knowr?o‘?“. For such naturally occurring materials, higher complex e ective density given by Eq. (1) for a sonic crystal
volume fractions without a precisely arranged microstitet it viscous losses can be written as

will tend to clump and intersect, creating what would essen-

tially appear like pores. As a result, the situations of nmede 1 f Fec
ate to high concentrations of fibrous porous media have typi- e 071 F 1 j= (12)
cally been neglected. For lossy sonic crystals, howevesgth
closely packed arrangements are of particular interest, an = 1 M (13)
represent the exact microstructure that one wishes to exam- ¢ 2 SeUse

ine. The three relevant model parameters characteriziag th _
viscous and thermal e ects of the lattice structure are:ithe v € O2f(—2 1f 2 In f

f

1
[ (14)
L . 4
cous characteristic length , the tortuosity and the flow
resistivity . M 8f 1
The viscous characteristic length is a metric of the viscous 1 f22 f 2
e ects proposed by Johnsenal ?°. Evaluation of this quan-

tity analytically for the viscous fluid flow around arigid @ From these equations, it is clear that besides the host flwiel d
der yield$® sity, the only parameters that a ect the density are thedfillin
ro , fraction f and the ratio qf the viscous boundary layer th_ick—
E(l %) (9)  ness to the cylinder radiusro. From the definition of |, it
can be seen that this term includes all the relevant viscous
Note that for small filling fractions, Eq. (9) yields rq (2f), e ects and the frequency dependence. Unlike unstructured
the same as that obtained by Allard and Champ®udow-  porous media, which require estimated or experimentaly de
ever, for the moderate to high filling fractions that can betermined scaling parameté?sthere are no free parameters
achieved using sonic crystals, the higher precision oftlaete  required for modeling the bulk e ective properties of a lossy
expression given by Eq. (9) is necessary to accurately itbescr sonic crystal. Therefore, the expression presented atmove f
the acoustic performance. the complex density of a sonic crystal is an explicit expres-
In the context of sonic crystals, the unique homogenizedion in terms of the host density and filling fraction, with al
bulk properties arise from dynamic e ects, and thus for théhe viscous and dispersive e ects accounted for by a single
static flow resistivity it is more appropriate to consideésths  dimensionless parameteryq, which can be calculated based
a quasi-static condition of low but non-zero oscillatorywlo  on the frequency and the properties of the viscous host fluid.

Alw DWW

1
(— 15
2 (15)



3. Effective bulk modulus of a 2D sonic crystal with losses

Real Part ; Loss Factor
10 ; 8 10 1
In a similar manner, Egs. (6)-(8) can be used to express th @ o)
bulk modulus of a sonic crystal with viscous losses, Density 6 Density °8
_ o 0.6
Po 1 =10
e -~ (16) o4
(1 f)Csc 02
Ce 1 ( )2 H a7 o 0
1 f 10
As with the complex density, the complex bulk modulus is
a function only of the properties of the host fluid (including _ | >4
thermal properties), the filling fraction and the parameteg. < 10
0.2
B. Parametric representation of lossy sonic crystals 10 0.6 0
10’ 3 10 o [1°2
From Egs. (8), (12)—(17), theoretical values for the com- 25 015
plex density and bulk modulus can be obtained. These ex _ | i s o i
pressions do not contain any empirically derived coe cjents = : 10 o1
and for a given host fluid can completely describe any com- 12 005
bination of lattice geometries and frequency using two inde ) T
pendent parameters: the filling fractiérand the normalized 10 02 04 06 10 02 04 06 0

viscous boundary layer thicknessyro. Therefore, it is pos- Filling Fraction Filling Fraction

sible to create parametric plots of the e ective sonic crysta

propertiesi which can encompass the entire range of pessibF|G. 2. (Color online) I.ntensity P|O'[S of the real part andddactor

e ective properties for 2D sonic crystals with thermoviscou for the complex e ective density, sound speed and bulk medulu
losses, for a given host fluid. Use of such plots allow for the! N€ color scale of the plots ranges from low values (dark)igh h
design and interpretation of sonic crystal e ective progert Y24es f(“r?ht): t’f‘” tkhe Va'ges are normalized to the coraeafing
when thermoviscous losses are present, and enable one to betes © the air background.

ter characterize the potential absorption properties afrécs

crystal. Sample ro (mm) a(mm) LengthL (mm) Filling fraction, f
Parametric plots are illustrated in Fig. 2 for the complex™ A 10 25 425 0541

density, sound speed and bulk modulus of a 2D sonic crystal g 10 38 431 0234

in air, as a function of the filling fraction andry. The pa- C 10 50 450 0134

rameter space has been limited to values where the thermal
and viscous boundary layers are su ciently small so as they

do not touch the boundary layer of the adjacent cylinders. ThTABLE |. Lattice properties for the three sonic crystal saesgfab-
limiting case where the boundary layers touch is denoted byicated in this work.

a solid black line. FIG. 2(a), (¢) and (e) shows the real part

of the property and Fig. 2(b), (d) and (f) shows the loss fac- . ,
tor (imaginary part divided by the real part) on a color sgale crystal, occur at moderate to high filling fractions. Altlgbu

ranging from low values (dark) to high values (light). Note this does not change the absorption per cycle, itdoes a ectth

that while fibrous porous materials have been extensively ut Wavelength of the sound passing through the absorber. De-

lized for sound absorbing applications, these have teaditi Créasing the sound speed, as shown in Fig. 2(b), will deereas

ally been limited to low filling fractions, on the order of afe e wavelength, and therefore lead to an absorber which ap-

percent, which represents the left-most region of the plots ~ P€ars a_coustlcally thicker” and thereby increasing thalto
Expanding the parameter space to include the higher fillin@PSorption.

fractions made possible by the structured lattice of theécson

crystals, one can identify several desirable features hwhic

could be utilized for acoustic absorbers. In particuldg ith- € Comparison of results with Comsol

served that there is a broad region across the moderatefto hig

filling fractions where the loss factor is large, and in theeca  To verify the theoretical formulation developed in Sec-

of the density approaches unity, compared with very smaltion Il A, the complex density and bulk modulus are compared

values for the region covered by traditional fibrous pordas a with Comsol simulations. In the Comsol models, the cylin-

sorbers. In addition, from Fig. 2(b) it can be seen that §igni ders are assumed to be rigid, and a thermoviscous host fluid

cant reductions in the real part of the sound speed, which reith the properties of air is used. Although the dimensiesle

resents the speed of the wave through the homogenized sorparameter rg is utilized for the theoretical analysis, the use
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FIG. 3. (Color online) Comparison of theoretical resultd @omsol  |;|. MODIFIED FORMULATION FOR CONEINED SONIC

for the real and imaginary parts of the density and bulk maglofa  crysTALS
sonic crystal withro 1 mm, for Sample A, B, and C givenin Table I,
shown in red, blue and green, respectively. Theoreticaltefor the

2D sonic crystal configurations are obtained from Eqgs. (b&8)(46). Through the process of producing a finite sized sonic crys-

tal sample which can be investigated and characterizedy-a co
fined sonic crystal or acoustic metamaterial will inevitabl
be created due to the walls and structure enclosing it. Al-
though creating confined sonic crystals can be done as a
design choice, in many practical cases this occurs as a re-
of Comsol requires specific dimensions and a correspondingult of using standard acoustic testing techniques, sueimas
frequency range for the acoustical modeling to be performedmpedance tube. An illustration of a confined sonic crystal
Based on the definition of , ro can be calculated for a spe- sample situated inside an impedance tube is shown in Fig. 4.
cific fluid (in this case air) and frequency range and the eylin In this section, modifications to the theoretical results-pr
der radiugg. sented in Section Il will be discussed, which can account for
these e ects.

Results calculated from Egs. (12) and (16) are compared The presence of the walls within the sonic crystal sample,
with Comsol simulations in Fig. 3, for Samples A, B, and C, as with the air-filled portion of the impedance tube, will ifie a
the dimensions of which are listed in Table I. For referencefected by the viscous and thermal boundary layers emanating
e ective properties for the lossless case are shown in EY. 3( from these surfaces. However, these boundary layers within
(c) and (e) and denoted by a dashed line. In this figure, it ishe sample will be a ected by the e ective viscous and ther-
clear that there is excellent agreement between the tlieoremal properties of the sonic crystal sample, which consists o
cal model developed here and the Comsol data, for both thieoth solid cylinders and the surrounding air. At moderate to
real and imaginary parts of the density, sound speed and bulkgh filling fractions, these e ective thermoviscous prtipsr
modulus. Conversely, the e ective properties for the Igssle can vary significantly from those of ambient air, leading to
cases fail to capture the trends in the data for even the reabservable di erencesinthe e ective sonic crystal pragzerti
part of the e ective properties as a function of frequenay, anIn Section Il A, expressions for e ective thermal and viscou
the overall magnitude deviates from that of either the theor properties are presented, based on e ective medium theory.
with losses or Comsol at higher filling fractions. Based onln Section IlI B, these e ective medium properties are used to
these results, the theoretical formulation with lossevides  determine the appropriate thermal boundary conditionssand
a relatively simple yet accurate explicit formulation fiwet revised expression for the dynamic compressibility andk bul
e ective properties of a lossy sonic crystal structure. modulus for a confined sonic crystal is developed.



The e ective density for a confined sonic crystal is given by

Material properties Air ABSplastic > : -
Density, 121kg 1050kg the same expression as f(_)r the unc_onflned case des_cnbe_d by
Bulk modulus 142 kPa. 24 GPa Eq. (12),_ except with an increase in th_e e ective viscosity,

' as described by Eq. (20). Note that this increased viscosity
Shear modulus, - 081GPa  4rresponds to higher flow resistivity according to Eq. (10)
Compressional wave speel, 343ms 1834ms  and therefore an increase in the imaginary part of the densit
Specific heat capacity, C 1000 J kg K 1300 J kg K
Ratio of specific heats, 14 10
Viscosity, 185 Pas - B. Effective bulk modulus for confined sonic crystals

For a confined sonic crystal, the presence of the surround-
ing surfaces will a ect how the thermoviscous boundary lay-
ers interact with the cylinders and the resulting e ectiv& bu
modulus of the homogenized structure. Although the funda-
mental equations are the same as for the unconfined sonic
crystal, the cylinders within the confined sonic crystall wil

xperience a di erent thermal boundary condition atR,
_the outer radius of the unit cell. For high filling fraction-ap
eolications relative to the boundary layer thickness, thi&ou
unit cell boundary conditions are often set equal to those of
he e ective medium, to compensate for the net interaction
rom the surrounding cylindet$ This approach of treating a

TABLE Il. Physical properties of air and ABS plastic used fbe
fabricated sonic crystal samples examined in Section V.

A. Effective thermal and viscous properties

For moderate to high concentrations of inclusions, the bul
properties of the e ective medium can be significantly influ
enced by the number and proximity of the inclusions to on
another. While this has not traditionally been a factor fia-p
vious works on unstructured fibrous porous media in air, thi

e ect has been studied quite extensively for elastic cortgposi = ~. . : A
structures and for fluid emulsions. unit cell surrounded by an e ective homogenized medium is

To determine the necessary e ective properties, recall thg{so utilized extensivelyine ective medium theory for #tas

H 1
the Prandtl number Pr was used to quantify the reIativéSO“dé' : : . . . .
strength of the thermal and viscous e ects, which is deter- In the |dea.\I|zed 2D expressions Qevelop_ed in Sectlpn Il it
mined by the specific heat capacity, thermal conductivity an was appropriate to assume that the interactions betweign cyl

viscosity of the medium. The e ective value for the heat ca—Olers COUI? bedr;eg:re:ctedl, f_mcle :{[E.e tgermgl anclj V'SCOUIS N etcts
pacity, which is given by the product ;0is simply®® were confined to the relatively thin boundary layers close to

each cylinder. For the confined sonic crystal, howeverpiisc
C fC  (1f) C. . and _th_ermal boundary layers emanate from th(_a walls of the
Pe P inc P fluid confining structure, with thermoviscous properties of the e
where the subscripts “inc” and “fluid” refer to the inclusion fective medium. Even at low filling fractions, these bourydar
and fluid components, respectively. Material propertiesfo  l2yers can be significantly larger than those in air for thadiyn
and the ABS plastic used for the fabricated samples examineggPnductive cylinders, and under these circumstances fi-is a
in Section V are given in Table II. Note that the density of thePropriate to apply thermal boundary conditions aiR equal
cylinder is several orders of magnitude larger than thatrof a t0 those of an e ective homogenized sonic crystal medium.
while the specific heat capacity for most solids are of thessamFOr an e ective homogenized medium surrounding the unit
order of magnitude to those for air, so the e ective specifi€ell containing low to moderate filling fractions of therryal
heat capacity is §  Cpinc. In @ similar manner, the thermal conducting cyhnder_s3 this will yl_eld an approxmatelyuber-
conductivity along the axial direction of the e ective mediu Mal boundary condition, for which the expression for the dy-
(the vertical direction as shown in Fig. 4) can be determined@mic compressibility becomes
using the rule of mixtures, which yieltfs of

C con 1 l—
e fie (1 1) g (19) scent 1 (- Dy

(18)

|'Tconf (21)

where

In addition to the thermal properties, the e ective visgosit Heonf
will be a ected by the presence of the inclusions. This well-
known phenomenon has been traditionally examined for sus-
pensions, and the classic solution for a low concentratfon o
rigid spheres in a viscous fluid is attributed to EinstéinI-
though this expression is extensively used, its applitgld
limited to objects with a spherical shape. For the case a rig
cylinders in a viscous fluid, the e ective viscosity can be de-
termined by analogy with elastic composites, which yi&lds

e 1 2f) (20)

krrodi(krro) krRA(rR) HP(krro) HP(rR)

Jo(krro) Jo(krR) krroHP(krro) krRHP(krR)

Jo(krro) HP(krro) HP(rR)
Jo(krro) Jo(krR) HP(krro) (22)

Therefore, the bulk modulus of a confined sonic crystal can
be described by Eq. (16), with the dynamic compressibility



given by Egs. (21) and (22). Although Eq. (22) is a some-
what complicated expression, it is expected that a decirase
the e ective bulk modulus will be observed due to the changt Incident wave

from adiabatic to isothermal conditions. )
Transmitted wave

#_H_.

v

IV.  ACOUSTIC METAMATERIAL USING ALTERNATING
LOSSY SONIC CRYSTAL LAYERS

A

. . . . ()
Recent work has examined anisotropic acoustic metamate Reflected wave
rials theoretically, numerically and experimentafy®. De- Incident wave
spite these thorough investigations and demonstrations-of m
Transmitted wave

alizable structures, such works have neglected thermawssc >
losses due to a primary focus on broadband, nonresonai
acoustic metamaterials which operate without any appbécia 4H+.
losses. Comparison of theoretical results with Comsol simu m

lations for 2D sonic crystals (presented in Fig. 3) shows tha
significant di erences were observed between e ective prog

erties obtained assuming a lossless host fluid and thoséwhic

include thermoviscous losses. These di erences resulted E?G 5. (a) Parallel and (b) perpendicular configurationsthf

a nan-zero (and at some f.requenC|es quite Iargg) ImaQ'n""%isotropic acoustic metamaterial examined in this wohkctvcon-
part, and also resulted in incorrect trends predicted by thgjgis of two sets of alternating sonic crystal layers. The sanic
lossless theory, including underestimating the real pltt®  ¢rystal layers behave as e ective fluids, which have the heniped
density and overestimating the real part of the bulk moduproperties of Samples A and C given in Table I, and are dertmged
lus. Therefore, in the following sections an analysis of andark and light gray, respectively.
anisotropic acoustic metamaterial will be performed. Tee t

oretical framework for this will be discussed in Section IV A L
in which the anisotropic acoustic metamaterial will be teea di 1 dy 1

as a system of alternating e ective fluid layers, with the prop Oot 1 Gt 2
erties of each e ective fluid layer simply being the complex )
e ective properties determined from the homogenization provheredr  di dz, and the subscripts 1 and 2 refer to the
cess of a uniform sonic crystal. In Section IV B, the theereti first and second alternating fluids layers. To determine the
cal formulation is compared with 2D Comsol simulations with € €ctive properties of the acoustic metamaterial, a twp-ste

thermoviscous losses for a realizable configuration. homogenization process will be performed. First, eachcsoni
crystal lattice will be homogenized to create an e ectivelflui

layer, using the methods described in Section Il for a 2Dcsoni
crystal, or for the results developed for a confined sonistety
discussed in Section Ill. Second, these e ective fluid layers
will be homogenized to obtain the e ective properties of the
In this section, the formulation for the e ective propertiesacoustic metamaterial in both the parallel and perpenaicul
of an acoustic metamaterial with complex anisotropic iner-orientations of the sonic crystal layers.
tia will be examined, which consists of an alternating-laye  For a multilayered arrangement of an arbitrary number
arrangement of sonic crystal lattices. The anisotropy & th of fluid layers, this analysis can be performed using the
inertia arises from di erences in the e ective density of thémpedance and pressure translation theorems to obtain-the i
homogenized structure at di erent orientations of the strucput specific acoustic impedand,, and normalized acoustic
ture. For the impedance tube testing under investigatithisn  pressureP, which are given b§/4°
work, of particular interest is the analysis relating tomar

A

Reflected wave (b)

24
Oot 1 Chot 2 (24)

A. Theoretical formulation

incidence plane waves for two specific configurations, where 7 () 7 Zin(%i 1) COSkfdi 1Zi S!nkidi (25)
the impinging wave is either parallel or perpendicular te th Z coskidi  jZin(Xi 1) Sinkid

sonic crystal layers, which are illustrated in Fig. 5(a) &éoq Z 1
respectively. P(xi 1) P(x) coskidi Jm sinkid; (26)

When the acoustic metamaterial is oriented perpendicular
tothe incident wave, the e ective density and bulk modulus ofyherex; is the position of the™ fluid interface,d; % 1 X

an alternating layer structure is given by the harmonicayer s the thickness of thi" layer,k; is the wavenumber of thé

of the quantities, namef, layer, and, is the specific acoustic impedance of tidayer.
Implementation of Eqgs. (25) and (26) can be achieved by
solving for the input impedance first, and then evaluatirgy th
acoustic pressure. Starting from the last layer (whichaiagi

a1 ¢l '’

23
Oot 1 Chot 2 (23)



into air) and working backwards yields the input impedance 5 N RO ET X T2 o s
at each successive layer, until the input impedance at ste fir _ , ; @) | O
layer, Z(0), is determined. Likewise, the normalized acous- 9;’ gz -1
tic pressure can then be determined, starting at the firetlay — o” 3---._ a®
. . . o3 KOOKTH KR R R o = = * Normal (Comsol)
and working forward, until the pressure at the last layeleis d =~ & - -coecscosmoonomsoo-] £ o Perp. (Comsol)
termined, denoted bi?(L), wherelL is the total length of the gg[;“_"’;'th(;“;;;”
multilayer structure. From these two values, the pressexe r 1500 200 600 800 1000 1200 > 200 400 600 800 1000 1200
flection coe cient, , and transmission coe cient, , can be Frequency (Hz) Frequency (Hz)
determined, 1 03
- DT HDTET O mwrovo-gq-‘ @
Zm(o) ZO P(L) (27) . 08 [RUMIIVIRIC X S latalatataialal _
o b= O 0.2
Z0) 2o < os <
() © N
. . . — 04 —_ <
The e ective homogenized properties of the ensembltg E o1 el
. . . S T e oy =
structure can be determined using and  for a single °? 900000 000 0pmpmnn..
e ective fluid layer with speC|f|g acoustic |mpedar2‘6_e, O 20 690 890 1030 1200 O o0 690 B850 1000 1200
wavenumbeik, and lengthL. Using well-known physical Frequency (Hz) Frequency (Hz)
acoustic solutions for a single fluid lay&rone can obtain ex- 3 03
pressions for the e ective propertiés andk, , such that © ®
— 25 : — »
° © 0.2 x¥A==T
2z, e @8 F > o
J Sin T i )éy-y“%
cemsonarmsd E OATT
ke 1 ;1 22 29) S NS G Lk B S
—cosT ——— V00006 00 00 0% 00
L 2 ! 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Frequency (Hz) Frequency (Hz)

where cos! denotes the inverse of the cosine function. A sim-

'Ia,r resul_t has been previously de,r'ved FOktml'M' thoth,'n_ FIG. 6. (Color online) Comparison of theoretical resultd &omsol
this previous work some uncertainty arises due to the peeriod for the real and imaginary parts of the density and bulk mosiof a
but nonunique solution that results from evaluating the £0s sonic crystal wittr, 1 mm, for the anisotropic acoustic metamate-
function in Eq. (29). Alternatively, Eq. (29) can be evaktht rial configuration illustrated in FIG. 5.

by unwrapping the solution for the cdsfunction, such as by

using the method proposed by Baccigaffipi

The e ective density, sound speed, and bulk modulus cagnisotropic inertia, for the configuration shown in Fig. hieT

be determined from Egs. (28) and (29), such that results obtained using Comsol are presented in Fig. 6 for
Ke the incident wave parallel (x's) and perpendicular (cisgl®
e Zo — Ce — e Lo — (30) the sonic crystal layers, consisting of rigid cylinders in a
Ke Ke with thermoviscous losses. Theoretical values for thelfmhra

In the low frequency limit, the expressions for the e ectiveand perpendicular configurations represented by the dashed
density and bulk modulus for alternating fluid layers orgent and dash-dotted lines, respectively, are in excellentageat

in the parallel direction reduces to with those obtained with Comsol, for both the real and imagi-
nary part of the e ective properties.
. ﬂ 1 E ) (31) In Fig. 6(a) and (b), the anisotropy in the density is clearly
Chot Chot seen, with the results for the parallel direction noticgabl
d 1 dy 1 ‘! higher than that for the perpendicular case. This anisgtrop

(32)  inthe complex density is also apparent in the results for the
sound speed illustrated in Fig. 6(c) and (d), which shows a

which corresponds to the previously established results bgimilar trend. In Fig. 6(e), there is only a slight di erence i

Schoenberg and S&hextensively used in anisotropic meta- the real part of the e ective bulk modulus between the two

material analysis Note that in this case the e ective bulk configurations, as expected by the quasi-static resulsngiv

modulus reduces to the same value as in the perpendicular oby Egs. (24) and (32). Interestingly, a more noticeable di er

entation given by Eq. (24), so that the anisotropy occurg onlence between the parallel and perpendicular configuraitons

in the density in the quasi-static limit. observed in the imaginary part of the bulk modulus shown in
Fig. 6(f), a trend that is captured using the theory by retain
ing the full expressions presented in Section IV A, rathanth

B. Comparison of results with Comsol the quasi-static approximations. From this observatibis, i
clear that to correctly account for the losses, it is imputrta

To further examine the theoretical formulation presentedetain the slightly more complicated general expressivaryi
in Section IVA, Comsol was used to determine the e ecby Egs. (28)—(30).
tive properties of an acoustic metamaterial with complex From a theoretical point of view, an anisotropic acoustic

Oot 1 Chot 2
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absorber can be obtained from any alternating arrangerfient orystal sample. Assuming that the sheath appears rigid rela
lossy fluids. However, realization of such an arrangement ugive to the surrounding air, this will lead to increase in and

ing actual fluids is impractical, particularly for the airbe e », given by

sound absorbers examined in this work, and thus requires

the use of e ective lossy fluid structures. Furthermore, the e sheath e 1 sheath = (33)
range of e ective fluid properties using traditional randoml
oriented fibrous media is quite limited, as discussed in Sec-

tion 11B. Alternatively, the use of high filling fraction s  where ¢eath Isheath Riube With Isheathand Rupe denoting the
crystals enable a significant increase in the range of the ekheath thickness and the radius of the tube, respectively. |
fective density and bulk modulus, in addition to the incegas  addition to the sheath encasing the sonic crystal, a slight |
loss factors observed in in Section 1I1B. This allows for the(where the sheath extended slightly past the cylinder) was
realization of large inertial anisotropy like that theazelly  present due to the fabrication process. The result of this i
and numerically illustrated in Fig. 6. is a thin layer of air adjacent to the front and back of sonic
crystal sample. The observed e ective properties can be quan
tified by assuming that the resulting thin air layer acts bke

1
e sheath e 1 sheath (34)

V. EXPERIMENTAL RESULTS acoustic lumped element, in which case
) . . . li Ji 35
To verify the theoretical model for confined sonic crystals, ew e 0 N (35)
several samples were fabricated and experimentally tested ; 1 p (36)
ing a standard circular cross-section acoustic impedaitee t e w e 0

The inner diameter of the impedance tube is 3.5 cm, and ) _
the end of the tube is terminated with fiber glass insulatio?here ip lip Rure The nominal sheath thicknedssear
to provide an anechoic termination. Noise is generated an@nd sheath liplip, in each case tested in this work was 0 5
transmitted using a electromechanical driver, and medsure™m and 1 mm, respectively.
using 0.50 inch (1.27 cm) diameter G.R.A.S. condenser mi- From Egs. (33)—(36) it can be observed that the sheath and
crophones. The microphones are arranged in a standard 1€ sheath lip will increase the measured e ective density. F
microphone configuratidf, allowing for the magnitude and the bulk modulus, the sheath itself will lead to an increase
phase of both the reflection and transmission pressure célu€ to the increase in the specific acoustic impedance, thoug
e cients to be directly determined using a transfer-matrithe presence of the sheath lip acts to reduce the e ective bulk
method?®, from which the complex impedance and wavenum-modulus. Although which factor dominates depends on the
ber were obtained for the range 300-2000 Hz as done in previtrecise thicknesses of the sheath and sheath lip, itisfetar
ous experimental work on sonic crystal e ective propéfties EQ. (36) that the observable e ective bulk modulus resulting
Some practical obstacles which arise from the fabrication offom the sheath lip will depend on the relative magnitude of
samples are examined and accounted for in the model, includ® € ective bulk modulus of the sonic crystal compared with
ing the e ects of a thin plastic sheath around the sonic crydhat of the ambient air. Thus, the presence of the sheath lip
tal used for structural support in Section VA. Experimentalill b& amplified as the filling fraction increase, and theref
results for uniform sonic crystal lattices (which demoattr  ON€ would expectthis e ect to dominate at higher filling frac-
isotropic e ective inertia) for the three filling fractiong-d UONS, wheree — o.
scribed in Table | are presented in Section V B. The multilaye
arrangement of these uniform sonic crystal lattices, whith
ables anisotropic inertia, are used to create the acoustia-m
material absorber and is presented in Section V C.

B. Experimental results with isotropic inertia

The sonic crystal samples were created using a commercial
3D printer out of ABS plastic for several di erent configura-
tions, which are listed in Table | and cover a wide range of
filling fractions. The three sonic crystal samples desctiibe
Table 1, consisting of a single uniform arrangement with-con

In this section the e ects of the plastic sheath used to prastant lattice parameter, were constructed to verify thaltes
vide structural support for the fabrication and experinaént of the modeling of the confined sonic crystals, based on the
testing of the samples will be discussed. Although the falast formulations presented in Section Ill. A photograph of asam
sheath is quite thin compared with the radius of the impeglancple mounted in the impedance tube is shown in Fig. 4. In this
tube (as seen in Fig. 4), the presence of this sheath leads figure, the thin plastic sheath surrounding the sonic crydta
two main e ects: an increase in the measured e ective acouge test sample can be seen, which was necessary for sauctur
tic impedance, and it leads to a layer of air which increasesupport to ensure the cylinders remained properly aligned.
the e ective density and decreases the e ective bulk modulusFigure 7 shows the experimental results for the complex
the sample. density, sound speed and bulk modulus for Samples A, B,

The addition of the plastic sheath to the sonic crystal willand C. For comparison, two theoretical models of the sonic
lead to an increase in the measurable properties of the sonicystal samples are presented: the first being the 2D sonic

A. Effects of sample sheath
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FIG. 7. (Color online) Comparison of theoretical resultd amper-  FIG. 8. (Color online) Comparison of theoretical results anper-
imental impedance tube data as a function of frequency orehl  imental impedance tube data for the real and imaginary péhitse

and imaginary parts of the e ective density and bulk modufus o density and bulk modulus of a sonic crystal with 1 mm, for the
sonic crystal witlrg 1 mm, for Sample A, B, and C given in Table |, anisotropic acoustic metamaterial configuration illusimen Fig. 5.

shown inred, blue and green, respectively. The e ectivesopstal The e ective sonic crystal properties are normalized xeldt the
properties are normalized relative to the properties of Hireoreti-  properties of air. Theoretical results for the acousticanetterial are
cal results for the 2D sonic crystal configurations are olgghifrom given by Egs. (23)—(30), with the sonic crystal e ective fiaidper-

Egs. (12) and (16), and the 3D e ects of the confined sonicatsyst ties determined from Egs. (12), (16), and (18)—(22).

are accounted for using Egs. (18)—(22).

(characterized by the imaginary part of the properties),ian

N . . in excellent agreement with the experimental results fer th
crystal model (also shown in Fig. 3), and second 'nCIUd'ngentire range of filling fractions examined
the modifications for the confined sonic crystal with the ef- '

fective thermal properties and isothermal boundary caovkt

for the dynamic compressibility described by Egs. (21))(20

and (22). For the real and imaginary parts of the density-: Experimental resuits with anisotropic inertia

shown in Fig. 7(a) and (b), there is an excellent agreement be

tween both models and the experimental results, with only a For the realization of the acoustic metamaterial with com-
slight deviation observed with the unconfined 2D sonic crysplex anisotropic inertia, two samples were constructedgisi
tal model at the highest filling fraction (Sample A). For the the arrangement illustrated in Fig. 5(a) and (b) to demon-
complex sound speed and bulk modulus shown in Fig. 7(c)strate the anisotropy in the parallel and perpendiculacdir

(f), there is a much more significant di erence between théions, respectively. As seen in Fig. 5, these samples donsis
modeled results, resulting from the di erent thermal boundef two sets of alternating sonic crystal layers, containéng
ary conditions used to derive the expressions for the dymamihigh filling fraction layer (dark) and low filling fractionight).
compressibility, and thus the bulk modulus. In particutds ~ The same experimental setup was used to test these acoustic
observed that the 2D sonic crystal model, which was in excelmetamaterial samples, the results for which are presented i
lent agreement with the 2D results presented in Fig. 3, gieldFig. 8. For comparison purpose, theoretical results obthin

a bulk modulus which has a significantly higher real parthwit from Egs. (28) and (29) are also shown. These results corre-
a correspondingly lower imaginary part, than the experimenspond to the e ective properties of the structures with [ehral
tal data. This trend is also observed in the sound speed datdashed lines) and perpendicular (dash-dotted liens) gonfi
as well. However, the theoretical formulation with the modi urations, which are calculated using the homogenized layer
fications for the confined sonic crystal correctly accounts f properties based on those for confined sonic crystals (corre
this decrease in the bulk modulus and increase in the losseponding to the theoretical results presented for Sample A
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