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In this paper we study the effect of periodically arranged sound absorptive strips on the mean
acoustic potential energy density distribution of a room. The strips are assumed to be attached on the
room’s surface of interest. In order to determine their effect, the mean acoustic potential energy
density variation is evaluated as the function of a ratio of the strip’s arrangement period to
wavelength. The evaluation demonstrates that the mean acoustic potential energy density tends to
converge. In addition, a comparison with a case in which absorptive materials completely cover the
selected absorptive plane shows that a periodic arrangement that uses only half of the absorptive
material can be more efficient than a total covering, unless the frequency of interest does not
coincide with the room’s resonant frequencies. Consequently, the results prove that the ratio of the
arrangement period to the wavelength plays an important role in the effectiveness of a periodic
absorptive strip arrangement to minimize a room’s mean acoustic potential energy dens2§050©
Acoustical Society of AmericaDOI: 10.1121/1.1852547

PACS numbers: 43.55.Dt, 43.55.K&IK | Pages: 763-770

I. INTRODUCTION patches are placed where the pressure is greatest. Investiga-

tions on sound absorption by patchesstripg conducted by

Much research has been performed regarding how thg) o6 | eyitas and Lax, Cook® and Northwood, Geisaru
size and arrangement of absorptive materials affect sound ' ' ' ' ’

. ) . - and Medcot had similar conclusions. These studies showed
absorption. Parkinsdrmeasured the absorption coefficients . . - .
of absorptive materials in different patterns and different ar_analytlcglly that as thg qbsorptlon coefficient !ncrease§, the
rangements. His experiments showed that there is a maxRPSOrPtive patcitor strip) is made smaller. Dgnﬂﬂ experi-
mum effective spacing that depends on a wavelength; |ongementally showed that not only does absorption increase pro-
waves appear to have a wider Spatia| influence. He exp|aind@prti0nal to the size of the absorptive material, but also that
that this is mainly because of diffraction. Salfirso no- its edges tend to be longer. MecHef used an iterative
ticed this diffraction effect. He noted that there is some dis-method and variational formulatiéf® to construct two ap-
crepancy between what is predicted based on reverberatiqgroximate solutions to evaluate absorption for finite-sized
assumptions and what is actually measured, and showed thalbsorbers. With the approximate solutions, he built expres-
a localized absorption often produces this discrepancy due t§ons for the radiation impedance of the absorbing strip and
d]ﬁract|on. Chrisle? experimentally s?udled thg gffect of the rectangles. Thomassthderived a general statement about
size of the sample on the absorption coefficient measurgne apsorption of a locally reacting patch with an arbitrary
ment_. .H'S experiments Sh""Y that the measured al?sprptmfhape_ He evaluated the pressure on the absorber by using
coefficient of a small sample is greater than_ the coeffl_(:lent %the variational principle, and then constructed a new statisti-
a large sample, and the measured absorption coefficient con- . g . . .
verges as the sample size increases. Ramarerimentally cal absorption coefﬁuen.t of wh|c-h-the magmtude 'S .alwla yg
studied the effect of varying the width of an absorbing stripIess than 1. The absorpuop gogfﬁment, mstgad of.usmg Inci-
and the effect of its location in a reverberation chamber, H&€Nt power related to the infinite absorber, is defined as the
concluded that the narrower the strip, the greater the absorf@tio between absorbed and available power.
tion coefficient. Harris reported that absorption characteris- ~ Especially important to this research are the studies by
tics vary, depending on where absorptive patches are placeBruijn,">*® Takahasht,” and Mechef® that investigated the
He experimentally showed that absorption is greatest if theffect of periodically arranged absorptive materials on sound
reduction and analytically evaluated excess absorption prop-
Al corespondences must be sent to Yang-Hann  Kim erties by considering both a periodically absorbing uneven
(yanghannkim@kaist.ac kr surface and a flat surface. Takahashi’'s experimental result
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FIG. 1. A parallelepiped enclosure of an infinite length inzltBrection. On
the plane aty=0, absorptive strips of infinite length and width’2 are |‘__ '_’l‘_’l

arranged periodically. The arrangement period is definefl. as A A/2

. . L EEEEEETY © Absorptive strip of specific acoustic admitt
complemented analytical evaluations for the periodic ab- = L protiepeet ustic admittance /3

sorber on the flat surface. MeCHélby introducing Hartree FIG. 2. Cross sectional view of Fig. 1. The source sidg-aB, vibrates in
harmonics to distinguish the scattered field from the periodighe velocity ofu,=f(x)e/“'. In this case, there are three absorptive strips on
absorbers, evaluated the absorption, the reflection coefficierttie absorptive plane at=0.

the directivity and field pressure patterns of various surfaces,

Su‘.:h as plates with peri(_)dic grooves f_illed with absorber Mior sound field. So, we attempt to use a two-dimensional
terial, empty grooves with an absorbing ground, a_nd perf(.).énalytic solution for studying the relation. Figure 1 shows a
rated COVErS on porous absorbers. In these stgd|es, Bru'”B'arallelepiped enclosure where absorptive strips, with a spe-
Takahashi, and-M.eghlél assume that the extensions _Of the cific acoustic admittancg of 1, are arranged periodically on
absorbers are infinite. Ho!mberg, Hammer, and Nllé%on the rigid plane ay=0. This specific acoustic admittangds
used a variational formulation to evaluate the combined a defined as the ratio of the normal particle velocity to the
sorption characteristics of a finite-size absorber of arbitrar ound pressure on the absorptive material, tip@swherep
shape with subareas that are arranged in a specific pattern. Sthe density and is the speed of sound' The planeyat

a result, in their study, separating the subareas increases th '

e ) - 7 . =B, vibrates harmonically in a prescribed manner. The
statistical absorption coefficient, which is a function of bOthothér two vertical planes a&tio B aF;e assumed to be rigid
the surface impede_mce of t_he absor_bers and the rad_iation .imf"he parallelepiped enclosurézéirectional length is as-.
Fhedance. They V?”f'edlthe'r evaluation by a comparison W't@umed to be infinite so that the interior sound field does not

€ r_‘lr_ﬁasureme.n resuft. h inlv studied how th vary in thez direction. Accordingly, the interior sound field
nese previous researches mainly studied Now the abs, e ¢onsidered to be two-dimensional, as depicted in Fig.
sorption of a surface varies due to the shape and arrangemeén
of the absorptive material. However, they did yet explore to

nderstand how the arrancement affects th i ten Figure 2 shows a two-dimensional rectangular enclo-
uhdersta 0 € arrangement afiects the acouslic poteRy, o. there are two rigid sides @0, B, : a source side at

tlzldenerg%_de_nsny ?f atm en(‘:[I_OSlIJre. In_(tjh|s E_)ape[r\r/]v_e Sfe(l;f =By, and an absorptive side gt=0. The arrangement
address this important practical consideration. This study's .. "'\ .21 be written as

theoretical result indicates how the sound absorptive materi
can best be arranged to obtain the desired acoustic potential B,
energy reduction. A= T @

where L is the total number of absorptive material strips.

Il. PROBLEM STATEMENT Consequentlyl is always an integer variable. The width of
The objective of this study is to investigate the effect ofthe absorptive strip is assumed to M2. Therefore, regard-

periodic absorptive strip arrangement on an interior soundeSs OfL, the following relation always holds:
field. Periodic absorptive strip arrangement on a wall is de-  total width of absorptie strip 1
picted in Fig. 1. Mathematically, this means that we have to B =5 2
solve a mixed boundary value probléfiThe analytic solu- X
tion for a general sound field, which has a mixed boundaryt is noteworthy that the constraint of E() essentially pre-
condition, cannot be obtained easily. It is significant that ourserves the total absorptive material usage, regardless of pe-
aim is to see the effect of the absorptive strip arrangement oriod changes in the absorptive strip’s arrangement. This en-
an acoustic potential energy density, not to find a generahbles us to observe the acoustic potential energy density
three-dimensional solution that describes details of the intevariation due to thé\ change.
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_ Then letus defzine~dimensio~nless variablegpasp/ pg, f)(")‘(,"y)=(Ce’jEX;‘+ Deiixi)(Ee*jEyy’ﬂL Fejiyy), ®)
c=clcyg, _Pp=p/poCo X=xIN, y=y/N, By=By/\, By

=By /N, k=k-\ (i.e.,, k=2m), andA=A/\, wherec, and _ _
po are phase speed and density of air, respectively. Here, WhereC, D, E, F are arbitrary constants. The propagation
and p are phase speed and density of air so fiatl and  constantk, andk, satisfy the following relation:

t=1. In order to verify the effect of the wavelength on a
sound field with a periodic absorptive strip arrangement, the
wavelength\ scales every length variable, such as coordi-
nates and wave number.

Substituting these dimensionless variables into thgynhere the dimensionless wave numbekis2 7.

kerke=ie, ©

Helmholtz equation and boundary conditions yield The homogeneous Neumann boundary condition, on the
’ ) sides ofx=0 and x=B,, determines the eigenvalue and
’9_ (9—+~k2 B%,¥)=0 3) eigenfunctions in the direction; substituting Eq8) for p in
ax?  dy? ' ’ Egs.(4) and (5) gives the following eigenvalues:
Jp -
—=0, atx=0, (4) ~ n
X Kgn=-=—, N=0,1,2,.... (10)
Bx
ap -~
—=0, atx=B,, (5)
2 The corresponding eigenfunctions are
L ty=0 6
7 9. aty=0, (63 bo(X)= ey cogkyX), N=0,12,..., (114
where
~ _ _ where
__ [ij2=pBp, IA<X<(I+0.5)A, 1=0,1,2,..1,
X) = ~ . ~
9(x) 0, (1+0.5A<x=<(I+1)A, 1=0,1,2,..L, 1, n=0,
(6b) “71 2, n=1.23,.... (119
p _—
—==—]2mpc-f(x), aty=By, (7)
ay Therefore, the general soluti@B) can be rewritten as

where the functiori () expresses the dimensionless velocity

that is defined ad(x)=f(X)/c,. The functiong(X) de- & ~ -

scribes the periodic absorptive strip arrangement on the rigid ~ P(X,Y)= ZO Bn(X)(Ene My + Felfyn?), (123
side aty=0. These dimensionless forms of the governing "~

equation and boundary conditions completely describe the

problem we want to study. The next step is to solve thiswhere

mathematical problem and obtain useful information that can

provide us with guidelines for obtaining the desired acoustic ~ ~, ~, )

energy reduction by using a periodic sound absorptive strip Kxnt Kyn=(2m)". (12b
arrangement.

Becausep(X,y), given by Eq.(12), always satisfies the

governing equatiort3) and the rigid boundary conditions at

Ill. SOLUTION METHOD X=0 andx=B,, all that remains is to find the unknown
coefficientsg, and F, that satisfy the boundary conditions

A solution that completely describes the enclosure’s ing,_ g and?:By respectively. It is noteworthy that we have

terior sound field can be obtained by summing the moda{0 somehow limit our summation of E4L2) to a finite num-

functions that satisfy the prescribed boundary conditions. lor N. This can be simply done by limiting the sum until it

is, however, essential to first get the modal functions. FO'E:onvergeS' in other words, whéh, andF , tend to zero as
example, a mixed boundary condition, which is illustrated i”goes toN— 1. Therefore, Eq(6) can be rewritten as
Fig. 1, makes it difficult to find normal modes in thealirec-

tion. In the following section we explain how to get an ap-

proximate solution that meets our objectives. N1 o~ .
_ | > da(RiKyn( —EntFn)]=8(%). (13
A. Truncated approximate solution n=0
First, we apply the method of separation of variable to
Eq. (3). This gives the following general solution: Hereg(x) [Eq. (6b)] has to be rewritten as
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N—-1

jzwgo ba(X)(EntFp),

0:

Also, substituting the finite form of Eq(12) to another
boundary condition, Eq.7), yields

N—1 o o

X, bo(R)likyn(—Ene byt Frelurdy)]

A=

= —j2mpe-f(%). (15

It is also noteworthy that theb,(X) and f(X) in Egs.
(13) and(15) are prescribed; therefore, we havid Aumber
of unknownsE,, andF,,. Henceforth, 2 number of linear

algebraic equations are required to determine unknown coef-

ficients E,, and F,. Applying the method of weighted
residuaf! to Eqgs.(13) and(15) provides the set of I8 linear
algebraic equations. If the approximate solutfarfinite sum
instead of an infinite suprexactly satisfies the boundary con-
dition aty=0 andy=B,, then Egs.(13) and (15 can be
rewritten as

0

~ [/ N—1
fBX< nZ:O d’n(;‘()[jiyn(_En'i'Fn)]_a(’;() Wi(’)“()d’)q(zoa

(16)
5 (N2 o o
f X( 2o bn(X)[TKyn( — Ene T KurBy+ FelrnPy) ]
0 n=
+12755'~f(7())hi(7<)d7(=0, (17)

wherew;(x) andh;(x) are the weight functions that are de-
fined in the range of &X<B,. It is noteworthy that Eq.
(16) essentially has 2 different integral intervals due to the

IA<X<(1+0.5A, 1=0,1,2,..l.,

(14)

(1+0.5A<X<(I1+1)A, 1=0,12,...L.

which expresses the boundary conditionyat By, essen-
tially decomposes f(x) in terms of eigenfunctions
{pn(X)IN_3. Therefore, if we select the functioi(X) as a
combination of eigenfunctiog&ﬁn(;()}ﬁlé, then it satisfies
the boundary condition at= By, and we have an error only
on the absorptive side at=0. This error determines the
solution’s accuracy.

The error is defined in two different ways. One defini-
tion evaluates the relative error due to the admittance dis-
crepancy. That is,

1+0.5A
3 [ a0 o
0-5Bx|:8in| I=0 JIA
where 8, is the given constant admittance ag¢x) is the
admittance reconstructed based on the approximate solution.
Therefore B, refers to how well the approximate solution,
compared tog;,, satisfies the boundary condition on the
absorptive strip. It is important that E¢RO) is applied only
to surfaces where absorptive strips are attached.

The other definition is for the error where no absorptive
strips are arranged. That is,

L-1

1 I+D3 .
> " g
0.5B,|Ug| =0 J(+05A

1

Eerror: (20

Rerror= (21
WhereEJ(J is the given dimensionless source velocity magni-
tude[i.e. |f(x)|] andlU,(X) is the reconstructed dimension-
lessy-direction velocity on the rigid wall. Therefor&eor
refers to how well the approximate solution, compared to the
source velocity magnitudg,|, satisfies the rigid wall con-

periodic absorptive strip arrangement. Therefore, if we apphition between absorptive strips. These two measures of er-

the weighting functiorw;(X) into Eq.(16), then we have P

ror essentially evaluate the performances of the truncated

linear algebraic equations. Those weighting functions, whictPproximate solutions in two ways: one has to do with ad-

are linearly independent, can be defined as

o 2(i+1)7-r_,) . N )
w;(X)=sin TX , i=0,1,2;-- Z—l , (18
hi(X)= € cogkyX), 1=0,1,2,.(N—1), (19

whereg; is the same as that used in Efjlb). In order to use

mittance and the other is related to the rigid boundary con-
dition.

We now have a solution method and measures that
evaluate how well the solution method works for the nondi-
mensional mixed boundary value problem. Therefore, the
next step is to find practical guidelines for quieting an enclo-
sure using the periodic absorptive strip arrangement.

the orthogonal property of the eigenfunction when we calcu-

late EQ.(17), h;(X) is written in the same form of eigenfunc-
tion ¢,(x). Finally, solving the set of B linear algebraic
equations givef, and F,, which make the approximate
solution satisfy the boundary conditions =0 andy
=B,.

B. Accuracy of the approximate solution

IV. DIMENSIONLESS PARAMETER STUDY

In order to determine the effect of a periodic absorptive
strip arrangement, the dimensionless mean acoustic potential
energy density of the entire cross section, which is illustrated
in Fig. 2, is evaluated while changing the absorptive strip’s
arrangement period but while preserving the constraint of
Eqg. (2). As explained, the constraint of E() means that the

The approximate solution, which is a truncated form oftotal area of the absorptive material is fixed as a constant.

Eq. (12), has an error because it does not exactly satisfy the

boundary conditiondEqgs. (13) and (15)]. Equation (15),

766  J. Acoust. Soc. Am., Vol. 117, No. 2, February 2005
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shape, the side length ratii{=B, /B,) is introduced. Then,
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for 6=0.01, 0.1, 1, 10, and 100 the effect of the arrangement
period change is investigated for each. The area of the cros
section, for eachy, is considered to be <A<100, where
A=B,B,. ConsequentlyA means the dimensionless area
that is normalized by 2. It is also noteworthy that the length
ratio 6 can be any positive value for the same afeaThe
total number of the basis functions of E42) is selected in
such a way as to make the solution sufficiently accurate anc
considers computational capability, namely=800. The
source side velocityf(X), to make a numerical evaluation
simple, is defined as a constafite, f(X)=0.001). There
can be many possible choices for selecting the admittance ¢
the absorptive material. However, the specific acoustic ad-
mittance of the absorptive strip is defined@s1 (i.e., as an
impedance matching boundary conditiomhis choice maxi-
mizes the absorption difference between the absorptive strif
and the rigid wall so that we can clearly observe the effect of
the periodic arrangement.

(@)

100
A. Cost function and parameters

The cost function, which depends on the absorptive ma- 80
terial arrangement change, is defined as the dimensionles
mean acoustic potential energy den:ﬁgy. Specifically, the

cost functionNep of an entire rectangular cross section with a _ 60

normalized area oA, using the truncated approximate solu- <
tion of Eq.(12), can be defined as

p(x,y)2dxdy

pr
40

20

- 1 By By
Ep= ==, |
4ApccJo Jo
N—1

> [Ey<|En|2+|Fn|2>

|

wheré' is the complex conjugate. This means that the total . . _
dimensionless acoustic potential energy is divided by the ditumber of absorptive strips on=0. In Figs. 3—7, the nor-
mensionless area: an average acoustic potential density in thealized acoustic potential energy density leelis defined

 4AGE2
(b)

Two Dimensional View

+2 f OBV Re(E* F,el297)dy (22)

FIG. 3. Normalized acoustic potential energy density ldvelvariation as
the function of bothA andL when §=0.01.

rectangular cross section. B as
The parameters are a dimensionless varigbliat re- €,
fers to a normalized room volume of a unit length in the E,=10logq 2=/, (23
po

direction, and a dimensionless integer variable=B,/A) _ &
that refers to the number of absorptive strips on the absorpvhere €,, meanse, when the absorptive material totally
tive side aty=0. The largerL is, for a constanB,, the  covers the plane at=0. Therefore, in the case @, the
smaller is the absorptive strip’s arrangement pedodt is  total absorptive material usage is double that of the periodic
significant that a nonintegér violates the constraint of Eq. arrangement. Due to the constraint of E2), regardless of
(2). On the contrary, integer values bfmean that the total the period change, the periodic arrangement covers only half
usage of absorptive materials is always half of an absorptivef the plane ay=0. In order to determine the efficiency of
area defined ag=0, independent of the arrangement periodthe periodic arrangement with respect to an extreme case, the
A change. acoustic potential energy density is normalize&py. Also,
there are additional contour lines & =0 in Figs. 3-7,
which make it easy to find where the region F?q,sthat is
smaller thare,,,.
Figure 3 shows the case 6f-0.01, in whichE, varia-
Figures 3, 4, 5, 6, and 7 show the cost funcligrvaria-  tion is a function ofA andL (1<A<100 and kL =<20). In
tion for 5=0.01, 0.1, 1, 10, and 100, respectively. Here, theFig. 3(b), zero level contour lines divide the result into two
periodic arrangement change is representetl,bye., by the  regions: the darker region & >0 and the brighter region

B. Results and discussion
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FIG. 4. Normalized acoustic potential energy density l€gelvariation as ~ FIG. 5. Normalized acoustic potential energy density |dsgvariation as
the function of bothA andL when §=0.1. the function of bothA andL when §=1.

to that in Fig. 3 as the region & <0 and the darker bands

of E_ <0. The region off <0 proves that as long as the of the resonance region are again observed. Unlike Fig. 3,
sound field is not a case of resonance, a periodic arrangemembwever, due to the change éfthere are a greater number
can be more efficient than a fully covered case. Even thougbarker bands and a region Bf <0 appears between them.
the difference frorr?epo is not large, the regions & <0 are  Specifically, due to the enlargeti for the same range &,
distinctly observed. Dark bands in Fig. 3, which mean highetthe domain ofBy is increased but the domain & is de-
E_, are shown near the case Bf/A=n/2, wheren is a  creased. In addition, Fig. 4 clearly shows the dependency on
nonzero integer. This corresponds to the case in which thghe A/\ change. The dash-dotted linesAh=2 andA/A=1,
side lengthB, of the enclosure is in integer multiples of half which are different from Fig. 3, break the regions Bf
wavelengths, i.e., resonances. In order to observe the effeet0. This result assures that the ratio of the arrangement
of a A/X change in the periodic absorptive material arrangeperiod to the wavelength, i.&/\, affects the variation of the
ment, three dash—dotted lines of constAft are added to  acoustical potential energy density.
Fig. 3. Here,A/Ax means the ratio between the absorptive Next, in Fig. 5, which showsS=1 (i.e, a square cross
strip arrangement period and the wavelength. It is alsaection, the number of darker bands is greater and the region
noteworthy thatL and A have a quadratic relation oA of E <O is denser than in Figs. 3 and 4, but the overall trend
=§8-(A/N)2-L?. Therefore, the relations of constaAf\ is similar to that in Fig. 4. The lines ai/A=2 andA/A=1
=16, 8, 4, and 2 are expressed as individual quadratic curvdsreak the region ok, <0, and the region betweef/\=2
in Fig. 3. Here, Fig. 3 does not show explicitly any depen-andA/\=1 seems to be a transition region. In addition, com-
dency ofE, on theA/\ change. However, in the consecutive pared to Figs. 3 and 4, Fig. 5 shows more distinctly Ehe
evaluations of§=0.1, 1, 10, and 100, we can observe thatdependency om/\. The line of A/A=1 acts as a borderline
A/\ is a major parameter on thg variation. that divides the variation trend d&, . The region where

Figure 4 depicts the case 6F0.1. This case is similar A/\<1, the overallE, variation due toL change regardless
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(b) Two Dimensional View L
(b) Two Dimensional View

FIG. 6. Normalized acoustic potential energy density ldvelvariation as

the function of bothA andL when s=10. FIG. 7. Normalized acoustic potential energy density Idvelvariation as

the function of bothA andL when 6=100.

of A converges to some constant value. Wheihés reso- boundary condition reconstruction error is 2.10 %
nance or not, this stable condition is applied in the same Waysﬁermrmaangz_gx 10792 Therefore, max€e, o mea) i 2.3%

Figure 6 shows the case 610 and has a similar re- 4 maygr 1 is 2.9%. These errors are assumed to be
sult. Even though the region & <0 is denser than the case acceptable.
of 6=1, the line ofA/A=1 divides theE, variation as in Fig.
5. As explained in Fig. 4, the larger i the longer isB,, .
Therefore, compared to the case of the smallenore reso- V. CONCLUSION

nance lines are observed in the same range<oA% 100. In this study we focus on how the periodic absorptive
Finally, Fig. 7 shows the case whe@=100. In this  strip arrangement affects an interior sound field's mean

case, as depicted in Fig(1, all the evaluation cases corre- acoustic potential energy density. Specifically, throughout a

spond whered/A<<1. As a result, except for the region near

L=1, the variation o, converges rapidly. The consecutive TABLE |. Mean admittance and rigid wall bondary condition reconstruction

results of Figs. 5—7 stress that two conditions should be saxror for five different cross sectional shapes with side rat®.01, 0.1, 1,

isfied to makeg,, less thare,, through the periodic absorp- 10, and 100, respectively.

tive material arrangement: the sound field should not be rescé= = =

nance, and the ratio should Béx<1/2. 2 Berrormean Rerrormean

The accuracy of Figs. 3—7 is evaluated by E@§) and 0.01 2.3x 107 2.9x 1079

(21). Table | shows mean errors for the five different cases of 0.1 2.2x 10" 2.9% 107

6=0.01, 0.1, 1, 10, and 100. The range of the admittance L 15x 107% 20x 107
10 1.5% 10 2.1 10

boundary condition reconstruction error is %20 %2
< Berrormear=2.3X10"%, and the range of the rigid wall

100 1.4x 10792 2.1%x 10792
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