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Abstract: In this paper, we  propose a simple  method  that considcrs  boundary  conditions  in a  finite

difference time domain (FDTD) scheme  by varying  density, sound  speed  and  flow resistance.  A
methed  based on  a  Rayleigh model  is a]so  proposed, and  by thesc methods,  we  can  design the
ftequency charactcristics  of  normal  incident absorption  coeMcient  arbitrarily.  Thesc  methods  have
three advantug ¢ s: 1. easy  coding,  2. easy  designing of  a frequency characteristic  of  normal  incidcnt
absorption  coefficient  and  3. easy  configuratiun  ef  material  thickness,  For example,  by our  method,  we

can  simulate  the sound  field in a  reverbcration  chamber  wttb  a  thick  material  such  us  glass wool.  To
contirm  the  accuracy  of  the model  used,  wc  compare  the  normal  incident, absorption  coeracient  with  a

one-dimensional  exact  solution. Results show  that the model  is sufiicientLy  uccurate.  Althoug.h our

method  requires  a  high cost  for calculation  powcr  and  memory,  a practical increase in elapsed  time  can

be ignored, This method  providcs an  easy  way  of  analyzing  thc inner region  of  a material.
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             1. INTRODUCTION

   In most  finite dit:ference time  domain  (FDTD] mcthods
jn acoustics,  the 

`surface

 impedanee mode]'  is used  to

exarnine  boundary  conditions.  In this papcr, we  propose an
alternative  method  in which  a  materia]  is modeled  on  the

basis of  densiry, sound  speed,  and  t]ow resistance  using  a

Staggered-Grid mcsh  l1,2]. By  setting  these  three  param-
eters  on  each  grid, a  differcnce in characteristic  impedance
is proposcd, and  simultaneously,  they are  recognized  as

boundary  conditions.  This is a very  simple  and  primitive
way  of  creating  arbitrary  boundury conditions.

   Surface impedance  is widely  used  as  a  boundary

condition  in numerical  acoustic  simulation.  This is also true
in an  FDTD  method.  and  scveral  surface  impedance
models  were  proposed, for example,  in [1,2]. In previous
model  s. surfuce  irnpedance is expressed  as coecacients  that

are  sct  between the sound  pressure and  panicle velocity

grids in the  x, }' and  z directions.

   In panicular, in the method  developed by Chiba und

Kashiwa [1], surfaee  impedance is medeled  by  an  RCL

equivalent  cjrcuit, and  this modcl  makes  it possibie to

design frequency charucteristics.  In these  rnethods,  surface
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impedance can  be dircct]y considered,  and  the inner region
of  a  mnterial  can  bc ignered. Thereforc, they reduce  the
number  of calculation  grids, and  require  a lower CPU
resource.  On  the  other  hand, iiltense coding  effort is
requircd  for the normal  vector  direction of  a boundary,

particularly in the case  of  an  arbitrary  shape.

   Typically, surface  impedance  is considered  at the

boundary of  two  mediums  with  different characteristic

impedances, However,  in the  FDTD  method,  it is possible
to set  the medium  properties on  cach  calculatiQn  grid, and
the set properties, such  as density, sound  speed,  and  fiow

resistance,  can  modify  the  characteristic  impedance  on  the

grid. A  modiiied  characteristic  impedance yields surface

impedance equivalently.  As  a  result,  it is possible to set  up

surface  impedance  in the FDTD  simu]ation  by modifyjng

the characteristic  impedance on  the grid.
   Two  boundary  models  are  assumed  in this paper, The
first modc]  involves var}'ing  density and  sound  speed,  and

is coded  more  easily  than  an  impedance  vector  model.  The

sccond  medel  is a  generally extended  Rayleigh model

[3,4], which  makse  it possible to simulate  sound  fields with
a porous materia]  of  finite thickness.

   Using  the Ray]eigh  model,  we  can  describe the porous
materials,  such  as  glass wool.  It is a  very  simple  model

and  is given by a  continuous  equation  and  an  equation  of

motion  with  a flow resistance  term. On  the  other  hand, the
Dclany-Bazley [5] or  Miki r61 model  is a  well-known
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model  for porous materia]s.  These models  are  expressed  as

frequency-domain functions, and  are useful  fbr steady-state
analical  methods,  such  as  the boundary and  finite element

methods.  These models  are  reliable  and  usefu1,  because
they  are  given by  an  experimental  regression  line. On  the

other  hand, since  a wave  equation  is directly digitized in
the FDTD  method,  it is dirncult to use  the frequency
domain  model.  This is the rcason  why  the  Rayleigh  rnodel

is adopted  here.

   In this paper, first, the forrnulization of  each  model

is explained.  Secondly, the accuracy  of  normal  incident
sound  absorption  coeffcient  is explained  by comparing  it
with  a  one-diTnensional  exact  solution,  Lastly, two-dimen-

sional  calculation  exarnpLes  of  each  modet  are shown,  and

the effectiveness  of  the proposed method  is examined.

            2. FORMULIZATION

2.1. Finite Difference Expressions  of  Equations

   An  equation  of  continuity  of  sound  wave  in air is given
by

           }/..(tts.a.･･.1't-)=o. (b

where  p is the sound  pressure, u.,, tty and  u,., are  the particlc
velocities  in the x, y and  z directions, respectively,  and  K  is
the bulk modulus  of  the medium.  An  equation  of  motion  in
the x  direction is given by

                 ap                       Ou.,

                 5.l, +P  ot 
=O･

 (2)

Sound pressure and  particle velocities  are discretized
by placing a  Staggered-Grid mesh.  The finite difference
version  of  the cquation  of  continuity  is expressed  as

     p(i-;,J-;-k-i,n+D

        -:  p(i -S,J  -;･k-;n-  S)
          

-[
             Atrc
                [u.(i,J', k, n) 

-
 tt.(i -  1,,i, k, n)]

             Ax

            Atrc
          +  [uv(i, JL k, n) 

-
 u,(4j-  1, k, n)]

            Ay  

'･
 

'
                     '

          + 
AAtz",

 [u,(i,j, k, n)  - u..(i, j,k- 1,n)]], (3)

and  the discretized form  of  the equation  of  motion  in the x
direction is expressed  as

      tt.,(i,j, k, n  +  1) =  u..(i, j, k, n)

         -f.;[p(t+S,j-g･k-;,ii+S)

          
-p(t-;,J-;,k-S,n+;)],

 (4)

where  p(i, .i, k, n)  is the sound  pressurc on  thc  grid of  (i, J', k)
at the time  of  n  and  u.(i, J', k, n), u.),(i, J', k, n) and  etg(i, j', k, n)
are the particle velocities  in the  x. .v and  z directions,
respectively,  At  is the sampling  time, and  Ax, Ay  and  Az-
are  the  grid widths  in the x, }i andz  directions, respectively,

The sampling  time  js deterrnined by  sound  speed  ancl

spacia]  grid width  fbr stability  [7]. FoT example,  the  Matlab

source  code  in a two-dimensional  finite differencc cquation･

is written  as (in the  example,  the two-dimensional  case  is

assumed  for siinplicity)

%equation of  continuity

for  i=1:I-1

  forj=1:J-t

    P2(i,j)-PIO,j),,,

    
-dt*Kldx*(

 Uxl(i+1,j)--Uxl(i,j)  )...

    
-dt*Kldy*(

 Uyl(i,j+1)-Uyl(i,j)  );
  endend

%equation of  motion

for  i=1:I--1

  forj=1:J-1

    Ux2(i+1,j)  =  Uxl(1+1,j)..,

    
-dtldxlrho*(

 P2(i+i,j)-P2(i,j)  );

    Uy2(i,j+1) 
=
 Uyl(i,j+O  ...

    
-dtldylrho*(

 P2(i,j+1)-P2(i,j)  );
  endend

%swapping matrix
tmp  

=
 Pl; Pl 

=
 P2; P2  

=
 tmp;

tmp  
==
 Uxl;  Uxl  

=
 Ux2;  Ux2  

=
 tmp;

tmp  
=
 Uyl; Uyl 

=
 Uy2; Uy2 

=
 tmp;

where  Pl  is the current  variable  of  sound  pressure und  P2

is the updated  variable  of  sound  pressure. Ux1  and  Uy1, and

Ux2  and  Uy2  are  the current  and  updated  variables  of  the

particle vclocities  in the x  and  >' directions, respectively.  K

is the  bulk modulus  censtant,  and  rho  is the mass  density
censtant.  dx  and  dy  are  the variab]cs  of  spacial  grid width.
and  dt  is the variable  of  sampling  time. r and  J aTe  the
variables  of  calculation  field size. If the code  is iterated, it
can  be monitored  that Pl, Uxt  and  Uyl  vary  momentarily.

2.2. Existing Model  of  Surface Impedance

   [[he simplest  surface  impedance  model  is proposed in

L2], in which  the surface  impedance  Z  is expressed  as

                    Z=e,  (5)
                        "

where  p  is the sound  pressure and  tt is the particle ve]ocity,

Figure I shows  an  example  of  an  arrangement  of  grids at a
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        uKi+lt2,j-b

Fig.1  Luyout  ot' giids und  impeduncc  vector  in pre-

 yiously  used  model,

two-dimensional  sound  field with  impedance boundaries,
and  finite difference equations  that  update  ".(i  +  1/2,j, n  +

1) and  u,(i,j+  112,n +  1) are expressed  as

       u.(i  +  1./2,j, n  +  1) =  p(i, JL n  +  1!2)!Z,, (6)

       tt,(4j+  lf2,n+  1) =  p(i,j,n+ 112)fZ,. (7)

Z, and  Z, are  the  impedances  in the  x  and  y directions,

respectively.  If the direction of  surface  impedance  is outer,

it is necessary  that the spacial  index of  particle velocity,

w'hich  is different from  sound  pressure indexes, must  be

incremented. By  this method,  we  can  avoid  the calculatien

of  iterating in the inner region  of  a  boundary, and  the CPU

load can  be lower. However,  this method  requires  specia]

judgment of  directions for arbitrary  boundary conditions,
This indieates that more  dirncu]t programmtng  is required
in this method  than in Method I presented in Sect, 2,3,

2.3. Method  of  Varying Sound Speed and  Medium

     Density (Method I)

   Figure2 shows  two  mediums  with  diffcrent mass

densities und  sound  speeds.  These mediums  also  have
diff'erent characteristic  impedances. The densities are

dcnoted pi und  p2, the sound  speeds,  cl and  cou, and

characteristic  impedances, Zi =pici  and  b  =  p2c2, re-

spectjveLy.  The normal  incident absorption  coethcient  oro

is catculated  as

                       4-zl  
2

               ao  =1-  , (8)
                       4+Z,

and  the ratio of  characteristic  impedance a  is

                   1+pm
                                            (9)               a  ==
                   1-vr=ai'

If we  set  the  medium  property as  p2 =  api  or  c2  =  aci,  the

normal  impedance can  be set as having the desired normal
incident absorption  coeMcient.  In this method,  the  consid-

ered  field shows  the distributien of  sound  speed  at each
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 Zl=Pl  Cl

    Density:Pl
Sound  Speed:  Cl

" :

/,

'i:

Fig. 2 Two  mediums  with  different characteFistic  impedances.

calculation  grid. In the FDTD  method,  sarnpling  frequency
is determined  by  sound  speed  and  spacial  grid width  for
stability  [7]. The  maximum  sound  speed  of  the seund  field
must  be used  for the stability condition.  The  coding  of this

method  is very  easy,  and  the  simplified  Matlab  code  is as

fOllows.

%equation of  continuity

for  i=1:I-1

  for  j=1:J-1
    P2(i,j)  -  Pl(i,j),,,

    
-dt*K(i,j)ldx*(Uxl(i+1,j)-Uxl(i

    
-dt*K(i,j)!dy*(Uyl(i,j+1)-Uyl(i

  endend

'j)  )'''
'j)  );

%equation oi  motion

for  i=1:I-1

  for  j=1:J-1
    Ux2(i+1,j)  =  Uxl(i+1,j)...

    
-dtldxlrho(i,j)*(P2(i+1,j)-P2(i,j));

    Uy2(i,j+1)  -  Uyl(i,j+1)...

    
-dtldylrho(i,j)*(P2(i,j+1)-P2(i,j));

  endend

Zswapping matrix
tmp  

=
 Pl; Pl 

=
 P2; P2

tmp  
=

 Uxl; Uxl 
=

 Ux2;
tmp  

;
 Uyl;  Uyl  

=
 Uy2;

=
 tmp;Ux2

 
=
 tmp;

Uy2  
=
 tmp;

where  rho  is the variable  of  mass  density, K is the bulk
moduLus,  and  the  other  variables  are  the same  as  those in

Sect. 2.1. The change  in sound  speed  is included in the bulk
modulus  in this case.

2.4. Method  Based  on  Rayleigh  Model  (Method II)

   In the Rayleigh model  [3,4], a porous material  is
replaced  by  a  set  of  thin  pipes with  perfectly rigid  bodies,

as shown  in Fig. 3. In this modeL,  the equation  of  continuity
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Rigid Bodies

"'ita'
    'ci

 eWvt

Fig. 3 Image ef  Rayleigh  medel  in which  the set ef  thin

 pipes with  rigid bodies arc  assumed,

wfii/6E ts uw  resi'stEfib-el'Thus, the equation  of  rr/it6IIJLtn'in

the  x  direction is expressed  us

                    O"x              OI)

              A' llt +  P et 
+ 

a"x
 

=

 
O･
 (11)

Although  excess  attenuation  is treated only  in the x

direction in the original  Rayleigh model,  the model  can

be extended  to two-  or  three-dimensienal  cases  straight-

forwardly. The expanded  equation  of  motion  is expressed
as

                    e".              i)p
              

-+p
 +oku.=O,  (12a)

              dr                    at

              get' +p  
So"tF

 + oi, u,  =  o, a2b)

              op au....
                       +a,u, =:  O. (,12c)                 +p
                    ot              E)z

   Although the flow resistance  of  the  materia]  rnay

depend on  the directions, q, and  a), are set to be identical
in this paper for simplicity.  Further discussion should  be
required  to verify  the accuracy  of the method  of  introduc-
ing the angle  dependence of  fiow resistance  in the FDTD
method,

   The  finite differential version  in the  x  direction is

expressed  as

      tt.(i,j, k,n +  1) ==  (! - AtaX>  u.(i, i k, n)
                     X PI

in the porous material  is the same  as  that  in air  and  is given
by

          et/+rc(O-dr"-x-+eo")-v+Oa",:)=o, ao)

Here, we  assume  that air viscosity  is dominant, and  the

distribution of  air  fiow is constant  in the thin  pipes. This

distribution js regarded  as the constant  fiow distribution,
and  the equation  of  motion  is described by adding  a

dithsion  term  in which  panidc velocity  is multip]ied  by a,

     tttt tlttttt tt

         
-
 .A.; [,(i.s,j-g,k-s...g)

           
-,(i-g,j-s.k-s,..g)]

 ,3,

We  must  update  Eqs. (3) and  (l3) in the inner region  of  the

rnateria].  The diflierence from the origina)  traveling case  in
air is the term  of  fiow resistance  in the x,  v and  :: directions.
If we  express  the equation  of  motion  in a  two-dimensional

field as the x and  .y terms in Eq. (12), the update  equations

are  expressed  as  fellows;

%equation of  continuity

for  i=t:I-1

  for  j=1:J-1
    P2(i,j)  =  Pt(i,j),..

    
-dt*Kfdx*(Uxl(i+1,j)-Uxl(i,j)

    
-dt*Kldy*(

 Uyt(i,j+1)-Uyl(i,j)

  endend

)---);

%equation of  motion

for  i=1:I-1

  for  j=1:J-1
"'Vx2(i,j)=(1-dt*sx(i,'tt'>frlrd)'iUit1(i

    
-dtldxlrho*(

 P2(i+t,j)-P2(i,j)  );

    Uy2(i,j);(1-dt*sy(i,j!rho))*Uyl(i

    
-dtldylrho*(

 P2(t,j+1)-P2(i,j)  );
  endend

%swapping matrix

tmp  
=
 Pl; Pl 

=
 P2; P2

tnp  
=
 Uxl;  Uxl  

=
 Ux2;

tmp  
=

 Uyl; Uyl  
=
 Uy2;

=
 tmp;Ux2

 
=
 tmp;

Uy2  
=
 tmp;

'j)

'j)

tt'

where  sx(i,j)  and  sy(i,j)  are the flow Tesistances  in
the x  and  y directions, respectively,  and  the other  variables

are  the same  as  those in Sect, 2,1, If these resistances  are

equal  to zero,  there is no  absorption  by flow resistance,  and

the cquation  of  motion  corresponds  to that in nermal  air. In

this case,  only  setting  the flow resistance  makes  it possible
to analyze  the sound  fietd with  an  absorbing  material  of

finite thickness.

   3. EXAMINATIONOFACCURACY0F

                 METHOD  I

3.1. Normal  Incident  Sound  Absoxption Coerncient

   A  one-dimensional  pipe is assumed,  as shown  in Fig. 4,
and  the normaL  incident absorption  ueethcient  is calculated

by  one-dimcnsional  FDTD,  The grid width  is O.O025m,
and  the sttmpling  frequency is set  te be 3S8,060Hz.  The

sampJing  frequency is determined  by the  constant  multiple
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Fig. 4  Image  of  one-dimensional  sovnd  field in which

 aeoustic  tube of  infinite length and  material  of  infinite
 thickness ure  assumed.

Fig.5

1oL=utcomLav=]oooo>'.'Jas5or

05

.100

leo ･Ax

     -L---t
        o

    Spacial

   tOU -M

tt tt t

lndex

100

Image of  source  distribution calculuted  using  Eq. (15),

of  time period, which  satisfies the stability condition  as

                F,=2th-c!Ax,  (14)

where  F, is the  sampling  frequency, c  is the  sound  speed,

and  Ax  is the grid width.

   As an  initial condition,  an  impulse source  is assumed
in a  time  domain. In a  spacial  domain,  the  distribution of

sound  pressure is set to be

      p(.) .,  { :.s 
+o

 
5
 
･

 
ces(zrlR)

 l.i ; 
<-.

 
RRI
 (is)

whcre  r is the distance from the center  position of  the

sound  source  and  R  is the radius  of  the  sound  source.

Figure 5 shows  the conditien  of  the sound  source  in this
calculation  in which  R =  IC}O ･ Ax. Using this condition,

the  absorbed  boundary  condition  is not  set;  however,  a

large calculation  fie]d is assumed  to cquivalcnt]y  realize  an

infinite tield. Figure 6 shows  the wayeform  of  the observed

sound  pressure. The  incident and  reflected  waves  are

cempLctcly  sepurated,  as in the case  in which  an  ideal
absorbed  boundary  condition  is assumed,  The  normal

incident absorption  coethcient  oro(w)  is calculated  as

                         Pref(to) 
2

              cro(to)=1-  
,
 (16)

                          inc(to)                         P

where  Pinc(a)) and  P,,f((v) are  the frequency respQnses  of

the incident and  refiected  waves,  respectively.  They are

obtained  by the Fourier transfbrm of  truncated waves,  as

20
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e.6

O.4

02

 o
   
   
-02

         0 2 4 6 8

                    time [ms]

Fig.6 Calcu]ated waveform  at  receiver.  The  incident

 wave  is scparated  from  rhe  refleeted  wave.  The relatiye

 sound  pressur'e is normalized  using  the initial ampli-

 tude  of  sourcc,

      1

  -

  8 o.s

  Ig
  t

  8 o,6

  o
  c

  .9 o.4
  

-Q

  6
  oo
  o  O.2
  <

      o

            2oe 4oo  6oo  soo  looo

                 Frequency [Hz]

Fig. 7 Norma]  incident absorption  coeracient  calcutatcd

 t'rum tipectra  of  incident and  reflectcd  waycs  shown  in

 Fig. 6. The expected  valuc  isO.5 at a]1 frequencies, and

 the resu]t  of  the simulation  is the dcsired va]ue.

shown  in Fig, 6. The conditions  assumed  are  the density

p2 =  7.0524kglm3 and  the sound  speed  c2 ==  343 mfs  in
the material.  The  normal  incident absorption  coeMcient,

which  is calculated  from the waveforms  in Fig. 6, should

be O.5 under  this condition  with  an  cxact  solution  given by
Eq. (8). Figure 7 shows  that the normal  incident absorption
coeMcient  is equa]  to O,5 at  all frequencies.

   Another calculation  is carried  out  by varying  the sound
speed  in the material.  Figure 8 shows  the results  of  this

calcu]ation,  in which  the material  mass  density p2 is fixed
to be 20 kglm3 and  the sound  speed  c2  is varied  to 43, 143,
243, and  343mls. All the results  are  determined  by the
same  procedure  as  that  used  in Fig. 7. i.e,, by  comparing  of

the incident wave  spectrum  with  the rcflected  wave

spectrum.  It is observed  that the normal  incident absorption

coeracients  correspond  to exuct  solutions.  These results
suggest  that it is.possible to consider  various  conditions,

including the Lower sound  speed  in the material  than  in air

NII-Electronic  
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-coo---dioo=o･--aLocoD<

 1

O.B

O.6

O.4

O.2

 e

C2=343[mls]

FDTD

c=243[mls]

----･EXACT

P2=20[kgfm3]

C2=143[mls]

C2=43[mfs]

2004oe600soo1OOO

                Frequency [Hz]

Fig. 8 Normal incident absorption  coerncicnts  obtaincd

 by  FDTD  Csolid ]inc) and  using  exact  solution  given by

 Eq. (8) (broken line), Thc material  sound  speed  in

 material  c2 is varied  with  the fixed mass  density p2 =

 20kglni3.

in thls method;  that  is, locally reactive  conditions  can  be

exatnined.

   4. EXAMINATIONOFACCURACYOF
METHOD  II BASED  ON  RAYLEIGH.moDEL

4.1. Material  of  Infinite Length

   To  confiTm  the accuracy  ot' the Rayleigh model,  a one-

dimensional tube is assumed,  as shown  in Fig. 9. and  the

calculation  of  sound  pressure is carried  out  by a  one-

dimensiepal FDTD  method.  The normal  absorption  coef-

ficient is calculated  and  compared  with  the exact  solution.

The  conditions  used  are  as  fo11ows: a  spacing  grid of

O.O025 m,  a sampling  frequency of  38g,060Hz, a porosity
of  1, and  a  fiow resistance  of  15,OOOkgm-3s-i. The
sampling  frequency of  388,060Hz is determined using

Eq. (14). In air, sound  pressure is updated  by using  Eqs. (3)
and  (4). In the material,  Eqs, (3) and  (l3) are  used,  The
sound  seurce  and  infinite field used  are  the same  as  those  in
Sect 3,1,

   Figure 10 shows  the waveform  of  sound  pressure at the
receiver  and  that the incident and  rcflectcd  waves  can  be

        vat'/.t'

              O.5m O.5m
･oo ---  ･-y ce

                                 x

Fig.9  lmage  of'  one-dimensional  sound  field used  in

 examination  of  Rayleigh  model,  in which  acoustic  tubc

 ef  infinite tength and  perous muteTial  ot'  intinitc

 thickness are  assumed,

  an O,6

  si.
  g

.

 
O･4

 

  8 o,2
  co
  o

  '->"-og

  cr 

   -O.2
       O 5 10 15 20

                   time [ms]

Fig.10 Calculutcd wuvefDrm  ut reeejs･er  in Ray[eigh

 model.  The relatiye  sound  pressure is normali7cd  using

 the initial amplitude  of  suurce,

separated.  In this case,  it is possiblc tQ assume  that thc

material  has an  infinite thickness, The material  character-

istic impedance Z.o is expressed  as  [3]
                             !

             z.o=poc(i-;//
r',",)2,

 a7)

where  E  is the fiow resistance.  The normal  incident sound
absorp/[i6fi-c-o-eTfiieiEfirTxo is ca]culated  as-'--"-'"'  

'''"'-L-'

                             2
                     Zmo 

-
 Zao

             cro  =1-  
,
 ag)

                     Zn,o +  Zae

where  Z.o is the  characteristic  impedunce of  air.

   Figure 11 shows  the calculated  result  with  the exact

selution  of  the nermal  incident absorption  coerncient.  Thc
calculated  result is similar  to the exact  solution,

4.2. Material of  Finite Thickness

   Figure 12 shows  a one-dimensional  pipe and  a  material

-c

¢.es=-

¢
ooco-.-"QLocoo<

 1

OB

O.6

O,4

02

 o

        FDTD

- - - - EXACT

           200  400 600 800 1000

                Frequency [Hz]

Fig. 11 Normal incident absorption  coerncientebtained

 by FDTD  method  with  Rayleigh model  (solid line) and

 using  exact  solution  given by  Eq. ('t8) (broken line).
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    Porous MateriaL of  O.1 m  thicknesskness

  O,5m  O.5m

Fig. 12 Image of  one-dimensional  sound  field used  in

 examination  of Rayteigh  rnodel,  in which  acoustic  tube

 of  infiriite length and  perous  material  of  finite thickness

 w'ith  rigid  back  are  assumed.

oo

                                x

Fig.14 lmage of  one-dimensional  sound  fieLd used  in

 exainination  of  Ray]eigh  model,  in which  acoustic  tube

 ot' infinite length and  poreus material  of  finite thicknegs

 with  air luyer and  rigid  back  are  assumed.

with  a  rigid  back. Thc  calculation  conditions  used  are  as

fo11ows: a spacing  grid width  of  O.O025m, a  sampling

frequency of  388,060Hz, a porosity of  1, a  flow resis-

tance of 15,OOOkgm-3s-i,  and  a  material  thickness  of

O.1m. The  sampling  frequency of  388,060Hz is deter-
mined  using  Eq. (14). The  sound  source  and  infinite field

used  are  the same  as those in Sect, 3.1. The characteristic

impedance  Z,ni of  the materiat  with  a rigid  back is
expressed  as  [3]

        Z.i =  -iZ.o cot [d lil (i - ;/rt))
±] (i 9)

where  d is the thickness of  the material  and  Zh,o is the same
as  Eq. (17). It is assumed  that  the  rigid  back in the  FDTD

method  is realized  by setting the particle velocities  to be
zero  on  the  grids.

   Figure 13 shows  the result  of  comparing  the  norma]

incident absorption  eoeffcient  and  exact  se]ution,  The
normal  incident absorption  coefficient,  which  is calculated

by the FDTD  method,  corresponds  to the exact  solution,

1-8

 e,sLQ'o'oo,62.9

 o.4-cr6coA

 O,2<

     o
           200  400  600 800 tOOO

                Frequency [Hz]

Fig. 13 Nonnal  incident absorption  cecencicnt  obtaincd

 by FDTD  method  with  Rayleigb mode]  (solid ]ine) and

 using  the exact  solutien  given by Eq.  (19) Cbroken
 line).

4.3. Materia}  of  Finite Thickness  with  Air  Layer  at  Its

    Back               '

   Figure 14 shows  another  calculation  model.  The  one-

dimensional pipe with  the material  with  an  air layer at its
back is simulated  by a  one-dimensional  FDTD  method.

The  calculation  conditions  used  are  as  fo11ows: a  spacing

grid of  O.O025m, a samp}ing  frequency ot' 388,060Hz,
a  perosity of  1, a  fiow resistance  of  15,OOOkgm-]s-i,

and  materiaJ  and  air layer thickness of  O.1 rn.  The  sound

source  and  infinite field used  are  the same  as these in
Sect, 3,1, The  characteristic  impedance  of  the  air  layer

(Z,L) with  a thickness of  d[m] is expressed  as l81

              Zhi=-i4ocet(kd).  (20)

where  d is the thickness  of  the matcrial  und  l,e is the
characteristic  impedance of  air, The characteristic  impe-

dance of  the material  with  the thickness dlm] thickness is

given by Eq. (t9). The total characteristic  impedance Z  is
written  as [8]

                 -ilalZlnl +  Zhio2
             Z=  , (21)
                   Zhl -  lnl

where  Ztht is the  same  as Eq.(19). Finally, the normal

incident sound  absorption  coeMcient  ai  is calculated  as

                      Z-4o2
              cri ==1-  . (22)
                      Z+4u

where  Z,o is the characteristic  impedance of  air, Figure 15
shows  the nonnat  incident absorption  ceeracient,  The
nuinericat  absorption  coeMcient  cerrespQnds  to the exact

solution.

    5. NUMERICALEXAMPLEINTWO-

       DIMENSIONAL  SOUND  FIELD

5.1. Method  l: Yarying  Seund  Speed  and  Medium

    Density

   Figure 16(a) shows  a  two-dirnensional  sound  Iield

enclosed  by a rigid  boundary and  two  different mediums.

A spacial  grid width  of  O.05m  and  a  sampling  frequency
ef  19,403Hz  are  assumed.  This sampling  frequency is

22
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Fig. 15 Normal incident absorption  coerncient  ebtained

 by FDTD  rnethod  with  Rayleigh  medel  (solid line) and

 using  exact  solution  given by Eq. (21) (broken line).
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Fig. 16 Image of  two-dirnensional sound  field enclosed

 by rigid  boundary. The left-hand side  is fil]ed with  air,

 aod  the right-hand side  is fi11ed with  a diiferent

 medium  in (a), and  the  porous material  of  finite

 thickness is arranged  at the ccnter  in (b).

determined  by  using  Eq. (14). The  left-hand side  of  the

fie]d is fi11ed with  air, and  the right-hand side  shows  the

material  with  a  high density and  various  sound  speeds.  The

sound  source  is calculated  by  using  Eq. (IS), and  the

source  radius  2R is the eleven  grid width,  as  shown  in
Fig. 17, Figure 18 shows  the results obtained  at a  density

of  6,05 kglm3 and  a  sound  speed  of  343 m!s.  The refiection

wave  on  the left-hand side  and  the transmitted wave  en  the
right-hand side  are  shown.  Figure 19 shows  the  results

obtained  at a density of  60.5 kg/m3 and  a sound  speed  of

,.gll

  IO.64.

  Io.44･O.2{1-

O'o  
2

..A
   1210

Fig. 17 Image oi' source  distributio" given by Eq. (15).

34.3mls. The characteristic  impedances of  the materials

assumed  in Figs, 18 and  19 are identical, Hewever, in the
case  in Fig. 19. the sound  speed  is low, and  the transmitted

wave  on  thc right-hand side  diverges very  slowly  from that
in Fig, 18.

5.2. Methed  ll: Rayleigh Model

   The Rayleigh model  makes  it possible to calculate

seund  fields with  poTous  materials  of  various  sizes and

conditions.  Figure 16(b) shows  the simulated  sound  field
with  a  porous  materia[  with  a  Iarge air layer at  its back. The

calculation  conditiens  used  are as follows: a grid width

of  O.05m, a sampling  frequency of  19,403Hz, a  tlow
resistance  of  8,OOOkgmT3  s-i,  and  a  material  thickness  of

O.1 m.  The sampling  frequency of  19,403 Hz  is determined
by using  Eq. (14). The source  condition  is the same  as  the

previous condition.  Figure20  shews  the changes  in
calculated  field. It is observed  that the reflected  wave  has
a  complex  pattern and  that the transmitted  wave  is
moderatly  attenuated.

   Since a practical material  dees not  have uniform

characteristics,  we  have tried to consider  sucb  a  randem

variation.  Inside the materiat,  we  set the mass  density p to

be 1.21 kg!m3 ± 25%, the sound  speedcto  be 343 mls  ±

25%  and  the  flow resistances  q, and  ff., to be 8,OOO
kgm-3s-i  ± 25%, Inside the material,  ail properties of

each  grid are  calculated  as

             p==121･(1+025･N),  (23)

             c=343･(1+025･N),  (24)

             q,=8000･(1+025･N),  (25)

             o,=8000･(1+O.25･N)  (26)

where  N  is the random  value  calcu]ated  for each  grid
and  the range  of  this value  is from -1  to 1, Figure 21
shows  the calculated  field with  the randomized  conditions,

It is observed  that the reflect wave  is dissymmetric because
of  the  randomized  medium,  This method  enables  us  to

examine  cases  in which  the target material  has a 1arge
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Fig. 18 Changes in the absolute  relatis,e sound  pressure

 distribution on  linear sctt]c.  Thc  rclativc  seund  pres-
 surre  is normalized  using  the initial amplitude  of  the

 source,  A  mass  density of  6,05kg!Tn3  and  a  sound

 spced  of  343 Tn!s  arc  assumed  in the right-hand  side

 medium.

ctistributio] of  properties, such  as  sound  speed  and  flow

rcsistance.  In this example,  the calculation  is stablc,  but

general stability conditions  should  be discussed in a  future
study.

              6. CONCI.USION

   In this paper, we  propose a  method  that considers

2,78 [ms]

       O.14

       O.12

       O.10

       e,os

     
!ee,.IO06

     li \- ge,o4
                                    iSO02
                               3.71 

'[ms]

Fig.19 Changes in absolute  relati\e  sound  pressurc
 distributien on  liiienr scale.  Thc rc]atjve  sound  pressure
 is normalized  using  thc initjal amplitude  of  the source.

 A  mass  dcnsity of  60.5kg!m3 and  a sound  speed  of

 34.3m/s  are  assumed  in thc right-hand  side  medium.

boundary conditions  by  changing  density, sound  speed,  and

tlow resistance  in an  FDTD  scheme.  A  model  for the

changes  in density and  sound  speed  suggests  the  possibiJity
of  considering  the various  conditions.  Another model,

which  is an  extended  Rayleigh model,  makes  it possible to
analyze  a  sound  field with  a  porous material  of  finite size.

Both  models  shew  good cerrespondence  with  exact  solu-

tions and  have large advantages  in that  practical coding  is
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Fig.20 Changes in absolute  relative  seund

 distribution on  linear scale.  The relative  sound  pressure
 is normalized  using  the initial amplitude  of  the source.

 A  mass  density of  1.21 kgfm3 and  a sound  speed  of

 343 mfs  in the air layer, und  a fiow resistance  of

 8,ooOkgm-] s"]  for a  O.1-m-thick  porous  material  are

 assumed.
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very  easy  and  is realized  by slightiy  modifying  of  the pre-
existing  code.

   As  future work,  a compaTisons  of  models,  such  as

Delany-Bazley  and  Miki  mode]s  should  be considered.

Moreover, the exaniination  of experimental  results  eb-

tained  under  various  conditions  should  be carried  out.

;/

/

/

  O,14

  O,12

  O.10

  e.os

  O.06l

 O.04s//.･

 ,' O,02

O,77 [ms]

r--
1

/

;

    O.14

    O.12

    O.10

    o.oe

    O,06

    O.D4

  1i X-l
  ,tMO.02

1,55 [ms]

Lww..

l1va{'

2J52 [ms]

O.l4D.12o.lno,osO.06O.04O.02

[-'1

/

Fig.21  Changes in absolute  relative

 distributien on  linear scale.  The relative  sound  pressure
 is normalized  using  the initial amplitudc  of  the source.

 A  mass  density of  1.21 kg!mi ± 25%  and  u sound

 speed  of  343 m/s  ±  25%  in the  air  laycr, und  a  tlow

 resistance  ef  8,OOOkgm-3s-i ± 25%  fer a  O,1-m-

 thick purous material  are  assumed.
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