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Abstract An ctTective  silencer for an  air conditioning  duct is

studied.  A  duct with  an  acoustically  soft  boundary is emp]oycd

as  an  etTective  silencer.  On  the  acoustically seft boundary the

sound  pressure is zero  and  it is impossible to rea]ize  sueh

boundary in thc air-borne  sound  fieLd because of  t]ie non-

existence  ef  a  mueh  lighter medium  than the ain In This study

the arrangement  of  onc-quurtcr  wuve-tength  acoustic  tubes  is

etnployed  as  a  soft  boundary. This acoustie  tube･has  frequency

dependence, but the sound  pressure becomes  nearly  zero  at  thc

tubc mouth  around  the odd  resonance  fi'equency. The  rc]ation

bctwecn the noise  reduetLon  ernciency  and  this acoustically

soft  boundary Ls examined  experimentally  and  more  than

40dB  noise  reduction  is obtained  in a  one-half  oetave  band
aTound  the first resonance  fi'equency. It is also  made  clcar  that

morc  than enc  wave  ]ength of soft boundary is required  to gct
enough  rcduction  compured  with  the reducrLon  obtained  in thc

case ef quitc a  long soft  boundary. J Ph.vsiol Anthtvpol Appl
H!tnian Sci 23(6v.' 231-23)-, 2004  http:･iiwww.jstage.jst.s,o.jpi

browse,ljpa
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Introduction

  tn buitdings, there are  many  noisc  sourccs,  Air conditioning
machincs  cspcciaLly  producc high level noise  and  an  air  duct

supplying  l'resh coo[  or  war;n  aLr  also  carries noise.  In thc low

f'requeney range.  the noise  can  propagate quite casily  through

the duct. Therefore in reoms  requircd  to mect  hig.h level
enN.ironmental  specifications.  noisc  control  also  plays an

important role.  So far, thc muchine  noise  could  be reduced  by
an  absorbing  duct or  an  absorbing  elbow.  For these silencers

fibrous material  is used.  

']'his
 fibrous material  ean  fly into

picces and  be carried  into the room.  Also this  matcria]  can

absorb  sound  in the high frequency range.  but not  se  much  in

low frequency range.  Therefore an  effectivc  noisc  si]enccr  in

the low frequency range  is required.

  In this study.  an  acoustjca[ly  soft  boundary is employed  to

construct  the duct. UsualLy thc duet is censtructed  ofa  hard

plate ]ikc a thLn stccl  plate and  iibrous rnaterial  fixed to the

"'al] inside is uscd  lbr noise  reduction.  It is already  known  that

lew fretluency sound  can  not  propagate in the duct, Niv'hcn the
duct waLl  boundary is acoustically  soft.  Here. the arrungement

ot' one-quarter  wave  length acoustic  tubes  is used  as  a  seft

acoustic  boundary. At the mouth  ofthe  acoustic  tube  the sound

prcssurc bccomcs  nearly  zero  around  the odd  resonance

frequencies of  thc tube. So far one-quarter  wave  length
acoustic  tubcs  havc bccn uscd  as  a side  branch to reduce  duct

neisc.  but enly  one  tube has been used  (Radavich and  Selamct,

20U]}, The urrangement  of  many  tubes  has not  been used  as  a

seft  buundary. Here, the retation  between t]ie noise  rcduction

erncjency  afid the acoustically  soft boundary is cxumined

under  the conditions  of  no  wind  in the  duct.

Theory     -

  Gencrally the air  duct with  an  acousticall}, soft boundary has

not  bccn studied  because it is very  hard to realize  the soft

boundury. Seme  sound  fieLds have been analyzed  theoretically,

but in these eases,  the sound  field in the duct with  a  sotl

bDundary is triN.ial because the sound  can  not  propagate
through  the duct (Skudrzyk. [97t). Hcrc. this fact is positively
eniployed  and  te realize  the  sotZ  boundary is examined,  

'l'he
 air

duct is usually  constructed  of  thin stccl  plates. At the steel

plate surface  the sound  pressure is finite and  the particle
N'elocity  normal  to the  surface  is zero.  But ut  the acoustically

soft  surfacc  thc sound  prcssure is zere  and  the particle N,elocity

is {inite. The sound  11elds jn these  ducts are  briefly introduccd.

  Let the duct be rectangular  and  the  size  of  cross-scction  bc

aXb  as  shown  in Fig. 1. The  uny axis  is the dircction of  duct air

fiow, A  solution ef  the seund  wavc  equation  expressed  in

Cartesian coordinates  tbr a  p]ane sinc  wave  incidence is shown

by Eq. (1}. Thc time  dcpcndence expUcot}  is omitted.

p(x,"  x)=A{exp{.l'k.,.v)+  R. expt  
-y'lt,x}}{cxp(j'kv,)+R,

 exp(  
mv'k.,.i')}

        ><{exp(.fk.-")+R.exp(-Jk.7)}  {1)

    k2+k2+ki=E
    .x ./ .'

Here. A, R.. R,., R, are  the amplitudc  and  the retleetion

coeMcicnts  in thc x. .v, s dircetion respectix,ely,  k is the wave
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Fig, 1 Rectangu]arductsizeandcoerdinaLes

numbcr  andj  is thc irnaginary unit.  At t]ie first, let four

boundaries around  the duct be acoustica]ly  hard that is, the

nonna]  particle velocjties  at surfaces  are zero.  The boundary
conditions  are  expressed  as  fo11ows.

di---m e  tuo

Fig, 2 AM  arTang.ement  of ene-quarter  u,svc-Pcngth  acoustic  tubcs  as an

   acoustically  soft baimdary.

acoustical  cendition  is simL]ar  to the case  shownjust  above  and

no  low fi'equency plane wave  can  prepagate. E'inally, when

both pair Df duct surfaces are  aceustjeal[y  soft,  the boundary

conditions  are  given b},.

p=O:.v=O.b,  O<x<a

p=O/x=O,a,  Oe-.'v<b

and  the so]ution is given by Eq, (4},
T'.=O/y=O,b,  O<x<a

x'iO/x=O,a,  O<.r<h

The solution  t'or this boundary va]ue  problem is shown  by Eq.

(2).

P(X･Jxi)=Z. Z, A., cos(  
nlin

 x)cos(  
tibT

 .v)exp(-tk,..,:)

ki,,- k2-(  
m.fl

 )
!-(

 
n,n

 )
;

(2)

  Tn the case  ofthe  lo", frequency problem. the size  ef  duet is

usua]ly  much  sma]]cr  than  the wave-lcngth.  In this case  m  and

n  in Eq. (2) bccomcs  zero  and  thc umplitudc  ofthe  wavc  in the

7  dircction bccorncs Aot: and  a p]anc wavc  can  propas,atc. XN'hcn

a  paiT of  duct surfaccs  is acoustical]y  sotl, tbr exanip]e  a  pair
of  surfaces  paral]e] to the .1, axis,  then  the boundary condirions

arc  as  tbllows:

v,=O:r=O.b,  O<x<a

p=O:x=O,a.  O<.v<h

ln this case  thc solution  is cxpressed  by Eq. (3).

P(Xny.V･Z)=Z. Z, it..  Sin(  
n:n

 X)COS(  
M-.i')exp('

 lk,.,.z)

                                              (3)

  Also in the case  of  low frequency problems, m  and  n

become  zero  and  the amplitude  of  the wave  in the i  direction

becomes  zero  because of  the existence  of  the  sin fitnetion, In

this case  no  plane ",ave  propagates in the :- dlrection, To take

another  case. a pair of  ducr surfaces  paralle] to the ,x axis is

acoustica]]y  soft  and  thc othcr  pair is aeoustjcally  hard. The

p(y,J･.i)=;. Z, A.,.sin( 
n:n

 x)sin(  
tibn

 i)cxp(-yk...,7)

                                              {4}

  In this case.  the amplitude  of the wave  becomes much

smal]er  than  the amplitudes  in the case  mentioned  above

because of  The existence  of  doub]e sin  functions. Of  course  no

pEane wai,e  can  propagate jn the z directien. As shown  in these
eases, ifa pair of  duct surfaces is acoustica]ly seft,  tbcn ne  lo-,

frequency p]ane wave  propagates threugh  the duct,

Realization of  the soft  boundary  and  measurement  of

the  etTect

  At thc acoustica]]y  soft  surface  the sound  pressure is zero

for ul] over  the frequency range.  It is the on]y  way  to satisfy

this condition  to consist  the boundary with  a  medium  very

much  lighter than  the  air. ]t js rea]ly  impossible, Another way

is frcqucncy dcpcndcnt. but it realizes  the  soft  boundary fbr a

certain frcctuency rungc.  It is te arrangc  many  onc-quartcr

wave  length acoustic  tubes  at  the boundary. An  exumple  ol' thjs

arrangement  is shown  Ln Fig, 2, Twenty tubes  ot' 50mm><

50mm  cvoss-section  are  arranged  to construct  the 100mmX

500min  acoustica]ly  soft  boundary surface.  The depth of  eac]i

tubc  is 130mm  ",hich  is one-quarter  wave  length ofa  650Hz

sound  wavc.  Thcsc kinds of  units  are  a]so  constructed  fbr

difllerent design frequcncies. that is, 500 Hz  and  L kHz. These

units  are named  {a) for 1kHz, (b} tbr 650Hz  and  {e) for
500  Hz, An  acoustically  hard boundarv is also  censtructcd  ofu                 " -
20 mm  thickness  acrylic  p]ate and  named  (o).
  As  shown  in l'ig, 3. these difTlerent acoustic  boundaries were

set  atong  the test duct of  100mmX1OO  rnm  cross-section  and

the effect  of  these boundaries on  noise  reduction  was

measured.  The ]ength ofthis  duct is 2000 mm  and  it can  accept

3 sets  of  acoustic  beundary unit  arrangements.  The end  of  the
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Fig, 3 litst faci]ity for the  mcssi]renicnt  of  noise  rcduction  ctficicncy

   obtained  by the snft  duct constructcd  by thc tube  arrangenients.
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Fig, 4 An  cxamplc  ot'the measured  sound  reduclion  eenciency.

receiver  side  was  terminated  by an  absorbing  wedge  ef99,9sp'o

absorpTion  and  just in front of  the wedge  a  microphene  was

set. A loud speaker  was  set  at the other terminal  and  a  noisc

signal was  produced. Figure 4 shows  an  example  er  tbe

measured  resu]t  when  a pair of  sot't surface  units  (a), named

(ooa). was  set, The dashed curve  shows  the relative  sound

prcssurc ]evcl at  the receiving  point, that is, in the case  "'here

the whole  boundury was  hard named  case  {oeo). The  thick

solid  curve  shows  a  sound  pressurc ]cvel when  a pair of  units

Ca) sN'as Lnstalled thut is, thc ]cngth ofthc  soft  boundary is Dnly
50cm.  "le can  see very  high noisc  reduction  eficieney  around

a  design frequency ol'1kHz.  It amounts  te inore  than  40dB.
'1'he

 thin solid  comp]ex  curvc  shows  backs,rQund nojse  level

and  Lt indicates that the mcasurcnicnt  was  done accurate]v.                                           '

Results of  measurements

  Figures  5-A. -B and  -C show  the measured  results  in the

cases  of  soft  boundur}･ arrungcmcnt  (a), (b) and  (c), respective[y,
In Fig, 5-A, the thin solid  cu-,c  shows  thc nojse  reduction

ernciency  in the case  of  (ooa). that is. enly  enc  pair of  50 cni

soft  boundary units  was  set, The ordinatc  shows  thc rclative

sound  pressure level to the  sound  pressure level in thc cusc  of

the hard boundary, The  thick solid  curve  shows  the reduction

in thc case  ofthe  arrangement  {oaa), that is, 1 m  soft  and  50cm

hard. Thcre is no  big difference between both cases  and  O.5m

sofi  boLLndary [ength is sutficicnt  to effbct  a large reduction  for

a  1kHz  sound  wave,  [n Fig. 5-B. two  solid  curves  show  the
reduction  ernciency  in thc cascs  of(oob)  and  (obb}. The noise

nmv-"amas>'psocr
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Fig. 5 Measured  resul[s  ot' sound  reduclien  erncienc}'.  Fi.uures 5-A. -B

   and  
-C

 show  the results in the caHes  of  so  ft boundary unirs  (a), {b) and

   {c}.respectively.

reduction  ernciency  is quite ]arge areund  650Hz und  it
amounts  also  40dB, Around  1950Hz.  there is also  u  lurgc
reduction  and  it is caused  by the next  higher odd  resonuncc  of

the ucoustic  tube. But there  is a]so  no  big difTl]rence between
both curves. In Fis,. 5-C, the thin solid  eurve.  the dashed curve

and  thick so[id  curve  show  the reduction  eMciencv  in the cases

of (ooe), (occ) und  (eccL rcspectively.  In these cases. the
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Fig. 7 ENatnptes of ditlficrent conditions  of  two  and  eight  tube  meu[hs

   beingclosed.
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Fig. 6 Mcasured  Tesults  efsound  reduction  crnciency.  F'is,ures. 6-,AL a[id-

   B show  the results  in Lhe cases  vL'here  two and  three  different kinds ot'

   units  vv'cTe cennected  in series, respectivct},.

t'eduction  amounts  to 50 dB  around  thc dcsign t'regtLency. Some

smal]  ditTbrcnce could  be found between thc cases  ofCooe)  and

Cccc). It inight  mean  that a  50cm  soft  houndary is not enough

to reducc  a  500Hz  sound  wave  effectivcly.

  Ncxt, the additivity in each  eMcicncy  obtained  here was

chccked.  1'he resu]ts  are shown  in Figs. 6-A and  
-B,

 In Fis,. 6-

A, the thin solid.  dashcd and  thick solid  curves  show  the

reduction  eencicncy  in [he case  of  CoabX (cca) and  Cccb), Ln

each  case,  thc resultant  reduction  eMciency  of  cases  (oab),
(cca) and  Cccb] are  aLmost  equal  to  thc sum  of  reduction

eenciency  in the cases  of  (oea} and  {oob), (ooa) and  (occ),
(oob) and  (occ) respectively. In Fig. 6-B, the curves  of  noise

rcductien  eMciency  in the  cases  of(abc).  (bac) and  (cba) show
almest  the same  frequency charactcristics  and  are  equa]  to the

sum  of  reduction  in the cascs  of  {ooa}. (oob) aiid {ooc). Thc

arrangement  order  of  seft  surface  designed in diffbrent

frequencies has no  ctl'cct on  the reduction  eMciency.  In these

cases,  the maximum  reduetion  amounts  to 50dB. Frem  these

data. the additivity ofthe  reduction  eMciency  is supperted,

Required  length for suracient  reductiun  ernciency

  In the previous section, the relation  between the soft  surface

and  the reduetion  eMciencv  was  studied. Hcrc, thc rclation                     '
between the length of  the soft  surface  boundary and  the

rcductien  eMciency  is studied.  As  shown  in Fig. 7. some

epenings  ofthe  seft boundary unit  {a) were  covercd  by square

pLatcs and  the reduction  erncjency  ik'as  measured.  For cxample,

(eua-4) means  that 4  openings  out  of  [O arc  not  covered  and

the other  6 openings  are  eovcrcd  by plates. The rneasured

resu[ts  are  shown  in Figs. g-A and  -B. In Fig. 8-A, the dotted
thick so]id  thick dashed and  thin solid  curves  show  the

reduction  eenciency  iii the  case  of(ooa-2),  {ooa-4). {ooa-6) and

{ooa) respectiN,ely.  In Fig, 8-B, the thick solid.  thick dashed and
thin solid  curves  sho",  the results  in the cases  of  Ceoa-7), {ooa-
S) and  (ooa). From  these data, siv'hcn tbur opcnings  are  covered,

that is. in the  case  of  (ooa-6), the rcduction  elllciency  would

begin to decrease. -'hen 3 opcnings  arc  covered,  the reduction

eMciency  is net  much  dilTerent from the case  of(ooa}.  i.c.. aL]

lO opcnings  are  not  covered.  
'I'hese

 7 openings  are about  35cm

in length and  this is near]y  equal  to one  wave-length  of  1 kHz

sQund  "'ave  (34cm). Thus it could  be said  that thc soft

boundary lcngth of  more  than one  wave-length  Ls required  to

get suencicnt  rcduction  eflicieney compared  with  the eenciency

obtained  in the case  of  quLte a long soft  surface beundary. This

rcsuLt  hus been also  verified  by the numerical  exainjnations,

Conclusions

  Here, the  noise  rcduction  efficiency  of  the duct constructcd

by the aeoustically  soft boundary }vas  experirncntal]y

examincd  and  the fo11owing conclusions  were  obtajned.

(1) It is possible to construct  an  acoustica]ly soft  beundary

    by the arrangement  of  one-quarter  wave-lcngth  acoustic

    tubes, even  though  it has fi'equency depcndcnec,

c2) When  one  pair of  parallel walls  ofa  square  duct ls

    acoustically  soft, morc  than  40dB  noise  reduction  is

    obtained  in thc frcqucncy range  about  one-half  octaN'e

    band around  thc design t'requency.

(3) The noise  rcduction  eMciencies  designed in the different

    frequencics could  be added  and  a  ]arge noise  reduction

    eMciency  could  be realized  over  a wide  frequency range.
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Fig. S N･teasured results  of  snimd  redLietion  eficiency  ibf different

   lenglhs ol' seft  beundary. Hgure 8-A shows  the results in the cases  of

   sefi  beundury lcngth 1e, 20. 30, 50 crn. and  Fig. S-B in the  casc of  r,5,
   40. 50  cm.

(4) More  than ene-wave  ]ength of  soft  boundary is required

    to get enough  rcduction  compared  with  the reduction

    obtained  in thc casc  ofquite  a  tong soft  boundary,
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