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Comparison of Sound Properties in Various Spaces
for a Sound Environment Design

Hirocatsu FUKUHARA {(Ono Sokki}
Takako OTSUKA {Wakabayashi Acoustic Design)

1. Introduction

A sound environment design must be implemented after all charac-
teristics of the field where it is to be implemented are fully
understood. This is because no sound environment design has a
type which can be applied to any kind of field. In such a situa-
tion, it is considered to be an extremely effective and important
condition for a sound envircnment design that we should fully
understand the present aspects concerning sound in various areas
in different countries. Therefore, we ‘investigated and analyzed
sound in various districts in many countries, and further classi-
fied and compared the results of our investigations according to
several applications. This report describes the result of com-

parison of the properties of sound in Japan and in Southeast Asia
(including Taiwan and Korea).

2. Methods ©of Measurement and Analysis

For the measurement of sound properties, we not only collected
gounds but attdched importance to 'visual factors of the sound
environments. For the latter purpose we used a still camera and
DAT (Sony) in earlier stages. In recent measurements, a high-
band 8 mm video camera and DAT were jointly used, in addition to
the still camera, to record images and sounds simultaneously.

The following placea or sound environmente were selected to
collect sound data:

Trunk road in a town area
Narrow street in a town area

Railway station which is a public transportation facility
Public square

Hour ring and voice of street venders

—— .~
U1 a0 W b =

When collecting data in soundspaces (1) through (4) above, we
took care to choese proper locations where almost same sound
environmente would be kept throughout the year. With respect to
{(5), we selected such measurement sites that were convenient for
data collection, Furthermore, for all these 5 kinds of sound
environments we attempted to measure at appropriate distances
which would not give unnaturalness to the sense of hearing. ‘The
method of sound analysis wasz as follows. First, was measured
for certain periods {1 to 5 minutes) with a souﬂa level meter
while reproducing the recorded sounds. Next, sound spectrum was

analyzed three-dimensionally (Ono Sokki CF360} to figure out the
sound properties.




3. Measurement Results

The results of our measurements are shown below.
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4. Discuesion on the Repults of Analysis

First, from Figures 1 and 2,
difference in road traffic 8
Asia and South Korea.

it is noted that there is a certain
ound properties in Japan, Southeast
The difference is that while the tratfic
shows spectra close to the 1/f pattern,
countries first decreases up to around 3
to 5 kHz, then increases again at higher frequencies. This would
indicate that the noise in those countries contains more high-
frequency components, giving a noisy impression to the ears.

With respect to the road traffic, the rate of vehicles with small
displacement is high in Southeast Asia and Taiwan. This
considered to be another reaszon that adds to the noisiness of the
traffic. oOn the other hand, the configuration of vehicles in
South Korea is very close to that of Japan. The sound spectra
also show similar characteristics as Japan. It is understood
from these facte that the difference in the performance and

construction of wvehicles resylts in an obvious difference in
sound properties.

the noise level in other




Comparison between trunk roads and narrow streets indicates lower
noige levels in the latter socundspace. Presumably, one of the
reasons for this tendency is that the running speed of vehicles
is limited due to the narrow and somewhat complicated construc-
tion. As in the case of the trunk roads, the ncise level on
narrow streets of Taiwan decreases toward 3 to 4 kHz, then in-
creases again at higher frequencies.

Next, as clearly seen in Figure 3, the sound spectra obtained in
a railway station in Taiwan show reduced noise levels around 3 to
5 kHz followed by higher noise levels at the higher freguency
range. ‘The measurement in Japan shows rapndom peaks at low fre-
gquencies. Although the spectra have different patterns in the
two countries, the stations in both countries give a noisy im-
pression with their respective sound properties.

In Japan, a public square usually means a place of relaxation
like a park. Probably based on this concept, public squares in
Japan are characterized by low noise levels, as shown in Figure
4. On the contrary, a typical public gquare in Southeast Asia is
a marketplace closely related tc the people’s living, where the
general public come for shopping. The noise level in such a
place is not so low at all, but the spectra resemble the 1/f
pattern sloping down gradually. Probably for this reason, one
can feel liveliness, instead of noisiness, in the latter type of
public square.

Various spectrum patterns are observed in hour rings as shown in
Figure 5. Here again, the measurements in Southeast Asia show
the spectrum pattern once falling and rising again.

The voice of street sellers, shown in Fiqure 6, can rarely be
heard in Japan today, but in Southeast Asia it can still be heard
everywhere. 1In most cases, their voice comes through a loud-
speaker in Japan. Contrarily, the use of a loudspeaker is not
common it Southeast Asia. Perhaps, this is the reason why the
voice of Southeast Asian street sellers sounds gentle to the
earg. The voice of street sellers can be understood as a culture
backed by the history of each country and each region. Accord-
ingly, there is a variety of spectra in street sellers’ voice.
The loudspeaker may have such effects that make various spectrum
patterns to resemble one anocther.

5. Conclusion

As examined in the preceding paragraphs, there is a variety of
sound properties in different areas and in individual sound-
spaces. Major factors that cause this variety are considered to
be the differences in the design and materials of buildings,
automobiles, or other technical differences, climate and custonms.
Under such circumstances, it is most important that sound envi-
ronment design is made to suit each individual soundspace. For
new city or town planning, we should not take such a process that
would simply apply an already known pattern, but we should deter-
mine a design based on a full understanding of the present status
of each individual case. 1In this respect, it would be required
to try various methods of reducing the current noise levels and
put appropriate methods in practice. On the other hand, should




the need arise to make something that would emit any noise, it
should be developed with utmost care. 1In this paper, we compared
the environmental socund properties measured in Japan, Southeast
Agia, Taiwan and South Korea. WNext, we would like to examine the
sound environments in Europe and the United States in compariscn

with Japan.
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& perforated absorption material and the other is
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thickness, impedence parameters such as specific g
flow resistivity, static shape facter, tortuosity, %
porosity, characteristic frequency of perferated i
metal sheet and Mach number are studied. Their *
‘
effects to acoustic energy loss are computed by f
numerical method. -E
The results show that the acoustic energy loss G
will be increased as specific flow resistivity or jg
3 thickness decreases, or the charcteristic freguency ﬁ
% of perforated metal sheet increases in honyecomb £
E type absorption material. It will be increased as
% specific flow resistivity or tertuosity decreases,
g or static shape factor, porosity or thickness
% increases in fiber type absorption material. The
$ senstivity analysis shows that these parameters

have the following crder of importange : namely
porosity, tortuecsity, static shape factor and
specific flow resistivity. Acoustic energy loss

increases as negetive Mach number increases ahd
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& Numerical Simtlation for The Energy Losses
of Duct Lining

J.W, [Ihen' & J.H Chao“

#: Chung Shan Institute of Science and Technology
#%: Professor of Institute of Engineering Science
Hational Cheng Kung Bhiversity

Abstract

Duct acoustics has been applied to analyze the
acoustic energy loss in two and four-side duct lining
by two different materials. One Is honeycomb and
perforated absorption material and the other is fiber
type sbsorption material. Duct scale parameters such
as aspect ratio, length and thickness, and impedence
parapeters such as specific flow resistivity, statie
shape factor, tortuosity, porosity. characteristic
frequency of perforated metal sheet and Mach number
are studied. Their effects to the acoustic energy
loss are computed by mmerical method.

The results show that the acoustic energy loss
incresses as the specific flow  resistivity or
thickness decreases, or the charcteristic fregquency
of perforated metal sheet increases in honeycomb
type zbsorption material.It incresses as the specific
flow resistivity or tortuosity decreases, or static
shape factor, porosity, thickness increases in fiber
type absorption material. The senstivity analysis
shows thet these parameters have the following order
of importance : nasely, porosity, tortussity, static
shape factor and specific flow resistivity. Acoustic
energy loss increasesas negative Mach MNo. increases
and positive Mach Mo. decreases for both types of
neterials. The two- and four-side lining will have
about 3dB and 12d8 difference in the acoustic energy
loss in fiber and honeycomb absorption material
respectivly.

1. Introduction

Duct Acouct ics may he applied to analyze typical
noise poliution problems around our environments,such
as airconditioning fans, engines, subways and the
transportation noise of Rapid Transient System , ete.
It is commonly understood that by inserting an
expansion chamber,a cavity resonatoror,active control

speakers, one may reduce the low frequency duct noise.

And wrapping or lining sbsorption materials outside
or inside of a duct, or inserting silencers between
source and receiver can reduce high frequency noises.
The acoustic energy loss (noise reduction) prediction
of duct-lining in frequency domain and relevent
parameters study is our interesting. The basic model
of tw and four duct-lining in Fig. 1 will be
discussed in this paper,

Kinsler [1] has discussed the phenosena of sound
propagation in unlined duct without mean flow.
Benzakein et al. [2] analyzed the lined duct without
mean Tlow also. Meyer et al. [3] measured the acoustic
energy losses of duct-lining of perforated metal and
rockwool absorption material in different Mach Number
mean Tlows.  Also at the same conditions Haley [4)
investigated the duct-lining of perforated setal and
honeycosb absorption waterial , And studied the
acoustic energy loss in different specific flow
resistivity, material thickness, duct aspect ratic &
the characteristic frequency of perforated metal
sheet systematically, Ko [5] derived lhe acoustic
energy loss of duct lining using tha same model as
Haley [4] and got results in sood sagreement with
experimental data. In addition, Manjal 18} took of
Attenborough model fiber type absorption material
and analyzed the square duct~lining in different
Mach No. mean flows & thicknesses.

This study follows Ko's two-lining duct data to
check the computer proeraa first. Then applies this
program to duct with four-lining condition and
extends to more parameters. Thus it is a more
detat led study than the above authors.

2. Mathmatical Formulation

To darive the wave propagation equat.ion along Lhe
duct lining, axisymmetric and anti-axisymmetric eigen
- equations are the most important work in the
formulation. Basic assumptions of this problem are
lining of the local reaction absorption material
throughout the rigid duct wall, no standing wave, no
shear flow and heal transfer in the duct, duct length
is infinite and no reflection wvave exists in the duct.
Furthemore, input scoustic waves are random signal
with the same sound amplidute for each frequency. The
nondimensional wave-enquations & eigen-enquations are
listing by (1)(2) (3) for two-lining case and (4)--(Q)
for the four-lining condition.

- Case of two-lining duct:
i— inf*¥( 1 - Mk wn/k" )? = katantk*s) --— (1)
+ Inf*Y( 1 - Mk"mn/k* )" = k*wcol (k™) - (2)
!-k"-n/k' =M+ [1-(1-8)( k"wk"?
+ (k"wK"HYR /D - W - (3




- Case of four-lining duct:
-~ For x-direction lining:
rinf* Y 1 - Mk*m/k* ) = k"stan(k"nB/A) &)
-i— inf*¥u( 1 ~ Mk*an/k* }® = -K"scot{k"nB/8) (5)
l‘-k‘mn/k" = {-H+11-@1-#( knk")®
+ kwk" o0}/ (1 - W) - B
-- For Y-direction lining:
rinf"¥>( 1 - B"we/k* )" = k'stanlk"s) - (D)
4|- inf*¥5 (1 - Mk"en/k* )* = “k"wcot (k*n) — (8)
l‘- k*wn/k* = {-M + [1 - (0 - ¥*) ( (k"a/k")*
+ (k)Y - W) — @)

These equations are solved numerically by Runge
~utta method and Modified Newton - Raphson method to
obtain the acoustic energy losses.

2.1 Impedence Model of Absorption Material:

The impedence of absorption material in equations
(1) ~ (9 must be known beforchand when solving for
the cosplex wave numbers. So it is necessary to setup
a suitable impedence model first to simulate the
absorption effects. Rayieigh [7]1 has described the
propagation acoustic wave in a tube & the dissipation
of acouctic energy to thermal enhergy due to the
frictional and viscous effects by capillary model.
Beranek 18] considered the impedence dependency on
the effects of gas density & compressiblity, specific
Tlow resistivity and structure factor. Delany and
Bazley [9), and Qunli {10] collected the experimental
data of fiber and foam type absorption material
respectively to obtain semi-imperical formula. Both
of them are functions of specific flow resistivity
and do not fit well in the low frequency range.
Attenborough [11] has used a phenomenclogical and
sicrostructural point view to analyse the impedence
of rigid or flexible fiber type material in parallel,
stacked and random directions by scattering theorem.
The impedence is function of porosity, tortuosity,
specific flow resistivity, and static & dynamic shape
factor . This study uses impedence of honeycomb
material by Ko, fiber type material by Attentborough,
and multilayer impedence by Duun and Davern [12] as

following:
- Impedence of honeycomb material :
Z=Rx[ 1.0 + x(f/fo) ] - izcot(kd}er
- Impedence of fiber type material :
2 = Zo % coth(kud)

where Zc = wice ke

(Q*/0)2er
el 1 - 2(edi) 'ThWI1) 17
ko?= (Qw/e)?x[ 1 - 2041} *Thel1) |77
[1+2€r-1) (Nor® "o’ 1) *T(Her® ®apli)]
Thel1) = J1 Gl i}/ Ja (el 1)
2 = (1/n)%{8SwA0*/08)° ®
- Impedence of fiber + air space (multilayer)
Z1¥cosh{kvd) + Zetsinh (kud)
ZBssinh(ked) + Zo*cosh (kud)

(')

s ]

vhere Z1 = W1 ¥ coth(rl = dl)
Vl=r
rl =k = w/c

2.2 heoystic Mean Energy & fcoustic Energy Loss
After solving the complex roots of wave numbers,
the acoustic mean energy and acoustic energy loss are

calculated by Tormulas defined by Blokhintsen {13] &
Ko as following:

~ Acoustic Mean Energy by Blokhintsen :

-- Case of two-lining duct:
a
Eun = 'ra deli

= {Co | * (mcABK") [sinb (2Akni) /2#kni)
ML+ GwlO® + (ka/K)? ~(1-M7) (kmn/k} )
+2(1-M* ) kmn/k }exp (- ikimnl)

-~ Case of four-lining duct:

b a
Emn = ‘!-h _f dexdy

= [ Co|® (acABK®) [sinh (2Akmi}/28Kmi |
*[sinh (2Bkni)/28kni}

M+ /10 + kn/k)® - (1M (kan/k)?]
+2(1-H* Ykmn/k }exp (~kunL.}

where Nz = (p'w'™ + p""w'}/4 + H{p'p' /e +

Pely'u' 'y "'y

- 10 -




- Acoustic Energy Losses by Ko:

aPYL = 10 logse E z Eean (0) /Exan (L)

=in=

3. Numerical Method

The 4th order Runge-Kutta & modified Newton-Raphson
method are applied to find the ordering comglex roots.
By using the real wave number of unlined duct as
initial values, and plugs into the Runge-Kutta scheme
to get complex initial values. The roots can he
converged in about 2 — 8 iterations with no virtual
changes in the sixth decimal place by MNewton-Raphson
mthod. The Mach Wo. increment is kept at a value 0.1
or as large as posssible to avoid excessive computing
time. The program flow of a four-lining duct
explained roughly as follows :

(A) Use real wave number Kn of unlining duct as an
initial value to get complex wave number ¥m,

(8) Use real wave number ¥m of unlining duct as an
initial value to get complex wave number K.

(C) Check the residue by substituting complex values
Km & Kn into equation 4) (B) or () 8). If the
value approaches zero then stop the program,
otherwise g0 to next steps,

(D) Use complex wave number ¥n obtained from step (B)
as the initial value to get complex wave number
Km by the above numerical scheme.

(E) Use complex wave number Kr got from step (A) as
the initial value to obtain complex wave number
Kn by the above numerical scheme.

{F) Reapeat step ([), and change complex wave number
Kn and Ka obtained from B),(C) to (E},{D) when

necessary. This process continues untill the
solution converges.

4. Results and Discussion

Two groups of data listed in Table 1 are studied
for two & four duct-1ining. One group is for honeycomb
material, and the other for fiker type materiai.

4.1 Two-lining of Honeycomb Material :

Fig. 2 gives the comparsion between the present
computational results with the experimental data [5].
It can be seen that the agreement between the two is
fairly good. Pair comparsion estimates of the mean
value, standard deviation and t-distrubition value
are (0.08, 0.3, 0.8). The t-distrubition value is
insida the reliability range bacause it is less than
the critical value 2.650, when take in 13 samplines
with a sienificant level of 0.005 in value. So the
program is right by this demostrative result.

4.2 Four-lining of Honeycomb Material :

As shown in Fig. 3 the acoustic energy loss

decreases and the frequency shifts to the right as
the Mach number increases when the acoustic wave
propagates in the same direction with mean flow,
namly downstream. On the other hand the acoustic
energy loss increases and the frequency shifts to the
left as the wave propages upstrean., There is hecause
the contact time between the acoustic wave and the
absorption material decresses in the downstreaa
direction owing to the convective effect and
increases owing to refraction effect by maen flow.
The reason of frequency shifting is owing the Doppler
effect, The above results are the same as those two-

lining results by Ko [5].

The acoustic energy loss becomes larger as the
specific flow resistivity decresses as given in Fig.4.
The frequency shift is insignificant. The above
results are also the same those as two-lining results
by Fo I5].

The acoustic enerzy loss decreases first and
increases afterward in Fig. 5 as the characteristic
frequency of the netal sheet increases. This is
because the resonance mode changes by the different
acoustic characteristics in the duct. It is thorefore
possibie to tune the acoustic modes by adjusting
thickness, hole diameter and open area ratio to
effect the resonant freauency band.

Fig. § shows the acoustic energy loss decreases
first and increases afterward and lhe frequency
shifts to lower values vhen the deplh increases.

Fig. 7 and Fig. & show the acoustic energy losses
decrease when the duct length decreases or the duct
heigth increases, These trends are similar to the
two-1ining results by Ko [5].

4.3 Two and Four-lining of Fiber Type Material :

Acoustic energy losses increase when either the
Mach NO., specific flow resistivity, torfuosity, duct
height decreases or the static shape factor, porosity,
airgap, length increases as depicted in Fig. 9 — 18
for four-lining ducts. Similar results appear in Lhe
two-lining ducts expect the thickness varameter, The
acoustic energy loss increases when the thickness
increases for the low frequency range in Fig. 17 of
two-lining ducts but no clear changing in Fig. 18 of
four-lining ducts bacguse of larger aren effect of
four-1ining ducts. All of ithex have not peak response
in special band as cases as in honeycomb material.But,
there are good absorption effuct in high Trequercy
range,

The static shupe factor is the ratio of any
changable section area to the circular seclion ares
in the direct path. So the larger change in sectional
area will induce more energy iosses. The tortuosity
is the ratio of acoustic irregular path Lo direclpsth,

- 11 -




The results satisfy the condition " Kozeny Constant =
A5 ", that is a larger static shape factor (8) ar]d
a smaller tortuosity (Q) will have larger acoustic
energy loss.

Because the tortuosity, static shape factor,
porosity and specific flow resistivity are the
parameters in the impedence model. It is necessary
for taking the sensitivity amalysis to evaluate their
respective order of importance. The relative
importance of these parameters are studied by using
the basic value and 50% range data in Table 2. Their
ordering of importance is porosity, tortuosity,static
shape factor and specific flow resistivity as shown
in Fig. 18.

4.4 Comparsion of Two & Four-lining results:

Fig. 20 and 21 show the difference of acoustic
energy loss 12 dB in peak frequency and 3 8B in ail
frequency response for honeycomb and fiber type
materials of two & four-lining respectivity. Despite
of materials selected,the four-lining duct alvays has
better results.

5. Eonclusion

Duct lining is cne of the most popular hoise
control methods. The noise reduction response,
prediction and parameters study are discussed in this
paper. The acoustic energy losses and frequency
reoponse results are collected in Table 3 and shows
that the acoustic energy loss increases as the
specific flow resistivity or thickness decreases, or
the charcteristic frequency of perforated meta] sheet
increases in honyecomb type sbsorption material. It
increases as the specific flow resistivity or
tortuosity decreases, or static shape factor.porosity

or thickness increases in fiher type absorption
naterial.
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Nomenc lature

A,a Half of Ducl Height (in)

AD,dl1 Air Gap(in)

B,b Half of Duct Widel(in)

C Sound of Speed(ft/s)

Co Constant

b.d ‘Thickness of Material(in)

Emn ‘heoustic Mean Fnorgy (watts)

Emn{0)  :Acoustic Mean Energy of Inlet (watts)

Fan(L)  :Acoustic Mean Enerey of Outlet(vatts)

F.f ‘Frequency (Hxz)

FO, 0 (Characteristic Frequency of Perforated
Metal (He)
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:Duct Height (in)

:Zero Order Bessel Punction

iFirst Order Bessel Function

Wave Number (ft 1)

:Propagation Constant

:Wave Numberin in X Direction(ft )
:Yave Mumberin in ¥ Direction{(ft 1)
:¥ave Numberin in Z Direction(ft?)
¥ave Numberin in * X Direction{ft*)
:Mave Numberin in + ¥ Direction{ft™*)
¥ave Mumberin in + Z Direction{(ft*)

ty

:Sound Pressure (1b-f/n®)
:Fluctuating Sound Pressure(lb-f/n*)
:Conjugate of Fluctwring Sound Pressure
{(Ib-f/a")
tTortuosity
tSpecific Flov Resistivity Ratio(=R"/rc)
:Specific Flov Resistivity (rayls)

Specific Heat Ratiol(= 1.4)
:Static Shape Pactor
Time
Yelocity in X.Y Direction{ft/s)

Velocity Vector (ft/s)
:Fluctuating Velocity in XYZ Direction{(fy/s)
:Conjugate of Velocity in X Direction{ft/s)
Conjugate of Velocity in ¥ Directiomn(ft/s)
:Conjugate of Velocity in Z Direction{ft/s)
Angular Frequency
:Coordinate Position
:Soecific Admittance of X.Y Direction
:Specific Impedence
: Inpedence(rayls)
:Characteristic Impedence(rayls)
‘Multilayer Characteristic Impedence (rayls)
Density (1b/w’)
tFluctuating Density(1b/n®)
radient
:Convergence
tDisplacement of Particle , Variable{in)
sAcoustic Energy Loss

Unit same as Sound Power Level is dB

Ly = 10.0# 0¢ (N/¥ref} ,Wref = 10°** watts
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