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Abstract

The invention of silent machine is a social demand. Notwithstanding, it is an important
but difficult problem to manufacture a special machine which is inherentry quiet. =

The most effective way to substantially reduce the noise of uproarious machine is to com- ~
pletely enclose the machine itself.

This paper describes the theoretical investigation of noise reduction by enclosure and the
analysis performed regarding the sound transmission loss of various types of wall.

1. Investigation of power level of the output of sound radiated from solid
sound sources

It is not easy to analyze theoretically the noise which is radiated from a machine
in operation. So, the author assume here that a spherical breathing apparatus with
a volume velocity of U and a surface area of S (a radius of a) is a fairly good approxi-
mation for a simulation. With regard to a low-frequency sound, the radiation im-
pedance Z is expressed as follows:? ' L
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and f is the frequency of sound, ¢ the sound velocity, A the wavelength and p the density
of a medium. ’

In free space, radiated acoustic power W is obtained by multiplaying the square
of volume velocity U by the real part of the radiation impdeance Z, and hence
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Since volume velocity U is a product of the vibration velocity u and the surface area
S,, W is expressed by substituting U=uS; into the above equation as follows: .

=2 (ka)?
W=upeSs T kay

. The power level of a sound source PLW is expressed as the following;
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PWL=10log,o W+120  (dB)  «ereerees )

where W is expressed by Watt (W) and 10712 W is taken to be 0 dB. According to
Eq. (3), PWL is expressed as the following:

2
PWL=20log;oU+ 10log,, 1 (fa)

—+(k~a——)—2-' _IOgIOSs+ 10 loglopc+ 120 (dB)

By substituting the numerical values of p and ¢ and assuming the sound source to be
a sphere of radius a and vibration velocity u, the following are obtained, that is, by
substituting the values of p (=1.2 kg/m?3) and ¢ (=340 m/s) into Eq. (6),

2
PWL=20log,oU+10log;, l(ka)

T (hayr ~ 10108108, +146  (dB) woovvee @

by substituting the relation S;=4na? into Eq. (7),
PWL=20log;o U+20log;o k—10log,, {1+ (ka)?} +135 (dB)  -eeeeeee (8)

and by substituting the relation S;=4na?u into Eq. (8),
PWL=20log,,u+20log,, k—10log,, {1+ (ka)?} +40log,, a+157 (dB)

1.1 When the size of a sound source is small enough compared with the wavelength
According to Egs. (3) and (4), radiated acoustic power W may be expressed under
the condition that ka <1 by the following:

W= Uz%i(ka)z W) (10)

W=u?pcS (ka)? wy e (1

To express the radiated power by power level (PWL), Eq. (11) is induced to the fol-
lowing equation:

PWL=20log,, U+20log;, ka—10log,, S,+ 146
=20logo U+20log,of+100  (dB) eeevreee (12)

Thus, it is deduced that when the size of a sound source is small enough as compared
with the wavelength, whatever shape and intensity they may take, all sound sources
are equal in power level to one another, as far as they are the same in volume velocity.
At first sight, the PWL in the above equation seems to be independent of the size of a
sound source. But it is due to that S, is included in U.

1.2 When the size of a sound source is large enough compared with the wavelength
According to Egs. (3) and (4), radiated acoustic power W may be given under the
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condition of ka> 1, by the following:

wW=U? pgc Wy e (13)
W=u?pcS, (W) B (14)

To express the radiated power by power level (PWL), Eq. (14) is induced to the fol-
lowing equation:

PWL=20log,o U—10log,, S+ 146 -
=20log;o U—20log;oa+135  (dB) -weeeeem. (15)

2. Investigation of the sound pressure level in a package when a solid
sound source is enclosed in a package

If a solid sound source (say, a machine) is enclosed within a package, the sound
pressure in the package is built up and the increased acoustic energy will be radiated
outward through the wall of the package. Consequently, it may be said that the use
of a package for enclosing a noise source is not necessarily effective for reducing
noise. Hereupon, this problem will be discussed for two cases.

2.1 When the space in the package is small enough compared with the wavelength
When the volume of the space between the sound source and the package is taken
to be ¥V and the compliance of the volume is to be C,

- C=Vjper T reeeedens (16)>

Consequently, the absolute value p, of the sound pressure produced in the package
" by a sound source with a volume velocity of U is expressed as follows:

_ U _U pc>_U pcz
= C T w0 V. 2nf V an

This is the greatest value of the sound pressure in the package. When the package
is not hard enough, that is, the value of C is greater than that given by Egq. (16), the
value of p, will be smaller than that given by Eq. (17). When there is any loss due to
sound absorptive mechanism in the package or on the machine, the value of p, will
also be smaller than that given by Eq. (17). :

When no package is provided, the sound pressure on the surface of the sound
source is a product of the volume velocity and the radiation impedance. For the low
frequency: ka<1, the radiation impedance is well approximated by the imaginary
part of Eq. (1) and the effective value of the sound pressure on the surface is expressed
as follows:

ps=U {)S‘c ka - » © aeases -+(18)
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Then, p,/p, will represent the greatest value of the build up rate of the sound-pressure
in the package, provided that the size of the package is small enough compared with
the wavelength.

If this value is taken to be R,, then

U pcz) (Upc >_ 4na
Rp= (an % ana® ¥4)= %2y (19)

If a sound source of a spherical breathing apparatus with radius 0.5 m is enclosed
in a package with radius 0.6 m, the sound-pressure build up rate R, in the package is
computed as follows:

_ 4mx05 _ 165
Ry =J7% 0387 = &2 20

That is, R,=4.1 for 108 Hz (k=2). In other words, a large sound-pressure build up
rate of as much as 12 dB is.estimated. And it can be said that the build up of the
sound-pressure in the package is an important problem in packaging.

The above value is obtained by replacing the radiation in free space with the ra-
diation in a lossless narrow space. In other words, it represents a theoretical upper-
most bound concerning the build up of the sound-pressure in package and, accordingly,
is not necessarily applicable to real package. It is obvious from the above discussion,
that the build-up of the sound pressure in a package should be checked for the design
of the package to reduce the radiated sound.

If the sound pressure of 2x 1073 Pa is taken to be 0 dB, the equation giving the
sound pressure level in the package SPL, is obtained from Eq. (17) as follows:

SPL,=20log,o U—20log,, V—20log,, f +181 (dB) +++eveene (21)

Here, a sound source whose power level is PWL in the free field will be introduced.
The vibration velocity on the surface of the sound source is assumed to be constant
even when it is enclosed, i.e. the constant velocity sound source is assumed. By sub-
stituting Eq. (12) into Eq. (21), the sound pressure level in a package SPL, is expressed
by using PWL in the free field. That is:

SPLP=PWL_4010g10f"'2010g10 V+81 (dB) ......... (22)

If the sound is transmitted only through the wall of the package and the area of the
surface is taken to be S, the incident acoustic power level PWL; to that part of the
package will be obtained from the following equation:

PWLi= SPLP"' 10 loglo Sp (dB) --------- (23)

Then, the acoustic power level PWL, to be radiated through the package will
become as follows:

PWL,=PWL—40log,, f —20log,,V +10log,,S,—TL+81  (dB) --------- (24)

where, TL is the transmission loss of the surface. It can be deduced from the above
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equation that, in order to reduce PWL,, the space V' in the package should be made
as large as possible, the surface area S, of the package should be reduced and transmis-
sion loss TL should be increased.

2.2 When the space in the package is large enough compared with the wavelength

Here, the space in a package is assumed to be large enough to constitute a rever-
berant field in it.

If the acoustic power from a sound source in a package is nearly equal to that
produced in a free field and the sound source can be considered to be a spherical
breathing apparatus with a volume velocity U, the radiated acoustic power W given
in Eq. (3) may hold with a fairly good approximation.

When the volume of the space in a package is taken to be V, the surface area of
a machine (sound source), S,,, the floor area between the machine (sound source) and
the package, S, and the area through which sound waves are transmitted to the outside
of the package, S,, the average acoustic energy. density J produced in an enclosure with
the average sound absorbing coefficient & (inclusive of the machine and floor surface)
will be obtained by the following equation, under the condition that the sound field
is well diffused.
4w 1—a

I SRS, ¥ S+ S Tog o(1-3)

(J/m3) ......... (25)

When & is small, Eq. (25) will be approximated by the following equation:

_ 4w(1-®)
(S, + S+ S;)

(JIm3)  ceeeeeen (26)

In the range of @<0.7, Eq. (26) is less than Eg. (25) by not more than 3 dB, and
so Eq. (26) will be used hereafter, since it is simpler in form.

If the radiated acoustic power from a sound source W is constant, regardless of
the presence of package, the incident acoustic power W; on the wall of the package
will be as follows:

W (1 —a) S,
% S,+5,+5,

W= (W)  eeeeenns (27)
According to this equation, the acoustic power W, to be radiated to the out of the
package will be as follows, provided that the energy transmission coefficient is taken
to be 1,

Wrt(l—a) S,

Wi=—3% S,+S,+5;

(W) e (28)

Then, the acoustic power level PWL, to be radiated to the out of the package becomes
as the following:

i S,+SutS;
=g ~10logi—F—g—

14

PWL,=PWL-log,, ~TL (dB)-++eeeeee (29)
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It can be deduced from the above equation that the material having a greater
transmission loss should be used, the average sound absorbing coefficient & in the
package should be increased and the value of (S,+S,,+S/)/S, should be increased.

3; Investigation of the sound reducing effect of the package

When no package is provided, the sound pressure level SPL, at a distant point
r-apart from the sound source in a free field is expressed by the following equation:

SPL,=PWL-20log;or—8  (dB)  «oveeeens (30)

where the sound propagation is assumed to be hemispherical. In a room with room
-constant R, the sound pressure level at the point r apart from the sound source is
expressed by the following equation:

SPL,_,=PWL+101og<-Z%7 -%..) (dB)  ceveen: 31)

where Q is a directional gain of the sound source. When this sound source is enclosed
within a package, as in the preceding section, the sound pressure level at the same
measuring point under the same conditions is expressed by the following equations:

SPL,, PWL,—20log,,*—38 1) (32)

and

SPL,,,=PWL+ lOlogm(ng—-l—'%) (dB)  +oeeeenn (33)

Then, the difference between the ‘sound pressure level without a package and
that with a package at the same point becomes as follows:

Att=SPL,—SPL,,=SPL,—SPL,,=PWL—PWL, (dB) ++vvveeee (34)

By substituting PWL, of Eq. (24) and Eq (29) into Egq. (34), the following relations
are established : e

Att=4010g,0f +20log,o V—1010g;0 S, + TL—81  (dB)--------- (35)
and
Att= 101og10 =+ 101og10 ——.i%-ﬂfi+ TL (dB) «+eeeene (36)

4. Investigation of sound insulation of the wall

4.1 Transmission loss of sound insulating material
Transmission loss of a sound.insulating matenal of a single composmon is ob-
tained by the following formulae (37) and (38)2®, .~ ~ :
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As for normal incident sould

TL= 1010g10{1+(%0pinc~)2} (dB) e (37)

As for random incident sound

_ wm \?| _ wm \?
TL_101og10{1+(m) } 1010g10[2.310g10{1+<—2—p—c> }] (dB)

where, m is the surface density of the material in kg/m?, w the angular frequency,
p the density of the air and c the sound velocity. For automobiles and others, however,
lighter packages are required, which causes poor transmission loss from the above
formulae. Therefore, the following investigation was carried out.

4.2 Transmission through sound absorbing material

We have sometimes experienced that a thick sound absorbing material insulates
sound fairly well, but there are very few literatures relating to the sound insulation
effect of sound absorbing materials. Meanwhile, sound absorption coefficients of
various sound absorbing materials have been measured and published. So, it may
be very useful to estimate the transmission loss of a sound absorbing material from
its absorption coefficient.

Acoustic power transmitted through a bulk of the absorbing material of the
thickness h will be 6" times the incident sound power of the incident sound, if the
power attenuats at a rate of 6 per unit thickness and the reflection of sound on the
surface of the material can be neglected. That is, the transmission coefficient 7 of a
material of thickness h is given by the following equation:

=" e (39)

A sound absorbing material with thickness h’ and the absorption coefficient is taken
up here, where « is measured by attaching the material on the surface of a rigid body.
Under the assumption that the incident sound is reflected only on the rigid surface,
the absorption coefficient of the sound absorbing material of thickness h' is expressed
by the following equation: ' ‘ ’

a=1—82" e (40)
therefore
5=(1_a)1/2h‘ ......... 40

By substituting Eq. (41) into Eq. (39), the transmission éoeﬂicient' of the sound ab-
sorbing material of thickness h is expressed by the following equation:

o=(1— /2w ‘ N (42)

Hence, the transmission loss TL will be as follows: = = = oo oo e '
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TL=10log,o(1—a) ™24 - = ..e(43)

It can be seen from the results that the value TL of the single sound absorbing
material is so small that the material cannot be put to practlcal use.

4.3 Transmission through a layer of a sound msulatmg plate and sound absorbmg

material .

It was stated in 2.2 that glass wool packed in a sound msulatlon package 1S very
effective in reducing the ‘high-frequency sound produced in the package. Trans-
mission loss TL through such a laminated wall will then be investigated in the following.

Here, the transmlssmn loss and the transmission coefficient of the sound absorbmg
materlal are taken to be TLB and 7y, respectively, and the transmission loss and the
coefficient of the sound insulating plate are taken to be TL, and 1, respectively. The
relations between them are as follows:

1= 10-TEa/10

— 10—TLC/10

Since the incident power into the sound insulating plate through the sound absorbing
material of thickness h is tzW,, the transmission coefficient 7, of the composite layer
of absorbing and insulating materials will be induced from Egs. (39) and (44) as follows

rT—tB‘cC-—é" X [0~TLe/10- +.(45)
Accordlngly, transmission loss TL will be as follows |
TL=10log;o67"+TLe  (dB) oo (46)
and -
TL=10logy, (1 - a);h/Zh' +TL. (dB)  eeeeeen (47) N

where, « is the sound absorption coefficient of the absorbing material of thickness h’
laid upon a perfectly rigid surface.

4.4 Transmission through a double wall packed with a layer of sound absorbing
material

With a double wall made of two single panels and packed with a layer of sound
absorbing material between the plates, a greater TL can be expected. :

The following model of the insulation wall is supposed here, that is, the wall is
composed of three layers A, B and C, where A and C are the panels having the trans-
mission coefficient v and B is a sound absorbing material whose thickness is & and
transmission coefficient 6", When. the incident sound power to the panel 4.is W, tW,
is transmitted through the panel 4 and (1 —T1)W, is reflected by the panel. On the panel
C, the rates of transmission and reflection are the same as on the panel A.

Then, the transmitted power with no reflecting process will become as follows:
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11Wi=5h12Wi R .}4..."..'.-..(48‘)

The power transmitted through the absorbing material B will be reflected on the surface
of the panel C. The reflected power becomes 8"7(1—1)W; according to the above
assumption. This reflected power is attenuated by B to 6**t(1—1)W, in the process
of the transmission to the surface of A and is reflected by A. The reflected sound
power 82#7(1—1)*W, is attenuated by B and the incident power to C is d**z(1 —r)ZW
Then, the power 1, W, transmitted through C becomes as follows:

1, W =08%12(1 —1)2W, : T (49)

The remainder is reflected in the direction of 4 and repeat this process is repeated.
Consequently, the overall transmission coefficient 7, is expressed by the following
equation: :

Te=(sh‘[2+53h'f2(1—T)2+"'+5hT2{52h(1'—T)2}n+

5[112

=t5m'(T?)2 ......... (50)
Accordingly, TL is given by the following equation:
—852h(] —7)2

TL=10log,, 1-0%"(1 —7) (dB)  eeeeeeen (51)

5141-2

5. Conclusions

In this study, various theoretical analyses were carried out with regard to the
sound insulation effects of packages on the assumption that a complete vibration
isolation was provided, and a number of design formulae were induced.

The noticeable points in this report can be summarized as follows.

(1) By modelling a small-sized engine as a spherical breathing apparatus, the
relations between the vibration velocity level the radiated power level and the sound
pressure level are made clear for the conditions of small space, free field and diffused
field with sound absorbing walls.

(2) A build-up of the sound pressure in the internal space of the package is
formulated. It is necessary to give the loss of acoustic energy in the package which
reduces the amount of the build-up. ‘

(3) 1In order to lower the power level of the sound radiated from a package, TL
and V should be increased for low-frequency sound and TL, « and (S,+S,+S/)/S,
should be increased for high-frequency sound.
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