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Sound Absorption Effects in a Rectangular Enclosure
with the Foamed Aluminum Sheet Absorber

Jae-Eung Oh*, Sang-Hun Kim,** Jin-Tai Chung* and Kyung-Ryul Chung***
(Received December 5, 1997)

For the purpose of finding out the optimal thickness of sound absorber and the sound
absorption effects due to the selected thickness at an interested frequency range, the analytical
study identifies the interior and exterior sound field characteristics of a rectangular enclosure
with foamed aluminum lining and the experimental verification is performed with random noise
input. By using a two-microphone impedance tube, we measure experimentally the absorption
coefficient and the impedance of simple sound absorbing materials. Measured acoustical
parameters of the test samples are applied to the theoretical analysis to predict sound pressure
field in the cavity. The sound absorption effects from measurements are compared to predicted
ories in both cases with and without foamed aluminum lining in the cavity of the rectangular
enclosure.
Key Words: Absorption Coefficient, Admittance, Foamed Aluminum Sheet Absorber, Nor-
malized Impedance, Porous Sound Absorber, Sound Radiation

1. Introduction

Sound absorbing materials have been widely
used in noise control engineering such as vehicle
compartments, machinery, building constructions,
etc.

Until now, engineers have tried to develop the
quantitative acoustical design with the trial-and
~error method. To improve the acoustical perfor-
mance of sound absorbing materials, the surface
impedance and the absorption coefficient of
absorbing materials should be identified before
the acoustical design is accomplished. These
allow

acoustical the quantitative

design of sound absorbing configurations on the

parameters
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basis of materials and geometric parameters.
(Cremer & Heckl, 1988 ; Reynolds, 1981 : Ber-
anek & Ver, 1992) Sponges and glass fibers,
which have widely used for many years, have
some difficulties in use. The composition of tradi-
tional materials would be dispersed due to long-
time use; moreover, the absorbing performance
would be worse in wet condition. On the other
hand, the foamed aluminum is robust for disper-
sion and wetness, and its performance even in
high temperature is very excellent. Foamed alumi-
num is well known metallic porous sound absorp-
tion material, which has excellent properties of
lightweight and high acoustical absorption per-
formances.

The past researches for the porous materials
have studied on the sound propagation and the
sound transmission through a medium. In most
cases, the sound propagation through the porous
layers has been calculated using a simplified
analytical theory. The acoustical characteristics of
metallic porous material have been studied since
the research of Beranek and Biot in 1950’s. Biot

described the propagation of elastic waves
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through a fluid filled porous medium in his
research. In recent days, new models for the trans-
mission of sound through layered systems
containing porous materials are presented. Laur-
iks et al. (1992) and Rebilland et al. (1992)
described the sound propagation through the
porous material using a matrix representation of
the layer obtatned from the Biot theory. In 1996,
Park applied Allard’s modelling method that
employs the method of acoustic transfer matrix
(ATM) to yield more precise results in the analy-
sis of porous sound absorbing materials. Experi-
mental studies and simple applications on the
sound absorption effects in space with porous
materials have been performed since 1980’s. The
researches using foamed aluminum has been
expanded since middle of 1980’s. Akiyama et al.
(1991) reported the acoustical characteristics and
simple applications to the industry of foamed
aluminum. They presented the foamed aluminum
had better sound absorption effect than the com-
mon glass wool fiber and their simple applica-
tions verified the capability to actually apply the
foamed aluminum

Based on the acoustical characteristics and the
capability described in the previous researches,
this study concentrates on identification of sound
absorption effects due to the foamed aluminum
sheet absorber, comparing the analytical and
experimental methods. This study investigates the
interior and exterior sound field characteristics of
an acoustically loaded rectangular enclosure. The
sound pressure field is identified by analysis
adding the acoustical damping and reactivity of
the absorbing material at the wall to the an
analysis of the rigid walled enclosure. The opti-
mal thickness of the sheet absorber can also be
obtained by using the complex admittance at the
absorber surface. Sound absorbers used in this
study consist of one sponge, recycled rubber sheet
from waste tire, and foamed aluminum sheet.
Recycled rubber absorbers are made of small
rubber pieces, which have different porous sizes
for the size and density of rubber piece. The
sound absorption coefficients and normalized
impedance of the sample absorbers are measured
and they are used in the theoretical analysis. The

sound attenuation effects in and out of the cavity
due to the foamed aluminum sheet absorber are
verified with analytical and experimental studies
when the foamed aluminum absorber covers the
bottom of the enclosure.

2. Sound Pressure Field in the
Rectangular Enclosure with a
Lightly Damped Wall

The sound pressure field by an imposed vibra-
tion of the enclosure walls is determined by using
the Green function G(x | y), which is defined as
the sound pressure at point g in the cavity due to
a unit sound at point y. The sound pressure at
point x in the cavity could be expressed as sum of
a series of acoustic modes in the enclosure. The
dimensions of the enclosure used in this study are
given by the x,, X, x5 co-ordinates, as shown in
Figure 1.

This Green function for the enclosure satisfies

(LPHE)Gxly)=—6(x—) (n

where, f=w/c and therefore quantifies the spa-
tial dependence of the complex pressure field
produced in the enclosure by a point source at
position y. The Green function is determined in
terms of the rigid walled eigenfunctions of the
enclosure such that the Green function also sat-
isfies rigid walled boundary conditions i. e. VG
(x]y) « #=0, where pn is the unit vector pointing
out of the volume on its surface. Thus we assume
that

G (x]v) :gobmwm (x) )

where p,, are complex coefficients that have to be

Fig. 1 The co-ordinate system and definitions of the

enclosure dimensions.
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determined and these coefficients depend on the
source position y. Since the eigenfunctions ¥,
(x) form a set of bases for a finite-dimensional
function space, a function of x can be expanded
by linear combination of the eigenfunctions. The
expansion is analogous to the half period Fourier
series expansion of a wave form. Substitution of
Eq. (2) into Eq. (1), with V2¥, (x) = — B2 ¥,
(x), yields

3 b (k2 k) T () =~ 8 (x—y) 3)

where, k2 is the eigenvalue corresponding to the
eigenfunction ¥, (x). Multiplying both sides of
Eq. (3) by &, (x), and then integrating both sides
over the volume V of the enclosure, and then
applying the orthonomality of the eigenfunctions
and the shifting property of three-dimensional
Dirac delta function, the Green function (G
(x | ») can be rewritten as

Gy = B @
The sound pressure field in the enclosure is
derived by using the general solution to the
Helmholtz equation -

0 =) [fic

Glxly) - ds+/fp<y) Gl dV (5)

yygradp(y) — p(x)grad

Since the Green function satisfies rigid walled
boundary conditions in case of no “volume”
source within the enclosure, the sound pressure
field can be expressed as

px) :ﬁ(z'('XIy)Vyp(y) ‘n+dS (6)

where the pressure gradient on the enclosure
walls ¥, p(y) can occur due to two mechanisms.
The first one is the imposed surface normal vibra-
tion ¢;(y)n and the second one is the surface
normal particle velocity resulting from the finite
impedance of the enclosure walls.

Consider the boundary conditions on the sur-
face of the enclosure. This study analyzes the non
-rigid enclosure which has locally reacting sur-
faces. The locally reacting surface can not have
the wave motion within the walls of the enclosure;
therefore, the boundary condition at each point
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on the surface S can be described, for a harmonic
sound field, in terms of its specific acoustic
impedance z(y) at that point:

%Zz(y)on s 7

where z (y)
velocity normal to the surface at position y on

R R

is the complex acoustic particle

the surface of the enclosure.

Assuming the harmonic excitation of the enclo-
sure with frequency ¢, the particle velocity can be
expressed in terms of derivatives of complex
pressure acting in the direction normal to and
into the wall. Using the momentum equation, it
follows that

Vo) + n=—jwpu(y) (8)
where p is the acoustic density of air. The normal-
ized specific acoustic admittance ;3 (y) of the wall
at position y is defined as

B == +io(y) 9)

where ¢ is the sound speed and the real and
imaginary parts of g(y) are the normalized spe-
cific acoustic conductance x (y) and normalized
specific acoustic susceptance g (y), respectively.
The homogeneous boundary condition on the
surface can now be expressed as

Vp(y) « n=—jkB(v)p(y) on § (10)

Now we can describe the sound pressure field in
enclosure whose surfaces have a small value of g8
(y) and boundary conditions given by Eq. (10)
by using the rigid walled eigenfunctions &, (x).
We use Eq. (10) to describe the surface normal
pariicle velocity resulting from the finite impedan-
ce of the enclosure walls. Substitution of Egs. (8)
and (10) into Eq. (6) leads to

px) = / Ljwpu () + n—jkB () p(3) 1dS
(an

As described in Eq. (6), the pressure p{x) is
dependent not only on the prescribed surface
velocity z,(y) but also on the sound pressure p
(y) on the enclosure walls. We now show that we
can make an approximation that enables the
sound pressure field 1o be expressed in terms of a
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series of damped modal responses, where the
second term in the square brackets of Eq. (I1) is
seen to be directly responsible for this damping
mechanism. First, the series expansion for the
Green function given by Eq. (4) shows that Eq.
(11) can be written as

p(x) :zoan ¥, (x) (12)
where the coefficients an are given by

= =gy e T )« - S

- [wot ) 8ot - as| (3

3. Measurement of Absorption Coeffi-
cients and Normalized Impedance

The experimental setup to measure the absorp-
tion coefficients and normalized impedance of
absorbing materials is shown in Fig. 2. A two
-microphone impedance measurement tube (B&
K type 4206) is used to measure the acoustic
absorption coefficients and normalized impedan-
ces of test samples and it is controlled by a multi
-channel analysis system (B&K type 3550). The
analyzer generates random signals, which are
(B&K type
2706). The response signals from the two micro-

amplified by a power amplifier

phones are analyzed by the analysis system that

calculates the acoustic absorption coefficient and

normalized impedance. The samples used in the
Multichannel

Analysis System
3550

|EEE Interface

Two-microphone Impedance
Measurement Tube 4206

Power
Amplifier
2706

%

Fig. 2 Experimental setup to measure the absorp-
tion coefficient and the normalized impedan-
ce.

test are shown in Fig. 3.

Consider the absorption coefficient and nor-
malized impedance experimentally measured for
the sponge, the recycled rubber sheet, and the
foamed aluminum sheet. The absorption coeffi-
cients and the normalized impedance of the
porous material are dependent upon the friction
between air particles and the porous surfaces. The
friction results in energy loss in proportion to the
air particle velocity that increases with the fre-
quency. Generally the big pores and the irregular
surface of the foamed aluminum are helpful to
make the absorption coefficients higher, because
they increase interference between sound waves
and the wall surfaces. Figure 4 shows the absorp-
tion coefficient of the test samples with 24mm in
thickness. The sponge has relatively low absorp-
tion coefficients in all the frequencies, while the
recycled rubbers have higher absorption coeffi-
cients than the sponge. The foamed aluminum
shows the best absorption performance in the
range of 400Hz to 1200Hz, which is interested
frequency range in this study. The maximum
absorption coefficient is shown around 800Hz.
Since most of the structural-acoustic coupled
systems have acoustical natural frequencies below
1500Hz, it seems that the foamed aluminum sheet

(a) Recycled
rubber

(b) Foamed aluminum

Fig. 3 Surface of the test samples.

Absorption Coelf.

Spo'n g8

400 60O 800 1000 1200 1400 180C
Freguaency [Hz]

a 200

Fig. 4 Measured absorption coefficent of the test
samples.
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absorber has prominent sound absorption perfor-
mances in the interested frequency range.

4. Prediction of Interior Sound
Pressure of the Enclosure with
Different Impedance

The sound pressure field is analyzed in the
rectangular cavity with rigid walls when the
foamed aluminum sheet absorber covers the bot-
tom of the enclosure. We consider the enclosure
with the size of 600x 300x300 mm. Since the
sound pressure is closely related with the admit-
tance which is defined as the inverse of the
impedance at an absorber surface, the predicted
pressure can be obtained by using the complex
formulas given by Eq. (12). The complex admit-
tance in the equation is calculated from the
measured impedance of the test sample. The real
and imaginary parts of the admittance in Figs. 5
and 6 are plotted for different thicknesses of the
foamed aluminum sheet absorber, respectively.

An interesting fact can be seen in the relation
between the admittance and the sound pressure in
the frequency domain. The real part of the admit-
tance is related with the sound attenuation of the
resonant peaks, while the imaginary part is
related with the frequency shift of the resonant
peaks. Consequently, the real part of the admit-
tance controls the amplitudes of the resonant
peaks. In other words, increasing the real part
reduces significantly the amplitude of the peaks at
the natural frequencies, because the real part
represents damping, i. e. , air resistance of sound
at the wall. Hence, noise can be reduced by
controlling the real part.
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Fig. 5 Real part value curves of admittance for the
different thickness of foamed aluminum.

The optimal thickness of the sheet absorber can
be obtained by using the complex admittance at
the absorber surface. Figure. 5 shows the real part
value curves of admittance for the thicknesses of
12mm, 20mm, 24mm and 30mm. The more the
thickness increases, the more the peak of real
value increases and shifts to lower frequency.
Figure 6 shows that the turn-over point of the
imaginary shifts to the low frequency as thickness
increases. The predicted sound pressure attenua-
tion at each resonant frequency is displayed in
Fig. 7 for different thicknesses of the foamed
aluminum sheet. As shown in Fig. 7, it is difficult
to reduce the amplitude of fundamental acoustical
natural frequency by using the absorber. This
result shows the low frequency criteria of the
sound absorber. The sound absorber affects the
frequency range over 300~400Hz. In order to
reduce the sound pressure in the frequency range
of 500~ 1200Hz,
coupled structure used in this cavity has dominant
frequency characteristics, the absorber should

in which structural-acoustic

have maximum absorption performance in the
frequency range including 2nd, 3rd, and 4th reso-
nance peaks. It can be seen that the optimal
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Fig. 6 Imabinary part value curves of admittance
for the different thickness of foamed alumi-

num.
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Fig. 7 Predicted sound pressure attenuation at each
resonance peak according to the different
thickness of foamed aluminum absorber.
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Fig. 8 Predicted sound pressure curves according to
the different thickness of foamed aluminum
absorber.

thickness of the sheet absorber is 24mm. Figure 8
shows the predicted sound pressure curves accord-
ing to the thickness of the foamed aluminum sheet
absorber. The 12mm sheet absorber affects only
the 4th and Sth resonance peaks and the 24mm
absorber has large sound attenuation in the fre-
quency range of 400~ 1200Hz, especially over
2nd resonance peak.

5. Sound Absorption Effects in
the Cavity with Foamed Aluminum
Lining

To verify the theoretical model for the sound
pressure in the rectangular enclosure, predicted
sound pressure levels are compared with the
measured sound pressure levels. The sound pres-
sure is measured by using the acoustical excita-
tion with the white noise, while the predicted
sound pressure level is computed by assuming
velocity excitation. The sound absorption effects,
which are necessary for computation, are
obtained from the sound pressure response when
the sound absorber with known impedance
(foamed aluminum) covers the bottom of the
enclosure. For both measurement and prediction,
a constant volume-velocity source s used, which
is on the wall of the rectangular enclosure with
dimensions 600x 300x 300 mm. The source is
located at (0, 150mm, 150mm) and the interior
microphones are located at P1 (130mm, 150mm,
95mm), P2 (200mm, [50mm, 150mm), P3

(300mm, 210mm, 90mm) and P4 (450mm, 90mm,
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(b) P3 position (300mm, 210mm, 90mm)

Fig. 9 Predicted versus measured sound pressure
curves in a cavity without absorber.

220mm) .

Consider first the sound pressure in the enclo-
sure without the absorber: the cavity has un-
damped rigid walls. The predicted and measured
sound pressure curves are shown in Fig. 9, where
the resonance peaks resulting from excitation of
volume velocity (speaker) are identified. Figure 9
shows that the measured acoustical natural fre-
quencies coincide closely with the predicted ones.
However, the predicted sound pressure levels are
slightly higher than the measured levels. Theoreti-
cally, the response should be infinite at resonance
for an undamped, rigid-wall enclosure. In prac-
tice, however, damping is present even for an
enclosure with very rigid walls, because viscous
and thermal losses occur in the air and at the
boundaries. Actually the walls of the enclosure in
the experiment, which is made of acrylic, have
much lower impedance values than theoretical
rigid-walls. In this study, the impedance of walls
without the absorber is assumed as 107.

Next, the sound pressure is investigated for the
rectangular cavity with the foamed aluminum
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sheet absorber at the bottom wall side only. The
complex admittance of the absorber characterizes
the sound attenuation effect in the cavity. Figure
10 compares the predicted and measured sound
pressure levels in case that the bottom wall is
covered with foamed aluminum. The figure shows
that the measured acoustical natural frequencies
coincide closely with the predicted ones for the
lightly damped wall cavity. The predicted
response shows that the level is attenuated over
10dB at resonance frequency each due to the
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Fig. 10  Predicted vs. measured sound pressure

curves when foamed aluminum covers bot-
tom of cavity.

foamed aluminum and has dominant peaks at the
resonance frequencies. In practice, the measured
sound pressure level curve shows much amount of
sound attenuation which makes the peaks blunt
in the frequency range of 500~ 1200Hz. The
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characteristics in the low frequency range under
400Hz shows that the foamed aluminum does not
affect sound attenuation significantly in practice.

The measured sound absorption performance
of the foamed aluminum is displayed in Fig. 11,
which is compared with the recycled rubber and
undamped wall. Figure 11 shows the results of the
measured sound absorption effect by comparing
the sound pressure level curves in the rigid wall
cavity. In the case that the recycled rubber covers
the bottom of the enclosure, the sound pressure
curve shows a sound attenuation by about 10dB
and dominant peak at resonance frequencies.
Experimental results for the foamed aluminum
show a significant effect on the noise attenuation
above the fundamental acoustical natural fre-
quency. The measurement results show over 20dB
difference in noise reduction at each acoustical
natural frequency.

6. Exterior Sound Attenuation Effect
Due to the Inner Foamed
Aluminum Lining

The analytical and experimental verification in
the rigid walled cavity leads to the prediction of
radiated sound throughout the flexible steel plate
of a structural-acoustic coupled enclosure. For

Jae-Eung Oh, Sang-Hun Kim, Jin-Tai Chung and Kyung-Ryul Chung

M ——e wAthout absorber
———— with foam ad aluminum

SPL [dB(AY]
H

0 200 400 €00 BOD 1000 1200 1400 #8500
Frequency [H2]

(c) 40cm from the plate

------ without absarber
e w1 f02M 80 2 um InUm

-
=

SPL [aB(a)}

-
=1

w
=]

0 200 400 600 800 1000 1200 1400 1600
Frequency [H2]

(d) 70cm from the plate

Measured sound absorption effects of the exterior noise.

free and/or far field, the exterior sound pressure
field depends at the acoustical modal response on
high frequencies. The measurement of sound
pressure in the outer field of the enclosure is
performed at 1~70cm distance from the plate.
The measured sound pressure curves at different
distances for both with and without the foamed
aluminum lining in the cavity are displayed in
Fig. 12. Experimental result at 40cm from the
plate due to the foamed aluminum in the cavity
shows that the sound attenuation of the resonant
peaks is evident to the frequency range above
500Hz and the measurement results shows over
15dB(A) difference at each resonance peaks.

7. Conclusions

The selection of optimal thickness and the
sound attenuation effects of interior and exterior
field due to the foamed aluminum sheet absorber
are investigated by the analytical and experimen-
tal approaches. The traditional sound absorbers
have been made for their absorbing performance
to fit to high frequency range of 1 ~4kHz. On the
other hand, the recycled rubber and the foamed
aluminum, which are developed recently, have
large absorption coefficient in low frequency
range. Throughout the measurement in this study,
it can be seen that the recycled rubber has high
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absorption coefficient in the frequency range of
1000~ 1600Hz and the foamed aluminum has
maximum value in 400-1200Hz. Because the natu-
ral frequencies of a structural-acoustic coupted
structure, which is used in this study, are present-
ed in the range below 1500Hz, it can be seen
easily that the foamed aluminum maximize the
sound attenuation effect in the interested fre-
quency range.

This study puts a focus on the selection of
thickness that has the maximum sound attenua-
tion effect in the interested frequency range. To
determine the optimal thickness of the foamed
aluminum sheet absorber that makes the best
effect in the cavity, theoretical method used the
admittance at the wall surface. The optimal thick-
ness of sheet absorber for the reduction of sound
pressure in this enclosure was 24mm.

In order to verify the theoretical result, predict-
ed sound pressure levels obtained from the theo-
retical model are compared with measured sound
pressure levels when the 24mm foamed aluminum
covers the bottom of cavity. Experimental result
due to the foamed aluminum showed a significant
effect on the attenuation of the interior and exte-
rior noise above the fundamental natural fre-
quency. In the interior sound field, the measure-
ment resultes showed over 20dB difference in
noise reduction at each acoustical natural fre-
quency. At 40~ 50cm distance from the plate, the
exterior noise was reduced by over 15dB(A) at
resonance peaks.
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