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Prediction of Sound Fields in Cavities
with Sound Absorbing Materials

Hideo Utsuno,* Ting W. Wu,t and Andrew F. SeybertJ
University of Kentucky, Lexington, Kentucky 40506

and
Toshimitsu Tanaka§
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A sound field in a three-dimensional cavity containing sound absorbing materials was studied using the boundary
element method. The sound absorbing material was considered as bulk reacting, and its effective density and
propagation speed were measured by a technique based on the transfer function method. Two cavity models were
utilized to assess the accuracy of calculation: one was a cavity with a bulk of sound absorbing material within the
interior, and the other was a larger cavity divided into two smaller cavities by a panel of the sound absorbing
material. Frequency response curves, resonance frequencies, and damping ratios calculated for the cavity models
were compared with experimental ones. The excellent agreement achieved suggests that the present method is
sufficiently reliable to predict the acoustic properties of the sound field in a cavity containing bulk-reacting sound
absorbing materials.

Introduction

NUMEROUS studies have been conducted into the prob-
lem of how to decrease the interior noise level in aircraft

and automobiles, as was shown in a survey paper by Dowell.1
The present paper focuses on the prediction of sound fields in
a cavity containing sound absorbing materials, which has
been of practical importance and needs additional investiga-
tion.

The prediction of acoustic resonance frequencies for an
arbitrarily shaped cavity geometry has been reasonably suc-
cessful due to the progress of high-speed digital computers in
recent years. Shuku and Ishihara2 reported good agreement
between calculations and experiments for two-dimensional
automobile compartments using the finite element method
(FEM). Similar good results were also reported by several
other researchers,3 5 provided that the cavity is surrounded
by rigid walls. However, the prediction of sound fields with
sound energy dissipation is of practical interest; for example,
a vehicle contains seats and carpets that dissipate sound
energy.

Based on their characteristics, sound absorbing materials
may be divided into two groups: locally reacting and bulk
reacting.6 The former are characterized by a normal acoustic
impedance valid at the material surface. In the latter, the
sound absorbing material itself is considered as a medium
transmitting sound waves, and it is characterized by the
complex propagation speed and the complex effective density.

Some excellent studies of the sound field with sound ab-
sorbing materials have been conducted to analyze dissipative
mufflers lined with sound absorbing materials. Assuming the
material is bulk reacting, Scott7 analytically studied a lined
duct transmitting plane waves. Astley and Cummings8 re-
ported good agreement between calculations and experiments
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for three-dimensional dissipative ducts by using the FEM,
utilizing the bulk reacting properties obtained empirically.
Terao and Sekine9 applied the boundary element method
(BEM) to the prediction of sound in a two-dimensional
dissipative duct after they directly measured the bulk-reacting
properties using both the transfer function method10-11 and
the two-thickness method12 together.

On the other hand, in problems involving cavities with
sound absorbing materials, Craggs13 studied small roorns
lined with bulk-reacting materials using the FEM, Assuming
locally reacting materials, Bernhard et al.14 applied the BEM
to aircraft interior cavities and Utsuno et al.15 applied ttye
BEM to automobile compartments. Seybert et al.16 used ttye
BEM to model lined, partially open enclosures. Suzuki et al.17

studied the sound fields in a cavity with complicate4
boundary conditions.

However, further studies are needed to predict the acoustic
properties of the sound field in a cavity containing sound
absorbing materials. The objective of this paper is to show
how the three-dimensional sound field in a cavity with bulk-
reacting sound absorbing materials can be studied using the
BEM and to assess the accuracy of the calculation by com-
parison with experiments.

In this paper, the multidomain boundary element program
BEMAP1819 was used to predict the sound field in a cavity
with sound absorbing materials. The characteristics of the
sound absorbing materials utilized were measured by using
the improved two-cavity method.20 Two cavity models were
studied: one was a cavity with a bulk of sound absorbing
material within the interior, and the other model consisted of
two cavities separated by a panel of sound absorbing mate-
rial. The acoustic properties of both models, including fre-
quency response curves, resonance frequencies, and damping
ratios were calculated and compared with experiments.

Boundary Element Method
Formulation of the Method

Several formulations of the BEM2L22 have been derived to
be applied to an acoustical interior problem. The multi-
domain formulation18 may be derived by considering two
domains, Q, and Q2, separated by an interface, as depicted in
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Fig. 1 Schematic diagram of a two-domain problem.

Fig. 1. In each domain, the Helmholtz equation is satisfied:

V2(/>! + /c2(/>! = 0 in Q! (1)

V2(/>2-f A:2(/>2 = 0 in Q2 (2)

where </>, and c/>2 are the velocity potential for each domain
and k\ and k2 are the wave numbers in each domain, respec-
tively. For each acoustical domain, a boundary integral equa-
tion can be obtained:

dF,

C2

(3)

(4)

where F is the boundary surface for the domain, including the
interface, n is the unit normal on F directed away from Q, and
the subscripts 1 and 2 refer to the quantities in domains 1 and
2, respectively. The function \j/ is the free-space Green func-
tion ip — exp( —jkr)jr, in which r = \P — g|, where Q is any
point on F, and P may be in Q, Q', or on F, where Q' is the
domain exterior to Q. The coefficient C(P) has the value 4n
for P in Q, 0 for P in Q', and 2n for P on F, provided there
is a unique tangent plane to F at such a P. A more general
form of C(P) valid for arbitrary geometry (e.g., edges or
corners) is given in Ref. 18.

At the interface where the domains are adjacent, the solu-
tion is governed by the following continuity constraints:

Continuity of the normal velocity:

dn{ dn2

Continuity of the acoustic pressure:

=P2</>2

(5)

(6)

where p, and p2 are the effective densities of the media in
domains 1 and 2, respectively.

Using a boundary element discretization procedure,18 the
integral equations for each domain are reduced to a matrix
form:

[A]x = b (7)

where the vector x contains the unknowns on the boundary
and on the interface. By solving Eq. (7), the unknown
boundary and interface values can be obtained.

Test Case: Numerical Implementation for a Straight Duct
To verify the numerical procedure, the acoustic field in a

straight duct excited by a flat piston at one end and termi-
nated by a rigid wall at the other, as shown in Fig. 2, was
studied. The numerical solution was compared with an ana-
lytical plane-wave solution. The medium in domains Qj and
Q3 is air, and a sound absorbing material is contained in

100+40J [m/s]

=p-3= 1.21 [kg/m3]
= 7-i() j [kg/m3]

Fig. 2 A straight duct containing a sound absorbing material.
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Fig. 3 Frequency response curve of sound pressure at piston surface:
—— analytical solution; D BEM calculation.

domain Q2. It was assumed that the effective density
p2 = 7 — 10/ kg/m3, the propagation speed c2 = 100 + 4Q/ m/s,
and both are independent of frequency. The sound pressure P
(Pa) at the piston surface was calculated over a frequency
range below 1000 Hz when the piston was excited to provide
a uniform velocity distribution , V = 1 m/s. In the BEM
calculation, the domains Q, and Q3 were discretized into
0.1-m squares by using quadratic elements. The ratio of
element size to wavelength at 1 kHz is about 0.3 in domains
Q, and Q3. The domain Q2

 was discretized finer than the
domains Q, and Q3 because the sound wave generally trans-
mits slower in the sound absorbing material than in air. The
element is 0.03 m in length along the duct axis in domain Q2.
The ratio of element size to wavelength at 1 kHz is also about
0.3 in domain Q2. The frequency response curve 20 log(P/F)
is shown in Fig. 3, where the solid line represents a plane-
wave analytical solution obtained by the transfer matrix
method and the open squares represent the BEM calculation.
An excellent agreement between the analytical solution and
the BEM calculation can be seen.

Sound Absorbing Material
Measurements by the Improved Two-Cavity Method

The complex propagation speed c and the complex effective
density p of a homogeneous sound absorbing material were
measured by means of the improved two-cavity method.20

This method needs only one test piece, therefore, the charac-
teristic of the test piece can be measured more accurately than
by means of the two-thickness method,9 which needs two test
pieces. The variation of the material between two test pieces
and the variation associated with test piece mounting in the
two-thickness method can be eliminated in,the improved two-
cavity method.

An experimental apparatus is shown in Fig. 4. The thick-
ness of the test material is d, the air space depth behind the
material is L, the acoustic impedance measured at the mate-
rial surface is Z(), and the acoustic impedance behind the
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Test piece \ Movable piston

Air space

Fig. 4 Block diagram of the improved two-cavity method.

material is Z,. In the calculation, prime ('), represents the
quantities obtained at another air space depth L'. The charac-
teristic impedance pc and the propagation speed can be
related to Z0, ZQ, Z,, and Z',, as follows20:

1/2

c = — 2y
'Z0 - pc Z! + pc
Z0 -f pc Z, - pc

(8)

(9)

where the sign in Eq. (8) is selected so as to let the real part
of of pc be positive. The acoustic impedance Z0 and Z'0 can
be obtained experimentally using the transfer function
method,10-11 and Z^ and Z\ are obtained analytically, as
follows:

= -7'Zair cot(/cL) (10)

(11)

where k is the wave number of air and Zair is the characteris-
tic impedance of the air. Substituting Z0, ZQ, Z l 5 and Zi into
Eqs."(8) and (9), p and c can be calculated.

Characteristics of Sound Absorbing Material
Two different test materials were used in the experiment.

One was glass fiber and the other a urethane foam. The names
and the measuring conditions are shown in Table 1. Three test
pieces were cut out of the same sheet of the material, and the
characteristics of that material were measured six times from
both the front and the rear so that any variation that may
exist among the test pieces could be determined.

The six propagation speeds of the glass fiber and the
urethane foam are shown in Figs. 5a and 5b, respectively. The
six effective density of the glass fiber and the urethane foam
are shown in Figs. 6a and 6b, respectively. Although there are
slight deviations, a consistent trend can be observed. For this
reason, the characteristics of the sound absorbing material
were represented by the average value of these six recordings.

Experimental Apparatus of Cavity Model
The experimental cavity model used in this investigation is

shown in Fig. 7. It consists of a large box and a short inlet
duct. The overall dimensions of the box are 306-mm long,
255-mm wide, and 204-mm high; those of the inlet duct are
55-mm long, 51-mm wide, and 51-mm high. Both were made
of 20-mm-thick acrylic plastic. Two holes were drilled in the
walls at locations 1 and 2 in order to measure the sound
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Fig. 5a Six propagation speeds of glass fiber.
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Fig. 5b Six propagation speeds of urethane foam.

pressure. The entrance to the inlet duct contained a 20-mm-
thick acrylic plastic piston, which could be moved by a
vibration exciter along the x axis, as depicted in Fig. 8. The
space between the piston and the inlet duct walls was sealed
by vinyl film, so that any sound radiated from the piston
would not leak through and the vibration of the piston would
not transmit to the inlet duct wall. With the piston driven
with a white noise vibration, the vibration velocity of the
piston V (m/s) and the sound pressure P (Pa) at location 1
or 2 were measured and the transfer function 20 log (P/V)
was determined using a two-channel fast Fourier transform
analyzer.

Results and Discussion
Two different cavity configurations were used to study the

effect of the sound absorbing materials. In one, the cavity was
separated by a sound absorbing material, whereas, in the
other, a bulk of a sound absorbing material was suspended
within the interior of the cavity, like a seat in a vehicle
passenger compartment.

In the BEM calculation, c and p for air were taken as 347
m/s and 1.21 kg/m3, respectively; whereas, in the domain
occupied by the test material, the averages of the measured
characteristics shown in Fig. 5 or 6 were used. On the
boundary elements corresponding to the piston surface, a

Table 1 Sound absorbing materials and measuring conditions

Test material Name Maker d, mm (L, Z/), mm

Glass fiber
Urethane foam

232500
VO foam

Nippon Mineral Fiber
Bridgestone

50
50

(10, 20)
(10, 20)
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Fig. 8 Block diagram of the experimental measuring apparatus.
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Fig. 6a Six effective densities of glass fiber.
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Fig. 9 Sound field in cavities separated by a panel of sound absorbing
material.
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Fig. 6b Six effective densities of urethane foam.
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Fig. lOa Frequency response curve for the cavity model shown in Fig.
9 for measurements taken at location 1: D BEM calculation with glass
fiber; —— experiment with glass fiber; A BEM calculation without
glass fiber; - - - experiment without glass fiber.

Fig. 7 Three-dimensional sound field in a cavity.

uniform vibration velocity V — \ m/s was assumed and all
other surfaces except for the piston were assumed to be rigid.

For the first cavity configuration, there were three domains:
two were occupied by air and separated by the third which
consisted of a 50-mm-thick layer of sound absorbing material,
as shown in Fig. 9. Two tests were run using the first cavity
configuration. In one test, the sound absorbing material was
the glass fiber material, and, in the second test, the urethane
foam was used as the sound absorbing material.

The surfaces of the three domains were discretized using
quadrilateral boundary elements. All boundary elements were
76.5-mm long in the x direction and approximately 50-mm
long in each of the y and z directions. The total number of
elements and nodes were 180 and 546, respectively. As the
recommended element size for quadratic elements is one-half
wavelength, and the smallest wavelength occurs in the ure-
thane foam where the speed of sound is less than one-third

600 700 800 900 1000
Frequency CHz3

Fig. lOb Frequency response curve for the cavity model shown in Fig.
9 for measurements taken at location 2: U BEM calculation with glass
fiber; —— experiment with glass fiber; A BEM calculation without
glass fiber; - - - experiment without glass fiber.
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the value in air, the BEM calculation was carried out at
frequencies up to 1000 Hz.

The frequency response curve 20 log (PjV) at location 1 is
shown in Fig. lOa. The frequency range from 500 Hz to 1 kHz
is the main interest here as it contains the first five cavity
resonances. In Fig. lOa, the open squares represent the calcu-
lated values for the BEM model with glass fiber as the test
material and the solid line represents the measured values.
The open triangles represent the calculated values for the
BEM model with no test material and the broken line repre-
sents the measured values. Excellent agreement can be seen
for the model with no sound absorbing material. It can also
be seen that there is excellent agreement between the calcu-
lated and experimental values when the cavity contains glass
fiber. In this cavity configuration, the dominant acoustic
resonances are suppressed by the sound absorbing material
and there appears to be a relatively constant frequency re-
sponse at location 1.

Figure lOb shows the frequency response curve at location
2, where the sound measured is that which has been transmit-
ted through the test material. Excellent agreement between
the measured and calculated values can also be seen.

The frequency response curves at location 1, when the
urethane foam was used, are shown in Fig. 11. It can be seen
that there is also an excellent agreement for urethane foam.

The second cavity configuration studied is shown in Fig. 12.
The sound absorbing material suspended in the cavity was
a rectangular parallelpiped with dimensions 153 x 100 x
50 mm. The corner Q of the rectangular parallelpiped was
located at x = 75 mm, y — 43 mm, and z = 100 mm. The test
material was positioned so that every surface was parallel to
that of the acrylic plastic box. The model was discretized as
fine as the model shown in Fig. 9; the total number of
elements and nodes were 160 and 486, respectively.

Figure 13 shows the frequency response curve for measure-
ments taken at location 2, with and without glass fiber. In
Fig. 13, the solid line, open square, and broken line represent
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Fig. 11 Frequency response curve for the cavity model shown in Fig.
9 for measurements taken at location 1: D BEM calculation with
urethane foam; —— experiment with urethane foam; - - - experiment
without urethane foam.

the measured values with glass fiber, the calculated values
with glass fiber, and the measured values without glass fiber,
respectively. Comparing the experimental results with and
without glass fiber, it may be seen that there are shifts in the
resonance frequencies and a significant decrease of the ampli-
tude at resonance. This is especially noticeable at the third
resonance at 837 Hz, which was suppressed so heavily that the
dominant peak could no longer be observed. A comparison
between the calculated and experimental values showed good
agreement in the general shape of the curve, and it may be
concluded that the shifts in the resonance frequencies and the
absolute amplitudes at resonance were predicted reasonably
well.

Figure 14 shows the frequency response curve at location 2,
with and without urethane foam. Good agreement between
calculated and experimental values may be seen.

The resonance frequencies and damping ratios are shown in
Tables 2 and 3. The damping ratios were obtained from the
resonance frequencies and the frequencies of the half-power
points. The resonance frequencies /. and fm represent the
calculated and measured values for the cavity configuration
with sound absorbing material, respectively. The resonance
frequencies /,'. and f'm represent the calculated and measured
values without sound absorbing material. From Tables 2 and
3, it can be seen that the resonance frequencies of the sound
field with glass fiber or urethane foam can be predicted to
within an accuracy of 1% error using the BEM.

There exists a damping of approximately 0.4% for the
cavity without sound absorbing material. For this reason, the
measured damping ratio £,„ consists of both the original
damping (,'„ and the damping due to the test material. Assum-
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Fig. 13 Frequency response curve for the cavity model shown in Fig.
12 at location 2: D BEM calculation with glass fiber; —— experiment
with glass fiber; — — — experiment without glass fiber.
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Fig. 12 Sound field in a cavity with a bulk of test material positioned
within the interior.
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Fig. 14 Frequency response curve for the cavity model shown in Fig.
12 at location 2; ( 1 BEM calculation with urethane foam; ——
experiment with urethane foam; - - - experiment without urethane
foam.



NOVEMBER 1990 SOUND FIELDS IN CAVITIES WITH SOUND ABSORBING MATERIALS 1875

Table 2 Acoustic properties of sound field with glass fiber

Resonance frequency, Hz

Mode

1
2
3
4
5

With

fc

538
654
—
865
963

fiber

fm

542
654
—
863
964

Without

/;.
561
678
834
878
979

fiber

fm

561
673
836
876
979

With

C,
0.014
0.023

—
0.0079
0.011

Damping ratio

fiter

C™
0.021
0.022

—
0.013
0.015

Without

(C.-O
(0.015)
(0.019)

—
(0.0090)
(0.011)

fiber

C

0.0058
0.0033
0.0036
0.0036
0.0039

Resonance frequency and damping ratio obtained by calculation and experiment for the cavity model shown in Fig. 12.

Table 3 Acoustic properties of sound field with urethane foam

Resonance frequency, Hz Damping ratio

With foam Without foam With foam Without foam

Mode

1
2
3
4
5

537
649
765
862
957

535
643
758
855
954

561
678
834
878
979

561
673
836
876
979

0.0067
0.0079
0.015
0.0019
0.0031

0.013
0.014
0.018
0.0059
0.0088

(0.0072)
(0.011)
(0.014)
(0.0023)
(0.0049)

0.0058
0.0033
0.0036
0.0036
0.0039

Resonance frequency and damping ratio obtained by calculation and experiment for the cavity model shown in Fig. 12.

ing that the damping due to the test material can be added to
the original damping, the subtraction fw — £'m (the damping
of test material itself) is shown in Tables 2 and 3 in parenthe-
ses. When this value is compared with the calculated value C,.,
it can be seen that both are nearly the same for all cases. If
more care is taken in conducting the experiment to reduce the
original damping, the measured value will be in better agree-
ment with the calculated value. Therefore, it can be concluded
that the effect of a sound absorbing material may be predicted
with good accuracy.

Summary
A method for analyzing the sound field in a cavity with

sound absorbing materials was studied by using the BEM.
The characteristics of the sound absorbing material, deter-
mined by means of the improved two-cavity method, were
utilized. Glass fiber and urethane foam were used as the test
materials. The sound fields studied were two cavities sepa-
rated by a panel of test material and a cavity containing a
bulk of test material suspended within the interior. Excellent
agreement in the frequency response curves, resonance fre-
quencies, and the damping ratios was observed. It can be
concluded that the sound field in a cavity containing a
bulk-reacting sound absorbing material can be predicted with
good accuracy by using BEM.
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to word-processing programs). That potential
problem may be avoided if you specifically identify
the enhancement and the word-processing program.

In any case you will, as always, receive galley
proofs before publication. They will reflect all
copy and style changes made by the Editorial
Department.

We will send you an AIAA tie or scarf
(your choice) as a "thank you" for cooper-
ating in our disk conversion program.
Just send us a note when you return
your galley proofs to let us know which
you prefer.

If you have any questions or
need further information on disk
conversion, please telephone
Richard Gaskin, AIAA
Production Manager,
at (202) 646-7496.
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