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Abstract

The relation between harmonic structural vibrations and the corresponding acoustic
radiation is given by the Helmholtz integral equation (HIE). To solve this integral equa-
tion a new solver (BEMSYS) based on the boundary element method (BEM) has been
implemented. This numerical tool can be used for both sound radiation and nearfield
acoustic source localization purposes. After validation of the solver with analytic solu-
tions of simple test problems, a well-defined experimental setup has been designed. The
setup consists of a thick walled aluminum box covered with a flexible plate. Inside the
box a speaker generates a sound field which is transmitted through the flexible plate
into the surrounding medium.

This paper describes this experimental setup and briefly explains the properties
of the boundary element solver. A comparison is made between the computed and mea-
sured sound pressures and particle velocities surrounding the acoustic source. In order
to obtain a boundary condition for the BEM computation, the structural vibrations of
the flexible plate are measured with a laser Doppler vibrometer. The acoustic pressures
are measured with a condenser microphone. The particle velocities are measured with a
novel Microflown sensor, which directly measures particle velocity. From the compari-
son between numerical and measured results, it becomes evident that a good agreement
is obtained and thus that the BEMSYS solver is successfully validated.
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INTRODUCTION

Exterior sound radiation caused by structural vibrations is described by the Helmholtz
Integral Equation (HIE). The integral equation relates the surface normal velocities on
the boundary of a vibrating object to the acoustic pressure fluctuations in the fluid
surrounding the object.

This type of problems is efficiently solved with the direct boundary element
method (BEM) as this approach reduces the spatial dimensionality of the problem
by one, and moreover, the Sommerfeld radiation condition is automatically satisfied in
the integral formulation. Furthermore, BEMSYS not only predicts the acoustic quanti-
ties itself but also efficiently computes the acoustic transfer matrices (ATM’s) for both
the far and nearfield. These ATM’s are essential for acoustic source localization meth-
ods like the inverse frequency response function method (inverse BEM) (see Marki [2],
Visser [4]). Moreover, as ATM’s are independent of the prescribed boundary condition
(BC) they are extremely useful in optimizations and multi-excitation analyses. Finally,
from a practical point of view it is easier to generate a surface mesh compared to a
volumetric mesh as is required in most other numerical approaches (e.g. FEM).

After successful validation of the BEM solver with analytical solutions of reference
examples [3], a well-defined experimental setup is required to get an impression of the
applicability of the solver in practical situations. This paper mainly focuses on the
description and application of this experimental setup. The computed acoustic pressures
and particle velocities are validated with the results obtained from measurement.

BASIC EQUATIONS

Assuming a stationary sound source in a homogeneous fluid, the corresponding acoustic
wave propagation is governed by the Helmholtz differential equation

∇2p(~x) + k2p(~x) = 0, (1)

with k = ω/c0 the wave number, c0 the speed of sound, ω the angular frequency,
and p(~x) representing the complex amplitude of the harmonic pressure perturbation.
Another important equation is Euler’s equation of motion, which states that the acoustic
particle acceleration is proportional to the gradient of the pressure

−iωρ0~v(~x) = ~∇p(~x). (2)

where ~v represents the acoustic particle velocity vector and ρ0 the fluid density.

Formulation of acoustic pressure

Using Green’s second identity the Helmholtz differential equation (1) can be rewritten
in the HIE, which forms the basis of direct BEM [1, 3]. This integral equation relates
the surface pressure p(~y) and normal velocity vn(~y) on a vibrating source with a closed
boundary S, see Figure 1, to the radiated pressure field p(~x)

α(~x)p(~x) =

∮

S

{

∂G(r)

∂ny

p(~y) + G(r)iωρ0vn(~y)

}

dS(~y), (3)
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with r = ‖~x − ~y‖ the length of a vector directed from the the surface point ~y to the
field point ~x. In free space the Green’s function reads G(r) = e−ikr/(4πr). The value of
α(~x), known as the free space angle, is determined by evaluation of the following surface
integral

α(~x) = 1 +
1

4π

∮

S

∂

∂ny

(

1

r

)

dS(~y). (4)
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Figure 1: Definitions of symbols in HIE.

Formulation of acoustic particle velocity

Euler’s equation of motion (2) states that the acoustic particle velocity is proportional
to the spatial derivative of the pressure. After substitution of equation (3) into (2)
and assuming that only particle velocities in the exterior field of the source are to be
calculated, the following expression for the particle velocity in direction ~nx is obtained

~vnx
(~x) =

i

ρ0ω

∮

S

{

∂2G(r)

∂nx∂ny

p(~y) + iωρ0

∂G(r)

∂nx

vn(~y)

}

dS(~y)~nx. (5)

The following section shortly describes the numerical implementation of the integral
equations (3) and (5) in the solver (BEMSYS).

NUMERICAL IMPLEMENTATION

The kernel functions encountered in the HIE and its derivative contain both singular
(1/rn, n = 1, 2, 3) and oscillatory (exp(−ikr)) behavior. This implies that the in-
tegrand, for r close to zero, cannot accurately be interpolated with polynomials and
therefore standard Gauss-Legendre quadrature becomes inaccurate. The singularity is
a local phenomenon whereas the oscillatory behavior is present on a more global scale.
As the nature of the singular and the oscillating behavior is different, it is more ef-
ficient to treat both in different manners. Therefore the singular and the oscillatory
parts of the kernels are separated. BEMSYS evaluates the singular parts with an adap-
tive integration procedure whereas the oscillating behavior is computed with standard
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Gauss-Legendre quadrature. More details on the numerical implementation and applied
quadrature rules can be found in Visser [3].

After discretization of the HIE (3) and its derivative equation (5) with BEM, the
following two systems of equations are retrieved

pf = Hp · vn and vnx

f = Hnx

v · vn, (6)

with vectors pf and vnx

f , respectively, the pressures and particle velocities in a discrete
set of field points. Vector vn represents the prescribed surface normal velocity in the
nodes of the source mesh. Note that the acoustic transfer matrices Hp and Hnx

v are
wave number dependent.

After successful validation of BEMSYS with analytical example problems [3], the
solver has to be verified in a practical situation. For this purpose an experimental
configuration of a well-defined sound source has been designed.

EXPERIMENTAL SETUP

The experimental setup, as shown in figure 2, consists of a hollow aluminum box with
30 mm thick walls with outer dimensions of 300x220x170 mm.

Figure 2: The experimental setup consist of an aluminum box with 30 mm thick walls.
Left: box without front plate, right: a flexible plate of thickness 1.1 mm is attached
(clamped) to the front of the box.

Two of the walls (front and top) are detachable and can be replaced by either thin flexible
plates or rigid walls. In this paper the configuration with a flexible plate attached to
the front and a rigid plate fixed to the top of the box is considered. The flexible plate is
clamped to the box by means of reinforcement strips that are bolted to the box. When
the speaker inside the box generates an interior sound field the plate is excited by this
sound field and starts to vibrate. This structural vibration causes a sound field in the
surroundings of the box. This radiated sound field is measured and compared with
numerical results. It has been verified that below 1.8 kHz the vibration levels of the
thick walls are negligible compared to those of the flexible plate. Consequently their
contribution to the exterior acoustic field is neglected.
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COMPARISON OF SIMULATION AND MEASUREMENT

A comparison is made between the computed and measured acoustic quantities on a
plane in front of the box as shown in figure 3.

A Siglab DSP system is used for data acquisition and generation of the excitation
signal consisting of bandlimited white noise between 200-1200 Hz. After amplification,
this signal is fed to the speaker that excites the acoustic field. During all measurements,
the input voltage of the speaker is used as the reference signal. The experiments have
been conducted in a small ’low-noise’ chamber. Positioning of the sensors is done with
a computer controlled traverse system. The Siglab station is connected to a PC for
further data processing.

BEM model

In order to compute the sound field radiated by the flexible plate, a boundary element
model is made. The source surface mesh of the model consists of 898 linear triangular
elements with a total of 463 nodes. On a plane at a distance of 30 mm from the flexible
plate, an exterior field mesh consisting of 128 nodes is defined.

point of comparison

Figure 3: Surface mesh of box (left) and field mesh 30 mm in front of box (right).

To compute the acoustic quantities outside the box with equations (6), the surface
normal velocity is required. A laser vibrometer is used to measure this surface normal
velocity of the flexible plate in 171 nodes of the BEM mesh (see dots in left side of figure
3). It is allowed to neglect the structural velocity at the remaining nodes on the surface
of the box because the vibration levels of the thick walls are negligible below 1.8 kHz
(first global structural eigenfrequency of the box).

By means of a traverse system the laser is in an automatic sequence successively
positioned in each point of the scanning grid (see figure 4). The measurement surface
velocities are imported into the BEMSYS solver and the corresponding acoustic field
quantities are efficiently calculated with help of the acoustic transfer matrices (6). Fig-
ure 4 shows the measured velocity auto-spectra of the front plate for each scanning
point (vertical axis) and at each frequency (horizontal axis). In these auto-spectra the
resonance frequencies of the plate and enclosed cavity are clearly visible (vertical dark
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Figure 4: Left: Laser on traverse system. Right: Spectrogram of measured auto-spectra
containing surface normal velocities of the front plate (dB reference is 5 · 10−8 [m/s],
applied frequency resolution is 1.25 Hz).

lines). The structural eigenfrequencies (indicated with S) of the plate are 310, 514, 705,
864 and 901 Hz. The acoustic eigenfrequencies of the enclosed volume in the box (A)
are approximately 729, 1040 and 1109 Hz. The measured surface vibrations of the plate
at the resonances are illustrated in figure 5. As the first acoustic mode shape strongly
couples with the 1-2 structural mode shape, the plate mainly vibrates in the 1-2 mode
shape at the first acoustic eigenfrequency. A similar behavior is found for the second
acoustic resonance and the 2-1 plate mode.

These auto-spectra of the plate vibration give the amplitude information of the
BC whereas the transfer functions between the speaker input voltage and the plate
vibration give the phase information. The resulting surface normal velocity profiles are
used as boundary condition in equation (6) for a forward BEMSYS computation of
acoustic pressures and particle velocities in a field grid as shown in figure 3.

Measurement of acoustic quantities

The acoustic pressures are measured with a 1/2” B&K condenser microphone and the
particle velocities are measured with a Microflown sensor (www.microflown.com). As
particle velocity is a vector instead of a scalar like pressure, three independent compo-
nents can be measured. Generally, these acoustic quantities are given in terms of sound
pressure level (SPL) and particle velocity level (PVL), which are defined as

SPL = 20 log10

prms

pref

and PVL = 20 log10

vrms

vref

, (7)

with references pref = 2 · 10−5 [Pa] and vref = 5 · 10−8 [m/s]. Both quantities are
measured at the field grid locations as indicated in the BEM model of figure 2.

Results

This section presents the results at the white encircled field point as indicated in figure 3.
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S(1,1) 310 [Hz] S(1,2) 514 [Hz] S(2,1) 705 [Hz] A(0,1,0) 729 [Hz]
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Figure 5: Measured surface normal velocities of the plate at the structural (S) and
acoustical (A) resonances (colors are scaled between -1 and 1).

From figure 6 it can be observed that a good agreement is found between the computed
and measured acoustic pressures in terms of amplitude and phase.

A comparison between the computed and experimentally obtained particle veloc-
ity perpendicular to the measurement plane is found in figure 7. The slight deviations
are mainly due to reflections of the walls of the ’anechoic’ chamber in which the experi-
ments are performed. As these reflections are not included in the numerical model, the
computed SPL and PVL values turn out to be a bit lower than the measured ones. It
is expected that in an anechoic chamber of higher quality (better absorption and larger
dimensions), the correspondence can be improved even further.

CONCLUSIONS

In order to validate the developed boundary element solver a well defined experimental
setup was designed. A comparison between measured and computed acoustic pressures
and particle velocities showed that a good agreement is reached in the nearfield of the
source. Now that the solver is validated for the forward problem, the next step is to
apply it in more complicated situations and for acoustic source localization purposes
(inverse acoustics).
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Figure 6: Comparison measured and computed sound pressure level and phase at the
point as indicated in field grid.
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Figure 7: Comparison of measured and computed particle velocity perpendicular to the
field grid.
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