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In order to investigate the influence of the sound intensity probe itself on the accuracy of
measurement, a diffraction of the plane progressive wave by two finite-length cascade
cylinders is calculated by the boundary element method (BEM). The sound pressure
distribution around the cylinders is compared with the measured one. Both results agree
well with each other. Frequency characteristics of the force that acts on the surface facing
the gap between two cylinders are calculated for various probe model geometries. The force
response shows deviations at high frequencies where the probe size becomes comparable to
the wave length. This deviation mainly depends on the diameter of the probe.
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1. INTRODUCTION

It was about 15 years ago when a measurement
method of the acoustic intensity was made practi-
cable. But there are still some technical problems
that must be solved. It is one of such problems that
how the microphone probe geometries affect mea-
surement results. A presently used typical micro-
phone probe has a pair of microphones facing to
each other with a spacer between them. Because of
this structure, sound must come through narrow
crevices. When the probe is set in the plane pro-
gressive wave, a sound pressure level on the dia-
phragm is different from a sound pressure level of
the plane progressive wave at high frequencies where
the wavelength is on the same order to a size of the
microphone probe. If the relation between the
probe geometries and the sound pressure distribu-
tion on the diaphragm is known, a measurement
error can be estimated theoretically.

In this paper, the microphone probe is modeled
by two finite-length cascade cylinders. Frequency

characteristics of a force that acts on the surface
facing the gap are investigated for various model
geometries. The reason why the force characteris-
tics is investigated is that it may represent an electri-
cal output response of the microphone. Even
though an actual microphone probe has two gaps,
only one gap is taken into account in this paper.

The present problem that must be solved is the
sound analysis in the infinite space. The boundary
element method? (BEM) is a suitable method for
this purpose. To confirm a reliability of the calcu-
lation, a 1: 5 scale model is made and the sound
pressure distribution is measured near the surface of
the model. Measurement results are compared with
calculated ones.

2. SOUND FIELD ANALYSIS BY BEM

In this paper, the boundary element method
(BEM) is used for the sound diffraction problem.
This method is superior to the finite element method
(FEM), that requires to divide not only the bound-
aries but also the space into many elements.
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2.1 Fundamental Equations
A sound pressure P in an uniform acoustic
medium is described by the Helmholtz’s equation :

7P+ E*P=0 (1)

where & is a wavenumber.-

The following equation can be written by the
weighted residual technique.

cr+\ pLar={ Lrar  (2)

where f is a fundamental solution, # is a vector
normal to the boundary I" and C; is a singular
integral coefficient. For a three dimensional case
the fundamental solution f is given by

f exp(—jkr) . (3)

2.2 Discretization

A boundary will be divided into # linear ele-
ments. Equation (2) can be written for the n ele-
ments ;

Ty
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The integrals along elements in Eq. (4) are dis-
cretized by using the linear interpolation functions.
So, Eq. (4) can be written as,

o 11, P 3Gy O
SHP= 3G (5)
Equation (5) can be expressed in matrix form as;
(P =1GI{5E) (6)

by solving Eq. (6) the values of {P} and {9P/dn} on
the boundary are known.

2.3 Diffraction Problem

A plane propagating wave impinges on the two
rigid cylinders with an oblique angle. A common
method used to solve diffraction problems is as
follows :

(1) Calculate the velocity component of the inci-
dent wave normal to the cylinder surface assum-
ing that the cylinders do not exist.

(2) Solve the radiation problem assuming that the
cylinders vibrate with the velocity distribution.

(3) Superimpose the pressure distributions of the
incident wave and the one obtained in (2) so
that the velocity distribution normal to the
cylinder surface is zero.

3. MICROPHONE PROBE

Figure 1 shows a simplified model of the micro-
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phone probe. The probe consists of two cylinders
(I and II) that have the same center axis and the
same diameter. In Fig.l, S, is the sensing area
corresponding to a microphone diaphragm and
point O is the center of surface S,, a base surface of

Surface S Surface S,
—-o. _ 9y ]
Cylinder | Cylinder 1l
Ly G Ly

Fig.1 Microphone probe model.

Table 1 Four microphone probe models
for BEM analysis.

D L L, G
probe-A 15 20 30 1.5

probe-B 10 20 30 1.5

probe-C 15 10 30 1.5

probe-D 15 20 30 1.0

unit : mm
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Fig.2 BEM division.

SEaaNl B il N rm g



YR ey oA ) e

S KIFIMOTO et al. : DIFFRACTION OF SOUND BY TWO CASCADE CYLINDERS

cylinder L. D is a diameter of two cylinders, L, is a
length of cylinder I, L, is a length of cylinder Il and
G is a gap width. -Calculations were carried out
for four models. Each variables of these models are
shown in Table 1. BEM division is shown in
Fig. 2.

4. SOUND PRESSURE DISTRIBUTION
AROUND CYLINDERS

1t is important to know the sound pressure distri-
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bution around the microphone since a sensitivity of
the microphone is influenced by the sound pressure
distribution on the diaphragm. In order to-evalu-
ate a precision of the calculation, a magnification
model is made and measurement values are com-
pared with calculated ones. '

4.1 Calculated Results
Figure 2 shows the BEM model using triangle and
quadrilateral linear elements. The BEM model has
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Fig.3 Calculated (solid line) and measured (dot) sound pressure distributions.
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744 nodes, 940 elements. At the highest frequency
of the analysis, the wave length is four times of the
maximum length of elements. Calculated results
normalized to the sound pressure level at point O are
shown by solid lines in Fig. 3(a-f). A 1dBor 10
dB scale is shown by a straight line on each figures
(a-f) in Fig. 3.

When the incident angle is 0°, the sound pressure
level at the center of surface S, is about 10 dB higher
than the one at the edge of the same surface at 4 kHz.
Similar results are shown on the surface S,, but the
sound pressure difference between at the center and
at the edge is less than half of the difference on the
surface S;. A distribution on the side of cylinder I
shows rather complex patterns. In the case of the
90" incident angle, it is very interesting that the
distribution is not symmetric. If the diaphragm has
a directional tension or if it is not parallel with the
sensing electrode behind it, the sensitivity and phase
characteristics of the microphone may change by the
angle of the incident wave around the cylinder axis.

4.2 Experimental Results

The magnification model is five times larger in
size than the standard calculation model (probe-A).
Measurement frequencies are 1,2 and 4 kHz, which
correspond to 5,10 and 20 kHz with probe-A, respec-
tively. In the experiment, two incident angles (07
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Fig.4 Measurement setup of the sound pressure
distribution around the probe model.
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and 90°) are selected as shown in Fig. 4. The

. experiment was carried out in an anechoic room.

The experimental results are indicated by dots in
Fig. 3. Each dots show decibel values normalized
to the value at point O. As seen in Fig. 3, calcu-
lated results agree very well with experimental ones.
But on the surface S,, the difference is slightly larger
than the one of the other parts. One possible rea-
son of this difference is that a microphone of 5 mm
in diameter is inserted into the 7.5mm gap for
measurement.

5. FREQUENCY CHARACTERISTICS
OF THE FORCE ACTING
ON SURFACE S,

A frequency response of the force acting on sur-
face S; is calculated by BEM for the cases shown in
Table 1. The boundary element division is the
same as the one used in Section 4. The frequency
response is calculated at 16 frequencies from 1,000
Hz through 10,000 Hz and the incident angles are (",
30°, 60° and 90°. Results about four models are
shown in Fig. 5(a-d).

Results of probe-A (Fig. 5(a)) shows large varia-
tions at high frequencies. If the incident angle is 0°,
the force response rises about 2.5 dB at 7kHz. On
the other hand, if the incident angle is 60°, it declines
about 1.6 dB at the same frequency. Simply assum-
ing that the force response on the diaphragm corre-
sponds to the sound pressure characteristic of the
microphone, these results show that the measure-
ment accuracy of the sound intensity is significantly
dependent on the incident angle.

Figure 5(b) shows the results of probe-B. A
diameter of this model is 10 mm. At 7 kHz, the
force response for zero incident angle rises 1.2 dB,
and it declines 1.2 dB when the incident angle is 60°.
A comparison of Figs. 5(a) and 5(b) shows that the
variation of the force response is highly dependent
on the cylinder diameter.

Figure 5(c) shows the results of probe-C. A
difference between probe-C and probe-A is the
length of cylinder I (L,). The force response of
probe-C is not so different from the one of probe-A.
These results show that the length of the front cylin-
der T has a small influence on the frequency
Tesponse.

Figure 5(d) shows the results of probe-D. The
force response shows less variation when the gap
width G is changed to ! mm.
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Fig.5 Frequency responses of the force acting on suface S,.

The above results show that the diameter of the
probe has a great influence on the force response.
The diameter of the probe is a very important
parameter to keep a measurement accuracy within a
required error limit.

6. CONCLUSIONS

In this paper, a diffraction of a plane incident
wave around two cascade cylinders was investigated
by BEM. First, a sound pressure distribution
around the probe was calculated and compared with
measurement values using a magnification model.
The accuracy of the calculation was indirectly
confirmed by the agreement with the measurement
results. The force distribution on the surface facing
the gap is not uniform, indicating that it must be
taken into account when a microphone sensitivity is
theoretically estimated. This nonuniformity also
raises a question that the microphone sensitivity
may be dependent on the angle around the axis even
if the incident angles are the same.

Secondly, the force response on the diaphragm
was investigated. It was confirmed that the force

varies with a frequency. This means that even if the
sensitivity of the microphone is uniform, the output
of the probe shows the frequency dependence. When
the diameter of the probe is 15mm, the force
response for the case of zero incident angle rises by
2dB at 7kHz. But on the other hand, if the inci-
dent angle is 60° it declines nearly 2 dB at the same
frequency. If the diameter of the probe is reduced,
a variation of the force response decreases consider-
ably. This means that the diameter has a great
influence on the force response compared with a
cylinder length or a gap width.

In this paper, only one gap was taken into
account. An actual sound intensity probe has two
gaps. Phase differences of the force acting on the
two gaps is an essential factor for the intensity
measurement. This will be investigated in the sec-
ond step of this research.
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