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ABSTRACT

Sound power measurements are often required in noise control. According to 1ISO 3745, the reflecting plane
shall exceed at least 1/4 wavelength and no less than 0.75 m beyond the measurement surface when the sound
power level is measured with microphones at a hemispherical surface in an anechoic chamber. However, the
effect of the baffle size on the measured sound power level is still not clear. This paper develops an analytical
model to calculate the scattering sound from a monopole noise source above a finite circular baffle. The
measurement accuracy by using 10 microphones on a hemispherical surface centered at the baffle center is
analyzed based on the scattering model in the spheroidal oblate coordinate system. The correction terms due
to the baffle scattering are given for the monopole source at different heights. Numerical simulations are also
conducted to validate the proposed model and the specified correction terms.
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1. INTRODUCTION

In noise control, sound power level (SWL) plays an important role in characterizing the noise
source. SWL is normally determined based on the sound pressure measurements using microphones
because the sound intensity sensors are more expensive (1). According to 1SO 3745, 10 or 20 or more
prescribed microphone positions is chosen on a spherical measurement surface around the noise
source under investigation in anechoic rooms or a hemispherical measurement surface in which case
the source is mounted above a reflecting plane (2). The reflecting plane laid in anechoic rooms shall
exceed at least 1/4 wavelength and no less than 0.75 m beyond the projection of the measurement
surface.

In a free field, the inverse square law of sound propagation holds, hence the SWL can be
calculated by spatially averaged sound pressure level (SPL) and appropriate correction terms due to
meteorological conditions under test. The existence of reflecting plane affects the measurement results
but the detailed effect is not mentioned in ISO 3745 because it is difficult to calculate the scattered
sound from the reflecting plane. This paper is going to provide an exact solution of the scattering
sound when the baffle is circular.

Mathematically, the acoustic scattering due to the circular baffle can be calculated by solving the
Helmholtz equation in an unbounded domain with a rigid boundary condition. This problem can be
analytically solved in oblate spheroidal coordinates by compressing the oblate spheroid to a disk (3).
The spheroidal wave functions (SWFs) used in the solution is difficult to compute (4-6), therefore
only far-field solutions are typically calculated based on the asymptotic forms of SWFs (7). In 2014, a
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software based on MATLAB is developed to compute the exact solution for the problem over a wide
range frequencies and distances (8) and the key of this software is computing the SWFs using arbitrary
precision arithmetic (9). After the software is reported, many problems involving spheroids or disks
are proposed and solved (10). However, these studies have not been applied to investigate the SWL
determination error caused by a finite circle baffle.

The sound scattering model is presented first and then an analytical solution is derived. In Section
3, the error of sound power determination according to ISO 3745 is discussed, and the correction term
due to the baffle reflecting is also investigated. Finally, the conclusions of the work are summarized.

2. THEORY

2.1 Sound power level determination

The sound power measurements in anechoic chambers can be conducted using a spherical
measurement surface, or using a hemispherical measurement surface together with a reflecting
surface. The SWL, Lw, in both methods is calculated by (2)
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where L_p is spatially averaged SPL, S; is the area of the measurement surface, So = 1 m? is

reference area, C is the correction term due to meteorological conditions.
If the reflecting surface is sufficiently large, the total radiation power, W, is (11)
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where k is the wavenumber, Wy is the power of an identical point source radiates in free field and H
is the height of the source.

When a point source is closely enough to the ground or reflecting plane, or at low frequency, the
term sin(kH)/(kH) in Eq. (2) is approximately 1. Therefore, W = 4Wy, which means the reflecting
plane magnifies the radiation of the source and leads a 6 dB increment in SWL.

After taking into account the area changes in Eq. (1) (i.e. 4n and 27 for spherical surface and
hemispherical surface respectively), there would be theoretically 3 dB error in SWL when a identical
noise source placed into free field and half-free field. More generally, when the frequency, the height
of the source or the size of the baffle changed, the error would vary significantly. Unfortunately, this
error is not discussed in 1ISO 3745.

To eliminate the calculation error of SWL, a correction term due to the baffle scattering shall be
given. Then the Eq. (1) is modified as:
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where Cy, is the correction terms in dB. Because the placed baffle would enhance the radiation of the
source and the measured SPL at same field point would be greater, the minus sign preceding Cp is
chosen to let Cy be positive in most frequency bands.

The investigation model is shown in Figure 1, where a monopole source is placed above a
circular baffle. The radius of the baffle is a and the height of the source is H. The sound pressure on
the upper half space needs to be calculated to determine the SWL according to ISO 3745.
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Figure 1 — Sketch of the investigation model

2.2 Acoustic field calculation in oblate spheroidal coordinates

To solve the scattering sound pressure analytically, the oblate spheroidal coordinate system is
employed as shown in Figure 2, where ¢ is the revolutional coordinate about z axis, # and £ are the
spheroidal angular and the radial coordinates respectively. The Cartesian coordinates (x,y,z) in

Figure 1 can be presented using oblate spheroidal coordinates as (5)
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where constant a is the hemi-interfocal distance of the generating ellipses. At far-field (¢ — ), the
angular coordinate, #, which represents the surface of a hyperboloid, is given by (5)

n =cosd )
where @ is the angle between the positive z axis and the asymptote of the hyperboloid. The # = +1 and
n = —1 represent positive and negative z axis, respectively.

Itis clear that when &is set as 0, the oblate spheroid degenerates into a circular disk with a radius
of ainplanez=0.

(a) (b)

Figure 2 — The oblate spheroidal coordinates (a) Varying radial coordinate ¢ (b) Varying angular coordinate #

Consider Eqg. (1), the governing equation of the free field sound wave propagation in oblate
coordinates can be written as (5)
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where p is the sound pressured and h = ka is the reduced frequency. The general modal solution to the
equation is (5)
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wherem =0, 1, ... andn=m, m+1, ..., Smn(—jh,7) and Rmn(—jh,j&) are called oblate spheroidal angular
functions (OSAFs) and oblate spheroidal radial functions (OSRFs) respectively. The detail of OSAFs
and OSRFs and their computation can refer to references (5) and (6). In the following derivation, the
parameter —jh will be omitted in OSAFs and OSRFs for simplicity presentation.
The incident sound field from the monopole source can be calculated as (11)
ejk‘rirps‘
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where A is radiation amplitude, r and rps are the locations of the field point and the sound source
respectively. The equation can be expanded in oblate spheroidal coordinates as (5)
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where (7ps, &ps, 0) and (y, &, ) are the posmons of the point source and field point respectively (pps =
0 for the symmetry), p is the fluid mass density of the medium, c is the sound speed in the medium,
oij =1 (only if i = j) is the Kronecker Delta function, & = min(¢, &) and & = max(¢, &ps). The first
kind OSAF, S (#), are orthogonal on the interval (—1,1) and has the normalization integral Nmn(h),
which is satisfied with (5)
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The first and second kind of OSRFs are R%) (—jh,j¢) and R% (—jh,j&) respectively. Another useful
combination of these functions is known as functions of the thlrd kind, R%) (—jh,j&), which represents
diverging wave and is therefore related to the standing wave functions by (5)
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The scattered sound field is due to the existence of the disk can also be expanded as
pscat ZZATIH mn mn Jg)cos mgo (11)
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Consider the rigid boundary condition
aptot| — a( pinc + pscat)
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and the degeneration condition & = 0 for a disk, the exact analytic solution may be expressed as (5)
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where the prime on the radial functions denotes differentiation with respect to radial coordinate &. So
far, one can calculate the total acoustic field as soon as the source is given.

When the monopole sound source locates above the disk center as shown in Figure 1, #ps =1 and
the terms with m > 0 in Eq. (13) can be eliminated (i.e. S , = 0) for the symmetry. Hence, the
equation reduces to

=0 (12)
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According to Eq. (14), we can calculate the sound field numerically at arbitrary field point by
adding the first few terms of the series.

3. RESULTS AND DISCUSSION

3.1 Numerical simulations

Numerical simulations by Virtual Lab Acoustics were conducted to validate the proposed model
and the given correction terms. Virtual Lab Acoustics is a kind of software that can calculate acoustic
noise with high precision. For the scattering problem investigated in this paper, the boundary element
model (BEM) is used. All the physical parameters of the model considered is the same in Section 3.2
and Section 3.3. The maximum reduced frequency ka is chosen to 18 for the sake of the limiting size of
the BEM model computed in software.

Figure 3 shows comparisons between theoretical results and numerical simulations ones. As we can
see from the figure, in the interested bands of frequency, the results computed by the theory agree with
the numerical simulations satisfactorily and the maximum level difference is less than 0.2 dB. This
assures that the numerical solution of theory converges to the correct one.
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Figure 3 - Sound pressure level at several field points specified in 1ISO 3745 whenH =0.25manda=1m (a)
Field point (—0.675, 1.155, 0.675) m (b) Field point (0.495, —0.855, 1.125) m

3.2 Deviation on hemispherical measurement surface

Figure 4 shows the sound field due to a monopole source located 0.01 m above the disk center.
The largest value of h here is set to 15, below which its numerical results are validated compared by
numerical simulations as discussed in Section 3.1. For higher reduced frequency h, the computation
of SWFs requires precision beyond the double floating point numbers in commercial computers (12).
In this case, one may implement a specialized C++ Library called GNU MPFR Library to use
arbitrary precision arithmetic (13, 14).

When h is sufficient small (h < 1), the baffle has little effect on the directivity of the source.
Therefore, the SPL on a hemispherical measurement surface is uniform and the Eq. (1) can be
applied to calculate the SWL of the noise source with 3 dB correction.

As the reduced frequency or the radius of the measurement surface increases, deviations occur on
a hemispherical measurement surface. In the example illustrated in Figure 4, there would be more
than 15 dB deviation on the measurement surface when the surface radius is 1.5 m and h = 15.
However, as described in Annex A of 1SO 3745, the maximum allowable deviation of measured sound
pressure levels from theoretical levels shall be less than 3 dB in all the 1/3-octave bands. Consequently,
in most real situations, these specifications cannot meet and there would be a large error when
calculate the SWL using formulas proposed in 1SO 3745.
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Figure 4 — Computed sound field for a monopole source at the center axis when H=0.01 manda=1m
@h=1(0)h=6(c)h=12(d)h=15

3.3 Correction terms of measurement

As mentioned in Section 2.1 and Section 3.2, the calculation error in Eq. (1) is discernible and
non-negligible. It is obviously that the values of correction terms relate to frequency. Because
1/3-octave analysis is often used in noise control field, the correction terms for the monopole source
with a constant radiation amplitude at different heights, are computed and listed in Table 1.

Table 1 shows that the values of correction terms depend on the height of the source and fluctuate
in frequency. In a particular case, when H = 0.01 m, with the frequency increasing, Cp is
approximately 3 dB. This is because ka > 1, the disk can be regarded as a infinite baffle, and kH « 1,
the low frequency approximation in Eq. (2) holds. Consequently, a 3 dB increment occurs as

expected.



Table 1 — Values of correction terms, Cp, for mid-band frequencies of one-third-octave bands (a = 0.5 m)

1/3-octave mid-band frequency Correction terms Cy, (dB) with different heights of source

(Hz) H=001m H=01m H=02m H=04m H=05m
50 -1.8 -1.8 -1.8 -1.7 -1.6
63 -1.7 -1.7 -1.6 -1.6 =15
80 =15 -15 -15 -14 -1.3
100 -1.2 -1.2 -1.2 -1.1 -1.0
125 -0.5 —0.5 —0.5 -0.5 -0.4
160 0.8 0.8 0.8 0.8 0.7
200 2.6 2.6 2.5 2.2 1.9
250 3.7 3.6 3.4 2.5 1.8
315 31 3.0 2.5 0.7 -0.7
400 2.3 2.0 1.2 -15 -3.0
500 2.4 2.0 11 -1.1 -1.0
613 3.2 2.7 14 -1.2 -1.1
800 2.9 2.1 -0.4 -2.0 -0.4
1000 3.2 1.9 -1.1 0.5 0.1
1250 24 0.9 0.1 0.5 -0.7
1600 3.3 0.7 0.2 —2.6 -04
2000 3.7 -0.4 -1.2 0.6 0.3
2500 2.4 -2.2 0.3 -0.7 -2.1

4. CONCLUSIONS

In this paper, the measurement error due to a reflecting plane of sound power measurements
according to 1SO 3745 is investigated and the corresponding correction terms are given analytically.
The results show that for a monopole source, the SWL determined according to ISO 3745 is more
than 3 dB larger than the actual value at some frequencies, and it needs to be corrected depending on
the frequency. When the source is sufficiently close to the reflecting plane (i.e. kH « 1) and the size
of the reflecting plane is non-negligible (i.e. ka > 1), the SWL correction term converges to be 3 dB.
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