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Atechnique is presented in this paper for the analysis of acoustic radiation of baffled planar sources.
This method is based on the concept of the radiation matrix which is a representation of the sound
field radiated by complex sources. Both sound power and far-field pressure can be estimated using
this method. Numerical simulation and experimental investigation were carried out to verify the
proposed method. In comparison with the conventional pressure-based method ISO 3745, the
proposed technique produced more accurate estimation of sound power. With comparable number of
measuring positions as the conventional methods, the proposed approach does not require special
measuring environments. Computation complexity can be significantly reduced if only dominant
radiation modes in the low-frequency range are retained. Estimation of far-field pressure can also be
obtained using the proposed method. 2002 Acoustical Society of America.
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I. INTRODUCTION As demonstrated by Berkhotfthe input to the radiation
filter can be based on either surface velocity data or near-
Sound power is an important index in acoustic radiationfield pressure data. This paper adopts primarily the former
analysis because it is a single global quantity which can bapproach because, from our experience, it provides more re-
used to characterize the strength of the sound generated byliable results than the latter approach. The pressure-based
source. Estimation of sound power is also a common practiceethods are thus omitted for brevity. With comparable num-
of identifying dominant sources prior to a noise control ber of measuring positions as the conventional methods, the
project. Many standard methods are available for soungroposed techniques do not require special measuring envi-
power estimatiort.Some of them are based on pressure mearonment, e.g., a reverberant room or an anechoic room be-
surement; the others are based on intensity measuremegtuse only surface velocity is required as the input data.
Some of them require free-field environment; the others re-  This paper mainly focuses on baffled planar sources.
quire diffuse field environment. Two kinds of sound sources, a baffled rigid piston and a
In this paper, a technique different from the earlier meth-baffled point-driven flexible plate, are chosen as the test ob-
ods is presented. This method is based on the concept @écts in the simulation. The surface vibration of the plate is
radiation matrixwhich is a representation of the sound field calculated by using ANSY® Sound power and far-field
radiated by complex sources. More precisely, radiatiorpressure are calculated. The proposed techniques are verified
modes are “vibration” patterns on the surface of a structureby numerical simulation as well as experiments. A baffled
that radiate orthogonal sound fields into the spafdn the  vibrating plate is chosen as the test source. The proposed
past, the ideas of radiation matrix and radiation modes havemethods are also compared with the ISO 37&ef. 11
mainly been employed in the applicationA¢tive Structural  which is a widely accepted standard for sound power estima-
Acoustical ControlASAC)?3to control low-frequency noise tion.
radiated by vibrating surfaces. In this paper, however, this
idea of radiation modes is exploited to deal with a different
problem—estimation of sound power and far-field pressurg, paAp|ATION MATRIX-BASED TECHNIQUES
radiated from complex baffled planar sources. In addition, an
experimental procedure using the radiation mode concept - Velocity-based full radiation mode method  (VFRM)

established in this work, in an attempt to achieve improved  For a sound source with surfade the radiated sound

estimation over conventional approaches. powerW can be calculated by
Complexity of the calculation can be further reduced if
. . . . ) S
only the dominant radiation modes are retained in the com-  ,,_ ZRe{vMp} 1)
2 1

putation. A crucial step of this procedure is the replacement

of the frequency-dependent radiation modes by frequency;nereSiis the area of each element,and v are pressure

independent ones’ In ASAC, the “radiation filter” consists yector and velocity vector, respectively, on the surface, and

of a constant modal filtering matrix, cascaded With,e superscript M” denotes the Hermitian transpose opera-

frequency-dependent radiation efficiency filters. tor.
On the surface of the source, the pressure veetoan

dElectronic mail: msbai@cc.nctu.edu.tw be related to the velocity vecterby the following equation:

876  J. Acoust. Soc. Am. 112 (3), Pt. 1, Sep. 2002  0001-4966/2002/112(3)/876/8/$19.00 © 2002 Acoustical Society of America



p=2v, 2 10°

where Z is the radiation impedance matrix that in general w? | ‘
can be obtained using numerical methods such as boundary T
element method¥. There exist a number of different defini- 0k
tions of impedance in acoustics. The matixs termed ra-

diation matrix simply because it relates the pressure and ve-
locity distributions on a acoustically radiating surface of a
source. The dimension of the matix however, is the same

as specific acoustic impedance, i.e., pressure/velocity. For a
baffled planar source, however, the matZixan simply be 10"
calculated by using the following formufa:
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symmetric and positive-definite matrix and the following ei-
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po is the air densityg is the sound speeli= w/c is the wave ~ Where A=diag \;,... ) are eigenvalues that have the
number, and ., =r . is the distance from the elememtto physical meaning as the radiation efficiencies, the radiation
the elemenn, 1<m, n<N. Equation(4) is based on a nu- modal filterQ=[a,,q;,...,q.] is a group of orthogonal sur-
merical approximation of the Rayleigh integral in which the face vibration patterns associated with the radiation modes.
field point approaches the source surface. The off-diagonaill-hese radiation modes are associated with surface velocity
elements are contributions due to point sources of the edistributions that produce orthogonal sound pressure modes
emental radiators, with given volume velocity which lead toWhich are generally different from the actual acoustical
pressure on the other elements on the surface. For the diag}oqes that satisfy boundary conditions. Although these ra-
onal terms, the field point and the source point may coincidediation modes are always orthogonal in the mathematical
which results in a singular problem. The difficulty can be S€Nse, they are generally different from the structural vibra-
circumvented if the integration is not over a square area bdfo" Modes. In practice, only a limited number, sy of

over a circular area. The approach leads to an approximatigigdiation modes that are efficient in low frequencies. The
of the diagonal terms. Note that the expressions of the diagiomPutation can be simplified by considering only these

where

onal terms are somewhat different from that in Ref. 9. dominant modes. From Eqg5) and (7),
Equations(2) and(3) lead to L
W=V"Ry, (5) W=y Ay= ;1 Nilyil?, (8

where the radiation resistance matR= SRe{Z}/2 can be

calculated by where vectory=Qv. Each diagonal element represents the

_ radiation efficiency corresponding to each radiation mode.
sin(kryy) sin(krqiy) Note that the radiation efficiency can be related to radiation
Tkrp,  kry resistancdreal part of radiation impedanceormalized with
poC. Modes with large\; values are the modes capable of
1 : propagating efficiently into far field, whereas modes with
small \; values are theevanescent modexxisting only in
: : : near field. Figure 1 shows the radiation efficiencies of the
sin(kryyy) first. six radiation modes for a baffled rigid piston w[th 0.1m

1 radius. Note that, in the low-frequency rangg@<1, a is the
J radiug, only two to six modes are dominant. At the extreme
(6)  (ka<1), the first modethe volume velocity modeis the
Complexity of the computation can be further reduced ifonly efficient mode. At the other extremkg>1), all radia-
only the dominant modes are retained in the computationtion modes contribute equally to the radiation with unity ef-
This is accomplished by exploiting the fact tttis a real-  ficiency. This motivates the use of low-order radiation modes

sin(kr
02y sin(kra)
= kryq

47rC

Krnt
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to represent the sound field for low frequency range such thai
the computation can be simplified.

However, the radiation modal matrix is frequency de-
pendent, which requires the computation procedure to be re
peated for each frequency. A remedy to this difficulty lies in
the fact that the radiation modes are slowly varying with
respect to frequency and the low-frequency modes are
“nested” by the high-frequency modésigures 2a) and(b)
show the radiation modes of a baffled piston with a radius
0.1 m forkl=0.1 andkl=2. Now, suppose sound power is
to be estimated by measuring the surface velocitivgto-
sitions on a source. The size of matik will be M XM,
which calls for the need oM? filters. Instead of using
frequency-dependent matrices, the computation load can b
reduced by using the radiation modal matr@,,,, at the
highest frequency of interest. Note th@t,,, is a constant
matrix with the dimensiorM XL, whereL<M represents
the number of dominant radiation modes. On the other hand,
the radiation efficiency of theth mode can be approximated
as

I\ S e

"

3rd Mode

Ni(j @) =0 maR(j ©)0] nax, (9)

whereq; maxis theith column ofQpa, A; is still a function
of frequency and generally exhibits a high-pass behavior.

Hence, sound power can be estimated by the velocity-base! ‘\\\, '7"/}/"

dominant radiation mode methd&DRM): (@) i
w=v"Ry, (10) ka=2

where the matrixR is approximated as _ :
- - 1st Mode 4th Mode
R=QmnaA Qmax: (11)

where A= diad \;(jw) As(jo),.. A (jw)]. In this setting, only
a constant matrixQ,,,, andL filters are needed in the com-
putation.

B. Modified velocity-based dominant radiation modes
method (MVDRM) 2nd Mode 5th Mode

The VDRM is based on the idea of dominant radiation
mode which is only true in low frequencies. In high frequen-
cies, direct use of VDRM will give rise to errors because all
modes contribute equally to sound radiation. To correct the
problem for high frequencies, we use another approach tc
estimate the sound power. For high frequencies, &g.,
>4, the waves radiated from a planar source behave like
plane waves and E@5) should be modified into

E:\‘=1Vr2ms,i

N 1

W= poCA (12)

Ao

wherep, is the air densityA is the total surface area of the
source,c is the sound speed;, s is the root-mean-square
normal velocity, andN is the number of measurements. (b)

C. Far-field pressure FIG. 2. The first six radiation mode&) ka=0.1; (b) ka=2.

Apart from sound power, far-field sound pressure Cayherep is the vector of far-field ressurg, is the propaga-
also be calculated by using the idea of radiation modes. Th P P propag

Rayleigh integral can be discretized into a matrix equation fon matrix, andv is the vector of surface velocity.
yielg 9 q For a baffled planar radiator, this propagation maEix

p=Ey, (13 can be approximated &s
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Horizontal distance from center line of array to microphone positions

FIG. 3. Microphone positions on a
hemispherical surface surrounding a
source whose sound power level is to
be measured according to ISO 3745
(cited from Ref. 1L
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M1 Mo Fin
e ikiar  gikrg e ikray In this section, numerical simulation and experimental
_poCkS investigation were carried out to verify the proposed method.
=] o 21 I22 fan |, (14
: : : A. Sound power estimation
e—jker e_ik’MZ e—jkrMN .. .
. 1. Case 1—baffled rigid piston
L w1 m2 fmn- In this example, we use a baffled rigid piston as a sound

source to verify the proposed methods, VFRM, VDRM, and
MVDRM. The piston source is chosen because its power can
be calculated analyticalf?. The radius of the piston is 0.1 m
which is excited with surface velocity-&/“t cm/s.

To justify the proposed techniques, a widely used ISO
(15) standard 3745 for sound power estimation in free-field envi-

ronment is also employed in the comparison. The ISO pro-

where the diagonal matriA has singular values as its diag- cedure requires the mean value calculated from the pressure
onal,U andV are unitary matrices. In low-frequency range, measurements at 10 positions on hemispherical surface sur-
only several dominant modes are needed to represent tiieunding the source of interest, as shown Fig. 3. The method

wherer is the distance from the elemental radiakdito
the field pointM.

Similar to power estimation, SV can be applied to
the propagation matrig, i.e.,

E=UAVH,

propagation procesé.That is, is essentially based on the assumption of a point source,
which is approximately true in the far field. Figure 4 com-
E=UAVH. (16)  pares the estimations of sound power obtained using the the-

oretical model and the ISO standard, respectively. Deviations
Thus, the far-field sound pressupeandv can be approxi- from the theoretical value are found in high-frequency range

mated as (>1 kH2z), using the 1ISO method. The total sound power
5 within the band 20—-16 kHz are found to be 88.1 dB and 96.3
P=Ev. a7 dB for the theoretical value and ISO 3745, respectively. The
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FIG. 4. The comparison of sound power radiated by the baffled piston 100
between the theoretical calculation and ISO 3745 theoretical value; —,
ISO 3745.

errors in power estimation using ISO 3745 can be explained
as follows. ISO 3745 is a essentially pressure-based method
under the free-field condition. The measurement should be
conducted in a sufficiently far field so that can be approxi-
mated by a point source field. However, even under the free-
field condition, there are possibly three types of errors in the
measurementl) the near field erroi(2) a limited number of
measuring points, an(B) the error in sound pressure mea-
surement. A detailed investigation on these issues can be
found in Ref. 16.
The proposed power estimation method requires veloc- 55 102 100 10°
ity measurements at the grid points on the source surface. Frequency (Hz)
First, the sound power radiated by the piston is estimated by
VFRM. A 4 X4 rectangular mesfl6 elementsis used. Fig- 100
ure 5a) compares the estimations of sound power obtained 05|
using the theoretical model and VFRM, respectively. The
approximation appears close to the theoretical value in low-
frequency range ka<4, <1000 Hz), while some devia-

Sound Power {dB re 1e-12 Watt)

—
o
~

90} _ -

g
=
™~
% 85 1
tions are found in high-frequency range. <
Next, VDRM is applied to estimate the sound power for g %[ 1
the same frequency rangkd<4, f <1000 Hz). Similar es- 2 5] _
timation of the radiated sound power is obtained by using %
only the first six radiation modes, as shown in Fi¢)5 < or i
The foregoing results indicate that VFRM and VDRM § 65 .
are able to give accurate estimation only in the low- @ col |
frequency range. For the high-frequency range, the modified
method MVDRM should be used to produce estimations 55 S = !
with less error. Figure () compares the estimations of  (g) 0 Erequency Hz) 10

sound power obtained using the theoretical model and
MVDRM, respectively. The total sound power within the FIG. 5. The comparison of sound power radiated by the baffled piston
band 20—16 kHz are found to be 88.1 dB. 86.5 dB. 86.1 deetween the theoretical calculation and the proposed metk@dEhe the-

. ! ’ ’ ’ bretical calculation versus VFRN#X 4 mesh (---, theoretical value; —,
and 87.9 dB for the theoretical value, VFRM, VDRM, and VFRM); (b) the theoretical calculation versus VDRM by using the first six
MVDRM, respectively. From the result, MVFRM is found t0 modes(4x4 mesh (---, theoretical value; —, VDRM (c) the theoretical
produce the best estimation of sound power in both the lovealculation versus MVDRM(4x4 mesh (---, theoretical value; —,

and high frequencies. MVDRM).

a vibrating flexible plate shall be used as the test sound

source in this case. The parameters of the plate are area
The rigid piston used for the last simulation has uniform=0.2x 0.15 nf, densityp= 246 kg/n?, Young’s modulusE

surface velocity distribution. A more complex sound source,=2.28x 10° N/m?, Poisson ratiov=0.33, and thickness h

2. Case 2—uvibrating plate
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3745, and MVDRM, respectively. It is then concluded from
the numerical comparison that, with comparable number of
measurement vs 10, MVDRM produces more accurate

-
[
o

E1oo! S
E estimation of sound power than the 1ISO method.
$ go}
2 B. The far-field radiation
T
‘;2_"60- In this section, calculation of far-field sound pressure
8 using the proposed techniques will be examined, particularly
-] 40f in terms of propagation distance and the number of modes
3 used in SVD of the matriE.
? 20} The parameters of the baffled piston used in the simula-
tions are identical to those mentioned earlier. The “theoreti-
0 R T cal” values of the piston can be calculated by suing a very
10’ 10° 10’ 10* fine mesh, e.g., 3232. To examine the effect of propagation
(@) Frequency (Hz) distance, a dimensionless parameter, the Fresnel numiser,
defined as follows:
120 ; - ' ra
_ FN= 2 (19
S100} ]
E wherer is the axial distance from the piston surface to the
% sol field point, A is the wavelength, andis the radius of piston.
® Figure 7a) compares the far-field sound pressure obtained
Q Wt using the theoretical modeE matrix based on 55 mesh
T 60f ML T T with full modes, ancE matrix based on %5 mesh with the
% o first six modes, respectively, fdta=0.5 and FN=2. The
S 40 . result of approach using the first six modes coincides with
3 that using full modes, and so we found only a single dashed
? a0l _ curve in the figure. Figure(B) compares the far-field sound
pressure obtained using the theoretical modelmatrix
0 L L based on 1X11 mesh with full modes, and matrix based
10 10° 10° 10* on 11X 11 mesh with the first six modes, respectively, for
(b) Frequency (Hz) ka=30 and FN=2. As expected, to calculate the far-field

FIG. 6. The sound power radiated by the vibrating plaé#. Theoretical Soun_d pre;sure_ for a _Source_ with a la G alu_e requires a
calculation versus 1SO 37465.-, theoretical value; —, ISO 3745(b) the ~ Matrix E with higher dimension. Conversely, it takes only a

theoretical calculation versus MVDRM by using the first six mogs 3 few dominant modes to reconstruct far-field sound pressure
mesh (---, theoretical value; —, MVDRM for sources with a smaka value.
Like power estimation, we also apply the proposed tech-
nique to calculate the far-field sound pressure radiated by the
=1cm. The plate is excited at the center by a time-harmoniwibrating plate. Finite element software, ANSYS, is em-
concentrated force, 0e8”'N. Four boundaries of the plate ployed to calculate the normal velocity distribution on the
are assumed free. Finite element software, ANSYS, is emsurface. Sound power is then estimated by numerically cal-
ployed to calculate the normal velocity distribution on theculating the Rayleigh integral. Since there is no analytical
surface. Sound power is then estimated by using>aZ2R solution of sound pressure for plates, we are content with the
matrix. Unlike rigid pistons, there is no analytical solution of use of the fine mesh (3232) as the “theoretical” solution.
sound power for plates, and thus we are content with the usigure 8a) compares the far-field sound pressure obtained
of the fine mesh (32 32) as the “theoretical” solution. using the theoretical moddt, matrix based on a 85 mesh
Figure 6a) compares the estimations of sound powerwith full modes, andE matrix based on a 85 mesh with
obtained using the theoretical model and ISO 3745, respedhe first six modes, respectively, fira=1.5 and FN=5,
tively. In contrast to the piston, peaks due to resonance of thetherea is the shorter width of the plate edges. Figufb)8
plate can be clearly seen in the spectrum. Deviations froncompares the far-field sound pressure obtained using the the-
the theoretical value are found in the high-frequency rangeretical model E matrix based on a 211 mesh with full
(>1 kHz), using the 1SO method. modes, andE matrix based on a 2411 mesh with the first
Next, the modified method, MVDRM, is utilized to es- six modes, respectively, fdca=20 and FN=0.1. As in the
timate the sound power radiated by the plate. Figui® 6 case of piston, to calculate the far-field sound pressure for a
compares the estimations of sound power obtained using theource with a largé&a value requires a matrik with higher
theoretical model and MVDRM, respectively. The total dimension. Conversely, it takes only a few dominant modes
sound power within the band 20-16 kHz are found to beto reconstruct far-field sound pressure for sources waith
77.6 dB, 76.2 dB, and 77.1 dB for the theoretical value, ISOsmall ka value.
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piston, obtained using the theoretical modenatrix with full modes, and  atrix with the first six modes(a) 5x5 mesh,ka=1.5 andFN=5: (b)
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11X 11 meshka=30 and FN=0.2 (---, theoretical value; —E with full modes— — —, E with six modes.
modes;,— — —, E with six modes.

cause only surface velocity is required as the input data. A
requirement of the proposed method is that the measurement
In addition to the forgoing numerical simulations, ex- must be conducted for planar sources baffled in a rigid infi-
periments were carried out for a vibrating plate in order topjte plane. Figure 10 shows the results obtained using these
further verify the proposed techniques. The experimental artthree approaches. The total sound power within the band

rangement is shown in Fig. 9. The experimental rig consist®0-16 kHz are found to be 72.2 dB, 65.3 dB, and 69.4 dB
of primarily a PU-foam panel embedded in a wooden baffle.

The dimensions of the panel are 0.11% &2 mx0.002 m.
The material properties of the panel are densjy
=246 kg/nt, Young’s modulusE=2.28x10° N/m?, Pois-
son ratiorv=0.33. The panel is excited at the center by a
small electromagnetic shaker. A fiber optic displacement sen-
sor (PHILTEC, D125 is used to measure the surface veloci-
ties at the nine grid points on the vibrating panel.

In this experiment, the MVDRM method and the 1ISO
3745 are compared to the numerical model. Sound power
calculated by using the aforementioned ANSYS and Ray-
leigh integral, with exciter response taken into account,
serves as the “theoretical” value for comparison. The 1SO
method is conducted in an anechoic room. With comparable
number of measuring positions as the conventional methodgg 9. The experimental arrangement of a baffled vibrating panel for sound
the proposed method is conducted in an ordinary room bepower estimation.

C. Experimental investigation of the vibrating plate

Laser Displacement Sensor

N\

=

Vibrating Panel

/

Baffle
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90 As a limitation of the proposed techniques, the sound
sources are restricted to planar sources baffled in a rigid in-
930 finite plane. By more sophisticated numerical schemes, e.g.,
g the boundary element methods, the same rationale can be
~ 70 readily extended to deal with more practical problems such
o as radiation from three-dimensional sources. This aspect will
& 60 be explored in future research.
g
?g"so
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