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The theoretical development for computing sound power using acoustic radiation modes is well docu-
mented. However, an experimental validation and comparison with other sound power measurement
standards over a wide frequency range has not been presented. This paper compares experimental results
from an acoustic-radiation-modes-based sound power measurement method to results obtained using
ISO 3741 in two scenarios. First, sound power measurement results from a single simply-supported baf-
fled panel are compared. A comparison of sound power measurements of two simply-supported baffled
panels is then presented. Results between the two methods for the single panel show a maximum one-
third octave band difference of 2.2 dB between 200 Hz and 4 kHz with an overall difference of 1.7 dB. For
the two-panel system, the maximum one-third octave band difference is 1.6 dB with an overall difference
of 0.7 dB. It is also shown that in the two-panel case, the sound power from each panel can be measured
individually using the acoustic radiation modes approach and summed to obtain the overall sound power
as measured using ISO 3741.
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1. Introduction

Sound power is the standard measure used to quantify noise
radiated from a source. It is considered a global metric because it
measures the total radiated sound. Most of the literature addressing
structural vibration sources has analyzed the response of the struc-
ture in terms of the vibration modes associated with the structure.
When noise radiation is a concern, many of the papers in the liter-
ature have then formulated that acoustic radiation in terms of these
structural modes. However, the structural vibration modes are not a
natural basis set for describing acoustic radiation and as a result,
this approach does not lead to an efficient solution for acoustic radi-
ation. To address this limitation, an approach for describing the
radiated sound power in terms of an acoustic basis set referred to
as acoustic radiation modes has been previously formulated.

The theory behind computing radiated sound power from flat
panels using the acoustic radiation modes approach and various
applications have been presented in the literature [1-12]. Although
the method of computing sound power using acoustic radiation
modes has been widely used, an experimental validation and com-
parison with other standards over a wide frequency range has not
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been presented. One purpose of this paper is to present a detailed
experimental validation of this approach by quantifying the differ-
ences between the experimental results and those from an
accepted international standard. A second purpose is to provide a
preliminary investigation of the potential for an acoustic radiation
modes-based standard for measuring sound power that could
overcome some of the limitations of current standards.

The International Organization for Standardization (ISO) cur-
rently has seven sound power standards based on pressure mea-
surements. All but one of these require specified acoustic
environments obtained with anechoic or reverberation chambers
[13-24,26]. The one standard that does not require a known acous-
tic environment (ISO 3747) only provides survey grade results for
narrowband measurements and engineering grade results for
broadband [19].

There are three ISO sound power measurement standards based
on intensity measurements [20-22]. These standards can provide
precision grade results but require the measurement surface to
completely surround the noise source, or, if placed on a hard/re-
flective surface, hemispherically surround the noise source. In
practice, this makes the sound intensity approaches lose significant
accuracy when the desire is to measure part of a built-up structure,
such as the windshield or engine hood of an automobile. Intensity-
based measurements also lose accuracy in windy conditions or
conditions with varying background noise.
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The ISO provides two technical specifications based on struc-
tural vibration methods for computing sound power [23,24]. ISO/
TS 7849-1:2009 provides survey grade results, while ISO/TS
7849-2:2009 provides engineering grade results.

In this paper, a validation of the method for computing sound
power based on surface velocity measurements and acoustic radi-
ation modes is presented. While a number of papers have been
written that develop theoretical and computational results using
this approach, the literature is lacking in experimental confirma-
tion of the method. The long-term objective is that the method
may be appropriate for a future new vibration-based standard for
measuring sound power. This method, known as the vibration-
based radiation modes (VBRM) method, removes or lessens the
effects of many of the limitations of current methods, such as the
need for a specific acoustic environment or limitations on back-
ground noise or wind conditions. It is also shown that the VBRM
method will allow for truly in-situ measurements as well as the
measurement of the contribution to sound power of different inco-
herent sources in a multiple source setup. Current limitations of
the VBRM theory require the surface velocities of the source to
be measurable, the vibration to be steady state, and the radiation
resistance matrix to be known with sufficient accuracy. Limitations
due to multiple coherent and coupling sources may exist as well,
but need to be further investigated. Furthermore, the results pre-
sented in this paper are limited to baffled flat panels and extension
to built-up geometries is not presented.

Experimental results will be compared to ISO 3741[13]. ISO
3741, titled “Acoustics - determination of sound power levels
and sound energy levels of noise sources using sound pressure —
Precision methods for reverberation test rooms”, is a Precision
(Grade 1) ISO standard that describes the methods for measuring
sound power in a reverberation chamber. It details the reverbera-
tion time, temperature, air pressure, and humidity requirements to
take sound power measurements. ISO 3741 methods are based on
the sound power of the source under test being proportional to the
mean-square sound pressure averaged in space and time. The stan-
dard requires sound pressure measurements to be taken using an
array of at least six microphones. The minimum distance between
a given microphone and any surface in the reverberation chamber
is 1 m. The minimum required distance between the noise source
and any microphone is given by d;_, = 0.08./V /T, where V is the
volume of the reverberation chamber and T,., is the reverberation
time of any given one-third octave band. Each microphone must be
separated from other microphones by a minimum distance of
dm_m = 4/2 where / is the wavelength associated with the center-
band frequency of the lowest one-third octave band in question.
The reverberation chamber used in this work has a volume of
204 m® (4.96 m x 5.89 m x 6.98 m) which allows for measure-
ments down to the 100 Hz one-third octave band so long as the
noise floor is not within 10 dB of the sound power measurement
for any given one-third octave band.

This paper will give a brief overview of the theory behind the
VBRM method including acoustic radiation modes and their rela-
tionship to sound power measurements. The sound power from a
single baffled panel will be measured using both the VBRM method
and ISO 3741, and the results from the two methods will be com-
pared. The sound power from two radiating flat panels in the same
environment will be measured using both methods. The ability of
the VBRM method to determine the individual contributions of the
two panels during simultaneous vibration will be demonstrated.

2. The VBRM method

The VBRM method is based on spatially-dense surface velocity
measurements and the acoustic radiation mode approach for com-

puting sound power. The following derivation follows that given by
Fahy and Gardonio in Ref. [1]. Acoustic radiation modes are derived
from the radiation resistance matrix. For a baffled flat panel dis-
cretized into N elements of equal area, the radiation resistance
matrix is given by

1 sin(kdip) . sin(kdiy)
kdy kdqn
2 2 | sin(kdy;) :
O’peh; | Trgym 1 -
R(o) = =% | ()
sin(kdy)
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where o is the angular frequency, p, is the density of the surround-
ing fluid, A, is the area of a single discrete element, c is the speed of
sound in the fluid, k is the acoustic wavenumber, and dj is the dis-
tance from the i to the j™ element. The eigenvectors of the radia-
tion resistance matrix are the acoustic radiation modes, and the
corresponding eigenvalues are related to the radiation efficiencies
of the modes.

Using the radiation resistance matrix, sound power can be
expressed as
P(®) = v{ (0)R(®)ve(w), (2)

e

where v, is a vector containing the surface-normal velocity of each
discrete element on the panel, and ()" signifies the Hermitian
transpose. Using acoustic radiation modes, q,., and the eigenvalues,
Jr, the expression for sound power is

N
P= ;Lr Vr

r=1

(3)

where y, = q, = V.. Often the sum in Eq. (3) will be truncated at
some n < N because of the quick drop off of the eigenvalues at low
frequencies. Because this work calculates power over a wide fre-
quency range, all N radiation modes will be used. Egs. (2) and (3)
are mathematically equivalent as a result.

As noted, several articles present the theory of acoustic radia-
tion modes for computing sound power. However, only one article
was found that compares experimental results from the acoustic
radiation modes approach and other established sound power
measurement standards. This article was published by Bai et al.
in 2002 [25]. Their research focused on the accuracy of the method
using only the most efficient radiation modes to calculate sound
power at low frequency. In their work, the vibration sampling of
the structure was very sparse and experimental results only
showed agreement with ISO 3745 up to 800 Hz. The VBRM method
presented in this paper uses all radiation modes to calculate the
sound power at a given frequency and the spatial sampling of
the velocity field extends the frequency range up to 4 kHz.

It will also be noted that the acoustic radiation modes are fre-
quency dependent. For this work, the radiation modes have been
determined for each frequency across that frequency band of inter-
est, in order to ensure maximum accuracy. However, the radiation
modes are generally smoothly varying with frequency (and slowly
varying at low frequencies). Thus, a future question to be explored
is whether one can use values for the radiation modes at a limited
number of frequencies to compute the sound power without
degrading the results significantly.

3. Experimental setup and results

In this section, experimental results obtained using the VBRM
method and ISO 3741 are presented and compared. The setup
and results for a single baffled flat panel are first presented fol-
lowed by the setup and results for a two panel system. ISO 3741
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provides precision sound power results in one-third octave bands,
while the VBRM method is a narrowband calculation. As such, the
narrowband VBRM results will be converted to one-third octave
band results using standardized one-third octave filter definitions
[26].

3.1. Single panel

3.1.1. Setup and measurements of the single panel system

The single panel was setup to approximate an infinitely baffled
panel in a way that both the VBRM and ISO 3742 measurements
could be taken. The single, approximately simply-supported alu-
minum panel [27] of dimensions 48.5 cm x 42.0 cm x 0.16 cm
was placed in a reverberation chamber with dimensions of approx-
imately 5 m x 6 m x 7 m. The panel was mounted in a heavy steel
frame and placed against one wall of the reverberation chamber,
which was used to approximate an infinite baffle as shown in

Fig. 1. Setup of a single panel in a reverberation chamber with the wall of the
reverberation chamber acting as a baffle.

Fig. 1. Heavy black tape was used to help seal the panel to the wall
as shown. It will be noted that the thickness of the frame results in
the panel being approximately 2.54 cm (1 in.) off the wall. At
4 kHz, this is approximately 0.3 wavelengths away, and for fre-
quencies at 4 kHz and below, it was found that this small offset
did not significantly impact the panel in a rigid baffle assumption.
A piezoelectric transducer was mounted in the upper left quadrant
of the back of the panel and was excited with random noise
between 0 and 20 kHz.

Measurements were taken both with a scanning laser Doppler
vibrometer (SLDV) and according to ISO 3741. The SLDV was used
to measure the surface velocities of the panel on an 11 x 13 point
scan grid as shown in Fig. 2(a). The resulting surface normal veloc-
ity frequency response of a representative point on the panel is
shown in Fig. 2(b). (The scan point shown corresponds to the point
in the fifth row, fourth column of the scan grid.) The velocities
obtained from the SLDV over the entire grid were expanded into
the calculated radiation modes as described in Eq. (3) to calculate

Table 1

Sound power measurements from a single simply supported and baffled panel as
calculated using ISO 3741 and the VBRM method, as well as the error between the
two methods.

Sound Power (dB)

ISO 3741 VBRM Difference
Third octave band by center 100 22.6 2.0 20.6
band frequency (Hz) 125 22.8 2.0 20.8
160 16.8 15.0 1.8
200 14.8 16.0 (1.2)
250 13.7 12.4 1.2
315 30.1 29.6 0.5
400 29.1 29.2 (0.1)
500 31.8 323 (0.6)
630 35.0 35.5 (0.5)
800 41.6 421 (0.5)
1000 35.6 36.6 (1.1)
1250 43.0 44.0 (1.0)
1600 48.8 49.1 (0.3)
2000 46.0 47.2 (1.2)
2500 50.5 514 (0.9)
3150 57.9 55.9 2.0
4000 62.8 60.6 22
5000 66.8 67.7 (0.9)
6300 67.9 70.1 (2.2)
8000 70.5 74.8 (4.3)
10,000 71.8 75.9 (4.1)
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Fig. 2. (a) The 11 x 13 grid of scan points used to measure surface velocities of the panel; (b) the structural response of the panel as measured by the SLDV.
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the sound power using all radiation modes. These results were
compared to the sound power calculated from pressure measure-
ments according to ISO 3741.

3.1.2. Results of the single panel system

The measured sound power resulting from ISO 3741 and the
VBRM method are reported in one-third octave bands with center
band frequencies between 0 and 10 kHz in Table 1, along with the
differences between the two methods. A plot of these data is
shown in Fig. 3.

Fig. 3 shows that between the one-third octave bands with cen-
ter band frequencies of 200 Hz and 4 kHz there is good agreement
between the two methods. The maximum difference was 2.2 dB at
the 4 kHz one-third octave band (see Table 1). The mean one-third
octave band difference between the methods in the 200 Hz to
4 kHz bands was —0.1 dB and the standard deviation of the errors
was 1.1 dB. The total sound power in the 200 Hz to 4 kHz bands
was 62.7 dB re 1012 W using the VBRM method and 64.4 dB re
10~'2 W using the ISO standard resulting in a total difference of
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Fig. 3. The measured sound power of the single panel as calculated using ISO 3741
and the VBRM method.
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1.7 dB. Nearly all this difference comes from the 3.15 kHz and
4 kHz one-third octave bands.

At frequencies below 200 Hz there are discrepancies between
the ISO 3741 results and the VBRM results. These differences arise
due to limitations of the ISO 3741 measurements. The noise floor of
the chamber was within 10 dB of the measured sound power
below 200 Hz. According to ISO 3741, if the noise floor is within
10 dB of the measured sound power the results represent an upper
bound on sound power. Due to the noise floor, errors were intro-
duced at low frequencies using the ISO 3741 method. In this low
frequency regime, the VBRM method may be a priori more
accurate.

Above the 4 kHz one-third octave band, discrepancies between
the two methods also appear. The 11 x 13 measurement grid used
in this experiment resulted in a spatial sampling of one scan point
every 3.73 cm in the horizontal direction and 3.82 ¢cm in the verti-
cal direction. The Nyquist frequency for the acoustic radiation
modes, determined by the spatial sampling distance being half
the acoustic wavelength, was 4.6 kHz. The VBRM method maps
the vibration response onto the acoustic field, not the structural
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Fig. 5. The measured sound power of the second panel as calculated using ISO 3741
and the VBRM method.

x107°

! y

l
;ii

/‘
) \m W

4000 6000 8000

Frequency (Hz)

10000

Fig. 4. (a) 7 x 13 grid of scan points used to measure the surface velocities of the second panel. (b) Structural response of the second panel as measured by the SLDV.
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field. Thus, the spacing of the scan points dictates the smallest
acoustic wavelength associated with the radiation modes that
can be resolved. Due to the 5 kHz one-third octave band extending
from 4454 Hz to 5612 Hz one would expect to see errors in and
above the 5 kHz one-third octave band. Therefore, showing agree-
ment between the two methods at and above the 5 kHz one-third
octave band would require a finer spatial sampling mesh.

Using the VBRM method to measure the sound power for a sin-
gle simply-supported panel requires a less restrictive setup when
compared to current ISO standards. The ISO 3741 standard requires
a reverberation chamber, while the VBRM does not require a speci-
fic acoustic environment; thus, the VBRM method allows for sound
power measurements in-situ. The VBRM method would also allow
for sound power measurements in windy conditions and condi-
tions with varying background noise. Further advantages are
gained when extended to scenarios where multiple incoherent
sources contribute to sound power.

3.2. Multiple separated panels

3.2.1. Setup and measurements of the multiple panel system

Following the same procedures used for the single panel above,
a second aluminum panel of dimensions 45.5 x 30.3 x 0.16 cm was
added to the reverberation chamber on the opposite wall from the
first panel. The second panel was also mounted in-plane with the
wall of the reverberation chamber, with the wall approximating
an infinite baffle. A piezoelectric transducer was mounted in the
upper right quadrant of the second panel and was excited with
random noise between 0 and 20 kHz. Using the SLDV, velocity
scans of the second panel were taken using a 9 x 7 grid (see
Fig. 4(a)) resulting in a spatial sampling of one scan point every
4.3 cm in the horizontal direction and 5.1 cm in the vertical direc-
tion. This combination of panel size and spatial sampling resulted
in a Nyquist frequency of 3.6 kHz. The structural response curves of
Panel 1 (Fig. 2(b)) and Panel 2 (Fig. 4(b)) illustrate the two panels
have distinctive responses to the random noise inputs.

The sound power from the second panel was measured using
the same procedure described in Section 3.1.1 and the results can
be seen in Fig. 5. Due to the lower Nyquist frequency associated
with Panel 2, discrepancies at higher frequencies begin to be seen
in the 4 kHz one-third octave band. Panel 1 sound power results
showed discrepancies starting in the 5 kHz one-third octave band.

After calculating the sound power of the second panel using the
VBRM method, the panels were measured together. Both panels
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Fig. 6. The calculated sound power of panel 1 and panel 2 as well as the combined
system using the VBRM method.

were simultaneously excited using uncorrelated random noise,
new pressure measurements were taken, and the sound power of
the multiple panel system was calculated according to ISO 3741.

3.2.2. Results of the multiple panel system

Using the additive property of sound power from uncorrelated
sources, the total sound power of the two-panel system was calcu-
lated by summing the sound powers of the two panels individually
calculated using the VBRM method. This summation is shown in
Fig. 6. The sound power at each individual one-third octave band
is most impacted by the panel which radiates the most energy in
that band. The larger panel (Panel 1) dominates between 300 Hz
and 800 Hz and the smaller panel (Panel 2) contributes more at fre-
quencies between 1.9 kHz and 5 kHz.

The calculated total sound power using the VBRM method is
compared to the sound power measured following ISO 3741 in
Fig. 7 and in Table 2. The additive property was not used in the
ISO 3741 data. Between the 250 Hz and 3,150 Hz one-third octave
bands there is very good agreement between the two methods
with the maximum difference being 1.6 dB at the 250 Hz one-
third octave band. The mean one-third octave band difference
between 250 Hz and 3150 Hz bands was —0.3 dB with a standard
deviation of 0.7 dB. The total sound power difference between
250 Hz and 3150 Hz was 0.7 dB.

At frequencies lower than 200 Hz, the noise floor again caused
discrepancies between the two methods, with the VBRM method
possibly giving more accurate results in this regime. In the
single-panel section there was very good alignment up to 4 kHz
due to the Nyquist frequency being 5.5 kHz for the large panel.
Due to the spatial sampling and the size of the smaller panel, the
Nyquist frequency was 3.6 kHz and there began to be errors in
the 4 kHz region and above. These results indicate that the VBRM
method results compare well with the results from ISO 3741 up to
the spatial sampling limitation, for all frequencies where the
response is above the noise floor.

In this multiple panel scenario, the VBRM method exhibited the
same advantages over current ISO standards as the single-panel
scenario. Additionally, the VBRM method also showed the capabil-
ity of measuring each panel’s contribution to sound power, so long
as the radiated waves are not correlated or coupled, without hav-
ing to isolate and measure each panel individually as would be
required by current ISO standards.

20

80~

70

Sound Power (dB)
B (4] o2}
o o o

(]
o
T

20+
10, .
’ ———|S0 3741 - Plate 1 + Plate 2
— — VBRM: Plate 1 + Plate 2
0 i
102 10° 10*

Frequency (Hz)

Fig. 7. Comparison of the calculated sound power of the multiple panel system
using ISO 3741 and the VBRM method.
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Table 2
Sound power measurements from the combined system of two simply supported and
baffled panels driven by uncorrelated random noise.

Sound Power (dB)

1SO 3741 VBRM Difference
Third octave band by center 100 229 2.7 20.2
band frequency (Hz) 125 23.0 8.8 14.2
160 213 18.8 2.6
200 17.7 20.0 (2.3)
250 16.5 18.1 (1.6)
315 304 29.8 0.5
400 31.1 313 (0.2)
500 31.8 329 (1.0)
630 37.3 376 (0.3)
800 41.7 422 0.7)
1000 41.2 41.7 (0.5)
1250 456 46.0 (0.4)
1600 50.0 50.1 (0.1)
2000 51.6 51.6 0.0
2500 55.0 55.2 (0.2)
3150 60.3 59.0 1.3
4000 66.8 67.1 (0.4)
5000 69.4 71.3 (1.9)
6300 703 73.3 (3.1)
8000 73.0 77.8 (4.7)
10,000 746 80.3 (5.7)

4. Conclusions

This paper has focused on providing an experimental validation
of the acoustic radiation modes approach for measuring sound
power over a broad frequency range. Experimental results for
single- and multi-panel systems using both ISO 3741 and the
VBRM method have been presented and compared.

It was shown that for a single panel, sound power calculated
using ISO 3741 and the VBRM method had a maximum one-third
octave band difference of 2.2 dB between the 200 Hz and 4 kHz
one-third octave bands and an overall sound power level difference
of 1.7 dB in that frequency range.

It was then shown that for multiple panel systems driven with
uncorrelated signals the VBRM method agreed with ISO 3741, with
the maximum one-third octave band difference of the multiple
panel system being 1.6 dB between the 250 Hz and 3.125 kHz
one-third octave bands. The overall difference in sound power level
was 0.7 dB in that frequency range.

The VBRM method allows for sound power measurements in a
variety of situations made difficult by current ISO standards. These
situations include but are not limited to scenarios where anechoic
or reverberation chambers are not accessible or cannot fit a speci-
fied setup, windy conditions which prohibit the use of ISO stan-
dards, or the source of interest being part of a larger system. The
VBRM method also allows the measurement of the contribution
to total sound power of multiple incoherent sources in the same
environment where coupling is negligible without requiring each
source to be isolated and tested individually.

The current results have been limited to situations where the
multiple sources are incoherent, and the frequency range of inter-
est is below the Nyquist frequency as dictated by the spatial den-
sity of the surface velocity measurements. Future research will
explore the extension of the VBRM method to more general situa-
tions, including the possibility of multiple coherent sources and
curved structures.
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