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Abstract

In this work, near-field acoustic holography and non-negative intensity methods are used to predict
the radiated sound of a vibrating structure. Near-field acoustic holography (NAH) is an experimental
technique to reconstruct the acoustic field on the surface of the structure. The sound pressure field was
measured using a microphone array close to the structural surface. The normal velocity of the plate
was also measured. Supersonic intensity was calculated using experimental data based on the NAH
measurements. Non-negative intensity is a quantity which allows the surface contributions of a vibrating
structure to the radiated sound based on acoustic radiation modes to be predicted. An example of a
point driven plate is used to compare these two source localization techniques. Results show that both
techniques are successful in predicting the sound radiation patterns and yield similar results for all
frequencies considered.

1. Introduction

Prediction of radiated sound from vibrating structures is required for structural design optimization and
effective noise control [1, 2, 3]. There are a number of techniques to predict exterior radiated sound
from vibrating structures, including analytical, numerical and experimental methods. Near-field acoustic
holography (NAH) is an experimental technique introduced by Williams and Maynard [4] to reconstruct
the acoustic pressure, normal velocity and intensity on the surface of a radiating object, using microphone
measurements over a two-dimensional surface in the acoustic near field and data processing. Digital NAH
[5], generalized NAH [6] and boundary element method based NAH [7] were developed to reconstruct
the acoustic field using analytical and numerical algorithms. In order to reduce the computational cost
for large complex structures, patch NAH [8, 9] and equivalent source method based NAH [10, 11] were
developed to significantly speed up the computation time.
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Williams [12, 13] introduced the concept of supersonic acoustic intensity (SSI) to identify wave
components of the sound field propagating to the far field. The acoustic field was measured and recon-
structed using NAH. After filtering out the subsonic wave components of the vibrating structure that
only generate evanescent waves in the near field, the remaining supersonic components that radiate to the
far field were identified. Supersonic acoustic intensity has also been used to examine arbitrarily shaped
geometries [14, 15, 16, 17] .

Another numerical method to identify the surface areas of a vibrating structure that radiate far-field
sound is the surface contribution method [18], which yields a non-negative intensity (NNI). The NNI
is based on acoustic radiation modes, acoustic radiation efficiency and either the acoustic pressure or
normal structural velocity at the surface of a vibrating structure. In contrast to SSI which has areas of both
negative and positive intensity, NNI is always positive and thus avoids any cancellation effects. Williams
[19] developed a method to obtain non-negative intensity using convolution formulations that require
only the pressure or the structural velocity field. The non-negative intensity of a point driven plate was
compared to results obtained using supersonic intensity, also developed by Williams [12, 13], showing
good agreement.

In this paper, supersonic acoustic intensity and non-negative intensity are used to identify the
locations (hot spots) on the surface of a vibrating structure that significantly contribute to radiated sound.
Supersonic intensity is calculated using experimental data based on NAH measurements and NNI is
calculated based on data computed by the boundary element method. An example of a point driven
plate is used to compare these two source localization techniques. Results show that both techniques are
successful in predicting sound radiation patterns and yield similar results for all frequencies considered
here.

2. Numerical Method

Complex sound intensity on a structural surface can be separated into its active and reactive components
[19]. The active component is the energy radiated to the far field, while the reactive component only
contributes to instantaneous power radiation that vanishes when averaged over a period of time. The
active acoustic intensity is defined by

I “
1

2
< tpv˚u (1)

where p and v are respectively the acoustic pressure and the particle velocity calculated using a fully
coupled finite element/boundary element approach. pq˚ denotes the complex conjugate. The radiated
sound power is defined as [20]

P “

ż

Γ
I ¨ ndΓ (2)

where Γ is the boundary of the exterior acoustic domain and n is the normal direction on Γ.
The non-negative intensity is always positive. To achieve this, the radiated sound power is expressed

as [18]

P “
1

2

ż

Γ
β pxqβ˚ pxq dΓ pxq (3)

where β pxq is a quantity without physical significance and can be computed using acoustic radiation
modes and the surface velocity of the vibrating surface [18]. The non-negative intensity (NNI) is defined
as

INNI pxq “
1

2
β pxqβ˚ pxq (4)

3. Experimental Method

Near-field acoustic holography (NAH) is an experimental technique to reconstruct the sound pressure on
the surface of a vibrating structure. It is usually assumed that there are sources only on one side of the
measurement plane. Based on the sound pressure measured on the hologram plane pmpxh, yh, zhq, the
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experimentally predicted sound pressure on the source plane pepx0, y0, z0q can be obtained as [4, 21, 22,
23]

pepx0, y0, z0q “ F´1 rF ppmpxh, yh, zhqqFpGDpxh ´ x0, yh ´ y0, zh ´ z0qqs (5)

where F and F´1 are respectively spatial Fourier and inverse spatial Fourier transforms. The transfer
function of the planar half-space Dirichlet problem is given by [24]

GDpxh ´ x0, yh ´ y0, zh ´ z0q “
zh
2π

p1´ ikfrqe
ikfr

r3
(6)

where r is the distance between points on the hologram plane and points on the source plane and kf is the
acoustic wavenumber. A tapered cosine window (Tukey window) is suggested to reduce the effect of the
unwanted high wavenumber components [23].

Based on the supersonic acoustic intensity proposed by Williams [12, 13] and the convolution
theorem, Fernandez-Grande et al. [14] developed a method to calculate the supersonic intensity (SSI)
using the convolution between the acoustic field and a spatial filter as follows

pspkf ,xeq “ pepxsq ˚ hspkf , rspxs,xeqq (7)

vspkf ,xeq “ vepxsq ˚ hspkf , rspxs,xeqq (8)

where ˚ denotes the convolution function, pe is the experimental acoustic pressure, ve is the experimental
particle velocity and ps, vs are the supersonic components of the sound pressure and the particle velocity,
respectively. hspkf , rspxs,xeq is a spatial filter proportional to the first order Bessel function of the
surface distance and the acoustic wavenumber and is given by

hspkf , rspxs,xeqq “
kf

2π rspxs,xeq
J1pkf rspxs,xeqq (9)

J1 is the Bessel function of the first kind. xs and xe are respectively position vectors of two points
on the surface and rspxs,xeq is the surface distance between these two points. To compute the spatial
radiation filter, the shortest surface distance between two arbitrary surface points on a discretized surface
is calculated using the geodesic distance method [25]. The supersonic intensity (SSI) is then obtained by
[14]

ISSIpkf ,xeq “
1

2
<tpspkf ,xeq v

spkf ,xeq
˚u (10)

4. Experimental and Numerical Results

An example of a point driven aluminum plate is used to compare the results from the numerical and exper-
imental methods. The dimensions of the plate are 0.5 mˆ 0.3 m. The plate is 1.5 mm thick with all four
sides fixed at the boundaries. The fluid-structure is simulated in a fully coupled finite element/boundary
element model. The structure is modelled using 544 8-node quadratic elements, while the fluid do-
main is modelled using 4-node super-parametric discontinuous linear boundary elements. Density of
ρ “ 1.3 kg{m3 and speed of sound of c “ 340 m{s are assumed for air. Damping exists in the form of
radiation damping only. A numerical modal analysis for the plate was initially conducted. A fast Fourier
transform (FFT) was employed to transform the signal from the time domain to the frequency spectrum
to study the modal content of the response. The natural frequencies and mode shapes from the numerical
model are compared with experimental results by comparing results at the same mode shapes. A harmonic
analysis using point force excitation near the corner of the plate (x “ ´0.2 m, y “ ´0.1 m) was then
conducted to compute the sound pressure, particle velocity, active intensity and the non-negative intensity
for different modes.

An experimental study was conducted to compare results for the sound pressure, normal velocity and
active intensity with the results obtained numerically. The experimental set-up was placed in an anechoic
chamber with volume of approximately 10 m3, as shown in Figure 1(a). The plate in the experimental
study had the same dimensions as the plate in the numerical simulation. The plate was fixed at its
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boundaries and was driven with a harmonic point force using a B&K electrodynamic shaker Type 4809
near the corner of the plate, as shown in Figure 1(b). An 8 by 8 microphone array with a spacing of 25 mm
between each microphone was used to measure the sound pressure 5 mm above the plate surface. The
sound pressure on the surface of the plate was then calculated based on an iterative inversion technique
[24]. The normal vibration velocity of the plate was measured using a Polytec laser vibrometer OFV 505
over a grid of 20 ˆ 12 positions.

(a) (b)

Figure 1 – (a) Experiment set-up for the rectangular aluminum plate; (b) shaker used to drive the plate.

Figures 2 and 3 compare results for the sound pressure obtained experimentally and numerically
for the 1 ˆ 1 and 0 ˆ 3 modes, respectively. In both figures, the real part, the imaginary part and the
amplitude of the experimentally predicted sound pressure on the surface of the plate obtained from the
sound pressure measured on the hologram plane are presented. The sound pressures obtained numerically
from a fully coupled finite element/boundary element model of the plate are also presented. The sound
pressures obtained experimentally and numerically are in good agreement for both modes.

Figures 4 and 5 compare results for the normal velocity of the plate obtained experimentally and
numerically for the 1ˆ 1 and 0ˆ 3 modes, respectively. In both figures, the real part, the imaginary part
and the amplitude of the normal velocity on the surface of the plate are presented. The normal velocities
obtained experimentally and numerically are in good agreement for both modes.

Based on the experimental and numerical results of the sound pressure and normal velocity on the
plate surface, the active intensity was calculated using Eq. (1). For both modes, the amplitude of the
active intensity calculated experimentally is shown as the first column of Figure 6, and similarly, the
active intensity obtained numerically is shown as the second column of Figure 6. For the 0ˆ 3 mode,
the active intensity results show very similar radiation patterns. For the 1ˆ 1 mode, the active intensity
obtained numerically shows that the maximum radiation energy is close to the excitation location while
the other three areas radiate less energy, which is slightly different from the radiation pattern of the
active intensity obtained experimentally. The third and fourth columns of Figure 6 present the supersonic
acoustic intensity as per Eq. (10) and the non-negative intensity as per Eq. (4). At each mode, both
supersonic intensity (SSI) and non-negative intensity (NNI) exhibit different radiation patterns from the
active intensity results. For the 1ˆ 1 mode, the intensity distribution patterns based on SSI and NNI are
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ℜ{pm} ℑ{pm} |pm|

−0.32 0.33 −0.2 0.19 0 0.42

ℜ{pe} ℑ{pe} |pe|

−0.35 0.40 −0.21 0.2 0 0.45

ℜ{p} ℑ{p} |p|

−0.4 0.41 −0.3 0.3 0 0.5

(a) The (1× 1) mode.

ℜ{pm} ℑ{pm} |pm|

−0.4 0.35 −0.25 0.3 0 0.51

ℜ{pe} ℑ{pe} |pe|

−0.45 0.35 −0.25 0.32 0 0.55

Figure 2 – The real part, the imaginary part and the amplitude of the sound pressure predicted experimen-
tally (top) and numerically (bottom) for 1ˆ 1 mode (pressure in Pa).

in good agreement, showing the corners of the plate radiating sound. The plate corner radiation is due to
cancellation of acoustic energy between adjacent areas, as previously reported [18, 26]. For the 0 ˆ 3
mode, both SSI and NNI show similar radiation patterns, whereby the area close to the shorter sides of
the plate are radiating sound.

5. Conclusions

Near-field acoustic holography (NAH) and non-negative intensity are used to identify the locations (hot
spots) on the surface of a vibrating structure that significantly contribute to radiated noise. Based on NAH
measurements, the supersonic acoustic intensity was calculated using a direct convolution between a
spatial radiation filter and the acoustic pressure and normal velocity measured experimentally on the plate
surface. The non-negative intensity was numerically calculated using the boundary element method. A
point driven aluminum plate with fixed boundaries was examined. Two modes were selected to compare
results from these two source localization techniques. Results from both techniques yield similar results
and are successful in predicting sound radiation patterns from vibrating structures.
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ℜ{pm} ℑ{pm} |pm|

−0.4 0.35 −0.25 0.3 0 0.51

ℜ{pe} ℑ{pe} |pe|

−0.45 0.35 −0.25 0.32 0 0.55

ℜ{p} ℑ{p} |p|

−0.42 0.42 −0.35 0.35 0 0.57

(b) The (0× 3) mode.Figure 3 – The real part, the imaginary part and the amplitude of the sound pressure predicted experimen-
tally (top) and numerically (bottom) for 0ˆ 3 mode (pressure in Pa).

ℜ{ve} ℑ{ve} |ve|

−3.1× 10−3 3.1× 10−3 −3.7× 10−3 4.0× 10−3 0 5.3× 10−3

ℜ{v} ℑ{v} |v|

−3.0× 10−3 3.0× 10−3 −3.7× 10−3 3.7× 10−3 0 5.0× 10−3

(a) The (1× 1) mode.

ℜ{ve} ℑ{ve} |ve|

−3.1× 10−3 3.1× 10−3 −2.7× 10−3 2.7× 10−3 0 4.2× 10−3

ℜ{v} ℑ{v} |v|

−2.8× 10−3 2.8× 10−3 −3.1× 10−3 3.1× 10−3 0 4.3× 10−3

(b) The (0× 3) mode.

Figure 4 – The real part, the imaginary part and the amplitude of the normal velocity obtained experimen-
tally (top) and numerically (bottom) for 1ˆ 1 mode (velocity in m{s).
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−3.1× 10−3 3.1× 10−3 −3.7× 10−3 4.0× 10−3 0 5.3× 10−3

ℜ{v} ℑ{v} |v|

−3.0× 10−3 3.0× 10−3 −3.7× 10−3 3.7× 10−3 0 5.0× 10−3

(a) The (1× 1) mode.

ℜ{ve} ℑ{ve} |ve|

−3.1× 10−3 3.1× 10−3 −2.7× 10−3 2.7× 10−3 0 4.2× 10−3

ℜ{v} ℑ{v} |v|

−2.8× 10−3 2.8× 10−3 −3.1× 10−3 3.1× 10−3 0 4.3× 10−3

(b) The (0× 3) mode.Figure 5 – The real part, the imaginary part and the amplitude of the normal velocity obtained experimen-
tally (top) and numerically (bottom) for 0ˆ 3 mode (velocity in m{s).

|Ie| |I| ISSI INNI

0 3.0× 10−5 0 3.5× 10−5 0 2.0× 10−6 0 2.8× 10−6

(a) (1× 1) mode

0 1.5× 10−4 0 1.0× 10−4 −0.2 1.2× 10−5 0 1.4× 10−5

(b) (0× 3) mode

Figure 6 – Experimental acoustic intensity, numerical acoustic intensity, supersonic intensity and non-
negative intensity for both 1ˆ 1 and 0ˆ 3 modes (intensity in W{m2).
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