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SPHERICAL SURFACE VIBRATION
IDENTIFICATION BY SPHERICAL
HOLOGRAPHY AND ACOUSTIC INTENSITY

Jen-Chieh Lee*

Keywords: Identification, Spherical Holography, Acoustic Intensity.

ABSTRACT

This study presents the capabilities of -spherical surface
vibration identification by using spherical acoustical holography
and acoustic intensity measurement. The spherical holographic
technique reconstructs the surface particle velocity from the
acoustic pressure on the hologram. The acoustic pressure can be
calculated from acoustic intensity measurement. The results of
computer simulation show that, based on one direction acoustic
intensity measurement only, spherical surface vibration can be
identified from spherical holographic techniques.

INTRODUCTION

To reduce machinery noise, it is important first
to gain some knowledge about the noise sources and
sound fields produced by sound sources. Acoustic
field data in the near vicinity of a vibrating structure
can be used to evaluate either the acoustic farfield or
the source characteristics. The prediction of acoustic
farfield from near data is but a special case of the
forward holography of acoustic fields. Alternately,
the identification of sources characteristics for a vi-
brating structure is a special case of the backward
holography of acoustic fields.

Acoustic holography for the purpose of noise
source identification has most often been applied in
planar geometry. However, many small machines
have shapes that make planar holography inconve-
nient. In this case, spherical or cylindrical geometries
analysis may yield better results. The spherical ho-
lography technique has been applied in cases where
the sound source may be entirely enclosed by a sphere
on which sound pressure is measured. Lee [1] inves-

Paper Received April, 1996. Revised June, 1996. Accepted June, 1996.

Author for Correspondence: Jen-Chieh Lee.

*Associate Professor, Department of Marine Engineering and Technol-
o0gy, National Taiwan Ocean University, Keelung, Taiwan, R.0O.C.

tigated the performance of nearfield reconstruction
at low frequency using the spherical holographic
techniques, and the results show that the precise re-
construction of source surface pressure and particle
velocity can be obtained with an optimum order num-
ber of holographic wave and a small radius hologram
pressure data. Devries et al. [2] applied the technique
in both simulation and experiment to confirm the
accuracy of spherical holography and identify the
noise source for small machines, especially a refrig-
eration compressor. Zhukov et al. [3] identified the
multipole source sound field energy characters in
spherical coordinates. Weinreich and Arnold {4]
designed an experiment in which a boom system was
employed to measure the complex sound pressure on
two concentric spheres. They expanded the solution
of wave equation in spherical coordinates with the
spherical harmonics calculated from the measure-
ments; their method can be used to characterize the
sound field when both incoming and outgoing waves
are present. Laville et al. [5] developed a spherical
acoustical holography technique that uses sound in-
tensity measurements to project the sound field for
outgoing waves only.

The holographic techniques for the noise sources
identification is a promising direction in aeroacou-
stics and underwater acoustics. However all holo-
graphic techniques require the complex pressure on
the hologram surface. To reduce the inconvenience
of measuring complex pressure at a large number of
receiver, the use of a phase reference signal has been
proposed [6]. Nonetheless, this technique remains
difficult to apply when areference signal to represent
of the source is not available, or where this signal is
not unique for the whole radiated field. To eliminate
the need for a reference signal and a large number
of receiver array, Loyau [7] develops a method to
obtain the complex pressure by processing measure-
ments of active intensity and quadratic pressure. In
the past work, for the spherical acoustical hologra-
phy, only Laville [5] have extended Loyau’s approach
to forward project the sound field at outgoing waves.
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Therefore this paper extends the previous work [1] to
identify the spherical surface vibration by using
backward holographic techniques based on the sound
intensity measurements, and the results of numerical
simulation prove the capabilities of spherical surface
vibration identification using the holographic tech-
niques.

RELATIONS OF HOLOGRAM PRESSURE AND
ACTIVE INTENSITY

The acoustic pressure for a monochromatic field
is given by

p(M) = | p(M) | 7900, (1)

where IP(M)I and ¢(M) are real; M is the spatial
variable. The particle velocity is found from Euler’s
equation:

Cu(M)=(=LHvp(m)

J@Po
= () =1 (M) Vo (M)
+iV|p (M)|]err 0 0

The complex acoustic intensity I(M) is defined
as the conjugated product of acoustic pressure and
particle velocity:

L(M)=3p(M)u*(M)=I(M)+jQ(M)

= 5ap; 1P (MOP Vo (b1
—ilpOMDIVIp (M), (3)

where Q(M) is a reactive intensity and the active
intensity I(M) is a function of quadratic pressure and
phase gradient. To rewrite the active intensity part
as

I(M)
Vo(M)=-2wp, =2 4
) °Ip(M)P @

This equation is used for the hologram pressure
reconstruction from intensity measurements. To use
equation (4) in spherical coordinates; all the meridian
lines intersect each other at two common points, we
need only to consider the 6 component of the active
intensity and the gradient ¢

190 (M

Io(M)
00

lp(M)P -~

=—2ap (5)

~i

. Taking the spatial Fourier transform (F) of equa-
tion (5) gives

(K
¢r,¢<ke>=%y , ©)
Iy(M)
B, o(kg)=F[-2rap —0T 7. 7
,olkg r OIP(M)I @)

The phase of the complex pressure on the holo-
gram is obtained by taking the inverse Fourier trans-
form (F!) of equation (7):

(M) = F' [, o(kg)]. (&

The complex pressure is reconstructed from equa-
tion (1) after the phase is found from equation (8).

SPHERICAL HOLOGRAPHY THEORY

The wave equation in spherical coordinates
can be solved using Fourier’s method of separating
the variables. The radial component of the sound
field is described by spherical hankel functions, and
the ploar and azimuthal components are described
by the legendre functions, through which the spheri-
cal harmonics can be calculated. We take the acoustic
pressure as the primary field quantity and represent
the general form as

P(M,0)= X h(kr) 3 [AmYi(6,9)
+B,,Y.(6,0)]. 9

Here p(M, ®) is the complex pressure at fre-
quency @ and locations M on any spherical surface.
Spherical hankel function h,(kr) can be calculated
using a linear combination of the spherical Bessel
and Neumann function [8]. The spherical surface
harmonics ¥,,,(8,¢) and ¥, (6, ¢) are defined by

d™P,(cos 6)

Y,:(6,0)=cos(m ¢)Sinm(9)m ’

(10a)

n(0,9)=sin(m 9)sin™(0) S le098) o 1qp
where s the polar angle measured from the position
z axis, and ¢ is the azimuthal angle measured from x
axis. P,(cos6) is the n order legendre function ex-
panded in power of cosf. The radial component of
acoustic particle velocity can be defined as

-1 p(M,®
ur(M,w)=ﬁ% (11a)

and

op(M,®) . &dh(kr) & .
T Ay 2 [Am Y (6, 9)

(11b)
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The radial direction derivative of the hankel
function can be expressed in a recursive form:

dh, (kr) _n
d(kr) kr

Where k is wave number. The harmonic coeffi-
cients A,, and B,, can be derived by using the or-
thogonality of the spherical harmonics [1]

(n-m)!
m(n+m)!

A _2n+1

nm 47[

f"d:pfp(M,w)yn;(e,cp)sinede . (13a)

(n-m)!

_2n+1
B mnm)]

Y

2 n
fo d¢f0 p(M, )Y, (0,8)sn6d0 . (13b)
Herem=0,¢,=1andm=1, &, = 2. Once the
harmonic coefficients are found, the pressure and
particle velocity fields may be projected away from
or toward the source as needed by using the equations
(9) to (11).

SPHERICAL SURFACE VIBRATION
IDENTIFICATION

The numerical example considers a piston of
radius asin®, set in the side of arigid sphere to vibrate
its surface. If 6y is not too large, the spherical surface
velocity distribution can be defined as: U(6) = ug, 0 <
0 < 6yand U(6) =0, 6 < 6 < m, where a is the radius
of sphere. The sphere surface vibrates with a velocity
U(6)e7®. In term of a series of legendre functions,
the velocity amplitude can be expressed as {81

U(6)=3 U,R(cos0) , (14a)
where »
U,,:(n+%)rU(e)Pn(cose)sinede . (14b)
0

Corresponding to velocity U(8)e7®, the theo-
retical pressure can be expressed as

p=n§0AnPn(c059)h,,(kr)e‘j“" , (15)

where the values of the'coefficientA,, must be deter-
mined with the known coefficientn. Figures 1 to 3 are
obtained by using the numerical values, as follows

a=0.2, 6= 1—’6 , and ug = 1. The theoretical preSsure

h,Ckr)—h,, . Ckr) , (12) ‘

or particle velocity along a meridian (¢ =0) is chosen
to compare with the complex pressure or particle
velocity reconstructed from the spherical hologra-
phy as shown in the following figures. The point
lines present the theoretical data, and the solid
lines are used to present the reconstructive data
from the holographic techniques. The curves of real
and imaginary pressure at 1 meter and frequency
200 Hz resulting from theoretical evaluation and in-
tensity reconstruction are shown in Fig. 1a and 1b,
respectively. The agreement of these lines in both
figures is excellent, and the approach of determin-
ing complex pressure using one direction active in-

0 100 200 300
(pressure) angle-->

Fig. 1a. The real part of complex pressure on the hologram (with radius
0.5 meter) of meridian (¢ = 0), (°theoretical data, — recon-

structed from intensity)
5
A
o
o 0
(1]
E
-5 : ! g
0 100 200 300

(pressure) angle-->

Fig. 1b. The imaginary part of complex pressure on the hologram (with
radius 0.5 meter) of meridian (¢ = 0), (° theoretical data, —
reconstructed from intensity)
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tensity data for spherical acoustic holography is reli-
able.

The amplitude of sphere surface pressure and
particle velocity reconstruct from the complex pres-
sure on the hologram (radius 0.5 meter) at frequency
200 Hz are shown in Fig. 2a and 2b. Though the
curves of surface velocity distribution in Fig. 2b are
not so agreeable as that of pressure distribution in
Fig. 2a, the surface velocity distribution can be
clearly investigated by using spherical holography.
The surface vibration sources near & = 0 can be
identified. The curves in Fig. 3, with the same con-
dition as in Fig. 2 except the reconstruction from

120

100}

0 100 200 300
(pressure) angle-->
Fig. 2a. The amplitude of surface préssure reconstructed from radius 0.5

meter and for meridian (¢ = 0), (° theoretical data, — holo-
graphic data)

1.5

[{Un| -->

0 100 200
(velocity) angle-->
Fig. 2b. The amplitude of surface particle velocity reconstructed from

radius 0.5 meter and for meridian (¢=0) (° theoretical data, —
holographic data)

radius 1.0 meter, show that the agreement between
point and solid lines is worse than that of Fig. 2.
Therefore, more precise spherical acoustical holog-
raphy for surface vibration identification can be ob-
tained with the complex pressure on the bologram at
a smaller radius.

CONCLUSIONS

The analysis of this study ascertained the capa-
bilities of spherical surface vibration identification
by using spherical acoustical holography. The results
of numerical simulation show that the accurate com-

300

0 100 200
(pressure) angle-->

Fig. 3a. The amplitude of surface pressure reconstructed from radius 1.0
meter and for meridian (¢ =0), (°theoretical data, —holographic

data)
1.5
r ‘
< . .
2
0'5. ° o
0 ° 20 "o 2,°7ed e
0 100 200 300

(velocity) angle-->

Fig. 3b. The amplitude of surface particle velocity reconstructed from
radius 1.0 meter and for meridian ( ¢=0) (°theoretical data, —
holographic data)
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plex pressure on the hologram can be obtained by
only one direction acoustic intensity measurements.
It is also shown that more accurate surface pressure
and particle velocity can be reconstructed by using
holographic techniques from a complex pressure on
the hologram with a smaller radius. To most of small
ship noise sources with random pressure signals ra-
diation, the analysis method of this paper is appli-
cable to identify and control the noise sources.

NOTATION
A,, Harmonic coefficient
B,, Harmonic coefficient
F Fourier transform
F~! Inverse fourier transform
I active intensity
M Spatial varible
P, Legendre function order n
Q Reactive intensity
Y  Spherical surface harmonic
h, Spherical hankel function
j V=1
P Acoustic pressure
u Particle velocity
(] Angular frequency
Po Air density
v Gradient
0 Ploar angle
¢ Azimuthal angle
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