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ABSTRACT

Near-field acoustical holography is a powerful tool for ideritify noise sources from partially known
sound pressure field. Patch near-field acoustical hologrdPNAH) is related to the partially measured
pressure on the hologram surface in terms of sampling and batidgjnmatrices, which cost more in
computation. PNAH procedure based on measuring of vector pjidre array is described, including the
mathematical formulation. The measurement array can beemesitign the source, thus the practicability
and efficiency of this technology is greatly enhanced. Theexperiment has been carried out with vector
hydrophone array. The experimental results have illustratedhigh performance of PNAH and the
advantages of a vector hydrophone array in an underwater médrieasurement.
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1. INTRODUCTION

Near-field acoustical holography (NAH) was introduced i880s. It enables one to see every
detail of the sound field of interest (1, 2). However, it is végd that the measurement aperture
extend over a sufficiently large region to avoid inhererdtgems related to the use of the DFT.

For the sake of overcoming this problem, two methods haven lgeposed: patch near-field
acoustical holography (PNAH) and statistically optimizewear-field acoustical holography
(SONAH). Compared with NAH, two methods can relax the uswejuirement of a measurement
aperture that extends well beyond the source. In a typica#yative patch procedure, the key
problem is a numerical tangential extension of the measwmcthd pressure outside the measured
area, followed by the application of the standard DFT basedth®e extended data window (3).
Steiner and Hald (4) optimized the NAH process by realizingpatial convolution to have a
wavenumber spectrum. Meanwhile, in the underwater measemé method, the vector hydrophone
is a new acoustic measurement technique (5). It can ingtaotssly measure the sound pressure
and the orthogonal components of particle velocity at theesgoint. It has also been demonstrated
that a vector hydrophone array guarantees more accuratge rand velocity estimation than the
conventional sound pressure array (6).

However it is well known thal large scale noise source s are often encountere in practice
Owing to the large numbe of iteration the proces of PNAH suffers from low computatione
efficiency Anothel problen is thal the equipment of underwate near-fielc measuremel usec to be
sounc pressur hydrophon' anc intensity probe in the past This limitation has beer an obstacli to
the extensive applicatior of NAH technology In the presen work, one-stej PNAH base( on
measureme of particle velocity was built by addin¢ regularizatiol theory to the inversions
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2. OUTLINE OF THE THEORY

In this section, the algorithm of one-step PNAH based on aigjyais briefly described. Define the
full aperture H + comprised of a finite apertureH and its extension. Letv,(H) be the
velocity of a point in a finite aperture located at a smalltadice d in near-field from the source
area. Let v,(H+) for (x,y)OH + be the exact velocity field over the complete region. The
procedure developed starts with the finite measured velamro padded to fill out the full aperture.
The velocity v_(H+) after zero-padding is

vE(H+)={VH(H) (x, yOH W
0 (x,y)dOH
where v_(H+)=[v_,---» v.,]', M is the number of the full aperture. Equation (1) can also be
expressed as
Ve(H+)=DLv, (H+) ()

where D =diag[D

o Dy ] is the sampling operator in the spatial domain. The diagemaid D, are

D = 1 x,yyOH
"o (x,y)OH

The conventional NAH, allows that the normal velocity, and the sound pressur@. on the
reconstructed surface&s can be predicted in a three dimensional space from a hologramityelo,, . The
space Fourier transform of the Helmholtz equation allowstonerite

3)

F'G,Fv,

4
F_lGNFpS “)

vH(H+)={

where v, , v, and p. are the column vectors on the mesh of the full surfa(e=z,) and the
reconstructed surfacz=1z). F represents a two-dimensional Fourier transform operator Bid its
inverse. The diagonal matricesG, and G, which can be expressed aG_ =€e*' and
G, = kzejkzd I pck , respectively, are the propagators providing the decay chtee evanescent waves. The
term K is the acoustic wave number defined &s= w/ c, where w is the angular frequency in radians
per second. The k-space vectorlis=(k, k,,k ). 0 isthe mass density in mediumc is the acoustic
speed in water. This model is provided by the transfer funchietween the acoustical property in the
reconstructed surface and the measured velocity . The boundary in k-space which separates the
propagating plane wave region from the evanescent wave regitime radiation circle. In the forward
propagation, the exponential decay of the evanescent wavpatents with distance goes from source
outwards to the hologram surface. Thus, the velocity medsomethe hologram surface usually satisfies the

bandlimitedness signal condition.
The bandlimiting matrix B, is definec to dea with the hologran velocity.

vy (H+) =B, v, (H+) (5)
The bandlimiting matrixB, is

B, =F'L F (6)

c c

where L, =diag[L,,---,L,,,] isalow-passfilter.L, can be defined as

1 k' +k <k

I‘ii = (7)

O 'K<2+ky2 >kc
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It is well known that the high wave number component is set tedm® if the high wave number is
outside K. space. k. can be defined as

kO kO < min(kxmax’ky max)

kc i {min(kxmax’kymax) k0> min(kx max'ky ma>) (8)

where k _ =m/Ax, K . =7m/Ay, Ax and Ay are the sampling space, respectively.

ymax

According to Equations (2) and (5), the relationship between ¢he-padded velocityv_(H+) and the
full velocity v, (H+) inthe enlarged aperture is expressed as

Ve(H+)=DB, [, (H+) =DF'L, Fv, (H+) =G v, (H+) 9)

where G, =DF™L, F. By substituting Equatior (4) into Equatior (9), aftel zero-paddin anc filtering,
the acoustice property in the reconstructe surface which is obtaine( from Equatior (4), car be expresse
as
DB, F'G_Fv W_v
Ve(HH)=DB, v, (H+)=4 * ~° S=4 0 (10)
‘ DB, F G Fps W,.Ps

Finally, the particle velocity anc the sounc pressur on the surfact of the source car be reconstructe from
the particle velocity anc its continuatiol into the regior H + aftel the generalize projectior process The
inversior of Equatior (9) is ill-posec, the evanescel wave: amplifiec by the inverse propagatc are filtered
by alow-pas: regularizatiol filter. The inversion: of Equatiors (9) anc (10) are

Vi (H+) =GV (H+) = (al +G'G )GV (H+) (11)
Vs =WV (H+) = (al + WIW, )" W(lv (H+) (12)
Ps = Wove(H+) = (al + WIW, )" Wv (H+) (13)

where + denotes the regularized inversé, is the identity matrix, the symbolH representing

Hermitian transpose. The term&’, W, and W, refer to the “data restoration” and “projection”

matrices, respectively. The regularization parametar can be determined by the Tikhonov
regularization method from the extrapolated velocity. Tsignal relation between the normal
velocity and the acoustical property to be reconstructe@stablished in terms of sampling and
bandlimiting matrices.

3. EXPERIMENTAL RESULTS

An experimen baset on measuremel of vectol hydrophon: array has beer carriec out in ar
anechoi pool. The sounc pressur anc the norma velocity on the hologran surface were measure
using a vectol hydrophon array which consist: of 8 vectol hydrophone space: by 0.25n in Figure
1. During the experiment a robol movec the vectol hydrophon: array ovel the measureme plane
whichwas put vertically in the water

To examine the methoc discusse above the aperturt of hologran surface is the same as the
reconstructe surface Becaus it is difficult to complet« the measureme of the whole acousti field, we
adjus the deptt of the array by 0.0¢ m twice. One extracter a smal patct of dateé from this measure
pressur anc velocity consisting of 24 x 40 points A B&K analyze systen (type PULSE 3560 was use(
for measurin the experimente date anc the signa generate by the HP3312( signa generatc for driving
the source The signa from signa generatc was passe througt a B&K 2712 powel amplifier anc usec as a
referenc signal
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Figure 1 — Vector hydrophone array

Owing to the comple» structur« of vectol hydrophon array the possibility thal signals car be refracte:
anc scattere shoulc be taker into accoun wher vectol hydrophon array was usec to near-fielc
measuremer Therefore one need to examine the effect of the structure of array before experiments The
procedure are as follows. First, the receiver signals of eact vectol hydrophon theoreticall satisfy the
rule that the amplitude of signal: is in inverse¢ proportior to the distanct betweel sounc source anc
measureme positior in spherice wave sounc field. In the othel words the pressur level of signal
decrease 6 dB with distanct increasini one times Giver thai the structure of array directly influence:
measureme results the amplitude of signal: would not satisfy this rule. Consequentl, the difference
betweel receive( quantitie: anc the true helg us to estimat the scattere resul of vectol hydrophon array.
Figure 2 show: the attenuatio curve: of wher the signa frequenc' is 2 kHz. It demonstrate thai the
attenuatio of eact vectol hydrophon almos mee the rule of spherice wave sounc field. Thus this vectol
hydrophon array car be usec to underwate near-fielc measuremer
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Figure 2 — Radiated attenuation when the signal frequencyHz 2k

A smal patct was selecte for the extrapolatioi anc reconstructior which coverec ar aree of
1.6m x 1.75m in this experimen If the measureme quantity in plane where the shortes distanc
betweel the line array anc the monopol¢ sourct is 0.05m is chosel as the “true” pressur in predictior
plane The compariso of the result: reconstructe from 0.1 m to 0.05 m baser on pressur anc particle
velocity anc the “true” pressur in 0.05 m predictior plane is showr in Figure 3. In Figure 3, the frequenc
is 2 kHz. The result: demonstrai thai the quantitie: baser on pressur are not very accurate wherea the
pressur baser on velocity is almos consister with the theoretice value: anc the velocity basei on the
velocity is by far the bes. The errors of pressur anc velocity predicte« from pressur are 24.9% anc 23.3%
The errors of pressur anc velocity predicte( from velocity are 23.6% anc 15.8%
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Figure 3 — Reconstructe results basel on the measureme of pressur anc velocity wher the signa
frequenc is 2 kHz. (a) Comparisol of the amplitud¢ of reconstructe pressur on y=0; (b) The magnitud:
of reconstructe pressur predicte« from pressur; (¢) The magnitud: of reconstructe pressur predicte:
from velocity; (d) Comparisol of the amplitude of reconstructe velocity on y=0; (e) The magnitud: of
reconstructe velocity predicte« from pressur; (f) The magnitud: of reconstructe velocity predicte« from
velocity,

Beside the above results it alsc car be seel that the vectol hydrophon array car obtair not only the
sounc pressur but alsc orthogone all three component of particle velocity al the same point. Compare:
with three hours neede wher the conventione pressur hydrophon array anc the velocity probe array
were all used the vectol hydrophon array only need forty minute: to accomplisl the whole process
saving the time of underwate acoustice measureme anc simplifying the measureme procedure
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4. CONCLUSIONS

In the presen study extrapolatin¢ particle velocity date beyonc the measuremel aperturt has
beer appliec to a one-ste| patct near-fielc acoustice holography The various acoustice propertie:
car be reconstructe directly from partially measure hologran velocity, insteac of iterative
procedur. An experimen was conducte: to confirm the superiority of the propose methoc anc the
feasibility of usin¢ vectol hydrophon array in underwate NAH measuremer The result: demonstrate thai
the velocity-base predictior was somewhe more accurat thar the pressure-bast prediction Some
drawback resultin¢ from the conventione methoc car be overcome suct as the cos' of complexity
anc computatione demands the less accurat results predictec from pressur. The use of vectol
hydrophon: array made it possible to obtair more sounc informatior in underwate near-fielc
measuremel. Therefore the techniqut is applicabl¢ to large scale industrial-typ¢ source emitting
stationanr noises anc is not limited to laboraton case where source excitatior is controlled
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