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The aim of this paper is to present the energetic description of the sound field
and first results of the experimental investigation using the space intensity sensor
We offer the multi-elements acoustic sensor that gives the opportunity to find orm.
source’s parameters (distance between the observer and the source, direction to the
source, power of radiation, its multipole type). It is very important for diagnoses
of natural sources and technique. The method of intensity sensor calibration which
allows to correct amplitude and phase inaccuracy while computer treatment is pro-
posed. The results of the measurements of the sound multipole source’s parameters
are presented. The test’s experimental data correspond well to the real controlled
parameters. So, the principles that were the base of all calculations in this situation
are proved to work well. This fact is witness of using the receiving system and the
procedure of computer treatment of received information.

I. INTRODUCTION

Recently due to modern equipment, methods of sound field investigation, based
on the determination of acoustic field’s energetic parameters, has spread .S.E@_w
[1-3]. On the one hand, the information of the field’s energetic structure has funda-
mental character, on the other hand, it is very important for diagnoses of natural
noise sources and technic.

The investigation of the complicated wave field energetic structure is a new
area in air- and hydroacoustics. It is called sound intensity method. With modern
equipment not only sound pressure, but the spatial distribution of energetic field
characteristics may be measured. This possibility is based on the exploitation
of the multichannel systems for informational treatment, which we shall discuss
later. The cases, when the radiated wave field is the result of the wave system
interference, are to be of most importance.

These problems are connected with the acoustic diagnosis of technical objects
and natural sound sources, or with the development of sound absorption methods
or with the determination of sound characteristics. «
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II. THEORETICAL CONSIDERATION

The sound intensity method is based on several physical preconditions {4].

The noise acoustic field is known to be described by statistical methods using
the corresponding moments of the occasional field quantities. Let us suppose that
the process we shall regard is established. Then the main characteristic to be
measured is the paired correlation function, with which the spectral densities of
the acoustic fields energetic characteristics, for example, densities of potential II
and kinetic energy K, energy flow density vector S, are connected.

The wave field energetic structure can be characterized entirely by the moving
liquids energy-momentum 4-tensor. That is why the quantities I, K, S role is so
fundamental.

The classical approach gives the basic magnitudes of these tensor components:

2 2
oo Po¥ .
Too = 790 = 5 + wbenm = K +1I,

%8 = p,vavp = Tap,

&y

Taf

q..eQ

o
—Toa ™~ PV -

These quantities determine the acoustic noise field thin energetic structure en-
tirely. Here the components 7oqo are proportional to the momentum flow den-
sity vectors components puq. The acoustic energy flow density is determined by

o = pp® ~ c?7°®. Here c is sound velocity, p, is nonperturbed substance density.
For a synonymous characterizing of the investigated wave field it is necessary to
know the quantities II, K, S, Tag, as they determine the spectral densities of the
corresponding energetic characteristics. That is the basis of the sound intensity
method, because these quantities may be determined experimentally and include
the information about amplitude and phase of wave field characteristics.

Finally, let us stress that the significant part of noise investigating results relates
to the far sound field. Pressure level is a good description of it. In the region, where
sound pressure and vibration velocity in a sampling point have phase coincidence,
there the main energetic characteristics may be determined by measuring the pres-
sure level under the certain direction to the source. In the close field the situation
becomes essentially complicated, because of the interference effects. These effects
appear due to the defined phase correlations and geometrical sources distribution
influence to the field structure features. Therefore, to describe the close area sound
field completely, one has to determine the acoustic pressure level, as well as the
other field characteristics. It means that except 1, we should know the level of
K,S,Tus.

According to the determination, S(w) is the intensity noise field’s spectral den-
sity vector and it may be written as p(w)v” (w), where the asterisk 1s the sign of
complex conjugation. Such presentation is not occasional. Since vector’s compo-
nents are obviously related to amplitude and phase of the pressure’s and velocity’s
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Fig. 1. The structure with rot I = 0 is formed near the axialsymmetrical radiator: 1 - the plane

of the radiator; 2 — the surface of {p| = Const; 3 - the line of rot I = Const; 4 ~ the surface of
constant phase.

.m,oclma-ooavozoznm_ so their assignment can simply determine the field. The phys-
ical sense of real (active) and imaginary (reactive) S-vector’s components is quite
obvious: I = Re S(w) characterizes the process of acoustic energy propagation in
medium and is normal to the sound wave constant phase surface; Y = Im S{w),
that includes the information about the potential energy field’s spatial density
distribution, i.e. the sound pressure level, is normal to the equal level surface of
the acoustic pressure. Hence there appears an interesting property which can be
easily realized in a close wave area: the wave field is able to create the vortex-type
structures in the spatial domains, where I and Y vectors ate noncolinear (fig. 1.).

The simple analysis shows that the vectors components satisfy the following
equations:

divI = SWW§(z — x;),

rot I = 2w[I, Y]/,
divY = w(K — IT), (2)

rotY =0.

Here, the sound sources, characterized by the power W) as well as the absorbers,
are supposed to be localized in the spatial regions, which are small in comparison

with the characteristic spatial scale of the wave process. So they can be spatially
localized by a delta-functional approach.
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The equations (2) show that the combined measuring of both active and reactive
components of the acoustic energy’s flow density vector permits effective detection
of the acoustic sources.

III. ENERGETIC STRUCTURE OF
ACOUSTIC FIELD NEAR SOURCES

We investigate the space distribution of the energy characteristics near the
multipole sources, as well as we illustrate a number of typical examples of the
connection of these characteristics with actual parameters of the sources [5].

As we have mentioned before, the complex structure of near source field allows
to use the vector of energy density flow: § = S(w) = p(w)v™(w) = I +1Y.

Let the motion of the medium near the compact source be singularly described
by the velocity potential. In accordance with the cause principle, the sound source
forms in the medium a separate spherical wave of the velocity potential, and,
consequently, the pressure since the potential satisfies the wave equation. Having
this circumstance in mind, it is not difficult to show that there exists the correlation
between the radial velocity and the pressure

¢
v(r,1) = E + P \ dt’ p(r,t"), (3)
pc pr :

-0

where: p is the density of air, v is the velocity of sound, » is the distance between
point of source and point of observation.

In eq. (3) the first member is the wave components, and decreasing in accordance
with the condition of radiation and equal to the power flow of energy radiated from
the source.

In eq. (3) the second sum describes the hydrodynamics motion of the medium,
not connected with the wave process of energy transference, and the decreasing

»

is comparable to r?. It describes a “fur-coat round the source. To be sure of
this, one should put ¢ — oo in eq. (3) (i-e. hydrodynamics approximation). In this
approximation, the second member in eq. (3) is non-zero, unlike the first one.

By using the Fourier-transformation of eq. (3), the Fourier components of ve-

locity and pressure are connected by

1 1
v(r,t) = Nm.n?._sv 1+ ol (4)
where: k = w/c is the wave number. Equation (3) shows the physical meaning
of the phase mismatch between the Fourier components of velocity and pressure.
The phase mismatch also shows that there also exists a non-wave component of
the medium motion near the source, which is not connected with energy radiation.
Having considered the p-v connection, following from the linear equations of

. . 1
hydrodynamics, the § — vector can be presented in the form: § = —pgrad p*.
pw
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Omitting the calculations we shall demonstrate the final result. For the multipole
source of noise, it yields:

ik M2 1
= Ly H“% {A ) im(migrad (P )Y} )

Here :M_.Sgl is Hankel’s function of orders one and two, Y. m(n) are spherical
functions, m = x/r is unit-vector, My,, - the debit of source.

For the aim of this work the eq. (5) is fundamental.

Let us use the convenient form of the grad-operator: i.e. grad = e,0,—i[x, D\ﬁm.
The operator of momentum of the motion quantity L = —ifx, grad] affects only
the angle variables.

The radial component of vector S, according to eq. (5), can be expressed in the

form:
mku_?\hs_u_u\ha_w

(2L + D12

Here was used the approximation, obtained from the formula:

Sty = (er - §) = Dy (kr). (6)

1y o i
Du(z) = b 0.0 = 20,33} +n}) - (7)

(Jr, np — Bessel’s and Neimann’s spherical functions). The expression is correct
for any meaning of the argument z = kr.

Now we shall calculate the component S, which is orthogonal to the vector =.
Everywhere we suppose summing by the repeated index from 1 to 3.

The mmmo:a sum of the grad-operator is convenient to write in components:
—i€apyrgLyr2, where £apy 15 the unit of the antisymmetric tensor of the third
degree. The complex fundamental 3-vectors e,, which give definite advantage in

the calculation with the spherical functions, are connecteded with the Cartesian
coordinate unit vectors by:

eg = €3} e1= —(ex +1iey) V2 ey = (er — ie,)/VE;

under the conditions: e, - €, = §,,0; p =0, —1.
Taking into account these conditions, the relation is written:

LyYim = (=D)LL + 1)L, 1, m+ p, —plL, m)Yy oy (8)

Here (L1, La, my, malL m) are the vector addition coefficients or the Clebshe-
Gordan coefficients. Taking into consideration Y/, = (=1)"YL _,, and the prop-
m.l.mmm of symmetry for the Clebshe-Gordan coefficients, the oxv_nmmmmo: (8) can be
simplified.

Then, in view of the general expression for the S-vector (5), as stated above
expressing the angle variable grad-operator, and also that can be given in the mo..qh

296

rg = \/47/3rYip, the tangential components of vector S can be obtained in the

following form:
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In this formula we suppose summing by repeated indexes. The relations 6), (9)
present precise expressions for the S-vector components from the multipole source
of order L.

In spite of a seldom appearance they are highly informative.

It is not difficult to see that energy flow vector components can generally contain
both real and imaginary parts. Their physical meaning was discussed earlier.

The analysis of the expressions (6), (9) shows that they contain the amount
of information sufficient to determine the coordinates and the orientation of the
multipole sound source in space. First of all it is possible to solve this problem,
because the real I and imaginary Y parts of the S-vector are not collinear in any
point of space observation. For example, in the spherical system of coordinates for
the dipole sound source the parts are defined by:

M2k? cos® ¥

I=8 1672 pwr? w
M* (kY2
Y = { s (s ) ot} + W
M? 1 kY .
+ ey § ﬂm+m sindcos¥ ;;

where M = Ad, d — is the distance between the point sources of the same pro-
ductivity A. The non-triviality of this type of source sound-field structure results

the non-equality of rot I to zero:

Euku

= wst\llas‘m\x%m sin 29. (11)

Curl I

It is important to note that in such sound fields the motion of medium particles
is realized by ellipse trajectory and, in other words, the velocity vector in the field
presentation rotates along the ellipse plane.

It is easy to see from the equations (10), (11) that by measuring the dipole
source’s sound field vectorial energy characteristics magnitude and direction, one
can obtain the source location in full volume. In particular, to solve this problem
we can use calculation formulae determined by

(Y -es) 1+ (kr)? A |I] 1)

1
= W= = Srlctgd 12
[CurlT| ~ 2k(kr)? 3 cos20’  [Curl ] grlctedl,  (12)
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where W is the power of a dipole source. The direction to the dipole source is
defined by the direction of the I-vector, the plane, in which the source is oriented
in the plane of (Z,Y )-vectors, the distance » and the angle @ of the dipole’s axis
to the direction I-vector can be found from equation (12).

An interesting supplement of the conducted general consideration is the pos-
sibility to determine the type of the source due to measuring of vectorial energy
characteristics. To make the essence of the question clear, let us consider the case
z = kr < 1. From the exact presentation (7) we can find:

P L+ D[R + D2
SOl = - [ DOL L DY (13)

Then from (6) we obtain the expression for the radial component of intensity:

Sery =

— —1

pw{(2L + 1)1 | 22 Z2L+3

B3 ML [ Yim|® [ 1 :::N::_;. (14)

Further it is not difficult to see that by the frequency dependence of the function

oy - [ReSe(c)]
S} = [Im Sry(2)] (15)

useful information can be acquired about the order of multipole of the source.
Indeed we obtain

..rlJ.Aewv _ Wi L+t

E(wa) B Arﬂv . (16)

Here L is the multipole order (L = 0 — monopole source, L = 1 — dipole source).
It should be noted that this relation is applicable in the range of low frequencies.

IV. METHOD OF CALCULATION

We offer the multi-elements acoustic intensity sensor that gives the opportunity
to determine all three complex components of the S-vector. Hence it is possible to
find the source’s parameters we are interested in {distance between the observer
and the source, direction to the source, power of its radiation), and its multipole
type.

The acoustic intensity sensor consists of four isotropic microphones situated in
the tops of the tetrahedron. The results of the measuring are calculated to the
centre of sphere, describing the tetrahedron.

The characteristic (directivity pattern) of the sensor was proved to be isotropic
in space. It means that it has no influence what direction we choose, the sensor
determines the quantity and direction of the complex § - vector’s components
equally well {fig. 2).
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Fig. 2. Directivity pattern of the sensor.

Let the characteristic acoustic wave length fulfill the condition ¢ = &kl <€ 1
(I = max r, — system size). For the fourmicrophones system this presentation
can be written down in the form of the matrix:

pm = amjPoj,  Poj = a5 P,

(17)
PT. = |P(ro), 8 P(r0), 8y(r0), d:(ro)l,

where P,, is sound pressure measured by the microphone number m, «;; — coef-
ficient that depends upon the geometry of the system.

The matrix system (17) yields the quantity of Fourier-components of the sound
pressure and the projections of the oscillating velocity on the coordinating axis in
the point of observation. Now it can be written down in this way:

1
P(r,) = MAF +Py+ P3+ Fv

Uz(ro) = Mcl@aﬁ?.ov =——(—Pi+ P~ P34+ Py)

,E,\lg
(=P1+ Py+ P3—Py)

g (18)
Uy(ro) = blE@eﬁT.ovi/\\&

1
—8,P(r,) =
ow (ro) = pw /\| d
Here the d is distance between the microphones.

Having the sound pressure level determined, one can obtain quantities and
direction in space of the vectors Re S and Im S. It is possible to do it with the
help.of the corresponding algorithms {5].

U, (7o) ———(—P1 — P2+ P3 + Py).
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The knowledge of the pointed energetic characteristics of the field affords the
location of the source. The distance — r; the angles of the orientation — @, p; the
power of radiation — W; the multipole type may be determined (12), (15), (186).

V. MEASURING COMPLEX

In order to register the energetic parameters of the acoustic field and to de-
termine the sources parameters, the measuring complex that includes the multi-
elements intensity sensor and the computer was assembled.

Preliminary measurements have been catried out by using the emitters of the
monopole and the dipole type in the anechoic chamber of the Department of
Acoustics at the Moscow State University.

The sound source has been situated in the centre of the anechoic chamber. The
receiving system was put at some distance from the source. The acoustic signals
from the source were received by four identical microphones of the sensor. Electric
signals are proportional to the acoustic characteristics of the field — pressure and
signal phase. Numerical magnitudes of these electric signals were given in the com-
puter to calculate energetic parameters of the field and the source characteristics.

V1. METHOD OF CALIBRATION

It has to be noted that for intensity measurements extraordinary exact require-
ments on the exploited equipment are applied. That is the reason of high attention
to the calibration method.

While measuring the equipments characteristics — amplitude and phase — were
controlled. Calibration of the tracts of the measuring complex and the receiving
system has been done and immediately, the important role of the amplitude and
the phase inaccuracy of the receiving system microphones was cleared. This led to
the necessity of their most exact correlation. Preliminary microphones calibration
was carried out by pistonphone of “Bruel & Kjer”. Nevertheless, because of the
limited calibration precision, there exists some amplitude and phase inaccuracy
that is not admissible. Thus extra exact requirements on amplitude and phase
correlation of microphones are necessary.

To compensate microphones inaccuracy, we created the computer program for
the calculation of the amplitude and the phase corrections v, which should be
added to each microphone on each frequency. This approach is based on the fact
that while turning the receiving system - intensity sensor — around one of the
axes (the centre of coordinates is in the centre of the tetrahedron), the S-vector
components theoretically are harmonic functions of angle turning. The obtained

data were compared with the ideal ones. The expression, allowing to calculate
corrections v, :

Crm(tm) = (o) (1 + 710). (19)
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Fig. 3. Imaginary parts of S-vector components.
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Fig. 4. Real parts of S-vector components.

Here C,,, — matrix, depending on the system geometry, ¥n — Eow_ data, pn, —
measured pressure, 7, — amplitude and phase microphones corrections.

For example, fig. 3 presents imaginary (ImS) parts w:m mm 4 presents wa_
(Re S) parts of S- vector components, obtained by the intensity wosmon turning
around the z-axis, without and with amplitude and phase corrections AO —
component Im § and Re S, O — y-component, [ - z-component). The :H.S is the
computer treatment result including by (19) amplitude .m:a phase oo:moSo_wm.

The suggested method of amplitude and phase correction seems to be sufficiently
reliable and gives the opportunity to improve significantly the source parameters

determination precision. _
Ideally, in an anechoic chamber {ree field conditions are to be created. For us, the
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regions of low frequencies have been of the greatest interest, but in these regions
the chamber does not realize its function. Unfortunately, the effects that concern,
for example, the reflection of the radiated waves from the chamber walls appeared
to be essential, and so on. This made us taking into account these undesirable
factors and their influence on calibration and the system action.

Before using the sensor it was necessary to evaluate the chamber quality, it
means its ability to imitate the free field. We tested the law of the pressure level
falling in the field of the monopole type source. Declination of the pressure ampli-
tude reverse proportionality to distance between the centre of the radiating source
and the point of observation has been determined. These evaluations afforded to
choose the suitable frequency range with minimum distortion of the sound field
structure.

On the other hand it was found that the test had to be carried out on just
short enough distances from the sound source, because there the direct wave con-
tribution exceeds significantly corresponding the reflected wave field contribution.
To evaluate the distortion contribution, it was found that just near the receiving
system the field distortion was determined by the factor:

F =1+ ikrei2ks wal_ —1- ;@vlv Am:n:v (20)

where 7 is distance between the source and the receiving system, a is the charac-
teristic chamber’s size, r < a, kr < 1, z; is the wall impedance.

The second sum in (20) describes the wave distortion because of the chamber
walls; the expression in brackets means the form-factor of the chamber configu-
ration, which is described by 5 — quantity. Taking into account the diffraction
corrections and corresponding experimental investigations, the range of distance
to measure was chosen.

VII. RESULTS

After the preliminary analysis had been done, the series of measurements were
carried out (fig. 5,6). In fig. 5 points correspond to experimental quantities of
multipole types (L = 0 — monopole, L = 1 — dipole), in fig. 6 — distance and in
fig. 7 — direction to the source. Everything was obtained for different frequencies.

VIII. CONCLUSION

The test experimental data correspond well to the real controlled parameters.
Thus the principles that were the base of all calculations in this situation have
proved to work well. This fact is witness of using the receiving system and the
procedure of computer treatment of the received information.

The authors would like to thank E. Pavlova for her help in preparing the
manuscript.
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9KCIIEPVIMEHTAJILHOE NCCJIENOBAHVIE NIAPAMETPOB
MYJITUTIOJIBHOTO MCTOUYHHWKA 3BYKA o
C IPUMEHEHUEM IATYUKOB IHNPOCTPAHCTBEHHOU
NHTEHCUBHOCTHU

B pa6ore npusesgeno SHEPreTHYECKOe ONMUCAHME 3BYKOBOI'C MOJIA M MHep-
BbI€ pe3yNbTaThl UCCIENOBAHUN C NPUMEHEHNEM AaTYUKOB NpPOCTPaHCTBEHHOA
HyBCTBUTENBHOCTH. [lokazan MynTHaieMeHTHBIA akycTHuecKuit AATYHK, [MO3-
BOJIAIOMMHA ONpeNeNaTs NapaMeTpsl UCTOUYHMKA (paccTosanme or ucTounuka,
HalpaBlieHWe B KOTOPOM HaXOAUTCA MCTOYHHMK, €ro MOIHOCTb, H3JIyUeHUe
Y MYJTHUIOALHOCTD). JIaTUMK OKA3BIBACTCA TOME3HBIM [IpM JUATHOCTHKE ec-
TECTBEHHbIX UCTOYHMKOB. JlokasaH cnoco6 npaBuanHoili KanubpoBKH faTuMKa,
C MCHPABJICHHEM aMIUIMTY AHBIX U ()a30BBIX HETOUHOCTEH ¢ NpUMEHEHMEM KOM-
moTepa. /lajoTca Takke pesynnTaThl u3MepeHuit napaMeTpoB MyITHIIOIbLHBIX
MCTOYHMKOB, KOTOPBIE XOPOUIO COTNIACYIOTCA C PeAbHBIMM. ockonbky, npusn-
LMIb! paboThl, MO/yUYeHHbIe HA OCHOBAHUM pacyeToB xopowo ceba 3apeKoMeH-
AOBAJIM, NATYMKM MOXXHO NPUMEHMTL B MHTENMIEHTHOM cUCTeMe npueMa MH-
dbopMaumu Ha ocHOBe KOMITIOTEpa..
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