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ON MEASURING TRANSDUCER CHARACTERISTICS
IN A WATER TANK

ABSTRACT

The concepts and procedures of room acoustics are reviewed and
adapted to underwater sound problems., These results are used in an
attempt to answer engineering questions about the design of calibra-
tien tanks,

Presently available procedures for predicting the far-field
characteristics of a transducer from near-field measurements are
described and critically reviewed.

Studies are made of: (1) sound absorption by mechanically damped
plates; (2) the equations for energy functions 1n a steady sound fileld;
and (3) the capabilities and applications of intensity meters.

An outline 1s gilven of areas requiring further study before sub-
stantlal progress 1s possible,

Unfortunately, because of fundamental ignorance about certain
aspects of tank acoustics and the near fields of transducers, most of
the quantitative results are quite uncertain. This accounts for the
urgency for further detailed study.

-111-
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ON MEASURING TRANSDUCER CHARACTERISTICS
IN A WATER TANK

I. INTRODUCTION
A. GENERAL

This report 1is a broad and preliminary investigation of the in-
herent limitations on attempts to determine the free-field character-
istics of underwater sound transducers from steady-state measurements
made in a tank, 1.e., any body of water of quite limited extent. The
question has been precipitated by the design and construction of low-
frequency (5 kc/s and below) sonar transducers, and by the natural
desire to use exlsting facilitles for thelr test. The problem has
been very well outlined in a series of papers by Klein (1959, 1960a,
1960b) ., *

In its general aspects, such an investigation constitutes an
adaptation to water-filled tanks of the considerations of "room
acoustics”, developed for air-filled volumes. (It is interesting to
note that the problem of measurement in emell, non-ideal volumes of
alr, has been one of increasing practical interest over the past five
years.) This report begins in Chapter II, with a survey and critical
review of the fundamental concepts and theoretical predictions of room
acoustics, adapting them to the water tank problem,

*Citations are made by author's name and year of publication, with a
letter suffix to distinguish chronologically successive publications
in the same year. The list of references 1s arranged alphabetically
by author and chronologically for each author,
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In Chapter III these results are used in an attempt to answer
some englineering questions pertinent to tank design., Where answers
are not possible, for lack of basic knowledge, guesses are made. From
these considerations, numerical limits are computed for the tank slze
required for a typical directive transducer (Section 5, Summary).

Chapter IV is a collation and comparison of the various schemes
that have been proposed for measuring the characteristics of trans-
ducers. These methods include measurements in reverberant tanks and
measurements in the transducer's near fleld, in an environment where
the reverberant energy 1s small., Inherent limitations of each method
are discussed.

The acoustical characteristics of a tank are, of course, funda-
mentally dependent on the sound absorption of 1ts walls. Chapter V
summarizes avallable information on the low-frequency absorpticn, both
that naturally inherent in the tank's construction and that due to
various applied treatments. In the latter connection, a preliminary
study is made of the absorptlve possibilities afforded by mechanically
damped plate structures (Chapter VI).

It has been recurrently necessary throughout this survey to con-
fess our ignorance of important fundamental characteristics of the
acoustics of transducers and tanks. These topics requiring further
basic inquiry are collated in Chapter VIJ, Two of them have been con-
sidered in some detail in appendices. Appendix I investigates the
equations governing energy functions of a steady sound field. Appendix
IT is a broad survey of the hiastory, capabllities, and possibvle applica-
tions to underwater sound measurements of intensity measuring devices.
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B, CALIBRATION REQUIREMENTS

This report 1s, by direction, focused on the problems of making

calibration measurements on large, low-frequency transducers. However,

as the difficulties in making such measurements in tanks of reasonable
size are developed, a different question insistently recurs: Are such
measurements necessary”?

An unequivocal answer cannot be made; thc measurements required
depend upon the purpose of the test. As Trott (1960) pointed out in
an excellent discussion of the question, there are four principal pur-
poses for sonar callibration tests:

research

prototype development
production

malntenance and rcpair

There 18 no & priorl reason why the same tests should be required for
each purpose,

Trott has suggested that the tests required for research and
development may be much more elaborate than those required for either
production or maintenance Such a distinction is one of very great
potential Importance, As transducers grow larger, it is inevitable
that the existing tanks be abandoned as inadequate for testing com-
plete transducers. A search should be instituted now for new tech-
niques of production and malntenance test that do not require new,
larger tanks but will still maintain adequate quality control. Inci-
dentally, such a distinction between tests for R and D and tests in
production 1is common in all technological industries,
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II. SOUND FIELDS IN TANKS

In this chapter we review critically the fundamental concepts
and theoretlcal predictions of room acoustics, with particular
attention to adapting them to water-filled tanks,

A. PFUNDAMENTAL CONCEPTS

The question with which we are concerned 1s the determination
of the radiation propertles of a transducer from measurements of its
sound field in a tank. This is the inverse of the classical problem
of room acoustic8 wherein the source 1s known and the sound field in
the room is to be determined. Both the knowledge and, unfortunately,
the uncertaintlies and ignorance which exist 1in room acoustics are
therefore generally pertinent to our question. In this section we
shall discuss briefly some of the fundamental concepts used to de-
scrilbe sound waves in rooms,

1. Fleld of Transducer in Free Space

First consider a finite transducer in an infinite medium without
boundaries. The resulting sound fleld can be divided into several
regions whose boundaries are not sharp.

a) The far field:

"Far enough" from the transducer, the sound pressure field can
be accurately described as the product of (1)} a directivity function
dependent only on angle, (2) r'l,-where r is range, and (3) a constant.

p—
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The range and angle are measured from the "acoustic center," a point
near the transducers, to the observation point.* This region "far
enough" away from the source is called the far field.

The restrictions on range r for a point to be in the far fileld
have been stated to be twofold {Stenzel, 1958; Part 3).

re )5 a2 or,
2 _r ,r/h_kr
Kl >> 1. with Kl L E% ka ) and (1)
Ar 2
2, Ta- or,
2 2 Ar r/\ 2kr
K > 1, with ¥€ = = = ; (2)
2 ’ 2 7 ya 1r(a/7\)2 k2a® :

where 2a 185 the largest dimension of the source, r is range from
acoustic center, A is wavelength of sound, and k=2m/A.

*However one must find the correct location of the acoustic center
or the characteristics of the far fleld will not obtain. The Llowd
mirror effect, and its analog 1n the field radiated from a dipole
source, is a good example of the errors incident to a misidenti-
fication of the acoustlc center. The source is a dipole and if one
measures pressure at points near the null plane in the radiation
pattern the following anomaly appears. Along a radius vector from
the true acoustic center {midway between the two halves of the
dipole) the pressure varies as r-1, Along some radii from false
centers, pressure may vary as r-2, Such peculiar sensitlvity to
accurate ldentification of the agoustic center 1s not to be expected
near maxima in the radiation pattern.
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In actuality, f'or reasons discussed in part (c) below, these restric-
tions may not be sufficient, At least 1in the case of small multipole
sources c¢ne must also add

k%r2 33 1 (3)

In addition to those characteristics of the far sound fleld
listed above, one finds in the far field that (1) the phase angle
between pressure and perticle velocity tends to vanish; (2) the wave
specific acoustic impedance in a radial direction tends to (pc); and
(3) the kinetic energy density 1is equal to the potential energy den-
sity so that the Lagrangian density (kinetie lese potential) vanishes.

b) The near field; Fresnel zone:

When the source is large, or even moderately large, 1n terms of
wavelengths:

ka > 27 , (%)

there are regions in which Egs. (1) and (3) are reasonably well satis-
fied but Eq. (2) is not.

In most cases, such a reglon 1s characterized by large fluctua-
tions of sound pressure with position. These arise from phase cancel-
lation and reinforcement between the contributions to pressure from
the various parts of the source. The fluctuatlions are not describable
in a simple manner in terms of a single spherically diverglng wave.
Associated with the fluctuations is a large reactive component of the
gound field; that is, pressure and veloclty are not in phase and the
time~averaged lLagrangian density does not vanish. This behavior is
probably typical of the sound field of any large directive sound
gource,

j—
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However in the case of a non-directive source (a uniformly ex-
cited cphere), Fresnel diffraction effects do not arise, no matter
how large the source radius a. Thus it appears that the restriction
expressed in Eq. {2) may be relaxed in some cases while the simple
far {1eld prediction methods are retained. The extent of the relax-
ation is undoubtedly intimately related to the directivity of the
source. The problem per se has not been studied in any detail
although considerable information 18 availgdble about some particular
source geometries {Stenzel).

¢) The reactive near field without interference:

When the source 1s small in terms of wavelengths a different
"near field" effect is found. We consider here regions in which
Eq. (3) is not satisfied

kr <1 , (5)

while Eq. (2) 1s satisfied. Eq. (1), i.e., r/a large, may or may not
be satisfied in such regionas.

The typical example of this situation occurs with a small source
which may be a monopele (simple source), dipole, or of higher order,
Conslder first the monopole source. It is a somewhat special case in
that the sound pressure varies as r-1 at all distances, even where kr
i1s small or where r=a. However when kr is small the particle velocity
varies faster (in space) than r'1 and 18 not 1in phase with the pres-
sure, The lagrangian density does not vanish, there being an excess
of kinetlic energy.
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Next conslider small sources of higher order, dipole, quadripole,
etc., 1,e,, directive sources, The r-1 law of variation of pressure
1s no longer true when kr is small (Morse and Feshbach, 1953, p. 1575).
However in a pure n-pole (1.e., of single orderf the angular distribu-
tion of pressure 1s the same at all distances r; the variation of
pressure with r is the same in each direction although different for
gsources of different order., One concludes, therefore, that in the case
of a general small source, including component n-peles of several
orders, the angular distribution of pressure will vary with ¢ if, and
only 4if, kr is small.

The quantitative importance of such a variation with r of the
angular distribution of preassure in the case of practical small sources
1s a matter distinct from the existence of the variation. Qualitatively,
one expects & small source to radiate most effectively &s a monopole and
ineffectively &8s an n-pole of higher order.

2. IMeld of Transducer in a Tank

In the previous section we consldered the sound fileld generated
by & specific source in an infinite space. Now let us consider the
same source installed in a tank,

a) Direct and reverbverant fields

A fundamental concept in room acoustlics is8 the decomposition of
the total sound fleld, the potential wt, into direct vd and reverber-
ant wr components:

Ve =¥+ V. - (6)
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The direct field is defined as ildentical to the fleld gzenerated in an
infinite space by the same excitation so that the previous discussion
i8 pertinent to it. The reverberant field 1s then uniquely determined
{1n prineiple) by reciprocity, if the response of the medium and tank
walls 18 linear and the characteristics of each are specified, The
reverberant field 1s the sound field that would build up in the tank,
with the Source off, ih response to & carefully selected distribution
of sources on the tank wells. The selection must be made 1ln a manner
to ensure that the total field, Eq, (6), satisfies the actual boundary
conditions at the tank wall. {Pig. 1)

Such a procedure 13 not recommended for analysis (except in the
high frequency limit}, but it may be useful in qualitative considera-
tions. For example, in a tank with concave walls, one might well
suspect that the reverberant field will be partly concentrated or
focussed in certain reglons. If the source i3 located at a focus, the
reaction of the reverberant field on the source may have adverse effects.
On the other hand, 1if one hopes to make measurements in a region where
the direct field predominates, it 18 probably advantageous, in a tank
of fixed volume, to have foci at points not near the source,

The distinction between "direct" and "reverberant" fields which
we have made here is fundamentally the same as that made by Beranek
in his analysls of reverberant sound energy density (Beranek, 1954,
section 10, 13). However, Beranek proceeds upon an analysis whose
validity may be challenged except a8 an approximation for high fre-
quencies and a sufficiently irregular room. It appears to be based
on the assumption that the reverberant field by itself 1s mniformly
distributed in a random (ergodiec) fashion.
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FIG. 1 SCHEMATIC REPRESENTATION OF DECOMPOSITION
OF SOUND FIELD IN TANK INTO DIRECT AND
REVERBERANT FIELDS
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In the literature on architectural acoustics 1t is commonly
assumed, at least implieitly, that the reverberant field, as defined
in this section, 13 & atanding wave field which does not carry real
power; by corollary, therefore, the real power flow is described by
the direct field. Someiimes this assumption 18 consideresd a valid
first approximation. {See, inter alia, Morse and Bolt, 1944, gection
33; Bolt and Roop, 1950; Pachner, 1956b; Doak, 1959.] unfortunately
this assunption appears not to be valid even as & first approximation.

Near e source, where the direst fleld predominates over the
reverberant field, the pover flow will, 1indeed, be described by the
properties of the direct field. However in the simple case of a room
whose walls are uniformly covered by 8 resistive treatmqnt, the power
flow et the walls 1s distributed according to the dlstridutlion of
pressure on the walls. The pressure 18, in a "live" room overwhelm-
ingly determined by the reverberant field. That the distribution of
power flow into the walls need have no relation to the characteristice
of the direct field, can be further demcnstrated by considering the
results of a patchy distribution of wall absorption on otherwise rigid
wells, The power can flow only into the absorptive paﬁches.

In some circumstances, that part of the reverberant sound flelid
reaponsible for the power flow to the walls may be quite negligible
compared with the standing-wave compenent. If, then, the analysls 1g
really concerned with the total energy density, the errors incident
to the false assumption may be small. However the proper first approx-
imation in this case ls that the power flow 18 negligibly small in the

" reverberant field, although nonvanishing.

=-11-
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b) The image field

Conasider a tank which is a rectangular parallelepiped with walls
either rigid or "pressure release". However assume that there is some
attentuation in propagation through the fluld so that the sound pres-
sure does not bulld up to indefinitely large amplitudes, In this
gspecial case, one can represent the total sound field as the super-
position of the direct field of the scurce and the direct flelds of
an array of images

t

Vy 2V, + 3, (7)
both source and images being loceted in an infinite medium,

The procedure is g familiar one in acoustics (for a detailed
discussion see Cremer, 1948, Chap. 3); the array of images is in-
dicated schematically in Fig, 2. (Such a representation by images
appears to be preclsely correct only in the case of perfectly re-~

flecting plane walls, as postulated here.) (See Morse and Bolt,
1944, pection 53.)

The sound field near the source which is generated by the images
alone (source off) must by definition be identical with the reverber-
ant fleld defined in the previous subsection, This sound field,
called here the "image field," 1s thus equivalent to the reverberant
fleld generated by sources on the tank wall, in the speclal case where
the image concept 1s valid.

The special ease i3 extremely restrictive, but it appears so
useful that many analyses use image considerations in cases where the
concept 1s not strietly valid, for example when the walls of the tank
are slightly absorptive, Quantitative analyses of the error not being
avallable, one can only hope that the resulis retain some pertinence,

-1%-
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FIG. 2 SKETCH OF LOCATION OF IMAGES ABOUT A
SOURCE IN A RECTANGULAR TANK

-13-




oo Jd‘-‘

Report No., 876 Bolt Beranek and Newman Ine,

Nevertheless the image concept 1s a useful basis for discussing
the significance of the earlier distinction between direct and rever-
berant filelds, The distinction is based on the hope that, as we probe
the sound field in different parts of the room, we will find no singu-
larities which cannot be attributed to the direct field; the image
fleld, we hope, will be fairly homogeneous everywhere in the room.

The field of each image has its peculiarities to be sure. However, if
a particular Image 1s not near the boundary of the room, there will be
many others at about the same distance but located in a varlety of
directions; we ¢xpect this varlety to be sufficiently random that the
total image field will be quite homogeneous.

Thegse expectations and hopes are most likely to fall when the
source 18 near a wall (so that the nearest images are close) and when
the source (and therefore each image) is directive. If, because of
the source's directivity and 1ts closeness to a wall, the direct fileld
is not negligible with respect to the reverberant field at any point
on the room's walls, then the field of at least one of the nearest
images wlll also stand out above the rest of the 1lmage field at thet
polint.

¢) Room reaction cn the source

In transducer calibration, 1t is impertant to determine whether
the exlstence of a reverberant fleld, in addition to the direct fileld,
will react on the source and affect its operation. The question may
be phrased: What 1s the acoustic¢ impedance presented to the transg-
ducer and how does it affect the transducer's operation?

The answer to the second half of that question may be very hard
to come by in the case of a multi-element, possibly nonlinear, array
which ie well coupled to the medium, One should probably, therefore,
try to keep the reaction small at ail timea,

-1
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A nunber of analyses have been made for the effects of nearby
aurfaces (elther hard or soft) on the sound power output of some
types of sound sources (Waterhouse, 1955, 1958; Thompson and Junger,
1961). They assume that the reaction does not disturb the relative
motlons of elements of the transducer, an assumption that may be
dangerous in some practical cases.

Their results generally confirm common engineering practilce
{Beranek, 1954, section 10.14) in some important practical cases.*
In the case of a simple source (monopole), wall effects are rela-
tively unimportant for distances greater than »/4, where » 1s the
wavelength at the mid-frequency of the sound output,

The effects upon more complicated directive sources {dipoles,
etc.) cannot be so 8imply summarized. Greater separations seem to
be required if & lobe of the directivity pattern 1a pointed at the
wall but not otherwise. ({(Of course it is unlikely that an experli-
menter investlgating the characteristics of a directive sound source
would point 1t at the nearest wall!)

*It 1s interesting to note that Beranek's procedures amount to a
redefinitlon of the direct field to include the flelds of both the
source and the nearest images, and therefore a consequent redefini-
tlon of the reverberant fleld. Yet no corresponding modification is
made 1n the room constant although congistency seems to indicate the
need for one, The question requires further investigation.

~15-
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¥e sketeh below several poasible approachés to the question of
room reaction on complicated sources, and draw sowe tentative conclu-
glons, The first approach i3 based on the image deseriptlon of the
sound field, The second approach is based on the direct-reverberant
description of the total sound field and assumes that means are avail-
able for estimating the atrength of the reverberant field.

d) Image considerations

When the walls are sufficlently reflecting that the image picture
of the reverberant field can be viewed with some confidence, the ques-
tion of reaction on the source can be translated into & question of

interaction between one element {(the mource) and all others {the images)

in a large array. Unfortunately the array is very large, having no
Iimit. In the presence of absorption the atrengths of the individual

images decrease with increasing distance from the source, but the valid-

ity of the image concept decreazes &3 well, as has been remarked above.

Ir the source were close to one wall, so that the field of the
nearest imege were particularly large, one might de satisfied (or at
least, reassured) Af the reaction on the source due only to this nears
est Image were suall. The analysis necessary to express even thia
primitive criterion quantitatively would not be simple. An experi-
mental approach - using two transducers, driving the "image" and
nmeasuring reaction on the "source” - seema somewhat impractical, The
experiment must be run in a larger tank where the room reaction on
both transducers 1s known to be emall. (However scaled model experi-
ments could probably be made.)} The theoretical approach, analyzing
the diffraction around the souree of sound from the nearby lmage,
promises difficulties of aweaome complexity for most practical trans-
duceras.

-16-
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e} Reverberant field considerations

let us now turn from the image plcture to the "direct-reverberant”
desc¢ription of the total fleld and consider what conclusions about re-
action upon the source tan be drawn from it. The complex radiation
impedance presented to a surface Sb is proportional to the integral

*
%y = fpvndo (8)
5 .
0
where p is the sound pressure and v; is the complex conjugate of the
normal component of velocity on So’ both wrltten in complex notatlon,
[See Appendix I, Eq. (10}.]}

Now the total pressure p is the sum of two terms

P=Pqir ¥ Prev , (9)

the first of which, the direct-f3ield pressure, has been defined above
as the pressure tinat would be observed in free space, (If 8, includes
only part of the total active surface - for example, Jjust one element,
the Pasp includes contributions from the other active elements.) It
1s evident that the effect of the reverberant field upon impedance
will be negligible 1f the reverberant pressure 18 “sufficiently negli-
gible" in comparison with the direct pressure. But, how emall i=
negligible? Unfortunately, the answer depends in detall upon the
transducer design; general conclusions c¢an hardly be formulated.

Consideration of the relative phase of the pressure components
is pertinent to the problem of estimating the reaction. The phase
of the reverberant preasure {(for pure tone excitation) will vary
from point to point over the surface of the transducer, At any one
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transducer element, it may be either in phase with the velocity
(affecting the real part of the acoustic impedance) or in phase
quadrature with velocity (affecting the imaginary part of the acous-
tic impedance)}. In some transducers, particularly superdirective
arrays, proper operation may require that the reverberant pressure
have negligible effect on both the real and the imaginary parts of
the impedance, This is obviously a more csevere restriction than

that resulting from a criterion of negligible effect on the magnitude
of impedance.

We outline In the next section some procedures of geometrical
acounstics which will usually be adequate for estimating the level of
the reverberant pressure, Frrocedures for estimating the level of the
direct field on the face of the transducers are notably lacking.
Analytic solutions have been found in a few special cases. (See
Hanish, 1960a, for a review, and Junger, 1960a.,) No suitable engil-
neering approximations are apparent. Experiments have Cemonstrated
the large fluctuations that exist in pressure magnitudes (see various
Appendices to Klein, 1960a), but information on the phase of the
acoustic impedance was not reported.

it ls revealing to consider reasons why radiation impedance is
not more of & problem for measurements of power output into air.
First, dbecause of the greater impedance mismatch between source and
medium in the air-load case, variations in magnitude and distribution
of radiation loading will not usually affect either the magnitude or
distribution of source strength (surface veloecity). Secondly, for a
pure-tone signal, variations from point to point over a large source
(several wavelengthe) will lead to a cancellation in forming the net
revorberant reaction. Thirdly, with a small source, the ratio eof
direet to reverb:arant pressures on the eurface 18 larger, Flnally,

=-18-
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most signals of interest in architectural acoustics are reagsonably
broad bands of nolse., In scme caseg of multiresonant systems, such
28 a room 18, 1t has been found by analysis that the average radla-
tion impedance for a vand of nolse equals the'characteristic imped-
ance of an infinite space {free-field loading).

The generality of this last point appears not to have been es-
tatlished, nor 1s information avalliadble on the average mutual radla-
tlon impedance of two 3ources driven by bands of nolse. These

questions are of great importance to better understanding of rever-
berant water tank acoustics.

B. SOUND FIELDS IN A TANK: THEORETICAL PREDICTIONS

In this section we summarize some of the available theoretical
predictions for sound flelds in a room.

1. Results of Geometrleal Theory

The geometrical theory of room acousties is a high-frequency
approximation based on assumptions of (1) essentially uniform, diffuse
distribution within the room of the energy of the reverberant fileld,
and (2} essentially egual probability of propagation of sound in all
direections from a point. (Muvrse and Bolt, 1944, section 6). The
resulte of the geometrical theory are therefore average, statistical
formulae expressed in terms of average overall characteristics of the
tank. (For a general reference glving cderivations of these results,
See Morse and Bolt, 1944.)

Most of the difficulties and mueh of the literature assoclated
with the geometrical thecry are concerned with the calculation of
the “average sound absorptivity” of the tank from characteristics of
the materials of whlch it 1s made., These difficulties have not been
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entirely resolved, and probably never will be, However they have been

clearly stated and discussed in the recent 1literature (Young, 1959a,b).

We shall sidestep these problems here, and speak only of the overall
Sabine sound absorption A, in 8sabins, of the tank,

The Sabine absorption A is related to the rate of decay of pres-
sure in the tank after the source 13 turned off. If the decay rate
18 K neper per unit of time [preasure=exp{-Kt)], then

K = cA/8V neper/time unit, {10)

where V 1s the volume of the tank. For translation purposes we note:

reverberation time: T, = 3/K log e = 6.9/K time units

decay rate: D

20K log q€ = 8.7K db/time unit

Thus, the values: Tr = 1 seec, D = 60 db/sec, K = 6.9 neper/sec,
describe the same decay.

a) Power-pressure relations

In a8 steady-state condition, the power input to the room W, the

average energy density E, and the root mean square sound pressure p
are related by:

= 2KV = cAE/4
E = 32/‘)(:2 »
and thus 52 = WWpc/A . (11)

-20-
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In these equations, p2 18 the average of the square of instantaneous
pressure, with the average taken both in time and space throughout
the room, The energy density E 1s similarly averaged. The mean
square pressure at any s8ingle point may differ from the average value,
in cases by as much as 10 db or more.

The variations f{rom point to point of rms pressure are of two
kinds, One 1s a response irregularity discussed below under "Results
of the Wave Theory"; the average size of these fluctuations in level
is + 5 db and the average Bpacing between maxima 1s 0.7A. The second
kind of variation results from "pressure-doubling” near hard walls and
“pressure-cencellation” near pressure-release walls,

As Waterhouse (1955) has shown, within a distance A/4 of a hard
wall the average pressure rises sharply o reach\fg-times its value
at positions more distant from the wall; this result 1s valid for
broad-baind nolse as well as tonea if A 13 evaluated at an arithmetice
mean frequency. Analyses for pressure-release walls have not been
done; as a guess, one would expect a complementary behavior: the
average pressure starts decreasing at a distance A/4 from the wall to
reach zero at the wall.

As a result of this “pressure-doubling” effect the average pres-
sure p, in the central part of the tank will be less than the average
over the whole volume, P, which enters in Eqs. (11). Based on Water-
house's analyses and our estimate of tehavior at a pressure release
wall, this effect 18, to a first approximation,

Sh‘sr
'

2

ool%
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where Sh 1s the area of hard walls and Sr is the area of pressure-
release walls. Subject to the usual approximation that

_ . /3
S=28 +8,= 6ve .

the equation can be rewrltten

B~ 4 34202 (12)
N
pc

where h = fraction of wall area which 13 hard;

w o= Vl/g/% 13 a frequency parameter.

In these conslderations we have implicitly assumed that all
walls are either hard or pressure-release, that 18, that the phase
shift on reflectlon 1s either 0 or . However, especlally 1ln a
tank of water, 1t 1s quite concelvable that intermediate cases are
important. It 138 almost certaln that the precedinz conslderations
are invalid 1in such cases. There probably exist situations in
which the average value of pressure stays constant as the measure-

ment point approaches a wall. These questlons should be investigated
in some detaill,.

Another question of importance in estimating reverberant field
reaction on the source 1s whether the average reverberant pressure
on the transducer's face may be larger than the average pressure out
in the tank, due to a diffractive "pressureedoubling" effect. The
guestion should be subjected to careful analysls; however qualita-
tive considerations suggest that no £uch enhancement of pressure
exists.

-22-
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Consider a point on a large rigid scatterer of arbitrary convex
shape in a reverberant sound field. Describe the reverberant fleld
as a large number of plane waves, approaching from all directions.
The waves approaching the point from the 27 ster-radians of solild
angle which "illuminate" it directly, will be subject to the "pressure-
doubling"” effeet (Waterhouse, 1955). But the point will be shielded
from the waves approaching from the other 27 ster-radians. Therefore,
in the high frequency limit, the average pressure at any paint on the
scattercer c¢quals the average pressure at any point away from it,

b) Acoustic ratio

A relationship of great interest to the present problem 1s the
"acoustic ratio" R, which 1s often defined as the ratio of the rever-
berant sound energy density to the energy density of the direct sound
field of the source. However, since the acoustlc ratic is then never
used except in the far fleld of the source, where E~p2, this defini-

tion 1s equivalent to the one we will use:
. 2 2
R = Prev/Pair - (13)

the square of the ratioc of reverberant and direct socund pressures.
[Stroh, 19593, gives a summary with experimental data. ]

The value of R depends upon position in the room because of the

variations of the direct fleld pressure, In the far field of a
directive sound source, the mean square direct pressure 1is

(14)

where W 18 the power output, D is the directivity factor at the
observation point, and r 1s the distance from source to observation
point,
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Now, the reverberant pressure at a particular point 13 variable
both with frequency and position. These fluctuations were discussed
in the last sub-section. However, on the average, the reverberant
pressure is given by Eq. (11). The resulting comhined equation for
average acoustic¢ ratio in the far fleld, but not near a wall, is:

R = 16mr2/AD . (15)

¢) Mean-free path

Flnaily, we note that the fundamental measure of the size of a
tank in geometrical acousticas has been the mean free path, £,. When
a sound field 13 perfectly diffuse, the average path length between
"ecollisions of the sound rays" with the walls is (Kosten, 1960):

2, = 4v/s (16)

where S 18 the total area of the wall. Since in many tanks

S = 6\!2/3

2

we have
L, = (2/3V3 (17)

2. Results of Wave Theory

In the wave theory of room acoustics, the sound fleld 1s de-
scribed in terms of a summatlion of responses in the individual
natural modes. The most useful results are approximations based
on an assumed statigtical randomness in the characteristics of
these modes, Thus, f{or example, the marked degeneracy in the

-24_
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Trequencies of the modes which occurs in a perfectly cubical room must
be considered as an abnormal situation not comprehended by the usual

theoretical approximations,

In wave theory, dimensions are conveniently measured in units of
& characteristic length

v1/3
L,aV ~ 1.54_ , (18)

which is typically about 1.5 mean free patha [Eq. (17)}. Similarly
frequency can be measured in units of a characteristic freguency

fc x c/Lc » (19)

so that the frequency f is replaced as & variable by a frequency
parameter

where A is the wavelength of sound,

a) Modal density

The density of modes - the number n of modes whose frequencies
lie in a bandwidth of one characteristic frequency = averages {Morse
and Bolt, 1944, Eq, 3.4)

dn

" bwua +.%, B + ... modes per bandwidth f_ . (21)

Frolea
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The second term becomea negligible at high frequencies. The equation
¢an be rewritten as

dn 2 152
-d-asﬂm (l+gv—+...)

- “'“2(1 +%%—+ ...)
[+

~ 4me(1 4 g§.+ S

whera the approximation S & 6V2/3 was used in the last two expressions.
(These formulae do not depend ¢n the character of the walls, hard or
soft, so that they are valid for the water tank with one pressure re-
lease surface. Of course the precise values of the modal frequenciles
are affected by the charscter of the walls.)

Each mode behaves like a damped mass-spring system, 1ts response
as a function of frequency being & single peak whose bandwlidth depends
on the amount of sound abserption. Iet it be assumed that each mode
decays with the same decay rate, K nepers per unit of time. Then the
bandwldth of each mode is

A = K/r cycles per time unit. (22)

Now in the wave theory of room acoustics the "high-frequency”
condition 1s& reached when many modes partliclipate in the response at
any one frequency. Thus we must inquire how many modes have natural
frequencies in any band A. The average number of modes per bandwidth
A is found from Eqs., (21) and {22) to be

= (8/t,) dn/an
.ggfuusx L) (23)
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or, when Eq. (10) relating K to the Sabine abscrption A is valid,

A SA

. gl
N= ma (1+B’T+oon) .

v

The expreasion for N assumes & very neat form when one introduces
the average Sabline coefficlient for the tank,

a=4a/5 , (oh)

and makes the approximaticn S « 6\:’2/3 = SLg. Then one gets

N = 38u2(1 + 3/ + ...) , (25)

where y = Lc/\ .

b} Response irregularities

The steady-state sound pressure produced in a tank by a pure-
tone source, at another point, fluctuates with variations either in
frequency or in the position of the obgervation point. At low f{re-
quencles these fluctuations in total pressure are related to the
corresponding fluctuations in the strength of individual modes. At
high frequencies the fluctuationsg arise from unavoidable varliations
from the statlstical average value of the actual spacing of modal
spacings. We summarize here some of the major results of existing

analyses* [Bolt and Roop, 1950; Schroeder 1954; Bolt and Schroeder,
1958]).

*We do not draw on the analysis of Doak (1959) despite his apparently
good check between theoretical and experimental results. As noted
earlier, Toak has erroneously identified the reverberant field as a
purely standing-wave fleld. Moreover, in his view, the values of

local minima in the total pressure are set by the direct field. Theres
fore it appears that the error is intimately 1nvolved in the analysis.
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At high frequencles the average range of fluctuation 18 about
+ 5 db, The average frequency interval between adjacent mexima equals
the decay rate K=6.9/Tr where T 18 the reverberation time fEq. (10)].
(Ir T} 1s in seconds, the spacing 18 in c¢ycles per second.) The aver-
age spacing between maxima, taking all orientations in the room, equals
about 0.7N. These high-frequency rcsults are independent of all char-
acteristics of the room except for the decay rate {reverberation time),

At low frequencles the average range of fluctuation increases
markedly, The spacing between maxima 1s about the same, O,7h, How-
ever the frequency interval between maxima 1increases, becoming equal
to the average interval between modal frequencies (the reciprocal of
modal density, Eaq. (21))

¢) Criterion for high-frequency behavior

A particularly important result of the analyses of response
irregularitles 1s the criterion for the transition frequency between
low and high frequency regions:

High {requency behavior requires both (1) that the number
of modes per modal bandwidth [N in Eqs, (23}, (25)] be

N> 10, (26)

and (2) that the individual normal modes be sufficlently per-
turbed that the phases of thelr response amplitudes are ran-
domized (Bolt and Schroeder, 1958).

This criterion for high frequency behavior appears alse to be suffi-
tlent guarantee that the basic assumptions of the geometrical theory
be valid. If the criterion 1s not satisfled, one cannot expect the
predictions of the geometrical theory to be accurate.

-28-
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The quantitative part of this criterion can be transformed, by
Eq. (25), into the condition

> 2/EY? {27)
where L = LCA x Vl/‘a/’i .

The qualitetive part of the criterion, randomness in medal
responses,’ draws attention to the need for (1) a distribution in
patchea of the absorbing materias), and (2) perturbations ("bumps”)
in the shape cof the tank walla., A semi-quantitative "index of
randomness” has been derived by Morse and Bolt (1944, section 50).
It indicates that randomness $s achieved by either (1) about 40 or
more bumps which are sbout A/2 high and 12 in area, or {2) about
130 or more patches of abdsorptive material which have each an area
e,

Now it may be physically impossible to install so many bumps
and patches. 1Indeed, if we say that the available wall area 1is
Sz6‘hf2/3 and that the bumps or patches (of area Ra) will cover $0%
of S, minimun frequencies for achieving the required number are:

for 40 bumps s WD S ;
for 100 patches , u > 8 , (28)

where uaLc/}=V1/3l.

The consequence of inadequate randomness, exhibited in some
experimental measurements of transmission irregularities (Bolt and
Schroeder, 1958), is that low-frequency behavior may persist to fre-
quencies one or more octaves above the transition frequency given in
Eqs. (26) and (27).
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We have in this discussion of the criteria for validity of the
equationg of architectural acoustics, reached the point where quanti-
tative predictions tend to disappear in favor of intuitive judgements
and proof by experiment,

C. SUMMARY

1. Section A: Fundamental Concepts

First, the concepts of near and far flelds of a transducer in
free space are reviewed, Three conditions [Egs. (1)-(3)] are stated
which are believed to be necessary a&and sufficlent conditlens for the
existence of all the common attributes of the "far field"., However
some of the attributes of the "far field" may obtain in reglons where
the conditions are not met, in the case of some sources. Therefore
it appears that the degradation in the near fleld of far-field attrl-
butes 1s intimately related to the configuratlon of the source.
Quantitative general information con such relationships 18 not avall-
able since analyses of the near field have been carried out only for
a few specific source configurations,

Second, the fundamental concepts of "room acoustics" are surveyed
with the particular problem of water-filled tanks in mind. These con-
cepts are the direct ana reverberant flelds, images, and interactlions
between room and source, One traditional aspect of the "reverberant
field" -- that it 1s a standing wave field with po net power flow --
1s found to be faulty. (The resulting errors will be shown in later
sectlions of this report to invalidate some proposed measurement
achemes, )

Two aspects of the reaction of & tank onto a tranaducer were dis-

cussed and criterle feor negligible reactlon sought. The effect of a
nearby wall on power output from & non-directive gsource is minimized

-30-
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by maintaining at least A/4 separation. On the basis of scanty avail-
adble information, 1t is estimated that no greater separation is re-
quired with a directlive source, as long as the beam is not directed at
the nearest wall.

The effect of the reverberant fleld upon the radiation loading of
the transducer is minimized if the reverberant pressure ig less than
the direct {or “free") field pressure. However If one requires that

nelther the resistive nor reactive components of impedance be affected,

this criterion may require more information about the near-fleld than
ia now generally available,

2. Section B: Sound Flelds in a Tank: Theoretical Predictions

Pertinent qﬁantitative predictions, resulting from the geometri-
¢al and wave theories of archltectural acoustics, are summarized.

The results of the geometrical theory include the means for pre=-
dicting (1) total power output from pressure measurements in the
reverberant field [Eq. (11)] and {2) the range of distances from the
source in which the direct field will exceed the reverberant [Eq.

(15)].

The resulte of the wave theory include some criteria for the
validity of the geometrical theory [Egqs. (26) and (27)], although
the question of randomness of the reverberant field cannot be answered
completely in quantitative terms.

The wave theoretical analyses of transmission irregularities
indicate:
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(1) The range of frequencies which must be .included in a “noise"
signal 1f amooth response at one position 18 to be expected
{several timesa the average interval 6.9/"1'r betwaen maxima);

(2) The size of volume over which pressures must be averaged if
smooth response to a pure tone 1s to be sxpected (several

times the average distance Q,7A between maxima); and

(3) The range of fluctuation {en average of + 5 db) of pure-tone
reverberant-field pressure about its average value.

From the last result one may estimate how much of a safety factor
on acoustic ratio [Eq. (15)}] is required for direct-field measurements.

~32-
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III. TANK DESIGN: ENGINEERINC CONSIDERATIONS
In this chapter we use the theoretical predictions of rcom
acoustics to derive reatrictions on the design of a calibration

tank.

The type of transducer we consider has the fcllowing character-
Istics:

maximum linear dimension: 2a =~ 4
active area of source: SO = 16?\2
maximum (on-axis) directivity factor: Dax = 10 to los

We consider more or less reverberant tanks and take the average
Sabine absorption cosefficient a and the frequency-size parameter
o= Vl/3/k as variables. Throughout we use the approximation for
tank surface area: 3 = 6V2/3. We are especially interested in
tanks whose volume V is not more than about 10“%3, i.e., n = 22,

1. Where i1s the Far Field?

Censider the transducer placed in a free field or a truly
anechoic tank., The restrictions that the distance r to an obser-
vation point lie in the far field were given as inequalities in
Egs. (1), (2), and (3). 1In Fig. 3 (top) we plot these restrictions,
replacing the inequalilty by an equality; thus we plot:

r/A = a/A (1)
r/n = 1r(a/7\)2 (2)
r/h =1 (3)
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Only a point well to the right of all the plotted boundaries will be
surely in the transducer's far fileld.

In the bottom half of Fig. 3 we show the relation:
LL(I‘/LC) = /N
where Lc = V1/3, no= Lc/l. Since Lc is roughly a typical dimension
of the tank 1t 1s physically impossible for {r/L,) to exceed unity

by very much. Indeed, i1f we wish to measure in all directions from
a transducer, we require

r/L, £ 1/ .
The boundary marked "tank too small® on Fig. 3 is compounded froum
the lines r/Lc =1 and L = 5, the latter being the minimum size for
which diffusion can be expected [se2e Eq. (28)].
For the typical transducer, we have agsumed
a/A s 2
80 that the far fleld lies at
r/h 2 12 . (29)

If the observation point 1s to be wlthin the confines of a tank, the
frequency and tank size must be such that

u.z_za wavelengths per average side,
vy 1 x 103,
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2. When will the Reverberant Reaction on the Source be Small?

This question is one of the most difficult to answer quanti-
tatively. [See discussion in “Room reaction on the source," above.)
An answer requires predictive knowledge of the neer {ield which we
Just do not have. However we can hazard some guesses.

Jet us try to guessa when the reverberant field pressure may
significantly affect the real part of the radiation loading on indi-
vidual elements of the transducer. We assume that the transducer 1s
not near a wall (i.e., not within a distance A/8). We try to put
numbers to the earlier qualitative discussion.

The real part of the radiation impedance accounts for the
power {low. The power flow (described by the recal part of the
Poynting vector) is continuous fram near field to far field {[see Ap-
pendix I, particularly Eq. (6)}. Thus the average intensity on the
active surface of the transducer 1is

F = u/s,

where W 15 total power radiated and So is the active area. But how
18 this distributed over the area So? The distribution is probably
not uniform, but it may not be far freom uniform. Let us guess that
the minirum intensity 1s

Ben = w/aso .
The next question 1s how to relate this direct field intensity

to & direct {ield pressure, that 13, what 1s the value of the acous-

tic conductance. In the middle of a very large transducer, which
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1s not concave, the conductance is (1/pc) {(Lax and Reshbach, 1947).
Therefore we guess that the component of pressure in phase with
veloclity is

pg = Ppe

whence, for the estimated minirmum lntensity,
2
pp = Wpe/2s, .

This estimate muast be compared with the estimate for the rever-
berant pressure (section "Power-pressure reletions" and Eq. (11},
above) which 1s, on the average:

2
Prev = 4Wpe/A
=~ Lupc/Sa

We allow for spatial lluctuations of +5 db:

n 2 2 ~

Proy ~ 3Ppey = 12Wpc/sa .

Some manipulations of the two estimates of pressure leads to
the ratio

2
rev

2

2 —
Pp/P Sa/2l$s0

i

wia/u(s M%)

where we have used the familiar estimate

S =~ 6V2/3 = 6u2A2
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For small change in radiation resistance, we must require that
this ratio be large. For example, if the ratio is 4, then

A
Prey ™ 0-3 Pp

Prev = 0.3 Pp -

In this case we must expect fluctuations in power radiated (and thus
in radiation resistance) which on the average are in the range 130%
and occasionally could be 50% or more.

With this criterion for small change in radiation loading, the
minimum conditions on the tank design are cxpressed by

2= 2
ka8 > 16(s /M) . (31)
As a typlcal example, take S0 = 1612, 8 e 1/%; the tenk size must be
b = 32 wavelengths per side.

Because of the nature of the guesses and estimates we have
perforce used, we cannot express great confidence in the results.
We have tried to make "reasonable" guesses throughout, so that the
result must not be considered a conservative es{imate of the con-
ditlions for small reaction.

3. When will the Reverberant Field Predominate on all Tank Walls?

In order to be able to calculate power output from the average
sound pressure by Eq. {11):

52 = WWpe/n , (11)
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we must require that the reverberant field predominate over all of
the tank walls. If the direct field were to predominate at some
point, the absorptivity ot that section of the wall would have to
be given greater than average weight in the determination of the i
average absorption A in Eq. (11). In other words, the effcctive !
value of A would depend upon the orientation and directivity of the
particular source transducer,

We start from Eq. (15) for the average acoustic ratio R, using
A= 81 and § = 6L§ , and derive

RDA =~ 8(r/L )% (32)

an expression valid cnly in the far field of the source. [Note:
167/6 = 8.3 = 8.] Now a nondirective source, D = 1, should
obviously be positioned roughly in the center of the room so that
the maxlimum distance r to any wall will equal about (Lb/e). How-
ever, highly directive sources should be positioned asymmetrically
with the greatest possible distance between source and wall in the
direction of the main beam. (Of course, the source must not be so
close to the wall as to be affected by "pressure-doubling' effects!
see "Room reaction on the source," above.} In such a case, then,
(r/Lc) = 1. We require, theraefore, that

R~ &/D,a
be large, where Do is the maximum directivity facter.

How large must R be? We must take cognizance of two factors.
First, wall effects lead to a doubling of p,.2 at the wall in com-
parison to the average value, if the wall is hard (see "Power-pressure
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relations,” above). Secondly, the average peak in the spatial

fluctuation of p2 corresponds to a factor 3, that is +5 db in level

(see "Response irregularities," above}.
A reasonable compromise might be
R > 4;

then the average reverberant squared-pressure will exceed the

direct squared-pressure by a factor of 8, but there will be points

(about every A/2) where the factor will be about 3 or even less,

With this compromise condition, R > 4, we readily derive the

condition on a:
a g a/Do .
The table below shows some typical values.

TABLE I

—— e ——————————

MAXIMUM ALLOWABLE ABSORPTION I'OR
REVERBERANT FIELD TO PREDOMINATE AT WALLS

It

Directivity factor Directiviiy Maximum allowable
on axis, DO index absorption, a
e ——
1G 10 db 0.2
30 15 db 0.07
100 20 db 0.02
= = =
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It appears that very little absorption can be tolerated 1f a
reverberant condition 1s to be achieved on all walls wlth a highly

directlve source.*

4, Where will the Direct Fileld Fredominate?

We inquire here into the conditions that the direct field
pressure dominate the reverberant field pressure so that we may
hope to determine a free-field directivity pattern from tank meas-
urements. We consider as typical & transducer whose maximum
dimension is 2a = 4,

Reasonable estimates can be formed, when the obvservation
point 1s in the far field, by using Eq. (15} for the acoustic
ratio. This ratioc of squares of the average reverhberani pressure
and the direct pressure is

R = 167ro/AD . (15)
We traneform the equation by

A= ST = 6133 = 6u°2%a
into the form

L%E = 8(r/A)3/RD . (34)

[Compare Eq. (32).)

* We pose the hypothetlical question whether the situation cannot be
rectifled by the installation of highly reflective, non~-absorptive
scatterers in the nath of the main sound bteam.

*
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Now the actual reverberant field pressure {luctuates from
point to point and in the high frcquency limit the average fluc-
tuation in level 1& 45 db, or a factor of about 3 in squared-
pressurc (see "response irregularities,” above). We choose here
as a c¢riterton for a borderline predominance of direct field

R<1/3

We require that this borderline condition be met at the -10 db
points of the directivity pattern, where D = Do/lo. Thus only
the main lobe of the direct field will stand out above the rever-
berant fileld. The combined c¢riterion is, then,

RD‘S.Db/BO -

From this criterion and Eq. (34) we determine the condition on tank
characteristics:

w3 < 200 (r/\)%/D, . (35)

For specified values of a and D,, this inequality [Eq. (35)] sets

a minimum value on the ratio pn/(r/A} = Lb/r. Typical values are
shown in Table II below,

Hoa
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TABLE 11

=

MINIMUM VALUE OF u/(r/A) = L_/r FOR MAIN DIRECT--
FIELD LOBE (ABOVE -10 DB POINTS) TO DOMINATE

REVERBERANT FIELD. (The values marked with a star
are suspect because the direct field i1s predominant
at some points on the tank wall.)

Directivity Factor Absorption Minimum of‘
on Axis, D_ Coe:%icient n/{z/r)=L /v
10 .1 15
10 -3 9%
30 .1 G*
30 .3 5*
100 1 2"
100 3 1*
P e

——

If information about less important details of the directivity

pattern were required (that is, for D < Do/lo), even more stringent
conditions would result.

5. Summary

The results of these considerations of tank acoustics are

summarized in Figs. 4 end 5. Each 1s pertinent to a transducer
with:

largest dimension: 2a = 4A

2
active area: SO = 16A

The largest dimension determines the boundary betweén near and far
field parts of the direct field; the boundary is closer (r smaller)
when a 1s smaller. The active area enters into our rough estimate
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of the conditions for a small room reaction on the source {part 2
of this chapter Eq. (31)]; if the area S, is smaller, lower fre-
quencies or a smaller tank (smaller i£) can be used without increas-
ing the reaction.

Figure 4 is applicable to a transducer with maximum directivity

factor D = 10 {directivity index = 10 db). In part A (tep) we
assume a value of the average Sabine absorption coefficient & = 0.1;
in part B (bottom) we assume 8 = 0.25,

The boundary marked "tank too sm=ll" is defined by the lineas
r = Lc and . = 5. To the left of r = Lc, the desired separation r
1s larger than the average tank dimension. To the left of w = 5,
the tank size is probably too small to achieve diffusion [see Eq.
(28Y]. The other criterion for high-frequency behavior [Eqs. (26)
and (27)] 1s less severe in this case.

The diagonal line marking a boundary between "reverberant"
and "direct" 1s an estimate of the tank conditions for which the
main lobe of the direct fileld will predominate over the reverberant
field. However in those directions in which the direct field pres-
sure level 1s more than 10 db below the value on the main lobe's
axls, measurements closer te the transducer would be reqguired for a
reliable predominance. In any case, the estimate for the location
of this boundary 1is poor for points in the near field.

We conclude from Fig. 4 that direct-far field measurements
for such a transducer require a very large tank (u 2 120 wavelengths
per tank side) or absorption so large that the tank 1s essentially
anechoic. On the other hand, measurements in the direct-near field
appear to require a moderately large (u > 30) or anechoic tank if
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ve are to avoid the risk of significant room reaction. (This last
concluslon is very tentative because of lack of knowledge about the
near field.)

Flgure 5 presents similar data for a transducer with maximum
directivity factor D, = 30 (directivity index = 15 db)., Because of
the greater directivity the direct-reverberant boundary moves to
larger distances r (or lower frequencles or smaller tanks). Our
scheme for estimating the probabllity of significant room reaction
is not dependent on DO, so that no change 1s seén in that boundary.
The general conclusions in this case are similar to those given
above for Fig. 4, except that direct {leld measurements can be made
at lower freguencles. However we note the probabllity of difficul-
ties in this case {particularly with a = 0.25) arising from the
direct f{ield dominating the reverberant field on some areas of the
wall [Eq. (33) and Tabie 1}.
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IV. VEASUREMENT TECHNIQUES IN TANKS

In this chapter we survey the various poasible technlques ror
abstracting information about the performance characteristics of @
transducer by measurements of the sound field 1t produces in a vater-
filled tank. Insofar as possible, we determine the limltations on
the sort of information which c¢an be gathercd by each technlque.

A. MEASUREMENTS IN REVERBERANT FIELD

Measurements aof the steady-stete pure-tone sound at a point
where the reverberant field predominates can reveal ne information
about a transducer except its power output at the frequency of the
signal. In particular, the directivity pactern (the direct field)
cannot be ascertained. Measurements with a noise signal may reveal
some more information.

1. Pachner’s Method

Pachner (1956b) proposed an claborate method for determining
the directivity pattern which invelved measuring instantaneous
pressure amplitudes at a large number of pozitions on each of two
spheres surrounding the scurce. The spheres are chosen convenlently
to differ in radius by A /4 (approximately). Measurements are made
at each position at each of twe phases in the cyele, differing by
m/4 radians.

We will only neote in passing the experimental difficulty of
achleving sufficlent precision in the measurements te maintain
accuracy in the prediction of the gQircct fleld. (The direet field
pressures at the measurements points are only a small part of the
total pressure measured.)

_48-
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A more fundamental difficulty with Pachner's method lies ln
his theory. He appears to assume that the reverberant field (de-
fined as total field less direct or "free" field) is a pure
standing wave, carrying no power, As noted in the earlier dise~
cussion ("Direct and reverberant filelds"), this concept 1s false,
as can be shown by simple physical considerations: The flow of
power at the walls 1s controlled by the distribution of absorption
on the walls., Analytlcal demonstration of this fact can be found
from the results in Appendix I, where it 13 shown that the real
part of the Poynting vector (i.e., the intensity vector which
describes the flow of power) satisfies laplace'’s equation in the
tank [Appendix I, Eq. (8)]. The boundary condition at the wall
{in the reverberant field) is determined by the reverberant fleld
pressure,

Although Pachner's method cannot yleld correct information
about the directivity patterm, 1t may, in principle - that 1s,
with perfectly precise measurements, be used to predict total
power radliated. In this connection, two warnings must be sounded
concerning details of Pachner's paper.

First, Pachner employs a well-known result based on the
superposition principle: A given fleld can be described alter-
natively as (1) the sum of two waves, one travelling towards and
one away frem a surface, or (2) the sum of one standing wave and
one residual travelling wave. However the superposltion principle
is not applicable to sound power, which 1s a squared quantity.

The power flow through a surface equals the difference between the
powers carried by the two travelling waves, using the first des-
cription of the total (leld. This power 1s not equal to the power
carrled by the residual travelling wave, using the second descrip-
tion of the total fleld.
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The second warning concerns an error of detaill made by
Pachner between his Equations (1) and (la) which restricts the
generality of the remainder of his paper. He has apparently
assuned that the coefficients, «, B, ¥, 0 in his Eq. (1) are real.
Since a simllar assumption and similar restrictions arc implicit
alsc in Pachner's free-field mcthod {1956a), we defer further
corment to our discussion below of that simpler case.

2. Intensity Method

It 1s attrartive to cconsider the posasibility of determining
the direct field directivity by direct measurements of intensity
in the reverberant fleld. However this technique 1is subject to
the same criticisms as to both experimental accuracy and theorcti-
cal basis as is Pachner's method. The intensity method can, in
priaciple, be used to determine the total power radiated, but not
the directivity pattern. This method is discussed in greater
detail in Appendix II.

3. Correlaticn Mcthod

Stroh (1959) has used correlation techniques to determine
the direct field of a noise source in a room. Howcver the method
is not applicable to a purc-tone signal as he has pointed out in
an unpublished communication (Stroh, 1961); his comments are
summarized here.

In order to measure the energy density of the direct fielad
in the prescnce of reverberation, it is required that the cross-
correlation, with zero delay, of direct ang reverberant flelds
be negliigibly smail [the texrm P in Eg. (9) of Stroh, 1959].
Suppose the direct signal is narrow-band noise with a fractional
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bandwidth Af/f = 1/Q. Let the reverberant fleld be described as the
fleld of a get of images. If the bandwidth 18 great enough, the ¢ross-
correlation between direct and reverberant filelds will resemble the
sketch in Flg. 6: a series of "bumps' spaced along the r-axis at
delays corresponding to the travel time from each image to the cbser-
vation point. Each bump has more or less the same shape as the auto-
correlation function of the direct signal. (Differences will arise
from the dependence of directivity pattern upon frequency.)

If the amplitude of cross-correlation at delay » = O is to be
small, the breadth Ar of each bunp must be small:

AT KL 1y /e,

where ry is the difference between the distances to the obgervation
point from source and from nearest image. Now, the breadth of an
autocorrelation function is related to the bandwidth of the signal
{in frequency) by a sort of uncerteinty relation:

Af AT = 1 .
Therefore the requirement can be rewritten

1ML << ryfe , or QKL vy /N,

AT
f NEAREST IMAGE
CROSS-CORRELATION

=L Tlsl'lfﬁ |

DELAY TIME, T

FIG. 6 SCHEMATIC DRAWING OF CRO33-CORRELATION BETWEEN DIRECT AND
IMAGE SIGNALS
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where A is wavelength at the center f{requency. The maximum value
of ry is, roughly speaking, the characteristic length Lc = V1/3
of the tank. Therefore the criterion for usefulness of the
correlation method in detecting the direct signal in the presence
of the reverberation is

LW >> @, where p= V734 . (26)

We have considered a noise signal with fractional bandwidth
1/Q. A pure tone has zero bandwidth and infinite Q. Therefore
the method does not work with a pure tone.

The 1imitation, Eq. (36), will often be satisfied if the
transducer is driven by a broad band of noise so that the band-
width {(1/Q) is set by the transducer itaelf. (Typical values of
Q range from 4 to 30.) However such measurements can only reveal
average characteristics of the transducer--efficiency, directivity,
etc., averaged over frequency. Whether such limited information
is sometimes adequate for transducer evaluation and calibration
is a question that should be studied.

In a large tank, some more detalled information could be
obtalned by excitling the transducer with a nolse signal whose
bandwidth 1is narrower than the transducer's and whose center
frequency is variable. For example, if the transducer's Q is 4,
the noise bandwidth could be chosen to have § = 10. Correlation
measurements in the reverberant fleld of a tank with 4 = 30

(i.e., 30 wavelengths on a side) might yield reasonably accurate
results.

— .
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There is one potentially serious problem that arises in con-
nection with correlation measurements with large transducers come
prising many resonant elements: How does one derive the "direct
signal” which 1s to be electronically correlzated with the direct-
plus=-reverberant signal? If the bandwidth of the electrical noise
input is larger than the bandwidth of the resonant elements, the
spectra of outputs of various elements may differ. It appears that
no unique "direct signal® can be defined in this case, and that the
vsefulness of the correlation technique may be degraded. ©On the
other hand, the usefulness should be preserved if the bdbandwidth of
the electrical signal can be made narrower than the bandwidth of
the elements.

4. Pulse Method

Pulse techniques are standard for the calibration of t{rans-
ducers in tanks. By them one can sometimes measure direct fileld
pressures at a peint in the tank where the reverberani field would
predominate in the steady state. The transducer is aectivated by
a pulse-modulated carrier; under certain conditions, the response
will have reached essentially 1ts steady state value and will then
have propagated directly to the observation point before any energy
reaches that point via a reflection from the walls.

The conditions for successful use of the pulse method are
identical with the conditions for successful use of the correlation
method. If a rescnant aystem is pulsed, the duration A7 of the
initial transient is generally related to the bandwidth Af of the
system by an uncertainty relation:

Af A » 1
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The condition for success is that AT shall be small compared with the
difference in travel times from source to observation point via direct
and reflected paths. In the image view, this difference 13 Ju3t the
travel time to the observation point from the nearest image, Thus the
analytical expression of the criterion is

87 << ryfe

where r1 is the difference between the diastances to the obgervation
point {rom source and from nearest image.

This criterion and the uncertainty relation are analytlcally
identical to the corresponding expreasions exhiblted above in the
analyses of the correlation method. Therefore the combined criterion
for usefulness [Eqg. (36)]

> Q (36)

where @ = VI/B/I

Q= /Ar ,
is equally applicable to pulse and correlation methods, It appears
that, at least fcr a linear transducer, the two methods are equiva-

lent; in a given tank, each should be capable of ylelding answers
wlth the same precision,

5 Total Power Measurements

The determination of total eound power output of a source by
measuring the pressure in a reglon where the reverberant field pre-
dominates 18 a standard method used In architectural acousties. How-
ever, 1t must be recognized that the method is explicitly not recom=-
mended for use with narrow-band or pure-tone signals, in recent
technical summaries (American Standards Association, 1960).

54~
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The reasons for this restriction were two-fold. First, it
may be difficult to determine a reliable average sound pressure
for the room. Secondly, the variation from point to point of the
radiation impedance may be sufficient to make the source position
critical.

Our eatimates of the radiation impedance problem which were
presented above {Chapter III, secticn 2) indicated that it should
be of considerable concern unless the tank 1s quite large. We
also indicated the need for much more study of the problem. (See
Chapter II, "Room reaction on the source.”)

Another difficulty arises with very directive sourcesa. Un-
less the reverberant field dominates the direct fleld on all tank
walls, the power-pressure relations will depend on the source
posltion and orientation; the tank cannot be calibrated by means
of a different, standard source. However predominance of the
reverberant field at the wall was seen to require very small
absorption, increasingly so with increasing directivity. (See
Chapter III, section 3, above.) This small absorption will, on
the other hand, put more stringent requirements on tank size 1if
the radiation impedance problem 13 to be avoided.

B. MEASUREMENTS IN DIRECT FIELD

By measurements in a region where the direct field predominates,
information can be gathered about both the directivity pattern and
the total power radlated.
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However, as a practical matter, the scund in such a region
will be polluted to some extent by reverberant energy, unless the
transducer is in the open sea. This polluticn 1s more severe with
large transduccrs because the direct field intensity i1s less than
that of a small source emitting the same total power. The effect
of this residual reverbverant sound upon the accuracy of measurements
by any proposed scheme needs to be assessed; In most cases the
effect has not been adequately discussed.

1. Pressure Method (Far Field Only)

The c¢lassical example of measurements made in the direct
field 1s the determination of source power and directivity by meas-
urlng pressure in the far field, Such measurements require very
large tanks, even if one's interest 1s restricted to the main lobe
of radiation, unless the tank can be made anechoic. (See Figs.

4, 5.}, ZEven an anechoic tank cannot be small, if the transducer

is large, because thc near field extends to such a distance. (See
Fig. 3.) Por example, the near fleld of a transducer whose maxi-

mum dimension 1s about 4A extends to a range of 12A.

2. Horton's Method

Horton has investigated a method of predicting far-field
pressures {rom measurements made near the transducer, which 1s
based on the Helmholtz integral relation between the pressure at
a distance point and the pressure and velocity at all points on a

closed surface surrounding the source (Horton and Innis, 1960, 1961).
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The method 1s based on an analysis that assumes the transducer
is the only source in an infinite, "free" space. The question of
pollution by reverberant energy has not been considered. Therefore,
the utility of the method for tank methods cannot be assessed.

There dces appear to be some discrimination apainst the rever-
berant field inherent in Horton's method when it is used on a large
transducer. The reverberant fileld pressures and velocities on the
measurement surface act as additional source terms in the Helmholtz
integral. On a large surface, the phase (and direction and ampli-
tude)} of these pressures and velocities will fluctuate from area
to area. There is therefore a tcndency to cancellation in the net
effect due to theue terms. However the same fluctuations could
introduce disturbing perturbations in those details of the predicted
directivity pattern which depend Intimately on phase differences
between different points of the source.

In his "realistic approximation,” Horton makes do with meas-
urements of pressure alene, computing prarticle velocity cn the
assumption that

P = vpe .

This assumprion is known to be accurate in the far field or at
points near the transducer's surface if (1) the point 18 not near
the transducer's edge, and {(2) the transducer is fairly large

{r > 2\). This assumption has been reported to have been, in some
cases, the cause of inaccuracies in Horton's predictions. Availa-
bility of a good velocity {pressure gradient) transducer would
oovigte the necessity for the assumptiocn,
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3. Pachner's Method

Pachner (1956a) proposed a method for predicting the far
field of a transducer in free space from measurements of the near
field on a surface surrounding the transducer. This method ic
somewhat simpler than that he proposed for use in a reverberant
tank (Pachner 1956b). Horton and Innis (1961) have shown that
Pachner's free-field methnd is eguivalent to Horton's method, but
less general in that the surface on which measurements are made
cannct be chosen with complete freedom. The surface must be one
for which a‘Eomplete set of orthogonal harmonic functions are known.
(Pachner chose & sphere as measurement surface; Horton and Innis
generalized Pachner!s method to apply to & prolate spheroigd.)

Pachner's method involves the measurement of instantaneous
pressure amplitudes at each of a large number cf polnts on the
measurement surface enclosing the transducer; measurements are made
at each of two phases of the cycle, conveniently chosen to differ
by /2 (i.e., one-guarter peried in time). By linear combinations
of these data, the complex modal amplitudes of a modal expansion
of the field on the meamsurement surface are determined. By
restricting the choice of surface, for example to spheres, predic-

tion of the far field from this near-field medal expansion is made
relatively simple,

I essence, Pachner proposes to describe the actual transducer
by ah assortment of multi-pole sources (monopole, dipole, ete.)
located at the center of his measurement sphere. His "method” is a
procedure f{or determining the relative strengths of these fictitious
miltl-pole sources from instantanecus pressure measurements on the
Sphere.
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In principle, this scheme appears perfectly correci and gen-
eral. Unfortunately Pachner has made implicit essumptions that
restrict the generality of his c¢alculation procedure. It 1a
readily seen, from a comparison of Pachner's Equations (1) and (la)
that Pachner impliciltly assumes that the coefficlenta Qn and bmn
are real. [See also his Eqs. (8) and (9} which express these co-

efficients in terms of real numbers.)

The physical significance of this assumptlon is a restri¢tion
on the generzlity of the source. Let us bulld up a general source
from an assortment of multi-poles. First take a monopole (simple
source); we must specify both 1ts strength and time phase. 3Secondly,
add a dipole; we must specify three quantitlies: 1its strength, its
orlentation, its time phase. But Pachner haa only two coefficients,
s and bmn. By assuming both of them are real, he 13 implicitly
restricting the time phase. Similar restrictions apply to all
sources of higher order.

It appears, therefore, that Pachner's procedure is not velid
for the general transducer,* However this discussion does not
reveal the conditions under which 1t may be valid.

* These remarks do not reflect upon the validity of Horton's method,
despite the demonstration by Horton and Innis (1S61) of an “equiva-
lence" between Pachner's and Horton's methods. That demonstration
can be interpreted as either (1) a demonstration of equivalence in
principle, with complex modal coefficients (i.e., without Pachner’s
Implicit restriction), or {2) a demonstration for the speclal case
where the source surface 1s a separable coordinate surface (spher-
0oid) and all points on 1t move with the same time-phase, in which
case Pachner's method 1s valld.
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Were Pachner's free-field method (1956a) used for measure-
ments in a tank with the measurement surface located where the
direct field predominates, the guestion of errors due to residual
reverberant field must be raised. The comments en this point in
the immediately preceding section (Horton's method) are equally
pertinent here. We note however that the greater freedom of choice
of measurement surface which is inherent in Horton's method allows
one to locate the surface closer tc the transducer, where the
predominance of direct field should be greater.

Pachner's second method (1956b) could be used in an attempt
to discriminate agalnst pollution by the residual reverberant
field. We indicated in the discussion above that the theoretical
basgis of that second method is faulty. However, such a statement
rmst not be taken to mean that -the more complex method 1s completely
useless. Pachner's hope of complete discrimination against the
reverberant field 1s.an 1dle one, yet some discrimination could
result, and this little could be sufficlent. The question needs
careful investigation. At the same time one should ingquire whether
the potential improvement 1s greater than the degradation which
would result from the increased number of measurements, each with
ite inevitable inaccuracies. (In calculations involving lengthy
arithmetic manipulations of numerous data, the propagation of
errors becomes a very serious problem.)

&, Intensity Method

Given a perfect intensity meter and a transducer in an in-
finite medium, one can, presumably, make measurements over any
surface enclosing the transducer and predict therefrom the far
field. It appears that this intensity metho@& has only been pro-
posed conjecturally, and has not been the subject of serious study.
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A basis for further consideration of the intensity method is
outlined in Appendix I. In an ideal medium without sources or
sinks, such as the medium external to the measurement surface in
the hypothetical experiment above, the time-averaged intensity
vector satisfies Laplace's equation [Appendix I, Eq. (8)]. Pro-
cedures for calculating the far field therefore correspond to
solving what appears to be a reasonably simple, static boundary-
value problem.

Note that analysis will be necessary in order to predict
far-field dircctivity patterns from near-field measurements. Statfc
fields, e.g., electrostatic, are subject to near-field distortions
equally as much as arc dynamic fields. However, it appears that
the calculations may be simpler in the static case (intensity
method) than in the dynamic (Horton's method).

Now consider intenslty measurcments made in a tank at points
where the direct fleld predominates. The same ugly question of
"pollution”" by the reverberant field must be raised again. Again,
the question requires study. (Of course the total power output
will be properly assessed in any case; but the reverberant field
may distort the calculated directivity pattern.) A more detailed
discussion of intensity measurements is given in Appendix II.
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V. PROCEDURES FOR MODIFYING TANK ABSORPTION

Throughout the previous dilscussion of tank acoustics, the
average sound ahsorptivity of the walls has played a critical role,
It 1s evident that the abillty to tailor the absorptivity to a
desired value may be essential to the construction of a successful
callivration tank.

In this chapter we summarize the current information about
absorptivity and means for modifying it. The efficlency of metal~
1ic plates treated wilth mechanical damping material is given special
attention.

A. INHERENT TANK ABSORPTION

A natural first question is: How much absorption has an un-
treated tank? There 18 1little dats available at the present time,
but these indicate that sbsorption can be quite high.

Klein (1960b) mentions some reverberation experiments at 2ke/s
in one glass tank {3/4-in. glass in a steel frame, 1200 £t3) and one
steel tank (plates in e heavy frame, 1440 ft3‘. The natural rever-
beration times wera so short that the effect of artificial sound
absorbers could hardly be detected.

Klein (1961) reports some other data furnished by R. W. Young
{(Navy Elec¢tronics Laboratory) and V. Salmon {Stanferd Research
Institute). Young measured a reverberation time of about 0.15 sec
in & rectangular concrete tank whose description follows:
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30 £t x 12 ft x 7.5 ft deep

water depth: 5 ft

walls: 8 in. of reinforced concrete

bottom: 4 in. of reinforced concrete, set on ground,

The calculated Sabine absorption is therefore about 140 sabins (ftz).
If this value 1s divided by the wetted area of concrete (780 ftz),
the resulting value for average Sabine coefficient is a = 0.2. 1If
one divides by the area of the bottom, one obtains a = 0.35.%

Salmon's data (which Salmon carefully labels "very preliminrary™)
were taken in a cylindrical steel tank:

B8 ft diameter x 12 ft high

water depth: 11 ft

walls: c. 3/16-in. steel, backed by air
bottom: steel on weod pad on concrete,

The natural reverberation time, measured by & tone warbled around
5 k¢/s, was about 0.45 sec. The Sabine absorption 1s therefore
about 14 sabins. The average Sabine coefficient, calculated from
total wetted wall area, is a =~ 0.04; but, calculated from bottem
area only, a = 0.3.

* In the earlier part og/ghis report we zonsistently used an
estimated area S = In a tank more nearly cublical than
the present one, 6V / 1s a good estimate of the total surface

area includin the top surface of the water., In the present
case, 5V€;3 is but 10% less than the area of wetied conecrete.
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These few data make cne suspect that many tanks, particularly
those of lighter construction, inherently have a very non-uniform
distribution of reflectlivity, and that sound energy of these rela-
tively low frequencies passes gquite easily through walls which are
in intimate mechanical contact with the ground. Since mest vertical
walls are backed by alr, and the tcp water zurface 1s perfectly re-
flective, a very "non-random" distribution of absorption may be
characteristic of existing tanks. If such be the case a fundamental
assumption of all "high-frequency" theories of room acoustics -
namely, diffusenesas - 1s open to serious guestion.

These data also Indicate that reflective treatments of some
walls may be necessary before a tank can be used for reverberant
testing. Unfortunately, natural absorpticon is not adequate for
quasl-anecholc testing.

A survey of the walls of various tanks with gn intensity meter
would reveal some most interesting and valuable data about their
absorptive characteristics.

B. ABSORPTIVE TREATMENTS

There has been much experimentation with absorptive wall treat-
ments for water-filled tanks In general, the treatments most suc-
ceasful at lower frequenciles have employed wedges made of lossy
rubbery materials having inclusions of z2ir. Cramer (1960) presents
an excellent survey of existing anechoic structures. Thorough sum-
maries of unclasgsified information and theory about broadband and
resonant absorbera have been given by Tamm (1957) and Oberst (1957).

-6~
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Recent reports on specific treatments have been made by Cramer
and Johnston (1956), Toulils (1955), and Meyer et al. (1960). The
last two describe treatments for whichk the amplitude reflection
coefficient 1s less than about 0.1 at frequencles above 5 kc/s but
lncreases qulte markedly below that frequency.

Successful anecholc treatments for frequenciee below 5 ke/s
appear not to have been developed to date. One might speculate
that designing for lower frequencies may involve much more than a
simple scaling of the treatment. Because 1t is unlikely that the
walls of a tank will be suitably scaled (in thickness as well aa
length), it 1s likely that the flexibility of the walls that back

up the treatment will become increasingly important at lower fre-
quencies.

We present in the next chapter an analysls of the potential
for sound absorptlion of one particular structure: metal plates
treated wlth mechanlcal damping layers.
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VI. THE DAMPED PLATE AS A SOUND ABSORBER

We present here a preliminary analysis of the sound absorption
possibilities inherent in metal plates which have been treated for
maximum mechanical damping.

The flexural vibration of metal plates can be quite highly
damped by interleaving them with layers of viscoelastic materilals.
Procedures for designing such multilayered damped structures have
been quite highly developed (Ross, Ungar, and Kerwin, 1959). No
one would suggest the use of these structures as sound absorbers
in alr, but their potentialities in water, which has a much larger
characterlstic impedance, are intriguing.

Constder an elastic plate which executes bending vibrations
under the actlion of sound. We assume that the plate 1s damped by
virtue of layers of viscoelastlc and elastic materlals applled to
it. The damping 1s characterized by the loss factor 7, which 1s
related to the reciprocal fractional bandwidth, Q, and the (ampli-
tude) decay rate X by

n=1/Q =K/t |,

where { is the frequency, if n 1is small. (The quantity wn 1s also
called the "logarithmic deerement".)
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1. Infinite Plate Analysis

Consider first the special case of an infinite flat plate ex-
poscd to sound on one side only; we assume that the incldent sound
is a plane wave. The results should be qulte accurate for any large
damped plate 1n which the separation of the eigenfrequencles 13 not
larger than the bandwidth of individual eigenmodes, in the freguency
band of interest. We expect the resulting estimate of sound absorp-
tion to be optimistic (i.e., too large) because of the assumption of
a plane Incldent sound wave; the coupling to a spherical wave, for
example, should be less. The assumption that only one side of the
plate 1s exposed to sound aiso seems to be optimistic. The effectlve
force i3 proportional to the pressure difference between the two
sides. If sound acts on both sides, the pressure difference may be
much reduced, or it may be increased by as much as a factor of 2,
relative to exposure of one side only. However, the preradiated
sound, which sets an upper limit to the absorptivity, will be doubled
by exposure of both sides.

The first step in analyzing the speclal case 13 to determine the
amplitude of response to a specified incldent plane wave. The foreced
response of the plate will be small except when perfect “trace-
matehing" cecurs between the incident sound wave and the free elastie
wave with the same frequency. "Trace-matching" refers to the condi-
tion that the tangential phase velocity of the sound wave equal the
free-wave velocity ¢, for the plate. If the sound wave is incident
at an angle & measured from the normal, the trace-matching condition
is

¢ = ¢y COBE . . (37)
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Can trace-matching be achleved? The answer seems to be: No,
not with bending waves in reasonably homogeneous f{lat plates. Tha
speed@ of bending waves in such plates is too small. In a fiat plate,
the speed of bending waves can be written {Junger, 1960 b, Eq. II.5)

ey = e (2w rg/h) (38)

where

¢, 1s the veloeclity of a dilational elastiz wave,

rg is the radius of gyration of the section,

A 18 the wavelength.
In 2 uniform plate

o rg = 1.8 h

where h 1s the total thickness. In common materials the speed °r,
18 not greatexr than abcut

4

c;, < 1.8 x 107 ft/sec ,

the value for steel. A fundamental condition for a bending wave
is that the wavelength be large compared with the thiclmess, say:

h/k's 0.1
Therefore the bending wave speed cannot exceed

cp < 3 X 103 ft/sec

. =68-
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and 18 much too small for trace-matching to water waves
(c =5 x 103 ft/sec) at any angle of incidence (cos® ¢ 1). [See
Eq. (37)).

We therefore conclude that trace-matching to simple bending
waves cannot be achleved. Trace-matching might be achlcved between
the wave in the water and nome elastlc wave which is wore or less
restricted to the surface of the plate, but 1ln that case i{ is quite
likely that the damping will be reduced, for the following reason.
The loss factor n is & measure of the ratio of dissipated energy to
stored energy. The greater elastic wave speed required for trace-
matehing can be achleved only by an effective increase in the stiff-
ness of the structure and thus en increase in the stored energy and
a decrease in 1.

It would be posasible, by means of a standard scattering analy-
sls, to show that

1) even 1if trace-matching can be achieved, the energy
absorption coefflcient of the plate cannot exceed
0.5, corresponding to half the incldent energy being
reflected and half being absorbed; and

2) that the value 0.5 cannot be achieved with reasonable
damping treatments (n ~ 0.1) 1f one assumes h/) < 0.1,

However, these presults would be somewhat limited by the assumption
that the plate is infinite. Therefore we sketch an analyslis based
on a modal description of the plate's motlon which is somewhat more
general and is certainly more pertinent toe not too largze plates
which are mildly resonant.
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2. Modal Analysis

Tie absorbing structure vibrates in response to an incident
plane sound wave characterized by the free-fleld pressure Pg- The
amplitude of response is characterized by a reference velocity
vV = v, exp (Jot). The dynamics of modal response are expressed in
modal impedances defined from the energles of motion. Thus the
Lagrange equation for the single mode is

P=v (R +J%) (39)
where the mechanical power dissipated is
Tln 7“% Vg an : (ﬁo)

The generalized force F includes two components:

a} that due to the incident wave (the generalized modal
force that would be evaluated from the sound pressure
on the structure when it does not move), and

b) that due to radiation reaction. Thus
The radiation reaction includes both resistance and reactance:

F = v (R

rag T ¥oag) (42)

rad

and the power reradiated from the vibrating structure is

1z =2
1T;ad =3 Y% Rrad . (43)
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Now the generalized force F0 can be related to the radiation
resistance Rrad with considerable generality bty reciproclty con-
siderations {Smith 196Q0). This relationship is similar to the
reciprocity between (1) %he efl{iclency with which a plane wave,
incident from a given direction, excites motion, and (2) the

efficiency with which that motion radiates back in the same direction.

The relationship desired here is*

2 V4 2
Fo = 47 py D R g4/pck (4)

where

D is the directivity factoer, in the incldent
direction, of the structure as a radiator;

k = o/c = 2v/7;

P, is the amplitude of incident sound pressure.,

The combination of the preceding equations ylelds

2
MW = (Za ) uﬁh/arad ) ﬁeD 1 (45)
m pc 2 4w 2
(1+Hn/ﬂrad) 1 + xm i xrad
Rm + Rrad

¥ The reference cited (Smith 1960) expressed the radiation resist-
ance in terms of the space-averagz value of the square of a trans-
fer function, and did not, unfortunately, introduce the directivity
funetion in the form of Eq. {44). However, the present result

follows directly from the standard definition of D and Eqs. (12)
and (15) of the reference,

= =
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The first term on the right 1s the intensity of the incldent sound
wave. The last term is unity at resocnance (Xm + Xrad = Q) and shows
the degradation in absorption if the structure 1s not operating at
resonance, The second term on the right has a maximum value of
unity when

R = R.,q for maximum absorption . (46)

Thus the most power that can be dissipated in the absorbing struc-
ture 1s equsal to the power that is reradiated. (Stated in another
Jargon, we conclude that the ratio of absorptiorn to scattering cross
sections never exceeds unity.)

Assume the structure can be and 18 designed for resonance and

for Rm = R Then this maximum energy absorptivity of the struc-
ture is

rad’

Cnax = Tﬁw/(pﬁ/EPC) = 2°pfliz | (47)

If the structure is lerge and highly directive, the maximum direc-
tivity factor has been estimated as (Stenzel, 1958; "general proposi-
tion" at end of Part I, p. S3)

D~ 275 /N7, (48)
where So 1s the surface area ¢f the structure. Thus

80y = 0.5 8, (very directive case) , (49)

corresponding to an energy absorption coefficient of 0.5.

-72-

S et h-

ey fEp? Hmm s P

g P




P mad

Report No. B76 Bolt Beranek and Newman Inc.

If the structure 1s small and non-directive (D e 1), the ab-
sorptivity becomes increasingly large as f{requency decreases and A
increases. However, that result 18 deceptive since it pertains to
a single ebsorbing structure. If more than one absorber 1is used,
they must be widely spaced if the analysis 1s to be valid. The
spacing required is not revealed by this analysis, but 1t must be
gome ¢onstant number of wavelengths, in which case the area per
absorber ig & constant number of 12. This sort of variation just
cancels the apparent advantage to be found by using large A; the
absorption coefficient (per unit of wall area) will not increase.

(Cnie may, with advantage, consider the array of absorbers as a2
combired structure with large area and high directivity.) Some of
the design problems inherent in small absorbing structures have
been discussed at length by Ingard (1953).

Let us return tc the general conditions for maximum absorp-
tivity. There are three conditions which must be satisfied si-
multaneously.

1) rvesonance (X + Xpag = 0);

2} high directivity (R2 ag large as possible);

3) resistance balance (R = R }.

rad
There 1s nc difticulty satlisfying the first condition by i1tself.
There may be great difficulty satisfying the {irst two conditions
at the same time. An example of that difficulty is found in the
earlier discusslon of absorption by an infinite plate where we
concluded that trace-matching with a2 simple bending wave is im-
possible. When the free flexural wave {(i.e., resonant motion)
has a speed lower than the speed of sound in the fluid (i.e.,

)|
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trace-matching 1s impossible), high directivity cannot be aclleved.
[On this polnt, see Junger's short discussion {1960b, Section V)
and the literatura to which he refers.)

However, suppose the first two conditlions were, somehow, satis-
flied, Prodbably this requires & feirly large structure on which the
ratio of sound pressure radiated to normal veloclty willl approxi-

mately equal pc. (See Lax and Feshbach, 1947.) Then the resistance
balance will require

RB“\ zmul
rad pe

where m 18 the mass per unit area of the structure. Replace m with
the product of density Pp and thickness h;

R, PP h
rad P A

Por bending waves, we require, at least,
*
.i/l‘s o.l .

With a steel structure, we have

pp/p = 8

Therefore the reslstance balance requires a loss factor

']?__0-5 ?
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which seems too large for any practlcal design of multllayered
damped plate {Ross, Ungar, and Kerwin, 1959). A more readily
achievable loss factor, n = 0.1, results in about a 50% reduc-
tion 4in the absorption. ([See Eq. (45).]

3., Summary

e .

This survey of the possibllities for achleving high sound
absorption with a damped mechanical structure indieates three gen-
eral condiitions (resonance, high directivity factor for the direc-
tion of incidence, and resistance balance) which must be met si-
multaneously. However,ne means for satisfylng the three conditions
with a dumped plate, vibrating in bending, are apparent.
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VII. AREAS REQUIRING FURTHER STUDY

‘The results of this survey of water-tank acoustics sugzgest the
recesaity for study of a number of topics. Throughout this survey
of water-tank acoustics we have been facing a dilemma: Make outrlight
guesses, &nd believe the answer 1f you dare; or find only qualitative
answers of little engineering utility. This reflection of our igno-
rance 18 not a4 happy clrcumstance.

It 18 clearly evident that a number of toplics8 require much more
Btudy if our armament of basic understanding, predictive abllity, and
experimental facility 1s to be adequate for solving the problems that
will arise at low frequencies, We descrlbe these toplcs briefly in
this chapter, recognizing that some are already being studled.

1. Teat Specifications for Production and Maintenance

As transducers grow larger and frequencles turn lower, one must
abandon the 0ld test apparatus. The old test procedures should be re-
viewed critically at the same time. It 18 quite posslible that new
procedures can be devised which will be adequate and, at the same time,
cheaper and more efficient than a scaled-up version of the old. Per-
haps production and maintenance tests on transducers do not require a
tank experiment. Now 18 the time to find out, before new and larger
facllities have been bullt on the old model.

2. Absorptive Treatments for Low Frequéncies

None of the absorptive treatments which have been developed for
making tanks anechole¢ has been proved effective at frequencies below
5 kc/s. Experimental research, adapting treatments proven at higher
frequencies, should be fruitful. However, new techniques may be
necessary for frequencies much lower than 5 kc/s.
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3. Practical Appliecation of Intensity Meters

Many intensity meters have been bullt; many potential applica-
tions have been deseribved (see Appendix II); no routine use of an 1in-
tensity meter has been made. The principal requlrements at this time
ara (1)} detatled experimental proof that the meters have practical
value, and (2) greater practical experilence with the devices,

4, nNear Pleld of Transducers

Present nowledge of the near fleld of large and compllcated
transducers generally falls into one of two classes; collations of
data from indlvidual cases, and elaborations of mathematical proce-
durea. Simplified means for predicting varlous characteristics of the
near f£ield of a practical transducer are urgently required, whether
these be analytical approximations of general applicabllity or experil-
mental "rules of thumb," At the present time, even prediction of the
locatlion of the "boundary of the near fteld” must be equivocal. The
energetle desceriptions of sound flelds outlined 1n Appendix I may be a
useful analytical tool for forming a new view of the general problem.

5. Near-Field Measuréement Schemes

Horton's method for predleting far-fleld characterlstics from
near-£ield measurements 1s currently belng studled and tested. How-
ever, this work 1s under some restriction for lack of an adequate
pressure-gradient meter. Nelther Pachner's nor the intensity method
18 being considered. None of the schemes has been used in tanks,

If any of these methods 1s to be used in an enclosed space, the
question of errors due to residual reverberant fleld should be studled
in detail. In connection with the intenslty method, the posaibilities
of processing data on an electrestatlc analog are very attractive.
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6. Tank Acoustics

A number of aspects of tank acoustics require further study in
an attempt to improve our ability to predict sound flelds.*

Some toples are:

a) Reaction on the source, changes in radiation
Impedances due to reverberant field;

b) Tank response to narrow-band noise (most
analyses are limited to pure tones or broad- -
band nolse);

¢) Energy relations (energetic descriptions of
sound fields have not generally been exploited;
. they furnish & different viewpoint which may
inerease our understanding and knowledge).

* Note that these ltems should also Ilnterest the Navy for their
value in "alpr-tank" (room) acoustics, The same problems arise
in connection with measurement of the sound output of machlnery
which is to be Installed in naval vessels. There, too, tests
must be made under conditions not ideal from the viewpoint of a
standards laboratory.
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APPENDIX I

PRELIMINARY INVESTIGATICON OF ENERGY RELATIONS
FOR A STEADY SOUND FIELD

We summarize here, with sketches of derivations, some useful
relationships for energy functions in a small-amplitude sound fileld
in a perfect fiuid characterized by density p and gound speed c,
Some of the resulte are implicit or explicit in a number of analyses
in the literature.l/

We use complex notation for the variables, with the time
dependence exp(jot). Alternatively the variables in this anslyses
may be considered to be the Laplace (or complex Fourter) transforms
of the real, instantaneous variables of the sound field. We define,
with vzctors indicated by underscoring:

position vector,
time variakle,
p{r,t) sound pressure,
u(r,t) particle velocity vectecr,
d{r,t) particle displacement vector, v = é = Jwd.
The time-averaged energy densities are:lAg/F
time-averaged kinetic energy dersity, T = %-pg;g?,
time-averaged potential energy density, V = % p'p*/pca, (1)
time-averaged Lagrangian density, L =z T-V ,
whnere the superscript star indicates a complex conjugate,

We further define the complex Poynting vector
J P+ JQ = ipy (2)
I 5 ST A

vhich 18, of course, independent of time. The vectors F and §
ere the real and reactive intensities.
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Away from sources and sinks, the sound fileld in a periect
fluid must satisfy the force equationé/

Yp = -py = - Jopy (3)

and the combination of the equation of continuity and equation of
atate:

p =~ pcfld = J{pef )Ty . (4)

Now we compute, by standard formulae of vector analyses,
from Eqs. (1)-(4)

29:3 =9 -(py*) = y*¥p + pV.¥"
= - jopy-v* + jop-p*/pc?, or (5)
Jow(T-V) = - jowl .

1<

ps
)]
]

Since the Lagrangian density L 1is by definition real, the real
and imaginary parts of this equation can be written

P=0

V-
V-Q = -20L . (6)

Now consider the curl of the Poynting vector J in an irrota-
tional sound fileld where the curl o. particle velocifty vanishes.
We compute, with the help of Eq. (3),
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>

2 ¥xJ = Yxpy* = p¥xv* + Vpxy*
= Ypxy* = - jwpvxv* =0

since v and v* are parallel vectors. Thus
Uxd = YxP = 7x@ = 0 . (7)

It is evident from Eqs. (6) and (7) that P satisfies the vector
Laplace equation . .

veg =0 (8)

everywhere in the fluid, and can therefore be derived from a scalar
potential. A perfect analogy can be drawn between P and the
electrostatic fleld vactor E in a perfect dleletric,

On the other hand, Q and J are solutions to the Laplace

-

equation only where the Lagrangian density vanishes. They satlsfy

Ve = 9(¥-3) - Ux(Txd) = Y(V-]) (9)

V23 = - jouWL .

Thus Q@ must satisfy the vector Polsson equatlon, with a source
distribution, 2uNL. The electrostatic analogy for Q involves a
space charge in proportlon to the Lagranglan.

Now consider the gradient of the time-averaged potential
energy: :

W = (l/ltpca) C(prp*)
= (1/2pe?) Re(p¥p*)
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= (w/2¢®) Re(+ipy*)
= -(w/ce) Im(J), or
W= - w@/c? . {10)

The combination of Eqs. (6) and (10) yields

2

vV = 2k°L, k = o/c . (21)

Thus, V 18 the sclution to the scalar Poisson equation with a
source distribution, ~2k2L.

The specific acoustic wave admlittance vector for the sound
field may be defined as

Y=v/p . {12)
Let us compute its magnitude, with the aid of Egs. (1):

Y% = ¥¥* = vov*/pop*

= T/pcV
2 i L
or ¥© = ) Q(I-V) (13)
pc

The magnitude of the admittance is (pc)"1 wherever L vanishes.

It is instructive to integrate Eq. {(5) over a volume ? closed
by a surface S. By the appllication of Gauss' Theorem, one obtains
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where the subscript n indicates the normal, outward-pointing
component of the vector to which 1t is appended. Consider a reglon
F which is an infinilte fluld medium surrounding a single sound
source, and let the surface S be chosen as the combination of the
surface of the sound source and the "sphere at infinity." Far from
a sound source and far from any boundaries, the pressure and parti-
cle velocity vary as (1/r), r being distance from the source, and
the phase angle between them varies as tan_l(l/kr).

Thus the imaginary part of that part of the surface integral in

Eq. (14) which is taken over the "sphere at infinity" (whose area
1s proportional to r2) can be made as small as desired by choosing
& large r. The real part of the surface integral ylelds, of
course, the power radiated through the distant sphere.

The remaining part of the surface 1lntegral, the contribution
from the surface S0 of the sound socurce, can be written

%— j p(-vn)*dc = -]2— ZO V§ (15)

SO

where Yo is a real sealar reference veloclty magnitude which
characterizes the strength of the source. This equation defines
Zo, which can be called the complex surface impedance for the
surface SO. (Note that the normal veloclity -V, is positive when
directed out of the source.)

_87-




Report No. 876 Bolt Beranek and Newman Inc.

Take as a reference condition v =1. Then %—Re(zo) is the

power radiated to a distance and, from Eq. (14) and the discussion
ahove,

Im(ZO) = Mmg[ L, o5 97 . (16)
o

The integral in Eq. (16) is the net excess of kinetic over potential
energy in the fluid surrounding SO for a unlt peak amplltude of
reference velocity, v

o
One can carry out a parallel analysis in terms of admittances.
If P, is a real scalar reference pressure magnitude characterizing

the strength of the source, then define a complex surface
admittance Yo by

L[ p(vyras =1y, o (17)
2 Pi=Vq 2 Yo Po

So

Then-% psRe(Yo) is the power radiated to a distance and

Im(Y ) = b j' po_l . (18)

L
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APPENDIX II
INTENSITY MEASURING DEVICES

Introduction

An acoustical intensity meter has the potentlal abllity to trace
real sound energy flow in the presence of a strong fleld of reactive
energy,; this ls its major attraction, To the extent that it can be
done successfully, there are several immediately useful applications
in the fileld of underwater sound., Indeed, 1t may be that such a device
can deal with important problems which are not solvable in any other
practlical way Some of these applications are as follows: '

1) the measurement in the near-field of total power flow to the
far-field, elther 1n a free fleld or 1n a reverberant tank;

2) prediction of far-field directivity from near-field measure-
ments of the intensity vector. For some sources calculation
may he requlired because the statlic flelds of the various
orders of n-poles fall off with distance as different powers
of r; an advantage here over Horton's method 18 that no "time-
phase" measurements are required, but only time-averaged data;

3) measurement of the pressure gradient term required by Horton
for his "simple Helmholtz solution" (ecf. JASA 33, 877 (1961),
eqn, 3);

4) measurement of the acoustical impedance of materials for tank
linings;

=90~
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5) measurement of self and mutual radiation impedance of trans-
ducers;

6) tracing of energy flow out of tanks, elther in the form of
unintentional "leaks" or as normal transmission of energy
through the tank walls (or the water surface) into the ex-
ternal earth or air; in particular, the intensity meter could
quickly answer certain urgent questions about the "natural
absorption" of tanks and the diffuseness of the sound fileld;

7} study of reverberant fields in tanks further to learn what
kinds of measurements on transducers are appropriate there,

It 1s the purpose of this appendix to confront the requirements
imposed by these applications with the limitations of the present
state of the art.

aw
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Principle of Operation

The term “intensity measuring device" is used here to mezn any
device which measures (i.e., ylelds a pointer indication of) a true
vector quantity, namely the time average of the product of instan-
taneous local pressure and particle veloclty in a sound fileld in a
fluid mediwn,.* In the inatruments which have actually been bullt,

#In 1960 the American Standards Assoclation established the defini-

ion: "Sound Intensity" (Sound-Energy Flux Density) (Sound-Power
Density). The sound intensity in & specified direction &t a point
is the average rate of sound energy transmitted in the specified
direction through a unit area normal to this direction at the point
considered, The commonly used unit 1s the erg per second per square
centimeter, but sound intensity may also be expressed in watts per
square centimeter,

Note 1. The sound intensity in any 8pecified direction, 8, of &
sound fleld is the sound-energy flux through a unit area normal to
that direction, This is given by the expression

T
I =% | pv, at
a s a
o
where T = an integral number of periods or a time

long compared to a perilod
the instantaneous sound pressure

It

b
) 7] the component of the instantaneous particle
velocity in the direction a,

Note 2, In the case of a free plane wave or spherical wave having
the effec¢tive sound pressure, p, the velocity of propagation, ¢, in

a medium of density, p, the intensity in the direction of propagation
1s given by I=p</pc. S1.1--1960 American Standard Acoustical Termine

ology, Naw York (May 25, 1960). (Italics are added to emphasize the
fact that, since Intensity 1s a vectos quantity one may properly ....
in fact, one must .... speak of components of intensity in various
directions; the maximum “component"” will, of course, be that in the
direction of net energy flow).
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the magnitude is generally read from a meter; the direction of the
vector is determined {rom the orientation of the sensing element.
Ideally such a device will respond only to net energy flow, igiicring
all reactlve components of the f'ield, The meter reading will vary
with the orlentaticn of the sensing element in the sound field, gilving
a maximum positive indication when the sensing element is pointed in
the direction of net energy transfer, & negative indication when
pointed in the opposite direction, and zero indication when, for
example, orlented transversely 1n a plane progressive wave; 1n the
last case, although there may be considerable energy flow it 1s in
the direction to which the me%ter quite properly does not respeond.,

Several such devices have been described in the literatureLZLL/
but surprisingly little practlcal use appears to have been made of
any of them. These efforts will be summarized later,

In addition, at least two devices have appeared on the commer-
cial market as "intensity meters" which do not correspond to the
definition given above., They measure rather the (scalar) energy
density and hence are not useful for determining energy flow. Their
advantage over previously-used devices for reading squared-pressure
and squared-velocity 1s their extremely small size, which would bve
suitable, say, {or exploring the details of a beam of ultrasonic
energy. Thelr most obvious appllcation to the problem of calibrating
large transducers would be as indlicators of average energy density
In a reverberant field where only the total power ocutput of the
transducer 1s of interest.

There is, however, a mildly interesting possibility which arilses
from a property that might appear initially as a drawback to these two
devices and this might profitably be investlgated further, W, J. Fry
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of the Biophysical Research Laboratory of the University of Illinoils
has made & careful studylg/ in connection with the design of & similar
instrument of his own, and he concludes that it 18 possible to deter-
mine the energy density accurately with his device, but only if pulse
techniques are used. There are too many variables for accurate
measurement 1n the steady-state. He appears to feel that this 1is
true for the commerclal instruments as well. The significant datum
in the pulsed case 18 the rise time of temperature in the “absorbing
medium" when the pulse is received, For our purpose this may lead to
an advantage: s8since only the start of the received pulse 1s observed,
perhaps a more lenilent criterion can be used to relate permissible
pulse length to tank size. The effect of the Q of the transducer on
the pulse shape and hence on the initial phase of the thermal ctran-
silent would have to be studied in detaill, of course,

A further possibility, which might permit even shorter observa-
tion times, would be to use a device similar to that of Fry to assess
the viscous interaction of the pulsed sound fileld with the wire of a
thermocouple, since this thermal reactlion can be observed immediately
without walting for the temperature of a comparatively large absorbing
element éo change. Such a method would have the further advantage of
beiig/sénsitive to the direction of travel of the sound.

Since these Instruments do not measure true intensity, however,
they will not be considered f'urther here.

It has been stated above that "ideally” an intensity meter
measures only the net energy flow and ignores reactive power., For
example, even if both the pressure and velocity signals at some posi=-
tion are strong, the meter should yileld a zero reading when they are
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exactly in time-phase quadrature, &8 would be true in the standing-
wave pattern of a non-absorptive space, or if the sensing element 18
oriented in a null plane for particle velocity in a plane progressive
wave. This is an extremely severe test, however, and because of prac-
tlcal difficulties of construction the actual instruments have gener=-
ally showed non-zero readings under such conditions. In a space which
1s highly reverberant, therefore, a small net energy flow might be
difficult to measure accurately, since 1t would tend to te obscured
by the false response of the instrument to the strong reactive field.
This difficulty is likely to plague 2ll practical intensity meters,
Indeed, one 18 puzzled and a bit susplicious over the fact that, al-
though geven instruments have been described in the literature, there
are virtually no follow-up reports to indicate successful and useful
measurements made with any of thenm!

It would, therefore, be worthwhile to assess the limitations of
the instruments already describved in the literature and subseguently
to attempt to estimate what order of precislon will be required for
the present applications. Then we can determine whether or not in
the present state of the art intensity meters c¢an be useful for the
study of large transducers in sound fieclds in restricted spaces.

Previous Efforts and Their Limitations

H., P, Qlson

In 1932, a patent was issued to H, F. Olson for "A System
Responsive to the Energy Flocw in Sound Waves.ml/ He had recently
invented the ribbon microphone, sensitive to the particle velocity
in a sound wave, and this had led to speculation as to how it could
be combined with other apparatus in order to measure energy f{low,
total energy density and the potential and kinetic energy densities
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separately., His "Energy Flow" patent application 1s couched in very
general terms and covers all systems based on the simultaneous con-
version of "the energy of different somponents of the sound wave into
electrical variations”, the subsequent combination of these electrical
variations to obtain thesdr product, and the provislon of a polnter
indication of this product to represent the total energy flow, The
disclosure shows that he intends some such arrangement a&s this:

- - 3
Pressure Phase Amplifier
Microphone Corrector p Multiplier

and
Averager

Velocit { Thermoammeter
(Ribbon — Phase > ~—» system)
Microphone Corrector Amplifier

Clapp and Firestone

An attempt was made by Clapp and Firestonei/ at the University of
Michigan in the late thirties to realize an operable intensity meter
in precisely the form suggested by Olson. They desc¢ribe an apparatus

which consists of two bilmorph erystals placed at elther end of a ritbon

microphone and so connected ae to average thelr signals, thus approx-
imating the pressure at their geometrical center (which 1s also the
center-position of the veloeity-sensitive ribbon). - After phase cor-
rection and amplification, the two electrical signals (one from the
pair of crystals, the other from the ribbon) are fed to a "quarter-
square” multiplying device which squares the sum and the difference
of the pressure and velocity signals in thermal elements; two thermo-

couples are arranged to detect the thermal variations in these elements

and the thermocouple output signals are subtracted to give the final
result, By means of a switching arrangement, they were also able to
read out the kinetic and potential énergy densities as well as the
intensity.
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There were several difficulties with thls method. The large slze
of the microphones introduced large diffraction errors at frequencies
above 1000 ¢/s; the phase shift of the pressure transducers was
temperature-dependent; the phase characteristics of the ribbon at its
many resonances throughout the audio spectrum changed with temperature
and transducer orientation and were very difficult to compensate sue-
cessfully and permanently; because of coupling between the two signal
channels, the phase shift was dependent on signal level; and the pres-
sure and veloclty were not really measured at the same point in-space.
The frequency range was restricted to 100-2000 ¢/s; the dynamic range
was not stated.

Nevertheless, the authors, using the intensity metcr in an imped-~
ance tube, were able to determine the absorption coefflicients for red
halrfelt and Celotex B in the frequency band betwecen 100 and 2000 c¢/s;
and compared with conventional tube measurements, they found agrce-
ment which was "considered good in view of the variabllity of the
material.," The advantage of using an intensity meter instead of a
pressure microphone in the impedance tube 18 that the measurement
need be made at only one position, as contrasted with standard tube
methods which require moving the microphone continuously through the
length of the tube. The authors go on to describe a method with which
the intensity meter could be used to determine the absorption coeffi-
clent under conditlons of random incldence and in fact made some
measurements of this type but with scmewhat less success than in the
impedance tube. Also a few mcasurements of the acoustical "mobility"
of the absorptive samples were made. This is the only report in the
literature of an actual useful application of an intenslty meter!
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Enns and Firestone

Shortly afterwards, Emns and Firestonei/, also at Michigan,
reported improvements of the original instrument of Clapp and Flrestone,
which extended the frequency range down to 65 ¢/s by measuring in narrow
bands of frequency and which reduced the extent to which phase shift was
dependent on signal level.

Enns and Firestone at about the same time also made some theoretil-
cal calculationslg/ (which they said were inspired by the new intensity
meter) of the outward energy flow from various types of radiating sur-
faces, but no measurements made with the intensity meter were ever pub-
lished to aecompany the theoretical results.

Bolt and Petrauskas

At MIT av about the same time, Bolt and Petrauskasé/ were exploit-
ing similar ideas to measure the acoustical impedance of an absorptive
material. They used two dynamic microphones near the surface of the
material, spaced a small distance d apart on the normal to the surface.
The sum and differences of the two pressure signels were measured and
used to give the normal specific acoustic impedance.

z_ .7 |P1* P 1(e-m/2)
pc T pl - P2

with reasonable accuracy for A/d>10 and for impedances up to about
10 pc.

Null methods were used both for calibration and alignment and for
the taking of data.

-
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The frequency range was 50-500 c/s; the dynamic range of the
system i1s unknown except as impllied by the statement above that
accuracy was not good for

wd pl i p2
o > 10 1
(T) Py ~ Py

The equipment was presumably used to measure local impedance,
though this 13 not actually reported; the extent of this use 1s not
known.

Schuitz

In the early {ifties, a group at Harvard were looking inte new
approaches to the problems of room acoustics, chiefly employing '
"parameter-product measurements”, such as the various correlation
techniques, T, J. Schultz, using newly available plastic materials,
had developed small condenser microphones1 with very smooth ampli-
tude and phase response over a wide frequency range, and these were
combined in pairs back-to~-back to give the same type of (p1+p?) and
(pl-pa) readings as hgd been used by Bolt and Petrauskas to measure
acoustic impedance.~:—/ In this case, however, (p1+p2) was taken as
an approximation to the pressure mldway between the transducers and
(pl-pa) as the pressure gradient. Integration of the gradicnt yielded
the particle velocity, which slignal was then multipllied by the pressure
signal and the resulting product averaged to gilve a pointer reading of
the (vector} sound intensity. The multiplication and averaging were
done in a specially-~bullt moving-coll meter,

The major difficulty with the procedure is this: the difference

ing operation (pl-p2) requires for its success an extremely high S/
ratio in the 1 2% and Py signals, for if Py and p, are nearly equal,
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their difference 13 small and 1t 18 likely to be masked in electronic
(thermal/tube) noime and barmonic distortion products, Moreover, this
already Jjeopardized difference signal ia the one whilch must be inte-
grated to give the velocity signal; and the integration operation
(1/jw) by its very nature diseriminates against the signal (predomi-
nantly high frequency) in favor of the tube noise (mainly at low
frequencies}.

In principle (i.e., if S/N problems are not severe} this scheme
w1ll provide measurements of potential and kinetic energy density as
well as intensity; and it can readily be adapted to indicate acoustical
impedance by forming the ratioc of the {complex) p and v signals to give
both amplitude and phase.

But in the predent case, because of noise problems, it was neces-
sary both to use high-pass fllters to reduce the nolse, which was mostly
below GO ¢/s, and also to perform the integration in the "pressure
channel" rather than the "velocity channel”. This latter step is per~
missible since the formula fcr intensity* is symmetrical in p and v
(it doesn't matter which term the 1/jm is associated with), and it is
desirable because it tends to distribute the S/N hazards between the
two channels. This, however, precludes the measurement of kinetic
energy density and acoustle impedance, since no velocity signal is
available in the g¢ircult. If lessa noisy input circultry were developed,
the integration operation could be restored to the "veloelty channel
- and energy density and impedance measurements could be made.

The frequency range was 90-10,000 ¢/s; the dynamic range was 50 db.

*See footnote on page 92.
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A few experiments were made after the intensity meter was com-
pleted and calibrated. In a model-scale, rectangular room with thick
marble walls, the pressure and iritensity were measured as a function
of distance along the major axis of the rcom. The room was excited
at a single frequency by an electrsstatic loudspeaker whose diaphragm
was planar and comparable in area with the cross-section of the room.
All modes but one could be suppressed by driving the loudspesaker at
the desired modal frequency and by orienting it normal to the propaga-
tion direction of the desired mode Under these conditions, 1t was
expected that the pressure would fluctuate greatly in space because
of the standing wave but that the intensity reading would bte more or
lcas constant at a very low value, representing practically no real
energy flow. 1Instead, although it was found that the pressure varia-
tilons were as great as anticipated, there were also moderate flustua-
tlone in the intensity, wlth peaks occurring slightly farther away
from the source than the pealks of pressure. Since this was unexpected
and there was not time then to investigate further, the data were not
published,.

This experiment raises tile question now, however, whether this
behavior merely demonstrates that a "non-ideal" intensity meter may
show false readings when one of the components (here, the pressure)
is sufficiently large. On the other hand, since energy must after
all be leaving the room somewhere, this may very well be happening
near the pressure maxima, In which ¢ase the intensity meter could
have been giving accurate data, It would be very valuable in the
present connection to pursue thls question further: Schultz's intensity-
measuring equipment, which was originally bullt for ONR, still exists
and could be further exploited at the present time,
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Bouyoucos

J. V. Bouyoucos, also at Harvard, proposed a modification of the
Bame equipment using hydrophones tc measure intensity in the outlet
ducts of a hydraulic oscillator.l The pressure transducers in this
case were to be annular sections of the duct made of plezo-electrie
material. He galse proposedlé/ measuring acoustlcal 1mpedancé with
equipment similar to that of Schultz, in which the only measurements
required are the ratio of pressure difference (Pnnlpl-pzl) to pressure
sum (PS=|p1+p2|) and the phase angle between Pj and Pg. (Nate the
similarity to the method of Polt and Petrauskas.) Whether or not any
measurements were ever mad: with this modified equipment 18 not known.

Baker

During the same pericd, Stuart Bakerg/ at MIT made an intensity
meter using a crystal microphone for the pressure signal and a blased
hot-wire anemometer for the velocity signal. The signals from these
transducers were multiplied and averaged by electronic¢ means to yield
intensity amplitude. No attempt was made to measure the kinetic or
potential energy densities or the acoustical impedance, and 1in fact,
almost no data for accustical intensity itself were shown in the
report; the published results Include only some instantaneous phase
relationships between the electriczl outputs of the pressure and
veloclty microphones as shown 1n lLissajous figures, and a curve, made
with the probe at a fixed position of maximum intensity in an impedance
tube, to show that as the pressure level increased, the intensity level
reading also increased proporticnally; no other intensity data are
glven.
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The veloclty signal was derived from & hot-wire anemometer 1n
a constant-current circuit. In order to transduce the alternating
component of acoustical veloclity, it was necessary tJ aupply a
ateady blassing air flow, for without this the hot-wire cannot dls-
tinguish between poslitive and negative flow directions., A small
protective tube was placed arcungd the hot-wire, both for profection
and to dlrect the biassing air flow; also, since the unshielded hot=-
wire would be sensitlive to particle velocity in all directions, the
addition of the tube tenda to give the velocity transducer a direc-
tivity approximating the required cosinusocldal pattern. Unfortunately,
it did not yield a very good approximation. Moreover, the air flow
which provided the necessary bias (of several hundred cm/sec) also
introduced troublesome aerodynamic noise, mainly below 70 c¢/s.

The dynamic range of the instrument was about 35 db, with a fre-
guency range of 60-7000 c/s. When the biss veloclty was increased to
increase the dynamic range, the aerodynamie nolse also lncreased w0
that no net improvement could be realized.

Nothing 1s stated ahout the actual use of the equipment in
measuring intensity.

H. F. Olson

Around 1953, H, P, Olsonll/ adapted for intensity measurement &
standard unidirectional microphone {RCA Type 77-Cl), which eontains
a ribbon suspended between the poles of & magnet structure., Half the
ribbon was exposed to the medium on both sides and responded to veloe-
ity; the other half was exposed on one gide only and responded to
pressure. These sectlons were connected to separate amplifiers and
were multiplied in an electronic wattmeter. dJdlson says he has used
this instrument over the frequency range from 100 to 2000 e¢yeles and
implies that the success 1s about the same order as that of Clapp and
Pirestone, Nothing has been published &bout this work.
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Awaya, Yokovama, Shirahata and Ito

In 1659 at the University of Tokyo, Messrs. X, Awaya, I, Yokoyama,
A. Shirahata and M., Ito developed a fairly elaborate acoustical watt-
meter.lg/ The report 1s in Japanese and no translation is avallable,
but it is clear from the mathematical development, as well as from the
English captions for the curves and photographs and from the circultry,
that this 1s a well-designed realization of Schultz's method. Two con-
denser microphones are used in the same "wafer-configuration" to measure
(p1+p2)zp and {pl-p2)=Vp. The Vp signal is integrated and the resulting
veloclty signal 18 multlplied with the pressure signal and the product
averaged electronically to give an intensity measurement. Provisions
are also made for measuring pa.

The frequency range 1s 200-5000 c¢/s; the dynamic range is unknown.

Nothing ¢an be gleaned from the untranslated article concerning
actual applications of the instrument,

Boyer .

The latest intensity-measuring device described in the literature
13 that of G, Boyer at the David Taylor Model Basin.ll/ This instru-
ment was developed specifically for underwater use and, in fact, was
intended to apply to the problem of calibration of large transducers.

The pressure signal 1s supplied by & conventional c¢ylindrical
hydrophone, The velocity signal 1s derived from an accelerometer
output signal which 1s, of course, proportional to the pressure gradi-~
ent. This signal 1s Integrated to give veloclty and, once more, this
and the pressure signal are multipllied and averaged in an approximate
fashion in & peolarity coineidence correlator,
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There was great difficulty in callbrating the instrument because
of the lack of a convenlient underwater free fleld; in fact, no cali-
bration technique has yet been worked out for the instrument, As well®
a8 the author could tell from his measurements and the subsequently
applied corrections, the phase shift between channels was less than
b 70 and the amplitude response was substantially uniform from 150 -
3000 c¢/8; but he feels that the useful frequency range is 50 - 5C00

¢/s.
Nothing 1s stated about any application of the instrument.

Present Requirements vs the State of the Art

In all the cases reported in the literature, the problems of
phase shift and noise in the instrumentstion appear to be serious; and
underwater calibration of an intensity meter will, because of the
absence of a convenient free field, be cdifficult from the operational
standpoint. No doubt some improvement can be made 1n these areas, but
certain limitations will surely persist. It would, therefore, be use-
ful now to try to determine the requirements for the proposed applica-
tions, to see if they are consistent with the present state of the art
in the use of the intensity meter. Unfortunately, to determine these
requirements turns out to be rather difficult.

Moreover, it has been surprisingly difficult even to assess the
present state of the art in a form useful for owr purpogses, There is
a discouraging sameness in all the published reports: a typlical one
begins by stating the useful applications which zn intensity met .~ will
find, then describes the classical difficulties of excessive phase shift
(mostly in the transducers) and equlpment noise of one kind or another .
which 1limit the frequency and dynamic ranges of the instrument; some
type of calibration procedure is given which is usually not very com~
plete; elther no actual &application at al1l 1s described or at most only
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a very limited one; the author usually recommends further work to
clear up the limitations of the "present model;" and then nothing
more is heard of it! This lack of actual useful application of the
intensity meters is puzzling and a bit disturbing. It raises a broad
question: could it be true in general that the subject of energy
transfer in room acoustics is so complicated that its phenomena often
elude our intuition? Some of the difficult questions raised elsewhere
in this report {and the single example of Schultz's unexplained experi-
mental data) make the suggestion a*t least plausible! Perhaps others

£ the reported intensity measuring devices, behaving exactly as they
should; have yielded correc¢t data which seemed inexplicable at the
time (and therefore unpublishable) only because they were unexpected;
this might account for the scarcity of reported applications of these
instruments. More work is sorely needed on thils very fundamental
point, for an uncertainty of th's kind makes it almost impossible to
assess the present limitations of the intensity meter,

Energy Flow in 8 Tank

Acknowledging from the start that quantitative results will be
few and uncertain, let us begin by reviewlng some of the conditions
under which intensity measurements might be made, Consider first the
case of a non-directional sound source in a seml-reverberant tank whose
walls are irregularly covered with patches of sound absorbent material
or with sound energy "leaks". Outside the region where the direct
field* of the source predominates over the reverberant fleld*¥ in the
tank nothing can be learned about the performance of the sound source
except 1ts total power output, for the distribution of energy flow
here will be governcd almost wholly by the distribution of absorption
ard not by the directivity of the source. Referring to Figure 1,

*¥Derfined as the sound field that would exist about the source in free
space

*¥Defined as the difference between the direct field and the field
which sctually exists in the tank.
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within the dotted ciicle the direct field predominates and the out-
ward energy flow is uniformly distributed in angle about the {non-
directional) source. Outside this circle, however, the net energy
flow must arrange itself so that 1t streams toward the absorbent
patches, since it cannot leave the tank elsewhere. An lntensity
meter moved about on the dashed contour, for example, would discover
"lobes™ at A, B, and C where the energy flow is more dense than at
intermediate positions. These leobes, of course, have nothing to do
with the directional properties of the source, though they will have
an interest for someone who 18 studying the tank itself: 1ndeed, if
one 18 looking for energy flow out of a tank, only an intensity
measurement is of much use,

Now, however, suppose that in the same tank the same total amount
of absorption is uniformly distributed, as in Fig. 2 (ignoring for a
moment the complication of the free upper surface). Even with & uni-
form disdtribution of absorption, we find that interference phenomena
at the boundariea lead to a rather complicated builde~up of sound-
pressure which 1s such as to cause morc energy t¢ be absorbed in the
corners of the tank than at the center of the wall panels, Thus, the
energy {low tends to c¢oncentrate at the corners, much as it did near
the absorbent patches in the previous case, This abnormal pressure

distribution extends out into the tank for a distance of about half
a wavelength.

PATCH OF
ABSORBENT
MATERIAL

REVERBERANT

__OIRECT
RE GION

INTERFERENCE
REGION ;
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Three Reglons of Interest in a Semi-reverberant Tank

This discussion can be summarized as follows: In a very large
(but not infinite) tank we can define three regions of interest:

1} a reglon surrounding the gource in which the direct fleld
predominates over the reverberant field and in which the
directional characteristices of the source are discernible,
as in free 8space;

2) a region outside the direct field where the reverberant
fileld predominates, and where the energy distribution is
more or lesg homogeneous and independent of the detalled
characteristics of the source as well as of the tank¥;

3} tarther away from the source, within 2/2 of the tank walls,
is an interference field in which the pressure rises gharply
as the walls are approached.

In this last region, an intengity meter would find dense energy
flow into the corner locations; also, because ol the pressure rise
near the walls, the average pressure is greater here than that taken
throughout the total volume of the tank., This region appears most
prominently for the cage of low average absorption; it tends to vanish
as the absgorption becomes very large,

*We are still assuming that the wall absorptlon is more or less uni-
formly distributed,
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Only in'a tank which is very large compared to a wavelength willl
these three regilons be distinct {and then possibly only for a small
source), If, in addition, the tank absorption 1s rather high so that
the reverberant fleld 1s weak, the direct-fileld region may extend out
to inc¢lude not only all of the near field of the source, but some of
the far field as well (see the discussion in Chapter 1I). This con=-
dition would be almost 1deal for sound-source measurement, since one
could then determine the direectivity and total power ocutput with
simple pressure measurements in the far [leld of the source, with no
Interference from the reverberant fleld of the tank except, perhaps,
at nulls between the lches of the directivity pattern. It was shown
in Chap. III {(egqn. 29, ff.) that to achleve this desirable situation
(under particular assumptions about the transducer), the volume of
the tank must be at least 1.4 x 10’4 A3, At a frequency of #,000 c/s,
for example, this would require a tank with a typical dimension of at
least 30 f't. In a tank which 1s barely large enough to meet this size
criterion, almost perfect absorptlon would be required to lnclude the
far-field of the source within the direct field, which in this case
would extend practically to the tank walls, the interference fleld
near the walls belng virtually eliminatad., If only moderate absorption
is attainable, however, the tank volume would have to be much greater
than 30 ft. The problem would become even more acute at lower frequen-
cies. Evidently, 1t 1s not practical toc hope to achleve this nearly
ideal condition.

Possible Measurements in the Three Reglons

Actual tanks, of course, are seldom large and are only moderately
absorbent. Let us see, then, what measurements are possible for a
practical situatlon in each of the three regions. In a typical tank,
the direct fleld extendz only a short distance from the source before
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it 18 lost in the reverberant field; thus, only the near field of the
source is undisturbed and accessible [or measurement, and 1t contains
both real and reactive power*, It is in this region (i.e., the direct
field--near field) that the intensity meter is expected to distinguish
between the real and reactive components and to give an accurate in-
dication of the real power flow from the source tc the far field.

In the interference region, as was menticned above, the energy
flow is governed mainly by the tank configuration ard the distribution
of absorption therein; an intensity meter in this region will not avail
to give information about the distribution of energy tlow leaving the
source. When sound sources are to be measured, then, measurement posi-
tions in the region near the tank boundaries must be avolded sltogether,
unless the average absorption of the tank can be increased to nearly
unity. An intensity meter in the interference region would, however,

be extremely useful in tracing energy losses through the walls of the
tank,

The situation in the intervening reverberant region is curious
and interesting and 1t deserves further study. Since the net (i.e.,
real) energy flow must be continuous from source to sink, we know that
Just outside the direct field it must be simliar to that of the direct
fleld, conforming to the directivity pattern of the source; and near
the interference flield it must conform to the absorption configuratioﬁ
of the tank, Between these limits there must be a smooth transition,
It must be remembersd, however, that the real energy flow, everywhere
within the reverberant and interference regions, ia very much less than

*Even in tne near field, however, some attributes ¢of the far field may
be recognizable for certain sources (see Chap. II).
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the predominanciy reactive energy in the standing waves characteristic
of reverberant fields With actual transducers; in tanks of practical
size, and et frequencies in the mid-audio range, the real power field

is always exceeded by & fileld of reactive power of one kind or another;
sither in the direct (and near) field, where the reactive component of
the radiation impedance dominates the real component; or in the rever-
berant region where the accumulated energy in the multiple, overlapping
standing-wave system obscures the comparatively small net flow of energy
from source to sink., What 18 critical in the latter case is that the
standing-wave system 18 itself not purely reactive, [or a certain amount
of the reverberanf, energy must be &bsorbed at each encounter with a
boundary, The rezl component of energy flow in the reverberant field in
most cases is of the same order of magnitude as the energy flow from
source to sink, and when this 1s true an intenslty meter in the rever-
berant region will not accurately measure the desired local energy flux
from the source for 1t must &lso respond to the real component of the
reverberant field, The only useful information about the source which
can be gained in the reverberant region in most cases 1s a measure of
its total) power output.

We conclude, then; that from the very nature of the sound field
in seml-reverberant tanks &ll detalled measurements of the source must
be made in the direct field (or very near it), and under these condi-
tions the intensity meter c¢an help by separating the real and imaginary
parts of the power, since 1t is the real part of this power which is
radiated to the far field and which we are looking for.* Here, again,
one must be cautious, for if the direct fleld happens to be highly

*Onece thls point is appreclated, the scoustic intensity meter is seen

to have an advantage for near-field messurements even in open water,

for example, if the far field 1s too distant (r)>12A) to be conveniently
reached for instrument placement, or if S/N problems of the open sea
begin to intrude at distances beyond the nesr field,
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reactive, the mere fact that it dominates the reverberant field does

not guarantee that the real part of the reverterant field willl be

negligible compared to the real part of the direct field, Once more,

even an ideal intensity meter may give misleading readings.

Quantitative Evaluation

It has been difflcult to formulate satisfactory quantitative
criterla for the performance of the intensity meter in a tank, even
in the restricted direct-{ield region. A few, highly approximate
calculations do, however, glve encouragement for further investiga-
tion, The first of these 18 an estimate of how the real power in
the direct field compares 1n magnitude with the real power of the
reverberant fleld of a typilcal tank.

If the total power radiated into the tank by the transducer 1is
W watts, the power Wd supplied by the source to the direct field
equals the power absorbed upon the first reflection
Wy = Wg
where o 1s the average energy absorption coefficient* of the tank
walls.l Then the power wr supplied by the source to the rever-

berant fleld 1is

Wr = W(l-a}

¥oza, the Sabine coefficient, which parameter 1s unequivocally deter-

mined by Y everberation measurements; a 1s difficult to define unam-
biguously
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and this must equal the total energy being removed from the rever-
berant fileld each second by absorption at the tank walls. We may
assocliate a pgr component with this energy loss and regard this as
an approximation to what we have been calling the "real part of the
reverberant field" (the subscript 1r signifies "real reverberant"),
Assuming p2 to be more or less uniform throughout the tank, we can

rr
say that near the boundaries energy 1s leaving the tank at the rate

where T 18 the average intensity; equating this to W(1l-a@), we find

B 2 _ peW(i-a)
I

S

Now, equation 11 of Chapter IIB gives for the average squared pres-
sure assoclated with the total reverberant field

2 _ hpeWw
Pip T TS5 (IT B-11)

and, by definitlon, at the boundary between the direct and reﬁerberant
regions this equals the direct fleld, Thus, anywhere within the direct-
field region the direct squared pressure pg %will be greater than ptg.

Therefore, within the direct region ... but far enough {r>2/3) from
the source that the direct field 18 mostly real ... the ratio U of
real dire~t power to real reverberant power is approximately
2 2 :
Py Pep i
2 a(l-a
Prr Prp
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The equality holds at the boundary hetween the direct and reverberant
fields; for example, if a=0.2(a=0.18), the ratio U at the outer limits
of the direct field 1s about 14 db., The dominance of the direct fleld
rapidly increases as the source 1s approached.

So far we have considered only the space-average vaiues for the
-squared-pressure terms; no allowances have been made for the fact that
fluctuations of + 5 db are to be expected in pti; this 12 quite proper,
however, because such variations should not appear 1n Prpe

It appears, then, that even at the outer boundary of the direct
region the real component of the direct fleld sufficlently predominates
over the real reverberant field to make source measurement feasible 1n
this region. Moreover, at least for a point source (monopole), when
r>\/6 the reactive part of the direct field 1s less than the real part
and it 1s highly unlikely that any of the reported intensity meters
would have difficulty in separating these components.

A second approximate evaluation of the utility of an intensity
meter 18 concerned with the near field of a source and departs from
Junger's work on the radlation loading of cylindrical and spherical
aurfaces.gg/ In this formulation, the radial fluld particle veloclty
at & position given by the radial distance r and the polar angle ¢ in

the outgoling wave due to a radlating cylinder is
u{r,¢) = = u, cos n¢ .

Tne corresponding pressure 1s equivalent to a summation of pressure
components, each of which 1s assoclated with a partial wave:
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p(r,¢) = 2= w, %, cos ny =3 p cosnd |,

where Zn are the corresponding complex specific acoustic impedances,
A criterion can be formulated in terms of the phase angles of these
impedances.

2 :

If ka5, Zozpc, so Eﬂ = 3% = Gn + ixn. Junger plots Bn and Xn
vs ka, with the partial-wgve index n as parameter. It can be seen
from Figs. 1 and 2 of Junger‘s paper that for any kapn, the real part
of the Impedance exceeds the reactive part, and moreso the greater
the value of ka; for ka<n, however, the reactive component dominates.
Thus, the phase angle of any partial wave does not greatly exceed 450
except when the partial wave 1s "below cutoff", i.e., when ka<n, in
which ease the partial field 1s principally reactive. When ka>n, a
typical intensity meter will certalnly respond with entirely accepte
able accuracy to & single partial wave., Whether this conclusion is
valid for the summation of a Series of waves is a guestion which must
be further investigated.

A similar analysis with similar conclusions can be made fcr the
case of spherical radiators, drawing upon data from the same paper of
Junger.

A third approximate evaluation may be drawn from unpublished data
of Schultz (described above, p.10]) under the assumption that the peak
reading of intensity obtained at a position near the peak of potential
energy density was, in fact, a false reading. This will give an es-
timate of the maximum error that might be anticipated under extremely
severe measuring conditions. In the (5,0,0) mode, for example, the
peaks of pressure and intensity were measured as:
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2
Prax = 23 dynes/cm.
rms

= 2
I = 1,8 ergs/sec/cmS

This pressure would correspond to an intensity in a plane progressive
wave 1n a free fleld of

2
prms ( )
23 _ fn
PC = 5 12,6 ergs/sec/cmS

In the marble box, however, a standing wave was set up; only one
(ax1al) mode was excited and we are assuming that energy was leaving
the box only at the end walls normal to the propagation direction.

If the absorption coefficient for marble 1is a=0,02, then the intensity

in the axlal direction was

p2

I.=a _HBE = 0,02 ﬁrﬁly 0.06 ergs/sec/cm®

Under the (uncertain) assumption that the observed reading of 1.8
ergs/’scc/’cm2 was a false reading, the lntensity meter was 1ndlcating
a value 15 db too high. In extreme condltions of dominance of a
reactlve fleld over the real fleld, the greatest errors are to be
expccted. In this experiment, the real fleld was virtually non-
existent and the error (1f 1t was an error) was, of course, much
greater than it would be for a typlcal situation.
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Actual transducers, of ccurse, are far from belng as simple as
the sources we have just dlscussed, but 1t has appeared impossible
within the scope of the present project to determine more accurately
the relationship between the loczl real and reactive components of
power near an actual source.

Concluslcen

It appears that the outlook for the use of an intensity meter
in measuring the detalled sound output of underwater transducers 1s
promising, to say tie leas., and should certainly be further ex-
plored. Only an adaptation of appropriate underwater transducers
1s required. In addition, the application of the intensity meter
for measuring pressure gradlent 1s valuable and stralightforward.
Some development will be required for measuring the acoustical im-
pedance of materials for tank linings, but thls, too, 1s feaslble,
for, as Bouyoucos has shown, one does not actually reaulre a veloclty
signal and hence the S/N ratio problem should not be tooc severe,
Presumably, the mame is true for determining the self- and mutual-
impedances of transducers. It can also profitably be used wlth
virtually no development to investigate such questions as where
sound energy leaves the tank. All of these applicatiocns requlre
the provision of underwater tranaducers, but the intensity meter
as 1t stands would find immediate, valuable application for a
general study of the properties of energy distribution and propaga-
tion in reverberant flelds, with a view to forming a clearer under-
standing of the phenomena and a better appreclation of the limita-
tions of measurement under these conditions.
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