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FOREWORD

This report is an adaptation of Mark A. Theobald's thesis
"Experimental Study of Outdoor Propagation of Spherically Spreading

' which was written for the

Periodic Acoustic Waves of Finite Amplitude,’
degree of Master of Science in Engineering at The University of Texas

at Austin. Mr. Theobald was enrolled in the Mechanical Engineering
Department, and his degree was granted in May 1977. The work was

carried out at Applied Research Laboratories.

The research, which began in 1975, represents the first phase in
a study of the propagation of finite amplitude sound outdoors. In this
phase, periodic sound is used. Random noise is to be used in the second
phase. Jointly carrying out the first phase with Mr. Theobald was
Don A. Webster. Some of the results not described in this report may
be found in the appendices §f Mr. Webster's report, "Saturation of Plane
Acoustic Waves and Notes on the Propagation of Finite-Amplitude Spherical
Waves," Applied Research Laboratories Technical Report ARL-TR-TT-U
(January 1977).

The research was supported by the National Aeronautics and Space
Administration under Contract NAS1-14160, by the Air Force Office of
Scientific Research under Contract FLU620-76-C-0040, by the Office of
Naval Research under Contract NOOO1l4-75-C-0867, and by the National
Oceanic and Atmospheric Administration under Grant O4-5-022-12,

Technical monitors were Dr. J. M., Seiner for NASA, Lt. Col. R. C. Smith
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and Lt. Col. L. W. Ormand for AFOSR, Dr. Logan E. Hargrove for ONR,
Dr. F. . Hall for NOAA.

This report will be issued as a NASA Contractor Report.

David T. Blackstock
Supervisor
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ABSTRACT

The outdoor propagation of spherically spreading sound waves
of tinite amplitude was investigated. The main purpose of ‘he experi-
ments was to determine the extent to which the outdoor environment,
mainly random inhomogeneity of the medium, affects finite amplitude
propagation. Periodic sources with fundamental frequencies in the range
6 to 8 kHz and source levels SPle from 140 to 149 dB were used. The
sources were an array of 7 to 10 horn drivers and a siren. The propaga-
tion path was vertical and perallel to an 85 m tower, whose elevator
carried the traveling microphone. Measurements were made in late summer
under a wide range of weather conditions. The ground level wind speeds
were from O to 24 km/h. Measurement error was of the order 0.5 dB for
calm air.

Several theoretical approaches were used to explain the data,
A graphical method is used to gauge the expected importance of nonlinear
effects. A computer algorithm i; described for use with finite amplitude
spherical waves in lossy media. Several ad hoc propagation models are
applied.

The general conclusions drawn from the experimental results
were as follows. The inhomogeneities caused significant fluctuations
in the instantaneous acoustic signal, but with sufficient time averaging
of the measured harmonic levels, the results were comparable to results

expected for propagation in a quiet medium.

vi

e e mrean s

RN

e



-

e ey Mt

Propagation data for the fundamental of the siren approached
within 1 dB of the weak shock saturation levels. Extra attenuation on
the order ot 8 dB was measured. The measurements generally confirmed the
predictions of several theoretical models. Th<¢ maximum propagation
distance was 36 m. A power output at the fundamental frequency of Liow
was estimated.

Experiments using the narrowbeam arrays showed that nonlinear
propagation distortion was prriuced. The maximum vilue of extra attenua-
tion measured was 1.5 dB. This value was approximately 1.5 dB less than
predi-ted. The waximum propagation distance was 76 m. 'The behavior of
the asymmetric waveforms received in one experiment qualitatively
suggested that beam type diffraction effects were present.

The role of diffracticn of high intensity sound waves in

radiation from a single horn was briefly investigated.
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CHAPTER I

INTRODUCTION

The general research topic of this report is the propagation of
finite amplitude airborne sound in the outdoor environment. Jet and
rocket engines, explosions, and atmospheric sounders ("acoustic radar")*
are common sources that may produce sound intense enough to cause finite
amplitude propagation distortion to be important. Only a few studies of
spherical periodic sound waves of finite amplitude in air have been
carried out in the laboratory; even fewer have been done outdoors.
(Underwater messurements have been made in the field as well as in the
laboratory.) Thus, because our ignorance is great, the need for outdoor
studies 1s great. Two sample problems m:y be mentioned. (1) The attenua-
tion of broadband noise from jet airzraft cannot now be precisely
calculated. The effective attenuation of the high fregquency spectral com-
ponents of Jet noise is considerably less than expected when only spheri-
cal spreading and atmospheric absorption are accounted for. The lower
attenuation at high frequencies might be due to nonlinear effects.l**

(2) Nonlinear losses may limit the range and effectiveness of atmospheric
sounding just as they do in underwater sounding. On the other hand, non-

linear effects may not be as important outdoors as they are in the

*Thc atmospheric acoustic sounder has been operational since 1968 (see, for
example, Ref. 3). The device is used to detect atmospheric inhomogene-
ities, such as wind shear layers and thermal inversions, by recelving sound
pulses reflected from the inhomogeneities. The acoustic source is a group
of compression horn drivers feeding a common horn or parabolic reflector;
an alternative source is the arrangement of the drivers in a plane array.

*¥
References are listed in numerical order following the appendices.
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laboratory. It has been speculated, for example, that inhomogeneity of
the outdoor medium might neutralize or inhibit nonlinear distortion
effects. In any case, very high soand levels are encountered ever more
frequently. It is time to replace speculation about the role of non-
linearity with analysis and firm experime.ital evidence.

The reason for performing outdoor rather than laboratory
measurements is, of course, that the medium is different. Turbulence,
wind, and thermal gradients are not normally encountered in the labora-
tory; we do not know very much about their effects on the propagation of
finite amplitude waves. Our experiments are an initial step toward
experimentation in an uncontrolled environment.

Our objectives were to measure the finite amplitude distortion
of a high intensity audio frequency sound wave outdoors, to compare the
measuremcnts with existing theoretical predictions, and to record any
otk . nonlinear phenomena encountered. To simplify the interpretation of
our results, we Kkept the experiment as simple as possible; thus, a verti-
cal propagation path was chosen to avoid complicetions from ground
reflections. The experiments were restricted to conditions of low wind
speeds to keep random medium effects to a minimum. Two different sound
sources were used: an array of horn drivers and a siren.

Our research was motivated partly by two very practical
questions. (1) Are nonlinear effects important in the propagation of Jjet
noise? Because the experiment needed to be kept simple, we decided to
use periodic waves, not nolse. Since the results obtained in the present
study were positive, that is, that nonlinear effects can be important in

outdoor propagation, the next step will be to employ a source that emits
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intense noise. (2) Are nonlinear effects important for acoustic sounding
of the atmosphere? Because arrays of horn drivers similar to ours have
been used for acoustic sounding in this application, our results may
indicate a partial answer to this question.
The report is divided into the following chapters.

I. Introduction

II. Review of the Literature

III. Application of the Theory

IV. Experiment Design

V. Array Experiments

VI. Siren Experiments

VII. Conclusions

Appendices

The reader familiar with theory concerning the propagation of finite
amplitude spherical waves may omit chapter II. The considerations in
directly applying the theoretical models to our experiments and & com-
puter algorithm applicable to spherical wave propagation are described in
chapter III. General criteria for the design of our propagation experi-
ment are given in chapter IV. The evolution of the acoustic sources is
described in chapters V and VI. The experimental methods are explained
and our results are compared with the existing theory. Chapter VII
contains closing remarks. Finally, the appendices contain material of a
specialized nature. The performance and construction details of an
anecholc chamber for use at high audio frequencies are given in Appendix A.
The role of diffraction in high amplitude radiation from a horn is

discussed in Appendix B.
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CHAPTER II

REVIEW OF THE LITERATURE

A. Introduction

In this chapter we consider existing theoretical and experimental
results relevant to the research problem. We seek to describe the distor-
tion and extra attenuation suffered by a directional spherical wave
propagating in an outdoor envirooment. The extra attenuation is the
diminution of the fundamental over and above which a small signal wave
would suffer. In this report, the terms "small signal" and "linear
theory" denote both spherical spreading and atmospheric absorption. Any
other atmospheric effects are mentioned separately. There are several
analytical as well as ad hoc models available to describe nonlinear propa-
gation under various conditions, but we shall limit ouwr discussion to the
models that were applied to the experiments.

In most theoretical treatments of the propagation of finite
amplitude waves, a perfectly sinusoidal source wave is assumed. In
practice, source distortion or effective source distortion compromises
this assumption. It is therefore necessary to find ways of modifying or
applying the theoretlcal results so that more realistic source waveforms
may be considered. This question, however, is postponed until the next

chapter. For now oaly purely sinusoidal source waveforms are consldered.

B. Theoretical Literature

1. Propagation in a Homogeneous, Quiet Medium

We begin the review with a qualitative description of the

distortion of an initially sinusoidal wave propagating in a homogeneous,
N
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quiet medium (see, for example, Ref. 4). We assume that ordinary
absorption is negligible. To further simplify the discussion, we
initially confine ourselves to plane wave propagation. First, it is
helpful to define the term "wavelet." A wavelet is a point on a waveforu;
a specific value of particle velocity u or acoustic pressure p is asso-
ciated with this point. Each wavelet propagates with a speed depending

on its particle velocity, as expressed in the formula

% —c_ +Bu . (2-1)
u=constant

Here, x is the position, t is time, 5 is the small signal sound speed,
and B [=(y+1)/2 for air, where v is the ratio of specific heats] is the
coefficient of nonlinearity. The physical mechanisms that lead to the
second term in Eq. 2-1 are convection and the nonlinearitr of the medium's
pressure density relation. For a small signal wave (u<<co), gll wavelets
travel at the same speed. But for increasing values of u, the propagation
speed of the wavelets departs from constancy. In particular we see from
Eq. 2-1 that the wave peaks (positive values of u) travel faster than the
troughs (negative values of u). Our sinusoidal wave will therefore
distort as it propagates. At some distance';, a shock or discontinuity
will form in the wave. The unrestricted application of Eq. 2-1 beyond
this distance leads to difficulty because a multivalued waveform is pre-
dicted. Because such a waveform is physically disallowed for acoustic
waves, Eq. 2-1 must be modified. Before taking up the modification,

however, let us first examine the wave equation associated with Eg. 2-1.
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The epproximate wave equation for p.ave .-aves in a lossless

fluid is
u_ - -& uu =
[ Y <
x e © t (2-2)
e}
where t' is the rotari:1 time t-x/- . ..act equation is less
L)
convenient for our vurposes and regli. (', more accurate, even up to sound

pressure levels of the ourder 165 dB).‘ "ae solution of this eguation

eatisfying the boundary (source) condi®.ion

u(0,t) = g(t) ’

(where g(t)=uo sin wt for the present discussion) is

=
1]

g(®)

_t,'+é.u-;f-

c
(o]

R
l

: (2-3)

Tue notation is as follows: 9 is the time at which a particular wavelet
leaves the source (i.e., t=9 at x=0) and uy is the peak particle velocity
at the source. Equation 2-3 is called the Earnshaw solution. (Actually,
it is an approximation of the solution given by Earnshaw.s) It is valid
for distances x<x, where x is the shock formation distance. A sinusoidal
wave forms & shock at x=1/Bek, where e[:uo/co] is the acoustic Mach number
at the source and k is the wave number. At this point it is convenient to
introduce the distortion distance variable g, which is defined for plane
waves as x/?. Thus for a wave from a sinusoidal source, o=fekx, and o=1

signifies shock formation.

¥ -
Througaout this work, sound pressure levels are referred to 2x10 2 N/ma.
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We now consider the question of modifying Eqs. 2-1 ard <-3 so
that wave trains containing shocks may be described. The Earnsnaw
solution (Eq. 2-3) may still be applied to the continuous portions of the
waveform between shocks. The Rankine-Hugoniot shock relstions, wiick
express conservation laws for shock propagation, may be combined to jield

the useful relation

%% shock ) % * g (ua+ub) ! (2-4)
where u, and u, are the particle velocities immediate.y aheau of and
behind the shock, respectively. The expression indicates that the velocity
of the shock is approximately the mean of the Javelet speeds immediately
ahead of and behind the shock. Equation 2-4 then replaces Eq. 2-1 in
describing the propagation of the shock front. Descriptions of the
merging of shock wavee are provided by Refs. 4 and 5. The —-ombination cf
the Earnshaw solution with Eq. 2~4 is termed "weak shock theory." Few
initial waveforms are siwrple enough for analytical solutions of the weak
shock theory equations to be found. On the other hand, the equations
themselves are conceptually simple and amenahle to solution by computer
methods. Pestoriun6 has developed a computer a.gorithm that may be used
for an arbitrary source waveform

In the propagation of an iaitially sinusoidel wave, the wave
will distort to form a full-fledged sawtooth at the position §=5§(0=5).4
The sawtooth is the most nearly stable periodic waveiorm for a finite
amplitude wave. Dissipation occurs at the shocks in the sawtooth.

Simultaneously, energy from the fundamental is pumped into the higher
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harmonics. This process keeps the wave a sawtooth. ‘The sawtooth
waveshape is approximately mainteined out to a distance xmax=l/a-;,
(amax)’ where @ is the attenuaticn coefficient for ordinary absorption in
the medium. From approximately this point on, the wave becomes a quasi-
sinusoid. ILinear theory 1s then roughly sufficient to predict the
propagation.

The major weakness encountered with weak shock theory in our
application is that the only dissipation included is caused by irreversi-
ble processes at the shocks. Ordinary small signal absorption is ignored.
In practice, there are many instances in which ordinary absorption is not
negligible for waves containing weak shocks. In fact, absorption may
prevent shock and/or sawtooth formation by dawping the wave very quickly.
Weak shock theory should not be applied to waves too weak to form shocks
(see, for example, Ref. 4). Thus the problem of simultaneously accounting
for both nonlinear and ordinary absorptive losses must be considered and
will be discussed in more detail later in the chapter.

The application of weak shock theory is restricted to pressure
levels for which the underlying spprcximations are valid. The upper limit
for plane waves in air is a sound pressure level of approximately 165 dB.7
This restriction was of minor importence in our experiments.

Turning now to the propagatior. of diverging sypherical waves, we
note that the approximate (lossless) wave equation analogous to Eq. 2-2 is

u + (%) u - (:25) w, =0 (2-5)

0

where the retarded time is now t'=t-(r-ro)/co and ry is the source radius.

The nonlinear distortion process slows down dramatically for spherical

P

=8 e et e e
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vaves, as compared to the distortion process for plane waves. The reason
for the slackening is the reduction in amplitude caused by spherical
spreading. The mechanisms causing the distortion are the same as the ;
mechanisme for plane waves, but their effect is lessened by spherical
spreading. The Earnshaw solution, Eq. 2-3, and weak shock theory may be ;
applied to spherical propagation by making the replacemente uaru/ro and
xaroln(r/ro). For spherical waves from a sinusoidal source, the
expression for o is

o = pelr_ m(f—-) ,

o]

which shows that o increases much more slowly with distance than it does

for plane waves. The inverse relation is

o/aekro

The values o=1 and o0=3 still indicate shock and sawtooth formation,

respectively. For example, shocks form at the distance 2

)/pekr ;/ro

Therefore, if the equivalent plane wave shock formstion distance x is much .
greeter than the source radius, the spherical wave must travel a very

great distance to distort into a shock wave. As 1in the case of plane

waves, there is also a distance Thax (cmax) beyond which nonlinear effects

become approximately negligible. The formula for Trax is given in

chapter III. Directional scurces may be treated for the farfield case by
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a procedure described in Ref. 9. .secause our measurements were made along
the axis of the sources, we ignore directionality in the following
material.

Included in the approximations leading to Eq. 2-5 is the
farfield assumption, that is, kr>>1. 1In the farfield of a spherical
source, the partlcle velocity and the acoustic pressure p are nearly in
phase. Although the solution of Eq. 2-5 is most naturally written in
terms of u, the condenser microphones used in our experiments measure

pressure. The small signal impedance relation
P = p_C.U (2-6)

may be used to relate p and u for the sound levels amenable to solution
by weak shock theory.6

In the preceding discussion, nonlinear distortion was viewed in
the time domain. The view from the frequency domain is often equally
important. In other words, given a source waveform, what is the spectrum
of the wave at a certain propagation distance? We consider a solution to
this questicn in terms of the Fourier series

Zoh10

P=—7 2 B sin nlat - k(r-r )] ’ (2-7)

subject to the boundary condition

P = plo sin wt at r=r6 .

We shall discuss several approaches for calculating the harmonic ampli-

tudes Bn' We first define the often used abbreviation EXDB. The extra
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attenuation of the fundamental due to nonlinear effect: may be expressed
as the ratio (in decibels) of the fundamental amplitude Py to the combined
effects of spherical spreading and small signal absorption. This quantity
is dencted by EXDB, where the acronym stands for the "extra attenuation
expressed in decibels.”

Perhaps the simplest expressions for the harmonic amplitudes are
the expressions for the amplitudes of strong waves, that is, waves in
which ordinary absorption compared to shock dissipation is negligible.

The Fubini solution (see, for example, Ref. 4) is valid in the preshock
region (0S1l). In this case, the harmonic amplitudes are given by

2
B, =20 () (2-8)

where Jn 1s the nth order Bessel function of the first kind. In the

sawtooth region (3§c§cmax), the weak shock result is

B, = ey (2-9)

(We note for later reference that the second harmonic of a sawtooth wave
is 6 dR below the fundamental.) The expression valid in the region 1<0<3
is more complicav~d and is given 1., Ref. 8. .

The analysis of moderate and weak waves musu include the effects
of ordinary absorption. Several models have been proposed to simuitane-
ously consider nonlinear distortion and absorption. Burgers' equation
describes simple wave flow in a thermoviscous fluid (see, for example,
Kef. 4). No exact solutions are known for spherical waves, but some

approximate solutions have been found. For example, a perturbation

T
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solution has been obtained for the range prior to shock fornation.lo’ll

In describing the results of our first array experiments, we shall make
use of the second order perturbation solution. Naugol'nykh et al. found

an approximate solution of Burgers' equation for the sawtooth wave
13

series, and Cary15 used this solution to calculate the extra attenuation

region.12 Tepper™ approximated Naugol'nykh's solution by a Fourier
(EXDB) of the fundamental. In chapter VI we compare values predicted bv
Cury with values of the extra attenuation measured during our siren
exyeriments.

PEStorius6 and Andersonll+ have programmed weal: shock theory for
the propagation of plane and spherical waves, respectively. Pestorius
corrected the particle velocity values for tube wall attenuastion and dis-
persion during the distortion process. The calculations were in good
agreement with experiments performed in a plane wave tube. Anderson
generated computer soluticns for the propegation of a spherical N wave in
air. The solution was improved by including air absorption in the calcu-~
lations. Anderson's computations closely matched his experimental
results. To predict received waveforms for our experiments, we modified
Pestoriua' program by including spherical spreading and atmospheric
absorption.

In addition to the models given above, several ad hoc models
have been proposed to simultaneously account for both absorption and non-
linearity. These models are ad hoc in the sense that they are not direct
16

attempts at solving the wave equation. Safa.rl5 and Pernet and Payne

present models valid in the preshock region for absorption of arbitrary

PR AN



P i 2 T . [N, SE DI S
b et e e b s L ot ittt B

3

R

[

R

ng A

ey SO

15

frequency dependence. The sound generated by our sources was generally
too intense to apply these two models.

Merklinger et al.l7 used a method suggested by Wes‘l:er\reltl8 to
calculate the extra attenuation for spherical waves. Westervelt assumed
that energy from the fundamental is used in second harmonic generation and
small sigral absorption. Interactions involving higher order harmonics

are ignored. The suggested model is

div -f = - 201 + <p(l)q>

- -
where I is the intensity of the fundamental, IE|I| » the angle brackets

denote a time a.erage, and q is the nonlinear acoustic source density per

unit volume

N S A G

c
o O

Here p(l) is the small signal solution for the fundamental at the retarded
time t' and p(e) is a second order correction involving the second har-
monic. Using a perturbation solution due to Safa.rl5 and solving &

Bernoulll equation for I, Merklinger found

g 2H
EXDB = 10 10310(1 + —92—-> , (2-10)

where 6°=B<-:kr° and H is a double exponential integral that st be
evaluated numerically. We compare our experimental results with predic-

tions based on Eq. 2-10 in chapters V and VI.

-~
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Rudnick,19 vhile investigating the attenuation of plane sawtooth
waves in a duct, made the ad hoc assumption that the sawtooth decay rate
is simply the sum of the decay rates due to small signal attenuation (tube
wall effects in his case) and nonlinear effects. The assumption is

expressed as

dp ‘
—peak _ ) S 2 -
dx (Jtppeak * p_c 2 ppeak ’ (2-11)
00

where Ppeak is the acoustic pressure at the sawtooth peak and a, is an
absorption coefficient for the tube wall attenuation. More recently,
Webster11 used the Rudnick model to predict the saturation level of the
fundamental for plane waves in a tube. Webster also presented a solution
for the fundamental amplitude for the case of spherical waves. In
chapter VI we compgre data from our siren experiments with predic-

tions based on the Rudnick model.

2. Effects of Random and Stratified Media

Two basic types of inhomogeneity of the medium must be considered
in planning an outdoor propagetion experiment. First, the atmosphere is
stratified or layered with respect to the fluid parameters. The stratifi-
cation is especially evident in vertical propagation at heights that are
nonnegligible when they are compared to the scale height of the

*
atmosphere. (Because we consider only vertical propagation, the etiec s

*The scale height G is the basic length scale related to stratification of
the atmosphere. It is c,2/(7g) (about 8 km), where g is the acceleration
due to gravity; G ir the height of the atmosphere if the density were
constant.

ad
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of refraction are neglected here.) Second, random fluctuations of the
medium paramet.rs often accompany wind turbulence and other disturbances.
While the propegatior: distance for the experiments described in this
thesis was very short, future experiments at longer ranges are envisioned.
It is therefore appropriate to mention the effects of inhomogeneities
here.

A sizeablc vody of theoretical literature describing firite
smplitude propagation in stratified medis has evolved. The atmosphere is
often modeled as an isothermal medium subject to the force of gravity. %
The ambient density for an isothermal atmosphere decreases exponentially
with height, but the small signal sound speed remains constant. For an é
analysis of the effects of stratification for this case (and a list of
other Russian works on the subject), see Romanova.eo The assumption of
constent (ambient) temperature is not required, however. Carlton and
Blackstock?l treated the vertical propagation of plane waves in s medium
where the small signal sound speed, ambient density, and fluid nonlinearity
vary with height. Nayfeh.e2 described quasiplane wave propagation in
ducts with varying cross section and fluid properties. Both references
may be applied to plane propagation in the atmosphere when the functional

dependence of the fluld parameters is known. The effect of stratification

is to amplify or reduce the amplitude U, of the particle velocity relative
to the sound speed Cye Because finite amplitude distortion depends on
uo/co, stratification has the effect of either speeding up or slowing down
the.distortion. For example, for a wave propagating vertically in the

atmosphere, the distortion generally accelerates if the wave is traveling
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upward but decelerates if the wave is traveling downward. The details
depend ultimetely on the specific medium conditions and the scurce
amplitude.

The theory of linear propsgation through e medium containing
random inhomogeneities is well known (see, for example, Refs. 23 and 24).
The effect of a random medium on nonlinear propagation is the subject of

several recent publications.25’26

A difficulty in applying random medium
theory to an experimental situation is that the distribution function in
time and space for the inhomogeneities is, in genersl, unknown and very
difficult to measure. However, Fridman and Pelinovsky26 statz that, for
finite amplitude propagation, the amplitudes of all harmonics above the
fundamental are larger thah the amplitudes in the absence of fluctuations.
The increase depends on the distribution functions of the parameters.
Lacking the instrumentgtion required to estimate the distribution func-
tions, we assumed that, by confining our initial experiments to conditions
of low windspeeds and by averaging the data over a sufficiently long time
27

span, = we could ignore the effects of random fluctuations on nonlinear

distortion. We found this assumption to hold true in our experiments.

3. Diffraction Effects

Some recent theoretical work from the USSR concerning the

28-30 The

effects of diffraction on strong acoustic beams is of Intercst.
theoretical models describe the propagation of a well-collimated circular
beam of plane waves. The amplitude distribution across the beam is

assumed to be

p =Dy, exp (-r°/°) (2-12)

BT LT
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where r is the coordinate transverse to the beam and b is the effective
beam radius. (This assumption is commonly made in radar theory.)

Rudenkc et 31.28 gauge the relative importance of diffraction to nonlinear

distortion by the parameter

2
N =
Be(kb)?

. (2-13)

As N~0, nonlinear effects dominate the behavior while, for Noew, diffrac-
tion is most important. Analysis for the lossless case where ¢ ¥®fraction
is nomnegligible shows that the beam diverges after X is surpassed.* The
most intense section of the beam (on and near the axis) is damped by
dissipation at the shocks. The wave becomes asymmetrical, that is, the
peaks are sharpened and the troughs are rounded. Figure 2-1 shows the on-

axis solutions for the cases N=O and N=0O.4. Bakhvalov et al.29

show theo-
retical waveform variations on and off the axis as functions of source
amplitude, the distance off-axis, and propagation distance. No solutions
of the governing equations for arbitrary source waveforms are avallable.
The well-collimated beam described above is not encountered in
practice, but the model may apply to highly directive radistors at large
distances where the waves are nearly planar. The recelived waveforms in
our array experiments may show qualitative evidence for the "peaked"
waveform described above. In our discussion of the data we estimate the

value of N for our experiments. For a discussion of the diffraction of

high intensity waves from a horn, see Appendix B.

*
The definition of the discontinuity buildup length o3 in Ref. 28 corre-

sponds to the "well-formed sawtooth distance" X(0=3) in our notation.

e o e

PTvREp ]

T

o e "



[SE—

Wz ol T -
PO

A I R

T oy oeve
e e — o M - D

e

P

.-

=0
2,2 21
3,3: 022

FIGURE 2-1
AXIAL WAVEFORMS IN A NARROW BEAM OF FINITE AMPLITUDE

(Taken from Ref. 30.)
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c. Exnerimental Studies

There have been very few experimental studies of periodiec
spherical waves of finite amplitude in air.* The only known outdoor
measurements were made by Widener and Muir,3u vho investigated the per-
formance of a parametric array operating in air. (The term "parametric
array” describes the nonlinear interaction of two collinear single fre-
quency sound beams of finite amplitude. See, for example, Ref. 35.) The
difference frequency generated by the interaction was investigated along
e 20 m long horizontal path over water. While other outdcor experiments
using very powerful sources have been reported, no attempt was made in
these experiments to quantify the role of nonlinear effects on the data
(see, for example, Refs. 36 and 37).

The laboratory (indoor) studies most nearly related to our work
are those of Allen and Rudnick,58 Allen,39 and Sh:ln.)+O Allen and Rudnick
measured the beam patterns for a siren generating an acoustic output of
84 to 176 W and pointed out several interesting characteristics of the
intense sound field.

Allen investigated the radiation from a St. Clair generatorl‘\l
operating at 14.6 kHz in a 2 m long anechoic space. The St. Cleir
generator functioned as a plane baffled piston and, as a resonant device,
generated a nearly pure sinusoidal wave at a maximum SPL of 161 dB. Allen
recorded such finite amplitude effects (now coumonly known) as acoustic

saturation, blunted beam patterns, and poor side lobe suppression.

Saturation is the limiting process whereby the received level at a field

*We duly note the large literature on sonic booms (see, for example,
Refs. 31 and 32) and explosion sounds (see, for example, Ref. 33).
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point is independent of the source level. Increases in the source level
are nearly nullified by extra attenuation. The directivity alterations
are caused by the extra attenuation incurred at sections of the sound
field with higher intensity. A major lobe that is normally rounded
becomes squared off as the amplitude in the center decreases relative to
the side lobes.

To study the attenuation of spherical sawtooth waves, Shin
utilized a siren and conducted the study in an anechoic chamber. He
corrected the weak shock decay rece for spherical svreading and obtalned
excellent agreement with his experiment. The data cover the frequency
range 8.5 to 11 kHz for extrapolated scurce levels of 139 to 143 dB at

1 m, over distances as great as 1 m.

20
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CHAPTER IIX

APPLICATION OF THE THEORY

A. Effective Scurce Parameters

One ol the difficulties in applying the models described in
chapter TI is that the source conditions assumed in the models are usually
different .rom the condlitions realized in the c¢xperiments. Jxcept for the
computer alsorithm described in section B.1l. < this chapter, the models
used here are restricted to sound that is a pure sine wave at a reference
point r, in the farfield. In practice, however, the wave is usually
already distorted when it reaches the farfield. There are two reasons
for such distortion. (1) There is inherent distortion in the cransducer,
Inherent distortion was particularly strong in our siren sowrce. (2) The
slgnal is subject to finite amplitude distortion as it travels through
the ncarfield. Our method of dealing with "source distortion” is to
measure the distorted waveform at an initial point r=r, just outside the
nearfield and to extrapolate backirard until we reach an effective source
radius ry at which the waveform is & pure sinusoia.* "r.e dimensionless
amplitude at this point is denoted €.

Our estimates of ry and € are based on a measwemen. Of the
sound pressure levels of the fundamental and second harmonic at the
initial point ry. We use the second harmonic rather than other harmonics

because, in our experiments, more energy was present there than in the

*For riston sources operating underwater, it has been found empirically
that a value of r, between R,/3 and 3R,/4 is acceptable. Here R, is the
Ravieigh distance given by the piston area divided by the wavelength.
See, for example, Ref. 2.

21
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higher harmonjes. Consider again Eqg. 2-7 and let P, denote the pressure

amplituac Cf the nth ha»monic. We write

rp
o~ 10
Ppp=—7% B

and
ToP10

R="r B
vhere B is given by the appropriate formula (for example, Eq. 2-8 or
2-9), depending on whether shocks are present and at what stage of
development. A measurement of Py and P is made at the distance ry. We
are left, therefore, wit™ a system of two equations in two variables (ro
and plo). In principle, we may solve the system to yleld the desired
source parameters. For example, if ri is in the preshock region, that is,

oi<1, we have

r p
_ 0710 2 -
Py = 7 J1(9y) (3-1)

and

*3(20,) . (3-2)

p =
21 ri 1

Forming the ratio of Poy to Pyy» Ve obtain

by Jp(20)

pli = 2J]_(Ui) ) (5":’)

from which the value of o, may be found. The smallest value of oy setisg=

i
fying Eq. 3-3 is selected. Equation 3-1 may then be solved for r.Pio°
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Using this value and the expression for o, [=Bekroln(ri/ro)], we obtain

the source radius

-0, /Be

r,=r, e 1/Pe, . (3-4)
Finally, P1o (and therefore €) is computed from the value of r.Pio- If
shocks are present, one must use the sawtooth or transition expressions
for Py and P in order to find oy

In the extrapolation procedure described here, it is tacitly

assumed that the fundamental and second harmonic are in phase. In
general, this condition is not guaranteed to hold. In addition, a source
maey produce an asymmetrice.l waveform. We are therefore justified in the
extrapolation procedure only to the extent tuat agreement with the experi-
ment warrants.

The range parameters for our experiments are calculated by8

T = r_ exp {-E]:} , (3-5a)
£ = r, exp {%} , (3-5b)

and

% (rme.x -

I‘max = (—a'") 1+ O'O ].IA\r ’ (3'50)
o

where co--Bekro. Equation 3-5¢ is transcendental and must be solved by
iteration. Range parameters based on an effective source are listed with
the propagation curves (shown in chapters V anc VI). The parasmeters are

subscripted "eff" to suggest the effective scurce.
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The calculation of extra attenuation based on the effective
source parameters also warranis a word of explanation. Measured extra
attenuation must refer to the level of the fundamental at the source posi-
tion Ty, that is, the point from which the effective source parameters
were extrarolated. The predicted va'ue of extra attenuation for our
source is then the difference between the values predicted by the models

for the distance r(r>ri) and r,.

B. Theory Applicable to Both Moderate and Strcoung Waves

1. Computer Propagation by Weak Shock Theory

The propagation of a spherical wave of finite amplitude in a
lossy medium may be described by means of a computer program. We modify
Pestorius' weak shock nropagation algorithm for plane wave56 by correcting
the computations for spherical spreading. For a loss mechanism, we sub-
stitute atmospheric absorption in place of the boundary layer attenuaticn
used by Pestorius. D. Watson of Applied Research Laboratories provided
additional, more flexible input and output schemes.ué Only the basic
steps in the computations are outlined below. See Ref. 6 for a detailed
discussion of the techniques and algorithms used to perform the calcu-
lations.

The propagation of a finite amplitude sphericel wave consists of
three simultaneous processes: (1) spherical spreading, (2) nonlinear
" "gtortion, and (3) ordinary absorption. For a sufficiently small propa-
gation distance, one may consider the processes to be independent of each
other and may calculate their effects sequentially (see, for example,

Ref. 6). While a process may be described in either the time or frequency

domain, the functional representation in one domain 1s often simpler.




PO APNE. SRR VP

S R, Pty e
PO tf’:‘.‘l - s 1, y,

ey SV U ORI, Ly WP

L4 . e

v P .
O R

[E S OW e

25

The computer's forward and inverse fast Fourier transforms {(FFT and FFT'J',
respectively) link the two domains. Because of the restriction kr>>1, we
are Justified in using Eq. 2-6 to relate particle velocity and pressure.

The flowchart in Fig. 3-1 provides an overall view of the
computer algorithm. The functional form for each part of the propagation
process is listed below.

(1) The particle velocity decreases by spherical spreading at
a rate of 6 dB per doubling of distance. This relation ic expressed in

the time domain as
r
u(r+Ar) = m u(r) 3 (5-6)

where Ar is the size of the propagation step.

(2) The finite amplitude distortion is viewed in the time
domain as an amplitude dependent shift in the arrival time for a particu-
lar wavelet. If the wavelet were of infinitesimal amplitude or were s

zero of the waveform, the time required to traverse a distance Ar would be

But for a finite amplitude wavelet whose particle velocity is u, the

travel time for the same distance is

c +
c oBu

To first order in e (where u<<c°) » we may drop the term c fu in the above

equation to obtain
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FIGURE 3-1
COMPUTER PROPAGATION OF SPHERICAL
WAVES OF FINITE AMPLITUDE INCLUDING
ATMOSPHERIC ABSORPTION

ARL - UT
AS-76 - 1552
MAT - DR
11.30-76

S g m e e e e e hee L el



L
'

[ -

R R : R e

[ I AU S

B I PUTETRREE LRI (- s A
e D ~ -

s

P

27

t, =t - B¥L (3-7)

The analogous form for the arrival time tB of a weak shock front is

(see Eq. 2-4)

8 (o} o¢ 2
o

(3-8)

The computations required for the merging of shocks are given in
Ref. 6. Our version of the computer program is not included in this
report because the published version by Pestorius may be easily modified
by including spherical spreading (Eq. 5-6)* and by replacing tube wall
losses by atmospheric absorption. Because nonlinear distortion depends on
the ratio of the particle velocity to the small signal sound speed and our
measurements were taken at widely varying temperatures, we were careful to
use the appropriate speed of sound in the calculations.

(3) The wave is damped by atmospheric absorption. The damping
increases with frequency and the calculation is performed in the frequency
domain. The functional form for the atmospheric absorption alone is

41nAr
Un(r+Ar) = Un(r) e , (3-9)

where Un is the magnitude of the nth harmonie in the Fourier series for u

and an is the respective absorption coefficient. Dispersion need not be

*An appropriate place to insert the calculation for spherical spreading in
the published program is following step ckO, p. 173 of Ref. 6. The accumu-
lated propagation distance prior to calling the subroutine is required for
the calculation.
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considered, because in atmospheric propagation it is negliglibly small at
normally encountered frequencies.

In our experiments atmospheric absorption is a much weaker
effect than spheric.l spreading and is often weaker than nonlinear dis-
tortion. The absorption calculation occurs in the frequency domain while
both the distortion and spreading calculations are made in the time domain
(see Fig. 3-1). Thus, computer time is saved (the FFT operation is com-
paratively slow) by correcting for absorption at larger distance incre-
ments than those used for distortion and spreading. The absorption
coefficients are calculated from a formuls given by Bass.16 The resulting
coefficients are accurate to 15% over the temperature range 273 to 313°K,
the relative humidity range O to 100%, and the frequency range 50 Hz to
10 MHz at a pressure of 1 atm. The addition of an algorithm based on
Bass' formuls 1is an improvement over the procedure used by Anderson,lh who
assumed that the coefficients simply increase with the square of the fre-
quency. The improvement should be significant at frequencies where
relaxation effects are important.

By repeatedly applying Egs. 3-6, 3-9, and 3-T or 3-8 to every
wavelet, one may simulate the propagation of the wave.

The input waveform to the program was taken from a measurement
at r=r,. The point r, was in the farfield of the source but was as close
to the source as feasible. A Hewlett-Packard 9810A programmable calcu-
lator with a 986L4A digitizer was used to digitize the oscillogram. The
minimum resolution was 0.25 mm. The waveform was smoothed by the
calculator to minimize digitizing Jitter. The resulting data were

filtered to remove any dc pressure bias (dc bias would cause nroblems
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during program execution) and were scaled to match the time-averaged level
of the fundamental. Discussion of further details related to program

execution is delayed until chapter V.

2. Merklinger, Meilen, and Moffett Model

In order to apply the method developed by Merklinger et al. for
the calculation of the extra ettenuation of the fundamental (Eq. 2-10) to
our work, we use the effective source parameters as explained in section A
of this chapter. The double exponential integral H required for the
solution is written in terms of single expomential integrals by Fenlon.uh
Merklinger et al. state that Fenlon's expression is an approximation
accurate to 20% for aroéo.l dB, where & is the absorption coefficient
erpressed in dB/unit distance. The inequality is easily satisfied in our
experiments. We calculate the single exponential Integrals by using a
polynomial approximation given in Ref. 45. The expansion has a maximm

error of 2x10°( for arshk.3 aB.

c. Theory Applicable to Weak Waves

A perturbation solution of Burgers' equation for spherical waves
may be applied to a wave in which no shocks are present. The solution for
the second harmonic, accurate to second order in €, for a sinusoidal

signal at s islo

Pty 9o -ha(r-ro)
=7 2 In® ’ (3-10)
where
e2[a(r'-r°)] _earo P eearl
122= —-—-—;r———dr' =e —-;r-dr', 0°=B€kro.
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It may be shown that, to second order in €, any second harmonic source
distortion at r, does not enter the perturbation solution; rather, the

initial second harmonic distortion diminishes by linear theory asll

ro) e-ae(r-ro) ' (3-11)

py(r,t) = py(r ,t) (;—

The use of a2 instead of Mal allows for the possibility of relaxation
effects in the medium. Effective source parameters are not required
because the initial distortion does not affect the nonlinear behavior. In
general, the phase difference between the two signals represented by

Egs. 3-10 and 3-11 is nonzero. The total second harmonlc is the vector
sum of the signals. The fundamental component decays according to linear

theory in this approximation.

D. Theory Applicable to Strong Waves

1. Naugol'nykh et al. (Burgers) Model

The extrs attenustion calculated by Cary using the model of

Naugol'nykh et al. is applied directly to our work. The extra attenuation

is
er
EXDB = - 20 log, |—=5= , (3-12)
r e
[o]
where
v 20/Bek . (3-13)

1 ~ sinh ar[1/6_ "+ In(x/x )]

An effective source must be defined and applied as in section A of this

chapter. The solution is valid only in the sawtooth region of propagation.

-
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2. Rudnick Model

Blackstockk6 has applied the Rudnick model for the fundamental
to the propagation orf a spherical sawtooth wave. PFor such a wave the
dimensionless fundamental amplitude (compensated for spherical spreading)

is

2 2
P12 150" T+ peir, m(r/r,)

The nonlinear decay rate is therefore

as pekr
('a;i) .- <‘§'r—°> BS (5-14)
nonlinear
while the rate of decay due to ordinary absorption is
— = ~ OB . (3-14p
dr small 1
signal

Adding Eqs. 3-14% gives the total decay rate

dB Bekr
1 o2
—_— = - (aBl = Bl) . (3-15)

Equation 3-15 is & nonlinear ordinary differential equation valid in the
region r>f. We integrated Eq. 3-15 numerically by the second method of
Runge-Kutta (see, for example, Ref. 47). In chapter VI the results are
compared with measured data. Effective source parameters are again

required (see section III.A.).
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Vil n et



e 2 B e P——— [ -

32

Websterll later found the analytic solution to Eg. 3-15 subject
to the boundary condition of sinusoidal excitation at r, with a pressure

amplitude of Pyge The solution is

-<a(r-r )
ro 2plo e °
pl = -; ar s (5"16)

1 + pekr_ e © [El(aro) - El(ar)]

where the exponential integral El(x) is defined (see, for example,

we-y
E, (x) =/ —dy .
1l x Y

The integral must be evaluated numericelly. Useful polynomial approxi-

Ref. 45) as

me*tions to the integral are given in Ref. 45.
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CHAPTER IV

EXPERIMENT DESIGN

A. Introduction

Certain general consideratiouns in the design of our propagation
experiment are discussed in this chapter. Of special concern was the
gselection of an acoustic source which could produce measurable nonlinear
effects within the physical confines of our vertical propagation path.

A tower 85 m high, equipped with an elevator which could be used to carry
& traveling microphone, was available, This tower fixed the length scale
of the propagation experiment.

Several sources capable of producing periodic sound of finite
amplitude in gir have been reported in the literature. A few seemed well
sulted for our purposes. To qulckly evaluate thelr effectiveness, we used
a graphical method for predicting the nonlinear effects associated with
spherically spreading sound waves. This method has been described else-

48,11

where but 1s repeated here for completeness.

B. Source Selection

The sources usgsed in our experimental work were chosen on the
combined bases of (1) operating frequency range and bandwidth, (2) pro-
jected output levels, (3) materials and equipment already at hand,

(4) cost, and (5) construction time. The devices considered for possible
selection are listed below.
1. electroacoustic drivsr(s) in three configurations:

49

a. an array of drivers, each with its own small horn

33



P

P e .

R [

24

b. a single large horn fed by several drivers/O
. 49,50
c. & dish reflector fed by several drivers
2. resonance devices in one of the above configurations
39,41

a. St. Clair generator
51
b. stepped-plate transducer
3. a&aeroacoustic or alir modulated sources

57,38

a. siren
b. electropneumstic driver52
c. whistle53
d. Hartmann generator53’5u
The references cited in the list sbove point out some of thz irpoeriant
operating characteristics associated with the scu.~~=8. Qur desire for a
source of easily variable frequency (with perhaps the ability tc produce
narrowband noise for later experiments) quickly eliminated the resonance
devices, whistle, and Hartmann generator as possible candidates. The need
to use high audlio frequencies, because of thelr generally favorable effect
on the development of nonlinear phenomena (see section C), caused us to
drop the electropneumatic driver from consideration. The acoustic signal
from a large horn fed by several clectroaccustic drivers may be more
susceptible to nonlinear distortion within the horn itself than is the
signal from an array of drivers with individual horns. A large horn is
also difficult to construct, as is a large reflecting dish. We therefore
concentrated our efforts on the development of a horn driver array.

From several standpoints, arrays of horn drivers are attracti6ve

for use in experiments such as ours. Commercially available drivers,

vhich, at least in theory, are reliable uniform devices, may be used. The
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frequency of coperation is easily wvaried. All electronic control of the
source is possible, in contrast to the mechanical apneratus required for
several of the devices listed above. We were Iortunate to have on hand a
lerge number of horn drivers cf exceptionally wide bandwidth. Their use
was attractive not only because of cost but because the wide bandwidth
feature could be utilized in subsequent experiments on finite amplitude
noise.

VWhen it turned ovt that the horn arrays generated less intense
sound than desired, a siren was constructed as an alternste, nmuch stronger
source. An electrically driven siren as used here may cover a wide range
of operating frequencies. Sirens with conversion efficiencies a)pr-oaching
50% may be built. A siren is less convenient to use than a driver array
because of the air compressor required. The much higher sound levels
obtainable from the siren more than compensate, however, for the added
inconvenience. The horn driver arrays and siren are discussed in detail
in chapters V and VI, respectively.

c. Estimate of the Importance of Nonlinearity on the Propagation of
Spherical Waves

We sought to evsluate and maximize the nonlinear effec s
e. vected for a given source by specifying the design parameters. By
examining Eqe. 3-5. one recognizes the importance of the two dlmensionless
qQuantities BeLrO and aro. These cuantities determine the severity of the
nonlinear behavior. Nonlinear effects may be increased by
1. ralsing the source amplitude €,
2. 1increasing the frequency f,

3. 1increasing the effective source radius T wrich generally



LI -
et 5 et )

36

derends on fregquency as well as actual source size,
4. increasing p. i.e., switching to a more nonlinear medium, and/or
5. decreasing the attenuation coefficient a, which depends strongly
on humidity and frequency.
Because several of the factors in this list are coupled, it is not
immediately obvious how to optimize a particular experiment for the
greatest nonlinear effects. A convenient grevhical display of the condi-.
tions required for a certain level of nonlinear behavior may be con-
structed as follows.

Consider a sinusoidal wave spreacing from a spherical source of
effective radius T, For a very weak wave, atmospheric absorption damps
the wave before shocks can form. Quantitatively, this means that the
computed quantities r and Toax have the following relation to each other:
rmax<<;' In a very strrng wave, on the other hand, shocks form quickly
and the wave travels a significant distence before small signal behavior
begins, that is, Ekzrmax. Thus the condition ;;rmax is a dividing cri-
verion, .aarking the approximate threshold of the importance of nonlinear
effects. If the computed quantities ¥ and Thax are equal, then more
gserious nonlinear effects are expected to be present. These two condi-
tions may be written in terms of Bekro ana aro as follows:

-l/Bekro
r=r - 20r = Bekro e

(k-1)

-B/Bekro
f=r —)haro = Bekr_ e .

It 1s convenient here to define a quantity closely related to Bekro. The

e
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\
"source frequency level," SFL, is defined as48

SFL = SPL, + 20 log,; fi0 (4-2)

whare SPle is Lo extrapolated source level at 1 m and kaz means the

frequency in kilohertz. This level is equivalent to the "scaled source

17

level" used by Merklinger et al. For air at 20°C, the relation between

EFL and Bekro is

SFL = 20 log,, Bekr_ + 167.2 (dB) .

A plot of Eqs. 4-1 cuts the SFL~or_ plane into three regions. Nonlinear
effects for a particular source may then be read as very important, of
posaible importance, or unimportant for operating points above, between, - %
or below the two curves, respectively. The SFL chart in Fig. 4-1 shows
the operating points for the sources used in our experiments. All oper-
ating points are measured values. The values of r, were taken as equal to
Ro/2 for each source, respectively.* Judging by the position of point A,
for example, we expect array No. 1 (seven horn drivers) to be a moderate
source in terws cf nonlinear effects. Array No. 2 (ten horns) should be a
stronger source. The siren 1s indicated to be a very strong source. The
propagation experiments to be described generally confirm these expecta-

tions. We return to this subject in chapters V and VI.

*While Ro is commonly applied to piston sources, we also use it in this
thesis with our horn arrays and siren. For consistency, we agree to cal-
culate R, on the basis of the "active area" of the source (e.g., the sum
of the areas of the horn mouths in an array).
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D. Other Design Considerations

Two other important design considerations were the length scale
of the experiment and the effects of source and receiver directivity. Use
of the SFL chart gives & quick indication of the magnitude of the nonlinear
effects expected but yields no information about the distances over which
these effects occur. Once a design for a source appeared promising,
therefore, it was then uecessary to compute the actual values of ;, T, and
rmax (see Eqs. 3-5). It was important that some or all of these distances
be within the limited propagation range available to us. On the other
hand, an experiment in which all interesting effects occur within a short
distance (e.g., within 1 m) would not demonstrate whether nonlinear propa-
gation effects are indeed observable in the innomogeneous medium.

As for directivity, there were three main considerations. First,
ligh source directivity is desirable to boost the SFL (note that ar  is
also affected). Second, the serious effects of refraction by atmospheric
irregularities on a beam that ls too narrow may render the microphone
measurements very difficult. Finally, although high frequercy is
favorable with respect to SFL, an upper limit is set by the receiving
microphone, which becomes very directional at frequencies above approxi-
mately 42 kHz. At higher frequencies, both phase and am, litude response
are poor. The time waveforms are therefore inaccurate. The sources were
thus selected and designed to meet the following minimum requirements:

(1) shock formation should occtur within reach of our microphone, (2) tie

fundamental frequency of the sources should be in the 8 to 12 kHz range,

e
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and (3) the beamwidth should not be less than about 10°. These
requirements were approximately satisfied by the arrays and the siren

that were actually used.
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CHAPTER 5
ARRAY EXPERIMENTS

A. Introduction

In this chapter an account of the evolution of the horn arrays
and the experimental results obtained through their use is given. The
component testing and selection process is explained. The array transmit
system and the receive system used for all of the propagation experiments
are described. Finally, experimental results are ccapared with theoreti-

cal predictions,

B. Array Development

A nuwber of commercially avallable high power horn drivers were
considered for possible use as array elements. Eventually three drivers
were selected for detailed tests: the James B. Lansing, Inc., models
No. 2470 (rated at 25 W electrical 1nput*) and No. 2482 (60 W) and a
375-H retrofitced with an aluminum diaphragm (30 W). Several of these
were ruled out as being too low in power handling abillity, being too
limited in frequency response, or having excessive internal distortion.
The frequency response, efficiency, and (unclamped) electrical input im-
pedance were measured by coupling each driver to a 5 cm 1.d., 30 m long
progressive wave tube. The tube was terminated anechoically an. is
described in detail in Ref. 6. See Fig. 5-1. The tube's first nonplanar

mode occurred at approximately 3950 Hz. The receiving microphone was

*
Manufacturer's ratings are for an rms power input for a continuous 1 kHz
sine wave.

b1
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153 em from the driver mouth. The equipment involved in the tests included
the following.

1. Hewlett-Packard 3580A spectrum analyzer with a camera. The
spectrum analyzer's sweep oscillator provide .4 swept or fixed frequency
sine wave of constant voltage that tracked with the analyzer center fre-
quency. Measurements were made using a 30 Hz bandwidth. Rated analyzer
accuracy was 0.3 dB for the frequency range 20 Hz to 20 kHz.

2. B&K 4136 1/4 in. pressure microphone and cathode follower. The
response was rated as flat to within %1 4B from 45 Hz to 50 kHz, but the
integration effect caused by flush mounting the microphone in the tube
wall moved the high frequency 1 dB point down to approximately 18 kHz.6

3. B&K 2108 microphone power supply.

4y, Hewlett-Packard 355D step attenuator. Not shown in Fig. 5-1, the
attenuator reduced the sweep oscillator signal to avoid overloading the
power amplifier input.

5. DRL pulser. This signal gate was activated during pulsed mode
tests of the driver's power handling capabilities.

6. Altec 250-B power amplifier. The unit's measured frequency
response was flat to within +0.2 dB from 500 Hz to 10 kHz. The maximum
rms power output was 250 W into a 2.5 @ load.

T. Pearson model No. 110 current transformer. The current trans-
former, when fcllowed by & voltmeter, provided ac current data for
impedance measurements. It also provided an indication of driver overload.

8. Hewlett-Packard 4OOEL ac voltmeter. The voltmeter alone also

monitored the potential applied for impedance measurements.

c.
N
B
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All three drivers failed at their rated input powers after
various periods of operation. Two kinds of damage resulted. Either the
voice coils physically distorted from overheating and shorted out or the
fusible link in the voice coil circuit opened. The voice coil was ruined
in either case. Pulse operation was also tried. The drivers were pulsed
at approximately double their continuous power rating; some failures
occurred in this operating mode. The 375-H driver eventually chosen as
the element for the arrays was derated to 25 Wrms input with fair
reliability.

The driver found to have the smoothest frequency response
(constant voltage drive) in the 5 to 10 kHz range, the greatest bandwidth,
and the highest efficiency at these frequencies was the 375-H. An added
advantage of this driver was the availability (from government surplus) of
approximately 20 units in various stages of disrepair. Fifteen of these
units were cleaned and refitted with aluminum diaphragm voice coils at the
James B. Lansing, Inc., factory.in Los Angelcs. The frequency response
for a typical 375-H driver coupled to the rlane wave tube is shown in
Fig. 5-2(a) (the response curves in Figs. 5-2(b) and 5-2(c) are discussed
later in this section). The test was conducted at low levels. It is
seen that the response is flat to within #2 dB over the range 6 to
8.5 kHz and is flat to within *4 dB over the range 0.5 to 8.5 kHz. At
8 kHz the electric-to-acoustic conversion efficiency (at low levels) was
found to be approximately 1T%. The efficiency varied from unit to unit.
For example, another driver was 13% efficient under the same conditions.

This difference reflects a L dB decrease in SPL.

b
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The 3T75-H driver was selected for the propagation experiment.
An appropriate horn then had to be chosen. A circular exponential horn
was avallable from government surplus in sufficient quantities for an
array. The performance characteristics of the horn required investiga-~

tion. The horn parameters are listed belov.

TABLE V-1

HORN PARAMETERS

Flare constant m = 0.047 cm-l

Cutoff frequency £, = 260 Hz

Horn length L=20cm
Diameter Area

Horn mouth 2a = 16 cm AL =190 cn®

Horn throat d0 = 6.0 Ao = 28

Driver throat - dd = 4.8 Ad = 18

The discontinuity in areas between the driver and horn is ignored in our
calculations. The farfield acoustic output was later seen to actually
decrease when a matching section was added to eliminate the discontinuity.
We based our predictions of the acovstic output of the horn-horn
driver combination on two related assumptions. First, the sound within
the horn was taken to propagate as a quasiplane wave. Second, the horn
mouth was assumed to radiate sound as if it were a uniformly vibrating
baffled piston. Both assumptions are commonly used in analyzing the
radiation from horns (see, for example, Ref. 55). Use of the first

assumption reveals that, when the transmitted wave reaches the horn mouth,
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its SPL should be

SPL = SPLy - 20 log,, /A /A,

where SPLd is the level at the horn throat. If the pressure due to the
transmitted wave then causes the layer of air at the horn mouth to vibrate
as a piston, as implied by the second assumption, the SPL at a distance r

in the farfield should be
SPL,, = SPL_ - 20 log [z
£f n 10 \ R, ’

where Ro (=k52/2) is the Rayleigh distance. At Ro itself, the SPL is

expected to be

SPL, =SPL -4&
(o]

where A is the difference, expressed in decibels, between the true axial
pressure at R, (s. > Ref. 56) and the farfield asymptote.

Unfortunately, messurements did not confirm the predictions
based on the two assumptions. Measurements were made at 8 kHz, at which
frequency A=1 dB. If one starts with the value SPLo=l5h dB projected on
the basis of measuremente in the progressive wave tube, the values
expected from the formulas above are SPIh=lhh dB and SPLR°=lh3 dB. The
values actually measured were SPLm=lh5 dB and SPLRO=131 dB. Although the
predicted and measured values of SPLm seem close, the good agreement is
largely fortuitous. The microphone at the horn mouth picked up not only
the transmitted wave but also the wave diffracted from the mouth rim. The

strong effect of the diffracted wave was observed: the measured SPL was
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extremely sensitive to microphone position. In any case, however, ‘he
discrepancy between the predicted and measured values of SPL.Ro was 12 4B,
a very serious loss. ZIxtrapolating this same loss to an array of seven
elements operating at 8 kHz, one finds that the value of SFL is reduced
from an expected value of 172 dB to 160 dB. Point A in Fig. U4-1 corre-
sponds to the 160 dB value. It can thus be seen that, if the 12 dB loss
had not occurred, the T-element array would have qualified as a strong
source.

In the hope of diagnosing and curing the cause of the low
acoustic output, we examined in some detail the axlal pressure distribu-
tion and the pressurc distribution across the mouth of a single horn and
driver. These experiments were performed in an anechoic chamber.* The
axial pressure distributions for the single horn and for a uniform bafflea
piston equal in area to the horn mouth are shovn in Fig. 5-3. Data set 1
was taken with an 1/8 in. microphone (see section D.4.) mounted on an
optical bench; data set 2 was taken using a 1/4 in. microphone mounted on
the overhead monorail support of the anechoic chamber. The theory and
data are matched in the farfield because of our uncertainty of the
behavior of both in the nearfield region. The 12 dB discrepancy betwesen
predicted and received levels is therefore not evident in the figure. It
is, however, obvious that the measured nearfield behevior does rot corre-
spond to the nearfield behavior for a uniform piston. The thecretical
series of maxima and minima predicted by theory were replaced in practice

by a monotonic decay in the pressure. Trouble with our use of the unifcrm

*
See Appendix A for the construction und performance detalls of the

chamber.
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piston mudel is indicated. The Rayleigh distance is, however, confirmed
as indicating the ounset of spherical spreading.
The pressure distribution across the mouth of the horn is

compared with the distribution e)tpectecl‘57

for a uniform piston at a
slightly lower frequency (7.3 kHz) in Fig. 5-4. The asymmetry of the data
in comparison with theory is glaring. Evidently we do not have uniform
excitation of the air layer at the horn mouth. The existence of cross-
modes within the horn is a likely explanation for the >bserved behavior.

It is appropriate to mention here three additional aspects of
radiation from the horn. First, horns of finite length resonate at certain
frequencies just as cylindrical tubes do. The resonance frequencles may
be calculated if we may assume an r.ppropriate output impedance at the horn
mouth (see, for example, Refs. 55 and 58). The only assumption considered
in the literature is the one corresponding to the piston model of the horn
58

mouth. Fo. "owing Olson,”” we write the inpit acoustic impedance st the

throat of an exponential horn as

PeCo Amzm[cos(blﬁe)] + jpoco[sin(bL)]

0
A JAmZh[sin(bL)] + poCO[COS(bIFG)] ’

7 =

where 6=arctan (m/2b), b=l/2\/hk?-m2, and 7 1is the acoustic impedance at
the horn mouth. The driver throat is effectively an extension of the horn
back to the dlaphragm. By examining a defective driver's internal struce
ture, we found that the throat area at the diaphragm is 11 cme. Ignoring
the discontinuity . the driver horn connection, we plot in Fig. 5-5 the
input resistance for an equivalent horn, beginning at the diaphragm. The

resonance peaks predicted at 6470 and 8350 Hz are very close to measured
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response peaks of the driver arrays. A response peak at 6655 Hz was
evident when ten drivers were packed together in an array. A peak cen-
tered at 8250 Hz appeared in the frequency response for a single driver
(see Fig. 5-2(c)) and also for an array of seven drivers. Of course in
our calculation we have ignored the driver characteristics, which .
strongly influence the relative magnitudes of the observed peaks.

The second additional aspect of horn radiation is the possi-
bility of nonlinear losses within the horn. If quasiplanar propagation
within the horn is again assumed, it may be shownh that the nonlinear loss
should not exceed 0.1 dB in our case.

Finally, we must give some comment to the two very different
frequency response curves exhibited in Fig. 5-2(b) and (c). The presence
of a diffracted vave from the mouth rim of the horn in combination with
the direct wave through the horn ailows a pleasing qualitative explanation
for the characteristics shown. Because the relative phase of the two
waves within the nearfield varies widely with the product ka, we are not
surprised to see the many peaks and valleys shown in Fig. 5-2(b). Tre
relative phase changes are much smaller in tL “=rfleld and thus the fre-
quency response is smoothed (Fig. 5-2(¢). It . ; be shown (see Appendix B
or Ref. 56) that the direct and diffracted waves combine on the axis of a
uniform piston to form the time derivative of the source signal. TFor a
sinusoidal source, differentiation amounts to a multiplication of the
source signal by jw, where w is the angular frequency. The result is a
6 dB/octave increase in the frequency response.

It is concluded from the tests and analyses of radiation from

the horn that, at the high operating frequency we wished to use,



[} SRURIVEE R

.

54

X crossmodes probably exist within the horn. Because propagation through
the horn is uot planar, the excitation of the air layer at the horn mouth
is not wniform. Therefore the uniform piston model for the horn mouth 1is

not reliable. However, the Rayleigh distance still approximately indi-

cates the onset of spherical spreading.

Te disappointing performance of the horn-horn driver
combination touched off a search for an alternative design. Various horn
modifications and substitutions were tried, includihg

(1) shortening the horn to reduce any antiresonance effects,

: (2) switching to a conical horn,
ii (3) =adding a sectoral divider in an attempt to control crossmodes,
(4) eadding a matching section to eliminate the mismatch between
driver and horn (this modification actually degraded performance by
2 dB), and
4(5) switching to a one-quarter wavelength tubular coupler.59
None of these devices yielded more than & 2 4B improvement over the

original horn. This result was attributed to the high frequencies

involved. At 8 kHz the wavelength, about 4 cm, is small compared to the
V mouth diameter, 16 cm, and to the horn length, 20 cm.

Despite the disappointing performance of the horn-loaded 375-H
drivers, it was still felt that such an array offered promise as a high
intensity source. The source level could be increased by increasing the

number of elements. The limit to the size of the array was set by cost

o~
e e et i e s
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5 and the requirement that the beam not be too narrow. Groups of seven and

ten drivers were operated as high intensity arravs. See Fig. 5-6.

e TR

Because of the size of the driver cases, the horns could not be packed
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with their mouths touching one another. The arrays were therefore
arranged to provide the most dense packing of the horns possible. Seven
drivers (array No. 1) were formed in a circular array, 0.5 m in diameter,

* The beam from this array was expected to be axisymmetric and similar in

angular dependence to the beam from a circular piston of area equal to
T Am. Ten horns were assembled in an equilateral triangle formation,
0.5 m on a side. The beam from this array (array No. 2) was expected to
be asymmetric and somewhat narrower than the beam from array No. 1. The
gaps between the horns in array No. 1 were initially filled by a plane

circular baffle (1.1 m in diameter). The measured farfield SPL on axis

actually increased, however, when the baffle was removed. No completely

ERRr LA AL

satisfactory explanation has been offered for this fact. We speculate

that a resonance may have been "detuned" Ly the presence of the baffle. ;

¥
¥

In any case, no propagation experiments were conducted with baffled
arrays. Array No. 1 was operated at 8.2 and 6.6 kHz, while array No. 2
was operated at 6.6 kHz. These frequencies corresponded to peaks in the
frequency responses of the arrays. The respective source levels are cited

in sections F and G of this chapter.

C. Array Transmit System

The electronic equipment comprising the transmit system for the
arrays is described below. The block diagram appears in Fig. 5-T.
1. Hewlett-Packard 3580A spectrum analyzer. The sweep oscillator of
this device served as an extremely stable variable frequency oscillator.
This device is labeled "oscillator" in Fig. 5-7. J

2. Hewlett-Packard 350C step attenuator.
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3. DRL pulser. This signal gate was activated when pulsed

e

measurements were desired. E

. Balance controls and input transformer. The input transformer
was needed to prevent the floating ground buss of the amplifiers from
shorting to earth ground through other equipment. The balance controls
allowed individual gain adjustments for each awplifier channel. Thus
partial compensatién for variations in the driver sensitivities was avail-
able. Because the scnsitivity variations appeared to decrease when the
drivers were assembled in an array, this feature went unused.

5. RCA HC 200H power amplifiers.60 Each driver was powered by an
individual integrated circuit smplifier module. Measured total harmonic
distortion at 1 kHz was 1.4% for 39 W into 15 Q.

6. Trygon model No. RSH0-10 and Harrison 6438B dc power supplies.
The supplies provided *37.5 V at 5 A to power the amplifiers.

T. Pearson Electronics model No. 110 current trunsformer and
Hewlett-Packard 400 EL ac voltmeter. These two devices were used together
to monitor the input current to the drivers.

8. Tektronix RM4SA oscilloscope.

D. Receive System

A block diagram of the receive system used for both the array
and siren experiments is shown in Fig. 5-8. The receive system performed
several functions. The absolute harmonic levels and the time waveform
were measured at each designated propagation distance. The acoustic out-
put of the source was also monitored against possible equipment drift and
failure. Beam patterns of the sound from the various sources were

recorded.
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Because of the size of the sources and the anticipated long
duration of the experimental program, simplicity and stability were
important factors in the experimental arrangement selected for the system.
As stated earlier, a verlical propagation path was chosen to minimize
ground reflections. A propagation path parallel to the radio tower
allowed the use of the tower's elevator as a movable microphone stand. A
single traveling microphone sampled the sound pressure along the axis of
each sound source. The use of a single measuring microphone avoided any
response and calibration differences inherent in using several micro-
phones and simplified the experimental arrangement. Tue sources were
ground-mounted for stability. The receive system included the following
elements:

(1) tower with elevator,
(2) source monitor microphone,
(3) traveling microphone and anemometer, and

(4) signal measuring equipment and the enclosure.

1. Tower

The tower defined the propegation path by s.pporting the
elevator on which the receiving microphone was mounted. See Fig. 5-9.
The tower was of tubular steel construction and had s trilanguler cross
gsection with 0.75 m sides. Guy wires were secured to the tower at mid-
height and near the top. The maximum allowahle propagation distance
was 85 m.

The elevator was an open car of dimensions 0.8 m in width by
0.9 m in depth bv 1.2 m in height. The maximum gross load was conserva-

tively rated at 136 kg. The car was powered by a ground-mounted winch;

Dy ewis

o S

-

i

o m—— T,



PERTSRS
o w

61

LA edme v

A TR e TS T Y A

;
ik
W

(A3HOYLLY 3744vE HLIM)
L "°N AV3dV GNv ‘37dvVi
ON!XIANI ‘43IN0L 40 3svE (9)

d3mol
6-S 3AN9I4

WO0d INOHJOUDIN HLIM
JOLVAIT3 ANV ¥3M0L (9)

o, . »
.
B
- ’
.,
N ..
.
L4
S
R
.
.
)
N . .
. e — A - e
. > .
Pa ST > n ot > ¢ . .
* ” he -

0040 -4

B
L _rd



— A

62

all elevator controls were at ground level. The elevator douor was Of
perforated steel. We covered the door with 15 cm thick industrial fiber-
glaas (Owens Corning R-19) to minimize sound reflections to the micro-
phone. The elevator's position, and therefore the propagation disiance,
were determined in a crude yet relisble way. A light 100 m long cable was
calibrated against a measuring tape. This cable was then clamped to the
elevator and allowed to dangle to the ground where it provided a direct
measure of the microphone height above {the source. Height mcasurement
error is estimated as 1% under calm conditions, increasing to perhaps L%
under the strongest winds encountered. The elevator was unfortunately too
noisy and moved too fast to allow a conti.uous-tracking mode cf operation.
The sound source mount was an indexing table, 91 cm in diameter,
that was located at the base of the tower. The table could be rotated and
tilted for adjusting alignment and for measuring beam patterns of the
sources. The angles of he measured beam prtterns were corrected for the
small displacement of the pivot point below the source. A baffled array

is shown in place on the indexing table ia Fig. 5-9(b).

2. Source monitor

A fixed monitor microphone (1/4 in. B&K model No. 4136) was
mourited off-axie in.the farfield of the source. The purpose nf the moni-
tor was to indicate variations in the acc_stic output. Depending on the
source dimensions, the monitor was mounted elther on a ring stand that
stood on the indexing table or on a 1.2 m boom that projected from the
adjacent utility pole. The utility pole (4.5 m high) was coversd with

fiverglass to prevent reflections. The monitor microphone output was

e
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checked by switching it into the signal measuring branch equipment just

before a measurement was made with tne traveling microphone.

3, Traveling Microphone and Anemometer

The traveling microphone was mounted on a boom extending 2.6 m
from the elevator car. The boom was used to remove the microphone from
the reflection field of the elevator and tower. The microphone-tower
separation was 3.5 m. Thus when the microphone was midway up the tower
the minimun time delay of signals reflected from the tower was 1.7 msec.
No definitive reflection tests were made. However, if reflections were
indeed important in the propagatio~ experiments, they would have been
menifested as anomalies in the received cw signals. Because the measured
timne waveforms agree quite well with computer predictions (see Figs. 5-1A
and G-9), the role of reflections in the data was probably negligible.

The traveling microphone was a 1/% in. B&K type No. 4136 or a
1/8 ir - 7 type No. 4138 nounted in such a way that the sound waves
impi . . . :.azing (90°) incidence. The microphone wae celibrated abso-
lute.y to within 0.2 dB by using a B&K type No. 5220 pistonphone. The
output signal was fed to the electronic equipment on the ground by way of
200 m of B¥K microphone cabie. The cable had negligible loases.61 The
sections of micropaon: cable were clamped together to reduce strain on the
cable connectors caused by the substantial cable weight. Windscreens were
not used because the onee available to us required large freefield co .ec-
tions at high frequencies.

The microphone <om included provisions for mounting a small
lager to ald in source~receiver alignment. However, the laser availlable

to us proved to be tco weak for daylight use. Therefore, we u~ed ancther

o e e,
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alignment scheme which was simple yet effective. With tne traveling
microphone 3> m above tue T-element driver array source, a plumb bob was
used to briung the source (and indexing table) in line with the mierophone.
The microphone was th~n sent to a I ght of approximately 76 m. ‘The table
was t1lted to maximize the received sound level. The table was then rota-
ted 90° and the received sound level was maximized again. This position
was defined as a 0° tilt with respect to the tower; the table was locked
vhere. This same positicn was used for the siren. Acoustic alignment of
the siren was difficult because its major lobe was so broad. On the other
band, because cf the siren's broad beam, alignment of the siren was less
critical than i was for the array.

To measure wind speed near the microphone position, we mounted
an anemometer on the elevator car. This anemometer, an Electric Speed
Irdicator Co. model No. F420C, is a wind-driven dc generator whose output
p. .ntial is proportional to the wind speed. By means of % m of stranded
cable, which had negligibie losses, the output signal was relayed tc the ;
ground, where 1t was connected to a calibrated Esterline-Angus model :
No. AW graphic ammeter. The accuracy of the wind speed mersurement was
ap.roximately 0.5 km/h. The time-averaged (oy eye) wind speed was noted
at eacn propagation distance. Although more accuracy could have been
obtained by integrating the time record output, it was not deemed worth-
while to do so. N

The air temperature and relative humidity at ground level were
measured with a Bachar..ch sling psychrometer. Sewveral times when the wind
was fairly calm, the temperature a:cng the tower was found to be essen-

tially the same as the temperature at the ground. Isothermal (ambient) ¢
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conditions were therefore assumed for our data analysis. An electronic
thermometer (Yellow Springs Instruments model No. 43) with remote readout
v111 be added to the elevator in the near future to allow a more careful
measurement of amblent temperature.

We note that knowing temperature and wind smeed as a function of
propagation distance is not exactly equivalent to knowing the wind and

temperature profiles as functions of time. We were forced to assume that

the gross profile features were stationary with respect to the time

required to run the propagation experiment.

4, Signal Measuring Equipment and the Enclosure

Figure 5-8 and the equipment list below describe the electronic
portions of the receive system.

(1) Two 1/4 in. B&K 4136 pressure microphones with cathode followers.
These comprised the monitor and traveling microphones for the driver array
experiments. The microphone pressure response was nominally flat from
50 Hz to 50 kHz (1 dB down points) for grazing (90°) incidence. Because
the 4136 was a pressure response microphone but operated under freefield
conditlors, the following menufacturer's rated freefield corrections were
added to the microphone response:

Without protective grid: =0.2 dB (9 to 1k khz
+0.5 aB (19 to 38 kHz)
With protective grid: +1 to 3 dB (17 to 40 kHz)
Spectral measurements in these frequency rang.s were corrected accordingly.
Time waveforms were not corrected, although they could have been when the
signals were processed Ly the computer. The justification for not making

.he corrections is described in section G of this chapter.
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(2) 1/8 in. B&K 4138 pressure microphone. Tnis was the traveling
microphone used for the later siren expefiments. Its shorter rise time
was useful in obtaining more faithful oscillograms ot the sawtooth waves
encountered. The 4138 microphone was rated as flat to within :1 4B from
20 Hz to 100 kHz. No freefield corrections were required to TO kHz.65

(3) Two B&K 2108 microphone power supplies.

(4) Ad Yu 20 3B transistor preamplifier. The preamplifier improved
the signal-to-noise ratio for the traveling microphone. The measured gain
was 20%0.1 4B from 500 Hz to 20C kHz. The phase distortion was negligible
above 100 Hz.

(5) B&K 2010 heterodyne analyzer. The frequency domain measurements
were made with this device. Eitner overall or bandpass levels were
selectable. The frequency response (linear) was rated at *0.2 dB for the
range 10 Hz to 50 kHz and #0.5 dB for the range 2 Hz to 200 kHz. Bandwidth
was selectable from 3.16 to 1000 Hz in steps cf 10 @B. The variable band-
width feature was helpful in reducinz wind noise and wind-induced fluctua-
tions. The overall SPL measurements did, however, include a contribution
due to wind noise. The analyzer also contained much needed averaging
circuitry. The pressure signal was first converted to its true rms value
then was RC (resistor-capacitor integration) averaged, and finally was
log converted for direct meter display in decibels. The level displayed
was thus the pressure signal average (an arithmetic mean), not the average
of the pressure levels (a geometric mean). The effective averaging time
was selectable from O.1 to 100 sec in 10 dB steps. The analyzer filter
required manual tuning for each harmonic. The tuning was expedited by

using the frequency counter to moritor the analyzer's beat frequency

g g
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oscillator output, which tracks with the filter center frequency. When an
averaging time of 10 sec could be used, gbout 3 min were required to
measure the overall and first three harmonic levels.

(6) Hewlett-Packacd 5380A frequency counter. The frequency counter
fulfilled several needs. It was used to monitor the oscillator frequency
for the driver array (at which time it was connected to the array transmit
system) or the siren frequency. It was also used to indicate the analyzer
bandpass frequency, as described in No. (5).

(T) Tektronix RMUSA oscilloscope with camera. The received signal
fluctuated becausé of wind and turbulence. The oscilloscope records an
instantaneous waveform, not a time averaged waveform. Thus there is a
variability emong waveforms measured at the same distance. Because the
wind ard turbulence increased with height and because of the cumulative
effect of propagation through s random medium, the variability ailso
increased with height. Therefore the waveforms recorded at the larger
distances (see Figs. 5-16 and 6-10) are, in particular, to be regarded only
as representative. The computer elgorithm requires a measured waveform
for its input. Becausce slightly different input wa -eforms might lead to
rather greatly different cumputed waveforms at long distances, we desired
a very stable source wa eform, Since little variability was found ab
distances of less than 15 n, a waveform from this region was acceptable as
the computer input.

(8) ILow pass (100 kHz cutoff) filter (constructed by D. A. Webster).
When the traveling microphone was set at the longer propagation distalces
(above approximately 45 m), the long microphone cable, acting as & radio

antenna, picked up signals from a local AM radio transmitter (cerrier
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frequency of 1.2 MHz). The tower was within the nearfield of the station
and also within a standing wave field caused by the Balcones Fault. Radio
reception was unpredictable but varied with the time of day and the
weather conditions. Although the radio signal was very strong at times,
it did not interfere with the frequency analysis of the acoustic signal.
It did, however, greatly affect the time waveform displayed on the
oscilloscope. To retrieve the time waveform for th= oscilloscope camera,
we added the low pass filter at the oscilloscope input whenever it was
required. The filter effectively blocked the radio frequency carrier but
faithfully passed the acoustic signal. The overall SPL measurements may
have been affected by the radio frequency component. Because the overall
SPL measurements were of minor importance and were also afrfected by wind
noise, the radio frequency component was not filtered from the input
signal to the analyzer.

a. Experimental Accuracy

We estimate here the accuracy of the absolute SPL measurements
to be described. For this analysis, we assume that the air is absolutely
calm. Several components of equipment were involved, either directly or
indirectly, in each SPL measurement. If we assume that the measurement
errors attributéd to the various components are independent and that each

error ie normally distributed, the standard deviation of a measurement is

1/2
2 2 2
S = [Bl + 82 + ... + sn ]

where 8y By tees s, are the standard deviations associated with the

individual components. These standard deviations were the following:



RRL IS

'y g 22w,
LT
PRSP

Frp o Ae Tt
e

ERTC N

PN e et

69

(sl) pistonphone output: 0.2 dB*

(32) polarization potential deviation from 200 Vde: 0.2 dB*

(33) heterodyne analyzer f“requency response: 0.2 dB*

(s,) heterodyne analyzer calibration: 0.2 a8

(35) meter reading: 0.05 dB

(56) preamplifier frequency response: 0.1 dB.
The standard deviations associated with the total receive system were
therefore 0.4 dB. In other words, the probability of weasurement errors
less than 0.4 dB was 68%. The probability of errors greater than 0.7 dB
was 10% (90% confidence limits). But we must also concern ourselves with
the total experiment accuracy. That 1s, still assuming calm air, we must
also account for deviations in the transmitted acoustic signal. The
deviation cf the source output measured by the monitor microphone was no
greater than 0.05 dB for the driver array and 0.3 dB (3 sec average) for
the siren experiments. Including these deviations yields a standard
deviation for the complete system of 0.4 dB for the array experiments and
0.5 dB for the siren experiments.

b. Enclosure
The electronic equipment was housed in a 2.1 x 2.7 x 2.1 m

(outside dimensions) Craig Systems' Helicop-Hut. The hut provided storage
space and equipment protection against inclement weather. Because of its
potentially airtight construction, the hut may be used in the future to

protect the experimenters from unbearably loud sources.

¥
Manufacturers' ratings.
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E. Procedure for Propagation Experiments

This section applies to propagation experiments conducted by

using either type of sound source. The experimental methods were identi-

‘cal. The receive system was first calibrated absolutely using the piston-

phone. The procedure for making a measurement at a given distance from
the source was as follows. The elevator was moved to the desired distance.
The source was activated and the output allowed to stabilize. In the case
of the siren, stabilizacion required about 1 min. The driver arrsys
exhibited no drift following activation. The relative pressure level of
the source was then measured by the monitor microphone. We then switched
to the traveling microphone and used the heterodyne analyzer to measure
the SPLs of the overall, fundamental, second harmonic, and sometimes the
third harmonic signal. For small signal experiments, only the overall and
fundamental levels were measured. Simultaneously, an oscillogram was
taken and the wind speed was recorded. This process was repeated as i
quickly as possible at the next distance in order to minimize weather L
(mainly wind speed) variations during the experiment.

In general, the averaging time required for the spectral

w wpese

measurements increased with propagation distance from a minimum of 0.1 sec
to a maximum of 30 sec. This increase reflccted wind speeds which also
generelly increased with height. But the values of wind speed measured at
a fixed propagation distance occasional , varied by as much as *h km/h.
The propagation experiments were conducted under a wide range of
wind, tempersture, and humidity conditions. The measured wind speeds
ranged at the ground from O to 4 km/h and, at the greatest propagation ‘ N

distances, from 5 to 21 km/h, Several of the experiments took place before
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the anemometer was obtained. We estimate the wind speed range at the
ground for these experiments as O to 2k km/h. The wind speeds at greater
heights are unknown. The propagation experiments took place within the
temperature range of 24 to 35°C and the relative humidity range 38 to 80%.
The source was shut down between measurements to protect the
experimenters from high level sound. The sources operated at levels
dangerous to hearing, if the exposure is long, even when both earplugs and
earmuff-type hearing protectors are worn.
A special problem was encountered dwuring the siren experiments.
The siren's high sound intensity prohibited experimentation during labora-
tory working hours. During the night, small line voltage fluctuations
(2 to 3 V) caused by the tower's flashing beacon made the siren output
unstable. We wzre thus restricted to taking data between 5:00 and
6:30 p.m., approximately. For these reasons, no data are included here at
distances greater than 36 m. Improved wiring will be instulled at the

tower site to eliminate the line voltage fluctuations at night.

F. Small Signal Behavior

Small signal experiments were performed to establish a basis
against which the finite amplitude propagation experiments could be com-
pared.

We first needed to determine whether fluctuations due to wind
and turbulence would so dominate the measurements as to disqualify our
homogeneous medium theories. Some of our early propagation experiments
with the arrays provided an anewer to this question. We restrict our
pre uat discussion to small signal measurements. It was found that, if a

g clently long averaging time were used, the data agreed very well with
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predictions based on spherical spreading and atmospheric attenuation
alone. Agreement was good even though wind gusts of at least 21 km/h
occasionally occurred at the greater propagation distances and even though
the array beams were relatively narrow. Thus, it was not necessary to
account for turbulent scattering and other random media effects. For this
reason the terms "small signal” and "iinear theory" have been used here to
imply the effects of spherical spreading and atmospheric absorption in an
homogeneous medium. Two of the small signal propagation experiments are
now Giscussed in some detail.

One of these experiments is reported in Ref. 1l1. The source was
array No. 1. Data were taken Gver the range 6.1 to 76 m. The operating
parameters were f£=8.25 kHz, R=3.2 m (calculated value), SFL=160 4B,
aro=0.0h6, and SPL1m=141.5 dB, where ro=Ro/2. These conditions define &
point below the lower curve on the SFL chart (Fig. 4-1). Thus very little,
if any, extra attenuation would be expected. This expectation is ful-
filled. The propagation data for the fundamental confirm the linear
theory curve very well. Some second harmonic distortion was observed, but
it was not strong enough to draw appreciable energy from the fundamentegl.
Similer behavior for the fundemental is shuwn by another experiment with
array No. 1, described in section G of this chapter.

The results of a propagation experiment using array No. 2 are
shown in Fig. 5-10. The operating parameters were f=6.6 kiz, Ro=5.6 m
(calculated value), SFL=159 4B, aro=0.032, and SPle=145 dB, where
rO=R0/2. The maximum wind speed recorded, 21 km/h, occurred at a distance
of 61 m. Point B on the SFL chart (Fig. 4-1) corresponds to this experi-

ment. The point is seen to lie in the intermediate region of the SFL
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chart, yet near the lower limit. One might therefcre question whether K
this is in fact a small signal experiment. The solid curve in Fig. 5-10 .
represents the small signal prediction. It is begun a* the 6.1 m measure- N

ment because that is a point definitely ir the farfield. The data fit the
s0lid curve quite well out to a distance of about 61 m. There is a devia-
tion of 1.2 4B at the last measurement point, 73 m. The values of ;, r,
and v shown in the figure were computed by teking ro=Ro/2. The amount
of extra attenuation expected to occur between ri=6.1 m and r=24 m is

0.9 dB. This loss is not observed. The reason for the discrepancy is :
not known.

The beam patterns for the arrays and s measurement of the axial
pressure distribution for array No. 1 are now described. Although these
experiments were performed at maximum output for the sources, the effects
of nonlinearity or the data are expected to amount to no more than #2 dB.
That is, from the results discussed in section G of this chapter, one
would prediet only minor nonlinear losses for the fundamental. The
measured beam pattern for array No. 1 at 6.6 kHz is shown in Fig. 5-11.
The wind speed during the experiment was a steady 6.5 km/h. The beamwidth
(the anguler separation between the -3 dB points) is seen to be 8° at
6.6 xHz. This figure compares very well with the beamwidth of a uniform
circular piston with an area equal to the array's active area. The theo-
retical. and measured directivity patterns correspond well only for the
major lobe. The first side lobe of the array is 10 dB below the major
lobe. The array was axisymmetric and a symmetric beam pattern is assumed.

The acoustic pressure on the axis of array No. 1 when it was

operating at a frequency of 8.25 kHz is shown in Fig. 5-12. The
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theoreticnl pressure distribution for a uniform piston of equal active
area is also shown. The tneory and dats have been ratched in t.u. far-
field. The Rayleigh distance (3.2 m at this f.requency) approximately
indicated the beginning of the farfield zone. The pressure distribution
in the nrescfield deviated substantially from the predicted values, muc:
as it was observed to do for a single horn (see Fig. 5-3%). We sttribute
this deviation to the nonuniformity of excitation at the surface of the
array. In turn, the .onuniformity is presumed to be at least partly due
to the presence of crossmodes in the horns. The earfield 'rregularities
appear to average o't in the farfizld, just as they do when the source is
a single driver (see section B of +anis chapter). Nonlin:ar effects are
not expected to severely influence the nearfield pressur= distribution
because ¢’ the short distances and merely local concen.rations of high
lcv.l sound involved. We did not investigate the question of finite
amplitude effects in the nearfield more thoroughly because of a lack

of time.

The measured beam pattern for array No. 2 is shown in Fig. 5-13.

The wind speed recorded during this experiment varied from 2.5 to 9.5 xn/h.

The a.ray had a beamwidth of anproximately 6° at 5.t kiz through the
planes shown in the figure. The array was not axisymmetric and the

asymuetry is markedly reflected in the beam pattern. The narrow major

lobe may have made the received signal quite sensitive Lo varlation caused

by wind convection.
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G. Finite Amplitude Behavior

Two array experiments performed at maximum output are described

in this section.

1. Array No. 1

When the source for the propagation experiment was array No. 1,*
the frequency was 6.6 kHz, the Rayleigh distance (calculated value) was
2.5 m, and the source level was 144 GE. The operating point on the SFL
chart, point A in Fig. k-1 (SFI=161 dB and or _=0.0070, where ro=Ro/‘2),
indicates that moderate nonlinear effects should be expected. Moreovver,
because of the values of the range parameters--;Qll m, =850 m, and
rmax=33 m--we expected these effects to be observable well within the
range of our traveling microphone. These expectations were borne out
qualitatively. At a distance of 9.1 m, both the measured time waveforms
and the separation between the SPLs of the fundamental and second harmonic
indicated the presence of a shock.

The specific propagation data for the fundumentel and the second
harmonic are shown in Fig. 5-14%. Also shown are predicted curves based
upon models that are probably too simple for the experiment. The propa-
gation data for the fundamental show no significant deviation from the
linear theory curve. (Note that, again, this curve is begun at the 6.1 m
data point.) In other words, no extra attenuation is evident. Yet,
because of the evidence of nonlinear cffects (for example, the presence of
shocks at least by 9.1 m and the proximity of the second harmonic curve

to that of the fundamental), one would expect to observe some extra

¥
The traveling microphone was a 1/4 in. model with protective grid.
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attenuation. Using ordinary weak shock theory8 (that is, ignoring

atmospheric attenuation), one would predict EXDB values of 0.57 dB at ?
6.1 m and 0.91 dB at 9.1 m. The increase of approximately 0.3 dB is not |
observed in the data. The fact that it is not observed msy not be signifi-
cant, however, because 0.3 dB is less than the experimental error.

As for the second harmonic, no analytical prediction that is
really applicable is avalleble. The second order perturbation solution to
Burgers' equation may be used for wesk waves and ordinary weak shock ) .
theory may be used for strong waves, but the wave strengths for this
experiment are in the embarrassing intermediate region for which analyti-
cal results are very sparse. Nevertheless, an attempt was made to explain
the data by applying the perturbation results. It is admitted at the
outset that these results are relevant only in the shock free region,
which for this experiment represents only sbout the first tenth of the
propagation path. %

In applying the perturbation results, we started with Eq. 3-10

P T- PR

and let r0=6.1 m; curve (b), shown in Fig. 5-14%, results. To this curve
we added the second harmonic signal [curve (a)] that -ras already present
because of source distortion* at r,; see Eq. 3-11. The second harmonic
caused by finite amplitude effects is generated in phase with the funda-
mental. If the source distortion were caused by finite amplitude effects
within the horns, use of the plston model for the horn mouth shows that
the second harmonic in the farfield would be 90° out of phase with the

fundsmental. Since direct measurement showed that the phase differsnce S

¥
Note that "source distortion" here includes distortion that took place in

the nearfield as well as in the horns and the drivers. ;
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was approximately 0°, we conclude that either the pision model of the
radiation is inapplicable or that little distortion occurred in the horns.
The latter conclusion is consistent with our calculation (section B of
chapter V) that negligible extra attenuation should be associated with
propagation in the horns.

While the solution obtained by combining curves (a) and (b)
provides a good fit to the data out tc approximately 15 m, it is not
strictly applicable past a distance of about 9.1 m. The second order
perturbation solution does not accurately represent the second harmonic
signal after a shock has formed. Data and the perturbation solution
diverge beyond r=15 m. The only method of solution available to describe
the propagation for the reg >n past shock formetion (for a nonsinusoidal
source) is the computer algorithm. The algorithm was not used, however,
to provide predictions for this case.

A much more suitable test of the perturbation solution was
provided by the datg from the first propagation experiment described in
section F of this chapter (see Ref. 11). (In that experiment the waves
were sufficiently wesk, so that no shock was formed.) The perturbation
results are expected to be applicable over the entire propagation path.
It turned out that the data for the second harmonic fit the predicted
curve very well, The predicted curve was based on Egs. 3-10 and 3-11.

The experiments for which array No. 1 was the sound sowrce were
completed before the anemometer was installed. We estimate that the wind

speeds at the ground were less than 24 km/h.
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2. Arrgy No. 2

When the source for the propagation experiment was array No. 2,
the frequency was 6.6 kHz, the Rayleigh distance (calculated value) was
3.6 m, and the source level was 146.5 dB. The operating point on the SFL
chart, point C in Fig. 4-1 (SFL=163 dB and aro=9.6x10'5, where r =R /2),
indicetes that moderate nonlinear effects should be expected. The =ffects
of nonlinearity should be expected to be more pronounced than those for
the experiment using array No. 1.

The n~ropagation date for the fundamental and second and third
harmonics are shown in Fig. 5-15. Tre data for the fundamental fall below
the small signal prediction. The maximum deviation from the small signal
curve is approximestely 1.7 dB. It is seen that the second and third hsr-
monics grow relative to the fundamental before they recede. The minimum
separation of the fundemental and second harmonic is 5.4 dB, which value
occurs at 18 m. The minimum separation of the fundamental and third
harmonic is 11.4 dB at a distance of 9.1 m. Because the minimum separa-
tion of fundamental and second harmonic for a sawtooth wave (the limiting
form of strong waves) is 6 dB, the measured value of 5.4 dB is a curious
result. Other data from the vicinity of 18 m confirm this value. Thus,
random error is discounted as an explanation., The reason for this
behavior is not clear. Asymmetry of the source wave may explain the
recorded value.

Theoretical propagation results for the experiment described
above were generated by using the computer algorithm. The received wave-
form at ri=6.1 m served as the source wave. Because this distance is

outeide the Rayleigh distance of the array, the effect of diffraction at

TETE RN

- ——y Y AT

-



[

e BT A e meetl

Lt e e o - emm am o e e

SPL - dB

i | I L L ] I T T T 1
---= COMPUTED
] % + OVERALL ]
130 ® FUNDAMENTAL B
& SECOND HARMONIC
2 O THIRD HARMONIC
oy .
120 - 4 LINEAR .
0 6= /~ THEORY
O - ~ \‘\A “t\ +
MO+ ~o ‘\\ A "s;' -
O~ S8 ~
i FUNDAMENTAL = 6.6 kHz LNV Y
AIR TEMPERATURE =28°C ~o <82 S
100l RELATIVE HUMIDITY = 62% AN
@ = 0.046 dB/m O« “Q\
B ?." s 6.] m %.\\ >
2 10m e
90+ off
Tmax - 38 m b\\
L off S
o
80 | I} 1 L1 1.1 1 ] | | 1
3 5 10 20 40 80
DISTANCE - m
FIGURE §-15
DRIVER ARRAY No. 2 - FINITE AMPLITUDE PROPAGATION
ARL - UT
AS-76-1324
MAT - DR

e aBTne o e b ar




T

P

-

WO LI T

N NN
=

- gt

Eacy ey

ot
I G, V% O e

85

the horn mouths was expected to be excluded from the propagation region
(see Appendix B). The source waveform was prepared for use in the com-
puter program, as described in chapter III. The waveform was then fast
Fourier transformed to allow examination of the relative harmonic levels.
The levels of the second, third, and fourth harmonics relative to th
fundamental were -6.9, -13.8, and -18.8 dB, respectively. The freefield
correction for the microphone was +0.2 dB at the second harmonic and

-0.5 dB at the third and fourth harmonics; it increased to +1.0 dB at the
seventh harmonic. Because the energy contained in the harwonics above the
fundamental was relatively low and other errors in the cxperiment were
comparable or larger than the freefield corrections (especially when wind
noise is accounted for), the input waveform to the computer was not
corrected. However, all other measured harmonic levels were corrected for
the freefield response.

The computed propagation curves are shown in Fig. 5-15. The
general trend in the data is visible in this figure. Our predictions are
too low for the fundamental and second harmonic and are slightly high for
the third harmonic. The maximum deviation between experimental and com-
puted values for each harmonic (at the distance the deviation occurred)
are as follows: fundamental, +1.8 dB (at 76 m); second harmonic, +1.3 dB
(at 21 m); and third harmonic, -0.7 dB (et 76 m). A positive deviation
indicates that the measured spectral level is the higher of the two. The
prevalence of underestimated levels would seem to be anomalous. That is,
overestimations could rather easily be explained by additional losses that

are not accounted for in the computer algorithm. The deviations were not

)
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attributed to the selection of the step size parameters in the algorithm.
We shall reconsider this discrepancy shortly.

The minimum computed separation between the fundamental and
second harmonic was a value of 5.8 dB. This value, which occurred at a
distance of 12 m, is 0.2 dB less than the value predicted for a sawtooth
wave. Thus the relative levels of an initially distorted wave may possi-
bly violate the limiting values applicable to an initially sinusoidal
wave. An analysis by Webstcrll applicable to the preshock regicn may lend
support to this suggestion. Webster has shown that, for a source with
initial second harmonic distortion, the separation of the fundamental and
second harmonic levels is less than it is in the case of a pure tone
source. The amount of reduction depends on the relative phase of the
fundamental and initial second harmonic. This behavior might carry over
into the postshock region. In any case, because no definitive accuracy
test of the computer program has been devised (except for the case of no
atmospheric absorption), the 0.2 dB difference value described may not be
significant.

The computed and measured time waveforms and spectra for
representative distances are compared in Fig. 5-16. Note that, because of
the characteristics of the condenser microphone, the electrical output
signal is inverted with respect to the acoustic signal. The waveform was
therefore restored to its proper appearance through use of the oscillo-
scope's inverting amplifier. The plot sizes of the experimental and
computed waveforms are matched for the source waveform. The remairing
plot axes are proportional in size to the source wave axes, according to

the relative gain setting of the oscilioscope. The zero pressure line on
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the oscillograms does not correspond to a grid mark. This apparent de
shift of the measured waveforms relative to the computed waveforms was
caused by a maladjustment of the oscllluscope's verticsl position control.
For ease of comparison, the experimental and computed results for the
first three spectral levels are repeatel in this figure. Theoretical
results are shown as r0lid bars; the measurements are indicated by
crosses.

It is seen from Fig. 5-16 that the experimental waveforms out tc
a distance of approximately 61 m are more peaked on the positive half-
cycle than are the computed waveforms; the negative half-cycles match
quite closely. The experimental waveform at 76 m has the same wave shape
as the computed waveforr but has & higher amplitude. The differences in
amplitude between the experimental ard computed time waveforms become less

dramatic when they are expressed in decibels. These differences increase

,w PR

with propagation distance, where the effects of the inhomogeneous medium
were stronger., Because the oscillograms do not depict time averaged
waveforms, the oscillograms show more variability tha the spectral
levels. Finally, because the computed results were all based on one
initial waveform, small phase or amplitude variations in this waverorw
may be carried through the calculations.

A comnarison between ovr measured values of the extra
attenuation and the vaiues predicted usinug the Merklinger et al. model
was desired. The amplitude and radius of an equivalent spherical source
of sinusoidal waves must be known for these computations. The relative
levels of the first and second harmonice at a distance of 6.1 m indicate

that a shock ls already present. (The SPL of the second harmonic is
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-6.9 dB, relative to the SPL of the fundamental. The difference in these
levels for a newborn shock is -7.9 dB.) But thz waveform is also asym-
metric at this distance. Solutions were computed by assuming two extreme
conditions: (1) a sine wave exig“s st fo=6.1 m and (2) a newborn shock
wave exists at ri=6.1 m. (This assumption mears that a sine wave exists
at rozl.h m.) These two assumptione lead to the two curves shown in
Fig. 5-17. The measured data are effectively bracketed by the two predic-
tions. This result is encouraging, especially when it is recalled that
the experimental error for calm sir is of subetantial size on the scale of
the figure.

It is approrriate, though somewhat difficult, to determine
whether the beam from array No. 2 was affected by diffraction. (See the
discussion in section B.3. of chapter II.) In current theoretical treat-

ments,ee"50

the amplitude variation across the beam is assumed to be
Gaussian. Although the variation 1s not Gaussian for the beam from the
array, we may very roughly approximate it to be so by defining the effec-
tive beam radius b (see Eq. 2-12) in terms of the points on “he measured
beam pattern (see Fig. 5-13) at which the respc.se is down 8.7 dB.
Because the measured beam is narrower on one side than the other, the

estimate for N, at 15 m, 1s a range of values rather than a specific

value, namely
0.1 <N<O0.k .

Because the beam spreads spherically, b increases and € decreases with
propagation distance. The net effect on N (see Eq. 2-13) is to decrease

as 1/r.

§ e T 3



Tl

s

S I VL. WS WU

LRIt SR

-

2wt

[ A A R

EXDB - dB

9l
3 I UL 1 1 1 L 1
+ 4+ MEASUREMENT
MERKLINGER ¢t ol. MODEL
2 — F 3 6-‘ m =
———= 1o *b1m
+
+
i + "‘/”ﬁ
”
’/
7’
r'd
,/
1+ ,/ -
FREQUENCY = 6.6 kHz
€ o = 3.4x 1073
- fou 4t 2 ldm -
@ = 0.046 dB/m
7 PARAMETERS EXTRAPOLATED
e + FROM r; 2 6.1 m
-
0 e ST 1 1 1 TR N T
g 10 50 100
DISTANCE - m
FIGURE 5-17
EXTRA ATTENUATION OF FUNDAMENTAL
ARRAY No. 2
ARL - UT
AS.76 .1562
MAT - DR
12.2.76



A,

o g

Several characteristics of the experimental waveforms for our
propagation experiments are in qualitative agreement with the predictions

regarding the effects of diffraction.ae’jo

The asymmetry of the waveforus
is of the type predicted to occur, that is, the peaks are sharpened and
the troughs are rounded. The asymmetric waveform sketched in Fig. 2-1
corresponds to the case of N=O.l4, the upper limit on N estimated for our
experiment. (Note that Fig. 2-1 is a spatial waveform while the oscillo-
grams are time waveforms.) Although the observed asymmetry might be
attributed to the fact that the initial waveform (at ri=6.1 m) is asym-
metric, the computed waveforms, which are not affected by diffraction,
show the asymmetry dying out monotonically with distance. This reversion
to a symmetric waveform is probably due to ordinary nonlinear distortion.
The fact that th> measured waveforms increase in asymmetry with distance,
at least out to a distance of 12 m, implies that an effect not included in
the computer algorithm is at work. The fact that the asymmetry eventually
recedes with distance in the measured waveforms is consistent with the
decrease in the parameter N with distance. When N decreases, ordinary
absorption and nonlinear distortion become dominent, and the asymmetry is
gradually "damped." When the siren, for which the value of N was much
less, was used later, the asymmetry did not follow the same pattern.

(See Fig. 6-10.) Although some initial asymmetry was present, it appeared
to decay monotonically with distance in both the measured and computed
waveforms. For these reasons, it is felt that the effects of diffraction

may have been observed in the high amplitude propagation experiment in

vhich array No. 2 was used. ;
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We briefly summarize the general results of the array
experiments. The expectations of wave behavior based on the position of
the operating point on the SFL chart were borne out. Where theoretical
predictions were applicable to the experiments, agreement with the data
was reasonably good. This evaluation applies to the propasgation curves,
time waveforms, and the extra attenuation. The predicted harmonic levels
were generally higher than the experimental levels; the measured extra
attenuation was less than the expected values. Because the predictions
used are intended for homogeneous media, it would appear that nonlinear
effects are not completely neutralized by the random medium, at least for
the conditions encountered during our experiments. Finally, the asym-
metric distortion predicted by Rudenko et al. is demonstrated qualita-
tively in our recorded waveforms. The details of the effects of

diffraction on initially asymmetiic waves are unknown at the present time.



B e M s il e L R

——— ol . > A

L et BN e ot
P BN A S S

CHAPTER VI

SIREN EXPERIMENTS

A. Stren

A much more powerful acoustic source was needed in order to
demonstrate much stronger nonlinear effects than those obtalined with the
arrays. Electrically driven sirens with external air compressors have
been used to generate extremely high sound levels in open za.ir.5 7,38,64
A siren basically consists of two perforated plates, a fixed stator and a
spinning rotor, and a supply of compressed air. When the holes (or ports)
in the stator and rotor align, a burst of compressed air is emitted.
Because the port diameter is normally much smaller than a wavelength, the
port behaves like an acoustic monopole. The ports are commonly spaced
equally in a circle on the rotor aend stator plates. The siren is then
expected to act as a ring.65 The frequency with which the ports come intc
alignment, and thus the acoustic frequency, are determined by the motor
speed ¢..d the number of plate perforations. The sound pressure output is
a complex function of the port shape, size, and the pressure difference
across the pla.t‘.e:a.37

We elected to construct a siren scaled down in ¢ ze from the
model described by Allen and Rudnick.38 The main design criteria were
that 1 siren operate at a frequency of approximately 12 kHz and produce
Learby an SPL of 150 to 160 a8." The final output level was to be deter-

mined by the air compressor available. The mechanical design was by

*
The threshold of pain for humans is an SPL of approximately 120 dB. An
SPL cf 160 dB is found in the nearfield of a 10,000 1b thrust jet engine.

gl
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J. Byers and L. Guyer of Applied Research Leboratories. A schematic
diagram of the siren (sketch by W. N. Cobb) is shown in Fig. 6-1. The
drive motor was a 1/2 hp tool post grinder (Precise model No. Super 60),
which had an unloaded spirdle speed of 45,000 rpm. By mounting the motor
directly inside the air chamber, we hoped to use the siren air flow for
extra cooling of the motor. It was believed that this arrangement would
allow the motor Lo operate above its normally rated iocad. The rotor was
machined from tivanium for strength and safety. Twenty conical ports were
drilled in the rotor and stator. The ports were equally spaced with
centers on a circle of radius q=7.6 cm. The port diameters were: rotor,
0.87 cm input and 0.53 cm output; and stator, 0.53 cm input and 1.1 cm
output. Assuming a loaded motor speed equal to 80% of its unloaded speed,
we expected the maximim frequency to be 12 kIlz. The siren ocutput was
coupled to the atmosphere through a 6.4 cm long conical horn (27° flare

angle). The completed siren is shown in Fig. 6-2.

B. Siren Transmit Svstem

The siren transmit system, shown in Fig. 6-3, had the following
major components:

(l) General Radio 200 CU Variac. The siren speed was controlled by
varying the ac voltage applied to the motor. The upper limit to the speed
was set by the maximum motor current, which was 5.6 A.

(2) Pearson Electronics model No. 110 current transformer and
Hewlett-Packard 400 EL ac voltmeter. These devices monitored the motor
current so that overloading (and overheating) could be avoided.

(3) Davey 210 WDS-TS piston type air compressor (truck-mounted).

The air supply for the siren wae rated at 94 liters/sec at 6.8 atm (gauge).
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The supply included an air cooler and storage tank. The compressor could
supply only enough air to charge the siren chamber to a maximum pressure
of 1 atm (gauge). Because of pressure regulation problems, the chamber

pressure could be reduced only to approximately 0.3 atm.

c. Siren Operation

Several problems were encountered during the initial testing of
the siren. The loading on the motor was much higher than had been expec-
ted. We assume that the loading, which was found to increase with chamber
pressure, was caused by air drag on the rotor. The design frequerncy,

12 kHz, could not be achieved. The maximum (stable) frequency was about
6 kHz at full chamber pressure and 8 kHz at minimum chamber pressure. At
maximum acoustic output (full chamber pressure), the SPL of the funda-
mental (6.3 kHz) was 165 dB at a distance 19 cm from the stator plate.
More serious than the drop in operating frequency, however, was the over-
heat ng of the motor that occurred when fuli chamber pressure was used.
Operation at a motor current of 6 to 6.5 A (the rated maximum current was
5.6 A) eventually caused the motor windings to fail. After the motor was
repaired, the motor current was carefully monitored. With the chamber
pressure reduced to 0.7 atm, the current was an acceptable 4.9 A. Under
these conditions the SPL (again at 6.3 kHz; at 19 cm was only 0.5 dB less
than the value achieved when full chamber pressure was used. Thereafter
the siren operated very reliably.

At low chamber pressures, which were needed for the small signal
exper _wents, regulation of the air supply became a problem. Variations in

the chamber pressure caused corresponding variations in the acoustic
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output. The output variations were reduced to 0.2 to 0.3 dB by dumping
excess air pressure into the atmosphere and running the compressor con-

tinuously. 1In this way stable operation at a chamber pre.:sure as low as

0.3 atm was achieved.

D. Evaluation of the Siren as a Sound Source

In this section, we describe the important acoustical
characteristics of the siren. The Rayleigh distance (based on the area)
of the horn mouth was calculated to be 38 cm for a frequency of 6.1 kHz.
Although the nearfield was not probed in detail, enongh measurements were
made to show that the waves were already spherically spreading at a
distance r=19 cm. When the siren was operated at high amplitudes, a wave
at this distance was approximately trianguiar in shape. The wave dis-
torted into an asymmetric sawtooth by the distance r=38 cm. Finite
amplitude effects are believed responsible for this distortion.

Microphone measurements made near the horn mouth were disturbed
by air flow. We did not attempt to determine whether the dec air flow
through the siren or the "sonic wind" effect described by Allen and
Rudnick58 wae the main contributor to the disturbance. It is suggested
that the atmospheric wind, which blew crosswise to the acoustic beam, may
have acted to disperse any sonlic wind present. (Allen}9 employed an
electric fan for this purpose for his indoor experiments.) In any case,
measurements made at r=38 cm and beyond were seemingly undisturbed by the
air flow.

The conical horn attached to the siren provided a gain of

epproximately 8 dB over the siren alone. The gain measursment was made at

a distance of 19 cm.
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The beam pattern for the fundamental measured at a distance of
15 m is shown in Fig. 6-4. The siren was opersted at a high amplitude
(an S¥L,, of approximately 149 dB) for these measurements. A beamwidth
of approximately 50° is indicated. The siren alone should be expected to
act as a ring source. Data described by Allen and Rudnick for their siren
are in good agreement with the predicted beam pattern for a ring source.
Their measurements were made at a short distance (25 cm). The measured
beamwidth of their siren incressed when an exponential horn was added.
With the addition of a horn, the source might be expected to behave as a
baffled piston. The predicted beam patterns for both uniform ring and
piston models for our siren are given in Fig. 6-4, The measured beam
pattern does not confirm either model. However, in our discussion we have
thus far neglected nonlinear effects. At a distance of 15 m, where the
measurements were made, a significant loss due to nonlinear effects had
already occurred (see section E of this chapter). It is suggested that
the major lobe pattern has the blunted appearance characteristic of high
amplitude sources. Indeed a 6 to 7 dB reduction, due to extra attenuation,
at the center of the major lobe would cesuse the beam pattern for a piston-
like source to resemble our measured results.

An estimate of the acoustic output of the siren at the
fundamental frequency for high amplitude operation was desired. The power
output may be estimated by integrating the received sound pressure of the
fundamental over the area of the beam. Carrying out this calculation by
using the information given in Fig. 6-4, one obtains a power of 60 W at
the fundamental frequency. But, as noted above, extra attenuation has

probably reduced the ievel by 6 to 7 dB, at least in the center of the
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FIGURE 6-4
SIREN BEAM PATTERN (FUNDAMENTAL)
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major lobe. If one instead extrapolates the pressure measured on-axis at
0.38 m (the Rayleigh distance of the horn) ou. to 15 m, and uses tne same
beam pattern measured there, a power rating of 410 W is o ained. The
corresponding extrapolated SPL on-axis is 125.7 dB versus the :17.5 4B
value measured at 15 m. Because nonlinear losses tend to square off the
major lobe, the value 410 W may be an cverestimate. If our estimate is
correct, however, 85% (350 W) of the siren's power output (at the funda-
mental frequency) was lost within the first 15 m of propagation. In the
future, for purposes of comparison, a small sig.ual beam pattern for the
fundamental shoulé also be ‘easured.

We were w’ . out an airflow me'.er during these experiments and
the siren conversion efficlency was not mea:ured. Efficiency was not a
major concern in this application.

Because the acoustic output of the siren was an asymmetrical
sawtooth-type wave even at very short propagation distances, we desired e
check on whether low level sound from the siren would exhibit small signal
behavior. When the chamber pressure was reduced to aprroximately 0.3 atm,
ve were able to conduct an experiment at 6.1 kHz at a source level
SPle:~1ho dF. The operating point on the SFL graph (Fig. 4-1) is point D
(SFL=156 4B, aro=8.QA10'u, where rorRo/G). The propagation curve (see
Fig. 6~5) for the fundamental uwetches the linear theory extremely well.

'The deviation is less than 0.9 dB out to a distance of 46 m.

E. Propagation Experiments at Finite Amplitude

The data from three propog..tion experiments with the siren

operating at high amplitudes are shown in Figs. 6 6, ©-7, and 6-8. 'The
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value of SPle for all three runs was approximately 149 dB, where
fundamental frequencies of 6.1 and 6.3 kHz were used. The corresponding
points on the SFL chart are shown in Fig. 4-1. The variation in position
of the three points results from the wide ranging values of @ associated
with varying weather conditions as we];l as from the slightly different
fundamental frequencies used. The measured operating parameters and tbe
calculszted range parameters are shown in the figures. All range param-
eters are calculated using the effective source parameters, as described
in chapter III. The linear theory propagation curve for the fundamental
is drawn from the f_irst data point at or beyond RO for each experiment.
Measurements at propagation distances rQ%o were not considered in the
data reduction.

Several important differences between the results of the three
high amplitude experiments must be noted. First, the siren output during
experiment 1 was unstable because of line voltage fluctuations. Therefore,
no theoretical predictions are calculated for this run. Second, the
traveling microphone in experiments 1 and 2 was a B&K type 4136 (1/% in.)
with the protective grid in plsce. A B&K type 4138 (1/8 in.) microphone
without a grid was used in experiment 3. The angle of incidence was 90°
in all cases. Waveforms received at similar distances for experiments
1, 2, and 3 are shown in Fig. 6-9. Although the distances are not all the
same, one would expect the propagating wave to have about the same wave-
form in each case. Yet the three waveforms appear quite different.
Analyzing the harmonic components of the waveform from experiment 1 on the
Hewlett-Packard digitizer, we found that the fifth and sixth harmonics

(30.5 and 36.6 kHz, respectively) were approximately 3 dB above the
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relative levels expected for a perfect sawtooth wave. The frequencies of
these harmonics lie in a region in “hich there is a 3 3B response peak of
the microphone (for 90° incidence with the protective grid in place). A
few selected measurements were performed to show that the "enhancement"
of the harmonics decreased when the protective grid was removed. But to
ensure that the rise time of the shocks was not severely limited by the
frequency response of the traveling microphone, we used the 1/8 in. model
(without the protective grid) in experiment 3. It is clear that use of
the 1/8 in. microphone gave much improved results. The "bumps" appearing
in the output of the 1/4 in. microphone may probably be attributed to
diffraction and reflection effects involving the slotted protective grid.
Third, a most curious result is provided by experiment 2. The
second harmonic appears to have approached within 3 dB of the fundamental.
For a perfect sawtooth wave, the second harmonic is 6 dB below the funda-
mental. We were perplexed by this discrepancy at the time the experiment
was performed and sought to pinpoint the error source. The traveling
microphone, a 1/4 in. model with grid, was replaced by a duplicate, but
the same results were obtained. The meter readings were triple checked.
Later, analysis of the oscillograms by the digitizer and calculator indi-
cated that the difference in harmonic levels was actually close to 6 dB.
We concluded that the unexpectedly close proximity of the second harmonic
to the fundamental was caused by a malfunction in the heterodyne an=" :zer,
Note, however, that the measured fundamental levels appear to be unaffec-
ted by the assumed malfunction. .c¢ is also noteworthy that the funda-
mental second harmonic separation in the other two experiments is close

to 6 aB.
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To obtain theoretical predictions to compare with data from
experiment 3, we used the computer algorithm discussed in sec:-ion B.l. of
chapter III. The waveform measured at a distance of 0.38 m, where signal
fluctuations caused by the dc air flow were small, was used as the input
for the computer program. The freefield corrections for the traveling
microphone are less than 0.5 dB out to a frequency of 7O kHz. The input
wave was therefore not .reefield corrected. The sizes for the distortion
steps and the absorption correction steps in the computer program are
constant. Because the propagation distance is nearly two orders of mag-
nitude greater than the initisl distance, a considerable amount of
computer time was required for program execution. In computing the
results for the first five range points, we used an absorption correction
step size of 8 cm. The program was executed a second time with a step
size of 61 cm to calculate predictions for the last three points. This
change of step size apparently caused an offset in the computed results
(see Fig. 6-8). The problem may te remedied in the future by allowing the
step size to increase exponentially with vpropagation distance.

The computed curves and experimental propagation data for
experiment 3 are compared in Fig. 6-8. (The data and predictions are
also displayed in a different fashion in the third column of Fig. 6-10.)
Agreement between theory and experiment appears to be quite good, although
there is some indication that the agreement may deteriorate at large
distances. The change in step size descriled in the previous paragraph is
indicated by the break lines in the figure. The maximum deviations
between computed and experimental results are as follows: fundamental,

-1.6 dB (at 30 m); second harmonic, -1.4 dB (at 30 m); and third harmonic,

g
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-3.7 dB (at 30 m). The negative deviations indicate that the measured
values are lower thaa the ccaputer predictions. The measurements at 30 m
may have been affected by line voltage fluctuations caused by the auto-
matic activation of the tower beacon.

The minimum separation of the fundamental and second harmonic
measured in experiment 3 vas 5.5 dB (at 6.1 m). This valuve is again
within approxinately one standard deviation of the value expected for a
sawtooth wave. The computer prediction at 6.1 m shcws a separation of
5.4 dB. Thus it may be possible for the fundamental-sezond harmonic
separation to drop btelow to 6 dB for an initially asymmetric strong wave.

The separation between the linear theory curve and the data for
the fundamental represents the extra attenuation. Values cf extra attenu-
ation of up to 7 dB are evident in Fig. 6-8. An interesting comparison
between experiment 3 and the small signal run may be made. Although the
source levels for the two experiments are about 6 dB apart, the received
levels at 30 m are within 1 dB of each other. The question arises as to
vhether the condition of acoustic saturation is approached in this experi-
ment. Befare considering the subject of saturation, however, we first
describe the computer predictions for the time waveforms in experiment 3.

The experimental and computed time waveforms and spectra for
representative distances for experiment 3 arv compared in Fig. 6-10.
Agreement between theory and experiment sppears to be good, particularly
at the shorter propagation distances. Again recall that instantaneous,
nct average, time waveforms are compared.

The value of N, the parameter gauging the relative importance of

beam diffracticn to nonlinear distortion, is estimated toc be very small

L .4
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for this experiment, namely N=0.023 at 15 m. Therefore, little, if any,
bean diffraction effects are predicted. Although asymmetry is present in
the waveforms, it is attributed to inherent characteristics of the siren
source. Note, for example, the fact that the asymmetry is Cefinitely
greatest close to the source. Furthermore, in contrast to the asymmetry
of the waveforms in the array No. 2 experiment, the asymmetry here decays
rapidly and monotonically with distance.

We now take up the matter of acoustic saturationa as related to
our siren experiment. The maximum amplitude attainable at a given
distance, regardless of the acoustic power available at the source, is
termed the saturation amplitude. While saturation theory for plane waves
has met with considerable success, the theory for spherical waves has
lagged behind. However, Laird (see, for example, Ref. 2) has found the

saturation amplitude for diverging spherical waves in the sawtooth region.

His result, adapted for the fundamental component of the accustic pressure,

is
2
20,5, T
Pi(saturation) = “Bkr 1“(‘;;) . (6-1)

As Shooter et al.2 have pointed cut, this formula is not expected to be
accurate in the region beyond Trax’ Shocter et al. proposed an improved
formulation which takss small signal absorption intc acccunt for the range

beyond Trax However, because weak shock theory affords a reascnably

accurate description of the received level of the fundamental rfor cur

experiments, even at distances beyond (see belov), we calculate the

rmax
saturation level of the fundamental as a function of r on the basis of

b wen
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Eq. 6-1. The value of r, is determined by the extrapolation procedure
outlined in section A of chapter III. The results are plotted in
Figs. 6-11 and 6-12 for experiments 2 and 3, respectively. The measured
data approach within 1 4B of the predicted saturation levels. By impli-
cation, therefore, an increase in acoustic output near the siren would
hardly be noticed at distances exceeding, say, 5 m. The bounding of our
experimental data by the saturation level is indeed an important result.
The measured level of the fundamental is compared to predictions
based on linear theory, weak shock theory, and the Rudnick model in
Wgs. 611 and 6-12 for experiments 2 and 3, respectively. Both weak
shock theory and the Rudnick model provide substantially better predic-
tions than linear theory. The small effect of atmospheric absorption in
these experiments may be seen by comparing the Rudnick model and weak
shock theory curves. The difference in the predicted levels at a distance
of 50 m is only about 2 dB. Although on theoretical grounds the Rudnick
model would seem to be preferable, the data do not clearly indicate that
it is. Additiocnal experiments ac longer propagation distances and/or
higher rrequencies are clearly needed. The effective source parameters
used in making the calculations for Figs. 6-11 and 6=12 were extrapolated
trom vaveforms at 0.55 and 0.69 m, respectively. These distancea were the
amallest at which sawiooth waves were indicated. The resulting values ot
Sepe? the acoustic Mach nuaber of a spherical sinuscidal aource o' radius
roerr, are very high. The values are in fact above the amplitude limit
for the applicability of weak shock theory to plane vavea.7 But, bhecauee
of spherical spreading and the small values of Ty the amplitude is

eff
quickly reduced to values within the region of applicadility. It must be
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recognized that our extrapolation procedure was applied from a farfield
point, where a convenient value 02 0 could be determined. There is some
arbitrariness involved in the selection of the value of r 5 Because waves
of very high amplitude quickly become sawtooth waves, however, much of the
asymmetry in wave shape present near the siren is lost at larger distances.
Therefore, basing the extrapolation on a farther rather than a nearer
range point should be expected to improve the relie.bility of the
parameters.

The measured extra attenuation is compared to that caleculated by
the Merklinger et al., Cary, and Rudnick models in Fige. 6-13 and 6-14% for
experiments 2 and 3, respectively. The curves for the Cary model end at
the limiting distance for the validity of the model. This limit is a

distance analogous to T max’ occurring where

(r_)(:L + 0 1n 5_)= (0.6)Bek
r o r a

o] o

The extra attenuation is assumed to reach a plateau value at the distance.
The reader is reminded that the extra attenuation predictions plotted in
Figs. 6-13 and 6-14% are referred to the level of the fundamental at the

dietance r, from which the effective source parameters were extrapolated.

i
The extra attenuation curve for the Rudnick model in Fig. 6-13 is an
estimate only. The Rudnick model ies applicable only in the sawtooth
region (r20.55 m in experiment 2). The source parameters for use with the
Rudnick model were therefore extrapolatec from ri=0.55 m. Parameters for
the other modils wers extrapolated from r.=0. 38 m (Jjust beyond the Ro).

In order to maintain consistent sets of scirce parameters for all three
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models and yet reference the results to the level at the range r=0.38 m,
the EXDB predicted by use of the Rudnick model was added to the EXDB
measured at r=0.55 m. The agreement between measurements and theories is
fair to good. There is a large amount of scatter in the data. The
experimental error is quite large on the scales of the figures, Jjust as
it was in Fig. 5-1T. However, all three models are seen to f£it the
observed extra attenuation data to within 2 dB in Fig. 6-13 and 1 dB in

Fig. 6-1h4.
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CHAPTER VII

CONCLUSIONS

A summary of the results of our experiments is given in this
chapter. Several further studies are planned for the future, and the
direction of these studies is indicated.

We have carried out a series of experiments on the propagation
of finite amplitude sound outdoors. The main purpose of the experiments
was to determine the extent to which the outdoor envirrmment, mainly the
random inhomogeneity of the medium, affects finite amplitude propagation.
Secondary purposes were to record &nd, if possible, explain any new non-
linear phenomena. The source frequency was generally in the range 6 to

8 kHz, and the source level SPL. varied from 140 4B to 149 4B. Two

1m
different sources were used: an array of either seven or ten horns and
a siren. In terms of nonlinear effects, weak to moderate waves were
generated by the arrays; strong waves were generated by ‘he siren. The
propagation path was vertical and parallel to an 85 m tower, whose eleva-
tor carried the traveling microphone. Maximum propagation distances used
varied from 30 m to 76 m. Meterological conditions were as followe:
temperature range 24 to 35°C, relative humidity range 38 <~ 40%, and wind
speed {(at ground level) O to 24 km/h. The measurements w~re made both
during the day and at night aud were mainly done during the months of
August through October 1976.

Several theoretical approaches were used to explain the data.

A graphical method, the SFL chart, was used to gauge the magnitude of the

nonlinear behavior expected. The SFL chart proved to be a quite reliable

123



s i o g e

">y -, a

fokd 53 s

s

12k

guide in predicting the gross importance of nonlinearity. Pestorius's
computer mode16 for the propagation of finite amplitude plane waves was
modified to include the effects of spherical spreading and atmospheric
absorption. This algorithm enabled predictions of both time waveforms
and spectra to be made over the propagation path. The ad hoc propagation
models of Merklinger et es!.l.,17 Rudnick-Webster, 11 and Ca.ry15 were used
where applicable. Predictions based on ordinary weak shock theory wers -
checked against the siren data. A perturbation solution of Burgers'
equation was compared with data for z; horn -array.

It was found that nonlinear propagation effects were modified
by inhomogeneity of the medium in the following way. The atmospheric
inhomogeneities did cause significant fluctuations in the instantaneous
acoustic signal. These fluctuations were most apparent at large propaga-
tion distances. The waveforms varied both in amplitude and wave shape.
However, with sufficient time averaging when the spectral measurements
were made, the frequency domain data (i.e., the levels of the first three
harmonic components) largely confirmed predictions based on theory for
homogeneous media. There was a slight indication that these predictions
may be less reliable at the longer propagation distances. Thus additicnal
experiments need to be performed at larger distances.

The siren-generated sound waves were very intense and were
greatly affected by nonlinearity. Intense sawtooth waves were produced
very near the source. The propagation data for the fundamental came
within 1 dB of the predicted saturation level (the prediction was based
on weak shock throry). Extra attenuation up to about 8 dB was wmeasured.

Values of ihe extra attenuation (EXDB) predicted by use of the Rudnick,

L i R
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Merklinger et al., and Cary models agreed with the measured values to
within 2 dB. The Rudnick model and weak shock theory predictions of the
level of the fundamental were within 1 and 2 dB, respectirely, of the
data for maximm propagation distances of 36 m. The computer algorithm
predictions of the fundamental component were within 2 4B over the same
distances.

The beam pattern for the siren, measured at finite amplitudes
at a distance of 15 m, appeared to have the blunted major lobe charac-
teristic of high amplitude sources. The siren's acoustic power output at
the fundamental frequency vas estimated to be 410 W. A smal; signal beam
pattern for the siren should be measured as a check on these last two
conclusions.

The results of the array experiments were less clear cut.

The measured beamwidths of the arrays were from 6 to 8°. Nonlinear propaga-
tion distortion was produced. The maximumm value of EXDB measured was
approximately 1.5 dB, or approximately 1 dB less than the value predicted
using the computer and Merklinger et al. models.

The received waveforms for the experiment in which array No. 2
was the source were initially asymmetric. The asymmetry first grew with
propagation distance and then decreased at larger distances. This behavior
is qualitatively compatible with the speculation that narrowbeam-type
diffraction was important in the experiment. The computer algorithm,
which did not contain the effects of diffraction, predicted a monotonic
decrease of the asymmetry.

The results of an experiment described in Appendix B show the

interaction of diffraction and nonlinear propagatior distortion for the
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radiation of intense sound from a circular horn. Both experimental
results and theoretical predictions indicate that, for ths conditions of
the experiment, the diffraction and distortion stages of the propagation
may be treated separately. Additional studies on this subject are needed
to explore the cases where the two effects may not be handled separately.
Our project was planned as the prototype experiment for
future studies on finite amplitude noise. The extension of this work
is clear. Many aspects of the propagation of finite amplitude noise are
experimentally and theoretically unexplored. One subject of significant
practical interest is the change in spectral content of noise with
propagation distance. This change gives rise to extra attenuation in
some spectral bands but to apparent amplification in others. Another
subject of interest is the effect of ground reflection on propagation of
finite-amplitude noise. Finally, it would be of interest to carry out
a basic study of the local effects of nonlinearity in the intense sound
field near the siren and to make experiments on the focusing of intense

sound waves in air.



APPENDIX A

AN ANECHOIC CHAMBER FOR USE AT HIGH AUDIO FREQUENCIES

A. Introduction

Careful freefield measurements of the performance of the horn
drivers required the construction of an anechoic chamber. The requirement
that the chamber be anechoic only for high frequencies, say, frequencies
above approximately 1 kHz, considerably simplified the acoustical treat-
ment needed. The chamber was to be constructed at absclute minimum cost,
if possible utilizing Navy shipboard sound insulatior materials available
as government surplus. While many construction details were forced upon
us by budget limitations, the results may be of possible use to others.

We found the literature on anechoic chambers to be surprisingly limited.

A roocm on the second floor of Building 1A at Balcones Research
Center, The miversity of Texas at Austin, was available for conversion to
an anechc:: chamber. Tke Inside dimensions were 3.0 m (height) by 5.5 m
(width) by 7.6 m (length). The walls were of glazed brick and the ceiling
was made of prestressed coacrete U-channels. (The inverted U shape gave
the appearance of a beamed ceiling.) The floor was poured concrete and
sloped at a 4% grade. Thus the height was actually 3.0 m at the door and
3.3 m at the end wall.

We first sought an estimate of the sound absorbing capablilities
of the materials available to us. Although financial considerations
ultimately forced the use of the shipboard insulation, some additional
Justification for our selection was desired. To explain the tests per-
formed, we first define some terms commonly encountered in room acoustics.67
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Sabine absorvption coefficient Asab° This coefficient is the
ratio of the sound erergy absorbed by a material to the incident sound
energy. For a given material, the ratio is a function of frequency and
the angle of incidence. The ccefficient is usually measured by comparing
the reverberation times for a reverberation chamber with and without
samples of the absorbirg material present.

Reverberation time T. The reverberation time is the time

required for a sound to decay by 60 dB. This time is a functiorn of aSab

and therefore is also a function of frequency. For a room that is not sc
large that atmospheric gbsorption becomes important, T is given in secc-is
by

p = {0:161)V , (A-1)

S aSab

where V is the room volume, S is the room's surface area, and aSab is the

average value of Aonb for the room surfaces. All variables in Eq. A-1 are

to be expressed in metric units.

Statistical (energy) sound absorption coefficient a - This
coefficlent is the ratio of absorbed-to-incident sound energy for a
perfectly diffuse incident scund field. Morse and Ingard68 gtate that the
maximum value of as theoretically possible for a flat surface is about
0.96. By contrast, the value of @ for a wedge-covered anechoic chamber
wall may equal 0.996. The cutoff frequency of an anechoic chamber is
defined as the frequency at which as drops to 0.99 (i.e., a sound reduc-
tion of 20 4B for one reflection).69 Values of a b obtained by reverbera-

Sal
tion room measurements usually exceed the true value of a,; sometimes the
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excess is 20 to 50%. For highly absorbing surfaces, measured values of
QSab may exceed 1 (impossible by convervation of energy) by 20 to 30%.
The excesses are attriouted to diffraction around the sample and diffi-
culties in producing a truly diffuse {ield.

Reverberation measurements were made in a similar room using a
"slap board" (an enlarged version of the "horse vhip" device used in
orchestras) as a sound source, a B&K 1/2 in. condenser microphone, and the
Hewlett-Packard 3580A analyzer (see chapter V) functioning as a narrowband
graphic level recorder. The reverberation time in a 100 Hz bandwidth was
recorded for the empty room for various frequencies. Several types of
absorptive materials were sequentially added t< the chamber and the
reverberaticn measurements were repeated. The absorptive materials
included Owens Corning types R-1ll and R-19 industrial fiberglass insula-
tion, Oweus Corning type No. TO3 acoustic insulaticn, and the shipooard
fiverglass. The latter consisted of a % om thick fiberglass mat with a
perforated plastic masking on one side. The mats were 61 x 91 cm in size.

The results of the reververation measurements overestimated O‘Sab by as

%Sab
frequencies. We made no attempt to diffuse the sound field, as is done in

much as 500%. That is, values approaching 5 were obtained at certain
actual reverberation rooms. The presence of roowr modes plus the diffrac-
tion grating effect of the beamed ceiling may have caused the poor
results.

Reflection coefficien* measurements (normal incidence) were made
in the progressive wave tube described in chapter V. The equipment used
was that shown in Fig. 5-1, wvith the exception that the anechoic wedge

termination was replaced by a sample of the test material backed by a



et

b e e A bt Attt o .

150

solid aluminum plug. The results for two layers (10 cm) of shipboard

fiverglass, which vas the thickness eventuslly used for the chamber, were

as follows:

TABLE A-1

REFLECTION TESTS FOR TWO LAYERS OF SHIPBOARD FTBERGLASS
(PLASTIC MASKING TOWARD WALL)

Frequency (He) 200 4O 800 1k ek 3k Sk
Pressure

Reflection

Coefficient 0.63 0.33 0.19 0.?3 0.17 0.0% Jel
Normal

Incidence

(Energy)
Absorption
Coefficient 0.60 0.89 0.96 0.55 0.97 1.0 0.99

Impedance tube measurements were not performed, although they might have
improved our estimates greatly. In any case, for the -equency range of

interest, we rated the shipboard fiberglass as the best abscrber among the

materials considered.

B. Construction
A small section at the front of the room (3.0 m (height) by

5.5 m (width) by 12.0 m (length)) wae converted to an alcove to contain

the required electronic equipment and personnel. Two separate walls of

1/2 in. gypsum board nailed to (separate) 2 in, x & in. studs were
installed between the anechoic chamber proper and che aquipment room. The
space between the walls was filled with fiberglass. The partition provided

sufficient acoustic isolation for the personnel at high frequencies,
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although ro detalle. wound transmisaion data were taken. Entrey to the
Chamber from the equipment alcove was through twoe ascltd woeden doora, one
for each wall. The dcors had weathersstripped acals, Electrical conecs
tions to equipment used ln the chamber were made via an otfact "reeds
through panel."

The fivecglasr panel. “'ere attached to the walle and cetling by
using Tactoo self-adhe ring inaulation hangera made by AGM Industvies.
These hangera were essentially nails, 11 cm long, with aelt-adhealse base
platea. The insulation waa impaled on the naile. Omall rrictior-fit
retainers held the insulation tightly in place. Use of the hmngera
simplified ccnetruction greatly. Several alternative mounting methodas
were considered, but all would have required more installation time,

The poured concrete floor was treated a8 followa. Floor draing
were plugged and caulked to prevent scund transmission to other parte of
the building. Water condensing on the floor would eventually have socaked
any riberglass in direct contact; therefore heavy plastic sheeting waa vut
down, followed by a layer of aoft rubber, 2 to 5 cm thick. 'The rubbder,
which was aluo government surplus aterial, would serve to ° -chanically
isolate vibrating sources from the building. Flnally, two layera ot the
fiberglaas panels were ulmply laid on the rubber. The pancla were
arranged %o leave opt1 & 0.6 m wide walkway along the room dlugonal. The
walkway waa covered while experimenta were under way by a roll of (wens
Corning R=19 fiberglass.

An overhead monerall support ior microphones was suspended f{rom

the ceil)iag along the room diagonal. The total unobstructed path leagth



fp et n
s - o o
i - AR DA AN b w

PR PR

Lol
IR SN

. 5":'"'1:’-."“:":) -

s, et

PR .

132

was 9.1 m. A window-type air conditioner helped maintain a constant

confortable temperature and numidity.

C. Performance Test

The traditional performance test for anechoic chambers is the
inverse square law test. The following test was performed using a bare
horn driver (mo horn), which acted as an approximately hemispherical
snurce, except at the highest frequencies used. The propagation path was
the room dlagonal, and the source was placed approximately 1.5 m above the
floor. The microphone was carried by the monorall system. The measure-
ments were accurate to 0.5 dB. The propagation data are plotted in
Fig. A and compared against the theoretical predictions for spherical
spreading. Ailr absorption was negligible over such short distances and
was not included in the calculations. We note that deviations from
spherical spreading were within #3.0 dB for propagation distances out to
5 m for frequencies between 250 Hz aud 16 kHz. At the final propagation
(6.4 m), the microphone was pushed against the chamber corner. The effect
of reflections near the corner are evi’ent in the data. The results are a
considerable improvement over those reported by Bedell (see, for example,
Ref. C) who also used flat absorbers rather than wedges, which are more
effective but are slso more expensive. Bedell noted deviations of *3 4B
out to 1.5 m and 5 @B out to 3 m for the frequency range 300 Hz to 5 kHz.
Our check was performed under steady state conditions.

HedegaardTo suggests a method by which anecchoic chamber perfor-
mance may be improved. Standing waves in a chamber may be reduced to

negligible amplitudes by driving the device under test with a warole-tone
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and analyzing the signal with a slave filter. The changing frequency
components are variably phase shifted on reflection at the wall and
therefore cancel and compensate each other. In other words, a steady
state condition 1s never attained. The swept frequency response tests of
the drivers in the chamber were influenced by this effect, if we assume

the sweep speed was fast enough to hinder mode formation.

D. Chamber Instability

The insulation hangers on the chamber ceiling began loosening
at many points during the late spring and summer of 1976. The driver
tests had already been completed by this time. Consultations with the
hanger manufacturer and distributor produced several possible reasons for
the problem but the exact cause was not pin-pointed. Because the hangers
were designed for heating and cooling ducts used at temperatures up to
180°F, thermal problems from the sun-heated roof were n-ot likely. It was

concluded that either cLemicals leaching from the prestressed concrete,

insufficient cleaning of the ceiling surface, or a surface too porous for

-good adhesion was to blame. Since the desired driver measurements had

already been made by this time, no serious hindrance to the progress of
the outdoor experiments was ceused. At any rate, we took consolation in
some words expressed by Alfred H. Sommer:'* "The best equipment is one

that falls apart after the last experiment; any effort to make it more

durable is a waste of time and effort."
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APPENDIX B

RADIATION OF HIGH INTENSITY SOUND WAVES FROM A HORN

In this appendix we discuss the effects of diffraction and

nonlinear propagation distortion on the radiation of high intensity sound

from a circular horn, Our interest in the subject was triggered by two

stimuli. First, while investigating the performance of Jarious horn

driver and horn combinations, we were surprised to observe high amplitude

waveforms that did not seem to distort according to nonlinear theory
predictions. Second, Ostrovsky and Sutin have recently published a

series of papers dealing with the effects of diffraction on nonlinear

12,73,Th

propagation. We briefly cite the conclusions of linear theory

for diffraction by a circular horn, describe the results of a diffraction

experiment performed at high sound levels, and finally note the predic-
tions which follow fsf the experiment from the theory of Ostrovsky
and Sutin,

It was stated earlier in this thesis that a common model for
radiation from a horn is the assumption that a "slug" of air oscillates
uniformly at the horn mouth., This model is cquivalent to the model of
a vibrating circular piston mounted in a plane infinite baffle, probably
because the back wave is suppressed in both cases. The circular piston
model is in turn mathematically equivalent to the diffraction of a plane
wave by a circular aperture in a plane screen. The solution for the
diffraction of a plane wave may be described by a Green's function

formulation as (see, for example, Ref. 9)
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/M das , (B—l)

where p is the acoustic pressure, u is the piston velocity or the

Lo/
It
N

particle velocity wave incident upon the aperture, t is time, the dot
indicates a time derivative, and the integral is over fhe aperture
area. Here r' is the distance from an infinitesimal area segment in
the aperture to the axial field point. The exact solution for the

pressure at the axial position x is

P = b5, | ut - £) - ufs -] (3-2)

where r= Vx +32 and a 1s the aperture radius. A result of Eq. B-2 is
that the axial pressure signal in the farfield (Fraunhofer zone) is
the time derivative of the source wave.75 The point at which farfield
behavior begins is known as the Rayleigh distance R°[=Am/h, where A.m
is the piston or aperture area and A is the wavelength].

A more realistic description of horn radiation may be based
on the Helmholtz-Kirchhoff diffraction theory for spherical waves. The
waves radiated by a horn actually have a finite curvature. Thus an
incident spherical wave is diffracted by a plane circular aperture, as
shown in Fig., B-1. Here r, is the radius of curvature of the waveform,
Q is the observation point, I is the wavefront just f£illing the aperture,
and r. and r, are the distances shown. The Kirchhoff diffraction integral

1
(see, for example, Ref. 14) may be evaluated for this situation to yield

r

?;%?I{p(l,t_;) }_%Qf_gp(ItEg)} . (8-3)

o o)

p(Q,t) =
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FIGURE B-1
DIFFRACTION OF SPHERICAL WAVE
BY AN APERTURE
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The solution is interpreted as follows: The farfield pressure signal

is the sum of a direct wave traveling along the axis and a phase inverted
diffracted wave from the aperture rim., The diffracted wave is scaled by
the obliquity factor (l+cos ¢)/?- This result is only an apparent one
formed by'the addition of waves from all points in the aperture. In

the farfield the obliquity factor is approximately equal to one. The

farfield axial pressure then reduces to

r r.-r
. o] 2 1) d T
Pearfield - T + r ( c ) ot ’ (B-4)
o 1 o)

where p(t) is the incident wave in the aperture and 1=t-(rl co) is the

retarded time. Thus the earlier qualitative result for piston radiation,
the wave differentiation in the farfield, is carried over. We have
ignored nonlinearity and atmospheric obsorption in the preceding
discussion. The omission of absorption is reasonable for audio
frequencies over the short distances considered here. The role of
nonlinearity is discusved presently.

The experimental arrangement for the measurement of the
waveforms on the axis of a circular horn is shown in Fig. B-2. (The
photograph was taken in the anechoic chamber at Cockrell Hall, The
University of Texas at Austin; the particular set of measurements
described here were actually made outdoors). The horn was the unit
described in chapter V. The sound source was a JBL 2470 horn driver
(2.5 cm throat diameter). A flared connector joined the horn and
driver. The waveforms received are shown in Fig., B-3, The SPL on axis

at the horn mouth was 132 dB. The waves within the horn were sufficiently
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DISTANCE OSCILLOSCOPE
(m) GAIN (dB)
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FIGURE B-3
OSCILLOGRAMS OF RECEIVED ACOUSTIC SIGNAL
versus AXIAL DISTANCE FOR f = 7.36 kHz

Previously reported b{ Theobald, Webster,
and Blackstock (1976). Ref. 48
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intense to have suffered substantial nonlinear distortion by the time
they reached the horn mouth. Further distortion would have tended to
sharpen the waveforms into a sawtooth shape. Instead, the propagating
waves exhibited an asymmetrical shape. The waveform at a distance of
3 m strongly resembled the time derivative of the mouth waveform
(distance=0). Unfortunately, the mouth waveform also contained a
contribution from the diffracted wave such that the source wave could
not, in general, be observed directly.

Because the boundary conditiﬁns for the Kirchhoff solution
(Eq. B-3) are not exact, i.e., the solution cannot reproduce the
assumed conditions in the aperture plane, then the solution can only be
approximately correct near the aperture. We may get an indication of
the expected behavior in the aperture for large source wave curvatures,
T by examining the plane wave solution (Eg. B—2). The exact plane
wave solution on-axis in the aperture is

p(t) = p(t) - pft - &) . (B-5)

aperture
We note that the horn radius for our experiment was 7.8 cm and the time
delay corresponding to a/co was very nearly (3/2) T, where T is the
period. By periodicity, ve ekpect that the pressure amplitude on-axis
at the mouth was twice the amplitude of the incident wave. The wave
shape is expected to remain unchanged. We assume that the source wave
calculated here may te used for the spherical diffraction problem.

As a rough quantitative check on the applicability of the above

analysis, we calculated t..e peak-to-peak amplitude of the source wave
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based on the experimental farfield signal. This particular course was
followed because it is much simpler to numerically integrate than to

differentiate. The relation employed is

T

I'o +r Cc
_/; Prarfie1a 4t (B-6)

_ 0
paperture - r ry, - I

The farfield signal at a distance of 3.0 m was integrated and scaled as
in Eq. B-6 to predict a mouth waveform of a peak-to-peak pressure asmpli-
tude 170 N/h?. The pressure amplitude measured at the horn mouth was
240 N/h? (p~-p). We have shown that the actual incident wave should
have an amplitude of about half that of the wave at the mouth, or
120 N}h?(p—p). The agreement is within 3 dB, While the error is
fairly large, it is not too surprising, considering the variablility
in the horn mouth pressure distribution noted in chapter V, and that
the microphone was aligned with the horn by eye and the measurements
were made outdoors. Nonlinearity should not have played a large role
following diffraction because the amplitude was sharply reduced from
ar. originally marginal level by spherical spreading.

We now briefly discuss a few points from Ostrovsky's work on
diffraction problems in nonlinear acoustics. A geometry shown below

is assumed. .

— b —

FIGURE B-4 DIFFRACTION FROM A HORN (after Ostrovsky and Sutin

73)
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Consider a horn radiating finite amplitude sound generated by a vibrating
piston in the horn throat. The source wave has the curvature Rs’ The
distortion variable, expressed in stretched coordinates, for propagation

through the horn to the mouth is (see, for example, Ref, L)

o

AO
°=3€k_/:L L) & (B-7)

where Ab is the throat area A(x) is the cross sectional area at the
position x, and quasiplene wave propagation through the horn is assumed.
Ostrovsky and Sutin base their analysis on the hypothesis that, for
certain geometries, frequencies, and source levels, the diffraction
and nonlinear distortion stages may be separated. The stated condition

for separability is
Ml-c[ 2 /
Be << | =2 , B-8)

where o is defined in Eq. B-7 and € is measured at the horn throat.
(Shock formation is precluded here. For cases involving the diffraction
of shock waves, see Ref. 74.) We offer a physical reason in support of
the idea of separability. The only nonlinear effect considered here,
namely, propagation distortion, is an effect cumulative with distance.
Diffraction, on the other hand, is a localized phenomena, If the wave
is not too strong, the propagation distortion in the Fresnel uzone will

be negligible and the diffraction and distortion may be considered

gseparately. Van Buren and Brea.zeale76 have utilized a parallel hypothesis
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in describing the reflection of short fi ite amplitude sound pulses
from rigid bounduries.

The values of the parameters for the measured waveforms shown
in Fig. B-3 relevant to the theory of Ostrovsky and Sutin were as
follows: Be2.8x10°, 0%0.5 (calculated value), R =23 cm, and
Ro=kl cm. Under these conditions, the diffraction and nonlinear
distortion stages are predicted to be separable. The solution given by
Ostrovsky and Sutin reduces to Eq. B~3, where the obliquity factor is
equal to one. A second solution applicable for observation points off
the horn axis ic also given. We have not experimentally investigated

this case for lack of time.



,,‘ﬁa},‘wn,,m .o
i

S e
PR
e e

RIS P

1,

10.

11.

12.

REFERENCES

D. F. Pernet and R. C. Payne, "Non-linear propagation of signals in
air," J. Sound Vib. 17, 383-396 (1971).

J. A. Shooter, T. G, Muir, and D, T. Blackstock, "Acoustic satvration
of spherical waves in water," J. Acoust. Soc. Am. 55, 95-02 (1974),

C. G. Little, "Acoustic sounding of the lo.er atmosphere,” Meteoro-
logica) Monographs 11, *97-LOL (1970),

D. T. Blackstock, "Nonlinear Acoustics (Theoretical) " in Amer. Inst.
Phys. Handbook, D. E. Gray, ed. (McCraw=-Hill Book Co., Inc.,
New York, 197z), 3rd ed., pp. 3-18%/ - ;3-205.

D. T. Blackstock, "Propagation of plane sound waves of finlte ampli-
tude in nondissipetive fluids," J. Acoust. Soz. Am. 34, 9-30 (19¢Z2).

F. M. Pestorius, "Propagation of Plane Acoustic Noise of Finite
Amplitude,"” Applied Research Laboratories Technical Report No. 73-23
(ARI.-TR-73-23), Applied Research Laboratories, The University of
Texas at Austin (1973). (AD T78 868)

F. M. Pestorius and S. P. Williams, "Upper limit on t-e use of weak-
shock theory,” J. Acoust. Soc. Am. 55, 133%-1335 (L) (1974).

D. T. Riackstock, "Connection between the Fay and Fubini solutions
for plane sound wuves of finite amplitude,” J. Acoust. Soc, Am. s
1019-1026 (1966).

J. C. Lockwood, "Two Problems in High-Intensity Sound," Applied

Research Laboratories Technical Report No, T1-26 {ARL-TR-71-26)

Applied Research Laboratories, The University of Texas at Austin
(1971).

D. T. Blackstock and J. G. Willette, "The Effect of Nonlirear
Prop: zation Distortion on High-Power Low Frequency Sonars' (U),
Applied Research Laboretories Technical Report No. Ti-1l (ARL-TK-
71-11), Applied Research Laboratories, The University of Texas at
Austin (March, 1971). (CONFIDFNTIAL)

D. A. Webster, "Saturation of Plane Acoustic Wuves and Notes on the
Propagation of Finite Amplitude Spherical Waves," Master's Thesis,
The University of Texas at Austin (1976), Apﬁlied Research Labora-
tories Technical Report No. 77-4 (ARL-TR-77-4), Applied nesearch
Laboratories, Tre University of 'lexas at Austin (1977).

K. A. Naugol'nykh, S. I. soluyan, and R. V. Khokhlov, "Spherical
waves of finite amplitude in a viscous heat conducting medium,"
Sov. Phys.-Acoust. 9, 42-L6 (1963).

145



e e o
Y AP NI IO o s . -

-

B ene e

e .
(ORI S

- ;“...:‘r‘, Wy e o

- .

k]

13.

1k,

16.

17.

18.

19.

21.

22.

23.

24,

146

B. B. Cary, "Nonlinear losses induced in spherical waves," J. Acoust.

Soc. Am. 42, 88-92 (1967).

M. O. Anderson, "The Propagation of a Spherical N tave in an
Absorbing Medium and its Diffraction by a Circular Aperture,"
Applied Research Laboratories Technical Report No. T74-25 (ARL-TR-
74-25), Applied Research laboratories, The University of Texas at
Austin (1974). (AD 787 878)

M. H. Safar, "The propagation of spherical acoustic waves of finite
amolitude in fresh and sea water," J. Sound Vib. 13, 1-7 (1970).

D. F. Pernet and R. C. Payne, "Non-linear propagation of signals in
air,"” J. Sound Vib. 17, 383-396 (1971).

H. M. Merklinger, ﬁ. H. Mellen, and M. B. Moffett, "Finite-amplitude
losses in spherical sound waves," J. Acoust. Soc. Am. 59, 755-T759
(1976).

P. J. Westervelt, "Self-Scattering of High Intcnsity Sound,"
Proceedings of the Third International Congress on Acoustics,
Stuttgart, 1959, L. Cremer, ed. (Elsevier, Amsterdam, 1961), Vol. I,
pPp- 316-321.

I. Rudnick, "Theory of the Att:nuation of Very High Amplitude Sound
Waves,"” Technical Report No. 42, Soundrive Engine Co., Los Angeles,
California (1952). See also I. Rudnick, J. Acoust. Soc. Am. 25,
1012-1013(L) (1953). -

N. N. ?rmanova, "The vertical propagation of short acoustic waves
in the .eal atmosphere," Izv. Acad. Sci. USSR Atmos. Ocean. Phys. 6,
134-145 (1970).

T. W. Carlton and D. T. Blackstock, "Propagation of Plane Waves
of Finite Ampiitude in Inhomogeneocus Media with Applications to
Vertical Propagation in the Ocean," Applied Research Laboratories
Technical Report No. T4-31 (ARL-TR-Th-31), Applied Research
Leboratories, The University of Texas at Austin (1974).

A. H. Nayfeh, "Finite-amplitude plane waves in ducts with varying
properties,” J. Acoust. Soc. Am. 57, 1413-1415 (1975).

R. H. Kraichnan, "The scattering of sound in a turbulent medium,"
J. Acoust. Soc. Am. 25, 1096-1104 (1953).

G. W. Ford and W. C. Meecham, "Scattering of sound by isotropic
turbulence of large Reynolds number," J. Acoust. Soc. Am. 32,
1668-1672 (1960 .

A ———r e ot St e, < 6 #0088 it f e
e g o R



e e e e i e Mttt

25.

26.

27.

32,

PRS- |

" ; H 35'
36.

37.

147

A. N. Malakhov, E. N. Pelinovsky, A. I. Saichey, and V. E. Fridman,
"Propagation of Intensive Acoustic Waves in Randomly Inhomogeneous

Media," Proceedings of the 6th International Symposium on Nonlinear
Acoustics, Moscow, 1975, R. Khokhlov, ed. (Moscow University Press,
Moscow, 1976), Vol. I, pp. 139-149.

V. E. Fridman and E. N. Pelinovsky, '"Spectral 1heory of the Inten-
sive Acoustic Waves in Media with Large-Scale Fluctuations,"

Abstracts of Tth International Symposium on Nonlinear Acoustics,
Blacksburg, Virginia, 1976, pp. 47-50.

M. Aubry, F. Baudin, A. Weill, and P. Raintreau, "Measurement of
the total attenuation of acoustic waves in the turbulent atmosphere,”
J. Geophys. Res. 79, 5598-4605 (1974).

0. V. Rudenko, S. I. Soluyan, and R. V. Khokhlov, "Coafinement of
a quasiplane beam of periodic perturbations in a nonlinear medium, "

Sov. Phys.-Acoust. 19, 556-559 (1974).

N. S. Rakhvalov, I. M., Zhileikin, E. A. Zabolotskaya, and

R. V. Khokhlov, "An acoustic beam in a nonlinear medium," Pro-
ceedings of the 6th International Symposium on Nonlinear Acoustics,
Moscow, 1975, R. Khokhlov, ed. (Moscow University Press, Moscow,
1976), Vol. I, pp. 88-96.

0. V. Rudenko, S. I. Soluyan, and R. V. Khokhlov, "Nonlinear theory
of paraxial sound beams," Sov. Phys. Dokl. 20, 836-837 (1976).

H. H. Hubbard (Chairman), Sonic Boom Sympcsium, 3 November 1965,
St. Louis, Missouri, J. Acoust. Soc. Am. 39, S1-880 (1966).

H. S. Ribner, ed., Sonic Boom Symposium, 3 November 1970, Houston,
Texas, J. Acoust. Soc. Am. 51, 671-798 (1972).

W. E. Baker, Explosions in Air (University of Texas Press, Austin,
1973).

M. W. Widener and T. G. Muir, "Experiments on parametric arrays in
air," J. Acoust. Soc. Am. 55, 429(A) (197h).

T. G. Muir, "Nonlinear Parametric Transduction in Underwater
Acoustics," Proceedings of IEEE Ultrasonics Symposium, Milwaukee,
Wisconsin, November 1973, 603-€12.

L. V. King, "On the propagation of sound in the free atmosphere
and the acoustic efficiency of fog-signal machinery," Phil. Trans.
A 218, 211-293 (1519).

R. C. Jones, "A fifty horsepower sirems," J. Acoust. Soc. Am. i8,
3712387 (1946).

oma Ty
%

Shp seat” r— e



o I - - . e Y - R L
e e it D RIS BN At v ot et e b e

Y

i

LI .

-

-]

i -
Moty . i
Sl e

T pArady

N

Ea et

o raf e

R

AR

k3

L Em e

T A e cweene

38,

39.

by,

L2,

L3,

4y,

Ls.

+6.

47,

48,

Lo,

50.

148

C. H. Allen and I. Rudnick, "A powerful high frequency siren,"
J. Acoust. Soc. Am. 19, 857-865 (1947).

C. H. Allen, "Finite Amplitude Distortion in a Spherically
Diverging Sound Wave in Air," Ph.D. Dissertation, The Pennsylvania
State University (1950).

Y. Shin, "Attenuation of Repeated Spherical Shock Waves," Technical
Report No. 22, Department of Physics, University of California,
Los Angeles, California (1963), (AD 113 346).

H. W. St. Clair, "An electromagnetic sound generator for producing
intense high frequency sound,"” Rev. Sci. Imstr. 12, 250-256 (19h41).

D. E, Watson, Applied Research Laboratories, The University of
Texas at Austin, 1975 (unpublished).

H. E. Bass, "Study of Sound Propagation in Air," Final Technical
Report U. S. Army Research Office, University of Mississippi,
University, Mississippi (1976).

F. H. Fenlon, "Approximate Methods for Predicting the Performance
of Parametric Sources at High Acoustic Reynolds Numbers,"
Proceedings of 1973 Symposium on Finite-Amplitude Wave Effects in
Fluids, Copenhagen, L. Bjgrno, ed. (IPC Science and Technology,
Guildford, England, 1974), pp. 160-167.

M. Abramowitz and I. Stegun, Handbook of Mathematical Functions,
National Bureau of Standards Applied Mathematics Series 55,
Government Printing Office (1964), Eq. 5.1.53, p. 231.

D. T. Blackstock, Applied Research Laboratories, The University of
Texas at Austin, 1971 (unpublished).

E. L. Stiefel, An Introduction to Numerical Mathematics (Academic
Press, New York, 1963), pp. 164-168.

M. A. Theobald, D. A. Webster, and D. T. Blackstock, "The
importance of finite-amplitude distortion in outdoor propagation
experiments," paper presented at the 7th Internaticnal Symposium
on Nonlinear Acoustics, Virginia Polytechnic Institute, State
University, Blacksburg, Virginia, 19-21 August 1976.

H. D. Parry and M. J. Sanders, Jr., "The design and operation of an
acoustic radar," IEEE Trans. Geosci. Electron. GE-10, 58-64 (1972).

F. F. Hell, Jr., and J. W. Wescott, "Acoustic antennas for
atmospheric echo sounding," J. Acoust. Soc. Am. 5, 1376-1382 (1974).

b RV en



co e

e

51.

52.

53.

25.

56.

57.

58.

29.

61.

62.

63.

4.

149

J. A. Gallego Juarez and G. Rodriguez Corral, "Piezoelectric
transducer for air-borne ultrasound," Acustica 29, 234-239 (1973).

W. T. Fiala, J. K. Hilliard, J. A. Renkus, and J. J. Van Houten,
"Electropneumatic acoustic generatcr," J. Acoust. Soc. Am. 38,

956-964 (1965).

"Atmospheric Physics and Sound Propagation,” Final Report by
Acoustics Laboratory, The Pennsylvania State University, under
Signal Cirps Contract W36-039-SC-32001 (September 1950) (AT I 94971),
pp. 25-1L€.

Y. Y. Borisov, "Acoustic gas-jet generators of the Hartmann type,"
in Sources of High-Intensity Ultrasound (Vol. 1), L. D. Rozenberg,
ed. (Plenum Press, New York, 1969), pp. 3-162.

H. F. Olson, Acoustical Engineering {(D. Van Nostrand, Inc.,
Princeton, New Jersey, 1957) pp. .08-109.

L. E. Kinsler and A. P. Frey, Fundamentals of Acoustics (John Wiley
and Sons, Inc., New York, 2nd ed., 1962), pp. 166-103.

H. Stenzel and O. Brosze, Leitfaden zur Berechnung von
Schallvorgéingen (Springer-Verlag, Berlin, 1958), p. 89.

G. J. Thiessen, "Rescnance Characteristics of a finite catenoidal
horn," J. Acoust. Soc. Am. 22, 558-562 (1950).

R. D. Finch and P. W. Higgins, "Optimizing the monotone performance
of electrodynamic drivers using tubular couplers,"” J. Acoust. Soc.
Am. €0, 937-943 (1976).

W. R. Peterson, "Audio applicatious of the RCA-HC200 H hybrid
linear power amplifier," RCA Application Note AN-4UTh, RCA Solid
State Division, Scmerville, New Jersey.

Instructions and Applications for 4135/413%6 Conde. Microphones,
Bruel and Kjaer, Copenhagen, 1963, : '

P. V. Bruel, "Aerodynamically induced noise of microphones and
wind screens," Bruel and Kjaer Technical Review No. 2, pp. 3-26
(1960)

Instructions and'Applications for 4138 Condenser Microphones,
Brilel and Kjaer, Copenhagen, 1967.

J. N. Cole, R. G. Powell, H. L., Oestreicher, and H. ¥, von Gierke,
"Acoustic siren for generating wide-band noise," J. Acoust. Soc.

Am. 35, 173-191 (1963).

. .
—wmmmw%! SRR L S e E T



65.

e* 66.

67.

T0.

‘ T
2.

73.

Ky Th.
5.

T6.

_',3‘;;{‘.‘;_.-‘,“'5,: e

150

H. F. Olson, Acoustical Engineering (D. van Nostrand, Inc.,
Princeton, New Jersey, 1957) p. 43.

"Giant horn simulsates sound of Saturn firing," Sound 2, 34-36
(1963). -

T. F. W. Embleton, "Sound in large rooms," in Noise and Vibration
Control, L. L. Beranek, ed. (McGraw-Hill Book Company, Inc.,
New York, 1971) pp. 221-22k,

P. M. Morse and U, Ingard, Theoretical Acoustics (McGraw-Hill Book
Company, Inc., New York, 1968) p. 580.

L. L. Beranek and H. P. Sleeper, Jr., "The design and construction
of anechoic sound chambers," J. Acoust. Soc. Am. 18, 140-150 (1946).

P. Hedegaard, "Freefield response of sound level meters,' Brilel and
Kjaer Technical Review No. 2, 3-24 (1976).

A. H. Sommer, Letter to the Editor in Phys, Today 29, 9 (1976).

L. A. Ostrovsky and A. M. Sutin, "Diffraction and focusing of
nonlinearly distorted waves," Proceedings of the 6th International
Symposium on Nonlinear Acoustics, Moscow, 1975, R. Khokhlov, ed.
(Moscow University Press, Moscow, 1976), Vol. F., pp. 97-108.

L. A, Ostrovsky and A, M. Sutin, "On radiation of intensive acoustic
horns," Abstracts of the Tth International Symposium on Nonlinear
Acoustics in Blacksburg, Virginia, pp. 222-225 (1976).

L. A. Ostrovsky and A. M. Sutin, "Diffracticn and radiation of
sawtooth sound waves," Sov. Phys. Acoust. 22, 49-52 (1976).

P. M. Morse, Vibration and Sound (Mcﬁraw-Hill Book Company, Inc.,
York, Pemnnsylvania, 1948), pp. s4k-346.

A. L. Van Buren and M. A. Breazeale, "Reflection of finite-
amplitude ultrasonic waves, I. phase shift," J. Acoust. Soc. Am, Eﬂ,
1014-1020 (1968) and "II. Propagation," J. Acoust. Soc. Am. Ak,
1021-1027 (1968).

y



PR T hL R

- .-n.f‘__il_l

May 1977

DISTRIBUTION LIST FOR
ARL-TR-TT7-5
UNDER CONTRACT NAS1-14160, CONTRACT F4b620-76-C-0040,
CONTRACT NOOOL4-75-C-0867, and GRANT ObL-5-022-12

UNCLASSIFIED
AFOSR/NA (16) Brown University
Attn: L/C L. W. Ormand Department of Physics
Bldg 410 Attn: R. T. Bejer (1)
Bolling AFB, DC 20332 P. J. Westervelt (1)

NASA Langley Research Center (5)

Acoustics and Noise Reduction
Division

Attn: J. M. Seiner, Mail Stop U460

Hampton, VA 23365

Office of Naval Research (2)
Physics Program Office (Code 421)
Attn: L. E. Hargrove

800 N. Quincy Street

Arlington, VA 22217

National Oceanic and Atmospheric (20)
Administration

Envirommental Research Laboratories

Attn: F. F. Hall

Boulder, CO 80302

AFAPL (1)
Attn: Paul Shahady
Wright-Patterson AFB, OH 45433

Naval Research Laboratory - (1)
Underwater Sound Reference
Division
Attn: P. H. Rogers
P. 0. Box 8337
Orlando, FL 32806

New London Laboratory (1)
Naval Underwater Systems Center
Attn: M. B. Moffett

New London, CT 06320

Providence, RI 02912

Georgia Institute of Technology (1)
School of Mechanical Engineering
Attn: A. D. Pierce

Atlanta, GA 350332

Hendrix College (1)
Department of Physics

Attn: R. L. Rolleigh

Conway, AR 72032

Kalamazoo College (1)
Department of Physics

Attn: W, M. Wright

Kalamazoo, MI 43008

The Permsylvanis State University (1) -

Institute for Science and
Engineering

Applied Research Laboratory

Attn: F. H. Fenlon

P. 0. Box 3C

State College, PA 16801

Raytheon Company (1)
Attn: Jim Lockwood

W. Main Road

Portsmouth, RI 02871

The Dept of Physics and Astronomy (1)
University of Tennessee

Attn: M. A, Breazeale

Knoxville, TN 37916

151




e A

L o N PR —

L b b

et

PN Sy

-

Distribution list for ARL-TR-77-5 (Cont'a)

Office of Naval Research (6)
Code 101 1P (ONR/L)

800 N. Quincy Street

Arlington, VA 22217

Naval Research Laboratory (6)
Code 2627 _

Washington, D.C. 20375

Commanding Officer (1)

Office of Naval Research
Branch Office

536 South Clark Street

Chicago, IL 60605

Office of Naval Research (1)
Resident Representative

Room No. 582

Federal Building

Austin, TX T7870L

Yale University (1)
Mason Laboratory M4

Attn: R. E. Apfel

New Haven, CT 06511

ICDR F. M. Pestorius (1)
2310 Wofford Road
Charleston, SC 29407

US Army Construction Engineering (1)
Research Laboratory

Attn: Paul Schomer

P. 0. Box 4005

Champaign, IL 61820

University of Toronto

Institute of Aerospace Studies

Attn: H. S. Ribner (1)
I. I. Glass (1)

4925 Dufferin Street

_Downsview, Ontario

Toronto, CANADA, M3H 5T6

Defence Research Establistment (1)
Atlantic

Attn: H, M. Merklinger

P. 0. Box 1012

Dartmouth, Nove Scotia

CANADA

152

Technical University of Demmark (1)
Fluid Mechanics Department

Attn: L. Bjprng

Building 4ok4

DK-2800 Lyngby

DENMARK

University of Birmingham (1)

Electronic and Electrical
Engineering Department -

Attn: H. O. Berktay

P. 0. Box 36 B

Birmingham Bl5 2TT

ENGLAND

University of Toronto (1)
Mechanical Engineering Department
Attn: David S. Scott

Toronto, Ontario

CANADA M5S 1A4

University of Southampton (1)

Institute of Sound and Vibration
Research

Attn: C. L. Morfey

Southampton S09 5NH

ENGLAND

Centro de Investigaciones Fisicas (1)
"I,. Torres Queredo"

Attn: J. A. Gallego Juarez

Serrano 1k

Madrid -6

SPAIN

Hans Strohm (1)
852 Erlangen

Mozartstrasse 32

WEST GERMANY

ARL Reserve (30)



