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CHAPTER |
E INTRODUCTION

The generstion of sound by & source of light wes investigsted

experimentsliy more then one hundred yesrs ago by Bell,! who ceme to the
conclusion thst “sonorousness, under the influence of intermittent light, is
o property common to 8ll mstter”. Bell's experiment resulted in the
construction of & “photophone” or spperatus for the production of sound by
light. Bell's invention of the photophone wes neglected for meny yesrs, but
recently it hes received more sttention becsuse new developments in high
power laser technology meke this type of sound generstion more suitable
for practicel applicstions. There is sn obvious sdventage to opto-acoustic
generotibn of sound: it does not require sny physicsl transducer in the
medium in which one wents to generste sound. This unique property of
laser-induced sound has prompted intensive resesrch in the past twenty
yesrs in verious fields such 8s nondestructive testing, moleculsr
spectroscopy, snd sonsr spplicstions to nsme oniy a8 few. Tem2 lists more
then 400 references on leser-induced sound ond Pierce's recent

bihliogrephg3 on the ssme subject is more then twelve pages long.

There are seversl weys to produce sound with 8 lsser. The most
common mechsnisms of optical to scousticel trensduction ere, by order of
incressing efficiency, electrostriction, therms! expsnsion, surfsce

eveporstion, explosive boiling and opticel breskdown. Electrostriction is
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the result of polerizetion of molecules due to the electromagnetic input in
- the medium. The polsrization of molecules induces changes in density and
. therefore produces sound which propagates in the medium. The thermal
mechanism relies on hesting of the medium by the laser. Changes in
temperature produce changes in density and subsequently an acoustic wave.
Surfsce evsporstion may occur if the energy density of the laser st the
point of impact on the medium is sufficiently high. In this cese momentum
transferred into the medium generstes a sound wave. At even higher energy
densities, it is possible to have bubble formstion in the medium, snd the
collapse of the bubbles radistes noise. Finally, for extremely high leser
energy densities, such as in the cese of 8 focused high power laser, s very
hot plesma is formed locally sround impurities in the liquid snd “repidly
expanding cavities sppesr in the focsl region, followed by shock weve
propegaiion, cavity decelerstion, localized cavitstion, and eventus! bubble
collapse.”4 This is known 8s sound generstion by opticsl breskdown. The
esrliest experimental detections of 18ser-induced sound were reported in
1963. 3.6

in this study, we restrict our attention to the specific mechsnism of
thermal expsnsion. A sound source which relies on hesting of the medium by
o light source is referred to as 8 thermoscoustic source (TS) or

& optoacoustic sntenns. Most thermoscoustic sources are crested by shining 8

leser into 8 medium (ususlly wster). The intensity of the laser is smplitude
modulated st s fixed frequency so thet it induces 8 periodic hesting of the
medium ond therefore 8 fluctustion of density. This in turn generstes an

scoustic weve whose frequency is equal to the frequency at which the

i PRERNL SN Y
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laser intensity is modulated. The wave equstion describing the sound field
of 8 lossless medium containing heat sources was first derived by lngard.7
A few years later Westervelt snd Lerson® showed theoreticsily thet very
directive sound besms of low frequency can be achieved by exploiting the
thermoscoustic conversion of energy in water. The first experimental
verifications of the directional properties of thermoacoustic sources were
made by Muir, Culbertson and Clynch,9 who confirmed the velidity of the
theoretical model. As expected, the efficiency of the conversion of
electromegnetic energy into acoustic energy was found to be very small (of
the order of 1078) and they concluded that, “for potential applicstions of
proctical interest, (..) megawstts of opticel power would probsbly be
required in the megshertz frequency region, with gigewstts of power
required in the kilohertz region, snd terawatts of power necessary in the
low sudio band.” This low efficiency bsrrier wes investigsted in detail by
Soviet physicists end they showed!0.1.12 thst motion of the TS is
expected to significently increase the pesk amptitude of the thermoscoustic
signel, especislly for & source moving at velocities close to the speed of
sound for the medium. Such high source velocities sre essily achieved
experimentally. Since there is no physicsl transducer in the medium, drag
force snd flow noise are non-existent.

The mein objective of the present study is to investigste the basic
physicsl properties of 8 laser-induced TS and to extend the results to the
cese of 8 moving thermoscoustic source (MTS). Previous studies of MTS
heve been limited by experimental appsratus. They sre slso restricted to

ferfield radistion, and theoreticel models generally bresk down when the
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-

o
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MTS is moving st 8 velocity close to the speed of sound in the medium. The
sophisticated experimentsl apparatus used in our investigation yielded very
clesn thermoacoustic signals. The theoretical study is based on 8 new
approach which provides informsation sbout the nearfield of 8 TS and about
the acoustic signsture when the source is moving st transonic velocity.

The experimental appsratus is described in the second chapter of this
study. A detsiled onslysis of 8 stationary TS, both theoretical and
experimentsl, is presented in the third chapter. The theoretical approach is
to obtain the impulse response of 8 TS. The time domain approsch is used
because it con be very essily extended to the case of a TS moving at any
velocity, including st transonic velocity. It also yields some interesting
results sbout the neerfield. Diffraction effects due to the finite width of
the laser beam are slso discussed in this third chapter, snd the compsrison
betweeﬁ theory snd experiment is shown for pressure wsaveforms,
directivity patterns snd spresding curves.

The fourth chapter desls with thermoacoustic radiation by & moving
source, both theoretically snd experimentsily. In addition to presenting
pressure waveforms, directivity pstterns snd spreading curves, for
subsonic, transonic snd supersonic source velocities, we investigate the
dependence of the thermoscoustic sound level on source velocity.

Chapter five is an anslysis of the Doppler shift of a moving source. The
aim is to understand certain farfield spproximetions often mede in the case
of 8 transonic source. Specificslly, we derive in this chapter an expression

for the Doppler shift which is valid whether the angle of observation

between the source and the receiver is fixed or s function of time.
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The mein conclusions of this study sre given in the last chapter slong
with ideas about possible theoretical and experiments! work thet would be
interesting to develop in the future.
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CHAPTER I

EXPERIMENTAL APPARATUS

The experimentsl apperstus involved in our study of moving
thermoacoustic sources consisted besicelly of 8 high power laser, 8 mesns
of deflecting the besm so that motion of the source over 8 wster surface
could be schieved, snd & receiving snd anslyzing system. A block disgrem of
the experimentsl system is shown in Fig. 1, end 8 description of the mein
components of the system is given below. More informstion on the

experimentel apparatus can be found in reference 13.

A Leser

- The 1sser used in this study was designed snd built by Apollo Lasers.
F It is the seme lsser described in reference 14 . Figures 2 snd 3, which sre

taken from reference 14, show the components of the modulated lsser

system. The lsser hesd assembly consists of an interchsngesble rod, either
(Neodymium) Nd:gless or ruby. Optical pumping of the rod is schieved by e
flashlemp , and the wsvelength of the light emitted by the laser is 1.06 ym
(infrared) for Nd.glass and 0.6943 um (red) for ruby light. The lsser besm

is polerized in order to echieve modulstion of its intensity. The polerizing

4'.':'.' WA
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element is 8 Brewster steck in the csse of the Nd:gless rod snd 8
cslcite prism snslyzer in the case of the ruby rod. The laser cavity is

formed as ususl by s 100% reflective back mirror snd sn output front

mirror whose coating depends on the optical wavelength being emitted.
The 18ser is used in the conventionsl non-Q-switched mode so thst its

output is a series of very short (20-100 ns) Gaussisn pulses, characteristic

' e
. t e

of the normsl modes distributed ststisticslly in space and tirne. The
envelope of the laser pulse is denoted |,(t), and the equivelence between 8
modulated uniform pulse and 8 modulated series of dense random spikes has

been established in reference 9 .

MBS R T
oo (R} . PR

fn order to achieve periodic hesting of the column of water being
illuminsted by the laser besm, one hes to modulste the intensity of the

laser besm. The modulstion is achieved by 8 Pockels cell snd 8 prism

¥ .f;«“r oy
. e

~ansalyzer. The principle of the modulstion of the lsser is shown in Fig. 4 .

when 8 voltage is spplied to the electrodes of the Pockels cell, it rotstes
the plane of polerization of the light psssing through it by an amount which
is nonlinesrly relsted to the spplied voltege. The prism snslyzer is 8
polerizer with 8 fixed plene of polarization and the retationship between
the transmitted light intensity I(t) and the incident light intensity I,(t) is
given by

(1) = 1(1) sin&(wv/2v,,) (2.1)

where V is the voltage spplied to the Pockels cell snd V,, is the

.......................
........................................
......................
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half-wave voltage of the madulation system. Typical peak velues of V are
7.0 kY when using the Nd:glass rod and 45 kV when using the ruby rod. If
the voltage ¥ is chosen to be & trianguler function of time with an
amplitude of ¥, wt/m , as indiceted in Fig. 4(b), the resulting modulation

yields a transmitted intensity of the form

I{t) = 0.5 {4(t) {1 - cos wgt) . (2.2)

The smplitude modulstion of the laser intensity is expected to achieve 8

periodic heating of the column of weater being illuminated by the laser
beam, and therefore periodic changes in density, and subsequently sound st
8 frequency f0=uU/21r. The normalized envelope |0(t) of the laser intensity

in the experiment is adequately described by
lg{t) = (10.8 t/cp) exp(-5.0 t/tp) , (2.3}

where U is the lsser pulse duration. The specificstions of the modulsted
laser system are given in Table I, reprinted from reference 14 . The
sverage laser pulse duration varies between 0.75 ms and 1.25 ms. The laser

can deliver up to S joules, and in most experiments the laser besm was

e L -y ® RO AP St Ay

L LA AR ARA .vr..-‘_“l','. A R R

. ) . R

< Y ! PRI R . P 1 R
GO e | AP AN

focused so that the spot dismeter on the surface of the water was sbout
1 cm. The trisngular signal used to monitor the modulation of the laser
intensity was provided by an Exact model 126 signsl generstor, and the
modulatian  frequency fgcould be varied between S kHz and 80 kHz. The

repetition rate of the teser pulse was limited to four pulses per minute
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TABLE |
MODULATED LASER SYSTEM SPECIFICATIONS

Optical wavelength (um)

Unmodulated output
energy (J) / power (kW)

Modutated output

energy (J) / power (kW)

Pulse duration (ms)

Modulation frequency (kHz)

ceam divergence (mrad)

RUBY

0.6943

25J
25 kW

SJd
S kW

I ms

5to 80

1.7

Nd:GLASS

1.06

30J
30 kW

9J
S kW

1 ms

Sto 80
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because of the time constant needed to charge the capacitors of the laser

power supply.

B. Experimental set-up

The experiments were conducted at Applied Research Lsbaratories,
The University of Texas at Austin (ARL:UT) in its 1829 m x 457 m x 3.66 m
(60 ft x 15 ft ¥ 12 ft) fresh water tank. Figures S and 6 show the mechanical
arrangements for the experiment. The laser is mounted on 8 table nesr the
water tank. Shock mounts are used to prevent mechanicsal vibrations which
occur after the laser discharge, from being transmitted to the water. After
deflection of 900 by & total internsl reflection prism, the laser besm
passes through 8 pipe to a rotating mirror. There are three msjor reasons
for using 8 pipe on the light path: (1) it is obviously safer as far as eye
damage is concerned; (2} the rotating mirror can be mounted directiy on the
pipe rather than on the ceiling so that slignment problems are simplified;
and (3) it provides a rigid support where optical lenses can be instalied in
order to focus the laser besm to the desired size on the surfasce of the

water.
C. Rotating mirror

The rotating mirror was procured by Lincoln Leser Company. The
specificstions are given in Tsble [l. Special sttention was given to

environmental conditions such as relative humidity (77% in the tank room)

14
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TABLE Nl
SPECIFICATIONS FOR THE ROTATING MIRROR SYSTEM

PR XA

Mirror substrste moaterial: aluminum and thorium flouride

Number of fscets: 6

Circumscribed circle dismeter: 15.2cm (6 in.)

Facet width: 3.2cm (1.25in)
Facet length: 7.6cm (3in)
Surface flstness: 174 opticsl wavelength
Surfece reflectivity: 82 % st 0.6943 um -
88 % ot 1.06 ym 4
Speed of rotstion: 150 - 3500 rpm ¢+ 0.1 8
Linesr source speed: %~ Mach 0.1 to Mach 2.6

L)
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and dust accumulstion. The rotstionsl speed of the mirror wes adjustsble
between 150 and 4500 rpm so thet source velocities on the water surface
could be varied between M~ 0.1 snd M~ 2.6 , where M is the Mach number of
the source with respect to the sound speed in water. The stability of the
snguler velocity of the roteting mirror was given to be ¢ 0.1 & between 150
and 3500 rpm, ie, between M = 0.1 snd M ~ 2. In this degign the source
velocity on the weter surfsce is not truly constant becsuse the angle the
beam mskes with the water is not constent,i.e, the laser besm is not
slways perpendiculsr to the weater surface. It is estimated that the error
Av/v , where v is the source velocity, is less then 3 & st Mech 1, snd
decressed with lower Mach number. It was also estimated thst the
maximum tilt sngle of the thermoscoustic source in water was less than 80
ot Mach 1 and decressed with lower Mach number. This estimate takes into
sccount the refraction of the leser besm st the sir-water interfsce. A
detailed discussion is given in Appendix A, where it is shown that these

secondsry effects can safely be ignored.

D. Synchronizstion

The firing of the lsser must be synchronized with the sngular
position of the roteting mirror so thet the lsser beam is deflected to o
known snd repesteble position on the surface of the water. One way to know
the angulsr position of the rotating mirror is to use 8 light emitting diode
(LED) snd s phototrensistor, both combined in 8 smail reflective transducer.

When the light besm emitted by the LED is perpendiculsr to o facet of the

18
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mirror, it is reflected to the phototransistor and sn electricsl impulse of 8
few microseconds durstion is produced. When the mirror rotstes st
constant speed, the reflective trsnsducer delivers s series of short
impulses giving 8n indication of the snguler position of the mirror. Any one
of these impulses mey be delayed in time and used to trigger the firing of
the laser. A digital circuit has been designed and built in order to compute
the required time delsy to trigger the laser st the appropriste time. A
photograph of the laser rotstion firing controller circuit is shown in Fig. 7.

The menuslly controlled settings in the firing control circuit are s
set of three dip switches (DS). The input to the circuit is 8 pair of snslog
signels provided by two LED/phototransistor reflective transducers located
in the rotating mirror housing. Outputs of the firing contrel circuit include
signals from connectors labeled "T.P.A.", "OUTPUT", end “FIRE". The fire
signsl is 8 pulse of epproximstively 100 ys durstion and smplitude of
12 volts to trigger the discharge of the cepacitors used to fire the lsser.
The TPA signsl is 8 series of impulses delivered by the
LED/phototransistor. It can be used to sccurstely check the mirror angulsr
velocity end its stability. The OUTPUT signal is & single pulse of sbout 1 ms
duration, slightly delayed after the FIRE pulse. The smount of the time

delsy is monuslly controlled by the dip switch DS3 (see Fig. 7 ). The
resson for this time delsy is thst there is an intrinsic time intervel ~
between the discherge of the cepsacitor bank and the actusl lasing of the
rod. This time delsy is about 180 us for the Nd:glass rod and 340 ys for the
ruby rod. Celibration curves for vslues of the uinsry number Nygs

sssocisted with the dip switch DS3 controlling the time delsy , indicste

19
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: thet Npgz should be 101 when using the Nd:Gless rod snd 1010 when using the
ruby rod. The OUTPUT signal is intended to be used to trigger the intensity
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modulator external signal provided by the Exact signsl generstor.

’ The firing control circuit contsins two other dip switches, DS snd
DS2, thet sre msnuslly controllable. These ere indiceted in Fig. 7. The
decimal numbers associsted with DSt snd DS2 sre, respectively, Nog, ond
Nosz- These integer numbers sre used to select the initisl sngle ¥ between
the verticsl and the laser besm (see Fig. 5) at the beginning of the laser

pulse. The initisl sngle ¥ is given by
= 41200 (Ng,/N,) - 32% + (n 120) . (a4

where the "plus”™ sign is to be used when the leser besm is moving swey
from the bench snd similerly, where the "minus” sign hes to be used when
the besm is moving towerds the bench. in Eq. (2.4), n is 8 positive integer

sccounting for the periodicity of the fecets on the rotsting mirror. As an

example, if one wants to use the Nd:glass rod in such 8 way thsat the initisl
engle ¥ is zero, Npgz should resd “101°, Npgy should resd 100" (i.e, 4 in
2 decimel), snd Ny, should resd “1111° (i.e., 15 in decimal).

E. Receiving system

, The signsl emitted by the thermoscoustic source is received by o
hydrophone, smplified and filtered, before being stored end snsiyzed on s

digitsl oscilloscope which is interfsced with & msinfreme computer for
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more sdvenced signsl processing.

The hydrophone used in most experiments described in this study is 8
USRD type H-56 hydrophone. This hydrophone is very sensitive (~ - 163 d8
re 1 V/uPe st 60 kHz) but its bandwidth is limited to frequencies below
100 kHz. Therefore in some cases an H-23 hydrophone wes preferred.
Calibration curves for the frequency response snd directivity pstterns of
the hydrophone (H-56) st several frequencies, 8re given in Appendix B.

The signa! received by the hydrophone was smplified by two battery
opersted Burr-Brown model 100 AC-decede amplifiers, with e cslibrated
totsl gein of 405 dB. The smplified signsl wes bsndpess filtered by e
Krohn-Hite filter. The signsl wes then transferred to 8 Nicolet 4094 digitsl
oscilloscope. This oscilloscope provides two input chennels (expsndsble to
four channels) with simultaneous 12 bit digitizers that semple st o rate of
2 MHz. The dsts is stored on floppy diskettes in the externsl disk recorder.
Special diskettes are available from Nicolet for performing valusble signsl
processing functions on the oscilloscope. For example, the rms value of &
signsl over 8 specified time intervel casn be celculsted. Similarly, programs
to compute Fourier transforms, digitel filtering, integrstion, etc. are
gvsilable. In genersl the sound level messured from sn experimentsi
weveform was obtained from the pesk-to-pesk vslues of the pressure. Also,
the Nicolet 4094 wss interfaced to the msinframe CYBER-CDC computer st
ARL:.UT vie sn RS-232 interface, so thet experimentsl dete could be
transferred to the computer snd compsared with theoreticel predictions.
The software required for such 8 trensfer consists essentislly of two

progrems, whose binery version ere cslled “NICOLT™ snd "CNVRT". The

o g v °
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program NICOLT crestes a file on the CYBER that contsins integer numbers
representing the signsl being transferred from the Nicolet to the CYBER.
Program CNVRT is used to convert these numbers into their res! values.
Note that NICOLT csn slso be used to transfer weveforms from the CYBER
to the Nicolet. More information on the procedure for dats transfer is given
in Appendix C.

in general the sound pressure level measured from sn experimens!
waveform was obtained by tsking 20 times the logsrithm bssed 10 of the

ratio of the pesk-to-pesk pressure to a reference pressure of 1 yPs.
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CHAPTER (11

STATIONARY THERMOACOUSTIC SOURCES!®

The sound field radisted by s stationsry thermoscoustic source is
snslyzed in this chapter by introducing the impulse response of the
thermoscoustic system. This spprosch has four mein sdventages: (1) it cen
easily be extended to the case of 8 TS moving st any velocity through the
medium, snd this will be done in Chapter IV, (2) the model is valid in the
nearfield of the source, (3) it cen be used, in principle, for any spstial and
temporal laser intensity profiles, and (4) transforms are not needed to get
time information.

In the first section of this chspter we describe the physical problem
of thermoscoustic radiation and derive the impulse response of 8 TS. The
second, third, snd fourth sections desl, respectively, with the pressure
waveform, the directivity, snd the spresding characteristics of the
redistion from a TS, both theoretically and experimentally. The last section

is 8 summary of the importsnt features of this chapter.

A. Impulse response

Consider the thermoacoustic source shown in Fig. 8. A laser besm is

shined at normsl incidence in the +z direction into san opticelly

sbsorbing medium. The hest produced by the lsser besm generates simost
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instantaneously 8 density disturbance due to thermal expsnsion which
induces 8 pressure fluctustion which is observed as an scoustic wsve. The
objective of this study is to relste in the most general way the spatial and
temporal chsractericstics of the laser to the acoustic pressure observed st
any point in the field .

Larson!® has shown thet the weve equation describing
thermoscoustic radistion is, in the cese of an inviscid and

non-hest-conducting fluid, given by
U - ¢72 gy = - (elcp) o ' (3.1)

where the subscript t denotes a time derivative, p is the acoustic pressure
generated by the thermal expansion mechanism, c is the small signal sound
speed, Cp is the specific hest of the medium at constant pressure, g is the
logsrithmic coefficient of thermal expansion of the medium, and q is the
heat energy per unit volume per unit time added to the medium. It is retated

to the laser intensity vector | by the relation
q=-V Uxyzt)> (3.2)

A derivation of the wave equation for thermsl generation of sound in 8
viscous medium is given in Appendix D. For practical reasons, we consider
the medium to be 8 liquid having s constant optical coefficient of
sbsorplion o, so thst the z-component of the laser besm intensity |

decreases with depth according to the exponentisl shading exp(-az). With a
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different absorption law, the following snalysis would still be workable,
although more complicated and not necessarily more reslistic .

When Eqs. (3.1) snd (3.2) are combined it is clesr thst the
thermoacoustic source function is proportional to the time derivative of
the laser intensity. It is therefore convenient to define the impulse

response h(t) of the thermoacoustic system in the following manner:

p(t) = h(t) * 1 (t) , (3.3)

where the asterisk denotes convolution over time. In this formulstion h(t)
contains all of the spatisl characteristics of the system st any arbitrary
range r, and l4(t) contains all of the temporal information of the source.
The spatisl characteristics of the system can be decomposed into its
vertical component (x-z plane) and its horizontal component (x-y plane). Let
us denote by h (t) and hu(t), respectively, the verticel and horizontal
impulse responses of the TS. Then hL(t) represents the response of an
infinitely narrow TS (8-0 in Fig. 8) of effective length L=1/a. Thus hy (t) is
the response of an exponentislly tapered semi-infinite line source below a
pressure relesse boundsry such as the sir-water interfsce. On the other
hand hg(t) represents the response of an infinitely short TS (L+0). In other
words, he(t) is the impulse response of 8 cross-section of the source. With

these notations Eq. (3.3) can be rewritten as

p(t) = hy (1) * hy(t) * 14(1) . (3.4)
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It is therefore necessery to eveluste hy(t) and hu(t) in order to find the
pressure response of 8 given medium excited by a laser besm of intensity

I(t). This analysis is carried out betow.
I. Vertical impulse response hy ()

The vertical impulse response is obtsined by imagining thst the
laser beam diameter is so small thet sound coming from sn entire beam
cross section S is received instantsneously. This has the effect of setting
the horizontel impulse response in Eq. (3.4) to 8 delts function in time: he(t)

+ S 8(t). In this case the hest q is related to the laser intensity by
=-d/dz[ A I(t) e” 2] S8(x-xo) 8(y-yo) . (3.5)

where A is the coefficient of transmission of light across the interface,
and where x. and y. denote the center coordinstes of the besm. The
solution of Eq. (3.1) for 8 pressure release boundary condition at the
interface is then obtained by integrating the Green's function of the

problem aver the source volume as follows.

co

p(t) = C, J (r)y ! e 02 ly(t-rfc) dz

0
0

- ¢y J (ry}e a2 ly{t-r'/c) dz

-0




where the coordinstes 2, r, and r' sre shown in Fig. 8, snd where
? C‘=(ApaSc/41rcp). The second integral in Eq. (3.6) represents the
contribution of the mirror imsage sbove the pressure relesse boundsry.

From Eqs. (3.4) end (3.6), then, the verticel impulse response is given by

(- -]

T
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hi (1) = (C{/9) I (ry"Ve %2 §(t-r/c) dz - mirror imege , (3.7)
o

where 8(1) is the Dirac delts function. Shifting the integration varisble

from z tor, yields

h (V) =K I (r)~} e %2 §(r-ct) (dz/dr) dr - mirror imege , (3.8)
r

where K = (Apo:c/41rcp). Equation (3.8) provides 8 means for evsluating the

verticsl impulse response of 8 TS once the relstionship between the depth z

p
]
1

of the receiver and its redius of observetion r is known. Assuming that the
leser besm strikes the medium ot normsl incidence, one mey divide the
source into four regions. These ere indiceted in Fig. 9. For esch region the
relationship between z and r cen essily be found. Equstion (3.8) can then be

written in terms of sepsrete integrels over the four regions es follows.

-
-
-

-
-

y

e L s o Al




D ——————— — e

HYDROPHONE

> o+ — — c— c——

O}
l

FIGURE 9
STATIONARY THERMOACOUSTIC SOURCE GEOMETRY —1i

ARL:UT
AS-84-782
YHB - GA
9-5.84

PR

- ;'.‘.ﬁ-“'.'7'.2;.::-.‘:'.':-."_5 e
DR . PR LA P

r




...................................................

ro%ing,

h () =K I (1/r) 8(r-ct) expl-a(r,cosd,-s)) (-r/s)dr

To

fo
+ K J (1/r) 8(r-ct) expl-a(r coso,+s)] (r/s)dr

& rosing,

-]

F + K J (1/r) 8(r-ct) expl-alr,cosd,+s)l (r/s)dr

"o

[- -]

-K J (1/r) 8(r-ct) expl-a(-r,cosd +s)l (r/s)dr

o

(3.9)

where s = N r2—(rosin90)2.

The four integrels in Eq. (3.9) represent the contributions to the
acoustic signal from the four source regions shown in Fig. 9. However, it
is more mesningful to distinguish the srrey response by regions in time

-' rether than in space. The limits of integration indicete that the snalysis
of the impulse response should be divided into five time regimes 8s

follows.
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8) t¢ rosinoolc: In this time region, the impulse response reduces to
hL(t) =0 , (3.10)

which states that the scoustic emission from the srray hss not yet hsd
time to reach the receiver. The first disturbance emitted by the TS hes to
travei s distance rysiné, before resching the observation point. Therefore

the impulse response is identicslly zero for any time t<rysing,/c .

b) t=rgsin@y/c: This particuler instsnt corresponds to the time of
arrival of the first wavelet st the receiver. This wevelet origineted st s
distance of rgsind, from the receiver, that is to say, st s depth
2g=rocosd; below the pressure relesse boundsry. Consequently the

impulse response is simply, from Eq. (3.7),
h(t) = K (rysing,) ™! exp (-ar cose,) . (3.11)

C) rosindg/c < t <rg/c:FromFig. 9, it is obvious thet the first wevelet
which will resch the receiver emsnstes from point E. An instant lster,
wavelets emitted from boints B and C will srrive simultsneously at the
receiver. The progression continues with wavelets eventuslly coming
from points A end D. These sre sll the wavelets received during the
intervel rgsindg/c<tery/c which resulted from sound radiation et time
t=0. The disturbances coming from regions 2 snd 3 of the TS therefore sdd

by pairs st the observstion point. The only non-zero contribution to the

32




impulse response is given by the first two integrals in Eq. (3.9), which

may be evsluated to give

2K exp(-ar cosé,)

h () = cosh ( av (c)2-(r jsing)2 ) . (3.12)
A (ct)2~(r 5ing )2

d) t=rqo/c : There sre two points on the srray that sre located at 8 distance
ro from the receiver. These two points are denoted by A and D in Fig. 9.
However, the pressure relesse boundsry condition at the free surface of the
liquid implies that the acoustic contribution from paint A is null, so thst in
fact the scoustic response st time t=ry/c is simply given by the wavelet
coming from D, i.e, from the point of the source thst is located st a depth
2=2r cos8,. Equation (3.7) yields sn expression for the impulse response st

t=ry/c:

h(t) =K ro™! exp(-2ar,cosey) . (3.13)

e) L>rg/c: The disturbances emitted by regions 1 and 4 of the TS will errive
by pairs ot the observation point. In this case, however, the boundary
condition st the sir-wster interface implies that signals coming from
region | (the mirror image region) are inverted. Hence the only non-zero
contribution to the impulse response is given by the last two integrals in

Eq. (3.9). These may be evslusted to give

- r v v
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- 2K exp (- (ct)2~(rgsingy)2 )

h(t) = sinh (argcosgy) . G149
N (ct)2 - (rysingg)2

The vertical impulse response of 8 TS is therefore given by Eq. (3.158-e).

[ o fort<ty (3.150)

ke (rysingy)™! fort=ty (3.15b)

() = ¢ 2keT u! cosh(ay) for ty<tety (3.15¢)
Ke ™2 (rg)! fortety (3.150)

-2k~ e XM ginh(r) for t>tg (3.15e)

»

where tg =rg/c, ty=rgsinég/c , I = argcoséy , ond y = cJtTttz.

Figure 10 shows how the shape of h{(t) chenges os the nondimensionel
perometer " vories from 0.02 to 100. I con be regorded os the rotio of
the depth of the receiver to the effective length L = o« ! of the TS. It is
assumed in Fig. 10 thet the laser is shined into fresh water where c=1486
m/s. Note thst no ferfield essumptions were required to derive the

onolyticel expressions obove. Figure 11 is o three dimensionsl

representation of the impulse response hy (t) os 8 function of time ond [
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Figures 10 and 11 show & curious behavior for hy(t) when ty<t<ty

-
PO

During this time intervel the shape of by (t) can change drasticéllg from a

| ISP

monotonically decressing function heving 8 meximum 8t time ty=rgsind,/c, :

to 8 monotonicelly incressing function having 8 meximum st time ty=ry/c. 'j

This can be explained by looking 8t the two different effects determining

the shape of the impulse response: the exponentisl shading along the sxis of -‘

the arrsy which is due to the sbsorption of light in the medium, snd the %

sphericsl spresding associsted with each wavelet radisted by the TS. For 1
e

simplicity let us sssume first that the exponentisl decey along the depth of
the srray is much more importsnt than the sphericsl spresding. This is
expected to be the case in the farfield because the distance from esch point

from the TS to the receiver is slmost the same. Also let 2,,25,2 ond 2, be

s s v e P
IV S LPAPAPAIAD

the depths of the elementsry sources located st points A,B,C and D on the

source as shown in Fig. 9. [t csn be shown that, for sny positive «,

e U2, t=.'-“z‘> ¢ ¢ 9%, e-“zc : (3.16)

sl B e

W,

Therefore the strength of the acoustic disturbsnce coming from points B
snd C is slwsys less importsnt then the strength of the disturbsnce
originated from points A and D. Since the latter arrives at the receiver st
time t,, the impulse response hy (1) is expected to increase gredusily from
titoty

i1 PG SRR IPIDRY |

P
A At

A

Let us now sssume thet the sphericel spresding loss sssocialed with

i JRG N

esch wavelet coming from the srreay is much more importent thsn the
exponentisl shading slong the z-axis of the array. In this cese, all of the -
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elementsry sources will have opproximstely the same strength.
This case spplies to the nearfield of 8 TS. The strongest disturbance is
therefore the one which suffers the least spherical spresding loss.
Consequently it originates from the elementsary source on the array which
is the closest to the receiver. Since the minimum distance between the
source and the receiver is rysindg, the verticsl impulse response hy(t)
exhibits 8 pesk at time ty=r,sindy/c and then decresses graduslly until
to=rg/C.

ft is also interesting to note thst the impulse response h (t) of 8
stationary thermoscoustic source is very closely relsted to the half-order

derivative operator. This is discussed in Appendix E.

2. Horizontal impulse response hy(t)

The horizontsl impulse response is obtasined by imagining that the
optical absorption by the fluid is so high that the laser beam penetrates
only 8 small amount compared to tne beam diameter. Under this condition,
the vertical impulse response is set to a delta function : by (t} » (K/c) 8(t),
and the horizontal impuise response may be calculsted. Note from Eq. (3 3)
that the time derivetive operstes on the intensity, and from Eq. (3.7), thst
the mirror image of the source over the interface has slready been taken
into account in the vertical impulse response, including the constant of

proportionality. This mesns that it would be redundant to again consider

these features in ha(t). The horizontsl impulse response is thus simply
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ho= [f Nk SH-reg/cldedy ,  (317)

where |y is the normalized 1sser intensity

’ S Ix,y) 518) ;
_ |N(X,y) = ' ' J
- ” [(x,y) dx dy ‘?
3
h Let us first examine the case of 8 uniform besm of radius 8. In this
' case Iy(x,y) is equsl to unity, and following Morse’s analgsis” of the

impulse response of 8 piston, one finds, if ry>>a sing, ,

) sme0

= | 24 (esing2-y2 Slt-reg/cldy ,  (3.19)
-8 Smﬂo

or

ha(t) =2¢ ~a (8 sin 90)2 - (ro-ct)2 (3.20)

if (ro-a sin 00)/c <t< (r0+o sind, )/c, ond zero otherwise.  Similerly, in

the case of 8 Gaussian beam where 8 denotes the /e radius, one wouid find,

provided thet e sino0 ,

= het) = w72 c 6 sing exp [ -I(r -ct)/(e sing i) (3.21)

'v.v
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O
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------




T T

if (rg-e singy)/c <t <(r,+s singy)/c, and zero otherwise. It cen be verified

thet

Lim
3 sineofro -0

[helt 1= w82 §(t-ry/c) (3.22)

Equetions (3.20) end (3.21) provide expressions for the horizontsl
impulse response in anslyticel form for either s uniform or & Gaussisn
intensity shading across the lsser beam. The spstial extent of the source
induces & frequency filtering which mey be found by teking the Fourier
transform of hg(1). For & uniform intensity distribution across a section of
the leser besm, the frequency filtering hss & Bessel cheracteristic of the
form 2Jy(ke sin8y)/(ke sinfgy) and for the cese of the Goussisn distribution,
it tekes the Goussion form exp [-{ke sinfy/2)2). The frequency filtering
associoted with diffraction due to finite laser beamwidth is therefore o

low poess filtering, or 8 smoothing in the time domsin.

B. Pressure waveform

I 2B S a4

in this section we present results obteined using the impuise

response technique previously described to predict the pressure waveform
redieled by o TS. The double convolution of Eq. (3.4) is evelusted
numerically. It is then used to evsluste the cose of an unmodulated TS. The

results in the ferfield limit sre compsered with anelyticel predictions
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derived by Lysmshev snd Sedov!D in their review psper on thermoacoustic
sources. The anslyticsl predictions sre slso compsred to experimentsl
results.

Consider 8 thermosacoustic source of the sort discussed previously.
For simplicity we assume that the laser intensity is not smplitude
modulsted and that the finite beamwidth effects sre negligible, ie., that
ha(t) » S 8(t). To facilitate comparisons with experimentsl dats, we will
sssume thet the laser pulse shape matches the measured pulse shape, which
is adequetely described by Eq. (2.3). Using Egs. (3.22) and (3.15) in Eq. (3.4)
leads to 8 straightforwsrd numericsl computation of the pressure received
at 8 specified location as 8 function of time.

Figure 12 shows the evolution of the predicted pressure waveform
received in fresh water st the observstion point 8s the nondimensionsl
peramefer I changes from 200 to 0.2. The position of the receiver is kept
constent (ry =4 m, 0y = 600) so that the varistion of [ corresponds in fact
to 8 veristion of the effective length L = o' of the source from 1 cm
(short source) to 10 m (long source). The pulse durstion was set to 250 ys.
The sharp pesk in the acoustic response cbserved in Fig. 12(s) is due to the
fect thet the lsser pulse described by Eq. (3.22) has 8 discontinuous time
derivetive st t=0. The negstive pressure pulse which sppears for sl] velues
of [ in Fig. 12(s)-(f) efter the retsrded time ry/c cen be explsined by the
effect of the pressure relesse interfaece between air snd water. As shown
in the figures, the pressure weveform brosdens snd changes substantially
in shape 8s the source length incresses. In the case of 8 very long source

the pressure weveform is seen to begin 8t time ty= r, sindy/c rather than
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the time ty=ry/c as it would in the case of & short source. This result
sgrees with the snalysis presented in Section lL.A.1.

Lysmshev and Sedov!8 heve shown thet in the farfield, the pressure
waveform radiated by s TS is proportions! to the second time derivative of
the laser pulse intensity provided the length of the srray is very smail
compared to s typicsl acoustic wavelength.‘g The resson the pressure
response is proportions! to the second time derivstive of the laser
intensity is explainable in terms of the impuise response spprosch. As
shown by Fig. 10, the impulse response of 8 very short source tends to
behsve like the time derivative of 8 delts function centered at time t;. The
physicsel cause of this behavior is the pressure relesse boundsry between
the air and weter. From Eq. (3.3) it then follows that the pressure is

proportional to
8¢ (t-rg/c) * Ii{t) = lyy{t-r/c) : (3.23)

Figure 13(s) shows 8 comparison between the impulse response
approach and Lyamshev and Sedov's predictions for the sound pressure of 8
short thermoacoustic source. The comparison was made for 8 modulation
frequency of 5 kHz, 8 1aser pulse duration of 1 ms, and for I=100. The laser
intensity wes described by Eqs. (2.2) and (2.3). As shown in the figure, the
numerical and ensiyticel predictions for the short source case sre in
excellent agreement.

The case of 8 long and narrow TS has slso been studied by Lysmshev

and Sedov!8 in the special case of farfield raediation. Their results show
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that under these conditions the pressure waveform appears to be simply
proportionsl to an inverted laser pulse. 20 As indiceted by Fig. 13(b),
the convolution technique produces, as predicted, s pressure proportions!
to an inverted laser pulse.

An experimental investigation of thermoscoustic sources wes
corried out inthe fresh wster tank st ARL:UT . The 1asing element of the
opticsl system was a Neodymium:Glass rod producing infrared light st 1.06
um in the conventionsl non-Q-switched mode. At this optical frequency the
sbsorption of light in water was measured to be 13.7 Np/m. Determinations
of the opticsl coefficient of absorption « are reported in Appendix F. More
information on the 18ser apparatus is given in Chapter (.

Figure t4(s) shows a typical acoustic signal recorded on the digital
oscilloscope. This waveform was obtained under the following conditions:
ro=05m;8,=75%;8=05cm;a =137 Np/m; ;=35 kHz (f =w,/2m);
tp = 1.2 ms, [=1.77. Figure 14(b) shows the waveform 8s predicted by the
theory described previously. In the computer prediction, 8 Gsussisn
intensity distribution across the laser besm was assumed. The besm radius
was very small compsred to the main acoustic wavelength ).0=c/f q. 8nd thus
the laser besmwidth had little effect on the resulting pressure waveform.
Figure 14 shows that ressonsble sgreement between the theory snd the
experiment is obtained. A better fit could easily be obtained by sitering the
envelope constants for the laser intensity (see Eq. (2.3)). This did not seem
sppropriste, since these constsnts heve been determined by sversging
the envelope over seversl laser pulses. The discrepancy is sttributed to the

fact that the laser pulse envelope was not very repestasble. It wss also
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noted that the rise-time of the experimentsal pressure waveform was often

shorter thsn the predicted one. It shows sgain the inherent non-stationarity
of the laser pulse.

The acoustic pesk signsl shown in Fig. 14(a) was measured to be
122.8 dB re 1 yPs. This level is obtsined by taking 20 times the logsrithm
based 10 of the pesk to pesk pressure divided by the reference pressure. it
slso tekes into sccount the directions! characteristics of the hydrophone
(see Appendix B), the gsin of the smplifier, and the loss through the
bandpsss filter (30-40 kHz). The predicted pesk level can be found from
Fig. 14(b) to be 123.1 dB re 1 uPs. This remerksble agreement between
theory and experiment is certainly fortuitous because it was found that the
average difference between experimentsal levels snd theoretical levels is
sbout +4.6 dB. In general, our numerical predictions underestimste the
acoustic levels obtained experimentally, but are within a reasonable margin
if we consider that the intrinsic properties of the 18ser pulse, such ss its

shape, its energy and its duration, vary significsntly from pulse to pulse.

C. Directivity patterns

The impulse response described previously provides 8 meens of finding
the directivity characteristics of a thermoscoustic source. This is due to
the fact thst all the directionsl charscteristics of the system are
embedded in the impulse response of the system, snd therefore one cen
relste the directivity psttern to the impulse response by & simple Fourier

transform. Let us denote by H(w) the frequency respanse of the opteaceustic




system. Then, using FT to denote the Fourier transform,
H@) = FTIRUI = FT [hy() * ()] = Helw) H () ,  (3.24)

where Hy(w) 8nd H| (w) denote, respectively, the Fourier transforms of the
horizontsl and verticel impulse responses hy(t) and h (t). The directivity

pattern st 8 given frequency @ is then simply

Il H(6;0) Il
[ H(ON;U) [

where 6y yields the .ximum velue of H(8) st the frequency w, 8nd the
double verticel bsrs indicete the modulus of 8 complex qusntity. The Fourier
transform of hy(t) is obtained directly from Eq. (3.21), end in the cese of o
Gaussian besm, it gives

Ho(w) = S exp [ - (ke sin 80)2/4 ) , (3.26)

where k =w/c is the scoustic weve number. Similerly one cen find the
Fourier trensform of h (t) from Eq. (3.15) . It is convenient to use the
identity?!

t-r/c ®©

[ to-02-/002 60 - | fiitrcoshuelas . (327)

-0 o

By wey of Eq. (3.27), the Fourier transform of hy (t) can be expressed 8s

...................
....................

-----
......




Y
H (@) = K, I cosh(Y sinh u) exp(-in cosh u) du

LY J exp(-y sinh u) exp(-in cosh u) du , (3.28)
Uy

where Ky = Aga el /2mc,
Ko = Agd sinh(l) / 2cy,

ug = An [(1+cosy)/sing,l

’

Y = drgsing,

’

= arycosé,

n = krgsing ,
and we sre considering only sngles & such that 0 ¢ 8 ¢ w/2 This
expression is not easy to integrate sanslyticelly but mey be essily
evaluated numericslly. In most practicsl cases the besm radius is very
smsll compared to an scoustic wavelength so that hy(t) » S 8(t) or
Halw) » S is 8 good spproximation.

Figures 15(s)-(c) show the result of the numericsl computstion of the
directivity pettern of s TS 8t three radii of observstion:roof 1m, 2 m,
snd 3 m (ie., for velues of r‘/tzose0| of 5, 10, and 15). The modulstion
frequency was set to 10 kHz and the optical absorption coefficient was
S Np/m so that the effective length of the srray wes 20 cm. Figure 15(s)
shows that sidelobes exist in the nearfield of 8 TS. As the receiver moves
into the farfield, the sidelobe structure tends to dissppesr snd eventuslly

the computed directivity reduces to the ususl farfield snalyticel form
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described by Lysmshev and Sedov: !0

206 Cos@® :

1 + 62 c0320

where 6 = k/d is & measure of the length L of the array in terms of on
acoustic wavelength A.

Figure 16 shows the predicted directivity patterns for different
wavelengths when the radius of observation and the source length are held
constant. The figure shows that by decressing the number of wavelengths
along the length of the source (i.e, for ¢ decreasing) , one decresses the
number of sidelobes and increases the angle of tilt of the main lobe away
from the interface. Also the half-power beamwidth angle increases
drasticelly so that the end result is @ dipole type of directivity as
expected from & very small source (relative to a wavelength) radiating on
8 pressure release interface.

Figure 17 shows the computed directivity when the length of the
source varies while the distance of observation ry ond the rmodulstion
frequency f, are kept constant. Since we have assumed an exponentisl law

of absorption of light in water, with an optical coefficient of abisorption

o (see Eq. (3.5)), the quentity 1/a represents the depth at which the
intensity is attenusted by o factor 1/e. Again the number of sidelobes and
the angle of maximum emission decresse with 6, whereas the half-power
beamwidth increases when ¢ decreases. It is also interesting to

note thet the neorfield directivily is not simply dictated by the

S1




Claaf AT et e 0 S A S I i i

-15

(a)

-15

(b)

<15

0
CJL 1 | | 1900

w.

70°* f, = 2.5 kHz
o=211

(c)

60*

S0°

40°

FIGURE 16
DIRECTIVITY OF A STATIONARY THERMOACOUSTIC SOURCE — 11

(rp= 1m, a = 5 Np/m)

ARL:UT
AS-84-706-V
YHB - GA
8.21-84

L

I
PR By o

e e 0

. - e e s .
-.a._J L R L P '
P ‘ '_‘J_‘.l.‘l

,-.l PPN
1 [
$ UL T NN

e .
a‘a'a a

.
‘s

. .
.J e .
’ v .

- Latala

L
e L L Al Al

oty



dB

C)T i Iy } +90°

(a) go* " SNe/m
o= 5=846

70°

-115 -10 -|5 0L
C\j_ — 90

80°

F’ b) . a =10 Np/m
3 70. o=4.23

P adr it
NSRRI

60°

-15 -10 -5

o 1 1
o ﬁ\/' — ' 90
;:::

o

70° 4 =20Np/m

(e) o=2.1

60°*

50°

40°

FIGURE 17
DIRECTIVITY OF A STATIONARY THERMOACOUSTIC SOURCE — 111

(ro =1m, fo = 10 kHz)

ARL:UT
AS-84-707-V
YH8 - GA
8.21-84

53

e el e e el e el e e e aw e e e e a
T N e ST S B T N L
T AT T T e e e T T e T e e e e R e e e e e . R I R A N N TR ML RJEN
KON L A AR A K Sl S T, 3 & S G P P PTG NS YT VTV PO S RS R T AT NI J S S I AR TR AR R VAL AR VAL Y




nondimensionsl persmeter o6=k/a, 8s in the farfield cese, but
independentiy by k 8nd « .

Figure 18 shaws the nearfield effects on the half-power beamwidth
8y 8 8 function of distance ry and plotted for seversl srray lengths. As
mentioned previously, 6, decresses with 6. For large values of rg, 6,0
reduces, as expected, to its ferfield estimate, which cen essily be
obtsined from Eq. (3.29). In the farfield, 8,, reduces to

6 = C0s™ I (2 -1)/6] - cos™I[ (42 +1)/6} . (3.30)

It is slso interesting to note thst, for 8 given source length, 6, goes
through 8 minimum st & certain distance rg on4. This may be of practicsl
interest for applicstions where angulsr resolution is more important then
long range propagstion.

Figure 19 shows how the nesrfield sffects the angle of maximum
radistion 8,4y, for different srrsy lengths, 8s s function of distance.
Again, for large values of ry , 8may reduces to its farfield limit, which

cen be evalusted from Eq. (3.29) to be
Bax = COS™1(1/6) . (3.31)

Note that Figures 18 and 19 can be used to define 8 ferfield criterion.
Experimentsl dets were obteined for 8 modulstion frequency of
35 kHz, with a = 13.7 Np/m, st 8 radius of observstion of 0.50 m. (Seme

experiment 8s the one reported in Fig. 14). Infrared light of optical
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wavelength of 106 uym woes shined into fresh water (c=1486 m/s).

The pulse length was of the order of 1 ms. The receiver wsas an H-56
hydrophone of sensitivity -171 dB re ! V/uPa at 35 kHz. The verticel
directivity psttern of the transducer H-56 (see Appendix B) wes teken
into account in the anslysis of the directivity of the TS. The signsl was
emplified and filtered before being stored in 8 digitel oscilloscope. For
each waveform, the rms pressure was computed numerically and yielded o
value for the sound pressure level in decibels. The rms pressures were
aversged over seversl pulses. The compsrison between predictions bssed
on Eqs. (3.24)-(3.28) and experiment is shown in Fig. 20. Good sgreement
between theory and experiment shows again thst the impulse response
opproach is very well suited for describing the neerfield of o

thermoacoustic source.
D. Spreading curves

It is known that, in genersl, the sound level dependence on distence,
or spresding curve, is just 8 function of the geometricsl dimensions of
the scoustic source in terms of the scoustic wavelength. Thus, the sound
level dependence on distance, denoted by Lw(r), can be found at a given
frequency @ by taking the Fourier transform of the impulse response of

the TS. This can be expressed in 8 fashion similar to €q. (3.25),
i H(w,r) |l
Lm(r) = 20 Log‘o ’ (3.32)
I H(w,r) i Forpof
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where H(w,r) is the Fourier trensform of h(t), which is velid in the

LW o 2% 3N oW e 4
£ ' &

nesrfield.
The spprosch for finding L,(r) is thus similer to the one described in ]

the previous section for finding the nesrfield directivity  D(6).

A

Experimental results presented in Fig. 21 show the spresading cheracteristic ,
i of o ststionary thermoacoustic source. The psrsmeters associsted with ‘
Fig. 21 are 4, = 840 | fo = 35 kHz, and a=13.7 Np/m. In both theory and

experiment, the sound level seems to decresse at & rste of 3 dB per

doubling of distsnce until 8 range of sbout 1.5 m, after which the slope
incresses to s velue of 6 dB per doubling of distance. The resson for the
change of slope is that, in the nesrfield, the TS sppeers to be essentislly s
cylindrical source, wheress in the ferfield, sphericel spresding obviously
predominstes. The transition between cylindricel and spherics! spreading
may also be used ss 8 practicel estimste of the Rayleigh distsnce of the
thermoacoustic source. Another wey to see the transition is to look at the
directivity petterns in Fig. 15. As ry increeses, the msjor lobe moves
towerd 84°. Thus the tendency towsrd 8 6 dB slope is psrtly neutralized by
the progression up the mejor lobe towsrd its pesk. This srgument implies

thet st same sngles the slope might exceed 6 dB in the nesrfield. "

. Conclusions 4

The sound field rediated by & thermoscoustic source has been

investigsted both theoreticelly snd experimentsily. The theory is based on &

time domasin spproech. It shows thet the scoustic pressure radisted by the
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thermsl mechanism is a convolution of the impuise response of the system
with the thermoscoustic source strength (time derivative of the laser
intensity). Although the convolution has to be performed numerically in
most prectical cases, it offers seversl adventages: (1) it can be used to
investigate the case of 8 moving thermoscoustic source, (2) it is valid even
in the nearfield of the source, (3} although we have restricted our snslysis
to the most spplicsble case of 8 laser beam of Gsussian cross-section
intensity distribution with 8n exponentiasl shading slong the beam
penetration sxis, the model presented here can easily be extended to sny
leser intensity temporsl or spatisl profile, snd (4) this approach does
not require transforms to get time information. Furthermore, the impulse
response of 8 thermoacoustic srrsy mey provide insight into seversl
thermoscoustic transient phenomens such 8s extremely short 1aser pulses,
shock waves induced by 8 laser source moving st trensonic velocity,
pressure waveforms redisted by lightning, or even cosmic rays entering
the ocesn.

The validity of the theoretical model was tested by an experimentsi
investigation of thermoscoustic pressure weveforms and directivity
patterns. Results seem to indicate thst in the nesrfield, the acoustic levels

msy be quite different from those predicted by s farfield theory, snd that

sidelobes cannot be neglected in 8 nesrfield directivity psttern. in genersi,
experimental results were in support of the theoretical predictions in both

farfield snd nesrfield ceses.

cate e » . O -,
A e e et et e P ettt st et et et ettt Tt e e PO S L U ST T PO DR SR S P AL ST T ST S I B S S
. oty o B - o, et . o . NS [ S
. P R A P e D Y D e T e N R A S o "




CHAPTER IV

MOVING THERMOACOUSTIC SOURCES22

in the previous chepter, we snslyzed in detsil the scoustic field
redisted by & stationsry thermoscoustic source. The objective of this
chapter is to extend these results to the cese of 8 moving source. As
mentioned esrlier, the msjor resson for studying moving thermoacoustic
sources (MTS) is thet they sre expected to produce substentislly higher
acoustic levels when the source is moving st a velocity close to the speed
of sound in water.

In the first section of this chepter, we present the theory that will
be used to predict the properties of the acoustic field of an MTS, even in the
nesrfield of the source. The theory is bssed on the impulse response
described in Section (I1.A.

Then, in the second section of this chepter, we proceed to snalyze
successively pressure waveforms, directivity pstterns, sound pressure
level dependence on source velocity, and spresding curves. Compsrisons
between theory and experiments sre made for subsonic, transonic, snd
supersonic source velocities.

The last section of this chapter summarizes the main conclusions of

this chspter.




A. Theory
1. Pseudo-convolution

The pressure signal radisted by the moving thermoacoustic source (MTS)
may be constructed in 8 three-step procedure as follows. First, the motion
of the source is decomposed in time. As in 8 movie, 8 "picture” is tsken at
constant time intervsls At, showing the laser besm at different positions
slong its path during the 1aser pulse duration T The geometry associated
with an MTS is shown in Fig. 22 . Second, for each of these positions
(defined by the subscript i in Fig. 22) the impulse response h;(t) and the
corresponding elementsry pressure response p;{t) ere evslusted
numerically from the =nslysis presented in Section I{l.A. Third, the total
pressure py(t) received st the hydrophone ic obtsined by adding all the
elementsry acoustic responses p;(t) with the suitable time delays
corresponding to the motion of the source. Note that this approach is in
principle aiso suitsble for a8 source moving with 8 nonuniform velocity
along its path. However in the following anslysis it is sssumed for
simplicity thst the source is moving st 8 constant velocity v. This madel
also assumes that the laser beam remains slways perpendicular to the
water surface. This assumption is discussed in Appendix A.

The first step in the snslysis is to discretize in time and space
the motion of the source so that the problem can be snalyzed
numericslly. Given that tp is the laser pulse durstion snd At the time

increment, the motion of the source is represented by N pictures taken
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every At seconds, such that N=tp/m .For 8 source moving rectilinesrly st
constant velocity v, i At represents the time teken for the laser to move
from the origin to the position shown on the i-th picture. The second step is
to compute for esch of these positions the elementsry acoustic pressure
radiated by the source when it was at the position shown on the i-th
picture, that is to ssy, after 8 time delsy i At. The 1aser source intensity st
that instant is simply I(i At} snd the impulse response h;(t) can be
evaluated from Eq. (3.15). However it is importsant to reslize thst the
impulse response is a function of the position of the source because the
distance sand the angle between the source and the receiver are time
dependent in the case of 8 moving source. Let us denote by rj and 8; these
coordinstes. It can easily be shown that

142
ri= [ rg2-2rg(viAticose, sineg + (viat?2 ] (41

and
8; = cos™! (rycos 8y / ry) , (4.2)
where r, 6, and ¢, refer to values st the origin of the motion of the
source (t=0). The impulse response hi(t) is therefore given by Eg. (3.15)
where the coordinates r, and 6, have been replsced by r; and 6; using
Eqs. (4.1) and (4.2).
The elementary scoustic pressure pi(1) is then computed as follows.

Equstion (3 3) shows that the optoscoustic source strength is propartionsl

to the time derivative of the laser intensity. The i-th picture therefore
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shows 8 line source excited by an impulse of strength I'(i At) during s time

At , and thus the elementary acoustic pressure p;(t) is given by
pi(t) = I'(i At) hy(t) At , (4.3)

where the prime denotes 8 time derivative.

The third step is to add all the elementary acoustic pressures p;(t)
redisted during the motion of the source, taking into sccount the time delay
iAt tsken by the source to travel from the origin (t=0) te the i-th position.
This gives the total acoustic pressure py(t) rediated by the thermoacoustic

source during its motion:

N
pr(t) = . pilt-iat) At (4.4)
i=0

Combining Eqs.(4.3) snd (4.4) gives

N 5

() = 3 1Ay nlt-ian At . (45) 3

i=0

-

"

]

Equation (4.5) shows thet the totsl pressure received at the observation :
point is & convolution type summation in the time domein between the ,_s

"unstesdy” (chenging shape with time snd distsnce) impulse response hi(t)
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and the optoacoustic source strength di/dt . Note that in the cese of &
stationary source, the shape of the impulse response remains constant and

the acoustic pressure pT(t) is 8 true convolution between the impuise

response snd the time derivative of the laser intensity.

} In the above results laser besmwidth effects have been neglected.
i They become, however, very important when the scoustic wavelength is of
g the order of the laser beam dismeter, and this is alwsys the case when the

source is moving at velocities close to transonic. In order to have 8 model

E velid for any source velocity, it is therefore necesssry to tske into
X account laser beamwidth effects. This is the object of the next section.

2. Laser beamwidth effects

it was shown in Chapter Il (see Eq. (3.4)) that laser besmwidth
' effects csn be accounted for by a convolution involving the impulse
responce hy(t) of 8 cross section of the laser beam. This impulse response X

is defined ss the time response at the receiver to an impulse of heat

applied st a specified depth and over an sres corresponding to the laser
besmwidth. If ry>> 8, where a is the lsser besm radius, then
he(t) = M2 c 8 sing, exp { -[ (rp-ct)/(a singg) 12}, (3.21)
where we have assumed thst the intensity distribution across a section of

the lsser besm is Gaussisn. This last equstion has been derived previocusly

in Chepter (1. The effect of the finite seamwidth of the laser may be
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thought of 8s introducing many infinitesimally thin line sources into each
“picture” of the source st time t. This effect may be included
msthemstically by convolving the cross-section impulse response with
py(t). The result is an induced smoothing of the pressure waveform thet is
8 low-pass filtering in the frequency domsin. The frequency filtering Hy(w)
associated with lsser beamwidth effects may be obtsined by tsking the
Fourier transform of hy(t). It is necesssry to note, however, that in order
to account for the motion of the source, the main wave number ky=wg/c of
the scoustic radistion must be replaced by its Doppler shifted version
kg = Ko/D = kg/l1-Msing caseyl, where D is known as the Doppler fsctor.
(The sing,cosé, term in the Doppler shift correction is due to the fact that
the receiver sees an appsrent velocity that is different from the sctusi
velocity of the source which has Mach number M=v/c. This was first noticed
by Doppler23 in 1842). The result is

Ho(@) = 82 sin28y exp [ -(kg 8 8ingy/2) . (46)

it should be understood that in the case of & moving source, the
coordinates of the source ry and 68, are time dependent, so that in fact
Eg. (4.6) is an approximation to the resl frequency filtering associsted with
finite 1sser besmwidth effects. Since these effects sre usually small, it
seems unnecessary to get sn exact and much more compliceted expression
for Ha(w), and therefore Eq. (4.6) is expected to yield good results provided
that finite l1aser beamwidth effects are relstively smsll. When the source

is moving at velocities close to the speed of sound in the fluid, the Doppler
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shifted wsavelength characteristic of the scoustic radistion shrinks to 8
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value very small compsred to the besm radius s , thus genersting very
significant diffraction effects. In this case the approximation that
diffraction effects are small breaks down. The finite beamwidth effects
near transonic velocity will be discussed lster in more detail. _

The time domain spproach used to predict the pressure waveform 7
radiated by an MTS is perfectly suitable for 8 numerical computation and
the theoretical predictions obtained with this model will be discussed in

the next section.
3. Numericsl predictions

Some typical predicted pressure waveforms radiated by 8 moving
thermoscoustic source are presented in Fig. 23. These waveforms were
obtained by computer simulstion, using the impulse response approach
described sbove. The computer program used for these simulstions is given
in Appendix G. These predictions were made for some reslistic values of the
important parsmeters:ry=4m,8,=750,4,=00, o = 13.7 Np/m (Nd:Glass
laging wavelength of 1.06 um in fresh water), 8=0.5 cm, ;=7 kHz, =1 ms,
and ¢ = 1486 m/s. The Mach number of the source M = v/c was varied from Q

to 1.5.

Figure 23(s) shows the pressure waveform observed st the receiver

L et

LAY}

when the source is stationsry. There is a periodic nasture to the response
due to the modulstion of the intensity of the laser pulse and & roughly

exponential decay in the smplitude due to the decay in the laser intensity.
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Figure 23(b) shows the acoustic response when the source is moving
st M=0.5. Clesrly there is & time compression of the acoustic signsl

observed st the receiver, i.e, sn incresse in amplitude and frequency. This

is 8 typical effect of the Doppler shift which occurs for moving sources.
One important adventage of the time domain approsch used in the numerical
b computstion of the pressure waveform is that the Doppler shift is
. implicitly tsken into sccount by the time delays of the pseudo-convolution
(see Eq. (49)); therefore the Doppler shift appesrs naturally snd it is velid
b even if the source is moving at transonic velocity. A detsiled snalysis of
the Doppler shift associsted with 8 maving source of finite length may be

found in reference 24. To & first approximation the Doppler factor D seen
b by the receiver in Fig. 23(b) is (1-Msin8,cos¢4) = 0.517 so that the Doppler
: shifted frequency in Fig. 23(b) is about fy=f,/D = 13.5 kHz. This is in good

agreement +sith the Doppler shifted frequency of 13.6 kHz messured from

Fig. 23(b).
r Figure 23(c) shows the pressure waveform observed st the receiver

when the source is moving st 8 velocity such thet Msingdg cosey =1,

i.e, so that the receiver perceives the source to be moving st Mach one. In

O | NI

¢ this case, the Doppler factor D goes to zero snd subsequently the Doppler ]
shifted frequency goes to infinity so thst the Doppler shifted wavelength »
goes to zero. This means that in the transonic regime, diffraction effects Y;
due to the finite width of the lsser besm will be important. Fig. 23(c) R
shows that the received pulse is extremely short (of the order of the ‘1
transit time 28/c across the laser besm dismeter) and there is therefore :i

no periodic structure in the pressure waveform but only & strong inverted

71

Y PRI NN |




................
.............................................

2 AN N

pulse whose shape depends mainly on the intensity distribution across 8
section of the laser beam. This is discussed in more detsil in Appendix H.
Note also that, as predicted by Eq. (4.6), 1aser besmwidth effects limit the
smplitude of the pressure response when the source is moving at transonic
velocity. Previously reported results which describe the pressure field of
an MTS in terms of the pressure field of 8 stationsry source compenssted
by s Doppler shiftD= (I-Msineocosoo) predict an infinite smplitude for
8 source moving at Mach one becsuse they have not included the fact that
the angle from the source to the receiver is locstion dependent, and hence
have used s poor spproximation to the Doppler factor.

Finslly it is interesting to note in Fig. 23(d) thst the time sxis seems
to be inverted. This effect is sometimes referred to as time inversion and :
it occurs when 8 source moves towsrd the receiver faster thsn the
disturbences it generates. In such an event, the first sound wavelets to be
observed by the receiver will be those excited last. This effect has been
known for more thsn s century. Ragleigh25, for instence, explains how a
musicsl piece plsyed st Mach two, cen be heard "in tune, but plsyed
backwerds™. Note also thst the predicted Doppler shifted frequency in

Fig. 23(d) is 16.0 kHz which is in good agreement with the Doppler shifted -

T"",

frequency predicted by f4 = {,/0 = 15.6 kHz.

M

B. Experimental results

The experimental results presented in this section sre grouped into

K IS e

four cetegories: pressure waveforms, directivity pstterns, sound level

72




dependence on source velocity, snd spreading curves. The experimentsl

procedure was described in Chapter (.
1. Pressure waveforms

The pressure waveform radisted by 8 thermoacoustic source moving
ot Mach 1.6 is shown in Fig. 24. In both cases the pressures are normalized
to one at their pesk velues. The vslues of the psrsmeters relevant to
Fig.2d 8re:rg=4m,b8,=280%, ¢,=0°, f,= 35 kHz , end 1 = 0.8 ms.
There is fairly good sgreement between the theory (Fig. 24(s)) snd the
experiment (Fig. 24(b)). Note thst time inversion does occur st such 8
supersgonic source velocity, and it is very clesrly observed experimentsily.
The slight discrepsncy (93 us) between the predicted and experimentsl
values of the arrival time of the scoustic pulse st the receiver is
attributed to the fact that the time delay between the discharge of the
laser flashlamp and the sctusl lasing of the rod (sbout 180 us) was not
perfectly constant so that the initisl coordinstes r, snd 6, of the
thermoacoustic source were known within only s certeain sccuracy.

Next we turn our sttention to the pressure waveform when the
source velocity is such that M singycosé, = 1. Figure 25(s) shows the
results of three different theoreticsl prediction schemes. The solid line in
Fig. 25(s) represents the prediction obtsined from the numericsl snslysis
presented in the first section of this chapter. The long deshed line in the
seme figure weas obtsined by using 8 simplified approsch which s

described in Appendix H. In this approsch, the pressure waveform can be
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spproximated by the second time derivstive of the impulse response of 8
cross section of the laser beam. The third curve (short deshed line) in
Fig. 25(a) represents the analyticsl prediction of Lysmshev and Sedov given
by Eq. (5) in Ref. 26. The values of the psrameters relevent to Fig. 25 sre
rg=350m, 85=800, ¢,=00, M=103, fg=20KHz, and tp=0.8ms.

T - ———— Pt e S - ; .
LA RS '.'r'r‘:i_-’g"' } AN
RERER et OSSN S E L ARELEN

= The three curves in Fig. 25 have the same main festures: an
exponential growth, followed by 8 strong inverted pulse and an exponential

decsy. The exponentisl growth is characteristic of the srrivel at the

receiver of wavelets coming successively from 8 depth z;,=r,cosé, to 8 zero
depth st the sir-weter boundsry. The inverted nature of the strong pulse is
characteristic of @ pressure relesse boundsry condition st the sir-water
interface. The exponentis! decsy is the result of the exponential law of
absorption of light in weter. The last wavelets srriving st the receiver
come from the furthest points on the column of water being illuminsted by
the laser and therefore they have very low intensity.

Figure 2S(b) shows an scoustic pulse recorded experimentsily in 8
Mach wave. There is an oversll agreement with the theoreticsl predictions

given in Fig. 25(s) although the result shown in Fig. 25(b) has a higher pesk

efter the inverted pulse and shows more high frequency content. The pulse
was recorded by sn H-23 hydrophone, smplified by 40.5 dB end filtered
between | and 200 kHz. The beam radius on the surfsce of the water was
sbout 7 mm, end the corresponding pesk sound level was messured to be
about 142 dB re | uPs st 3.50 m from the source. The ssymmetry in the
experimentsl waveform is attributed to nonlinesr effects. It hss been ;

shown2’7 thet nonlinesr effects sssocisted with the tempersture
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dependence of the thermodynsmic coefficients (g,c,) ceuse 8n incresse in
the tail of the received signal. This is due to the fact that the hesting of the
medium being illuminated increases the coefficient of thermal expansion
and, consequently, the efficiency of the conversion of electromagnetic

energy into acoustic energy.
2. Directivity patterns

Next consider the directivity pattern of an MTS in the k-2 plane. It is
important to note that the motion of the MTS induces s varistion of the
angle of observstion between the source snd the receiver, and hence 8
varistion of the Doppler shifted frequency, so that the received frequency
is in fact a function of source location. The directivity pattern of sn MTS is
not therefore given at a single frequency but rather in 8 frequency intervat.
The smsller the ratio Mcw:p/rU , the smsller the frequency interval. It is
therefore necessary to define the concept of directivity for a moving
> source. In our study 8 directivity pattern is a plot of the sound pressure

- level as 8 function of the angle of observstion between the source and the
F receiver, at the origin (time t=0) of the laser pulse. in other words, all the
1

parameters such 8s madulation frequency,laser puise duration, and initisl

distance of observation, are kept constant in a directivity pattern. The only
parameter sllowed to change is the initial angle of observation 8, , in the

case of a8 directivity pattern in the vertical plane, and ¢, in the case of 8 X

2, T e

directivity psttern in the horizontal plsne. The frequency content of the

received signal is therefore allowed to change (sometimes drastically) in
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the ssme directivity psttern. The sound pressure level is obtained by teking
20 times the logarithm based 10 of the ratio of the pesk-to-pesk pressure
signal received at the hydrophone to 8 reference vaiue of 1 uPa. It should be
noted thst the shape of the directivity pstterns does not change
significantly when rms pressures 8re used instesd of pesk-to-pesk
pressures. A directivity pattern defined in such 8 way is very practical
from an experimentsl standpoint, since it gives sn estimste of the sound
pressure level versus angle under the same opersting conditions of the
laser.

The verticsl directivity of thermoscoustic source is shown in Fig. 26.
The theoretical curves were obtained by running the numericsl progrsm
described previously, over seversl values of the sngle 8, The other
parameters wererg= 3 m , ¢, = 09, a = 13.7 Np/m, and o= 0.8 ms. The
circles represent experimental measurements. The left-hand directivity
pattern in Fig. 26 was obtained with 8 ststionary source modulated at 35
kHz while the right-hsnd one was obtained for 8 source moving at Mach 1.6
snd 8 modulstion frequency of 25 kHz. The experiment confirms thst even
though the modulation frequency wes lower for the moving source, its
directivity turns out to be sharper than thst of the stationsry source,
becsuse the received Doppler shifted frequency is grester than f, by the
Doppler fsctor. The half-power besmwidth was measured to be 119 for the
stationsry source snd 7% for the moving source. This agrees well with the
predicted respactive velues of 110 snd 69. Although the source sppesrs at
first glance to be o brosdside srray whose main lobe should be st 8, = 90°,

the presence of the air-water interface produces a tilt in the lobe so that

py
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there is no pressure at the boundary. The tilt angle for the main lobe was
measured to be 840 for the stationsry source and 869 for the supersonic
source. Again this confirms the validity of the madel which predicts 639 in
the first case and 859 in the second.

Two experimental directivity pstterns in the verticsl x-z plane of an
MTS moving at Mach one sre shown in Fig. 27. The laser intensity was
modulsted st 25 kHz and 35 kHz respectively for the twao directivity
patterns, and in both cases the initisl coordinstes of the MTS werery=4m
and ¢, = 0Y. The two curves sre very similsr which confirms the fact that
the modulation frequency does not play an importsnt role in the directivity
pattern of an MTS moving at transonic velocity. Theoretical curves sre not
shown in Fig. 27 becsuse the numerical cades seem to yield unstable results
near Mach one. The reason for this discrepancy has not been determined yet.
It should be emphasized that experimental results for 8 source moving at
Mach 1 are highly dependent upon the Trequency response of the receiving
hardware (hydrophone-smplifier-filter) which should optimally have a very
l8rge bandwith. However, the H-56 hydrophone used in this experiment has
an upper frequency limit of sbout 70 kHz (see calibration curves in
Appendix B). Moreover, the correction for the vertical sensitivity of the
hydrophone is very difficult to assese when the received signal is
broadbsnd. Thus quantitative measurements around Mach 1 are to be taken
cautiously.

The directivity psttern in a plane parsilel to the interface between
sir and water (x-y plane) will be referred ta as 8 horizontal directivity

pattern. Figure 28 shaws the horizontal directivity pattern of an MTS for
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three different source velocities, but under similsr conditions: ry =2 m,

.‘!

fo = 25kHz and 6, = 80°. When the source is stationery, the messured

LRI A

acoustic redistion is fairly omnidirectionsl, as predicted by the theory

given by the solid line in Fig. 28(s). The results are normelized by the

pressure signel received at ¢,=90°. The theoreticsl curves were obtained

by running the numerics! progrsm described previously, over seversl values

of the sngle ¢, Fig. 28(b), whose scsle differs from that of Fig. 26(s),

shows the horizontal directivity psttern of en MTS moving st M = 04
A towsrds the receiver, and Fig. 28(c) spplies to the cese of an MTS moving at
- M = 05 swey from the receiver. In both ceses there is reasonsble
agreement between theory and experiment snd the results show thst indeed
scoustic radiation is stronger in the direction of motion of the source. The
theoreticsl model seems, however, to overestimate the acoustic level in
the direction opposite to the motion of the source snd this discrepsncy is
not fully understood.

The horizontsl directivity psttern of & transonic TS weas investigsted
experimentally and the result is given in Fig. 29. It shows thst more than 30
dB in scoustic amplitude can be gained in the Mach cone where 8 very strong
brosdband signat is emitted by the moving source, 8s indicsted by the upper
time waveform in Fig. 29. Both time waveforms in Fig. 29 sre normslized to
unity. When the Doppler shifted wevelength Ag=A,l1-Msind,coséyl is of the
order of the leser beem dismeter, diffraction effects are obviously
important and 8 strong diffraction loss is expected te reduce the sound
level. This heppens when
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that is to say, when ¢);,= 32° , and this may be en explsnation for the
sudden drop in level sround ¢, = 300. The second waveform shown in
Fig. 29 indicates thst for angles ¢5> ¢}, (ie., well outside the Mach
cone), the received pressure wavefarm is not 8 strong transient but rather
8 waveform modulated at its Doppler shifted frequency. Hence there sre
two sngular regions associsted with transonic source motion. In one region
the waveform is a8 Mach wave and in the other region the 18ser modulstion
waveform is dominant.

Directivity pstterns were 8lso obtained for the case of 8 long and
narrow thermoscoustic source crested by illuminating the water with the

ruby laser (a=1.5 Np/m). Experimental dats are given in Appendix |.
3. Sound level versus Mach number

In another set of measurements we investigated the dependence of
the sound pressure level on the source velocity. The results sre shown in
Fig. 30, where the dashed line represents the theoreticel predictions
obtained by numericsl analysis of the pressure waveforms computed for
seversl values of the Mach number as seen by the receiver, M = M sing,
cosé,. The genersl shope of the predicted curve follows the trend of the
experimental dats with, however, an unexplsined discrepsncy in the
smplitude of the sharp pesk which occurs arcund M=1. It is possible that in

the transonic regime, some nonlinear effects, which have not been included
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in the present model, become of significant importsnce. The results shown
in Fig. 30 are normalized so thst both theory and experiment have a value of .
0 dB at M=0 .In fact the absolute level messured experimentally at M=0 was
of 116.7 dB, wheress the theory predicts 8 level of 109.4 dB. This significant
difference is so far unexplained.
The physical interpretation of the two symmetric dips aroundM = 1 is
that diffraction effects due to the finite width of the laser beam become
important and tend to lower significantly the acoustic radiation. In the case
of monochromstic radistion we have seen thst the frequency filtering
assaciated with finite beamwidth effects is given by Eq. (4.6) which shows

that & diffraction loss of 3 dB is expected to occur when
(kgasingy/2)2= Ln(103/20) (48)

thet is to say , when M = 1 ¢+ 535 Q , where Q = f, / ( c/8 sing,) is s
nondimensions! frequency. [n our experiments Q is 0.0828 so that the 3 dB
points sre expected to occur around M = 0.6 and M = 1.4 . As indicated by
Fig. 30, this is confirmed experimentaily. When M spprosches unity, the
acoustic signel becomes so short that the monochromatic assumption is not
valid sny more and thus Eq. (4.6) cannot be used to predict the diffraction
loss. In fact at M = 1, all of the scoustic disturbsnces emitted during the
motion of the source seem to add coherently , so that s strong transient is
observed at the receiver. A gsin of more than 25 dB has been observed over
the amplitude of 8 stationary laser source of similar characteristics.

The three normalized waveforms shown in the windows of Fig. 30
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indicate the typicsl behsvior of the pressure waveform for the three
regions of the curve. In the first region the thermoscoustic signel is
modulated st its Doppler frequency. When M is further incressed,
diffraction effects reduce the scoustic level until the monochromatic
sssumption does not hold and 8 very strong transient is genersted as
indicated in the second region. In the third region, when diffraction effects

become negligible, one can observe time-inverted thermoacoustic signsls.

4. Spresding curves

The spresding curves shown in Fig. 31 show the sound level
dependence on the distance ry between the thermoacoustic source snd the
receiver. These curves are plotted for three different source velocities:
M=0 , M=1 , and M=1.3. The other psrameters of interest sre f,=35 kHz ,
8,=840 , and ¢,=00 . The predicted spreading curves, indicated by a solid
line in Fig. 31, were obtained 8s follows.

In the case of 8 TS, the predicted spresding curve was obtained from
Eq. (3.32). For the case of an MTS, Eq. (3.32) does not apply becvuse the
received frequency is actuslly time dependent. In Fig. 31, the theoretical
predictions for trensonic snd supersonic regimes are based on the
assumption that the Doppler shifted wavelength characteristic of the
scoustic radistion is small compeared to the distance of observstion, so
that sphericsl spresding (6 dB per doubling distsnce) dominates over
cylindrical spresding (3 dB per doubling distsnce). Experimentsl dete

support this sssumption very well, as indicated by Fig. 31.
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C. Conclusions

The acoustic characteristics of 8 moving thermoacoustic source created
by moving a modulated laser across a fluid-air boundary have been examined
by imagining the source to consist of many line sources each of which are
excited at successive times corresponding to the motion of the laser source
along its path. In this manner it is possible to construct the acoustic
pressure received by a hydrephone by adding the sound contribution of each
line source with the appropriate delay. The result is a pseudo-conveolution
between the impulse response of the system and the acoustic source
strength. This analysis lends itself well to numerical simulation. It is valid
in the nearfield of the thermoacoustic source and, in principle, for any
source velocities. In the case of a stationary source, the impulse response
of the system is fixed in time, so the pressure calculation reduces to a true
convolution. Further, it is possible to include the effect of the finite
besmwidth of the laser beam by convolving the pressure calculated
assuming an infinitesimal beam with the impulse response of the system to
laser heat applied across the beam at a fixed depth in the fluid. Although

this impulse response is & function of the location and velocity of the

source, the corrections produced by the nonstationarity of the source are
small and may be ignored. ~_
Experimental results have been presented which indicate excellent

agreement between the measured and predicted waveforms including the

'0'-',!" AP '.
WP IR |

subsonic, transonic, and supersonic cases. |t has been shown that the

waveforms in these three velocity regions differ markedly from one another.

., 0.",%, %
o ..
2 LY




In the subsonic region the waveform consists of a modulated signal with an x
envelope that first grows rapidly and then decays slowly. As the source ‘
velocity increases, the amplitude and frequency of the wavefarm increase
and the total time of duration decreases. ([n the supersonic region, the
pressure waveform is very similar to that for the subsonic region, but the
signal is time inverted. This time inversion phenomenon is caused by
moving the source toward the receiver at a cpeed faster than the speed of
sound. In the transonic region the waveform shows almost no frequency
modulation, but is 8 very fast negative puise with smaller leading and
lagging positive exponential tails. Previous ansiyses!8.26 in which the
pressure field radiated by an MTS is replaced by the pressure field of an
equivalent stationary array, corrected by a Doppler shift, have failed at
transonic source velocities because of neglecting the fact that the Mach
number of the source as ceen by the receiver depends on angle and hence
location of the source.

Experimental measurements and theoretical predictions for the
directivity patterns produced by a moving laser source were shown to be in
good agreement. These results were presented for bath the horizontal and
vertical planes. The results also show that near transonic source velocity
the modulation frequency of the laser is not a significant determinant of the
directivity pattern. Below and above transonic source velocily, the
modulation frequency has a direct effect on the directivity pattern; a
narrower beam is produced as the modulation frequency increases.

Experimental results and theoretical predictions were also presented

for the sound pressure level as a function of the source velocity as seen by 8
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hydrophone at a fixed position. These results show the largest discrepancy
of all of the theory and experiment comparisons. Although the curves have 8
similar shape there is a notable and large disagreement near Mach one.
Experimentally, 1arge acoustic signals were observed near transonic source
velocity, with amplification of almost 20 dB above the levels in the
subsonic and supersonic region, and more than 30 dB in the horizontal
directivity pattern in the direction of motion of the source. Theoreticaily,
the predicted amplification at transonic velocity is much smaller than the
one measured experimentally. This suggests that there may be nonlinesar
: mechanisms which bacome important near Mach one and which have not been
included in the physical model. More work is necessary to explain the exact
nature of this discrepancy.

Finally, experimental results for the spreading of the moving and
stationary laser source were compared to theoretical predictions. It was
shown that in the nearfield, the laser source exhibits cylindrica! spreading,
then switches over to spherical spreading in the farfield. These results

agree well with physical intuition.




CHAPTER V

THE DOPPLER SHIFT OF AN ACOUSTIC SOURCE MOVING
AT TRANSONIC VELOCITYZ24

(n order to improve the intrinsicslly low efficiency of the conversion
by therms!l expansion, of light into sound, Soviet ph cicists hsve
studied?8-32 ve'y closely the sound field radisted by 8 thermoscoustic
source moving 8t transonic velocity. They have shown experimentally that
indeed & substantisl gein in sound level occurs when the source is moving
trensonically. This has slso been confirmed experimentslly in the previous
chapter. It is 8 striking fact, however, that most theories which rely on the
Doppler shift to asccount for the motion of the source bresk down st
transonic source velocity. The resson for this is that, sccording to
classical theory, the Doppler shift sssociated with an scoustic source
moving 8t constant velocity induces 8 straining of the time coordinate, ss
perceived at the receiver. This time straining is described by

t'=t{(1-Mcos@) , (59

where t' denotes the time coordinste in the fixed frame of reference

Pl |

(receiver), t is the time coordinste in the moving frasme of reference
(source), M is the Mach number of the source, and © is the angle between the

direction of motion of the source snd the direction of observstion. At
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transonic velocities, t' can sssume 8 velue of zero, in which case sll the
acoustic energy emitted by the source is received in 8n infinitesimal
increment of time. This .mplies an infinite instantsneous power which is
not physicelly reslizable. The object of this chapter is to use the method of
cheracteristics to find the exact Doppler shift of a transonic source. Two
cases are considered: s point source snd a line source of finite length, both

moving rectilinearly towsrds or awsay from & point receiver.
A. Point source
1. Characteristics

Consider 8 point source moving 8t constsnt velocity in 8 straight
line, 8s shown in Fig. 32. Let us sssume thst the source is emitting 8
rectanguler pulse of duration tp. This simplificetion is justified by the fact
that we are primarily concerned with time sceles and not wave shapes. The
present snslysis is not, however, restricted to transient sources. It is
understood thet v, is just a characteristic time of the scoustic emission.
The Doppler factor D msy then be described as the ratio of the pulse
durstion Cp recorded st the receiver to the pulse durstion tp emitted by the

saurce.

D= ¢p / Tp . (5.2)

Note thst Tp, ond therefore D, are sllowed to take on negative velues which

.........................................................
............................
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is whet will happen st supersonic source velocities. It is an effect of the
time reverssl phenemenon which occurs when 8 source is moving faster
than the disturbsnces it generstes.

Another quantity relevant to the motion of an acoustic source is the

Doppler gain G, defined by
G=|1/D]| : (5.3)

The gain cen be explsined in terms of conservation of energy. The motion of
the source induces 8 change in the time scsles, but the net energy flux st
the receiver is unchenged. The average power in the received signal must
change accordingly then. Reducing the received pulse duration therefore
incresses the sverage received power by the factor G. It is important to
note that, if the source is directionel, the motion of the source induces 8
redistribution of energy ss a8 function of angle of observation, and thus the
gein G is not just the gsin in smplitude of the scoustic pressure. This
dependence of the source directivity properties as seen by the receiver, on
source motion, makes the problem much more complicated and it is beyond
the scope of the snslysis presented in this chapter. Time inversion hes no
effect on the gain G, since only its amplitude has s significant meening. This
is why an absolute velue was introduced in Eq. (5.3).

The problem is therefore to find the pulse durstion *p recorded at
the receiver. A convenient spprosch for solving this problem is to use the
method of cheracteristics which consists of finding the time of srrivel of

each wavelet coming from the source during its motion along the x-axis.
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The results sre plotted in the x-t plane.

Let us define tp(x) 8s the time of arrivsl st the receiver of 8 wevelet
emitted when the source was st 8 distance x from the origin. The 2ero of
titme is chosen for convenience to coincide with the zero of space, ie., t=0

when the source is st x=0. Then tg(x) con be expressed 8s follows:
tR(x) = (x/v) + (ry/c) . (5.4)

where ¢ is the sound speed in the medium and ry is the distance between the
source snd the receiver when the source is at 8 distence x from the origin.

it can easily be shown thet
tR(x;M) = (x/MC) + ¢! [ rg2-2rox cos@y+x2)V2 (55)

where the subscript o refers to sn initisl velue (x=0; t=0), sand M=v/c is the
Mach number of the source. Note thet cos@, corresponds to sin, cosé, in
the notation of Chapter {V. The slope of the characteristics tg(x;M) in the
x-t plane may be found by differentisting Eq. (5.5) with respect to x. It is
found that

d/dx [ tp(x)] = (1 - Mcosoy, )/v , (5.6
where Oy indicetes thst the angle of observstion © depends on the source

location x. If M is & constant slong the source psth, M cos@, is 8 nonlinear

function of the spstial coordinate x. This mesns that, in genersl, the
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cheracteristics are curved.

Subsonic, transonic, snd supersonic regimes msy be defined from the
slopes of the cheracteristics. Equation (5.6) shows that s negative slope can
occur only if M> l/cosex , 1.e,, only 8t supersonic velocities. If the source
is moving at supersonic velocity, but has siready passed over the receiver
and is moving swey from it, cos©y is negetive and therefore the slope is
positive. The transonic regime occurs only for M = 1/cos@, , i.e., when the
slope is zero. In the Soviet literature, cos©=1/M is sometimes referred to
as the Cerenkov direction. The subsonic regime occurs for positive slopes
of the characteristics. The characteristics tp(x;M) ere piotted in Fig. 33 for
various values of the Mach number M.

In the limit of x > ry , O, spprosches w , and from £q. (5.6), the slope
of the cheracteristics goes to a maeximum velue of (1/v + 1/¢c). The
interpretation of this result is that both subsonicslly snd supersonicslly
moving point sources do not induce time-inversion on the receiver
waveform, once they sre moving sway from the receiver. Regardiess of
the source speed, supersonic or subsonic, wavelets emitted at a given
time will arrive st the receiver before those emitted a short time later.
For supersonically moving sources, the time gep between the two wavelets
is accentusted because the later wavelet has so much farther to travel.

It therefore seems appropriste to meke s distinction between s
supersonic source and & source that is seen 8s supersonic by the receiver.
In the first cese, the Mech number of the source is such that M cos§y > 1,

wheress in the second case, time inversion occurs snd the slope of the
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characteristic is negstive. This distinction is emphssized in Fig. 33 by

indicating the region of time inversion.

PlaiCht)
A A AR

Also of interest is the locus of the points of zero slope in the
characteristics, i.e,, the transonic region. From Eq. (5.5), we can set d/dx

(tp(x)] = 0 , and obtain the following equation for the points of zero slope:

Xy = Fg €086, [ 1- ‘\f(cos'ze0 - 1 )/(M2-1) ] . (5.7)

The trensonic region is indiceted by the dashed line on Fig. 33.

Another interesting paremeter is the distence X. ot which the
cherecteristics cross the line tp = ro/c . Wevelets emitted from this
location will errive ot the receiver simultasneously with those emitted ot
X=0,t=0 Clearly, xc exists only for o source moving 8t supersonic speed,
and x; is slwoys grester than x; It is possible to solve for x. by setting
trlxe) = ro/c tn Eq. (5.5). 1t is found thst, provided M > 1/c0s@, ,

& X¢=2rgM [(Mcos 0y -1)/(M2-1)] . (5.8) i_

N 2. Pulse duration d

The x-t plene is 8 convenient wey to find the received pulse durstion and =
therefore the corresponding Doppler shift. First let us define xy 8s the

distence traveled by the source during the pulse durstion, Xy = v T, . Since 5

100 >




tr(x) is the time of arrivsl of 8 wavelet coming from X, the set of all tp(x)

LR AL IR

for 0 ¢ x ¢ ®y, written as tp(Ocxexy), subsequently represents the time gap

i between the srrivals of all wsvelets emitted during the motion of the

Lo

source. The recorded pulse duration t:p is the difference between the
maximum anhd the minimum vslues of the set. In other words, tp is the
projection on the time axis of the characteristic for 8 given Mach number,

over 8ll X, such thet 0 ¢ X < Xy .
tp= Projy [tpl0sxsxy)] : (5.9)

From £gs. (5.2) and (5.3), it is clesr thst in order for the Doppler gain

to be infinite, it is necesseary for tp to be zero. This requires all of the
wavelets emitted by the source to be received simulteneously, i.e., that the
cheracteristic be a straight line st tg = rg/c . From Eq. (5.6), we see thst :
the characteristic cannot be 8 horizontal line unless M cos©, is equsl to .
unity. For 8 source moving at uniform Mach number, this requires o, to be 8
constant, and the anly geometry which permits 8y to be constant places the
receiver directly on the path of the source. If the source is not constrained
to move at a constant Mach number, other geometries which permit tp to be
2ero are possible, but this would violste the sssumption of 8 source moving
st constant velocity, and the preceding anslysis would be invelid. Hence,
unless the receiver is directly on the psth line of the source, ) and the
Doppler gain are slways finite. If the receiver is on the source path line, it
is necessery to include diffraction effects induced by the finite dimension

of any resl physical source, in order to prove thet, in reslity, the received
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pulse durstion cannot be less than the transit time scross the source snd,

hence, thet the Doppler gain is still bounded. o
‘i
If we restrict the snalysis to the case of 8 source moving st constant :
velocity, it is strsightforward to find an snslytical expression for the ':’
received pulse durstion and the corresponding Doppler factor. "
First, consider subsonic motion of the point source. As mentioned
L3
esrlier, when M < 1/cos®, , the slope of the cheracteristic is slwsys =
positive. This mesans thst the order of srrival of the wsavelats st the
receiver remsins unchsnged 8s compsred to their order of emission. In this =
case, the “projection operator” defined by Eq. (5.9) is simply "
Cp = trlxy) - 1R(0) , (5.10)
where
Combining with Eq. (5.5) yields
Cp = (xN/V) + ¢! 1[ Fo2-2 rgxncosO,+xp2 - (rofc) . (5.12)
Substituting Eq. (5.12) into Eq. (5.2) yields sn expression for the Doppler
factor: o

D=1+ (N/xN)“[ro2 - 2 rgxpy €089 + X2 - (ro/cty) (5.13)
Defining & nondimensional distance Ry = ro/cty (this quantity cen siso be
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regarded as sn inverse nondimensional pulse duration, or 8 nondimensionst

frequency), we finslly rewrite the Doppler factor in the form

D=1-Rql1- v i- 2M/Ry) cosOy + (M/RZ 1 . (5.14)

Equation (5.14) gives 8 practical estimate of the Doppler factor of 8 moving
source, when one wants to take into account the chsnge in sngle of
observation as the source is moving. As sn exsmple, the received pulse
durstion wes messured in the study of moving thermoacoustic sources, snd
it was compared with the predicted value of D % (see Eq. (5.2)). The
Doppler shift D was computed first assuming that the sngle of observstion
© was constant during the motion of the source, snd second, in the more
sccurate wey described by Eq. (5.14). Figure 34 shows that Eq. (5.14) fits
the dsta better then the simple estimste D = 1 - M cos 9, . The experimentsl
dats were obtained from the study of the horizontsl directivity described
in Section {V.B. The Mach number of the source was 0.4, the radius of
observetion was 2 m, the depth of the receiver was 0.35 m (8,=809), and
the modulation frequency was 25 kHz. This simple experiment shows thst
Eq. (5.14) is useful in some practicsl cases.

Next, consider supersonic motion of the source. In this case, the
problem is more complicated since the slope of the chsracteristics is
negative until % = xy; then it becomes positive (see Fig. 33). Therefore the
projection operstion defined by Eq. (5.9) cen be expressed analytically as

follows.
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If %y <%y . tp = tglxy) - tR(0) . (5.158) ]
2
If %y s %%, tp = tRxy) - tR(0) . (5.15b) P,
B
If Xy > % tp = RON - tRE%) (5.15¢) R

where xy, Xt, 8nd xc are defined by Egs. (5.11), (5.7), end (5.8). The Doppier
shift can be expressed explicitly by making use of Eqs. (5.5} and (5.7). The

results are summarized below in nondimensions! form.

For Xy < %y,

Dg=1-Rgl1- Vi - 2(M/Ry) cos 05 + (M/RY2 | . (5.168)

For Xy <Xy < X¢

Dy = Ry [ (c080y/M) - (sin@y/MITZ-1) - 1 + sin@, ¥ MR/MZ-1]
(5.16b) '

For %y > %
D = Dy - D . (S.16¢)

Notice thst Eq. (S.14) end Eq.(5.168) ere identical. By exsmining the ferfield
limit of the solutions given in Eqs. (5.14) end (5.16), it is possible to
compare the results above to the classical solution. It is necessary to take

the farfield limit because there is sn implicit assumption in the classics!
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solution that the sngle of observstion © is independent of source location.
This sssumption is only velid if ry » ¢ p ie, in the farfield In the
ferfield limit, Eq. (5.168) spplies snd hence Eq. (5.14) describes the Doppler
shift for any Mach number and any source location.

Expsnding the squsre root in Eq. (5.14) in terms of the small

psrameter (M/R,) snd retaining only first order terms, yields
D=1-Mcos 9, , (5.17)

which is the standard form for the Doppler factor. Note thst, for M =
I/cose0 , the gsin becomes infinite. With the exception of the previously
discussed case of 8 source moving at Mach 1| on 8 straight line towards the
receiver, the infinite gain disappesrs when higher order terms sre retained
in £q. (5.14). Hence, in the farfield, the snalysis presented here recovers the
standard form but, with only one exception, the snalysis gusrsntees finite
Doppler gain.

It is 8lso interesting to note that, at least for subsonic velocities 33

the received pulse duration can be expressed in the following menner:

%N
tp = J (dtp/dx) dx . (5.18)
0
Substituting Eq. (5.6) yields
X
N

D=1- (xN)'l I Mcos O, dx
0

. (5.19)




which clearly shows thst the globsl Doppler shift {over the whale path of

the source) is an sverage of the Doppler shifts for esch pesition of the

source slong its path. The integral in Eq. (5.19) csn be evslusted by
expressing cosOy in terms of x. It can essily be shown from the geometry
g thet

Iy COS 00 - %

(5.20)

cos Ox

2. 2
‘\/ Mo 2xrocoseo+x

Note that when the source hes pessed over the receiver, cos@; < 0 so that
Eq. {(5.20) still spplies. Combining Egs. (5.19) and {5.20) lesds os expected to
Eq. (5.14), which in turn reduces to the stenderd form of the Doppler fectar,
Eq. (5.17), provided thet rg > ctp.

Equations (5.2), (5.14), and (5.15) heve been used together with
Egs. (5.9), (5.7), (5.8), end (5.11) to compute the Doppler factor snd therefore
the gain of & moving point source. Figure 35 shows a three-dimensional plot
of the gain G versus Mech number end nondimensional pulse duration T, =
Clp/rg = (Rp)™!. The initiel angle O wos set to 450 1t cean be seen from
Fig. 35 thet for sny Mech number, the scoustic response observed ot the
receiver is slwoys finite. Also of interest is the fact thaet the meximum

gein in Fig. 35 occurs st 8 Mach number which depends on the
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nondimensionsl parsmeter R, wheress one would have expected from the
classicsl theory sn infinite response occuring siweys st M = 1/cos@,. The
object of the next psrsgreph is to find, for & given vslue of Ry, the Mach
number which will minimize the Doppler factor, or meximize the Doppler

gain.

3. Meximum gein and optimum Mach number

It has been shown previously that the gain of 8 paint source moving at
sny constant velocity is slways bounded, except for ©=0. This result leads
to questions sbout whether it is possible to predict the value of the
maximum gsain and the value of Mach number st which the pesk occurs. These
snswers sre essily found numerically, but in this .eragraph, we instesd
develop an snalytical scheme for prediction purposes.

First, consider the case of 8 source moving at & subsonic velocity.
The maximum gein G* mey be found by differentisting Eq. (5.14) with
respect to M, to find 8 value of the Mach number M*, which minimizes the

Doppler factor to s velue D*. From Eq. (5.14) it is shown that

M* = Ry cos &, : (5.21)

Substituting M* into Eq. (5.14) yields

D* = 1-Ry(1~sin®,) , (5.22) :




and

G*= | [1-Ry(1-sinay)]! . (5.23)

Note thast the assumption M < 1/cos@, cen be combined with Eq. (5.23) to

show that this estimation scheme is valid only if
Rg ¢ 1/c0s20, . (5.24)

Next, consider the case of 8 source moving st M > 1/cos@g . In this
case, the differentistion procedure discussed above is not anslyticsily
simple and it seems more sppropriste to spply some physicsl insight. From
Eqs. (5.2) end (5.3) the meximum gain occurs when the received pulse
duretion is minimum. The received pulse durstion is minimized if Xy < ¥y ,
but then this implies that the source at no time appesrs to the receiver to
be moving transonically. Since we expect the gain to be meximized close to
the trensonic region, we therefore require xy > %; . Given this constraint,
Tp is minimized ot 8 constant velue , provided xy is between X and x.
Although Tp does not very if xy is in the range ¥y < Xy < Xc , the pulse
durstion in the frame of the source, tp , incresses as xy incresses. Because
we wish to minimize the Doppler factor, Eq. (5.2) suggests thet we want to
maximize tp within the range that produces the minimum scceptable tp. We

therefore choose xy = X¢. By recslling that xy=Mc ¢y, 8nd using Eq. (S.8), we

get

5 .
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M* = R, €0S6y ¢ 1[ (RoC0564)2 - 2R, +1 . (5.29)

The negstive root in Eq. (5.25) has to be discerded becsuse Eq. (5.8)
indicates that, for any Mech number, X, > 2 ry cos®, , so M* must be lsrger
than R, cos@,. By substituting Eq. (5.25) into Eq. (5.15b), it is found thet D*

is given by

D* = Ry [ (c0804/M¥) - (sin@o/M*T¥2-1) - | + (M*sin@y/VF¥Z-1) | .
(5.26)

The maximum gain G* is given by 1 / ID*| . Equation (5.25) can be spplied
only if the srgument of the square root is greater or equsl to zero. It can be

shown that this implies
Rg 2 { 1 + sin®, )/cos28, . (5.27)

If inequality (5.27) is not satisfied, one has to use & different prediction
- scheme.
- Table |l shows a compsarison between the estimsted values of G* and
M* supplied by Eq. (5.25) 8nd the inverse of D* in Eq. (5.26), snd numericslly

determined values. For values of R, such that

170820 < Ry ¢ (14sindg)/cos20, , (5.28) '




TABLE 11
OPTIMUM MACH NUMBER AND GAIN AS A FUNCTION
OF NONDIMENSIONAL PULSE DURATION

RS I s L ISR

9, = 159 Mach number Gain (dB) (*)
To | Rg estimated | computed estimsted | computed
3 3.33 1.05 1.06 23.2 229
S |20 1.08 1.08 18.6 185
7 1.43 1.16 1.15 12.7 12.8
9 L1 1.07 1.04 75 75
10 | 1.0 0.97 0.97 59 59
1.5 | 0.67 0.64 0.65 3.0 3.0
20| 05 0.48 0.49 20 2.0
30| 033 0.32 0.33 1.2 1.2

(*) : Gein (dB) = 10 log,q (G)
Rp=CTp /1y

To= (R
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we have used the prediction scheme based on Eqs. (5.21) to (5.23). Althcugh
Eq. (5.24) is violated for the rsnge of velues of R, (1.07 < Ry < 1.35), this

AR

method still yields 8 ressonsble estimate for the optimum gein end Mach
number of & moving source. This is due to the fact thet M* is & slowly
varying function of R,. As indiceted in Teble (i, good agreement exists for
8 wide range of nondimensionsl pulsc durstions. Hence it is possible to
estimaste the meximum gain of 8 moving point source , based on 8 pulse

durstion snalysis.
B. Line source

The analysis of the Doppler shift of 8 point source may be extended to
the more reslistic cese of sn acoustic array of finite length L moving st
constant velocity v = Mc in the +x direction. The spprosch is similsr to the
one used sbove. The method of characteristics is used to study the pulse
durstion recorded at the fixed point receiver snd consequently, the Doppler

shift and the Doppler gain induced by the motion of the source.

1. Characteristics

Consider 8 line source of length L which moves at constant velocity
perpendiculsr to its axis past a fixed point receiver as shown in Fig. 36. For

the sske of simplicity, it is sassumed 8s in Section V.A thst the source is

A AARAAR

emitting 8 rectangulsr pulse of durstion tp. It is convenient to define the

leading edge (first wavelet) snd the trailing edge (last wavelet) of the
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pulse being received at the observetion point. Let t,(x) be the time of

arrivel of the first wavelet emitted by the source when it was st 8
distance x from the origin; and similarly let t4(x) be the time of srrivsl of
the last wavelet emitted when the source was at locstion x. Agsin we
choose the origin of time to coincide with the origin of the source emission
at x = 0 . The first wavelet emanstes from the source locstion which is
closest to the receiver. Let us denote by rm(x) the corresponding minimum
distance. Similarly the last wavelet comes from the point on the line
source farthest from the receiver. The corresponding distance will be
denoted rpm(x). Both rp(x) snd rp(x) sre shown in Fig. 36. Using the

definitions of r,(x) and ry(x), we have
tn(x) = (x/v) + [ rp{x)/c ] , (5.29)
end

tx) = (x/v) + [ ry(x)/c ] : (5.30)

Let us define the time t{x) as 8 characteristic time of the "verticsl

diffraction” scross the line source:

Ux) = ty(x) - tp(x) : (S.31)

Combining Eq. (5.31) with Eqs. (5.29) and (5.30) yields




k) =[rmylx) -rp(x) 1/ ¢ : (5.32)

This vertical diffraction time represents the time gap between the arrivsls
of the wavelets coming from the closest and farthest points of the line
source, when it is a8t a distance x from the origin. From elementary
geometrical considerstions, it can be seen that t(x) incresses as the source
nesrs the receiver, and decresses 8s the source moves awsy from the
receiver. Note that 8 minimum pulse durstion that can be observed at the
receiver is slways greater than zero, whether the source moves or is
stationsry. This implies that the Doppler gain will always be finite, even if
the receiver is in the path of motion of the source.

{f the line source is viewed as an array of an infinite number of point
sources, then the received pulse duration may be considered as having two
contributing factors: the pulse durstion sssocisted with 8 moving point
source, and the verticsl diffraction time. The time coordinate straining due
to the motion of 8 point source was discussed in Section V.A. It remains
then to use these resuits to determine the characteristics of 8 line source.
The line source geometry may be divided into three cases, each of which is
trested separately below: the short srray, the srray of length comparable
to the receiver depth, and the long srray.

First consider 8 short source as defined by L/h < 1, where h is the
depth of the receiver. By referring to Fig. 36, one can see that the nearest
point to the receiver is the point at the deep end of the source, snd thsat the
farthest point from the receiver is the point locsted st z = 0. If B(x) and

Opm(x) ere the sngles formed between the direction of motion and the
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s vectors to the receiver from the nearest and farthest points on the source,

respectively, when it is located at position %, then N
d/dx [rp(x)] = - cos Op(x) (5.33)
and
d/dx [r{x)l = - cos O(x) . (5.34)

Equstions (5.33) and (5.34) are valid even if the source has passed over the
receiver. Combining Eqs. (5.33) and (5.34) with Egs. (5.29) snd (5.30) yields

d/dx(t) =[1-McosOp(x) ]/ v , (5.35)

and
' d/dx () =[1-Mcos Oy(x) 1 /v . (5.36)

From Egs. (5.35) and (5.36), the charscteristics of a short srray may be
drawn. As in the point source csse, the chsracteristics are in general
curved.

Next, consider sn array whose length is comparable to the depth of
the receiver. Such 8 source is defined by 1 < L/h < 2 . In this case, the
shortest distance between the array and the receiver is the distence from

the array point locsted st the same depth as the receiver. Let us denote this

distance by r ; (x) and the angie to the receiver 8s ©(x). Then
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rmx) =r (%) . (5.37)

T T Y
T

Under these conditions,

d/dx (rpy) =-cos 9 (x) (5.38)
end

d/dx (ry) = - cos B4(x) . (5.39)
This leads to the following slopes for the characteristics:

d/dt (tpy) = [1-Mcos () 17y (5.40)

and

d/dx () ={1-McosOnx)] /v . (5.41)

Note that Egs. (5.40) and (5.41) sre identical to Egs. (5.35) snd (5.36) with ‘
the transformetion ©,+ 9 . i<
Finslly consider the cese of 8 long line source (L/h 22 ). Now the |
shortest distance to the receiver is that from the source point locsted st _
the ssme depth, snd the longest distance is from the deepest source paint.

Retaining the definition of Gy 8s the angle sssociated with the vector from
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the farthest source point to the receiver, Eqs. (5.40) snd (5.41) sre still
valid.

Figure 37 shows the charscteristics of 8 line source by showing the
cheracteristics associated with motion of the nesrest and farthest points
from the receiver. The cheracteristics for each point resemble Fig. 33
closely, snd it is possibie for each source locstion on the line source to
define %y and x¢. For 8 given Mach number, the time sepsration between the
two chsracteristics corresponding to the two locstion is t(x).

An interesting phenomenon occurs when 1/cos@, <M < 1/cosOy . In this
case, time reversal occurs on wavelets coming from the point source
closest to the receiver (i.e., the slope of t,(x} is negative), while no time
reversal sffects the wavelets coming from the fsrthest point of the line
source (ie, the slope of tw(x) is still positive). This "partisl time
inversion” region is the smooth transition from spparently subsonic to
apparently supersonic behavior, 8s seen by the receiver. It is therefore the
transonic region. This phenomenon csn 8lso be understood as 8 phase
inversion affecting only wevelets coming from a certsin part of the line
source. This suggests the possibility of reshuffling the wavelets between
the source snd the receiver. If 8 source is emitting 8 signal which varies
with its depth, for exsmple, the sequence A, B, C, D, E, then it seems
possible to receive the sequence A, D, C, B, E. This may possibly have some

applicstions in signsl encryption.

.
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2. Pulse durstion

As discussed in the case of a point source, it is convenient to describe
the emission st the source as s rectenguler pulse of durstion t, during
which the source travels & distance xy = v Tp . Since t(x) has been defined
8s the time dursation of the disturbance genersted by the source when it
was at 8 distance x from the origin, t(Osx<xy) subsequently represents the
time gap between the srrivsls of all wavelets emitted during the motion of
the source. Therefore the received pulse durstion ¢y is the projection on
the time axis of t(Ocx<xN). As ususl, the Doppler factor is the straining of

the time coordinate due to the motion of the source. it is given by

14
p
D= , (5.42)

T+ t(0)

where t(0) is the verticel diffraction time st the origin. Note thet Eq. (5.42)
differs from Eq. (5.2) for the point source beceuse the finite extent of the
line source will ceuse the received pulse to spread in time.

The received puise durstion caen be expressed in anslytical form by
examining the cherscteristics to determine their projection on the time
oxis. As in the point source cese, a distinction must be made between a line
source which appeers to the receiver to be moving subsonicselly snd 8 line
source which seems to be moving supersonically.

If M < 1/c0s0y,(0) then the entire line source appesrs o the receiver




to be moving subsonicslly. Another way of stating this is to ssy thst the
characteristic for esch point on the line source hss 8 positive slope. For 8
moving line cource of this type, the earliest arrival of sound comes from
the first wavelet emitted by the point source nearest to the receiver. The
latest sound comes from the last wavelet emitted by the point source

farthest from the receiver. Hence

tp = tM(XN) - tp(0) . (5.43)

If 1/c0s0,(0) < M < 1/cos@w(0) , the characteristic ty(x) has slways s
positive slope, whereas the slope of tm(x) is negative for x < Xy, and
positive for X > %y, Here Xy, denotes the location st which the nesrest
point source sppesrs to be moving 8t transonic velocity. It may be found
from Eq. (5.7). 1t is therefore necesssry to consider two cases in order to
evaiuate the received pulse duration tp. The cases depend on the distance
Xy traveled by the source. If xy ¢ Xy, , the first wavelet that reaches the
receiver arrives st time t;(xy) (see Fig. 37). Similarly, the last wavelet
thet reaches the receiver arrives st time ty(xy) . However, if xy 2 %y , the
time of arrival of the first wavelet is t (%) and the last wavelet still
reaches the receiver st ty(xy). The received pulse durstion is therefore

given by Eqgs. (5.44) and (5.45).

I %y < ¥im
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It XN 2 %ym .

Cp = tM{xN) - ty{Kym)

{f M> 1/cosepm(0) , then the entire line source appesrs to the receiver
to be moving supersonically et time t=0. This implies thst the
characteristic of each point source starts out with 8 negstive slope. Two
different ceses depending on xy, must be investigsted. As shown in Fig. 37,
if Xy < %y, the time of arrival st the receiver of the first wavelet is given
by ty(xy), wheress the time of srrivel of the last wavelet is ty(0).
However, if Xy 2 Xym , Fig. 37 shows thst the times of arrivel of the first
and lost wavelets are, respectively, ty(xyy,) and tyxy). The received pulse

duration is therefore given by Egs. (5.46) and (5.47).

0 (0 - tlx) (5.46)

If XN 2 Xym .

Note thst in 8ll of these cases, subsonic and supersonic, the received pulse
durstion is grester then the vertical diffraction time st the origin, t(0).
< From Eq. (5.42) and the definition of the Doppler gain, Eq. (5.3), we may

determine sn upper bound for the gain of
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6 < 1+ 0)/ U0 . (5.48)

Hence, 8 line source moving 8t sny Mach number will aiways produce 8
finite gain at the receiver. For 8 point source t(0) = 0, and we recover the
result that G < « , i.e., that the Doppler gain is finite.

A computer program hes been written to evsluste the gein sssocisted
with an scoustic line source of finite length moving st constant velocity.
Figures 38(a) and 38(b) are three dimensionsl plots showing the Doppler
gein as 8 function of both Mach number and puise duration. The length of the
array was set to L = 0.01 min Fig. 38(s), and L = 0.1 m in Fig. 38(b). In esch
case, the receiver's coordinates were x =4m,y=0m, 8snd z =4 m, (see
Fig. 36.). The pulse duration veried between p = 0.02 ms snd Up = 2 ms; in
nondimensionsl form, this meens thet Ty = cty/ry veried from 0.005 to
0.525.

As expected from the previous discussion, the gain sssociated with
the motion of the source is siweys finite. It is 8lso interesting to note that
the finite length of the srray introduces some "damping” into the response.
Figure 38(s) shows & noticeably sharper pesk in the gsin then Fig. 38(b)
which is st the same scale. This can be explained by noticing thst the longer

the source, the longer its "verticel diffraction time", and therefore the

more time spresding in the response, and the lower the gsin.
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C. Conclusions

({t has been shown that the Doppler gsin associsted with a point
source moving 8t constant velocity in 8 line past 8 point receiver is always
finite, even when the source is moving a8t trsnsonic velocity. The only
exception is when the source is moving straight at the receiver. In this
case, it is necesssry to include the diffraction effects induced by the finite
dimensions of any resl source, in order to argue that the Doppler gain is
still bounded.

A simple snslytical prediction scheme has been used to find the
maximum gain and the optimum Mach number for 8 moving point source. The
results are valid for the cese of 8 source passing over the receiver. In
addition, simple expressions have been developed by exsmining the source
characteristics for the Doppler shifts associated with 8 source moving st
constant velocity.

The results for a moving point source were extended to include the
case of 8 moving line source. The snslysis of the Doppler shift for s line
source of finite length, moving st constant velocity in a straight line, are
very much like those of 8 point source. The Doppler gain is finite for all
Mach numbers, including transonic,snd the Mach number which produces the
maximum gain is 8 function of the nondimensional distence Ry=rq/ctp. It
was olso shown thet the Doppler gsin of en acoustic arrsy moving at
constent velocity decresses with the arrsy length. Finslly, it was shown
that even in the cese of 8 line source moving 8t transonic velocity directly

toward 8 point receiver, the Doppler gain is always finite.
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Although the present anslysis is cerried out for the cese of o
transient pulse emission of finite durstion at the source, the results can
essily be extended to the cese of eny srbitrery source function. In the

analysis, the pulse duration plays the role of s cheracteristic time, such as

the period for the case of monochromatic signais.




CHAPTER VI

ORI

CONCLUSIONS AND SUGGESTIONS *

The thermoacoustic mechsnism of sound generstion by s laser pulse
besmed into weater has been investigated, both theoreticslly and
experimentally, for both ststionary snd moving sources. The theoreticsi
model is bssed on the linesr Westervelt-Larson equstion® describing
thermoscoustic sound generation for sn inviscid medium contsining s hest
- source :sych as 8 laser besm in water. A time domain anslysis is developed
in order to find the pressure field radisted by the thermoacoustic source.
The scoustic pressure is expressed 8s 8 convolution type summation
between the impulse response of the system and the thermoscoustic source
strength (time derivative of the laser intensity). Although this spproach
requires in most cases the use of 8 computer, it offers several advantsges:
(1) It is velid in the nearfield of the source end this hss been verified
experimentally. (2) It is alsc valid for sny source velocities, because the
Doppler shift associsted with the motion of the source eppesrs natursily
within the "pseudo-convolution™. (3) Although the snealysis presented here is
restricted to the common cese of 8 laser beam with 8 Gaussisn cross
section intensity distribution, with an exponential shading slong the beam

penetration axis, the model can be extended to sny laser intensity profile. y

o

(4) The impulse response of 8 thermoscoustic source is & useful tool in

LY

snslyzing the acoustic response to thermoscoustic transient phenomens

such as extremely short laser pulses or Mach waves produced by a leser N
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besm moving at high velocity. [t turns out that these transient signsls are

among the most promising ways to generste ressonsbly high
thermoacoustic levels.

Experimental results were obtained with 8 laser system providing up
to 5 joules of energy over 8 pulse durstion of approximately 1 ms, during
which the intensity was modulsted at s single frequency between S and 80
kHz. Most of the experimentsl results were obtsined with 8
Neodymium-Glass laser (opticsl wevelength 1.06 um), so thst the
thermosacoustic source length in water was fairly short (~0.im). Some
experimentsl results sre also given for the cese of & long (~im)
thermoscoustic source which was obtained by using a ruby laser (optical
wavelength 0.6943 um).

The main experimental results can be grouped into four categories:
pressure wsveforms, directivity pstterns, sound level dependence on
source velocity, and spreading curves. Source velocities up to Mach 2 were
investigated with special attention to the csse of transonic velocity. In
genersl, the experimentsl results sre in good agreement with theoreticsl
predictions, and this confirms the validity of the Westervelt-Larson model
even for supersonic velocities.

Finally, the Doppler shift of an acoustic source moving at transonic
velocity was snslyzed theoretically by teking into account the time
dependence of the angle of observation between the source and the receiver.
It was shown thst this time dependence removes the singulsrity which
occurs in the standard theory, when the source is moving st transonic

velocity. It was also shown thst, in the case of 8 line source, the transition
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between subsonic and supersonic regimes is 8 region where only wavelets
coming frem 8 certain part of the source sre time-inverted, wheress the
rest of the wavelets sre not. This psrtial time inversion suggests the
possibility of reshuffling the wavelets in 8 signal and this may have some
applications in signal encryption. Future work on this topic should slso
include diffraction effects due to the finite size of the source, and
non-rectilinesr motion of the source to anslyze psth curvature, source
acceleration, caustics snd focusing effects.

The results reported in this study show thst, in genersl, the
experimentsl results are in good sgreement with the theoreticsl
predictions. The major discrepsncy was found to be that the theoretical
modet underestimates by 8 significant amount the messured scoustic level
when the source is moving at transonic velocity. However, the predicted
waveform is in ressonable sgreement with the measured waveform. [t was
found experimentslly that by moving the source st transonic velocity, 8 gain
of sbout 20 dB could be expected, snd 8 very strong broadband pressure
transient was generated. A sound pressure level of 152 dBre | yPaat I m
was measured for such 8 Mach wave. This high level shows that the low
frequency components of the broadband signail can propagate at fairly large
ranges before being absorbed. The theoretical model predicts that in the
vicinity of Mach one, diffraction effects become predominant and actually
tend to ruin the efficiency of the process. Although diffraction effects
were clesrly observed around Mach one, it is not fully understood why the
theoretical model underestimstes the mescured level. A possible

explanation27 is that nonlinear effects, such as the temperature
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dependence of the thermodynamic coefficient g, become importsnt and
cannot be neglected.

The surprisingly high thermoscoustic levels messured st transonic
source velocity indicate that, at least for sonsr spplicstions, future work
should focus on leser induced Mach weves. It hes been suggested!2,26,34
that the scoustic disturbsnce genersted by & transonic thermoscoustic
source is identical to the one generated by 8 stationary source of the ssme
opticel energy but delivered over an extremely short pericd ot time.

Although this is approximately true for sn observer very fer from the

source, there is still 8 major advantage in using 8 moving source instead of
8 stationary source: The region of the medium which sbsorbs the heat
produced by the laser beam is spread over the laser psth length wheress in
the case of 8 stationary source it is locelized to the laser beam cross

section. This means thst the maximum energy density scceptable before

surface eveporstion or explosive boiling occurs in the medium is much

- "
s Py e b ot o

higher in the case of 8 moving source than for 8 stationary source. in fact N
it is increased by 8 factor vtp/Qa , where v is the source velocity, tp the
laser pulse durstion, and 28 the beam dismeter.

There ore seversl reasons for choosing the thermoacoustic

mechanism of laser sound generstion over other mechanisms such as

S e v
.‘./L'l_.! L

surface eveporation, explosive boiling, or optical breskdown. Although
these other mechanisms are intrinsically more efficient thsn the
thermoscoustic mechenism,2,:33,36,.37  they cennot produce nerrow
directional sound beams. Moreover these energy conversion mechsnisms are

still not very well understood. It seems therefore safer to use the
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thermoacoustic process and to push its upper limit by scanning the laser
beam at high velocities. The strongest scoustic signal that csn be genersted
by @ moving thermoscoustic source occurs when the laser besm is moving
st transonic velocity. However it should be emphasized that in this case the
recorded acoustic signal has 8 very short duration so that the informstion
content in the signal is limited. Also the high frequencies of such s pulse
. sre sttenusted very quickly in the water as the signal propsgstes. This
L problem can be overcome by finding judicious ways of depositing the hest
# source in the medium,

. A possible design which has been investigsted in detail both

theoretically and experimentaily by Soviet physicists,>2 consists of using s

stationsry 1aser source delivering 8 periodic train of very short laser
pulses, separated in time by an srbitrary delsy T, This is achieved for
instance by Q-switching the lsser source. In this design, 8 strong and
directionsl scoustic disturbance of msin frequency component 1/T, , is
expected to propsgate st long distances under water. As shown in
reference 38, this design incresses by a factor of sbout four the
thermoscoustic intensity over thst of & standard monochromatic
modulation system. However the.upper limit of the energy density
. acceptable to stay within the range of the thermal mechsnism of sound
R generation is limited by the fact that the source is stationary.
" A more sophisticated design has recently been suggested by Pierce end
Hsien39 1t consists of splitting the lsser besm into several besms,

separated by an arbitrary distance Ay on the surfsce of the weter, and 8ll

moving 8t 8 slightly supersonic velocity. The theoretical anslysis, which is
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based on 8 very general acoustic pumping principle,40 predicts thst this

'1 AP

configurstion sllows a very strong quasi-plane wave of main frequency

A RN
1%

component c/A\, , to propagate very far under water in 8 very collimsted
besm. The motion of the source would allow very high electromagnetic
enerqy levels to be deposited into the water, within the range of the
thermoacoustic sound generation mechsnism, 8nd without surface
evaporation or explosive boiling deteriorating the directional properties of
the sound beam. At sufficiently high energy levels, which would produce
other mechsnisms if the source were stationary, nonlinear effects due to
the temperature dependence of the thermodynamic parsmeters (s,cp) could
even enhance the thermoacoustic conversion eff iciencg.27 The experimental
investigation of such s design seems to be the logical extension of the

2 work on laser thermoacoustic sources. If experimental results confirm the

~ .~

usefulness of this design, it would certainly place thermoacoustics within

the range of some sonar applicstions.

Laser performances are of course a determinant factor in the
capabilities of a thermoacoustic sonar. Fortunately, 1aser technology has
improved considerably over the 1ast two decades, snd it is expected to do so

in the near future. It is now possible to find pulsed solid state lasers that 5

emit a single pulse of several hundred joules over seversi milliseconds.

x

Another type of laser that mey be suitsble for some underwater
applications of thermoacoustics, is the fairly new excimer teser 4! This

laser delivers very short pulses (4-S0 ng) in  the ultraviolet spectrum

NI RS

../ (0.18 to 0.3 um) at s very high repetition rate sa that high mesn powers are
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schieveble. The opticsl frequency csn be downshifted to wavelengths
suitsble for thermoacoustic purposes (0.5 to 1 ym) by 8 very efficient
method known as the stimulated Ramsn scattering. Moreover these lasers
are relisble, essy to operate, very pure snd they can produce a very smatl
besm dismeter so thst very high energy densities csn be produced fairly
easily. However, the pulse durstion is too short to teke advantage of any
motion of the source.

Infrared lasers such as the CO, laser, or the NHz laser, sre smong
the most efficient Cw-lasers. in certain applications, the CO, lsser can
deliver up to 500 kW continuous.42 Unfortunstely the spectrsi region of
these lasers is too far sway from the region of interest for thermoacoustic
applications. (Stimulated Raman scsttering may be used only to increase the
lasing wavelength, not to decresse it.)

However recent developments on chemicslly pumped lasers seem to
indicete4> thet 8 continuous high-power laser of wavelength 1.3 ym could
be developed , and this laser would certsiniy be perfectly suitable for

underwater applications of thermoacoustics.

In summary, it seems that the laser technology is improving so
repidly thst in 8 not too distsnt future, one could conceivably design 8 R

laser-induced sonar bssed on the principles of thermoscoustic genersation

-

of sound.
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APPENDIX A

NONUNIFORMITY OF THE LASER SCANNING VELOCITY
AND OBLIQUE INCIDENCE OF THE LASER BEAM

in this study, it is assumed that the lacer beam remsins

perpendicular to the surface of the water during the laser pulse duration.

This is just an appraximation to the real physical situstion encountered in
the experiment, because, as indicated in Fig. 1, the rotating mirror imposes
during the laser pulse duration & deflection angle Y(t) which is in general
not zero. This has two consequences: first, the laser scanning velocity v
will not be rigorously constant in time; and second, the laser beam will be
refracted as it enters the water because the speed of light ic different in
air and water. The objective of this sppendix is to quantify the importance
of these two effects.
It can be shown from elementary geometrical considerations that
the velocity v of the laser spot on the water surfsace, is given by
hQ
i) s —— , (an
cos2p(t)

where ki is the distance between the rotating mirror snd the water surface, LEZZJ
2 15 the angular velocity of the rotating mirror, snd $(t) is the angle
between the laser besrn snd the verticsl sxis as indicsted in Fig. 1. The

relative error Av/v can therefore be written ss 1
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Av/Zy = 1- cos~ 2 Y(t) \ (A2)

which shows that the msximum error occurs when Y(t) is maximum. If we
assume that the laser beam is perpendiculer to the wster surface at the
mid-point in the laser pulse durstion tp, so thet Y(o) = W(tp), then it can

be shown that Y(t) is meximum st t=0, snd it tekes the value
¢(o) = tan™! (Mc vy / 2h) ) (A3)

where M=v/c is the Mach number of the thermoacoustic source, snd c is the
sound speed in water. Equations (A2) and (A3) can be combined to find the
maximum relative error in the nonuniformity of the laser spot on the
surface of the water.

The second effect induced by the non-perpendicularity of the laser
besam on the water surface is s refraction of the beam 8s it penetrates into

the water. This refraction effect is described by Snell's law:

sin Y(t) / Cajr = SiN P(t) / Cwater , (Ad)

where $(t) is the refracted angle between the leser beam and the vertical,
in the weter; Y(t) is the incident engle of the laser beam on the water
surface; end Cyater 8Nd Cqjp 8re, respectively, the speed of light in water

and in sir. The index of refraction n, defined es the retio of cyy over
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Cwater. s 1.33 for both opticsl wavelengths (0.6943 ym and 1.06 um) used
in the experiment. Therefore the tilt angle ¥(t) of the laser besm in water

is given by
sin Y(t) = 0.75 sin Y(t) . (AS)

and the maximum tilt sngle occurs when Y(t} is maximum, ie., st t=0.
Combining Egs. (A3) and (AS) gives an estimate of the maximum tilt angle of

the thermoacoustic source, as 8 function of Mach number:
(0) = sin” {075 sin[tan"! (Mcry 72m) 1) (A6)

The following table gives some numerical estimstes of $(0), ¥(0), in
degrees, and Av/v 8s 8 function of Mach number of the laser spot on the
surface of the water. It is assumed that the speed of sound in water is

¢ = 1486 m/s , the height between the rotsting mirror and the water

surface is h=4.06 m, snd that the laser pulse durstion is tp = i ms.




TABLE IV

ERRORS ASSOCIATED WITH THE NONUNIFORMITY
OF THE LASER SCANNING VELOCITY
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APPENDIX B

FREQUENCY RESPONSE AND BEAM PATTERNS OF THE HYDROPHONE

The hydrophone used in the study of thermoacoustic sources was, in
most cases, the USRD type H-56 hydrophone (serial number 114). This
hydrophone is & high sensitivity and low self-noise device, so that weak
acoustic signals can be detected. The most important electroacoustic
characteristics of the H-56 can be found in reference 44.

Figure 39 shows the sensitivity of the H-56 as a function of
frequency, from 10 kHz to 90 kHz. Figure 40 (s)-(g) represents the
sensitivity of the H-56 as a function of angle in the x-z plane (see Fig. 22),
for several frequencies: 10 kHz, 20 kHz, 30 kHz, 40 kHz, S0 kHz, 75 kHz, and
100 kHz.

The sensitivity of the receiving hydrophone as a function of (received)
frequency and angle was taken into account in the experimental analysis of

thermoacoustic sources.
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DIRECTIVITY PATTERN

FOR: HYDROPHONE
PATTERN AXIS: VERTICAL DATE: JaN 29
PROJ: TR 225 HYDR: Hs6-114
FREQ. Hz: . 10000 SENS:
XMIT GATE MSEC: .5 REC GATE MSEC: .4
DRIVE: FILTER: s5-100K
E (Vrms) .10.0 - 2

RANGE FT: - 15.0
DEPTH FT: - 5.0
TEMP C: 21

FIGURE 40 (a)
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DIRECTIVITY PATTERN

FOR:. HYDROPHONE
PATTERN AXIS: VERTICAL  DATE: JaN 29

PROJ: TR 225 HYDR: H56-114
FREQ. Hz: . 20000 SENS:
XMIT GATE MSEC: .5 REC GATE MSEC: .4
DRIVE: FILTER: S-100K

E (Vrms) .10.0 oy Go
1(mA): B R

FIGURE 40 (b)
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DIRECTIVITY PATTERN

FOR: HYDROPHONE
PATTERN AXIS: VERTICAL DATE: JAN 29
PROJ TR 225 HYDR: HS6-114

FREQ. Hz: . 30000 SENS:
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FIGURE 40 (c)
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DIRECTIVITY PATTERN

PROJ: TR 225
FREQ. Hz: . 40000
XMIT GATE MSEC:

DRIVE:
E (Vims): .10.0
1(mA):

FOR: HYDROPHGNE
PATTERN AXIS:

VERTICAL

DATE:
HYDR: Hsp-114

RANGE FT: - 15.0
DEPTH FT: -3.0
TEMP C: 21

FIGURE 40 (d)
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DIRECTIVITY PATTERN
FOR: HYDROPHONE

PATTERN AXIS:

IR 225

PROJ:
FREQ. Hz: . 50000
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FIGURE 40 (f)
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APPENDIX C

h INTERFACE BETWEEN THE OSCILLOSCOPE AND THE COMPUTER =

The Nicolet 4094 digital oscilloscope was interfaced to the
COC-CYBER computer so that recorded waveforms could be transferred to
the mainframe computer and compared with theoretical predictions. This
appendix summarizes the procedure for the data transfer.

The output labeled "TERMINAL" on the back panel of the Nicolet should
be connected to a CYBER terminal. The switch labeled "GPIB-RS 2327,
located also on the back panel of the Nicolet, should be placed in the
position "RS 232". The actual transfer of data is done via that RS 232 -
interface. The software for the data transfer is 8 program called "NICL" ‘A
(binary version: "NICOLT"), which was written by D. Gallant-Offer. This
program must be run interactively from the CYBER terminsa! connected to the

oscilloscope. To run the program, type:

/GET,NICOLT /UN=GQ
/NICOLT

The message "ENTER COMMAND" will appear. There are six possible

commands:

DAY




DM transfer waveform from diskette to Nicolet's memory

MD transfer waveform from Nicolet's memory to diskette
MC transfer waveform from Nicolet's memory to CYBER
bC transfer waveform from diskette to CYBER

WF display data about waveforms in the Nicolet's memory
Qu quit the program

An invalid command causes the message "INVALID COMMAND" to appear
before it again prompts for & command. A carriage return without command
aborts the program with an end-of-file error. Each command prompts the
information it needs. Typing while the Nicolet is communicating with the
CYBER usually aborts the program and requires that the Nicolet be reset. {To
reset the Nicolet, switch back and forth the RS 232/GPIB switch on the back
panel of the Nicolet). While the program is running, it will display error
codes from the Nicolet. An error code of zero means that no error occurred.
The explanation for the other error codes is given on pp.13-60 (Table 13-25)
in the Nicolet 4094 waveform analysis manual.

The following messages appear before the transfer of data.

TEE Yy "R ™ ="~

e s e 8 v o ¢ PR
LA .l vt e
PPN S P PRPy Py

-




Message Explanation

ENTER COMMAND enter one of the 6 commands (usually MC)
WAVEFORM NUMBER  enter the number of the waveform to be transferred
(usually 1).

RECORD NUMBER enter diskette record number to read from or save to.
MEMORY SECTION enter the segment of memory to read from or save to.

0 all of memory (ALL)

1 first quarter (Q1)

2 second quarter (Q2)

3 third quarter (Q3)

4 fourth quarter (Q4)

5 first half (H1)

6 second half (H2)

STARTING POINT first point to be transferred from the waveform
(1 to 15871)

TOTAL NUMBER OF POINTS  total number of points to be transferred
(1to 15871)

FILENAME name of file to write data to.
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The output of "NICOLT" is a file on the CYBER in free format, called

- ceey;

“filename”. It contains the values of the data points of the waveform, in
' integer values. In order to convert this set of data into their real values, a
‘ program called "CONVERT" ("CVRT" in binary) has been written. Note that
both "CONVERT" and "NICL" have to be compiled in Fortran S. The input file -
(tape2) of "CONVERT" should be “filename”. The output file (tape3) of ]
"CONVERT" is "PEXP". It contains the waveform transferred from the Nicolet,

in the following format.

WRITE(3,100) TIME(1),vOLT(I)
100 FORMAT(2(SX,E12.4))

where TIME(l) and VOLT(l) are the coordinates of the i-th data point. A
listing of "NICL" and "CONVERT" is given below.

ol e .
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o000
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000

40

PROORAM NICL(TAPER, PRAVE, TAPED=PSAVE)

THIS PROORAM ALLDWS THE TRANGFER OF DATA FROM A NICOLET DIGITAL
OSCILLISCOPE 4094 WITH ONE DIBM DRIVE TO A CYBER.

A PROCEDURE 18 CREATED WHICH WILL GAVE ALL LOCAL WAVEFORNM FILES AS
PERMANENT WAVEFORM FILES WHEN 1T IS EXECUTED.

SEE NOB 2.3, VOi.. 4, CH. 12 FOR AN EXPLANATIION OF TRANSPARENT OUTPUT
€(:0) AND TERMINAL REDEFINITION (HALF).

LOBICAL CONT
CHARACTER CHD#2, OPER®4
WRITE(J, *(*. PROC, SPROC. ", /7, "CTINE. *) *)

INITIATE HALF DUPLEX TO PREVENT THE CYDER FROM ECHOING THE NICOLET’S
QUTPUT.

HALF = 0°00164061400000000000"
WRITE(®, ‘(A10) ‘) HALF

TURN THE NICOLET ON WITH A CTL-A. CHANOGE THE COMMAND DELILMITER TO A *!°
AND CHANGE THE DEFMAT GPACING OF DATA.

WRITE(®, '(": @3A", *0C, 12, 331"} ’)
READ o, LERR1
WRITE(®, ‘("C,4,1,32!")*)
READ e, LERR2
WRITE(®, *("Q!%")*)
READ e, LERR3
WRITE(®, 33) LERR),LERR2, LERR3
FORMAT("ERROR CODES *, 21J)
CONT = . TRUE,
WRITE(e, "¢{"ENTER COMMAND®) *)
READ(#, 13) CHD
FORMAT (A2)
IF (CHD.EQ. ‘DM’) THEN
OPER = ‘R, 0, ’
CALL DISKM(OPER. MENBEC)
ELSE IF (CMD.EG. 'DC’) THEN
CALL DISKC
ELSE IF (CMD. EQ. ‘MD’) THEN
OPER = ‘8,0, ‘
CALL DIBAM(OPER, NEMSEC)
ELSE IF (CHD.EQ. ‘MC‘’) THEN
“WRITE(®, *¢"ENTER WAVEFORM NUMBER") *)
READ(®. 33) NWAVEN
FORMAT(12)
CALL MEMC (NWAVEN)
ELSE IF (CMD.EQ. ‘WF ‘) THEN
CALL WAVEF
ELSE IF (CMD. EQ. 'GU’) THEN
CONT = . FALSE.
ELGE
WRITE(®, (“INVALID COMMAND®) ‘)
END IF
IF (CONT) ©0TO 30
WRITE(D: ‘¢"REVERT. PSAVE. *)‘)
END

DISK TO MEMORY OR MEMORY TO DISK TRANSFER

BUBROUTINE DISKM(OPER. MEMBEC)
. CHARACTER OPERe4

WRITE(s, *{"RECORD NUMBER") ‘)
READ . NREC

WRITE(#, ({"MEMORY BECTION®")’)
READ «, MEMSEC

WRITE(®, *(":@5A> ®)’)
WRITE(®, 40) OPER, NREC. MEMBEC
FORMAT(A4. 12, », ¥, 12, %!")

READ «, LERR

WRITE(®, ‘(*Q!") ‘)

READ e, LERR2

WRITE(®, 13) LERR, LERR2
FORMAT ( "ERROR CODES ", 213)
RETURN

END
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MEMORY TO CYBER TRANSFER

BUBROUTINE MENC (NWAVEN)
DIMENSION IDATA(16000). INDAT (33, 7}
CHARACTER FLNMeb, Fe22

READ PARAMETERS FROW USER

WRITE(®, *(*STARTING POINT*) ‘)
READ ¢, ISTART

WRITE(S, *(*TOTAL NUMBER OF POINTS®)’)
AxAD e, ITOTAL

WRITE(®, ‘("FILENAME")’)

READ(®, ‘(Ad) ‘) FLINM

WRITE(®, “(*: 93> TN

ann

X X,]

C READ DATA ABOUT WAVES FROM THE NICOLET.
€

WRITE(®, *("C,4,0!")°)

READ «, LCS1

WRITE(®, °("C,0,1,13!")*)

READ #,1.C62

WRITE(®, “(*"W!") )

READ #, LWR{

READ(e, *(12)°) ITOT

ITEN » ITOT/10 + ICHAR(‘’0’)

JONE = MOD(ITOT,10) + ICHAR(‘0’)

F & (°//CHARC(ITEN)//CHAR(IONE) /7’ (12, 16, 212, 311), 1)’
READ(®, F) ((JWDAT(I. %K), kw3, 7), I=1, ITOT), LWR2
WRITE(#, *("C,0.0!") )

READ #,LCS83

WRITE(®, °("C, 4,3.32!%)°)

READ #, LCB4

ISTEP = 1

READ DATA FROM NICOLET TO CYBER 20 VALUES AT A TIME (120 CHARACTERS).
THE CYBER’S BUFFER I8 DNLY 150 CHARACTERS LONO AND 1T NEEDS TIME TO
PROCESS DATA FROM THAT BUFFER.

ITL = 20
187 = IBTARY
ILP = ITOTAL 7 ITL
IREM = ITOTAL - ILP®ITL
DO 39 I=i, JLP
WRITE(#, 25) NWAVEN, 18T, ITL, IBTEP
a8 FORMAT("D, Q) *» 12, %, "2 J6: "+ "+ 56, %1 %2 13, *!%)
READ ¢, LERR1
READ #, (IDATA(K), K=18T+1, IST+ITL). LERR2
3 18T = IST + ITL
IF (IREM. EQ.0) €0 TQ 43
WRITE(#, 23) NWAVEN, 18T, IREM. ISTEP
READ «, LERR
READ #, (IDATA(I), 1=18T+1, IST+IREM), LERR

., - e m
DERERTRES

[

"2t
LN}

0oOON0O

(4
€ READ NORMALIZATION DATA

¢
- as MITE(®: 30) JWDAT (NWAVEN, 3)
20 FORMAT ("N, *, 12, *1°) -
READ «, LERRD -
» READ o, IVAL, JGWEEP, ICHANL, IDISP, VNORM, MNORNM, IVZERO. IHIH, THZL, .
. 1 IRNVZ. IRNHZ, LERR4
WRITE(®, ‘("a!1")*)
& READ e, LERRS
2 WRITE(®, 50) LWR1, LWR2, LERR1, LERR2. LERRI. LERR4, LERRS -
% FORMAT("ERROR CODES *, 713) "
2 WRITE ALL DATA OUT 7O FLNM =
: OPEN(2, FILE = FLNM) -
. REWIND(2) "
WRITE(2, ®) NWAVEN. IBTART, ITOTAL, 1STEP, IWDAT (NHAVEN, 3), 0
1 CIDATACL), InISTART+1, IBTART+ITOTAL ), IVAL, IGWEEP, ICHANL, IDISP., Y
2  VNORM, HNORM, IVZERD, IHZH: IHZL. IRNVZ. IRNHZ
CLOSE(2. STATUS = *KEEP’) °y
WRITE(3, 40) FLNM £
40 FORMAT(*"REPLACE, ", A, ", *) -
RETURN 9
&ND -
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C DISK TO CYBER TRANSFER
c

BUBROUTINE DISKC
DIMENSION IWNDAT(32,7)
LOGICAL FOUND
CHARACTER OPER®4, Fe22

[
g READ WAVE FROM DISK TO NICOLET
OPER = “R,0,’
c CALL DIBKM(OPER, MEMSEC)
€ AFTER THE WAVE HAS BEEN READ IN, ITE WAVEFORM NUMBER HAS TO BE FOUND
: B0 ITE DATAPOINTS CAN BE TRANSFERRED TO THE CYBER.
60 YO ¢10. 20, 30, 30, 10, 20) . MEMSEC
10 NWAVEN = 1
¢0 70 70
20 NHAVEN = 2
€0 70 70
20 WRITE(®, *(": 05A> “)’)
WRITE(®, *("C.4.0!°)*)
=AD «,LCS1
WRITE(#, ‘("C.0,1,13!")°)
READ &, LCE2

WRITE(S, *(“W!“) )
READ «, LNWRS
READ(s#, *(I2)’) ITOT
ITEN = ITOT/30 + ICHAR(‘0‘)
JONE = MOD(ITOT. 30) ¢ ICHAR(‘0‘)
F = 7(*//CHAR(ITEN)//CHAR(IDNE) //* (12, 16, 212, 311). 12) ¢
READ(#, F) ((IWDAT(I.K), K=1,7), I=1, ITOT), LWR2
WRITE(#, °¢("C,0,0!")*)
READ #,LCS3
WRITE(w, *("C,4.3,32!")°)
READ +#, LCB4 -
WRITE(®, *("G!") ‘)
READ &, LERR
WRITE(#, 50) LWR},LWR2, LERR
S0 FORMAT("ERROR CODE *, 313)
FOUND = . FALSE.
DO 35 I=1, ITOY
IFC(IWDAT(1, 7). EQ. MENSEC) THEN
NWAVEN = JWDAT(I, )
FOUND = . TRUE.
ENDIF
35 CONT INVE
3F (.NOT.FOUND) €0 TO 80
70 CALL MEMC (NWAVEN)
RETURN
80 WRITE(®, ¢"INVALID WAVEFORM NUMBER") ‘)
RETURN
END
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C DISPLAY DATA ABOUT WAVEFORMS IN MEMORY

“ITEN = IYOT/10 ¢ ICHAR(°0°’)

11. 41, 36. UCLP, AA, PTRLOS,
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SUBROUTINE WAVEF
CHARACTER Fe22
DIMENSION IWDAT(35.7)
WRITE(S, ‘(": 0>
WRITE(®, “¢(*C.4,0!")’)
READ #,LC81

WRITE(®, ¢("C, 0, 3,13!")°)
READ #,LC82

WRITE(S, *("W!") %)

READ &, LWR1

READ(®, “CI2)°) ITQT

"))

JONE = MOD(ITOT, 10) + JCHAR(‘’D’)

Fw 2¢(7/7/CHARCITEN) //CHAR(IONE) 7/ (12, 16. 212, 311), 12) ¢
READ(®, F){(IWDAT (1, K) s K=1,7), I=1, ITOT), LWR2

HRITE(®, °(=C,0.0!") ")

READ #,LC83

WRITE(w, (“C. 4. 1,32!*)7)

READ #,LC54

WRITE(®, ‘("G!") )

READ &, LERR

WRITE(#, 13) LWR1,LWR2: LERR

FORMAT("ERROR CODE *,313)

WRITE(w, 20) 1707

FORMAT( ‘TOTAL NUMBER OF WAVES ‘,13./)

WRITE(#, 30)

FORMAT( ‘WAVE NO. OF POINTE NORM. SET NORM. ETEP CHANNEL

WRITE(#, 40) ((IWDAT(I.NK}. K=1,7), I=1, 2TOT)
FORMAT(1X, I2, &6X, 14, 9X: 12, 10X, 12, 9X. 11,9X, I3,8X, 13}
RETURN

END

0. 282KLNS. %% END OF LISTING s
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PROOWAM CONVERT(PNIC, TAPE2=PNIC, PEXP, TAPEI=PEXKT

THIS PROGRAM 18 USED WHEN TRANSFERRING DATA FROM THE
NICOLET TO THE CYBER ., IE AFTER USING PROORAM NICOLT.

THE PURPDSE OF THIS PROGRAM IS TO READ THE OUTPUT FILE
GENERATED BY NICOLT IN FREE FORMAT ( HERE IT IS CALLED PNIC)
AND TO CONVERT 1T TO REAL VALUES IN A DESIRED FORMAT.

THE OUTPUT FILE OF TH18 PROGRAM I8 CALLED HERE PEXP

THIS PROORAM HAS TO BE WRITTEN IN FTNS

NOTATION:

TIME(]I)= REAL TIME

VOLT(I)s REAL AMPLITUDE OF THE SIONAL

RTIME(I)= RESET TIME (IE WHEN USING THE RESET ON NICOLET)
RVOLT(I)= REGET VOLTAGE AMPLITUDE (1E IDEN )

DIMENSION I SHORLD BE GREATER THAN NF

NF=NO*N

NO= NUMBER OF THE FIRST DATA POINT TRANSFERRED (SEE NICOLT)
N=TOTAL NUMBER OF DATA POINTS TO BE TRANSFERRED.

NN OOOO0

DIMENSION TIME(S5000), VOLT(3000). RTIME(3000), RVOLT(5000)
DIMENSION 1DATA(3000)

READ OUTPUTFILE (TAPE2) FROM NICOLT

000

READ(2, #) NWAVEN. ISTART, ITOTAL, ISTEP. NRSET,
1(IDATA(I), I=ISTART, ISTART+ITOTAL-1), IVAL, 1SWEEP,
2ICHANL., IDISP, VNORM, HNORM, IVZERO, IHZN, IHZL,
SIRNVZ, IRNHZ

CONVERT TO REAL VALUES

000

DO 1 I=IBTART, ISTART+ITOTAL -1
TIME(I)=((1~1)~(63536#IHZIH+INIL ) ) #HNORM
VOLY(I)=(IDATA(I)~IVZERO) #VNORM
RTIME(1)=((I—~1)~=IRNHZ)#HNORM
RVOLT(1)=(IDATACI -IRNVZ)#VNORM
CONTINUE

WRITE IN FORMAT 100 THE OUTPUT FILE (TAPE3) (HERE PEXP)
CONTAINING ONLY TIME(I) AND VOLT(I)

OO0 -

DO 2 I=IBTART, ISTART+ITOTAL~1
WRITE(S, 100)TIMECT), VOLT(T)
CONTINVE

100 FORMAT(3X.E12. 4, 59X, E12. &)
sTOP
END

10. 43. 07. UCLP. AA. PTRLOS. 0. OB6KLNS, ## END OF LISTING «#
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APPENDIX D

THE INHOMOGENEOQUS VISCOUS WAVE EQUATION FOR
LASER-INDUCED SOUND

The wave equation describing the pressure field of 8 lossless medium
conteining 8 hest source was first derived by lngard7. Sterting from this
linesr inviscid thermoscoustic wave equation, Westervelt end Larson
studied® the specisl cese of & sound field genersted by the heating of &
laser beam penetrsting into e liquid, snd they discovered the fascinsting
properties of what is now called 8 thermoscoustic srray. In this sppendix,
we rederive from the hydrodynsmical equstions of motion the so-cslled
Westervell-Larson wave equstion for lsser-induced sound, including now
the effect of viscosity.

Let p=py+p be the totsl pressure in the medium, where p, is the
ambient pressure and p is the scoustic pressure genersted through the
thermal mechsnism. Similerly, let @=py,*¢ be the total density of the
medium, T=T4,+T be the totsl tempersature, and s=sqy+s be the totsl entropy
in the fluid medium. The subscript o refers to sn undisturbed gusntity.

Since the scoustic disturbances genersted by the thermal mechanism
are expected to be small, we stert directly from the linearized

hydrodynsmical equations of motion: the conservation of mass, and the

conservstion of linesr momentum.
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Y. mass: Pr*+ogV.u=0 (on
3
‘:

momentum: UL+ VP =(A+20) Vu (D2)
Here u denotes the particle velocity, (A +2y) represents the viscosity of the
medium, and the subscript t denotes s time derivstive. It is implicitly
assumed in Egs. (D1) and (D2) that the medium is at rest, stesdy, uniform,
and irrotationsl, and that heat conduction can be neglected.

The thermal input from the laser intensity induces 8 change in entropy
in the system, so that an adequate equation of state describing the process
is

5 state: e=0(p.s) . (03)
Forming s Teylor series expansion of Eq. (D3) sbout the equilibrium
quentities pg, pg, 8nd 5,5, We have
@ =0¢ * (90/9p)s (p-po) + (39/38)p (s-50) + .. . (D4)
By definition the small signal sound speed is ¢ = . (dp/dg)s , so that
) Eq. (D4) can be rewritten as
3
3 ’
2 p=p/ce +s (3p/28)p : (DS)

R

1

The partial derivstive in Eq. (DS) is the result of the change in density due \:
’ 1
1
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to the change in entropy induced by the 18ser hesting. It is therefore relsted o
to the coefficient of thermal expansion g of the medium. By def inition4 .-
§
.
g=-(1/¢) (ao/aT)p (D6) ;;?
or
g = - (1/p) (3p/0s)y, (3s/3T), . (D7)

But it is well known from thermodynsmics30 that the specific hest st

constant pressure Cp can be expressed 8s
cp =T (as/ar)p . (D8)

Combining Eq. (D8} with (D7), snd lineerizing the result about the
undisturbed values, yields

(9p/3s)p= - g8 Tp/ Cp : (D9)

Therefore Eq. (DS) becomes

p=p/c2 - Spo8Tg/Cp . (D10) i

3

and the last term in £q. (D10} represents the effect of the lsser hesting on :3_;
the change of density in the medium. Since we seek 8 wave equation for the 13‘
|

acoustic pressure p, we eliminste u between Eqgs. (D1) and (D2). It is found S
thst g
159 }
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V2p- gy + (A2W/pg V2 = 0 . (D11)

Eliminating p between Eq. {D10) and Eq. (D11) yields 8 wave equation in terms

of the acoustic pressure p and the input entropy disturbance s,
V2p - (c™2) pyy - (poBTo/Cp) Syy +*
(+20)/pg V21 (c™2)py- (pBTo/cy) s =0 . (D12)
Now let us relste the change in entropy to the hest q added to the
medium by the laser besm. The conservstion law which governs thst
relstion is the second lsw of thermodynsmics for a8 reversible process,

pTds =q dt (D13)

or, in linearized form,
PoTosSt=a . (D14)

Combining Eq. (D14) with Eq. (D12) to eliminate the entropy fluctuation s, we

obtain
V2p - c"2pyy + (M+20)/pgc2 V2py =

- (g/cp) qy + (e/cp) (he2u)/p, VZq . (D15)



This is the Westervelt-Larson wave equation for 8 viscous (but non-
heat-conducting) irrotations! fluid medium conteining @ hest source of

strength q. For s lossless medium, Eq. (D15) reduces to its standard form
D2D = V2D - 0_2 Py = '(B/CD) Q4 , (D16)

where 02 denotes the D'Alembertisn operstor.

[t is also convenient to relate the energy q added to the medium ta
the intensity of the laser besm illuminsting the medium. Let us denote by
< I > the intensity of the laser beam sveraged over 8 period of the very
repid ( ~ 10714 s ) optical oscillation of the lsser light. < 1 > is the
Poynting vector of the process, and the flux of intensity V. < 1> represents
the hest absorbed by the medium per unit time and unit volume. In other

waords

qQq=-V.<I> (D17}

In practice the lsser beam is shining in, say the +zdirection, so that
q=-3[/9z. Equations (D16} and (D17} are the starting point of Chapter [(f.
It is interesting to note that Eq. (D16) has the same form ss the

westervelt inhomogeneous wave equationd’ describing psrametric end-fire

radiation. In the wave equation for the parsmetric srray, however, the

¢ c v e e .
RPN |

source term represents virtus! sources generated by nonlinesr interaction

in the medium, wheress, in £q. (D16) , the source term represents the time

161
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snd spatial derivative of the laser intensity distribution in the laser besm. :
There is nevertheless 8 close mathemstical snslogy between the
parametric srray and the thermoscoustic srray, snd this anslogy has been
used by Novikov, Rudenko, and Timoshenko9® to study the pressure

waveform radiated by s transonic thermoacoustic array.
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APPENDIX E

HALF-ORDER DERIVATIVE AND IMPULSE RESPONSE hy (t)
AND CONNECTION WITH THE PARABOLIC CYLINDER FUNCTION

The concept of ﬁalf~0rder derivatives appesrs 8s early as 1695, in 8
letter from Leibniz to L'Hospital, opening thus the svenue to what is now
called fractional calculus. A complete historicel survey of the main
contributions to fractional cslculus cen be found in reference 49. tn this
appendix, it is shown that the half-derivative operator is closely relsted to
the vertical impulse response hy (1) defined in Chapter [fl. It is also shown
that the haif-order derivstive can be expressed in terms of 8 psrabolic

cylinder function.
1. Helf-order derivatives

It has been shown90 that the scoustic pressure response p(t) of sn
infinite line source producing @ uniform mass outflow I(t)/h per unit
length h is given by

O

p(t) = (27n)”! [ 1 (t-r/c) [r2-s2712 g , (ED)
S

where s = ry sind, (see Fig. 9), snd where the subscript t fenotes 8 time
derivative. If it is sssumed thst most of the contributions come from the

point of the line source right in front of the receiver (i.e., from r=s), then

........
----------

.....



r2-g2 = 2¢(r-s) , and Eq. (E1) can be rewritten in the form

t-s/c
p(t) = (2mh)™! (c/29)1/2 J (T [ (-s/0)-T)" V2 g . (€2)
Using the identity”°
t
(/a2 (1) = J WM LoD 12 (E3)

the acoustic pressure p can be expressed in terms of the half-order

derivetive (d/dt)!/2 of the source function |, 8s follows.
p(t) = (2071 (c/2w))/2 (/a2 1t-s/c) (£4)

The notation (d/dt)!/2 for the integrel defined by Eq. (E3) comes from the
fact that

(/)12 [ (470172 (1) ]= disat | (€5)

Note from Eq. (E3) that (d/dt)!2 1(1) cen be expressed as 8 convolution

between Iy(t) and & helf-order delts function §'/2(t) or “helf-order

derivetive operstor”
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p(t) = 81/2 (t-s/¢) x (1) . (E6)
But we recsll from Chapter (1] that the impulse response hy (t) is defined 8s
p(t) = hy(t) = 1y(t) . (E7)

Equations (E6) and (E7) show that there is 8 correspondence between the
impulse response hL(t) and the hslf-order derivstive aperstor. It should be
emphasized however, that the infinite line source model used to introduce
the concept of & half-order derivative in Eq. (E1) differs in two ways from
the physicsl problem of 8 thermoscoustic source 8s discussed in this study.
First, we are desling in our experiment with a thermoacoustic source over
8 pressure relesse boundsry, and not with an infinite line source. Second,
we sre desling with sn exponentislly shaded line source, and not with a
uniform line source. This mesns that the anslogy between the impulse
response hL(t) end the half-order derivative operstor is strictly applicable

only for the case of very weskly sbsorbing media.>!

2. Connection between the hslf-order derivstive and the psrabolic cylinder

function

An equstion which occurs often (see for instance reference 52) in
describing the pressure field of 8 cylindrical line source of Gaussisn cross

section distribution is

------------

-------
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- F(g) = J 62 expl-(6-921ds . (E8) R
i 0
’ {t cen be shown that in fact F{(g) is relsted to both the half-order

derivative of @ Gaussian function, and to the psrabeiic cylinder function.

This provides s connection between these two functions.

Combining Egs. (E3) and (EB), we obtain
F(Q) = (11/2) (d/dg)" V2 exp(-g2) | (£9)

Using the identity™>
w© -
D., (@) = 1~V 2 exp(-22/4) j expl-zx-x2/2] ¥~V 2 gx

0

. (E10)

where D_, » is the parsbolic cylinder function of order -1/2 snd combining
Eqgs. (EB) end (E10)} yields

Flg) = (2" /4 wV/ 2 exp(-g2/2) D_,pp (-g¥D) (E11)

Combining Eqs. (E9) end (E11) gives en expression which relstes the

half-order derivstive of 8 Geussisn to the parabolic cylinder function D_ypo-

.............
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APPENDIX F

DETERMINATION OF THE OPTICAL COEFFICIENT OF ABSORPTION

The optical coefficient of sbsorption o dictates the penetration

. depth of the laser beam in the water, according to an exponentisl lsew of
attenuation

k 2) = 1, 702 , (F1)

where [ is the laser intensity of the laser beam, snd z is the vertical axis

of penetration of the laser beam. Therefore 1/« is 8 measure of the /e

length of the thermoscoustic source. This mesns thst it is necesssry to

determine « for bath opticsl wevelengths used in our experiment: 1.06 um
(Nd:Glass) and 0.6943 ym (ruby).

This was done in reference 14 for the case of sbsorption of light in

distilled water snd fresh lakewster. in our study, the same experiment was

repeated for the case of absorption of light in the fresh water of the tank

in which the experiments were made. The details of the experimental

procedure used to messure a can be found in reference 14. The method is

based on measuring the attenustion of light for different widths of the

sample of water. The vslue of o, in nepers per meter, is obtained by

messuring the slope of the sttenustion versus distance on 8 logarithmic

scsle.

Figure 4t(a) shows that the absorption of light st an optical

167



wavelength of 1.06 um is in the water tank sbout 13.7 Np/m. Similsrly,
Fig. 41(b) shows that o is sbout 1.5 Np/m for attenustion of ruby light in
the ssme water. Note that the numericsl vslues of o csn differ
significantly from one study to another.!0.14,15.54 This veristion is
sttributed to the fact that o is highly dependent on the optical properties

of the medium being used.
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APPENDIX G

NUMERICAL PROGRAM "MTS”

A computer program called "MTS" has been written in Fortran, in order
to compute the pressure radiated by a moving thermoacoustic source. The
numerical code is based on the analysis presented in Section IV.A.

The input data to the program are variables such as the geometry
between the source and the receiver, the optical coefficient of absorption,
the source velocity, the modulation frequency of the laser intensity, the
laser pulse duration and the optical energy going into the water, the laser
beam radius on the water surface and the intensity distribution (either
Gaussian or uniform) across a section of the laser beam. The output of the
program is 8 plot of the pressure waveform at the receiver, with its
corresponding acoustic level in decibels, from either peak to peak or rms
pressure.

A listing of the program "MTS" is given below.

............................... C e e . . - . . .
O T T e T L S S L S UL PO B IS AP O T S S St Tt S N S S S S ot s L S L. (I S P P
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PROCNAM NTS(OUT. INPUT. DUTPUT, TAPE2=0UT. RESWL.T, TRPEI-REBULT,
SPLOT, TAPES=PLOT)

DIMENSION TIME(3000).H{100),P(3000), PT(3000)

LIMENSION PULSE(3000), TIME2(3000), P2(3000). PLSDOT(5000)

EXTERNAL PLS

COMMON DY, RF. 7T, T, XI10

DATA LABX/*TIME(MS)*/

DATA LABY/"PRESSURE"/

PateTa A
CIL I 2 l-.. 2"y

LUNP=6LOUTPUT -
c -
c .
CHIBBRNNBRRNERNRVREFR RS R RS ERNE RV REI GRS S S EH SRS REERGERNOSRERNN >
c THI8 PROGRAM COMPUTES THE PRESSURE WAVEFORM RADIATED BY A -
c MOVING THERMOACOUSTIC ARRAY. -
c (SEE NOTES 5/18/83) 3-D PROBLEM
c
CHOBNBEE RS HEER0EARSRRERRE RSN ESG4EAGAME 4SS ENGRERSELRGHE LSRG z |

REVISED 02/07/8%

PL8 DEFINES LASER PULSE; STORED IN PULSE
MAX NUMBER OF POINTS=300
TIME DERIVATIVE OF LASER PULSE IS STORED IN PLSDOT
P(J)=PRESSURE RADIATED BY ARRAY IN POSITION 1 WHEN
EXCITED BY AN IMPULSE PLSDOT(I)
P(J) 18 COMPUTED INSIDE A LOOP ON THE POSITION I .,
AND EACH CONTRIBUTION 18 PROGRESSIVELY ADDED IN AN
ARRAY PT(J).

ST

’
.
¢

s
t .

J REPRESENTS THE (HORIZONTAL) TIME. .
PT(J)=sTOTAL PRESSURE RADJATED BY THE MOVING SOURCE.

P
¢ s .
P

N=NUMBER OF POINTS8 REPRESENTING PULSE
TT=TOTAL TIME DURATION OF THE PULSE
DT=TT/N=TIME RESOLUTION -
RF=RADIAN FREGUENCY (FACTOR OF 2 BECAUSE MODULATION IS A SIN##2) ;
SHERESHBRRRESE SR GRS RSB R B ERBE RN RORARARRREFRAESH LR ER AL DO CH AR SR AER RS

v

B

INPUT VARIABLES

AN OANOOD

.

s et ey s

PRINT#®, "e#e® WELCOME AND BONJOUR eaes
.PRINT®, * =

PRINTe, * PREBSURE RADIATED BY A M.T.A. *
PRINT®, = *

PRINT®, "ENTER THE FOLLOWING PARAMETERS®

Il ‘l

‘e
.y

PRINT#, "INITIAL RANGE R (M) ="
READ+#, R

PRINT#, "INITIAL THETA (DEQ)="
READ#, TETAD

PRINT#, “INITIAL PHI (DEQ) =*

READ#, PHID

PI=3. 141592634

TETAR=TETAD®*P1/180.
PHIR=PHID#P1/180.

PRINT®, "ABSORPTION (/M)="

READs, ALFA

PRINT®, “MACH NUMBER="

READ#, XM

PRINT#, "MODULATION FREGQUENCY (KHZ)*
READ+#, F

F=F#1000.

PRINT®, "PULSE DURATION (MS)a*
READs, TT

TT=TT/2000.

PRINT#, "AMPLITUDE AT PHOTODETECTOR (V)=* o
READ®, APHID

PRINT®, "BEAM RADIUS (CM)=*
READs, ACH

A=ACMe0. 01

C=1486.
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ESTIMATE THE IMPORTANCE OF FINITE BEAMWIDTH EFFECTS.

000

PRINT#, "DO YOU WANT TO INCLUDE FINITE BEAMWIDTH EFFECTS?"
PRINTS, * YES=]} NO=0 (DEFAULT=1)"

READ+, 1B

IF(1B.EG.0)00 7O 1

DT=A/(¢D. «C)

_IFC(IB. EG. 1)PRINT#, "TIME RESOL. DT SHOULD BE LESS THAN *~,DT
c 1IF BEAMWIDTH EFFECTS IMPORTANT., NEED 10 POINT/CROSS SECTION
b PRINT#, *TIME RESOLUTION (MICROSEC) ="

READ+, DT

DT=DT#1. E~06

IF(F.EQ.0.)60 TO 2

DTLIM=1. /(3. #F)
c IF THERE 18 LESS THAN & POINTS PER MODULATION PERIOD
c A WARNING I6 PRINTED

IF DY LE. DTLIM)GO TO 2

PRINT#®, “s«#WARNING ~ DT I8 TOO LARGE"

€0 Y0 3

N o

RF=2 aPlaF

V=XM#C

EO=1. 03#APHID
SO=P I eARA

PO=EO/TT

ATRANS=0. 98

X10=P0O/S0

BETA=2. 07«1. E~04
CP=4190.
XKC=ATRANSHBETASALFA#C/ (4. #PI#CP)
IF(IB. EQ. 0) XKC=XKC#SO
AFLAG=0

COMPUTE RN. TETAN (FINAL RANGE AND ANGLE AT END OF PULSE)
DT=TIME RESOLUTION

N=NUMBER OF POINTS IN LASER PULSE

N2=NUMBER OF POINTS YO BE STORED FOR ANY P(J)

SEE NOTES FOR THE NOTATION

OO0 O

RN=SGRT ( (R#R) +(V#TT) #42~(2. #VaTT#R#SIN(TETAR) #COS(PHIR)))
TETAN=ACOS(R#COS(TETAR) /RN)
N=INT(TT/DT)
IF(XM~-1.16,6,7
6 AP=R#SIN(TETAR)/C
EPS=],
€0 TO 8
7 #h= (RNSSINCTETAN) /C) +TT
EPS=-{,
8 PRINT#, "TIME WINDOW FOR THE COMPUTATION"
PRINT#, "INITIAL TIME (MS)="
READ#, TO
PRINT#, “FINAL TIME (MS)m*
READ#, TF
TO=TO#0. 001
TF=TF#0. 001
TF=TF+DT
IF(TO.LE. AP)GO TO 11
PRINT#, “INIT. TIME SHOULD BE LESS THAN ", AP
€0 TO 8
11 N3= INT((TF-TO)/DT)+}

- L e L SR e T et @ 4t e
e R T T I I L A S AP PR R I ML P I S ANLR L I R
FREFR U . o e T ' .

DR IR S LI * e PR R .
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o0On

NZERU=INT ( (AP-TO)/DT}

NZEROP=NZERO+1

N2=N3-NZERO

IF(N. 8T. 5000. OR. N2. €T. 5000} IFLAO=}

N SHOULD BE LESS THAN S000 (VERTICAL NUMBER OF POINTS)
N2 SHOULD BE LESS THAN 3000 (HORIZONTAL NUMBER OF POINTS)

PRINT®, » * _

PRINT#, "RESOLUTION=*, DT

PRINT#, "N (VERTICAL TIME) =,N
PRINT#, “N2 (HORIZONTAL TIME) =*,N2
PRINT®, "NZERO =*, NZERO

ENDFILE LUNP

IF (IFLAG. EG. 1)60 TD 999

PRINT#, *IS THAT OK? (YES=1,NO=0)"
READ+, ISTOP

IF(ISTOP. EG. 0)60 TO 999

[ N Xe N+l

100

101
102

. 103

oy
(]
E

PRINT HEADINGS

PRINT (2. 100)

FORMAT (20X, *MOVING THERMOACOUSTIC ARRAY")

PRINT (2, 101)R, TETAD, PHID. ALFA, XM

PRINT (2, 102)F. N, TT, DT

FORMAT(/7/, 35X, "R=", EB. 2, 9X, "THETA (DEGC)=", EB. 2, 35X,

§“PHI=", EB. 2, 53X, "ABSORPTION=", EB. 2, 53X, "MACH=", EB. 2)

FORMAT(SX, *MOD. FREG. =", EB. 2, 5X, "N=", 14, 5X,

8"TT=",EB. 2, 35X, *DT=", EB. 2)

PRINT (2. 103)
FORMAT(///.9X, "TIME", 10X, "PRESSURE")

ety
(s ReNeNel

EACSDNID

Y% %

s

P——
. .

[

N

COMPUTE PLSDOT

DO 3 M=1,N

X=FLOAT (M)

IF (M. GE. 2)60 TO 52

PLSDOT(1)=0.

©0 70 3

PLSDOT (M)=(PLS(X)=PLS(X~1. ))/DT
PULSE (M) =PLS(X)

CONTINUE

e v
o o0

o0 O0W

INITIALIZE ARRAY PT(J)

DO 30 J=1,N3
PT(J)=0.
CONTINUE

ﬁﬂﬂﬁﬂﬂg

'; “ ." R

-'0"-'1:

AL
»
)

COMPUTE RI1, THETAI FOR EACH POSITION OF THE ARRAY.
THEN COMPUTE P(1,J) LOOPS

DO S I=1,N

RI=(R*R)+(V8laDT)#e2

RI=SART(RI-(2. #Va1sDT#+REASIN(TETAR)«COS(PHIR)))
TETI=ACOS(R*+COS({TETAR)/R1)

RCI=R1«COS(TETI)

RSI=RI«SIN(TETI)

THE IMPULSE RESPONSE 16 INDEPENDANT OF PHI
EXCEPT THROUOH RI
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COMPUTE THE INPULBE RESPONSE

KFLAG=D
T21=(RS1/C)+(1eDT)
T1ImAP
TII=(R1/C)+(18DT)
TNMI=¥31~-DT
DO 10 J=t,N2
TuT11+¢(JeDT)
TINE(J)=T=(18DT)
IF(T.LT. T21)60 TO 36
IF((T-T2I). 6E. 1. E~08)60 TO 31
PlII=m(X CEXP(-ALFASRCI) }#PLEDOT (1) /REL
Q0 TO 10
P(J)=Q.
60 Y0 10
ROOT=8G/T(((COTINE(J) ) #e2)~(RBIREBI) )
IF(ROQT. GE. 1. E-06)00 TO 32
PRINTS, "sass ROOQT=0 eeses”
- IF(T.0T. T3M1)60 TO 33
P(J)=2. #XKCHEXP (—ALFA®RC] ) #COSH(ALFA®ROOT ) /ROOT
P(J)=P(J)ePLBDOT(])
90 70 10
RFLAG=NFLAG+]

IF(ArLAQ. NE. 1960 TO 34

IF WFLAG=1, T®R1/C., AND P=P(R1/C)

P(JISXKCHEXP (-2. ®ALFA#RCI ) #PLEDOT(1)/R]

60 70 10

PlJ)u~2 eXKCEEXP (~ALFA#ROOT ) #EBINH(ALFASRC1) /RODT
P(J)=P(J)#PLBDOT(1)

CONT INVE

OO0 -

ADD SUCCECBSIVELY IN PT(J). ALL THE ELEMENTARY
CONTRIBUTIONS P(J), AB I I8 INCREASED (IE AS THE
SOURCE I8 MOVING).

DO 33 Jmi, N2
PT(JI=PT(J)+(P(J)aDT)
CONT INVE

MOVE TO THE NEXT POSITION OF THE ARRAY (NEXT I)

CONT INVE

ODO0ONONVLOONONOW

3

ADD NZERO ZEROES AT THE BEGINNING OF THE RECORD
(1E FROM T=TO TO T=AP)

DO 600 KK=1,N3
TIME(KK )= (TO+( (KK~1)aDT) )#1000.
IF(KK. OT. NZERD)GO TO 601
P2(KK) =0,
80 TO &00
PR(KK)I=PT(KK-NZERD)
- CONTINUE
DO 606 I=1,N3
PT(1)=P2(1)#EPS
CONTINVE

00000§

FINITE BEAMWIDTH EFFECTS

1F(1B. EQ. 0)00 YO 499
PRINT®, "CROSS SECTION INVENSITY SHADING="
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St

PRINTS, * GAUBSIAN (1) OR  UNIFORM (2)°
READ#, 1SHADE
CONST#BGRT (PI ) #C#ACSIN(TETAR)
TBO=(R-(ASBINCTETAR) ))/C
TBF=(R+(ASBIN(TETAR) ))/C
1=0
T=T80-DT
: 4 T=T+DT

I=leg

IF(T. OT. TBF)OO0 TO 43
©=(R=-(C#T) )/ (ASINCTETAR))
IF (ISHADE. EQ. 2)H(1)=3. $CONST

IF (IBHADE. EQ. 1)H(1)=CONBTSEXP (-0#0)
» €0 TO 45

: s NPB=]-}

P .
b

e,

CONVOLUTION FOR FINITE BEAMWIDTH

O00L

s DO 42 1=1,N3

x SUM=O,

DO 43 U=1.NPB

O IF(J. GE. 1)00 TO 44
SUM= (PT( 1-J)#H(J) ) +BUN
€0 70 43

a4 BUM=0,

- 43 CONTINUE

P2(1)=GUMEDT

42 CONT INVE

-, DO 46 I=1.N3
PT(1)=PR¢(1)
CONT INVE

PT INCLUDES NOW THE FINITE BEAMWIDTH EFFECTS.

¢Sl

COMPENGSATE FOR THE PHASE SHIFT OF THE CONVOLUTION

A NN
’

DO 614 Is=1,N3
IFCI. NE. N3)OO TO 619
PT(1)=0.
€0 TO 4614
615 PT(1)=PT(1¢}1)
614 CONTINVE

H

B
S .
LR B

c PRINT THE RESULY

- 699 DO 602 I=1,N3

) WRITE(2, 300)TIME(1).PT(I)
WRITE(3, 300)TIME(I). PT(])

602 CONTINUE

300 FORMAT (2(3X, E12. 4))

c

<

<

c

COMPUTE THE RMS PRESSURE AND THE ACOUSTIC LEVEL

PRINTa, "COMPUTATION OF THE ACOUSTIC LEVEL"
PRINT®, * (1) PEAK TO PEAX OR (2) RMS8 27"
READs, IDB

IF¢1DB. EQ. 100 YO 613

D
(Y
e el
v

PRINTe#, *DO YOU WANT TO BPECIFY A NEW TIME WINDOW FOR THE®
PRINTs, "COMPUTATION OF THE RMB PRESSURE? (YES=1,NO=0)"
READs, IRMSW

IFC(IRMSW. EG. 1)60 TO 611

TWO=TO

TWF=TF

5 Q0 TO 612

0
A

PREREA
LR
e e s a
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PO I ]

ot

s
s
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612

613

PRINTS, “WINDOW FOR THE COMPUTATION DOF THE RMS PRESSURE"
PRINT®, "INITIAL TIME (NS8) FOR THE WINDOW=*"
READ#, TWO

TWO=TWO0/1000.

PRINT#®, *"FINAL TIME(MS) FOR THE WINDOW="
READ#, TWF

TWF=TWF/1000.

TW=TWF-TWO

NPO=INT((TWO-TO)/DT)+1
NPFeINT((TWF-TO)/DT)+}

RMS=0,

DD 603 I=NPO. NPF

RMS=RMS+(PT(])«e2)

CONT INUE

RMS=SGRT (RMS#DT/THW)

PRINT#, “ssasnasaus RME PRESSURE = ",RMS
PMAX=~100.

PMIN=100.

DO 39 I=31,N3
IF(PT(1). LE. PMIN)PMIN=PT(I)
IF(PT(1). GE. PMAX)PMAX=PT(I)

CONT INUE

PAMP=PMAX~PMIN

IF(1IDB. EQG. 1) ARCMT=PAMP
IF(IDB. EG. 2)AROMT=RMS

DB=20. #ALOC10(AROMT#1. E+O06)

PRINT#, *#aasasnes ACOUSTIC LEVEL=", DB
PRINT#, » *

PRINT#, *DO YOU WANT A PLOT (YES=1; NO=0)?"
READ#, IPLOT

IF(IPLOT. EG. 0)G0 TO 999

PRINT®, * PMAX=", PMAX

PRINT®, * PMIN=", PMIN

PRINT#, "DO YOU WANT A NORMALIZED PLOT? (YES=1,NO=0)*
READ#®, INORM

IF(INORM. EQ. 0)G0 TO 995

PNORM3=ABS (PMIN)

PNORM=AMAX 1 (PNORM1, PMAX)

DO 40 I=1,N3

PT(I)=PT(1)/PNORM .
CONTINUVE -]

30000

PLOT ROUTINE {

XORG=6. 1
YORG=6. .
PRINT#, “DO YOU WANT TO SPECIFY A TIME WINDOW"

PRINT®, *FOR THE PLOT 7 (YES=1) NO=0)" )
READ®, 1PW N
IF (1PW. EQ. 1)00 TD 996
XMIN=TIME(1)
XMAX=TIME (N3) -
IMAX=N3 -
€0 TO 997 N

PRINT#, “TMIN FOR PLOT (MS)" "
READ#, TPO N
PRINT#, "TMAX FOR PLOT (MS)=* N
READ#, TPF (
TPO=TPO#0. 001 e
TPF=TPF#0, 001 B
NDL=INT( (TPO-(TIME(1)#0. 001))/DT) b
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IMAXWINT ¢ (TPF~TPO) /DT)

DO 993 =1, IMAX

P2(1)=PTLI+NDL)

TIME2(1)=TIRECI+NDL)

CONTINUE

DO 994 I3, IMAX

PT(II=P2(])

TIME(I)=TINE2(1)

. CONTINUE

> XMIN=TPO®3000.

XMAX«TPF#1000. .

IFCINORM. EQ. 1) 90 TO 991 /

PRINT®, "YRIN=® ;

. READ®, YMIN .

- PRINT®, *YHAXe® ‘

- READ®, YHAX .
€0 TO 992

) ”i YHIN=-1. 3

- YHAX=1. 5 .

3

1

3

]
”2 XDEL = { XMAX—XMIN)} /10, . i
YDEL={YMAX-YMIN) /8.
AXLwS,
AYL®3, -
XTITL=AXL/2. .
- YTITL=AYL+0. 5 )
a DXw (XMAX=XMIN) JAXL j
; DY=(YMAX~YMIN) ZAYL
CALL PLTLFN(ALPLOT) ,
- CALL PLTORO(XDRO. YORO) .
y CALL PLYDIM(11.,8.95 1.4.) -
. CALL PLTAXIS(O.,0..AXL,O. » XMIN, XMAX, XDEL, LABX, =8, 4, -. 1, ~. 1) -
CALL PLTAXIB(O.,0.,AYL, 90. . YMIN, YMAX, YDEL, LABY, 8, 1,~-. 1,-. 1) -
* CALL PLTAXIS(O., AYL, AXL: O. » XMIN, XNAX, XDEL, LABX, 0, 0. —. 3, =, 1) .
CALL PLTAXIS(AXL,O., AYL, 90. , YMIN, YMAX, YDEL, LABY, 0,0, . 1,. 1) .
CALL PLTDATA(YIME, PT, IMAX, 0. , O, XMIN, DX, YMIN. DY, O. ) .
. CALL PLTLINE(XTITL.YTITL,-. 14) -
- WRITE(S, 1000) -
1000  FORMAT("LASER-JNDUCED THERMOACOUSYIC PRESSURE®)
- CALL PLTLINE(XTITL.~. 8, ~. 1)
WRITE(S: 1001 )R, TETAD, PHID, XM
1003  FORMAT("R (M)=*,Fb. 2, 4X, "THETA(D)=",F4. 1, 4X, *PHI(D)=",F6. 1,

BAX, "MACH=",F4. 1) -
F=F/1000. -
TT=TT#1000. -]

. CALL PLYLINE(XTITL,~1.,~ 1) -
WRITE(S, 1002)ALFA. F, TT -
1002 FORMAT(®ABS. (NP/M)u",Fb. 2, 4X, "FREQ. (KH2)=", Fé, 2, 4X,
~ 8°TP(MS)=",Fb. 2)
o IF(IDB. £Q. 1)60 TO 990 ,
. TW=1000. ¢ {TW-DT) .
CALL PLTLINE(XTITL, -1.2, - 10)
. WRITE (S, 1003)PANP, DB, TH
1003  FDRMAT("PAMP (PA) =*,FB, 4, 3X, “LEVEL (DB) =*,Fé. 2, 3X
8, "TAVE (MS) =, F6. )
©0 10 989 .
. 990  CALL PLTLINE(XTITL,=1.2. -, 10)
WRITE (3, 1004)PAMP, DB
1004  FORMAT("PAMP (PA)®=*,F6. 3, 39X, "LEVEL (DB)=",Fé.2)

P l'."
:

»
PRSI

.
% -'l') L __»

CALL PLTEND(O..0.)
sT0P
END

oo §§ﬂ

DEFINE EXTERNAL LABER PULSE -

FUNCTION PLS(Y) )
v COMMON DT, RF. TT, T. X10 -
T=YeDT
989  PI=3. 141992654
a=10.8
" B=3. 0
S ENVLP=X10% (AST/TT)eEXP (~BeT/TT)
o PLS= ((SIN(RFST/2. )) #82) 8ENVLP
- IF (RF. EQ. 0. }PLE=ENVLP ’
- RETURN
END

o 15.43.29. CLP, AA, PTRLOS, 0. S19KLNS, «¢ END OF LIBTING oo O
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APPENDIX H

SIMPLIFIED ANALYSIS FOR A LASER-INDUCED MACH WAVE

The case of 8 thermoscoustic source moving at transonic velocity
deserves special attention becsuse it yields very high pressurs transients.
In this sppendix we seek an analytical expression for the pressure
waveform radisted by an MTS moving st velocity v=c/sin@ycosé, towards
the receiver.

(n order to simplify the snalysis, it is assumed that the sound field
rediated by the trensonic source is the same as the one readisted by 8
stationery source excited by & short impulse of light. The reason for this
similarity lies in the fact that sll the acoustic disturbances emitted by a
source moving st the speed of sound srrive nesrly simultanecusly st the
fixed receiver, so thet the receiver sees in fact the result of an
instantaneous input of heat in the medium. This spproximation, which is
valid only in the farfield so that the angle of observstion between the
source and the receiver remains approximatively constant, has been
discussed in the Soviet literature 10,12,26

[t has been shown (Ea. 3.4) thst the acoustic pressure seen st the

receiver, is

pLt) = hy (L) * hg(t) * (1) (H1)

......

st ke e A
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where the asterisk denotes 8 convolution and the subscript t, 8 time

RACLDLS

derivstive.
Assuming that the effect of moving the source 8t transonic velocity

is simply to shrink the effective laser puise 8s seen by the receiver st the

retarded time ry/c, to 8 very short impulse of light, we rewrite Eq. (H1) as,

where § is the Dirac delts function. It has been shown in Section {11.B thst,

in the ferfield, h (1) tends to behave like the time derivetive of s delts

function, so that Eq. (A2) becomes

p(t) ~ d2/dt2 [ hy(t) | . (H3)

The acoustic pressure received at the receiver is therefore proportions! to

the second time derivative of the impulse response of a cross section of the

leser beam. Assuming 8 Gaussisn intensity distribution, we can express the

received pressure 8s

p(L) ~ (2t2-1) exp(-t2) , (H4) ‘

where €= (rgy-cl/e sindg). Teking the Fourier transform of Eq. (H3) gives sn

estimate of the spectrum of s laser-induced Mach wave. For a Gaussisn

intensity distribution, it tekes the form

..............................................
...........
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: plw) ~ Q2 exp( -Q2/4) , (HS) N
* J
where Q = f, / (8 sin8g/c) is 8 nondimensional frequency cheracteristic of

diffraction effects imposed by the finite dimension of the laser besm cross

section. =

This last resuit is of practicsl importsnce 8s fer 8s long range 5_?1

propagation of thermoacoustic signsls under weater is concerned, becsuse it -

shows that the acoustic signel contsing some low frequencies which will
propagate long distsnces under water before being absorbed.
' ;
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-
-
o




APPENDIX |

DIRECTIVITY PATTERNS AND SPREADING CURVES WITH A RUBY
LASER

In this appendix we present some experimentsl results that were
obtained with s ruby laser. The opticsl coefficient of sbsorption of ruby
light {optical wavelength 0.6943 um) in the water tank was measured to be
1.5 Np/m (see Appendix F), so that the thermoscoustic source wes fairly
long.

Figure 42 shows the directivity psttern of such s source, measured
in its vertical plane, at 8 radius of 4 m from the initial point of impact of
the laser besm on the surface of the wsater. The modulstion frequency was
9.75 kHz and the source velocity was v=0.5 c , where ¢ is the speed of sound
in the water (1486 m/s). The experimental data on Fig. 42 is compared with
two theoretical models. The solid line in Fig. 42 represents the analytical
expression given by Lyasmshev and Sedov in reference 18. In this model,
which is velid only in the ferfield, the motion of the source is taken into
account by 8 simple ad hoc Doppler shift of the modulation frequency. The
dsshed line in Fig. 42 was obtained from the numericel model described in
Chepter IV.A. It can be noted that this model seems to predict the presence
of sidelobes in the directivity pattern, whereas the prediction by Lysmshey
snd Sedov does not show this festure. The reason for this difference is

thet, contrerily to our numericsi approsch, their model is not valid in the
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nesrfield. The farfield prediction for the tilt angle of the msain lobe is sbout
8990, wheress the experiments! resuit indicstes 8 vslue of sbout 720. The
numerical model predicts a velue of 820, and slthough it yields a better
estimate than the farfield theory, it still overestimates the tilt sngie by
109

Figure 43 reports the result of 8 similsr experiment, the msjor
difference being that the source wsas moving at Mach 1. The modulstion
frequency was 19.5 kHz. Again the nearfield directivity pattern shows some
sidelobes structure and a very large tilt angle of the main lobe, most of the
acoustic radiation being radiated at 200 from the interface.

Figure 44 also shows 8 verticel directivity pattern, but this time the
source was moving at supersonic velocity (M=1.5). The modulation frequency
was sbout 29.25 kHz. The distance of observation was 9.4 m so that, in this
case, the receiver was far enough from the source to ignore nesrfield
effects. Experimentsl results show that indeed the main scoustic lobe
narrows significently to only 8 few degrees for the haif-power beamwidth,
and spprosches the interfsece between sir and water. This is qualitatively
confirmed by the numericsl model (program MTS) but there is an
unexplained significant quantitative difference between the predictions snd
the experimentsl data. A possible explenstion for the presence of some
irreguiarities in the experimental besm pattern could be the presence of
some spurious harmanics in the signal.

Experimentsl deta for s horizontal directivity pattern sre shown in
Fig. 45. The redius of observation was 2m, the modulation frequency wes

9.75 kHz, and the source Mach number was 0.5 As discussed in

- - - . . - 3
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Section 1V.B.2, there is a strong reinforcement (more than 10 dB) of the
acoustic radiation in the direction of motion of the source.

Finally, the sound level dependence on range of observation was
determined for an MTS moving at Mach 1.5 towards the receiver. The results
are given in Fig. 46. The Doppler shifted received frequency was about 61
kHz at 81l ranges. The results confirm thst close enough to the source, 8
slope of 3 dB characteristic of cylindrical spreading casn be expected. But
when the receiver is far enough from the source, the classical spherical
spreading Isw of 6 dB per doubling of distance dominstes.

The experimentsl dete presented in this sppendix were obtained with

.
T 8 A

8 "mechanical modulator” in order to achieve the modulstion of the laser -
besm. The optical modulation system (Pockels cell end polarizers) :
described in section ii.A beceame ineffective becsuse one of the polarizers '
was demsged. A mechanical modulator was built to replace the opticst -
modulation system. The mechsnical modulator consists of a series of :
wooden sticks placed evenly over the water surfsce, slong the laser besm
path, so that the lsser beam could penetrate into the water only
intermittently. The thickness of the sticks was equsl to the spacing
between the sticks, and this spacing wss equal to the laser beam diameter
on the surfsce of the water. This modulation system turned out to be very
effective, although the modulstion frequency wes dictated by the laser
beam scanning velocity. The relstionship between the modulation frequency
and the source velocity was, in our design, given by fy = 195 M , where M is

the source Mach number and where f is expressed in kHz.
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