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ABSTRACT 

An acoustic system was des i gned t o i nves ti gate microbubbl e concen -

trations and di str i but ions i n the ocean . The system co ns i sted of a 

one-di~~nsional stand i ng-wave resonator and a rever bera t i on sensor . 

Concentrations are determined by measu rement of the vari at i on i n 

system Q and the change in reve r ber at i on l evel produced by t he reso~ 

nant bubble response . The resonator and the sensor, whil e furi~tioning 

independently, both measure bubble concentration as a funct i on of 

depth and inferred s i ze and thus provide a un i que da t a compar ison . 

The system has been des i gned to -measure bubb l es from approximately 

700 microns to 30 mi crons ut i l i zi ng frequenc i es f rom 5 to 100 kHz at 

depths to 100 ft . In i t i al tests ut ili zi ng a bubbl e generator in an 

anechoic tank have demonstrated the system ' s capabi lity to measu re 

bubble concentrat i ons . 
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I . INTRODUCTION 

.-In the summer of 1956 Blanchard ·and Woodcock rolled up their 

trousers, waded into the surf and collected the first in-situ informa-

tion concerning bubble concentrations in the ocean . [1] Not to b~ 

outdone, Glotov, Kolobaev and Neuimain of the USSR generated breaking 

waves in a laboratory tank to provide bubbles for measurement in 

1962. [2] 

However crude these attempts may sound, they provided a substan

tial proportion of the data concerning bubble concentrations in the 

ocean until 1964 when, at the Naval Postgraduate School, work commenced 

on various projects to provide meaningful in-situ data concerning 

bubble concentrations in the ocean . [3,4,5] Concentrations of bubbles 

in the ocean have great effect on sound propagation in the sea through 

scattering and absorption . In addition, many oceanographic and meteor-

ological phenomena can be attributed to them. Bubbles are created and 

distributed through the ocean by many different mechanisms. Obvious 

sources of bubbles include breaking waves, ships• wakes, plant and 

animal life . Internal waves and chemical changes are being investigated 
~. 

as other possible producers . The orbital motion of water particles due 

to wave action distributes bubbles in the upper layers of the ocean. 

In the ephotic zone, plant and animal life contribute to the distribu

tion . Bubbles traversing to the surface are collectors of particulate 

matter; consequently, they affect the chemistry of the ocean, provide 

cavitation nuclei, and upon bursting at the surface produce airborne 

salt nuclei which can be linked to thunderstorm activity. [1] There

fore, a thorough knowledge of ocean bubbles is vital for the scientist 

and engineer working in the ocean environment . 
11 



To alleviate probl ems encountered i n previ ous mea suri ng techn i ques, 

an improved system for bubble concentrati on measu rement was deve loped . 

This system cons i sted of a one-dimens i ona l standing-wave resona t or and 

a reverberation sensor . The resonato r and the sensor, while function i ng 

independently, both measure bubble concentrations as a function of 

bubble depth and si ze and thus prov i de a un i que data compar ison . The 

system has been des i gned to measure bubbles from approx imately 700 

microns to 30 microns util i zi ng frequenc i es from 5 to 100 kHz at depths 

to 100 feet . 
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II. ACOUSTIC THEORY OF BUBBLES 

The compressions and rarefactions of a sound wave, when incident 

on a gas bubble in the ocean, cause the bubble to expand and contract. 

A portion of the energy transferred to the bubble is reradiated as 

scattered sound and the remainder dissipated in the oscillations. The 

ratio of the energy lost from the sound wave to the intensity incident 

on the bubble is defined as the extinction cross section, cre . The 

extinction cross section is comprised of the absorption cross section, 

cra , and the scattering cross section, crs , which are related to the 

absorbed and scattered energy of the sound wave . 

The amplitude of the osc i llation of the bubble depends on the size 

of the bubble and the frequency of the i ncident sound wave . At a speci

fied frequency and correspond i ng bubble si ze, a resonant response 

occurs and the energy transferred from the sound wave is maximum. It 

can be shown that 75% of the energy lost by the sound wave is due to 

bubbles of radii that are within 10% of the resonant radius. [4] 

The resonant frequency of a clean bubble, f
0 

, is [6] 

f ~ -lz_]_ 3yP 0 I 

o 21ra p 

where 
f = resonant frequency, Hz 

0 

density of water, gm/ cm 3 
p = 

a = bubble rad ius, em 

y = ratio of spec i fic heats of bubb le gas 

Po = hydrostatic pressure , dynes/cm2 

It therefore follows that, for air bubbl es, 

13 



where 

f 
0 

= 3. 26ax 10
6 

ll'l 

d = depth, m 

+ 0.097d 

a = bubble radius, microns, Fig 1. 

The extinction cross section per bubble is [6] 

where 

a = e 

4na2o/ka 

(( ~0)2- 1)2 + 02 
(II-1) 

a = extinction cross ·section, m2 
e 

o = damping constant, a parameter of bubble dynamics 

a = 

k = 

>.. = 

wh i ch includes thermal, radiation and viscous effects, 
Fig 2 . [7] 

bubbl e radius, m 

2n/ >.. , m -1 

wavelength, m 

The resonant extinct i on cross section is 

where 

ae 
0 

2ac 
= ~ 

ae = resonant extinct i on cross section , m2 
0 

c = ve l oc i ty of sound i n water , m/ sec 

f 0 = resonant frequency, Hz 

The resonant extinct i on cross sect i on for a cl ean 10-kHz .ai r bubble at 

a depth of 10 meters is 25 .4 cm2 and for 100kHz i s 0.115 .cm2. These 

values represent an extinction to geometri ca l cross section ratio of 

approximately 3800 at 10 kHz and 1700 at 100 kHz . 
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The scattering cross section per bubble, a , is [6] s 

as = 
41Ta 2 

((~)2- 1)2 + 02 
f 

and at the frequency of resonance as becomes 

as 
0 

= 41Ta
2 

02 

Three assumptions have been made in the previous sections: First, 

that the particulate or organic matter on the bubble surface does not 

contribute to the extinction cross section, second, that the gas in the 

bubble is air, and thirdi that · the extinction cross section is due solely 

to bubbles of resonant size . These assumptions and the relationships 

developed in this section are di scussed by Medwin [8] and provide the 

background for further development of the specific theory necessary for 

the standing-wave and reverberation sections of the microbubble measure-

ment system. 

15 



III . STANDING-WAVE SUBSYSTEM 

A. THEORY 

A standing wave can be established between two rigid reflectors for 

a series of allowed frequencies or modes of vibration . These NORMAL 

MODES of vibration are related to the spac i ng between the reflectors 

such that a resonant response occurs when the spacing is equal to multi-

ples of a half wavelength . As in any resonant system, the standing 

wave can be descr i bed in terms of the system "quality factor," Q, as [9] 

= Energy stored 
Q 2

n Energy dissipated 

or as [10] 
fo 

Q = ~f 

where f 0 = resonant frequency, Hz 

~f = half-power bandwidth, Hz 

or finally as [8] 

where 

· TI 

Q = etA 

a = spat i al attenuat i on, nepers / m 

A = wavelength of the resonant f requency, m 

When bubbles are present i n the standing wave sys t em , sound ener gy 

will be lost to the osci llations of the bubble as previously discussed 

in Section II . This loss of ener gy will be ev i dent as a l ower system Q. 

Ql = TI 

ctl A 

where the subscri pt 1 denotes measu r ement i n bubbl e free water 

16 



or 

al = 7f 
o, ~. 

Similarly 7f 
a2 = Q2 ;>. 

where the subscript 2 denotes measurement when bubbles are present. 

The increased attenuation due to the bubbles, A, is found by combining 

the above equations 

A = a2 - al 

= 1!._ ( _l_ -
;>. Q2 

_l_) 
o, 

= ~. ; (llf2- Li fl) nepers/m 
0 

= 8. 687f (t; f 2 - t; fl) dB/m (III-1) c 

where c = velocity of propag~tion, m/sec . 

The attenuation due to bubbles can be related to the extinction 

cross section, ae , [6] as defined in equation (II-1) 

A = 4. 34nae dB/rn 

where n = number of bubbles per cubic meter . 

Correcting this equation for the volume between reflectors of the 

standing wave system gives 

A = (4.34) ncr 
~ e 

dB/m (III-2) 

Combining equations (III-1), (III-2) und (II-1) provides the 

expression for the number of bubbles per cubic meter 

17 
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(4 .34) no = 8.68TI ( ~f - ~f ) A = c 2 1 V e 

n = 2TIV (l:lf _ l:lfl) 
co 2 e 

V Tif 
0 

( l:lf 2 - M 1 ) I T ••.• 

(III-3) n = 
c2a 

B. PRELIMINARY INVESTIGATION 

Previous investigators pointed out the many probl ems connected with 

the design of a standing~wave system utilizing a myla r transducer as 

one of the two ref l ectors . [4,5] With such a configuration, results 

were not consistent due to the va ri ation of the transducer parameters 

with time and depth . A solution to this dilemma i s to exc i te a standing

wave pattern between two reflector s wi th a loosely cou pl ed external 

transducer . Such a system depends only on the characteristics of the 

reflectors and not on the parameters of the transducer . The i dea l 

reflector is either a pressure- rel ease surface or a rigi d boundary . 

Since these surfaces can not be read i ly obtained , an opti mum refl ector 

must be chosen from materials ava ilabl e . 

A rigid reflector implies that the materi al has a hi gh characteristic 

impedance, such as steel . It has a pressure ant i node established at its 

boundar i es and therefore a sensor mounted i n the refl ector can be uti ~ 

lized for determination of the max i mum pressure for all frequenci es 

concerned . The util ization of this type material i mp li es a massive 

system . 

A pressure-release system, hav i ng low characteri stic impedance, can 

be realized with a t hi n membrane backed by ai r or vacuum , This reflector 

18 
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has a pressure minimum at the boundary and therefore as the frequency is 

changed, a pressure-measuring device must be shifted within the system 

in order to measure the pressure antinodes . Such a system would be 

light-weight and thus portable . Since an oceangoing device must be 

mobile, the pressure-release system was chosen for the initial develop~ 

ment . 

The first pressure-release reflector investigated was 1/2-inch poly

ethylene . This was chosen because of its previous use . [5] The 

reflector had been constructed by coating the polyethylene with neo-

prene and supporting it with a 22-inch-square, l/2- i nch-thick aluminum 

plate. To evaluate the performance of the reflector, standing wave 

measurements were taken . The reflector was illuminated with a mylar 

transducer and the resulting standing-wave ratio measured . The poly-

ethylene was an extremely poor per former in that SWR varied between 3.4 

to 14 (Q rang i ng between 5.4 and 22) in the frequency range of 10 to 

100 kHz . 

The second reflector tested was a neoprene-coated l/2-mil mylar 

surface stretched across a l-inch-thick fiber honeycomb . This combina-

tion was also backed with a 22-inch-square, 1/2-inch-thi ck aluminum 

plate for rigidity. [5] Th i s system was so tender that the tests were 

never completed due to numerous leaks . 

The complications listed above led to the construction of an 

aluminum-bounded fiber honeycomb .reflector . The reflector consisted 

of 2-inch-thick fiber honeycomb laminated between two 0.060-inch aluminum 

plates . This reflector provided a SWR which varied between 4 and 15 in 

the frequency range of 10 to 100 kHz . 

In an attempt to elimi nate transmission through the interior of the 

reflector, a vacuum reflector was constructed from 0.012-inch aluminum 

19 



plates and 0. 005-i nch alumi num foi l hon~ycomb . When evaculated t o 

seventeen i nches of mercury, t here was still si gn i f icant vari at i on of 

SWR with frequen cy simil ar i n magni t ude t o t he preceedi ng ref l ector , 

indicating that energy was st ill be i ng t ran smi tted t hrou gh the honeycomb . 

A system was constructed of two al umi num-bounded fi ber honeycomb 

reflectors spaced six i nches apart fo r a 5-kHz f undamental resonance . 

An external 7 by 91 centi me t er rectangul ar mylar- sl at t ransducer was 

used to exc i te the syst em . [5] No evidence of stand ing waves ins ide the 

system was observed wi th t he use of ei t her the sl at transducer ment i oned 

above or a 25-cent i me t er circu l ar mylar transducer . 

It was apparent at th i s t i me that i n sp ite of t he wei gh t advantages 

of the pressure-rel ease concept , i t wou l d provi de an unsat i sfactory 

resonant stand i ng -wave system due t o the va ri ati on of ref l ect i vi ty wi th 

frequency and t he necess i ty for changi ng t he probe to meas ure t he pres

sures with i n t he system. 

Attenti on was next shi fted to t he r i gid refl ector . Al though l i ght 

in weight , alumi num was rej ected due to i ts l ow characteri st ic impedance 

which would produce a t heoretical ref l ect i vity of 0.84. Thus , although 

heavy, stee l wi th a characteristi c impedance of 47xl 06 MKS Rayl s and a 

theoretical refl ectiv i ty of 0. 94 wa s sel ect ed . Two square st eel plates 

(2 by 2 fee t) were cut to fo rm t he boundari es of t he system . The slat 

transducer , Fi g 3, fa i l ed to provi de enou gh energy when used external t o 

the system and was t oo bul ky to utili ze i nt er nall y. The system was ex

ci ted wi th the 25-cent i me t er circula r myl ar t ransducer . As t he t ests 

proceeded the plates were cut to a ci rcula r shape to provi de a more 

effic i ent energy cavi ty . A 15-cm spaci ng wa s utili zed. The dimens ional 

stabi l i ty was established by bo l t i ng the plates toget her wi th f our, 6- i nch, 

threaded l / 4-inch studs . No i den t i f i abl e 5- kHz resonances were observed, 
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but distinct peaks were present at intervals of approximately 300 Hz. 

A natural resonant mode of the plates was found at 231 Hz for one plate 

and 232 Hz for the other . Therefore it was apparent that the ringing 

of the plates affected the establishment of the standing-wave system. 

The plates were isolated with rubber bushings and rubber washers, but 

no appreciable change in system performance was noted . To eliminate 

the natural resonance of the plate a polyester resin, thirty-mesh sand 

mixture was applied to the back of one plate to a depth of approxi

mately four centimeters . The second plate was damped with the con~cal

design pc rubber . This damping eliminated the 300-Hz ringing of the 

plates. To increase the energy input of the system a barium titanate 

transducer was constructed; the response of this transducer was disap-

pointing as the effective frequency range was only 75 to 100 kHz. A 

second transducer was constructed with a different design, its frequency 

range was from 11 to 100 kHz . The internal resonances of the transducer 

provided a sound-pressure level far from the flat response obtained 

through the use of a mylar transducer . 

The system still did not produce a standing wave . It appeared at 

this point that the warpage in the plates, which had been noted and con

sidered small, was causing interference effects which were prohibitive 

to the establishment of a standing wave in the resonant cavity . The 

plates were spaced by the holding studs at 152(±2) mm; however the 

interior of the system bulged as much as 7 mm . Reflectivity tests were 

conducted on the polyester-sand damped plate . The results presented in 

Fig 4 showed a reflectivity close to unity for frequencies 20-100 kHz 

except for dips at approximately 36 and 72 kHz . This effect can be 

attributed to a standing wave being established in the damping material 

itself . Theory predicts that transmission through a material will occur 

21 

,. 
''· 

\ , 

-,~ 



at f requenc i es which are mult i pl e hal f wavel engths . These frequenci es , 

f , are : 
n 

where 

f = nc 
n 'IT 

n = in t eger s 1,2 ,3, 

c = vel oci ty of sound i n mat eri al, m/sec 

t = th ic kness of mater i al, m 

If the c of the resi n- sa nd mi xture wa s 2900 m/ sec, wh ich i s reasonabl e , 

then a stand i ng wave will be produced i n t he damp i ng mat er ial at fre-

quencies of 36 and 72 kHz . To correct t hi s def i ci ency t he appl icati on 

and type of damp i ng mater i al must recei ve fu r t her cons i derat i on . 

A th ird bar i um t i tana te t ransducer wa s construct ed and t es t ed . The 

frequency response from 10 to 50 kHz wa s very poor and t he t ransducer 

did not become effect ive until 200 kHz . With the di sappo i nt i ng fre

quency response of t he th ree bari um t i tanate transducer s i t was decided 

that myl ar offered by f ar t he most advantages . 

A stand i ng wave was establi shed be tween the· mylar t ransducer and 

the po lyester - sand damped stee l pl ate. The Q of t he system was depen

dent on t he spaci ng between t he refl ector s . The opti mum spaci ng for 

this resonator was noted as 54 em for frequ enci es of 30 and 68 kHz, 

Fi g 5. The opt imizati on of spaci ng i s presumably due t o a bal ance be

tween loss per me t er at refl ecti on, wh ich decreases with l arger 

separat i on , and l oss due to diver gence of the near-pl ane wave wh i ch 

i nc reases wi t h la rger sepa rat ion. 

C. FINAL DES IGN 

The opti mum system wou l d cons i st of two steel plates of i nfi ni t e 

extent and i nf i ni te t hic kness . Cons i deri ng t he we ight of steel (1 0 pounds 

22 



per ft2 for l/4-inch plate) the size must be limited . A compromise 

decided upon was a circular steel plate of 2 1/2 ft diameter (weight 

about 50 lbs) to insure that the total section, including damping 

material and associated equipment could be handled aboard a small ship. 

The steel plates are spaced as determined in the calibration, Section VI. 

This spacing provides resonant frequencies of approximately 1 to 2 kHz 

and multiples thereof through the range from 10 to 100 kHz. 

Investigation into the optimum damping material revealed that the 

Navy is presently utilizing an epoxy-sand mixture to damp steel plates 

in and around the sonar domes of the new-construction DE 1052-class 

Destroyers . [11] It was decided to use the same technique to damp the 

standing-wave-section steel plates . To insure that a standing wave was 

not again es·tablished in the backing, the epoxy-sand mixture was formed 

into a lattice of vari able - impedance transition tetrahedrons, Fig 6. 

Based on past experience with variable-impedance transition, the tetra

hedrons were chosen to be 1 1/4 inches high with a vertex angle of 30 

degrees . The backing was constructed by casting APCO 210 epoxy and 

30-mesh sand (1 part epoxy to 4 parts sand by weight) . The epoxy-sand 

mixture was cast in a flexible RTV 630 silicone-rubber mold made from a 

1/4-circle wood master, Fig 6. The molding of the backing proved to be 

a long and tedious process . 

The mylar transducer was mounted directly on the face of one of the 

steel plates . The steel plate was used as one electrical contact surface 

and an annular ring of mylar 10- cm wide completed the active surface, 

Fig 7. 

A 1/2-inch-long, l/4-inch-diameter barium-titanate probe was utilized 

as a pickup . [5] The probe was small enough not to disturb the sound 

field and large enough to provide a satisfactory output . A preamplifier 

23 



was utilized at the hydrophone to present a high impedance to the 

barium titanate and to r educe the no ise i n the systemo The pickup was 

mounted in the cent er of the steel pl at e al ready contai niing the my'lar 

transducer to insure t hat the acoust ic i ntens ity received by the probe 

was due principa l ly to the stand i ng wave establi shed i n the system 

rather than the direct t ransducer radi at i on o The el ectronics associated 

with the sect i on are shown i n Fi g 8 and Tab l e 2o 
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IV . REVERBERATION SUBSYSTEM 

A. THEORY 

The mechanism of absorpt ion and scattering by bubbles has been 

previously discussed in Secti on I I , The total omnidirectional scat-

tering cross sect i on per un i t volume can be def i ned as follows: 

where 1scat 

I 
ast = 4n r:cat 

1nc 

= scattered intensity at un i t distance produced 
by enson i fied volume 

line = inc ident i ntensity on ensonified volume . 

The concentrat i on of bubbles i n a known ensonifi ed volume can be 

obtained by measuring the total scatter i ng cross section of the volume, 

calculating the scatteri ng cross secti on of a single bubble and computing 

the ratio of the two quant i t i es , assumi ng no interaction between bubbles. 

Figur e 9 will be hel pful i n under standing the theoretical develop-

ment for the measu rement of to t al scatteri ng cross section and hence the 

concentrat i on of bubbles i n a volume . Utilizing standard spreading loss 

relat ionsh i ps to solve for l i ne and Iscat 

where 

I. 1nc 
= 4n(l) 2 

4nr2 1
o 

- Io 
- 7 

!
0 

= source i nt ens i ty (a t 1 meter ) 

25 



and 
47T ( 1) 2 

1scat 
1rec = 2 4Ti r 

1scat = 2 r 

Rea rrang i ng , 

I - I r 2 
scat - rec [12] 

Substi tu ti ng t he measurabl e i ntens i t i es, I and I , i nto t he defini-o rec 
tion fo r tota l scatter i ng cr:oss section gi ves 

crst 
I = 4TI . rec 4 ~I- r 

0 

Th i s express ion for crst must now be correct ed for t he volume enson i

f i ed , V, 

where 

Therefore 

v - Ct 2 - 2 1)Jr 

3 V = vol ume , m 

c = vel oci ty of sound , m/ sec 

t = signal pulse length, sec 

1jJ = so li d angl e enson ifi ed 

r = range , m 

crst 
4 = 4TI Irec r 

1
-- ·cT- lj!r2 
0 2 

Cancel l i ng and rearrang ing 

(j 

s t 
= 87T Irec r 

I C T1/J 
0 

2 

26 
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The scattering cross section of a single resonant bubble, a , is 
so 

where 

a 
so 

2 _ 4Tia 
-7 

a = bubble radius, m 

6 = damping constant 

(IV-2) 

The number of bubbles of resonant radius present in a volume of one 

cubic meter, n , is 

n 
ast 
as 

0 

(IV-3) 

Substitution of equations (IV-1) and (IV-2) into equation (IV-3) yields 

n 

B. DESIGN 

= 2 
CTljJ 

I 
( r§_ )2 rec 

a I
0 

(IV-4) 

A 60-cm-diameter electrostatic mylar transducer was selected for the 

reverberation subsystem. The transducer, through the use of a TR switch, 

Appendix B, was utilized in both transmit and receive modes . The large 

size was selected to provide adequate output power and sensitivity for 

reception particularly of the low~frequency backscattered sound . The 

transducer was oriented to provide normal incidence with the surface of 

the ocean . The time of reflection from the surface is the depth refer-

ence for the enttte system. The elettronics associated with the section 

are shown in Fig 10 and Table 3. 
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V, PRO POSED COMPOS ITE SYSTEM DES IGN 

To form a compos i te system the stand i ng-wave and rever berat i on 

sections shou l d be mo unted in a r ig i d fr ame , The frame wou l d be con-

structed in the fo rm of a 3 l/4-ft cube wi th posi t ive buoyancy provi ded 

by 5 ft3 of styrofoam, Deta il s of the proposed cons truct i on are illus

trated in Fig 11 , 

Two pressure-proof container s were constructed , one for each sub-

system from 2 7/8-in-diameter copper pi pe, Fi g 12 , The standing-wave 

container housed a s i ng l e preamplifi er and the rever berat i on conta i ner 

held two preamplifier s and the TR switch, Fig 13, 

In order to mainta i n the composite system at a predet ermined depth 

a controllable anchori ng device was des i gned , The dev ice i s operab l e 

from the su r face, provi des posit i ve control of depth and i s s imple 

enough to insu re a hi gh degree of reli ab i l i ty , Specifi c design deta i ls 

are illustrated i n Fi g 11 , 
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VI. CALIBRATION 

A. DISCUSSION 

To solve the equations for bubble concentration, both standing-wave 

and reverberation subsystem characteristics must be measured. Once 

these characteristics are known, the system can then be utilized. To 

insure the validity of the measurement theory and that the proper 

characteristics of the system have been obtained, bubbles of known size 

and concentration should be generated for measurement . 

B. STANDING-WAVE SUBSYSTEM 

The annular mylar transducer operated satisfactorily for 5 minutes 

during the initial test . The transducer was rebuilt and subsequently 

failed for a second time after 10 minutes of operation . The output of 

the transducer appeared to be greater than that of the 25-cm mylar 

transducer; however no measurements were obtained . The failures of the 

annular mylar transducer required that the subsystem calibration be 

conducted utilizing the standing-wave subsystem 2 112-ft-diameter steel 

plate as one reflector and the 25-cm mylar transducer as the other 

reflector and source . The Q of the standing-wave subsystem was measured 

at 27 .5 kHz and 76kHz while varying the spacing between the transducer 

and reflector plates, Fig 14 . The maximum Q of 380 at 76 kHz obtained 

with the variable impedance t ransition backed steel plate (45 em spacing} 

is three times as large as the optimum obtained with the 2-ft-diameter 

resin-sand backed steel plate at 68 kHz (54 em spacing), Fig 5. The Q 

of 380 represents a reflectivity of 0. 99 which indicates that the 

elimination of plate warpage and application of the variable-impedance 
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transit i on back i ng has corrected the reduced refl ectivi ty obs erved 

between 63 and 80 kHz i n Fi g 4, A previ ous Pu l se-Echo Sys t em [4] with 

a 1-ft-diameter steel pl ate, which has been used at sea , produced a Q 

of 150 at 76 kHz. With the sta nd i ng wave system fixed at 45 em, a 

complete sweep of the frequency range was made , uti l iz i ng the B&K 

Model 2304 Leve l Recorde r as a recorder, to es t ab lish the bubble-free 

half-power bandwidth , ~ f 1 . A secti on of th i s sweep is shown in Fig 15. 

The bubble generator, Append ix C, was used to provi de bubbl e 

concentrations of 300 (±200) bubbl es / m3 of 125 (±10) microns radi us 

while operat i ng at a depth of 1,5 m. With these bubbl es present t he 

measured system Q was 62 correspond i ng to a ha l f -power bandwidth of 

420 Hz at a resonant f requency of 25,956 Hz , Utilizing equati on III-3 

the concentration of bubbles was calcu l ated as approxi mate ly 100 
3 .. 

bubbles /m of 130 (±8) microns rad i us . 

C. REVERBERATI ON SUBSYSTEM 

The soli d ang le of ensonif i cat i on, ~ , of the 60-cm-diameter myla r 

transducer i s obta i ned by measur i ng the directi vi ty pa t tern of the 

transducer, plott i ng the angle between the ha lf-power po i nt s, s3dB ' and 

solv i ng the equa tion fo r the sol id angl e : 

1/J = 
83dB 2n (1 - cos - 2-) oo.::_83dB.::_l 80o 

A typical directiv i ty pattern, taken at 20 kHz , i s shown i n Fi g 16, A 

plot of s3dB versus frequency, t aken from the direct ivi ty patterns i s 

shown in Fi g 17 . A plot of 1/J ver sus f requency is shown i n Fi g 18 . 

The transducer pressure level , Fi g 19, and the receiv i ng sens i t i vi t y 

level, F1g 20, were measured i n orde r to calcul ate t he outpu t and re

ce ived intens iti es . To mon i tor the output in tens i ty of t he system when 
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it is utilized at sea a 1/4-inch barium-titanate probe is provided 

adjacent to the transducer . A plot of monitor probe voltage versus 

transducer SPL would provide the necessary data for the probe ~ s utili-

ation. 

The bubble generator, Appendix C, was used to provide bubble con

centrations of 650 (±250) bubbles;m3 of 120 {±15) microns radius. 

With these bubbles present the received to output intensity ratio was 

2 x 10-3". The received echo represents the minimum detectable signal 

which could be distinguished from the noise . Utilizirig equation IV-4 

the concentrati on of bubbles was calculated as approximately 500 

bubbles;m3 of 130 (±8) microns radius at a resonant frequency of 26 kHz. 
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VII . DATA HANDLING 

A. DISCUSSION 

To facilitate data reduction, automated data handling should be 

utilized . Data reduct i on would be accomplished as follows . Output 

data from the composite system are coll ected by a mul ti ple-channel tape 

recorder . This analog i s converted by the hybrid COMCOR CI 5000/ 

SDS 9300 computer t o di gital format . The IBM 360 computer processes 

the digital informat i on and produces the followi ng: 

(1) A plot of bubble concentrat i on, n, versus bub ble radius, a, 
at specified depths . 

(2) A plot of bubble concentrat i on, n, versus bubble depth, d, 
at specified rad ii. 

Each section of the compos i te system wi l l produce data independently . 

These data are then presented on a compos i te plot . 

B. STANDING-WAVE SUBSYSTEM 

Fi gures 21 and 22 i llustrate the flow of data in t he standing-wave 

subsystem. The i nput data i n analog form, i .e . , Q curve, is transformed 

to dig i tal format, normal i zed and pl otted as one output of the computer 

program . Half-power bandwidth, f1, and cente r f requency, f
0

, of the Q 

curve are combined wi th quantit i es determined through solut i on of auxil-

iary equations to solve the relat i on fo r bubb l e concentrat i on as 

developed in Sect i on III . These auxili ary equat i ons are : 

f = 2 
half-power bandwi dth, bubble-free water , 
for spec i f i c resonant frequencies 

0 = 2. 14 x 103 f
0
°·35 (fi tted to Devi n [7] 

fo r 104 < f < 105 ) 
0 

c = 1449 + 4.6T - 0.05T2 + 0.0003T3 + 0.017d 
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a " 3. 26 ~ 10
6 -v' 1 + 0.97d 

d = 
ctmax 
-2-

where o = damping constant 

+ . 6 or data card input 

t = t i me for return of surface reflection (from reverberation 
section, sec) 

c = speed of sound, m/ sec 

T = temperature of the water, C 

a = bubble rad i us, microns 

f
0 

= f requency, Hz 

d = depth of bubble conceritration, m, (in this case standing
wave-section depth) . This depth is determined by the 
reverberation sect i on and corrected to the center of the 
stand i ng-wave section . 

At a particular depth each resonant frequency wi ll be swept 5 times to 

insure data accuracy . The depth of the section is varied and the data 

stored to provide the output plots . 

C. REVERBERATION SUBSYSTEM 

Figures 23 and 24 illustrate the flow of data i n the reverberation 

subsystem . The basic technique is similar to the previous method of 

solution, but in this case the analog data takes the form of voltage, V, 

versus time, tn , and i s not no rmal i zed . The previous auxiliary equations 

are again ut i lized al ong with the following additions: 

Po = pressure representation of the outgoing 
t ransducer intensity 

d 
c(tmax- t n) 

= --2 

r = 
ct n 
-2-

1jJ = 5 31 X 106 f -l · 94 
• 0 
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where d · = depth of bubbless m 

r = distance from transducer to bubbles s m 

~ = sol i d ang l e enson i fied 

At a particular depth specified frequenc i es will be pul sed 5 times to 

insure data accuracy . The return reverberat i on provides a measure of 

bubble concentration over a range of depth . Bubble size is determined 

by utilizing various f requenc i es . The composite plot can now be con

structed from the stand i ng-wave and reverberation subsystem data. 
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VIII . CONCLUSIONS 

A. DISCUSSION 

Initial tests utilizing the bubble generator, Appendix C, in the 

anechoic tank demonstrated the composite system 1 s capability to mea:sure 

bubble concentrations . The bubble size and concentration measured by 

the subsystems agreed within an order of magnitude . 

B. STANDING-WAVE SUBSYSTEM 

1. The pressure-release reflector concept could not be realized in 

practice . The internal strength members necessary to withstand 

external sea pressure and maintain dimensional stability provide a 

path of energy transmission through the reflector . 

2. The rigid reflector must be a planar surface within a small 

fraction of a wavelength at the highest frequency utilized and the 

natural resonances of the reflector must be damped. 

3. The damping material must be formed to provide variable-impedance 

transition and have a characteristic impedance between that of water 

and the reflector material . 

4. The transducer must be mounted in the reflector face . 

5. The transducer must be properly shielded to insure minimum direct 

electrical radiation. 

6. The reflectors must be parallel to provide maximum system Q. 

C. REVERBERATION SUBSYSTEM 

l . To measure bubble concentrations less than 500 bubbles/m3, the 

present signal-to-noise ratio must be improved . 

2. The transducer must be properly shielded to insure minimum direct 

electrical radiation . 
35 
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D. RECOMMENDATIONS 

1. Construct a precisi on bubb l e generator which will provide bubbles 

of a uniform si ze and concentrati on for absolute cali bration of the 

system. 

2. Provide a means of measu ri ng the bubbles in t he anechoic tank 

while they are being generated for cal i brat ion, such as an underwater 

periscope . 

3. Afte r numerous fa i lu res of the annula r myl ar t ransducer the 

construction techn i ques were still not pe r fected and further i nvest i

gation of the t ransducer should be condu cted , 
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APPENDIX A 

ALTERNATING-POLARIZATION SYSTEM 

Investigations conducted on mylar transducers have shown that there 

is a change of output characteristics as a function of time. [4] After 

24 hours of polarization the output characteristics stabilize. The 

stabilized output is much less than the initial output . [5] This 

variation is attributed to the slow polarization of the mylar film due 

to the applied D.C. voltage . A polarizing network was designed which 

would alternately apply positive and negative polarizing voltages to the 

mylar transducer . 

The network, Fig 25, consisted of two silicon control rectifiers 

alternately triggered by a center-tap transformer . The circuit was 

designed to operate between 5 and 50 Hz; however . redesign for a different 

frequency range could be accomplished through judicious choice of loading 

resistors. The network, in conjunction with unit pulse generators and 

function generators, provided a pulsed output signal superimposed on the 

positive peak of the polarizing voltage, Fig 26 and Table 4. Figure 27 

is an oscilloscope picture of the system in operation. 
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APPENDIX B 

TRANSMIT- RECE IVE NETWORK 

In order to util i ze the excel l ent sensiti vity of the reverberat ion

section mylar transducer i n both receive and t ransmit modes , a TR system, 

Fig 27 and Table 5, was developed . Several specia l -purpose TR systems 

had been designed by previous thesis students ; however , none of these 

were suitable for use submerged at sea , The TR swi tch , Fig 13 and 29, 

was designed as a general-purpose circuit us i ng a comb i nation of a diode 

gate and an FET trans i stor to provide a lightweight and compact system 

utilizing minimum external power and controls , Figure 30 is an osc i l

loscope picture of the network in operation , 
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APPENDIX C 

BUBBLE GENERATOR 

To perform the final calibration and check the operation of the 

composite system a bubb 1 e genera tor was deve 1 oped. [3'] The ge'fle-rator 

was des-igned to provide bubbles which were_ resonant a.t a frequ:erncy 

midway in the s.pectrum of interest . 

Electrolysis provided the method for generation of the bubbles ~ 

The bubbles were formed on Tungsten electrodes . Tungsten was selected 

as it was readily available and it would not participate in the e.1e·ctrol

ysi's . The generator configuration is illus-trated in Fig 3l. It can be 

shown that bubble size is determined from: [13] 

a =-

where a = bub:b 1 e radius, em 

1l = dynamic shear viscosity, poise 

v = bubble velocity, em/sec 

g = acceleration of gravity, cm/sec2 

Pw = density of wa.ter, gm/cm3 

density of air, gm/cm 3 
Pa = 

39_ 
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TABLE 1 

STANDING-WAVE SUBSYSTEM TRANSDUCER DETA ILS 

Plate diameter 30 i nches 

Plate th ickness 1/4 i nch 

Annular transducer o.d. 26 i nches 

Annular transducer i ,d. 18 i nches 

Insulator groove depth 1/ 16 i nch 

Insulator groove wi dth 1/ 2 i nch 

Pic ku p access di ameter l/2 i nch 

Tetrahedron backing thickness 1 1/ 4 i nch 

Note : plates grou nd flat ~ ± 0. 005 i nch . 
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TABLE 2 

STANDING-WAVE SUBS YSTEM COMPONENTS 

Function Generator : 

Tone Burst Accesso ry : 

Power Amplif i ers : 

Oscilloscope : 

Amplifier: 

Preamp 1 ifi er : 

· Transducer : 

Receiver : 

Polarizer : 

Hewlett Packard 3300A Function Generator 

Hewl ett Packa rd 3302A 

Hewl ett Packard 467A Power Ampli fi er 

Tektron ix Type 545 Oscill oscope 

Hewl ett Packard 466A AC Amp lifi er 

NUS Mode l '2o10-30 (30 dB ga i n) 

10 em Annu lar Myl ar Transducer 

l/4-i nch Ba rium Titanate Pickup 

Append ix C 

48 

_____l_ _ _ _ _ 



6t> 



I 
I 

I 
I 

I 

I 

I 
I 

I 

I 

OS 

''"I 

:awn ,o/\ 
9NI fi~J.J.V~S 

\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

\ 

\ 
\ 
\ 
\ 
\ 



;f,' 

~ 
~ 
· ~ 

I~ 

~lt 
.... ~ 
';I 
~ 

:ll 
··: 

\j 
f{ 

:!j 
,. 

;.:;;~ 
,:J .,, 

~~ 
~l 
~~ 

TABLE 3 

REVERBERATION SUBSYSTEM COMPONENTS 

Pa'l se Generator: 

Fwnction Generator: 

Tone Burst Accessory: 

Power Amplifier: 

TR Switch: 

Transducer: 

Receive Preamplifier: 

Receive Amplifier: 

Reference Hydrophone : 

Reference Preamplifier : 

Reference Amplifier: 

Osci 11 oscope: 

Polarizer: 

General Radio Company Unit Pulse 
Generator Type 1217B 

Hewlett Packard 3300A Function Generator 

Hewlett Packard 3302A 

Hewlett Packard 467A Power Amplifier 

Append i x C 

60 em di ameter Mylar Transducer 

NUS Model 2010-30 (30 dB gatn) 

Hewlett Packard 466A A.C. Amplifier 

l / 4- i nch B~rium Tit~nate Pickup 

NUS Model 2010-30 (30 dB gain) 

Hewlett Packard 466A A.C. Amplifier 

Tektronics Type 545 Oscilloscope 

Append ix C 
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TAB LE 4 

ALTERNATING-POLAR IZATI ON NETWORK COMPON ENTS 

Oscillator : 

Pulse Generators : 

Function Generator : 

Power Amplifier: 

Transducer: 

Hewlett Packard-3300A Function Generator 

Genera l Rad io Company Unit Pulse 
Generator Type 12178 (2 required) 

Wavetek VCG Model 114 
r 

Hewl ett Packa rd 467A Power Amp lifi er 

Mylar Transducer 
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Pulse Generator: 

function Generator: 

TABLE 5 

TRANSMIT-RECEIVE NETWORK COMPONENTS 

General Radio Company Unit Pulse 
Generator Type l217B 

Hewlett Packard 3300A Function Generator 

· Tone Burst Accessory: Hewlett Packard 3302A 

Power Amplifier: 

Preamplifier: 

Amplifier : 

Transducer: 

Hewlett Packard 467A Power Amplifier 

NUS Model 2010-30 (30 dB gain) 

· Hewlett Packard 466A A.C. Amplifier 

60 em di ameter Circular Mylar Transducer 
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A PULSED .SIGNA&. ApP&.I£P TO A MYLII'R 

TRANSDU,I!R IS SHOWN IN THE. UPPE.R 

TRACE(S\I/c.M1 o.c~~tJ/cM).TH£ PULS£ IS 

PARTIALLY ClAMPED POSITIVI! TO Gll.OUND. 

A ReCEIVED ECHO IS SHOWN IN THE LOWER. 

TI2A(E ( IV/c.MJ OS~$/c.M). 

FIGURe 30. OSC.U.LO SCOP£ .PHOTOGRAPH 

OF oPERATING TRANSMtT- ~f.CEIVE 

SYSTEM 
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