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Oceanic Bubble Population Measurements Using a
Buoy-Deployed Combination Frequency Technique

Andy D. Phelps and Timothy G. Leighton

Abstract—This paper presents the results of using a combi- where p is the density of the surrounding liquigy is the
nation frequency acoustic technique to measure the near-surface hydrostatic pressure at the bubble wadll, is the surface
bubble population in the open sea. The combination frequency tension coefficient at the gas—liquid interfagejs the shear
technique monitors the appearance of sum-and-difference signals . . L . o e
generated by the nonlinear interaction of two sound fields: one, viscosity quﬁ'c'ent’ and is the polytropic '”d?x .descr'b'ng
a high-frequency signal, scatters geometrically from the bubble, theé expansion and compression of the gas within the bubble.
and the other, of much lower frequency, is used to excite the Therefore, from a knowledge of its resonant frequency, the
bubble into resonant pulsation. The text details the calibration gjze of the bubble can be determined.

of the apparatus necessary to relate the measured heights of = o ooricylar measurements described in these tests use a
the sum-and-difference terms to actual numbers of bubbles and S . .
describes the experimental procedure for the collection of the cOmbination frequency technique to characterize the bubble
oceanic data. In total, six trials were performed over a one- population. Here, the bubble population is simultaneously
day period, each comprising ten “snapshots” of the local bubble insonified with two sound fields, pumpsignal (at frequency
p_opullation at tgg disclr_ctejte rao(lji.dj'his r?Iata was %ugn;etr:ted with pr) and animagingsignal (at frequency;). The pump signal
simultaneous video, slide, an |ctap one records of the state of . . : : : P :
the sea around the measurement position. is of low amplitude, and _|ts frequency is varied to coincide Wlth
_ _ the resonance frequencies of members of the bubble population
'”?ex Termsf—BUbb'%S‘ ”Ot”“”ear f;_sc'”atorS’ sea tmeaS”re' under investigation (for these oceanic measurements, this
Ments, sea surface, underwater acousfic measurements. ranged between 17 and 200 kHz at 1000 Pa amplitude). The
imaging signal is considerably higher in frequency (here set at
|. INTRODUCTION 1 MHz) and is used to continuously insonify the population.

T HAS BEEN known for some time [1] that bubbles arél'he hig_h—frequency ba(_:kscattgred signal is then _monitored.
I an important source of ambient sound in the oceans ahRar a_smgl_e bupble, this consists of the geometrically scat-
are also known to contribute a significant asymmetry to tfgred imaging signal from the bubble, brought about by the
transport of greenhouse gases across the atmosphere/ofBRFdance mismatch at the bubble wall. However, if the pump
boundary [2], [3]. Thus, a reliable and unambiguous techniqﬁ@_und field is at or c!ose to a bubble resonance, the bubble
for measuring the local bubble population would be of benefifill be pulsating at this frequency, and the target area of the
to the modeling of such oceanographic processes. scatterer will be changing. Therefore, the scattered S|gna_1l will

The use of acoustics is especially practical in the measuR§ amplitude-modulated at the frequency of the pump signal,
ment of a bubble population [4]. The significant impedand&Sulting in the generation of sum and difference signals at
mismatch at the bubble surface between the gas inside and4het @»- Thus, the technique monitors the linear resonant
surrounding liquid ensures that there is significant reflectighylsation characteristics of a bubble through the generation
of an insonifying sound field. Additionally, when driven©f @ nonlinear component in the returned signal. _
acoustically at low amplitudes, bubbles behave approximatelyThe benefits of using a two-frequency technique over a sin-
as single-degree-of-freedom oscillators. The gas inside ¢ frequency insonification measurement are that the analysis
tributes the stiffness element, the liquid outside the bubdpé the returned signal allows less ambiguous and more accurate
behaves as the mass element, and the damping of the bul§fémates of the measured population. When single-frequency
pulsations is brought on through viscous losses at the bublf€ar backscatterers are employed [5], there is an ambiguity
wall, radiation of acoustic energy into the medium, and therm& the returned signal, as a large nonresonant bubble insonified
losses in the expansion and compression of the gas. Thea high-frequency sound field may scatter more sound than
resonance frequency of these pulsatiGng can be expressed that from a smaller resonant bubble. However, the height of the

in terms of the equilibrium radiuéR,) as combination frequency signal at & w,, is a global maximum
at the bubble resonance. This is shown in an earlier paper
1 20 20 4u? [6], where a large bubble is insonified by a pump signal three
Yo = 21 Ro\/p 3t <p0 + 370) " Ry p—Rg (1) times higher in frequency than the bubble resonance: small

sum-and-difference signals are generated, at amplitudes very
Manuscript received December 20, 1997; revised June 20, 1998. The welvse to the model predictions, demonstrating the potential to

was supported by NERC under Award GR3 09992. account for off-resonance Scattering_
The authors are with the Institute of Sound and Vibration Research, L . . . .
University of Southampton, Southampton SO17 1BJ, U.K. Additionally, there is a considerable improvement in the
Publisher Item Identifier S 0364-9059(98)07462-7. spatial localization of a bubble using this technique over

0364-9059/98$10.001 1998 IEEE



PHELPS AND LEIGHTON: OCEANIC BUBBLE POPULATION MEASUREMENTS 401

single-frequency insonification. At resonance, the wavelength 6

of the insonifying sound field is much larger than the bub- P2
ble radius; for example, a 1-mm-radius bubble in water at 5 y; \
atmospheric pressure is resonant at approximately 3.2 kHz,2
whereas a 3.2-kHz plane wave has a wavelength of about 0.5
m. However, the insonifying volume of the combination fre-
guency measurements is determined solely by the intersectio
of the high-frequency projector and receiver transducers and
is therefore much smaller and can be readily calculated. A
further benefit of the technique is that the modulation process
translates only the relevant bubble-mediated information from =
the “noisy” frequency window around the resonance (due to Farmer and Vagle/,\\
the incident acoustic pump signal, bubble entrainment noise, 10° . - @ S \ ,
etc.) to a much quieter window around the imaging frequency, 10 10 10 10

thereby allowing an improved signal-to-noise ratio (SNR). Bubble radii (micrometers)

This paper describes measurements of the oceanic bulde1. Comparison of four historical measurements of the near-surface
population at the sea surface at high wind speeds (10-12 my)g}),ble population in deep water and at high wind speed. The data is taken
using this combination frequency technique. The number fé‘fnrglgggégfgg] unbroken), [6] [large dashes], [11] (grey unbroken), and [12]
bubbles at ten distinct radii ranging between 16 and 482 '
were estimated at a depth of 0.5 m. A similar setup was
earlier employed to measure the population in the surf zoH&ed in modeling the waveguide propagation characteristics
[7], but the calibration procedure is described here in detdil the bubble layer. The population estimates inferred from
as it is greatly improved from that employed in the earlidhe strength of the backscattered signal wave were iteratively
tests, and the procedure for analyzing the data is discuss@@tched to the Johnson and Cooke optical data at large bubble
The oceanic apparatus and the experiment are then descrilsé€- The estimated population is also shown in Fig. 1, taken
and the results of the tests presented. These are compaetO-cm depth and in 12-14 m/s wind speed from the Fasinex
with historical measurements and differences in the bubbf€ation, and shows the population to rise up to a maximum

per m
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per micrometer ra
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The third notable historical measurement was performed
[I. HisTORICAL OCEANIC BUBBLE MEASUREMENTS by Breitz and Medwin [11], who used a flat plate resonator

There are four notable measurements of the ocean popljfb_c_harag:terize the local oceapic population. This. technique
tion recorded near the surface.5 m) in deep water (using an@9ain relies on the (assumed) linear bubble behavior to affect
oceanographic definition, described later) in high wind speel¢ attenuation of modes set up between the two resonator
(11-15 m/s), and these will be used later for comparison wiihetes, which can be used to infer population numbers for
the data collected using this combination frequency techniqi@!bbles resonant at those modal frequencies. The technique
Other notable measurements of bubble populations have bé&R Yield absolute measures of the bubble population, and
made in more shallow water (for example, the sound spe@tﬂfir measurements are shown in Fig. 1 with the other three
and attenuation inversions employed by Melviieal. [8] at  historical estimates. This data was collected at 25 cm below
6.5-m depth inshore of the surf line), but these are therefdfte sea surface in 120-m water depth in a 12-m/s wind
not directly comparable with the measurements presented h&igeed. Their data shows a monotonically increasing bubble

The earliest oceanic bubble population measurements wegpulation between 250 and 3@n, but with a higher number
performed by Johnson and Cooke [9] who employed a sef larger bubbles than the other two estimates and a slightly
phisticated optical measurement technique in 20-30-m-degggluced number of smaller bubbles than those estimated by
water. Their data for 0.7-m depth and 11-13-m/s wind speE@rmer and Vagle [5].
is shown in Fig. 1, where it is compared with other historical A fourth measurement of the oceanic population is presented
measurements which are described below. Their data shaaggin by Farmer and Vagle [12], who themselves employed an
a steady increase in the population betwee?00- and 60- acoustic resonator, but with a larger radius span than the earlier
pm radii, which then flattens out until approximately atn. Breitz and Medwin experiment. Their data was taken at a lower
However, other workers have commented that the photdepth of 1.3 m, although in wind speeds comparable with the
graphic observations lack the necessary resolution to obseptleer data shown (10 m/s). Typical results are shown in Fig. 1
these smaller bubbles, and that the measured population méljr the other historical measurements. The data shows good
underestimate the actual population [10]. agreement with the earlier workers for bubbles larger than 40

These optical measurements were followed by an acoustim, and then dips off to fall between the Breitz and Medwin
technigue of Farmer and Vagle [5] which used four upwardigata and that of Johnson and Cooke for smaller bubbles. This
facing sonar transducers and monitored the linear backscattery be due to the greater depth at which the recent Farmer
at the four frequencies 28, 50, 88, and 200 kHz. The data warsd Vagle population was measured, or a limitation of their
used to infer an ambient bubble population which was theneasurement technique. The workers calibrate their data by
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using their measured population to calculate the sound-speadne insonification conditions as those used in the experiments
anomaly due to the presence of the bubbles, and compare tise modeled to estimate the expected sound pressure levels
directly with measured sound-speed data. The agreementtisthe different returned signal frequencies. A comparison
excellent for larger bubbles, but at the smallest bubble siZestween the measured and modeled signal heights allows a
there is a divergence between the measured value and prediataasfer function relating the measured voltage levels to the
estimate. actual number of bubbles to be estimated. The modeled signal
Combination frequency measurements have been employeights for the ten frequencies used in the sea trials were
by earlier workers sizing bubbles in the laboratory usingnen estimated (using parameters relevant to sea water). These
increasingly more sophisticated signal processing techniquesre then used, along with the estimated transfer function and
[13]-[15] and once on an oceanic population [16]. Howevemeasurements of the frequency response of the components in
the latter tests were concerned only with bubbles resonané returned signal line, to obtain bubble population estimates
between 2.5 and 6 kHz, whereas to fully characterize th&m measured two-frequency backscattered signal levels.
ambient population it is necessary to investigate bubbles upEarlier workers who analytically derived expressions for
to approximately 200 kHz [12], [17]. The workers used ¢he height of the sum-and-difference terms [13], [18] used
chirped signal as their pump source and an imaging frequengshplified forms of the Rayleigh—Plesset equation to obtain
of 450 kHz. In addition, no distinction was made in their tesigxpressions for the pressure amplitudes at the various fre-
between bubble-mediated signal coupling and that causeddiency locations. However, they took account only of viscous
turbulence and direct reflection of the imaging signal off th@amping of the bubble motion, which for the bubbles in
moving pump transducer face plate. As will be shown, thguestion is an order of magnitude smaller than damping
contribution to the sum-and-difference signal from this direqt]rough thermal and radiation losses [19] (although it should
coupling is significant, and care must be taken to distinguiglg noted that Newhouse and Shankar [13] made the damping
and remove this effect from the bubble count. Additionallyzn unknown variable which they optimized to give best fit
the large off-resonant nature of the+w, signal was ignored petween their measured data and the bubble counts they
by Koller et al. [16]. It is important to include this since theexpected). The algorithm for interpreting acoustic data in terms
volumetric pulsation resonance of a bubble has asignifi@antof bubble counts used in this paper uses a more appropriate
value. Also, Kolleret al. did not compensate for the variableygdel of the bubble pulsation characteristics based on the

frequency response of the pump transducer, a necessary gigRulations derived by Herring [20] and Keller [21]. It can
if the amplitude of the sum-and-difference signal componerdg \vritten as

is to be related to bubble numbers. P 3 P
Since then, the combination frequency technique has bebém - _‘> RR+ “R? <1 - _'>
successfully employed to measure the population in the s € 2 3¢

50, 60, and 88 kHz, using a more robust estimation and cal- 1+ ?

zone at a depth of 1.5 m at four distinct pump frequencies—28, 2\1 R
= (1 BV - po-p s+ )]
ibration technique [7]. The results indicate a local population

more than two orders of magnitude higher than any of the R dpp(t) B
deep-water measurements, as a result of the differences in pc dt
wavebreaking activity in the shallow water. In addition to the symbols defined earligk, is the instanta-

neous bubble radius, with its two derivatives with respect to

time indicated with dots above the characteis the speed of

sound in the fluid, ang(¢) is the driving acoustic pressure. The

A. Bubble Response to Two-Frequency Insonification remaining ternp(t) is a measure of the pressure immediately
It is preferable for a generalized bubble sizer to be abfritside the bubble wall and represents the forcing term on the

to obtain an absolute measure of the population, rather thiguid due to the bubble which the acoustic pressure has to

relying on existing data as a starting point for an interpolatigpvercome. It is given by

procedure. The procedure for translating the measured spectral 3k :

. . 20 Ry 20 4uR

levels into an absolute bubble count are outlined below and p(t) = <p0 + —) <—> - - —. (3)

involves employing a suitable model for the bubble pulsation Ro R

response to two-frequency insonification. Although it is possible to solve (2) and (3) numerically for
The calibration procedure is as follows. A stream of singl@ach specific bubble insonification case, a small approximation

size rising bubbles was insonified in the laboratory usirgjlows an analytical solution. This is achieved by considering

the same apparatus as would be later employed in the @ pulsations to be small amplitude [22]. The variaBlean

trials. Using an identical experimental setup for both sets tfereby be rewritten in terms of a small radial perturbation

tests enables several parameters in the pulsation modehagiable z as

to be poorly defined without any loss of accuracy in the .

eventuzl calyculations, such as th></e amplitude of they imaging R=Fo(1 + ), with z < 1. ()

signal and the distance between the receiver transducer &lsihg this substitution, it is possible to rewrite (2) and (3),

the transducer focus. Having obtained measured voltage lewelere all terms beyond those ir? are neglected, as (5),

for the various spectral components of the returned signal, tsteown at the bottom of the next page. The subsequent analysis

I1l. CALIBRATION TECHNIQUES
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Fig. 2. Schematic of the apparatus used in both the laboratory and oceanic measurements.

involves first writing a solution to the displacement variable tified and compensated for, the laboratory tests deployed the
in terms of a sum of radial excursions at the six frequencies, @sparatus exactly as it would later be used in the oceanic tests,
2= Ao+ Ayeiont 4 Ayed®it 4 AgeiZort 4 A,ei%0t although without thg _equipment canister (described later),
P o)t L 3 et but at the same ar.1t|C|pated transducer depth of 50 cm. The
+Ase 7 Age ! hardware is described elsewhere [7], although as the de-
where A;, A,, etc., are the complex amplitudes of the radi@loyment, control, and calibration details differ slightly, they
excursions at each frequency. This solution can then W@l be discussed below. The frequency response of the
substituted into the modified small amplitude Herring—Kellgpump transducer was previously calibrated over the frequency
equation (5). Retaining only cross termsdR, A%, andA; A,, range employed in all the tests allowing constant and known
an expression for the signal heights at the various differéfgonification conditions to be employed.
frequencies can be equated. This analytical solution is readilyThe sensing volume was calculated by modeling the beam
obtained, but it cannot be simplified to obtain a transparepatterns of the two high-frequency transducers by performing a
expression in the same manner in which earlier workeRayleigh integral over their surfaces. When these patterns were
reduced their formulations based on the Rayleigh—Pless&erlapped in the same layout as the transducer arrangement,
model [13] and is therefore not presented here. they allowed the insonification volume to be estimated. This
Because this refined analysis allows for a finite speed gave a volume, defined by where the sensitivity fell off to
sound in the medium, rather than assuming the surroundi®gdB of its maximum value, of 1.0 cin(the error in this
liquid to be incompressible [13], it explicitly allows forestimate will be discussed in Section VI). The result of such
energy losses through acoustic radiation into the medium.procedure for the employed transducer geometry is shown
By incorporating a polytropic relationship which relates tha Fig. 3, where the distance between both the high-frequency
pressure of the gas inside the bubble to the radius, ratiemsducers and the focus is 16 cm and both transducers are
than the earlier assumed adiabatic relationship [13], the thangled at 45 to the vertically rising bubble flow.
mal damping losses are also considered. The value &f The historical manner for presenting the bubble population
calculated theoretically using the expressions of Eller [19]. information is as the number of bubbles at a particular bubble
radius per cubic meter of water per micrometer radius range.
o Thus, it is important to be able to determine the radius range
B. Laboratory Calibration over which the sum-and-difference signals persist, so this can
The equipment schematic is shown in Fig. 2 for the oceartie compensated for in the analysis. This was again achieved
tests. To ensure that any potential signal corruption was idehrough the Herring—Keller simulations, where the radial width

Rox . 3 5. Roz

= <1+?)%|:<p0+%0—0> <1_3ﬂx+w> —%(1—35—#352)—4uab(1—x)—po—p(t)}

N Ro(lpc—i- x) {x Kpo n %) (=3 + 3k(3k + D)) — %";(_1 + 23;)} + dp (i + 37 — aj)} (5)
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Fig. 3. Mesh plot of the sensitivity function within the high-frequency

IV. RESULTS OF LABORATORY TESTS

A steady stream of similar size bubbles was used in the
laboratory tests, generated by passing compressed air throughg
a hypodermic needle which had been constricted at the tip (the ¥
large pressure drop at the tip ensured that the bubbles would
all be the same size [23]). Fig. 4(a) shows a typical returned %3500 4000 4200 4400 4600 4800 5000 5200 5400 5600 5800
signal from the insonification of the laboratory bubble stream Pump frequency (Hz)
for a pump frequency of 4.8 kHz and at 200 Pa amplitude. This (b)
p_ressure_amplitude is smal_ler than that u_sed in_ the _Ia_lter_ 4. (a) Typical spectrum from laboratory measurements, i = 4.5
trials, as it was found that this was the maximum insonificatiaz. The data was insonified at a pump signal amplitude of 200 Pa, and the
level before surface waves were excited on the bubble waealbsses indicate the heights of the signals after the energy summation at each of

[24] These surface waves caused the rising bubbles to follo apeaks. (b) H_eights of the su‘m-anld-difference signals (unbroken and large
’ ashes, respectively) and imaging signal (small dashes) when the stream of

helical, rather than a vertical, path through the high-frequengybbles resonant at 4.8 kHz are insonified between 3.8 and 5.8 kHz in discrete
transducer focus. Clearly visible are the+ w, andw,; —w, 25-Hz steps, and at an amplitude of 200 Pa.

signals separated by approximately 600 Hz: this separation ap-
pears because the scattered signals are subjected to a Dogpterd(b) shows the three signal heights over the entire range
shift due to the bubble movement. To facilitate the informatioof pump signals. It is apparent that the bubbles in the stream
transfer and storage, the high-frequency signal scattered frane resonant at 4.8 kHz, with a returned signal height of 0.060
the bubble is analog-demodulated using the original imaginyat the location of thev; 4+ w,, signal and 0.058 V at the
signal (described elsewhere [7]), and the two peaks are shifted— w,, signal. The imaging signal remains constant over the
accordingly. The demodulated and Doppler-shifted imagirsgries of measurements, at a height of 4.15 V. This gives a
signal is also evident at 300 Hz. ratio of the imaging signal to the; + w, signal of 36.8 dB

Fig. 4(b) records the “height” of the imaging and the sunand of 37.1 dB to thes; — w, signal, which can be used to
and-difference peaks, as the laboratory bubble stream wadidate the performance of the model later on.
insonified with a pump signal of amplitude 200 Pa between The second stage of the calibration involved modeling the
3800 and 5800 Hz in 25-Hz steps. This was the frequenbybble-mediated sound pressure at the receiver transducer
interval within which the bubble resonance is known to liedue to the two insonifying sound field signals. The same
These signal “heights” were found through obtaining thieubble size and insonification conditions as employed in the
power spectral densities of the returned signals and thieboratory experiments were used, for a range of bubble sizes
summing the energy contained in each peak. These were tfram 600 to 800.m insonified by a 200 Pa amplitude sine
converted back to voltage measurements, as it was foumdve of frequency 4800 Hz. The results from estimating the
that this gave the most accurate and constant signal heigbtghts of the twav; +w, signals and the; signal are shown
estimates. In summary, therefore, the crosses shown aboveith&ig. 5.
three peaks in Fig. 4(a) indicate this equivalent signal voltagelt is clear from the figure that the strength of the+ w,
for a single setting of the pump frequency, whilst the data end thew; —w,, signals reach a maximum of 2.13 and 2.05 Pa,

transducer sampling volume. b

/
i i g 10° ; signal

of each sum-and-difference peak was taken as the radius spanz i 818

before the signal height dropped by 3 dB. g
<—: 107tk ;- psignal
)
;
153
8

t
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103 ' ' ' , . ' , ‘ ‘ V. OcEANIC DATA COLLECTION AND RESULTS

The equipment schematic for the oceanic trials is shown
11 SRR LR LR RE, earlier. The canister comprised a 1000-mm-long55-mm-
diameter watertight aluminium alloy cylinder, which was
. w; signal painted to minimize corrosion and clamped to a rigid scaf-
3 ] fold buoy, as shown in Fig. 6. The canister contained the
high-frequency projector signal power amplifier, the crystal
oscillator, high-frequency receiver preamplifier, demodulator
equipment, and the first of the differential amplifier pairs.
The latter was included to ensure that there was no signal
corruption in the passage of the returned signal along the
B 200-m umbilical connecting the canister to the ship-based
600 620 640 660 680 700 720 740 760 780 500 equipment. Additionally, a temperature sensor was added to
Bubble radius (micrometers) monitor the effects that the enclosed space had on the potential
Fig. 5. Analytically derived amplitudes of the sum-and-difference signaRf the equipment to overheat.
(unbroken and large dashes, respectively) and imaging signal (small dashesThe design of the buoy ensured that the apparatus remained
g;,agvgfgn:gé?gssf:ngdef'gé%f;gﬁ“emy 4.8 kHz and an amplitude of 2005516 i the water and that the focus of the transducers was at
50 cm below the surface and as remote as possible from the
cylinder. This was to minimize the effect that wave-breaking
events around the buoy had on the measured population. The
Koy was deployed from the back of a ship and allowed to

O+ signal

;- oopsignal/

Strength of scattered signal (Pa)

respectively, at a bubble radius of 686, with a height of the
z;zr;]\ttaelrseod t;rgigsltrilr?];gga{a? ;;ng :.ﬁl ST EanfeBrm\?vtig:ggzrzz%”ﬂ approximately 30 m behind the vessel. The wave events

with the measurements of the scattered signal from the 48&59und the apparatus were continuously videotaped to allow

Hz bubble stream. Comparison of the heights of the tvx%'e measured bubble population (which was recorded as a

imaging signal strengths, and consideration of the frequen%]apShOt every 8 s) to be correlated with the surface wave

responses of the preamplifier and demodulator, allow t tivity above the sensors. The variation in wind speed and

sensitivity of the high-frequency transducer to be estimaté¢fter depth were noted throughout. Additionally, a dictaphone
at 8.8,:V/Pa. An additional correction to the eventual oceani€cord of the measurements and a slide film was taken,
measurements will arise due to the nonmonopole scatterf@@@in With the time of each shot noted for later population
characteristics of the imaging beam from the comparativefgTParisons. A frame from the video footage of the apparatus
large members of the laboratory bubble stream, and this will th€ séa is shown in Fig. 7, relating to trial number 6,

be discussed later in Section VI. “snapshot” 4. _

As a method of testing the validity of the model, the The tests were performed on 27 Ju-ne 1997 in water -that
difference in the strengths of the imaging signal and the tfgnged in depth from 17 to 22 m and in (unseasonally high)
sum-and-difference peaks were also calculated. The ratio'§f'd speeds between 10-12 m/s, gusting at up to 16 mis.
the imaging signal to the sum-and-difference terms is 3517 equipment was deployed off the Southampton coast at
and 36.0 dB, respectively, in the theoretical predictions, whi@f" 46.153’N, 1°80.911’W. The pump signal contained
results in a 1.1-dB discrepancy in both cases when compaf@ frequencies at 17, 28, 50, 60, 88, 110, 145, 165, 180,
to the experimentally measured difference shown in Fig. 4(®nd 200 kHz (corresponding to resonant bubble radii of 192,
This is equivalent to a 14% error in the estimates of thk>7, 64, 53, 36, 29, 22, 20, 18, and 1n), which were
sum-and-difference signal pressure. If the damping was takggncatenated into one signal with suitable markers to speed
to arise through viscous losses alone, and the thermal aftithe data collection and storage. The storage oscilloscope
radiation effects were to be ignored (see Section II-A), tH&as triggered by these markers to allow the separate signals
ratio of the imaging signal height to that of either combinatiof® be identified in the returned waveform. The backscattered
frequency signal would be less than 1 dB, which is equivalep@und at each separate frequency was sampled at 500 kHz
to a discrepancy of~35 dB. The off-resonance behaviofor 50000 points, which resulted in a 1-s sample window of
of the model can itself be validated through a compariséhe bubble population over the ten output signals. The bubble
of the two @ factors of the theoretical and experimentapopulation was insonified at 1000-Pa pump signal output.
data. If, as a first approximation, the resonance frequentfis is a suitably low amplitude to ensure that the small
is considered to be inversely proportional to the bubbleferturbation approximations inherent in the analytical model
equilibrium radius (as is the case when using Minnaertare valid (this will be discussed in the next section) and that
results to relate the two parameters [25]), thdactor of the the insonifying sound field does not affect the local population
theoretical signal heights can be estimated from the raditisough rectified diffusion [17]).
spread of the sum-and-difference signals divided into theirA typical returned signal from the tests is shown in Fig. 8,
resonant radius value. This gives(afactor of 18.2, which for a 110-kHz pump signal frequency. To facilitate the data
compares very closely with the value of 17.8 measured fropnocessing, the returned data was digitally narrow-band fil-
the experimental data. tered and decimated. The frequency component of the signal
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Fig. 7. Frame from video record of tests, showing the sea state around the measurement buoy. The frame is from trial 6, snapshot 4.

containing the most energy (the unshifted main peak dii&e criteria for deciding whether a signal is bubble-mediated
to direct scattering of the imaging signal from the movingre that there must be simultaneous peaks in the spectrum at
pump transducer itself) was then removed to improve thiee same frequency distance on either side of the direct coupled
SNR. Thus the frequency axis shows a scale centered arosighal, and the signal energy of the two peaks must be within a
1000 Hz regardless of the value of the pump frequendiactor of two. This analytical procedure will inevitably include
However, the absolute frequency separation of signals arowame nonbubble information into the final count (which will be
this direct coupled sum-and-difference peak frequency are stilscussed in the next section), but will also ensure that bubbles
maintained. Clearly visible are the twg + w,, signals which which pass through the transducer focus for a short period of
have undergone a Doppler shift when being scattered fraime (as most will compared with the 0.1-s sample window at
a moving bubble, and are located 500 Hz either side of tleach frequency) will also contribute to the total bubble count.
direct coupled signal at 1 kHz. In total, six trials were performed on a single voyage, each
The analysis of the measured signal strength involvedmprising ten consecutive runs of the ten-frequency signal.
summing the energy over each of the peaks and converting thiee runs were 8 s apart, caused by the time required to
total signal energy estimate back to a voltage sum, as describ@sport all the data across to the PC via the GPIB interface.
earlier in keeping with the laboratory calibration tests. Th€hese results were then analyzed to get the total bubble-
energy summation was performed automatically, with oftenediated voltage signal at both the + w, and w; — w,
more than one bubble contributing to the tatat:-w, energy. frequency locations. These were corrected using the estimate
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Fig. 8. Typical results from the oceanic measurements, showing the de-
modulated, filtered, and heterodyned frequency content for an insonifying

110-kHz pump signal. The frequency axis shows a scale centered aro'ﬁgﬁ& Comparison of time-averaged data measured in deep water using the
1000 Hz regardless of the value of the pump frequency, although the absoli, anq-gifference technique (thick unbroken line), with historical estimates

frequency separation of signals around this direct coupled sum-and-differepge. . trom [6], [9], [11], and [12]. The combination frequency technique is

peak frequency are still maintained. taken from trial number 6. The sources of the ascribed error margins shown
for the data are detailed later.

for the sensitivity of the receiver transducer and the measured
frequency responses of the preamplifier, demodulator, and 10’
differential amplifiers to get a measured bubble sound presstire, =
. . 6| SN
level. This was converted into the number of bubbles p%@ 10 _ ////{/////}‘\\;fé’;/ég;:
micrometer radius range by dividing the estimates throud 2 - ,//;///,f///é/ ~

| O
g5 107 /{/////.“//////7{///’//3:\?\\\

1

d

=
by the theoretical 3-dB spreads of the + w, andw; —w, = & //“-_ =W
signals (this has been shown to yield anpaccurate eé)timé@ 104 /%W%
for the off-resonant bubble contribution [6]), and scaled tg & %,{/}}{‘/QZ/////////////EZ;;
give the number per unit volume by dividing by the estimated § 10> """"'*‘_/4/////\“=_€{///‘-/}/?

insonification volume. The average bubble density was théhg ,
calculated by averaging over the ten time samples which mades, 10

uf®b

up the trial, and by averaging the estimates derived from i \\ o 60
the sum-and-difference data. At smaller radii, the theoretical 10 20 50 160 e 20 ©)
heights of thew; + w, andw; — w,, signals begin to diverge, Bubble radii (micrometers) 200 oS Y

probably due to the truncation of the expanded Herring—Keller

series at terms im2. This tends to overestimate the numbelfig. 10. Mesh plot showing the variation in bubble population over the
) course of the same trial as the time-averaged data shown in Fig. 9. The

of bubbles using thes; — w,, signal and underestimate thesnapshots were collected approximately 8 s apart, and three historical measure-
population using just the; + w, signal, and thus an averagements of the population ([6], [9] and [11]) are shown at time O for comparison.
was used as a better indicator of the actual population. THEna! components which retum a zero count in the sample volume at a
. . . . . particular frequency display as white.
estimated average population for the sixth trial, which is
typical of the returned data, is shown in Fig. 9, compared with
the historical measurements [5], [9], [11], [12]. As the collected data consists of effective snapshots of the
It is apparent that the size spectrum estimated using thdsal bubble population, the time variation of the population
two-frequency technique yields a similar form to the earligran be investigated. Fig. 10 shows a mesh plot of the evolution
measurements, but differs slightly in several important ref the population over the series of individual snapshots which
spects. For bubbles larger than g radius, the combination made up the same trial shown averaged in Fig. 9. The mesh
frequency tests show a considerable increase in populatjgnt also shows three of the earlier historical measurements
over any of the historical studies. This may be a result of way®], [9], [11] at time O for comparison. It is evident at 24
action against the buoy generating larger bubbles. Betweethat a wave break event has just occurred and there is an
30- and 80xm radii, the data follow the Breitz and Medwinincrease in the bubble population over the entire radius range.
estimates very closely down to the size resolution limit ok similar, but smaller event, is shown after 56 s. In between,
their data collection. For bubbles smaller than 3@, the the population falls off over the radius range, with a rise in
combination frequency population data carries on, rising totlae number of larger bubbles evident at 40 s. This evolving
peak of 3.410° bubbles per ri per micrometer radius rangepopulation can be matched up with breaking wave events
at 18um radius. This is similar to the first Farmer and Vaglaround the apparatus monitored on the video footage, but
data set [5], which showed a peak at a;2@-radius of x10° analysis of the simultaneous acoustic and video information
bubbles per rh per micrometer radius range. has not indicated clear trends. This is probably due to the
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50-cm depth of the focus of the transducers. This woufdagmentation at removing it from the population. However,
give a time lag between the wave breaking and the acousticery fragmentation produces a number of smaller bubbles
measurements, which are strongly influenced by the turbuldrdm one fragmenting bubble; this tendency to break up
nature and persistence of bubbles in the subsurface sea laglecreases with decreasing size, and the smaller the bubble the
stronger the Laplace forces drive it into dissolution (though
VI. DISCUSSION stabilizing mechanisms may also have a role [4]). Logically,
The comparison of the collected data with historical deeégerefore, a maximum shouild exist in the old-age bubble-size

TP istribution.
water measurements needs to be justified in oceanographi he possible sources of error in our estimates of the

terms, as clearly water depths of approximately 20 m, as U388al bubble population can now be considered. These may

Icna;h(ta)ze;QZEintggdu;?nget:]ZugigljnerZ?:r?tzquZ%ilggs[gg]ly.va? Jise through systematic errors in the calibration technique,
relates the angular frequency of the dominant wa(westh’eir easurement errors, or errors in the _actu_a[ analysis oflthe data.
wavenumber(k), and the depth of the watét) through To f!rst examine errors in thg calibration, it is WO!’th noting the
' choice of bubble size used in the laboratory calibration of the
o = gk tanh(kd). (7) apparatus. To scatter incident sound as a monopole source, the

bubble must satisfy the following criterion:
For the wave-breaking events to be classified as occurring

in deep water, the presence of the sea bed must have no koRo < 1 9)
appreciable effect on the events on the surface, and the product
kd can be assumed to be greater than unity. Thus, (7) reduggsyre 1.

. . 1S the wavenumber of the incident acoustic sound
0

field. However, the scattering of the imaging sound field from
kd > 1. (8) the 689xm bubbles used in the calibration tests hak, &,
value of 2.9, which means that the scattering is not uniformly

Examination of the video footage taken at the time of thdistributed with angle. The theoretical polar scattering at such
tests shows a dominant wave period of approximately 3a5k,Ry value was modeled using the analysis of Nishi [27],
s. Using the deep-water approximation, (8) yields a valwehich showed that the amount of acoustic energy incident on
for the wavenumber: of 0.33 nT!; the general dispersionthe receiver transducer angled at®9® the imaging signal
relationship (7), solved numerically, also gives a value fdalirection was 2.9 dB lower than it would be if the bubble
k of 0.33 nT!. These give a value fokd of 6.5. This radiated as a monopole. If no correction were made, this would
calculation suggests that the presence of the sea bed hadrawslate to a 40% overestimate in the measured numbers
appreciable effect on the surface wave period and that thebubbles. As this error is systematic (and would therefore
data collected can be most closely compared with the foextend across the entire range of bubbles measured), it was
deep-water historical measurements detailed earlier. incorporated into the conversion of signal level to number of

The peak in the population at 18n is evident on each of bubbles. For the actual bubbles measured in the sea trials, the
the six trials performed. The existence of a peak in a givdargest are those resonant at 17 kHz: these have radii of 192
oceanic bubble population is a contentious point: the magsin and therefore &, Ry value of 0.8 when considered with
recent historical population measurement using the flat platee imaging sound field. Using the same analysis, this would
acoustic resonator technique [12] does not show this peakyuate to only a 0.5-dB drop in the measured scattered energy
only a flattening of the number of bubbles per micromet@ver that of a monopole source, which would give a very slight
radius range as the radius is decreased to its minimum valuaiofierestimate of the actual population at the largest size of 6%.
~16 um. However, from a consideration of the mechanisms To further investigate systematic calibration errors, it is nec-
of bubble fragmentation, a peak in the spectrum should besary to evaluate how accurately the chosen pulsation model
expected. The ambient population of small bubbles whidiehaves. It has been demonstrated (Section 1V) that our choice
persist over many hundreds of seconds (the so-called “olaf-model correctly incorporates the damping mechanisms for
age” population) arises though the fragmentation of largar4.8-kHz resonant bubble, such that the relative heights of
bubbles which are caught in oceanic shear currents and the two sum-and-difference signals are accurate~fio dB
high amplitude (and therefore unstable) oscillations whickihen compared with the scattering of the imaging signal. The
follow entrainment. However, as a bubble becomes smallactual error of 1.1 dB again equates to an overestimation of
the effect of the surface tension around the wall becom#se population, of around 14%. For the small bubble sizes,
more and more important in determining its stability. For the primary source of damping arises through thermal losses,
1-mm bubble, these Laplace surface tension forces accouich is the least well defined of the three mechanisms. The
for around 0.1% of the internal pressure of a nonpulsatirdpoice of incorporating this mechanism into the pulsation
bubble at atmospheric pressure, but these rise-8% for model by using a polytropic index to represent the compression
a 164:m bubble. The weaker the surface tension effects, tbé the gas inside the bubble is a nonexact description of
greater the ease by which a bubble can deform its shape frtma actual process [28]. However, this will not contribute a
spherical, and therefore also the probability by which a shapignificant error into the pulsation model [7] compared to the
oscillation can lead on to bubble fragmentation. Thereforether errors, at the small perturbation amplitudes experienced
the larger the bubble, the more potent are buoyancy abyg the bubbles (as quantified below).

o? = gk,
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The divergence of the two theoretically derived sum-andertainly very small. The attenuation of the 1-MHz beams due
difference estimates at small bubble size is probably an artefaxthe presence of the total bubble cloud can be estimated at
of the approximations made in order to solve the pulsati@dhl9 dB/m, which represents a change in the imaging pressure
model analytically. The first of these approximations, thamplitude over the 32-cm signal path length of under 1%. This
the bubble pulsations are sufficiently low amplitude to bis indeed marginally lower than the attenuation in bubble-free
represented in terms of a radial excursion varighlg is the water of 0.22 dB/m at 20C [31], a value which is the same for
more valid. This is evident due to both the amplitude of thigoth seawater and freshwater and is therefore already included
driving sound field and the fact that the divergence in the twior in the calibration.
signals occurs for the smaller bubbles rather than the largerThe protocol for the analysis of the data, where a peak is
where the relative amplitude of the pulsations would be higheounted as a bubble signal when there is a simultaneous peak
This approximation was evaluated explicitly using a numerical the w; 4w, andw; — w,, signals and their relative energies
solution to the Herring—Keller equation, which is describedre approximately the same, would overpredictribenberof
elsewhere [29]. This yielded radius/time plots of the bubbleubbles measured. However, as the sum-and-difference data
pulsations when driven at 1 kPa, and both the largest bubbteken from a genuine bubble can be orders of magnitude higher
(of equilibrium radius 192:m) and smallest (of 1&m) were than these peaks due to the noise, the averaged total energy

examined when driven at their resonance frequencies of Wil
and 200 kHz, respectively. It was found that the maximum
departure of the bubble radius from its equilibrium value was
14% for the larger bubble, and only 10% for the smaller, which
are both sufficiently small for the <« 1 condition to still be

not be affected to any great degree.

VIl. CONCLUSIONS

The text details the application of a combination frequency

valid. The divergence in the two sum-and-difference signals;ing technique to oceanic bubble measurements. These are

is due in large part to the truncation of the termssatin the

.compared with existing historical measurements of bubbles

expanded Herring—Keller formulation. However, the error ifhen near the surface in oceanographically deep water and
the population estimate is minimized through averaging thg high wind speeds. The results show a similar form to

two results derived from considering the + w, andw; —
signals separately.

Wp

the earlier measurements but demonstrate a maximum in the
bubble population at 1gm radius. This compares with one

The estimate of the insonification volume does not suffgfistorical measurement by Farmer and Vagle [5] which itself

from the drawbacks inherent in earlier tests [7], where thg,

ows a maximum at 2@m, although these combination

high—frequency trgnsducers were necessarily plage.d _such W@ﬁuency estimates give a bubble count at &8 which is
their focus was in the near field of each to minimize thgyy 4 third of the count at 20m found by the earlier workers.

insonification volume in the high population environment. The
current layout is such that the volume estimate error is thought
to be within 20% of the actual insonification volume.
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total dynamics). This formulation suggests that at the low
void fractions measured here-1.6x107%) the effects of
multiple bubble interaction are negligible when compared with
other sources of error. However, his analysis considers not julf
the total void fraction but the effect of peaks in the bubbl 2]
population size distribution. For the data presented here, the
peak in the population at 18m contains 3.410° bubbles [l
per micrometer radius perinThis equates to a measurement
of 160x10* bubbles per i when the adjustment for the 3- [4]
dB span of 0.46:m is removed, equivalent to an interbubble !
spacing of 19 mm. This is over 1000 times larger than the
bubbles’ equilibrium radii, and therefore sufficiently large tol6]
ensure that mutual excitation effects are negligible.

A potential further source of error may arise through at-
tenuation of the high-frequency beams due to the bubble
population. This can be examined using the formulation of
Commander and Prosperetti [22]. Although this is only accu-
rate for estimating the attenuation of signals whose frequencié¥
are far removed from the resonances of the members of the
population, the number of bubbles resonant at 1 MHz is almost
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