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There are great benefits to sizing bubbles using a two frequency technique, which examines the
appearance of sum-and-difference signals generated by the interaction between a resonant bubble
pulsation and a much higher frequency imaging beam. This paper presents the results from using the
technique to size bubbles in the ocean surf zone, and details the pulsation model used to calibrate
the returned data such that the height of the bubble scattered signal can be related to the number of
resonant bubbles of that size. It also shows how ambiguities and inaccuftaraght on through
turbulence and the substantial off-resonance nature of the sighih affected earlier oceanic tests

using the same method can be identified in the returned signal or removed from the estimate during
the data processing. @997 Acoustical Society of Amerid&0001-496@07)00604-§

PACS numbers: 43.30.Pc, 43.30.Lz, 43.25.}dMM]

INTRODUCTION amplitude(typically taken to be an indicator of resonajce
) L the bubble motion becomes increasingly asymmetric: As an
There are many practical applications where a knowlp, ;o5 example, a bubble can theoretically expand without
edge of the Size "iQd distribution of a bubble_ populatlon“mit but only contract to zero radius. This results in integer
would be of benefit;® and the strong backscattering proper- related harmonics of the driving signal frequency af, 2
ties due to the impedance mismatch at the bubble surfacgwp’ etc. It has been demonstrafetipwever, that exploita-

makes acoustic measurements particularly amenable to tti!%n of these particular nonlinear effects suffers in that the
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task. When excited by sound, bubbles pulsate vollume.tncqllgi nals are difficult to distinguish from other harmonic dis-
asa smgle degree of freedom syste.m, where the inertia arIS'?ogcr]tion in the measuring equipment, and also fail to address
from f'lwd'arc')und the bubble, the stiffness throggh gas comy, problem of poor spatial resolution. Other noninteger har-
pression inside the bubble, and the damping is brought on. Jhics of the sound field typically a subharmonicasf2
through viscous losses at the wall, thermal dissipation into : ' \Culy
the fluid, and acoustic radiation. These volumetric pulsationé"md ultraharmonics atag/2, Sw,/2, etc., are also st|mulat<_ed
have a well-defined acoustic resonance frequency, givén b)pee.lr resonance. These have been shown to be unambiguous
indicators of a resonant bubble and provide greater accuracy
1 20 4u’ in determining its resonance frequency owing to the much
Wo™~ \/3K B T p2 () reduced off-resonance signal contributfortowever, these
Ro\/; RO pRO . . . . .
signals are impractical for a generalized bubble sizer when
where w, is the resonant frequency in rad, is the equi-  stimulated at resonance as they are parametric in nature, and
librium bubble radiusp is the density of the surrounding arise from surface effects which do not propagate into the
fluid (assumed to be incompressihl& is the polytropic in-  medium. Specifically, the subharmonic a#,/2 arises
dex of the gas compressiopg is the hydrostatic pressure at through Faraday waves set up on the bubble surfadeich
the bubble wall,o is the surface tension of the gaS/'lqwd do not bring about a volumetric Change in the bubble and
interface, andu is the shear viscosity coefficient of the lig- therefore do not emit as monopoles.
uid. Many of these limitations have been overcome through
It is possible to measure the resonance frequencies of gse of a two frequency technique, where a bubble population
bubble population through observing the strength of a backis simultaneously insonified with a high-frequency fixed sig-
scattered acoustic sigmakvhich is assumed to be a maxi- nal w; (the “imaging” signa) as well as the lower frequency
mum when the driving signal frequency, here called thegjgng| w,, intended to drive the population at their resonant
“pump” frequency wy, is coincident with a bubble reso- frequencied When this low-frequency sound field is coinci-
hance. However, such estirpates have poor spatial resolutioaem with a bubble resonance and the wall pulsations are
since at resonance the radii of bubbles are orders _of maghiarge, the high-frequency sound scattered from the bubble is
tude smaller than the wavelength of the sound field, andmpjitude modulated at this frequency, and this gives rise to
provide ambiguous results, in that a bubble much larger thag,,m-and-difference components in the returned signal at
resonance may scatter more sound than a smaller resongft. , . Therefore the technique allows the exploitation of
bubble. This ambiguity may by reduced by monitoring the ¢ pasic resonant behavior of a bubble, but without the po-
nonlinear behavior of a bubble, because at large pulsatiopynia| ambiguity caused when a large bubble is mistaken for
a small resonant bubble. Additionally, the use of combina-
dElectronic mail: ap@isvr.soton.ac.uk tion frequency measurements allows very specific spatial lo-
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calization, and the signal-to-noise ratio is greatly improved  There are three damping mechanisms which have been
as the process translates only bubble-mediated informatioidentified and theoretically considered, and they must all be
from the noisy frequency window around their resonance upncluded in any full consideration of the resonant properties
to the comparatively quieter frequency window around theof a pulsating bubble. These are losses through viscous ac-
imaging signal. tion at the bubble wall, thermal conduction between gas and
This particular method of sizing bubbles has been invesliquid, and energy dissipation through acoustic radiation. Of
tigated by earlier workers for laboratory populations employ-these, only viscous losses were included in the original
ing increasingly more sophisticated signal processingheory® the gas was considered to behave adiabatically and
technique$;° and once on an oceanic populatidnThe  no account was taken of the energy radiation into the fluid
oceanic data was taken using a chirped signal between 2lFought about through the passage of the sound through a
and 6 kHz, with an imaging frequency of 450 kHz, but in the compressible medium. However, over the range of bubble
tests no distinction was made between bubble-mediated cosizes which were examined in the earlier wBrknd are ex-
pling and that caused by turbulence, or compensation for thamined in this paper, viscous losses are orders of magnitude
significant off-resonance contribution which is characteristicsmaller than the other two damping mechanisms, and thus
of the w;*= w, signal, and the pump transducer frequencyusing the expression to calculate the expected amplitudes of
response. This paper describes the results of work undethe various signals at resonance will yield erroneous results.
taken to build a more robust and accurate bubble populatiott should be noted that Newhouse and Shahkaentified
estimator, and describes results collected in oceanic suthis potential for error, and in comparing measured results to
zone measurements, taken at four spot frequencies of 28, Stheir theory they left the total damping coefficiedtas a
60, and 88 kHz. The choice of three of these frequenciesariable which was then altered to provide a least squares fit
allows comparison of the returned data with earlier oceani¢o their data.
bubble population estimates taken exploiting the resonant For the theory applied in calibrating the oceanic sizer,
backscatter effect.The paper shows how turbulent effects the work of Newhouse and Shankar is extended to include
are differentiated from the bubble signals, and demonstratesxplicitly for these extra damping mechanisms. A corrected
how the off-resonant contribution to the + w, signal can  form of the Rayleigh—Plesset equation is used as a starting
find compensation in the calibration of the equipment. Asexpression, which includes an extra term which has been
individual tones were employed, the variable frequency reshown to give a reliable measure of the dissipative effects of
sponse of the source transducer could be removed, and coseund radiation through a compressible medirmddition-
stant and clearly defined bubble insonification conditionsally, the thermal conduction into the fluid is included in an
could be chosen. The paper first describes the theoreticalpproximate manner by assuming that the pulsations behave
model used in the estimation of the strength of the signapolytropically, with an index« calculated theoretically using
coupling, then proceeds to describe the calibration of thehe expressions of Ellér. The modified form of the
equipment. The experimental oceanic setup is discusse®ayleigh—Plesset differential equation is
with the results collected on site presented, analyzed, and
compared with historical data.

-3 ., R
pRR+ 5 pR*=pg() =po=P()+ - | 1= |
|. BUBBLE RESPONSE TO TWO FREQUENCY (2)
INSONIFICATION

There are a number of different bubble models currentiyVhereR is the instantaneous bubble radioss the speed of
available which can be used to calculate radius-time curve§0Und in the liquid, andP(t) is the acoustic driving term.
for pulsating bubbles, and which differ from each other in "€ remaining ternpg(t) is a measure of the pressure im-
complexity and in the range of insonification amplitudes andMediately outside the bubble wall, and represents the forcing
bubble size over which they are applicable. One of the bed€r™ on the liquid due to the bubble which the acoustic pres-
known and simplest of these models is the Rayleigh—Plessét® has to overcome. Itis given by
equation, which considers the volumetric pulsations of an
assumed spherical bubble existing in a infinite and incom-
pressible mediun¥? Although this model is nonlinear and pe(t)=
can only be solved numerically, there are certain simplifying
assumptions which can be made to allow an analytical solu- Following the earlier methodology, an approximate so-
tion. This was the subject of the analysis performed by Zabo- '

lotskaya and Soluyd# and Newhouse and Shaniawho lution to this expression is sought by considering a small

. . . radial perturbation, where the varialRecan be rewritten in
derived expressions for the pressure amplitudes at the varj-

ous fre . . : }erms of a displacement variabkeas

guency locations through consideration of a smal
volumetric or radial perturbation. However, their analyses
did not account fully for the various damping mechanisms ~ R=Ro(1+x) with x<1. 4
that affect the radial pulsations of a bubble, and which are of
considerable importance when estimating its resonant behaldsing this substitution, and neglecting all terms beyond
ior. those inx?, Eq. (2) can be rewritten as:

R) dps
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wherew; andw, are the two angular frequencies of the sinu-1l. EQUIPMENT AND APPARATUS

soidal_driving sound fie!ds ang,; and p, are their corre-  p Laboratory calibration

sponding pressure amplitudes. If the acoustic radiation terms

(shown grouped in curly bracketare removed by consider- The calibration of the apparatus was performed both to
ing the incompressible case of-x, this equation becomes test that the pulsation model described above presented cor-
Eq. (5) from Newhouse and Shankar's papefhe subse- rect predictions for the relative heights of the different fre-
quent analysis follows the method in their paper of writing aguencies in the returned signal, and to enable the absolute
solution to the displacement variablén terms of the sum of height of the signals in the oceanic tests to be related to the
radial excursions aib;, w,, 2w;, 20,, w;+w,, andw;—w,,  Signal strength associated with one resonant bubble. This
substituting this into the modified Rayleigh—Plesset equawas achieved by repeatedly insonifying a steady bubble
tion, and then equating the terms at the various differentream of known resonant frequency, and examining the
frequencies. The analytical solution is readily obtaifledt ~ form of the returned signal. The laboratory tests were per-
cannot be simplified to obtain a transparent expression of thormed in a 1.8-nx1.2-mx1.2-m-deep glass reinforced
form obtained by Newhouse and Shankamd is therefore Pplastic tank which is vibration isolated from the floor, and is
not presented hereand its use is described in the next sec-filled with tap water to 1-m depth. The equipment schematic
tion. It is the case, however, that the results for the radiatet shown in Fig. 1, and a detail of the transducer arrangement
pressures at the sum-and-difference frequency locations ai@indUdEd in Fig. 2. This is the same transducer head which
numerically equal to those obtained by augmenting thévas later used in the oceanic tests, and it will be demon-
damping term given in Newhouse and Shankar's@pwith strated that fixing the geometry in this way allows certain
the expression for the nondimensional radiated damping cd?@arameters in the pulsation model to be poorly defined with-
efficient presented by EII€P. If the more general off- outany loss of accuracy.

resonance form for the viscous damping is employed, then ~ The pump frequency signal generation was achieved us-

their variables can be replaced with the general dampinging a Tektronix 2005 arbitrary waveform generator con-
parameted,y given by trolled via a GPIB cable connected to a PC, which was
passed into a Bruel & Kjaer 2713A power amplifier. The
5 pump transducer comprised a 104-mm-i.d. piezoceramic ring
:4“’2:“ " P (Rowp) ©6) transducer which was set into a polyurethane foam and en-
3kpy 3kpy € cased in a nylon housing. The imaging signal was generated
by a 1-MHz crystal oscillator amplified with an ENI 240L rf
et s considerd 1 b the angulr fsquency of e ey Pt 0415 175 e o 0 g s
pump sound field.

therapy unit as manufactured by Electro Medical Supplies,

tot
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FIG. 2. Close up of the transducer arrangement used in both the laboratory
FIG. 1. Schematic of the equipment used in the laboratory tests. tests and the oceanic measurements.
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and which was potted inside a 45-mm-diam aluminum cyl-  imaging Frequency o;
inder to protect it when used in the open sea. The imaging
signal amplitude at the focus of the two transducers was
measured as 30 kPa using a calibrated needle hydrophone
(active element diametef0.5 mm) with a HP1 submersible
preamplifier, as manufactured by Precision Acoustics Ltd.
The returned signal from the bubble was monitored us-
ing a Panametrics V302 piezoceramic transducer, similarly
potted in a 45-mm-diam sleeve, and conditioned using a
Panametrics 5670 preamplifier. The preamplified signal was
then heterodyned with a dummy signal from the crystal os-
cillator: this results in the useful information contained just
above and below the imaging frequency being reproduced at
just above dc, enabling much lower sampling rates and data
storage. The low-frequency information was filtered to pre-
vent aliasing using a Barr and Stroud EF5-02 46 dB/octave
filter and acquired on a LeCroy 9314L storage oscilloscope.
For the laboratory tests the data were sampled at 50 kHz and
10 000 points taken. The beam patterns of the two high-
frequency transducers were modeled by performing a Ray-
leigh integral over their surfaces. When these patterns were
overlapped in a similar layout to the transducer arrangement,
they allowed the insonification volume to be estimated. This
gave an insonification volume, defined by where the sensi-
tivity fell off to 3 dB of its peak value, of 0.2 cfy demon-
strating the potential of the technique to achieve high spatial
resolution. Because of this, it should be noted that the equip-
ment cannot provide depth profiles of the bubble population,
although it is conceivable that a vertically mounted array of
the sensors could be used to obtain depth-dependent mea-
sures of the local population. FIG. 3. (a) Typical results from the laboratory measurements on a rising
The bubble stream was generated by passing comnbubble stream, with all the bubbles resonant at 4300 Hz. The bubbles were
pressed air through a Hamilton 701RN laboratory Syringeitrg)sonif_ieg at Zr(]JO-Pa amplitude between 3800 and 4800 Hz in 25-Hz steps.
which was additionally constricted at its base to provide the ) Height of thew; + w, signal taken from the data ia)
high-pressure drop necessary to give a repeatablé%izes
resulted in a bubble stream of resonant frequency 4300 Hzjue to the Doppler shift on the scattered signal, which when
which was then allowed to rise through the transducer focugeterodyned with the original imaging signal causes the
where it was insonified at a pump signal amplitude of 200500-Hz frequency offset. The amplitude of thet w, signal
Pa. The power spectral density of the signal scattered by thig also shown in Fig. ®) over the pumping frequency range
bubbles was then calculated, and the total energy contribieonsidered. These plots demonstrate an important property
tion for each peak was estimated. The heights of the heter®f the w; + w,, signal, the substantial off-resonant behavior of
dyned imaging peak and the + », signals were measured the signal. In order to calculate the number of bubbles at a
over ten different sweeps and averaged, and were found to lpecific radius per micrometer radial increment, which is the
repeatable to withint3% and*=5%, respectively. historical method of representing the data, this off-resonance
Typical results for the laboratory measurements areeffect must be removed. This is achieved by calculating the
shown in Fig. 8a) and (b). Here the bubble stream was in- heights of the response of the bubbles whose radii lie on
sonified between 3800- and 4800 Hz pump frequency in 2®ither side of the resonant bubble radius, and looking for the
Hz steps, such that the bubbles passed through the transduegdth of the radius spread before the signal strength falls off
focus at a depth of 29 cm. Figuréa® shows a mesh of the by 3 dB. The effect of off-resonant bubbles contributing to
matrix formed by stacking the frequency responses of théhe output signal can then be removed by dividing the mea-
heterodyned returned signals from adjacent pump frequersured bubble sound pressure levels by the 3-dB widths cor-
cies together, and the locations of the, w;+w, and responding to that particular bubble radius.
wj—w, signals are labeled. Clearly evident is the hetero-  The second stage of the calibration involved modeling
dyned Doppler shifted imaging signal which plots as a conthe bubble-mediated sound pressure at the receiver trans-
tinuous ridge to the left of the plot; this is constant over theducer due to the two insonifying sound fields. The same
41 different pump frequencies. To the right of this are twobubble size and insonification conditions as employed in the
broken ridges which rise up to a maximum value at 4300 H4aboratory experiments were used, such that a comparison of
and then fall off again. These are the two combination frethe results of the simulation with the experimentally esti-
quency signals ab; + @, and w;— w,. Peaks separation is mated values would allow the validity of the model to be

3
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Bubble radius (microns) FIG. 5. Schematic of the apparatus used in the oceanic measurements.

FIG. 4. Theoretically estimated amplitudes of the imaging signal and thgecejver transducer being flat over the frequency range 1-1.1
wj+ w, signal for an insonifying sound field of frequency 4300 Hz and MHz (as verified by the manufacturers datand on the
amplitude 200 Pa, over a radius range of 700—g6Q . . y .
theory maintaining its validity over the greatly extrapolated
frequency range considered.

examined and the sensitivity of the receiver transducer to be

evaluated. The results from estimating the height of théB. Oceanic data collection

w;+ o, and the imaging signal using the extended Rayleigh  The equipment used in the sea trials was largely similar
Plesset model are shown in Fig. 4. This is done for a range qf, that used in the laboratory experiments, and the schematic
bubble sizes from 700 to 80@m insonified by a 200 Pa s shown in Fig. 5. The most important difference in the
amplitude sine wave of frequency 4300 Hz. It is clear fromjayout of the oceanic equipment is the provision of a remote
the figure that the strength of the backscattereet wp Sig-  equipment canister, which was set up in the sea and attached
nal reaches a maximum of 4.3 Pa at a bubble radius of 75¢, the |and-based equipment via an underwater bulkhead
wm, and at this point the height of the scattered imaging:onnector and 200 m of waterproof cable, as manufactured
signal is 251 Pa. This can now be compared with the Meayy PDM Group. The canister comprised a 1000-mm-long
surement of the scattered signal from the 4300-Hz bubblg 355 mm-diam watertight aluminum alloy cylinder, which
stream, which showed an average height of the imaging sigyas painted to minimize corrosion, and clamped to a rigid
nal of 1.27:0.04 V and anw;+ w, signal height of 17.3  gcaffold structure as shown in Fig. 6. This canister contained
+0.9 mV. Comparison of the heights of the two imaging the high-frequency power amplifier, the crystal oscillator and
signal strengths, and consideration of the frequency reneterodyner equipment, the returned signal rf preamplifier,
sponses of the preamplifier and heterodyner, allow the senyg 5 temperature sensor to monitor the effects that the en-
sitivity of the high-frequency trgnsducer t.o_be estimated ag|gsed space had on the potential of the equipment to over-
13.4uVIPa. As a method of testing the validity of the model, heat, Additionally, a differential amplifier pair was added to
the difference in the strengths of the imaging signal andpe returned signal circuit to ensure that no signal corruption
wj+ o, were also calculated. The ratio of the two signal gccyrred when passed down the 200-m cable: this additional
compon_ents is 35.3_dB in the theoretical predictions, COMstap was analyzed in the laboratory and its frequency re-
pared with 37.3 dB in the laboratory measurements, a 2-dBjonse quantified. Because of the higher-pump frequencies

discrepancy which is equivalent to a 20% error in theinvolved, the data were sampled at 500 kHz, and 50 000
w;j+ o, pressure. If the damping was taken to comprise vis-

cous losses alone, the ratio of the two signal heights would

be less than 1 dB, which is equivalent to a discrepancy of _ Scaffolding bars Transducer arrangement
>36 dB. The contribution of the 2-dB error to the final

bubble number estimates will be discussed later.

Having verified the performance of the pulsation model,
the sensitivity of the high-frequency receiver transducer can
be estimated. Following this, the behavior of resonant
bubbles at the four pump frequencies used in the oceanic
tests of 28, 50, 60, and 88 kHz were mode{ading param-
eters applicable to sea water rather than those of fresh water
used in modeling the lab tegtdVith application of the same | ¢
sensitivity adjustment and the relevant preamplifier/ qufsﬁfem
heterodyner corrections, this provided an estimate of the sig- 75 kg 75 kg
nal levels expected from the different bubbles resonant at the
four frequencies. This estimate relies on the sensitivity of the FIG. 6. Deployment details of the watertight canister and scaffolding.

} 1000 mm

L

4.5 mm thick Aluminium
alloy cylinder
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points were taken. To speed up the data collection and stor- ; ; ;
age, the Tektronix output waveform comprised all four fre- Heterodyned and Doppler
quencies in one signal, and the LeCroy oscilloscope sam- shifted imaging signal
pling the data was triggered by markers from the signal
generator to allow the individual sections to be identified in
the returned waveform.

Preliminary calibration tests to prepare the apparatus
were carried out in an underground experimental tank, which
measures 8 8 mx5 m deep. The equipment was lowered
into the tank such that the transducer focus was 1.5 m un-
derwater, the same depth as anticipated in the sea trials, and
the pump signal amplitude measured with a constant input
signal level at each of the four frequencies using a Bruel &

Turbulent signal coupling |

Bubble mediated sum
and difference signals

Measured signal amplitude (volts)

Kjaer 8103 hydrophone conditioned with a 2635 charge am-  *’ 5 10 5 0 25 30 3 40

plifier. This allowed the frequency response of the pump Frequency (kHz)

transducer to be inverted, and a constant and known pump

signal amplitude to be employed. FIG. 7. Typical results from the oceanic measurements, showing the hetero-

The oceanic tests were performed in the North Sea bGQyned frequency content. The particular data were collected at 28-kHz pump
_frequency and an amplitude of 3000 Pa. Clearly visible are the Doppler

tween the 26th and 3(_)th of November 1_995! on a beach 18hifted imaging signal, the two combination frequency bubble indicators,
Tunstall, East Yorkshire, and were carried out in tandemand a single peak caused by turbulent coupling which is easily differentiated
with a group from the Southampton Oceanography Centrefom the bubble-mediated peaks.

The beach was chosen due to its slight gradient, which al-

lowed the equipment to be set up at low tide and anchored tgingle spike at 28 kHz. This is caused by the nonlinear com-

the beach, such that as the tide came in it would evem“a”}ﬂination of the pump and imaging signals by turbulence in

cover the fg to enablle measurements _to be taken. The "he detection zone, and can be therefore distinguished from
was weighed down with 75-kg metal weights at each COref actual bubble-mediated information

which were buried in the sand. The data collection used a The data collected in each of the 25 time intervals were

3000'|Pa pumpt ?gnal ampIngde,_ and .23 four'frﬁqll];’im}broken into 10 adjacent sections and the averaged power
Samples Were taken over a s.o-min period every hall NOUE, . 4 gensity determined. These were then analyzed indi-

while the transducers were immersed. As the signals wersidually to get the energy contained in each of the hetero-

broadcast consecutively with no gap, each measuremerdg,ned sum signals, and the result converted back to volts.
lasted only 0.4 s.

. Following that, the 25 samples were averaged to allow com-
Every attempt was made to ensure that the scaffoldin g P 9

; . ) %arisons with existing time-averaged bubble data. This aver-
and canister created as little disturbance to the flow of watef 4 1\ oasured voltage level was then corrected with the es-

and bubble generation mechanisms as possible, by setting tlﬂ ate for the sensitivity of the receiver transducer and the

transducers remote from the body of the canister and ang”nﬂweasured frequency responses of the preamplifier and het-

the ring transducer to the expected direction of the flow. Theerodyner to give a measured bubble sound pressure level.
results presented in this text were taken at high tide when th his was converted into the number of bubbles per microme-

tran_sducers were 1.5-m underwater, so even though ﬂ}%r radius range by dividing the estimate with the theoretical
equipment setup had to be of robust construction due to th

5-dB spread of thew, + , signal, and scaled to give the
inhospitable nature of the local sea dynamics, the measure P i T wp Signal, g

ts should ¢ bl le of the bub umber per unit volume by dividing by the estimated insoni-
ments shou'd represent a reasonable sample of the bu q”\%ation volume. This was repeated at each of the four fre-
population there.

quencies.

The data are shown in Fig. 8 compared with historical
data, taken from Farmer and Vagl&reitz and Medwirt’

A typical spectrum from the sea trials is presented inand Johnson and Cod¥ewho have all previously applied
Fig. 7, taken from a 28-kHz insonification. The particular different bubble estimators to oceanic distributions. The plot
data were collected at high tid22.30 on the 29th of No- shows the three sets of data superposed with the time-
vember 1995, when the wind speed at 10 m above sea levaveraged population measured using the two-frequency tech-
was 11 m/s, and the transducers were immersed at a depth mifjue. The results show that the bubble population measured
approximately 1.5 m in water approximately 3-m deep. Theusing the two-frequency technique considerably exceeds the
data show the heterodyned signal from the high-frequencgther estimates over the whole radius range. This is to be
receiver, in which the imaging signal is visible at 1.5 kHz expected as the data were collected in the surf zone where
(not at dc due to the Doppler shift from the moving bubblebecause of the continual wave action a high concentration of
targets. The sum frequency spectral information containedbubbles is created. Farmer and Vagle collected their data
just above the imaging signal is also shown, at approxifrom bubble scatter in a 4-km-deep channel using upwards
mately 29.5 kHz, and the difference data shown at 26.5 kHzfacing sonar designed to listen for the linear backscatter from
These signals would overlap were the measured bubbles stde bubble population. The data presented were taken in a
tionary. Between the two combination frequency peaks is d2—14 m/s wind speed. Johnson and Cooke used photo-

Ill. RESULTS AND DISCUSSION
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FIG. 8. Comparison of time-averaged data measured in the oceanic suflIG. 9. Time-variant information at the four frequencies used, which rep-
zone with historical estimates, taken from Farmer and Vadeeitz and resents resonant bubbles of radii 120, 66, 55, angu®7 This is the same
Medwin” and Johnson and Cook&The error bars on the surf zone mea- data as were averaged to produce Fig. 8, and therefore have the same error
surements mostly reflect an uncertainty in the measurement volume. Theargins as the data on that plot.
bubble population is expressed as the number of bubbles of a specific radius
over a 1um range, per unit volume.

IV. POSSIBLE SOURCES OF ERROR

i i ) , The data collection technique was employed to measure
graphlc' estlmqtes in 20-30-m-deep water, of which t_hea real bubble population in the sea, and as a preliminary data
populafuo_n estimate a_t 0.7-m dept_h and 11-13 _m/s Wm_%ollection exercise the bubble measurement apparatus was
speed is included. Breitz and Medwin collected their Ocean'(fncorporated into a surf zone monitoring program which was
data with a flat plate resonator, which again gxploits the ”nbeing conducted by the Southampton Oceanographic Centre.
ear resonance of bubbles. They measured in water 120-fy, 5 the field data were necessarily collected in a dense
deep in 12-15 m/s wind speeds and at a depth of 25 cnyypple population. To prevent the bubble signals being
Thus, although the environmental measurement conditiong.reened by nearby bubbles in this dense environment, the
were similar over the four sets of collected data, the local SeRigh-frequency transducers had to be located close to the
dynamics were very different for the Tunstall measurement$tended measurement area, and eventually a distance of 90
owing to the presence of surging breakers. The heights of thgyn from the faces of both the transmitter and receiver trans-
error bars on the data points will be discussed in the nexucers was chosen. However, as the high-frequency crystals
section. are 31- and 28-mm-diam, respectively, this measurement
A further advantage of the method employed here is thg/olume is in the near field of both. This represents a trade-off
speed of the data collection. The data are collected in a serigs the measurement procedure, as although the bubble sizer
of 0.4-s “snapshots,” being the time required to output thegave the required high-spatial resolution and signal strength,
pump signal at all four frequencies and collect the heterothe actual determination of the insonification volume is con-
dyned data onto the storage oscilloscope. This therefore akiderably harder to estimate, and the experimental insonifi-
lows the time variant nature of the bubble population to becation conditions are less well-defined. This gives an error
investigated, rather than the technique requiring the time avassociated with the data collection which is larger than that
eraging inherent in earlier studies. Although the actual datgvhich would be achieved in more typical measurement con-
acquisition is very fast, there is a longer delay caused by thgitions, where the risk of signal corruption and screening is
transfer of the oscilloscope files onto the PC, of around 4 Sess, allowing the transducers to be set to insonify a volume
For the data collected in the oceanic tests an additional 5-6f fluid which is in the far field of each. The analytical esti-
delay was added between successive snapshots to enablenate of the insonification volume of 0.2 éns taken to be
longer and therefore more representative section of time teshere the combined sensitivity of the two transducers falls to
be taken(of around 3 min), as this study was primarily 3 dB of the maximum level, and it is considered that the
concerned with measuring time-averaged data for comparivolume estimate is only accurate #6200% and—50%,
son with earlier oceanic measurements. All the processing akhich is reflected in the height of the error-bars in Fig. 8.
the raw data was performed later. The time variant nature of A further systematic error is included in the calibration
the measurements is demonstrated in Fig. 9. The four differef the hydrophone sensitivity using the comparison of the
ent frequencies all show peaks in the signal at around 40 theoretical model and the laboratory measured data. The pre-
and again at 140 s, and all demonstrate a dip in the signal @licted height of thew;+ w, signal is 20% higher than the
110 s and again at 160 s. It should be noted that on occasiomseasured data, suggesting either that even with the revised
during the analysis the signal height peaked below the noismodel the damping is still not perfectly represented or that
floor, and in these cases the particular readings have been lefte laboratory insonification conditions were imperfectly
as gaps. known. Harder to evaluate is the effect of this discrepancy as
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the bubble sizes get smaller. For the high-resonance fres for all four frequencies, the results can be used to investi-
guency bubbles, the primary source of the damping is thergate the temporal changes in the bubble distribution. To our
mal losses, which is the least well-defined of the threeknowledge, these are the first measurements of the bubble
mechanisms. As an indication, the assumed valuecftor ~ spectral density in the shallow surf zone, and it is planned to
the 88-kHz bubblegestimated using Eller’s theorys 1.23, mount the equipment from a buoy in the deeper ocean where
but using the analysis presented by Prospéfeiii his re-  historical studies have been made, which will enable com-
working of the thermal effects in a forced bubble, it is 1.25.parative data to be collected. The main source of error in the
It would appear that at the low driving amplitudes employed,estimates of the population arises through an imperfect
this is not sufficiently different to contribute an error of the knowledge of the insonification volume, as the high bubble
same order as the volume estimate, although the systematiensities measured required the employment of a very small
error of 20% has been included in the error spread calculansonification volume. This was necessarily located in the
tions over the entire frequency range. near field of both high-frequency transducers. However, this
Also as the bubble radii become smaller, the effects ofimitation will be removed for the planned lower density
surface tension become much larger, and the model becomsesudies by the use of a larger measurement volume.
more dependant on a less clearly defined parameter.
Thorpé&® supposes that over the course of a few tens of sec-
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