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There exists a range of acoustic techniques for characterizing bubble populations within liquids.
Each technique has limitations, and complete characterization of a population requires the sequential
or simultaneous use of several, so that the limitations of each find compensation in the others. Here,
nine techniques are deployed using one experimental rig, and compared to determine how accurately
and rapidly they can characterize given bubble populations. These are, spedifitalty stationary
bubbles attached to a wire; afid injected, rising bubbles. €1997 Acoustical Society of America.
[S0001-49667)00905-3

PACS numbers: 43.30.Jx, 43.30.Pc, 43.25.Yw, 43.3R1HM]

INTRODUCTION sample, geometric scattering can detect bubl5ie€1f MHz
sound is, for example, employed to detect mm-sized bubbles,
the small wavelengths involvegd~0.4 mm in water at 3.5
&/lHZ) allow the bubble to be located, but do not accurately
there are inherent limitations. If, for example, a si§rdb g’ive the bubble si'ze'. Geometric, ponresonant scattering re-
capable of interpretation in terms of assigning homogeneoulées on the acoustic impedance mismatch between the inho-

bulk properties to the “bubbly liquid” as a whole, then such mogeneity and the surrounding liquid. It is therefore insen-

interpretation may be limited to relatively high, relatively Sitive to the nature of the inhomogeneity, and in practice may

spatially uniform, bubble population densities, where the in_n_ot distinguish between bubbles and solid bodies of a similar

terbubble spacing is very much less than the acoustic waveX?€: _ _ _

length. In contrast, other signals may be practicable only at A bubble in an acoustic pressure fieRi=A coswt
low number densitie&? Several are prone to false triggering, tends to linear, low-amplitude oscillations if the driving am-
in that some other objece.g., a solid body, or a cluster of plitude A is small, or if the bubble is far from resonance.

small bubbles® may give the same signal as that obtainedgHowever, as the bubble pulsations become laiger ex-
from a given bubble. ample, at resonangéhe inherent nonlinearities in the motion

In water with ambient pressurp,, an air bubble of become more pronounced, and manifest in the scattered

radiusRy>~ 10 um has a well-defined resonance frequencyacoustic signal as harmonics of the driving frequency. For
fozwo/27~0_01(\/%)/R01 and pulsates as a lightly example, a quadratic nonlinearify.e., a system response
damped oscillator: On entrainment the pulsations generate &P~) Will generate harmonics ateZ, ; higher-order nonlin-
acoustic “signature,” an exponentially decaying sinusoid,€arities give commensurate harmonics. This has been used to
the frequency of which indicates the bubble siz& A few  detect bubbles of specific size, resonant at 0.89 MHz in one
milliseconds after entrainment these passive emissions ha@xperiment’ and at both this and at 1.64 MHz in anotfr.
decayed to below the level of the noise. However, the bubbl#f such systems are to be perfect bubble detectors then the
may still be driven, and active acoustic techniques exploicondition must hold that only resonant bubbles can generate
this acoustic resonant&®®!* through measurements of the required nonlinearity, and in the presence of only non-
sound speed, attenuation, scattering, etc. In such procedurggsonant bubblesy, alone is detected. However, while the
at a particular frequency the acoustic response of a bubblgmission of the second harmonic is a global maximum at
liquid is taken to be dominated by bubbles which are resofesonance, the &, signal can arise through nonbubble
nant with that frequency. The maximum number of differentsources of nonlinearity, such as signal distortion in the
bubble sizes that can be measured at any one time is deteggquipment, which must be carefully examined. Such sources
mined by the number of different frequencies investigateddo not include solid inhomogeneities. The same condition
which historically is usually one, but in notable cases hadwlds if the applied field contains two frequencies, i.e.,
been fout® or around nin€. However, simple linear theory P=A coswyt+B coswt where w,<w;. The “imaging”
demonstrates that the acoustic scattering cross section of tfi@quency (v;) scatters geometrically from a targgte pul-
fundamental frequency is only a local, and not a globalsating bubble whose cross-sectional area varies
maximum at resonance: bubbles very much larger than periodically? The detected signal consists @f, modulated
resonance size can geometrically scatter sound to a greatet frequencyw,, and the resulting detection @+ w, in
degree than can smaller, resonant bubbles. If an ultrasontbe received spectrum has been used to size a bubble spec-
interrogating signal is employed, the frequency of which istrum by employing the assumption that, bar the presence of
very much higher than the resonances of any bubbles in theesonant bubbles, only; and w, are detecte8?! The as-

Bubble detection is required for many industfial,
medical® and environmentalapplications® Throughout the
range of acoustic techniques by which this can be achieve
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TABLE |. The various acoustic techniques available for bubble detection. Numerals in columns 4 and 5 are references.

Bubble sizes
investigated in a
Scatters Advantage Disadvantage Prior application single expt.
Geometric Rapidly obtains images Cannot distinguish between bubbles and solid particles. Laboré&tSr? Distribution (low-
with high-spatial radius resolution
(location resolution.
Funda- Apparatus simple. Large bubbles and bubble clouds may falsely register asResonatdr?? Four?® around
mental resonant bubblégeometric scattering Low-spatial Attenuatiorf ning’??
resolution. False triggering and off-resonance scattering Backscatte
may occur. High-number densities only are valid if
“bulk properties” are assigned to the liquid.
Second Little contribution from Low-spatial resolution. False triggering and off-resonance Clinical, detecting~um Ooné”® or twc® per
harmonic geometric scattering. scattering may occur. radius bubble$?° trial
0w, No threshold. False triggering and off-resonance scattering may occur. 8 Hitp|d?* Distribution
0 * 0,2 Minimal false triggering  Insonation at the threshold acoustic pressure is required fdraboratory-?>-27 One at 25 Hz
or, at threshold, fine radius resolution. resolutiorl

off-resonance scattering.

sumption fails if the pulsation of nonresonant bubbles, or theniques. The limitations of each can be compensated through
presence of a quadratic nonlinearity anywhere in the systerthe deployment of others. Since the ambiguities of each have
(for example, through turbulent water motjoris sufficient  been studied theoretically and experimentafiythe initial
to generate anw;*w, signal. One advantage of emphasis of this study will be how successfully each tech-
combination-frequency methods is that the bubble resonanag@que can provide information about simple controlled popu-
generates a signal in the MHz ran@dose tow;), removing lations (stationary single and paired bubblesA rising
it from “masking” signals such as the acoustic input and bubble stream will then be measured. The techniques listed
ambient noise. in Table | are used, so that bubble detection is achieved
All the above techniques for bubble sizing which exploit through the geometric scattering of 3.5-MHz ultraso(ust
the bubble resonance suffer in that sources other than resimg a scanner in both B and M modes simultaneoysind
nant bubblege.qg., turbulence, transducer effects, )et@an to  through scattering of signals ai,, 2w, /2, w;* w,,
a greater or lesser extent generate the desired signal, indicat; * 20w,, w;*wy/2, and wj*3wy/2. This is done for
ing the presence of a resonant bubble when one is ndiroadband, and increasing, incremented, tonal “pump” sig-
present: Such “false triggering” has not to date been found nals. The study was carried out using relatively low-
when signals ab; + w,/2 are used for bubble sizifgThese  amplitude acoustic fields to drive the bubble, which is desir-
signals are generated when the amplitude compoAeat  able to minimize the invasiveness of the technique.
the insonating fieldP=A cosw,t+B coswit exceeds the
threshold value required to generate Faraday waves on tr]e
bubble surface. Characteristics of the various acoustic sizing
techniques are summarized in Table I. There exist detection zones, at 15-cm depth, for the vari-
The less prone a system is to “false triggering,” the ous active acoustic sizing systerfiscluding those listed in
more complicated in general it is to deploy. It thereforeTable |), comprising the overlap of beam patterns of relevant
would be desirable to be able to deploy a range of thes&ansducers held in rigid “cage” configuratidifrig. 1). The
technigues to interrogate a given liquid sample, either seeage is placed at depth 0.15 m in a XB2X1.2-m deep
quentially or concurrently as defined by the problem. Thisvibration isolated glass-reinforced plastic tank. The bubble
would enable optimization of the process of characterizingpopulation is either injected into the tank below these zones,
the bubble population in the liquid with respect to minimiz- and then rises to pass through them; or consists of bubbles
ing the ambiguity of the result and the complexity of the attached to a wire, held within the intersection of the zones.
task. The task itself involves first the detection of inhomoge-A Gearing and Watson UW60 loudspeak@aving a fre-
neities in liquids. In certain circumstances it is then necesguency response flat to withint5 dB over the range 500
sary to analyze the sample further to distinguish gas bubbledz—10 kH3 is used to generate the required “pump” signal.
from solid or immiscible liquid-phase inclusions. The final This signal drives the bubbles into oscillation, and it may be
stage of analysis would involve not only the detection, butbroadband, or a series of tonBs=A cosw,t, where w,, is
also the sizing of the gas inclusions, leading to the charadgncremented in 50 H#tethered bubblgsor 100 Hz(moving
terization of the bubble population. This can be summarizedubble$ steps.
in a four-partideal objective’® (i) Detect inhomogeneities in During combination-frequency tests the imaging signal
liquids; (ii) Distinguish gas bubbles from solid&ii) Mea- P=B coswjt is generated by a Therasonic 10@lectro-
sure radii of bubbles presentjv) Measure number of Medical Suppliesfixed at 1.134 MHz. A Panametrics V302
bubbles in each radius class. receiver detects the MHz signal before it is heterodyned with
This study introduces a method by which tideal ob-  the Therasonic signal. The Bruel & Kjaer 8103 hydrophone
jectivemight eventually be achieved, using a range of tech{“HP1" ) is used to detect signals not involving combination

METHOD
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FIG. 1. Schematic of apparatus mounted in cage. For tethered bubble tests the ultrasound scanner is removed. For rising bubble tests the thin wire in the cage
center is removed.

frequencies. The heterodyned high-frequency signal and thever, compensation must be made in comparing the bubble
B&K 8103 signals are acquired to the PC via a general purpopulation measured in given volumes of liquid by the active
pose interface bu§GPIB)-controlled Digital Storage Oscil- techniques, with the captured population on the dish and the
loscope (LeCroy 9314l). Calibration is made with no rate of bubble generation measured at the needle by the Ga-
bubbles present to allow compensation for the acoustic rebor technique. This is because, for example, the volume of
sponse of the water, apparatus, and tank. This enables tlige bubble stream sampled by the Petri dish increases with
sample to be insonated at equal amplitudes when interrdhe bubble rise speed. The volume changes caused by the
gated by a sequence of tonal pumping signals, each of 0.2xarying hydrostatic pressure are accounted for in comparing
duration. Data is only collected after a “start-up” time of the all measurements. The sizes of the two bubbles attached to
first 7.5 ms for tethered bubbles, to allow transients to dighe wire were checked by detaching them from the wire into
away. No such delay can be afforded with rapidly risingsmall glass flasks, in which they were transferred to a trav-
mm-sized bubbles, though averaging over thésdimples of  eling microscope for measureméntA Hitachi EUB-26E
each increment reduces the transient effect. Including datd.5-MHz ultrasound scanner, mounted in the cage, gave M-
collection, the individual incremented tones start 1.6-s apartand B-mode images of the rising bubbles. Atmospheric pres-
The rising bubbles are injected from a needle attached tsure was 0.1003 MPa.
a compressed air line. The passive acoustic signal so gener- Detection through scattering ai, and w; * w, requires
ated is detected by “HP2,” a hydrophor@ruel & Kjaer  only linear bubble pulsations, so that the relatively low-
8103 placed 10 mm from the needle tip at a depth of 29 cmenergy densities per frequency band afforded by broadband
This signal is analyzed for the exponentially decaying sinuinsonation(bandlimited white noise between 1000—-8000 Hz
soid “signatures” which indicate the generation of eachis appropriate. This rapidly allows an estimate of the region
bubble, the frequency of the sinusoid revealing the bubblevherein the bubble resonances lie, for later application of the
size. However, with higher entrainment ratgghere signa- nonlinear detection signals (&, wp/2, wi* wy/2, w;
tures overlap in noisy environments, individual entrain- *2w,, w;j*3w,/2). These nonlinear signals require an in-
ments may not be detected even in time-frequency represenremented pure-tone pump signal, rather than broadband in-
tation (TFR), where resolution in time and frequency is a sonation, for two reasons. First, it is necessary to drive at a
compromise determined by the size of the window imposedufficiently high amplitude to generate detectable nonlineari-
upon the data. However, a TFR of the Gabor coefficientsties. Second, the detector frequency emitted by a bubble dif-
rather than the acoustic power invested in each frequendciers from that which drives it at resonance, which would
band, will readily identify the bubble signaturgs3!A rou-  cause ambiguity if broadband excitation were employed.
tine uses thresholds on the value and gradient of the Gabor
coefficients, then automatically counts and sizes the bubble§, RESULTS
giving their rate of production before they rise into the active
detection zones. A second count is made by placing
greased Petri dish in the rising bubble stream above the de- The first of the results are shown in Fig. 2 for the broad-
tection zones. Photographic measurement of the bubbles alland excitation of two bubbles attached to a wire 10-mm
hering to the thin layer of silicone grease were taken. How-apart. Throughout the paper a dashed line indicates signal

. Two tethered bubbles
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0 " herence resulting from broadband excitation when the bubble

mola o ©) resonant at~3.3 kHz is removed after completion of the

% s % s two-bubble tests. Its peak disappefifsg. 2(c)]. The other

g [\,»L// . / g [\,«W/ ) peak remains at 3:90.1 kHz, suggesting that to within this

S0 Co ] B B resolution the bubbles were far enough apapproximately

& J V\/’ 7 J /" 10 bubble radji for the bigger bubble not to significantly
kbl R~y . A TS influence the resonance frequency of the offidihe peak is

gos " U\ b) 3 o8 |' | d) about 3 dB higher than in the two bubble test even though

B os i I B os }' the same excitation amplitude was used. This is due to the

%’2;2 f < os | removal of the antiphase bubble pulsation of the larger

oo y Ol bubble beyond its resonance, which therefore means that
o1 o1 there is no destructively interfering component on the

0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8

smaller bubble’s pulsation below its resonance. The coher-
Pump frequency (kHz) Pump frequency (kHz)

ence again shows a similar dip to the relevant one found in
the two bubble tesfFig. 2(d)].
oo e o e oot iy Having, trough 1 o5 averagas of broadband in
Eﬂz) S both ({5 and(b)] tethoered bubbles, and for just the smafley ang SONation of the two bubbles, reduced the range of interest for
(d)]: dashed line-“in absence of bubbles”;—+—+—="in presence of  further investigation from 1-8 kHz to 2.7-4.7 kHz, the
bubbles”; ®-@-@®=ratio of “bubble present” to “bubbles absent” signals. bubble pair was excite@vith pump amplitude 120 Bat 40
Resolution: 98 Hz. discrete increasing frequencies in 50-Hz increments: At 1.6 s
per increment, the test took 64 s. The results are given in Fig.
with no bubbles present; a solid line with crosses indicate$ for the harmonidparts (a)—(c)] and sum-and-difference
the signal in presence of bubbde and a thick solid line [parts(d)—(f)] signals, monitored simultaneously. The data is
with closed circles indicates the ratio of the signal “with” displayed as the magnitude in the frequency domain at the
bubbles to that “without” bubbles, i.e., the bubble-mediatedlocation of the signal of interedi.e., atwy, 2wy, wp/2,
amplification. Data points occur at symbols, and at equiva®i = @p, @i*2w,, and w;=wp/2) corresponding to each
lent frequencies for dashed lines. Figur@)Zllustrates the ~Pump frequency. The data was sampled at 50 kHz, and the
difference in the modulus of the voltage transfer functionFFT frequency resolution with 8192 points was 6 Hz. The
(the ratio of output to inpiitwhen the bubbles were driven test was repeated following the removal of the larger bubble
by bandlimited(1—8 kH2 white noise. The response shows (Fig. 4.
peaks at 3.1 and 3.9 kHz+(0.1 kHz), with a sharp dip The fundamental backscatfgfig. @] shows a rippled
~300 Hz above each. This reflects the through-resonance@mplitude response in the absence of a bubble, which is due
behavior of each bubble: At frequencies just below resoto the differences in the proximity of each pumping signal
nance the sound field and the bubble pulsatievisich scat-  tone to an FFT bin center frequency. This effect disappears
ter significantly more than they do away from resonareze ~ When the dB differencé‘amplification” ) between the signal
in phase and constructively interfere. However, above resowith, and without, bubbles is taken, revealing again the char-
nance the bubble undergoesrghase shift such that it now acteristic through-resonance response indicating the presence
pulsates in antiphase with the driving sound field, resultingdof resonant bubbles at 33250 and 3906 100 Hz. The
in destructive interference. This behavior suggests that theesponse of the second harmoffidg. 3(b)] is less clear. The
change in signal which results from bubble presence does nbeight of the signal in the absence of the bubble can be
represent geometric scattering from a large bubble or otheiffected for instance by the relative levels of harmonic dis-
body, but is due to the presence of resonant bubbles in thaertion in the equipment and also the proximity of the signal
frequency range. Even several kHz above the resonance td a frequency bin. Nevertheless, there still appears to be a
the pair, the detected signal is1 dB less than the levels at clear increase in the signal between 3200—-3400 and 3800—
low frequencies, and those found in the absence of bubbled100 Hz. Removal of the larger bubble has negligible effect
This is a result of the destructive interference caused by th@ the peaks in the first harmonic and second harmonic re-
whole population, and it may be that this can be used tsponse for the smaller bubble as shown in Fig) 4nd(b).
characterize a populatiofcompare this reduction with the The emissions ob /2 from both two bubblefFig. 3(c)] and
smaller one seen in Fig(@ for one of these bubbles on its the smaller on¢Fig. 4(c)] are too small to differentiate from
own]. The coherence between the signal input to the sourcthe noise floor. The amplitude of the heterodyned returned
and the returned signéFig. 2(b)] shows a definite bubble- signal from the high-frequency receiver ati*w,, o
mediated reduction in the signal around 83@&15 and 4 *2w,, andw;* w,/2 are shown in Fig. @)—(f) as a func-
=0.15 kHz. As these coherence dips appear at frequencig®n of the incrementing pumping frequeney,. Though
midway between the peaks and troughs in the transfer funahere are maxima at 3.250.05 and 3.9:0.2 kHz, the signal
tion [Fig. 2(a)] they appear to indicate a bubble nonlinearity at w; + w, [Fig. 3(d)] is present at more than 12 dB above the
rather than a reduced signal to noise ratio, which would b&no bubble” signal over the entire pumping frequency
the case if the dips in Fig.(8) and(b) occurred at the same range. Clearly, the off-resonance contribution to the returned
frequency. signal limits the resolution of the measurement for the bub-
Figure Zc) and (d) show the transfer function and co- ble’s resonance frequency. Though the off-resonance contri-
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FIG. 3. The HP1 signals for the two-bubble te€8-Hz incrementsshow-
ing (@ wp, (b) 2wy, (0) wp/2, (d) wi*w,, (6) V2w, () Vi*wy/2.
Key as for Fig. 2, with open circles showing data points on dashed line.

FIG. 4. As for Fig. 3, but for the smaller bubble only. Key as for Fig. 3.

ing at 3.2 0.1 and 3.88 0.05 kHz. The off-resonance con-
bution is less forw; + 2w, [Fig. 3()] the resolution of the tributions are negligible. Removal of the larger bubble dem-
high-frequency peak is similarly poor ¢40.2 kHz), and onstrates the same features in the detection of the remaining
there are spurious maxima. Itis clear that the: w,/2 [Fig. bubble (Fig. 4) by the (d) wi*w,, (6) wj*2w,, and(f)
3(f)] signal best shows the presence of two bubbles, resonai; + w,/2 signals.
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FIG. 6. Responsémodulus of voltage transfefor broadband insonation
(bandlimited 1-8 kHxof rising bubbles, fronfa) HP1, andb) heterodyned
high-frequency(from V302 signals. Resolution: 98 Hz. Key as for Fig. 2.

Gabor 2
coefficient

i Re , Having rapidly found the region of intere$8.3—4.3
equen (s kHz) through the broadband technique, the pump sound field
ey ( rime () o oo :
kHz) is incremented in this range in steps of 100 Hz, at a pressure

amplitude of 240 Pd0-pk). Figure 7 shows the results of
FIG. 5. The HP2 signal during injectioite) Time seriegdetail shown in  analysis of the signal recorded by hydrophone HP1. In Fig.
(b)]. (c) Time-frequency representation of Gabor coefficients assomatedi(a), the Scattering of the fundamental frequerm:y gives

with (a) (first peak removed for clarily Where multiple coefficients are . . .
identified with injection of a single bubble, the later of@rowed gives f0~3850i 20 Hz. The second harmon'a"% neither imme-

natural frequency. diately indicates a distribution around a single bubble size
[Fig. 7(b)], nor accurately indicates what the size might be
B. Rising bubbles (fo~3.9:0.2 kHz). Thew,/2 results are similarly unclear

[Fig. 7(c)]. During the same single pass from 3.2 to 4.4 kHz

Figure 5 shows a portion of the bubble stream as Me355 was made for Fig. 7, were taken the results for Fig. 8, a

sured through the passive acoustic emissions generated ﬂ%togram showing the received, heterodyned spectrum as a

injection. In Fig. %a a 0.25-s section of the time series function of the pump frequendithis. on the horizontal axis
recorded by the hydrophone HP2 indicates individual pump frequencyhis, '

bubbles being repeatably generated evef§.06 s. Each of

the bubble signatures has the form, not of a single exponen-
tially decaying transient, but of multiple ones, revealing that
the released bubble is excited on three subsequent occasions
following the initial release from the needldéig. 5b)].
These excitations arise through contact, and usually coales-
cence, between the newly released bubble and the successor
gas pocket growing at the nozzle fipAs a result, the plot of

the Gabor coefficientgFig. 5(c)] may reveal multiple peaks

for a single bubble(which vary each time, showing the
nozzle process is not entirely repeatabl€learly the fre-
guency at which the final peak of each group ocduns
rowed in Fig. %c)] is the one which relates to the size of the
final bubble after it has escaped clear of the contact/
coalescent processes that occur at the nozzle. It is this size
which is taken to be a measure of the bubble size upon in-
jection.

In Fig. 6 the results of broadband insonation in the fre-
guency range 1-8 kHz is shown. In Fig(ag the signal
picked up by HP1 is shown, both for the situation before the
bubble stream began, and for the scattered signal in the pres-
ence of the bubble stream. The difference between the two
signals is plotted, showing significant changes in the fre-
guency range 3.5-5 kHz, indicating the through-resonance
effect described above, centered around04l kHz. In Fig.

6(b), the heterodyned signal from the high-frequency re-
ceiver transducer shows bubble-mediated change from 3.5 to
4.9 kHz (centered at 420.3 kHz). An 800-Hz high-pass Pump frequency (kHz)

filter was placed after the heterodyning so that the strong

Doppler components of the returned signal did not overloagg. 7. rResponse aw) wp, () 20,, (0) w2 in the HP1 signal for
the input channel to the oscilloscope. insonation in 100-Hz increments. Key as for Fig. 3.

Response (dB, arbitrary reference)

Y I I S S S S S M S
33 34 35 36 37 38 39 40 41 42 43
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S

45° orientation of 202 cm/s. Comparison of “a” with

<’ “b” allows the transient featuree.g., bubblesto be distin-
5 g 520, guished from the time-invariant onege.g., cage and
8 S ; speaker.
E >\ (x)‘i%w,,
59 °
S ¢ 4
Qqﬁ) g 3 —— e ;£ 0,
U‘ 2 : + Mp
8 | = G, I1l. DISCUSSION
(S
0 73373435 3.6 3.7 3.8 3.9 40 4.1 42 43 For the two tethered bubbles, optical measurements gave
Pump frequency (kHZ) radius estimates of 1#0.1 and 0.80.1 mm. Figure &),

which plotsw; = w/2, most clearly indicates the presence of
FIG. 8. Greyscale histogram showing heterodyned received sigmah ~ {WO bubbles. Table II summarizes the information gleaned
V302) for each discrete setting of the pump freque(@§0-Hz increments ~ from each signal type in the two-bubble test. Though no
Light shades indicate strong signal. Signals et wp/2, wi*wy, o, high-resolution technique determines both resonances to the
*3w,/2, andw;* 2w, are indicated. same accuracy, the best overall resolution is obtained from

wj= wp/2 using incremented pump signals. Initial use of
indicating not a continuum but the 12 settings of the pumpbroadband first reduced the test time by a factor of 64. The
frequency, since the latter was incremented in 100-Hz stepsresolution ofw;* w,/2 can be dramatically affected by the

The clearest indication of resonance is that only for theacoustic pressure at the bubble: While it could be improved
pump frequency setting of 3.7 kHz does structure in the hetto 12 Hz by insonating at the threshold pressuteere is
erodyned spectrum at frequencies which are multiples oho guarantee that in the general case this threshold can be
wp/2 (corresponding taw,/2, w,, 3wy/2, and 2v,) occur.  accurately delivered.

All other peaks do not correspond to multiplessgf. Figure This is particularly true when considering the results
9 shows both théa) M- and (b) B-mode images obtained from moving bubblegTable Ill), since each bubble is tran-
using the Hitachi ultrasound scanner, the section shown besitory. Also because of this, not only the accuracy but also
ing a slice at 45° to verticgFig. 1). The bubble(labeled B the population sampling must be considered. In fact, the re-
can be located in Fig.(B) (near field is at top of image  sults in Table Il refer to two quite separate populations. First
which also images the loudspeak& and part of the cage. the incremented techniquéwhile they can be repeated to
The images which intersect the vertical lifle) in 1 s are  average a steady-state populajfomere here in fact applied
plotted in Fig. 9a): Almost 19 bubbles pass through the in one pass, and so would ideally detect signals only from
beam in that time, with rise spedttom the image, within  resonant bubbles which are in the detection zone during the
the limits of the rectilinear bubble motion, adjusting for the 0.2 s of each tone. Since bubbles are generated Gt ms
intervals, and have a rise time of 2@ cm/s, all the incre-
mented testgcolumns 4—-1D sample in each increment the
same population of~4 bubbles (different sets of~4
bubbles for each of the 40 increments—"population).1”
Three minutes later the broadband techniques sample across
the entire frequency range for five 0.2-s averages, totalling 1
s: The results in columns 2 and 3 therefore sample a popu-
lation of ~19 bubbles(“population 2”). Though there are
differences in resolution between the broadband and the in-
cremented techniques, the results in Table Il indicate that
the two populations differed, the one measured first having a
lower resonancd3.7+0.05 kH2 than the othen4.0+0.1
kHz). This issue will be discussed later.

Resolution of thas, andw; = w,, signals is roughly con-
stant between broadband and incremented forcing at around
100 and 300-500 Hz, respectivélyable Il). The w, signal
is not pronounced and would readily be confused by a wide
lGdekn=33 |Fa.0 range of sizegsee Table . The resonance is indicated not

TS, by the maximum(strong emission almost in phase with
driver), but by the in-phase point between the maximum and
the minimum (antiphasg point: This has implications for
studies where the scattering is assumed to be from resonant

bubbles only. Only the simultaneous occurrence of the struc-
FIG. 9. (a) M-mode (1-s sweep and (b) B-mode images from Hitachi ul-

trasound scanner. Ifb) a bubble(B), UW60 speakerS), the 5-cm marker tur? atw; - wp/2, wi— Swp/Z, .andw, - pr _aI.IOWS accurate
from transducer faceplat@t top of imaggand the line(L, occurrence of a ~ active CharaCtenzaﬂon- It is not _surprising that tag
target in which defines the M-mode imagare indicated. *wp/2 signal should so clearly indicate the resonance,
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TABLE Il. Resonances and calculated radii of the two tethered bublplgs 101 770 Pa References in row 2 are to figures.

<——Broadband pump signal Pump signal (50 Hz increments, frequency increasing)—— >
Amplitude w, Coherence o, @, 20, ,/2 o;tw, 0;*2w, o;Tw,/2
Distribution (2a) Two 2b) Two (3a) Two Spurious Spurious (3d) Two Unclear (3f) Two
indicated bubbles bubbles bubbles peaks (3b) peaks (3¢) bubbles peaks (3e) bubbles
Resonance freq. 3.320.1 3.30.15 3.33%£0.07 3.3%0.1 3.2+0.1 3.25*+0.05 3.2+0.1
fo/kHz 4002 4.0*0.15 3.9%+0.1 3.95+0.15 3.9+0.2 4+0.2 3.88+0.05
112
R M 97030 970+44 96020 97030 100030 980%15 100030
pm 100 f, 800+40 800£30 820*20 810+30 820+42 800*40 820*10

whereas thew,/2 signal does not, since the surface activity bution at the needl€29-cm depth and at the zone of the
that generates the subharmonic emission cannot itself propaetive detectof15-cm depth Clearly, variation in the size
gate to distance as it does not involve any bubble volumef the generated bubbles can occur. This is not unexpected
changes. However, as these Faraday waves change the effedien compressed air, supplied from a line, is bubbled at
tive area presented to the imaging beam, they can causerates high enough for interbubble contact/coalescence to oc-
modulation in the scattered signal, and this signal will propa-<cur. Table IV suggests that the variation found during the 1 s
gate to distance. of the broadband test, and the>40.6 s of the incremented
The question of whether the two populations, measuredest, is of the same order as the standard deviations quoted in
by broadband and incremented techniques, could possess thable Ill. Clearly for all but the technique with the highest
distribution difference suggested above must be addressed bgsolution in each population, the standard deviation must
reference to the other techniques used for determining theepresents the resolution limitations of the techniques. For
bubble size some minutes after the conclusion of the broadhe highest resolutiofcolumns 8-10 for population 1; col-
band tests. The-2-cm/s standard deviation on the 20-cm/sumn 2 for population 2the uncertainties in Table Il are
rise time translatéé to estimated lower and upper limits for similar to those quoted for these techniques during the two-
radius in this water of 0.87 and 1.13 mm. Clearly this is notbubble tes{Table 1), when the population was stable. This
sufficiently discerning. The distribution of rising bubbles suggests that, here too, the standard deviations reflect limits
from four Petri dish photographsaken 10 minutes after the in resolution. It seems that in fact the best resolution limits in
end of the passive Gabor tests and corrected for hydrostat&ach case are very similar to the variability one might expect
head gives for the size at 15-cm depth: 7960 um (28  in the population. Though by no way conclusive, it is sug-
bubbles collected in 1.5s790+ 120 um (24 bubbles in 1.3 gestive that the large standard deviations in tests 1 and 3
s); 830+80um (27 bubbles in 1.4)s 820+130um (32  result from single outlying values. These values could well
bubbles in 1.7 s There is some indication of occasional escape detection in the 0.2-s duration of each incremented
larger bubbles in a more uniform distribution. tone, and if the item 3190 Hz is removed from test 1 the
The actual stability of the population is best determinedaverage becomes 368680 Hz (871+21 and 87521 um at
by the Gabor tests. Three of these were performed at on@9- and 15-cm depth, respectivgland if the item 3219 Hz
minute intervals after the broadband tests, and before this eliminated from test 3, the average becomes 4B Hz
ultrasonic images were taken. In each test 0.25 s of passiJgiving 802+6 and 8066 um at 29- and 15-cm depth, re-
emissions, comprising the injection emissions of five con-spectively. This variation is less than the resolution limits of
secutive bubbles, were takffig. 5(a) represents tesf|2The  Table Il and the uncertainties quoted in Table Ill, for the
natural frequencies so found are shown in Table IV, with thew; + w,/2 and related tests.
average for each test, and the calculated bubble size distri- The Gabor technique for sizing bubbles from their pas-

TABLE Ill. Resonances and calculated radii of rising bubbles for populatiofisdadband pumpand 1(incremented pump

<——Broadband Incremental pump, 100-Hz steps, frequency increasing
Population 2 Population 1
Column 1 Column 2 Column 3 Column 4 Column 5 Column 6 Column 7 Column 8 Column 9 Column 10
Signal: @, o;*w, @, 20, w,/2 o;*w, @t w2 0,20, ©;*30,/2
Distribution narrow broad narrow bimodal bimodal broad narrow narrow narrow
indicated [Fig. 6(a)] [Fig. 6(b)] [Fig. 7(a)] [Fig. 7(b)] [Fig. 7(c)] (Fig. 8) (Fig. 8) (Fig. 8) (Fig. 8)
Resonance freq. 4 42 3.85 39 39 3.8 3.7 37 3.7
fo/kHz *0.1 *+0.3 +0.1 *02 *+0.2 *0.5 +0.05 *+0.05 +0.05
12

R m 800 760 830 840 820 840 862 862 862
pm 100 fo +20 +50 +22 *+33 *+42 *110 *12 *+12 *12
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