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Sizing bubbles in fluid using a two-frequency excitation technique is not prone to the same
drawbacks of some other sizing methods—it has a global maximum at the bubble resonance
frequency and allows good spatial resolution. The bubble is insonated with a highirfiagthg

signal and a variablpumpingsignal tuned to the resonant frequency of the bubble, which are
coupled at resonance by the high-amplitude oscillation of the bubble wall, with the formation of
sum-and-difference terms. This paper examines both the resonance and off-resonance behavior of
such combination frequency signals. A coupling of the subharmonic bubble response with the
imaging frequency is shown to be a much more accurate and unambiguous detector of the bubble
resonance than couplings involving the fundamental resonance. The characteristics of this
subharmonic signal are examined using an automated sizing method, and the dependence of the
response on the pumping signal amplitude and the frequency step size between two successive
pumping frequencies is examined. The location of a definite subharmonic threshold is reported and
guantified both for single bubbles held on a wire and for free rising bubbles moving through the
focus of the transducers. This amplitude is found to be orders of magnitude lower than that predicted
by traditional volumetric pulsation models, but agrees very closely with the theoretical onset of
surface waves. €1996 Acoustical Society of America.

PACS numbers: 43.25.Yw, 43.30.Gv, 43.30.Lz

INTRODUCTION the surface tension, ang is the shear viscosity coefficient.

. ) o . This result is derived from the Rayleigh—Plesset equation
The appearance of gas bubbles in fluid media is an im

h d bili q assuming small-amplitude pulsatioh§hus from a knowl-
portant phenomenon, and an ability to measure an C,Ourétdge of the ambient conditions and the polytropic index

d X icknok di fluctuati ‘{which can itself be theoretically estimat®q the radius of a
ecompression sickness,cardiac pressure TUCIUation 1, e can readily be determined from its resonance fre-
measurementsand minimizing the thermal loading on cool- quency

ant sy_stemé.lnvestlgatl_ons ha_ve also been made into the Although several different acoustical methods have been
oceanic bubble population, which has been shown to contrib-

ute to the ambient noiéend sound propagation waveguide proposed to make use of this strong scattering property, in-

T s : cluding detection of linear backscatter from a bubble at
characteristics? and can significantly influence the flux of . .

. . resonancé, Doppler techniquéd and second harmonic
atmospheric gases into the oceéfis.

Acoustic techniques are very suitable for bubble siZing: generatiorf?” all these have proved limitéti The method

there is a large impedance mismatch at the gas—liquid inteﬁmlined in this paper utilizes the high-amplitude nonlinear

face and the significant difference in the compressibility off ESPONse of bubbles at resonance. An asymmetry is intro-

the gas and the liquid means that the bubble can couplguced into the mgtion of a bubble wall qt higher ampIiFude
strongly with pressure fluctuations. For low-amplitude exci_because a pulsating bubble can potentially expand without

tation by a sound field, the bubble wall moves in an approxi_I|m|t, but only contract to a finite size as its radius tends to

mately inear manner, and the pulsation of the bubble can pgero. Other nonlinearities also appear at these higher ampli-
udes, for example in the stiffness of the gas. This behavior

modeled as a lightly damped single degree of freedom sy§ ; ; | > X
tem. As such it has a well-defined acoustic resonange manifests |t§elf in the form of osm_llgﬂons Whos_e frequencies
which can be expressed as are harmonics of the resonant driving sound field.

The sizing technique relies on examining the coupling of
two sound fields incident on the bubble, introduced by Ne-
m whouse and Shankit. The bubble is insonated with two

frequencies, one a high fixed frequensy(called theimag-
o 20 479? ing frequency, and another lower frequenay, which is
X 3k| Po+ == Py|— 7~ +Py- "R (1) tuned to the resonant frequency of the bubkdalled the
0 0 PTo pump frequency. Because the imaging frequency is three
whereRy is the equilibrium bubble radiug, is the polytropic  orders of magnitude higher than the pumping frequency, the
index of the bubble ga®), is the hydrostatic pressurB,, is  bubble pulsation is effectively “frozen” during a single im-
the vapor pressure,is the density of the fluid mediuna;is  aging cycle. Therefore when a bubble is insonated in this

1
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FIG. 2. The equipment arrangement used in the tests. The three transducers
are drawn out of their experimental alignment for clarity.

o
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and give rise to signals ab; + w,/2. This coupled signal is
presented as Fig.()) using the same bubble as the direct
coupled example shown in Fig.(d, but driven at higher

o
SIS

Response (arbitrary linear units)

02 amplitude. The subharmonic coupling has been shown to be
0.4 a much more accurate indicator of the bubble resonant
06 frequency->*® since it falls off much faster as the bubble is
08 insonated away from resonance than does the fundamental
sum-and-difference scattering.
15 1 2 3 4 5 This paper presents the work done to date investigating
(b) Time (ms) how this method might be employed to accurately size

bubbles. The tests can be split into two sections—in the first,
FIG. 1. Returned signals from a bubble insonated at two frequencies meastationary bubbles held on a wire are examined, and in the

sured with a high-frequency probe—the high-frequency imaging signal wa: . ‘e :
set at 1.1 MHz, and the bubble resonance/pump frequency at 2160 Hz. Tf%eecond section free rising bubbles are used to verify these

data were sampled at 10 MHz on a LeCroy 9314L digital oscilloscope. PIofeSUlt_S- For all the tests report.ed, single si;e bubbles were
(a) shows the sum-and-difference direct coupling by a bubble excited at 28ised in order to fully characterize the detection mechanism,

Pa 0-Pk, whereas plab) shows the emergence of the subharmonic sum-ang investigate the off-resonance behavior of the technique.

and-difference signal from the same bubble driven at 40 Pa 0-Pk. The hig . . . e

carrier frequency plots so densely as to appear black in the figure. ih addlt!on, the use of smglg bUbbl_eS QIIOWS identification of
alternative sources of coupling which, if an unknown bubble
population were being investigated, might be inadvertently

way, the returned signal is a measure of the geometric scaonstrued in terms of bubble presence: The subharmonic
tering from a target whose acoustic cross section varies p&eneration mechanism is not prone to the erroneous trigger-
riodically. In Fig. 4@ the high amplitude nonlinear pulsa- N9 inherent with other. indicators, where a positive signal
tions of a bubble at resonance couples the two sound fields@n be returned even in the absence of a resonant bubble.
together, so that the signal returned from the bubble consistsh® text demonstrates the benefit of using this subharmonic
of the imaging frequency amplitude modulated by the pumpP'gnal as the mdl'cator.of a bubble presence, anq outlines
resonance frequency. This coupling, which can be detectet®Me of the considerations involved with the practical con-
when the pump frequency is at or close to the bubble resgstruction of an automated bubble sizer. In addition, through
nance, becomes evident through the appearance of sum-aﬁB-e use of computer simulations and theoretical models, the

difference frequencies af; + w, andw; — w, in the returned mechanism by which the subharmonic is produced is exam-
signal. ined, and the text presents evidence which suggests that sur-

However, if the bubble is driven by a sound field of face waves around the bubble wall are responsible.

slightly greater amplitude, other frequencies can be stimu-

lated by the nonlmear_ motion of the bubble_wa_ll at reso-| eybERIMENTAL DETAILS

nance. The most prominent of these frequenciessigkdnar-

monic at w,/2, which manifests itself in the scattered The experiments were performed in a 1.8&iM2-m
pressure-time history as alternate high and low peaks, corre<1.2-m-deep glass reinforced plastic tank, which is filled
sponding to similar maxima in the scattering cross section oith tap water to 1-m depth, and is vibration isolated by four
the bubble. This subharmonic emission will likewise undergol400 mnx300 mm Tico pads spaced equidistantly along its
sum-and-difference coupling with the imaging frequetfc}y,  base. The experimental setup is shown in Fig. 2.
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Gearing and Watson n_amely the pumping S|_gnal ar_nphtude and the frequency step
UW60 loudspeaker size between successive projector outputs.

' Prior to testing, the frequency response of the tank and
low-frequency signal generation equipment is measured, and
__Thin wire the amplitude of the pump signal automatically corrected to
maintain a constant insonation pressure level. In addition, it
is possible to include a delay time between the start of the
From Therasonic ‘ insonation and the data acquisition to allow for any transient

; components in the bubble response to die away. The whole
process of output/delay/input/storage takes around 0.4 s per
pump frequency. For all the tests presented in this paper the
bubbles were measured at 15 cm below the surface of the
water.

In the first set of tests a single bubble attached to a thin
wire was employed to characterize the system. This wire was

Therasonic 1030 Ultrasound Generator, as manufactured ounted hprizoptally in front of the projeqtor .to pre‘,’e”‘
Electro-Medical Supplies, providing a continuous tone at ap- ubbles _belsn% dlsplqced _by buoyant for¢aalike in previ- :
proximately 1.1 MHz. The low-frequency projector is a °YS studies?*®the wire did not need to be greased to assist
Gearing and Watson UW60 moving coil underwater loud_attgchmer)_t The wire was fixed to two lengths of rubb_er
ﬁfbmg, which in turn were fastened to the cage at both sides.

speaker with an effective frequency range of 1-10 kHz, an X .
the high-frequency receiver is an unfocused Panametri After experimentation, the bubbles were detached from the

V302 immersion transducer, which is resonant at 1 MHz and\'ire into a glass. flask., where their axial lengths were mea-
has a half-power bandwidth of 450 kHz. The high-frequencysured by a traveling microscope, and corrected to account for

projector and receiver are mounted at right angles to eacﬁhanges n .hydros.tatlc pressure. This ‘."‘"OWS a comparison
with the radius estimate obtained by using the experimental

other to minimise direct transfer of sound from one to the | fth i . The bubble is held
other, and these three transducers are clamped onto a ri y§'ue o the acoustic resonance in EL). The bubble is he
ﬁl?y buoyancy against the flat upper surface of the flask, where

stainless-steel cage to maintain their relative alignment fro 2 di ; b qf b df the sid
one test to the next, as illustrated in Fig. 3. The signal to thé> diameter can be measured from above and from the side.

low-frequency projector is driven by a Bruel & Kjaer type Since the bubble is distorted, an equivalent radius is calcu-

2713A power amplifier, and the returned signal from the re-lated to reprgsent the radius_wh_ich the same vollume of gas
ould adopt if spherical, and is given asliameter- £ depth.

ceiver transducer is conditioned by a Diagnostic Sonar 567 his has b h b i o b bl

preamplifier. Both projection and detection systems were tls ?S ?fhn shown Iy(tear:fr wor € a reasonable

checked to ensure they introduced no harmonic distortion dotimate of the equivalent radius. . .
The second series of tests used moving bubbles which

the frequency locations of interest. | o dle iust below the f fthe th
The signal generation and detection is controlled by gvere reieased Irom a needie Just below the Tfocus ot the three

specialist MATLAB data acquisition P.C. interface packagetranSdL_JcerS' The bubble_r consisted 9f a comparatively large
ore size 15 hypodermic needle with the plunger from a

and software. The purpose of the unit is to generate th . . . . ) .
purp g amilton #701 microsyringe inserted along its length. This

specified pumping frequencies, and to simultaneously ac- th ttached t d ai v with an in-li
quire the returned signal data from the receiver transducel/aS then attached o a compressed air supply with an n-iiné

The MATLAB output signal is passed through a digital to regulator valve. By controlling the amount of the plunger

analog converter, and then through a low-pass reconstructiotrqat was inside the needle, different flow rates and bubble

sizes could be obtained. The bubbles produced by this

filter to remove any unwanted harmonics. This signal is ams- thod ved usi ive technifuehich
plified and broadcast into the tank. The returned signal fron€tNOC WETE Siz€d USINg a passive techn ughich mea-

the bubble is picked up by the high-frequency receiver an&ured their characteristic resonant ring upon formation, and

passed through a preamplifier. This signal is heterodynqu'S measurement of their acoustic resonance was used to

with a dummy signal from the Therasonic—the result of thisverify the results from the active tests. The bubbles were

procedure is to shift the imaging signal frequency down tofound to be reproducible in size and formed at a constant

dc, and to reproduce the useful sum-and-difference informaf—IOW rate, due to the large pressure drop at the needf¢ tip.
tion at a much lower frequency. This allows the use of RESULTS

smaller sampling rate and reduces the amount of data stor-
age, which slowed previous measurement methddzhis In the preliminary stages of the research before the ad-
heterodyned signal is passed through a bandpass filter to prdition of the heterodyning step in the data acquisition pro-
vent aliasing and remove low-frequency signal componentsess, tests were performed using high sampling rates and full
caused by water perturbations etc., and is then sampled bgngth FFT frequency analysis in order to ensure that hetero-
the MATLAB acquisition unit. The time history is stored in dyning itself did not corrupt the data from the bubble. The
memory and the next pumping frequency signal generatedesult of one such run is given in Fig. 4. The data were
and so on. At the end of the data collection these time histoeollected at 3.33 MHz using an automated specialist data
ries are FFTed for analysis. This allows the bubble’s depenacquisition/tone generation board, which took in over
dence on two important parameters to be investigatedb00 000 samples in order to give the necessary frequency

Stainless steel rods

Bosses.

Therasonic head

Panametrics V302 receiver

FIG. 3. Arrangement of the transducers in a rigid cage.

The high-frequency imaging signal is provided by a
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FIG. 5. Mesh plot of returned signal strength through a bubble’s resonance.

FIG. 4. Mesh plot of returned signal strength through a bubble’s resonancghe bubble was insonated at 54 Pa and the pumping frequency was stepped
using the initial full length signal processing method. The bubble was in-jn 25-Hz intervals.

sonated at 95 Pa and the pumping frequency was stepped in 25-Hz intervals.

away again. As a result of the heterodyning process, the sig-
nal contained above the imaging frequency is overlaid with
That below it, so that every peak is a sum of the- w,, and

the w; — w, signals. Behind this the narrower peak from the
%}iwplz signal is clearly visible, due to the bubble’s sub-

resolution. Full details and results using this data collectio
process are published elsewh&t@he data were taken from
a bubble tethered to a wire insonated at 95 Pa, and the pum

ing frequency was stepped through its resonance in 25'Hﬁarmonic output coupling with the imaging signal. This is

intervals. : evidently a much more pronounced indicator of the bubble
The plot shows the measured response in a narrow fre-

. . resonance than the peak in the+ w, signal.
gﬁfniﬁw::dﬂgljjfci? :30#15882203) g?gg rHZZO ?’Ir:feerr;min The important data from this plot can alternately be dis-
"Nt pumping 1req ' L . played as a graph of the signal height against pumping fre-
ridge, which is constant over the twenty tests, is the magm%

signal from the Therasonic frequency generator at 1 134 70 uency, where for each |r_1put tong the heights .Of the power
Spectrum at the speculative locations of the direct coupled

Hz. The Therasonic produces side lobes which are clearl}/ . .
I . ) . esponse and its subharmonic are measured. The data pre-
visible either side of its center peak, and these are also ev)-

dent around the sum-and-difference signals. All these Iobesented In Fig. 5 are plotted in this manner, and shown in Fig.
are situated within 400 Hz of the main beam, which is less™

than a fifth of the bubble resonance, and so can clearly b This clearly contrasts the accuracy of the two bubble
L . ' y TFesonance indicators. The subharmonic peak stands around
distinguished from signals related to the bubble presence.

the left of this imaging signal is a broken ridge which is 50 .dB abovg the noise Ievel,' and the frequency spread over
L . ) . which the signal is present is approximately 100 Hz, cen-
similarly present over all 20 pumping signals—this is the . .
. tered around 2475 Hghis corresponds to a bubble of radius
coupled response corresponding d9—w,. Between the

. . . )
two bands is a single peak which occurs at a pumping fre-1'34_0'02 mm, which may be compared with the optical

L . 2 “measurement of 1.310.05 mm). Similarly, the strength of
guency of 2050 Hz. This is due to the subharmonic emissio : .
from the bubble, and is located at—w,/2. An ultrahar- he direct coupled signal from the bubbleatt w, falls off

L : o . either side of its resonance but at a far slower rate, such that
monic signal is also visible over a very narrow pumping

frequency span, located af,—3w,/2, although it is not as the actual spread of the signal cannot be determined as it is

) o . still at least 20 dB above the noise floor at the extremes of
prominent as the subharmonic signal. This allows the reso-

nance frequency of the bubble to be very accurately esti-
mated at 205625 Hz, which corresponds to a radius of 60
1.61+0.02 mm using Eq(1). The equivalent radius of the
bubble, as measured under the traveling microscope after,
detachment, was 1.65.05 mm.

Having determined the spectral characteristics of the full
MHz spectrum, the tests for determining bubble characteris-
tics were performed using the heterodyner. A typical sweep &
across the resonance of a single tethered bubble is shown ing
Fig. 5. The plot shows the heterodyned output from the high-
frequency receiver between 0 and 3400 Hz for a bubble in-
sonated between 1700 and 2700 Hz in discrete 25-Hz steps.g,
The amplitude of the excitation was 54 Pa, and a delay of @
500 cycles between the insonatiqn anq data collection was 2o T500 1990 2000 2100 2300 2300 2400 2300 2600 2700
implemented to remove any transient signals. Pumping Frequency (Hz)

As before, the plot shows the direct coupled= w,

ridge present. over the entire 41 pumping tones, which risegig 6. siice through meshplot shown in Fig. 5 at the frequencies coupling
up to a maximum at the bubble resonance and then fallge imaging signal tas, and tow,/2.

arbitrary reference)

al Streng
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excitation for various bubble sizes at 15-cm depth. Each point represents a

single measurement, the more significant associated uncertainty being of the

FIG. 7. Plot showing the variation in sum-and-difference subharmonic : !
3 Pa. The graph also shows the line of regression to the data.

height through resonance as the amplitude of the pumping signal is altere@"d€r =
The frequency step size is 5 Hz, and the lines correspond to pressure am-

litudes of 34 P - ; ; ; ; ;

E’unbrokeh e/ 73(‘1;;;?15'?3612?1(!02'9‘5 dashgs 40 Pa(dash-ddt, 50 Pa each increased pumping signal, and the amplitudes at which
this span reached 25, 50, and 100 Hz were noted. Figure 9
again shows the location of the subharmoni¢t w,/2

the plot. The ordinate of the plot shows the signal strength irthreshold, and additionally shows the 25-, 50-, and 100-Hz

dB with a common but arbitrary reference value. This isspan points. For each set of data points their minimum re-

because the level of the signal picked up from the heterogression lines are also presented.

dyner is directly proportional to the output level from the The actualw;* w,/2 threshold amplitude appears to

imaging projector, and therefore only relative comparisonssteadily increase as the resonant frequency gets larger, and

are important here. the points lie closely around their corresponding least-

Tests on single tethered bubbles were performed to insquares fit line. This implies that there is a definite repeatable
vestigate the response of the subharmonic for different anthreshold below which no subharmonic signal exists. How-
plitudes of excitation. The bubbles were insonated in 5-Hzver, it is further apparent from Fig. 9 that the amplitude at
steps through their resonance at increasing pumping frewhich the subharmonic signal is produced from a 25-Hz
guency amplitude, and the results of five amplitude levelpumping frequency span is almost exactly the same as the
from one such sweep are given in Fig. 7. ;= wp/2 threshold itself, and that therefore in a practical

The graph shows that when the bubble is insonated at 3dpplication there must exist a minimum step size for the
Pa no subharmonic signal exists, but for a marginal increasiterrogating pumping signal, and consequently a maximum
in pumping amplitude to 36 Pa a strong signal emerges fronachievable resolution between two bubbles. It is also worth
the noise. As the insonation level is further increased thaoting that as the amplitude of the pumping signal is in-
amplitude of the subharmonic signal also grows, but morereased, the,;* w,/2 signal becomes more unpredictable in
significantly the frequency range over which a subharmonidts behavior, and so the amplitude values at which the fre-
signal is produced also increases. At 70-Pa insonation level,
the frequency span for the excited signal is over 12Q/itéz 100
5% of the resonant valj)land much of the accuracy which
benefits this technique is lost. The measured resonance of
248510 Hz equates to a radius of 1:88.01 mm, which
compares well with the equivalent radius measured optically
of 1.32+0.05 mm.

Tests were performed to investigate the emergence of
this subharmonic sum-and-difference signal for various dif-
ferent bubble sizes resonant in the range 2000 to 3200 Hz.
The increasing amplitude method described above was em-
ployed for 30 different bubbles, and their subharmonic exci-
tation thresholds measured. The apparent location of these 900 200 200 2600 00 3000 3200
thresholds is shown in Fig. 8, along with the least-squares fit Resonant frequency (Hz)
line. The scatter of the points around the best fit line results
from an inability to perfectly measure and calibrate the pumpFIG. 9. Plot showing the thresholds for sum-and-difference subharmonic
sound field at the focus of the transducers, and it is thi€xcitation for various bubble sizes at 15-cm defafossey and the ampli-
uncertginty that limits the experimental accuracy of the tes_tst.“idif3 ajljlzuzisg?; Ivg;g:etgez é)lin(;?;rl?( féﬁglléincgg sg;?cézei?:nglfe;r%%mng a

Using the same bubbles, the frequency span over Wh'Cﬁoo Hz (gray squares The graph also shows the lines of regression to the
the subharmonic signal is produced was also examined fafata.
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FIG. 10. Two tone grey-scale map of returned signal strength through reso-

nance for the moving bubble tests. The bubble was insonated at 270 Pa apd 17 gjice through gray-scale plot shown in Fig. 10 at 3150 Hz, showing
the pumping frequency was stepped in 25-Hz intervals. the direct coupled response and the subharmonic.

ing that measurements on a bubble population do not alter

guency span is 100 Hz do not lie very closely to their m|n|—,[he individual bubble sizes.

mum regression fit.

Having performed these tests using bubbles held on a
wire, the technique was verified with free-rising bubbles.!!l. DISCUSSION
Again only using bubbles of one size, the results of one such |t is evident from Figs. 4 and 5 that, whilst both the
run are presented in Fig. 10 as a grey scale map. The bubb}gii , and thew; + w,/2 signals peak at the bubble reso-
was swept between 2500 and 3500 Hz in 25-Hz steps, thgance, the definition from the subharmonic response is much
excitation amplitude was 270 Pa and the delay time to remore accurate. In addition, there is a considerable off-
move any transient response was necessarily set to zero. resonance contribution from the direct coupling, with the

The results of the moving bubble sweeps are better disc-oii w, response produced from a bubble far from its reso-
played as a grey-scale plot as the signal content is unclegfance frequency. Previous tests using this techRicfdaave
when shown on a mesh plot. This is because the returne@ken the presence of the signakgt- w,, to be an indicator
signal has a variable backscattered strength due to the changr 5 pubble at resonance, although this is clearly not so. If
ing position of a bubble in the transducer focus from onefigs. 4 and 5, taken for single bubbles, are interpreted in this
pump output to the next, and there is a variable frequencyyay, one incorrectly infers the presence of a bubble popula-
Doppler shift, whose value depends on the relative anglgion having a continuous distribution of sizes, with the most
between the bubble motion and the insonation beam. Th@ommon resonant frequencies being 2050 and 2450 HZ, re-
plot shows a double peaked ridge at the coupled signal locapectively. Furthermore, earlier tests have shown that the
tions, which occurs because the dummy signal from theoupling which gives rise to the; =, signal can be in-
Therasonic with which the heterodyning is performed is noduced through other mechanisms such as the direct action of
longer the center frequency returned from the receiver hythe low-frequency projector on the receiver transducer, tur-
drophone due to this Doppler shift. Thus, after the signabulence et¢® The subharmonic, however, has only been
multiplication, both thew;+ », peak and thes;—w, peak  found to couple to the imaging frequency through the action
are evident. The plot, however, shows a clear region where @f a bubble, and hence the = w,/2 signal is an unambigu-
subharmonic signal is present for pump frequencies betweesus indicator of a bubble’s presence.
3050 and 3150 Hz. This is also evident in Fig. 11, which  The use of this method for automated bubble sizing and
shows a slice through the signal power spectrum at 3150 Hzounting presents some interesting questions. The protocol
This resonance agrees with the natural frequency of 3200 Hior building an automated sizer for moving bubbles would
for the bubbles measured upon injection. necessarily have to relate each peak in the response to the

In addition, tests were also performed on these free rispresence of a single bubble, as the signal height is dependent
ing bubbles to determine the location of their subharmonimn the location of the bubble in the pump field. A practical
sum-and-difference threshold. Due to the variable nature dfubble sizer would therefore insonate a bubble population at
the returned signal, the methodology for these tests was ta certain frequency and amplitude, distinguish whether the
insonate a rising bubble stream through their resonance @turned signal was due to the presence of a single resonant
number of times, and manually alter the amplitude of thebubble or not, step to the consecutive pumping frequency,
sound field depending on whether a subharmonic appearethd so on. This step size has to be large enough to ensure
or not. Using this method, the threshold of subharmonic prothat a bubble does not contribute a positive resonant signal to
duction from free-rising bubbles of approximately 3000-Hztwo adjacent pump frequencies, but small enough to enable
resonance lies between 120 and 140 Pa. This is below thevery bubble to be counted once, and to preserve the fre-
predicted threshold for rectified diffusidt?’thereby ensur- quency resolution which benefits the method.
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It is clear from Figs. 7—9 that a very definite amplitude such simulations show that the first volumetric bifurcation
threshold exists below which no signal afi=w/,/2 is  occurs at X 10°-Pa insonation amplitude for a 1-mm bubble
present, and within the limits of experimental accuracy its(i.e., one whose resonance frequency is approximately 3
location appears to be repeatable and quantifiable. Thus &$1z) driven at its linear resonance. This is three orders of
the pumping signal step size is decreased and the frequengyagnitude higher than the experimental results. Unless the
resolution of the scan improves, the insonation amplitudgygdel is exceptionally unrefined with respect to subhar-
must also be matched more accurately to et wp/2  onic generatiorithe Gilmore—Akulichev formulation does

threshold. Above this threshold the subharmonic signal rapz ot incorporate a complete description of the damfing

idly spreads out along the frequency axis so that a reSPONSfis finding suggests that volumetric pulsations are not the

is produced by a bubble when the pumping frequency echanism by which the subharmonics are produced.

further and further away from its resonant frequency. This Workers investigating the emeraen fth bharmoni
frequency spread is such that even at the threshold, the width orkers investigating the emergence of the subharmonic

of the subharmonic response is 25 Hz. Thus it would beS|gna?7'28have shown using small perturbation analysis that

impossible to insonate a bubble population with a step siz& '€SPonse can be readily produced when a bubble is driven
below 25 Hz and be able to relate each peak to a separate"?’;} twice its .Ilnear resonance. Prospe?@mlculates t.hat the
resonant bubble regardless of how precisely the pumpinéubharmonlc threshold for a 1-mm radius bubble is roughly
signal amplitude was set. At 3 kHz this represents a radiud0 000 Pa, which is again higher than that measured experi-
resolution of approximately &m. It should be noted that, mentally. The optical and passive acoustic verification tech-
like all acoustic sizing techniques that exploit resonance exniques which were performed in parallel with the active
citation, it will measure the value of each bubble’s resonanc@coustic measurements have shown the bubbles to be excited
as it exists in the population. Owing to the interaction be-at their fundamental resonance frequency, and so this is
tween multiple bubbles, their resonant frequencies may belearly not the generation mechanism either.
less than those which would be measured if they were indi-  The third possible mechanism investigated considered
vidually isolated:* the possibility that surface waves around the bubble wall are
Conversely, there also appears to be a maximum stegsponsible for the subharmonic signal. The earliest report of
size with which a bubble population should be interrogatedg sypharmonic oscillation was by Fara#? who found
As the pumping amplitude is increased, the subharmonic exyayes oscillating at half the driving frequency on the water-
citation frequency span becomes harder to predict, and thergyered surface of a vibrating plate, and a paper on the pul-
fore an automated sizing technique which uses larger freéating bubble subharmonic sighashows a photograph of a

quency steps and an increased pumping amplitude may giV[‘t?,‘-thered bubble being driven at its resonance frequency, with

ambiguous results, as it will be unclear whether it is actually - : :
. . . surface waves clearly visible around the wall. In his review
measuring every bubble or counting the same one twice.

The tests on free-rising bubbles were performed tgParer, Neppir&d reports that such ‘surface vibrations are

verify the data collected for the tests that involved tetherecParamemCalIy excited at half the excitation frequency and

bubbles. They proved that the technique can be extended fye strong!y coupled.to the .radial motion’, and gives details
moving bubbles and that the subharmonic emission was not@! theoretical modeling which can be used to calculate the
by-product of the attachment process. The differences @nset threshold for a plane surfaehich is a valid approxi-
threshold between the two series of te6ts35 Pa for at- mation to a bubble if the mode-order is hjgihe pressure
tached bubbles, ang 120 Pa for free rising bubblesnay be ~ amplitude P, of the insonating signal above which these
due to several factors. One explanation is that the lowesurface waves are excited is

threshold measured with tethered bubbles is more accurate,

and the free-rising bubbles were never insonated precisely at

their resonance frequency or exactly in the focus of the three 100
transducers. This would yield a higher threshold due to the
sharp off-resonance fall off associated with the subharmonic
response. Other factors that can contribute to the change are
different amounts of impurities in the water affecting the
surface tensio#f and damping, and the possible effect on the
response of the different delay times between insonation and
acquisition.

One important factor might be the effect of the attach-
ment process itself, and this may be investigated to a certain
extent by considering the possible mechanisms for the gen-
eration of the subharmonic signal. The possibility that it 9000 2200 2400 2600 2800 3000 3200
arises through a subharmonic contribution in the volumetric Resonant frequency (Hz)
pulsation of a spherical bubble was examined using simula—IG L. Plot showing the thresholds for subh < excitation 1 ,
tons 0 calculate radius-time curves by numericalntegratior 2, P 1979 e freshli fr st Bt o varvs
of the Gilmore—Akulichev formulation for bubble dynamics, additionally shows the surface wave onset thresifoftbroken calculated
using a 4th-order Runge—Kutta methddThe results from  from plane-surface theory.

9
=
T

threshold (Pa, 0-pk)

201

Subharmonic sum-and-difference

1991 J. Acoust. Soc. Am., Vol. 99, No. 4, Pt. 1, April 1996 A. D. Phelps and T. G. Leighton: Bubble sizing 1991



6777p0dt .3 2 during decompression,” IEEE Trans. Biomed. E&F, 330—338(1980.
P,= 0 5 (2) 2W. M. Fairbank and M. O. Scully, “A new non-invasive technique for
R wop”’
0 p

cardiac pressure measurement: resonant scattering of ultrasound from
h d.is the total di . | d . tant bubbles,” IEEE Trans. Biomed. En@4, 107-110(1977.

where Gy 1S ] e 1o a nondimensional damping constant. sy ; y Hulshof and F. Schurink, “Continuous ultrasonic waves to detect
These calculations give an onset threshold value of 38 Pa forsteam bubbles in water under high pressure,” Kema Scientific & Tech.
a 1-mm radius bubble at resonance. This obviously compare4sRep.3, 61-69(1985.

; ; o G. M. Wenz, “Acoustic ambient noise in the ocean: spectra and sources,”
very _closely W|th the experlmenta}l data, anq it is therefore 3. Acoust. Soc. Am34, 193619561962,
possible that this is the mechanism by which the subharsy, ;" gyckingham, “On acoustic transmission in ocean-surface
monic signal is generated. As a further example, the surfacewaveguides,” Philos. Trans. R. Soc. Lond885, 513—-555(1991).
wave onset thresholds for bubbles resonant between 2006) M. Farmer and S. Vagel, “Waveguide propagation of ambient sound in
and 3200 Hz were calculated, and the results are shown ingl‘gsgcea”'surface bubble layer,” J. Acoust. Soc. /86, 1897-1908
Fig. 12 overlaid with the experimentally measured thresh-7p i woolf and S. A. Thorpe, “Bubbles and the air-sea exchange of gases
olds. The plot shows good agreement between the theory andn near-saturation conditions,” J. Marine Rek, 435-466(1991).
the experimental data, although there is a slight offset appar§5- A. Thorpe, “Bubble clouds and the dynamics of the upper ocean,” QIR

. . Meteorol. Soc118 1-22(1992.
ent, which may be because of the plane surface apprOX|magT. G. Leighton,The Acoustic BubbléAcademic, London, 1994

tion in the threshold calculations. 10¢. Devin, Jr., “Survey of thermal, radiation, and viscous damping of pul-
sating air bubbles in water,” J. Acoust. Soc. AB1L, 1654—-16671959.
1 o . 5 . :
IV. CONCLUSIONS R. Y. Nishi, “Ultrasonic detection of bubbles with Doppler flow transduc

ers,” Ultrasonics10, 173-179(1972.

When a bubble is insonated by two sound fields, one éZD. L. Miller, “Ultrasonic detection of resonant cavitation bubbles in a
! flow tube by their second-harmonic emissions,” Ultrasorii®s217-224

fixed imagingfrequency and the othéthe pumpsigna) able (1981).
to span a range which includes the resonant frequency of thév. L. Newhouse and P. M. Shankar, “Bubble sizing using the nonlinear

bubble, the coupling of the signals presents a way of detect- mixing of two frequencies,” J. Acoust. SoC. A5, 1473-14771984).

ing them and accurately finding their resonant frequency. - &: Leighton, R. J. Lingard, A. J. Walton, and J. E. Field, "Acoustic
bubble sizing by combination of subharmonic emissions with imaging

The paper details the results of tests which have been Per-frequency,” Ultrasonic9, 319-323(1991.
formed by stepping the pump signal in discrete frequency®A. J. Hardwick, T. G. Leighton, A. J. Walton, and J. E. Field, “Acoustic

increments through the expected location of the bubble reso-bubble sizing through nonlinear combinations involving parametric exci-

: : . tations,” in Proceedings of the European Conference on Underwater
nance, and gives evidence that detecting the resonant fre Acoustics edited by M. WeydertElsevier Applied Science, Essex, 1992

quency by observing the subharmonic emissiow;at w,/2 pp. 153-156.
is a more accurate and unambiguous indicator than the sign#&la. D. Phelps and T. G. Leighton, “Investigations into the use of two
atw;* ). The dependence of the response on alterations of frequency excitation to accurately determine bubble sizesPriaceed-

- . . ings of the IUTAM Conference on Bubble Dynamics and Interface Phe-
the frequency Increment step size and on the amp“tUde Ofnomena edited by J. Blake (Kluwer Academic, Dordrecht, The

the pump signal has also been examined. It is apparent thaletherlands, 1994 pp. 475-484.
the coupled subharmonic signal only exists above a well*'T. G. Leighton, M. F. Schneider, and P. R. White, “Study of bubble frag-
defined insonation amplitude threshold. However, for only mentation using optical and acoustic techniques,Pimceedings of the

i . litud b this th hold th 3rd Conference on Sea Surface Squedited by M. Buckingham and J.R.
small increases In amplitude above this thresho e rar"gePotter(World Scientific, Singapore, 1995pp. 414-428.

of pumping frequencies over which a signal is produced alseer. ciitt, J. R. Grace, and M. E. WebeBubbles, Drops And Particles
increases rapidly. It appears that there is both a maximum (Academic, New York, 1978

19 [ . pr . . .
frequency resolution for stepping throuah a bubble popula- M. H. Safar, “Comments on papers concerning rectified diffusion of cavi-
. q dy . .ppl 9 . 9 h h p'dph 5 tation bubbles,” J. Acoust. Soc. Ard.3, 1188-11891968.
tion, and a maximum practical step size where the width Okog s neppiras, “Acoustic Cavitation,” Phys. Repl, 159-251(1980.

the subharmonic peak becomes unpredictable. 213, Y. Chapelon, P. M. Shankar, and V. L. Newhouse, “Ultrasonic measure-
The tests performed indicate a threshold for subhar- ment of bubble cloud size profiles,” J. Acoust. Soc. A8 196-201

. I . (1985.
monic excitation three orders of magnitude below those pres,y Koller, Y. Li, P. M. Shankar, and V. L. Newhouse, “High speed bubble

dicted USin_g volumetric pulsation models of a spherical sizing using the double frequency technique for oceanographic applica-
bubble, which suggests that they are probably due to sometions,” IEEE J. Oceanic Engl7, 288-291(1992.

other phenomenon. Using theory developed for plane sufZM. Strasberg, “The pulsation frequency of nonspherical gas bubbles in

. liquids,” J. Acoust. Soc. Am25, 536—-537(1953.
faces, the onset threshold for surface waves is shown to b‘eM. L. Exner and W. Hampe, “Experimental determination of the damping

very close to the experimentally observed subharmonic of pyisating air bubbles in water,” Acustica 67—72(1953.
thresholds, and it is postulated that these surface waves af@/. J. Choi, A. J. Coleman, and J. E. Saunders, “The influence of fluid

the source of the bubble subharmonic response. properties and phase amplitude on bubble dynamics in the field of a shock
wave lithotripter,” Phys. Med. Biol38, 1561-15731993.
A, Prosperetti, L. A. Crum, and K. E. Commander, “Nonlinear bubble
ACKNOWLEDGMENTS dynamics,” J. Acoust. Soc. An83, 502—-513(1988.
Z7A. Eller and H. G. Flynn, “Generation of subharmonics of order one-half
This work was supported by funding from the Natural by bubbles in a sound field,” J. Acoust. Soc. A#6, 722—727(1969.
Environment Research Council, reference SIDAL 006702%A. Prosperetti, “Application of the subharmonic threshold to the measure-

The authors wish to thank Dave Ramiwho is himself ment of the damping of oscillating gas bubbles,” J. Acoust. Soc. Bin.

R . . .. 11-16(1977).
funded by EPSRELfor his assistance in obtaining some of 2, Faraday, “On the forms and states assumed by fluids in contact with
the plots. vibrating elastic surfaces,” Philos. Trans. R. Soc. Lond@1, 319-340
(1831).

o o %0W. Lauterborn and J. Holfuss, “Acoustic Chaos,” Int. J. Bifurcation
1E. 0. Belcher, “Quantification of bubbles formed in animals and man Chaosl, 13-26(1992).

1992 J. Acoust. Soc. Am., Vol. 99, No. 4, Pt. 1, April 1996 A. D. Phelps and T. G. Leighton: Bubble sizing 1992



