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SUMMARY

Acoustic methods of bubble sizing arc uscful in media where light is strongly
attcnuated, or where the bubble is deformed significantly from the spherical. The
population is insonated by a fixed imaging frequency (v,) of megaheriz order and a
pumping beam, the frequency (vp) of which is swept. When the latter coincides with the
breathing-mode resonance of a bubble, parametrically-excited subharmounics of the
pump combine with the imaging beam. The technique described here is particularly
suited 10 obtaining a measure of bubble volume for a small number of bubbles of
arbitrary size. It has typically been possible to distinguish radii to £1% by the detcction
of signals at v, v/, v,

1. INTRODUCTION

Bubble sizing can provide information on oceanic phenomcena, for example about the
transfer of soluble gases from the atmosphere entrapped in near-surface bubbles which may be
carriecd down to depths of tens of metres!. Other off-shore applications can be found in the
petroleum industry. Oil is extracied from deep underground where the hydrostatic pressure is
high. When brought 1o nearer aimospheric pressure, gascous components exsolve from the liguid
phasc. The ability to characterise this multiphase flow in pipelines without interruption would be
of great value. Related to this is the study2 of decompression sickness caused when bubbles
similarly form in the human body. Another medical use is the monitoring of pressure changes in
inaccessible places3 — the size of a gas bubble is dependent on applied pressure.

Bubble sizing is therefore an imporiant field of study; how is it to be done? The large
differences in acoustic impedance an compressibility between gases and liquids makes acoustic
methods viable. They are also preferable over the most obvious other non-interruptive set of
methods, the optical4 techniques, since the latter fail if the hiquid, container or unavoidable
surroundings arc opaque, Acoustic bubble sizing can be broadly subdivided iato the
measurement of bulk acoustic properties of the mixture which are can be relaied to the bubble
distributionS though the computational procedure may not be simple, stable and accuratct, and
lechniques whereby acoustic features can be correlated with interactions with individual bubbles,

In addition to the basic scattering mcthods, advantage may be taken ol the resonant
frequency (v,,) of the spherically symmelric mode ol a bubble 1o determine its size. This is7 v, =
Ryl V3 K pg p-! for lincar oscillations if R, is the equilibrium radius, K is the polytropic index
(between unity and the ratio ol specific heats), p is the liquid density, pg is the ambicnt pressure
and the surface lension is negligible. Thence vo Ro = 3 Hz m for air bubbles in shallow water.
Either sound at v, from bubbles cxciled during entrapment can be passively picked up®, or
suitable [requencies may be actively transduced into the medium. Sizing through the strong ligear
resonance scattering? is not ideal since the geometric scallering from non-resonant bul larger
bubbles and from other objects may give false signals. For this reason, the method reporied here
cxploils non-lincar bchaviour.

Since the radius cannot contract beyond zero, the oscillation becomes less symmetrical
between expansion and contraction as the amplitude rises and so lincarity is lost. Quadratic and
higher terms in the power-series expansion of the bubble’s time-response function are manifested
as second and higher harmonics appear in the bubble’s reradiation. Advantage may be taken of
the existence of harmonics Lo indicale that the incident insonation 1s at resonance so implying the
size?. Because other aspects of the of the system — especially the transducers — can produce
harmonics, allemative non-lincar effccts have been tried. Simultancously insonating with sound
two frequencies (v, “pumping’; vi, 'imaging’) produces!? sidebands at the sum and difference
frequencies (v; £ vp) when non-lincarity is induced by pumping ncar resonance (vy, = v,,). The
pumping frequency is variable; the imaging frequency is higher and fixed. This ~an be
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Fig.l; Schematic of the experimental setup: (a) speaker, (b) Therasonic transducer, (¢) muniature
hydrophone, (d) needle hydrophone & (e) drawn pipette nozzie.

considered as the scautering of the imaging ultrasound varying with the bubble arca varying. The
resultant amplitude modulation of a v,
frequency sinusoid al the frequency vy c d
is cquivalent (o the superposition ol two
sinusoids al v -vp and v, + vy,
However, the spectrum  around the
imaging [requency contains additional
reradiation?1.12 at v, + uvp. This
response 1s more highly dependent on
the pumping frequency than are the
basic sum and difference frequencies.
The frequency of Vg is the halfeth
subharmonic of v, and the results
suggest a period doubling in the
response of the bubble may be
responsible.

This text reports a verification
on the carlier!2 findings and covers Fig.2; Detail of the tank contents: (a)(d) ax above, (f)
some important additional aspects thal  gepusiic window & (g) wire holding the bubble.
were not investigated at that time with a
view 1o developing the method into a
useful system. In particular: the nature of the subharmonic emission from the bubble in addition
to the subharmonic sum and difference emissions; and the dependence of the cmission on the
ampliiude of the pumping sound.

2. EXPERIMENTAL DETAILS

The liquid and gascous phascs
were represented in this study by Lap-
waler and air respectively. The Liquid was
contained in an acoustic absorber lined
25 by 25 by 44 cm?3
poly(methylmethacrylate) tank in which
the hydrophones, bubble or bubbles
under siydy and pumping [requency
source were immersed. The imagmg
imsonation at vi = 3.35 MHz was provided
by an Elcclto-Medical Supplics
Therasonic 1030 medical ultrasound unit
operating at 15 W with s transducer
outside the tank and the ultrasound
coupled through an acoustic window. The
pumping signal source ideally has a flat
frequency responsc in the kilohertz
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Fig 3, The spectrum in the kHz region showing region, is durable and is moderatcly
subharmonic. The thinner line iy modification in the powerful; it is more difficult 10 provide. A
absence of the bubble. The O dB level is 0.74 mPa.



not cause significant amplitude variations over the

85 mm @ Mylar® RS-248-325 cone speaker
bonded into a watertight container and driven by
4 Brookdeal 471 Signal Source via a Quad 405-
2 Power Amplificr served as a protolype for 2
kHz < vp = 5 kHz. Rellections of this sound did
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volume of interest. The pumping voltage was
monitored in frequency and the resulling
pressurc amplitude measured by a Briicl & Kjer
8103 Miniaturc Hydrophonc linked 1o an
oscilloscope. The spectrum around vj was
interrogated with a Dapco NP10-3 Ncedle
Hydrophone and a Marconi Instruments TF 024 2k BE By BE g "3
2370 Spectrum Analyser. This apparatus is : i i ; : 3
schcma:ﬁ:ally shown in Fig 1. Fig.2 details the Pumping Frequency / kHz
acouslic inieraction arca.

Bubblcs were cither produced as a siream  fig 4. Amplitudes of the v; £ v, (dashed line)
by Torcing air through a 0.30 mm internal & Vi £ 4wy, (comtinuous | signaly verses v,
diameter drawn glass pipetie by ~15 kPa s f
overpressure or created individually with a 0.04
mm intemal diameter pipetie and tethered by low wettability 1o a vertical wire coated in petroleum

Jelly (drawn in Fig.1 and Fig.2 respectively). Tethered
Fig.6 Signals verses pumping bubbles which survived experimentation were pipetted olf
amplitude (curve assignaiions as in for measurement by optical microscopy.
Fig4, 0 dB is 50 mPa).
3. RESULTS

Pressure Amplitude / Pa

Fig.3 shows a Lypical variation of the amplitudes of
the signals at v; Vp and v; £ /,vp, verses Vp, as measured
by the hydrophone approximately 1 cm from a bubble (Rg
=1.04 £ 0.1 mm) on a 0.5 mm @ wirc. Random amplide
crrors are + 15 %. The geomectric average of the pair of
sidcbands was taken in cach casc. The pumping amplitude
was aboul 43 Pa and the bubble was tethered.

The stream of free bubbles also gave v; + iV
4 ; - ; signals for suilably tuncd Vp albeit of the intermittent
6 100 200 a0t aep soo  Dature as was to be expected when sampling about 30

Pumping Amplitude / Pa nominally dentical bubbles per second.

By connecting the miniature hydrophone 1o the
Spectrum Analyser, low frequency phenomena were
recorded. Fig.4 shows a I!,vp signal which was cxistent
only when a bubble was present. An ultraharmonic at Y2V

is also visible.

Fig.5 demonstrates the pumping amplitude dependence with first the vi + v, then the v; +
"/2vp signal appearing as that amplitude increases. This is graphed for a tethered bubble, resonant
alhul, :m4.05 kHz, in Fig.6. The durability of the source limited the pumping amplilude
oblainable.

F:‘g:S; specira showing Vp, vitv
horizontally & 1 B apart vertically. Tghe 0 B level is 50 mPa. Insonation at 4.050 kHz and ( left o
right) 20 £ 1 Pa, 19 + | daPa & 32 + I daPa amplitude.

& v 1/, Vo signals. Major divisions are | kHz apart

4. DISCUSSION

The peak of the v; + /v, effect in Fig.3 is clearly sharper than that of Vi £ v, 56 cnabling
more precise sizing 1o be done. Its 3 dB width (full-width half-maximum) is ~0.0b kHz so the
resonance (and therefore radius if the other relevant sysiem paramelers are known) is can be
found to within £1%. A considerable advantage 1o this method is that the lixelihood of spurious
Vi & '2vp signals is lower than for vp harmonics (which may be produced by the transducers) and
v; £ vp, signals (which turbulence!3 can produce).

The bubble stream results confirm that v; £ ', v, emission is not an artifact of lethenng
the bubble therefore increasing the technigue’s range DF application. The low frequency results
confirm that v; £ +/,v, cmission, rather than something peculiar to bifrequency insonation,
involves a period doubling in the bubble’s aclion.

The dependence shown in Fig.6 is as expected for this system with linear behaviour at
small amplitudes with higher-order effects consistent with the use of progressively stronger
driving. The existence of definite thresholds is uncertain because of the 13 + 1 dB noise
background.

5. CONCLUSIONS

The vi & ,vp elfect is caused by a period doubling in the breathing mode bubble
oscillation at sufficiently high pumping amplitudes and il can discriminate bubble radii
differences 1o £1%.
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