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Dynamics of dissolved gas in a cavitating fluid
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A strong acoustic field in a liquid separates the liquid and dissolved gases by the formation of bubbles
(cavitation). Bubble growth and collapse is the result of active exchange of gas and vapor through the bubble
walls with the surrounding liquid. This paper details a new approach to the study of cavitation, not as an
evolution of discrete bubbles, but as the dynamics of molecules constituting both the bubbles and the fluid. We
show, by direct, independent measurement of the liquid and the dissolved gas, that the motions of dissolved gas
(freon-22, CHCIF,) and liquid (water) can be quite different during acoustic cavitation and are strongly
affected by filtration or previous cavitation of the solvent. Our observations suggest that bubbles can com-
pletely refresh their content within two acoustic cycles and that long-lived (~minutes) microbubbles act as
nucleation sites for cavitation. This technique is complementary to the traditional optical and acoustical

techniques.
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I. INTRODUCTION

The “liquid” we experience in our everyday lives is a
symbiotic coexistence of fluids: of the liquid itself, and one
or several dissolved gases. A sudden drop in pressure can
separate the liquid and the gases by the formation of bubbles,
a phenomenon known as cavitation. If such a pressure drop
is caused by motion, for example, by a propeller rotating in
water, this is a case of hydraulic cavitation, and this is how
cavitation was historically discovered [1]. If the pressure
drop is produced by strong sound waves, we have an acous-
tic cavitation. The bubbles grow, oscillate, and eventually
collapse producing extreme temperatures and pressures
[2-4]. Cavitation can be a highly destructive and chemically
active process, so that cavitation is of an immediate impor-
tance in science, engineering, and biomedical applications of
ultrasound (US).

In acoustic cavitation, bubbles grow during the rarefaction
phase, and shrink during the compression phase of the wave.
Their collapse and subsequent fragmentation form seeds for
new bubbles. Their volume can change by many thousand
times between the two extreme states. During the maximum
expansion, the partial pressure inside is much lower than that
in the surrounding liquid so that dissolved gas and liquid
vapor migrate into the bubble. During the phase of maximum
compression, the gas, reaction products, and unreacted spe-
cies are similarly ejected from the bubble.

The violence of collapse is cushioned by the presence of
molecules of liquid vapor and formerly dissolved gas in the
bubble. Information on the gas dynamics during cavitation is
important if cavitation is to be understood and controlled.
Commonly used optical and acoustical techniques allow ob-
servations of cavitating bubbles at very high detection rates
(up to billions of frames per second for photomethods).
However, due to their physical nature, these methods cannot
provide information on how much of the dissolved gas par-
ticipates in cavitation, on how long the gas molecules stay
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inside the bubbles, or on how gas dynamics depend on the
number of nucleation sites. Of additional interest is the ques-
tion of stability of microbubbles that serve as nucleation sites
in subsequent sonications [5].

This paper is an attempt to approach cavitation from a
different perspective. Instead of looking at cavitation as the
evolution of bubbles in the fluid, we look at cavitation from
the point of view of the dynamics of the molecules that con-
stitute both the bubbles and the fluid. The best way to get
such information is to interrogate the molecules about their
experiences in and around the cavitating bubbles. Nuclear
magnetic resonance (NMR) promises to accomplish the task:
the technique is unaffected by optical and acoustical opacity,
and NMR relaxation times, usually much longer than a pe-
riod of ultrasonic oscillation, can serve as the system
memory. The measurement time is on the scale of seconds
and minutes, and the obtained information is statistically av-
eraged. This technique is complementary to the traditional
optical and acoustical techniques that can provide momen-
tary glimpses into the bubbles’ history.

The NMR signal from the liquid phase will overwhelm
any signal from the liquid vapor due to a three-orders of
magnitude difference in the nuclear magnetic moment (spin)
density. The same applies to signal from a dissolved gas if
the NMR measurement is performed with the same nucleus.
We avoid that problem by dissolving a gas with two atoms of
fluorine per molecule (freon-22, CHCIF,), enabling us to
perform '"F magnetic resonance imaging (MRI) measure-
ments. '"H MRI measurements of water were performed in-
dependently.

We measured the dynamics of liquid and dissolved gas
during cavitation for two water samples: the filtered water
shows a lower cavitation intensity than the unfiltered sample.
The results demonstrate that the statistically averaged motion
of gas molecules can be quite different from that of the sur-
rounding liquid, depending on the cavitation intensity. Mol-
ecules of the dissolved gas enter cavitating bubbles, and their
dynamics becomes determined by the dynamics of the cavi-
tation cloud.
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FIG. 1. Schematic of the experimental apparatus.

II. MATERIALS AND METHODS

We employed a horizontal-bore 2.35 T MRI scanner
(magnet by Nalorac, CA; Apollo console by TecMag, TX),
with homemade 46 mm id. 'H and '"F RF quadrature
probes. An ultrasonic Langevin-type transducer (SensorTech,
ON) was attached to a cylindrical, 30 mm i.d., 75 mm i.L
plastic cuvette filled with water and the dissolved gas. The
cuvette was air-tight and positioned inside the magnet hori-
zontally (Fig. 1). Prior to the measurements, highly soluble
(0.78. vol/vol [6]) freon-22 was dissolved in water at a con-
stant rate in a semiclosed container for 15 min (by which
time the magnetic resonance (MR) signal had reached a con-
stant value, indicating saturation). The freon-22 F NMR
relaxation time constants 7 and 7, change by three orders of
magnitude as it is dissolved: from several milliseconds for
the free gas [T;=T,=2.1(5) ms] to several seconds for the
gas dissolved in water [T,=1.38(2) s and T,=2.40(3) s].

Two types of water samples were used in the experiments.
The first was regular tap water. The second sample was tap
water filtered with a 0.2 wm membrane filter (Sarstedt, Ger-
many). The particulate content of both water samples was
measured with a laser particle counter (LaserTrac PC2400,
ChemTrac Systems Inc, GA); the results are shown in Fig. 2.

Before the start of the NMR measurements, the samples
were left in the MRI scanner for 20 min to equilibrate the
temperature of the water and gas (initially at 20 °C) with the
temperature inside the scanner (15 °C). All NMR measure-
ments were started 30 s after the start of cavitation to give
enough time for acoustic streaming patterns to be established
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FIG. 2. (Color online) The number of particles per ml of unfil-
tered and filtered tap water samples measured with a laser particle
counter.
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FIG. 3. (Color) Hydrophone data for the two water samples
during cavitation at the maximum ultrasound intensity (at an acous-
tic pressure of 1.6 atm).

[7]. The transducer operated at 19.7 kHz, 1.6+0.05 atm
peak-to-peak pressure, with the 1-wavelength standing wave
condition for the cuvette. 0.44 W power were absorbed by
the water as measured by calorimetry [1.1(2) °C increase in
temperature after 10 min of cavitation, measured by a ther-
mocouple].

Before and after a 10-min sonication at the maximum
intensity, the '"F NMR spectra of the water samples were
acquired on a 500-MHz Varian spectrometer. Neither new
F-containing compounds nor any change in the freon-22
concentration were detected. A broadband hydrophone (In-
dustrial Sonomechanics, NY) was employed to record acous-
tic spectra with a spectral width of 5 MHz and a resolution
of 2 kHz. The onset of cavitation was detected in the unfil-
tered water samples at 0.61(4) atm and the filtered water
samples at 0.70(4) atm as an increase in harmonics and
noise, along with the appearance of subharmonics [8]. The
spectra of the acoustic emission at the maximum power are
shown in Fig. 3

NMR signal decay following a single pulse of rf excita-
tion [9] were performed with a 40 us sampling interval, a
total acquisition time of 40 ms, and in two regimes: with
recovery delays between the consecutive acquisitions of
2.95 s and 10 ms, and with the number of data scans equal to
1 and 64, respectively. A magnetic field gradient spoiler with
an amplitude of 4.5 G/cm was applied for 4 ms along the z
axis (magnet axis) after each acquisition. The measurements
were done in a series of 128, with the ultrasound turned on at
No. 20 and turned off at No. 100. The linewidth data were
processed with NTNMR (TecMag, TX) by coadding 10 se-
ries to improve the signal-to-noise ratio (SNR) and using
Lorentzian line fitting for the right line of the doublet.

A standard pulsed-field gradient (PFG) spin echo se-
quence [9] in 32 gradient steps was used, with a maximum
gradient amplitude of 10 G/cm. 8 data scans for a better
SNR were performed, with a total imaging time of 7 min.
Data were acquired with observation interval, 7, equal to
88 ms. The results are presented, in Sec. III B, as propaga-
tors (probability distributions of displacement during the ob-
servation interval 7) spatially resolved along the cuvette axis,
with displacement Az as the vertical axis and position along
the cuvette z as the horizontal axis (the transducer is posi-
tioned at the left at z=0 cm). The spatial resolution was
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0.5 mm for the 'H data, and 2.2 mm for the YF data. The
measurement duration was limited to 7 min to avoid heating
and degassing of water: heating would lead to changes in
NMR relaxation parameters, diffusion and gas solubility, and
degassing would produce a macroscopic amount of gaseous
freon, thus skewing relaxation measurements. Data were
Fourier transformed in both the first, spatial and the second,
displacement-encoded directions [with the Interactive Data
Language (ITT Visual Information Solutions, CO)] and zero-
filled once in the second direction. The resulting images were
filtered with a 3 X3 convolution filter (the new pixel inten-
sity is a result of a summation with intensities of its 8 neigh-
bors, with weights being 16 for the original point and 4 for
the 8 others, followed by subsequent normalization). T, was
measured with a Carr-Purcell-Meiboom-Gill sequence [9],
with 0.33 ms echo time, 8192 echoes, 15 s recovery delay,
and with 16 scans. The echo centers were collected for fit-
ting. 77 was measured with an inversion-recovery sequence,
with eight inversion delays, eight scans for each. Both relax-
ation parameters were fitted using the SIGMAPLOT package
(Systat Software, Inc., CA). The chemical shift between the
center of the doublet line of dissolved Freon and the center
of the singlet gaseous Freon was measured as equal to
175.7 Hz (1.77 ppm).

III. RESULTS AND DISCUSSIONS
A. Acoustic and NMR SSFP measurements

The difference in the number of particles available as po-
tential nucleation sites is known to have a direct effect upon
cavitation intensity [10] and thus filtering was employed to
moderate cavitation. As the results of the particle counting
shown in Fig. 2 clearly indicate, the number of particles in
the filtered water was reduced significantly compared to that
in the unfiltered water. A peristaltic pump with plastic pipes
was used to circulate water through the counter and some
mechanical attrition of the pipes could contribute to the mea-
sured particulate level in the filtered water. Both unfiltered
and filtered water samples were bubbled through with the
gas, under the same conditions, and then were poured into
the clean, air-tight cuvette for the NMR experiments.

The onset of cavitation was detected at a lower acoustic
pressure (0.6 atm vs 0.7 atm, see above) in the unfiltered
water samples. It is reasonable to assume that the lower ten-
sile strength of the water was caused by the higher number of
nucleation sites. The acoustic spectra of the filtered and un-
filtered water were different (Fig. 3). A remarkable difference
between the two spectra is the appearance of the strong har-
monics at higher frequencies, in particular, at and around
360 kHz in the filtered water. A possible explanation of the
difference could be a greater presence of free bubbles in the
filtered water, contributing to the acoustic excitation. Using
the Minnaert formula [11], we can estimate their radii as
7.8—8.8 um. The hydrophone measurements indicate that a)
cavitation begins at lower acoustic pressures in the unfiltered
water and b) the cavitation in two water samples proceeds
differently.

Our free induction decay (FID) measurements of Freon
detected no change in the sample magnetization during cavi-
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FIG. 4. Two series of 128 free induction decay (FID) measure-
ments of magnetic resonance signal following a single pulse of
radiofrequency at 93.2 F MHz. The first point only of each FID is
shown. The signal was from freon-22 gas (CHCIF,) dissolved in
unfiltered tap water. Acoustic cavitation occurs between 64 and
320 s. (A) Single measurements separated by 2.95 s. (B) Sets of 64
coadded measurements (40 ms duration), separated by 10 ms inter-
vals; so that the total time for each data point is 3.2 s. The technique
in (B) is described as steady-state free precession (SSFP) and these
data are strongly affected by cavitation-induced motion (see text).

tation in either of the samples [the first data point of each
FID of the freon in the unfiltered sample are shown in Fig.
4(a)]. The Freon spin-spin time constant 7, showed, almost
within experimental accuracy, a slight decrease (see Table I),
which was more pronounced in the unfiltered than in the
filtered water. After the ultrasound was turned off, the relax-
ation parameters were found to be slightly lower still.

The dependence of the relaxation parameters on the tem-
perature was measured (see Table II, and was found to be
substantial, especially for T'|. Therefore, the slight drop in 7,
of freon could be caused by a combination of the appearance
of the gaseous freon and the rising temperature. After the
ultrasound was turned off, a local degassing might account
for the further decrease in T, [no macroscopic bubbles were
detected by visual inspection after cavitation inside the scan-
ner; however, macroscopic bubbles could have redissolved in
the water by the time (~1 min) the system is disassembled].

No measurements of 7'} were performed during cavitation
due to its higher sensitivity to temperature and the long ac-
quisition time for 7; measurements (at least 16 min, twice as
long as the usually employed cavitation/MRI measurement
time.)

Neither the amount of nuclear magnetization, nor its spin-
spin relaxation properties were significantly affected by cavi-
tation. When polarized (at thermal equilibrium) nuclear spins

TABLE I. T, and the linewidth of freon-22 dissolved in unfil-
tered and filtered water before, during, and after the application of
ultrasound at maximum power (1.6 atm acoustic pressure).

Before During After
T,/s, unfiltered 1.385(18) 1.35(18) 1.340(17)
T,/s, filtered 1.389(20)  1.376(18)  1.373(18)
Linewidth/Hz, unfiltered 48.8(4) 43.9(4) 51.0(5)
Linewidth/Hz, filtered 39.9(4) 43.3(4) 40.1(4)
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TABLE II. T, and T of freon-22 dissolved in the unfiltered water vs temperature.

T/°C 15 20 23 25 26.5 29 31 35
T, 1.38(2) 1.211(8) 1.144(7) 1.186(5) 1.19(1) 1.01(1) 0.84(2) 0.835(16)
T, 2.40(3) 3.09(3) 3.45(4)

of '°F in freon molecules enter cavitating bubbles, one could
hypothesize that high temperatures inside might destroy
nuclear magnetization; however, it is known that only a
small fraction of cavitating bubbles collapse violently [11].
Therefore, it was unlikely that a substantial number of freon
molecules would experience extreme cavitation conditions,
and unlikely that much nuclear magnetization would be de-
stroyed.

However, when we reduced the delay between repeats of
the FID measurement from 2.95 s to 10 ms, turning the FID
into a steady-state free precession (SSFP) NMR measure-
ment, the difference between cavitating and noncavitating
FIDs became substantial [Fig. 4(b)]. The observed differ-
ences also depended on the type of water: filtered vs unfil-
tered. The SSFP measurement is highly sensitive to changes
in relaxation times (which were very minor, see above) and
to the presence of motion [12], to which it was sensitized by
an addition of the spoiler gradient along the z direction. We
conclude that cavitation-induced motion is responsible for
the signal attenuation observed in Fig. 4(b) (and, therefore,
Fig. 5, below).

The 128 series of SSFP magntiude spectra (obtained from
the FID by Fourier transformation) for the unfiltered and
filtered water samples are presented in Fig. 5, with ultra-
sound turned on at No. 20 and off at No. 100. The series are
plotted starting from the top right corner of each spectrum.
The doublet lines belong to the dissolved freon. The location
of the broad line of the gaseous freon, which we had hoped
to detect, is indicated by the vertical arrows at 1.77 ppm

4 0of -4
chemical shift (ppm)

FIG. 5. Magnitude spectra produced by the Fourier transforma-
tion of the full FIDs represented in Fig. 4(b). Upper spectra were
obtained from unfiltered water, lower spectra were obtained from
filtered water. The doublet spectra are characteristic of Freon dis-
solved in water. The vertical arrows indicate the position on the
chemical shift axes which would be occupied by the broad singlet
line of gaseous freon: this line is not observed, however, even dur-
ing cavitation (see text). The ultrasound transducer is turned on at
the 20th (64 s) and off at the 100th (320 s) NMR measurement.

from the centre of the doublet. The original intention of rapid
pulsing (every 10 ms) in the experiments was to utilize the
difference in 7 relaxation between the dissolved and gas-
eous freon: while the dissolved freon’s lines would be satu-
rated, the gaseous freon’s line, if present, would remain un-
affected. If the transverse magnetization between the pulses
is completely destroyed by the spoiler gradient, then the sig-
nal amplitude S(z), due to a species of particular 7}, will
obey the well-known formula

_E'1

S(7) = S(0)sin « ,
—cos aE;

(1)
where E;=exp(-TR/T;) and TR=50 ms is the time between
the start of each measurement [13,14]. The total signal de-
tected is, therefore, a sum of contributions from different
species (in the present case gaseous and dissolved freon),
weighted according to Eq. (1) by their different 7). For T, of
dissolved freon equal to 2.4 s, with the flip angle a=90°, the
attenuation of the dissolved freon line would be by a factor
of 52.6. However, the transverse magnetization is not com-
pletely destroyed in our experiments, as is clear from the
continued domination of the spectrum by the dissolved-freon
doublet. In this case, the steady-state signal is determined by
an interaction of overlapping transverse magnetizations from
the previous pulses. Since the spolier gradient is uncompen-
sated, and without incorporation of the motion effects, we
can express the signal as

S(z) = 5(0)sin «

1—E1{C+DE2 2} )

C VD2 - 2 -

Here E,=exp(-TR/T,), C=E,(E,-1)(1+cosa), D
=(1-E; cos @)—(E,—cos a)E% (see Ref. [15] for an excel-
lent review). The signal essentially depends on the combina-
tion of relaxation parameters which give us an attenuation
factor of 3.48. The experimentally measured attenuation fac-
tors for quiescent water were 3.97 and 4.15 for the unfiltered
and the filtered water, respectively. No line of the gaseous
freon was detected during cavitation in either of the samples.
Our inference from this observation is limited by the signal-
to-noise ratio (SNR) of 22. Including the attenuation factor
as 4, we estimate an upper limit to the free-to-dissolved gas
mass ratio of 1.1%.

The dissolved freon linewidths narrowed during cavita-
tion in the unfiltered water, and broadened in the filtered
water (see Table I). It is relevant to note that the measured
linewidth is determined by the magnetic field inhomogeneity
across our sample (0.4 ppm), and our spectral resolution is
25 Hz. In cavitation, we can expect two effects on the line-
width. Motion of the spins can result in the averaging of the
field during the acquisition (as was observed in Ref. [16])
and thus narrowing of the lines. The presence of the bubbles,
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on the other hand, introduces local field inhomogeneity and
thus will result in line broadening. The efficiency of the
former depends on the average speed of spins, and of the
latter depends on the proximity of the spins to the bubbles
and the average bubble population in terms of both density
and radius. The observed narrowing is most likely caused by
the averaging of the field in the course of cavitation-induced
motion. Averaging will be more efficient if spins move
slowly all the time, than if they move rapidly during only a
fraction of the time.

Temporal behavior of the signal in the two samples was
also different. As soon as the ultrasound is turned on at scan
No. 20, the line intensity in the unfiltered water drops and
reaches a “steady state” by No. 22 (6.4 s from the start). In
the filtered water, the line intensity decreases more slowly
and reaches the steady state by No. 24 (12.8 s). This is fur-
ther evidence of the motion-induced signal attenuation. As
soon as the ultrasound is on, cavitation propagates along the
vessel. At such low frequencies as 20 kHz, water absorption
is negligible, and acoustic streaming caused by water absorp-
tion will not develop, unless the water cavitates. In tests with
thoroughly degassed water, no motion of water (no signal
attentuation) was detected. It is the appearance of cavitating
bubbles that leads to the macroscopic motion of both gas and
the liquid. The more spins are involved in cavitation, the
further they move along the direction of the magnetic field
gradient, and the more portions of magnetization accumu-
lated from previous pulses interfere destructively, resulting in
the signal drop. The propagation speed depends on the cavi-
tation intensity [7].

Lastly, the intensity during cavitation remains at about the
same level in the unfiltered water while it fluctuates substan-
tially in the filtered water in the interval of 32—-40 s. Such
behavior indicates unstable motion in the filtered water.

B. Pulsed field gradient (PFG) measurements

The SSFP signal is determined by several factors in a
complicated manner, and the sequence usually is employed
as a qualitative technique. For quantitative, spatially resolved
measurements, we performed PFG measurements of both
water and dissolved gas motion during cavitation. The PFG
experiment measures an average displacement (Az) during
the time interval (7) between two gradient pulses; that dis-
placement is often interpreted in terms of an average velocity
(Az/ 1) for steady flows [9]. For an ensemble of spins, with
potentially different motion histories, the PFG measurement
yields a distribution of such temporally averaged displace-
ments across the ensemble.

PFG measurements of water motion showed that the dis-
placement was comparable in the unfiltered and filtered wa-
ter [Figs. 6(a) and 6(b)], with active circulation taking place.
The region near the transducer, where cavitation is the stron-
gest, exhibits greater motion than the rest of the cuvette.

Measurements of gas motion showed a different picture,
with dynamics uncoupled from that of the liquid [Figs. 6(c)
and 6(d)]. In the unfiltered water [Fig. 6(c)], the displace-
ment in the region near the transducer is of the same order as
in the absence of cavitation (not shown). Gas and liquid dy-
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FIG. 6. (Color) Maps of displacement (Az) vs position along the
cuvette (z) for (A),(B) the 'H in the solvent (water) and (C),(D) '°F
in the solute (freon-22, CHCIF,). All displacements occur during an
interval of 7=88 ms while acoustic cavitation was taking place.
Maps are shown for both (A),(C) unfiltered tap water and (B),(D)
tap water treated using a 0.2 wm filter. In each propagator map, the
color at each position indicates the probability of that particular
displacement (vertical axis) at that particular location in the cuvette
(horizontal axis) occurring during the 88 ms of observation. The
total probability is normalized to one at each z. The white contour is
at a probability of 0.023 in all maps. Other (black) contours show
probabilities of 0.03, 0.06, and 0.08. The acoustic transducer is to
the left, at z=0 cm. The end of the cuvette is at z=7.5 cm. Noise
outside this region has been set to zero. Positive displacements are
away from the transducer.

namics are uncoupled because of the presence of developed
cavitation: a substantial portion of gas participates in the
bubble motion, which is governed by gradients of acoustic
pressure in the standing wave and interactions between the
bubbles, particularly near the transducer.

It is also seen that the dynamical behaviour of gas in
filtered and unfiltered water (in which the cavitation is more
intense) is very different. Except for the regions close to the
cuvette ends, there is no stationary gas at all in filtered water:
within the 7=88 ms interval, almost all gas molecules in the
cuvette are substantially displaced. The gas propagator forms
an arc pattern with displacements greater than those of gas in
the unfiltered water. Most unexpectedly, for the filtered wa-
ter, displacements of the gas are greater than displacements
of the water itself, around 380 um in the direction away
from the transducer, at the center of the cuvette. The motion
of gas in the unfiltered water, on the other hand, is localized
next to the transducer where cavitation is the strongest, and
its displacement is smaller than that of surrounding water.
Figure 7 shows profiles, along the cuvette, of the quantity of
stationary dissolved gas [extracted from Figs. 6(c) and 6(d)].
This emphasizes that the less intense cavitation in the filtered
water is associated with a generally greater motion of the gas
molecules.

One possible explanation of these observations for the
filtered water is that the gas molecules move faster than wa-
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FIG. 7. Profiles of the probability that freon-22 be stationary,
taken along the dotted lines in Fig. 6(c) for unfiltered water and Fig.
6(d) for filtered water. In the filtered water, in which cavitation is

less intense, a much greater fraction of the dissolved gas is dis-
turbed by acoustic cavitation.

ter because their travel is mediated by the cavitating bubbles.
Due to weaker cavitation in the filtered water, cavitating
bubbles do not interact much with each other, making it pos-
sible for them to travel quite far. In a dense cavitation cloud,
as in the unfiltered water with many impurities, cavitating
bubbles actively interact with each other so they cannot
move very far. It is also well known from theory [17] that
rapid changes in bubble volume limit the amount of gas in-
volved in cavitation to that dissolved in the boundary layer
of the liquid around the bubbles. If the surrounding liquid
can be refreshed by, for example, induced motion, the gas
exchange between the bubble and the environment is en-
hanced [11]. The moving bubbles act as nucleation sites,
spawning new bubbles and involving most of the dissolved
gas in cavitation. This picture resembles a superheated liquid
that begins to boil as soon as nucleation sites are added to the
system. The absolute volume of water involved in bubble
motion might be of the same order as that of gas; however,
since it represents less than 1/1000 of the volume of quies-
cent water, its displacement goes unnoticed.

We would not like to claim that this relationship between
dissolved-gas and water motions is general. In fact, the in-
terplay of gas and water motions depends, at the very least,
on both the ultrasound intensity and the cavitation activity.
One can expect that a higher ultrasound intensity and, there-
fore, higher acoustic pressure will yield bubble motion which
is strongly controlled by the gradients of acoustic pressure
(primary Bjerknes forces) so that the well-known node-
antinode bubble migration in the standing wave [11] will be
dominant. The transducer employed herein could not operate
at higher intensities, so we performed the same measure-
ments with a different transducer at much higher acoustic
pressures (up to 7 atm), and found certain intensities at
which the motion of gas in the filtered water was greater than
in the unfiltered. At the same time, gas motion was much
smaller than the motion of the surrounding liquid, again in-
dicating a very strong distinction between motion of the spe-
cies during cavitation. The measurements were done with a
different experimental setup and a transducer type (an acous-
tic horn [18]) and will be reported in detail elsewhere. How-
ever, it is clear that using NMR to probe the dissolved-gas
and water motions gives a unique viewpoint from which to
examine the onset of cavitation.
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FIG. 8. (Color online) The expected T, relaxation time constant
as a function of the total residence time and average pressure inside
the bubbles, as estimated by the two-site exchange model [Eq. (3)
and accompanying text]. T,=1350 ms before cavitation; the hori-
zontal line at 7,=1340 ms indicates the observed value of 7, during
cavitation. The curves correspond to estimates of the change in
observed T, at (solid line) 1 atm, (+) 2 atm, ((J) 4 atm, and (X)
8 atm.

In light of these PFG displacement measurements, we re-
call that relaxation measurements do not show a measurable
difference between quiescent and cavitating water (either fil-
tered or unfiltered), within the accuracy of our measurement
(3.7%). PFG demonstrates that there is no stationary gas in
filtered water during cavitation, most of it moves with the
bubbles, which are gaseous objects. The '°F T, relaxation
time constant of freon in the gaseous state is 2 ms, but this is
not reflected in the 7, during cavitation. Therefore, the total
time which gas molecules spend inside the bubbles, as free
gas, must be much shorter than around 1 ms over the course
of our T, measurement (3 s). (We use the term*“total time” to
mean the total amount of time gas molecules spend in the
gaseous phase during the measurement, which may include
many entries of and exits from the bubbles.)

To estimate the total residence time, we used a two-site
exchange model [19,20]. In the model, the observed relax-
ation rate 1/7, equals the weighted average of the relaxation
rates of the spins in dissolved state 1/7,,; and gaseous state
1/ ng:

1 X X
ey e ()
T2 T2d ng + ’Tg

where 7, is the residence time of the spins in the gaseous
state, and X, and X, are fractions of nuclear magnetization,
with X,;+X,=1. The fractions then are estimated as equilib-
rium magnetizations of the two states in the first-order re-
versible reaction X,/ X,=k,/k_;, where k; and k_; are kinetic
rate constants [3]. k_; is evaluated as 1/7,. From the PFG
measurements, it is known that most of the dissolved gas
comes into contact with cavitating bubbles within 88 ms,
giving us an upper limit for k;=11.4 s~!. The resulting value
of 7,<<100 ws is found with a conservative choice of k,
=1 s~ under the condition that the observed value of T,
changes from 1.38 s to 1.34 s (see Fig. 8). The total time of
100 us equals two oscillation periods of the acoustic wave.
With the maximum displacement around 0.38 mm (Fig. 6),
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that gives 3.8 m/s as a low limit for the bubbles highest
speeds.

If we fix the total residence time at 0.1 ms, the estimate of
the gaseous population X,; will be equal to 0.01%, which can
explain why no signal from gaseous Freon was detected:
such a small amount is below the sensitivity limits of the
NMR equipment used in the experiments.

The proposed phenomenological two-site exchange model
depends heavily on relaxation parameters that can increase
with pressure, due to spin-rotational mechanisms [21,22].
The intervals of extreme pressure inside collapsing bubbles
occupy only a small fraction of the acoustic period. For most
of the period the bubble gases are at atmospheric or lower
pressures. If the bubbles are very small, the surface tension
inside will increase the pressure according to the Young-
Laplace equation

P=P, +—. 4
i=Po+ (4)

P; and P, are the pressures inside and outside the bubble, y
is the surface tension, and R is the bubble radius.

We performed measurements of the 7, of gaseous
freon-22 vs pressure that showed a doubling of 7, as the
pressure increased to 2 atm, still staying within the millisec-
ond range. The plots in Fig. 8 show the elongation of the
total residence time for 7,s corresponding to 1, 2, 4, and 8
atmospheres (the last value was extrapolated from the experi-
mental data).

Two atmospheres of pressure would correspond to a gas-
eous bubble with a radius of 1.44 um. Further relaxation
mechanisms are important to the gas molecule inside a sub-
micrometer bubble. Interactions with both other gas mol-
ecules and the walls of the bubble, can cause a change in
NMR relaxation times. The observed massive displacement
of gas molecules is unlikely to proceed in very small bubbles
due to the increasing importance of drag force (o area) over
acoustic force (o< volume) with decreasing size. However, we
have no information on the relative populations of
submicrometer-sized and larger bubbles at any instant during
cavitation. The acoustic spectra do indicate a large presence
of bubbles in the 8 um range, corresponding to Young-
Laplace pressures close to atmospheric.

Another piece of evidence of the short total residence
time of gas molecules inside cavitating bubbles is the ab-
sence of line broadening during cavitation. Local magnetic
field gradients caused by the magnetic susceptibility differ-
ence between the gaseous bubble and water would be re-
flected in the FID data as a shortening of the signal lifetime.
This effect would be proportional to the average residence
time of the gas molecule in the vicinity of a bubble. Since we
have not detected any substantial change in the dissolved gas
linewidth, we conclude that either this mechanism is not
present, or the residence time is, again, <l ms.

When we repeated the measurements after a 2 min delay,
we found that the propagators for gas in filtered water began
to strongly resemble those in the unfiltered water [Figs. 9(a),
cf. Fig. 6(c)]: there was no arc of displacements, and there
was a substantial amount of the stationary gas. After a one-
hour delay, propagators only partially recovered to their
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FIG. 9. (Color) Maps of freon-22 displacement in filtered water
during second and third acoustic cavitation events (A) two minutes
after the first cavitation [Fig. 6(d)] and (B) one hour after the sec-
ond cavitation.

original shape [Fig. 9(b), cf. Fig. 6(d)]. Propagators for water
exhibited the same tendency, with motion becoming more
violent both in the filtered and the unfiltered water. This is an
indication of an increased number of nucleation sites that
lead to a cavitation enhancement. Since the filtered water
does not have many impurities, the only possible source of
an increase in nucleation sites is microbubbles left after the
previous cavitation event. A further indication of the pres-
ence of seeding microbubbles is a slight decrease in 7, after
the ultrasound was turned off. Contrary to general theoretical
considerations that estimate microbubble lifetime on the or-
der of seconds [23,24], their measured stability is remark-
able. It is possible that, in our experiments, microbubbles
were temporarily stabilized by the plastic surface of the ves-
sel walls.

IV. CONCLUSION

MRI provides statistically averaged information on mo-
lecular dynamics of both liquid and gaseous phases and dis-
solved gas species of cavitation and, as such, can serve as a
method complementary to the optical and acoustical tech-
niques traditionally employed in cavitation research. The be-
havior of molecules of the liquid (water) and dissolved gas
(freon-22) during acoustic cavitation was investigated in this
work.

We have found that gas and liquid dynamics during
acoustic cavitation can be completely uncoupled, depending
on the number of nucleation sites. One of the remarkable
results was a very active engagement of the dissolved gas in
the cavitation: during our observation window of 88 ms,
most of the gas molecules in the vessel moved faster than the
surrounding liquid. No line of the gaseous freon was de-
tected with the spectroscopic measurements, giving an esti-
mate of the total amount of freon in the gaseous phase less
than 1.1%. There was also no noticeable change in the 7,
relaxation. Based on these observations, we estimate the total
time for gas molecules inside cavitating bubbles is on the
order of, or less than, 100 us, meaning that gas content
within bubbles is refreshed within two oscillation periods.
The estimate is strongly suggestive of bubble dynamics in
which each new position of a fully expanded bubble involves
a different collection of gas molecules than that of the pre-
vious cycle.

There are several factors that can potentially modify
NMR relaxation parameters. The elevated pressure and
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surface-volume effects in submicron bubbles can affect spin
interactions leading to longer 7', and 7, and making the es-
timate of the total residence time longer. Another unknown
factor is the presence of water vapor in the bubbles. Cavita-
tion studied as a temporarily porous medium represents a
substantial challenge, and more NMR research in this field is
necessary.

The very high solubility of freon-22 undoubtedly influ-
enced the dynamics of the gas in and around the cavitating
bubbles, most likely reducing the residence time inside the
bubbles to a minimum. Even with this high solubility, our
measurements were performed at the sensitivity limits. Sub-
stitution of a gas, or a series of gases, with lower solubility
will allow the gas molecules to stay longer inside the bubbles
and thus will be an exciting opportunity to probe the gas
dynamics, provided challenges associated with lower gas
concentrations and corresponding lower sensitivity can be
overcome.

PHYSICAL REVIEW E 78, 066316 (2008)

Microbubbles remaining after cavitation events can be
very stable, influencing cavitation dynamics significantly af-
ter 2 min delays, but minimally after one hour delays be-
tween the events. This information is pertinent to clinical
ultrasound applications where the control of cavitation activ-
ity is required.
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