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Magnetic resonance imaging was applied to studies of cavitating fluid in a standing acoustic wave at 31 kHz
sound frequency. A spin-echo pulsed field gradient sequence was employed to sensitize the measurement to
motion. Velocity spectra, kinetic energy maps, and maps of the dispersion coefficient were obtained for pure
water, water with surfactant �sodium dodecyl sulfate, 1 mM�, and water with sodium dodecyl sulfate–NaCl
��NaCl�=0.1M�. Cavitation bubbles cause an increase in dispersion coefficient and acoustic streaming. These
effects are not observed in a degassed sample. Streaming was most developed in samples with surfactants,
which also demonstrate a pronounced anisotropy of the dispersion coefficients parallel and normal to the
direction of the sound wave propagation. Stabilization of the bubble surface and concomitant reduction of
bubble coalescence by the surfactant can explain the observed differences.
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I. INTRODUCTION

Acoustic cavitation is the generation, oscillation, and col-
lapse of gaseous bubbles in fluids under the action of high-
power ultrasound. The prevalent methods used in studies of
cavitation are optical and acoustical. By their nature, these
techniques are sensitive to changes in optical or acoustical
transparency, respectively. The bubbles in a cavitating fluid
reflect light and absorb and reradiate acoustic signals. The
shielding effect of surrounding bubbles makes it difficult to
obtain information about the central zones of a cavitation
cloud.

In this work, we apply magnetic resonance imaging
�MRI� methods to the study of a cavitating fluid. The MRI
signal is an electromotive force induced in the receiver coil
by the coherent precession of many sample nuclei around an
externally applied magnetic field. MRI methods are very
flexible, because many physical factors may modulate the
MRI signal, thus providing us with information on various
physicochemical parameters of the sample such as viscosity,
velocity, diffusion, and molecular density. Linear gradients
of magnetic field allow spatial resolution of such information
in three dimensions, noninvasively and from an optoacousti-
cally opaque medium.

Cavitation phenomena cover a very wide time scale, from
subnanoseconds �the duration of a single flash of light from a
collapsing bubble�, to microseconds �a bubble oscillation pe-
riod�, to milliseconds, seconds, and minutes �bubble interac-
tion, rectified diffusion, and fluid heat transfer�. MRI meth-
ods can never deliver millions of frames per second, as
optical methods can. The fastest one-dimensional MRI ac-
quisition cannot be made shorter than a fraction of a milli-
second. However, MRI is able to measure processes on the
time scale of milliseconds and seconds, providing statisti-
cally averaged information. We show the applicability of
MRI to studies of the dynamics of a cavitating fluid, with

spatially resolved measurements of velocity spectra and hy-
drodynamic dispersion coefficient.

Acoustic streaming is a bulk advective flow caused by
attenuation of acoustic waves �1�. Such attenuation can occur
due to the absorption of the sound energy by the fluid itself,
or through the presence of absorbing agents such as bubbles.
Therefore, measurements of acoustic streaming can provide
information on the cavitation field �2�. A different kind of
streaming, microstreaming, is a microflow in the vicinity of
collapsing and fragmenting bubbles. Microstreaming ac-
tively mixes the fluid and thus contributes to the measured
hydrodynamic dispersion coefficient of the fluid.

The measurements have been performed during the initial
stage of degassing cavitation for pure water, degassed water,
water with surfactants �sodium dodecyl sulfate �SDS��, and
water with SDS and NaCl. It is known that surfactants
modify the dynamics of a cavitating bubbles, affecting
sonochemistry and sonoluminescence in the cavitation field
�3,4�. We have investigated the surfactant modification of the
dynamics of cavitating fluid on the macroscale.

The velocity measurements show markedly different
streaming patterns. The dispersion maps also indicate
changes in local mixing of the fluid. The results can be ex-
plained in terms of the modifying effects of surfactants on
the coalescence of cavitating bubbles.

II. MATERIALS AND METHODS

All measurements were performed on a Nalorac �Mar-
tinez� 2.35 T, horizontal-bore superconducting magnet with a
Tecmag �Houston� Apollo console. A water-cooled 20-cm-
i.d. Nalorac magnetic field gradient set was driven by
Techron �Elkhart� 8710 amplifiers. A quadrature birdcage ra-
diofrequency �rf� coil �Morris� was driven by a 2 kW AMT
�Brea� 3445 rf amplifier.

The 31 kHz Langevin-type ultrasonic transducer �Sen-
sorTech�, with a parallel beam, was situated coaxially inside
a 5-cm-i.d. 22-cm-long cylindrical vessel at the centre of the
magnet �Fig. 1�. In our experiments, we employed a trans-
ducer power of 3.48 W �measured by calorimetry, i.e., cal-
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culating power input by measuring the rate of temperature
rise in the system, taking into account its thermal capacity�.
A standing wave condition, with nine half wavelengths, was
established by reference to the hydrophone output. There
was always a developed cavitation in the vessel �detected
with a hydrophone� when the transducer was on. The vessel
was aligned with the direction of the main magnetic field.
Manganese sulfate �98.5%�, SDS ��95% �, and NaCl
�99.5%� were purchased from Sigma-Aldrich. The water
used to prepare all solutions was obtained from a Barnstead
Nanopure purification system �Barnstead� and had a conduc-
tivity below 0.05 �S cm−1.

Several different MRI methods were employed to exam-
ine the cavitation field. However, the aluminum cover of the
transducer and the microphone within the image field of
view caused severe distortions of MR images obtained by
such fast imaging methods as EPI, RARE, and FLASH. A
standard spin-echo imaging was found to be the most robust
imaging method. Unfortunately, it was also the most time
inefficient, forcing us to restrict spatial resolution to only one
dimension in order to reduce imaging time.

All MRI data were acquired from 1H of water at a MRI
frequency of 99.2 MHz. All water solutions were doped with
0.2 mM of manganese sulfate to decrease the spin-lattice
relaxation time of the proton MRI signal to 0.58 s and, thus,
reduce the imaging time. If nothing else has been added to
them, we will call such water solutions “pure water” from
now on.

We employed a displacement-sensitive pulsed field gradi-
ent �PFG� sequence �5� with slice selection �Fig. 2�. The PFG
measurements of velocity are based on the principle of phase
encoding. When nuclei �in our case, 1H of water molecules�
move in the presence of bipolar magnetic field gradients G,
their MR signal phase becomes proportional to their mean
velocity v over the time interval � between leading edges of
the gradient pulses �5,6�:

��t� = ��G · v�� − �/3� �1�

where � is the gyromagnetic ratio of the nucleus and � is the
duration of the gradient pulse. The gradient value is incre-
mented and the measurement is repeated. After N data sets

with different gradient values have been acquired, a Fourier
transform is performed, and an N-point velocity spectrum is
resolved.

The signal from spins flowing coherently in the direction
of applied gradient will be shown in the spectrum as a peak
centered at their velocity v. Molecular self-diffusion causes
an attenuation of the PFG MRI signal �over the N measure-
ments� as the stochastic motion imparts a phase dispersion to
the collection of 1H. In the velocity spectrum, self-diffusion
determines the width of the velocity peak. Both velocity and
diffusion information may be extracted from the same PFG
measurement. The term “hydrodynamic dispersion” will be
used here to include the effects of both molecular self-
diffusion and kinematic dispersion—a stochastic element of
the flow field which may arise from turbulence or the pres-
ence of a porous barrier to flow, for example. The effects of
hydrodynamic dispersion upon the PFG MRI signal are the
same as those of self-diffusion, although the broadening of
the velocity peak may be more extreme. In turbulent flow, for
example, a very broad spectral peak indicates a time aver-
aged velocity and the width of the peak is indicative of the
magnitude of velocity fluctuations in the direction of G. Sta-
tionary spins will not acquire the signal phase and will ap-
pear in the spectrum at zero. Thus we can use the PFG mea-
surements to distinguish between a coherent motion of the
fluid, a turbulent fluid motion, and an absence of motion.

A dispersion coefficient D is most readily extracted not
from the width of the velocity spectrum, but from the MRI
signal decay. Over N data sets, the obtained dispersion de-
cays were fitted with monoexponential decay of the form

F

F0
= exp�− �2G2�2D�� − �/3�� . �2�

The fitted values of D with standard errors larger than 10%
were rejected and replaced with zeros on the maps of disper-
sion coefficient. In this case, either local velocities were fluc-
tuating rapidly on the time scale of the NMR measurement

FIG. 1. The experimental setup. Ultrasound transducer is posi-
tioned inside rf probe and magnetic field gradient set. The direction
of the main magnetic field B0 is along the vessel axis. FIG. 2. Spin-echo pulse field gradient imaging sequence. The

upper line is the history of rf pulse application and data acquisition.
GR and GS lines show magnetic field gradients employed for spatial
encoding and slice selection. GM is a motion-sensitizing gradient
which can be applied in an arbitrary direction.

I. V. MASTIKHIN AND B. NEWLING PHYSICAL REVIEW E 72, 056310 �2005�

056310-2



or bubble-induced local magnetic field inhomogeneities per-
turbed the MR signal. The discontinuity in magnetic suscep-
tibility at an air/liquid boundary �bubble wall� gives rise to a
local magnetic field inhomogeneity �6�. In either case, the
exaggerated standard errors were indicators of an intense
cavitation.

The PFG MRI parameters were as follows: the maximum
gradient strength was 7.2 G/cm, �=6 ms, �=20 ms, and N
=32 gradient steps yielding a velocity resolution of
1.02 mm/s. The spatial resolution was 0.9 mm for profiles
along the vessel axis and 0.35 mm for transverse profiles.
Slice selection allowed acquisition of a signal only from a
slice of the sample, if necessary. The orientation and position
of the slice is completely controlled in the MRI acquisition.
We employed two orientations: a coronal orientation, parallel
to the axis of the cylinder and passing through the center of
the vessel, and a transverse orientation, perpendicular to the
axis of the vessel and passing through the middle of the
vessel. The thickness of the slice was 1.9 cm.

With a repetition time of 0.5 s, each measurement took 20
s, determining the temporal resolution of our experiments.
After the start of sonication, however, when the perturbation
front was propagating through the liquid, the border between
the perturbed and yet unperturbed liquid was clearly identi-
fied in the dispersion-weighted profiles within data sets. This
time resolution allowed us to estimate the velocity of the
initial perturbation during 5–15 s after the start of sonication.

The following data were calculated from the PFG mea-
surements: maps of velocity, maps of stationary fraction of
the fluid, kinetic energy maps, and maps of dispersion coef-
ficient. To obtain maps of the stationary fraction of the fluids,
the data from velocity spectra with velocities in the range
from −1.02 to +1.02 mm/s �two bins next to the zero veloc-
ity� were extracted and normalized with respect to the first
measurement in each series �for which the fluid was com-
pletely stationary�:

Inorm�xi,t� =
I�xi,t�
I�xi,0�

. �3�

Kinetic energy maps were obtained from velocity spectra
by multiplying the intensity of the spectral line by the square
of the corresponding velocity and summing along the 32
points in the velocity dimension:

Ienergy�xi,t� = �
−N/2

N/2

I�xi,vn,t�vn
2. �4�

For “positive” kinetic energy maps, only the positive half
of the velocity spectrum �n�0� was summed.

Series of 32 PFG measurements were performed, requir-
ing 10.6 min of the total experiment time. The ultrasonic
transducer was activated after the fourth measurement in a
series and turned off after the 25th. The series were acquired
for degassed water, pure water, water with SDS, and water
with SDS and NaCl. Data processing was performed with
Interactive Data Language �RSI�. Each series of measure-
ments was performed more than three times, but not aver-
aged. Only features observed in all three sets of experiments
are discussed here.

III. RESULTS

A. Maps of stationary fluid in the whole vessel

The images in Fig. 3 show the amount of stationary fluid
for pure water, water with SDS, and water with SDS-NaCl.
Brighter pixels contain more stationary fluid. The data were
acquired with no slice selection, so that the signal is a sum
from the whole cross section of the vessel. The first �hori-
zontal� dimension of each image is a spatial dimension ori-

FIG. 3. Stationary fluid maps along the vessel axis for �a� pure
water, �b� water with SDS, and �c� water with SDS-NaCl. The hori-
zontal axis is distance along the vessel in pixels �1 pixel
=0.9 mm�, thus every row is a profile along the apparatus of Fig. 1,
from the face of the ultrasound transducer at pixel 20 to the end of
the vessel at pixel 242. The vertical axis is a time dimension in
measurement number from a series of 32. Each measurement takes
20 s and the sonication takes place between measurements 5 and 25
inclusive. The gray scale represents volume fraction of stationary
fluid at each position; the intensity runs from 0 �black, no stationary
fluid� to 1 �white, no fluid motion�.
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ented along the vessel axis, 0.9 mm per pixel. The second
�vertical� dimension is the number of each measurement in
the series of 32 PFG measurements acquired at 20 s intervals
and, therefore, shows how the system evolves with sonica-
tion. Recall that the US transducer �which is to the left in the
image� is activated after the fourth measurement �row 4�.

20 s after the start of sonication, no stationary fluid is left
in the pure water. The fluid along the whole vessel length is
in motion. There is also a very short transition time from
moving fluid to the stationary fluid after the ultrasound is
turned off in row 25.

For water with SDS, the amount of stationary fluid is
significantly greater through sonication. Initially water is
more perturbed near the transducer, but quiescent near the
opposite end of the vessel. It takes 20–40 s longer to perturb
water along the whole length of the vessel than in the pure
water case. Rather noticeable also is a periodic behavior of
the perturbation: after the initial burst propagating through
the whole length, the fluid becomes much quieter for about a
minute, then another, weaker burst develops.

In the case of water with SDS-NaCl, there is much more
stationary fluid than for pure water and water with SDS. The
bursts perturb less water than in the other cases, but occur
more frequently than in water with SDS. After the ultrasound
is off, the water near the transducer becomes quiet at once,
but the rest of the vessel is still in motion, unlike in the other
cases. The density of the salted water is 5% higher than that
of pure water, and inertia may play a role.

These observations agree with measurements of the per-
turbation front velocity from dispersion-weighted profiles, as
explained in Sec. II �and shown in Sec. III C�, during 5–15 s
after the start of sonication. The measurements gave mean
velocities of 14.4±2.5 mm/s for the perturbation front in the
pure water, 9±0.4 mm/s for the front in the water with SDS,
and 8.7±0.8 mm/s for the front in the water with SDS-NaCl.

Analysis of the amount of stationary fluid tells us how
much fluid is involved in turbulent and coherent motions, but
it cannot distinguish between the two. To separate the con-
tribution of a coherent flow of the fluid, we must analyze
velocity spectra and kinetic energy maps.

B. Velocity spectra and kinetic energy maps

In Figs. 4�a�–4�f�, velocity spectra of the fifth and sixth
measurements �20 and 40 s after the start of sonication� are
shown for the pure water, water with SDS, and water with
SDS-NaCl. In this case, each image represents a single time
point in the N=32 series of PFG measurements. The hori-
zontal axis is the spatial dimension along the vessel; the
vertical axis represents the velocity. The direction of the dis-
placement encoding was chosen to be along the vessel axis.
Positive velocities are above the central line of zero velocity
and correspond to the displacement away from the trans-
ducer. Negative velocities appear below the central line and
indicate counterflow, toward the transducer. The flow propa-
gation along the vessel is clearly seen.

For the pure water, an initial coherent flow with wide
distribution of velocities �Fig. 4�a�� disappears 20 s later next
to the transducer �Fig. 4�b��. Both positive and negative ve-

locities are present next to the transducer, indicating the ap-
pearance of both the flow and counterflow. A region of co-
herent flow propagates along the vessel but is followed by a
loss of coherence, as would be expected for a region of tur-
bulence. Periodic oscillations in signal intensity near the
high-intensity regions are artifacts, caused by the flow
changing during the measurement. For the water with SDS, a
steadier flow pattern, with well-defined flow and counter-
flow, indicating the presence of a circulation �Figs. 4�c� and
4�d�� is observed.

The water with SDS-NaCl demonstrates a similar, but
weaker, flow with counterflow �Figs. 4�e� and 4�f��. The
negative �counterflow� velocities below the central line of
zero velocity have smaller magnitude than for the other so-
lutions, but they extend a similar distance along the vessel to
those observed in water with SDS �Fig. 4�e�� c. 110 pixels
and �Fig. 4�f�� c. 160 pixels.

To analyze the flow evolution, we constructed the kinetic
energy maps from velocity spectra. In Figs. 5�a�–5�c�, the
energy maps for the pure water, the water with SDS, and the
water with SDS and NaCl are respectively shown. The first
�horizontal� dimension of each image is a spatial dimension
oriented along the vessel axis, 0.9 mm per pixel. The second
�vertical� dimension is the number of each measurement in
the series of 32 PFG measurements acquired at 20 s inter-
vals. A significant amount of stationary water in the two
latter cases made filtering of the stationary signal more dif-
ficult, so another series of measurement was performed with
a 2 cm slice selection along the vessel, to reduce the station-
ary signal. For the pure water, high kinetic energy suggests
an active coherent flow at the very beginning of sonication,
next to the transducer. This coherent flow rapidly disappears
near the transducer, migrating to the far end of the vessel.
For the water with SDS, the flow is steadier and, except for
the first minute, more energetic than that of the pure water
during the whole experiment. For the water with SDS-NaCl,
the flow is also steady but less energetic than for the other
cases.

To separate the possible impact of the counterflow, we
extracted positive kinetic energy maps, which include only
the positive velocities �not shown�. The same tendency was
observed: the coherent flow almost disappears for the pure
water, is steadier and more uniform along the vessel for the
water with SDS, and is uniform but weak for the water with
SDS-NaCl.

To confirm these findings, we performed another series of
experiments, in which a different slice through the vessel
was imaged. The 1.9-cm-thick transverse slice was oriented
perpendicularly to the vessel axis and was located at the
center of the vessel. The spatial data were acquired across
the vessel, top to bottom, with resolution of 0.35 mm. The
displacement encoding was the same as before, along the
vessel axis. As a result, we acquired data from a slice in the
middle of the vessel with velocity sensitivity along the ves-
sel.

The velocity spectra across the transverse slice are shown
in Figs. 6�a�–6�c� for the pure water, water with SDS, and
water with SDS and NaCl, respectively. The spectra are ex-
tracted from the N=6 measurement �40 s after the start of
sonication�. The vertical axis is the velocity dimension, and
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the horizontal axis is the spatial dimension, at the left corre-
sponding to the bottom of the vessel and at the right corre-
sponding to the top. In all three images, flows have well-
characterized velocity profiles through the vessel. The
maximum flow velocity in the pure water is 6.5±1 mm/s,
while in the samples with SDS and SDS-NaCl the maximum
velocities are 28±1 and 7.8±1 mm/s, respectively. This is
the moment at which a coherent flow propagates through the
slice. On the subsequent measurements �not shown here�, the
flow coherence is destroyed in the pure water, but is present
for the other water samples.

The kinetic energy maps for the transverse slice �shown in
Figs. 7�a�–7�c�� support this observation: a more energetic
coherent flow is detected in the water with SDS. They also
show an unusual behavior of the water with SDS-NaCl: a
sharp increase in a flow at later times, about 3–8 min after
the start of sonication. The flow location is remarkable, being
shifted to the top of the vessel. The velocity spectra at those
times are characterized by well-defined velocity profiles,
again indicative of a coherent flow in salted water with SDS,
when there is no such flow in pure water and a significantly
weaker flow in the water with SDS.

FIG. 4. The velocity spectra of
the fifth and sixth measurements
for �a�, �b� pure water, �c�, �d� wa-
ter with SDS, and �e�, �f� water
with SDS-NaCl. Horizontal axis is
the spatial dimension along the
vessel in pixels �1 pixel is 1.0
mm�. Vertical axis is the flow ve-
locity along the vessel in mm/s
�1 mm/s per pixel�, with 0 veloc-
ity in the middle and a positive di-
rection away from the transducer
�located at point 23�.
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We also performed experiments with the displacement en-
coding directed along the y axis, perpendicular to the vessel
axis, for all water samples. Energy maps are shown in Figs.
8�a�–8�c�. In this case, the NMR signal is made sensitive to

velocities and dispersion in the vertical direction. Such ve-
locities can exist due to circulation near the edges of the
vessel, and also between the standing wave nodes and anti-
nodes, known as Rayleigh or outer streaming �1�. However,

FIG. 5. Relative kinetic energy maps �in a.u.� of the fluids along
the vessel axis for �a� pure water, �b� water with SDS, and �c� water
with SDS-NaCl. The horizontal axis is distance along the vessel
�1 pixel=1.2 mm� as in Fig. 3. The ultrasound transducer was at
point 35 and the end of the vessel at point 218. The vertical axis is
a time dimension in measurement number from a series of 32. Each
measurement takes 20 s and the sonication takes place between
measurements 5 and 25 inclusive. The gray scale represents the part
of kinetic energy due to motion along the length of the vessel. The
energy distribution is increasingly homogeneous, in both space and
time, in the series pure water, water-SDS, and water-SDS-NaCl.

FIG. 6. The velocity spectra of a transverse slice of fluid: �a�
pure water, �b� water with SDS, and �c� water with SDS-NaCl. The
slice was orthogonal to the length of the vessel, halfway along its
length. The spectra were acquired 60 s after the start of sonication
�in the eighth measurement�. The horizontal axis is distance across
the vessel in pixels �1 pixel=0.35 mm�. Every row is a profile
across the apparatus �in contrast to Fig. 3�, from the top of the
vessel at pixel 51 to the bottom of the vessel at pixel 200. The
vertical axis is the flow velocity, in mm/s, along the vessel length
�orthogonal to the slice�. Positive velocities are away from the
transducer.
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there was no indication of circulation in pure water, proving
that the cavitation completely destroyed coherent flow across
the vessel. For samples with SDS and SDS-NaCl, the circu-
lation near both ends of the vessel was evident, being stron-
ger in the former. When the ultrasound is turned off, the

circulation in SDS and SDS/NaCL samples temporarily in-
creases.

We did not detect a stable Rayleigh streaming in any wa-
ter samples. There was a spatial inhomogeneity of velocity
spectra for pure water, but the patterns changed with time.

C. Hydrodynamic dispersion measurements
and dispersion maps

By “dispersion” here we mean a mechanical hydrody-
namic dispersion. Hydrodynamic dispersion consists of both
molecular diffusion and kinematic dispersion �mixing caused
by microflows� �7�, and we measured it in the same way as
diffusion, via attenuation of the MRI signal amplitude with
increasing gradient strength. In Eq. �2�, D becomes the co-
efficient of hydrodynamic dispersion. In acoustics and optics,
however, the word “dispersion” is usually employed to de-
scribe the dependence of phase speed on frequency �8�, a
phenomenon very different from hydrodynamic dispersion.

Our measurement time of 20 s determines our sensitivity
to temporal stability of the system under investigation. If the
flow field significantly changes during our measurement, the
obtained data will be irregular and will not be fitted by the
fitting routine, nor will Fourier transformation yield a well-
defined velocity spectrum. In such cases, the fitting routine
attributed a zero or a negative value to the dispersion coef-
ficient, indicating the temporal instability in that location.

With one-dimensional resolution scheme in our experi-
ments, there is an inevitable averaging of the signal across
the vessel. Correspondingly, the measured dispersion coeffi-
cient, presented here in units of self-diffusion of water, is an
averaged value.

Dispersion maps were obtained for two directions of
displacement-encoding gradients. The first direction was
horizontal �along the vessel axis�, the second direction was
vertically upward. Regions of flow instability are seen as
noisy regions located in the vicinity of the transducer �Fig.
9�. A characteristic feature of the dispersion maps is the
propagation of elevated dispersion coefficient �a dispersion
front� along the vessel. This dispersion front propagates in
bursts, which coincide with bursts on the maps of stationary
fluid, and can be related to cavitation propagating along the
vessel.

For the pure water, the zone of flow instability covers the
whole vessel behind the dispersion front for the total time,
with the possible exception of the first measurement, after
the activation of sonication. For the water with SDS, the
unstable areas are much smaller and realized near the trans-
ducer. Unstable areas are absent in water with SDS-NaCl.
The elevated dispersion zone is also smaller in water with
SDS-NaCl and is reduced toward the end farthest from the
transducer. Just as in the energy maps for the transverse slice
�Fig. 7�c��, there is an increased activity in the water with
SDS-NaCl in the later stages of the measurement: the disper-
sion coefficient reaches its highest values at rows 22–25 �7
min after the start of sonication�.

Maps of dispersion across the vessel �not shown here�
show the stochastic displacements in the direction perpen-
dicular to the sound beam. They, too, demonstrate the disper-

FIG. 7. Relative kinetic energy maps for the transverse slice �as
in Fig. 6� across the vessel containing �a� pure water, �b� water with
SDS, and �c� water with SDS and NaCl. The horizontal axis is
distance across the vessel in pixels �1 pixel=0.35 mm�, as in Fig. 6,
from the top of the vessel �left, 53� to the bottom �right, 190�. The
vertical axis is a time dimension in measurement number from a
series of 32. Each measurement takes 20 s and the sonication takes
place between measurements 5 and 25 inclusive. The gray scale
represents the part of kinetic energy due to motion along the length
of the vessel. The energy distribution is increasingly homogeneous,
in both space and time, in the series pure water, water-SDS, and
water-SDS-NaCl.
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sion front for the pure water, but the front does not span the
whole length of the vessel. For water with SDS, the disper-
sion does not change as much as for the pure water, and the
water with SDS-NaCl seems to be mostly unperturbed.

When the maps of dispersion in two directions are com-
pared, a strong anisotropy of dispersion becomes evident for
water with addition of SDS: there is virtually no increase in
dispersion across the vessel. It can be better seen on the

averaged dispersion profiles �Figs. 10�a�–10�c�� obtained
from the dispersion maps by summing the PFG measure-
ments from the fifth to 25th �from the start of sonication until
its end�. For the pure water �Fig. 10�a��, the profiles with
dispersion along and across the vessel have comparable val-
ues greater than the self-diffusion coefficient of water and
maintain a similar spatial structure: broad peaks separated by
approximately the wavelength distance. For water with SDS

FIG. 8. Relative kinetic energy maps for the
part of the kinetic energy contributed by velocity
orthogonal to the length of the vessel containing
�a� pure water, �b� water with SDS, and �c� water
with SDS and NaCl. The horizontal axis is dis-
tance along the vessel in pixels �1 pixel
=1.2 mm� and each row is, therefore, a profile
along the length of the vessel. The transducer is
at pixel 41 and the end of the vessel is at pixel
210. The vertical axis is a time dimension, each
row corresponding to a separate measurement in
a series of 32. The duration of each measurement
is 20 s. Sonication is carried out from measure-
ment 5 to measurement 25, inclusive. The mea-
surements are sensitized to motion in the direc-
tion orthogonal to the vessel axis. Motion in this
direction would occur with circulation of the fluid
in the vessel. There is no evidence of any circu-
lation in �a� the pure water. There is a little cir-
culation in �c� water with SDS-NaCL and more in
�b� water with SDS. In both cases, the concentra-
tion of kinetic energy at the ends of the vessel
indicates circulation in a single cell encompass-
ing the entire length of the vessel.
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�Fig. 10�b��, the first three peaks are separated by the half-
wavelength distance for the dispersion along the vessel, but
all structural features barring a single peak near the trans-
ducer are absent. For the dispersion across the vessel, the

dispersion coefficient is almost entirely due to the self-
diffusion of the water �D�Dwater�. The profile for water with
SDS-NaCl also has several broad peaks for the dispersion
along the vessel, and only a single peak next to the trans-
ducer for the dispersion across the vessel.

IV. DISCUSSION

A. Acoustic streaming

Acoustic streaming is a steady flow produced by the ab-
sorption of acoustic energy and is often used to measure the
absorption coefficient of a medium �9�. Acoustic streaming
in the submegahertz and megahertz range is important for
clinical applications of ultrasound and has been studied ex-
tensively, including MRI studies �10�. The absorption coeffi-
cient �	
2 is very small for water at 31 kHz, and an esti-
mated acoustic streaming velocity at such low frequencies,
for the employed transducer power, would be several mi-
crometers per second.

We were unable to detect an acoustic streaming in the
degassed water. However, streaming was pronounced in all
our measurements of nondegassed water samples. Clearly,
the presence of gaseous bubbles, which are excellent acous-
tic energy absorbers, is critical for the observed streaming.
When the experiments were performed on the same water
sample several times in a row with 5 min interval, the
streaming was becoming weaker with every subsequent ex-
periment, indicating a partial degassing of the sample.

Two types of streaming are distinguished in a cavitating
fluid: Eckart streaming caused by bulk absorption of acoustic
energy by bubbles acting as absorbing agents, and a quasia-
coustic streaming caused by radiation pressure acting on the
cavitating bubbles �2,11,12�. In a standing wave, radiation
pressure causes bubble migration between nodes and anti-
nodes of pressure, depending on their size. The radiation
pressure, therefore, is expected to generate a streaming on
the half wavelength scale, similar to Rayleigh streaming.

It is still possible, however, that the radiation pressure
drop with distance from the transducer, will result in a net
force along the vessel, generating a steady flow.

Most probably, both types of streaming are present. Qua-
siacoustic streaming is characterized by a decelerating flow,
while Eckart streaming is characterized by a flow accelerat-
ing away from the transducer. Immediately after the start of
sonication, all the velocity profiles are decelerating. In the
second half of the experiments �from the 15th PFG measure-
ment�, there is an accelerating flow in SDS-containing
samples.

The dynamics of both types of acoustic streaming should
reflect the behavior of cavitating bubbles in the acoustic
field. Indeed, our measurements demonstrate that for three
water samples �pure water, water with SDS, and water with
SDS-NaCl�, the acoustic streaming patterns are different. An
observed enhancement of streaming by SDS can be ex-
plained by the stabilization of the bubbles and reduction of
their coalescence.

SDS is known for its effects on the cavitation field, espe-
cially on bubble interactions �3,4�. A working hypothesis �4�
is that, as the anionic surfactant accumulates at the bubble

FIG. 9. Maps of the principal component along the vessel length
of relative dispersion coefficient in the vessel containing �a� pure
water, �b� water with SDS, and �c� water with SDS and NaCl. The
horizontal axis is distance along the vessel in pixels �1 pixel
=0.95 mm�. Each row is a profile along the length of the vessel.
The transducer is at pixel 15 and the end of the vessel is at pixel
246. The vertical axis is a time dimension, each row corresponding
to a separate measurement in a series of 32. The duration of each
measurement is 20 s. Sonication is carried out from measurement 5
to measurement 25, inclusive. The gray scale indicates the principal
component along the vessel length of dispersion coefficient mea-
sured relative to the molecular self-diffusion coefficient of water at
20 °C �2.0�10−9 m2/s�.
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FIG. 10. Maps of the principal component
along the vessel length of relative dispersion co-
efficient in the vessel containing �a� pure water,
�b� water with SDS, and �c� water with SDS and
NaCl. The maps were summed from the fifth to
the 25th measurement �over the sonication inter-
val� to give the solid profile along the vessel
length. Any structure visible in this profile per-
sists, therefore, throughout sonication. The hori-
zontal axis is distance along the vessel in pixels
�1 pixel=0.95 mm�. The transducer is at pixel 15
and the end of the vessel is at pixel 246. The
vertical axis shows the principal component
along the vessel length of dispersion coefficient
measured relative to the molecular self-diffusion
coefficient of water at 20 °C �2.0�10−9 m2/s�.
The broken line is the sum over the same sonica-
tion interval of the principal component orthogo-
nal to the vessel length of relative dispersion co-
efficient. �a� For pure water, both principal
components show regions of elevated relative
dispersion coefficient, which peak at intervals of
roughly one wavelength of the ultrasonic stand-
ing wave. �b� For water with SDS, the longitudi-
nal component of dispersion coefficient is el-
evated in regions which peak roughly one-half
wavelength apart. However, the transverse com-
ponent of dispersion coefficient is uniform along
the vessel length. This difference between princi-
pal components indicates an anisotropy in the
dispersion coefficient. �c� The profiles of princi-
pal components of dispersion coefficient for wa-
ter with SDS and NaCl are similar to those for
water and SDS, but the half wavelength structure
is not evident. There is, however, some indication
of anisotropy in the dispersion coefficient.
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interface, the bubbles acquire a negative charge, and the
charged bubbles then tend to repel each other. The maximum
effect of surfactant addition on sonochemistry was found ex-
perimentally to be at �SDS� of 1–3 mM �4�. An addition of
NaCl cancels the SDS effects, because NaCl screens the
electrostatic field, which may permit bubble flocculation if
not coalescence.

In our experiments, there are several reasons why stabili-
zation of bubbles by SDS will enhance streaming: reduced
degassing, lengthened liftimes of resonant bubbles, and, pos-
sibly, an increased drag coefficient.

If the bubbles are stabilized in size, they will not coalesce
readily and leave the liquid quickly due to the buoyancy
force which is perpendicular to the direction of the sound
wave in our case.

Bubble growth and coalescence will also directly affect
the main mechanism of Eckart streaming: energy attenuation
by the medium. The energy attenuation is strongest for
bubbles near the resonant radius, which is 0.1 mm at 31 kHz
�using the Minnaert formula �13��. When the number of reso-
nant bubbles reduces, due to their coalescence, the volume
force decreases, and the Eckart streaming will be diminished.
If the bubbles are stabilized by the surfactant, they will com-
prise a more stable size distribution, with the resonant
bubbles generating the streaming.

For bubbles moving freely through a fluid, there is a sig-
nificant amount of data on the surfactant stabilization of the
bubble surface and, thus, reduction of bubble deformation
�for example, �14,15��, with a “marked decrease in terminal
velocity” �14� and an increase of the drag coefficient of the
bubbles.

With the inception of cavitation, a coherent flow develops
in the vessel for all non-degassed water samples. The flow is
the strongest in the pure water and weaker in water samples
with surfactant. The flow, however, quickly �within 20–40 s�
disappears in pure water, as cavitation propagates along the
vessel. We think that the turbulence caused by cavitation
dominates the steady flow. This transition from laminar to
turbulent flow due to cavitation was observed, for example,
in �16�. In the case of water with SDS, the flow is more
stable, with a pronounced circulation. The surfactant-
stabilized bubbles fragment and coalesce less actively, thus
they are less destructive of the steady flow.

NaCl did not completely reverse the action of SDS in our
experiments. NaCl definitely suppressed cavitation-caused
perturbation, according to the maps of stationary fluid �Fig.
3�. Streaming in the water with SDS-NaCl was less pro-
nounced than in the water with SDS and resembled the
streaming in the pure water. However, about 7 min after the
start of sonication, streaming becomes stronger, with well-
defined velocity profiles �reflected in the kinetic energy
maps� and an increase in the dispersion along the sample
�Fig. 9�.

There are experimental data �17� for bubbles in flowing
noncavitating water that show a decrease in bubble diameter
with an increase in ionic strength. One of the explanations
proffered by the authors is also that the ionic repulsion be-
tween the bubbles in salt water prevents bubble coalescence.
In our case, it is possible that, with smaller initial sizes pre-
vailing, the bubble growth takes longer than in case of pure

water. When the bubbles approach the resonant bubble size,
they will absorb energy and thus produce streaming; how-
ever, there is a need for more experimental data to support
this explanation.

B. Dispersion

At least two factors can increase the dispersion in cavitat-
ing fluid: microstreaming and bubble migration. Micro-
streaming is caused by cavitating bubbles and is thought to
be responsible for an active mixing of the fluid in cavitation
fields �18�. The second source of dispersion in the standing
wave is the bubble migration between the nodes and anti-
nodes of pressure. The origins of such migration are rectified
diffusion that causes bubble growth, and the primary
Bjerknes force that attracts bubbles smaller than the resonant
size toward and repels larger bubbles away from the nodes.

Bubble migration is expected to affect the dispersion
along the direction of the sound wave propagation, i.e., along
the principal axis of the vessel in our case. It will generate an
anisotropic dispersion. Microstreaming should not have a
preferred direction in the bulk of the liquid. Only near the
rigid boundaries will the microflows be directed towards the
boundaries �18�; this boundary effect can be neglected in our
experiments, because most of the detected signal comes from
the bulk. Microstreaming will generate an isotropic disper-
sion in the fluid.

Accordingly, the observed anisotropy of the dispersion for
water with SDS and SDS-NaCl can be explained by a reduc-
tion of microstreaming in solutions with surfactants. While
the dispersion profiles of the pure water show approximately
the same locations of zones with high dispersion for dis-
placements both along and across the vessel, the dispersion
profiles of water with surfactants show no high-dispersion
zones for the displacements across the vessel. The stabiliza-
tion of bubbles with surfactants reduces bubble fragmenta-
tion, decreasing the microstreaming and reducing the isotro-
pic component of dispersion.

The accumulation of bubbles at pressure antinodes, their
sonoluminescence and their effects on exposed materials
�metal foils, tissues, cells, etc.� have been observed by many
authors �see, for example, �18��. The results are usually a
characteristic stripe pattern with a separation of a half wave-
length.

In our experiments, we did not expect to see such a pat-
tern, because our measurement detects not the bubbles them-
selves but the dynamics of surrounding fluid. Additionally,
our measurement is spatially one dimensional, and, there-
fore, a severe averaging over the other dimensions is in-
volved. However, we observed high-dispersion zones, with
locations different in the pure water and water with SDS and
SDS-NaCl �for the dispersion along the vessel�. In the pure
water, the high-dispersion zones are broad and occupy about
a wavelength each. In water with SDS in the vicinity of the
transducer, there are three well-resolved peaks separated by a
half wavelength. In water with SDS-NaCl, the pattern again
resembles that of the pure water. This increase in dispersion
�both along and across the vessel� means an active mixing
and bubble migration in the pure water: as the bubbles grow
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larger than the resonant size, they are expelled from the an-
tinodes to the nodes. The localized dispersion in water with
SDS might mean an accumulation of smaller, surfactant-
stabilized bubbles in antinodes, with the restricted bubble
migration due to a slower bubble coalescence.

V. CONCLUSION

In this paper, we applied MRI to measurements of acous-
tic cavitation. We demonstrate that MRI can provide useful
information on the velocity and dispersion in cavitating flu-
ids.

A pronounced streaming and dispersion were observed
only in nondegassed water samples and only at ultrasound
power above the cavitation threshold. Therefore, both
streaming and increased dispersion can be attributed to the
presence of cavitation bubbles. If the bubble dynamics are
modified, the behavior of surrounding fluid is changed on the
macroscale.

The difference in streaming in water and water with SDS
is significant. Much stronger streaming in water with the
surfactant can be caused by, first, a larger number of stabi-
lized bubbles and, second, a less disruptive cavitation. A
modification of bubble dynamics by the surfactant can quali-

tatively explain the observed difference, but additional work
is required to identify the main streaming mechanism.

A difference in dispersion in water and water with SDS
was also substantial. The most interesting feature of the dis-
persion was its anisotropy in water with the surfactant: al-
most no dispersion increase across the vessel.

Due to the sensitivity of fast MRI methods to the presence
of the metal transducer cover, we had to employ a slow im-
aging method. Spin-echo PFG provided a temporal resolu-
tion of 20 s per measurement, which was adequate for the
processes in the systems under study, but with only one-
dimensional spatial resolution. We are working on an imag-
ing method SPRITE �19–22� with flow-sensitized prepara-
tion that will allow us to obtain velocity and dispersion
images with two-dimensional spatial resolution within the
same time frame.
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