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MicHIEL PosTEMA,*" PHILIPPE MARMOTTANT,* CHARLES T. LANCEE, *

Sascia HiLGenreLpT, ! Nico pe Jong* 1

*Department of Experimental Echocardiography, Thoraxcentre, Erasmus MC, Rotterdam, The Netherlands;

Interuniversity Cardiology Institute of the Netherlands, Utrecht, The Netherlands; and *Physics of Fluids,

Department of Applied Physics, Faculty of Science and Technology, University of Twente, Enschede, The
Netherlands; and 7S. Hilgenfeldt and N. de Jong share last author responsibility.

(Received 5 April 2004; revised 26 July 2004; in final form 5 August 2004)

Abstract—We studied the interaction of ultrasound contrast agent bubbles coated with a layer of lipids,
driven by 0.5 MHz ultrasound. High-speed photography on the submicrosecond timescale reveals that some
bubbles bounce off each other, while others show very fast coalescence during bubble expansion. This fast
coalescence cannot be explained by dissipation-limited film drainage rates. We conclude that the lipid shell
ruptures upon expansion, exposing clean free bubble interfaces that support plug flow profiles in the film and

inertia-limited drainage whose time scales match those of the observed coalescence.
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INTRODUCTION

Ultrasound contrast agent (Uca) is a suspension of en-
capsulated gas bubbles. The bubbles have diameters
ranging from 1 to 10 uwm. They oscillate upon insonifi-
cation, generating a characteristic acoustic response.
Contrast agents are widely used in medical diagnostics
(Burns et al. 1990; Goldberg et al. 2001).

Observing ultrasound insonified uca with a high-
speed camera is a promising method for analyzing mi-
crobubble oscillation and destruction behavior (Takeuchi
1999; de Jong et al. 2000; Chomas et al. 2001; Kudo et
al. 2002; Postema et al. 2003). Expanding ucA micro-
bubble coalescence, observed with a high-speed camera
during one cycle of ultrasound, has been previously
reported by us (Postema et al. 2003). Colliding bubble
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coalescence has been studied with a camera by Kok
(1993) and van Wijngaarden (1993). In the same year,
Kumaran and Koch (1993) computed how bubbles may
repeatedly collide with each other.

To understand microbubble coalescence, one needs
to comprehend the drainage of the liquid separating the
bubble surfaces. Reynolds (1886) noted that the viscosity
of a liquid can be determined by pressing two flat plates
together, squeezing the liquid out and measuring the
drainage velocity. Thus, he formulated an equation for
the drainage velocity of a fluid between rigid surfaces.
General theories on the coalescence of colliding bubbles
and droplets that are based on liquid film drainage were
put forward by Marrucci (1969); Dimitrov and Ivanov
(1978); Ivanov et al. (1979); Lin and Slattery (1982a);
Chesters and Hofman (1982); Duineveld (1994a);
Klaseboer et al. (2000). Literature overviews on film
drainage and bubble coalescence were given by Kral-
chevsky et al. (1996); Narsimhan and Ruckenstein
(1996); Dhainaut (2002).

Theories on droplet coalescence find applications in
fuel ignition research and aerosol studies, whereas the
research on bubble coalescence focuses on thin film
physics and foam stability (Kralchevsky et al. 1996;
Narsimhan and Ruckenstein, 1996). This paper explores
ultrasound-induced coalescence of microbubbles. Con-
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Fig. 1. Optical images of stages of ultrasound-induced micro-

bubble coalescence: (a) flattening of contact surfaces, (b) liquid

film drainage, (c) forming of a merged bubble, (d) turning into

an ellipsoidal bubble. Each frame in event (i) corresponds to a

21 X 21 um? area. Each frame in events (ii)—(iv) corresponds
to a 30 X 30 wm? area. Interframe times are 0.33 us.

trolled coalescence has potential applications in the clin-
ical field.

Theories on bubble coalescence are generally based
on the collision of unencapsulated bubbles or droplets,
approaching each other at constant velocity. During ex-
pansion, microbubbles may also come into contact with
each other, resulting in coalescence or bounce. We dis-
criminate the following stages in the coalescence mech-
anism, optically observed in Figure 1 and schematically
represented in Figure 2. These stages are similar to those
presented for colliding bubbles and droplets in Dhainaut
(2002). First, two bubbles approach collision while ex-
panding (Fig. 2a). Prior to contact, there may be a flat-
tening of the adjacent bubble surfaces, trapping liquid in
between (Fig. la, Fig. 2b). This trapped liquid drains
(Fig. 1b, Fig. 2c) until the separation reaches a critical
thickness (Fig. 2d). An instability mechanism (Fig. 2d,
magnified) results in rupture of the separation (Fig. 2e)
and the formation of a merged bubble (Fig. 1c). After
coalescence, the resulting bubble will have an ellipsoidal
shape (Fig. 1d, Fig. 2f). Owing to surface tension, it will
relax to a spherical shape. When the contact time is less
than the time needed for film drainage, the bubbles
bounce off each other (Chaudhari and Hofmann 1994).
We define bubble coalescence as the fusing of two or
more bubbles into a single bubble. The process begins
with the flattening of the bubble surfaces and is consid-
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Fig. 2. Schematic representation of stages of expanding bubble

coalescence: (a) bubble collision, (b) flattening of contact sur-

faces, (c) liquid film drainage until a critical thickness (d), (e)
film rupture and (f) formation of an ellipsoidal bubble.

ered finished when the resulting bubble has a spherical
shape.

In this paper, we give a description of the coales-
cence of expanding microbubbles, based on optical ob-
servations and theoretical modeling. First, we present
theories for expanding bubble coalescence, based on film
drainage theory. Then, we present experimental results,
obtained by recording optical images of insonified UCA.
Finally, theories and results are compared and discussed.

THEORY

Flattening of the interface
Flattening of the opposing bubble surfaces occurs
because the liquid inertia overcomes the capillary pres-
sure, as described in earlier work on colliding bubbles
with constant volumes. For colliding bubbles, flattening
happens if the bubble system has a Weber number We >
0.5 (Chesters and Hofman 1982; Duineveld 1994b). The
Weber number for two colliding bubbles with radii R,
and R,, respectively, is given by the inertial force relative
to the surface tension force:
2
We = &, (1)

(o

R,

where u is the relative approach velocity of the bubble
walls, p is the fluid density, o is the surface tension and
R, is the mean bubble radius for which holds:

2 1 1 )
R, R R @

m

We propose to extend the Weber number criterion
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Fig. 3. Schematic overview of variables used.

to approaching walls of expanding bubbles. Then, for
bubbles with a constant center-to-center distance: u = R,
+ Rz. In our results, Weber numbers are found to be We =
1 because of the rapid bubble expansions, with maximal
radius increases of several m s~ '. If the Weber number is
low, bubble coalescence will always occur, without flat-
tening of the adjacent surfaces prior to contact (Chesters
and Hofman 1982). In the high Weber number regime,
coalescence is determined by a second step, after flat-
tening: this is film drainage.

Film drainage

We investigated microbubble coalescence by com-
puting the film drainage for no-slip (rigid) bubble sur-
faces resulting in a laminar flow, and for mobile (free)
bubbles surfaces resulting in a plug flow.

Let us consider two bubbles with radii R, and R,,
and internal pressures p, and p,, respectively, assumed
spherical everywhere with the exception of a flattened
interface that separates them through a liquid film of
thickness & (cf. Fig. 3). The drainage rate of the liquid
film depends on the difference (p + IT) between the film
pressure p; and the liquid ambient pressure p,. Here, p is
the difference in hydrodynamic pressure, while IT is the
disjoining pressure in the film. We estimate the pressure
in the film by the mean of pressures p, and p,, since the
parallel film surfaces lead to equal pressure differences
towards both bubbles:

1
P"’H:Pf_Po:E(Pl +p) —po=

(1 X
—URTIJFRTZ =Py, 3)

where p, v is the Laplace-Young film pressure (Isenberg
1992) and o is the surface tension. The disjoining pres-
sure begins to slow down film thinning when A drops
below 0.1 wm and becomes the dominant pressure term
(usually owing to Van der Waals forces) when # thins to

about 10 nm (Marrucci 1969; Chaudhari and Hofmann
1994; Bergeron 1999). The eventual coalescence is very
fast compared with the film drainage time scales consid-
ered later. Therefore, we neglect IT and take p equal to
the Laplace-Young pressure for the films observed. As
such, the pressure gradient determining the drainage
velocity is independent of the ambient pressure.

We choose an r—z coordinate system, such that the
film is symmetric around the plane z = 0 and the line r =
0 and that its boundaries are located at *=/4/2 and r = R;.
The Laplace-Young pressure gradient drives liquid out of
the film. The radial velocity of the liquid is described by a
combination of a plug flow (present without any resistance
to flow) and a laminar flow profile (in z) of Poiseuille-type
induced by resistance at the film interfaces (Klaseboer et al.
2000; Young et al. 2000). The drainage of the liquid film
can be parameterized by functions of these two contribu-
tions (Bazhlekov et al. 2000; Klaseboer et al. 2000; Hag-
esether 2002). We will study the two limiting cases of
bubbles with no-slip interfaces and bubbles with free inter-
faces.

No-slip interfaces

In the presence of surfactant at sufficient surface
concentration, the interfaces can be considered to be
immobile (no-slip) (Lin and Slattery 1982b; Lin and
Slattery 1982a; Chen and Slattery 1982; van Wijngaar-
den 1993). In the case of no-slip interfaces, the inter-
facial tangential velocity is zero, so the plug flow
contribution is zero (Klaseboer et al. 2000).

The film drainage velocity for rigid radial surfaces
(disks) is given by the Reynolds equation (Reynolds
1886; Sheludko 1967; Kralchevsky et al. 1996):

oh _ 2ph

where 7 is the viscosity of the liquid and R; is the radius
of the film surface.

The drainage time, 7,4, between the initial film thick-
ness h; and the critical film thickness /&, can be deter-
mined by integration of eqn 4:

he Td
dh 2p
f‘ﬁ‘f?ﬁ@m- )
h 0
By taking p and R; constant over time," we obtain:
3R} h?
Td:4ph§ l—hfiz. (6)

! Flattening takes place when: R, + R, > dl/dt, whereas the flat

film drainage happens in the next stage, when R, = R, =~ 0. Thus,
during drainage, we may take p and R; constant over time.
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Table 1. Parameters used in the drainage equations

n = 0.001 Pas
p=998 kgm >
c=0.072Nm'
2 1 1
R R R
20
P= R

h. = 10 nm or 100 nm

il 100
o~

c

If h,> << h;?%, the drainage time can be approximated

by
3R}
T Apn>

Ta (7

Figure 4 shows two no-slip drainage time curves as
a function of equivalent bubble radius, using the param-
eters from Table 1. Clearly, even for 4, = 100 nm, the
drainage takes several microseconds for radii greater
than 2 um.

Even if the surfactant is very mobile, the interfaces
have been observed to have a significant Poiseuille dis-
sipation (Koehler et al. 2004). Drainage timescales for
interfaces covered with mobile surfactant will therefore
not be dramatically smaller than those indicated here for
no-slip boundary conditions.

Free interfaces

In the case of free interfaces, the Poiseuille contribu-
tion to the drainage flow becomes negligible (van Wijn-
gaarden 1993; Klaseboer et al. 2000) and the drainage is
inertial. The film drainage velocity for free radial surfaces is
given by the equation (Kirkpatrick and Lockett 1974; Hag-

esather 2002):
dh 8 h
T\ R ®
p Ky

Note that the viscous term is absent. Similarly to the
no-slip case, making the same quasistatic assumptions
with regards to p and Ry, the drainage time can be
approximated by

p h;
Td = Rf @ log hf . (9)

Figure 4 also shows two drainage time curves for
free interfaces. These drainage times are much smaller
than those for the no-slip situation and depend only
logarithmically on both the initial and the critical film
thickness.
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Fig. 4. Drainage time as a function of equivalent bubble radius.

Film rupture

The disjoining pressure induces rupture by amplifying
surface perturbations. These are initialized by either thermal
fluctuations or by capillary waves (Sharma and Ruckenstein
1987). For thermal perturbations of a gas bubble in the
micrometer range, the initial perturbation will be on the

T
order of P where k is Boltzmann’s constant and 7 is

the absolute temperature, which is, in our situation, approx-
imately 300 K. Hence, the initial thermal perturbation is
lower than 1 nm.

A film gradually thins to a critical thickness at
which it either ruptures due to a local instability or at
which it attains an equilibrium thickness. The mecha-
nism of thin film rupture has been reviewed by Sheludko
(1967). Angarska et al. (2004) measured these thick-
nesses in films, dependent of surfactant concentration
and film radius. They found critical thicknesses in the
range 20 nm < &, < 40 nm for film radii 60 um < R; <
160 pm.

For our film radii (R, < 10 wm), we may assume
critical thicknesses around 10 nm, knowing that below 10
nm Van der Waals forces become very strong and rapid
rupture of the film (and thus coalescence) ensues. Because
of the weak dependence on film thickness, predictions from
eqn 9 for coalescence time scales can be quite accurate,
even without precise knowledge of 4; and /..

EXPERIMENTAL SET-UP

Our experimental set-up for imaging insonified con-
trast bubbles is as previously described by Postema et al.
(2003). In short: a v389-su 500 kHz single-element trans-
ducer (Panametrics Inc., Waltham, MA) was mounted
into a water-filled container, spherically focused at the
focal plane of the optical system. The optical images
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were recorded through a microscope with an Imacon 468
fast framing camera (DRS Hadland, Ltd., Tring, UK),
capable of taking eight frames per experiment. It oper-
ated at a frame rate of 3 million frames per second
(Mfps), corresponding to interframe times of 0.33 pus.
Exposure times ranged from 10 ns to 70 ns. The frames
presented in this paper correspond to 30 X 30 um? areas,
except for Figure 1(i). The first frame was typically
captured prior to arrival of the ultrasound wave at the
focal area. Seven frames were taken during ultrasound
insonification, spanning a full ultrasound cycle of 2 us.
Contrast agent was insonified by 10 cycles of 0.5 MHz
ultrasound with high acoustic amplitudes, in the range
0.66 to 0.85 MPa.

We investigated coalescence events of an experi-
mental uca (Bracco Research SA, Geneva, Switzerland).
According to manufacturer specifications, these bubbles
are covered with a monolayer phospholipid shell and
range in diameter from 1 to 6 wm with a median of 2 pwm.
Undiluted uca (5 ml of a 0.9% NaCl dilution, added to a
25 mg vial) was inserted through a cellulose capillary
tube using either a syringe pressed by hand or a gravity
fed or pumped infusion. This tube was positioned in the
acoustic focus area. Since the capillary tube moved
slightly within the acoustic focus area between experi-
ments, the exact phase of the ultrasound wave in an
image frame is not known. We performed 482 experi-
ments at high acoustic amplitudes with the experimental
ucA. We recorded 133 optical image sequences where

e f g h

Fig. 5. Optical images of (i) microbubble coalescence and spherical rebound, (ii) bounce, (iii) multiple coalescence, and
(iv) repeated coalescence. Each frame corresponds to a 30 X 30 wm? area. The frames in column a have been captured
prior to ultrasound arrival. Interframe times are 0.33 us.

microbubble coalescence was observed. Bubble sizes
and distances were measured manually or by using a
segmentation method described by Postema et al. (2003).

RESULTS

The observed phenomena are classified as follows:
coalescence, bounce, multiple coalescence and combined
coalescence and fragmentation. In the following, we discuss
representative image sequences typical for each process.

Coalescence

Figure 5(i) shows an example of coalescence. Figure
5(i)a shows three microbubbles with diameters (1) 2.5 pum,
(2) 2.5 pm and (3) 2.0 wm. After ultrasound arrival, mi-
crobubbles 2 and 3 have apparently coalesced (Figure
5(i)b). The remaining bubble, with a diameter of 5.0 um, is
separated from microbubble 1, which is seen to have ex-
panded to 3.8 wm, with a center-to-center distance d;, = 4.8
um. The center of bubble 1 has shifted slightly to the upper
right. The thickness of the liquid film separating the bubble
shells is approximately # = 1.1 wm and the film radius is
1.7 pm. In Figure 5(i)c, the liquid film appears to have
drained while the bubbles expanded, but a separation is still
visible. This boundary appears to have disappeared in Fig.
5(i)d,” leaving a pear-shaped bubble that turns ellipsoidal

2 If the line of sight is not perpendicular to the film, but at a tilt,
the projection of the film boundaries might be obfuscated.
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(Fig. 5(1)e) when contracting. Figure 5(i)f,g,h shows that the
coalesced bubble expands uniformly. Because of the 3
Mifps frame rate of the image sequences, we conclude that
the processes of drainage and rupture for the interposed film
in Figure 5(i)b take between 0.33 and 0.66 us.

Bounce

Figure 5(ii) shows an example of bounce, i.e.,
bubbles approaching and flattening, but not coalesc-
ing. Figure 5(ii) a shows two microbubbles with di-
ameters (1) 12.4 um and (2) 18.0 wm, much larger
than those in Figure 5(i)a. After ultrasound arrival, the
bubble surfaces have flattened (Fig. 5(ii)b). The bub-
ble centers have shifted towards each other. The film
radius is R; = 4.8 wm. The film thickness is approx-
imately 7 = 1.8 um. In the remaining frames, the
bubbles expand and contract, but coalescence does not
occur.

Multiple coalescence

Figure 5(iii) shows an example of multiple co-
alescence. In Figure 5(iii)b, an agglomerate of eight
touching microbubbles can be seen. Microbubbles 1
and 3 appear to be slightly above the focal plane
(Postema et al., 2003). As the bubbles expand, they
coalesce into one heart-shaped bubble and one ellip-
soidal bubble (Fig. 5(iii)c,d). In the contraction phase,
the heart-shaped bubble takes on an ellipsoidal shape
(Fig. 5(iii)e).

Combined coalescence and fragmentation

We observed repeated coalescence and fragmen-
tation behavior in 12 events. Figure 5(iv) demonstrates
the fragmentation, coalescence and refragmentation of
a microbubble. Figure 5(iv)a shows three micro-
bubbles with diameters (1) 4.3 um, (2) 2.6 wm and (3)
2.8 um. After ultrasound arrival, microbubbles 2 and
3 have translated towards microbubble 1 (Figure
5(@v)b). From Figure 5(iv)c, captured in contraction
phase, it is appreciated that microbubble 1 has broken
up into fragments. Three remaining fragments have
started coalescing in Figure 5(iv)d and have obtained
an irregular shape in Figure 5(iv)e. The films separat-
ing the individual microbubbles have drained in Fig-
ure 5(iv)f, while microbubble 2 appears to touch the
coalescing structure. In Figure 5(iv)g, the fragments of
microbubble 1 have coalesced into one spherical bub-
ble. Notice the translation of microbubble 2. Figure
5(@iv)h shows that the coalesced bubble has refrag-
mented during the compressive phase of the driving
ultrasound.
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Table 2. Parameters measured in Fig. 5(i) and (ii)

Fig. 5(1) Fig. 5(ii)

R, 1.9 um 6.2 um

R, 2.5 wm 9.0 wm

R 1.7 pm 4.8 um

hy 1.1 pm 1.8 wm
DISCUSSION

The variables obtained from Figure 5(i)b are summa-
rized in the first column of Table 2. For A;, we took the film
thickness 4 measured in this frame. If we substitute the
parameters from Tables 1 and 2 into eqn 9, we find a film
drainage time 7, = 0.35 us for free interfaces, consistent
with the observed rapid coalescence in Figure 5(i). For
no-slip interfaces (eqn 7), even for a critical thickness as
great as i, = 150 nm, we find a film drainage time 7, = 1.4
us. Viscous drainage theory of thin films is thus insufficient
to account for the observed coalescence.

The variables obtained from Figure 5(ii)a,b are sum-
marized in the second column of Table 2. For &;, we took
the film thickness # measured in Figure 5(ii)b. If we use the
parameters from the Table 1 and substitute the obtained
parameters into eqn 9 for free interfaces, 7, = 2.0 us. This
is consistent with the absence of coalescence in Figure 5(ii).
Within 1 us, the film can only drain to a minimum thick-
ness /1, = 0.13 wm. For no-slip interfaces eqn 7, even for
a critical thickness as great as 4, = 150 nm, we find a film
drainage time 74, = 39 ws, much longer than any time scale
relevant to the observations.

The difference in drainage time scales between
Figure 5(i) and Figure 5(ii) has a natural explanation
in the different sizes of the bubbles involved in the
process. As smaller films drain much faster, the rela-
tively small bubbles of Figure 5(i) coalesce over the
experimental time scales, while the larger bubbles of
Figure 5(ii) are stable.

The results presented in Figure 1 and Figure 5 show
that the bubbles have expanded to more than 10-fold
their initial surface areas before coalescing. The uca
shell consists of a lipid monolayer that, under the con-
ditions of our experiments, is in a solid state. It behaves
like an elastic membrane that ruptures under relatively
small strain (Zhou and Jods 1997). By the time of co-
alescence, therefore, the shell has ruptured, leaving
newly formed clean free interfaces. Such interfaces will
be on both sides of the film and no surface dissipation
can be expected here, so that the flow has to be (very near
to) a plug flow, determined by a balance of inertia and
driving pressure. This confirms that the interfaces may be
assumed to be free and eqn 9 is applicable. We demon-
strated previously, with high-speed optical images, that
the uca microbubbles used may expand to several times
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their original sizes, particularly at high acoustic pressures
(Postema et al. 2003). The existence of stable holes of
stretched lipid has been observed by Stine et al. (1990).

Our observations are incompatible with any drain-
age mechanism that involves resistance in either the bulk
or the interfaces. The observed coalescence times agree
with those computed for free interfaces, confirming that
the expanded (snapped) lipid shells behave as if their
surfaces are truly stress-free. The stretching and rupture
of lipid membranes is currently under investigation at the
Physics of Fluids group of the University of Twente.

Fragmentation may occur when the bubble interfaces
are unstable, which is the case when the bubble is contract-
ing and (inward) decelerating, i.e., when R<O/AR>0
(Plesset and Mitchell 1956; Brennen 2002). Also, the for-
mation of a reentrant jet from a collapsing bubble has been
related to the bubble shattering into fragments when the jet
impacts the other side of the bubble surface. An optical
image sequence of jet occurrence in a contrast microbubble
was demonstrated by Postema et al. (2002b). Apparently,
water was projected through the freely flowing micro-
bubble. Although we clearly observed jets in two events, we
did not observe fragmentation in the same events (Postema
et al. 2002a). We recently summarized the behavior of
insonified uca microbubbles (Postema et al., 2004b), in-
cluding fragmentation. The number of fragments has been
associated with the dominant spherical harmonic oscillation
mode (Brennen 2002).

Irregular shapes of oscillating bubbles, such as
those shown in Figure 5(iii) and (iv), were interpreted as
modes of shape instability of a single bubble before
(Chomas et al. 1999a; Chomas et al. 1999b; May et al.
2001; May et al. 2002), but may also be accounted for by
coalescence of bubbles or bubble fragments.

After coalescence, the resulting bubble will have
acoustic properties different from those of the original
bubbles, especially if its size is comparable with the size
resonant with the ultrasonic driving. If small uca micro-
bubbles, having passed through the narrowest vessels,
coalesce, they may be controlled to obtain resonant sizes.
Especially for subharmonic imaging (Shankar et al.
1999), where twice the resonant bubble size is needed,
and for tracking the diffusion of free gas bubbles with
subharmonics, a promising technique in noninvasive
blood pressure measurements (Postema et al. 2004a),
controlled microbubble coalescence may be applicable.
By the drainage time scales explained above, using the
right ultrasound frequency could restrict coalescence to
smaller bubbles, conveniently limiting the potentially
dangerous coalescence of larger-radius contrast agents.

One of the effects of secondary radiation forces is
that they lead to mutual attraction of similar-sized bub-
bles over multiple cycles. This may account for the
translations observed in Figure 5. Owing to secondary

radiation forces, clusters of bubbles may be formed. By
inducing coalescence of such groups of bubbles, and thus
creating emboli, the perfusion of tumor vascularization
may be reduced.

If coalescence of a lipid-shelled microbubble and a
cell membrane can be induced, this will imply a prom-
ising technique in targeted drug delivery (van Wamel et
al. 2002; Marmottant and Hilgenfeldt 2003).

CONCLUSIONS

Ultrasound-induced microbubble coalescence is the
fusion of two or more microbubbles when subjected to
an ultrasound field. Contrast agent microbubble coales-
cence has been observed frequently in an experimental
set-up. We showed that a coalescence mechanism for
colliding bubbles also applies for expanding bubbles.

As adjacent bubbles expand, the following stages
can be distinctly observed: flattening of the adjacent
bubble surfaces prior to contact, drainage of the inter-
posed liquid film toward a critical thickness, rupture of
the liquid film and formation of a single bubble. The time
interval from flattening to coalescence was observed to
take less than 1 us for ultrasound contrast agent micro-
bubbles in the micrometer diameter range.

This fast coalescence cannot be explained by dissi-
pation-limited film drainage rates. We conclude that the
lipid shell ruptures upon expansion, exposing clean free
bubble interfaces that support plug flow profiles in the
film and inertia-limited drainage of which the time scales
match those of the observed coalescence. At a given
frequency, small bubbles are more prone to undergo
coalescence than larger bubbles, because of the smaller
drainage time scales involved.

Ultrasound-induced coalescence has potential clin-
ical applications in harmonic imaging, noninvasive blood
pressure measurements and targeted drug delivery.
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