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FIGURE 16. (Colour online) Simulation snapshots for solution (i) of experiment 1,
which takes into account natural convection. The snapshots of (a) the velocity field and
streamlines, (b) the vorticity field contours and (c) the concentration field contours are
taken at τ = 3.5, corresponding to the first growth stage (see figure 11a). Snapshots (d–f )
show the same fields as (a–c) above, but are taken at τ = 9.5, corresponding to the first
shrinkage stage. The darker vorticity and concentration contours (from pink to green to
dark blue) indicate positively increasing values. The thick black contour lines in (b) and
(e) mark the zero-vorticity contour. Despite the significant changes that natural convection
induces in the velocity field, its influence on the concentration field in the vicinity of the
bubble is minute, as is revealed by the comparison of the isoconcentration lines with and
without convection (panel c versus figure 15c).

to other situations of practical interest in areas such as microfluidics or carbon
sequestration.

By performing order of magnitude analyses, we show that our experiments belong
to a regime dominated by mass and viscous diffusion. Moreover, the flow around
a growing/dissolving bubble in presence of natural convection can be considered
quasi-steady, since the viscous time scale is much faster than the time scale of mass
transfer. Thus, the momentum equation can be decoupled from the mass transfer
problem. The simulations performed with this strategy are able to describe accurately
the experimental results in most cases.

One of the most important lessons learnt from these simulations is that boundary-
induced advection needs to be taken into account if the bubble radius is to be
described accurately. The reason for this is that advection enhances growth and
diminishes dissolution, thus its effects accumulate to yield larger bubble sizes.
Regarding natural convection, we have seen that it greatly modifies the overall
structure of the flow around the bubble, albeit its influence on the concentration
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FIGURE 1. (Colour online) (a) Sketch of the experimental set-up. The dimensions of the
pool are 100 × 40 × 40 cm3 and the distance between the electrode and the transducer
is 6.5 cm. The frame rate of the movie (acquired with a high-speed Memrecam HX-3
camera) is 100 000 fps. (b) Frame of a high-speed movie which illustrates the trajectory
followed by two bubbles, with equilibrium radii around R0 = 20–25 µm, rising in water
and travelling in the horizontal direction under the effect of an ultrasound pulse. (c) The
acoustic signal corresponding to the experiment shown in (b).

2. Experimental evidence

Before starting with the formulation of the problem, it is illustrative to introduce an
experimental observation that points out the need to account for the memory effects
in the translation of bubbles driven by short acoustic pulses.

We generate isolated hydrogen bubbles with radii R0 in the range between 15 and
25 µm by water electrolysis. The cathode is placed at the bottom of a transparent
acrylic tank with dimensions 100 × 40 × 40 cm3. When the bubbles are far enough
from the electrode, an ultrasound cylindrical 1 in. transducer with a central frequency
of 1 MHz (Sonatest PIM1.0), powered by a pulser–receiver (Ritec RPR-4000), sends
a single acoustic pulse of 100 cycles horizontally towards the rising bubble. The use
of a single pulse precludes the occurrence of steady streaming (Riley 2001). This
is checked by adding a low concentration of small tracer particles in some selected
experiments. A sketch of the set-up is shown in figure 1(a), and more details about
the experimental technique can be found in Medina-Palomo (2015). Upon finalization
of the experiment, we place the tip of a hydrophone (Ondacorp HGL-0400 with pre-
amplifier AH-2010-025) in the field of view of the camera and repeat the acoustic
pulse to measure the pressure wave (figure 1c).


