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a b s t r a c t
Proper understanding and control of the mass transfer capability of acoustically-driven gas bubbles is crucial for the safety of biomedical applications and the eﬃciency of many electrochemical processes. Here,
we quantify experimentally the effect of ultrasound on the rate of dissolution and growth of a gas bubble
in contact with a solid surface, focusing on the dynamics of the bubble radius on the diffusive time scale.
Signiﬁcant degrees of super- or undersaturation of the surrounding carbonated water ensure that acoustic
microstreaming stands as the predominant mechanism behind the mass-transfer enhancement across the
bubble surface during resonance. Single-frequency acoustic driving can momentarily amplify the rate of
mass transfer by as much as two orders of magnitude; the overall mass transfer enhancement increases
monotonically with the acoustic pressure amplitude and eventually plateaus. Frequency sweeps continuously looped in time prove a superior method of intensiﬁcation. Provided that the sweep period is not
too short, the direction of sweep matters: up-sweeps generally favour dissolution over growth, whereas
down-sweeps favour growth over dissolution. An optimal sweep period that maximises the growth or
dissolution process is shown to exist.
© 2021 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction
Ultrasound is a promising intensiﬁcation technology in heat and
mass transfer processes that involve the growth or dissolution of
bubbles. Ultrasound can, e.g., improve heat transfer in nucleate
boiling by increasing the nucleation site density of vapor bubbles
at the superheated wall [1], increase the energy eﬃciency in water electrolysis for hydrogen gas production by promoting bubble detachment from the electrode surface [2], or accelerate liquid degassing by triggering cavitation of gas-containing bubbles
[3,4]. Ultrasound-driven enhancement of gas–liquid mass transfer
has been observed in sonicated bubble columns [5] and especially
in gas–liquid microreactors [6].
Such an enhancement can be, however, rather detrimental in
certain applications. Gas diffusion across ultrasound-driven microbubbles employed in biomedical diagnosis and therapy [7] may
substantially alter the bubble size [8] or longevity [9], thereby
∗
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affecting both the signal quality of the contrast agent and the
control over its therapeutic effects. Similarly, oscillating bubbles
driving microﬂuidic applications [10] or sonochemical reactions
[11] are generally surrounded by non-degassed liquids. Unwanted
mass transfer effects can then become signiﬁcant during continued
ultrasonic operation [12].
Acoustically-driven bubbles can experience different degrees of
conﬁnement depending on the application. Spherical or quasispherical bubbles attached to a solid surface are of special relevance, since these are frequently found in acoustic microﬂuidic
devices [10], sonochemical reactors [11], gas-evolving electrodes
[13] or catalysts [14], nucleate boiling [15] and other applications
involving heterogeneous cavitation [16]. In order to accomplish stable operation or maximise intensiﬁcation within such systems, a
proper understanding of the mass transfer capabilities of surface
bubbles under acoustic driving is key. However, fundamental insight is still largely missing due to the scarcity of well-controlled
experimental studies; ﬁlling in this gap is precisely the purpose of
this work.
It is well established that a spherical gas bubble undergoing
volume oscillations in a liquid–gas solution experiences a mass-
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transfer enhancement that generally results from two phenomena.
The ﬁrst is rectiﬁed diffusion [17], consequence of the higher diffusive ﬂow rate across the bubble surface during the expansion
half-cycles (when the oscillatory interfacial density of dissolved gas
Cs (t ) attains minimum values) than during the compression halfcycles (when Cs (t ) is maximum). The interfacial area during the
volumetric expansion of the bubble is larger than during its contraction. Upon expansion, the boundary layer surrounding the bubble narrows whereas upon contraction, the boundary layer dilates.
Bubble growth is hence generally favoured.
The second phenomenon is acoustic microstreaming [18], a
second-order (in driving amplitude) steady ﬂow driven by nonspherical bubble oscillations [19]. Microstreaming essentially thins
the concentration boundary layer by renewing the liquid in contact
with the bubble with liquid from the bulk [20]. The interfacial diffusive ﬂuxes are consequently strengthened — microstreaming can
only magnify (and not reverse) the effect, be it growth or dissolution, that would be otherwise occurring in its absence [20–22].
Early studies have either focused on the growth of isolated air
bubbles in (nearly) air-saturated water [22–24], or on single bubble sonoluminescence [25]. In the former, air rectiﬁcation is the
mechanism responsible for bubble growth against the antagonist
effect of surface tension; in the latter, argon rectiﬁcation provides
diffusive stability in a notably undersaturated solution. Recent investigations concerning air bubbles in air-saturated solutions have
shown that surfactants provide a higher resistance to mass transfer
during compression (i.e., with higher surfactant interfacial density)
thereby enhancing the effect of rectiﬁed diffusion [26–28]. Additionally, these studies report an increase of microstreaming velocities when surfactant is present. The underlying mechanism however remains unclear given the dissimilar inﬂuence of different surfactants on the bubble oscillation dynamics.
Nonetheless, all experimental studies [22–24,26–28] coincide in
that the spontaneous appearance of surface oscillations is often accompanied by vigorous streaming; velocities can be up to two orders of magnitude higher than when no surface oscillations are
present [28]. This amounts to a substantial enhancement in the
rate of mass transfer that the classical theories for rectiﬁed diffusion alone [23,29,30] cannot even remotely account for.
Bubbles in contact with a solid surface are more acoustically
sensitive than in isolation, yet these have undeservedly received
less attention. The proximity of the wall (whose effect can be approximated by an image bubble [31]) engenders two discernible effects. Firstly, it forces the bubble to oscillate non-spherically, meaning that streaming, regardless of its strength, is potentially always
present. Secondly, it lowers the acoustic pressure threshold of surface mode oscillations [32]. Consequently, the contribution of microstreaming to the mass transfer across surface bubbles can be
vastly dominant when the liquid medium is suﬃciently super- or
undersaturated with dissolved gas [33,34]. It is therefore likely
that in these cases rectiﬁed diffusion can only remain a subdominant effect. More speciﬁcally, Moreno Soto et al. [34] revealed that
during the volumetric resonance of a CO2 surface bubble in CO2 supersaturated water, surface oscillations induce vigorous streaming, which, in turn, enhanced the bubble growth rate by two orders of magnitude. At bubble sizes suﬃciently far from resonance,
i.e., in the absence of surface mode activity and strong streaming,
the growth rate remained diffusion-dominated, even when the volumetric oscillation amplitudes were comparable to those at resonance.
The aforementioned studies provide a basic framework to understanding the underestimated importance of streaming in mass
transfer, yet offer little insight into the effect of the practical
control parameters, namely the driving amplitude, ultrasound frequency and degree of liquid supersaturation. The objective of this
work is precisely to bridge the gap between fundamental research

Fig. 1. Sketch of the experimental set-up. The pressure regulator grants control over
the degree of gas super/undersaturation of the carbonated water ﬁlling the sealed
chamber. A single bubble is grown on the substrate and it is subsequently exposed
to ultrasonication; the waveform generator and transducer provide for the latter.

and application by exploring the mass transfer capabilities of surface bubbles beyond a single driving setting of ﬁxed frequency and
amplitude. With this in mind, we ﬁrst quantify the rate of dissolution and growth of a CO2 gas bubble in an undersaturated and
supersaturated solution, respectively, subject to increasing driving
amplitudes. We then show, for the ﬁrst time, how the rate of dissolution or growth can be further intensiﬁed by means of sonicating with looped frequency sweeps of well-selected duration as
opposed to single-frequency signals of the same or even greater
amplitudes.
2. Experimental method
The experimental set-up, sketched in Fig. 1, comprises a sealed
chamber (one litre capacity) ﬁlled with carbonated water. The solution of puriﬁed deaerated water and dissolved CO2 gas is ﬁrst
prepared in a mixing tank at a saturation pressure Psat = 4.1–4.2
bar; the chamber is kept pressurised at Psat during the ﬁlling process. A pressure regulator grants control over the ambient pressure
inside the chamber, P0 , hence over the degree of supersaturation
or undersaturation of the solution. The ambient liquid temperature
remains constant at T∞ ≈ 20.5 ◦ C throughout all the experiments.
Extensive details of the pressure control system can be found elsewhere [35].
Initially, P0 is lowered by approximately 0.5 bar, so that P0 <
Psat . Correspondingly, the solution becomes supersaturated. A single CO2 bubble spontaneously nucleates and grows from a hydrophobic cavity (20 μm diameter) etched on an otherwise hydrophilic silicon substrate. The bubble can be insoniﬁed by an ultrasound transducer (Benthowave BII-7501/50) driven with voltage
amplitude V0 and frequency f . The driving settings are conﬁgured
in a waveform generator (Tabor Model 8026). The transmission response curve of the transducer is highly non-uniform within its
operating frequency range, i.e., within f = 20–160 kHz (see Fig. 2).
It is worth mentioning that the acoustic ﬁeld inside the experimental chamber tank is likely tainted by the presence of standing waves. Therefore, we expect the actual acoustic pressure felt
by the bubble to differ somewhat from the nominal curve plotted
in Fig. 2. For this reason, the acoustic driving amplitude is best left
quantiﬁed by the input voltage V0 as opposed to some value of the
acoustic pressure.
The experimental procedure is as follows. The bubble is initially
grown up to a maximum radius, typically Rmax ∼ 160 μm, which is
well below the expected detachment radius of 330 μm [36]. The
pressure in the chamber is subsequently increased to roughly 0.4
bar above the saturation pressure; the solution becomes under2
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Fig. 3. Snapshots of a bubble with a measured apparent radius of R0 = 110 μm undergoing (a) no oscillations (i.e., in the absence of ultrasound), (b) weak oscillations
and (c) stronger oscillations (i.e., under stronger acoustic driving).

Fig. 2. Transmission response curve A ( f ) = P/V0 of the transducer, where P denotes the acoustic pressure amplitude measured in a large calibration tank. The hydrophone is positioned at a distance 40 mm normal from the transducer surface,
i.e., at the equivalent location of the bubble in the experimental chamber.

that the growth and dissolution stages in our experiments are performed at Ja ≈ 0.1. Integrating Eq. (1) in time, we obtain a diffusion time scale td = (R2max − R2min )/2JaD ∼ 70 s.
Our undersaturation conditions (C∞ /Csat ≈ 90 %) coincide with
approximately the physiological concentration level of dissolved air
[39]. The bubble dynamics explored hereon can therefore ﬁnd application in biomedical acoustic treatments concerning microbubbles in tissue, such as in lithotripsy [39] and histotripsy [9]. Similar gas undersaturations are also expected in pressurised microﬂuidic systems [40,41]. Moderate Ja comparable to those provided
by our mild supersaturation conditions (C∞ /Csat ≈ 110 %) are commonly found in environments that promote gas bubble formation,
e.g. during the heating of a surface immersed in a subcooled liquid [38], or in electrochemical cells with active gas generation at
the electrodes [13]. Finally, the use of CO2 gas is especially relevant in microﬂuidic research for CO2 sequestration comprising the
dissolution of CO2 in physical solvents or CO2 reactions [42].
The resulting bubble dynamics are recorded at 30 fps by a camera (Photron Fastcam Nova S12). No attempt was made to capture
the oscillatory bubble dynamics, considering the seven orders of
magnitude in disparity between the experimental (i.e., diffusive)
and oscillatory time scales, td / f −1 ∼ 107 .
Our quantity of interest is the slow mass-transfer-driven dynamics of the apparent bubble radius, R0 (t ), observable in the
slow time coordinate t restricted to the diffusive time scale td .
For a pulsating bubble, the observable radius formally corresponds
to the maximum radius attained during the fast acoustic expansions of the bubble taking place at time t. Our choice of shutter speeds (typically 1/30 0 0 s) implies that the resulting bubble
images, hence R0 , are in truth averaged over ∼20 acoustic cycles.
Fig. 3 shows a few illustrative snapshots of the bubble. The radius
R0 is extracted by ﬁtting a circle to the bubble contour obtained via
a standard edge-detection algorithm. This technique is quite insensitive to changes of the bubble contact area with the solid surface
or small shape deformations. Additionally, it offers subpixel resolution of the stability of R0 . The optical resolution of our experimental images is, on average, 3.5 μm/pixel. The uncertainty (precision)
of R0 is therefore expected to be ∼1 μm. However, the experimental variability (ﬂuctuations) of the bubble radius was measured to
be ∼0.4 μm (∼0.1 pixels). This means that the uncertainty offset
effectively remains constant throughout the experiment. The uncertainties for R0 , R˙ 0 and all subsequently derived quantities are
thus small compared to the absolute experimental values.
The effect of ultrasound on the static shape of the observable
bubble is made manifest through the “Narcissus” effect [31]: the
oscillating bubble is attracted by its own acoustic image, by means
of the secondary Bjerknes force. Translational oscillations of the
bubble centroid are known to occur mainly in the vertical direction
perpendicular to the wall, yet we stress that these remain quite
indiscernible in our experiments. The observable bubble, perfectly
spherical when unperturbed [Fig. 3(a)], visibly adopts an oblate
shape [Fig. 3(b, c)] whilst under acoustic excitation. The higher the
acoustic amplitude and the closer to resonance, the stronger the
deformation.

saturated (P0 > Psat ) and diffusion-driven bubble dissolution takes
place. The bubble is allowed to shrink down to a minimum radius,
Rmin ∼ 20 μm, whereupon P0 is decreased to ∼0.4 bar below Psat .
The solution is once again supersaturated (P0 < Psat ) and diffusiondriven growth occurs. Immediately after the bubble attains a size
Rmax , the dissolution stage corresponding to the next cycle is enforced. Such a dissolution–growth cycle is repeated any desired
number of times. During a given cycle, the bubble may be exposed
to continuous ultrasonic forcing; the acoustic settings ( f, V0 ) can
be rapidly conﬁgured at the beginning of each cycle. A graphical
example of this procedure can be found in Fig. 4.
In view of the high reproducibility in establishing the ambient pressure P0 between successive dissolution–growth cycles, the
advantages of this method are twofold. First, the effect of ultrasound can be effectively quantiﬁed by direct comparison of the
bubble growth and dissolution dynamics between consecutive cycles. Secondly, given that the liquid solution stays undersaturated
for roughly half of the time, the parasitic bubble coverage of the
transducer surface remains low throughout the experiments. The
inﬂuence of bubble coverage in the resulting acoustic ﬁeld is therefore assumed to be negligible.
In the absence of ultrasound, the time scale of the diffusive
dissolution or growth stages can be readily estimated from the
Epstein–Plesset theory [37]. The asymptotic solution of the diffusive growth rate of an isolated bubble at low supersaturations
reads

R˙ 0 R0 /D = Ja

(1)

where R0 (t ) denotes the instantaneous bubble radius, D(T∞ ) ≈
1.78 × 10−9 m2 /s the mass diffusivity of CO2 in water and Ja =
|C∞ − Cs |/ρg the Jakob number for mass diffusion [38]. Here, Cs is
the density of dissolved CO2 at the bubble surface, C∞ = kH Psat the
density of dissolved CO2 in the bulk of the ambient liquid, ρg the
density of CO2 gas inside the bubble and kH (T∞ ) ≈ 1.7 × 10−5 kg
m−3 Pa−1 is the Henry solubility of CO2 in water. The effect of the
Laplace pressure 2σ /R0 on ρg can be neglected since in our experimental conditions, 2σ /R0 P0 ∼ 0.01  1, with σ denoting surface tension. Similarly, surface tension effects on Cs are small by
virtue of the high degree of super/undersaturation employed during our cycles, i.e., (Cs − Csat )/|C∞ − Csat | = 2σ /R0 |Psat − P0 |  1. We
may then take ρg = P0 /Rg T∞ , where Rg = 189 J/kgK is the speciﬁc
gas constant of CO2 , and approximate the surface density by the
saturation density: Cs = Csat ≡ kH P0 . The Jakob number becomes independent of the bubble size, and may be insightfully recast as


 Psat

Ja = kH Rg T∞ 

P0




− 1,

(2)

namely as the product of the dimensionless Henry solubility
(kH Rg T∞ ≈ 0.94) and the degree of super/undersaturation (equivalent to |C∞ /Csat − 1|). The latter embodies the driving force behind mass transfer; the former acts as the rate ampliﬁer. It follows
3
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Fig. 4. Time history of the the observable bubble radius R0 (t ) and ambient liquid pressure P0 (t ) corresponding to a single surface bubble exposed to multiple consecutive
dissolution–growth cycles. At the beginning of each cycle, the acoustic voltage amplitude V0 is increased gradually as speciﬁed above each cycle. The color coding likewise
serves to indicate the driving strength. The driving frequency is f = 50 kHz, for which the nominal transmission is A ≈ 0.1 kPa/mV. See also Supplementary Movie 1.

the bubble, further conﬁrms that the mechanism responsible is indeed microstreaming, and not rectiﬁed diffusion [20–22]. It must
be stressed that in our experiments rectiﬁed diffusion remains a
subdominant mass transfer mechanism [34]. In other words, the
notable degree of super- or undersaturation (|C∞ /Csat − 1| ≈ 0.1)
and moderate acoustic amplitudes (∼2 kPa) both ensure that the
increment in the rate of mass transfer that rectiﬁed diffusion offers is very small compared to that provided by microstreaming
(predominant during resonance) or by pure diffusion (predominant
afar from resonance).
Nonetheless, it is expected that the resonance jump should occur around the resonant radius R∗0 of a spherical bubble undergoing
radial oscillations while in contact with a rigid wall. Once again,
the inﬂuence of surface tension on the natural frequency of the
bubble may be safely neglected since 2σ /R∗0 P0 ∼ 0.01  1 within
the range of resonant sizes considered here. Thus, one may check
that the resonant radius is well approximated by the following theoretical expression [32,44]:

Fig. 5. Sketch of the boundary layer thickness δ of dissolved gas concentration surrounding the bubble for (a) diffusive mass transfer and (b) convective mass transfer
during resonance. The latter amounts to a substantial compression of δ as a consequence of the convective ﬂow due to acoustic microstreaming, here depicted with
typical ﬂow streamlines.

3. Bubble response to single frequencies
We ﬁrst investigate the effect of acoustic pressure amplitude on
the diffusive dissolution and growth of a surface bubble. One such
experiment is shown in Fig. 4. The ﬁrst dissolution–growth cycle of
the experiment is devoid of acoustic driving. Thereafter, the driving
voltage amplitude V0 (and with it, the acoustic pressure amplitude)
is successively increased by steps of 5 mV ( 0.5 kPa) at the beginning of each subsequent cycle. The driving frequency is ﬁxed at
f = 50 kHz. An experimental video capturing the bubble dynamics
is available as Supplementary Movie 1.
Single-frequency driving is responsible for the conspicuous
emergence of a “resonance jump” in the observable radius dynamics at roughly R0 ∼ 100 μm during both the growth and dissolution
stages (see Fig. 4). The magnitude of the jump increases with the
acoustic pressure amplitude. In reality, the resonance jump constitutes a regime of fast convective growth or dissolution. The resonance jumps are consequence of the appearance of vigorous microstreaming around the bubble [34]. As depicted in Fig. 5, microstreaming substantially compresses the concentration boundary layer; the mass ﬂux across the bubble surface is resultantly
much higher than that driven purely by diffusion. The stronger
the streaming, the larger the jump. The highest streaming velocities are generated by the emergence of prominent surface mode
activity during the volumetric resonance of the bubble, at which
the threshold acoustic amplitude for shape instability is precisely
minimal [43]. The fact that the resonance jumps always magnify,
and never reverse, the diffusive-driven dissolution or growth of

R∗0

1
=
πf



κ P0
,
2 ρl

(3)

where ρl = 10 0 0 kg/m3 is the water density and κ = 1.28 the adiabatic index. The assumption that the bubble remains adiabatic
during resonance is justiﬁed considering the relatively small thermal penetration lengths on both sides of the bubble interface:
R∗0 /(αg /2π f )1/2 ∼ 25
1 in the gas phase and R∗0 /(αl /2π f )1/2 ∼
130
1 in the liquid phase [45], with αg and αl denoting the thermal diffusivities of the gas inside the bubble (CO2 ) and the surrounding liquid (water) respectively. Direct experimental validation
of Eq. (3) can be found in
later Fig. 9.
The dependence R∗0 ∝ P0 from Eq. (3) explains why the resonance jumps in the dissolution stages occur around a notably
larger radius than those in the growth stages (where P0 is indeed
lower). During volumetric resonance (where R0 = R∗0 ), the natural frequency of the bubble matches the driving frequency, f 0 = f .
Note that the natural frequency of a bubble in contact with a wall,

1
f0 =
π R0



κ P0
,
2 ρl

(4)

is signiﬁcantly lower than the celebrated Minnaert frequency f M
associated
with a free bubble far from any boundaries: f 0 =

2/3 f M .
4
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Fig. 6. Dissolution–growth cycles, color-coded as in Fig. 4 (top: bubble radius, bottom: ambient pressure), stacked together by shifting the time coordinate correspondingly. Clearly, the higher the driving amplitude V0 , the shorter the cycle. The
quantity τ (V0 ) refers to the time required for a bubble to grow or dissolve between size Ra above resonance and size Rb below resonance (both shown), whereas
τd = τ (0 ) (see main text). Note that the τ (V0 ) arrow is illustratively drawn here
just for V0 = 15 mV. Inset: time gain τd − τ as a function of the acoustic driving
amplitude.

In order to quantify the effect of the acoustic pressure amplitude on the rate of mass transfer, the experimental curves of the
dissolution–growth cycles in Fig. 4 are graphically stacked together,
as shown in Fig. 6. This is done by shifting the time coordinate
t of each cycle by an amount tm , corresponding to the instant in
time at which R0 is minimum (R˙ 0 changes sign) within that particular cycle. It is immediately veriﬁed that ultrasound only enhances
mass transfer around resonance. Far from resonance, the diffusive
growth rate remains virtually unaltered.
A quick method of quantiﬁcation is to consider the elapsed
time τ = τ (V0 ) required for a bubble exposed to a given acoustic amplitude V0 to grow or dissolve between a semi-arbitrary radius Ra = 140 μm above resonance to an analogous radius Rb = 35
μm below resonance. The time τd denotes the elapsed time for
pure diffusion, i.e., in the absence of sound (V0 = 0). We ultimately
evaluate the time gain, τd − τ , given that such a quantity is independent of the choice of Ra and Rb , as long as the latter both remain suﬃciently far from the resonant radius. However, it should
be noted that, in absolute terms, the time gain is naturally dependent on the Jakob number, hence on the degree of the liquid super/undersaturation. The inset of Fig. 6 reveals that the time
gain increases monotonically with the driving voltage amplitude,
albeit non-linearly, until reaching a plateau. Further increasing V0
beyond 50 mV resulted in immediate bubble detachment during
resonance. The plateau is a clear indication that the bubble has
attained its maximum mass-transfer capability: the streaming velocities are so large that the concentration boundary layer of dissolved gas surrounding the bubble cannot be signiﬁcantly shrunk
any thinner [cf. Fig. 5(b)].
A second method of quantiﬁcation is to evaluate the instantaneous growth rate of the bubble by numerically differentiating
R0 in time. We ultimately consider, rather more suitably, the dimensionless rate of change of the bubble area, R˙ 0 R0 /D, which is
found plotted in Fig. 7(a) for a selection of cycles. The resonance
jumps evidently manifest themselves as pronounced peaks in the
growth rate, which are highlighted in Fig. 7(b). Away from resonance, i.e., for pure diffusion, we identify |R˙ 0 |R0 /D ∼ 0.1 = O(Ja ).

Fig. 7. (a) Dimensionless rate of change of the observable bubble area (top) and
corresponding ambient pressure (bottom) for a selection of dissolution–growth
cycles from Fig. 6. Negative values of R˙ 0 R0 /D naturally imply dissolution. Green
dashed lines represent the theoretical models given by Eq. (6) for diffusive bubble
dissolution (plotted for Ri = 165 μm, Cd = 0.2 and 0.1 < Dt /R2i < 10) and Eq. (7) for
diffusive bubble growth (Cg = 0.07). Note the log–linear–log scale of the vertical
axis employed to ensure optimal visualisation of the growth rate, with the linear
scale spanning |R˙ 0 |R0 /D ≤ 0.1. The spikes occurring at roughly −40 s (during dissolution) and +30 s (growth) correspond to high mass transfer rate events—up to two
orders of magnitude larger than the diffusive mass transfer rate—caused by acoustic streaming during resonance. (b) Zoom of the resonance spikes (note the linear
scale) during dissolution (left panel) and growth (right panel). Each spike is labelled
with its corresponding driving amplitude V0 . Note that not all cycles present in (b)
have been plotted in (a) for the sake of clarity. (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version of this article.)

During resonance, |R˙ 0 |R0 /D peaks of O(10 ) occur. This constitutes
a striking two order-of-magnitude enhancement over the diffusive
growth and dissolution rates.
Concerning the purely diffusive regime, there is an evident
qualitative difference in the R˙ 0 R0 /D dynamics between the growth
and dissolution stages. The difference can be adequately explained,
even semiquantitatively, by a simpliﬁed treatment of the celebrated Epstein–Plesset equation [37] which describes the diffusive
growth or dissolution dynamics of an isolated bubble. Neglecting
surface tension effects, it reads





R˙ 0 R0
R0
= ±Ja 1 + √
,
D
π Dt ’

(5)

where t = t − ti is the time elapsed since the start of the dissolution or growth stage at t = ti and Ri = R0 (t = 0 ) is the initial ra5
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Fig. 8. Sketches of the boundary layer and concentration proﬁle along the vertical axis of the bubble, C (z ), corresponding to certain moments of the diffusive
growth or dissolution stages. The hollow arrows indicate the motion of the bubble and boundary layer in time. (a) During growth (initial radius Ri is small), the
gas-depleted boundary layer (shaded in blue) of thickness δg grows in proportion
with R0 . (b) At the start of dissolution (where R0 ≈ Ri ), a gas-rich boundary layer
(in red) of thickness δd emerges on top of the preexisting gas-depleted boundary
layer. (c) During dissolution, δd expands whereas R0 shrinks. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 9. Resonant radius of the bubble as a function of the driving frequency. Each
marker represents the experimental R0 measured within the resonance jump of a
given dissolution–growth cycle; the marker height delimits the range of sizes across
which the resonance jump takes place. The acoustic pressure amplitude is such to
trigger a discernible resonance jump; it consequently varies for every f . The continuous lines graph the theoretical expression given by Eq. (3), evaluated for the two
values of P0 corresponding to the dissolution or growth stages, as indicated in the
legend.

dius. The plus sign applies for growth and the minus sign for dissolution. We will now discuss the purely diffusive dissolution and
growth stages in the light of this equation.
At the beginning of the dissolution stage, the shrinkage rate
of the bubble is remarkably strong and rapidly decays in time
thereon. This is a consequence of two independent effects. The ﬁrst
is the compression effect (Boyle’s law): the bubble volume contracts as the ambient pressure P0 is increased. Such an effect is
therefore unrelated to mass transfer. The second is the so-called
history effect [46,47]: the contribution to mass transfer of the
concentration boundary layer around the bubble that developed
from past mass transfer events. During the preceding growth stage
[where Cs (t ) < C∞ ], a gas-depleted boundary layer naturally developed around the bubble [see Fig. 8(a)]. The pressurisation of the
liquid onsetting the ensuing dissolution stage [where Cs (t ) > C∞ ]
initiates an inversion of the boundary layer towards a gas-rich state
[sketched in Fig. 8(b)]. This inversion precisely entails the formation of steep interfacial concentration gradients which evidently
decay in time as the boundary layer expands.
The continuous decay of R˙ 0 R0 /D that follows can be attributed
to the fact that the expanding boundary layer is evolving in the opposite direction to the contracting bubble boundary [see Fig. 8(c)],
thereby preventing the interfacial ﬂuxes (hence R˙ 0 R0 /D) from ever
attaining a quasi-steady state. Simplistically speaking, Ri is large
and therefore the transient term in Eq. (5) must be important during a substantial portion of the dissolution stage, and even predominant
at the earlier times. Taking Ri = 165 μm, we ﬁnd that
√
Ri / π Dt  1 for times t  10 s. Upon neglecting the steady term
in Eq. (5) and approximating R0 (t ) by Ri in the unsteady term, the
rate of dissolution may be modelled as

R˙ 0 R0
Ri
= −Cd √
,
D
π Dt ’

the asymptotic growth value and a small peak (a discontinuity in
the gradient) is discerned. Thereon, all transient effects associated
with the initial conditions wane much faster owing to the small
Ri . Moreover, the concentration boundary layer and bubble surface
both expand in the same direction [see Fig. 8(a)]. As a result, the
boundary layer eventually reaches a quasi-steady size proportional
to R0 (t ). Therefore, at long times the bubble adheres to the wellknown asymptotic growth rate [37,48],

R˙ 0 R0
= Cg ,
D

(7)

where Ja has been similarly replaced by a ﬁtting growth coeﬃcient Cg = O(Ja ), which can be otherwise estimated theoretically
by searching for a power-law solution of Eq. (5) of the form
R0 (t ) ∼ t 1/2 and accounting for the presence of the substrate [48].
The theoretical expressions in Eqs. (6) and (7) are plotted in Fig. 7,
both in good agreement with the experimental data.
4. Bubble response to frequency sweeps
We have shown that single-frequency driving can only trigger
a single resonance jump around R∗0 as given by Eq. (3). This fact,
conﬁrmed in Fig. 9, poses a severe restriction on the time gain
or overall mass transfer enhancement that ultrasound has to offer. This restriction can be lifted by exposing the bubble to a wellselected range of frequencies in order to trigger resonance over a
broad range of sizes (see Fig. 9). We attempt to do so with the use
of linear frequency sweeps (chirps).
During a given sweep, the driving frequency f is varied linearly
from a frequency f1 to a frequency f2 over a time period T . An
identical sweep is then repeated immediately after, i.e., the sweep
is permanently looped in time throughout the duration of any desired number of consecutive dissolution–growth cycles. Mathematically, f (t ) acquires the form of saw-tooth wave:

(6)

where Ja has been replaced by a dissolution coeﬃcient Cd , namely
a positive ﬁtting constant of O(Ja ). The purpose of Cd is to absorb
most of the errors arising from the many simpliﬁcations inherent
in the Epstein–Plesset theory, such as the quasi-stationary approximation and the omission of the history and compression effects,
in addition to the hindering effect of the impermeable wall.
The initial radius of the growth stage (Ri ≈ 20 μm) is an order
of magnitude smaller than that of the dissolution stage. Therefore, the effect of the volumetric expansion of the bubble upon
depressurisation and the concomitant history effect are more subtle. These are mostly reﬂected in the strong volumetric acceleration at the start of the growth stage. Namely, in the prominent initial slope of R˙ 0 R0 /D for t − tm > 0 in Fig. 7(a). In fact, as the pressure P0 stabilises at t − tm ≈ 15 s, R˙ 0 R0 /D momentarily surpasses

f (t ) =


f2 − f1 
t − t j + f1
T

for t j ≤ t ≤ t j+1 ,

(8)

where t j = t1 + ( j − 1 )T is the instant in time at which the jth
sweep cycle starts, the ﬁrst sweep cycle being generated at time
t1 .
6
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Fig. 10. Dynamics of the observable bubble radius during a sequence of two consecutive dissolution–growth cycles exposed to a continuously looped (a) up-sweep and (b)
down-sweep. The cycles are graphically stacked by shifting the time coordinate correspondingly. The sweeps span { f 1 , f 2 } = {25, 125} kHz over T = 5 s, the acoustic voltage
is V0 = 15 mV. The down-pointing triangles (a time T apart) mark the start/end time of every sweep cycle, as illustrated in the inset ( f vs. t) sweep schematics. The blue
background of the upper-left and lower-right quadrants highlights co-sweep; counter-sweep applies everywhere else (see main text). Bottom panel: time histories of the
corresponding ambient pressure (color-coded). Surﬁng and hopping events are inﬂuenced by the non-ideal transducer transmission curve. For reference, the far-right panels
show the nominal transmission amplitude A of the transducer (cf. Fig. 2) as a function of the resonance radius, R∗0 ( f, P0 ); the latter is evaluated from Eq. (3) at the constant
value of P0 associated with either the dissolution or growth stages. The bubble dynamics during the cycles in (a) and (b) can be visualised in Supplementary Movie 2 and
Supplementary Movie 3, respectively.

Our goal is primarily to investigate how the growth and dissolution dynamics of R0 (t ) are affected by the sweep duration T (or
rather |d f /dt |) and the direction of sweep, be it f -increasing (upsweep) or f -decreasing (down-sweep). To this end, we begin by
discussing an experiment performed for a typical frequency range
{ f1 , f2 } = {25, 125} kHz and a particular sweep duration of T = 5
s, as shown in Fig. 10.
The blue background of certain quadrants of the R0 (t ) plot in
Fig. 10 importantly highlights the state of “co-sweep”: namely, the
regime where the bubble natural frequency f0 (t ) [found by inserting R0 (t ) into Eq. (4)] and the continuous part of the sweep f (t )
[deﬁned in Eq. (8)], are either both increasing or both decreasing functions in time. Simply put, co-sweep occurs for bubble dissolution exposed to up-sweeps ( f0 and f both increase in time)
and for bubble growth exposed to down-sweeps (both decrease).
Equivalently, during co-sweep, the resonance radius R∗0 (t ) [found
by inserting f (t ) into Eq. (3)] and R0 (t ) must also both evolve in
the same direction. “Counter-sweep” naturally refers to the opposing regime where f0 (t ) and f (t ), or equivalently, R∗0 (t ) and R0 (t ),
evolve in opposite directions in time. Note that co-sweep has been
highlighted identically in later ﬁgures where applicable; countersweep therefore always applies in the opposing (unhighlighted)
quadrants.
Returning to Fig. 10, we discover that in the presence of an upsweep [Fig. 10(a)], R0 (t ) undergoes smooth, large-amplitude jumps
during dissolution (co-sweep). We colloquially distinguish them
as “surﬁng” events. In contrast, during the subsequent growth
stage (counter-sweep), R0 (t ) experiences numerous sharp, lowamplitude jumps: “hopping” events, consonantly. In the presence of a down-sweep [Fig. 10(b)], the dynamics of R0 (t ) are
reversed: hopping occurs during dissolution (counter-sweep) and
surﬁng during growth (co-sweep). It becomes evident that surﬁng
and hopping are concomitant with co-sweep and counter-sweep,

respectively. Furthermore, surﬁng visibly offers a superior mass
transfer enhancement than hopping does; the direction of sweep
indeed does matter.
The underlying mechanism behind the dynamics of surﬁng and
hopping can be elucidated by resorting to an analogous experiment, better shown in Fig. 11, whose sweep duration has been
increased fourfold to T = 20 s. The dashed line in Fig. 11(a) and
(b) represents the time-periodic resonant radius R∗0 (t ) [given by
Eq. (3)] corresponding to the saw-tooth f (t ) wave [cf. Eq. (8)] inherent in the looped sweeps. We loosely term it “resonance wave”.
Thus, in view of clarity, we emphasise that the resonance wave is
merely the quantity

R∗0

1
(t ) =
π f (t )



κ P0 (t )
,
2 ρl

(9)

where f (t ) and P0 (t ) are naturally functions of time.
Fig. 11 reveals that surﬁng events are consequence of R0 (t )
catching and then adhering to the resonance wave in co-sweep.
The bubble is therefore in a continuous state of resonance as it
surfs the wave. In contrast, hopping events occur at the abrupt
intersections between R0 (t ) and the resonance wave in countersweep; resonance is thus only triggered brieﬂy. In our experiments, the surﬁng dynamics are in fact tainted to a great degree by
the non-ideal transmission response curve A( f ) of the transducer
(cf. Fig. 2), which has been replotted as A(R∗0 ) and included in
Figs. 10–12. Comparison of the radius dynamics in Figs. 10 and
11 with the appended transmission curves reveals that the values
of R0 which are not properly excited by the transducer typically
correspond to low values in A at the same R∗0 or at its corresponding frequency. E.g., at R0 ∼ 80 μm by cause of the valleys in the
transmission at f ≈ 65 kHz and f ≈ 75 kHz, and at R0  120 μm
due to the low transmission at f < 45 kHz. In the case of constant
( f -independent) transmission, we would expect R0 to follow a sin7
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Fig. 11. Same experiment as in Fig. 10 but with a larger sweep period of T = 20 s (see caption of that ﬁgure). Here three consecutive cycles are shown instead of two. Surﬁng
events are indicated with arrows. The dashed lines represent the resonance waves, namely R∗0 (t ) (see main text), associated with cycles (a-1) and (b-1). For the remaining
cycles, R∗0 (t ) can be inferred from the color-coded down-pointing triangles that mark the start/end of every wave (sweep cycle). The phase shift between R0 (t ) and R∗0 (t )
importantly inﬂuences the details of the bubble response and affects its reproducibility. E.g., the bubble dynamics in cycle (b-2) differs from those in (b-1) and (b-3) since
the resonance waves (triangle markers) in (b-2) are shifted in time with respect to those in (b-1) and (b-3). The bubble dynamics during the cycles in (a) and (b) can be
visualised in Supplementary Movie 4 and Supplementary Movie 5, respectively.

Fig. 12. Same experiment as in Fig. 10 but with a smaller sweep period of T = 1 s (see caption of that ﬁgure). Note that for clarity, only the start/end time of the sweep
cycles corresponding to experiments (a-1) and (b-2) have been plotted (down-pointing triangles). The bubble dynamics for subﬁgure (a) can be visualised in Supplementary
Movie 6; for (b) see Supplementary Movie 7.

For single-wave riding to happen, R0 must be able to keep up
with the resonance wave without overshooting. Simply put, the
sweep duration T , or rather d f /dt, must not be too large or too
small. A speciﬁc generic value does not exist given its strong dependance on other system parameters, e.g. on Ja or the acous-

gle resonance wave throughout the entire frequency range, thereby
resulting in a single clean surﬁng event rather than in multiple
ones. It is very likely that for T = 5 s a single resonance wave, and
not two, as at present, would have suﬃced to carry R0 across the
entire resonance range.

8
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Fig. 13. Panels (a, b): similar experiments as in Fig. 10 but with T = 0.1 s (see caption of that ﬁgure). The bubble dynamics for (b) can be visualised in Supplementary Movie
8. Note that Psat , hence the degrees of super/undersaturation, are all slightly different between (a) and (b), given that the two experiments were performed on different days.
Panel (c): radius dynamics for two consecutive dissolution–growth cycles. In the ﬁrst cycle an up-sweep is applied; in the second, a down-sweep. The sweep settings are:
{ f1 , f2 } = {50, 120} kHz, T = 0.1 s, V0 = 10 mV. The dashed lines in panels (a–c) plot the radius dynamics driven purely by diffusion, i.e., in the absence of ultrasound. Panel
(d): smoothed growth signature (rate of change of the bubble area as a function of the bubble natural frequency) of cycles (a-1) and (b-1) [identiﬁable in panels (a) and (b)
above]. As indicated by the time arrows, the negative half of the signature corresponds to the dissolution stage; the positive half, to the succeeding growth stage. Notice the
similarity between the signatures and the mirrored transducer transmission curve (shaded area).

tic amplitude. Yet, a rough estimate can be provided. Suppose
that single-frequency ultrasound is measured to enhance the diffusive R˙ 0 R0 /D by n orders of magnitude on average during resonance. An adequate sweep period for single-wave riding then
should be T /td = O(10−n ), where td here denotes the diffusive time
(in the absence of sound) required by the bubble to grow/dissolve
across the entire resonance range of the sweep. In the present
experiments, a mean enhancement of n = 2 and td ∼ 102 s yields
T ∼ 1 s as expected. As seen in Fig. 12, surﬁng and hopping dynamics are in fact still discernible in the experiment for precisely T = 1 s. This suggests that in the case of ideal transmission, single-wave surﬁng could have been indeed possible even
then.
In the limit of very large T , i.e., when T  td , d f /dt is too slow
for single-wave riding. In counter-sweep, this effectively amounts
to single-frequency driving. In co-sweep, it is possible that resonance may never be triggered, e.g., if R0 (t ) and R∗0 (t ) coextend
without ever intersecting. In contrast, in the opposing limit of
small T , i.e., when the sweep period is considerably shorter than
the aforementioned single-wave value, the concurrent dynamics of
the observable bubble are not self-evident and warrant further investigation. Experiments performed at T = 0.1 s were deemed suitable to showcase this regime; the resulting dynamics can be found
in Fig. 13. Surﬁng and hopping events related to single-wave resonance are no longer visible [see Fig. 13(a, b)]. Instead, the R0 (t )
dynamics are subject to “convolution surﬁng”: the bubble is surﬁng
over a numerous series of fast resonance waves. In reality, the bubble is switching between a state of off-resonance and on-resonance
2/T times per second, provided that f0 (t ) falls in the frequency
range of the sweep. Nonetheless, the resulting R0 (t ) dynamics are

strikingly smooth in the diffusive timescale (see also Supplementary Movie 8).
The bubble is effectively exposed to a continuous broadband
acoustic driving of heterogenous frequency content, owing to the
properties of the transducer. The direction of sweep therefore no
longer matters, as evinced by the resemblance between the cycles in Fig. 13(a) and (b), and ultimately conﬁrmed by Fig. 13(c). In
the latter, two dissolution–growth cycles with a reduced frequency
range { f1 , f2 } = {50, 120} kHz are plotted. The ﬁrst is subject to
up-sweep and the second to down-sweep, yet the two curves perfectly overlap. Fig. 13(a − c) additionally attests the noteworthy reproducibility of the bubble dynamics in this particular regime.
Further insight into the acoustic bubble interaction can be
gained from the “growth signature” of the bubble: R˙ 0 R0 /D plotted as a function of f0 (t ), with the latter deﬁned in Eq. (4). As
before (cf. Fig. 7), the quantity R˙ 0 R0 /D is computed by numerical
differentiation of the pertinent R0 (t ) data set. However, in view
of consistently reducing the noise in all the signatures, R0 (t ) is
formerly smoothed with a Savitzky-Golay ﬁlter of polynomial order 3 and a frame length of 31 data points, i.e., of one second.
The growth signatures of two independent dissolution–growth cycles (one with up-sweep, the other with down-sweep) have been
plotted in Fig. 13(d) The signatures are notably symmetric between
growth and dissolution, for the exception of a large negative drop
in R˙ 0 R0 /D for f0 < 40 kHz associated with the large shrinkage rate
at the onset of the dissolution stage. Such a drop is therefore not
resonance related, but consequence of the compression and history effects [cf. Fig. 8(b)]. The fact that both signatures are almost
identical is remarkable, considering that these belong to experiments performed on different days with differing Psat and degrees
9
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Before concluding, one ﬁnal issue still remains to be addressed:
How is the time gain, i.e., the overall improvement in the rate of
mass transfer, related to T ? To that end, let us deﬁne the time gain
identically as before (cf. Fig. 6): τ − τd , where τ is the time required for the bubble to grow or dissolve between Ra = 140 μm
and Rb = 35 μm, and τd the (diffusive) time required in the absence of sound. Note that τd is essentially equivalent to the aforementioned diffusive time td , albeit particularised to {Ra , Rb } in
view of coherence.
The magnitude of the time gain is strongly dependent on
the diffusive rate of mass transfer in the absence of sound
(i.e., on Ja). Assuming a functional dependance of the form τ =
F (Ja ) G(T , f1 , f2 , V0 ), normalisation by τd results in the relative time gain 1 − τ /τd being independent of Ja. Similarly, the
magnitude of T is unspeciﬁc on its own, unlike the relative
sweep period T /τd , whose magnitude indicates how fast the
resonance wave is relative to the rate of diffusive growth or
dissolution.
We performed experiments for two different frequency ranges:
in the ﬁrst experimental sets, { f1 , f2 } = {50, 120} kHz, whereas in
the second, { f1 , f2 } = {25, 125} kHz. The extra range of f in the
latter hardly increases the effective range of resonant sizes, due to
the poor transmission of the transducer at those frequencies. For
this reason, the time gain from both sets can be in principle compared fairly. Nevertheless, we must account for the fact that for a
given T , the value of the rate of change of the sweep frequency,
d f /dt, is substantially different in both sets. We therefore redeﬁne
the relative sweep period as the mean rate of change of the bubble natural frequency over {Ra , Rb } normalised by d f /dt (already
constant). The relative sweep period (RSP) is mathematically computed as

Fig. 14. Smoothed growth signatures pertaining to speciﬁc cycles of previous experiments. In each panel, the signatures belong to a cycle with up-sweep (circular markers) and a cycle with down-sweep (square markers) of the same duration,
namely: (a) T = 1 s [corresponding to cycles (a-1) and (b-1) in Fig. 12] (b) T = 5 s
[corresponding to cycles (a-1) and (b-1) in Fig. 10] and (c) T = 20 s [corresponding
to cycles (a-1) and (b-1) in Fig. 11].

RSP ≡

 f0 /τd
,
 f /T

(10)

where  f = f2 − f1 and, via Eq. (4),

 f0 = ±
of super/undersaturation. Quite importantly, the growth signatures
are reminiscent of the transmission response curve of the transducer (ﬁrst shown in Fig. 2), here embodied by the shaded background on which the signatures overlay. The three resonance peaks
roughly located at f0 ≈ 55, 80 and 100 kHz clearly correspond to
three of the peaks in the transmission curve. The bubble has essentially assumed the role of a low-cost hydrophone. On the downside, the many differences between the signature and transmission
curve may be naturally attributed to the non-linear response of the
bubble growth rate to the acoustic pressure amplitude (cf. inset
of Fig. 6) and the presence of standing waves in the experimental
chamber.
We have thus shown that a reasonable characterisation of the
acoustic ﬁeld surrounding the bubble is possible without highspeed imaging. It should be noted, however, that a useful signature
(for characterisation purposes) is exclusive to the short-T regime.
As the duration T of the sweeps increases beyond this regime, the
signatures become increasingly more artefact-laden and less reproducible. For T = 1 s [see Fig. 14(a)] and T = 5 s [Fig. 14(b)], the signatures with up-sweep and down-sweep are no longer symmetrical per se, but are, to a good degree, the mirror image of each
other about the f0 -axis. The signature amplitude is more prominent in the co-sweep half-plane (e.g. the upper plane for downsweep), where surﬁng events manifest as broad unbroken lobes. In
the opposing (counter-sweep) half-plane, the consecutive arrays of
smaller lobes indicate hopping. The quality of the signature worsens for T = 20 s [see Fig. 14(c)]. Several resonance peaks are missing as a consequence of the lower probability of overlap between
R0 (t ) and the resonance waves.

κ P0
2 π 2 ρl

1/2

1
1
−
,
Rb
Ra

(11)

where the plus sign applies for bubble dissolution and the minus
sign for growth. It should be noted that Eq. (11) has been written
on the premise that P0 (t ) remains effectively constant over {Ra , Rb }
within a given dissolution or growth stage. Altogether, RSP may be
interpreted as the dimensionless sweep duration. By its deﬁnition
in Eq. (10), RSP is positive for co-sweep, and negative for countersweep.
The relative time gain measured during the growth and dissolution stages from multiple experiments is plotted as a function
of RSP in Fig. 15. It is stressed that the diffusive time τd used to
compute the relative time gain is likewise measured for every experimental set. All sets use V0 = 15 mV, with the exception of one
particular set where V0 = 10 mV. On that speciﬁc occasion, 15 mV
repeatedly led to unwanted bubble detachment during resonance.
The time gain data points for that set therefore stand slightly devalued. Under our particular choice of axes scaling (see Fig. 15), the
relative time gain adopts a nephroid-like dependance on the relative sweep period. The magnitude of the time-gain locus is notably
symmetric for growth (quadrants I, II) and dissolution (quadrants
III, IV). It is, however, visibly larger for positive than for negative
RSP, thus conﬁrming that co-sweep can generate a greater mass
transfer enhancement than counter-sweep under otherwise equal
conditions.
The sharp and well-deﬁned cusps as RSP → 0 indicate the high
reproducibility in the short-T regime and conﬁrm that the sweep
direction is indeed irrelevant there. Whereas the time gain at small
RSP is evidently non-optimal, it is still considerably larger than
for the single-frequency experiments (open circles). In the oppo10
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5. Conclusions
The effect of ultrasound on the the rate of dissolution and
growth of a gas bubble in contact with a solid surface has been
examined experimentally under a set of conditions where acoustic microstreaming, and not rectiﬁed diffusion, is the predominant
mechanism behind the mass-transfer enhancement. Quantiﬁcation
was done based on the dynamics of the observable bubble radius
associated with the (slow) diffusive time scale.
Single-frequency acoustic driving reveals that ultrasound induces a noticeable mass transfer ampliﬁcation of the diffusive process, be it growth or dissolution, only during volumetric resonance.
Strikingly, the rate of mass transfer can be momentarily empowered by two orders of magnitude. Another important result is that
the overall enhancement in mass transfer, at present quantiﬁed by
the time gain, initially increases monotonically with acoustic pressure amplitude and eventually reaches a plateau.
Frequency sweeps (continuously looped in time) prove a superior method of intensiﬁcation, as compared to driving the bubble at a ﬁxed frequency. Provided that the sweep period is
not too short, the direction of sweep does matter: the mass
transfer enhancement for co-sweep is generally greater than for
counter-sweep under otherwise identical conditions. Simply put,
up-sweeps favour dissolution over growth, whereas for downsweeps the reverse happens. More fundamentally, we have explained why co-sweep is concomitant with ‘surﬁng’ dynamics, and
why counter-sweep is with ‘hopping’. For sweeps of suﬃciently
small period, however, the direction of sweep is irrelevant; on the
other hand, the resulting ‘growth signature’ of the bubble offers a
rough, albeit valuable, characterisation of the acoustic ﬁeld in the
vicinity of the bubble. Finally, it has been shown that an optimal
sweep period for a maximum enhancement of growth or dissolution does indeed exist. Unfortunately, such magnitude may not be
generalised given that it remains speciﬁc to the transmission curve
of the transducer in question.
These ﬁndings lay a solid foundation for the future development of acoustic frequency and amplitude modulation strategies,
allowing for the tailored growth, dissolution or detachment dynamics of surface bubbles within a wide range of applications.

Fig. 15. Relative time gain 1 − τ /τd as a function of the relative sweep period (RSP,
see main text) for ﬁve experimental sets performed on different days. The legend
indicates the frequency range and the acoustic voltage amplitude employed for each
set. Each marker represents the time gain corresponding to a single growth or dissolution stage. The time gain for single-frequency forcing has been also plotted
for reference. The inset schematics [of the sweep frequency f (t ) and bubble radius R0 (t )] identify the nature of the experiments within a particular quadrant, i.e.,
Quadrant I: growth with down-sweep, Quadrant II: growth with up-sweep, Quadrant III: dissolution with down-sweep, and Quadrant IV: dissolution with up-sweep.
Quadrants with blue and white background correspond to co-sweep and countersweep, respectively. Note the log–linear–log scale of the horizontal axis and the
mirrored scale of the vertical axis for optimal visualisation of the data.
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site limit of long RSP, i.e., at |RSP| ∼ 1, the time gain is also nonoptimal. Moreover, there is a wide dispersion in the time gain
values, which is a consequence of the increasingly random degree of overlap between a resonance wave and R0 (t ). The optimal
RSP for maximum time gain lies between the short-T and long-T
regimes. The peak values in the time gain correspond to slightly
different magnitudes of RSP in every quadrant: for co-sweep the
optimal value is RSP ∼ 0.1, which belongs to the aforementioned
regime of single-wave resonance. For counter-sweep, the optimal value is signiﬁcantly smaller in magnitude (closer to −0.01),
which allows for multiple hopping events. Naturally, the magnitudes quoted here strictly apply to our particular set-up, in view
of our results being heavily conditioned by the non-ideal transmission curve of the transducer. Nonetheless, we expect the qualitative relation between RSP and the time gain to be of more general
value.
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