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Introduction
Liquid degassing by ultrasound is a common and well-
known technique [1]. A major application is degassing of
liquid metal melts [2], but also ultrasonic cleaning is using
the degassing effect. In this case, it is well documented
that ultrasound alone does not cause a significant clean-
ing effect of hard surfaces [3], but that the occurrence of
cavitation is necessary. The mechanical impact sufficient
for standard cleaning purposes emerges from collapsing
cavitation bubbles in the vicinity or directly at the sur-
face to be cleaned. Shear flows, liquid jets, and shock
waves are the prime candidates for the actual removal of
contaminations, while the precise details are still under
study (see for instance [4]). However, it can be observed
that the cleaning performance in a standard ultrasonic
cleaning bath is rather low in air saturated water, where
”soft” cavitation occurs. Therefore, it is common to em-
ploy ultrasonic degassing as a precursor to the actual
cleaning process that typically requires ”hard” (”tran-
sient”) cavitation. Both cavitation regimes – soft / gassy
and hard / partially degassed – not only differ in their
cleaning efficiencies, but also in their acoustic emission
spectra. In fresh water, significantly less cavitation noise
is produced than in water that has already been soni-
cated over a certain amount of time. Since the changes
in cleaning efficiency and spectral components are simi-
lar for other means of partial gas removal from the liquid
(e.g., by heating followed by cooling), it can be concluded
that degassing indeed plays a crucial role.

Figure 1: Sketch of the experimental setup: 80 l cleaning
bath with side windows and fixed hydrophone. The interior
shows a linear FEM field simulation of the central vertical
cross section.

In the following we want to discuss several aspects of the
ultrasonic degassing process, since we have the impres-
sion that it is not yet fully understood. Our discussion
includes a phenomenological part reporting on experi-
mental observations, and theoretical considerations sup-
ported by numerical simulations referring to the micro-
scopic bubble behaviour.

Experimental setup
To observe the bubble populations and their dynamics
in differently saturated media, an 80 liter ultrasonic bath
(x=50× y=37× z=45 cm3) is equipped with safety glass
panes on three sides. Recordings are done with a DSLR
camera (Canon EOS 60D, F/2.8) with side illumination
by a LED-Lamp, see Fig. 1. The bath is sonicated by
20 piezoelectric Langevin transducers, glued to the bot-
tom of the tub with operating frequencies of 25 kHz or
45 kHz. The transducers are electrically connected in
parallel and are supplied with the alternating electrical
ultrasonic signal by a generator with a full-bridge output
stage at a total electrical output power of Pel = 1 kW via
an impedance matching network. Acoustic spectra are
acquired with a hydrophone (Teledyne Reson TC4043)
in the frequency range f = 20...500 kHz. The signals are
sampled with fs = 1 MHz for 10 seconds. This leads to a
frequency spacing for the estimated Power Density Spec-
tra (PSD) by periodogram of ∆f = 0.1 Hz. During all
recordings the hydrophone is fixed at a position where
linear FEM calculations of the sound field resulted in a
high pressure amplitude (compare Fig. 1). The dissolved
air or oxygen level in the water is not monitored here,
but from previous measurements it is known that the
gas level shrinks while the acoustic spectra change. A
coincidence measurement of gas content, acoustic spec-
tra, and bubble observations still has to be done in the
future.

Experimental results
Air saturated tap water of about 7◦C was first heated
without ultrasound (US) to a temperature of 40◦C. This
led to occurrence of some larger degassing bubbles due
to supersaturation of the water at the elevated temper-
ature (not shown here). Then US was applied, and si-
multaneous recordings of images and spectra were done.
Figure 2a shows the appearance a few seconds after ini-
tiating US. Bubble ”veils” appear together with larger
rising bubbles, and all bubbles move from bottom up. In
Figure 2b one can observe that after some minutes the
rising bigger bubbles get less, but extended streamers
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Figure 2: Different stages of degassing as observed with the
camera (the black cone is the hydrophone with a scale; the
arrow corresponds to 8 cm). a) A few seconds after switching
US on. b) After 5 min reaching the first plateau of cavitation
noise. c) At 9 min in the ascent to the second plateau. d) At
the second plateau at about 18 minutes (compare Fig. 4).

forming ”veils” remain. After 9 minutes, the bigger bub-
bles have mostly disappeared, and the streamers become
sparse and shorten (Fig. 2c). From minute 9 to about
minute 14 the ”veils” disappear, and smaller, more local-
ized ”jellyfish” structures appear [5]. This is the final,
stationary state which persists until the end of the mea-
surement. From experience, this condition is a good one
for standard cleaning of solid surfaces – ”ready to clean”
(R2C).
Simultaneous to the images, the following spectral fea-

tures from the power spectra have been evaluated: fun-
damental, subharmonic, and cavitation noise. See Fig. 3
for the definitions. Figure 4 displays the time course of
these components. After switch-on, all components start
to rise. A first plateau is reached after a few minutes.
Here, still big bubbles are observed. At about 9 minutes,
a strong rise towards a second plateau appears, which sat-
urates in the stationary state at 14 minutes. It is remark-
able that during the first increase from beginning, the
subharmonic and the fundamental seem to rise together
in parallel, while in the second ascent after minute 9,
the cavitation noise rises together with the fundamen-
tal. This appears reminiscent of a ”period-doubling route
to chaos” for a rise of the overall amplitude (compare
Lauterborn & Cramer [6]). After minute 14, especially
the noise seems to be pretty stable. For a coherent in-

Figure 3: The typical spectrum during cavitation shows the
fundamental (f0 = 25 kHz, green) together with many mul-
tiples (harmonics), the subharmonic (f0/2 = 12.5 kHz, red)
and multiples (ultraharmonics), and broadband noise in be-
tween the peaks. For the definition of the ”cavitation noise”,
a flat noise band from 53.5 to 58.5 kHz is evaluated (inset).

terpretation of these data, more investigations of spectra
with simultaneous observations have to follow.

Figure 4: Progression of the spectral components vs. time:
fundamental (top), noise (middle), subharmonic (bottom).

General properties and mechanisms
In her seminal book chapter on ultrasonic degassing, Ka-
pustina discusses many experimental results and a vari-
ety of mechanisms that cause or support the liberation of
dissolved gas under sonication of a liquid [1]. Generally,
it is found that the degassing process typically reaches an
equilibrium level c∗ of dissolved gas at about 70% ... 50%
of saturation (”pseudo-equilibrium”). This is explained
by competing re-gassing processes that counteract the
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gas removal, mainly by diffusion from the atmosphere via
the free liquid surface. Interestingly, the initial degassing
rate (liberated gas volume per time) depends on the ap-
plied ultrasonic power, but in Kapustina’s experiments,
the reached equilibrium level c∗ does not. Some experi-
ments reported in [1] show that also the re-gassing rate is
power dependent, which can be measured for liquid de-
gassed below the pseudo-equilibrium by other means pre-
vious to sonication (then the re-gassing predominates).
The re-gassing rate also depended on the area of free
surface of the liquid sample (the larger, the faster), but
again, the pseudo-equilibrium did not. Similarly, the fre-
quency dependence of c∗ is, according to Kapustina, only
weak. However, there are other reports where both power
and frequency can have significant influence on the final
equilibrium saturation (see, for instance, Gondrexon et
al. [7] and Asakura & Yasura [8]). Thus, the litera-
ture is not coherent here, and probably unreported or
overlooked aspects of the experiments are responsible for
these discrepancies (e.g., container sizes and other geo-
metrical factors).
It turns out that also the microscopic picture of the de-
gassing mechanisms remains somehow incomplete. For
instance, the question whether the gas is always fully
dissolved down to molecular level, or if very small gas
pockets or nano-bubbles can stably exist, is under de-
bate [9]. At least for water, the low cavitation thresholds
indicate that some pre-existing voids could act as cavi-
tation nuclei [1]. Following further Kapustina, the main
mechanisms of gas liberation under sonication are then
(i) rectified diffusion of (truly) dissolved gas into oscil-
lating bubbles, and (ii) coalescence and rise of such bub-
bles. The process is supported by micro-streaming near
pulsating bubbles, which by convection can strongly ac-
celerate the otherwise diffusion-limited gas transport into
the bubbles. Other mechanisms are found to be less rele-
vant, namely generic acoustic streaming (causing as well
some convection) and acoustic radiation pressure (lead-
ing to faster rise of large gas bubbles). In standing waves,
the primary Bjerknes force can support rectified diffusion
by the motion of bubbles into high-pressure zones [10].
There are again unclear or inconsistent aspects regard-
ing these mechanisms of ultrasonic degassing. First, the
existence, nature and stabilization of pre-existing bub-
bles or nuclei remains to be clarified. Their occurrence
might depend on the nature of liquid and gas and also
on some pre-treatment. A potential stabilisation mech-
anism might be of electrostatic nature [11]. Indeed, for
molten metals (which are good conductors), it is claimed
that there are no such pre-existing bubble populations
present [2].
Second, even supposing small nuclei bubbles in the bulk
liquid, according to numerical results by Louisnard &
Gomez [12] they cannot easily act as a gas sink via rec-
tified diffusion except for quite high driving pressures
(e.g. about 2 bars for 0.5µm bubble radius at 26.5 kHz).
Thus, supposing such nuclei of a size well below a mi-
cron, the degassing at lower amplitude (e.g., [13]) cannot
be explained well by rectified diffusion alone. Possibly
one has to consider micro-streaming (which was out of

the scope in [12]) or other mechanisms.
Third, the mutual attraction due to acoustic forces of
small bubbles below the Blake (surface tension) thresh-
old appears to be very weak, and thus merging processes
are quite slow. Estimations of the collision times of two
driven identical bubbles in close distance to each other
show a strong increase for reducing the driving pressure.
Some values are given in Table 1, based on simulations
of bubbles of 100 nm radius (a typical value for bulk
nanobubbles [9]). The preliminary simulations are based

ac. pressure collision time
500 kPa 450 s ≈ 7.5 min
100 kPa 15000 s ≈ 4 h
10 kPa 1.5 × 106 s ≈ 17 d

Table 1: Approximate collision times of driven bubble pairs
(simulations at 25 kHz, R0 = 100 nm, initial distance 1µm).

on linearized bubble oscillations, which is well justified
below the Blake threshold, and a simplified version of the
secondary Bjerknes force [14] which should also be valid
down to very close distances. Due to surface tension and
the high Laplace pressure, the very small bubbles show
hardly any volume change, and the forces are accordingly
quite small. Of course, the picture might have to be
modified if nonlinearity, electrostatics, or further effects
would come into play. For stronger bubble oscillations
beyond the Blake threshold, however, very rapid coales-
cence should occur, as we see in multi-bubble simulations
(see Fig. 5 and Fig. 6).

Figure 5: Averaged coalescence times of driven bubble
clusters of 100 bubbles for sound pressure amplitudes from
160 kPa to 200 kPa at 20 kHz. Error bars indicate the stan-
dard deviation for 100 random initial setups (7 at 160 kPa),
each with initial bubble sizes R0 = 1µm at random positions
in a 1 mm3 cube. Merging lasts only a few ms.

Discussion
We find the apparently paradoxical situation that just
for very small bubbles, that one naturally assumes as the
first entities of deliberated gas, the standard picture of
ultrasonic degassing mechanisms seems not to work. The
volume oscillation and thus the rectified diffusion of a
small bubble driven below the Blake threshold turns out
to be too weak to counteract its dissolution driven by the
high Laplace pressure. Furthermore, bubble growth by
attraction and merging with neighboring bubbles should
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Figure 6: Snapshots of a simulation of the coalescence dy-
namics of 100 bubbles in a uniform ultrasound field. Initial
bubble sizes R0 = 1µm at random positions in a 1 mm3 cube
(20 kHz, 175 kPa, coupled Keller-Miksis dynamics with vis-
cous drag and secondary Bjerknes forces; full coalescence af-
ter 1.2 ms. The bubble relative sizes are to scale, but the
absolute sizes are magnified by a factor of 15 in the pictures.

neither be a viable mechanism: Due to the weak volume
oscillation again, inter-bubble forces seem too weak to
lead to reasonable collision times.

One more comment on the robustness of the pseudo-
equilibrium level. If the acoustic pressure amplitude is
increased, both supposed main degassing mechanisms –
(i) rectified diffusion and (ii) coalescence via secondary
Bjerknes forces – are expected to be intensified (suppos-
ing they are working, i.e., essentially beyond the Blake
threshold). From numerical calculations (see [12], Fig. 2)
it follows that bubbles with R0 > 0.5µm and driven
with pa > 2 bar at 26.5 kHz, should grow by rectified
diffusion even for degassing levels below 0.1%. This is
confirmed by trapping experiments with single-bubbles
where a strong degassing is necessary for a non-growing
stably trapped bubble [15]. Also secondary Bjerknes
forces grow monotonously with driving pressure (at least
for identical bubbles) suggesting an amplification of co-
alescence with power. If the reachable degassing level
for increased power nevertheless remains limited (or even
the same, as in [1]), one might assume an exactly equally
reinforced re-gassing process to compensate for the am-
plified microscopic degassing mechanism. This seems,
however, not very likely (and indeed, the experiments by
Gondrexon [7] could influence c∗ by modification of the
free surface). Still, another limiting mechanism might be
acting. In particular, it might be speculated that some
”character” of cavitation changes when a certain gas dis-
solution level has been reached. For instance, the bubble

number reduces drastically, reducing the active degassing
”agents” in the liquid. Indeed, our experiment shows that
after a certain time, much less bubbles appear, which not
only changes the emission spectrum, but should as well
reduce the overall gas extraction.
A preliminary interpretation of the coincident behaviour
of spectral components might lead to the conjecture that
a global transition from ”periodicity” (fundamental) to
”chaos” (noise) occurs via a period doubling (subhar-
monic) during the course of degassing. A similar be-
haviour has been seen by Lauterborn for amplitude ramp-
ing in his seminal work [6].
In conclusion, ultrasonic degassing still harbours some
mysteries. Both the detailed microscopic processes and
the macroscopic description of gas extraction from a liq-
uid by ultrasound and cavitation bubbles remains in-
completely understood. Further work on both aspects
seems necessary. As a quite practical aspect for applica-
tions, the connection of degassing, bubble populations,
and acoustic spectra should be investigated more closely.

References
[1] O.A. Kapustina, ”Degassing of Liquids”, in: L.D. Rozen-

berg (ed.): Physical Principles of Ultrasonic Technology,
Vol. I (Plenum Press, New York, 1973), 377-509.

[2] D. G. Eskin, ”Ultrasonic Degassing of Liquids”, in: J.
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