
Submicron drops from flapping bursting bubbles
Xinghua Jianga,1 , Lucas Rotilyb, Emmanuel Villermauxb,c,1 , and Xiaofei Wanga,d,e,1,2

aDepartment of Environmental Science and Engineering, Shanghai Key Laboratory of Atmospheric Particle Pollution and Prevention, Fudan University,
Shanghai 200433, China; bInstitut de Recherche sur les Ph�enom�enes Hors Equilibre, Aix-Marseille Universit�e, Marseille CEDEX 13 13384, France; cInstitut
Universitaire de France, Paris 75005, France; dShanghai Institute of Pollution Control and Ecological Security, Shanghai 200092, China; and eCluster of
Interfacial Processes Against Pollution, Fudan University, Shanghai 200433, China

Edited by DavidWeitz, Department of Physics, Division of Engineering and Applied Science, Harvard University, Cambridge, MA; received July 14, 2021;
accepted November 30, 2021

Tiny water drops produced from bubble bursting play a critical role
in forming clouds, scattering sunlight, and transporting pathogens
from water to the air. Bubbles burst by nucleating a hole at their
cap foot and may produce jets or film drops. The latter originate
from the fragmentation of liquid ligaments formed by the cen-
tripetal destabilization of the opening hole rim. They constitute
a major fraction of the aerosols produced from bubbles with cap
radius of curvature (R) > ∼0.4 × capillary length (a). However, our
present understanding of the corresponding mechanisms does
not explain the production of most submicron film drops, which
represent the main number fraction of sea spray aerosols. In this
study, we report observations showing that bursting bubbles with
R < ∼0.4a are actually mainly responsible for submicron film drop
production, through a mechanism involving the flapping shear
instability of the cap with the outer environment. With this pro-
posed pathway, the complex relations between bubble size and
number of drops produced per bubble can be better explained,
providing a fundamental framework for understanding the pro-
duction flux of aerosols and the transfer of substances mediated
by bubble bursting through the air–water interface and the sensi-
tivity of the process to the nature of the environment.
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Bubble bursting is a fundamentally important physical process
in nature, which has crucial environmental and climate rami-

fications (1–12). Wave breaking over the oceans produces large
amounts of bubbles, which eventually burst and eject water drops
known as sea spray aerosols. These spray aerosols mediate the
transfer of moisture, salts, organics, and microorganisms through
the water–air interface and exert significant effects on atmospheric
chemistry (4, 13), human health and climate (4, 13–17). Our cur-
rent understanding of surface bubble bursting aerosol formation
includes two major pathways, namely film drop (5) and jet drop
production (6) (Fig. 1A). When a bubble reaches the water sur-
face, its film cap thins until a hole nucleates close to its foot.
Then, the rim of the hole expands at the Taylor-Culick velocity

(v¼
ffiffiffiffiffi
2σ
ρ1h

q
, where ρ1 is the density of the liquid phase, σ is its sur-

face tension, and h is bubble cap film thickness). The receding
rim follows the curvature of the film cap, thereby experiencing a
centripetal acceleration, which suffers a Rayleigh-Taylor instabil-
ity and produces multiple liquid ligaments. Then, these ligaments
further break into droplets, commonly known as film drops (6, 7,
18, 19). The collapse of the remaining bubble cavity forms a Wor-
thington upward jet, which may also break into multiple drops,
known as jet drops (7, 8, 20, 21).

Many studies (1, 9, 10, 15) have investigated the size distribu-
tions of bubble bursting drops confirming that submicron drops
are the dominant fraction of the total number of drops pro-
duced, and they usually peak at ∼100 to 200 nm. By submicron
drop, we mean a drop with a dried diameter less than 1 μm. In
sea spray aerosols, this dried diameter (Dp; see Methods for the
detailed description) is roughly 1/4 of the original drop diameter,
since the salinity of seawater is usually ∼3.5% (4, 8, 22). However,
the current understanding of the processes at play cannot fully

explain the origin of these submicron drops. Based on the relation
between the sizes of jet drops and their parent bubbles, only
sub–100-μm bubbles can produce submicron jet drops (23–27).
Our previous work demonstrates that jet drops usually account
for ∼20 to 40% of submicron sea spray aerosols (13, 20). The
remaining 60 to 80% of submicron sea spray aerosols should origi-
nate from the fragmentation of the bubble caps, named film drops.
However, bubbles with cap radii of curvature R > ∼0.4a produce
film drops (7) with an average drop diameter hdi such that

hdi ∼ R3=8h5=8, [1]

with h ∼ R2

L the bubble cap thickness, L ¼ βa with a¼
ffiffiffiffiffi
2σ
ρ1g

q
the

capillary length and β is O(103), a relation valid for R > ∼1 mm.
For pure water and seawater, a is ∼2.7 mm. Thus, the smallest
typical film drop diameters hdi formed that way are O(7 μm), giv-
ing a dried diameter O(2 μm), appreciably larger than the submi-
cron bubble bursting aerosols, which usually have a dry diameter
around 100 to 200 nm.

The above centrifuge theory for hdi of film drops is consistent
with previous experimental investigations from Lhuissier and
Villermaux (7). However, it cannot explain the production of film
drops from bubbles with R < ∼0.4a (∼1 mm for water), as some
other experiments show that millimetric bubbles do produce
many submicron drops, which are likely to be film drops (28).
Critical questions thus arise: Why can bubbles with R < ∼0.4a
(∼1 mm for water) produce film drops? What is the mechanism?
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In this study, we report film drop production from bursting of
bubbles with various radius in different gas environment. With
the measured characteristics of these film drops and visualization
of bubble bursting process, a comprehensive theory on bubble
bursting film drop generation is proposed.

Results and Discussion
Submicron Film Drop Production from Bubbles with R < ∼0.4a. In
order to improve smaller size detection, we use here a scanning
mobility particle sizer (SMPS) and an aerodynamic particle sizer
(APS) to obtain the size distributions of aerosols from bub-
bles bursting at the surface of a pool. Fig. 2 (and SI Appendix,
Fig. S2) clearly shows that bubbles with radius R of 73 to 1,080 μm
did produce a dominant number fraction of submicron drops
from a 3.5% NaCl water solution and seawater (see Methods for
the details about its sampling information). The size of these sub-
micron drops peak at ∼30 to 100 nm. These drops must be film
drops, since the dry diameters of jet drops produced from the
bubbles with R = 73, 137, 199, 870, and 1,080 μm are 0.28, 0.62,
1.0, 6.8, and 9.2 μm, respectively, based on the relation between
jet drop size and bubble size compiled by Berny et al. (23). These
jet drop sizes are significantly larger than the sizes shown in Fig. 2.
In addition, a cascade of small daughter bubbles could form after
the bursting of a large bubble (29). It is unlikely that these daugh-
ter bubbles play a significant role in submicron drop production
from these bubbles with R < ∼0.4a. In air, Bird et al. report that
the average daughter bubble size is roughly 0.08 times of the par-
ent bubble size (29). If the bubbles with R = 73, 137, 199, 870, and
1,080 μm do produce daughter bubbles, their bubbles’ R would be
5.8, 11.0, 15.9, 69.6, and 86.4 μm. Based on the relation compiled
by Berny et al., the dried sizes of jet drops from these daughter
bubbles would be 24, 52, 83, 532, and 700 nm, which are incon-
sistent from the size distributions shown in Fig. 2. Finally, the
existence of these film drops is also inconsistent with the

centrifuge film drop production mechanism (6, 7), which requires
that R > ∼0.4a, suggesting that a missing film drop production
mechanism operating on smaller bubbles.

Proposed Theory of Film Drop Production. Any liquid drop origi-
nates from the fragmentation of a ligament, which should be
produced by some instability. The conventional view is that, just
after hole nucleation, the fast-moving rim experiences a centri-
fuge Rayleigh-Taylor instability along the curved bubble cap with
a growth rate (7)

t�1
RT ∼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ

ρ1ðRhÞ3=2
s

: [2]

For instability to have an appreciable gain, the rim recession time
over the bubble cap T should be larger than tRT, thus requiring

Tt�1
RT > 1. The bubble cap extent is E ∼ R2

a for R < a, and the rim
travels at the Taylor-Culick velocity so that T = E/v. For this
centrifuge instability to onset, bubbles should thus be sufficiently
large since

t�1
RTT ∼

β
1
4 R

a

� �3
4ffiffiffi

2
p > 1 [3]

implies that R/a > ∼(4-1β)�1/3. Smaller bubbles have too short a
residence time to grow such an instability.

However, bubbles with a smaller radius also have a smaller
thickness and therefore a faster hole receding speed. Previous
observations have shown that receding thin films, like soap films,
are light enough to be sensitive to their environment (30) and flap
like flags do in the wind, suffering a shear instability, named
after Squire in this context (31). Is it strong enough to destabilize
small bubbles’ cap films? To probe this question, we compare as
before the rim recession time Twith the Squire instability growth
rate (31, 32)

Fig. 1. Conventional and observed mechanisms for bubble bursting drop production. (A) Conventional view of bubble bursting drop production, includ-
ing film drop production from the centripetal acceleration and jet drop production from the collapse of bubble cavity; (B) flapping mechanism of a
recessing bubble cap film: the interaction between fast-moving water film and its surrounding gas; (C) picture of bursting of an FC43 (perfluorotributyl-
amine) bubble with an R = 3.2 mm in water; (D) successive pictures of this bubble bursting process. The time between each frame is 6/20,000 s.
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t�1
S ¼ ρ2

ρ1
v

h
, [4]

where ρ2 is the density of the surrounding gas. The condition
for the onset of the flapping instability is again Tt�1

S > 1, a crite-
rion that translates into ρ2

ρ1
L
a > 1, or

ρ2
ρ1

>
1

β
: [5]

For a water–air interface with ρ1 = 103 kg � m�3 and ρ2 = 1.2
kg � m�3, we see that the above criterion predicts interestingly
that this instability is possible but is close to marginal and that
increasing appreciably the density of the gas phase should
reveal more clearly its existence.

As summarized in Fig. 3A (or SI Appendix, Fig. S3), the above
elements predict that 1) large bubbles [R/a > ∼(4-1β)�1/3]
destabilize via a centrifuge Rayleigh-Taylor instability; 2) small
bubbles [R/a < ∼(4-1β)�1/3] must be in a dense gas environment
(ρ2/ρ1 > β�1) to flap via a Squire instability, as illustrated in Figs.
1B; and 3) there are two distinct modes of film drop production,
with different features depending on bubble size and environment
density.

Experimental Verification of the Predictions from the Proposed
Theory. Prediction 1 has already been convincingly demonstrated
(7). To test prediction 2, we recorded small bursting bubbles
under a microscope, at 200,000 frame rate per second. Indeed,
the corresponding busting sequence is quick (T is a fraction of a
milliseconds for a millimetric bubble) and the anticipated out-
come aerosols a size on the order of or smaller than the wave-
length of light. SI Appendix, Figs. S4 and S5 show the bursting of
small single bubbles with R = 0.87 to 1.25 mm at a water–air
ρ2
ρ1
¼ 1:2

1,000 ∼ β�1
� �

or water–sulfur hexafluoride (SF6) interface

ρ2
ρ1
¼ 7

1,000 > β�1
� �

. As expected, no long-centrifuged ligaments

are found since the standard Rayleigh-Taylor instability has no
sufficient time to amplify. However, it is found that the bursting
of an R = 0.87 mm and an R = 1.25 mm SF6 water bubble in an
SF6 environment does produce drops (SI Appendix, Fig. S4).
The drops fly horizontally, suggesting that another instability,
such as Squire instability, responsible for their formation has
just developed at the end of the rim travel along the bubble

cap. Unfortunately, the flapping motion is hardly discerned
because of time and space resolution limitations.

To overcome this technical difficulty, we conducted an analog
experiment by bursting a larger R = 3.2 mm perfluorotributylamine

Fig. 3. Characteristics of submicron drops produced from bursting of bub-
bles at the air–water interface. (A) Diagrams of the regimes for 1) Squire

(flapping) instability ρ2
ρ1
> 1

β

h
and R/a < ∼(4-1β)�1/3

i
, 2) Rayleigh-Taylor insta-

bility, and 3) no film drop production; (B) number of submicron drops pro-
duced per bubble with a range of bubble sizes. The error bars in bubble
sizes were derived from the abscissa of the cumulative frequency of ∼25
to 75% in the frequency distribution diagram (SI Appendix, Figs. S10–S12).
(C) Particle number size distributions of dried drops produced from the
bursting of bubbles with R = 1,300 or 3,800 μm.

Fig. 2. Particle size distributions of bubble bursting drops (dried) in terms of
probability (P) density function. Drops are produced from the bubbles with
various R from salt water (3.5% sodium chloride solution) at the air–water
interface. The curves are smoothed by using the adjacent average method.
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(FC43) bubble into water. The density ratio ρ2
ρ1
¼ 1,000

1,884 is much

larger than for a water–gas couple, so the Rayleigh-Taylor centri-
fuge instability grows much more slowly in this case, allowing
more time for the flapping motion to set in. Screening the
Rayleigh-Taylor mechanism by matching the densities and using
larger bubbles allows us to focus on the anticipated shear mecha-
nism, which is then clearly observed: The bursting sequence (Fig.
1C and Movie S1) does show a flapping receding bubble cap. In
addition, Movies S2 and S3 also show film fragmentation and
drop formation from the flapping bubble cap. The flapping
bursting mode thus does onset when it is expected to.

To test prediction 3, we measured the number of submicron
drops produced per bubble n according to their size R from salt
water (3.5% NaCl) and seawater (Fig. 3B and SI Appendix, Fig.
S6). As expected, a distinct transition between the ranges of small
and large bubble sizes is observed, which are separated by a signifi-
cant dip at R ≈ 1 to 2 mm ∼(4-1β)�1/3a. Obviously, this sharp tran-
sition reflects the two film drop production mechanisms, support-
ing our discussion above: Flapping and centrifuge mechanisms are
responsible for film drop production when R < ∼(4-1β)�1/3a and R
> ∼(4-1β)�1/3a, respectively. The present investigation is also a
clue for the long-standing puzzle posed by Blanchard and Syz-
dek’s study, reporting the until-now unexplained existence of a
large peak in the drop production histogram for bubble diameters
of order 2 to 2.5 mm with a maximum n of ∼80 drops per bubble
(28, 33), producing drops with sizes below 300 nm (33, 34).

Fig. 3B also shows that the large bubbles [R > ∼(4-1β)�1/3a]
produce submicron drops and the production rate decreases expo-
nentially with bubble size decreasing to ∼(4-1β)�1/3a, at which it is
shut down. Their production is likely to associate with the centri-
fuge film drops, as the number of centrifuge drops also decrease
with bubbles sizes decrease, and the production of the centrifuge
drops are also shut down when R is ∼(4-1β)�1/3a. Thus, based on
this concurrence, it is proposed that these drops might be the sat-
ellite drops produced around the centrifuge drops.

Differences in Sizes Between the Two Film Drop Production Pathways.
The film drop production from between bubbles with R >
∼(4-1β)�1/3a and R < ∼(4-1β)�1/3a have a distinct difference in
their size distributions. Fig. 3C shows that the small bubbles with
R = 1,300 μm < ∼(4-1β)�1/3a have a significant size peak over the
submicron range, while the large bubbles with R = 3,800 μm >
∼(4-1β)�1/3a have an almost flat size distribution over the entire
∼101 to 103 nm size range.

Film Drop Production in Different Gas Environments. Prediction 3
also implies that the film drop production rate is affected by the
gas density, especially for smaller bubbles. Fig. 4 shows the parti-
cle diameter distributions of dried drops produced by bursting
small bubbles in air, SF6, and He with densities of 1.2, 6.1, and
0.16 kg/m3, respectively. The volumetric injection gas flow rates
were kept constants for all these experiments. The denser SF6

environment presents remarkably the largest film drop produc-
tion rate, while the lighter He has the smallest drop production
rate, demonstrating that the gas density does play a critical role
in film drop production.

Tlhe average drops sizes produced by the flapping mechanism

(31) is hdi ∼ ffiffiffiffiffiffiffiffi
vtsh

p
∼ h

ffiffiffiffi
ρ1
ρ2

q
, corresponding to d ∼300 nm for

R = 100 μm in air, giving a dried particle size somewhat smaller
than 100 nm, consistently with Fig. 4 and SI Appendix, Fig. S7.
Their maximal number per bubble burst is expected to be on

the order of nmax ∼ R2

a

� �2
h
d3
∼ β2 ρ2

ρ1

� �3
2

, assuming all film cap mate-

rial forms drops, so that nmax ∼30 in air. However, it is impor-
tant to point out that this nmax does not capture possible satellite
drop formation around the primary flapping drops. Thus, the

current theory cannot predict the exact number of film drops
produced per bubble.

We also measured the size distribution for dried drops pro-
duced from bursting of even smaller bubbles with an R ≈ 40 μm
in the salt solution (SI Appendix, Fig. S8), which is distinct from
the drop size distributions from the bursting of bubbles in Fig. 2.
The main peak at ∼500 nm must originate from the jet drop pro-
duction mechanism since the location of this peak follows the
relation between the sizes of jet drops and their parent bubbles
(23). Very few film drops are produced, indicating that this
mechanism is shut down at this bubble size, thus suggesting that
the lower bubble size limit for film drop production should be in
the range of 40 to 60 μm.

Atmospheric Implications. Together with the centripetal accelera-
tion mechanism, the newly found flapping mechanism establishes
a general framework to explain submicron film drop production.
Combining the n versus R relation in Fig. 3B with the measured
bubble size distribution (8, 35) from wave breaking in ocean
water, one can infer a probability density function for film drops
produced at each bubble size R (SI Appendix, Fig. S9), showing
that the bubbles with R < ∼1 mm produce a main number fraction
of submicron film drops through the pathway from flapping films.

Fig. 4. Particle size distributions of bubble bursting drops (dried) in different
gas environments for (A) bubbles with R = ~200 μm; (B) bubbles with R =
~120 μm; and (C) bubbles with R = ~80 μm. N is the number concentration of
drops in each gas.
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It is well known that smaller sea spray aerosol would contain
more organics. For example, sub–100-nm sea spray aerosols
usually have an organic content higher than 50% (36), which
still do not have a theory to explain. Surface active organics
would form a single molecular layer on the air–water interfa-
ces, including both the inner and outer sides of the bubble cap
film. The surface concentrations of organics are determined by
their concentrations in bulk, following the Langmuir adsorption
equilibrium (37, 38). With the knowledge of bubble cap film thick-
ness and bubble cap size, the mass of water in the bubble cap is
known, and the organic mass fraction of the cap film can be calcu-
lated. Obviously, thinner film thickness results in higher organic
fraction. Assuming the composition of film drop is equal to the
cap film, the organic fraction of film drop is obtained.

The centrifuge mechanism only allows film drop produced
from bubbles with R > ∼1 mm. The bubble cap thickness would
be larger than 100 nm for these bubbles (7). For a typical concen-
tration of organics on seawater surface (0.1 to 1 mg/m2) (37), the
organic mass fraction of film drops produced from these large
bubbles is very unlikely to be larger than 50%.

In contrast, the flapping mechanism allows film drop pro-
duced from submillimeter bubbles, the bubble caps of which
are much thinner. For example, the cap thickness of a bubble
with R = 0.5 mm is ∼10 nm (7). The organic fractions of the film
drops would be easily larger than 50%, thereby explaining the
observation of the high organic mass fraction for sub–100-nm
sea spray aerosols.

Natural water such as seawater is a complex mixture containing
tens of thousands of chemical species, debris, and many microor-
ganisms, all of them susceptible to being transferred aloft in air
by bubble bursting. Knowing the detailed production mechanisms
and associated aerosol size ranges is critical to understand the
chemical and biological compositions thus produced. We have
shown here that these are all film drops, the smallest being medi-
ated by a flapping mechanism sensitive to the environment. This
will help to better describe the transfer of momentum, heat, and
organic and inorganic substances through the water–air interface
(4, 7, 13) and to understand the role played by the environment
on these phenomena.

Methods
Salt Water and Seawater. The 3.5% sodium chloride solution is made from
ultrapure water with a resistivity of 18 MΩ � cm and NaCl (analytically pure,
China National Pharmaceutical Group Co., Ltd.). All the seawater used in this
study is collected from the Yellow Sea (36°N:124°E). After standing for several
hours, we remove the sediment and store the seawater in a refrigerator.

Experimental Setup. The setup is shown in SI Appendix, Fig. S1. The gas is
pushed through a high-efficiency particulate arrestance (HEPA) filter with a
certain flow. Then it splits into two streams, both of which are controlled by
mass flow controllers. One stream passes through a glass filter or a needle to
produce bubbles with various sizes. Another stream enters the water tank
directly with a constant flow rate (SI Appendix, Tables S1 and S2) to bring
bubble bursting drops out of the tank. Before any aerosol measurements,
the silica diffusion dryer is used to dry drops to form solid aerosol particles.
To make sure there is no contaminated aerosol in the system, the particle
free gas is used to purge the whole system until the particle concentration is
zero (<0.01 particle/cm3). The particle concentration is measured by a con-
densational particle counter (CPC) (Model 3775, TSI Inc.).

Definition of Dp. Particle size is usually defined by its measuring method.
Here, size distributions of dried bubble bursting drops are measured by two
instruments: an SMPS and an APS (Model 3321, TSI Inc.). The SMPS consists of
two components, a differential mobility analyzer (Model 3081, TSI Inc.) and a

CPC (Model 3775, TSI Inc.). The size ranges for the SMPS and APS are ∼7 to 700
nm and ∼500 to 20,000 nm, respectively. SMPS can measure electrical mobility
particle diameter (Dm), while APS can measure aerodynamic particle diameter
(Da). These two diameters are different and have the following relation (39):

Dm ¼ Da

ffiffiffiffiffiffiffiffiffiffiffi
χ3

ρ0
ρp

s
, [6]

where χ is dynamic shape factor under the ambient condition, ρp is the particle
density, and ρ0 is the reference density (1 g/cm3). In this paper, we define parti-
cle diameter,Dp, asDm.

The drop production mechanism from fresh water would be expected
to be similar to salt water, as the differences in surface tension, density,
and viscosity between these two waters are actually small. However, the
water drop would dry quickly in ambient air with low humidity. Fresh
water has much fewer numbers of residues. Thus, the size of these dried
aerosols would be much smaller than those particles produced from 3.5%
salt water.

Experiments for Studying the Particle Size Distributions of Bubble Bursting
Drops. The numbers of bubbles used for calculating each curve in Fig. 2 are
∼9.7 × 108, 1.5 × 108, 4.8 × 107, 2.0 × 106, and 9.6 × 105, and the numbers of
drops collected are ∼1.3 × 108, 6.1 × 107, 5.7 × 106, 8.2 × 106, and 1.5 × 106 for
bubbles’ R = 73, 137, 199, 870, and 1,080 μm.

The number production rate of bubbles produced through the frits are
measured to be 4.04 × 105, 6.15 × 104, 2.01 × 104, 8.22 × 102, and 3.98 × 102

per second for bubbles’ R = 73, 137, 199, 870, and 1,080 μm, respectively.
Then, the particle size distributions in Fig. 2 are measured. The sampling time
of each measurement is 240 s. Every curve in Fig. 2 is averaged by ∼10 sets of
measurements. Therefore, the total number of bubbles during each measure-
ment is just the number production rate of bubbles times the sampling time
(∼2,400 s). Moreover, the air sampling flow rate is 0.3 liter per minute (LPM).
Thus, the total number of drops that are sampled is the drop concentration in
the air times air sampling flow rate times the sampling time.

Measurement of Bubble Size. Bubble sizes aremeasured by amicroscopic cam-
era (Model TipScope CAM, TipScope Inc.) or a regular camera (Model RX10,
Sony Corp.) depending on their sizes. For smaller bubbles (R < 400 μm), their
shapes in water remain spherical. Thus, the microscopic camera with an
extremely narrow depth of focus is used to take pictures of bubbles. By
comparing the diameter of the bubbles that are in focus to a scale, bubble
diameter can be obtained. For large bubbles (R > 400 μm), their shapes
are not spherical in water. Thus, we use a camera to take pictures of these
bubbles on water surface. The maximum horizontal radius of the bubble
can be converted to the volume equivalent radius based on Toba (1959)
(40). The values of the error bar of the bubble particle size measurement
are the abscissa values corresponding to 25 to 75% of the cumulative fre-
quency of the measured value frequency distribution graph (SI Appendix,
Figs. S10–S12).

Gas Dilution for CPC Measurement. CPC measurement could be affected
when pure He or SF6 were directly used as the carrier gas for particles (41). A
solution is found and tested: When these gases are diluted with air with the
dilution ratio >6:1, then the CPC measurement is not affected. Therefore, a
dilution ratio of 9:1 is used for all the gas density experiments.

Setup for Bubble Visualizations. The setup for the bubbles visualizations
includes a tank filled withwater and a ceilingfilled with either air or SF6. Back-
lighting plus microscope lens are used for capturing high-speed pictures.

Data Availability. All the experimental data from this work is available online
at Mendeley at http://doi.org/10.17632/ydw5kkzfjk.1.
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