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When small bubbles rupture in a contaminated water source, the resulting liquid jet breaks up into
droplets that can aerosolize solid particulates such as bacteria, viruses, and microplastics. Particles
collected on the bubble surface have the potential to become highly concentrated in the jet drops,
dramatically increasing their impact. It has been assumed that only particles small enough to fit
within a thin microlayer surrounding the bubble can be transported into its influential top jet drop.
Yet here, we demonstrate that not only can larger particles be transported into this jet drop, but
also that these particles can exceed previous enrichment measurements. Through experiments and
simulations, we identify the pre-rupture location of the liquid that develops into the top jet drop and
model how interfacial rearrangement combines with the bubble size, particle size, and the angular
distribution of particles on the bubble surface to set the particle enrichment.

Once bubbles rise to the surface of a pool of water, they
burst and can create jet drops from the erupting jet and
film drops from the retracting bubble film. These drops
are critical to health [1–5] and the environment [6–9],
as they can carry bacteria [10], viruses [11], and pollu-
tants such as microplastics [12, 13] into the air. Due to
the importance of droplets and their cargo, much work
has been devoted to understanding the number and size
of droplets emitted by a bursting bubble [14–21]. How-
ever, predicting the number of particles in a drop requires
more than knowing the bulk particle concentration and
the drop size: particles can accumulate on the surface
of a rising bubble and transfer into the droplets. This
mechanism can dramatically increase the droplet parti-
cle concentration [22, 23].

When will a particle on a bubble end up in its top
jet drop? This unresolved question is essential to un-
derstanding and predicting the extent of jet drop enrich-
ment. Pioneering experiments concluded that the liquid
in the top jet drop comes exclusively from a thin liquid
microlayer surrounding the bubble [24]. When there are
particles scavenged on the bubble surface, it is expected
that these particles passively advect with the fluid. All
particles small enough to fit within the inner-most micro-
layer are thus assumed to collect into the top jet drop;
whereas those that extend beyond this microlayer have
been proposed to end up elsewhere [25]. These expec-
tations are consistent with foundational observations by
Blanchard and Syzdek [22], that jet drops of radius rd
= 60 µm had a higher average bacterial concentration
than either smaller or larger jet drops. Enrichment peaks
have been reported by other researchers [26–28]; how-
ever, their existence has been questioned as similar ex-
periments did not observe a peak [29]. The existence
of enrichment peaks has significant implications for the
transport of particles larger than the microlayer thick-
ness, as it could strongly enhance or deplete viruses in
small drops or microplastics in larger ones. However,
past studies have used particles of radius rp ≈ 0.5 µm,
making it difficult to generalize to different particle and
microlayer sizes. Furthermore, discerning the precise de-
pendence of enrichment on particle size is challenging due

to the inherent variability in these systems. Even within
carefully controlled experiments, enrichment under iden-
tical conditions is highly variable [30]. In this Letter, we
demonstrate that particles significantly larger than the
microlayer thickness can be transported into the top jet
drop and still exhibit an enrichment peak [Fig. 1]. This
observation motivates a transport model that depends on
the relative sizes of the particle, bubble, and jet drop, as
well as the angular location of particles on the bubble
just before bursting. Stochasticity in this last factor may
underlie the high variability of jet drop enrichment.

Our experimental setup is shown in Fig. 1a.
Polystyrene beads of either radius rp = 7.5 µm or
15 µm and density ρp = 1050 kg/m3 are suspended
in water at a concentration of C = 105 and 104 parti-

FIG. 1. Polystrene microparticles (radius rp = 7.5 and 15
µm) exhibit enrichment peaks in jet drops. (a) Schematic of
experiments: bubbles rise a height H through a solution of
uniform particle size at concentration C particles/mL. The
bubble scavenges particles as it rises and the top jet drop is
collected. (b) A bubble with radius Rb = 350 µm creates
a jet drop with radius rd = 43 µm that contains Nd = 43
particles, corresponding to an enrichment factor E = 1300.
(c) Measured enrichment [Eq. 1] for both particle sizes and
historical data from Blanchard and Syzdek 1970 [22].
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cles/mL, respectively. A needle releases an air bubble at
a depth H = 5.5 cm and the bubble scavenges particles
as it rises through a container filled with 75 mL of
solution. We vary the bubble radius Rb between 250
and 730 µm, such that the bubbles are small enough to
limit gravitational effects on bubble shape and jet drop
size and large enough that we are able to appropriately
resolve the top drop with high speed imaging [20, 31].
Upon reaching the free-surface, the bubble ruptures
and the air cavity collapses, resulting in jet droplets.
Consistent with past studies, we collect the top jet drop
on a glass slide to count the number of particles [Fig. S1]
[22, 28, 29].
Because we directly measure and link each bubble,

jet drop, and particle count, we can precisely determine
the enrichment factor. For example, Figure 1b shows a
Rb = 350 µm bubble with rp = 7.5 µm particles on its
surface. High-speed imaging captures the resulting rd
= 43 µm jet drop. If there were no enrichment mecha-
nism, there is only a 3% chance that the volume would
contain a single particle. In reality, the drop contains
Nd = 43 particles, an increase by a factor of 1300. This
enrichment occurs because the bubble is surrounded by a
concentrated number of particles Nb immediately before
rupture and a significant fraction of them, Et, transfer
into the top droplet. Therefore the enrichment factor E ,
which is the ratio of jet drop to solution particle concen-
tration, can be expressed as

E =
Nd

4

3
πr3dC

=
Nb

4

3
πr3dC

Et. (1)

We observe enrichment factors from zero to over a
thousand over a range of jet drop sizes for the two particle
sizes tested [Fig. 1c]. The larger symbols with error bars
show the enrichment mean and standard deviation for
sets of data with different jet drop size, with shading con-
necting these error bars as a guide for the eye. Both the
average enrichment factor and its standard deviation rise
and then decline as the jet drop size decreases, demon-
strating the existence of enrichment peaks for these rel-
atively large particle sizes.
To incorporate the physics of bubble scavenging into

the enrichment factor, we approximate the number of
particles on the bubble surface immediately before rup-
ture as Nb = EcEaπR

2

bHC, where Ec is the collision
efficiency, Ea is the attachment efficiency, H is the bub-
ble rise height, and C is the particle concentration in
the fluid [32, 33]. This general expression can be sim-
plified for our particular experiments by noting that the
attachment efficiency Ea ≈ 1 and that the particle sizes
are consistent with those scavenged through interception
[See Supp.Mat. ]. Following an approach used to model
enrichment in film drops [23], we consider a simple po-
tential flow interception model, Ec = 3

rp
Rb

, developed by

Sutherland [34]. Thus enrichment is approximated as

E ≈ 3H

4Rb

rp
ℓ
Et, (2)

where ℓ ≡ r3d/(3R
2

b) is the microlayer thickness used con-
ceptually in previous models [25, 28, 29]. Specifically, ℓ
is the thickness of a uniform film surrounding the bubble
that has the same volume as the top jet drop.

All previous enrichment models assume that every par-
ticle on the bubble surface transfers to the top jet drop
(Et = 1) if the particle fully fits inside of the microlayer
(2rp < ℓ) [25, 28, 29]. Therefore, as the bubble size gets
smaller, the enrichment is expected to increase [Eq. 2].
The enrichment peaks previously observed were ratio-
nalized through the exclusion of particles larger than the
microlayer thickness (Et = 0), creating a peak enrich-
ment at rp ∼ ℓ. However, because rp ≫ ℓ for all of
our experiments, this theory predicts that none of the
top jet drops should have contained particles, in contrast
to our results [Fig. 1]. Recently, it has been suggested
that the transfer efficiency need not go to zero for par-
ticles larger than ℓ, but rather decays as Et = ℓ/(2rp)
[29]. Consequently this expression, when substituted into
Equation 2, predicts an enrichment that increases mono-
tonically with decreasing bubble radius and is therefore
inconsistent with the enrichment peaks observed in our
experiments. Furthermore, this alternative criterion un-
derestimates the extent of the large particle enrichment
by an order of magnitude. Therefore it is natural to
ask whether the mechanism to transfer particles from the
bubble surface to the jet drop is set by factors other than
the microlayer lengthscale ℓ.

Here, we propose an alternate particle filtering mecha-
nism based on the thickness of a microlayer that has been
compressed during the bubble rupture process. We note
that particles are swept to the base of the bubble as it
ruptures, and as they do so we conjecture that the inter-
facial bubble area on which they are attached compresses
from dA0 ∼ R2

b to dAc ∼ r2d. Thus particles would be
contained within fluid destined for the top jet provided
that they were smaller than the compressed film thick-
ness hc ∼ ℓ dA0

dAc
∼ ℓ

(

R2/r2d
)

= rd/3.

To develop and quantify the proposed transfer effi-
ciency model, we carry out numerical simulations [Fig. 2].
We simulate the bubble bursting and jetting process by
solving the two-phase incompressible Navier-Stokes equa-
tions using the volume-of-fluid solver Gerris [31, 35–39].
A Rb = 350 µm air bubble in water is initialized with a
small hole in its cap [Fig. S2]. As time progresses, cap-
illary waves travel down the bubble cavity, meet at the
base of the bubble, and create a fluid jet which breaks up
into jet drops [Fig. 2a]. A key assumption in past models
is that all the fluid within a uniform microlayer ℓ ends
up in the top jet drop [25, 28, 29], yet Lagrangian track-
ing shows that many fluid parcels that were initially in
the microlayer ℓ are stretched throughout the fluid jet
at the time of drop pinch-off [left side of Fig. 2a]. Here
darker marker colors signify larger parcel volumes due to
the axisymmetric geometry. By mass conservation, the
presence of liquid outside of the top jet that originated
within ℓ implies that some liquid within the jet drop orig-
inated beyond ℓ. Indeed, this conclusion is consistent
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with a non-uniform microlayer [Fig. 2a(vi), right], which
was originally envisioned for this skimming process yet

FIG. 2. The modified filtration mechanism is developed nu-
merically for a Rb = 350 µm bubble. (a) Bubble rupture
creates a fluid jet at time tc [(i)-(iii)], which then forms a
jet drop rd [(iv)-(v)]. Lagrangian particle tracking reveals
that not all of the fluid in the microlayer ℓ [(vi), left] ends
up in the top drop [(vii), left]. Reverse Lagrangian tracking
finds that the fluid in the top drop [(vii), right] comes from
a layer whose thickness h0 varies with angle θ at t = 0 [(vi),
right], where the thickness has been exaggerated for clarity.
(b) Plot comparing h0 to ℓ highlights a strong dependence on
the initial angle θ. (c) Schematic illustrating the proposed
particle exclusion mechanism. The bubble interface on which
particles are attached compresses from a surface area dA0 to
dAc, which locally thickens h0 to hc and provides an exclu-
sion criterion when rp > hc. (d) Local compression dA0/dAc

normalized by (Rb/rd)
2 approaches one. (e) The compressed

thickness hc varies with angle and reaches nearly half the jet
drop size. A particle with rp = 0.45 rd (red dotted line) would
be excluded from the top jet drop; whereas a smaller particle
rp = 0.15 rd (yellow dashed line) would be included only at
certain angles on the bubble, following the proposed exclusion
criteria.

never quantified [24]. To determine how the volume of
the fluid in the top jet was originally distributed around
the bubble, we track the liquid parcels backwards in time
[right side of Fig. 2a]. These volumes are then converted
to a microlayer thickness h0 at each angle (θ) [Fig. S3].
The computed microlayer h0(θ) has a non-trivial pro-
file with three regions that are thinner than ℓ [Fig. 2b].
These depletion zones align with the three streams of
forward-tracked liquid that were excluded from the jet
drop [Fig. 2a, left].
Instead of considering a particle exclusion criteria

based on the microlayer thickness h0(θ) at time t0, we
consider the thickness of the compressed film hc(θ) at
the onset of jetting tc [Fig. 2c]. By measuring the chang-
ing separation and radial position of nearby points on
the bubble surface during the forward Lagrangian track-
ing, we can compute the local interfacial compression
[Fig. S4]. At time tc, the local area compression dAc/dA0

approaches (Rb/rd)
2, with the precise value depending

on material coordinate θ [Fig. 2d]. Because the volume
of each interfacial element is conserved, hc = h0dA0/dAc.
Therefore, hc/rd can be directly related to the product
of the functions illustrated in Figures 2b and 2d, with
the values hc ranging from 0 to 0.43 rd [Fig. 2e]. For par-
ticles within this size range, whether or not the particle
extends beyond hc—our proposed exclusion criterion—
depends on the particle’s initial angular position.
To extend the model to other bubble sizes, we repeat

the steps outlined in Figure 2 for a range of Ohnesorge
numbers Oh ≡ µ/

√
ργRb, where µ, ρ, and γ are the

FIG. 3. Extending numerics to additional bubble sizes via
an Ohnesorge number, Oh. (a) Experimental and numerical
values of rd/Rb vary with Oh ≡ µ/

√
ργRb, where µ, ρ, and

γ are the liquid viscosity, density, and surface tension respec-
tively. Values are consistent with existing theory (solid [19]
and dashed lines [21]). (b) The thickness h0/ℓ depends on
both angle θ and Oh. (c) Plots of hc/rd similarly show that
for higher Oh the top jet drop fluid is drawn from an increas-
ingly smaller portion of the bubble.
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liquid viscosity, density, and surface tension respectively
[Fig. 3]. Numerous studies have investigated the re-
lationship between rd and Rb, finding that it decreases
as Ohnesorge number increases up to Oh . 0.03, cor-
responding to a Rb = 14 µm bubble in water [20]. We
limit our numerical simulations within this Oh range and
find that experimental and numerical rd/Rb values agree
well with analytical expressions [19, 21] [Fig. 3a]. The
values for h0/ℓ and hc/rd are computed for the range of
Oh, showing a strong angular dependence of the initial
and compressed fluid layers that varies with Oh [Fig. 3b
and c]. For example, our experimental bubble sizes are
within 0.004 < Oh < 0.007. A Rb = 760 µm bubble
(Oh = 0.004) has a top drop compressed fluid layer thick-
ness hc that extends nearly to 180◦, while a Rb = 250
µm bubble (Oh = 0.007) has a fluid layer that stops
at ≈ 110◦. Meanwhile, the smallest bubble simulated
(Rb = 18 µm, Oh = 0.026) has a compressed fluid layer
hc that only extends to 40◦ on the bubble [Fig. 3c], sug-
gesting that particles attached on the the upper three-
quarters of the bubble surface would be excluded from
the top jet drop, regardless of size.
We model the transfer efficiency Et(

rp
rd
,Oh) by com-

bining the numerical results [Fig. 3c] with our proposed
particle exclusion mechanism:

Et =

∫ π

0

Ẽt(θ)
sin θ

2
dθ, Ẽt =

{

1, rp < hc(θ,Oh)

0, rp > hc(θ,Oh)
(3)

A particle at angle θ is transferred to the top drop
(Ẽt = 1) if its size rp is less than the local compressed
layer thickness hc. The total Et is found by spatially
averaging the discrete Ẽt values over the entire surface
area of the bubble. Note that if hc = ℓ/2 everywhere, Et

would reduce to Blanchard’s criterion [25] [Fig. 4a]. How-
ever, our analysis illustrates that the thickness hc varies
significantly with Oh and the angle θ.
To compare the various models with present and past

experimental data, we convert measured enrichment to
transfer efficiencies by rearranging Eq. 2 and plot against
rp/ℓ [Fig. 4a]. The solid [25] and dotted [29] lines show
previous transfer efficiency expressions based on the mi-
crolayer thickness ℓ, which underestimate our experimen-
tal Et by an order of magnitude. In contrast, our model
shows good agreement with the experimental data while
providing an underlying mechanism for fractional Et val-
ues [Fig. 4b]. Here Et is plotted on a linear scale, as our
model predicts that Et will become zero when rp/rd ex-
ceeds a critical value. Our model also predicts that Et

will decrease when Oh increases, illustrated by constant
Oh contours [Fig. 4b]. For our range of experiments,
0.004 < Oh < 0.007, the curves slightly underestimate
the measured values. A non-uniform particle distribu-
tion observed in our experiments may contribute to this
discrepancy as it is not accounted for in our spatial aver-
aging [Fig. S5]. For particles much smaller than rd, such
as those in past studies, our model suggests that the Oh
will play an important role in setting the transfer effi-

FIG. 4. Particle transfer efficiencies Et between experiments
and models are compared. (a) Experimental transfer effi-

ciency is approximated as Et =
4Rb

3H

ℓ

rp
E for the present study

as well as for Ref. [22] and [29]. Previous enrichment models
have relied on the microlayer thickness ℓ and under-predict
values of Et (dashed [25] and solid lines [29]). (b) The trans-
fer efficiency modeled by Eq. 3 depends on both rp/rd and
Oh (solid lines). These values can be plotted with contours of
constant Oh (main) or contours of constant rp/rd (inset) from
numerics. In all experiments, both rp/rd and Oh change as
the bubble size varies. The modeled Et values are consistent
with our experimental results for which 0.004 < Oh < 0.007.

ciency. Indeed, even in the limit of rp = 0, Et decreases
with increasing Oh [Fig. 4b inset].

We can approximate the transfer efficiency as Et ≈
(1 + [Oh/Oh∗]2)−1 − (1/h∗)(rp/rd), where Oh∗ = 0.01
and h∗ = 1/4. The first term represents the fraction of
the bubble surface that ends up in the top drop with
Oh∗ corresponding to the case where the bottom half
ends up in the top drop and the top half does not. The
second term takes account of the compressed thickness
relative to the particle size. Here h∗ corresponds to the
larger values of hc/rd in Fig. 3c, which are approximately
1/4 for Oh < Oh∗ and then decrease as Oh increases.
This model suggests that particles may be selectively
aerosolized based on rp, which we confirm [Fig. S6].
Our findings suggest that whether a particle ends up in

the top jet drop depends on the bubble Ohnesorge num-
ber, the ratio of the particle size to the jet drop size, and
the particle angular position on the bubble. Our results
contradict past enrichment theory in two crucial ways.
For larger particles approaching the jet drop size, such
as microplastics, we demonstrate that a significant frac-
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tion are still transported into the top jet drop, provided
the Ohnesorge number is sufficiently small. Whereas for
smaller particles, such as viruses and bacteria, our model
predicts that a decreasing fraction will be transported
into the top jet drop as bubble size decreases, even when
they are smaller than the uniform microlayer thickness
ℓ. We anticipate our model can be extended to nonuni-
form particle distributions on the bubble, which could
significantly enhance or deplete the enrichment. Further-
more, the inherent variability seen in past enrichment
studies follows naturally from the angular dependence in
our model. Because the transfer efficiency is composed
of binary outcomes as a function of angle, the enrich-
ment variability would peak when the transfer efficiency
is around 0.5, analogous to the variance in a binomial
distribution. Collectively, these findings are a key step
towards advancing the modeling of jet drop enrichment,
which is central to the physics of air-sea exchange and
climate science, environmental pollutant transport, and

pathogen transmission.
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