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Surface bubbles in the environment or engineering configurations, such as the ocean-atmosphere
interface, sparkling wine, or during volcanic eruptions typically live on contaminated surfaces. A
particularly common type of contamination is surface active agents (surfactants). We consider the
effect of insoluble surfactant on jet drop formation by bubble bursting. Contrary to the observed
trend that surfactants decrease the ejected drop radius for bubbles with precursor capillary waves, we
find that surfactants increase the ejected drop radius for bubbles without precursor capillary waves
- a regime characteristic of small bubbles. Consequently, the results have fundamental implications
for understanding aerosol distributions in contaminated conditions. We find that the trend reversal
is due to the effect of Marangoni stresses on the focusing of the collapsing cavity. We demonstrate
quantitative agreement on the jet velocity and drop size between laboratory experiments and nu-
merical simulations by using the measured surface tension dependence on surfactant concentration
as the equation of state for the simulations.

I. INTRODUCTION

When bubbles burst at a liquid-air interface, the resulting cavity collapses and the associated capillary waves focus
to emit a liquid jet. The jet can then pinch to form drops, referred to as jet drops, which contribute to ocean aerosol
emissions [1, 2], health [3, 4], and industrial aroma [5]. Many applications involve complex solutions such as fluids
with various rheological properties [6, 7], contaminated interfaces with oil [8-10], or surface-active agents (surfactants)
[11-14].

Jet drop production has been studied extensively [15-17]. The bursting of a bubble of radius Ry in a Newtonian
liquid of density p, dynamic viscosity p, with constant surface tension ., and gravitational constant g can be described
by two non-dimensional numbers (assuming that the external air flow is negligible with high liquid-to-gas density and
viscosity ratios),

2
= p76507 BO:L‘RD? (1)
2 Ye

where the Laplace number La denotes a balance between capillary and viscous forces, and the Bond number Bo denotes
a balance between gravitational and capillary forces. The Laplace number is related to the Ohnesorge number Oh via
La = Oh™? and can be considered a Reynolds number. It is known that for La > La, =~ 500, jet drops are ejected
[18—22]. The jetting dynamics are controlled mainly by La, with Bo controlling the initial bubble shape and modifying
the jetting dynamics for Bo > 0.1 [21-26]. For La > O(10%), the capillary waves due to the collapsing cavity contain
many precursor waves (ripples) (Fig. 1(a)), whereas for La = O(10%), the precursor waves are damped by viscosity
and the collapsing cavity can focus more efficiently (Fig. 1(b)), producing self-similar dynamics that give a faster
and narrower jet [5, 17, 27, 28], leading to smaller jet drops. For water surface bubbles, bubbles with La = O(10%)
correspond to bubble radii Ry =~ 10 - 100 pm, which is a size range commonly observed in surface bubble distributions
arising in nature and engineering applications, such as on the ocean surface [2, 26, 29-33]. Thus, understanding the
jet drop production of such bubbles is important in understanding aerosol distributions from bubble bursting.

In practice, interfaces are often contaminated with surfactants from biological or anthropogenic origin. The surfac-
tant surface concentration I' affects the surface tension of the interface via some equation of state v = (I") (often
referred to as the surface tension isotherm) [34]. The resulting surface tension gradient gives rise to a stress: the
Marangoni stress. Jet drop production depends significantly on the surface tension and therefore is affected by sur-
factants, as shown experimentally and numerically [11-14, 35]. Previous studies [11-14] investigated surfactant effects
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FIG. 1. Jet drop formation without surfactants (a,b) and with surfactants (c,d), showing the effects of the Laplace number
La = py.Ro/p®. At high La, the addition of surfactants increases the ejected drop radius Rg4. At low La, the addition of
surfactants decreases R4. Results shown are numerical. The axes are given by the interface profile h and the radial coordinate
is denoted r. The colors in (c,d) show the surfactant surface concentration I'; nondimensionalized by the initial surfactant
concentration I'g. (a) Spatial and temporal evolution shown for La = 75000, showing precursor capillary waves (ripples) as the
jet is formed. Times shown are ¢/tic = 0,0.2,0.35, 0.7 (colored light gray to black), where t;c = \/pR% /7. is the inertia-capillary
timescale. (b) Spatial and temporal evolution shown for La = 2400, where the lack of precursor capillary waves allows the
cavity to focus more efficiently. Times shown are t/tic = 0,0.2,0.39,0.5. (c) Spatial and temporal evolution shown for a typical
case with surfactants for La = 75000. Times shown are t/tic = 0,0.2,0.43,0.6. For reference (to be defined later in the text),
the surfactant parameters shown in (¢) are given by (3, Aves, E) = (0.3,0.52,0.5). (d) Spatial and temporal evolution shown
for a typical case with surfactants for La = 2400. Times shown are t/t;c = 0,0.2,0.45,0.8. The surfactant parameters shown
in (c) are given by (8, Ayeo, E) = (0.3,0.55,0.5). The Bond number shown in (a,c) is Bo = pgR3/y. = 0.13 and (b,d) is
Bo = pgR%/~. = 0.16. The initial bubble shape is given by the Young-Laplace equations with the bubble cap removed at the
foot of the cap r = rcap.

for La € [2-10% 10%], where precursor capillary waves are present, and found that adding surfactants decreases the
ejected drop radii. Indeed, at high La, surfactants allow the cavity to focus more since the Marangoni stress damps
the precursor waves, leading to a faster and narrower jet (see Fig. 1(c) for a typical case with surfactants at high La).

Quantitative comparisons between experiments and numerical simulations have remained limited [36] as experi-
ments report the surfactant bulk concentration without having access to spatial and temporal variations in surface
concentration and the surfactant equation of state is not always available. Separately, two-phase Navier-Stokes simu-
lations with surfactant transport and Marangoni stresses enable detailed access to the surfactant dynamics. However,
connecting the multiple numerical parameters influencing Marangoni stresses to practical surfactant effects has re-
mained challenging. Experiments typically report a bulk concentration, which is connected to the Marangoni stresses
through an equation of state that is not always known. Moreover, real surfactants typically have many chemical and



physical properties beyond what is typically considered in theoretical models or a tabulated equation of state for
ideal/pure surfactants. Further, even if the theoretical properties are well-understood, making quantitative connec-
tions to experimental measurements remains difficult. For example, it is difficult to know how much of the added
surfactant ultimately resides on the surface, or what are the adsorption kinetics. As result, the previous studies on
jet drops with surfactants were either strictly experimental [12, 14] or strictly numerical [11, 13].

In this paper, we show, through experiments and simulations, that for bubbles with efficient self-similar cavity
collapse that is not controlled by precursor capillary waves (La = O(10%)), the ejected drop radii increase upon
the addition of insoluble surfactants by changing the shape of the self-similar collapsing cavity (see Fig. 1(d) for a
typical case with surfactants at low La). We present a systematic approach to quantitatively relate experiments and
simulations. We use experimentally measured surface tension isotherms v = «(I') as the equation of state in the
simulation, and obtain excellent agreement between the experimental and simulation results in terms of the temporal
and spatial evolution of the cavity collapse, jet formation, and drop ejection.

The structure of the paper is as follows: we first describe, and then quantitatively compare the numerical and
experimental frameworks. Then, the effects of surfactants on jet drop production at low La are described. Finally, we
propose a physical mechanism for the trend reversal, dependent on La and based on how Marangoni stresses modulate
the cavity collapse.

II. METHODS

Our numerical simulations solve the 2D axisymmetric two-phase Navier-Stokes equations using the coupled level-
set /volume-of-fluid method [37, 38] using the Basilisk open-source library [39, 40]. Air-water density and viscosity
ratios are used. The numerical configuration is adapted from Berny et al. [22, 41], who considered bubble bursting
without surfactants. The Marangoni stress is resolved with an integral formulation for the surface tension [38, 42] and
the insoluble surfactant concentration is transported via a coupled phase-field/volume-of-fluid method [43, 44] (see
supplementary material). The computational domain is given by (r, z) € [0, 10Ry] X [-5Ry, 5Ro], with z = 0 defining
the flat surface away from the bubble. We use adaptive mesh refinement with level 12 (i.e., the smallest grid size is
the size of the box 10Ry divided by 2'2, leading to ~ 800 points across the bubble diameter), with grid convergence
confirmed by comparison with level 13 simulations (see supplementary material).

Just after bubble bursting, the liquid-air interface is initialized using the Young-Laplace equations [45-47] to
compute the theoretical shape of the cavity, with the bubble cap removed at the foot of the cap r = 7cap (see
Fig. 1) [5, 11, 13, 17, 22]. We consider a uniform initial surfactant concentration I' = Ty, and test the sensitivity to
surfactant accumulation on the cap film, which retracts into the tip at r = 7c,, upon bursting, represented by an
initial non-uniform concentration

[(scap) = To (1 + ERo0(Scap)) 5 (2)

1

where s, is the arclength from the tip at 7 = rcap and 6(scap) = 01 (27) " 2e 5*/(20%) ig the unit Gaussian distribution
with standard deviation o. The non-dimensional parameter E sets the total amount of excess surfactants, which
is approximately 277cap ffooo ToERo6(Scap)dScap = 27TcaploE Ry, independent of 0. Then, the dynamics are also
independent of ¢ for /Ry sufficiently small (see supplementary material). A model to evaluate E is to assume that
the surfactant that was in the cap film, approximately 27rr§apl“o (since the total surface area of the two-sided cap

is 27rrfap for small Bo), ends up solely in the tip. Equating with the total surfactant excess 27mrc,p'oERy gives
E & reap/Ro. Although our estimate is simple, it models the complexity of the film retraction process [48, 49] and
possible surfactant enrichment in the cap film due to complex drainage processes [50, 51].

Our experiments are performed by generating bubbles in a small tank and recording their bursting at the surface;
see previous experiments with similar setups [5, 12, 52]. The bubble lifetimes vary from 0 — 16 s. The bubbles are
generated using a syringe pump pushing air through a small capillary, resulting in sizes Ry ~ 1.0 mm. We use three
different solutions (see table I), one consisting only of deionized water, one with 33% by weight of glycerol and one
with 50% glycerol. For each of the solutions, various amounts of Triton X-100, a nonionic surfactant, are added,
in concentrations ranging from 1 to 20% of the critical micelle concentration (CMC). The CMC is defined as the
bulk concentration above which micelles start forming and the surface tension no longer depends on concentration.
For Triton X-100 this concentration is 230 pmol/L [53]. The surfactant adsorbs or desorbs from an interface slowly:
the typical timescale ranges from minutes to hours [53-56], allowing us to assume insolubility on capillary timescales
(O(1 ms)).

To quantitatively compare experiments and simulations in addition to the trends, we measure the surface tension
isotherm (equation of state) experimentally, which is used into the simulations. In a Langmuir trough, the surface
tension is measured using the Wilhelmy plate method, where two barriers compress the surfactant-covered surface,



wt % ‘ La Bo Ao B
50 2000 - 2700 0.15-0.17 0.55 0.1-0.3
33 8800 - 12000 0.12 - 0.16 0.58 0.1-04
0 67000 - 83000 0.12-0.14 0.52 0.0-0.4

TABLE I. The non-dimensional parameters in the experiment, for the three glycerol weight fractions used [57, 58]. The
uncertainty of La is mostly due to the temperature (estimated as 21 4+ 1°C), which affects the dynamic viscosity u. See
supplementary material for the dimensional parameters.

reducing the area A available for surfactant molecules. The surfactant is considered insoluble during the measurement
(again, the adsorption and desorption processes are slow [56]), and a change in surface area therefore corresponds to
a change in surface concentration I' through A/Ay = I'y/I", where Ap and I'y are the area and surface concentration
in the initial state, respectively. Curves obtained through this procedure are shown (markers) in Fig. 2(a).

We fit the isotherms with a model that takes into account the surfactant physics while minimizing the number of
parameters (dashed curves in Fig. 2(a)). In particular, we model the surface tension saturation that is experimentally
visible at large I'. Such saturation is believed to be due to rearrangements of surfactants on the interface [59]. The
saturation is important for the jet drop dynamics since the focusing of the capillary waves during cavity collapse
leads to a much larger surfactant concentration at jet formation than the initial concentration (see Fig. 1(c,d)). For
simplicity, we use a two-parameter tanh model [36, 43]:

gl g T
o 1 — Ay tanh (A’Yoo Fo) (3)
with two nondimensional parameters Ay, and .

Physically, Ay is the nondimensional difference in surface tension between a clean and saturated interface since
(3) gives v/ =1 at T' = 0 and v/7. &= 1 — Ay for T' > T'y. Therefore, Av,, is constant for a given solution.
In this paper, only the experimentally-derived A7, is used, but the simulations show that there is sensitivity to
A~ (see supplementary material). The surfactant parameter 5 can be interpreted as the slope of the isotherm since
v/ve = 1= B(T/Ty) for T <« Ty. Alternatively, 8 is a nondimensional surfactant parameter that combines the initial
surface surfactant concentration and the strength of the surfactant (the dimensional version of Eq. 3 has the term
tanh(AT) with 8 = Av,BT). The fitted parameters are summarized in Table I; note that in Fig. 2(a) the case with
no surfactants has a non-zero slope, resulting in a non-zero 3. This effect is likely due to the presence of trace amounts
of surface active compounds in the case with deionized water and glycerol only.

The simulation is sensitive to the particular choice of the function used to model the two-parameter isotherm
(3). While this ambiguity can be avoided by fitting the isotherm more closely using more parameters, which gives a
comparable performance in describing the dataset, the use of more parameters leads to interpretability and overfitting
issues (discussed in more details in the supplementary material).

III. RESULTS

Using our dual approach combining experiments and numerics, we show the effect of insoluble surfactants on the
size of the first ejected drop in Fig. 2(b). We plot the Laplace number Lag = py.Rg4/u? of the first ejected drop
radius Ry as a function of La, where the experimental points are shown as filled symbols and the numerical points
are shown as empty symbols. The black line and shaded area represent the average and typical spread found in the
literature for the bubbles without surfactants. At low La (= 2400), we see up to a roughly four-fold increase of the
drop radius due to the presence of surfactants, which is in stark contrast to the trend at high La (= 70 000), where our
data and all the previous works [11-14] show up to a roughly ten-fold decrease in the ejected drop radius due to the
presence of surfactants. In between these two regimes (La =~ 10000) the experimental data shows little to no trend
with surfactant concentration and is contained within the typical spread from previous works in clean conditions. All
of our data is therefore consistent with a robust reversal of the trend with surfactant concentration between low and
high Laplace number regimes, which we also illustrated in figure 1.

The use of the experimentally measured isotherm as the equation of state in the numerics yields excellent agreement
when comparing the temporal evolution of the cavity collapse, jet formation and drop ejection in the simulations and
experiments. In Fig. 2(c) and (d) we show the time evolution leading to jet drop formation, combining experiments
and numerics for low Laplace number cases. These sequences are made with no fitting parameters: all physically
relevant quantities are measured or from the literature, allowing us to link the observed time and space scalings
between experiments and numerics. The origins of time are chosen following the time at which the jet crosses the
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FIG. 2. Surfactant effects on jet drops. (a) Experimentally measured surfactant equation of state (markers) for several bulk
surfactant concentrations as a function of the surface surfactant concentration I' (see legend in (b)), with the corresponding
fits (dashed curves) according to Eq. (3). Glycerol weight fraction is 50%. (b) Laplace number Laq = pyeRa/p? of the first
ejected drop radius R4 as a function of La. Experimental points (filled) are colored by the bulk Triton X-100 concentration.
Numerical points (open) are colored by the surfactant parameter 8 (Eq. (3)). The black line and shaded area represent
the average and typical spread found in the literature data (without surfactant) [20, 22]. Triangles represent experimental
[12, 14] (filled) and numerical [11, 13] (open) data available in the literature on jet drops with surfactant. Arrows indicate the
effect of adding surfactant at a given La. (c,d) Illustrations of the jet drop dynamics and comparisons between experiments
and simulations ((c,d): (La, Bo, Ay, E) = (2000,0.16,0.55,0.5), (c): B = 0.24, (d): 8 = 0.37). The background images
are experimental snapshots and the color [60] overlays show the interface profile and the surfactant concentration from the
simulations. Supplementary videos are available.

still mean liquid level. The simulation data shows the dimensionless surfactant concentration on the interface and
has access to information in the cavity. We can therefore see the collapse of the cavity in the second panel (from
the left) of (c,d), which shows the high concentration of surfactant in the high curvature areas near the bottom and
then later in the jet. When the jet starts to be visible above the surface (see the panels for time ¢/1/pR3 /7. = 0.70
onwards in (c) and t//pR3 /7. = 0.73 onwards in (d)), we see excellent agreement in its length and width between
experiment and simulation, and in particular the instant at which the first drop detaches is well captured. Finally,
the simulation allows us to notice the high surfactant enrichment in the ejected drop: more than 10 times the initial
surface concentration.

Between Fig. 2(c) and (d) only the initial surfactant surface concentration is changed. In the experiment, this is
done by changing the bulk concentration of surfactants from 1% of the CMC in (¢) to 10% in (d). Numerically, only
[ is changed from 0.24 to 0.37. As a result, notice how the timescale until drop ejection has changed, and this change
is captured by the simulation. In addition, the width of the jet, and therefore the size of the drop, has increased by
a similar amount in experiments and numerics.

We further investigate the effect of surfactants on the first ejected jet drop for low La, systematically varying 5 and
comparing with the experimental case with 50% glycerol. Sensitivity to La and non-uniformity in the initial surfactant



distribution is considered so as to compare with the experimental variations in viscosity and bubble lifetime. We focus
on three dependent variables (Rg4, Vg, tq) accessible both experimentally and numerically, where the first ejected drop
radius is Ry, Vy is the velocity of the first ejected drop (at pinch off), and ¢4 is the time between bubble rupture
and jet pinch off as a function of the surfactant parameter 5. In Fig. 3 the experimental points (solid) are colored
by the bubble lifetime prior to bubble rupture. The shape of the numerical points (open) are given by E and are
colored by La. Fig. 3(a,b,c) show that as 8 increases, the drop radius R, increases, drop velocity V; decreases, and
pinch-off time ¢4 increases for both experiments and simulations. Increasing E or decreasing La in the simulations
results in Ry and t4 increasing and Vy decreasing. The experiment shows a spread for each measured 5. Such a spread
is physical and arises from the variation in bubble lifetime, whose effect seems to be similar to increasing the excess
surfactant E, which suggests that variations in accumulation of surfactant at the top of the bubble, as captured by the
parameter E, may be an explanation for lifetime effects [49, 50, 61]. Indeed, when considering relationships implicit in
B (see Fig. 3(d,e,f)), the experimental and numerical points collapse onto a curve with strong agreement between the
experimental and numerical data. Such agreement suggests that the jet drop production dynamics are being resolved
accurately by the simulation. Again, it should be noted that the exact degree of agreement between the simulation
and experiment is sensitive to the particular model of the isotherm used. The numerical collapse onto a single curve
also suggests the following. Changing either 8 or E moves the points along the same curve in Fig. 3(d,e,f), even
though the surfactant distribution on the jet changes. If the primary effect of the surfactants on jet drop production
was through the effects of Marangoni stresses on the pinching of the jet after the jet production, then one would
not expect such a collapse, due to the differing surfactant concentration. This suggests that the primary effect of
the surfactants on jet drop production at low La is through the modification of the cavity shape (more precisely, the
capillary pressure).

We show that the size amplification due to the surfactants occurs since Marangoni stresses disturb the self-similar
collapse of the cavity shape, leading to a slower and thicker jet formation. Indeed, without surfactants, at low
La = 1000 — 5000 [28], it has been shown that the interface profile is self-similar just before and after jet production
[5, 17, 27, 28] at time to with a |t — to|? scaling.

Fig. 4 shows the cavity collapse (¢ < tp) in physical (a) and self-similar (b) coordinates, and the jet production
(t > tp) in physical (c¢) and self-similar (d) coordinates. A typical clean bubble (gray) is compared to a corresponding
contaminated bubble (colored) at low La = 2400. The clean case in Fig. 4 is the analogue to Figs. 3,4 of Lai et al.
[28] ([28] did not consider surfactants).

As noted in the literature, for clean bubbles, at low La, the cavity forms a sharp corner prior to jet formation (see
Fig. 4(a,b)), which results in high capillary pressure that leads to a fast and thin jet (see Fig. 4(c,d)). In comparison,
as can be seen in Fig. 4(a,b), the case with surfactants has a smoother corner, which in combination with a lower
surface tension due to the presence of surfactants, results in a smaller magnitude capillary pressure and leads to a
slower and thicker jet (see Fig. 4(c,d)). Physically, there is an accumulation of surfactants (see Fig. 4(a,b)) near the
corner of the cavity (such accumulation has also been seen in [11, 13] for high La), which results in a low surface
tension region leading to Marangoni stress that smooths the corner. Mathematically, it has been shown that the
possible self-similar interface profile [62] for inertio-capillary cavity collapse is a family parametrized by the far-field
(with respect to the local region of cavity collapse) cone angle and interfacial flow field. Thus, the cavity shape can
be interpreted as the result of Marangoni flow that acts to select a smoother corner. It could be valuable to consider
the spatial and temporal evolution of the curvature in greater detail in the presence of surfactants (e.g., such as in
25)).

Separately, for La > 5000, multiple capillary waves appear as precursor waves ahead of the dominant wave (referred
to as the corner above). In such a regime, the details of the precursor waves play a key role in the jet behavior, and
hence the drop amplification mechanism identified in this paper, is not applicable. Indeed, previous studies have
suggested that for La > 5000, the Marangoni stress damps the capillary waves in such a way that the drop radius
decreases [11-14]; which we also observe in our numerical and experimental data (see Fig. 2(a) and supplementary
material).

IV. CONCLUSION

In summary, we demonstrate that the trend reversal of drop radius with La (when adding surfactant), first an
increase and then decrease, is due to the change in the dominant physical mechanism that produces the jet drop
at low La (high capillary pressure of the cavity corner) and high La (precursor wave). We have identified that the
Marangoni stress acts to increase the ejected drop radius for low La, distinct from the high La regime, where the
ejected drop radius decreases instead. These arguments are supported by the experimental observations (see Fig. 2(a)),
which show that the transition occurs near La ~ 10%.

As a direct extension, it would be interesting to include how other physical effects, such as surfactant solubility and
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FIG. 3.

Effect of the surfactant parameter 8 on the first ejected drop radius R4, velocity V4, and pinch-off time tq4. (a,b,c)

Relationships between (Rg, Vg, tq) and 8, nondimensionalized by the bubble radius Ry, capillary velocity ~./u, and inertio-

capillary timescale \/pRg /7. respectively. (d,e,f) Relationships between non-dimensionalized (Rg, Va4, tq). The same numerical
and experimental data points are used throughout (a-f). For Bo = 0.16 as considered, 7cap/Ro =~ 0.5 and hence results with
E =0 —1 are shown.

viscoelasticity, would affect the trend reversal. Considering a larger class of non-uniform initial surfactant distributions,
may also be important. Finally, there are many problems where the details of Marangoni flow are important, including
surfactant spreading [63], coating flows [64], bubble and droplet breakup, surface and breaking waves [65] Many
Marangoni flow problems would likely benefit from the approach taken in this paper, where experimentally-derived
surface tension isotherms are used in the numerical simulations.

Rodriguez-Aparicio et al. [66] have posted an independent study that reports experimental results at low La
compatible with the discussion presented here.

The code for the main text is available online [67]. The numerical and experimental data for the main text is
available online [68].
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FIG. 4.

Self-similar profile comparison between a clean (La = 2400, Bo = 0.16) and correspondingly contaminated (La =
2400, Bo = 0.16, 8 = 0.3, Avso = 0.55, E = 0.5) bubble. The clean case is analogous to Figs. 3,4 of [28]. The interface is given
by z = h(r,t). (a) The time evolution of the cavity collapse in time (¢ < o) for the clean (gray) and contaminated bubble
(colors). The times shown are (to — t)/t;c = 0.018,0.024,0.03, where t;c = \/pR3 /. is the inertia-capillary timescale. (b) The
time evolution of the cavity collapse in self-similar coordinates, corresponding to curves in (a). (c) The time evolution of jet

production (¢t > to) (same convention as (a)), at times (¢ — to)/t;c = 0.008,0.011,0.015,0.019. (d) The time evolution of jet

production in self-similar coordinates corresponding to curves in (c¢). In (b,d), min is taken over the profile of the cavity or

jet. The colors for (a,b,c,d) are given by the surfactant concentration I' and Marangoni stress dy/ds for surface tension v and

arclength s measured from r = 0. The particular choice of times plotted in (a,b,c,d) is the same as [28], which captures the
self-similarity.
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