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ARTICLE INFO ABSTRACT

Keywords: From inkjet printing to agricultural spraying, the impact of droplets onto complex-fluid pools plays a crucial
Droplet impact role in various fields. To reveal the effects that surfactants play in the dynamics of splashing, we combine
Shallow pools high-speed imaging and 3D numerical simulations allowing us to investigate crown formation and breakup
:u]rfa}clt.ants when a clean droplet strikes a surfactant-laden pool. We first characterise three surfactants (Surfynol 465, SDS,
plashing

and Triton X-100) by measuring their dynamic surface tension, in relation to the characteristic crown-collapse
time, 7. High-speed imaging reveals three distinct post-impact regimes (smooth receding, recoiling breakup,
and splashing), based on the Weber number, where ‘fast-acting’ surfactants trigger splashing at significantly
lower Weber numbers than ‘slow-acting’ or surfactant-free systems. To probe the smooth-receding regime in
detail, we developed and experimentally-validated numerical simulations for SDS-laden pools, capturing both
reduced surface tension and Marangoni stresses. Varying the Peclet number reveals that surfactant transport
slows crown evolution, producing taller, narrower sheets with approximately 5% more interfacial area but
lower kinetic energy than in the clean case. Our results demonstrate that the dynamic surface tension at 7,
serves as a reliable predictor of the onset of splashing, while the Peclet number governs the crown morphology.
By elucidating the interplay between surfactant kinetics and fluid inertia, this work offers critical insights for
optimising droplet-based technologies, such as coatings, 3D printing, and pesticide applications where precise
control over splashing and fragmentation is essential.

Dynamic surface tension

1. Introduction The study of droplet-pool impact dates back to the pioneering work

of A. M. Worthington and H. E. Edgerton, who used flash photography

Droplet impact dynamics on liquid surfaces play a critical role in
various industrial and scientific applications, including inkjet printing,
pesticide spraying, 3D printing, and coatings (Martin et al., 2008;
Bergeron et al., 2000; Quetzeri-Santiago et al., 2019; Herczynski et al.,
2011). In nature, phenomena such as soil erosion, botanical disease
transmission, and stalagmite formation are also influenced by droplet
impact dynamics (Cheng et al., 2022; Gilet and Bourouiba, 2015; Par-
mentier et al., 2019). Understanding droplet behaviour during impacts
is essential for controlling and optimising these processes.

* Corresponding author.

to capture these events (Worthington, 1908; Edgerton, 1977). In their
works, they observed that the impact of a droplet onto a thin liquid
layer of the same liquid gives rise to the formation of a vertical
lamella, and eventually its fragmentation into a myriad of smaller
droplets. Advances in high-speed imaging and computational methods
have further propelled this field, allowing researchers to observe details
at the micrometer scale and timescales of less than 1 ms (Thoroddsen,
2002; Thoraval et al., 2012; Fudge et al., 2021; Kroeze et al., 2024).
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Droplet impacts on pools can result in the formation of a Wor-
thington jet as the air cavity trapped below the free surface after the
impact collapses, resulting in a vertical jet. A similar phenomenon is
also observed in other cases, such as bursting bubbles (Blanchard and
Syzdek, 1972; Deike et al., 2018; Jiang et al., 2022). Other studies have
examined the effects of varying pool depth on mixing, impact forces,
bubble ring entrapment at high Reynolds numbers, and splashing, all
of which involve pure liquids (Ersoy and Eslamian, 2020; Yu et al.,
2022; Thoraval et al., 2013; Cossali et al., 1997; Sykes et al., 2023).
On the other hand, there are only a handful of studies exploring the
effects of other additives, for instance leading to viscoelastic behaviour,
in the context of high-speed drop impact onto pools and/or films, such
as in Singh et al. (2025)

Apart from the pool depth, the impact dynamics on the same liquid
are typically characterised by two dimensionless numbers: the Weber
number We = pU?D/c and the Reynolds number Re = pUD/pu,
where p, o, u, and D represent the droplet density, surface tension,
viscosity, and diameter, respectively, and U is the impact velocity.
At high Weber and Reynolds numbers, i.e., We > 1 and Re > 1,
phenomena such as crown formation, finger formation, and secondary
droplet detachment are expected, irrespective of pool depth. However,
pool depth significantly influences the evolution of the ejecta sheet and
splashing propensity. On shallow pools, the ejecta sheet collects fluid
from the pool and transforms into a lamella, while in deeper pools, it
remains distinct and folds inward towards the axis of symmetry (Sykes
et al., 2023).

Most natural and industrial streams are contaminated with sur-
factants (i.e. surface-active agents), which may lead to gradients in
surface tension, and subsequently induce the formation of Marangoni
and surface viscous stresses. The late stages of the droplet-pool impact
involve the formation of ligaments, and their eventual breakup to
form droplets. Previous research has highlighted the crucial role of
surfactants on capillary singularities the increase in Leidenfrost tem-
perature. (Ananthakrishnan and Yeung, 1994; Craster et al., 2002; Liao
et al., 2004; Kamat et al., 2018; Constante-Amores et al., 2022; Prasad
et al., 2022). Therefore, we might expect that surfactant-induced effects
can significantly alter the behaviour of the late stages of the impacting
dynamics, influencing phenomena such as splashing, recoiling, and
the formation of secondary droplets (Hoffman et al., 2021a; Lohse,
2022; Varghese et al.,, 2024; Constante-Amores et al., 2023a; Che
and Matar, 2017). Che and Matar (2017) studied experimentally the
role of surfactants in late-stage droplet impact phenomena, showing
significant alterations in post-impact phenomena like capillary wave
propagation, crown development, and secondary droplet production.
However, Marangoni stresses, surfactant concentration dynamics and
type of surfactant were not investigated.

Constante-Amores et al. (2023a) demonstrated that the presence
of surfactants significantly alters the later stages of impact, playing a
crucial role in the formation of larger ligaments. Surfactant-induced
effects reopen the neck, delaying droplet formation. However, they
also show that surfactants do not influence wave selection in the rim,
leaving the Rayleigh-Plateau instability as the primary mechanism
determining the rim wavelength. However, this study did not explore
factors such as the Peclet number (Pe;, = UD/D,, where D, is the
interfacial diffusion coefficient), which will define what is called a slow
and fast surfactant (Hoffman et al., 2021b).

This study aims to investigate the impact dynamics of surfactant-
free water-glycerol droplets on shallow pools containing various types
of surfactant. Through a series of experiments and 3D numerical sim-
ulations, we seek to provide a comprehensive understanding of how
different surfactants affect droplet impact behaviour.

The paper is organised as follows, Section 2 provides a detailed
explanation of the experimental and numerical framework. Section 3
presents the description of the results concerning the distribution of
surfactant along the interfaces and a regime map depending on the
value of Weber and the gradient of surface tension. Finally, concluding
remarks are summarised in Section 4.
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2. Methodology
2.1. Experimental details

In this work, we used a water-glycerol mixture (70/30 by volume)
with a viscosity of 3.2 + 0.1 cP, measured with a Hydramotion Viscolite
700. We used this mixture so as to stay in the lamella formation
regime for a wide range of Weber numbers (Sykes et al., 2023). This
mixture was the base for preparing solutions with three commercially
available surfactants: sodium dodecyl sulfate (SDS), Triton X-100 (both
purchased from Sigma-Aldrich), and Surfynol 465 (free sample from
Evonik). The concentrations used were 2.45 g/L for SDS, 0.15 g/L for
Triton X-100, and 10.32 g/L for Surfynol 465 (which is approximately 1
CMC for all the surfactants). To create a surfactant-free liquid with the
same viscosity as the other solutions and a similar equilibrium surface
tension, we prepared an ethanol and glycerol solution.

The dynamic surface tension was measured using an MBP tensiome-
ter (Sinterface BPA-2S) based on the bubble pressure method. In this
technique, air is blown at a controlled flow rate to produce bubbles
within the test liquid. The bubble’s lifetime — determined by the flow
rate — affects the time that surfactant molecules have to adsorb at
the bubble’s surface. The method implemented by the BPA-2S enables
surface lifetimes to be measured in the range of 0.2 x 1073 to 11.5 s.
See Varghese et al. (2024) and Fainerman and Miller (1998) for a
detailed description.

Our experiments involved dripping surfactant-free water-glycerol
droplets into shallow pools of a surfactant-laden version of the same
base fluid. The experimental setup is shown in Fig. 1. Droplets were
generated using stainless steel blunt-end dispensing tips, resulting in
drop diameters of D, = 2.22 + 0.01 mm. These droplets impacted the
shallow pools, which were created by dispensing 3.08 ml of one of
the surfactant solutions into a titanium disk with an inner diameter
of 70 mm and a depth of 200 pm. The titanium surface was rinsed
and dried after each impact to prevent contamination and maintain
surfactant concentration. All experiments were conducted at 23 + 1°C
to minimise temperature effects on surfactant properties.

The height of the dispensed needle was varied to obtain velocities
ranging from 2.0 to 3.7 ms~!. The impact velocity and drop diameters
were measured with an in-house MATLAB code. Droplet impacts were
recorded using a shadowgraph configuration with a Phantom v2512
high-speed camera, equipped with a Tamron 90 mm macro lens and
illuminated by a 100 W CoB LED. The recording resolution was 1280 x
800, with an exposure time of 10 ps and a frame rate of 25000 frames
per second.

2.2. Numerical simulations

High resolution simulations were performed by solving the two-
phase incompressible Navier-Stokes equations with surface tension in
a three-dimensional Cartesian domain x = (x,y, z) (see Fig. 1b). The
interface between the gas and liquid is described by a hybrid front-
tracking/level-set method, where surfactant transport is resolved at the
interface (Shin et al., 2018). Here, and in what follows, all variables are
made dimensionless (represented by tildes) using

- X -t - u N )4 N c =~ r
£ =—, f=—, i=—, p=—, 6=—, I'=—, 1
D ‘ v P T, T )

o
here, ¢, u, and p represent time, velocity, and pressure, respectively. The
physical parameters include the liquid density p, liquid viscosity u, sur-
face tension o, surfactant-free surface tension o,, drop impact velocity
U, and initial drop diameter D,. Consequently, the characteristic time
scale is given by 7, = D,/U. The interfacial surfactant concentration I’
is normalised by the saturation interfacial concentration I',,.

As a result of this scaling, the dimensionless equations read

V-u=0, 2)
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Fig. 1. (a) Schematic view of the experimental setup used to visualise the impact of droplets on the shallow pools. We use a Phantom v2512 high-speed camera equipped with a
Tamron macro lens and lighting provided by a 100 W LED, in a shadowgraph configuration. (b) Schematic representation of the initial configuration of the simulation.
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where the density and viscosity are given by 5 = p./p + (1-p,/p)
H (%,7) and ji = py/u+ (1 — ug/pu) H (X.7) wherein H (%,7) represents
a Heaviside function, which is zero in the gas phase and unity in the
liquid phase, while the subscript ‘g’ designates the gas phase, and @, =
(g - t) t is the tangential velocity at the interface in which i, represents
the interfacial velocity, and « is the curvature. The interfacial gradient
is given by V, = (I — nn)- V wherein I is the identity tensor and n is the
outward-pointing unit normal. In addition, § is a Dirac delta function,
equal to unity at the interface and zero otherwise, and A(7) is the time-
dependent interface area. The dimensionless groups that appear in the
governing equations are defined as

pUD, We = LZD"

Re = ——, e N r N
H o5 gD, Dy L8

where Re, We, Fr, Pe; and h stand for the Reynolds, Weber, Froude,
(interfacial) Peclet numbers and the ratio between the liquid film
thickness and the droplet diameter. Here, R is the ideal gas constant
value (R = 8314 J K~1 mol~1), 7 denotes temperature, and D, stands
for the interfacial diffusion coefficient. Gravity is negligible during
the impact as indicated by the Froude and the Bond number values,
ie. Fr ~ O(10%), Bo = pgD;/y < 1 (similar assumptions were made
by Deegan et al. (2007)). The parameter f, is the surfactant elasticity
number that is a measure of the sensitivity of the surface tension, o,
to the interface surfactant concentration, I". The non-linear Langmuir
equation is used to describe ¢ in terms of I' (Manikantan and Squires,
2020), this is

=1+p,In(1-1). (6)

The Marangoni stress, 7, is expressed as a function of I as

1 7 Ma ~
—V6-t=—=-— — V. I -t, 7
we 7 We a-n " )

where Ma = f,/We = ReT I,,/pU?D, is the Marangoni parameter and
t is the unit tangent to the interface.

Fig. 1b illustrates the domain and the initial conditions of the prob-
lem, which follows previous work by Josserand et al. (2016), Agbaglah
and Deegan (2014), and Constante-Amores et al. (2023b). The droplet
of diameter D, and velocity U impacts a uniform liquid layer of thick-
ness H. The computational domain used in this study is 8 Dyx8Dyx4D,

large enough to prevent artificial reflections at the boundaries. The
droplet’s centre is initially positioned slightly above the pool surface
(e.g. 0.05D, above the initial flat pool). A no-slip and no-penetration
condition is applied to the bottom wall of the domain, while the top
and lateral boundaries have a no-penetration condition, in line with
the methodology of Batchvarov et al. (2021).

The numerical framework was previously validated against exper-
imental data in Constante-Amores et al. (2023b), where it accurately
reproduced the temporal evolution of the crown observed in the exper-
iments of Che and Matar (2017). This validation covered a range of film
thicknesses, Reynolds numbers, and Weber numbers. The framework
has also been verified for drop-interface coalescence, representing the
limiting case of drop impact onto a quiescent pool (U = 0), as
detailed in Constante-Amores et al. (2021). Furthermore, its capabil-
ity to capture nonlinear interfacial dynamics has been demonstrated
in studies of capillary breakup of liquid threads (Constante-Amores
et al., 2020, 2021). Validation of the surfactant transport equations
was reported in Shin et al. (2018). For the present simulations, we
employ a grid resolution of 768> x 384, which has been shown to yield
mesh-independent results (Constante-Amores et al., 2023b). Under this
resolution, conservation errors for liquid volume and surfactant mass
remain below 10~'% and 10~2%, respectively.

3. Results and discussion

In this section, we provide a detailed analysis of the impact dy-
namics of water-glycerol droplets on shallow pools containing various
surfactants. Our findings are organised into three subsections. Sec-
tion 3.1 presents the tensiometry measurements and an experimental
regime map that details the different modes of crown evolution ob-
served under various conditions, highlighting the interplay between
the dynamic surface tension of the shallow pool and the impact pa-
rameters. Section 3.2 shows an experimental regime map of the crown
evolution. Finally, Section 3.3 compares experimental results with 3D
numerical simulations for the smooth surface to validate our approach
and confirm the accuracy of our models. It also explores how the Peclet
number influences crown evolution, using simulations to reveal the role
of surfactant dynamics in droplet impact behaviour.

3.1. Tensiometry and empirical observations of crown evolution

Fig. 2 shows the dynamic surface tension measurements obtained
using the MBP method for all the surfactant solutions in this study.
Three distinct behaviours are observed for the Triton, SDS, and Surfynol
solutions. For Triton, at times shorter than 10 ms, the dynamic surface
tension is similar to that of the clean aqueous glycerol mixture, then it
decreases monotonically, reaching a surface tension of approximately
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Fig. 2. Dynamic surface tension for the three surfactant solutions used in this work.
The Triton solution until 7, ~# 10 ms, has approximately the same surface tension as
the clean solution. However it has the same surface tension as the SDS solution at
7, = 10 s. The Surfynol solution has the lowest dynamic surface tension at all times,
with () # 33 mN m™! at 7, = 1 ms and o(t) ¥ 29 mN m™! at 7, = 10 s. Ethanol 3.2 cP
has a similar dynamic surface tension as the Surfynol solution.

35 mN m™! at 7, = 10 s. The SDS solution shows a reduced surface
tension of 55 mN m~! compared to the aqueous glycerol mixture and
continues to decrease until it matches the Triton solution’s dynamic
surface tension at 7, = 10 s. In contrast, Surfynol significantly reduces
the surface tension of the aqueous glycerol solution to 33 mN m~! at
7, = 1 ms and continues decreasing, reaching 28 mN m™! at 7, = 10 s.
The ethanol and glycerol solution, referred to as ‘ethanol 3.2 cP’ from
here on, has a dynamic surface tension very similar to that of Surfynol,
within the limits of our dynamics surface tension measurement. We
classify SDS and Triton as slow surfactants because it takes at least
10 s for their solutions to reduce surface tension to roughly half that
of a clean solution. In contrast, Surfynol is termed a fast surfactant,
exhibiting rapid interfacial adsorption and a measurable decrease in
surface tension on the order of 1 ms. As noted in the context of droplet-
impact studies, the dynamic Leidenfrost behaviour of surfactant-laden
drops is controlled by these same adsorption—desorption kinetics of
surfactant molecules migrating from the bulk fluid to the interface and
the resultant transient lowering of surface tension (Prasad et al., 2022).

In our experiments, we observed distinct qualitative differences in
the behaviour of droplet impacts at the same velocity on a clean pool
compared to surfactant-laden pools. Snapshots of experiments at We =
256 are presented in Fig. 3. For both the clean pool and the SDS 1
CMC pool, we observed crowns that do not break up into secondary
droplets. However, the crown on the SDS 1 CMC pool exhibited more
corrugation at the top compared to the clean pool (see Fig. 3b). In
contrast, for the Triton 1 CMC pool, fingering was observed at t =
5.5 ms, which subsequently breakup into droplets at 1 = 8.9 ms. These
differences between impacts on Triton and SDS pools arise even though
both liquids have similar equilibrium surface tensions. However, at
the crown-collapse timescales their dynamic surface tensions differ
substantially (s(¢,) ~ 48 mN m~! for SDS and ¢(¢,) ~ 67 mN m™! for
Triton). The different dynamics highlight the crucial role that dynamic
surface tension plays at different stages post-impact. This leads to two
key consequences: (i) During crown expansion new interface is created
rapidly. The relatively slow adsorption kinetics of Triton (reflected
in its dynamic surface tension behaviour) means that the freshly ex-
posed surface is likely to remain starved of surfactant, while the bulk
saturated regions retain high coverage. The resulting surface tension
gradient is therefore greater for Triton than for SDS, driving stronger
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Marangoni flows along the crown rim that amplify finger formation
and breakup. (ii) The surface elasticity £ = — a?:r quantifies how
sensitively o responds to local concentration changes. Because o(z,)
is almost double the equilibrium surface tension for Triton, localised
rigidification resist uniform retraction, promoting non-uniform thinning
and more pronounced corrugations. In contrast, SDS adsorbs more
rapidly than Triton during the first 10 ms, partially replenishing newly
created interface and smoothing the surface tension gradients, leading
to milder Marangoni stresses and a smoother crown than for the Triton
solution for the same Weber number.

The impact on the Surfynol 1 CMC pool, showed even more pro-
nounced differences compared to the clean case: secondary droplets
appeared as early as + = 2.2 ms, with the formation of fingers that
grow (+ = 5.5 ms) and subsequently breakup (+ = 8.9 ms) (see Fig.
3c). One might attribute the observed phenomena with Surfynol to the
reduction in surface tension. To investigate this further, we conducted
additional experiments using ethanol and glycerol (see Fig. 3d). The
impact dynamics result in the regime of a separate ejecta sheet (Sykes
et al.,, 2023) and the crown breaks up before forming fingers and
collapsing. As ethanol 3.2 cP and the Surfynol solution have nearly
the same surface tension but exhibit completely different behaviours,
then surface tension lowering alone cannot possibly be responsible for
the difference in outcome across the solutions. Instead, the Marangoni
stresses that arise from surface tension gradients due to surfactant
concentration gradients, may play a crucial role in the dynamics of
surfactant-laden systems.

3.2. Experimental interfacial regime map

We now present our analysis to map out the full range of crown
behaviours - splashing, recoiling breakup and non-breaking — across
impact velocities and surfactant types. Here, a clean drop of an aqueous
solutions of glycerol (1=3.2 cP) impacts a pool of the same liquid in
which, for each set of experiments, a surfactant (one of the three used
in this study, as described in the Methods section) was added. Upon
varying the impact velocity, we identified three distinct types of crown
formation and evolution after impact: splashing, recoiling breakup, and
non-breaking or smooth crown. ‘Splashing’ refers to the scenario where
the crown forms and secondary droplets are ejected from its top as it
expands. ‘Recoiling breakup’ occurs when fingers form on the crown,
and during the crown’s retraction, these fingers break into droplets. The
‘smooth crown’ regime describes a crown that remains intact during
both formation and recoil; although fingers may form, they do not
break up.

We present a regime map illustrating the outcome of the impact
based on the Weber number and the type of surfactant added to the
shallow pool (see Fig. 4). The regime map displays the Weber number
Wep in terms of the pool dynamic surface tension at the typical time
of crown collapse 7, ~ 10 ms, o(t.). In this way, the leftmost points
represent the Surfynol solution, followed by the ethanol, SDS and Triton
solutions, while the rightmost points correspond to the clean case.

For the Surfynol pool (c(¢,) = 31 mN m1), the transition between
non-breaking and recoiling breakup, as well as splashing, occurs at
the lowest Weber numbers of all the surfactant laden liquid pools.
Specifically, these transitions are observed at We = 209 and We = 256,
respectively. Ethanol, as a pure liquid, splashes at the lowest We
with no recoiling breakup, underscoring how low equilibrium surface
tension alone can drive immediate splashing and highlighting that,
for surfactant-laden systems like Surfynol, sub-millisecond adsorption
kinetics may modulate the very early dynamics (< 1 ms) of crown
formation.

For the SDS and Triton pools, with surface tensions of o(t,) = 48
mN m~! and 6(t,) = 67 mN m™! respectively, the transitions occur
at similar Weber numbers despite the differences in surface tension at
7, = 10 ms. The similarities can be explained by the similar surface
tension that both of the surfactants have at 7, = 10 s, (10 s) ~ 35
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Fig. 3. Impact dynamics on the “clean”, the surfactant laden and the ethanol glycerol mix pools at We =256 and Re = 2314. (a) “Clean” aqueous glycerol, (b) SDS at 1 CMC, (c)
Triton at 1 CMC, (d) Surfynol at 1 CMC and e) ethanol and glycerol. The clean aqueous glycerol mix and the SDS, present a smooth crown. In contrast, for Triton we observe
recoiling breakup, due to uneven distribution of the surfactant in the rim (Constante-Amores et al., 2023a). For Surfynol, we observe splashing and recoiling breakup. The ethanol
and glycerol pool displays a separate ejecta sheet and the crown breaks up before forming fingers.

mN m~! . Since, the droplet impacts at an already equilibrated surface,
the transition between splashing and no splashing is expected to be
governed by the equilibrium surface tension, or a value close to it.
As the SDS and Triton pools, can be classified as slow surfactants, the
splashing transition correlates primarily with their common equilib-
rium surface tension (6,4 =35 mN m~1), rather than the differing o(t.),
because their adsorption kinetics are too slow to significantly replenish
the rapidly expanding interface during the time of crown formation.
Although the transitions, occur at similar Weber numbers, we note
that the morphology of the impact can differ slightly as observed
in Fig. 3. The difference in morphology arises from a difference in
the changes of surface tension and Marangoni flows generated due to
the difference in dynamic surface tension curves. For the surfactant-
free pool (6(7,) = 69 mN m~1) exhibits the highest Weber numbers
for transitions between non-breaking and recoiling breakup, as well
as recoiling breakup and splashing. Additionally, we observe instances
where both smooth and recoiling breakup can occur. Near the critical
Weber number delineating smooth recoil and recoiling breakup, small
experimental fluctuations in impact speed or local surfactant coverage
lead to a mixed occurrence of both behaviours. Statistical analysis over
multiple repeats confirms that the observed overlap represents a narrow
transitional regime.

These observations align with previous findings that surfactants
can significantly alter the splashing characteristics of droplets (Vargh-
ese et al., 2024). This effect is particularly pronounced for Surfynol,
which reduces the surface tension of the aqueous glycerol mixture
the most, cutting it by more than half at r, = 1 ms. In contrast,
when polymeric droplets — such as polyacrylamide solutions — impact
either polymeric or water films, viscoelastic effects (likely due to high
shear stresses encountered during impact) inhibit ligament formation
and breakup, effectively suppressing splashing (Singh et al., 2025;
Mohammad Karim, 2020). These results emphasise the critical role of
surfactants in affecting the dynamics of droplet impacts and the crown
evolution, providing valuable insights for controlling splash behaviour
in applications like 3D printing and coatings.

3.3. ‘Smooth’ regime: numerical simulations with SDS surfactant

To get more insight on the surfactant effect we compare the exper-
iments and the numerical simulations for a surfactant-free pool, and
when the pool is loaded with SDS, for the case in which the crown
does not break as in Fig. 3 (a) and (b). We note that in the experi-
ments we used soluble surfactants. However, SDS can be considered
effectively insoluble for droplet impact phenomena. This is because
the solubility of SDS has minimal impact on the surface concentration
and its gradients along the interface. The timescale for SDS adsorption
from the bulk to the surface is approximately 100 ms, whereas the
timescales for impact, Marangoni effects, and flow dynamics — whether
inertial-capillary, inertial-viscous, or viscous — are all on the order of
just a few milliseconds (Kamat et al., 2018). For a water-droplet of
a typical size of D, ~ O(10~3)m, the impact time scale Tip
Dy/U ~ O(107* — 1073)s; whereas the Marangoni time-scale 7, can
be estimated by a balance between the Marangoni and the viscous
stresses, resulting in T, ~ uD?/(h4c) ~ O(10~* = 1073)s. As a result, the
slower adsorption process does not play a significant role, supporting
the assumption that SDS behaves as an insoluble surfactant in this
context. Numerical simulations with other surfactants, such as Surfynol
and Triton, are not included because they cannot be considered insol-
uble. Triton, for example, shows a much steeper decrease in dynamic
surface tension over time compared to the smoother behaviour of SDS.
Surfynol, on the other hand, diffuses very rapidly to the interface and
causes a sharp drop in surface tension, leading to strong gradients and
pronounced Marangoni stresses. The primary reason for not performing
numerical simulations with soluble surfactants is the difficulty in ob-
taining accurate experimental parameters, such as bulk diffusivity and
adsorption—desorption rates, which are essential for achieving a good
match in the simulations.

=t =

Fig. 5a presents snapshots of the interface location for a surfactant-
free case characterised by We = 244, Re = 1861, and h = 0.11.
We observe that at the early stages of the dynamics, a vertical ejecta
sheet is formed due to the large inertia from the droplet impacting
the motionless liquid pool (see first panel of Fig. 5a). The capillary
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Fig. 4. Regime map exploring the crown formation and outcomes in terms of the dynamic surface tension taken at the characteristic time for crown collapse 7., and the Weber
based on the droplet characteristics. From left to right, the data series correspond to Surfynol, surfactant-free 3.2 cP ethanol, SDS, Triton, and the surfactant-free glycerol baseline.
Both SDS and Triton exhibit a lower transition point to splashing and receding breakup compared to water. However, we observe qualitative differences in the crown’s smoothness
due to variations in dynamic surface tension. Among all the liquids studied, Surfynol has the lowest Weber number for the transition to splashing—approximately half that of
water. This is because Surfynol significantly reduces surface tension to its lowest value (~ 30 mN m~!) and acts rapidly, lowering the surface tension of the impacting droplet
within the first milliseconds of impact. This rapid reduction in surface tension makes the interface more prone to fragmentation. Ethanol, splashes at the lowest We, with no

recoiling breakup.

retraction in the tip of the ejecta sheet gives rise to the formation of
a rim where the liquid accumulates (see second panel of Fig. 5a).

The rim destabilises due to a Rayleigh-Plateau instability, leading to
the development of corrugations along its edge (see the third panel of
Fig. 5a). In this particular case, the corrugations do not detach to form
ligaments, likely because the timescale for ligament formation is much
longer than the retraction timescale of the ejecta sheet. The retraction
of the ejecta sheet ultimately results in the rim’s coalescence with the
pool (see the four panels of Fig. 5a). In the bottom panels of Fig. 5a, we
have also included the numerical predictions, which accurately capture
the complex dynamics observed in the experiment. This includes the
formation of the ejecta sheet, the development and destabilisation of
the rim, and the eventual coalescence of the rim with the pool.

Next, we move to the surfactant-driven effects due to the presence
of SDS in the pool. We have considered insoluble surfactants whose crit-
ical micelle concentration (CMC) is I',, ~ @(10~>) mol m~2 (see Chang
and Franses (1995)). Then, the surfactant strength parameter g, at
room temperature is f, ~ 0.4. In the simulations, we define the initial
(dimensionless) surfactant concentration I}, depending on I, and it is
expressed as I' = I,/I,,. In the experiments, even though the total
amount of surfactant exceeds the CMC, the monomer concentration
stays at the level corresponding to the CMC, as the additional surfactant
molecules form micelles (Berg, 2009). The initial surface concentration
of SDS, is defined as the surface concentration at equilibrium with a
bulk concentration at 1 CMC (as given by the experiments). This value
is directly obtainable from surface tension measurements. According
to Roché et al. (2009), the surface tension for an SDS solution at a bulk
concentration of 2 CMC is 5, = 40, mN m~! . Thus, the dimensionless
initial surface tension is given by ¢ = 6,/0, = 0.67. This allows for the
determination of the initial dimensionless surface concentration using
the equation of state, Eq. (6), given a value of I}, ~ 0.56. Finally, typical
values of surface Peclet number Pe, for aqueous surfactant systems lie
in the range 10-10°, as described in Liao et al. (2006). In this work
we will take conservative values for the simulations: I},/I,, = 0.5,
Pe; =10-1000 and g, = 0.5.

Fig. 5 (b) shows the temporal evolution of the surfactant-laden case
with the parameters described earlier. Similar to the surfactant-free

case, we observe the formation of the ejecta sheet, the development of
the rim, its destabilisation into corrugations, and the eventual recoiling
with the pool. However, the presence of surfactant causes the interface
to become more rigid, leading to a delay in the dynamics. Another
key difference is that the surfactant induces the formation of more
corrugations in the rim. This increase in the number of corrugations
is due to the uneven distribution of surfactant, which creates gradients
in surface tension. These gradients result in diverging and converging
motions caused by Marangoni stresses as they attempt to equalise
the surfactant distribution at the interface. Similar phenomena were
observed in Constante-Amores et al. (2023b). Turning our consider-
ation to the numerical simulations, we observe that the simulations
can capture the delay of the dynamics and the formation of more
corrugations in the rim as observed in the experiments.

Finally, Fig. 5c shows the temporal evolution of the crown by
tracking its vertical position z(f) over time, comparing numerical simu-
lations with experimental measurements for both clean and SDS-laden
interfaces. In the absence of surfactants, the clean case exhibits a
slightly lower trajectory than the surfactant-laden case. The presence
of SDS leads to a noticeable increase in the interface height and a
slower decay, consistent with the expected influence of surfactant-
laden Marangoni stresses. The reason of the higher height comes from
the uniform surfactant distribution along the interface (and shown
in the following paragraphs). Fig. 6 shows that a higher I' at the
base of the sheet compared to the pool. This uneven I' distribution
leads to the generation of Marangoni stresses that act from the pool
towards the crown. These stresses drive fluid along the interface into
the sheet, effectively injecting momentum and mass into the sheet.
As a result, Marangoni stresses promote lateral spreading of the sheet
and help sustain its elevated height during the later stages of the
dynamics. In both cases, the simulations closely match the experimental
data, demonstrating that the numerical model accurately captures the
interfacial dynamics and the influence of surfactants in this regime.

Having established that the numerical simulations, both with and
without SDS surfactant, closely reproduce the experimental results in
the smooth regime, we now leverage the simulations to isolate the role
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Fig. 5. Droplet impact with Re = 1861, We = 244, and h = 0.11. The spatiotemporal evolution of the interface location is shown for the surfactant-free case (panel a) and the
surfactant-laden case with SDS (panel b). The top panels display the experimental snapshots, while the bottom panels present the numerical predictions. Panel ¢ shows the temporal
evolution of the vertical position of the crown. Here, D, corresponds to 2.2 mm, which is the scale shown in panel (a).

of surfactant transport kinetics. In particular, we systematically vary
the surface Péclet number, Pe,.

The focus on the Peclet number is driven by our aim to examine
the relative importance of advective versus diffusive transport of sur-
factants at the interface. At lower Peclet numbers, diffusion dominates,
leading to a more uniform distribution of surfactants and minimising
the resulting Marangoni stresses. While, at higher Peclet numbers,
advection becomes the primary transport mechanism, potentially cre-
ating sharp surfactant gradients and subsequently stronger Marangoni
stresses at the interface— precisely the mechanism we infer from the
enhanced rim corrugation seen in our SDS experiments. By comparing
these simulations directly to the clean-pool case, we can quantify
how transport kinetics alone delay the ejecta-sheet evolution, alter
corrugation patterns, and modify recoil dynamics. We can also relate
the Peclet number to the dynamic surface tension. After the impact, a
significant amount of surface area is generated in a short period. This
newly created surface is initially (nearly) free of surfactant, depending
on the rate in which surfactant spreads, there will be different dynamics
for either ‘fast’ or ‘slow’ surfactants.

Fig. 6 represents the effect of the surfactants through the analysis
of the Pe, with Re = 1861, We =244, h=0.11, §, = 0.5 and I} = I, /2
up to t = 7.5. It is also worth mentioning that all surfactant simulations
have been carried out until the recoiling of the rim with the pool is
observed. We observe that the dynamics of the surfactant-laden cases
follow closely those of the surfactant-free case, with the formation of
the ejecta sheet, the rim and its destabilisation to form corrugations to

eventually the recoiling of the rim with the pool. As soon as the droplet
impacts the pool, we observe the higher surfactant concentration in
the apex of the droplet and the outer walls of the ejecta sheet. By
increasing Pe,, surfactant gradients along the interface are enhanced
as displayed in Fig. 6, for Pe; = 100 and Pe; = 1000, respectively, in
comparison to Pe;, = 10 where gradients in concentration are reduced.
At later times, surfactant predominantly accumulates in the rim. A clear
effect of varying Pe, is that surfactant concentration gradients, and the
associated transport, appear to suppress the number of corrugations
observed in the rim. In the following sections, we will analyse and
quantify the effects of Marangoni stresses.

The next part of the analysis focuses on the time evolution of a
two-dimensional projection of the interfacial shape, I', the Marangoni
stresses 7, and the tangential component of the interfacial velocity,
u,,, at t = 1, as presented in Fig. 7. First, we focus on early times to
highlight the initial distribution of surfactant and the role of Pe,. The
first observation is that surfactants delay the dynamics, as seen in the
two-dimensional projection of the interfacial shape. This delay mirrors
the experimental snapshots at + = 2.2 ms, where the clean pool crown
is already expanding smoothly (Fig. 3a), whereas the SDS-laden crown
is just beginning to rise and already shows small corrugations (Fig. 3b).

It appears that Pe; does not play a major role in determining
the interface location, but all surfactant-laden cases differ from the
surfactant-free case. The primary effect of surfactants can be observed
in the accumulation at the droplet’s apex. Higher values of Pe, cor-
respond to steeper gradients in I' (see panel c), leading to a localised
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Fig. 6. Effect of Pe; on the drop impact dynamics for insoluble surfactants. Spatio-temporal evolution of the three-dimensional interface shape for surfactant-free cases, (a)-(d),
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decrease in 7. These local gradients in I' result in a pronounced peak
in the 7 profile at the droplet’s apex and near the rim, with the peak
being most significant for the highest Pe, value of 1000, as shown in
Fig. 7d.

Next, we focus on later times when capillary forces dominate the
dynamics of the phenomena. Fig. 8 shows the two-dimensional pro-
jection of the interfacial shape, I';, the Marangoni stresses z, and the
tangential component of the interfacial velocity, u,,, at + = 5. We
observe similar behaviour as at + = 1. The surfactant-induced effects
cause retardation of the dynamics, resulting in a taller jet sheet (see
panel 8a). As the Peclet number increases, steeper gradients develop
in the surfactant profiles (see panel 8c), leading to larger Marangoni
stresses (see panel 8d) and greater tangential velocity due to the uneven
surfactant distribution (see panel 8b). These enhanced flows further
destabilise the rim, producing the multiple corrugations that remain
below the breakup threshold in both simulation and experiment.

Finally, we explore the temporal changes in the total interfacial
area and the kinetic energy E, = p [, v?/2dV normalised by their
initial values, as shown in Fig. 9. Initially, there is a linear change in
the interfacial area as time evolves, with similar behaviour for both
clean and surfactant-laden cases up to ¢+ < 2. However, beyond this
point, the evolution of the interfacial area is significantly affected by
the presence of surfactants. By inspecting their trend, we can conclude
that the addition of surfactants leads to a larger area generation due
to the rigidifying effect brought via Marangoni stresses. This maximum
area corresponds to the largest vertical stretch of the crown before it
starts recoiling.

A monotonic increase of surface area with Peg, highlighting the
enhanced deformation induced by surfactant effects. Notably, the peak

=0.5 and I, = I, /2, the colour indicates the value of I', and the legend is shown in panel (p).

interfacial area in surfactant-laden cases exceeds that of the surfactant-
free case by approximately 5%. The temporal evolution of the kinetic
energy mirrors that of the interfacial area, exhibiting a minimum
when the interfacial area attains its maximum-—consistent with the
conversion of kinetic energy into interfacial energy, and vice versa
during subsequent relaxation.

4. Conclusions

Using a combination of experiments and numerical simulations, we
have shown that surfactants have a significant effect on the morphology
and evolution of the archetypal crown that develops following the
impact of a surfactant-free droplet onto a surfactant-laden pool. With
three different surfactants (SDS, Triton X-100, and Surfynol 465), we
varied the dynamic surface tension of the pool on the time scale of
crown collapse ?,, from 30 to 69 mN m™!. A We — ¢ regime map
(Fig. 4) reveals three distinct post-impact regimes: ‘smooth’ receding
of the sheet, ‘recoiling’ breakup, and ‘splashing’. Most notably, impacts
on Surfynol-laden pools (our fastest surfactant) resulted in splashing
and recoiling breakup at the lowest Weber numbers, compared to
other (slower) surfactants and the surfactant-free control (an aque-
ous glycerol mix). By using a surfactant-free 3.2 cP ethanol with
the same surface tension at 7, as the Surfynol solution, we observe
distinct splash behaviours: the ethanol crown disintegrates, whereas
the Surfynol solution produces fingering and recoiling breakup. This
observation demonstrates that rapidly adsorbing surfactants can alter
post-impact dynamics compared to a clean base fluid.

Our numerical simulations - carefully validated against our exper-
iments in the cases of most interest (Fig. 5) — of the smooth receding



M.A. Quetzeri-Santiago et al.

—Surf. free
0.6f —Pe=10 1
—Pe =100

= -Pe = 1000

0.4}

N

0.2}

International Journal of Multiphase Flow 193 (2025) 105387

Utz

4} 4
2 4 6 8
S
(c) (d)
Fig. 7. Effect of Pe; on the flow dynamics at r = 1. Two-dimensional projections of the interface, u,., I" and 7 in the x — —z plane (y = 4) are shown in (a) — (d), respectively. Note

that the abscissa in (a) corresponds to the x coordinate, and in (b) — (d) to the arc length, s. The arc length s corresponds to the x—z plane (y = 4) intersecting the interface. All

parameters remain unchanged from Fig. 6.

regime, both in the surfactant free and surfactant-laden (for SDS, which
can be considered insoluble) cases, confirmed that surfactants slow
down the dynamics of crown formation and collapse. As the Peclet
number increases, Marangoni stresses become more significant, leading
to a taller and narrower crown compared to the surfactant-free case.
The effect of the surfactant itself was confirmed by analysing the
evolution of the interfacial area and kinetic energy, showing that the
presence of surfactants results in approximately 5% greater interfacial
area generation and a corresponding decrease in kinetic energy com-
pared to the clean case, with the surface area increasing monotonically
with Pe.

By integrating high-speed experiments with 3D numerical simu-
lations, we have shown that surfactant driven changes in interfacial
tension - dynamic at the moment of crown collapse ¢, for fast-adsorbing
surfactants and equilibrium for slow-adsorbing ones — reliably predict
whether a crown will splash. In the case of slow-adsorbing surfactants,
their slow adsorption kinetics preclude significant tension reduction
during crown formation, so the splashing threshold instead corresponds
to their equilibrium surface tension. Our results reveal that surfac-
tants alter the rim instability, shifting the breakup mode from crown
fragmentation to fingering and recoil. Moreover, we have connected
these observations to surfactant transport through the Peclet number,
demonstrating how diffusion and advection balance to control surface
coverage during the critical early stages of impact. Such droplet dy-
namics play a crucial role in both natural and industrial applications,
as the resulting fluid fragmentation leads to the formation of smaller
droplets that carry mass, momentum, and energy, facilitating fluid
transfer from the pool to the surrounding atmosphere. Therefore, our
findings provide valuable insights into splash dynamics, with potential

applications in optimising processes such as 3D printing, coatings,
and inkjet printing, where controlling droplet behaviour is crucial for
achieving precision and efficiency.
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