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We study the collision dynamics of surfactant-laden droplets and compare it with that of pure water
droplets, with a focus on the bridge growth rate, energy balance, and disk dynamics, distinguishing the
cases of head-on and off-centre collisions. By using molecular dynamics simulation of a coarse-grained
model, it is found that initial linear scaling describes the first stage of the collision process, which is
followed by power-law dynamics, in contrast to an initial thermal regime and a subsequent power-law
behaviour observed for droplet coalescence. The transition between the two regimes occurs faster for
surfactant-laden droplets. At higher collision velocities, the linear regime dominates the process with a
gradual reduction of the power-law behaviour, reaching a situation in which the bridge growth is fully
characterised by linear dynamics. The different behaviour of the droplets is presented in the form of a
diagram of different scenarios, namely coalescence, separation, and splattering. In particular, it is found
that higher velocities and larger offsets increase the likelihood of separation and splattering, with water
droplets producing a greater number of satellite droplets due to reduced viscous damping. Also, a disk-
like structure is observed as a result of collision, but it is less pronounced in the case of surfactant-laden
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1 Introduction

Droplet collision and coalescence are ubiquitous phenomena
in nature, which, for example, manifest in clouds and rain-
drops." At the same time, these are relevant for applications in
industry, such as liquid-fuel combustion and spray techno-
logy.”> In view of the interest in these phenomena, various
studies have been conducted towards obtaining a better under-
standing of them, but most of these investigations have thus far
mainly focused on pure water or polymer droplets.* >’ Although
understanding collision and coalescence in the context of pure
liquids is fundamental, most processes in industry (e.g: enhanced
oil recovery’®) as well as natural processes (e.g. formation of
clouds®) take place in the presence of surfactants. Coalescence
of such droplets has been previously explored by using molecular
dynamics simulations of freely suspended®**" or sessile droplets,*>
since this method can provide a molecular-level resolution of the
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droplets, due to higher dissipation of energy.

relevant processes, such as the surfactant mass transport mecha-
nism. In this regard, a detailed description of the mass transport
mechanism and bridge growth dynamics has been provided.** >
However, in various applications and phenomena, coalescence
takes place while droplets move against each other with a relative
velocity, in which case inertial effects are likely to play a more
dominant role in the process, for example, by suppressing the
initial thermal regime.***"' Currently, there is a lack of insight into
the coalescence of colliding surfactantladen droplets from a
molecular perspective, which calls for further research in this area,
especially in view of the interest in this process from a funda-
mental as well as an industrial perspective.

Several studies have overall provided valuable insights into
the collision of droplets, especially for the case of pure liquids.
In particular, Zhang et al.®* conducted molecular dynamics
simulations of head-on collisions of water droplets with a
diameter of 10.9 nm for a wide range of Weber numbers,
We = pV?Dyly, where p is the liquid density, V is the velocity
of droplets, D, is the droplet diameter, and y is the surface
tension. This study has suggested that when the ratio of the
expansion disk diameter to the droplet’s initial diameter (Dgy/
D,) is around 2.66, the liquid film becomes unstable, thus
leading to rupture and eventually to the formation of cavities
within the film. In this way, the initial kinetic energy of droplets
is dissipated through viscous dissipation during the collision.
Moreover, larger viscosity would lead to greater energy dissipation,
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Fig.1 Various stages of droplet collision for a number of scenarios
differing in surfactant concentration and velocities. Scales are adjusted in
the figure, so that the structural characteristics of the droplets and
surfactant molecules are visible. The left column shows a head-on colli-
sion, while the right column shows an off-set one. Panels a and b show
initial configurations before a head-on collision, below (a) and above
(b) the critical aggregation concentration. In the latter case, a micelle
and one of the participating surfactant molecules are shown. (c) A snap-
shot of an above CAC case early in the collision. The bridge diameter is
indicated as b. (d) Snapshot of a disk that is formed as a result of a higher
velocity collision, where the point of contact can keep expanding until the
liquid forms a disk-like structure. This ultimately has a larger diameter
(Dg, panel j) than the initial diameter of the droplets (Do) in the direction
perpendicular to the collision axis. At a high enough velocity (e), cavities
(holes) may appear after reaching Dgmax (panel k), which is the maximum
diameter that the disk reaches during the collision (V = 2.2415¢/7, t = 15271).
(f) Configuration of the system before an offset collision with a vertical
offset h. Various snapshots show different scenarios: (g) stretching after
the collision (velocity V = 1.3449¢ /1, h = 0.5D,, t = 1507), (h) the formation
of satellite droplets (V = 1.3449¢6/1, h = 0.5Dg, t = 2901), and (i) splattering,
which happens in the case of high-velocity collisions (V = 2.91464/1, h =
0.3Dog, t = 1407). (j) and (k) Bridge and disk formation during the head-on
collision. When the bridge diameter equals the droplets’ diameter (b = Do),
the disk between the droplets continues to grow if the kinetic energy (from
the initial collision velocity) wins over the damping. For pure water and
below CAC surfactant-laden droplets, this occurs when V ~ 0.67¢/7, and
V ~ 0.89¢/1, respectively. We then denote the disk diameter as Dy, with
side views provided under (j) and (k).

which could preserve the integrity of the expanding disk, that is to
prevent the occurrence of cavities within it. Later, Liu et al>*
identified various regimes based on the We number, including the
splattering regime, and also suggested the ‘periphery-sucking’
mechanism to explain the thin middle and protruding edges of
the expanding disk (e.g., see Fig. 1e, j and k). Moreover, for high
kinetic energy of the droplets, various scenarios are possible,
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namely, cavities in the bridge region, limited splattering, or the
so-called divergent splattering (e.g. see Fig. 1i).

Molecular dynamics (MD) certainly offers specific advantages
in investigating phenomena such as droplet collisions.>*>® In
particular, it allows for capturing the microscopic mechanisms,
which also evolve very rapidly in time. However, MD studies have
mostly been performed for systems without surfactants. For
example, Tugend et al** have carried out molecular dynamics
simulations of large droplets (up to 2 x 10” molecules) for a range
of Weber and Reynolds numbers. In their case, the coalescence,
stable collision, holes, and shattering regimes have been observed,
with the latter occurring after a critical We number and leading to
the formation of satellite structures. Some of these regimes have
also been observed previously by Greenspan and Heath.*°
The bouncing and coalescence regimes have also been investi-
gated,"** along with the effects of ambient pressure on
nanodroplet collisions.*** Also, Liu et al.** and Wang et al.*®
have investigated the coalescence of nanodroplets for a range of
Weber and Ohnesorge numbers, observing coalescence, stretching
separation, and shattering scenarios. Finally, oblique collisions of
amorphous Lennard-Jones nanoparticles using molecular dyna-
mics simulations as a function of collision velocity and impact
parameter have been considered in the literature.*®

Qian et al.”’ conducted an experimental investigation of the
collision of binary droplets (water and hydrocarbon droplets)
and constructed a phase diagram based on the observed
collision behaviour as a function of offset and Weber number.
Several distinct regimes were identified, namely (I) coalescence
after minor deformation, (II) bouncing, (III) coalescence after
substantial deformation, (IV) coalescence followed by separa-
tion for near head-on collisions, and (V) coalescence followed
by separation for off-centre collisions. In particular, it has been
found that regimes (II) and (III) do not exist in droplets solely
consisting of water. Moreover, regimes IV and V lead to the
formation of satellite droplets. Bouncing, which is due to a
pressure build-up in the gap between the droplets, was not
observed in the case of pure water droplets, which might be
attributed to a higher surface tension and a lower viscosity in
comparison with hydrocarbon droplets. Pan et al.*® studied the
bouncing and coalescence of surfactant-laden aqueous droplets
by conducting experiments. Adding surfactants leads to a larger
deformation of the surface, presumably, due to a lower surface
tension, and a higher probability of bouncing. Experimental
work by Krishnan et al.* on the collision classified five primary
phenomenological outcomes, that is: slow coalescence (SC),
bouncing (B), fast coalescence (FC), reflexive separation (RS),
and stretching separation (SS).

The reflexive separation, which can be described as tempor-
ary coalescence followed by breakup into two main droplets,
has also been observed by Huang et al.*’, and a larger number
of satellite droplets is noted for higher We numbers. Munnan-
nur et al.*® have developed a model for predicting collision
outcomes, satellite formation, and post-collision characteristics
(velocity and droplet size) with predictions agreeing well with
experimental results. Moreover, effects such as viscosity and
surface tension have been discussed in a recent work by

This journal is © The Royal Society of Chemistry 2025
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Pan et al>' and predictions for a critical We number for
satellite droplet formation have been made. In view of the role
of viscosity and surface tension effects, which can be expressed
by the Ohnesorge number, various similarities between droplet
collisions and Plateau-Rayleigh instability could be drawn,>*>?
with a larger viscosity leading to less droplets in comparison
with lower-viscosity scenarios.>*

At this point, it is also worth mentioning a few fundamental
quantities related to droplet coalescence before discussing our
methods and results on droplets’ collision. The rate at which
the diameter of the bridge b (Fig. 1c) between droplets increases
after their initial contact is crucial for understanding the
dynamics of the coalescence process. In coalescence studies,
this growth can generally be characterised by two primary fluid
dynamics regimes: the viscous regime (VR) at early times and
the inertial regime (IR) at later stages.>>® Additionally, recent
MD simulations have identified a third regime, known as the
thermal regime (TR),® which occurs during the very early stages
of droplet coalescence when pinching takes place.>>”073>

In the viscous regime, the characteristic velocity, denoted as
vy, can be expressed as y/n, where y is the surface tension and
is the viscosity. Moreover, the Reynolds number can be
expressed as Re = pVb/n, where V is the velocity and b is the
bridge diameter (Fig. 1c), which in the viscous regime becomes
pyb/n®. Since the bridge length is very small in this regime,
viscous forces dominate regardless of the values of y and 7,
leading to Re « 1. As coalescence progresses into the inertial
regime (IR), the bridge velocity scales as V; ~ /7/p. The cross-
over between the viscous and inertial regimes is expected to
occur when Re ~ 1. The characteristic viscous time scale of ¢, =

nRo/y and the characteristic inertial time scale of #; = \/pRo’/y
have been suggested by a lattice Boltzmann study,’” where R, =
Do/2 (Fig. 1a).

In the VR, where intermolecular forces predominantly drive
the coalescence process, the bridge diameter for the coales-
cence of freely suspended droplets has been proposed to scale
linearly with time, expressed as b oc ¢, with some suggesting
logarithmic corrections, that is b oc ¢Int.”>® For the IR, power-
law scaling has been proposed for the bridge diameter, speci-
fically b oc 1/2.”°® Experimental studies on the coalescence of
water droplets support this scaling behaviour.”*?”"° In addi-
tion, it has been suggested that the inertia of the droplets
cannot be ignored during the initial stage of coalescence. This
initial stage is then better described as an inertially limited
viscous (ILV) regime, where a linear scaling of the bridge
dimension with time has been proposed.’**® However, the
existence of the ILV regime seems to remain questionable with
Eggers et al. arguing that the bridge region remains purely
viscous.®!

All-atom molecular dynamics simulations of two-dimen-
sional (cylindrical) pure water droplets have revealed multiple
liquid bridges forming on the droplet surfaces and connecting
them, which are highly affected by thermal fluctuations at the
molecular level and indicate the so-called thermal regime at
the beginning of the coalescence process.® In this case, once
the bridge length exceeds a thermal length scale, estimated as

This journal is © The Royal Society of Chemistry 2025
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Table 1 Summary of bridge growth scaling within the inertial regime in

freely suspended and sessile droplets from MD studies based on the same
model 273032

Bridge dimension

System growth (b)
Suspended water and surfactant-laden droplets®*?*' b ~ ¢*>%¢
Sessile water and surfactant-laden droplets b ~ 306
(0s = 90°)**

Sessile water and surfactant-laden droplets b ~ %08

(05 < 90°)*
Sessile polymer droplets (6, > 90°)*’
Sessile polymer droplets (0s < 90°)*’ b~

0.28-0.38
b~t
(0-20-0.45

Iy ~ (kgT/y)"*Ry"?, the system transitions to a hydrodynamic
regime. Here, y is the surface tension, 7 is the temperature, and
kg is the Boltzmann constant. We have previously demon-
strated the presence of the thermal regime followed by the
inertial regime for both freely suspended®’?' and sessile
droplets®?, including both the case of pure water droplets as
well as that with surfactant-laden droplets. A summary of
bridge growth scalings in the case of zero-velocity droplet-
coalescence found in our earlier studies based on the same
MD model are reported in Table 1.

Despite progress in the study of droplet collision, especially
from the point of view of molecular dynamics simulations of
large systems,’® which is suitable for describing the micro-
scopic details of this fast process, the role of surfactants has
largely remained unexplored. To fill this gap, this study builds
on previous work on the coalescence of pure and surfactant-
laden water droplets®®®' and explores the head-on and off-
centre collision for water and surfactant-laden droplets by
means of molecular dynamics (MD) simulation based on a
coarse-grained force-field. Our findings suggest that the
presence of surfactants significantly affects the dynamics of
collisions and, in particular, the head-on collisions, with sig-
nificant differences appearing in comparison with the droplet
coalescence at zero velocity.***"

The paper is organised as follows: in the following section,
we detail our model and methodology, while in Section 3, we
present the analysis and classification of the results of head-on
and off-centre collisions with details provided on the oscillation
states and final states of the droplets. Finally, Section 4 offers
conclusions drawn from this study.

2 Model and methods

Before providing more technical detail on the simulations, we
first give a brief overview of the different scenarios observed
during our simulations. Droplets can collide head-on or off-
centre (Fig. 1). A head-on or nearly head-on (paraxial, small
offset, #) collision leads to the creation of a disk with diameter
Dy as it goes through the bridge formation stage and coales-
cence, as shown in Fig. 1j and k. In this case, D4 is greater than
the diameter D, of the initial droplet. This disk expands
(Fig. 1d, j and k), and, moreover, holes (cavities) will form
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within the disk (Fig. 1e), which might be attributed to the fact
that the kinetic energy during the disk expansion wins over the
viscous dissipation. In Fig. 1c, the bridge, and, in Fig. 1j and k,
the disk are depicted to better highlight their differences. In the
case of off-centre collisions (Fig. 1f-i), significant stretching of
the liquid (Fig. 1g) and the creation of satellite droplets are
observed (Fig. 1h). In addition, at higher collision velocities,
both the head-on and off-centre droplets’ collision can lead to
splattering (Fig. 1i).

At a more technical level, we conduct our research using MD
simulations based on the SAFT (Statistical Associating Fluid
Theory) y-Mie force-field.®"®” In the case of surfactant-laden
droplets, the SAFT-y Mie theory force-field®® has been accurate
in reproducing key properties of water-surfactant systems,
such as phase behaviour, contact angles of droplets, and sur-
face tension.®®”> Moreover, as a coarse-grained (CG) force-
field, it enables the simulation of relatively large droplets,
which in turn allows for a careful examination of surfactant-
related mechanisms and relevant properties as has been done
in the case of the coalescence of surfactant-laden droplets.**~>
Other applications of droplet-related phenomena with this
force-field included the study of the superspreading of
surfactant-laden droplets.®®”%7*7¢

In the SAFT y-Mie force-field, interactions between different
coarse-grained (CG) beads within a distance smaller than r. are
described via the Mie potential

r

Oii )"i/' O /L;l/
y ) .
( ) _( ) ) rij S IC7 (1)
Iy I

28

i
i\ (N
C= T . a)( Z) . (2)
<)"ij — izj )Ll.j

i and j are the bead types, o;; indicates the effective bead size,
and ¢; is the interaction strength between any beads of type i
and j. A = 6 and A} are Mie potential parameters, while r;; is
the distance between two CG beads. The chosen units are for
the length, ¢, energy, ¢, mass, m, and time t corresponding to
real units as follows: ¢ = 0.43635 nm, ¢/kg = 492 K, m = 44.0521
amu and t = o(m/e)®® = 1.4062 ps. The simulations were
performed at room temperature (7 = 25 °C), which corre-
sponds to T = 0.6057¢/kg in simulation units. A universal
cutoff r. = 4.583 ¢ was applied to all nonbonded (Mie)
interactions.

A surfactant of type CiEj (Fig. 2b) is considered in this study,
i.e. C10E4. In general, in the case of CiEj surfactants, a hydro-
phobic alkane CG ‘C’ bead represents a -CH,-CH,-CH,- group
of atoms, while a hydrophilic CG ‘EO’ bead represents an
oxyethylene group -CH,-O-CH,. A water CG ‘W’ bead corre-
sponds to two water molecules (Fig. 2a). The non-bonded
interaction parameters between the above chemical groups
are reported in Table 2, while the mass of each CG bead is
documented in Table 3.

U(ry) = Cey

where
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a Water(W)

Fig. 2 Coarse-grained representation of two water molecules (a) and a
surfactant molecule (b). The hydrophobic beads of the surfactant are
shown in red, while the hydrophilic ones are in yellow.

b C10E4

Hydrophobic Hydrophilic

EEEE

-CH,-O-CHy-

-CH,-CH,-CH,-

Table 2 Summary of Mie interaction parameters (egn (1)). 4§ = 6

i a; [o] &y [¢/ks] A

W-W 0.8584 0.8129 8.00
W-C 0.9292 0.5081 10.75
W-EO 0.8946 0.9756 11.94
c-C 1.0000 0.7000 15.00
C-EO 0.9653 0.7154 16.86
EO-EO 0.9307 0.8067 19.00

In the case of surfactant chains, a bond potential is required
to tether consequent beads along the chain, which in the case
of this model is

Vbond(r,-j) = O.Sk(rl-j — Gl'j)z, (3)

where the harmonic constant is k = 295.33¢/¢>. Moreover, EO
beads experience a harmonic angle potential,

Vo(ol‘j‘k) = 0-5k0(0ijk — 00)2, (4)

where 0y is the angle formed by three consecutive beads i, j,
and k, (regardless of bead type), ky = 4.32¢/rad?, and 0, = 2.75
rad is the equilibrium angle. Additional details about the
model can be found in previous studies.®®”*7°

To prepare the initial configuration for each system, as done
in earlier studies,***" individual droplets were first equilibrated
within the NVT ensemble using the Nosé-Hoover thermostat
through the LAMMPS package’” with an integration time step
of 8t = 0.0057. Each initial droplet contained 10> beads in the
simulations, with approximately 5% evaporating into the gas
phase. The droplet diameters were ~53¢ (approximately
23 nm), consistent with several previous studies.®**' Addi-
tional information and the database required to reproduce the
data are provided in the ESI,} section titled Simulation Para-
meters and Data Availability. Attention was given not only to
monitoring the system’s energy but also to ensuring that the
surfactant clusters reached dynamic equilibrium, allowing each
cluster to diffuse a distance many times its size. Once the
individual droplets were equilibrated, the two droplets, along
with the surrounding gas, were positioned next to each other as
depicted in Fig. 1a in the case of a head-on collision or with the
desired offset, & (Fig. 1f), in the case of off-centre collisions,
preserving in the two-droplet system the same number of
particles per volume as in the single-droplet simulations.
At this stage, the desired offset (7) and centre-of-mass velocities
(V) are assigned to each droplet, and the collision simulation is
performed in the NVE ensemble with a time step of ¢ = 0.0017.
The smaller time step here ensures that the MD simulations

This journal is © The Royal Society of Chemistry 2025
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Table 3 Mass of the CG beads

Bead type Mass [m]
W 0.8179
C 0.9552
EO 1.0000

remain stable during the integration of the equations of motion
for the particles for the highest We numbers of this study.
The final size of the simulation box was selected to be
sufficiently large to prevent any interactions between mirror
images of the droplets due to the presence of periodic boundary
conditions in all directions, and moreover, to ensure that the
box is large enough to be able to observe the elongated
structures in the offset collisions as shown in Fig. 1g and h.
We simulate surfactant-laden droplets below and above the
critical aggregation concentration (CAC) as well as pure water
droplets for comparison. Fig. 1a illustrates a typical initial
snapshot for cases below CAC, while Fig. 1b shows a case above
CAC. A summary of the mean values of various properties for
our systems with surfactants is given in Table 4. Information
on systems that have been studied in the literature (e.g
We numbers, drop-size ratios and sizes, ambient medium,
etc.) can be found in ref. 50, while the range of parameters
considered in recent molecular dynamics simulations and the
span of We numbers for which bouncing, coalescence, stable
collision, holes, and shattering occur can be found in ref. 39.
Finally, we calculated the surface tension of the water droplet to
be approximately 72 mN m ™", while that of the surfactant-laden
droplets discussed above CAC is approximately 29 mN m™ .
Considering these surface tension values, the Weber numbers
for water droplets in this system range from near 0, corres-
ponding to coalescence, up to approximately 184, this upper
limit occurs at a velocity of V ~ 2.4662¢/t. For surfactant-laden
droplets, the Weber numbers can be even higher due to the
reduced surface tension, which enhances the influence of
inertial forces relative to surface tension. To examine compar-
able, matching cases for both pure water droplets and droplets
laden with surfactants, we chose here to present our results
based on the velocity, instead of dimensionless numbers.
Moreover, determining exact values for the viscosity of complex
systems (e.g. those containing surfactants) in molecular
dynamics simulations with potentials of hard-core interactions
can be challenging. For this reason, a discussion of the results

Table 4 Properties of individual droplets (equilibrium)

Concentration Diameter Water Surfactant
(Wt%) (o) beads® molecules
Water

— 52.5 95 882 —

C10E4

6.25 53.1 90466.1 714

35.48 54.1 65746.7 4286

CAC ~ 7.5 wt%

¢ Indicates the average number of water beads.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

in the context of Reynolds numbers, as is done in other
studies,® is omitted here.

3 Results and discussion
3.1 Head-on collision

The first part of this study focuses on head-on collisions, where
two droplets collide face-to-face with zero offset (Fig. 1a and b).
Considering that the gravitational potential energy and the
dissipation away from the bridge are not relevant (the droplet
size is smaller than the capillary length of water, for example,
see Table 4 for the droplet sizes in this study), the approximate
energy balance of the relevant elements of the system can be
expressed as follows:

Epy t Es1 = Egp + Egp + W. (5)

Here, Ey; and Ey, are the kinetic energy of each droplet and E;
and E;, are the surface energies of each droplet that can be

estimated as follows:**"®
Eg = 21Dy, (6)
nD*pV?
En = %, (7)

where D, is the diameter of the droplets. The quantity W is the
viscous dissipation from the initial state to a maximum spread-
ing state which is defined as follows:**”®

o

W= 2[0 dtLl,uVDgz -1 = 80,11/002 (B -1), (8)

where f§ is the maximum spreading factor

deux
p= e, ©

Here, Dgmax is the maximum spreading diameter, which is the
diameter of the disk in our case. Moreover, Zhang et al>?
obtained the following relation between the maximum spread-
ing factor, Re number, and We number:

3 Re 1 Re
%(ﬂ571)+@([32+—72>—?:0 (10)

Fig. 3 shows the evolution of the spreading factor, 8, during
the collision of water droplets and surfactant-laden droplets.
Pure water droplets and droplets with surfactant concentration
below CAC have a very similar trend, while above CAC (CAC =~
7.5 wt%), ff obtains lower values at similar collision velocities.
Moreover, the maximum ratio for which cavities appear, f =
3.0 £ 0.2, as estimated from this study, is reasonably close to
the value of 2.66 reported in ref. 33, though slightly higher.

3.1.1 Bridge dynamics. During the first part of the colli-
sion, a bridge of diameter b < D, is formed between the two
droplets (Fig. 1c). In our previous studies®®’" related to the
coalescence of freely suspended droplets, we have demon-
strated that the bridge initially appears as a small overlap with
fluctuating diameter » within the thermal regime, followed by
the power-law growth of the diameter in the inertial regime. In
the case of droplet collisions, we observe the emergence of a
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Fig. 3 Comparison of f = Dgmax/Do parameter that quantifies the relative
size of the disk for different collision velocities during head-on collisions.
In all cases, when the velocity was V ~ 2.24¢/7, cavities were observed in
the bridge.

linear regime. This linear regime is more pronounced in the
collision process for larger velocities, when the collision time
becomes smaller.

Fig. 4 presents the dynamics of the bridge diameter in the
case of pure water (Fig. 4a) and surfactant-laden (Fig. 4b)
droplets (above CAC), respectively. In each panel, the linear
regime is fitted by red dashed lines with slopes m, reported in
Tables S1 and S2 of the ESI,} for Fig. 4a and b, respectively. The
inertial regime is fitted via a black dashed line and the power-
law exponents are reported as o; in the same tables.

At medium velocities of droplet collision (from 0.0564/7 to
0.22420/t for water and from 0.0560/t to 0.4483¢/t for
surfactant-laden droplets above CAC in our data), two regimes
exist. Both the linear and power-law growth of bridge size are
steeper in the case of pure water droplets. At higher velocities
(above 0.2242¢/t for water and above 0.4486¢/t for surfactant-
laden droplets in our data), the power-law regime disappears.
Here, the kinetic energy is large and the impact energy cannot
be completely damped by viscous dissipation and surface
energy. For this reason, the power law growth characteristic
of slow coalescence does not appear. Surfactant-laden droplets
have higher viscosity and smaller f§ (Fig. 3) than water droplets,
which implies higher rates of viscous dissipation of energy that
lead to smaller expansion of the bridge between the droplets.
It can be observed that surfactant-laden droplets were able to
maintain coalescence behaviour up to higher velocities, where
V ~ 0.44830/t, while water droplets can sustain the coalescence
regime only up to V ~ 0.2242¢/z. It is worth mentioning that, in
the case of surfactant-laden droplets (Fig. 4b), the values of b
for the coalescence case (V = 0g/7) initially increase more slowly
compared to the other data sets. However, there is a crossing
with the collision cases at velocities between 0.056¢/t and
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Fig. 4 Bridge dynamics during head-on collisions of (a) water and (b)
surfactant-laden (above CAC) droplets at different velocities. In each case,
the linear fit is represented by a red dashed line with the fitting parameter
m,, while the power-law fit is illustrated by a black dashed line with the
fitting parameter «;. The black arrow indicates the progression from lower
to higher velocities in the range 0 to 2.46624/1, and the details of the fitting
parameters are provided in Tables S1 and S2 of the ESI.1 In the plots, t.
indicates that all measurements are taken from the time (t.) droplets make
contact.

0.11210/1, indicating that the bridge growth after coalescence
can eventually turn out faster than after a collision. This
phenomenon might be explained by the fact that when droplets
are more viscous, the kinetic energy during low-velocity colli-
sions is significantly dampened. As a result, the energy
becomes insufficient to continue the bridge growth, and the
effect ends up actually delaying it.

This journal is © The Royal Society of Chemistry 2025
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3.1.2 Disk dynamics. We further analyse the disk diameter
during the collision process (Fig. 1d, e, j and k). In the previous
section, we considered the bridge up to the moment when its
diameter b exceeds the initial droplet diameter D,. However, in
a fast enough collision, the point of contact can keep expanding
until the liquid forms a disk-like structure that has a
larger diameter than the initial droplets, but usually a shorter
thickness in the collision direction than D, (the droplet’s initial
diameter is around 50¢). This disk can expand until the viscous
dissipation consumes the initial kinetic energy of the
expanding disk.

The average disk diameter (Dg in Fig. 1j) is plotted over time
for water droplet collisions (Fig. 5a) and surfactant-laden
droplet collisions above CAC (Fig. 5b). The most visible differ-
ence between these cases is that for water droplets at high
velocities (runs with V above 1.56910¢/1), the disk diameter
starts to oscillate after reaching its maximum diameter. In
contrast, for surfactant-laden droplets (above CAC), there is
no fluctuation; instead, the disk shrinks monotonically after
reaching its maximum diameter. The absence of fluctuations in
the case of surfactant-laden droplets may be due to the greater
viscous dissipation, which more efficiently absorbs the initial
kinetic energy.

In all cases, we observed the appearance of vacuum holes
(cavities) during the runs at velocities around 2.2415¢/t.
In Fig. 6, the disk is depicted for pure water (Fig. 6a-d) and
surfactant-laden droplets above the CAC (Fig. 6e-h), at a
velocity of V = 2.2415¢/t. The plot illustrates the thickness of
the disk and the geometry of the holes. It demonstrates that in
the case of pure water, there is a stronger flow towards the rim
of the disk, leading to a thinner middle region and larger holes.
Conversely, in the case of surfactant-laden droplets, there is
weaker flow, resulting in a thicker middle region and smaller
holes. The high kinetic energy of the expanding disk leads to
the thinning of the middle region of the disk and the formation
of holes. Moreover, in water droplets and droplets below the
CAC, lower viscosity results in less damping of kinetic energy,
which contributes to the appearance of larger holes. Finally, for
the simulations conducted at a velocity of 2.46624/t, the viscous
dissipation energy is insufficient to stabilize the disk, causing it
to break apart or fragment.

Moreover, to provide further insights corresponding to
lower-velocity conditions, Fig. S1 and S2 in the ESIf present
figures similar to Fig. 5, which show the disk thickness profiles
for collisions at a velocity of V = 1.56900¢/t for pure water and
surfactant-laden droplets (above the CAC), respectively, at
comparable time instances. These lower-velocity cases corre-
spond to conditions where no hole emergence is observed. It is
evident that for pure water, the collision energy dissipates more
rapidly, leading to a thinner and less stable disk. In contrast,
the presence of surfactants results in a more uniform and
stable disk structure. However, at higher velocities, the emer-
gence of holes leads to a less uniform disk, even in the case of
surfactant-laden droplets (Fig. 5e-g). To illustrate this clearer,
we have provided a movie as the ESI{ (see the ESIt), which
shows the head-on collision of water droplets (top panel) and
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Fig. 5 Disk dynamics during head-on collisions of (a) water droplets and
(b) surfactant-laden droplets (above CAC) at different velocities. The area
of the disk is shown in the inset of the figure.

surfactant-laden droplets above the CAC (bottom panel) at a
velocity of V = 2.2415a/t. Two different views are presented: a
side and a disk view (along the x-axis) to illustrate the evolution
of the disk. The movie clearly highlights the significant differ-
ences in disk dynamics between pure water and surfactant-
laden droplets. The most notable difference is that in the case
of pure water, following the collision, the droplets deform into
flattened disks that expand to their maximum diameter. There-
after, the disk contracts, and the system undergoes damped
oscillations (‘beating’) until the kinetic energy is dissipated.
However, such oscillations and beating are absent in the case of
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Fig. 6 The plots show a comparison of disks for (a)—(d) pure water and
(e)—(h) surfactant-laden droplets above the CAC. The plot illustrates the
thickness of the disk, showing that in the case of pure water, there is a
stronger flow towards the rim of the disk, which leads to a thinner middle
region and larger holes. In contrast, for surfactant-laden droplets, there is a
weaker flow, resulting in a thicker middle region and smaller holes. The
view of the disk is oriented along the x axis. For pure water, the time
sequences are as follows: (@) t ~ 90.757, (b) t ~ 104r, (c) t ~ 1307, and
(d) t ~ 192z. For cases above the CAC, the time sequences are: (e) t ~ 108.75z,
(f) t ~ 143517, (g t ~ 161.07, and (h) t ~ 175.25z. In our simulations, hole
emergence for pure water occurs at approximately t ~ 91r. For surfactant-
laden droplets, holes (cavities) emerged at approximately t ~ 100t below the
CAC (not shown) and t ~ 1097 above the CAC.

surfactant-laden droplets, which is attributed to enhanced
energy dissipation.

3.2 Off-centre collision

Moving further, in this section, we analyse off-centre collisions
where two droplets collide with an offset distance (4 in Fig. 1f)
between their centres of mass. These collisions are similar to
head-on collisions, except that they involve rotational motion of
the merged mass. According to our simulations, three different
scenarios may occur: coalescence, separation, and splattering.
Separation leads to stretching (Fig. 1g) and can result in the
formation of satellite droplets (Fig. 1h). Splattering occurs
when the velocity is high and the viscous dissipation energy
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Fig. 7 State diagrams illustrating the outcomes of (a) water droplet and (b)
surfactant-laden (above CAC) droplet collisions. The diagrams show the
regions corresponding to different collision outcomes: coalescence (blue
circles), separation (red squares), and splattering (black hexagons). The
data have been mapped as a function of collision parameters: velocity and
offset. The boundary between coalescence and separation, estimated with
a power law fit with parameters given in the top right corner, is indicated
by a dotted black line. Each symbol in the diagram is labelled with a
number representing the number of satellite droplets produced.

cannot fully absorb the kinetic energy. As a result, the system
falls apart, producing many satellite droplets (Fig. 1i).

Fig. 7a and b present collision outcomes for water and
surfactant-laden droplets, respectively, in the form of state
diagrams. Higher velocities and larger offsets lead to a higher
probability of separation. In each case, the number inside the
symbol indicates the number of satellite droplets produced
during separation. The boundary between coalescence and
separation is estimated as a black dashed line. At low velocities,
coalescence is the dominant outcome. For low velocities V <
0.80/t and large offsets /D, = 0.5, careful comparison of the
two phase diagrams shows that the water droplets have a
greater tendency to coalesce, due to the higher surface tension
in comparison with surfactant-laden droplets. Moreover, the
tendency for coalescence weakens at higher velocities. When
the offset is large and the droplets just touch each other’s
surfaces, surface tension becomes more important and can

This journal is © The Royal Society of Chemistry 2025
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determine the fate of the collision. However, at lower offsets,
viscosity plays a larger role in determining the outcome as it
can dissipate more kinetic energy.

Regarding the number of satellite droplets, water collisions
generally produce more satellite droplets, which is presumably
again due to the lower viscosity. In both cases, in runs with
velocities above V = 2.2415¢/7, it is found that splattering
occurs, and generally more fragments are produced again in
the case of water droplets. To be more precise, for the case of
V =2.24150/t, with a small offset (2 < 0.3), the process can still
be considered coalescence. Although several very tiny satellite
droplets are formed, they are not counted as satellites due to
their extremely small size, and the two droplets merge, as
shown in the movie in the ESIL.{

4 Conclusions

In this study, we analyzed various properties during the colli-
sion of water droplets and surfactant-laden droplets, revealing
the collision dynamics through energy balance, bridge growth
rate, and satellite droplet counts to quantify the high energy
collisions and splattering. We observe that in the case of
coalescence, the bridge grows according to a power-law regime,
while in the case of collision, an initial linear regime emerges,
followed by a power-law regime. This linear regime grows and
becomes more dominant by increasing the collision velocity,
and above a certain velocity (V ~ 0.23g/t for water and V ~
0.45¢/t for surfactant-laden droplets in our study), the power-
law growth is not present and the bridge growth is linear from
the outset. We further analysed the later time disk dynamics,
which appears to be dominated in surfactant-laden droplets by
the effect of viscosity. The lower viscous dissipation energy in
the case of water correlates with the creation of a larger disk
and the appearance of larger holes. The lower energy dissipa-
tion in the case of water droplets is also to be held responsible
for the oscillation of the disk dimensions in time, a phenom-
enon not observed in surfactant-laden droplets. As a major
component of the study, we quantified offset collisions for both
cases, and a detailed phase diagram was created to compare the
different possible outcomes: coalescence, separation, and splat-
tering, and in particular to locate the parameters at which the
behaviour undergoes a change. At small offsets, coalescence
transitions immediately to splattering above a threshold velo-
city. Moreover, the onset of splattering appears to be indepen-
dent of offset and happens even with head-on collisions. At the
highest offsets 7 2 0.7D,, the number of satellite droplets
arising from splattering drops suddenly (presumably the major-
ity of the droplet fluid passes by without significant inter-
action). Satellite droplets are also much rarer in the
separation regime when offset is large and velocity fairly slow.
In addition, it was observed that the number of satellite
droplets is higher in the case of water droplet collisions.
Finally, we discussed the regimes of cavity formations in the
disk-like structures and elucidated their characteristics, such as
their thickness. The findings reported here provide overall a

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

broadened understanding of the conditions that lead to differ-
ent collision outcomes for both water and surfactant-laden
droplets.
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