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ABSTRACT: Splashing of a liquid droplet onto a substrate, while BN
ubiquitous, sits at the intersection of several key fluid mechanical o e
regions. Typically, this problem is often simplified to the transition
between spreading and splashing, even for splashing on complex - rrrrrirrrrrrrrrrrrrrrrr
surfaces. Recently, there has been increased interest in using not just
pure liquids but also nanofluids in applications such as spray cooling.

While the addition of a few percent of nanoparticles to a Newtonian o © (_of;u'face e = and break
fluid does not change its apparent viscosity, the influence of the ® e ®
nanoparticles on the splashing transition is pronounced. We often view | ¢ 5 sntorson R inertia I\ picCOUS
splashing in terms of fluid mechanics where a simple material is boundary
subjected to a complex flow and the fluid can be simply characterized 77 F layer

Alr fllm substrate

by a Newtonian viscosity. For nanofluids, we have an apparently
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simple material in a complex flow, but the results show that the impact
of the particles is nontrivial. This implies that we must now combine some of the insights we obtain from studying the rheological

properties of nanosuspensions with this already complex problem.

B NANOFLUID DROPLET SPLASHING

The result from the impact of a droplet on a solid substrate can
be categorized as spreading, splashing, or bouncing. The
specific case arises from the competition between inertia,
interfacial tension, and viscous forces.”” These can be
decomposed into the influence of several parameters: viscosity
1, density p, surface tension o, impact speed u;, and droplet
diameter D,. In other words, the splashing threshold is
characterized by Weber (We = pDyu,*/c) and Reynolds (Re =
pDoto/n) numbers incorporating inertia, viscous stress, and
surface tension. During the droplet impact, an ultrathin air film
is trapped below an expanding lamella.” Above a critical Weber
number, the lamella breaks up due to the separation from the
solid surface by the ambient air. Since this air film is thinner
than the mean free path of air molecules, it generates a strong
stress that initiate the Kelvin—Helmholtz instabilities. The
lamella lift-off mechanism is explained by Mandre and
Brenner® as follows: Once the gas film ruptures, the liquid
touches the substrate, then the lamella lifts off and leads to a
crown. Surface wettability affects the splashing condition” as
well as the environment gas pressure since splashing can be
suppressed under vacuum.’

In spite of many applications of complex fluids such as
nanofluids, their effects on splashing only recently emerged.
Aksoy et al.” studied the influence of nanoparticle concen-
tration on the splashing condition: Even a small amount of
nanoparticles added to fluids affects the splashing condition.
Accordingly, higher lamella spreading speed and earlier lifting
than its base liquid was observed in the presence of nanofluids

© 2022 The Authors. Published by
American Chemical Society

7 ACS Publications

even at a low weight concentration as small as 0.01 wt % (C,, =
0.01 wt %). The earlier wetting of the substrate, due to the
presence of nanoparticles in the liquid that modifies the
contact angle, results in a larger momentum in the bulk liquid,
thus pumping the fluid into the lamella. They also observed a
faster lamella spreading speed which is consistent with this
proposed mechanism. However, this might also depend on the
nanoparticle size and type as well as the surface temperature as
an inverse effect is observed by Liu et al.® In their study, they
detect drops in both spreading and receding speeds with
increasing silver nanoparticle concentration up to 10 vol %.
The spreading to splashing transition, which possesses
nonmonotonic behavior at different viscosity regimes, is often
described by a two-piece function™” as shown in Figure Ia.
We

crit

= KR! + K,Re - (1)

where We,,; represents the critical We number for the
splashing threshold, K; and K, are the splashing constants,
and f, and S, take into account the impact of viscosity. Since
the presence of nanoparticles in the fluid modifies the
splashing condition (the evolution of the constants is
illustrated in Figure 1b), eq 1 is updated by Aksoy et al,’
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Figure 1. (a) Effect of nanoparticles on splashing on a We—Re map’
and (b) evolution of the constants in eq 1 with nanoparticle loading.
Adapted with permission from ref 7. Copyright 2022 Elsevier.

including the nanoparticle concentration C, along with two
additional constants A, and A,:’

Wey = K(1 + A,CE)Re” + K (1 + A,CE)Re™:

crit

)

This correlation was also validated for the experiments of
Thoraval et al."’ for 10 nm silver nanoparticle dispersions at 52
wt %. While a change in the splashing behavior might be
expected at such a high loading, the effect was also evident for
the low loading of C,, = 0.01 wt %. The effect of the particles is
highly nonmonotonic with fitting exponents B, = 0.1532 and
B, = 0.038, implying that the greatest change in the splashing
threshold occurs at the lowest particle concentrations.” This is
an unexpected result since any change in the fluid viscosity and
interfacial tension at these low concentration is small, on the
order of the measurement error.

In Role of Nanoparticles, we take a closer look into each
stage of splashing, giving our opinion as to where the particles
play a critical role. This is summarized in the schematic of
Figure 2. During the initial collision of the droplet with the
substrate where the lamella forms and begins to spread (Figure
2a), the viscosity of the fluid and the surface tension play a
critical role. Here, we must also consider all possible
rheological changes to the fluid, such as shear thinning. As
the lamella continues to spread, particle—substrate interactions
may play a role. Finally, the lamella elongates and breaks into
the final splash (Figure 2b). The nanoparticles can play a
critical role in these later stages.

B ROLE OF NANOPARTICLES

In the aforementioned experiments, nanofluids have shown
fundamental different spreading and sPlashing mechanisms in
comparison to their base liquids.”'”"" The presence of
nanoparticles has an impact not only on the base fluid
characteristics but also on the particle interactions, which is
crucial to the nanofluid flow. These parameters are often
simplified into an effective viscosity and surface tension for the
nanofluid so that they can be incorporated into the two-piece
function shown in eq 2. There are two main issues with such a
simplification, however. First, these parameters are often
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Figure 2. (a) Schematic drawing of droplet contacting substrate. The
impact velocity is uy, the front expanding velocity is v, and the
thickness of the liquid film front is h. The expanding front is
highlighted with red dashed lines, and (b) shows a magnified
schematic of the expanding front. Key differences caused by the
presence of nanoparticles are represented by yellow spheres and
labels. The nanoparticle volume fraction, ranging from dilute to more
concentrated, are indicated via a color gradient (light to dark,
respectively). The viscous boundary layer and droplet breakup tip
marked are additionally marked in red dashed lines.

measured at quasi-static conditions and fail to account for
changes at the high velocities present during droplet spreading
and splashing. Second, the changes in viscoelastic properties of
the fluids such as the interaction between the particles and the
substrate or the air—liquid interface as well as changes in the
elongational properties of the fluid are ignored. As described
below and highlighted in Figure 2, these changes can have a
pronounced influence on the rheological response and likely
contribute to the observed change in the spreading—splashing
transition.

Viscosity and Rheological Measurement. In the sparse
suspensions present in most nanofluids, the inclusion of
nanoparticles is expected to only have a minimal effect on the
viscosity and it is often assumed that nanofluids behave nearly
identically to their base fluids."> Caution should be used,
however, since the particles are stabilized via repulsive
electrostatic or steric interactions in real systems, which
increases the effective volume fraction of the particles and
hence the viscosity of the system. Alternatively, attractive
interactions, such as the van der Waals interactions, result in
the formation of loose flocs with a higher effective volume
fraction (and hence higher viscosity). Even for unstabilized
nanoparticles, densely packed layers of water molecules have
been found on the particle surfaces, as evidenced by their
higher density."” These varying interactions and their strength
give rise to the contradictory nature of reported rheological
behaviors. Both Newtonian and non-Newtonian behaviors
have been reported, even for sam?les with same base fluid and
nanoparticles (e.g,, Al,03/H,0)."” For dilute nanofluids, it is
often assumed that their rheological behaviors are Newtonian
with no internal microstructures.'” Collisions caused by
Brownian motion or flow-induced collisions can overcome a
weak repulsive barrier and give rise to a certain degree of
aggregation with a resultant change in the viscosity. "'

The difference between diffusive and adhesive dynamics is
captured by the Péclet number

. 2
_ 7y
D (3)

where y is the shear rate and D is the diffusion coefficient. For
unstabilized suspensions, shear thinning behavior is present
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due to the transition from a Brownian-dominated response at
low shear rates to a hydrodynamic regime at high shear rates.
This transition occurs at a Péclet number around unity,
corresponding to shear rates of 10* s, for 100 nm particles in
water.'® In the hydrodynamic regime, while the arrangement of
particles changes, the concentration does not. The shear
thinning behavior is more pronounced for flocs that break at
high shear rates (often greater than 10* s™" even for van der
Waals interactions). These high shear rates are often not
captured in rheological experiments, but a 10 m/s advancing
speed of the lamella and a thickness of 100 gm result in a shear
rate that can easily reach 10° s7".

At high shear rates, the shear thinning behavior is further
exasperated due to the high Stokes number St = (7,u,)/d, > 1,
where the particles no longer follow the flow, leading to a
concentration gradient.'” As observed by Aksoy et al,” the
splashing behavior was initialized earlier by the presence of
nanoparticles and the spreading velocity v was increased from
5.2 + 0.2 m/s without particles to 7.3 & 0.3 m/s with 0.1 vol %
particles. This increase in the Stokes number means that the
particles would be less likely to follow the spreading of the
lamella in the nanofluid, leading to a concentration gradient.
As shown in Figure 2b, we predict this gradient to be more
pronounced at the edge of the viscous boundary layer due to
the high shear rate and particle—substrate interaction and at
the tip of the expanding front due to the high elongational rate.
The direct influences of the concentration gradients and shear
thinning behavior on splashing, however, have not been
studied.

Wetting and Particle—Interface Interactions. During
the splashing, air can be trapped by the droplet in two regions:
at the droplet center and at the expanding front, as drawn in
Figure 2. The ultrathin air film of thickness 10—100 nm is
mainly responsible for the splashing.” The stress caused by the
air flow underneath the liquid film is 10 times larger than the
Bernoulli stress of the air stream on top, which triggers film
instability. As observed by Aksoy et al.,” the splashing behavior
is initialized earlier by the presence of nanoparticles and the
lamella is observed to lift earlier for the nanofluids than for
pure fluids, implying that the wetting of the substrate by the
lamella occurs earlier. This wetting is affected by the
interaction between particles and substrates in the viscous
boundary layer, as shown in Figure 2b. The suddenly
decelerated v, at the contact region due to the no-slip
condition creates a viscous boundary layer where the
nanoparticles in the fluid can be irreversibly adsorbed to the
substrate due to van der Waals force. This adsorption, causing
the particle concentration to increase as indicated by the dark
blue color gradient in Figure 2b, has clear implications for the
viscosity and other nanofluid material properties. A concen-
tration gradient can further increase the local viscosity
gradient, which promotes the elongation of the lamella tip.
The reduction in local nanoparticle concentration can decrease
the nanofluid viscosity, along with the Kelvin—Helmholtz
instability force, leading to favorable separation of the droplet
(onset of splashing).

The contact angle of the nanofluid against the substrate
plays a critical role in both the effective size of the viscous
boundary layer and the lift off of the lamella leading to break.
Even though the contact time between particles and substrate
during splashing experiments is short, the adsorption of
particles to the substrate can change the dynamic wetting. The
influence of the nanoparticles on the static contact angle alone

is complex, and both increases and decreases have been
reported.'”"® Part of the reason for these conflicting reports is
the complex particle—substrate, particle—fluid, and particle—
particle interactions. This conclusion is reinforced by the
observation that smaller particles have a larger effect on the
static contact angle.18 Vafaei et al,'” for instance, observed an
increase in the contact angle from 8 = 0° to 8 > 40° for
nanoparticle concentrations as low as 3 X 107°. This change is
due to particles in the confined region of the three-phase
contact line where a disordered, fluid-like bulk can exhibit
solid-like crystalline arrangements of particles with enhanced
spreading dynamics.'”

The presence of the particles at the three-phase contact line
can also result in pinning of particles at the substrate, leading
to patterned surfaces.”” In the case of droplet spreading, the
lamella inertia carries the fluid past this contact point, which
should enhance splashing. The discussed effects can become
more pronounced when nanoparticles are treated to make
them hydrophobic. As they become more hydrophobic, they
migrate to the three-phase contact lines and reinforce the
particle concentration behavior at the viscous boundary
layer.”! Hu et al.'' designed experiments to investigate the
effects of the wettability properties of the nanoparticles on
droplet dynamics during the receding phase, as shown in
Figure 3a. Although the effect of hydrophilic particles is
marginal, hydrophobic particles significantly alter the contact
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Figure 3. (a) Effect of nanoparticles on pinning of a receding
droplet."" (b) Microscopic images of carbon black particles at an oil—
water interface showing the increase in wrinkling with increasing
surface compression.”> (a) Adapted with permission from ref 11.
Copyright 2021 Elsevier. (b) Adapted with permission from ref 22.
Copyright 2013 Royal Society of Chemistry.
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line pinning effect and receding breakup behavior. In fact, the
maximum retraction height and vertically oscillatory relaxation
time decrease due to hydrophobic particles. The possible
reasons for these phenomena are that the adsorption and
deposition of hydrophobic nanoparticles around the three-
phase contact line give a rise to the surface roughness and the
particle concentration, thus locally increasing the viscosity
around that region as well. At the same time, particle
deposition at the triple line can change the wettability of the
local surface and bring the temporary balance of interfacial
tensions at the pinning points, while the disturbance of
capillary oscillation can break the balance and lead to
depinning.”' This work provides a new direction to pursue
for suppressing the vibration and retraction of droplets as well
as offering a powerful means of exploring the mechanism of
particle-induced changes to the dynamics of droplet impacts.''

Naturally, the wetting behavior of the nanofluid is also
influenced by the interactions at the air—water interface. The
influence of nanoparticles on the surface tension has been
debated with conflicting reports.""'***** Hydrophilic particles
are commonly believed to have no interfacial activity when
dispersed in aqueous base liquids."' Even though hydrophobic
nanoparticles tend not to stay at the interfaces, Lu et al.
hypothesized that the attraction forces between them and
water molecules near the surface reduce the intermolecular
spacing, thus increasing the nanofluid surface tension."
Hydrophobic nanoparticles, on the contrary, tend to gather
at the interfaces; the interparticle repulsive forces are reported
to cause the increase in water molecule spacing, thus reducing
the surface tension."” Contradictory to that opinion, Chinnam
et al. have reported decreases in surface tension with various
hydrophilic nanoparticles; the decreases are proportional to the
increases in nanoparticle volume fraction and temperature.”
While conflicting reports of nanoparticles have been reported,
we do not believe that the static surface tension is affected by
the presence of the particle, Earticularly at the low volume
fractions used by Aksoy et al.” Careful measurements of the
interfacial tension, however, can be hindered by the dynamics
of adsorption.

For nanometer-sized particles, the energy of particle
adsorption, on the order of a few k3T, is comparable to the
thermal energy. The resulting spatial fluctuation increases the
instability of nanoparticles at interfaces, in which case the
nanoparticle wettability plays an important role.”> Adsorption
of nanoparticles to the air—water interface can also increase the
elasticity of the interface, leading to elastic, but brittle, surfaces
that wrinkle upon compression,”* as shown in Figure 3b. This
rigidity is often ignored in nanofluid splashing experiments, but
its effect should be pronounced. In experiments with
surfactants, Song et al.*® found a dependence of splashing on
the dynamic surface tension, a measure of the surfactants’ rate
of saturation. When the surfactant molecules could not
replenish the air—water interface, the drop was deformed
and the receding drop exhibited a high degree of fingering.
Nanoparticles can also lead to a temporal change in the surface
coverage, leading to similar effects in nanofluids. Such changes
are not captured by static measurements of the surface tension
or contact angle and necessitate additional experiments to
determine the role of these time-varying behaviors on the
splashing.

Elongation and Break. The final stage of splashing is the
elongation and breakup of the filament into smaller droplets, as
shown in Figure 2b. With the exception of ideal, Newtonian

fluids, the elongational viscosity and rate dependent behavior
of the fluid to an elongational flow field cannot be captured
through the shear viscosity. While this final stage can be
observed directly from the splashing images, it is more
thoroughly characterized by separate stretching experiments.
The standard elongational characterization methods are often
limited to the commercially available devices such as the
Capillary Breakup Extensional Rheometer (CaBER)”’ and
Cambridge Trimaster”® and are interpreted using simplistic
fluid mechanics models that do not accurately simulate the
conditions within droplet spreading and splashing.
Nevertheless, there exist several advanced liquid bridge
stretching techniques that account for the advanced fluid flow
mechanics of the liquid stretching, such as the ultrafast
stretching of thin films into filaments, stretching between
nonparallel plates, stretching between a sphere and a plate,
stretching between a cone and a plate, stretching between two
spheres, stretching between three spheres, cavitation and
fingering instability upon stretching, single droplet dripping,
dripping on a substrate, stretching in continuous jetting, and
liquid-in-liquid breakup.””~>°> While these methods provide a
clearer insight into the elongation and breakup of a single
droplet, they are predominantly performed on simple liquids
and are traditionally not performed with the intention of
characterizing the rheological behavior of complex liquids.
Figure 4 shows high-speed-camera images of the moment right
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Figure 4. Necking of capillary bridges of various classes of complex
liquids, such as inviscid (I), viscous (V), viscoelastic (VE), and power
law (PL) fluids, at moment right before pinch-off during dripping-
onto-substrate rheometry. Scale bar corresponds to 0.5 mm.
Reproduced with permission from ref 36. Copyright 2017 Royal
Society of Chemistry.

before pinch-off during dripping onto substrate demonstrating
how elongation and breakup of fluids differs depending on the
fluid class (such as inviscid (1), viscous (V), viscoelastic (VE),
and power law (PL) fluids).”® Moreover, there has been an
increasing interest in colloidal probe atomic force microscopy
(CPAFM), introduced independently by Ducker et al.”” and
Butt,*® allowing the direct characterization of micro- and
nanoscale capillary liquid bridges. So far, the CPAFM method
has been used to investigate the influences of roughness,
deformability, hydrophilicity, humidity, morphology, and
quantity on the capillary behavior at the nanoscale.”
CPAFM could be a better tool to investigate the breakup of
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microscale droplets which are analogous to the ones that form
at the edges of the lamella upon splashing.

Like the behavior in simple shear, introducing solid particles
to a viscous solution affects the suspension stretching
depending on the type, size, shape, and concentration of the
particles. For the case of a moderate concentration of
microparticles, the suspension initially behaves as a viscous
liquid with dynamics determined by the bulk viscosity.”’ For a
fairly slow stretching, the bridge behavior during the initial
stage of thinning is similar to a Newtonian liquid with a
comparable viscosity and surface tension.* When the liquid
bridge decreases in width to about $ times the microparticle
diameter, its behavior is dominated no longer by the bulk
microsuspension properties but by the local properties arising
due to the variations of local particle concentration.”’ Near
pinch-off, the bridge shape becomes more irregular and an
accelerated breakup occurs. As the thinning rate increases,
particles migrate away from the necking area and this leads to a
low viscosity Newtonian liquid breakup localized at the
breakup region that is virtually unaffected by the micro-
particles. This accelerated thinning behavior was accurately
modeled using a multiple stage one-dimensional model.*> The
effects of microparticle size and concentration on the
properties of the final pure liquid thread were later quantified
and analyzed. The typical resulting stages of a microsuspension
pinch-off are summarized in Figure 5.*’ Similar results were
obtained for different microsuspensions such as lycopodium
grains and polytetrafluoroethylene by other researchers.”

a. Suspension stage
(10.3 ms)

b. Transition stage
(4.7 ms)

c. Liquid stage
(2.0 ms)

Figure S. Typical microsuspension near pinch-off. Reproduced with
permission from ref 43. Copyright 2015 AIP Publishing.

Unlike the case of microsuspensions, the addition of
nanoparticles does not seem to have a generally agreed upon
theory describing their effect on the elongation and breakup.
The literature about stretching of nanosuspensions is scarce
and divergent. The current general understanding is that at
very low concentration suspensions of spherical nanoparticles
have an elongation and breakup behavior similar to that of
Newtonian fluids.*> On the other hand, denser hard-sphere
glass colloids of particle size in the range 100—700 nm have
shown a Newtonian fluid response for lower stretching speeds
but exhibited a thickening behavior as the strain rate was
increased, leading to a solid fracture with a large degree of
dilatancy and granulation.*® Moreover, 12 nm hydrophilic
fumed silica nanoparticles dispersed in an aqueous poly-
(ethylene oxide) solution have shown a strain hardening
behavior that is qualitatively similar to thickening at a higher
particle volume fraction.”” In addition, recent research on the
extensional magnetorheology of ferrofluids containing 10 nm
iron oxide nanoparticles—magnetite (Fe;O,) have shown that
the application of a magnetic field parallel to the direction of
the flow during CaBER experiments increases the extensional
viscosity of the ferrofluid and eventually their breakup time,
where the effect is more pronounced for higher magnetic
saturation, magnetic susceptibility, and volume fraction of the

nanoparticles in the ferrofluid.*>*® It is worth mentioning that
similar results were obtained using human blood analogue
fluids loaded with larger micrometer-sized magnetic particles.*’

Research on the effect of nanoparticle stiffness on the
extensional viscosity, using rod-like soft nanoparticle nano-
suspensions, has concluded that the extensional viscosity is
higher in flexible nanoparticles because they can arrange in
complex structures such as hairpins.”’ Other CaBER experi-
ments of suspensions containing nonspherical nanomaterials
such as one-dimensional and two-dimensional nanomaterials
have also been performed. For instance, suspensions
containing pretreated carbon nanotubes (CNTs) suspended
within an epoxy resin showed an enhanced extensional
viscosity due to the alignment of CNTs in the flow direction,
while the addition of untreated CNTs led to local fluctuations
in the diameter of the bridge and irregularities in its outer
surface profile leading to a more abrupt breakup.”’ CaBER
experiments of graphene oxide aqueous solutions have shown a
high sensitivity to deformation history, a high dependence on
initial experimental conditions, and a tendency of graphene
oxide flakes to migrate away from the necking area near pinch-
off, while the suspension maintained a power law fluid behavior
for a wide range of concentrations.””

B MOVING FORWARD

The splashing of nanoparticle-laden fluids is an area of research
that is growing in importance due to heat transfer and other
applications. This research sits at the intersection of fluid
mechanics, colloidal science, and rheology. The underlying
mechanism of splashing and the drastic effect of nanoparticles
on the determination of splashing transition conditions are not
yet well-understood and represent a promising area for
researchers in these areas to cooperate. Indeed, it is the
opinion of the authors that true progress in this field will not
be made without such interdisciplinary discussions.

Since the onset of splashing in fluids is caused by the
Kelvin—Helmholtz instabilities at the interface between the
trapped air film and spreading lamella, the impact of the
nanofluids on the size and the shape of the expanding lamella
should be observed with higher resolution imaging techniques.
In particular, efforts should be made to determine the location
and movement of the nanoparticles. If, as we hypothesize,
there is a gradient in the nanoparticle concentration, this
should be made apparent through the use of (fluorescently)
labeled (tracer) particles. Adding particles as tracers is typically
used in the application particle image velocimetry techniques,
which might possess a possible pitfall in the case of tracking the
splashing in fluids without nanoparticles. The behavior of the
gas film beneath the lamella should also be investigated more
closely. The modification of the splashing transition condition
could be due to an advanced bridging between the solid and
liquid due to the presence of nanoparticles in the vicinity of the
liquid/gas interface. This could possibly be investigated using
interferometry, total internal refraction, or other techniques.
This may mean that other shapes of substrates must be
employed to better observe the lamella and air film.

The effect of the nanoparticles should be studied using
differently sized particles, including non-Brownian particles,
and differently shaped particles should be conducted in order
to better understand the limitation of the nanoparticle effect on
splashing. Although the different nanoparticle shapes such as
cylindrical-like or even irregular and clumpy shapes still cause a
decrease in the contact angle,11 their final effect on splashing is
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still unknown. The interaction between the particles and
interfaces can also be modified using a combination of particle
or substrate functionalization and adjustments to the bulk
liquid (e.g, salinity, polarity). Finally, the volume fraction of
the particles, especially in the sparse region, should be varied.
In order to clarify this phenomenon, there is a strong need
to combine the fields of rheology and fluid mechanics since the
possible reasons for the observed splashing transition are
expected to be local. This means that the role of the
nanoparticles at each stage of splashing must be broken
down, as it was done here, and directly tested. This means that
the non-Newtonian characteristics of the nanofluids should be
investigated at high velocities and shear rates as well as under
elongation. While the tools already exist to investigate the
shear or elongational properties of nanofluids at low shear or
stretching rates, these instruments are typically at rates several
orders of magnitude lower than in the splashing experiment.
This means that new apparatuses will need to be developed to
properly capture the role of the nanoparticles. Naturally,
simplifications in geometry will need to be made in order to
accommodate these high rates. Since the nanofluid stability is
one of the most significant problems, the measurement
techniques should be applied in situ as much as possible,
e.g, stability monitoring as proposed by Eneren et al.>’
Finally, multiscale computational models can be used to
confirm the changes associated with the nanoparticles on the
splashing. For instance, molecular dynamics simulations of
wetting kinetics can be carried out for a range of interactions.
The wetting kinetics and the impact of nanoparticles on it
could be simulated assuming nanosized droplets containing a
limited number of nanoparticles and periodic boundary
conditions. The nanoparticle interactions and their position
in the simulation would give hints on the occurrence of
anticipated wetting and modified splashing conditions. These
could then be incorporated into better modeling of the viscous
dissipation term and evaluation of the competitive forces, as in

Aksoy et al.”
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