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ABSTRACT

Droplet impact onto liquid pools is a canonical scenario relevant to numerous natural phenomena and
industrial processes. However, despite their ubiquity, multi-fluid systems with the drop and pool consist-
ing of different liquids are far less well understood. Our hypothesis is that the post-impact dynamics
greatly depends on the pool-to-droplet viscosity ratio (,/t;, which we explore over a range of six orders
of magnitude using a combination of experiments and theoretical approaches (mathematical modelling
and direct numerical simulation). Our findings indicate that in this scenario the splashing threshold and
the composition of the ejecta sheet are controlled by the viscosity ratio. We uncover that increasing the
pool viscosity decreases the splashing threshold for high viscosity pools (u,/1;235) when the splash
comes from the droplet. By contrast, for low viscosity pools, the splash sheet comes from the pool and
increasing the pool viscosity increases the splashing threshold. Surprisingly, there are conditions for
which no splashing is observed under the conditions attainable in our laboratory. Furthermore, consid-
ering the interface velocity together with asymptotic arguments underlying the generation of the ejecta
has allowed us to understand meaningful variations in the pressure during impact and rationalise the

observed changes in the splashing threshold.
© 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Droplet impact onto a deep pool is a topic that has seen signifi-
cant research owing to the plethora of phenomena for which it acts
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as a fundamental framework. Examples include the formation of a
Rayleigh jet and break-up into droplets [1-3], the formation and
subsequent collapse of craters on impacts on a low viscosity pool
[4-7], the entrapment of air bubbles [8,9], the formation of a sheet
at the droplet-pool interface [10,11], the oblique impact of a droplet
onto a pool [12,13] or impact and splashing on to moving liquid sur-
faces [14,15]. In most past scenarios, both the impacting drop and
the pool are composed of the same liquid. In moderate-to-high
speed scenarios, the focus has been on the complex early stages of
impact, which culminate, in the more violent cases, in the formation
of liquid sheets which are then subject to break-up. The combination
of experimental and numerical tools [11] has enabled a more com-
prehensive understanding of the micromechanics of splashing, as
it has given access to the intrinsic dynamics not visible by experi-
ments alone. Moreover, it has led to rich mathematical models for
the pressure variation during impact and the key velocities in the
system [16,17,6,18]. Once such an early-time splashing structure
is formed, the analytical framework of Wagner theory [19] provides
asymptotic and complex analytical machinery that has been shown
to be both powerful and informative within its regime of applicabil-
ity [20]. Intricate dynamics has been observed and carefully studied
at later stages of the impact as well, with cavity formation inside the
pool being followed by the formation of a rapid vertical jet, which
upon fragmentation leads to the ejection of secondary droplets
[2,21]. By contrast, the impact of a droplet onto a different fluid pro-
vides challenges that require paradigm shifts from the single-fluid
systems. The introduction of a distinct second liquid permits the
variation of physical properties such as density and viscosity
between the droplet and pool. Previous work in three-phase flows
in the context of droplets has been concentrated on the dynamics
of liquid lenses [22], for which numerical modelling has been
attempted [23,24] and extended to the impact of droplets of differ-
ent fluids for ‘cleaning’ applications [25]. Only very recently [26-
28,18,29] has progress in two-liquid impact (in a surrounding gas)
with significant variations in fluid properties been made experimen-
tally and numerically (although a true three-phase flow was not
incorporated numerically), revealing significant changes in the
dynamics of the interfaces, the formation of the liquid sheet, and
its shape and composition.

In the single-fluid impact regime, the splashing threshold is one
of the most studied quantities due to its practical applications in
the canonical scenario of drop impact onto flat surfaces, but also
in moderate-to-high-speed impact onto rough surfaces [30], obli-
que impact [31-33], impact at reduced pressures [34] or onto soft
solids [35]. Research into the splashing threshold for two-fluid
impact is more limited however. For the case of droplet impact
onto thin films of a different fluid, Kittel et al. [27] studied the
splashing threshold in terms of the film to droplet viscosity ratio,
and concluded that the dynamics is controlled by the properties
of the lower viscosity fluid, as this is where splashing originates
from. Marcotte et al. [28] examined ethanol droplet impact onto
deep water-glycerol solution pools, which allowed the variation
of viscosity in a miscible setup in which the interfacial tension
was set to zero. The investigation focused on the impact process,
interface shape identification and orientation changes of the
ejected sheet upon impact. Unfortunately, the splashing threshold
was not discussed, however the contributions of the different lig-
uids to the ejected sheet as the viscosity ratio varied was discussed
qualitatively therein. Knowledge of the relative proportion of liq-
uids in multi-component droplets is of relevance in numerous
applications [26,36], however the resulting configurations are chal-
lenging to either predict or measure in the absence of computa-
tional modelling or highly specialised image processing
capabilities.

Despite this early progress, a comprehensive understanding of
the effect of the liquid pool properties on splashing is still lacking.
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In this work we experimentally investigate the impact of a droplet
onto a viscous pool across several orders of magnitude of viscosity

ratios (0(1) — (9(1 X 106)) and quantify the effect of this ratio on

the splashing threshold. This is complemented by high-resolution
direct numerical simulation of three-phase impacts, looking at
the jet composition as the viscosity ratio varies and its comparison
with experimental observations. Finally, we theoretically develop a
model for the splashing threshold using a combination of analyti-
cal arguments, numerical data, and the dynamics of the drop-pool
interface extended from our previous work [18].

2. Experimental method

Our setup is illustrated in Fig. 1 (a) where drops of Fluorinert
FC-770 were generated from a stainless steel needle and a syringe
pump to fall under gravity. Droplets impact onto a 20mm-deep
pool filled with silicone oil, with viscosity p, ranging between
2 — 1,000,000 cSt. Fluorinert is chemically stable, inert, resistant
to contamination, and has a high density and low surface tension
leading to splashing at low impact speeds. Silicone oils and FC-
770 are immiscible, providing a factor scarcely investigated in
liquid-on-liquid impacts. The impact events are captured with a
high speed camera (either a Phantom v12 or a Phantom v2512)
in a shadowgraphy configuration at up to 310,000 frames-per sec-
ond and resolutions of ~ 6 um per pixel. The pool depth is large
enough to prevent any boundary effects due to the finite-size of
the container. The impact velocity is varied by adjusting the fall
height. Silicone oils have constant density and surface tension over
the viscosity range used here. Image analysis is used to obtain the
droplet impact speed, diameter, eccentricity e (defined as

e =4/1—b?/a?, where a and b are the major and minor semiaxes
of the ellipse fitted to the droplet), and orientation. Only impacts
with a low eccentricity (e < 0.3) are retained to avoid effects asso-
ciated to shape irregularities [37]. Note that in upcoming sections
we use the convention of the time of impact t = 0 ms being given
by the first post-coalescence experimental frame observed in a
typical series.

3. Direct numerical simulation

Direct numerical simulations are carried out using Basilisk
[38-40] to provide greater insight into regions that are challenging
to visualise. A three-phase setup is deployed to resolve the multi-
fluid system consisting of the drop, the impacted pool and sur-
rounding gas. This computational environment has been validated
previously by Fudge et al. [18]. This method allows us to individu-
ally track each of the phases and thus study the splashing charac-
teristics to quantify the effect of the viscosity ratio on the jet
composition. Fig. 1 (b) shows the simulation setup. We use adap-
tive mesh refinement to vary the grid resolution on the regions
of interest resulting in much more efficient simulations with a
maximum resolution of 0.5 um per grid point (~ 1860 grid points
per diameter) with an example mesh shown in Fig. 1 (c). The length
and velocity scales are made dimensionless using the droplet
diameter D and impact velocity V, and the time scale is made
dimensionless by D/V,. The Fluorinert-air surface tension coeffi-
cient is denoted by o4 (drop-air) and has a constant value
O4e = 15.0 £0.1mNm™', while the pool-air surface tension coeffi-

cient o, is characterised by a value of g, = 20.0 £ 0.1 mNm™, as
given by the used silicone oil-air properties. We note that the value
for the interfacial tension coefficient between silicone oils and air
varies by less than 5% across the viscosity range considered here.

For the Fluorinert-silicone oil interface we experimentally measure
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Fig. 1. (a) Diagram of the experimental setup, with a single camera capturing both the falling droplet and the subsequent post-impact dynamics. (b) Sketch of the
axisymmetric simulation domain in its initial state. (c) Zoomed-in view for a typical simulation showing the adaptive mesh refinement, achieving spatial resolutions down to

0.5 um.

the interfacial tension using the pendant drop method for several
different oil viscosities, achieving a constant value of the drop-
pool surface tension coefficient denoted o4 to be

04 =4.6 £02mNm™', which we use for the simulations. Fig. 2
depicts example numerical interfaces for three different impact
scenarios, revealing excellent agreement with experiments. In
computational datasets t = 0 corresponds to the theoretical time
of contact between the droplet and pool if neither deformed, a def-
inition which has proven a robust counterpart to its experimental
equivalent introduced at the end of Section 2.

The key quantitative outputs we consider are interfacial shapes,
as well as information on velocities, viscous stresses, pressures,
and vorticity that aid our understanding of the rich impact land-
scape. Moreover, using the three-phase method allows us to indi-
vidually track, among many other properties, the contribution
from each of the phases to the ejected jet and thus splashing char-
acteristics, and therefore quantify the effect of the viscosity ratio
on the jet composition: Resulting fluid-fluid interfaces are pro-
cessed in order to extract the jet composition, as illustrated in
Fig. 3 for two different impact scenarios. In each case the root of
the jet is identified based on the two points of maximum curvature

either side of the jet tip. The jet base is then taken as the straight
line between these two points denoted by the dashed black line
in Fig. 3. The total jet volume and the volumes of the pool and dro-
plet within the jet are then found by integrating the profiles
between the jet roots. This level of detail, alongside associated
numerical information, allows us to expand on experimental find-
ings and generate predictive capabilities, to be discussed in the fol-
lowing section.

4. Discussion

The impact outcome is shown in Fig. 4 in terms of the com-
monly used splashing parameter K when quantifying the splashing
threshold [31,41-43] versus the pool-to-droplet viscosity ratio,

Iy = H,/ 1y Here K =WevRe = (p§D3vg)/(0§a,ud), where

We = p,DV2%/6,4, and Re = p,DVy/u, are the Weber and Reynolds
numbers with p,,D,Vy, 04, and p, denoting the droplet density,
diameter, impact velocity, surface tension, and viscosity. We have
considered the splashing threshold of K as the midpoint between

Fig. 2. Comparison between experimental data (background images) and direct numerical simulation results (highlighted coloured interface shapes) for the impact of 1.6 mm
FC-770 droplets at 3.2ms~! onto: 20 ¢St silicone oil pool at times 0.12ms, 0.24 ms, 0.44 ms and 0.72 ms post-impact from left to right (top row), 50 cSt silicone oil pool at times
0.08 ms,0.24ms, 0.32ms and 0.56 ms post-impact from left to right (middle row) and 350 cSt silicone oil pool at times 0.04 ms, 0.28 ms, 0.36 ms and 0.48 ms post-impact from
left to right (bottom row). In each case the droplet interface in orange and pool interface in blue extracted from corresponding simulations are both overlaid on top of the
experimental images. The scale bar in the bottom left frame applies throughout. Supplementary video material of direct numerical simulation data (fluid phases and adaptive

grid) is included for each of the three examples.
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Fig. 3. Example calculation of jet contributions for the impact of a 1.6 mm FC-770 droplet at 3.2ms"! onto a pool with (a) 1, =5cStatt=0.03, (b) pt, = 5cSt at t = 0.05, (c)
M, =5cStatt =0.125, (d) 1, = 350cSt at t = 0.03, (e) i, = 350cSt at t = 0.05 and (f) y, = 350¢St at t = 0.125. In each case the droplet-air interface is illustrated in orange,
and the pool-air interface is shown in blue (note that in some locations these overlap, with blue depicted on top as convention). The two jet root points of maximum curvature
on either side of the jet tip are marked with black squares determining the endpoints for calculating the jet volume. The top and bottom rows correspond to the left and
rightmost plots in Fig. 5, respectively. Note the different axis scales in each plot which are the dimensionless simulation radial position and height.
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Fig. 4. Regime diagram summarising the impact behaviour characterised by the splashing parameter K versus the pool to droplet viscosity ratio, delineating impacts that
splash (blue triangles) from those that don’t (orange circles), as well as the splashing threshold (yellow squares). For the case of a viscosity ratio of ~ 35 no fall height
available in the experimental setup resulted in splashing. The dot-dashed line corresponds to the solution to theoretical threshold from the solution of eq. (5) with a x value
of 1.73 ms~'. The inset snapshots show examples of splashing at K ~ 120,000 for four different viscosity ratios with the scale bar in the bottom left corner being 1 mm in each
case. Representative video supplementary material is also provided. The (a)-(f) labels correspond to the plots in Fig. 5. Note the logarithmic scale on both axes.

the splashing/non-splashing regions, denoting it as yellow squares
in Fig. 4. The inset images show splashing for four different viscos-
ity ratios (1.39,242.75,3467.86 and 41614.29) at an approxi-
mately constant K value of 120,000, which allows us to visualise
the qualitative difference between the impacts at different pool
viscosities. Specifically we observe that there is noticeable pool
motion for the lower pool viscosity cases, whereas for the higher
viscosities there is no significant deformation and the impact
dynamics resembles that onto a solid. Also note that for the higher
two of these viscosities the K value is significantly above the
threshold, and thus the splash appears significantly more vigorous
than for the two lower ratios.

Quantitatively we observe that, for low pool viscosity ratios
(1,/ 14 < 35), the splashing threshold increases with pool viscosity.
By contrast, for greater pool viscosities (u,/t; > 35) the threshold
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does the opposite. An intuitive explanation is that, as the pool vis-
cosity increases, the pool motion decreases and thus less energy is
removed from the droplet, making a splash more likely. At
Up/Hq ~ 35 (1, = 50cSt) no experimental condition resulted in
splashing (our maximum impact speed was V, =5.62ms™', or
K = 681,396). Interestingly, a numerical investigation of this sce-
nario also led to no evidence of splashing. In fact, simulations were
performed at other higher velocities, up to the theoretical terminal
velocity of the drop, and no liquid fragmentation was detected. We
identify that ¢, = 50cSt marks the transition below which the
ejected splash originates from the pool fluid (crown splash),
whereas above this viscosity the splash comes from the droplet
(prompt splash). Our hypothesis is that increasing the pool viscos-
ity has opposing effects on the different types of splashing, i.e. in-
creasing the pool viscosity inhibits crown splashing, but enhances
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prompt splashing. Consequently we believe that this pool viscosity
corresponds to the point where the overall splash suppression is
the highest when considering a combination of the two mecha-
nisms. This is consistent with the previous observation that the
pool displacement is very small for higher viscosity pools, making
it unlikely that the splash would come from it.

Next we turn our attention to a quantitative discussion of the
jet composition and how this relates to which fluid contributes
to the splash. We will also expand upon the discussion of the jet
composition in [28] in view of the generalised setup herein. As
noted in Section 3, the DNS platform allows us to extract the inter-
faces of the three different phases. This enables us to identify the
jet region and the contribution of each fluid to it, as illustrated in
Fig. 3. We perform a systematic investigation of the jet composi-
tion across several different pool viscosities as a function of time
during the impact process. We restrict ourselves to pool viscosities
of up to 350cSt (corresponding to a pool to droplet viscosity ratio
of 242.75), given the already large scale physical property contrast
between the pool and surrounding gas, encompassing between
them several orders of magnitude in this key parameter. We note
however that from the experimental videos we can see that above
this viscosity there is no significant phenomenological change in
the impact process. Consequently we now limit ourselves to pool
viscosities within the range 5 — 350cSt, as denoted by the points
(a)-(f) in Fig. 4. In each case the impact is characterised by a K value
of 165,000. We present these results in Fig. 5, where we plot the
percentage of the jet from each of the fluids (pool and droplet)
against the simulation time for several pool viscosities. At this
stage it is useful to recall the definition of the jet root as being
identified by two points of maximum curvature either side of the
jet tip, also previously highlighted in Fig. 3. The white area at early
times in all cases corresponds to the time before which the jet has
formed (which is a largely constant value across all of the
viscosities).

From the plot we can see the clear trend that as the viscosity
ratio increases, a progressively larger proportion of the jet origi-
nates from the droplet compared to the pool. This agrees with
our earlier observation and intuition that a more viscous pool will
deform less prominently and thus contribute less fluid into the jet.
We notice that for the 5,10 and 20cSt viscosity pools the jet is
almost entirely composed by fluid coming from the pool across
all times. By contrast, for 50 and 100 cSt viscosity pools we identify
a transition in which at early times the jet is entirely composed of
droplet fluid, but then at later times contributions from the pool
also begin to materialise. Comparing the 50 and 100cSt pool vis-
cosity cases we can see that this transition happens at a later time
and with a smaller amount of pool liquid inside the jet. Finally, we

Journal of Colloid and Interface Science 641 (2023) 585-594

find that when the pool viscosity is 350¢St, the jet contains only
fluid from the droplet, with the impact region acting more similar
to a (weakly) compliant solid. The plots in Fig. 3 shed more light
into the morphological features of the interfaces during this
dynamics. The top row corresponds to the 5cSt pool, where we
can see that the droplet contributes to the upper portion of the
jet, with significant deformation of the pool. The bottom row illus-
trates the 350cSt pool, where we only observe a slight rising of the
pool surface at the location of the jet root but the dynamics itself
consists simply of a droplet spreading on the pool surface. This
indicates good qualitative agreement to the results of Marcotte
et al. [28], who show similar simulation profiles in their Fig. 2.

Our earlier experimental observation on the source of the
splash coming from the pool for y,/p, < 35 and from the droplet
for p,/uy >35 is thus reinforced by the above analysis and
cross-comparison between experimental and numerical findings,
as well as recent results from the literature. In what follows we
aim to provide a mechanistic explanation of the above, providing
predictive capabilities beyond the specific parameter regimes dis-
cussed previously.

5. Theoretical approach

We now provide a theoretical model for the two different
splashing threshold trends identified in Section 4 and attempt to
derive models quantifying them. We consider both the high viscos-
ity region (u,/4t; > 35) where the splash comes from the droplet
and the threshold to splash decreases with pool viscosity, as well
as the low viscosity region (u,/p; < 35) where the splash comes
from the pool and the threshold to splash increases with pool vis-
cosity, as they are phenomenologically unique.

First we consider the high viscosity case, which shares similar-
ities to the scenario in which the threshold to splash on a soft solid
decreases as the solid becomes more firm [35]. Following Howland
et al. [35], we explain this by first noting that as the pool viscosity
increases the displacement decreases and the peak pressure in the
droplet increases. Fig. 6 shows the peak pressure inside the droplet
as a function of time for simulated impact scenarios with a con-
stant K value of 165,000 and for several different pool viscosities.
From the figure we identify the overall trend that increasing the
pool viscosity increases the peak pressure in the droplet, as well
as the maximum value in time of this maximum pressure. At the
time of impact the maximum pressure occurs at the centerline,
but it quickly moves off-axis to follow the contact line as the
impact proceeds further and the droplet spreads out. Near the con-
tact line, the pressure continues to increase until the jet is formed,

1 (a) 5¢St (b) 10cSt (¢) 20cSt (d) 50cSt (e) 100 ¢St (f) 350cSt
(\/\,\’_
s |
o 08
=
R
QO 0.6
o
g
Q 04
@
§ 02 [ |Pool
[ |Droplet
0
0 0.2 04 0 0.2 04 0 0.2 04 0 02 04 0 0.2 04 0 0.2 0.4
t

Fig. 5. Post-impact jet composition versus time for impact cases described by K = 165,000 onto pools characterised by viscosities of 5,10,20,50,100 and 350 cSt,
respectively. Here t = 0 corresponds to the theoretical time of impact if neither the pool nor the droplet were to deform pre-impact. The white area at early times in each case

depicts the time interval during which the jet has not yet formed.
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t = 0 corresponds to the theoretical time of impact if neither droplet nor pool deformed. (Inset) The same pressure is normalised by ﬁ =

the common droplet-pool interface [18].

and then decreases thereafter. This holds for both high viscosity
pools where the jet is formed with fluid from the droplet and
low viscosity pools where the pool is the main contributor to the
jet composition. Fig. 7 (a) illustrates experimental snapshots
revealing the faster spreading of the jet for higher viscosity pools,
which is consistent with the hypothesis that the pool deformation
reduces the pressure driving the jet, causing it to form more slowly
as the pool deformation is enhanced at lower viscosities.

A significant feature is that for pool viscosities of less than
100cSt there is little variation in the peak droplet pressure with
viscosity, but above this viscosity value we begin identifying
noticeable increases in the peak droplet pressure with larger pool
viscosities. As this viscosity of 100cSt corresponds to the region
in our parameter space where splashing from the droplet is
observed, we believe therefore that this corresponds to the thresh-
old peak pressure in the droplet that must be exceeded in order for
prompt splashing to occur. Using several helpful mathematical
building blocks, we are for the first time in a position to elucidate
this process in detail. We begin by providing an explanation for the
reduction in the peak pressure. As noted by Howland et al. [35], we
can use arguments stemming from Wagner theory [19] for liquid
impact to probe the structure of the pressure field in the droplet.
This theory, originally designed to describe the stresses exerted
on a solid object impacting a body of liquid, can equally be well

1,000,000 cst

100,000 cst

10,000 cSt

where V; is the velocity of

oy

used to infer the pressure field in a drop impacting a solid substrate
[e.g. 44]. A detailed theoretical analysis of the pressure field near
the contact line [45,46] reveals that the maximum pressure simply

reads p,a®/2, where a(t) = |/3RVo(t — timpact) is the location of the

contact line [35] as demonstrated in Fig. 7 (b). As a result, the peak
pressure in the droplet is given by

Wagner __ 3deV0
pmax,d 8ot ’

(1)

where 6t is the of time between sheet ejection (when the pressure
reaches a maximum) and theoretical impact if neither droplet or
pool deformed.

The argument above is justified by considering Fig. 7 (b), specif-
ically the inset, in which we depict the early time motion of the jet
as being very well predicted by the use of Wagner theory estimates
within their expected range of applicability. We note however that
this result originally comes from impact onto a solid - and static -
surface. Therefore we transform it into the velocity that the droplet
actually experiences as Vo — Vi, where V; is the speed of the
droplet-pool interface, which is the relative velocity of the droplet
into the pool. Consequently we can rewrite Eq. (1) for impact onto
liquid pools as Eq. (2), where we now use the velocity of the dro-
plet relative to the pool. From this equation we expect a reduction

@ 10,000 cSt
A 100,000 cSt
= 1,000,000 cSt|

Wagner Theory|{ 4
~ "o =+/3RUtL
0 20 40, 60 80 100
. t/us
200 300 400
t/us

Fig. 7. (a) Snapshots of 1.6mm diameter FC-770 droplets impacting onto silicone oil pools at 2.5ms™', taken at 300 us post-impact (video supplementary material also
included). (b) Measurement of the spreading distance of the tip of the jet (main figure) and the root of the jet (lower inset) as defined in the upper inset. In the case of the jet

root location the result predicted by Wagner theory is also included.
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in the maximum droplet pressure for less viscous pools due to V;
being larger, which is consistent with the results in Fig. 6, and is
expressed as

3p,RVo—Vo) Vo —Vi wagner
Py = 24 g0 S g o

In order to determine this relative velocity we use the result derived
by Fudge et al. [18] to find the pool velocity, resulting in
Vo — Vi = Vo (1 —V), where V =V;/V, is the normalised common
interface penetration velocity given by

vl L

Voo [tsAp +su

where the parameters A and C have values of 2.7096 and 24.3984,
respectively. Fig. 8 (a) illustrates the predictions obtained via eq.
(3) extended to much higher viscosity ratios than previously
explored in [18], as well as penetration velocities extracted from
simulations and experiments indicating that the model remains
valid even at these higher viscosities justifying its use here. Encour-
aged by the observed robustness of this prediction, if we normalise

the measured maximum pressure by dividing through by % in Eq.

(2) we should recover the Wagner maximum pressure, which we
would no longer anticipate to vary with viscosity. In the inset of
Fig. 6 we can visualise the normalised droplet maximum pressure
versus time, showing a very good collapse of the curves across all
values of the pool viscosity, as well as good agreement with the the-
oretical result predicted by Wagner theory (dash-dotted lines).

The pressure estimate (2) above may also be used to explain the
decrease in the splashing threshold for high pool viscosities. As in
Howland et al. [35], we ascertain that for splashing to occur we
require the maximum pressure in the droplet to exceed a threshold
value, p;. For splashing we therefore require p,,,,4 2 pr and, using
eq. (2), the expression for the maximum Wagner pressure in Eq.
(1) and the equation for the common interface velocity in Eq. (3),
leads to

3)

- _ Sprot
Vor—Vi= Vo,T(1 - V) 2 3pTdR ) 4)
where Vi1 denotes the threshold droplet impact velocity to splash.
Eq. (4) indicates that in order to splash we require the droplet
impact velocity relative to the pool to exceed a threshold value

given by i‘gd;g which we hereafter denote as x. This is consistent
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with impact onto a solid surface, where V; would be zero, and we
would simply require the droplet impact speed to exceed a given
threshold. We note that in eq. (4) the right hand side is a constant
and the left hand side depends on the droplet impact speed and
pool viscosity (via V). We can therefore use this equation to find
the threshold impact speed to splash for a given viscosity ratio. Sub-
stituting in the equation for the penetration velocity (3), algebraic
manipulation leads us to the inequality

VorlpaD(A" = 1)) + Vo1 (Cigpt, — 2k p4DA”)
+Vor (1? pgDA” — 2KCpgpt,) + K*Clagpt, 20, (5)

where A" =1+ Ap, and C originate from the penetration velocity
given by eq. (3), u, is the droplet viscosity, y, the pool to droplet
viscosity ratio and k is the required excess speed as above. The
selection of the correct root in the cubic equation relies, in first
instance, on excluding the one (non-physical) negative root arising
within our parameter space. Differentiating between the two
remaining positive values is then supported by physical arguments,
with the larger of the two roots decreasing in value as the pool vis-
cosity increases being consistent with experimental data.

If we briefly consider the distinguished limit scenario of the
pool viscosity tending to infinity, we recover the equation
V%_’T —2KVor + k%20, which has the solution of Vo7 > K, as we
expected above. In order to use this equation we need a value of
K and therefore require estimates for the threshold pressure to
splash and the time of sheet ejection. For the threshold pressure
we can use the result by Howland et al. [35] and note that a pres-
sure of 93 kPa was consistent with their findings and also with the
pressures in the droplet measured in this work obtained by dimen-
sionalising the data in Fig. 6. To retrieve the jet ejection time we
performed experiments and found a consistent value of ~ 30 us
across several pool viscosities, again consistent with the frame-
work of impact onto soft solids [35]. We do note however that
using these values for p; and ot leads to x of ~ 5ms~!, which is
far larger than the expected threshold speed for impact onto a solid
surface. One possible explanation for this discrepancy is that the
small time interval describing these dynamics in the experiments
at these high speeds (approximately seven frames) makes the
accurate determination of the impact time and first appearance
of the sheet very challenging. This is exacerbated by the region
of interest being obscured by the bulk of the droplet and pool
(due to the intrinsic three-dimensional geometry of the interfaces),
meaning that this value of ~30us is thus more likely to be

Pp 0.40
[ |
€p 0.12

Fig. 8. (a) Droplet-pool interface velocity versus the pool to droplet viscosity ratio for an impact with Re = 5000, showing both simulation and experimental results which
validate the use of the theoretical prediction from eq. (3) in this higher viscosity regime (the viscosity range is considerably extended from that in [18]). (b) Pool pressure (left
hand side) and viscous stress (right hand side) for the case of the impact of a FC-770 droplet impacting onto a 20cSt silicone oil pool at Re = 6660 and t = 0.1 dimensionless
time post-impact, showing that the peak pressure and viscous dissipation are both concentrated at the root of the jet. The inset highlights the region around the jet root before
its formation, showing the direction of the jet forming velocity it as described in the main text, as well as a control volume (in green) showing the forces acting on it (where
the subscripts a and [ refer to the air and liquid respectively). Note here the colouring simply distinguishes the different phases. Note that illustrated quantities have been
restricted to the pool for visual emphasis, and also the different (non-dimensional) scales for the two measures.
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considered an upper bound on the possible ejection time. Compar-
ing to the data-rich simulations however, we observe a much smal-
ler time to ejection of ~ 10us, resulting in an excess speed of
1.73ms"1, a value much closer to the observed splashing threshold
for impact onto a solid surface which we find as ~ 1.55ms"! for the
Fluorinert droplets used here. Fig. 4 includes the result of this the-
oretical argument with an excess speed of 1.73ms~!, indicating
very good agreement with the data especially at higher pool vis-
cosities. The observed difference at lower pool viscosities could
be attributed to the droplet-pool interface not immediately reach-
ing the (now higher) penetration velocity. Thus the motion of the
common interface is actually slower and so the pressure damping
is slightly less than predicted, resulting in an overestimation of the
splashing threshold in this region of the parameter space.

We now focus further on the low pool viscosity section of the
parameter regime, where we see splashing from the pool with an
increase in the splashing threshold as the pool viscosity increases.
As previously noted, Fig. 6 illustrates how for low pool viscosities
the peak pressure in the droplet upon impact is largely unchanged
(see variations up to 100 ¢St) and thus it will not have an effect in this
case. Therefore we turn our attention to the pressure inside the pool
and how it affects the splashing behaviour. Firstly we underline that,
based on experimental observation and analysis, the pool splashing
is predicated on the formation of a jet (largely of pool fluid for low
viscosities as shown in Fig. 5) from which the splash derives. From
our experiments and simulations we can see that as the pool viscos-
ity increases the jet becomes thicker and slower, and is therefore less
likely to pinch off and eject a droplet (i.e. splash), which qualita-
tively explains why increasing the pool viscosity makes splashing
less likely. We therefore concentrate in understanding the mecha-
nism underlying the formation of this jet and in particular how it
depends on the pool viscosity. As presented on the left hand side
of Fig. 8 (b), similar to the maximum pressure in the droplet occur-
ring at the root of the jet, the maximum pressure in the pool also
occurs at the root of the jet and it is this pressure which is driving
the jet formation. We also note that, as is the case in the droplet,
the value of the maximum pressure inside the pool does not vary sig-
nificantly for pool viscosities less than 100cSt which is demon-
strated in Fig. 9 (a). Thus the driving force behind the jet
production is largely constant in this case and it must be the oppos-
ing force that is varying with the pool viscosity.

We consider the force opposing the jet formation to be the vis-
cous stress, and approximate it as 2y, g—'; where 1, shown in the
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inset in Fig. 8 (b), is the velocity in the direction of the jet formation
s. As before, we assume that due to the largely constant penetra-
tion velocity in relation to changes in pool viscosity, this derivative
should also be largely constant when considering different pool
viscosity impact scenarios. We also note that this derivative has
a negative value and thus the force from the viscous stress will
be, as expected, acting in the negative s direction (i.e. in the oppo-
site direction to the arrow in the inset in Fig. 8 (b)). Thus we
hypothesise that the viscous stress varies linearly with the pool
viscosity, an observation that is consistent with the data in Fig. 9
(b). This explains why the splashing threshold increases as the pool
viscosity increases in this regime as the force driving the splash is
largely constant, whereas the one opposing it is increasing (largely
linearly) with the pool viscosity. We also observe that the maxi-
mum viscous stress occurs at the root of the jet, mirroring the posi-
tion of the peak pressure inside the pool (right hand side of Fig. 8
(b)). This leads to the condition of a jet needing to form in order to
support the splashing mechanism, for which we require the peak
pressure in the pool to exceed the peak viscous stress. Fig. 9 (c)
shows the ratio of the peak pressure to stress from which we iden-
tify that for the lower pool viscosities the peak pressure is consis-
tently greater than the viscous stress. By contrast, for pool
viscosities =50cSt the peak pressure is largely less than the vis-
cous stress, cases for which we do not see a formation of a pool jet.

These results verify our conjecture that the increase in the
splash threshold for low pool viscosities is due to the increase in
the viscous stress in the pool at the root of the jet, impeding its for-
mation and slowing it down leading to a decreased tendency to
splash. The simulation results indicate that the viscous stress starts
to exceed the maximum pressure at a pool viscosity of approxi-
mately 50cSt, which is when we no longer observe crown splash-
ing from the pool in the experimental data.

Combined with the above results for the high viscosity pool
cases, we have explained the observed trends in the splashing
threshold across all the tested pool viscosities. Furthermore, by
using the prediction for the velocity of the droplet-pool interface
[18], we have quantified the effect of the pool motion and how
the splashing threshold thus varies.

6. Concluding remarks

We have systematically examined the immiscible impact of lig-
uid droplets onto deep viscous pools across several orders of mag-
nitude of viscosity ratio. Both imaging and computational
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Fig. 9. Numerically obtained (a) peak pressure and (b) viscous stress inside the pool versus time for several different pool viscosities. (c) The ratio of the peak pressure to the
viscous stress, noting that for jet formation we expect this ratio to be greater than unity (marked by a dotted line). In each case the impact is characterised by a splashing
parameter K = 165,000, and t = 0 corresponds to the theoretical time of impact if neither droplet nor pool deformed. These points consist of a subset of those in Fig. 6 with a

consistent colour scheme. Note the different scale on the y-axes.
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capabilities required to conduct rigorous studies for multi-fluid
impingement scenarios have only been developed in recent years,
inspired by the need to understand natural phenomena and indus-
trial applications such as environmental disaster mitigation after
oil spills [26,47] or inkjet printing [36,48,49]. Drop impact onto
immiscible liquid layers is a topic that has attracted recent interest
[3,8], however, these works have been limited to describing phe-
nomenological aspects of the problem, providing important but
limited explanations regarding the underlying physical mecha-
nisms controlling the post-impact dynamics. Thus far, efforts have
been concentrated either on gentler, often capillary-dominated
interfacial flow regimes [50-52], or in simplified fluid property for-
mulation contexts [28]. The present study represents a first com-
prehensive incursion into a previously inaccessible and rich
parameter regime. From this investigation we have observed a
non-monotonic response of the splashing threshold against the
viscosity ratio. For low viscosity ratios (p,/ty < 35) increasing
the pool viscosity increases the threshold to splash, and in these
cases the main contribution to the ejected liquid sheet originates
from the pool. For higher viscosity ratios (,/tt; > 35) increasing
the pool viscosity decreases the splashing threshold, and in these
cases the splash sheets originate from the droplet, consistent with
recent studies [27,28]. Interestingly, for a narrow intermediate
regime found at p,/1t; ~ 35, no splashing could be observed under
conditions attainable in our laboratory, nor in our computational
campaign. A specialised direct numerical simulation implementa-
tion has strengthened our experimental investigations, providing
further insight into the underlying motion of both fluids. From
these numerical results we have quantified how the different fluids
contribute to the jet composition, and therefore the splash, across
different velocities, allowing us to interpret the observed experi-
mental results. We have quantified the resulting liquid jet compo-
sition in detail, with impact onto low pool viscosities leading to jets
consisting mostly of pool fluid (=~ 80 —90% for /1y < 35), while
impact onto high pool viscosities can lead to the jet being entirely
composed of fluid coming from the droplet. We also explained the
cause for the decrease in splash threshold for high pool viscosities
through a mechanism extending the arguments of Howland et al.
[35]. Using a rigorous asymptotic approach aided by detailed
numerical data, we found that the pool deformation at lower pool
viscosities causes a reduction in the maximum pressure in the dro-
plet, suppressing the splash. Using recent results by Fudge et al.
[18] has allowed us to quantify this reduction and provide a com-
pact and readily employable theoretical framework which has pro-
ven remarkably robust over large sections of the parameter space
in this multi-fluid system. The resulting cross-methodological
approach has generated new predictive capabilities not only in
assessing primary impact features in vast three-phase flow para-
metric settings, but also in providing insight into splash sheet for-
mation and eventual break-up into secondary droplets, all of key
importance in the context of technological applications. Further
extensions over sufficiently long timescales will likely require the
incorporation of additional physics, such as thermal variation and
Marangoni effects [53], particularly in scenarios involving lower
speed impacts and where temperature gradients between drop
and targets exist, or where miscible liquids are used. Opportunities
to study late-stage dynamics involving cavity formation, as well as
jet ejection and break-up [29] also become viable next objectives
for investigation.
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