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Impacts of liquid droplets on other stationary droplets on a surface are ubiquitous in
numerous applications such as agricultural sprays, inkjet printing, and rain impact on
surfaces. We experimentally study the maximum expansion diameter and retraction rate
in drop-on-drop impacts on superhydrophobic surfaces. We identify an inertial-capillary
and a viscous regime for the expansion phase and we interpret the results using two distinct
models. In the inertial-capillary regime, the first model predicts that the maximum diameter
is set by an effective capillary length due to the deceleration upon impact. We introduce
an effective diameter, velocity, and Weber number that allow the accurate determination of
the maximum diameter in drop-on-drop impacts. We use our model to predict the transition
to the viscous regime and rationalize the maximum diameter in this case with an energy
balance. In our second model, we use an energy balance in both regimes and accurately
predict the maximum diameter with a unified expression. We finally show that the retraction
phase is a no-memory phenomenon and only depends on the volume of the coalesced
droplet. We identify capillary and viscous regimes for the retraction and accurately model
the retraction rate in each regime. Our approach provides a framework to characterize the
dynamics of multiple-drop impacts.

DOI: 10.1103/PhysRevFluids.3.093602

I. INTRODUCTION

Drop-on-drop impacts, where a droplet impacts another droplet sitting on a solid surface, are
ubiquitous in many applications. In agriculture, when chemicals are sprayed on plants, droplets
keep impinging a surface that might be already covered by previous drops, and it is important to
know if the liquid will stay on the surface or bounce off and pollute soils and groundwater [1-3]. A
recent study showed that by using polyelectrolytes, drop-on-drop impacts can be modified to ensure
a substantially larger coverage of the plants [4]. The outcome of sprayed droplets when leaves are
covered with dew or rainwater is also of interest [5]. Other major applications are spray painting and
thermal sprays where the splat size needs to be carefully controlled [6,7], and inkjet printing where
the spreading of the droplets is essential to getting sharp images [8—13]. Predicting the spreading
diameter in drop-on-drop impacts can help optimize the spraying or printing parameters. It can also be
useful for rapid prototyping [14] and fuel sprays [15]. In other applications, such as icing on airplane
wings [16-20] or self-cleaning surfaces [21-23], the quick removal of droplets is advantageous.
Determining the retraction rate and contact time of drop-on-drop impacts in these cases can help
increase performance and prevent failure.

A few drop-on-drop impact studies have focused on the impact of two droplets, both midairand on a
surface, and identified various regimes: coalescence, bouncing, and separation after merging [24-31].
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For drop-on-drop impacts on a surface, previous studies mostly reported coalescence when the Weber
number We = %UUZ (where p is the density of the liquid, o its surface tension, Dy the droplet
diameter, and v the impact speed) is higher than 1 and we will focus on this case. More recently, the
impact of droplets on partially wet surfaces with intermediate hydrophobicity was investigated. The
researchers focused on high We and identified different fragmentation regimes depending on whether
impacts are head-on or offset [32,33]. For head-on impacts on superhydrophobic surfaces, droplets
typically expand upon coalescence, reach a maximum diameter Dy,,x and retract, similar to single
droplet impacts. Experimental and numerical studies found that for drop-on-drop impacts of water,
the maximum diameter follows a We'/# [34] law and the contact time scales as the inertial-capillary

time [35] 7; = (pTRS)'/ 2 [36,37]. These studies, however, focused on droplets of water of the same
size, and the physical mechanism behind this behavior is still largely unexplored.

The impact of a single liquid droplet on a solid surface has been studied much more extensively
[18,22,34,38-49]. Upon impact, the droplet similarly undergoes an expansion phase driven by inertia.
If the viscosity is low enough, which is the most common case in practice, inertia is balanced by
capillary forces until the maximum diameter is reached. Two models have been proposed in the
literature to predict this maximum diameter: one relies on an effective capillary length induced by
deceleration of the droplet and predicts a diameter varying as We'!/4 [24] and one using energy
conservation at the two limiting cases of negligible viscosity (Dpax ~ We!/?) and high viscosity
(Dmax ~ Re'/?) and using an interpolation function between the two [50,51]. Both are successful in
predicting the diameter and are used in the literature. For high viscosity flows, viscous forces balance
the inertial ones [34,50-53]. If the surface is hydrophobic, a retraction phase follows and the droplet
may eventually bounce off the surface. The dynamics are similarly described by an inertial-capillary
or a viscous-capillary balance that set the retraction rate [18,35,54].

Here, we systematically study drop-on-drop impacts on a superhydrophobic surface, over a large
range of viscosities, impact velocities, and droplet sizes. We first focus on the maximum expansion
diameter of drop-on-drop impacts in the capillary regime and viscous regimes. We adapt both models
used in the literature for single drop impacts to the case of drop-on-drop impacts and show that both
can be used successfully. We then investigate the retraction phase. We elucidate the dynamics of the
impact and the role of the stationary droplet and develop a generalized model that covers both single
and multiple-drop impacts.

II. MATERIALS AND METHODS

The experimental setup we use is shown in Fig. 1(a). A syringe is filled with the fluid of interest
and connected to a dispensing needle. The height of the needle is adjusted to control the droplet
impact velocity. A second droplet is deposited on the surface directly under the dispensing needle
and serves as a stationary droplet. The needles’ diameters were varied to change the size of the
generated droplets so that the ratio of the impinging to the stationary droplet size was varied. The
impact of these droplets was filmed using a high-speed camera (Photron S1) at 10 000 frames per
second, with backlighting. High-speed movies were used to measure droplet size (error <3%) and
impact velocity (error <1%) resulting in an error of less than 5% for the Weber number. They were
also used to measure retraction speed with an error estimated at 10%. A more detailed error analysis
is in the Supplemental Material [55]. We varied the viscosity of the fluid by using water-glycerol
mixtures at different ratios, spanning the whole range from pure water (~1073 Pa s) to pure glycerol
(~1.4Pa s). The surface tension in these mixtures did not vary much and remained between 72 mN/m
(water) and 64 mN/m (glycerol). The surface on which the drop-on-drop impacts were performed
is a superhydrophobic surface [inset of Fig. 1(a)]. It was fabricated by making a nanograss silicon
surface, with a roughness on the order of 200 nm, through reactive ion etching. The surface was then
coated with a hydrophobic modifier (octadecyltrichlorosilane) to reach a contact angle of 165° and
a contact angle hysteresis of less than 5° [56].
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FIG. 1. (a) Schematic of the experimental setup. A high-speed camera films the impact of a droplet on a
second droplet gently deposited on the surface. The surface is superhydrophobic and the scanning electron
microscopy image in the inset shows the nanograss texture. (b) Schematic of the typical phases of drop-on-drop
impacts: The droplets coalesce and expand until they reach a maximum diameter Dy, corresponding to
a thickness £, then retract and bounce off. (c),(d) Snapshots of the high-speed video of drop-on-drop
impacts. (c) Corresponds to the inertial-capillary regime [D; = Dy =23 mm, V =1.10 ms™!, pu=
8.9.107* Pa s (water)], while (d) corresponds to the viscous regime (D; = Dy = 3.4mm, V =1.23ms™!, u =

0.34 Pa s). Videos are available in Ref. [55].

III. RESULTS AND DISCUSSION

The typical phases of a drop-on-drop impact are shown schematically in Fig. 1(b) and
experimentally in Figs. 1(c) and 1(d). As an impacting droplet of diameter D; impinges with a
velocity v on a second droplet of diameter D; sitting on the surface, the droplets merge and start
expanding. Depending on the impact speed and viscosity, the expanded droplet may have a donut
shape [Fig. 1(c)], where there is a rim of higher thickness than the center of the droplet, or a pancake
shape [Fig. 1(d)], where the thickness is approximately uniform across the radius of the droplet.
The former usually occurs for higher impacting speeds and lower viscosities. After the maximum
diameter Dy« is reached, the droplet may retract and bounce if the viscosity is low [Fig. 1(c)]. If
the viscosity is large, the retraction phase is limited and no bouncing occurs [Fig. 1(d)].

A. The expansion phase

The expansion phase starts with the coalescence of the two droplets. In the inertial-capillary
regime (low viscosity), an expanding liquid sheet forms between the droplets and moves downward
[Fig. 1(c)]. By the end of the expansion phase, the droplet takes the usual donut shape observed
in single drop impacts. We performed experiments with different droplet size ratios in this regime.
Figure 2(a) shows snapshots of the impact of a small droplet on a bigger one and the impact of big
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FIG. 2. (a) Snapshots of the high-speed video of the impact of small water droplet on a bigger one (first
row: D; =23 mm, D,=35mm, V =1.6ms™') and vice versa (second row: D; = 3.8 mm, D, =
2.0mm, V = 0.98 ms~!). Both impacts are in the inertial-capillary regime. Videos are available in Ref. [55].
(b) Comparison of predicted (solid line) droplet thickness at maximum expansion and experimentally measured
(symbols) thicknesses for various drop size ratios, velocities, and viscosities. The solid line is a linear fit
(y = 1.09x, R? = 0.899). (c) Comparison of predicted and experimentally measured maximum diameter for
the same data. The solid line is a linear fit (y = 0.91x, R?> = 0.887).

droplet on a smaller one. The overall phases are the same: the droplet still expands, retracts, and
bounces off.

To rationalize the expansion behavior in this inertial-capillary regime and to understand the role
of the stationary droplet in the process, we first adapt the single droplet impact argument used by
Clanet et al. [34].

At its maximal expansion, the combined droplet looks like a puddle. For a puddle on a flat surface,
the shape is dictated by a balance between gravity and surface tension forces. In the case of a drop
impact, the droplet attains this shape because it is experiencing an effective gravity field resulting from
the deceleration of the impacting drop, which overcomes surface tension and deforms the droplet
away from its spherical shape (as puddles form when gravity overcomes surface tension) [34]. The

thickness of the expanded drop should then scale as the capillary length &z ~ /%, where g* is the

vertical acceleration felt by the droplet. In a drop-on-drop impact, the thickness of the combined
droplet at maximum expansion is dictated by the deceleration felt by the total volume of the combined
droplet. This combined droplet is formed by the impacting droplet, which has a velocity Uy, and
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the stationary droplet, which is at rest. When the two droplets coalesce, the combined droplet has
a diameter D, = (D} + D3?)'/3. At impact, the momentum of the impacting droplet is m; Uy, where
m; is the mass of the impacting drop. Upon coalescence, the momentum is conserved but the mass
of liquid that is moving downward becomes m; + m;. Thereby, by momentum conservation, the
velocity Uy of the center of mass of the combined droplet is given by (m; + mg)U) = m;Uy. The

thickness of the expanded combined droplet is governed by the deceleration of this combined droplet
12

from U to O over a distance D, — h. The resulting acceleration scales as g* ~ DU L.
The thickness of the expanded droplet is then

o o
ho~ [~ |2 (D, — ).
og* pUj

This equation can be solved for 4.

4pU*D D
ho~ 1+ 22202 ) = 2o awe - D, (1)
20U}, o 2We

pU(’Jle

where We' = =
We conducted drop-on-drop impacts with various diameter ratios, impact velocities, and
viscosities and measured the thickness of the combined droplet at maximum expansion. We plot
in Fig. 2(b) the theoretical thickness given by the above formula against the experimental thickness.
The agreement between theory and experimental results is good and shows that the model captures
the dynamics of expansion in drop-on-drop impacts.
Using mass conservation and assuming a pancake shape for the expanded droplet, the maximum
diameter can be obtained as
b4 b4 b4
ZhDrznax = E(D; + D?) = ED?

and using the expression (1) for

Diax _\/3 2We' )
D, V3V J/T+awe -1
where the modified Weber number is
ocU2(D3 + D3)" N
we = ZUi (D7 + D)) < ” ) (3)
1Y m; + mg

We compare the maximum diameter predicted by our model to experimental measurements in
various cases and find good agreement, shown in Fig. 2(c).
As shown in the case of single drop impacts, this model is only valid when the size of the combined

droplet is larger than the effective capillary length D, > / # D; or We’ > 1, which is the condition
0

to form a puddle instead of a sphere.

Another condition for the model to be valid is that the deceleration time 2-

o+ is smaller than the
0
contact time , / §D,3, which also leads to the same criterion We’ > 1.

One limiting case of this model is the impact of a droplet on a much bigger one, D; < D;.
Intuitively, if the impact velocity is not too high (We’ <« 1), the stationary droplet should barely
deform. The expression for Dy, is not valid here because mass conservation using a pancake shape
is not accurate in the low Weber number regime.
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FIG. 3. Maximum expansion diameter results for drop-on-drop impacts. The x axis is the impact parameter
P and the y axis is the product of the normalized maximum diameter by the Reynolds number to the power 1/5.
Two distinct regimes are observed. In the inertial-capillary regime (P < 1, the solid line has a slope of 0.25
with a coefficient of determination R?> = 0.897), D‘“’ax varies as We!/* and does not depend on viscosity. In the
viscous regime (P < 1, dashed line), D““‘* varies as the Re!/>. The shown data are our results for size ratios of
1 and 2 as well as single drop data from llterature. All data collapse on a single master curve.

However, the expression for 4 remains valid, and in the limit of low We’, we recover that the
thickness of the combined droplet is the combined diameter, since no deformation would occur and
the combined droplet would maintain its spherical shape.

2W/(\/ ’e +2We' — 1) = D,.

The other limiting case is the impact of a droplet on a much smaller one, D; > D;. Intuitively,
this case should tend toward single drop impacts. The modified Weber here tends toward the
cUDI+DH' w0 oUZD Dmax _

= ) 1= = Weand when We' > 1, Sps =

\/g %6;71 ~ \/gWe’l/“(l + 4«/1\)@) ~ \/gWel/“, which is indeed the scaling law governing
single drop impacts [22]. The next order error term that has been neglected here results in a deviation

of 25% for We’ = 1 and the deviation is less than 5% for We’ > 25.
To further confirm this simplified scaling for the data where We' > 1, we plotted DDL(‘;‘RC

single drop Weber number We' =

1/5 in

Fig. 3 as a function of the impact parameter P = %f/’s over four orders of magnitude of P, consistent
with literature. In the literature, P was used to determine the transition between the inertial and
viscous regimes. We see that the data for drop-on-drop and single drop impacts collapses in a single
master curve (Re = £ z’”
Drmax
D,

the classical ~ We'/4 law, whereas for P > 1, we transition to a viscous regime.
To rationalize the behavior in this viscous regime, we balance the kinetic energy of the impacting
droplet E; ~ ,oDi3 V2~ 3 pD: V2, for droplets of the same size, with the viscous energy dissipation

during the expansion phase Eyise = Tyisc A Dmax Where Tyise ~ /,L}— is the viscous stress, A ~ Drzndx
is the area on which the stress is applied, and Dy, is the distance over which viscous dissipation

occurs [34].
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This leads to Eyisc = ,uKD3

7 Dinax» and with volume conservation hD2_  ~ D} we have

Vv 1

5 3v/2
/’LD_?DmaXN EIODIV ’

which is equivalent to

1/5
Dmax PV D, / ~ Rel/5.
D, 21

We see in Fig. 3 that, indeed, for high P, this scaling law predicts the diameter of both drop-on-drop
as well as single drop impacts.

The transition from the inertial-capillary to the viscous regime happens when viscous forces
become more limiting than capillary forces and thus when the predicted diameter in the viscous
regime becomes smaller than the predicted diameter in the inertial-capillary regime, i.e., when
We'l/4 ~Re!P or P = %f/’s ~ 1.

An alternate model for the expansion phase in single drop impacts has been proposed recently to
reconcile the energy approach in both the viscous and capillary regimes [50,51]. We showed above
that for the viscous regime, an energy approach gives the Re!/> law, both for drop-on-drop and single
drop impacts. For single droplets in the capillary regime, if we assume that all the kinetic energy
is converted into surface energy in the expanded droplet, we find a We!/? law for the expansion
diameter of single drop impacts at high Weber numbers (0 D*U? ~ o D2, ). Since the observations
in most experiments do not follow a Wel/2 law, it was assumed that most common experiments were
in a crossover regime between these viscous and capillary regimes. An interpolation function, based

on a Padé approximant, with one free parameter was defined as follows: Dy,,x/ Dy = f(We, Re) =

#!;,1/5, where A is a fitting constant (equal to 1.24 for single drop impacts) [50]. This function
1/5

tends to We'!/? in the capillary regime and Re
accurately the maximum expansion diameter.
In the case of drop-on-drop impacts, energy conservation for negligible viscous dissipation gives

in the viscous regime and was shown to predict

pD}U +oD? ~ oD?

max*

The final surface energy comes from both the kinetic energy of the impacting droplet as well as
the surface energy of the stationary droplet.

Thus
Diw — D? - Wel.l/z,
D,
where Wei1 /2 is the Weber number of the impacting droplet.

We similarly define an interpolation function for drop-on-drop impacts that approximates the
maximal diameter between the two limiting cases where the initial kinetic energy is either entirely
converted to surface energy or entirely dissipated by viscosity.

1/2
VDiw —D; We;

D B+ We;’Re~1/5’

We find that this function accurately predicts the maximum expansion diameter across the range
of our experiments for B = 2. The results are shown in Fig. 4.

Therefore, both models can be used to predict the maximum expansion diameter. The first model
is based on the effective capillary length and mass conservation, while the second model uses energy
conservation. Both models accurately predict the maximum diameter for our experimental data (with
a similar coefficient of determination R?) similar to what was found in the literature for single drop

093602-7



MAHER DAMAK AND KRIPA VARANASI

1.8 . . ,
1.6 [ = D/D=1/2
3 a D/D =1
Q tarl D./D =2 S
= 12} m "
& By
o 4 by L
Ic’é m |
§ E0.8f '_.
5‘\_.’ 0.6} s
|
T 0.4l
02!
O L L !
0 0.2 0.4 0.6 0.8

We/?Re /(2+We!?Re ")

FIG. 4. Maximum expansion diameter results for drop-on-drop impacts with an alternative model. The x
axis is the modified interpolation function from Laan et al. and the y axis is the product of the normalized
maximum diameter by the Reynolds number to the power —1/5. The solid line is a linear fit (y = 1.95x) with
R? = 0.898.

impacts. While there is still debate in the literature on which of these models, if either, gives the exact
formula for single drop impacts, the results presented here show how that model can be translated
to drop-on-drop impacts.

B. The retraction phase

Finally, the retraction phase was quantified using the retraction rate &€ = Dvi where Vi is the
retraction speed of the contact line and was measured by image analysis of the hi gﬂ—speed movies. The

retraction rate was measured over four orders of magnitude of the Ohnesorge number Oh = J/%’ for

various droplet size ratios: small on big droplet, same size, and big on small droplet. In Fig. 5(a), we
plot £7; as a function of Oh, following what has been done in literature [54], where we use an effective
inertial-capillary time 7; = (M )!/2. For low Oh, we find that the retraction rate does not depend
on the impact velocity and scales as the inverse of the inertial-capillary timescale, confirming and
generalizing what was observed before for water drop-on-drop impacts [37]. This scaling does not
change when viscosity is modified, as long as the droplet is in the inertial-capillary regime. When
Oh ~ 0.5, the behavior changes and we enter the viscous regime. The slope of the curve in log-log
scale is —1, which means that the retraction rate scales as the inverse of the viscous-capillary timescale

RI4RH'P .. . . .
T, = %, similar to what was previously observed for single drop impacts. As can be seen

in Fig. 5(a), the retraction rate does not depend on the size ratio, as long as the coalesced size is the
same. Figures 5(b) and 5(c) show a drop-on-drop impact with two droplets of the same size and a
single droplet impact with a droplet whose size is the same as the two previous droplets combined.
The impact velocities were chosen so that both reach the same maximum diameter, and we can see
that the retraction dynamics are exactly the same: both droplets retract at the same rate and bounce
off at the same time. Figure 5(d) shows a drop-on-drop impact with the same coalesced droplet size
but a lower impact velocity. The maximum expansion diameter is smaller here, but the retraction
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FIG. 5. (a) Retraction results for drop-on-drop impacts. The x axis is the Ohnesorge number and the y
axis is the product of the retraction rate by the inertial-capillary timescale. Two distinct regimes are observed.
In the inertial-capillary regime €t; is constant and does not depend on impact velocity, viscosity, and size
ratio. In the viscous regime Oh > 0.5, the retraction rate scales as the inverse of the viscous-capillary timescale.
(b) Snapshots of a drop-on-drop impact of water droplets of the same size (D; = Dy = 2.3mm, V = 1.25ms ™).
(c) Snapshots of a single water drop impact (D; = 2.9 mm, V = 0.98 ms™!). The contact line moves exactly
the same as the last case in the retraction phase. (d) Snapshots of a drop-on-drop impact of water droplets of
the same size (D; = D, = 2.3 mm, V = 0.71 ms™"). Videos are available in Ref. [55].

rate is still the same and this droplet also bounces off at the exact same time as the previous two. The
explanation for this behavior is that, after the expansion phase, and as the two droplets merge together,
the coalesced droplet “forgets” that it was formed by a drop-on-drop impact. The phenomenon has
no memory, and it is not possible to retrace the history of the impact just by observing the retraction
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phase. Thereby, we can adapt the previous models shown for single drop impacts to drop-on-drop
impact, by using the coalesced radius as the typical length scale.

IV. CONCLUSION

In this work, we characterized both the expansion and retraction phases of drop-on-drop impacts on
superhydrophobic surfaces and established generalized models to describe them. For the maximum
droplet expansion, we first developed a model based on effective gravity fields for drop-on-drop
impacts encompassing the previously shown model for single drop impacts as a particular case, and
we found excellent agreement with experiments. We then adapted another model from the literature
that used energy conservation to predict the diameter and found it also gives good agreement with the
experimental results. For the retraction rate, we showed that the phenomenon of drop-on-drop impact
has no memory and that, after coalescence, the droplet behaves as predicted with single drop models.
More generally, our results show that the extensive literature results on single droplet impacts could
be extended and generalized to impacts involving multiple droplets.

In many spray applications, single small droplets impacting a surface will stick, but it is the
behavior of subsequent droplets impacting those initial ones that will dictate the liquid expansion,
coverage, and ultimately the quality of the resulting surface. The models developed here will help
precisely control the spreading of inkjet droplets impacting on each other, get a uniform coverage
in spray painting or thermal sprays, and accurately choose the parameters in agricultural sprays to
make chemicals stick on hydrophobic leaves.
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