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A falling liquid drop, after impact on a rigid substrate, deforms and spreads, owing to the normal reaction
force. Subsequently, if the substrate is nonwetting, the drop retracts and then jumps off. As we show here,
not only is the impact itself associated with a distinct peak in the temporal evolution of the normal force, but
also the jump-off, which was hitherto unknown. We characterize both peaks and elucidate how they relate
to the different stages of the drop impact process. The time at which the second peak appears coincides with
the formation of a Worthington jet, emerging through flow focusing. Even low-velocity impacts can lead to
a surprisingly high second peak in the normal force, even larger than the first one, namely when the
Worthington jet becomes singular due to the collapse of an air cavity in the drop.
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In 1876, Worthington [1] published the first photo-
graphs of the drop impact process, stimulating artists and
researchers alike for almost one-and-a-half centuries.
Such drop impacts on solid surfaces are highly relevant
in inkjet printing [2], spray coating [3], criminal forensics
[4], and many other industrial and natural processes [5-7].
For most of these applications, the drop impact forces,
which are the subject of this Letter, can lead to serious
unwanted consequences, such as soil erosion [8] or the
damage of engineered surfaces [9-11]. A thorough under-
standing of the drop impact forces is thus needed to
develop countermeasures against these damages [12].
Consequently, recent studies analyzed the temporal evo-
lution of these forces [13-19].

These studies were, however, up to now limited to
wetting scenarios. Then, not surprisingly, the moment of
the drop touchdown [15,20] manifests itself in a pro-
nounced peak in the temporal evolution of the drop
impact force, whereas this force is much smaller during
droplet spreading [6,21]. For the nonwetting case, i.e.,
for superhydrophobic surfaces, the droplet dynamics is
much richer: after reaching its maximal diameter,
the drop recoils [22] and can generate an upward, so-
called Worthington jet [1,23]. Ultimately, the drop can
even rebound off the superhydrophobic surface [24].
Such spectacular water repellency can occur in nature
[25,26] and has technological applications [27-31],
including on moving substrates [32], where the droplet
dynamics is even richer. The feature of superhydropho-
bicity, however, is volatile and can fail due to external
disturbance such as pressure [26,33-35], evaporation
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[36-38], mechanical vibration [39], or the impact forces
of prior droplets [40].

In this Letter, we extend the studies on drop impact
forces to the impact on superhydrophobic surfaces. Our key
result is that then, next to the first above-mentioned peak in
the drop impact force at drop touchdown, a second peak in
the drop impact force occurs, which under certain con-
ditions can be even more pronounced than the first peak.
The physical origin of the second peak lies in momentum
conservation: when at the final phase of droplet recoil the
above-mentioned upward Worthington jet forms, momen-
tum conservation also leads to a downward jet inside the
drop [41-44]. It manifests itself in the second peak in
the temporal evolution of the force on the substrate. Using
both experiments and direct numerical simulations (DNS)
[45], we will elucidate the physics of this very rich
dynamical process and study its dependences on the control
parameters.

Setup.—The experimental setup is sketched in Fig. 1(a).
A water drop impacts a superhydrophobic substrate (see
Refs. [35,46] for its preparation). We directly measure the
impact force F(t) by synchronizing high-speed photog-
raphy with fast force sensing. In DNS, forces are calcu-
lated by integrating the pressure field at the substrate
(see Ref. [47] and Supplemental Material Sec. I for
details of the experimental and simulation setups [48]).
The initial drop diameter D, (2.05 mm < D < 2.76 mm)
and the impact velocity V (0.38 m/s < V; <2.96 m/s)
are independently controlled. The drop material properties
are kept constant (density p; = 998 kg/m?, surface ten-
sion coefficient y =73 mN/m, and dynamic viscosity

© 2022 American Physical Society
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(a) Experimental setup: a water drop of diameter D, impacts on the superhydrophobic quartz plate at velocity V.

(b) Numerical results for a drop impact dynamics for Dy = 2.05 mm and V= 1.2 m/s: ¢t = (i) 0 ms (touchdown), (ii) 0.37 ms,
(iii) 2.5 ms, (iv) 3.93 ms, (v) 4.63 ms, and (vi) 5.25 ms. The left part of each numerical snapshot shows the dimensionless local viscous

C e < local
dissipation rates E,

(see Supplemental Material, Eq. S8 [48]) on a log;, scale and the right part the velocity field magnitude

normalized with the impact velocity. The black velocity vectors are plotted in the center of mass reference frame of the drop to clearly
elucidate the internal flow. (c) Spreading diameter D(¢) and impact force F(¢) on the substrate as function of time: comparison between
experiments and simulations (We = 40). The insets show representative snapshots at specific time instants overlaid with the drop

boundaries from simulations in orange, revealing good agreement again. F';

~5.1 mNand F, ~ 2.3 mN are the two peaks of the normal

force F(t) at ; ~ 0.37 ms and 7, ~ 4.63 ms, respectively. 7, is the moment corresponding to the maximum spreading of the drop and #3
represents the end of contact (F = 0). See Supplemental Movie S1 [48].

1y = 1.0 mPas). All experiments were carried out at ambi-
ent air pressure and temperature. The Weber number (ratio of
drop inertia to capillary pressure) We = p,V3D/y ranges
between 1-400 and the Reynolds number (ratio of inertial to
viscous stresses) Re=p,V(Dy/u,~800 to 10°. Note that
for our simulations, we keep the drop Ohnesorge number
(ratio of inertial-capillary to inertial-viscous timescales) Oh=
ta/ (payDy)'/? constant at 0.0025 to mimic 2 mm diameter
water drops.

Formation of a second peak in the force and mechanism
thereof.—Figure 1(b) illustrates the different stages of the
drop impact process for We = 40, and Fig. 1(c) quantifies
the spreading diameter D(¢) (the maximum width of the
drop at time ) and the normal force F(z) (see Supplemental
Movie S1 [48]). Note the remarkable quantitative agree-
ment between the experimental and the numerical data
for both D(t) and F(t), giving credibility to both. As the
drop touches the surface [Fig. 1(b)(i)], the normal
force F(t) increases sharply to reach the first peak with
amplitude F; = 5.1 mN in a very short time #; = 0.37 ms
[Fig. 1(b)(ii)]. At this instant, the spreading diameter D(¢)
is equal to the initial drop diameter Dy, D(t¢;)~ D,
[15-19]. Subsequently, the normal force reduces at a
relatively slow rate to a minimum (& 0 mN) at
t,, 2.5 ms. Meanwhile, the drop reaches a maximum
spreading diameter D(f,,) = Dy, [Fig. 1(b)(iii)]. The
force profile F(r), until this instant, is very close to
that on a hydrophilic surface (see Supplemental Material

Sec. II [48]). However, contrary to the wetting scenario, on
superhydrophobic substrates, the drop starts to retract,
creating high local viscous dissipation in the neck region
connecting the drop with its rim [Figs. 1(b)(iii)—1(b)(iv)].
Through this phase of retraction, the normal reaction force
is small, but shows several oscillations owing to traveling
capillary waves for 2.5 ms < ¢t < 3.8 ms [Fig. 1(c)]. The
drop retraction and the traveling capillary waves lead to
flow focusing at the axis of symmetry, creating the
Worthington jet [Figs. 1(b)(iv)-1(b)(v)] and hence also
the opposite momentum jet that results in an increase in the
normal force F(r). Consequently, the hitherto unknown
second peak appears, here with an amplitude F, ~ 2.3 mN
and at time 7, ~4.63 ms. Lastly, the normal force F(r)
decays slowly [Figs. 1(b)(v)—1(b)(vi)] to zero, here finally
vanishing at 73 ~ 8.84 ms. This time instant #; is a much
better estimate for the drop contact time as compared to the
one observed at complete detachment from side view
images which is about 2 ms longer in this case [24,61].
Therefore, in summary, here we have identified the mecha-
nism for the formation of the second peak in the normal
force and four different characteristic times, #;, t,,, f,, and #3
[Fig. 1(c)].

Weber-number dependence of the characteristics
times.—Next, we look into the dependence of these times
on the impact Weber number We. The instant #; of the
first peak of the force F(r) scales with the inertial
timescale [Fig. 2(a)], i.e., t; ~7, = Dy/V, with different
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FIG. 2. Characteristic times as functions of We. The times ¢,
tys by, and t3 are normalized by the inertial timescale 7, = D,/ V)
[in (a)] or by the inertial-capillary timescale 7, = (p,Dj/y)"/* [in
(b)]. The black dashed and solid lines represent #; ~ 0.3z, and
t, ~ 1/67,, respectively. The gray dashed lines show the best
straight line fits to the experimental data, ¢, ~0.207,,
t, #0.44z,, and 13 % 0.78z,.

We-dependent prefactors (~ 0.3 at low and ~ 1/6 at high
We, respectively). The solid black line in Fig. 2(a) is the
theoretical inertial limit, 7, /z, = 1/6 [17], and matches our
experimental and in particular numerical data. As seen
from Fig. 2, the other three characteristic times scale
differently with We than ¢,. Specifically, #, and 73 become
independent of We when rescaled with the inertial-capillary
time 7, = (p,D3/y)"/* while ,, has a weak We dependence
at low We, and becomes We independent only for We = 10,
see Fig. 2(b). The reason for this We-independent behavior
is that the impact process is analogous to one complete
drop oscillation [24] which is determined by the inertial-
capillary time 7, [75]. Maximum spreading (7,,) occurs at
almost one-quarter of a full oscillation (consistent with our
result 7,, ~ 0.207,) whereas the complete contact time 73
takes about one full oscillation (consistent with our result
13~ 0.787,). Finally, the time instant 7, ~0.447, of the
second peak in the impact force coincides with the time
when the drop’s motion changes from being predominantly
radial to being vertical, as this moment is associated with
the formation of the Worthington jet [76], pp. 18-20. Note
that here for the impact on the superhydrophobic substrate,
the duration of nonzero forces (e.g., for We = 40 we find
t3/1, = 5.2 [Fig. 1(c)]) is much longer than that for the
impact on a hydrophilic surfaces [17,18], where for the
same We = 40 one has #3/7, = 2.0.

Weber-number dependence of the magnitude of the first
peak.—As the drop falls on a substrate, momentum con-
servation implies F; ~ V(dm/dt), where the mass flux
dm/dt can be calculated as dm/dt ~ p,VoD3 [14]. As a
result, F'; ~ p,V3D3, as shown in Fig. 3(a) for high Weber
numbers (We > 30, F; ~0.81p,V3D3). This asymptote
also matches the experimental and theoretical results of
similar studies conducted on hydrophilic substrates [16,17].
Indeed, the first peak force originates from an inertial

shock following the impact of drops onto an immobile
substrate and is independent of the wettability. Further, the
minimum Reynolds number for the current work is 800,
which is well above the criterion (Re > 200) for viscosity-
independent results [16,17]. One would expect F, =
F1/paV3D3 to be constant throughout the range of our
parameter space. Nonetheless, when We < 30, the data
deviates from the inertial asymptote. Such deviations have
been reported previously on hydrophilic surfaces as well
[14]. Here, inertia is not the sole governing force, and it
competes with surface tension. We propose a generalization
of the first peak of the impact force to F; = a;p,V3D3 +
a,(y/Dy) D3, based on dimensional analysis, with a; and a,
as free parameters. From the best fit to all the experimental
and numerical data, we obtain F' , ~0.81 + 1.6We™!, which
well describes the data, see Fig. 3(a).

Weber-number dependence of the magnitude of the
second peak.—We now focus on the second peak F, of the
impact force F(z). In Fig. 3(b), we show the We dependence
of the nondimensional version thereof, F', = F,/(p,V3D3).
We identify four main regimes, namely, I. Capillary
(We < 5.3), II. Singular jet (5.3 < We < 12.6), IIL
Inertial (30 < We < 100), and IV. Splashing (We > 100).
The range 12.6 < We < 30 marks the transition from the
singular jet to the inertial regime. In regime I (We < 4.5), the
amplitudes of both peaks, F; and F,, are smaller than
the resolution (0.5 mN) of our force transducer, so we cannot
extract the temporal variation of the normal reaction force
from the experiments. Capillary oscillations dominate the
flow in this regime [77], leading to more than two peak
forces, remarkably perfectly identical to what is observed
in our simulations [see Fig. 3(d)(i) and Supplemental
Movie S2 [48]].

In regime II, with increasing We, there is a sharp increase
in the amplitude F, of the second peak. A striking feature
of this regime is that the magnitude of the second peak
force exceeds that of the first one, F, > F;, see Fig. 3(c)
which illustrates the case with the highest second peak
force (F, = 2.98, occurring for We =9, Supplemental
Movie S3 [48]). The large force amplitude in this regime
correlates to the formation of an ultrathin and high-velocity
singular Worthington jet [23]. Here, the Worthington jet is
most pronounced as it results from the collapse of an air
cavity as well as the converging capillary waves [see insets
of Figs. 3(c) and 3(d)(ii)-3(d)(iii)]. It is reminiscent of the
hydrodynamic singularity that accompanies the bursting of
bubbles at liquid-gas interfaces [78,79]. Outside regime 11
such bubbles do not form, see Figs. 3(d)(iv)-3(d)(vi).
Consistent with this view, the case with maximum peak
force [We =9, Fig. 3(c)] entrains the largest bubble.
Another characteristic feature of this converging flow is
that, despite having a small Ohnesorge number (= 0.0025)
that is often associated with inviscid potential flow inside
the drop [80], it still shows high rates of local viscous
dissipation near the axis of symmetry [Fig. 3(c) insets
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FIG. 3. Dimensionless peak forces, (a) F;, (b) F, as functions of We. The variation of the second peak force F, with We divides the
parameter space into four regimes: I. Capillary, II. Singular jet, III. Inertial, and IV. Splashing. (c) Evolution of the normal force F(t) of
an impacting drop for the case with highest F, (We = 9). Note again the outstanding agreement between the experimental and the
numerical results, including the various wiggles in the curve, which originate from capillary oscillations. The insets show representative
snapshots at specific time instants. (d) Numerical snapshots at the instants of the second peak force (#,) for We = (i) 2, (ii) 6, (iii) 12,
(iv) 40, (v) 100 and (vi) 300. The left part of each numerical snapshot shows the dimensionless local viscous dissipation rates Efcal (see
Supplemental Material, Eq. S8 [48]) on a log;, scale and the right part the velocity field magnitude normalized with the impact velocity.
(e) Experimental drop geometry at ¢, for We = 40 (along with the drop contour from numerics in orange) to illustrate its spreading
diameter D,, height h,, retraction velocity v,, jet diameter d;, and jet velocity v;. (f) Comparison of the second peak force F, with its
theoretical prediction F3*™Y = 7 i¥2/Dy [Eq. (2)].

and 3(d)(ii)-3(d)(iii)], due to the singular character of the
flow (see Supplemental Movie S4).

When We is further increased, we (locally) find F, ~
We™! in the transition regime (12.6 < We < 30), followed
by F, ~We in the inertial regime 11T (30 < We < 100).
Specifically, by employing best fits, we obtain

F, N{

~ PaVoD;

11 We™!
0.37

(12.6 < We < 30),
(30 < We < 100).

F

(D)

We will now rationalize this experimentally and numeri-
cally observed scaling behavior of the amplitude F', of the

second peak using scaling arguments. As already men-
tioned, Fig. 3(d) shows that the second peak in the force at
t, coincides with an upward jet, which has typical velocity
v; (see Supplemental Material Sec. IV [48] for calculation
details) and typical diameter d;, Fig. 3(e). Figure 3(d) also
illustrates strong radially symmetric flow focusing due to
the retracting drop in regimes II and III. We define the
recoiling velocity of the drop at time #, as v,, the droplet
height at that moment as /,, and the droplet diameter at that
moment as D, = D(t,), see again Fig. 3(e). Note that
regime II also includes stronger converging capillary
waves and the collapsing air cavity [Fig. 3(c) insets and

104501-4



PHYSICAL REVIEW LETTERS 129, 104501 (2022)

Figs. 3(d)(ii)—(d)(ii)]. The presence of the substrate breaks
the symmetry in vertical direction, directing the flow into
the Worthington jet. Using continuity and balancing the
volume flux at this instant #,, we obtain v,D,hy ~ v ]sz of
course, D, and h, are also related by volume conservation.
Assuming a pancake-type shape at t,, we obtain D3h, ~ D}
[21] and therefore, vjdf ~v,D3/D,. As the drop retracts,
the velocity of the flow field far away from the jet is parallel
to the base [Fig. 3(d)]. So, the occurrence and strength of
the second peak F, is mainly a result of the flow opposite
to the vertical Worthington jet [Figs. 3(d)(iv)-3(d)(vi)],
which naturally leads to F, ~ p,v3d; (momentum flux
balance in the vertical direction). Combining the above
arguments, we get F, ~p,v jszg /D, which can be
nondimensionalized with the inertial pressure force
paV3D3 to obtain

Fp=— 2 Ut

raVoDs Dy

)

where, 7; = v;/V, T, = v,/V, and D, = D,/D, are the
dimensionless jet velocity, drop retraction velocity, and
spreading diameter, respectively, all at #,.

Figure 3(f) compares the amplitude of the second peak as
obtained from the experiments and simulations with the
theoretical prediction of Eq. (2) (see Supplemental Material
Sec. IV). Indeed, this scaling relation reasonably well
describes the transitional regimes II-III and regime III
data. Obviously, in regime I, the theoretical prediction is
invalid because the hypothesis of flow focusing breaks
down, and capillary oscillations dominate the flow, with no
Worthington jet occurring [Fig. 3(d)(i)]. Further, Eq. (2)
overpredicts the forces in regime II because efficient
capillary waves focusing and air cavity collapse lead to
extremely high-velocity singular jets. The entrained air
bubble also shields momentum transfer from the singular
Worthington jet to the substrate [insets of Fig. 3(c)].

We finally come to the very large impact velocities of
regime IV. Then, when We 2 100, in the experiments
splashing occurs [5], see Supplemental Movie S6 [48].
At such high We, the surrounding gas atmosphere desta-
bilizes the rim [67,68]. Therefore, in regime IV, kinetic and
surface energies are lost due to the formation of satellite
droplets, resulting in diminishing F, in the experiments
[Fig. 3(b)]. In contrast, for our axisymmetric (by definition)
simulations, the above-mentioned azimuthal instability is
absent [67] and the plateau F » ~ 0.37 continues in this
regime. Consequently, Eq. (2) holds only for the simu-
lations in regime IV [Fig. 3(f)], and not for the experiments.
Further analysis of the experimentally observed fragmen-
tation scenario is beyond the scope of the present Letter.
For future work, we suggest that one could also exper-
imentally probe F, in this regime by suppressing the
azimuthal instability (for instance, by reducing the atmos-
pheric pressure [81]).

Conclusions and outlook.—In this Letter, we have
experimentally obtained the normal force profile F(f) of
water drops impacting superhydrophobic surfaces. To
elucidate the physics and study the internal flow, we have
also used direct numerical simulations, which perfectly
match the experimental results without any fitting param-
eter. In the force profile F(t), we identified two prominent
peaks. The first peak arises from an inertial shock following
the impact of the impacting drop onto the immobile
substrate. The hitherto unknown second peak occurs before
the drop rebounds. The variation of the amplitude of this
peak with Weber number divides the parameter space into
four regimes, namely the capillary, singular jet, inertial, and
splashing regime. This peak in the force occurs due to the
momentum balance when the Worthington jet is created by
flow focusing, owing either to capillary waves (singular jet
regime) or drop retraction (inertial regime). Surprisingly,
even a low Weber number impact (singular jet regime) can
lead to a highly enhanced second peak in the force profile,
remarkably even larger than the first one, triggered by the
singularity occurring at the collapse of an air cavity. Lastly,
we have derived scaling relations for these peak forces.

The esthetic beauty of our results on the drop impact
dynamics on a nonwetting surface and the forces associated
with it lies in the combination of the simplicity and daily-
life character of the experiment and the observed rich and
surprising phenomenology. The achieved insight is tech-
nologically relevant to develop countermeasures to the
failure of superhydrophobic materials (e.g., by avoiding
the regime 5.3 < We < 12.6 or reducing the spacing of the
textures [26]). Interesting extensions of our Letter include
the study of impact forces of viscous drops (i.e., drops with
Oh < 1), which will show quite different scaling behavior
[82], and of Leidenfrost drops [83].
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