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Abstract
Reducing the contact time of bouncing droplets is relevant to a broad range of
industrial applications, such as anti-icing and self-cleaning. Previous work has
found that placing cylindrical obstacles on the substrate leads to a reduction in
contact time. Here we use experiments and simulations to study in greater detail
the effect of varying the obstacle size on the dynamics of the drop bouncing.
We find that the contact time is minimised when the radii of the drop and the

cylindrical obstacle are comparable.



Introduction

The impact of liquid drops upon surfaces has been studied for many years'? due to both its
intrinsic scientific interest and its importance in numerous applications, for example, inkjet
printing®, plant spraying?, spray cooling®% and water harvesting” . Improving the efficiency
of these processes requires an understanding of the possible results of droplet impact upon
surfaces as well as how conditions can be controlled to promote certain behaviours. In partic-
ular there have recently been several attempts to devise ways of reducing the time of contact
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between the drop and the surface by altering the surface geometry , an improvement of

18221 and waterproofing®?.

relevance to anti-icing

Very recent work has demonstrated novel ways in which droplets bounce on superhy-
drophobic surfaces with a reduced contact time. In the experiments of Bird et al.'°, drops of
radius 1.33 mm hit a single ridge of width 150um on an otherwise flat surface. The impact
Weber number We = pv2R/o = 26, where p is the drop density, R is the drop radius, o is
the surface tension and vy is the original velocity of the drop. During spreading the droplet
remains approximately circular, but the retraction along the ridge is enhanced because the
liquid film is thinner on the ridge. This leads to a pinch-off which splits the drop into two
smaller ones. The two separate droplets then retract independently. Note that this contact
time reduction was the greatest when the drop hit the ridge centrally and decreased when
the drop was off-centre.

In related work, which emphasises the role of the geometry of the drop during retraction,

1.2 show that the contact time of a drop hitting small wires placed on the

Gauthier et a
substrate changes with varying impact velocity. For slower impacts, the drop retains a
connected shape with lobes linked by bridges, and the contact time is slightly decreased
compared to that on a flat superhydrophobic surface. During high-speed impacts, the drop
splits into several subdrops in a way depending on the wire geometry. The contact time
then scales inversely as the square root of the number of drops produced. Mogaddam et al.
also found similar results using an entropic lattice Boltzmann simulation method?3.

I studied the impact of drops of radius 1.45 mm upon cylinders

Recently, Liu et a
with radius of curvature between 2 and 10 mm. They found that the drops bounce in
an anisotropic shape with a larger extension in the azimuthal direction of the cylinder.

This occurs because, as the drop lands, more momentum is transferred into the azimuthal



direction than into the axial direction. The drop then begins retracting along the axial
direction whilst remaining extended in the azimuthal direction. The retraction force acting
on the rim remains constant and flows around the rim keep the mass of the incoming rim
small leading to a faster retraction and subsequent lift-off.

1012 or Jarger!! than the drop

Thus for droplet impacts on surface obstacles much smaller
size, the contact time is reduced compared to that on a symmetric surface?*?>. Here we use
simulations and experiments to study droplet bouncing on a semi-cylindrical ridge of varying
size on an otherwise flat surface. We show how the contact time varies with ridge radius,
hence unifying the understanding of drop bouncing dynamics on anisotropic obstacles. In
particular, we show that the maximum contact time reduction is obtained when the drop
and obstacle are of similar size.

Methods
We use a phase field model to describe the bouncing droplet. The coupled equations of

motion are the Cahn-Hilliard equation?®,

0
o+ V(up) = MV, (1)

where the composition ¢ is an order parameter which distinguishes the liquid and gas phases,
M is the mobility of the system and p is the chemical potential, and the Navier Stokes
equation,

ou
p(a +u.Vu) = —Vp — oVu +nVu, (2)

where u is the velocity, p is the pressure, p is the density and 7 is the dynamic viscosity.

The chemical potential is determined from the free energy of the system

F= / (Folo) + S WP} av + / (00— b1y + 6o — b’ 4.3 dS  (3)
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where V' and S denote integrating over the volume and the surface respectively. Fy =
Be*(1 — )? has two minima at ¢ = 0 and ¢ = 1 leading to the two stable phases. ¢, is the
value of the composition on the solid surface and 3, x and ¢y_3 are constants.

The first integral in Eq. (3) corresponds to the free energy of the bulk and the second to
the free energy contribution from any solid surfaces present. A Euler Lagrange minimisation

of the bulk terms gives the chemical potential

p=— —rVip. (4)



By integrating over the free interface the surface tension between the two phases, o, is found

to be

Whilst the interface width is given by € = 1/8k/f. At the solid surface a stable boundary

g =

condition on ', which minimises the free energy, is given by ¢g = ¢1 = 0, ¢ = 1/2¢. and
¢3 = 1/3¢.. Where ¢, = —/2k[3 cos b, with 6, being the equilibrium contact angle of the
surface.

Egs. (1) and (2) are solved using a lattice Boltzmann algorithm developed by Lee and
Liu?" and Connington and Lee?®. An important advantage of this numerical approach in the
present context, is that it is stable for the large density differences between liquid and gas
needed to model bouncing. The parameters used, in simulation units, are listed in Table I.
These correspond to dimensionless variables, We between 10 and 39 and Oh = n//po Ry =
0.013. The drops here are a bit smaller than those seen in many of the experiments due
to stability considerations and as we are below the inertial capillary length scale gravity is
neglected.

The substrate is a semi-cylindrical ridge of radius R resting on an otherwise flat surface.
Our results are reported in terms of the ratio R/Ry where Ry is the radius of the liquid
drop. The simulation box is 200 x 200 x 200 nodes in size and, as the geometry has two
planes of mirror symmetry, reflection boundary conditions are used in two directions. The
simulation is initialised with the drop just above the surface, and with an initial velocity
which is varied to provide a range of Weber numbers.

Results

Varying ridge size: Fig. 2 shows the variation of the contact time ¢, normalized by the
inertial capillary time 7 = \/m, as a function of the ridge radius R, normalized by the
initial drop radius Ry, at We = 21.6. The blue horizontal line compares the contact time
from a simulation upon a flat surface.

For R/Ry > 1, the contact time slowly decreases as the ridge size is reduced. This is be-
cause as the ridge radius decreases, corresponding to an increased curvature, the momentum
imbalance between the azimuthal and axial directions becomes larger leading to a decrease
in the retraction time of the drop. This trend, which is also seen for other Weber numbers,
which is in good agreement with the experiments in'!.

Fig. 3 shows snapshots of drop impact on a single cylinder at We = 5.3 for the experiments
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Table I. Parameters used in the simulations, and the corresponding dimensionless variables.

Quantity Value (lattice units) Quantity Value (lattice units)
Surface tension o 0.0083 Initial velocity wu; 0.04 - 0.08
Liquid dynamic viscosity n 0.0084 Drop radius Ry 50
Gas dynamic viscosity 7, 0.00019 Cylinder radius R 10 - 120
Liquid density p 1 Mobility M 0.94
Gas density p, 0.0012 Gravitational constant ¢ 0
Interface width e 5 Weber number, We 10 - 39
Contact angle 0, 180 Ohnesorge number, Oh 0.013

and We = 10 for the simulations at R/Ry = 2.3. As a result of the momentum imbalance
caused by impact with the cylinder the drop retracts first in the axial direction and this
leads to a greater retraction force as well as fluid being pumped around the drop so that the
axial retraction is enhanced. Once the axial retraction is complete the drop bounces, still
extended around the cylinder, with the central portion of the drop being the last to leave

the surface!l.

At R/Ry ~ 1 the contact time reaches a minimum and, as the ridge continues to decrease
in radius, the contact time begins to increase with a gradient far greater than the reduction
seen for larger ridges. Eventually, as expected for very small ridge sizes, the contact time
approaches the value for a flat surface. Note that, it becomes non-physical to resolve the
obstacle when its size becomes similar to the interface width. In the simulations this sets a

limit on the size of features of R/Ry ~ 0.1.

Fig. 4 shows a collision at We = 5.3 for the experiments and We = 10 for the simulations,
at R/ Ry = 0.4 in which the drop contacts both the flat part of the surface and the cylindrical
ridge. In this case only a part of the drop is on the cylinder so there is a localised retraction
along the central strip of the drop whilst the rest of the drop contracts normally. This
leads to a central pinch-off, splitting the drop into two through the impact. From this time
onwards the drop retracts as two separate droplets, both from the original outer edges of
the drops and from the inner edges near the ridge. When the two edges of each droplet meet
they lift off.



Note that the time for the central portion of the drop to retract along the ridge decreases

as the ridge size is reduced for R/Ry < 1. However in this regime the retraction does not
lead immediately to drop lift-off but rather to a drop splitting and the beginning of a second
retraction stage. This can be seen more clearly in Fig. 5, in which the retraction time is
separated into two contributions. Here, ¢; is the time for the portion of the drop over the
cylinder to retract and ty is the time for the drop to lift off the surface after this part of
the retraction. For large ridges the lift-off corresponds exactly to the retraction over the
central ridge. For smaller ridges, however, there is a significant time after the central ridge
retraction before the drop lifts off the surface.
Varying impact velocity: Next, we compare the drop bouncing dynamics with larger
impact velocities, and hence a larger We. Fig. 6 shows a drop impact at We = 39 for the
simulation case, R/Ry = 2.3, which can be compared to that with We = 10 at the same
R/Ry in Fig. 3. The faster collision leads to a enhanced asymmetry during spreading, as
expected, as the initial asymmetry is inertially driven. When the drop lifts-off, it splits
into three droplets. As seen from Fig. 6, the origin of the splitting is already apparent by
t/T = 0.77 as most of the fluid is gathered in either the central region or at the edges of the
drop. The splitting, unlike that seen for smaller obstacles, has little effect on the contact
time. This is because the drop lift-off is still driven by the retraction in the axial direction
and the drop the breaks up after the bounce.

Fig. 7 shows a collision at We = 39 for the simulation case and R/Ry = 0.4. The bouncing
pathway should be compared to Fig. 4 for the same size of cylinder for We = 10. The main
difference is that the shape of the two droplets on either side of the ridge changes significantly.
In particular, as can be seen at t/7 = 0.77 in Fig. 7, a butterfly wing configuration is formed.
This agrees with experiments following the fast impact of drops upon ridges'?.

Summary

The ways in which drops bounce upon cylindrical ridges varies substantially as the size
of the ridge is changed. In particular there are two distinct regions in which increasing the
width of the ridge has opposite effects upon the contact time. The key distinguishing factor
between them is the extent to which the drop interacts with the flat surface on which the
ridge is placed. For larger ridges the drop never contacts the flat surface. The anisotropic

curvature of the surface is responsible for the contact time reduction and, as the curvature



is increased, the contact time is reduced. Conversely, for ridges smaller than the drop,
retraction along the ridge does not drive bouncing immediately, but rather creates a pinch-
off point which leaves two drops on the surface rather than one. The contact time increases
as the ridge size is decreased due to the additional time needed for the individual droplets
to leave the surface. Thus the maximum contact time reduction occurs for obstacles with

curvature similar to that of the drop.

It would be of interest to investigate the extent to which an array of cylinders or a corru-
gated surface could be used to reduced mean contact time in the more realistic situation of
polydisperse droplets. Moreover the obstacle shape will impact the bouncing, particularly

for larger obstacles.
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Figure 1 |. Schematic of the cylindrical ridge.
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Figure 2 |. Variation of the contact time ¢, normalised by the inertial capillary time 7, as a
function of the cylinder radius R, normalized by the initial drop radius Ry, at We = 21.6. The

blue horizontal line shows the contact time on a flat surface.
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Figure 3 |. Snapshots of a drop impacting on a cylinder at R/Ry = 2.3 comparing (a) simulations

at We = 10 and (b) experiments at We = 5.3.
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Figure 4 |. Snapshots of a drop impacting on a cylinder at R/Ry = 0.4 comparing (a) simulations
at We = 10 and (b) experiments at We = 5.3. A localised retraction along the ridge causes a central
pinch-off, splitting the drop in two midway through the impact. From this time onwards the drop
retracts as two separate droplets, both from the original outer edges of the drops and from the

inner edges near the ridge. When the two edges of each droplet meet they lift off at ¢/7 = 1.8.
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Figure 5 |. Variation of the retraction time over the cylinder, ¢; (black), the time for the drop to
lift off after this retraction t5 (red) and the total contact time t = ¢; + to (blue), normalised by the
inertial capillary time, as a function of the cylinder radius R, normalized by the initial drop radius

Ry, at We = 21.6.
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Figure 6 |. Snapshots of a drop impacting on a cylinder at R/ Ry = 2.3 comparing (a) simulations
at We = 39 and (b) experiments at We=23. This faster collision leads to a enhanced asymmetry
during spreading, to the extent that the drop almost splits during the spreading step. After the

drop lifts-off at t/7 = 1.67, it splits into three droplets.
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Figure 7 |. Snapshots of a drop impacting on a cylinder at R/Ry = 4 comparing (a) simulations
at We = 39 and (b) experiments at We = 23. At t/7 = 0.77, a butterfly wing configuration is

formed.
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