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Droplet impact on rotating surfaces: The effect of centrifugal force
and wettability on spreading dynamics
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Droplet impact on rotating surfaces experiences the tangential shear force from the
rotating surface, generating a centrifugal force that either enhances the spreading or
destabilizes the expanding lamella. In this study, we experimentally characterize the impact
of a water droplet on rotating surfaces with various wettabilities, and theoretically analyze
the observed impacting dynamics, including the enhanced spreading and the transition to
the destabilization of the expanding lamella. Liquids with a wide range of viscosity are
tested to explore the effect of liquid viscosity on the impacting dynamics. We propose a
simplified approach to predict the tangential velocity induced by the surface’s tangential
shear force, and validate the predicted velocity by flow field measurement. We further
deduce a quantitative description for the maximum spreading factor in the spreading
regime, and derive the critical condition for the destabilization of the lamella for a water
droplet. Good agreements are found between the predicted values and the measured ones
for the impact on the rotating surfaces with various wettabilities.
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I. INTRODUCTION

The interactions between the droplet and the interface, due to the rich phenomena in short
duration, are widely applied in various industrial applications, including ink jet printing, spray
cooling, and agricultural irrigation [1-3]. Diverse dynamics of the droplets during the impact
on various interfaces [4—7] attract great interests to observe, characterize, and further predict the
droplet’s behavior.

Upon impact, the droplet deforms under the reacting force from the surface, possibly trapping
a small volume of air underneath, and ejects a thin liquid sheet, entitled as the lamella, from the
deformed liquid body [8]. This radially expanding lamella, resisted by the viscous force and the
capillary force, either reaches its maximum spreading diameter, or induces liquid disintegration at
its advancing front. The former behavior is referred to as spreading, while the latter one as splashing.
These two typical behaviors of the impacting droplet are affected by various factors, including the
droplet’s physical property [9-11], surface wettability [1,12—14], surface morphology [15-18], and
ambient condition [19]. Tuning one of these factors may induce the transition between spreading
and splashing [20], or the emergence of new impacting behaviors [21,22]. With a set combination of
droplet and surface, the transition of the droplet’s behavior from spreading to splashing is normally
triggered by the increase of the impacting velocity [23].

To capture the key characteristics of these two behaviors, i.e., the maximum deformation of the
spreading droplet and the splashing threshold, numerous models, either from the perspective of
energy conservation [24,25] or from the view of force balance [26], were proposed to reveal the
underlying physical mechanism. Although a universal model is favorable, the droplets’ properties
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and surfaces’ conditions were found to significantly affect the droplets’ impacting dynamics.
Therefore, each model was proposed based on the specific impacting condition. For instance, the
maximum spreading factor Biax of a water droplet on a superhydrophobic surface was found to be
scaled only by the impacting Weber number We. For a droplet with high viscosity, Bm.x was found
to be simply associated with the Reynolds number Re due to the significant role of the viscous
dissipation. Accurate quantifying of the energy budget for an impacting droplet may be a promising
approach in tendering a universal scaling law of the maximum spreading factor B.x for various
impacting conditions. However, the variation of the impacting condition may change the boundary
conditions of the impact and reshape the energy equation. For instance, the artificially added external
excitation on the interface, including the acoustic wave [27], the surface’s motion [21,28,29], and
vibration [30,31], may significantly change the dynamics of the boundary layer in the advancing
lamella during spreading, and generate discrepancies between the measured values of S, and the
predicted ones from the model derived for impacting on the static surface.

For the transition of the droplet’s behavior from spreading to splashing, the aerodynamic force
from the surrounding air has been found to play a vital role in triggering the splashing [20].
The escaping air flow underneath the expanding lamella either destabilizes the liquid film [32]
or consistently lifts the lamella up in the air until its breakup [8]. Such splashing mechanisms
were found to well describe the transition for the impact occurring on a smooth and flat surface
with various wettability. However, for impact on rough, soft, or inclined surfaces, the complex
droplet-interface interaction complicates the spreading-splashing transition, resulting in a newly
emerged mechanism and critical parameter of splashing [21,33-35].

For the interaction between the droplet and the moving interface, it originates from the interaction
between the droplet and the moving surfaces appearing in engineering applications. These scenarios
include the rain droplet impacting on the moving train or the rotating parts of the aeroengine or wind
turbine generator [36,37]. The applied surface motion induces additional shear force between the
droplet and the target surface, resulting in the emergence of new spreading and retracting dynamics
[38]. For the impact far away from the rotating center, the tangential shear force from the surface
could be considered as constant during impact, generating an asymmetric spreading by applied
stretching force in the tangential direction [29,39]. In contrast, for the impact right on the rotating
center, shear force is symmetric in the tangential direction and develops with the spreading radius,
resulting in the dominant effect of the centrifugal force on the spreading dynamics. For a rough
superhydrophobic surface, the centrifugal force stretches the spreading droplet and generates a hole
in the middle of the droplet, resulting in a rapid rebound [40]. However, the effect of the surface’s
wettability on the droplet’s dynamics for the impact right on the center of the rotating surface is
not fully understood. The underlying mechanism, i.e., how the shear force and the centrifugal force
from the rotating surface change the spreading dynamics of the impacting droplet, is still missing.

In this study, we intend to give a full picture of the droplet’s spreading dynamics when impacting
on the center of arotating surface qualitatively and quantitatively. We explore the droplets’ behaviors
for impacting right on the center of the rotating surfaces with various wettabilities and a wide range
of liquid viscosities. We use high-speed imaging to observe the impact behavior and characterize the
behavior for wide ranges of experimental parameters, including the impacting velocity Vp, rotating
speed wq of the surfaces, liquid viscosity, and the surface wettability. We propose a model to predict
the maximum spreading diameter in the spreading regime for all liquids and the transition between
the impacting behaviors for water.

II. EXPERIMENTAL SETUP

We use distilled water and water-glycerol mixtures as the working liquids. The water-glycerol
mixtures with different weight ratios are prepared to obtain liquids with different viscosities. For
the water droplet, its initial diameter Dy is 2.8 mm £ 0.1 mm or 3.5 mm £ 0.1 mm, while it is
changed to 2.4 mm =+ 0.1 mm for a droplet of water-glycerol mixture due to the reduced surface
tension. Droplets are generated by supplying a liquid through a flat tip needle and released from the
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TABLE I. Physical properties of the liquids used in this study.

Liquid Viscosity (mPa s) Density (kgm™3) Surface tension (MmN m™")
Water 1 1000 72.0
Water-glycerol mixture 1 5 1117 68.5
Water-glycerol mixture 2 10 1150 67.3
Water-glycerol mixture 3 50 1203 65.3
Water-glycerol mixture 4 100 1219 64.9

needle by gravity. We vary the releasing height of the droplet from 10 to 600 mm to obtain a velocity
range between 0.3 m s~! and 3.4 ms~!. The resulting Weber number, defined as We = ,0V02D0 /o,
varies from 5 to 560. Here, o and p are the surface tension and density of the liquid at room
temperature, respectively (Table I). By changing the viscosity of the liquid from 1 to 100 mPa s, the
resulting Ohnesorge number, defined as Oh = 1/(pDyo )!/?, ranges between 0.002 and 0.23 in this
study. Here, w is the viscosity of liquid.

The schematic of the experiment setup is shown in Fig. 1(a). We assemble the surface to a circular
platform, which is directly attached to one end of the rotating shaft of a vertical motor to obtain a
horizontal rotating surface. The rotating speed wg of the motor is well controlled between 0 and
10000 revolutions per minute (rpm), by a control unit. The resulting rotational Reynolds number
Re,, = pwoDj/ 1 ranges from 0 to 13 000. In the experiment, we make sure the horizontal distance
Ax between the center of the falling droplet and the center of the rotating surface is less than
10 pixels (1 pixel = 17 um) for all impacting cases, since we find the deviation of the maximum
spreading factor between cases in this range is almost the same as those on a static surface. To
measure the horizontal distance, we first identify the rotating center of the surface in the recording
camera before measurement, and compare it with the center of the falling droplet. We exclude the
cases with large horizontal deviation from the rotating center of the surface, i.e., Ax > 170 um. To
reduce the horizontal deviation for each impact, we place the needle in a long metallic tube to reduce
the disturbances from the surrounding environment. For each impact, we repeat the experiment
several times to ensure at least three qualified repetitions for data processing.

To explore the effect of surface wettability on the spreading dynamics, we prepare five surfaces
with different materials, including glass, polymethylmethacrylate (PMMA), paraffin wax (PW),
polished aluminum (Al) and silicon surface coated with nanoparticles (superhydrophobic surface,
or SHBS). The static contact angle oy of a water droplet on the surfaces ranges from 12° to
165° (Table II), suggesting that the wetting properties of these surfaces range from hydrophilic

(@) (®) Glass Al
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ag = 53.3°

-

FIG. 1. (a) Schematic (not to scale) of the experiment setup for droplet impact on a rotating surface. Inset:
schematic of the generated lamella at the maximum spreading diameter (¢ = ¢.). (b) Sessile water droplets on
the five tested surfaces of different materials. The static contact angle o is measured from the image to indicate
the surface’s wettability.

ag = 165.0°
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TABLEII. Static contact angle oy and advancing contact angle «, for a water droplet on the tested surfaces
in this study.

Surfaces Glass Aluminum PMMA PW SHBS
Static angle ag (°) 12 43 53 95 165
Advancing angle «, (°) 58 88 92 132 180

to superhydrophobic [Fig. 1(b)]. The advancing contact angle «,, ranging from 58° to 180°, is also
measured for a prediction of the maximum spreading factor. The contact angle and the advancing
contact angle of the water-glycerol mixture droplet on the PMMA surface are around 72° and 82°,
respectively.

To visualize the flow field inside the droplet, silver-coated hollow glass particles with the size of
10 um and the same density of water are seeded into the droplet before impact. The seeding density
of the particle is set around 0.006 particles per pixel (ppp). This seeding density is significantly
below the critical seeding density, 0.17 ppp, over which image contrast would significantly decrease
due to the loss of optical transmission in the seeded liquid [41]. A silver-coated mirror is assembled
on top of the impacting surface, beside the needle, providing the angled top view of the spreading
droplet. In the flow field measurement, we measure the flow field in the expanding lamella when the
droplet is reaching the maximum spreading diameter. We first determine the droplet’s expanding
diameter and impacting center from the recording, and then decompose the measured velocity
into two perpendicular directions, one in the radial direction and the other in the circumferential
direction. The velocity in the circumferential direction is the tangential velocity of the spreading
droplet on the rotating surface.

For each impact, we record the behavior of the droplet impact targeted on the center of the
rotating surface using a high-speed camera (Nova S9, Photron). The images from both the angle
view and the side view are recorded in the experiment for analysis. The frame rate of the camera is
set to 20000 fps. We use a lens (Micro-NIKKOR, 105 mm, f2.8) attached to an extension tube
to record images with a pixel size of 17 um. A light-emitting diode light source provides the
illumination.

III. RESULT AND DISCUSSION

A. Characteristic behaviors of impacting droplets on rotating surfaces

To explore the impacting behaviors of droplets on rotating surfaces, we systematically vary
the impacting velocity V; and rotating speed w, of the surface, and record the impact behavior
for different combinations of surface and liquid. We observe different spreading behaviors of the
droplet, besides the typical spreading and splashing. In Fig. 2, we present five series of representative
snapshots, showing the typical behaviors of the impacting water droplets on the static or rotating
surfaces with different wy on a PMMA or PW surface. For a water droplet impacting on a static
PMMA surface, i.e., wy = 0 [Fig. 2(a)], the droplet deforms and generates a thin liquid film upon
impact, which expands to its maximum spreading diameter D = D,, at¢t = ¢.. Here, t = 0 is denoted
as the moment when the droplet appears to contact the surface. The liquid film can either keep the
radial position at maximum diameter D,, or retract by capillarity, depending on the wettability of
the surface.

In contrast, the impacting behavior of the water droplet changes on the rotating surface (g > 0).
At low rotating speed [wy = 2000 rpm, Fig. 2(b)], the impacting droplet spreads to D,, on the
PMMA surface (¢ = 3.75 ms), retracts to a certain radius (# = 15 ms), and then spreads again
until the liquid film becomes unstable (+ = 30 ms). This impact behavior is denoted as spreading
retraction in this study. It has to be noted that the droplet may deposit on the hydrophilic surface
after impact when wy < 1000 rpm, a behavior denoted as deposition. At high rotating speed
[wp = 6000 rpm, Fig. 2(c)], the generated lamella keeps spreading until the destabilization of liquid
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(a) PMMA, u =1 mPas, wg =0
0 ms 8 2 mm|f 1 ms

(b) PMMA, u =1 mPa s, wy = 2000 rpm

10 ms 12.5 ms 15 ms

0 ms 2 mm |l ms
o

(c) PMMA, u =1 mPa s, wy = 6000 rpm

i)ms g - - O

(d) PW, u =1 mPas, wg = 2000 rpm

(e) PW, u =1 mPa s, wyg = 6000 rpm

FIG. 2. Series of representative snapshots showing the typical behaviors of the impacting water droplets
on polymethylmethacrylate (PMMA) or paraffin wax (PW) with different rotating speed wy with the same
impacting velocity 2.0 ms™': (a) PMMA surface with wy = 0, (b) PMMA surface with wy = 2000 rpm,
(¢) PMMA surface with wy = 6000 rpm, (d) PW surface with wy = 2000 rpm, and (e) PW surface with
wp = 6000 rpm. The impacting behaviors are similar on surfaces with different wettabilities. After spreading
to the maximum spreading diameter D,,, the droplet either deposits on the surface (a), or retracts to a certain
radius (b) and (d). High surface rotating speed induces constant spreading of the droplet until its breakup (c)
and (e).

film occurs at the front of the advancing lamella, which could be the result of centrifugal force
induced by the rotating surface. We denote this sustained spreading of the droplet as spreading
breakup in this study. For a droplet impacting on a hydrophobic surface, we also observe the
emergence of the spreading retraction [Fig. 2(d)] and spreading breakup [Fig. 2(e)]. The transition
of the droplet’s impacting behavior from spreading retraction to spreading breakup is found to occur
with sufficiently high w( for impacting all the tested combinations of liquids and surfaces. For the
droplet of the water-glycerol mixture, we observe similar impacting behaviors and transitions for
all tested liquids.

In Fig. 3, we present the spreading curves, i.e., the spreading factor 8 = D/D, versus impact
time ¢, for the water droplet impacting on four tested surfaces with different rotating speed w, of
the surface at the same impacting velocity Vo = 1.0 ms~!. We observe an insignificant difference
between the spreading curves in the early stage of spreading, i.e., right after the impact and before
the droplet reaching the maximum spreading diameter (¢ = t.). With the expanding of the ejected
lamella, the spreading velocity gradually decreases, following the amplified differences between
the spreading curves. We observe the noticeable deviations between the spreading curves at t = 7,
especially for the impact on the hydrophobic surface [Fig. 3(d)], and the enlarged distance between
the spreading curves when t > t.. The change in the spreading curves reflects the transition of
the impacting behavior from spreading to spreading retraction and to spreading breakup with the
increase of the surface’s rotating speed.
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(a) Glass (i =1 mPas,Vo = 1.0m s™1)  (b)Al (4 =1 mPas,Vp = 1.0m s71) (c)PMMA (4 =1 mPas,Vo = 1.0m s71) (d)PW (u =1 mPa s,V = 1.0ms1)
7 7 7
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FIG. 3. The dependence of spreading factor 8 = D/D, on the time ¢ for water droplets impacting on
different rotating surfaces, including glass (a), Al (b), PMMA (c), and PW (d). The impacting velocity V,
is kept at 1.0 ms~!, while the rotating speed wy of the surface ranges from 0 to 10 000 rpm.

For an impacting droplet targeted right at the center of a rotating surface, upon contact, the
tangential shear force is spontaneously generated from the rotating surface due to the tangential
velocity difference wyR between the surface and the radial expanding lamella. The velocity dif-
ference between the rotating surface and the droplet increases with the expanding radius R = D/2,
resulting in an increasing effect of tangential shear force on the tangential velocity building up in the
advancing lamella. Such tangential velocity generates a centrifugal force, which locally accelerates
the spreading of the droplet, resulting in the enhanced spreading or transition of the spreading
behavior from spreading retraction to spreading breakup.

B. Enhanced spreading on rotating surface

We now focus on the spreading dynamic in the regimes of deposition and spreading retraction,
in which the maximum spreading factor can be extracted from the spreading curve. We measure the
maximum spreading factor 8,, = D,,/Dy from the spreading curve for impact on all tested surfaces.
Besides the increase of 8, with the impacting Weber number We, we observe the gradual increase of
Bm with the rotating speed w of the surface at the same We for all tested combinations of surfaces
and liquids (Fig. 4). Therefore, the enhancement of spreading generally occurs on surfaces with
various wettabilities.

To further reveal the enhancement effect of the rotating surface on the spreading dynamic, we
first revisit the spreading dynamic of the droplet for impacting on a static flat surface. In the initial
stage of the impact, shortly after the droplet contacts the surface, a thin liquid film, or lamella, is
ejected from the bottom of the droplet with a typical initial high velocity and small thickness. This
lamella expands radially with a decreasing radial velocity and increasing thickness until reaching
the maximum spreading diameter or the emergence of splash. For the impact on a rotating surface,
the tangential velocity of the expanding lamella is gradually built up by the tangential shear force
that is associated with the radial position of the liquid. The generated tangential velocity induces
the centrifugal force, accelerating the spreading of the expanding lamella and resulting in the
enhancement of the maximum spreading factor. The increase of the radial expanding velocity V,
induced by the rotating surface tops up the radial spreading velocity determined by the initial
impacting velocity V;. Therefore, the rotating surface enhances the spreading via the increase in
kinetic energy.

To predict the enhancement effect of the rotating surface on the spreading droplet, the tangential
velocity in the lamella needs to be firstly derived to calculate the radial acceleration caused by the
centrifugal force. Considering a control volume of liquid, following the expanding characteristics
of the generated lamella, the velocity and thickness of the expanding lamella changes with time.
In addition, the tangential shear force from the rotating surface on the control volume relates with
radial position. Therefore, the acting force and the mass of the control liquid volume both change
with time, resulting in a complex acceleration process for tangential velocity of the lamella in the
spreading stage.
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FIG. 4. Dependence of the maximum spreading factor §,, on the surface rotating speed w, for impacting
with various Weber numbers for different combinations of surfaces and liquids, including glass-water (a),
PMMA-water (b), PW-water (c), SHBS-water (d), PMMA-water-glycerol mixture with u =5 mPas (e),
PMMA-water-glycerol mixture with ¢ = 10 mPas (f), PMMA-—water-glycerol mixture with © = 50 mPas
(g), and PMMA-water-glycerol mixture with & = 100 mPas (h). The solid curves represent the theoretical
predictions of the maximum spreading factor from our model.

To obtain a quantitative model to predict the enhancement effect of the rotating surface on the
spreading dynamic, we adopt a simplified approach in the prediction of the built up tangential ve-
locity Vj, the key in spreading enhancement. We assume that the complex acceleration of tangential
velocity Vp in the advancing lamella can be approximated by a simplified acceleration process, in
which the time to ejection and time-dependent thickness of the lamella is neglected. We consider the
acceleration process of Vj as an infinitesimal controlled volume d 2 of liquid with constant thickness
h, moves with the same radial velocity V = (+/3/2)Vot /2 as the expanding velocity of the lamella
[8], from the impacting center, where r = 0 at + = 0, to the maximum spreading radius, where
r=D,,/2 at t =t [inset in Fig. 1(a)]. Here, T =#Vj/Ry is the dimensionless time, and /A is
the thickness of the lamella when r = D,,/2 and ¢ = t.. During the spreading stage 0 < ¢ < 7,
the tangential velocity Vjy and radial velocity V, of this controlled liquid volume are accelerated
by the tangential shear force and centrifugal force, respectively. The increased radial velocity
enhances the spreading, while the built-up tangential velocity generates a centrifugal force that
may destabilize the liquid film at# = ¢, triggering the destabilization of the advancing lamella, i.e.,
the emergence of the spreading breakup.

For the infinitesimal controlled volume of the liquid, its mass dm is written as dm = phr dr d6
in a cylindrical coordinate. Here, 6 is the tangential coordinate. By applying linear approximation,
the shear stress y between the droplet and the rotating surface becomes y = uwor/5. Here,
8 = Ro(t./ Re)!/2 is the boundary layer thickness in the lamella. Here, 7. = ¢./(Ry/Vp) is the dimen-
sionless spreading time. The tangential shear force dF,, = yr dr df acting on the infinitesimal liquid
body gives a tangential acceleration ap = dF, /dm = (uwor)/ (8 ph). Therefore, the acceleration ag
only relates with the radial position r(¢), which is assumed to have the same expanding characteristic
as the front of the advancing lamella, i.e., r = (37)'2R, [8]. Therefore, the tangential acceleration
ay 1is the function of time . Integrating the tangential acceleration ay from the moment of impact
t = 0 to one moment ¢ during the spreading, gives the tangential velocity in the advancing front of
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FIG. 5. (a) Comparison between the dimensionless spreading time 7. and the dimensionless expression
k — 1 for all tested impacting cases in this study. (b) Comparison between the measured value of the maximum
spreading factor f,.mcasurea and the predicted ones By-prediciea from the model proposed in this study or Ref. [24]
at three representative impacting velocities V but with different rotating speed wy on the PW surface. For the
impact with Vy = 1.7 ms~!, the rotating speed of the surface changes between 500 and 3500 rpm. For the
impact with V, = 2.2 and 2.6 m s, the rotating speed of the surface changes between 500 and 2500 rpm. The
fitting parameter ¢ is set to 0.7 in the model proposed in Ref. [24], while it is changed to 0.8 in our model.

the lamella:

Vo(t) =

2 R 1/2
JuIon) 0<3&> 32 (1)

38,0]’1 R()

This built-up tangential velocity Vp(¢) induces the centrifugal force that generates a radial
acceleration a, = ng /r to facilitate the spreading. The integration of a, with time ¢, gives the
increased radial velocity V() by the centrifugal force, expressed as

6 (2uwoRo\> [ Vo \*
V() = o 2Rt _03 2
7\ 38ph 3R}

Therefore, as long as the spreading time 7. is determined, we can have the top-up radial velocity
V,.(t.) of the spreading droplet caused by the rotating surface. Since the averaged spreading velocity
is scaled with the impacting velocity Vp, the increased spreading could be equivalent to the spreading
with an increased velocity Vj + V,.(t.). We are now ready to formulate the equation to predict the
maximum spreading factor for an impacting droplet on a rotating surface. Here, we follow the
energy conservation approach proposed by Wildeman et al. [24]. Based on the energy conservation,
the sum of the initial surface energy Eyy = wDjo and one-half of the initial kinetic energy Ex =
(m/ 12),0D(3)V02 is transferred to the combination of the final surface energy E; = (« /4)0D,2n[1 —
cos(ag)] + mwD,,ho and viscous dissipation E; = ¢(Vy /8)2(Dm8tc) in the boundary layer. Here, ¢
is a fitting parameter, and the dimensionless spreading time 7, was found to be related with D,, /Dy
as . = D,,/Dyg — 1 =k — 1 [24]. The lost one-half of the kinetic energy was considered to be
dissipated by the head loss of impact. Although all these results were theoretically derived and
experimentally confirmed for spreading a droplet on the static surface, we assume, in principle, they
are still valid for droplet impact on rotating surfaces. We, indeed, find the dimensionless spreading
time 7, of the impacting droplet on the rotating surface is also related with D,,/Dy as t. = D,,,/Do —
1 =« — 1 [Fig. 5(a)].

2
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FIG. 6. Comparison between the measured value of the maximum spreading factor B, measured and the
predicted ones B,,-predicied from the model proposed in this study for all impacting cases in the spreading regime.

The only difference lies in the kinetic energy Ei. For impacting on a rotating surface, the
radial advancing lamella is accelerated by the centrifugal force originating from the rotating
surface. In other words, the extra kinetic energy is added into the spreading droplet on the rotating
surface. To properly estimate the increased kinetic energy, we add the top-up of radial velocity
V.(t = t.) from Eq. (2) to the droplet’s impacting velocity V; to provide an estimated kinetic energy
Eo=(m/ 12),0D8Vr% during the impact caused by the rotating surface. Here, V,o = Vp + V,.(t = 1.).
Therefore, following the energy conservation approach, we have the equation connecting the total
energy of the droplet before and after impact on the rotating surface:

Er0/2+EsO :E5+Ed~ (3)

By substituting the expressions of all the terms in Eq. (3) with the initial condition of the impact,
it becomes an equation that can be numerically resolved for D,,. To a better fitting between the
predicted values and measured ones, we revise the fitting parameter ¢ from its original value of
0.7 to 0.8, which could result from the additional dissipation caused by the rotating surface. In
Fig. 5(b), we present the comparison between the measured maximum spreading factor B,;-measured
and the predicted ones B-predicted from the model proposed in this study and Wildeman et al. [24] at
three representative Vy but with different wy. It has to be noted that ¢ is set to 0.7 in the calculation
of the predicted values using Wildeman’s model, while it is changed to 0.8 in our model. The
deviation between the predicted values calculated using these two models changes with the rotating
speed wy of the surface at the same V}), showing the enhancement effect of surface motion on g,
can be predicted by the proposed model in this study. We also plot B.predicted VETSUS Bmeasured
for impacting on all tested surfaces with different rotating speed wy and impacting velocity Vj in
Fig. 6. Good agreement between the measured values and the predicted ones for all tested surfaces,
suggesting the enhanced spreading induced by the rotating surface is well captured by the proposed
model. It has to be noted that our model may not be applicable for the impacting with small Weber
number and high rotating speed at high viscosity (the impacts with We=7 and wy > 3000 rpm for
the droplet with u > 50 mPas).

We observe the overprediction of the maximum spreading factor for impacting on the hydrophilic
surfaces in Fig. 6. This overprediction could result from the underestimation of the advancing
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FIG. 7. (a) A representative flow field result for an impacting droplet with Vy = 1.54 m s~! on a rotating su-
perhydrophobic surface with wy = 5000 rpm. The red rectangle is the region where the flow field is measured.
The dashed circle is the outer profile of the spreading droplet. (b) Dependence of the measured rotating velocity
Vin-measured @round ¢ = 7. on the rotating velocity of the surface wy for impacting on a superhydrophobic surface
with different velocity V. The solid curves represent the theoretical predictions of V,,. (¢) The comparison
between the measured rotating velocity V,-measurea at ¥ =, and the predicted ones V,,, predgiciea fOr impacting
cases with different impact velocity V; and the surface’s rotating speed wy.

contact angle during the spreading. It has been reported that the advancing contact angle of the im-
pacting droplet depends on both the surface’s wettability and the flow field of the spreading droplet
[42]. At high velocity, the advancing contact angle is reaching 180° as the surface wettability plays
a minor role [24]. For the impacting droplet on a rotating surface, the flow field in the advancing
lamella is modified by the rotating surface. Therefore, the measured advancing contact angle from
the static surface, which is the advancing contact angle used in our model, may not be the same as
those on a rotating surface. For the underprediction of the maximum spreading factor in Fig. 6, it
could result from the modification of the fitting parameter accounting for the viscous dissipation.

C. The transition between spreading retraction and spreading breakup

For droplet impacting on a rotating surface, increasing the rotating speed w, induces a higher
centrifugal force F, ~ pV,?/(D,,/2) att = t., which eventually triggers the transition of the droplet’s
behavior from spreading retraction to spreading breakup. In this study, we first consider the
transition between spreading retraction and spreading breakup for a water droplet, for which the
viscous force can be neglected.

To predict such transition, we first calculate the tangential velocity V,, = Vyp(t =1.) at t =t¢,.
According to the determined spreading time 7., we are able to calculate the tangential velocity
Vinpredicted for all the impacting cases on rotating surfaces according to Eq. (1). To validate our
calculation of V,,,, we measured the tangential velocity V,, measured in the advancing lamella around
the end of the spreading stage by particle image velocimetry [Fig. 7(c)]. In the experiment, we track
the spreading diameter of the droplet to determine ., and obtain the correspondingly tangential
velocity Vi measured [Fig. 7(a)]. We present the comparison between the measured value V,, measured
and the predicted ones Vj,predicted in Fig. 7(b). The data points scatter around the dashed line, where
Vin-measured = Vin-predicted» validating our model in predicting the spreading dynamics for droplet
impacting on the rotating surface.

We are now able to formulate the critical condition for the transition from spreading retraction to
spreading breakup. For the centrifugal acceleration at # = t., it becomes a, ~ V.2 /(D,,/2), while the
retracting acceleration caused by the capillary force can be written as a, ~ o[l — cos(a,)]/(pri72).
Here, r| = h/2/sin(e,/2) [43] and r, = D,,/2 are the radii of the curvature of lamella in two
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FIG. 8. Phase diagrams for the water droplet impacting behavior in the parameter space of rotational
Reynolds number Re, and Weber number on different surfaces, including glass (a), PW (b), PMMA (c),
PW (d), and SHBS (e). The dashed lines are the predicted transition from spreading retraction to spreading
breakup. The scale bars represent 1 mm. Different behaviors of the impacting droplet are denoted with different
markers. The behavior “transition” represents the state when the droplet’s behavior cannot be clearly classified.

directions. At the critical condition, a, balances with a., i.e., a. ~ ag. Substituting the expressions
above, gives the critical tangential velocity V, at the transition:

v~ (o= cos(@a)lsin(@a/2) 172
‘ ( oh ) '

4)

Therefore, V. depends on the wettability of the surface and the thickness of the lamella att = ¢,.
For the spreading droplet on a rotating surface, the droplet would keep spreading until the liquid
film breaks up when V,, > V., while the droplet may retract under the capillary force when V,,, < V..
At the same impacting velocity Vp, the increase in wy results in significant strengthening of Vj as
Vy o wp, while slightly increasing in V, since V, « h=Y2 « D,,. Therefore, the increase in rotating
speed wy eventually leads to the emergence of spreading breakup.

We first conclude the impact behaviors of the water droplet on the tested surfaces, by presenting
the phase diagrams of the droplet impacting behaviors on three surfaces in the parameter space
of Re, versus We (Fig. 8). For the hydrophilic surfaces, the impacting behavior changes from
deposition to spreading retraction to spreading breakup, with the increase of the rotating speed wg of
the surface. When wy < 1000 rpm, the droplet could stay on the rotating surface after spreading. At
high rotating speed, i.e., @y > 1000 rpm, the droplet either retracts after reaching the maximum
spreading diameter (spreading retraction) or keeps spreading until the liquid film destabilizes
(spreading breakup). The transition between the spreading retraction to spreading breakup varies
with both We and Re,,. In general, the transition occurs at smaller Re,, with the increase of We. This
could be caused by the strengthened centrifugal force as the droplet spreads to a larger diameter.
For the impacting on the hydrophobic surfaces, we observe the emergence of splashing at high We,
and the disappearance of deposition at low Re,,. For the impact targeted at the center of the rotating
surface, the tangential shear force from the surface generates a rotating velocity in the spreading
lamella, inducing a centrifugal force that is capable of facilitating the spreading or changing of the
impacting behavior of the droplet.
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FIG. 9. Phase diagrams for impacting behavior in the parameter space of rotational Reynolds number
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We are now able to predict the critical tangential velocity V. of the droplet at the transition
between spreading retraction and spreading breakup at given impacting velocity Vj. By increasing
the rotating velocity of the surface, the tangential velocity V,, of the droplet at maximum spreading
state (D = D,,) approaches and overwhelms the critical velocity V., i.e., V,, > V,, triggering the
transition of droplet behavior from spreading retraction to spreading breakup. However, from
the experiment observation, the expanding lamella accumulates at the front, showing a fingering
behavior that advances the transition [Figs. 2(c) and 2(e)]. Therefore, V,, = nV, could be more
proper in determining the critical condition of the transition from spreading retraction to spreading
breakup. Here, n is a fitting parameter. In this study, we take n = 1/3 and predict the transition
between the two behaviors for a water droplet on all tested surfaces. The predicted transitions
generally match well with the experimental observation (Fig. 8), validating our proposed model
in predicting the critical condition for triggering the destabilization of the expanding liquid film on
the rotating surface.

To present the effect of viscosity on the transition from spreading retraction to spreading breakup,
we show the phase diagrams for impacting behavior in the parameter space of the rotational
Reynolds number Re, and the Weber number for the droplet of water-glycerol mixture with
different viscosities in Fig. 9. With the increase of liquid viscosity, the transition characteristics from
spreading retraction to spreading breakup for high viscosity droplets deviates from those for water
droplets. For the impact with water droplets on a PMMA surface, the transition from spreading
retraction to spreading breakup depends on both the Weber number and the rotational Reynolds
number. The critical rotational Reynolds number at the transition generally decreases with the Weber
number [Fig. 8(c)]. However, for the impact with high viscosity, we observe the decreasing effect
of the impacting Weber number on the transition, especially for the impacts with u = 50 mPa s and
@ = 100 mPas. Although the critical rotational Reynolds number varies for impact with different
viscosities, the transition typically occurs when the rotating speed is around 4000 rpm. This could
result from the competition between the centrifugal force and the viscous force, both of which
increase with liquid viscosity. The former one promotes the transition, while the latter one resists
the transition. However, the viscous effect is neglected in our prediction of the transition. To predict
the transition from spreading retraction to spreading breakup for the droplet with high viscosity,
further work has to consider the effect of the viscous force.

IV. CONCLUSIONS

In this study, we present a detailed study in characterizing and analyzing the behaviors of the
droplets impacting right on the center of rotating surfaces with various combinations of surfaces
and liquids. We observe the droplet’s impacting behavior changes from deposition to spreading
retraction to spreading breakup, with the increase of the surface’s rotating speed. The tangential
shear force from the rotating surface induces a tangential velocity that either enhances the spreading
or further destabilizes the expanding lamella. We derived the increased tangential velocity in the
impacting droplet by adopting a simplified approach and validated the predicted tangential velocity
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by particle image velocimetry measurement. We further deduced an equation based on energy
conservation to quantitatively describe the enhanced maximum spreading factor in the spreading
regime for all tested combinations of surfaces and liquids, and derived the critical condition for
the transition from spreading retraction to spreading breakup for water droplets on surfaces with
various wettabilities. The predicted values generally match well with the measured ones for all
tested surfaces with various wettabilities for water droplets, suggesting the potential of our proposed
models in the prediction of the droplet’s spreading dynamics and manipulation of the droplet’s
behavior in the complex droplet-interface interaction.
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