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ABSTRACT

Droplet impact on a solid surface is a commonly recurring phenomenon in nature and industrial processes. The droplet dynamics and degree
of spreading have been extensively studied and are well understood. These processes, however, are substantially altered in the presence of a
non-thermal plasma over the solid surface. This study discusses the dynamics of water droplet spreading on the plasma-covered dielectric
surface of a dielectric barrier discharge actuator made out of poly (methyl methacrylate). Exposure to plasma modifies the polymer surface,
resulting in increased wettability. In addition, plasma lowers the surface tension of water, which results in a higher degree of spreading. In
particular, a notable fingering instability develops at the edge of the droplet due to the combined effects of droplet inertia and electrical forces
on the droplet. Not only is the droplet morphology affected by the plasma, but the plasma discharge itself conforms to the shape acquired by
the droplet. This finger formation has further effects on the subsequent formation of secondary droplets, plasma streamers, and droplet evap-
oration. The degree of droplet spreading, number of fingers formed, their size, and spacing are evaluated with respect to Weber number
(20 < We < 500) and electrical Bond number (0 < Bo, < 2.20).

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0291036

NOMENCLATURE t Time
. U Velocity
Latin letters vV Voltage
C  Centroid of the droplet w,  Electrode width

d  Droplet diameter
dp  Initial droplet diameter
E  Electric field strength
f Frequency o Contact angle
h  Droplet release height f Degree of droplet spreading
L ¥
€

Creek letters

Distance to the electrode edge Interfacial surface tension

6v:vL:LL G20T Jaquisldas Gz

I, Electrode length Emissivity
Iy Finger length g  Permittivity of vacuum (=8.85418 x 10> m kg 's*A?%)
N,,  Most probable mode in entire circumference & Relative permittivity
n,  Most probable mode in exposed region 0  Angular coordinate
r  Radial coordinate 0%  Angle of contact with plasma streamer
7 Average droplet radius 0 Angular range of finger structures
o Initial radius 0,  Angular range of exposed liquid
. Radius to average finger base /. Wavelength
5 Radius to average finger tip 1 Dynamic viscosity
S Spreading parameter p  Density
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o  Liquid surface tension

Non-dimensional numbers

Bo,  Electrical Bond number
Re  Reynolds number
We  Weber number
©  Ratio of finger-occupied angular coordinate (= 05/0,)

Acronyms

AC  Alternating current
DBD  Dielectric barrier discharge
FFT  Fast Fourier transform
fps  Frames per second
IR Infrared
PAW  Plasma activated water
PMMA  Polymethyl methacrylate
RONS  Reactive oxygen and nitrogen species

I. INTRODUCTION

Plasma-droplet interactions have been recognized as the funda-
mental mechanisms of a wide range of technological processes, includ-
ing propulsion, material processing, health care, nanomaterial
synthesis, and water treatment.’ These processes usually involve multi-
scale multi-physics such as heat and mass transfer, charge transfer,
interfacial instabilities, and chemical activations. Many molecular-scale
reactions and transport processes of short-lived species occur in these
mechanisms, e.g., transport of O-H radicals from gas-phase plasma to
liquid-phase droplet,” contributing to the complexity of plasma-drop-
let interactions in different regimes.’ In recent years, along with the
new advancement of plasma-based anti-/deicing technologies’ and
additive manufacturing (AM) and coating technologies,” the interac-
tions between plasma discharge and droplets have gained significant
attention due to their fundamental roles in determining the practical
performances of these multiphase systems.

Although considerable progress has been made in advancing the
understanding of plasma-droplet interactions, existing research has
predominantly focused on plasma-induced chemical reactions, radical
generation, and molecular-level transport phenomena.””®” These
efforts have provided valuable insights into the chemistry of plasma-
liquid systems; however, fundamental investigations of droplet hydro-
dynamics under transient conditions remain limited. In particular, the
impact of droplets on solid surfaces in the presence of plasma, a pro-
cess central to many emerging technologies (e.g., plasma-assisted deic-
ing and plasma-based coating and printing methods), has not been
systematically examined. The complexity is further highlighted when
solid boundaries are incorporated into this multiphase environment,
giving rise to coupled plasma-liquid-solid interactions that are largely
unexplored. Addressing this gap requires a comprehensive under-
standing of the hydrodynamic instabilities and transient droplet
behaviors upon impinging on surfaces with plasma discharge.

Droplet impact on a solid surface is a ubiquitous phenomenon
that has been studied for nearly 150 years since Worthington® pub-
lished his work, where some of the more prominent features of droplet
impact, such as branching, breakup, and rebound, were discussed.
Since then, numerous studies have been carried out addressing varying
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aspects of droplet impact under different circumstances, which have
resulted in various models for droplet spreading and splashing.
Although no single unified theory exists,” the droplet impact process is
relatively well understood. Comprehensive reviews have been written
by Josserand and Thoroddsen,” focusing on droplet impact on solid
surfaces and by Rein,'’ addressing impacts both on solids and liquid
surfaces. In general, droplet impact on a solid surface results in one of
three outcomes: spreading, splashing, and bouncing,” ' with some
sub-categories, namely deposition, prompt splash, corona splash, reced-
ing breakup, partial or complete rebound, as detailed in the previous
work.'”"” These processes are governed by both droplet and surface
properties.” On the droplet side, the dominant influences arise from
inertia, surface tension, and viscosity, which are characterized by the
Reynolds, Weber, and Ohnesorge numbers. The wettability of the sur-
face (i.e., hydrophilic, hydrophobic, or superhydrophobic) plays a piv-
otal role in the regime of droplet impact as well as the degree of
spreading (ff = #max/70) and splashing. The gas surrounding the drop-
let can induce internal circulation or oscillations of the droplet."’
Further, some of the cushioning gas can be entrapped in the liquid
upon initial contact with the solid, leading to corona splashing.’
Chandra and Avedisian'' authored a comprehensive study on the
spreading of heptane droplets on a metallic surface at temperatures
ranging from 24°C to the Leidenfrost temperature of the fluid
(=200°C). With increasing substrate temperatures, a higher fraction of
the liquid vaporizes upon contact due to an increased number of nucle-
ation sites. In addition, at temperatures near the boiling point of hep-
tane (=96 °C), an array of radial ridges and dry cells were formed over
the receding stage. At temperatures just below Leidenfrost, an evident
finger instability developed at the outer rim of the spreading droplet.

The dynamics of this well-understood process are significantly
altered when the droplet-solid impact occurs in the presence of
plasma. There exists, however, little available literature regarding this
impact process. These circumstances are frequently encountered in the
aforementioned emerging technologies based on the use of non-
thermal plasmas, such as dielectric barrier discharge (DBD) plasmas.
In particular, the aerospace community has dedicated particular atten-
tion to the implementation of surface DBD plasma actuators for flow
control'* * due to the induced ionic wind and for deicing applica-
tions” ** due to their rapid and intense thermal effects. In typical
DBD actuators, the plasma discharge occurs along the edge of an
exposed electrode and propagates within a thin region (1-2 cm) over a
dielectric material, usually quartz or polymers.

The addition of the plasma phase adds multiple layers of com-
plexity to the already dynamic, multiphase interaction. Because of the
reactive nature of plasma, a series of interfacial chemical reactions
takes place when it interacts with other phases changing their physical
properties. For instance, plasmas modify the surfaces of polymers,” **
increasing their wettability through two different mechanisms: etching,
and ion implantation. Plasma also alters the physico-chemical proper-
ties of water”” ' through a process known as plasma activation. In
general, plasma activated water (PAW) has increased electrical con-
ductivity, lower pH, higher density, decreased surface tension, and
increased viscosity compared to de-ionized water.”””"

A particular feature observed in our previous study on the multi-
phase interactions within the plasma-liquid-gas-solid system,”” and
which is further addressed in this work, is the development of a finger-
ing instability on the droplet as it spreads over the dielectric surface
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during plasma actuation. Our previous work’~ revealed that droplet
impact hydrodynamics are strongly influenced by the dynamic/ther-
mal processes during plasma discharges, which, in turn, modify the
discharge modes and lead to intense localized heating, enhanced evap-
oration, and alterations in the induced gas flow field. Such interactions
create a highly complex environment in which plasma dynamics,
interfacial instabilities, and droplet spreading behaviors are strongly
interdependent. In particular, the observed fingering patterns reflect
the sensitive interplay between transient droplet hydrodynamics,
plasma-induced dynamic/thermal processes, and plasma-modified
surface properties, highlighting the inherently multiphysics nature of
this problem. Despite these observations, systematic investigations of
plasma-modulated droplet instabilities during impact remain lacking.

The study of rippling or fingering produced by spreading droplets
impacting solid surfaces (in the absence of plasmas) has attracted
much attention in the past decades. Marmanis and Thoroddsen
investigated the characteristics of the footprint or splatter left after
impact of droplets of different liquids with a solid surface (in their
case, a thick, porous paper) at relatively high Re (up to ~25000) and
We (up to ~ 4000). The formation of finger structures was reported
for moderate values of Re, with the number of fingers and finger slen-
derness increasing with impact velocity. The degree of droplet spread-
ing and the number of fingers were scaled with respect to an Impact
Reynolds number given by

U 2 d3 1/4
Rep=— (”lga ) o Re'/? Wel/4, )

which considers the characteristic time of impact approximated by the
natural free-oscillation period. In a later paper, Thoroddsen and
Sakakibara™ presented an in-depth analysis of the fingering instability
of spreading water droplets (Re ~ 15000 and We ~ 1000) on a hydro-
philic glass surface. Intricate phenomena present during spreading,
such as finger splitting and merging, were described and attributed to
capillary waves in the azimuthal direction. It should be noted that the
structures described by Thoroddsen and Sakakibara correspond to the
small amplitude ripples observed in our experiments in the absence of
plasma. Certain inhomogeneities, such as roughness of the solid sur-
face, entrapment of air bubbles, and phase changes, may trigger the
instability of the spreading rim.”” Beautifully intricate jetting and finger
structures were produced by Zhang et al.” in an experimental study
using compound droplets of water—glycerin as the continuous phase
containing smaller immiscible droplets of perfluorohexane.
Plasma-induced finger instabilities at the liquid-air (LA) interface
have been observed in Helle-Shaw cell experiments,v’m exhibiting
similarities to the classical Saffman—Taylor instability."" Chu and Lee’”
first reported the formation of finger structures on the interface of an
air bubble and a silicone oil confined in a cell of 0.4 mm in thickness
upon plasma ignition within the bubble. With continuous plasma
actuation, the fingers branched and formed fractal patterns. In the
radial fingering phase, the wavelength (/) was found to be insensitive
to bubble size but varied with gap size (d) and liquid viscosity (u) as
2. o< du%°. In the fractal branching regime, the fractal dimension of
expansion was found to be consistent with known values for the
Saffman-Taylor instability in Newtonian fluids. In a later paper by
Hou and Chu,” similar finger and branching evolutions were found
under different interface configurations: bubble, channel, and droplet.

pubs.aip.org/aip/pof

In all configurations, localized plasma discharges were observed at the
fingertips of the gas phase.

In this work, we present a detailed analysis of fingering develop-
ment during droplet impacts in the presence of plasma discharges.
Our study reveals stark contrasts in the onset, growth, and morphology
of fingering instabilities compared to impacts on plasma-free surfaces.
These findings not only provide new physical insights into the cou-
pling between plasma actuation and droplet impinging dynamics but
also establish a foundation for rationally controlling interfacial instabil-
ities in plasma-assisted technologies. In the context that follows, a
description of the experimental methods and data analysis was pro-
vided. Then, the experimental results are presented where the inertial
and plasma-induced effects on the finger structures are discussed. This
is followed by further discussions and concluding remarks.

Il. METHODS
A. Experimental setup

The experimental setup is schematically shown in Fig. 1(a). Single
droplets of distilled water were generated at a variable height / above
the surface of a typical DBD actuator using a syringe pump (NE-1000,
New Era Pump Systems, Inc., Farmingdale, NY) through a stainless-
steel needle. The distance L between the droplet impact location and
the edge of the electrode was adjusted for the two droplet sizes to
ensure the droplet wetted the electrode during the spreading phase
even in the absence of electrical stresses. In this study, the normalized
L/d was maintained between 0.8 and 1.2.

The DBD actuator used in this study consisted of two electrodes:
one exposed to the air, and the second one encapsulated by the dielec-
tric material. Figure 1(b) offers a top view of the actuator with its rele-
vant dimensions as well as a representation of the finger instability
developed on the droplet as it spreads over the dielectric material. The
electrodes were made out of copper tape of thickness ¢, = 0.05 mm, the
width and length of the electrodes were w,=254mm, and
I, =60 mm, respectively. The electrodes were positioned asymmetri-
cally so that there was no gap between them. The dielectric material
was polymethyl methacrylate (PMMA or acrylic) with a thickness of
5.25 mm between the two electrodes. The top surface of the PMMA
was coated with a black spray paint to improve the emission properties
of the acrylic for the purposes of infrared (IR) imaging. The wetting
properties of both actuator materials were determined by measuring
the static contact angle of a water droplet for an untreated surface, a
plasma-treated surface, and well as the advancing contact angle during
plasma actuation. The results are presented in Table I.

The two electrodes were connected to a high-voltage AC source
(CTP-2000K, Nanjin Suman Plasma Technology Co., LTD) to gener-
ate a non-equilibrium plasma discharge on the surface of the dielectric
material. The power supply provided a high-voltage sinusoidal signal
of controllable voltage and frequency. For the current study, the AC
frequency was fixed at f= 10 kHz.

Thermal infrared (IR) and high-speed (HS) images were simulta-
neously recorded, offering a top view of the actuator in the experiment.
The IR (FLIR A600-Series, FLIR, Taby, Sweden) and HS (FASTCAM
Nova R3-4K, Photron USA, Inc., San Diego, CA) cameras were syn-
chronized and controlled through a delay/pulse generator. The IR
images were acquired at a frame rate of 200 fps with a spatial resolution
of 640 x 120 pixels, yielding a magnification of 0.24 mm per pixel. The
camera was controlled, and images were processed with the software
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FIG. 1. (a) Schematic of the experimental setup. (b) Schematic and dimensions of the surface DBD actuator.

IR research (FLIR, Taby, Sweden). Temperature was obtained by cali-
brating the camera according to the working distance and the emissiv-
ity of the black plaint on the dielectric surface (¢ =0.95). The HS
camera was operated at 3000 fps with a resolution of 20.44 um per
pixel. A UV lens (UV-Nikkor 105 mm F4.5, Nikon, Japan) with a high
transmittance rate (~70%) was attached to the camera to capture
plasma structures. Both cameras were mounted on adjustable optical
rails and carefully aligned such that their optical axes intersected at the
droplet impact center, minimizing perspective mismatch. The IR cam-
era was positioned at a slight angle relative to the surface normal to
avoid direct reflection, while the high-speed camera was oriented per-
pendicularly. To correct for potential perspective artifacts, we per-
formed a calibration procedure prior to the experiments. A calibration
target with known (wire) grid dimensions was imaged by both cameras
under the same configuration, and the resulting images were used to
generate a projective transformation matrix. This transformation was
then applied to the recorded experimental data to correct for geometric
distortion and ensure accurate spatial correspondence between the IR
and high-speed camera views.

B. Experimental matrix

The experimental matrix comprised 32 combinations given by
two needle sizes (gauges 14 and 25), four release heights, and three
plasma intensities, plus a control case without plasma. The smaller
needle (gauge 25) produced droplets of ~1.75mm in diameter,

TABLE 1. Contact angle measurements of actuator materials.

Static CA Static CA Advancing CA

untreated treated plasma
Material surface surface actuation
Painted PMMA 69.1° 25.7° 14.8°
Copper tape 56.3° 36.6° 30.9°

(b)

whereas the larger needle (gauge 14) generated droplets with a diame-
ter of ~3 mm. For each needle size, four heights (1) were evaluated: 5,
20, 40, and 60 cm. This resulted in a range of We from 20.44 to 490.5
following Eq. (2).

pU%d

We = . (2)
o

The peak-to-peak voltages applied to each combination of droplet size
and h described above were 0V (no plasma), 13.28, 24.6, and 29.8kV.
This resulted in electric fields of 0V/m, 1207 x 10°V/m,
2236 % 10° V/m, and 2.709 x 10° V/m, respectively, based on the sig-
nal amplitude and the thickness of the dielectric material. The electric
field strength was used to calculate Bo, using Eq. (3), which yielded a
range from 0.21 to 2.19, considering both droplet sizes.
2, .
Bo, = E-éoird. 3)
Y
The droplet spreading profile for each case is shown in Fig. 2 for
(a) dy = 1.75 mm and (b) dy = 3 mm. It becomes evident that both
inertial and electrical effects play a role in the droplet spreading and
the formation of finger structures. The following section describes the
procedure followed to quantify the morphological features of the drop-
let profiles shown in Fig. 2. These properties are then discussed with
respect to the non-dimensional parameters of interest Bo, and We.

C. Data analysis

As revealed in Fig. 2, the fingers within a single droplet display
great variability in length, slenderness, and direction. In some instan-
ces, two or more fingers merge during spreading, leading to irregularly
shaped structures. Thus, as accurately disclosed by Marmanis and
Thoroddsen™ and by Thoroddsen and Sakakibara,”* counting the
number of fingers can be somewhat subjective. To systematically quan-
tify the fingers and measure finger distribution and length, the follow-
ing procedure was implemented (and shown in Fig. 3). Thermal
images of the spreading droplets were used, taking advantage of the
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FIG. 2. Processed droplet profiles obtained from thermal imaging for (a) dy = 1.75 mm and (b) dy = 3 mm. A notable variation in finger structure length, slenderness, and
number of fingers is observed with respect to the non-dimensional parameters of interest Bo, and We.

high contrast offered over other forms of photography. The image in
Fig. 3(a) shows a typical thermal image taken soon after droplet impact
(within 5-10ms). The drastic radiance intensity difference between
the droplet and the dielectric surface allows for an easy implementa-
tion of an edge detection algorithm. To further facilitate the process,
the dynamic range of displayed radiance was adjusted within the IR
camera software (ResearchIR, FLIR Systems) to lump the small inten-
sity variations within the droplet into a homogeneous tone.

The image is converted to grayscale, and an x-y coordinate sys-
tem is defined such that its origin lies at the center of the droplet. The
x and y axes run perpendicular and parallel to the electrode edge,
respectively. Then, the built-in MATLAB function for edge detection
is applied using the Canny method with a relatively low sensitivity.
Frame (c) of Fig. 3 shows the isolated edge of the droplet in white
against a black background. These data are then converted to polar
(r, 0) coordinates. For practical purposes, the following convention is
adopted: the positive 0 direction is given by the clockwise angle from
the positive x-axis with respect to point C as shown in the figure.

Note also that the straight edge of the electrode, clearly distin-
guished in frames (a) and (b), is omitted in (c), i.e., only the droplet
edge is converted into polar coordinates. Two subsets of the 0 domain
are then defined for further analysis [indicated in frame (d)]. The first
is the angular range 0,, which contains the entirety of the data. Note
that when droplets spread contact the electrode as in the case shown in
Fig. 3, 0, < 360°; 0, then describes the exposed liquid on the dielectric
surface, as shown in frame (e) in the polar coordinates. The second
angular measurement is herein referred to as the region of finger struc-
tures, 0. Its limits are given by the outer minimum points (valleys)
that enclose the first and last finger structures that surpass 7 at their
higher point (peaks), as shown in frame (f) where peaks and valleys
are highlighted in blue and red, respectively. The average finger length
ff is then calculated from

jf _ j’peaks ; (4)
Tvalleys

where 7 peaks and T gpiys are the average values of the maxima and min-
ima included in 0. The shifted data (r — 7) included in 0 are then
analyzed by Fourier transform analysis. Note that shifting is done to
eliminate the offset component mode in the Fourier analysis (n = 0).
Frame (g) of Fig. 3 shows the FFT of the data, showing the first 300
modes, where the most probable mode (#,,=17) is marked in red.

The most probable mode n,, provides information on the number of
fingers contained within ()fs; however, since ()fs varies from one case to
another, a normalized most probable mode which encompasses the
entire circumference is defined as:

Ny =ty X —. (5)

Two closely related parameters are the finger spacing s(°) and the
wavenumber 4 (mm) given by Egs. (6) and (7), respectively.

05
s==, (6)
N
. 2nT
= —. 7
P= )

The finger slenderness is quantified by the nondimensional ratio I /.
Finally, an angular ratio @ = 0 /0, is introduced to indicate the por-
tion of the exposed droplet affected by the finger instability. These
parameters are calculated for each experimental case and are presented
with respect to We and Bo, in the following section.

Ill. RESULTS AND DISCUSSION
A. Onset and growth of finger instability

Droplet impact on a DBD plasma actuator gives rise to a series of
multiphase dynamic and thermal processes. These start with the
noticeable finger instability that develops during the droplet spreading
and are followed by plasma-liquid interactions at the droplet’s surface
and conductive heat transfer from the hot dielectric surface. Droplet
evaporation begins at the thin finger structures and near the exposed
electrode. Plasma streamers unevenly heat the droplet until its com-
plete evaporation.”” This process is shown in Fig. 4 for a droplet of
3 mm in diameter impacting on the surface of dielectric material (poly-
methyl methacrylate) of a DBD actuator at a relatively low plasma
intensity. It is worth mentioning that the parameters of the early fin-
gering features, such as the quantity and length of the fingers, influence
the later processes. Since the liquid takes the role of an extended elec-
trode, the plasma emission is displaced to the outermost parts of the
droplet, i.e., the tips of the fingers. These discharges can be seen in
Fig. 4 as bright streaks pointing radially out from the fingertips, i.e., in
a droplet with pronounced finger structures, the plasma is emitted
radially outward, and it is localized exclusively at the fingertips,
whereas no plasma discharge occurs in the interstitial space.
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FIG. 3. Methodology for finger instability
characterization. (a) Typical thermal image
taken within 10 ms of droplet impact. (b)
1 The dynamic range of thermal emissivity
is adjusted, and the image is converted to
grayscale. (c) Edge detection using
Canny’s method. A polar coordinate sys-

tem is shown with the center of the droplet
as its origin. (d) Two reference measure-
ments are depicted: the angular range 0,

(F)
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and the region of finger structures 0. (€)
The droplet edge is plotted in polar coordi-
nates. The angular range 0, and wave-
length A are indicated. (f) The polar data
are shifted by subtracting the mean drop-
let radius r to eliminate the dc component
of the FFT. The local maxima and minima

are identified in blue and red, respectively,
and 0y is indicated. (g) FFT of the data
contained within the Oz range. The most
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The thin fingers heat up more rapidly than other regions, causing
liquid evaporation and thermal Marangoni effects, both of which pro-
mote a quicker depletion of liquid in the middle. This results in the
separation of the fingertips to form secondary droplets. During this
process, high-intensity streamers of plasma form between the main
and secondary droplets as charges accumulate near the liquid-gas
interface and the vapor-saturated air ionizes. These streamers, in turn,
add heat and momentum to the adjacent regions of liquid, resulting in
a further separation of the secondary droplets from the bulk of liquid.
The early formation of streamers is seen in Fig. 4 at t = 50 ms. The
localized plasma emissions on the fingertips continue, and in fact,
intensify with the formation of streamers. The heat emitted by the
streamers continues to drive the evaporation of the droplet. This exam-
ple denotes the impact of the streamer formation on the dynamics of
both liquid and plasma phases.

In our experiments, a water droplet is released from a certain
height A to impact on the dielectric side of the DBD actuator. In all
cases when plasma was present, the advancing rim of the droplet
developed into well-defined slender fingers. Furthermore, the same fin-
ger features developed even without the droplet contacting the exposed
electrode as shown in Fig. 8 and discussed in the following section.

300

= —50ms t=10ms t =50ms

Plasma

t
r
Exp.
electrode

t=250ms t=750ms t =1500ms

Min. Surface Temperature Max.
(a.u.)

FIG. 4. The sequence of images denotes the separation of thin fingertips to form
secondary droplets (t = 50 ms). Simultaneously, high-intensity streamers are gen-
erated, connecting the primary droplet with the newly formed secondary droplets.
These streamers infroduce heat to the main droplet and drive its evaporation.
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The sequences of photos in Fig. 5 show the droplet impact and
spreading over the PMMA dielectric surface of the DBD plasma actua-
tor for the cases with plasma off (a) and plasma on (b). Inspection of
the photographs reveals that the finger formation is evident in the
presence of plasma. The inner (d;,) and outer (d,,,) diameters of the
droplets are approximated with the red and blue superimposed circles,
respectively. When the plasma is off, the droplet spreading upon
impacting is a typical deposition type under the low We number con-
dition, i.e, We=250. Very limited fingering formation was observed,
as shown in the snapshots in Fig. 5(a) from t=1.5ms and =3 ms.
Rapidly after the initial finger formation upon impact, these finger fea-
tures remain unchanged as can be seen from t =3 ms to =7 ms. For
the case of plasma-on, however, much more evident finger formation
was observed upon droplet impacting, although the We number was
kept the same as that in the plasma-off case. With the emergence of
the finger structures, they continuously grow as time goes by, as seen
in Fig. 5(b) from t=1.5ms to t =7 ms.

The time evolution of d;, and d,,,; normalized by d, as well as the
normalized average finger length (I = (dou — diu)/d, in black trian-
gles) are shown in Figs. 6 and 7, respectively. It is noted from these two
plots that in both cases the fingers appear 1.25 ms after impact, as the
rim of the droplet thickens. However, the finger length remains rela-
tively constant in the case with plasma off, while it increases almost
monotonically when the plasma is on. It is noted that the behavior of
the inner diameter (in red squares) is similar regardless of the presence
of plasma. In both instances, the values of d;, seem to plateau at t ~ 3
ms, which coincides with the time of maximum spreading in the case
of plasma off. In addition, receding waves [such as those seen in
Fig. 5(a) at t = 7 ms] begin to form at the rim and propagate inward.
We determine that the inertial effect of the droplet spread ends when
diy plateaus. Further, Ir slightly decreases after the maximum spreading
of the droplet in the absence of plasma. The formation of small ripples
(Is/d, = 0.15) prior to maximum spreading in the absence of plasma
results from the imbalance between inertial and capillary forces on the
spreading front.””’* The instability does not grow in time since the
inertial effects die out after maximum spreading.

On the other hand, the case with plasma exhibits finger growth
during inertial effects as well as after the inertial spread has died out. A
direct comparison between the two cases indicates that the finger
growth rate during the inertial spreading is higher in the presence of
plasma. This suggests that forces other than the inertial are involved.
In fact, we observe that a bright plasma streamer forms between the
electrode and the liquid at the moment of impact. The streamer forma-
tion is a nanosecond process, which takes place within the positive half
of the AC cycle."* This initial streamer serves as a bridge through
which a large number of charges are transferred to the droplet. The
droplet is then subjected to Coulomb forces radially outward, resulting
from the redistribution of charges. These forces are, however, circum-
ferentially uneven due to the external electric field caused by the elec-
trode. The added momentum to the initial spreading of the droplet
favors the destabilization of the spreading front of the droplet and pro-
motes the finger formation.

The effects of plasma on the wetting properties of the solid sur-
face also play an important role in the droplet spreading and the fin-
gering phenomenon. The wettability of the dielectric surface is
denoted by the spreading parameter S=7yg4 — V51 — V14, Which is,
in turn, defined by the surface tensions for the solid-air (SA),

ARTICLE pubs.aip.org/aip/pof

solid-liquid (SL), and liquid—air (LA) interfaces. As the polymer comes
into contact with the plasma, its wettability increases.”” ** The plasma
intensity is stronger at the electrode and diminishes with increasing
distance from the electrode. This renders a global gradient of increas-
ing wettability (VS) along the plasma stream direction. In addition,
plasma ejections take place locally at the fingertips as the fingers
develop and continue to occur as long as the finger maintains contact
with the exposed electrode through liquid or through plasma stream-
ers, as can be seen in the thermal images in Fig. 4. These ejections
cause localized regions of increased wettability at the spreading front
of the finger structures. The global and local gradients of wettability
promote the development of the instability as follows. Upon impact,
the droplet begins to spread radially out from the impinging point. As
the liquid spreads away from the electrode, it encounters an adverse
wettability gradient (global effect), i.e., the liquid faces a decrease in
mobility, which is often a necessary condition for fingering, such as in
Saffman-Taylor instability."' "’ In addition, the local plasma dis-
charges at the advancing fingertips increase the wettability of the sur-
face, allowing the elongation of fingers after the inertial effects have
died out.

Our observations hold some similarities with plasma-induced fin-
gering instabilities reported in narrow gaps.”” *’ It is pointed out that
while in our experiments the liquid was not confined, it was in the
form of a thin film as a result of the droplet spreading. In addition, the
plasma increases the wettability of the dielectric material and reduces
the surface tension of the liquid, further promoting the droplet spread-
ing. The spreading caused by inertial and Coulomb effect is then “self-
confined” to the thin film, that is, no relaxation occurs in the direction
normal to the plane. This thin film configuration is then a necessary
condition for the finger instability to develop. Experiments were car-
ried out (although omitted here) where sessile droplets at the elec-
trode/dielectric interface were supplied with the same plasma
intensities as those reported herein. This resulted in a decrease in the
contact angle. However, no fingering was observed under such condi-
tions, and recirculation occurred within the hemispherical droplet.
The second point of comparison with the observations mentioned
above” " is the extent of instability evolution. In our case, the insta-
bility is restricted to the initial stage of finger formation, during which
the fingers do not continuously grow or branch. This behavior is
attributed to the expansion of the ionized gas phase as it heats over
time. In a confined space, the plasma region continuously pushes
through the liquid, causing a prolonged evolution of the instability.

B. Decoupling of inertial and electrical effects

To de-couple the inertial and electrical effects, the experiments
were repeated such that the droplet impacted and spread fully on the
dielectric material. This slightly delayed the transfer of the electrical
charges on the droplet, and hence the onset of finger development.
The sequences of photographs in Fig. 8 show the outcomes of two rep-
etitions of the experiment. Droplets of 2.75 mm in diameter impacted
the actuator 10.3 mm away from the edge of the electrode. Upon con-
tact, the drops began to spread seemingly unperturbed by the plasma.
However, as the spreading rim approached the high-voltage electrode,
a single filamentary plasma structure (or streamer) appeared between
the droplet and the electrode, giving rise to the onset of finger forma-
tion. The streamer is highlighted in red at the moment it is initially
seen in Fig. 8, and the blue arrow indicates the direction normal to the
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(b) Droplet impact and spreading over the dielectric surface with plasma on

FIG. 5. Droplet impact and spreading over the PMMA dielectric surface at We = 250, (a) in the absence of plasma and (b) with surface DBD plasma discharge.

droplet’s edge at which the streamer contacts it. The streamer appears
as a thin white line in subsequent frames. The two sequences of frames
in Fig. 8 show the same phenomenon with a slight variation in the
point on the droplet (indicated as 0" in terms of the polar coordinate
convention established in Sec. 11 C) and the direction in which the
streamer comes into contact with the droplet.

The images in the top row show that the streamer is formed
and contacts the droplet at its closest point to the electrode
(0" = 180°) at t = 1.66 ms, when the droplet had nearly reached
its maximum spreading size. Prior to this, the droplet spread
evenly in all directions with its rim forming the characteristic

I J
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af nogpoooCoootfoo
4t COﬁL obo
egi’. 3'3:’2:93"“""’
< 3 e
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0 1 1 1
0 2 4 6
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FIG. 6. The time evolutions of dj, (red square) and d, (blue circle) normalized by
d, for plasma off (solid) and plasma on (hollow), respectively.

ripples. At t = 3 ms, the streamer can be seen penetrating into the
droplet. Simultaneously, the droplet’s periphery is affected by the
formation of an indentation at the point of contact (0" = 180°)
and a gradual transition from ripples to well-defined fingers in the
furthermost parts of the droplet (6" ~ 0°). The instability contin-
ues to grow for a few ms until the maximum length is reached at
t ~ 6 ms. This finger formation is attributed entirely to electrical
effects since inertial ones had already terminated. However, it
appears that the flat shape of the droplet (or thin film) is a neces-
sary condition for the finger stability to develop since liquid
motion is restricted to a plane and momentum cannot be easily
redistributed perpendicularly to the plane.
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FIG. 7. The time evolutions of normalized average finger length (I = (dour — din) /do
for plasma off (solid triangle) and plasma on (hollow triangle), respectively.
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FIG. 8. Finger instability development on droplets impacting away from the exposed electrode.

The bottom row of photographs in Fig. 8 shows a similar effect
but with the streamer contacting the droplet at an angle of 0" ~ —135
as highlighted in the frame corresponding to t = 1.33 ms. This behav-
ior was caused by the deterioration of the dielectric material of the actu-
ator. With prolonged use, slits form along the actuator due to the high
temperatures (seen as vertical streaks in the lower row of images). These
slits result in turn in localized regions of plasma intensity in the absence
of the droplet. Upon impact, the droplet is reached by the already
formed filamentary plasma structure in its vicinity (0" ~ —135) rather
than by a streamer formed after the impact. The interaction continues
at the same location throughout the development of fingers, which also
is considered to occur after the inertial effects have vanished. Similar to
the previous case, the region of the droplet rim immediately in contact
with the streamer presents an indentation and is void of finger struc-
tures. However, the finger length and slenderness distribution are asym-
metrical. These effects are addressed next.

The distribution in finger length and slenderness is attributed to
the local and global electric fields. In the first case of Fig. 8, the streamer
acts in the same direction as the global electric field (as indicated by the
blue arrow). As a result, the indentation and finger distribution are sym-
metric with respect to the 0 = 0° line such that the growth of fingers
closer to the electrode is opposed by the electric field from the electrode
as well as the local field of the streamer. In addition, the direction of the
induced ionic wind can also resist the formation of fingers near the elec-
trode and favor those away from it. The length and slenderness distribu-
tion of fingers in the second example is more complicated due to the
direction of action of the streamer not being aligned with the main
plasma discharge. After initial contact, the streamer remains acting
upon the droplet at roughly the same location (0 = —135°) where the
edge indentation (or rather a flattening) develops. The finger length
then increases in the tangential direction away from the point of con-
tact. Nonetheless, this distribution is not symmetrical with 0. It can be
seen that both the finger length and slenderness on the side closer the
electrode are hampered by effect of the electric field and ionic wind. On
the other hand, the fingers farther from the electrode are long and thin,
with the longest fingers still being near 0 = 0°.

C. Characterization of droplet spreading and finger
parameters

The onset of instability has been attributed to a combined effect
of reduced mobility during the droplet spreading caused by the adverse

wettability gradient normal to the electrode and the repelling Coulomb
forces, which destabilize the rim of the spreading droplet. It has also
been signaled that the thin film spreading is a necessary condition for
the onset of the instability due to the restricted 2D fluid motion. Now,
we address the relative roles of droplet inertia (characterized by We)
and the electrical effects (identified by Bo,) on the overall droplet
spreading, and finger parameters such as finger length, spacing, and
slenderness. To these effects, droplets of constant We (i.e., using the
same needle size and released from the same h) were produced and
allowed to impact the actuator at varying plasma intensities.
Alternatively, a constant Bo, can be achieved on droplets of the same
size at a given plasma intensity. The We is then varied by adjusting .
The overall effects are presented in Fig. 9, where the left column of
images shows droplets of We = 40.87 spreading over the dielectric sur-
face of the DBD actuator at varying plasma intensities
(0 < Bo, < 2.19). On the other hand, the second column of images
depicts droplets of a constant Bo, = 0.43 over a range of We that varies
from 40.87 to 490.5. The droplet contour is plotted in polar coordi-
nates next to each image frame. The radial coordinate is normalized by
the base radius r, (average location of the finger troughs). The local
minima and maxima are highlighted in red and blue dots, respectively.

The individual effects of We and Bo, become clear from inspec-
tion of Fig. 9. It is seen that at a constant We = 40.87, the number of
well-defined fingers increases. In fact, slender and well-defined fingers
with maxima r/r, values around 1.6 develop even with the lowest
plasma intensity, in contrast to the case with no electrical actuation
which displays no finger structures. In addition, the finger length
becomes more uniform with increasing Bo,. The ratio ® = 0;/0,,
namely, the portion of the droplet’s circumference occupied by fingers
also increases with increasing Bo,. The column on the right in Fig. 9
denotes the effects of We (release height & of the small droplet size) on
the finger structures in a low plasma intensity (Bo, = 0.43). The most
obvious effects of an increased We are the degree of droplet spreading,
and a substantial increase in the number of fingers (and hence a
decrease in A). The FFT analysis to determine the most probable wave
number described in Sec. IT C was applied to all the experimental cases.
The results are discussed next.

Droplet spreading and finger size parameters are plotted against
We and Bo, in Fig. 10. The measured data at each We and Bo, coordi-
nate is shown by the circular markers, whereas the surface was gener-
ated by linear interpolation and is simply a visual aid. The degree of
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FIG. 9. Droplet spreading and finger formation under varying experimental parameters. Increasing We and Bo, results in an increased number of fingers of smaller size. The
top row of images shows the effect of increasing Bo, at a fixed We = 40.87, whereas the bottom row shows the effect of increasing We at a constant Bo, = 0.22.

droplet spreading is quantified by 7 /r, ie., the average radius value
normalized by the droplet’s initial radius. Its dependency on We and
Bo, is depicted in Fig. 10(a), where it becomes evident that droplet
spreading increases with both We and Bo,. In fact, the increase in 7/,
is nearly monotonic with respect to either variable. This dependency is
further evidenced in Fig. 11, where the same normalized spreading fac-
tor is plotted against the product We x Bo!/4, suggesting a stronger

dependency to We. The experimental data (for nonzero Bo,) is
approximated by a logarithmic curve fitting of the form (R* = 0.9481)

7/ro =231 1n<We x Bo}/“) +7.4. (8)

This equation suggests that We plays a greater role in determin-
ing the maximum droplet spreading than Bo,.

The normalized most probable wave number [N,,, Eq. (5)] is
shown in Fig. 10(b). This is related to the number of fingers that would
populate the entire circumference of the droplet (without the blockage
from the electrode). The data ranges from mode 1 (no fingers) to 60
and in general, the data increases with both We and Bo,. It is pointed
out that in the absence of plasma (Bo, = 0) no fingers are formed at
low We. At the highest We (= 490.5) the rim of the droplet forms rip-
ples which generate a relatively high N,,,. However, these ripples do
not meet the criteria of length and slenderness discussed next. At any
fixed value of Bo,, N, increments with increasing We. Similarly, at a
fixed We, N,, increases with increasing Bo,. Similar to the spreading
factor, the normalized number of fingers can be plotted against the
product We x Bol/* as shown in Fig. 12 and approximated by the
expression (R? = 0.9041)

N,, = 344.46 X exp {—0‘0013<We X Bo;/‘*)] — 335

X exp [70.002<We X Bo;/“)]. )

Figure 10(c) shows the average finger length normalized by initial
droplet size (7f /o). Note that the We and Bo, axes are inverted with
respect to the previous two plots for better visualization of the data.
This plot indicates that the length of each finger can be as much as
four times larger than the droplet’s initial radius. Further, there is a sig-
nificant increase in finger length when even a moderate plasma inten-
sity is applied. This can be verified from the droplet profiles shown in
Fig. 2. While the trends in Fig. 10(c) are not continuous, in general
droplets at low We show longer fingers at the highest Bo, values, on
the other hand, as We increases, there is a diminishing of Tf in the
higher Bo, regime (see, for instance, the rightmost data point for
We = 490.5, Bo, = 2.20 which has a value of I /ry ~ 2, considerably
lower than its neighbors). This can be attributed to the larger degree of
droplet spreading, which pushes the base of the fingers farther outward
[note that the point mentioned earlier shows the largest 7/ry in
Fig. 10(a)].

For further analysis, the average finger length was normalized
by the mean radius after spreading (/;/7) and is presented in
Fig. 10(d). The results suggest that in general, for a fixed We a
larger Bo, yields longer fingers. Nonetheless, this effect is attenu-
ated at larger We values. At the lowest values of We (<50) where
the droplet carries little inertia, there is a significant progressive
increase in finger length as the electrical effect becomes increas-
ingly stronger. On the other hand, in highly inertial droplets
(We > 200), there is only a significant increase in finger length
between the case with no electricity and the lowest Bo, (=0.43).
After that, the value of I;/7 plateaus with increasing Bo,, sugges-
ting that finger length is mostly dictated by droplet inertia.

Figure 13 shows additional parameters related to the finger struc-
tures. Note that the axes are oriented to better display the plotted data
and that cases in which fingering was not identified (Bo, = 0) are
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FIG. 10. Droplet and finger parameters (a) mean spreading radius, (b) normalized most probable mode, and the average finger length normalized by (c) ry and (d) 7, plotted

against the nondimensional numbers We and Bo,.

omitted. Figure 13(a) shows the wavelength A calculated from Eq. (9).
The plot shows that the largest values of 4 occur at conditions of either
low We or low Bo,, on the other hand /. decreases at combinations of
large We and Bo,. A similar behavior is shown when plotting the
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FIG. 11. Normalized droplet spreading (7 /rp) as a function of We xBol/*. A loga-

rithmic curve fitting [Eq. (8)] is presented along with the experimental data.

angular spacing between fingers in Fig. 13(b), noting that the combina-
tion of Egs. (5)-(7) yields 4 o 7s.

Finger slenderness is herein quantified by /7, and their values
are plotted in Fig. 13(c). The data reveal a distinct dependence on We:
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FIG. 12. Normalized number of fingers (N,,,) as a function of We xBol/ *. An expo-
nential curve fitting [Eq. (9)] is presented along with the experimental data.
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and Bo,.

in the presence of plasma (Bo, # 0), droplets with higher We produce
more slender finger structures. The dependence on Bo,, on the other
hand, is less straightforward. While in general, slenderness increases
with Bo,, the maximum values of I / /. at a given We occur at a moder-
ate Bo, ~ 0.5. Finally, the angular ratio ® is presented in Fig. 13(d). It
shows that the ratio occupied by fingers increases with both We and
Bo,, indicating that higher inertial and electrohydrodynamic effects
not only promote the formation of more fingers but also allow them to
cover a greater angular extent of the droplet perimeter.

D. Determination of fingering instability modes

Based on the droplet spreading and finger parameters presented
above (number of fingers, finger length, and slenderness), we identified
that in general, the data fell into five regimes. These regimes are
described below and are illustrated in Figs. 14 and 15. Figure 14 shows
the contours in Cartesian and polar coordinates of five droplet samples
(one representative of each regime) along with the number of fingers
(ny,) within 0, for each case. Figure 15 displays a rough delimitation of
each regime in a We — Bo, domain based on the investigated cases.
Note that these group delimitations are somewhat subjective and can
be verified by the reader for all experimental cases in Fig. 2. The char-
acteristics of each group and We, Bo, values are as follows:

I. Low We and Bo, = 0 (blue in Figs. 14 and 15). In the absence
of plasma, droplets of relatively low inertia maintain a mostly

1L

111

Iv.

circular shape upon impact with the surface. Droplets in this
regime do not exhibit any evident finger formation, or a negli-
gible ripple formation. Their perimeter has a relatively constant
radius, ie., the largest finger measurements are <10% of r,.
The sample droplet presented in Figs. 14 and 15 has a
We =163.5 and Bo, =0.

High We and Bo, = 0 (orange in Figs. 14 and 15). As the iner-
tia of the droplet increases (still without plasma), some small
ripples are formed at the rim during the spreading phase, as
discussed earlier. The case presented (We =490.5 and Bo, =0)
exhibits 14 ripple structures (opposite to the slender fingers
described in the previous section) with a maximum value of
r/r, = 1.11, the average inter-finger spacing is 11.4°.

Low We and Bo, # 0 (red in Figs. 14 and 15). This regime con-
tained only droplets at the lowest We investigated (=20.4) at all
the plasma intensities. Its main characteristic is the formation of a
few well-defined fingers of irregular size scattered at irregular inter-
vals. The sample case presented (We = 20.4, Bo, = 1.09) exhibits
three relatively well-defined fingers (at locations 0 = —81°, —21°,
and 79° with an additional five protrusions intercalated around
the edge. The eight fingers and protrusions have an average spac-
ing of 26°.

Moderate We and Bo, # 0 (magenta in Figs. 14 and 15). In gen-
eral, these droplets exhibit 10-20 long fingers (r/r, ~1.5) with
inter-finger spacing of s > 10°. The case presented in Figs. 14 and
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FIG. 15. Stability plot of the spreading and fingering regimes identified with repre-
sentative samples. The regimes were characterized as I: low inertia and no electric
stresses, minimum ripple formation. II: high inertia and no electric stresses, ripples
are formed at the rim of the spreading droplet. Ill: low inertia with electrical stresses,
some non-uniformly distributed fingers are formed. IV: moderate inertia with electri-
cal stresses, relatively long and thick fingers are uniformly distributed around the
droplet edge. V: high inertia and high electric stresses result in many small and thin
fingers.

15 has 17 fingers with a 7,4, /1, = 1.48 and an average spacing of
13.65°. This regime exhibits the longest fingers (I7/ro, I;/7) and
occurs at moderate values of We x Bo,.

V. Moderate to high We and Bo, # 0 (green in Figs. 14 and 15).
This spreading regime resembles the finger formations in Fig. 9
which contain >20 fingers of /7, = 1.30 and an average spac-
ing of <10° between fingers. The case presented here (We =490,
Bo, =1.49) has 30 fingers with a 7,,5/7, = 1.25 and an average
spacing of 6.23°. This regime presents a large number of fingers,
high slenderness numbers (7f /) and occurs at higher We X Bo,
values. Finger merging (similar to the observations by Thoroddsen
and Sakakibara™) was often encountered in this regime. See for
instance, the double finger structures in the top polar plot in
Fig. 12 located at 0 ~ —80°, —40°, and +50°. These structures
result from the merging of two distinct fingers in the early phase
of spreading.

IV. CONCLUSIONS

We have presented experimental evidence highlighting the devel-
opment of a fingering instability when water droplets impact the poly-
methyl methacrylate surface of a dielectric barrier discharge device
during plasma actuation. The formation of fingers and their distribu-
tion proved to be a critical step in the subsequent breakup into

secondary droplets, the development of high-intensity plasma stream-
ers, and the droplet’s evaporative dynamics. The development of the
instability was attributed to reduced mobility due to an adverse wetta-
bility gradient on the surface caused by the plasma. Coulomb forces
acting on the spreading droplet and localized plasma discharges on the
fingertips aid to finger extension.

Droplet spreading and finger parameters were extracted from the
droplets’ contours in polar coordinates and contrasted against We and
Bo,. Droplet spreading and number of fingers increased nearly mono-
tonically with increased We and Bo,. Empirical relationships were
drawn for these two parameters with respect to the product
We x Bol/*. Finger length and wavelength were highest at modest val-
ues We x Bo,, whereas finger slenderness (Iy//) was highest at larger
We X Bo,. In general, the data fell into five categories based on finger
length, spacing, and distribution.
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