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Abstract

Charging of particles having diameters of tens of microns has been extensively studied at
atmospheric pressure in the context of, for example, electrostatic precipitators where the focus
was on unipolar charging. The ambipolar charging of particles in atmospheric pressure plasmas,
and of droplets in particular, has received less attention. The plasma activation of droplets is of
interest for water purification, fertilizer production and materials synthesis, all of which depend
on the transport of the droplets through the plasma, which in turn depends on their charging. In

this paper, we report on the transport dynamics of water droplets, tens of microns in diameter,
carried by the gas flow through an atmospheric pressure radiofrequency glow discharge
sustained in helium. The droplets pass through the plasma with minimal evaporation and
without reaching the Rayleigh limit. The droplet trajectory in the presence and absence of the
plasma provides insights on the forces acting on the droplet. The measurements were analyzed
using results from a three-dimensional fluid model and a two-dimensional plasma
hydrodynamics model. We found that the transport dynamics as the droplet enters and leaves the
plasma are due to differential charging of the droplet in the plasma gradients of the bounding

sheaths to the plasma.

Supplementary material for this article is available online
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1. Introduction

Dusty plasmas are the focus of fundamental research
due to the ability to investigate non-ideal thermodynamic
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systems over macroscopic spatial scales and typically con-
sist of micrometer-sized dust grains in addition to the neutral
gas, electrons and ions [1-3]. A particle immersed in a low
temperature plasma (LTP) acquires a net negative charge to
balance electron and positive ion fluxes to its surface, charging
the particle to the electrical floating potential. The distribution
and fluctuation of dust particles in low pressure plasmas, in
which the sheaths surrounding the particle are mostly col-
lisionless, have been extensively investigated using orbital
motion limited (OML) theory [4, 5], Monte Carlo simulations
[6], stochastic charging models [7], and analytical models

© 2023 The Author(s). Published by IOP Publishing Ltd
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[8]. Analytical models have also been developed to estimate
the charge on spherical particles in collisional plasmas [9, 10].
Charged microparticles in LTPs have dynamical time scales of
tens of milliseconds and can be easily visualized individually
[11, 12]. The formation of dust structures or clumps and dust
voids (regions devoid of dust particles) in such plasmas have
also been investigated, conditions resulting from the balance
of the electrostatic and ion drag forces acting on dust particles
[11, 13, 14].

Particle dynamics are typically assessed in terms of the
forces acting on microparticles immersed in a plasma. These
forces are either charge-dependent (ion drag and electrostatic
forces) or charge-independent (neutral drag, gravity and ther-
mophoretic forces). In particular, the ion drag force is often
of critical importance in low pressure dusty plasmas [15].
The major challenge for determining the electrical forces on a
particle is knowing both the charge (Q) on the particle and the
electric field (E), both of which may vary with position in the
plasma. Beckers et al removed this requirement by perform-
ing experiments under both normal gravity and microgravity
conditions, and assumed that the particle charge scales linearly
with the particle radius [16]. Similarly, the charge on micro-
particles in the afterglow of an inductively coupled low pres-
sure radiofrequency (RF) plasma was determined by applying
a known external electric field and measuring the correspond-
ing particle acceleration [17]. Microparticles have also been
used as probes to measure the spatially resolved electric field
strength and the particle charge in a collisional RF plasma
sheath under hypergravity conditions induced by a centrifuge
(up to 10g, g=9.81 m s~2) including the use of a collisional
sheath model [18].

The plasma activation of water droplets, typically per-
formed at atmospheric pressure, is of interest for water
purification [19], fertilizer production [20] and materials
synthesis [21, 22], all of which depend on the transport of
the droplets through the plasma which in turn depends on
their charging. Droplets in atmospheric pressure thermal plas-
mas have been studied extensively, for example, in the con-
text of surface coatings [23, 24]. However, due to the high gas
temperatures (>2000 K), the plasma-droplet interactions are
dominated by thermal effects, and droplet charging in such
scenarios is typically not considered to be important [25].
The transport and charging dynamics of micron to tens-of-
microns-sized droplets in non-equilibrium LTPs have not been
as extensively studied. Given the technological importance of
plasma-droplet interactions in non-equilibrium systems, we
have performed experimental and computational investiga-
tions to provide insights into these transport processes.

Experimental and theoretical studies have been performed
to understand the charging and stability of liquid droplets in
an applied electric field, mostly related to Coulombic fission
and Rayleigh limit/instability [26-31]. Examples include the
Taylor experiments demonstrating the fragmentation of water
droplets in an applied electric field [26]. Experiments determ-
ined the Coulomb fission limit of microdroplets by trapping
a droplet in superposed ac and dc electric fields [30] or by

levitating droplets in a double-ring electrodynamic balance
[28, 29]. Highly charged droplets are of particular interest
due to their use in analytical mass spectroscopy coupled with
electrospray ionization [32], and their dynamics have been
investigated in this context [32-34]. Most of these studies
involve unipolar charging of droplets, which differs from the
ambipolar charging that typically occurs in plasmas. In the
quasi-steady state ambipolar charging of droplets, the cur-
rents of electrons and (positive) ions to the droplet must be
balanced. This is accomplished by a transient in which the
droplet first charges negatively to the electrical floating poten-
tial. Recently, Maguire et al investigated the charging of aer-
osols/droplets in the afterglow of an atmospheric pressure
RF plasma jet [35, 36], using an analytical model developed
by Khrapak and Morfill [37], applicable for collisional
plasmas.

In this paper, we discuss the transport dynamics of liquid
water droplets in an atmospheric pressure RF plasma sustained
in He, with a focus on the acceleration of the droplets entering
and exiting the plasma where the droplets transit through the
ambipolar space charge region. Single water droplets are dis-
pensed into the reactor and entrained into the gas flow. In the
absence of plasma, the droplets flow with the gas between the
parallel plate electrodes at a speed close to the gas velocity.
With the plasma operating, we have previously shown that
water droplets can be guided through the plasma without sig-
nificant evaporation and that the droplet charging remains well
below the Rayleigh limit to trigger Coulombic fission [19].
These conditions enable us to quantify the forces experienced
by the droplet in the plasma. We found that the particle accel-
erates entering and leaving the plasma as they transit through
the ambipolar space charge regions at the top and bottom of the
plasma. Using charge on the droplet provided by analytic the-
ories and modeling, these accelerations require electric fields
of (1—2) x 10° Vm~!. We propose that the source of these
electric fields is the differential charging of the droplet in the
plasma gradients at the top and bottom of the plasma. This dif-
ferential charging produces asymmetric electric fields in the
sheaths at the top and bottom of the droplet, which produces a
net force that accelerates the droplet.

The experiment and models used in this investigation are
described in section 2. The transport dynamics of droplets
in the RF plasma are discussed in section 3. Our concluding
remarks are in section 4.

2. Descriptions of the experiment and models

2.1. Plasma reactor

A detailed description of the plasma reactor used in this
investigation can be found in [19, 38, 39]. In brief, an RF-
driven (13.56 MHz) capacitively-coupled diffuse glow dis-
charge is generated between two parallel water-cooled copper
electrodes embedded inside a polytetrafluoroethylene housing
(see figure 1). The cross-sectional area of the electrodes is
19.1 x 9.5 mm? with an inter-electrode spacing of 2 mm. The
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Figure 1. Plasma reactor. (a) Image of the RF plasma reactor in
operation including the copper electrodes and the droplet dispenser.
(b) Cross section of the 3D model geometry used for the fluid
simulation. The fluid domain is shown in light grey color, while the
dark grey region represents the droplet dispenser domain (not
modeled). The top and bottom edges of the electrode are shown at
z=0and z=9.5 mm.

plasma was generated within this gap in different gas admix-
tures of helium (ultra-pure carrier grade 99.9995%) at atmo-
spheric pressure with total gas flow rates ranging from 0.5 to
3.0 standard liters per minute (slm) using mass flow control-
lers (MKS, GE50A). The plasma power was measured from
the voltage and current waveforms recorded on a digital oscil-
loscope (Tektronix DPO2024B, 200 MHz, 1 GS™ using a
high bandwidth voltage probe (Tektronix P5100A, 500 MHz,
100x, 2.5kV) and a current transformer (Pearson Electronics,
Model 2878) located at the powered RF connection between
the matching box and the reactor.

2.2. Droplet generation and imaging

Single deionized water droplets, tens of microns in size, were
generated by an on-demand dispenser (MicroFab Techno-
logies Inc. MJ-ATP-01-070) enclosed in an aluminum cas-
ing and mounted on top of the plasma reactor as shown in
figure 1(a). The droplet ejection frequency, diameter and ini-
tial velocity were governed by the piezoelectric actuation,
which was triggered by tailored trapezoidal waveforms gen-
erated by an external controller (MicroFab Technologies Inc.
JetDrive™ III CT-M5-01). The droplet ejection frequency was
fixed at 100 Hz in this study. The droplets were then carried
downward with the gas flow between the electrodes.

The inter-electrode gap through which the droplets tra-
versed was optically accessible for imaging of the droplets
through quartz windows enclosing the electrode surfaces.
The trajectory or dynamics of the micro-droplets through the

reactor were monitored by microscopic imaging using a fast-
framing camera (Photron FASTCAM Mini UX50) located at
the front of the reactor, while an LED flashlight located behind
the reactor illuminated the path of the droplets. The camera
was mounted with a micro-focus lens (Nikon Micro-Nikkor
105 mm) and an extension tube of length 200 mm to obtain a
high magnification and an image resolution of 1.7 pum/pixel.
The camera settings (16000 frames per second and shutter
speed of 7.8 us) were fixed throughout this work. The recorded
video data were analyzed by the image analysis software, NIH
Imagel [40], the details of which are outlined in [19]. The vari-
ations in the droplet trajectory were assessed at different loca-
tions along the droplet trajectory by moving the reactor vertic-
ally using a micrometer-controlled linear translational stage.
Time-resolved data were extracted from the position and local
velocity of the droplets.

2.3. Modeling of gas dynamics

A three-dimensional computational fluid dynamics (CFD)
model of the reactor was developed using the commercial soft-
ware ANSYS-CFX, to simulate the gas velocity within the
reactor channel. The geometry of the fluid domain is sym-
metric across two planes normal to each other at the center
of the reactor. As a result, only a quarter of the entire geo-
metry was used for the simulation. The geometry used in the
model corresponding to the experiment is shown in figure 1(b)
including the boundary conditions. A constant mass flow rate
corresponding to the volumetric flow of 1 slm and a fixed gas
temperature of 295 K was used for the inlet conditions, while
an opening to the ambient at a static pressure of 1 atm was
used as the outlet condition. For a gas flow rate of 1 slm, the
Reynolds number (Re) is ~21, and so a laminar flow model
was used.

2.4. Measurement of electron properties

The electron density (n.) and temperature (7.) in the He
plasma were determined from the emissivity measurements of
the continuum (neutral bremsstrahlung) radiation without the
droplets in the plasma [38, 41, 42]. The time and spatially aver-
aged absolute total plasma emission was recorded by optical
emission spectroscopy using a calibrated tungsten halogen
lamp, the details of which can be found in [38]. The shape
and magnitude of the absolute plasma emission (continuum)
intensity were fitted with the electron-atom bremsstrahlung
radiation with a non-Maxwellian distribution of electron ener-
gies to determine n. and 7T.. An example of this fitting of the
emissivity with the experimentally measured absolute intens-
ity of the continuum radiation is shown in figure 2. The con-
ditions are a He plasma operated at 1 slm and 14 W without
droplets. An electron density of 1.2 x 10" m~3 was obtained
for an electron temperature of 3.5 eV. The uncertainty in T¢
is +1.3 eV, a value that is fairly large due to the presence of
atomic and molecular emission lines and bands. The corres-
ponding 7, will vary in the range of (0.8 —2.8) x 107 m~3,
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Figure 2. Electron properties (ne, Te) were derived from continuum
radiation measurements in a He plasma at a discharge power of

14 W and gas flow rate of 1 slm. The red line fit corresponds to

T. =3.5¢eV and ne = 1.2 x 10" m™3, while the blue and the green
dashed lines represent the uncertainty of the emissivity fitting.

Using this method for determining 7. gives the temperature
of the electrons at the location of the radiating states, which
are primarily located at the sheath edges and not in the bulk
plasma, and overestimates the bulk 7.

2.5. 2-dimensional plasma model

The plasma reactor with an embedded droplet was simu-
lated using nonPDPSIM, a 2-dimensional (2D) plasma hydro-
dynamics model. Using an unstructured mesh, nonPDPSIM
solves for electric potential, charged species densities, T,
and neutral species densities. Using the stationary solution
of Boltzmann’s equation, for a range of E/N (electric field/
gas number density), rate coefficients for electron-impact pro-
cesses are calculated and used to generate a lookup table as a
function of T,. The power deposition in the plasma was cal-
culated as the volume integral of j-E (current density times
electric field). The applied voltage was adjusted after each RF
(13.56 MHz) cycle to produce 15 W of power deposition. Res-
ults are reported after over 200 RF cycles. A more detailed
description of nonPDPSIM can be found in Norberg et al [43].

The reactor geometry used in the model is shown in
figure 3(a). The mesh has a total of 11236 nodes and 7328
nodes in the plasma region. A single 40 pm diameter droplet
was placed near the bottom edge of the electrodes, centered
within the plasma gap. The droplet was modeled as a non-
conductive dielectric with relative permittivity of 80 (match-
ing that of water). Saturated vapor pressure of HO was main-
tained at the surface of the droplet as well as the collector plate
at the bottom of the reactor. In this 2D Cartesian geometry, the
droplet appears as a cylinder.

The plasma is sustained in He with 7.5 ppm O, and 2.3 ppm
H,0. While experimentally reported impurities were 1.5 ppm
O,, 6 ppm Ny, and 2.3 ppm H,O [39], the N, impurity was
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Figure 3. (a) Geometry, and (b) plasma properties (n. and Tt
averaged over one RF cycle) for the base case produced by
nonPDPSIM.

removed in the calculation to decrease computational com-
plexity. The reaction mechanism contains 47 species, with 20
charged species, and 805 reactions. The reaction mechanism
is based on Van Gaens and Bogaerts [44] with updates from
Norberg, Emmert et al, and Lietz et al for He [45-47]. The
species used in the model are listed in table 1. Evaporation of
H,O from the surface of the droplet was computed for the res-
idence time of the droplet before the plasma calculation began,
resulting in a ring of H, O around the droplet. The H,O density
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Table 1. Species included in the 2D plasma simulations.

Charged species

e, H", H,OH", OH™, H,0", H;0", 07, 0;, 0", 07, H,0" (H,0), OF (H,0), H;0" (H,0),
2 2 2 2

0, (H,0), 0~ (H,0), OH™ (H,0), Het, He;, HeH™

Neutral species

Excited states

H, H,, OH, H,0, HO,, H,0,, O,, O, He
H*, Hy(r), Ha(v), H, OH(AZX), HyO(v), 02(v), O2(r), 02(*A), 02('%), O('D), He(21S),

He(2'S), He(2°P), He(2'P), He(3P), He(3S), He}

decreases with distance from the droplet. In the simulations,
the droplet is static and does not traverse the reactor. That said,
the evaporating water from the droplet will translate with the
droplet in the bulk gas flow. As a result, evaporation from the
static droplet is a good representation of the flowing system.

The electron density and 7, with the droplet present are
averaged over one RF cycle as shown in figure 3(b). The
droplet was placed at the bottom edge of the electrodes.
The electron density is maximum between the electrodes and
increases in the bottom half of the electrode gap. Due to the
ring of evaporating H,O surrounding the droplet, there is addi-
tional H,O in the bottom of the electrode gap relative to the
top. The increased H,O density increases the electron density
as H,O has a lower ionization threshold than He and under-
goes Penning ionization with excited states of He. 7t is the
highest in the sheaths near the electrodes and varies signi-
ficantly over the RF cycle, reaching an instantaneous max-
imum of 5.8 eV. The emissivity predicted by the results of
nonPDPSIM matches the experimental measurements in this
system [48].

3. Transport dynamics of droplets transiting the
plasma

3.1 Droplet dynamics

The droplet dynamics were captured and analyzed as
described in section 2.2. Figure 4 shows the motion of a droplet
in a He plasma recorded at the bottom part of the electrode with
an initial diameter of 42 pm traversing in gas flow rates ran-
ging from 0.50 to 3.0 sIm. In the case of 0.50 sIm, the droplet
experiences deceleration at the bottom of the electrode to the
point that it is deflected and starts to move in the direction
opposite to the gas flow. The negatively charged droplets are
trapped in the plasma by electrical forces at the edge of the
plasma, such as the ambipolar field (see further), producing
an acceleration upwards and the gas flow and gravity, produ-
cing a force downwards. A minimum gas flow rate of 0.75 slm
is required to provide a large enough downward force for the
droplet to exit the plasma as shown in figure 4(b).

The corresponding droplet velocities in the axial direction
derived from images as shown in figure 4 are shown in figure 5.
Recall that the nozzle of the dispenser is at —10.4 mm and the
bottom of the reactor is at 15 mm. The top of the electrode
is at 0 mm and the bottom of the electrode is at 9.5 mm. A
positive velocity here refers to the droplet moving downwards
through the reactor. Reference velocities are also shown when

200 pm

(@) 00ms| 29 5.8 8.7 1.6 145 174 | 203 | 232  26.1

(b) [00ms| 038 075 113 | 150  1.88 | 2.25 | 263 3.00 338

(c) 00ms 0.19 094 | 113 | 131 150 19

038 0356 | 0.75

(d) [00ms| 013 | 025 038 | 050 | 0.63 | 075

Figure 4. Time variation of the motion of a droplet ejected at

100 Hz from the dispenser with an initial diameter of 42 ym and a
velocity of ~0.5 m s~! in a He plasma operating at 14 W with gas
flow rates of (a) 0.50, (b) 0.75, (c) 1.5 slm, and (d) 3.0 slm. The
timestamp shown at the bottom of each image is in units ms. The
center of each frame is located at z=9.5 mm (see figure 1). The
images for the 0.50 slm case in (a) span a longer time interval than
the images of the other gas flow rates.

the plasma is off. While with a flow rate of 0.75 slm, the droplet
is decelerated at the bottom edge of the electrode, its velo-
city still remains positive through its trajectory. The droplet
is accelerated by electric fields at the periphery of the plasma
into the bulk plasma for all gas flow rates although with more
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Figure 5. Droplet velocity as a function of droplet position in a He
plasma operating at 14 W with gas flow rates of 0.50, 0.75, 1.5 and
3.0 slm. The top of the reactor is at —12.5 mm. The bottom of the
reactor is at 15 mm. The ‘gas only’ condition is shown by dotted
lines, while the solid lines represent the ‘plasma on’ condition. The
dashed grey vertical lines represent the top and bottom edges of the
electrodes.

pronounced accelerations for the lowest gas flow rates. This
acceleration is consistent with droplets acquiring a negative
charge as they approach the plasma in the space charge region
at the edge of the plasma. The rate at which the droplet decel-
erates while exiting the plasma (z=9.5 mm) decreases with
increasing gas flow. These trends suggest that the drag force
on the droplet starts to dominate the electrical force at higher
gas flow rates. In comparison, when the plasma is off, these
regions of acceleration and deceleration are absent, consistent
with the droplet being carried by the gas flow.

The forces acting on the droplet during its flight through the
plasma are shown in figure 6. In the absence of the plasma, the
force balance on the droplet is

dv,
mpditp = Fg —F4 +F0(5(l‘—l‘o)

7Td13) _ 3mnd,

= (pp - pgas) Tg C (Vp - Vgas) +F05(t— l‘o),
C

)

where Fy, Fy, and Fod(t —to) are the gravitational force due
to the mass (mj) of the droplet, the neutral drag force due to
entrainment in the flowing gas, and an initial droplet ejection
acceleration term, respectively. The initial time of ejection,
to = —20.4 ms, is the time at which the droplet is produced
from the nozzle. This initial acceleration term was determined
at t = to by substituting the term vg,s in equation (1) with the
value obtained from the gas flow CFD simulation at the tip
of the nozzle and had a value of 0.74 nN. Other terms in the
expression are known from measurements: p,, Pgas> dp» & Vps
Veas and 1) are the droplet density, gas density, droplet diameter,

Cold gas

»—dp>)\

Hot gas

Figure 6. Schematic of forces acting on a droplet in the plasma: Fy
(fluid drag), Fy (gravity), Fe (electrical), Fy, (thermophoretic). The
gas flows through the electrode gap from top to bottom while being
heated by the plasma, hence, cold gas entering the plasma and hot
gas leaving the plasma.

the gravitational constant, droplet velocity, gas velocity, and
kinematic viscosity of the surrounding gas, respectively. C, is
the slip correction factor and is equal to 1+ 2.52)/d,,, with
A the mean free path of the gas [49]. The neutral drag force
depends on the relative velocity of the droplet. Since for a
droplet of diameter 42 pum, the particle Reynolds number (Re)
is 0.016 (<1.0) with a terminal settling velocity of 0.046 m
s~!, the droplet motion is within the range of Stoke’s law used
to describe Fy. The movement of ions in the plasma can also
impart a force to the droplet, more commonly known as the ion
drag. However, due to the high collisionality at atmospheric
pressure, the low ion drift speeds, and the small mean free
path, less than 1 pm, ion drag forces are not important. These
forces are dominantly perpendicular to the electrodes and so
perpendicular to the droplet movement.

3.2. Initial droplet acceleration

The droplet velocity in the presence and absence of the plasma
is influenced by the velocity at which the droplet is initially
injected (vp ;) into the gas from the dispenser or its initial accel-
eration. The gas flow field produced by the CFD calculations is
shown in figure 7. The effect of v, ; on the spatial droplet velo-
city ina He 4+ 0.2% H,O gas mixture at different gas flow rates
is shown in figure 8(a) without the plasma (‘gas only’) and (b)
with the plasma. The higher v, ; in ‘gas only’ and plasma cases
is ~1.7 ms~! and ~1.2 m s~!, respectively, while the lower
Vp,i is ~0.4 m s~! in both cases. From figures 7 and 8(a), for
vpi~1.7m s~1, Vp 2> Vgas. The resulting Fy decelerates the
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Figure 8. Spatial variation in the measured droplet velocity (d, = 42 pm) for low (solid line) and high (dashed line) initial ejection
velocities of the droplet from the dispenser (v; ;) at different gas flow rates in He + 0.2% H>O (a) without plasma (‘gas only’), and (b) with
plasma (14.3 (W). The dashed grey lines indicate the top and bottom edges of the electrode.

droplet to bring the droplet velocity to the same magnitude
as the gas velocity. However, for v,; ~ 0.4 m s—L, Vp < Vgass
and Fy accelerates the droplet to the gas velocity. Even with
a significant reduction in the droplet velocity with higher v, ;
at z <0 mm, v, both with and without the plasma (0 <z <9.5
mm) is higher than the v, produced with lower v, ;. This is
because inertia is important on the timescales of the droplet
moving through the reactor. The droplet velocity relaxation
time (7) is given by [49]:

T = ppprC
18n

)

The relaxation time for a droplet of diameter 42 pm is 5 ms
for the experimental conditions, similar to the droplet resid-
ence time in the reactor (f.s = 10.9 ms), indicating that the
droplet inertia plays an important role in the droplet dynam-
ics. Due to the importance and influence of the initial droplet

acceleration, we focus on a low injection velocity case to
quantitatively explain the droplet behavior and the forces
experienced by the droplet.

3.3. Droplet and gas velocity without plasma

To quantitatively explain the droplet behavior, it is necessary
to first quantify the gas velocity flow field. The helium gas
flow field was simulated as described in section 2.3. The res-
ulting flow field gas velocity for a He flow rate of 1.0 slm is
shown in figure 7(a). The inlet and outlet have smaller flow
cross section than the outer regions of the reactor and hence a
significantly larger gas velocity is observed. The correspond-
ing Vg, along the axis of symmetry for gas flow rates of 0.75,
1.0, and 1.5 slm is shown in figure 7(b). For low gas flow rates
(0.75 and 1.0 slm), the gas accelerates until the top edge of the
electrode (z = 0 mm), and reaches a steady state thereafter. For
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Figure 9. Simulated and measured gas velocities with He gas at

1 slm and 295 K without plasma, and measured velocity of a droplet
(vp) with a diameter of 42 ;ym as a function of the droplet position
along its trajectory, z. The dashed vertical grey lines represent the
top and bottom edges of the electrodes.

the higher gas flow rate of 1.5 slm, the gas has an appreciable
acceleration even in the electrode region (0 < z < 9.5 mm)
suggesting that the gas flow under these conditions is not fully
developed.

The measured droplet velocity (vp) in He gas at 1.0slm
without the plasma is shown in figure 9. In addition to the sim-
ulated gas velocity (obtained by CFD), we can determine the
gas velocity experimentally by balancing the forces acting on
the droplet in the absence of plasma using equation (1). The
computationally and experimentally obtained gas velocities
are also shown in figure 9. The measured gas velocity reaches
two maxima, one before and one after entering the electrode
region. The second maximum corresponds to a steady-state
gas velocity of a fully developed flow in the channel. With
exception of an initial deceleration, the droplet velocity fol-
lows the gas velocity. However, v;, is larger than vg,s by ~0.04
m s~ ! in the electrode region, consistent with the calculated
Vp — Vaas = 0.05 m s~! in the absence of droplet acceleration
from equation (1). The gravitational force results in the droplet
velocity being larger than the gas velocity. At z>9.5 mm, v,
reduces to be similar to vg,s due to the widening of the channel,
but at a slower rate due to the inertia of the droplet.

When comparing the calculated gas velocity with the exper-
imentally derived gas velocity, large discrepancies are found
(figure 9). Due to a combined uncertainty of ~15% in the mass
flow controller (£1% accuracy of full scale leading to a total
inaccuracy of +3% with a 3000 sccm MFC, +0.3% repeatab-
ility, 0.1% resolution error, and uncertainty in the calibration
factor of He as opposed to N, used for calibrating the MFC),
the uncertainty in the geometry of the inter-electrode spacing
(~200 pm mounting to ~10% of the geometrical uncertainty),
and the intrinsic accuracy of the CFD simulation itself used
in this work, the gas flow was also simulated at a 15% larger
gas flow rate (1.15 slm), which reproduces the experimental

Veas When in steady-state. For further analysis, the simulated
Vgas Obtained from the 15% increase in the mass flow rate will
be used. Nonetheless, major differences in the transients near
the electrode edges remain although rapid variations cannot
be accurately measured with the used approach due to droplet
inertia.

The rounded electrode edges were included in the model to
represent the actual electrode geometry as used in the exper-
iments. The rounded edges produced local changes in the
gas velocity. While an inconvenience in this experiment, the
rounding of the edges was necessary to prevent a glow-to-
spark transition. The simulated vg,s was also able to capture the
deceleration experienced by the droplet at z=0 mm to some
extent.

3.4. Droplet and gas velocity with plasma

Plasma-induced gas heating will impact the gas flow velocity.
The spatial gas temperature distribution has been measured
previously in He/H,O plasma [19] and He/Ar/H,O plasma
[50], while the steady-state gas temperature was measured in
He and He/Ar plasmas [38, 39]. The gas velocity in the pres-
ence of the plasma will be determined from the force balances
and fluid model as detailed below.

To account for gas heating, we need to correct the gas velo-
city in the presence of the plasma. Considering mass continu-
ity, the mass flow rate (i) at any axial position within the flow
field is given as

p= /p(x,y,z)v(x,y,z)dA = constant. 3)

Assuming the velocity profile is not altered, and gas heating
is radially homogeneous, the gas velocity in the presence of
plasma is given as

p(0)

_ PV _ Tgas(z)
Veus(2) = p(z)

veas(0) = =55

Vaas (0). “)

Measured and simulated v,,s from the ‘gas only’ case (figure 9)
were used in equation (4), along with a measured gas temper-
ature profile in the electrode region of a pure He glow plasma
having a steady-state value of ~340 K [39]. The scaled-up
gas velocities were determined and are shown in figure 10.
Assuming that the steady-state is reached within the electrode
region, the difference between the droplet and the gas velo-
cities would still hold in the presence of plasma (v, — Vgas &
0.05 m s~ ). The gas velocities (experimental and simulated)
can be corrected to reach the same steady-state value (inertia
term becomes zero) by imposing a gas temperature profile with
a higher steady-state value of 365 K instead of 340 K. These
‘corrected’ velocities and gas temperature are also shown in
figure 10. The correction of 25 K is within the typical uncer-
tainty of gas temperature measured by optical measurements
of the ro-vibrational spectra of OH(A) molecular band [51].
However, a higher axial velocity than obtained by equation (4)
is expected due to the non-homogeneous velocity and gas tem-
perature profile.
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Figure 10. Measured and simulated gas velocities as a function of
the droplet position for a gas flow rate of 1 slm in He at 14 W. Both
the original (Tmax = 340 K, dashed line) and corrected (Tmax = 365
K, solid line) gas velocities are shown. The correction was made to
enable consistency with the measured steady-state droplet velocity.
The dashed vertical grey lines represent the top and bottom edges of
the electrodes.

In the presence of a plasma, in addition to F; and Fy, the
droplet also experiences an electrical force (Fg) due to the
ambipolar electric field at the edges of the plasma. With an
axial gas temperature gradient, the droplet experiences a ther-
mophoretic force (Fy,) directed from hotter to cooler gas [52].
For a droplet with d, > A, the droplet dynamics in the presence
of plasma are given by

dv
mpd—tp =Fy—Fq—Fyp+Fe+Foo(t—t)
rd 3mnd
= (pp — Paas) ——8 — ——— (Vp — Vaas
(pp pgd») 6 8 C. (p gd‘)
97pon2HVT

2T + QE(z) + Fod(t—19)  (5)

where Q, E(z), T, and VT [K m~!'] are the charge on the
droplet, the time-averaged electric field, the gas temperature,
and the temperature gradient in the plasma, respectively. H is
an accommodation term that includes the effect of the temper-
ature gradient inside the droplet given by [49, 52] as

o 1 keas [y + 440/ d, ©
“\146M/d, ) \ 1+ 2kgs/ky +887/d, )’

where k, and kg, are the thermal conductivity of the droplet
and the gas, respectively.

To evaluate F, Fq and Fy, in equation (5), the droplet dia-
meter, which changes more significantly in the presence of a
plasma, as a function of time is obtained by fitting the meas-
ured droplet diameters at different locations (figure 1(a)) [50]
using a droplet evaporation model discussed in [19] and [49].
The time evolution of the droplet diameter in a He plasma at
1slm and 14 W is shown in figure 11(a). With the known v,
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Figure 11. Droplet properties and forces. (a) Time evolution of
droplet diameter, (b) forces acting on the droplet in the He plasma
operating at 14 W and flow rate of 1 slm, and (c) the electrical force
(Fe1) on the droplet derived from equation (5) using the corrected
Veas from figure 10. F from the experimentally obtained vg,s and
simulated vgas are shown in solid and dashed lines, respectively. The
dashed vertical grey lines indicate the times when the droplet passes
the top and bottom edges of the electrodes.
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Veass Teas,» VT and other associated parameters, the individual
forces on the droplet can be determined. The time evolution
of these forces is shown in figure 11(b). The thermophoretic
force is the weakest with a magnitude of a few pN and can be
neglected for the conditions. The gravitational force is a few
tenths of a nN and the neutral drag force is of the order of a nN.
The total force on the right-hand side of equation (5) causing
droplet acceleration (F;) is obtained from the first derivative of
Vp, Which is of the order of a few nN at =0 and = 10.9 ms,
corresponding to times at which the droplet enters and exits
the plasma.

Using these values for the forces in equation (5) at a steady-
state Ty of 340 K, F¢ can be determined, and is shown in
figure 11(c) for both the experimentally derived and simulated
Vgas. In spite of significant differences in the measured and
simulated vg,s at =0 and =10.9 ms, Fy in both cases are
similar suggesting that the discrepancies are due to slow vary-
ing effects. There is no electrical force on the droplet before
entering the plasma, while the axial electric field is expected
to be very small in the bulk plasma. However, Fy is non-zero
(0.45+£0.07 nN) in the bulk of the plasma region as shown
by the dashed lines in figure 11(c). This non-zero Fg is attrib-
uted to the uncertainty in the correction of the gas velocity due
to gas heating, which in turn significantly impacts the derived
F in the bulk plasma. As F,; determined from experimentally
derived and simulated v, are similar, we will use the experi-
mentally derived v, in further discussions.

3.5. Estimate of the droplet charge

In order to estimate the axial electric field (E(z)) from F;, the
droplet charge (Q) is required. This value can be estimated
using the relation Q = C¢,, where ¢, is the potential at the
surface of the droplet relative to the bulk plasma, and C is the
capacitance of the droplet, which is equal to that of a spher-
ical capacitor, C = 2megd,. With a typical electron current to
the droplet of 10'> — 10'* s~! and a corresponding estimated
charge on the droplet of ~10° e (see discussion below), it takes
~10—100 ns to charge a droplet of diameter 42 pm. This
characteristic charging time is much shorter than the times-
cale of the droplet dynamics, and so we assume the charge on
the droplet is equal to the steady-state charge in the bulk of the
plasma.

The charge density on the droplet located near the bot-
tom edge of the electrode from nonPDPSIM is shown in
figure 12(a). This charge density is time-averaged over one
RF cycle. The high dielectric constant of the water droplet
leads to polarization in the applied electric field in the hori-
zontal direction. With drift speeds of electrons being dominant
in the horizontal direction, the end results are non-uniform sur-
face charge densities. The charge on the cylindrical ‘droplet’
is —4.0 x 107 ecm™!. The total charge is then —7.7 x 107 e,
obtained by multiplying by the depth of the reactor in the
simulation (1.91 cm). To convert this charge to the equival-
ent charge on a spherical droplet, we scale by the ratio of the
surface area of the spherical droplet to the surface area of the

vin | I I e
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E, (-5.0 to 4.4 x 10° V/m)

max = 4.3 x 10° Vim |
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Figure 12. Simulated time-averaged plasma properties in the
vicinity of a 40 ym diameter droplet. (a) Charge density on the
droplet, (b) axial electric field, and (c) axial electric field along a
vertical line through the center of the droplet.

cylinder. The charge on a 40 pm diameter spherical droplet
predicted by the model would then be —1.1 x 107 e.

As shown in our previous work, a droplet immersed in the
center of an RF glow discharge will asymmetrically charge
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Table 2. Parameters used to estimate the electric field using plasma
parameters obtained from continuum radiation and the analytical
model as well as 2D nonPDPSIM.

Continuum radiation

Parameters and analytical model nonPDPSIM
0(e) —(2.6£0.9) x 10° —1.1x10°
ne (m™) 1.2£16 510" 1.2 x 107
T. (eV) 35+1.3 1.8

n_ (m™3) - 3.5x 10"
ny (m™%) 12418 x 10" 1.3 x 10"

(negative at the equator and positive at the poles) [48]. The
asymmetric charging results from the differing contributions
to charged particle transport to the surface of the droplet at
the equator and poles. Along the equator of the droplet, the
electron motion is dominated by drift in the electric field.
The horizontal electric field is enhanced along the equator
and decreased at the poles by polarization of the droplet.
The sheath electric field points towards the droplet whereas
the horizontal electric field alternates direction during the
RF cycle. As a result, during the RF cycle, the horizontally
applied electric field and the sheath electric field are aligned
or opposed, either intensifying the total electric field or, in
some cases, reducing the field to zero. At the poles, the elec-
tron motion towards the surface of the droplet is dominated
by diffusion. While the droplet here is positioned at the lower
edge of the plasma instead of being immersed in the center of
the plasma, the asymmetric charging is still seen.

The droplet potential and the charge on the surface of the
droplet immersed in the plasma can also be estimated from the
electron and ion fluxes to the surface of the droplet by analyt-
ical models [36, 37, 53-55]. These models require knowledge
of the electron temperature and density in the bulk plasma
which was taken from the continuum emission measurements
(see table 2). While such models use many different assump-
tions, a comparison of 5 different models reported in literature
shows that the variation of the deduced droplet charge remains
below 25%, with the exception of the collisionless OML the-
ory (see sheath model 1 in the Supporting Information) due
to the assumption that the ions are collisionless. Even more,
while the analytical models assume steady-state conditions,
they do not consider RF variations or asymmetric charging as
found in nonPDPSIM. As such the obtained droplet charge
overestimates the nonPDPSIM result but remains within a
factor of 3.

The plasma properties from nonPDPSIM are also shown
in table 2. For all properties except the charge on the droplet,
0, the values from nonPDPSIM are extracted from the cen-
ter of the electrode gap at the midpoint of the electrodes. The
electron density from the experiment is in excellent agreement
with the model but the experimentally derived electron tem-
perature is an overestimation (due to spatial averaging and
including emission of the near sheath regions). If we use the

44 —nm -
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Figure 13. Electric fields obtained in He plasma operating at 1 slm
and 14 W, for measured T¢ of 3.5 eV and ne of 1.2 x 10'7 m™> from
the continuum measurements using the droplet charges obtained
from the analytical ion continuum model [54] (AM—see sheath
model 3 in the Supplementary Information) and the nonPDPSIM
results. The electric field determined from the analytical model
considering 7. of 1.8 eV as obtained by the nonPDPSIM is also
shown (AM—T). The vertical dashed grey lines indicate the times
when the droplet passes the top and bottom edges of the electrodes.

electron temperature obtained from nonPDPSIM in the ana-
lytical model (ion continuum model [54]—see sheath model
3 in the Supporting Information), the obtained droplet charge
becomes —1.4 x 10° e and is in excellent agreement with
the simulation (—1.1 x 10° ¢). This analysis shows that the
determination of the droplet charge can be obtained from ana-
lytical estimates with reasonable accuracy, and we can estim-
ate an effective electric field from the measured particle force
in figure 11(c).

3.6. Electric field determination

With the derived values of the droplet charge from the ana-
Iytical ion continuum model [54] (see sheath model 3 in
the Supporting Information), the electric field responsible for
accelerating the droplet can be determined from the known
F. using the measured n. and 7. values. The electric field
deduced from the equilibrium of forces is shown in figure 13.
The electric fields at the top (f=0 ms) and bottom (f = ts)
edges of the plasma are estimated to be —1 x 10> Vm~! and
2 x 10°> Vm™!, respectively. These fields are highest at the
edges of the plasma where the ambipolar electric fields are the
largest and the gradients in plasma densities are the largest.
However, these values of electric field underestimate the field
calculated using the droplet charge obtained from the nonP-
DPSIM results by a factor of 2.3. Using 7, obtained from the
nonPDPSIM in the analytical ion continuum model to solve
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for the droplet charge, this factor is further reduced to 1.2 lead-
ing to better agreement with the simulation results as shown
in figure 13.

A remnant field (—(1.0 £0.3) x 10* Vm~!) exists in the
bulk of the plasma (which is more pronounced for the analyt-
ical model due to the higher E-field) for the same reason as the
non-zero Fy discussed previously. Considering an uncertainty
of 25 Kin T, the uncertainty in the estimated electric field is
1.4 x 10* Vm™!, well above the remaining non-zero electric
field in the bulk of the plasma. Since ¢, depends mainly on 7,
(see equation (A8) in the Supporting Information), the electric
fields responsible for acceleration of the droplet at the plasma
edges were also determined for the range of uncertainties in
deriving T.. A 37% uncertainty in T, leads to an uncertainty
of ~56% in the derived electric fields.

The electric field responsible for F that accelerates (or
decelerates) the droplet at the top and bottom of the plasma
likely comes from two sources. The first is the ambipolar elec-
tric field that is naturally generated to confine the plasma in
the axial direction. The ambipolar electric field (E,np) at the
plasma edge can be estimated from [56]:

Di —De Vn
i + e

(N

Eumb = )
n
where D and p are free diffusion coefficient and mobility,
respectively, and the subscripts ‘i’ and ‘e’ represent ions and
electrons, respectively. The relative gradient in the electron
density, Vn/n can be approximated by the local diffusion
length in the axial direction, A. Since D; < D, and p; < e,
the ambipolar field can be estimated using the Einstein relation
as [56]:

kBTel
e A

Eamb ~ = (8)
For alocal electron diffusion length of a few mm, the estimated
ambipolar electric field is at most a few tens of Vem™! (a few
kV m~!), which is more than an order of magnitude too small
to explain the derived Fg.

The second origin of the electric field that provides the elec-
trical force responsible likely has contributions from the sheath
surrounding the droplet. These principles will be discussed
using results for a 40 pm diameter droplet. The charge on the
droplet and axial electric field surrounding the 40 ym diameter
droplet predicted by nonPDPSIM are shown in figures 12(a)
and (b), respectively, for a droplet located at the lower edge
of the plasma. The axial electric field largely results from the
formation of the sheath around the droplet due to the presence
of a net negative charge on the droplet. The electric field is dir-
ected towards the droplet, deflecting electrons away from the
droplet and attracting positive ions. However, this sheath elec-
tric field is not vertically symmetric, as shown in figure 12(c)
along the droplet trajectory. The maximum electric field mag-
nitude above the dropletis4.9kV cm™ ! while the electric field
magnitude below the droplet is only 4.3kV cm~!. This asym-
metry in the electric field results from the droplet being in a
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Figure 14. Measured droplet velocity for an initial droplet diameter
of 42 pm with a total gas flow rate of 1 slm in the presence of
plasma in different gas compositions: He (13.6 W), He + 0.2% H,
(13.6 W), He + 17% Ar (6 W), He + 0.2% O, (14.2 W), He +
0.2% H>O (14.3 W), and He + 17% Ar + 0.2% H,O (13.4 W). The
dashed grey lines indicate the top and bottom edges of the electrode.

gradient of plasma properties at the edge of the plasma. The
resulting force on the droplet from the axial electric field above
the droplet is then larger than the force from the vertical elec-
tric field below the droplet. This force imbalance results in a
net force of the order of 1 nN directed upwards, decelerating
the droplet as it exits the plasma. This force is commensurate
with the experimentally derived force of the order of 7nN as
shown in figure 11(c). The force varies significantly depending
on the exact location of the droplet relative to the electrodes as
shown in figure 11(c). The degree of axial asymmetry in the
sheaths across the droplet is very sensitive to the gradient in the
plasma properties at the edge of the plasma, and so is sensitive
to the precise location of the droplet (see also figure 11(c)).

3.7 Impact of droplet trajectories on gas composition and
plasma power

The sensitivities of the droplet dynamics as a function of gas
composition and plasma power are discussed in this section.
The droplet velocities in the channel of the reactor from near
the dispenser nozzle to 5.5 mm below the bottom edge of the
electrode are shown in figure 14 for different gas compositions
at a total gas flow rate of 1 slm. Gas admixtures include both
electropositive (H,, Ar) and electronegative (O,, H,O) gases.
In all cases, the droplet is accelerated into the plasma and
decelerated during its exit. Since the droplet velocity changes
by less than a factor of 2 for these conditions, the variation in
F.; will be similarly small, consistent with similar 7, and n, for
these gas mixtures as reported in [50]. As a result, there will be
a similar charge on the droplet surface and similar ambipolar
and sheath electric fields.
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Figure 15. Measured droplet velocity for an initial droplet diameter
of 42 pum at different plasma powers and 1 slm He flow. The ‘0 W’
is the no plasma (‘gas only’) case. The dashed grey lines indicate
the top and bottom edges of the electrode.

In Ar-containing plasmas, the location of the droplet accel-
eration is shifted as compared to other plasmas and is highly
pronounced in He/Ar plasma. In both He/Ar and He/Ar/H,O
cases, the plasma does not completely fill the inter-electrode
volume, and the visible plasma is below the top edge of the
electrodes [50]. As such, the locations of plasma gradients
responsible for the droplet acceleration are shifted.

With Ar in the gas mixture, the droplet experiences a
continuous acceleration that does not produce a steady-state
droplet velocity inside the plasma as in the other cases. The
increase in the droplet velocity is most likely due to the
increased Tg,s in He/Ar/H,O plasma in excess of 450 K [50].
This larger gas temperature leads to an increase in the axial
temperature gradient and gas velocity, and hence, also the
droplet velocity.

The spatial variation in the droplet velocity as a func-
tion of the plasma power for a 1.0slm He flow is shown
in figure 15. The droplet acceleration at z=0 and deceler-
ation at z=29.5 mm increases with increasing power, which
is due to an increase in F.j. As the plasma power increases,
ne increases as shown by Golda et al in the case of an RF
atmospheric pressure He plasma [57]. Although the droplet
potential is not strongly dependent on . (see equations (A7)
and (AS) in the Supporting Information), the enhanced Fy is
likely caused by the increase in T, due to the increased gas
heating which also produces steeper gradients in plasma prop-
erties. The droplet velocity in the plasma region (0 < z < 9.5
mm) also increases with the increase in power in all plasma
cases, which might be partially due to the inertia of the droplet
enhanced by the initial higher electric field at z=0 mm.
Increased gas heating in the plasma region leading to a large
temperature gradient will contribute to the observed increase
in the droplet velocity and can also account for the faster reduc-
tion in the afterglow for larger powers due to the cooling of

the gas. Nonetheless, the larger the plasma power, the greater
will be the droplet evaporation further impacting droplet
velocity.

4. Conclusions

In this work, we investigated the dynamics of liquid water
droplets tens-of-microns in diameter in atmospheric pressure
RF glow discharge plasmas by capturing the droplet dynam-
ics using fast framing camera imaging complemented by 2D
simulations. The specific case of 42 ym diameter droplets in
He plasma at 1slm and 14 W was chosen to quantitatively
describe the droplet transport dynamics. In the absence of
plasma, the droplet is entrained in and travels with essentially
the speed of the gas flow. The droplet was observed to change
speed entering and leaving the plasma, an effect attributed to
acceleration in the gradient of electric fields at the edge of the
plasma. Using a charge on the droplet derived from experi-
mentally measured plasma parameters, electrical forces of up
to 8 nN are required to account for the acceleration, which cor-
responds to electric fields of (1 —2) x 10° Vm~!. These elec-
tric fields are much larger than the time-averaged ambipolar
electric fields at the edge of the plasma. Results from the 2D
nonPDPSIM model suggest that the charging of the droplet
and sheaths bounding the droplet are asymmetric across the
diameter of the droplet in the axial direction. The differential
charging and sheath electric fields provide a net acceleration
that likely explains the observations.

With atmospheric pressure plasma-activated aerosols
becoming a more important research area with increasingly
important application areas, an outcome of this work is a
heightened awareness of the need to globally approach the
transport of those droplets. The foundational knowledge for
quantifying that transport can be found in studies of dusty plas-
mas performed under very different conditions. That said, the
fundamentals to apply to a broad range of conditions, include
atmospheric pressure plasmas. To apply those fundamentals,
the focus will need to be on the more unique circumstances
not found in the prior studies, such as a collisional sheath, con-
sequences of evaporation, differential charging, and conduct-
ivity of the droplets. Using those fundamentals, modified for
atmospheric pressure, other opportunities present themselves,
potentially opening new pathways for droplet treatment with
a highly controlled plasma dose.
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