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Abstract

The use of microfluidic devices in the field of plasma-liquid interaction can unlock unique
possibilities to investigate the effects of plasma-generated reactive species for environmental
and biomedical applications. So far, very little simulation work has been performed on
microfluidic devices in contact with a plasma source. We report on the modelling and
computational simulation of physical and chemical processes taking place in a novel
plasma-microfluidic platform. The main production and transport pathways of reactive species
both in plasma and liquid are modelled by a novel modelling approach that combines 0D
chemical kinetics and 2D transport mechanisms. This combined approach, applicable to systems
where the transport of chemical species occurs in unidirectional flows at high Péclet numbers,
decreases calculation times considerably compared to regular 2D simulations. It takes advantage
of the low computational time of the 0D reaction models while providing spatial information
through multiple plug-flow simulations to yield a quasi-2D model. The gas and liquid flow
profiles are simulated entirely in 2D, together with the chemical reactions and transport of key
chemical species. The model correctly predicts increased transport of hydrogen peroxide into
the liquid when the microfluidic opening is placed inside the plasma effluent region, as opposed
to inside the plasma region itself. Furthermore, the modelled hydrogen peroxide production and
transport in the microfluidic liquid differs by less than 50% compared with experimental results.
To explain this discrepancy, the limits of the 0D-2D combined approach are discussed.

Keywords: non-thermal plasma, microfluidic, plasma-liquid interactions, modelling
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1. Introduction

We recently reported on our development of a platform that
combines a non-thermal atmospheric pressure plasma source
and a microfluidic device [1]. It offers the possibility to con-
nect different plasma source types with different microfluidic
chips, and provides a novel tool for studying plasma-liquid
interactions with high spatial resolution and in situ chemical
analysis. Furthermore, it sets the basis to the coupling of a ref-
erence biomedical plasma source with well-established bio-
logical models embedded in microfluidic devices. In the cur-
rent article we present a computational modelling approach
to improve our understanding of the main production and
transport pathways of plasma-generated reactive species in
the plasma volume and in its effluent, and in the contacting
liquid for a geometrically simplified version of the experi-
mental setup.

Existing plasma-microfluidic technologies include non-
thermal plasma (NTP) inside microchannels [2, 3], micro-
fluidic plasma arrays [4] and NTP sources directly embedded
inside microfluidic devices [5-7]. Key plasma-microfluidic
research has been reviewed by Lin ef al [8]. In our previ-
ous work [1], we introduced a plasma-microfluidic platform
with unique design criteria, including the liquid flow inside
the microfluidic device, the formation of a stable plasma-liquid
interaction zone and in situ optical access. This was achieved
by creating a multiphase gas-liquid flow where small volumes
of water are brought in direct contact with the plasma or efflu-
ent of the plasma source. In our case, the plasma source is
based on the COST reference plasma jet which was designed
to provide the low-temperature plasma community a refer-
ence plasma source with easy diagnostic and modelling access.
Today, it is used by numerous research groups and both exper-
imental and modelling data are widely available [9]. Different
approaches have been used to model the physical and chemical
processes taking place inside the COST-jet’s plasma-forming
region and effluent. To model the chemical kinetics, zero-
dimensional (0D) modelling is the most common approach
[10-13]. Here, complex plasma processes and extensive reac-
tion sets can be accounted for with relatively low computa-
tional times [14]. The obvious drawback of this approach is
the absence of spatial information [15]. However, using the
average plasma-forming gas velocity in the plasma channel
does allow coupling of the time variation (as calculated in
a OD kinetic model) to the distance variation, providing a
quasi-1D plug flow model [16]. Multidimensional plasma sim-
ulations are demanding in terms of computational resources
and require significant simplifications and approximations to
achieve reasonable computation times. In the realm of compu-
tational studies of the COST-jet, these simplifications include
the use of a multi-time scale approach [17], the combination
of more than one modelling approach (hybrid technique) [18]
and/or a limited chemical reaction set [19, 20].

For the study of our plasma-microfluidic platform, plasma-
liquid interactions also are of high interest. Plasma-liquid
interactions have been increasingly studied in recent years
[21]. With a simplified 2D axisymmetric model, Lindsay et al
studied the interaction between a pulsed streamer discharge

and a liquid-filled vessel in terms of fluid dynamics, heat
transfer and reaction mechanisms of key chemical species,
both in the gas and liquid phases [22]. The number of spe-
cies included in this model was limited and no electron impact
reactions were considered for faster computation. Heffny et al
used a fluid dynamic model to simulate the COST-jet above
liquid water, although the water phase itself was not modelled.
They fixed the concentration of reactive species at the exit of
the COST-jet based on experimental results [19]. Mohades
et al used a 2D model to study the interaction between a
helium plasma jet and water in a well plate, but the simu-
lation results could not be compared to experimental work
[23]. Verlackt et al used 2D modelling to study the chem-
istry and plasma-liquid interactions of an argon plasma jet,
the kINPen®, above a liquid sample [24]. Heirman et al fur-
ther improved this model by combining 0D reaction kinet-
ics with 2D reaction-diffusion-convection to model the kIN-
Pen above a well of a 12 well-plate and compared the res-
ults to experimental liquid diagnostics of key reactive species
[14]. The latter works were all for plasma jets interacting with
large volumes of liquid (more than 1 ml). The plasma treat-
ment of small liquid volumes, such as water droplets, was
also modelled by Oinuma et al [25], Kruszelnicki et al [26]
and Lai and Foster [27]. However, to the best of our know-
ledge, no modelling work has been conducted to study the
interaction between small volumes of liquid and the COST-jet
plasma channel, and compared with experimental work. Our
plasma-microfluidic platform offers ideal conditions for such
studies.

We report on the implementation of a computational model
to study the plasma-generated chemistry and species trans-
port inside the plasma-microfluidic platform. The model
takes advantage of the highly unidirectional flow inside the
COST-jet to model the reaction kinetics with a 0D plug
flow model approach while retaining 2D spatial informa-
tion. This is achieved by using both ZDPlaskin [28] and
COMSOL Multiphysics [29]. The simulation approach com-
bining 0D and 2D modelling, based on the approach presen-
ted by Heirman et al [14], is introduced together with the res-
ults it provides in terms of key reactive species. These results
are compared to experimental work and the limitations of the
model are discussed.

2. Model overview

The plasma source we chose for our plasma-microfluidic plat-
form is based on the COST reference plasma jet [2], which
consists of a continuous wave capacitively-coupled radiofre-
quency (13.56 MHz) plasma jet. Helium with small admix-
ture of water vapour (4500 ppm) is the plasma-forming feed
gas of the 30 x I x I mm? plasma channel. Our plasma-
microfluidic device, presented elsewhere [1], is modelled as
a channel divided into two regions: a 30 mm-long plasma-
forming region with a 1 x 1 mm? cross-section followed by
a plasma effluent (afterglow) region of the same dimensions
(figure 1). This plasma and effluent channel is put in con-
tact with a small water volume of 2 x 1.4 x 1 mm?, which
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Figure 1. Schematic of the geometry used for the simulation model. (a) The liquid volume is placed under the active plasma zone. (b) The

liquid is placed under the plasma effluent.

2D model: helium
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and effluent channel
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Source term reactive
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Figure 2. Computational flowchart. Steps I to III (blue) are described in sections 3-5.

represents the water segments flowing in the microfluidic
device. The gas-liquid interface can be placed at any location
in the channel, both under the plasma active zone or under
the plasma effluent. The free liquid surface is separated from
the plasma or effluent channel by a gap of 0.1 mm where
no plasma reaction kinetics are directly solved. Additional
information on the modelling of this gap will be provided in
sections 5 and 6. Figure 1 shows the schematics of the compu-
tational model geometry for a plasma-liquid interaction zone
positioned (a) under the plasma active zone and (b) under the
plasma effluent. The modelled system’s geometry is a cross-
section of the 3D geometry expanding out of the plane.
Figure 2 shows a flowchart representation of the computa-
tional model. The modelling approach is based on the com-
putational scheme presented in [14]. The blue coloured steps
are described in detail in the respective sections of the article.
Our approach uses a combination of multiple 0D simulations
of the plasma chemistry with ZDPlaskin and 2D simulations
computed with COMSOL Multiphysics (version 6.0). This
approach is used to reduce computing time. Since the sim-
ulated chemistry inside the plasma active zone consists of
over 1000 reactions, as will be discussed in section 4, full
2D or 3D simulations would be too computationally intens-
ive to solve within a reasonable time. Moreover, many of the
reactions are electron impact reactions. For these reactions, the
Boltzmann equation must be solved to find the reaction rates.
Combining both OD and 2D modelling sequentially leverages

the advantages of both, solving complex chemistry in a reason-
able computational time while keeping dimensional transport
information.

The first step (I) is to simulate the humidified helium flow
inside the channel in 2D. This step provides spatially-resolved
information on the gas velocity and temperature, and water
vapour distribution in the channel. This information is needed
for the OD-plug flow plasma chemistry model of step II. In
this second step, the channel is broken down into thinner
domains, which we will further refer to as ‘bins’, as shown
in figure 3. In our approach, each bin is modelled as an inde-
pendent plug flow system for which the plasma reaction kin-
etics is solved. For each bin, a different temperature and water
vapour concentration profile, provided by the 2D humidified
helium flow simulation (step I), is applied to solve the corres-
ponding chemistry with a 0D-plug flow model. This approach
neglects the effect of species diffusion in the direction per-
pendicular to the gas flow (crosswind diffusion) on the reac-
tion kinetics. This approximation is justified by the high Péclet
(Pe) number defined as Pe = %, where u is the bulk velo-
city, L the characteristic length and D the diffusion coeffi-
cient. As will be presented later, the results of this first 2D
model show that the gas flow in the channel has a bulk velo-
city of 25 m s ~! (Reynold number, Re ~ 200). The diffusion
coefficients of the plasma-generated species are typically on
the other of 10> m? s~!. Assuming a characteristic length of
0.1 mm (average width of the bins), we obtain Pe ~ 125. This
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Multi OD simulations with
velocity, temperature and
evaporation from 2D model

Figure 3. The channel is separated in different bins. The chemical kinetics of each bin is solved by a different 0D model with different
parameters, such as gas velocity, gas temperature and water vapour concentration concentration. For simplicity only 5 bins are illustrated

while for the model, 11 bins are used.

high value justifies dividing the domain in bins; the transport
through convection in the direction of the gas flow is higher
than the transport through diffusion in the crosswind direction.

The results of the reaction kinetics of each bin are then used
in step III as inputs to a second two-dimensional COMSOL
model which considers a limited number of plasma-generated
species. This 2D model additionally considers the transport of
plasma-generated species to the liquid phase along with the
reaction kinetics inside the liquid.

In the following sections, each step of the simulation pro-
cedure is discussed in further details. Figure 2 summarizes the
computational approach:

I. A 2D model simulates the plasma and effluent channel,
without solving for any chemistry, to provide spatially-
resolved information on gas velocity, gas temperature and
water vapour concentration (humidity). (Section 3)

II. The simulation domain is split in thin bins. The chem-
istry and reactive species evolution in each bin is solved
independently in a O0D-plug flow model using the results
provided by the first 2D model. (Section 4)

III. A second 2D model uses the results of each bin’s plug
flow simulation to model the evolution of plasma reactive
species in two dimensions in the plasma channel, effluent
channel and inside the liquid. (Section 5)

3. Step I: 2D model for velocity, temperature and
water vapour concentration

The first 2D model solves for the gas velocity, gas temperat-
ure and water vapour concentration in the channel. The steady
state velocity distribution is computed by solving the Navier-
Stokes equation for an incompressible and Newtonian fluid,
and the continuity equation:

where p is the mass density in kg m—3, ¥/is the velocity field in
ms~!, pis the pressure in Pa, and . is the dynamic viscosity in
Pa-s. A flow rate of 1.5 slm is used at the inlet. The outlet pres-
sure is fixed at atmospheric pressure while all other boundaries
exhibit zero velocity (no-slip condition). The computed velo-
city profile is then used as input for a second simulation which

calculates heat and species transport. The temperature profile
is found by solving the time-dependent energy equation:

pC, (2{ + 7 ﬁT) =kV?T+ 0,
where C, is the specific heat capacity in J kg~'-K, T is the
temperature in K, & is the thermal conductivity in W m~ LK,
and Q is the net volumetric heat source due to plasma (Joule)
heating and water evaporation, in W m~3. The temperat-
ure at the inlet is fixed. In the plasma-forming region of
the channel a constant volumetric heat source is considered;
the plasma power dissipation (typically 1 W) divided by the
plasma volume (30 x 1 x 1 mm?®). Hence, we assume in
our heat transfer simulation that all the energy consumed by
the plasma is dissipated as heat. This approximation delib-
erately neglects the energy losses through photon emission,
species excitation and species ionization. Nonetheless, this
simplification is supported by previous findings, including
[12, 30], which have demonstrated that a significant pro-
portion of the plasma’s energy in the COST-Jet is dissip-
ated as heat. Additionally the temperature profile obtained
from our simulations using this approximation aligns with
experimental observation [30], justifying its applicability in
our model.

An interfacial heat flux is considered at the gas-liquid inter-
face resulting from the evaporation of water:

Qinlerface =J 1 interface * Hevap

where Qinerface 1S the heat flux at the gas-liquid interface in
W m ™2, J | inerface 18 the water vapour flux at the interface per-
pendicular to the latter in kg m~2.s and Heyyp is the latent heat
of evaporation of water in J kg~!. All other boundaries, except
for the outlet, are thermally insulated.

The water vapour concentration along the plasma and efflu-
ent channel originates from the evaporation at the gas-liquid
interface. It is found with the species conservation equation:

% = Dwatervzcwater -V (‘_;Cwater)
where cyuer is the water concentration in mol m—3 and Dyyer
is the diffusivity of water vapour in helium, in m?> s~!. The
gas inlet has a humidity fixed at a concentration matching
the experimental conditions (4500 ppm). The water vapour
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concentration at the gas-liquid interface is kept at 100% rel-
ative humidity, the corresponding water vapour concentration
given by Antoine’s Law [31]. No humidity flux is considered
at the other boundaries except for the outlet. The convective
transport of water vapour is computed with the solution of the
laminar flow module, while the diffusion of water vapour in
helium is calculated with the mass diffusivity of H,O in helium
(see section 5.1).

4. Step II: 0D model for reactive species production

The OD simulations are performed using ZDPlaskin [28], a
freeware that solves a set of conservation equations (one for
each species) based on production and loss rates as defined by
chemical reactions:

) - y
% = Z (asi — aSL’,-) kil;[”ja”

i=1

ng is the density of species s, m is the number of reactions,
af; and al; are the stoichiometric coefficients of species s in
reaction 7 on the right side and left side of the reaction, respect-
ively, k; is the reaction rate coefficient of the ith reaction and
an”" is the density of the jth reactant of reaction i elevated to
the power equal to its stoichiometric coefficient o ; [28].

To evaluate reactive species production, we employed the
chemical reaction set constructed by Aghaei and Bogaerts [32]
specifically for He in contact with N;, O, and H,O. We con-
sidered 90 chemical species (plus electrons). The chemistry
set describes 1437 reactions, including 148 electron impact
reactions, 71 electron—ion recombination reactions, 412 ion—
ion reactions, 399 ion—neutral reactions, and 407 neutral reac-
tions, as described in [32]. The reaction rate coefficients of
heavy species (other than electron impact) reactions are either
constant or gas-temperature dependent. The reaction rate coef-
ficients of electron impact reactions are calculated using:

o0

ki = /U,- (e)v(e)f(e)de

€th

where ey, is the threshold energy of the reaction, o; is the
cross-section of collision i, v is the electron velocity and f is
the electron energy distribution function (EEDF). The electron
impact reactions are hence dependent on the electron energy.
The EEDF is found by solving the Boltzmann equation with
the built-in solver BOLSIG +. To do so, the Boltzmann solver
uses a set of electron impact cross-sections, the gas temperat-
ure, reduced electric field and electron density. The reduced
electric field in V m~! is kept constant at a value given by the
local-field approximation [33]:

E=.\/P/o
where P is the plasma power density in W m—3, and o is the

plasma conductivity in S m~! calculated with:

evahe
o= ——
E

where e is the elementary charge in C, vq is the electron drift
velocity in m s~ !, ne is the electron density in 1 m~3 and E is
the electric field in V m~!' at the previous time step.

The main parameters that influence the reaction kinetics
evolution, such as temperature and water vapour concentra-
tion, vary spatially in the plasma and effluent channel. To
consider these variations, the results from the 2D humidified
helium gas flow simulation are used. The average velocity
of each bin is used in the corresponding plug flow simula-
tion. The plasma-forming gas velocity enables the coupling
between time and distance in each plug flow model. For each
bin, the temperature along the x-axis (plug flow axis) from the
previous 2D model is implemented in the corresponding simu-
lation. As each bin is not infinitely thin, the y-averaged values
are used along the x-axis. The concentration of water vapour
is introduced slightly differently than the temperature in the
0D simulations. Since the reaction kinetics influence the con-
centration of H,O along the x-axis, the concentration of H,O
cannot be fixed (as was done for the temperature). Instead, the
model considers the variation of H,O concentration along the
plug flow axis. This variation arises from the mixing of the
evaporated water at the gas-liquid interface with the humidi-
fied helium. To account for it, the spatial derivative of the H,O
concentration along the x-axis is used to feed the different 0D
plug flow models.

For the results presented in this work, the plasma and efflu-
ent channel is splitinto 11 bins (note that in figure 3 only 5 bins
are illustrated for simplicity). Each bin has a length (dimension
along the x-axis) of 60 mm: 30 mm of plasma and 30 mm of
effluent. The four outermost bins (2 at the upper and 2 at the
lower edge) are 50 ym-wide (dimension along the y-axis), the
central bin is 200 pm-wide and the remaining bins are 100 ym-
wide. For each of these 11 bins, one independent 0D plug flow
simulation is performed.

5. Step lll: 2D plasma-generated species transport
model

5.1. Transport of species in the plasma channel and effluent
channel

In the plasma and effluent channel, the concentration of each
reactive species of interest is solved for in 2D using the species
conservation equation:

aCi 2 = =
— =DV —V- . .
7 i Ci (VC,) + S,

where ¢; is the concentration of species i, D; is the diffusivity
in helium of species i, V is the velocity vector field solved as
presented in section 3, and S; is the source term of species i in
mol (m3s)~!. The diffusivity of each species, D;, in helium is
calculated using the Chapman—Enskog theory [34]:

73/2 1 1

_ +
ag|1T02 2 M M
P(( ; _)) 0 1 2

D=A
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Table 1. Lennard-Jones parameters of gas species. For HNO, the
values of HO;, were used because no information was available in
literature.

Species o (m) e References
He 2.6 x 10710 14 x 10722 [35]
H,O 2.6 x 10710 1.1 x 10720 [35]
N 33 x 10710 9.9 x 10722 [35]
N, 3.8 x 10710 9.9 x 10722 [35]
0 3.1 x 10710 1.5 x 1072 [35]
0, 35%x 10710 1.5 x 1072 [35]
03 3.9 x 10710 29 x 1072 [36]
NO 35%x 10710 1.6 x 1072 [35]
NO, 3.8 x 10710 29 x 1072 [36]
NOs 3.8 x 10710 5.5 x 1072 [37]
N,O 3.8 x 10710 32 x 1072 [35]
H 2.7 x 10710 5.1 x 10722 [35]
H, 2.8 x 10710 82 x 107% [35]
HNO 3.4 x 10710 40 x 1072 [HO,]
HNO, 3.6 x 10710 3.8 x 1072 [37]
HNO3 3.9 x 10710 5.4 x 1072 [37]
HO» 3.4 x 10710 4.0 x 1072 [37]
H,0, 42 % 10710 3.9 x 1072 [35]
OH 3.1 x 10710 1.1 x 1072 [35]
NH 33 x 10710 9.0 x 10722 [35]

where D is the diffusivity in m? s~!

—18 Pam* k
equal to 5.956 x 10~ 18247\ /%,
M, and M, are the molar masses of helium and the species
of interest, respectively. p is the pressure in Pa and €2 is the

temperature-dependent collision integral given by [34]:

, A is an empirical constant

T is the temperature in K,

0- 1.0636 0.19300 1.03587 1.76474
T 7115610 T 0.47635T* ' o1.52996T* ' o3.89411T~
where T* = \/k% o1, 02, €1 and &, are the Lennard-Jones

parameters of helium and the species of interest. The temper-
ature profile obtained from the humidified helium gas flow 2D
model (discussed in section 3) is used to calculate the diffus-
ivities. Table 1 presents the Lennard-Jones parameters for the
species of interest used in the model.

The source term for each species included in the 2D model,
S; in the species conservation equation, is implemented as the
results of the plug flow simulations of each bin. In this way, the
species evolution in the channel as a result of the full chemical
reaction set is approximated in the 2D model without solving
the gas phase chemistry directly. This approach substantially
reduces the calculation time. Figure 4(a) shows an illustrative
example of the spatial distribution of H,O,, OH and O dens-
ities obtained with the OD plug flow model for the central bin.
From these density calculations, the rate of change along the
x-axis of the different species densities can be found by tak-
ing the spatial derivative ‘L’j;. Figure 4(b) shows an example
of the species density variation along the x-axis (the derivative
of figure 4(a)) for H,O,, OH and O. This calculation, %, is
used in turn as an input for the 2D model; for each bin in the

domain, the data “}L’; acts as a source of reactive species in the

species conservation equation:

‘_dnsg_
"Todxe dr

In practice, for each bin and species implemented in the
2D model, (;’; is found from the discrete derivative of the
corresponding 0D plug flow model result for species ns.
This approach enables the use of a 0D kinetics solver to
solve the complex chemistry in the plasma channel, which
greatly reduces the computation time, while retaining the spa-
tial information needed for the resolution of the convection-
diffusion equations. Of course, this approach comes at a cost:
species diffusion perpendicular to the plug flow axis (cross-
wind diffusion) is completely uncoupled from the reaction kin-
etics. The error associated to this uncoupling will be further
discussed in section 6.

The concentrations of species at the inlet are fixed at the
experimental conditions: helium with 4500 ppm of H,O. Zero
normal flux condition for each species is applied on all other
boundaries:

n 'Ji,boundary =0.

n is the unit vector normal to the boundary and J; poundary
denotes the flux of species i.

5.2. Transport of species at the gas-liquid interface

The transport of reactive species at the gas-liquid interface is
implemented through Henry’s law, a partition condition that
defines the ratio of concentrations at the interface:

¢ =Hcg,

where ¢ and ¢, are the concentrations in the liquid
and gas phases and H is the dimensionless Henry’s con-
stant. Additionally, flux continuity across the interface
implies that:

Jl = _ng

where J; and J, are the species fluxes at the liquid and gas
interface, respectively. The temperature-dependent, dimen-
sionless Henry’s constants for the species implemented in the
2D model are taken from [14].

5.3. Reaction-transport processes in the liquid phase

The transport of species in the liquid phase is computed by
solving the species conservation equation considering reac-
tion, diffusion and advection for 25 species and 52 chemical
reactions:

86'(1,]7 i

ot

— 2 = Vi
- Daq, iv Caq,i - Vaq : vcaq,i + Raq,i
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Figure 4. Example of plug flow model simulation results for the central bin (400 to 600 pm from the bottom of the plasma channel). In (a)
the density evolution is plotted along the x-axis for different species, while (b) illustrates the corresponding spatial derivative.

where ¢, is the concentration of species i in the aqueous
solution, D, ; is the diffusivity in water of species i, as taken
from [14], ¥,, is the velocity vector field and R, ; represents
the source and loss terms of species i for all chemical reac-
tions considered, in mol/(m3-s). Initially, the liquid is con-
sidered as distilled water; all species’ concentrations are set
to zero except for OH and H;O" which are set to a concen-
tration of 10~ M. To investigate the chemistry in the liquid,
we employed a chemical reaction set constructed specifically
for chemical reactions between reactive oxygen and nitrogen
species in aqueous solution, which was described previously
in [14].

The liquid volume of the model represents a snapshot of
the actual experimental situation. In reality, a dual-phase flow
consisting of a steady moving train of liquid segments formed
in the channel between gas bubbles is produced [1]. The form-
ation of this dual-phase arrangement is highly dynamic, yet
very reproducible. As the dynamic formation of the liquid
segment-gas bubble train is complex to simulate, we limited
our model to the time interval when the plasma stream con-
tacts the liquid phase. A convective flow inside the liquid seg-
ments arises from the shear forces exerted by the microfluidic
channel walls [38]. To include this movement in the model, the
velocity of the top and bottom boundaries are set to the average
liquid velocity of the water segment. In the results presented
here, this velocity is 1.67 cm s~! (Reynold number Re ~ 25
for a characteristic length of 1.5 mm, corresponding to the size
of the microfluidic channel). This velocity refers to the aver-
age water segment velocity in the plasma-microfluidic exper-
iment when a flow rate of 16.7 ul s~! is used. The two other
walls have a slip condition as they represent an air-water inter-
face. Figure 5 illustrates the experimentally-observed liquid
segment-gas bubble train formation (a) and how the movement
inside the liquid volume was modelled (b).

The 2D model we developed for the species production
and transport in the plasma-microfluidic platform considers 20
species in the gas phase and 25 species in the liquid. Table 2
summarizes the species implemented in the 2D model. The
25 liquid species were taken directly from [14]. Among these

(a) Experiment
— 5 aam =
(b) Modelling

Figure 5. Schematic of the steadily moving liquid segment-gas
bubble train observed experimentally (a). In the model, all the
boundaries are stationary (b).

species, only 18 can also exist in the gas phase; these are the 18
species that were included in the gas phase of the 2D model.
The gas-liquid boudary is subject to Henry’s law, as previously
mentioned, and all other boundaries have a zero normal flux
condition.

6. Results and discussion

The results of two distinct geometries will be presented. The
first considers a liquid volume in contact with the plasma-
forming zone, positioned between 24 and 26 mm from the
main gas inlet (figure 1(a)). The second one uses a liquid
volume in contact with the plasma effluent, and located
between 33 and 35 mm from the main gas inlet (figure 1(b)).
In both cases, the plasma power dissipation is taken as 1 W
and the feed gas of 1.5 slm is humid helium (4500 ppm
H,0) with oxygen (1 ppm) and nitrogen (4 ppm) impurities.
Figure 6 shows the result of the first 2D simulation as presen-
ted in section 3, i.e. the gas velocity (a), temperature (b) and
water vapour concentration (c), which are used as input to the
plug flow models for each of the 11 bins used in this model.
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Table 2. Species implemented in the 2D model.

Gas phase species

03, N2, Hy, O, N, H, OH, H,O», HO;, O3, NO, N,O, NO,, NO3, HNO, HNO,, HNO3, NH

Liquid phase species

0,, N», Hy, O, N, H, OH, H,O», HO, O3, NO, N,O, NO,, NO3, HNO, HNO,, HNO3, NH,
OH™, 05, ONOOH, ONOO~, H;0", NO3 , NO5

(a) (b) (c)
— x10*
Ep
35 320 g
3.5
30 c
P . 1315 .8
— o= @ X ©
2 mm g5 = g
~ (0] c
S 1310
(b) 2 20 % § 2.5
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Figure 6. Gas velocity (a), gas temperature (b) and water vapour concentration profile (c) in the COST-jet channel solved as explained in
section 3. (a) Depicts the laminar flow pattern in the channel, (b) shows the increasing temperature profile along the channel with the
gas-water interface acting as a heat sink and (c) illustrates the evolution of water vapor concentration with the gas-water interface being a

source of humidity.

Figure 6(a) depicts the laminar flow pattern within the plasma
channel, while figure 6(b) presents a temperature profile that
increases along the channel length, and where the gas-water
interface acts as a heat sink. Figure 6(c) displays the evolu-
tion of water vapour concentration in the plasma region. The
water vapour concentration remains stable until the gas-water
interface is reached, where evaporation triggers a significant
increase in the water vapour concentration. Figure 7 illustrates
the velocity field, V4, inside the liquid (calculated as explained
in section 5). Figure 7 demonstrates that the motion of the
liquid segments within the microfluidic channels results in the
formation of circulating flow patterns, enhancing the transport
of reactive species within the droplets.

Figure 8 depicts the evolution of H,O, concentration for
both plasma-liquid contact arrangements. The model predicts
higher H,O, concentrations in the liquid when it contacts the
plasma effluent compared to when it contacts the plasma-
forming zone. After treatment, the average concentration of
H,0; in the liquid is 34 M for a water segments exposed to
the plasma region, whereas a water segments in the plasma
effluent region has an average H,O, concentration of 23 ©M.
This is explained by two reasons. First, the simulations show
that the main destruction pathway of H,O, is through an elec-
tron impact reaction:

e+ H,0, - H,O+ 0,

%107
16

14
12

10
1.4mm

Liquid velocity (m/s)

2mm

Figure 7. Velocity vector field inside the liquid volume solved as
explained in section 5. The top and bottom boundaries are moving
walls, which velocities are fixed as the water segments average
velocity, and the two sides boundaries, that represent the gas-water
interfaces, have slip conditions.

which no longer takes place in the plasma effluent. Moreover,
the main formation pathway of H,O, is through the
recombination of two OH radicals. Figure 9 shows the evolu-
tion of OH radicals both in the plasma-forming region and in
the plasma effluent. Outside of the plasma-forming region, the
OH radicals are quickly depleted to form H, O, while the pre-
viously mentioned electron impact reaction, which depletes
H,0,, no longer takes place.
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Figure 8. H,O» concentration in plasma, plasma effluent and in the liquid for a plasma-liquid interaction zone located in the
(a) plasma-forming zone and (b) plasma effluent solved as explained in section 5.
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Figure 9. OH radical concentration in plasma and plasma effluent solved as explained in section 5.

As previously mentioned, the goal of this modelling work is
to explain the experimental results reported recently [1] and to
demonstrate the feasibility of a numerical representation of the
plasma-microfluidic platform. In this experiment, the imposed
liquid flow rate in the microfluidic channel was 16.7 yl s~!
corresponding to an average velocity of 1.67 cm s~!. With this
velocity, the liquid segment-gas bubble combination travels
through the 2 mm opening of the microfluidic device in 0.12 s,
which can be transposed in the model as a liquid treatment
time of 0.12 s. Hence, the experimental results were com-
pared with a simulation of a liquid treatment time of 0.12 s.
Of course, experimentally, the treated liquid is not analysed
directly after treatment, and chemical reactions can occur in
the liquid between treatment and analysis. However, further
simulations showed that once the contact with the plasma or
plasma effluent is removed, the average concentration vari-
ation of H,O is less than 1% for at least 90 s. Experimentally
this is approximately the time between plasma treatment of
the liquid and the moment when the treated liquid is analysed.

The stability of the H,O, concentration after treatment was
explained in previous work by Heirman et al [14]. The authors
showed that most of the chemistry that leads to the production
and loss of H,O, happens near the gas-liquid interface and
that the reaction rates in the liquid bulk are at least 3 orders
of magnitude smaller than at the interface. In the interface
region, H, O, is mainly produced through 20H — H,0, and
lost through H,O, + OH — HO; + H,O. As the OH radic-
als originate from the plasma, these reactions no longer occur
once the plasma or plasma effluent contact is removed. As in
[14], we also observed in our simulations that H,O, is stable
in the liquid without direct contact with gas-phase plasma-
produced OH or H,O,. Hence the concentration value of H,O,
after 0.12 s treatment was taken for direct comparison with
experimental values.

The H,O, concentration in the treated liquid was measured
experimentally with the titanium oxysulfate method presen-
ted in our own work [1] and in that of others [14, 39]. For
a plasma power dissipation of 1 W and a microfluidic water
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Figure 10. Experimental and modelling comparison of H,O,
concentrations in the liquid volume, when the liquid is under the
plasma and under the effluent. For explanation of the error bars of
the modelling result, see text.

flow rate of 16.7 ul s~! (1 ml min~—! ), the concentration of
H,0; in the treated liquid was experimentally measured for a
liquid interaction zone under the plasma-forming region and
under the plasma effluent region. Figure 10 shows the com-
parison of these experimental results with the average H,O,
concentration in the liquid provided by the simulations after
a treatment time of 0.12 s. The model predicts a higher con-
centration of H,O, than the experimental values, but with a
reasonable margin; both experimental and modelling results
differ by less than 50%, which is satisfactory considering the
various approximations that were used.

One of the main simplifications used to model the plasma
and effluent channel was to split the domain in bins and to
solve an independent plug flow simulation for each of them.
Through this approximation, the effect of transport of species
between the different bins on the reaction kinetics is neglected.
To investigate the impact of this approximation, further simu-
lations were performed. We do not expect that the cross-talk
between the bins would lead to a reaction kinetics that pro-
duces more H,O, than the bin of maximal production, or less
H,0O; than the bin of minimal production. Thus, to estimate
the minimum and maximum values of the average concentra-
tion of H,O, in the liquid, the species input (%) in the entire
plasma and effluent channel was taken as the input in the bin
of minimum and maximum H,O; production, respectively. In
this way we can set an upper and lower limit on the expec-
ted H,O, production predicted by the model. These limits are
illustrated as the error bars in figure 10. Note that both the
maximum and minimum values do not change the conclusions
drawn from the modelling results.

This extremum value investigation is quite straightforward
for H,O; in the liquid because it strongly correlates with
the production of H,O, in the plasma and effluent channel.
However, with the other species it may be necessary to look
deeper into the production and destruction mechanisms to
obtain minimum and maximum values. For example, ONOOH
is not formed in the gas phase, but only in the liquid through

different reactions (such as NO,, +HO, ,, — ONOOH,, or
NO;, 4, + OH,, — ONOOH,,). Hence, an estimation of the
maximum and minimum concentration values of this species
requires a more thorough analysis.

The discrepancies between the experimental and modelling
results can be explained by different limitations of the model-
ling approach. The most obvious one is the stationary bound-
ary approximation. In the model all boundaries of the liquid are
fixed in space, while in reality it is a dynamic system where
the boundaries of the liquid segment are constantly moving.
Also, the exact behaviour of the small gap between the plasma
channel and the liquid is unknown. Its height, which is set
to 100 m based on experimental observation of the device,
may exhibit certain variations due to the dynamic formation
of the water droplet. This height is fixed experimentally by
controlling the pressure inside the microfluidic device [1]. A
verification is required whether there is plasma in the gap and
if it makes direct contact with the liquid. However, based on
the short recombination times of charged species outside of
the COST-Jet’s electrodes, as inferred from the OD simula-
tions, no chemical reactions are directly modelled in this gap.
This applies to both studied cases, whether the liquid is under
the plasma active region or under the plasma effluent region.
Rather, the species are transported (by convection and diffu-
sion) from the plasma channel to this region and are assumed
not to react. Moreover, the species transport at the liquid inter-
face through Henry’s law will influence the chemical spe-
cies concentration in the plasma-forming and plasma effluent
regions, which in turn might influence the reaction kinetics.
This is not taken into account in the model, i.e. There is no
feedback loop to the OD models from species transport at the
liquid interface. The use of Henry’s law constants is inherently
limited to equilibrium conditions [14, 40, 41], which are not
strictly met when significant transport takes place. However,
no better implementation of the partition condition for react-
ive species between the gas and the liquid than Henry’s law
exists. Another limitation is related to the power density of
the plasma discharge which is used to calculate the EEDF. It
is taken as an average value for the whole plasma region. In
reality it varies spatially within the plasma channel. These dif-
ferent limitations might explain the discrepancies between the
modelling and experimental results. Nevertheless, the model
provided key information on the main formation and trans-
port pathways of reactive species from the plasma region to
the liquid in the microfluidic device.

7. Conclusion

We presented a first modelling approach to simulate the COST
reference plasma jet in contact with a microfluidic device.
Taking advantage of the fast computation time of 0D mod-
elling, we combined plug flow chemical kinetics models with
2D fluid dynamics-species transport models to obtain a quasi-
2D model that provides spatially-resolved information on the
formation and transport of reactive species produced by the
COST-jet plasma discharge. This combined approach was
based on the uncoupling of the plasma and plasma effluent
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reaction kinetics from the crosswind transport processes. The
possible error associated with this assumption was discussed
for the transport of hydrogen peroxide in the liquid. The
modelling results were compared with experimental data. We
found a good agreement with experimental observations for
the concentration of hydrogen peroxide in the liquid. Key lim-
itations of the modelling approach were discussed to guide
the next steps needed to improve the model prediction abil-
ities. The results mainly focused on hydrogen peroxide since
experimental data were available. Nevertheless, the model
we developed has the potential to give insight on the forma-
tion and transport of other plasma-generated reactive species.
Moreover, the proposed modelling approach that combines a
0D plug flow model with 2D fluid dynamics simulation could
be applied to simulate the complex chemistry of other plasma
sources or any other system where the transport of chemical
species occurs in a unidirectional gas flow at high Péclet num-
ber. The computational work presented here, combined with
the plasma-microfluidic platform presented previously, set the
basis both in terms of experimental work [1] and computa-
tional work for the use of standard and novel microfluidic
devices in the context of plasma medicine.
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