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Supplementary material: Details of numerical model

The numerical model used in this study consisted of a reactive flow model couple with a plasma
physics module and chemistry module. This approach was adopted to enable modelling of
physicochemical phenomena extending over 6 orders of magnitude in time and 4 orders of
magnitude in space with reasonable computational run times. Each of the two modules and the
main model (alternatively the three modules) were defined over a range of scales in space and time.

A summary of the modules and the corresponding scales in space and time is given in table 1.

Module Spatial dimensions Spatial scale Temporal scale
Plasma module 2D um to mm ns to us
Chemistry module 0D (global model) -- tens of pus to ms
Reactive flow module 2D mm to cm Tensof mstos

Table 1. A summary of the three modules and the scales over which they are defined.

1. Plasma module

The plasma module was a 2D time dependent multi-fluid model. Its inputs were the applied
waveform and the discharge geometry. The computational domain of the plasma module is shown
in figure 1. Considering the short timescales covered by the plasma module, the gas temperature
was assumed to be equal to the room temperature and the convective flow was ignored. The plasma

module was solved for one period of the applied waveform.
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Figure 1. The computational domain of the plasma module. The electrode is enlarged for clarity. The
numbers shown indicate the boundary conditions defined in table 3.

The variables solved for in the module were the electric potential V" (V), the electron density n, (m-

3), the electron energy density 7, (eV-m3), the surface charge density on the dielectric surface p,
(C-m2), and the densities of N;, 0;, and O, , represented by the variables n,. (m3), n,. (m3), and
2 2
n, (m=3), in addition to the background gas species, N, and O,, which constitute 79% and 21% of
2

air respectively. To calculate the electric potential, the Poisson equation (equation 1) was solved in

the plasma domain and in the dielectric domain, emphasised in figure 1 [1].
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In equation 1, eis the electron charge (C) and ¢ is the dielectric permittivity (F-m™), which is
assumed to be 4.7 in the dielectric material and 1 in air. To calculate the densities of all species, the
continuity equation, in drift-diffusion form as given by equation 2, was solved for every species in

the plasma region only [1].
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In equation 2, n, is the density of the /™" species, 1z is the mobility of the /" species (m?V1:s?), D, is

the diffusion coefficient of the it species (m?- s1). For ions and neutral species, the diffusion
coefficients were obtained from [2], and the mobilities for the ionic species were calculated using

Einstein’s relation [3]. For electrons, the mobility and the diffusion coefficient were calculated using

BOLSIG+ and tabulated as functions of the mean electron energy [4,5]. The last term R, is the rate
expression of the it species where all generation and loss terms are included in that term. A typical

expansion of the term R, is given in equation 3.
R =k nyny—knn.+.... (3)

In equation 3, k,and k, are the rate coefficients of reactions a and b respectively (m3s?), species A

and B are the reactants of reaction a while species j and C are reactants for reaction b. The first term
is positive indicating that reaction a is a generation reaction for the /™ species, while the second term
is negative indicating that reaction b is a loss reaction of the species i. Equation 3 has a term for
every reaction where the /™" species is either a product or a reactant. A list of the reactions included

in the plasma module is given in table 2.

The surface charge density o, (C-m?)in the plasma module was defined on the dielectric surface

and is governed by equation 4 [6].
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In equation 4, 71 is the normal unit vector on the dielectric surface, and l"i is the flux of the it" species

on the surface (m2-s). The electron energy density equation is governed by equation 5.
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In equation 5, £, (m>V*s?t)and D, (m? s?)are the electron energy mobility and diffusion

coefficient respectively, both were calculated using BOLSIG+ [4,5]. The term S represents the

collisional energy loss by the electrons. Essentially, it is similar to the expression given in equation 3

but with the energy cost of every reaction multiplied by the rate coefficient of the corresponding

\4
reaction. The last term in equation 5 is the ohmic heating term, where I', is the electron flux.

:I);n Reaction formula Reaction coefficient :E:\cle)rgy cost Ref.
R1 e+N, > e+N, f(€,,) 03(TeTy)  [2]
R2 e+0, >e+0, f(£,) 0.26(TT,)  [2]
R3 e+N, —> 2e+N, 1x10%* ¢, exp(-14.6/ &, ) 15.58 [2]
R4 e+0, —> 2e+0," 9.54x10" ¢, % exp(-55.6/ €,,,) 12.07 (2]
9.72x10*¢,,, *%%exp(-14.2/ &, ) &,,, > 1.13
o er0 20 2.78x10% &, < 1.13 2
RE e+N,+0, —> N,+0, _Il_g)l/?_rlj)_:) (Te/Te)? exp(-70/ T,) exp(1500(T,- 2]
-41 - -
R7 e+20, —> 0,+0, -|1-S/>Z-|-1§-g)) (Te/Te) exp(-600/ T,) exp(700(T, 2]
R&E  M+e+Ny — M+N, 3.12x10%/Te [2]
R9 N,+0, —> e+0,+N, 1.9x 108(T,/300)%> exp(-4990/ T,) 2]
RI0O 0,+0,; —>e+0,+0,  2.7x10(T,/300)%5 exp(-5590/ T,) 2]
R11  0,+Ny — 0,*+N, 5x 1017 2]
R12 O, +N¥ > O +N, 2x1013(300/T,)%> [2]
R13 0, +0," — 20, 2x 1013(300/T,)°5 [2]

Table 2. A list of reactions included in the plasma module.

In table 2, &, is the mean electron energy (eV), calculated from n,, /ne (4], 7; is the gas

temperature (K), and 7 is the electron temperature (eV), defined as 2

reactions 1 and 2 were calculated using BOLSIG+ [4], with the cross sections used obtained from [5].

avg

/3 . The rate coefficients of



For every equation solved in the plasma module, a boundary condition was defined over every edge
in the computational domain. The boundary conditions are listed in table 3, where the number of

the boundary is indicated in figure 1.

Boundary Electric potential Continuity equations

Vo1 .

1 V= Vapplied n-l; = Znivth,i - luiniVV(_VV -n>0)
A .

2 —&VV = p, n-T, :Z”i"m,i_ﬂi”iVV(_VV'” > 0)

3 —A-VV =0 A-T,=0

4 V=0 N/A

5 -n-VV =0 N/A

6 -n-VV =0 N/A

Table 3. A list of boundary conditions used in the plasma module.

Intable3, V is the thermal

applica 1S the applied voltage waveform obtained from experiments, v,

thii
speed of the " species. The condition in parenthesis for continuity equation on boundary 1 and 2 is
non-zero only if the flux driven by the electric field is directed outward of the computational domain.
Boundary 1 represented the driven electrode, boundary 2 represented the interface between the
plasma and the dielectric, where the flux of the charged species created a surface charge, boundary
3 represented a symmetry boundary implying that the outer side of the boundary is a mirrored

version of the domain, and boundary 4 was the ground.

As the plasma module was solved, the instantaneous Electrohydrodynamic force (given in equation
6) and the electron energy density were integrated in time [6]. When the module had finished
running the integrated variables were divided by the period of the waveform, giving the time-

averaged variables.
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The time-averaged electron energy density was normalised and defined as the extrapolation
parameter S. The importance of this parameter is that it indicated the regions in the computational

domain where electron impact reactions have the highest intensity.

2. Chemistry module:

The extrapolation parameter S, obtained from the plasma module, is shown in figure 2. It clearly
shows that the electron driven chemistry occurs mainly at a point close to the driven electrode. For

this reason, it was assumed that this point is the domain of the chemistry module.
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Figure 2. The extrapolation parameter S obtained from the plasma module. This figure shows only a
part of the domain for clarity.

The chemistry module was a system of coupled ordinary differential equations, which were solved

for the densities of 52 species, listed in table 4, and the 625 reactions associated with them. The



density of the it species in the chemistry module is given by equation 7. The full set of reactions can

be found in [2] in addition to reactions obtained from [7,8] that are not included in [2].
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In equation 7, n, is the density of the /" species, R. is the rate expression of the it" species, which is

similar to that described in equation 3, U is the velocity field at the point where the chemistry
module is evaluated, which is calculated from the reactive flow module, and d is a characteristic

length of the red coloured area shown in figure 2.

In table 4, the species are categorised based on their lifetimes into short-lived species, which are
created and consumed every period, and long-lived species, which accumulate over multiple

periods. This categorisation has been shown in many previous works [2,9].

Species type Species list Classification

Positively N+,N2+,N3+,N4+,0+,02+,04+,H+ H;, H;,0H+,H20+,

Short-lived
Charged  H.O",NO*,N,0",NO;
Negatively e o e . - - o - ,
Charged e,07,0;,0;,0,,NO",N,0",NO; ,NO; ,H ,OH Short-lived
Short-lived except
Excited N(CD),N,(4’2), N,(B’T1),0('D), O,(a'A) O, (a'A) which is
long-lived
H,N, 0, NO, NO,,NO,,N,0,N,0,,N,O,, N,O;,0,, Long-lived except
Neutral H which is short-
HNO, HNO,, HNO,,0H , H,0,, HO,,H,,N,,0,, H,0 y
ived

Table 4. A list of species included in the chemistry module.

In addition to species densities, the chemistry module also solved for the electron temperature,

according to equation 8.

o(3
5(5 ”eTJ =k, =S, (8)



In equation 8, Pdep is the power deposition obtained from the plasma module at the center of the

region of the area shown in red in figure 2, and S, is the energy collisional loss computed by the

chemistry module.
The chemistry module was solved for 10 periods of the assumed waveform, which was enough for

the short-lived species to arrive at periodic behavior. In the last period, all the chemical reactions

leading to generation of a long-lived species, N,0 as an example, from short-lived species were
grouped together and averaged over the period’s duration, giving an effective generation term 8n,0/
which represented the generation rate of N,0 from short-lived species. Similarly, the same
procedure was followed for reaction where N,0 is consumed in reactions involving short-lived
species, giving an effective loss term ZNZO , which represented the loss rate of N,O from reactions
with short-lived species. Considering that loss reactions of N,O include it as a reactant, the loss
term ZNZO was normalised by the density of N,O . Two terms, g and /, were obtained for every

long-lived species listed in table 4.

3. Reactive flow module:

The reactive flow module was a 2D time dependent multispecies module. Its computational domain
included the plasma region and a downstream region, as indicated in figure 3. It was solved for the
densities of the 21 long-lived species indicated in table 4 and their associated reactions (60
reactions), in addition to the velocity field of the mixture made of those species. The velocity field of

the mixture was computed using Navier-Stokes equations 9-10 [10].

op

+V-(pu)=0

o (o (9)
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p—+pu-Vu=-VP+{Vu+F,, (10)



In equations 9 and 10, o is the mass density of the species mixture (kg.m=3), which was defined in

terms of the individual species as p = kank , such that m, is the molecular mass (kg) of the kth
k

species and 7, is its number density (m-3), U is the velocity field (m.s), £ is the air’s viscosity (Pa.s),

\/
P is the pressure (Pa), and [}, is the time-averaged EHD force field obtained from the plasma

module. The time-averaged force field was used instead of the instantaneous force field given by
equation 6 because the instantaneous force changed on a ps timescale, while the flow dynamics
occurred on ms timescale. In that sense, the flow experienced the time-averaged force field rather
than the instantaneous force field. To determine the densities of the reactive species, the

convection diffusion equation was solved for 20 species, as given in equation 11 [11]. The remaining

species, N, was determined from pressure constraint imposed by Navier-Stokes equations.
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In equation 11, 7, is the density of the /" species (m3), D, is the diffusion coefficient of the i*" species
(m?2s), obtained from [2], 7;is the rate expression of the i" species (m-s?), which is similar to that in

equation 3, except that it only involved reactions where species involved in the reaction were long-
lived species only. The short-lived species were implicitly included in equation 11 through the terms

G, and L,, which described the generation and loss rates of the /" species due to short-lived species.

These two parameters are defined by equation 12.

G =g:S (12)

1

In equation 12, g, is the effective generation rate calculated by the chemistry module. Since it is a

scalar and it needs to be converted to a 2D variable to be used by the reactive flow module, it was



multiplied by the extrapolation parameter S, shown in figure 2. The same procedure was followed to

obtain L, from [/, as well.
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Figure 3. The computational domain of the reactive flow module. The plasma region is part of the
computational domain. The electrodes are plotted as bold lines for illustration.
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It should be noted that the time-averaged force field Fy,,,, the generation parameters G, and the

loss parameters L, were all defined in the plasma region only (see figure 3), and were equal to zero

elsewhere. For every equation solved in the reactive flow module, a boundary condition was
defined over every edge in the computational domain. The boundary conditions are listed in table 5,

where the number of the boundary is indicated in figure 3.

Boundary Navier-Stokes equations Convection diffusion equations
A Vv \' A
1 n-[—P]+((Vu+(Vu)Tj=O —n-DVn, =0
\ ~ \'
2 u=0 A-(=DVn, +nu)=0

Table 5. The boundary conditions used in the reactive flow module.
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In table 5, [ is the identity matrix, and (Vu) is the transpose of the gradient of the velocity vector.

The boundary conditions on boundary 1 described an open boundary, which implies that the other
side of the boundary was continuation of the domain. Boundary conditions on boundary 2
described a wall, where the flow velocity was zero due to friction and the flux of the reactive species

was zero.
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