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S.1 The finite element mesh
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Figure S1: Finite element mesh of the simulation domain of the MW reactor geometry a) without nozzle attached and b) with
nozzle attached. The color scale indicates the size of the mesh elements.

Figure S1 presents the finite element mesh of the 3D CFD model domain, in which the color scale
indicates the size of the mesh elements. The simulation domain consists of 700 000 tetrahedral-shaped
mesh elements, in which the size of the elements is reduced specifically in zones where physical
properties are expected to display high gradients, e.g. in the center of the reactor where the plasma
filament is located, in the throat of the nozzle, in the inlet tubes. To resolve the thin boundary layers
of the fluid along the no-slip boundaries (i.e. u = 0 m/s) of the reactor walls , the finite element mesh
near the walls consists of 4 mesh boundary layers with dense element distribution in the normal
direction along the walls of the reactors.

This mesh was refined by re-solving the model on progressively finer meshes until the solution
remained mesh independent. In this form, the models take 6-10h to solve (without parallelization) on
a desktop equipped with an Intel Core i7-5820K CPU and 64.0 GB RAM, using a relative tolerance of
0.001 as conversion criterium.



S.2 The turbulent gas flow

We apply the Menter’s Shear Stress Transport (SST) model,* which uses the common k-€ model in the
free stream and combines it with the more accurate k-w model near the walls, where the flow is more
complicated.

This approach includes the following equations for the turbulent kinetic energy k and the specific
dissipation w:
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Where pg stands for the gas density, @ is the gas flow velocity vector, u is the dynamic viscosity, oy,
o, and y are model coefficients defined in equations S.10, S.11 and S.12 below, and 8, and o, are
dimensionless model constants defined in table S1. The other symbols are explained below.

In equations S.1 and S.2, iy is the turbulent viscosity of the fluid and is defined as:
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In which S is the absolute strain rate and a; is a dimensionless model constant, defined in table S1. In
equations S.2 and S.3, f,,; and f,,, are two blending functions that control the switch from the k-w
model to the k-€ model in the free stream (where f,,; = 1)
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In which y is the y-component of the position vector, and 8, and CDy,, are placeholders for the
following terms:
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In which [, is the wall distance.
In equations S.1 and S.2, P serves as a product limiter coefficient and is defined as:

P = min(P,10pBokw) (5.8)

In which Py, is a placeholder for the following term:
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The model coefficients in equations S.1 and S.2 are defined as:

0k = fo1° 0k + (1 — fo1) 0k, (5.10)
Op = fv1'0w1+(1_fv1)0w2 (5-11)
Y= fur-rit A= frre (5.12)

In which 01, Ox2, G,1,0,2, Y1 and ¥, are dimensionless model constants, defined in table S1.

Table S1: Dimensionless model constants used in the SST turbulent flow model.

Ok1 0.85
Ok2 1
Op1 0.5
Ow2 0.856
Y1 0.5556
Y- 0.44
a, 0.31
Bo 0.09




S.3 Gas flow velocity profiles of the quasi-1D chemical kinetics model

Using the axial gas flow velocity calculated by the 3D CFD model, we can convert the time dependence
of a OD chemical kinetics model to a spatial dependence over a straight line in the reactor, resulting in
a quasi-1D model. The axial gas flow velocity profiles in the center of the reactor, which are used in
this conversion, are presented for two different flow rates in figure S2, for a) a reactor without and b)
a reactor with 5 mm nozzle attached. The figures clearly display the increase in gas flow velocity as the
gas flows through the narrow nozzle gap.
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Figure S2: Axial velocity profile in the center of the reactor as calculated by the 3D CFD model for a reactor a) without and
b) with 5 mm nozzle attached.



S.4 Boundary conditions in the model

For the calculation of the gas flow velocity field 1 (u,v,w) and pressure p inside the reactor, the
following boundary conditions are introduced in the model geometry when solving the Navier-Stokes
equations (equations 1 and 2 of the main paper):

At the Inlet:
U =1, (5.13)

In which 1, is the flow velocity defined by the input flow rate.

3
k= E(uOIT)Z (5.14)
1
W= k—Zl (5.15)
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Where u, is the input flow rate, I the expected turbulence intensity (here 0.05 for medium
intensity), B, a dimensionless model constants shown in table S1 and L the turbulence length
scale.

At the reactor walls:

u=0 (5.16)
Where the velocity is zero as a result of the “no slip” condition at the walls.

At the outlet:
=4 — >N\T 2 7| = —
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In which p, is the pressure at the outlet, and 71,,:;¢+ the unit vector normal to the outlet boundary.

For the calculation of the gas temperature Ty, the following boundary conditions are introduced in
the model geometry when solving the heat balance equation (equation 3 of the main paper):

At the Inlet:

T
_ﬁinlet ’ C_I) = Pﬁj deTg ’ T_iinlet (5.18)
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In which Tj,; is the gas temperature of the inlet stream, usually 293.15 K, and 71;,,;.; the unit vector
normal to the inlet boundary.

At the reactor walls:

For the heat loss through the reactor walls to the environment at a heat loss rate g;,s, the boundary
condition states:

_ﬁwall ' C_l) = ioss (5.19)



Qioss = h(Text - Tg) (5.20)

In which 1,4 is the unit vector normal to the wall boundary, T, is the gas temperature of the
environment, usually 293.15 K and h the heat transfer coefficient of the reactor wall material (10
W/(m?2*K) for the quartz tube).

At the outlet:

—Touttet ' 4 =0 (5.21)
In which 7i,,1¢¢ is the unit vector normal to the wall boundary.
S.5 The thermodynamic and transport properties of the model

All thermodynamic and transport properties of the gas, i.e. the viscosity, the thermal conductivity and
the heat capacity are adopted from Magin et al.?, where these properties are calculated for a wide
range of temperatures assuming thermodynamic equilibrium. This means that changes in gas
composition and energy balance due to chemical reactions are taken into account within these
properties, e.g. the endothermic characteristic of CO; splitting, as well as the formation of CO and O,
and the destruction of CO; are represented in the heat capacity and thermal conductivity. However,
as these properties are calculated assuming thermodynamic equilibrium, the properties assume that
chemical equilibrium is reached very fast as the temperature increases or decreases. This assumption
is reasonable in an atmospheric MW plasma torch, because at 6000 K, which is the core temperature
of the plasma filament, chemical equilibrium is reached within milliseconds, which is very fast
compared to the timescale of the residence time in the reactor (in the seconds range). In the effluent
of the reactor, however, chemical equilibrium is reached slower, so the impact of chemistry on the
heat balance is not completely accounted for in this part of the reactor. However, at this point the heat
balance is mostly defined by the hot gas flowing form the 6000 K plasma zone, rather than
recombination reactions heating the gas, which makes the error of the assumption relatively small.
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S.6 Representing the plasma as a heat source

By representing the plasma as a heat source using the thermal balance equation (equation 3 in the
main paper), the 3D shape of the plasma is required as input for the model.

This heat source term (Q) is then defined as:
Q = N *rad(x) *rad(y) * ax(z)

In which rad and ax are the radial and axial power profiles of the MW power, respectively, and N is a

normalization factor, such that:
f-Udedydz = Pyw

Where Py, is the microwave power that is absorbed by the plasma, measured in the experiments.
The radial and axial power profiles (rad and ax) are defined using analytical functions that
approximate the radial and axial profile of a contracted plasma filament, as measured by D’lsa et al.?
and Wolf et al.. The radial power profile used in the model, is shown in figure S3a, resembling closely
the profile measured by D’Isa et al., shown in figure S3b. The axial power profile used in the model, is
shown in figure S4a, resembling closely the profile measured by D’lsa et al., shown in figure S4b.
Furthermore, as concluded in the work from D’lsa et al., the plasma diameter and length of the plasma
is independent on the flow,? allowing us to use the same power profile for every flow rate.
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Figure S3: a) Radial power density profile of the plasma assumed in the model
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b) Radial ICCD image taken by D’Isa et al
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Figure S4: a) Axial power density profile of the plasma assumed in the model

b) Axial ICCD image taken by D’Isa et al.
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