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ABSTRACT

CO, utilization has been an emerging technology of
increasing global interest due to its direct impact in
limiting greenhouse gas emissions. In this contribution,
the fluid dynamic behavior of a CO, conversion non-
thermal plasma (NTP) in a dielectric barrier discharge
(DBD) reactor is studied through computational fluid
dynamics (CFD) simulations.

Calculations are provided in conjunction with experi-
mental results and the thermodynamic characteriza-
tion of the compounds and mixtures involved. This
CED study utilizes a well-established methodology
that allows the optimization of fluid flow with limited
computational burden.

Firstly, results are presented for an Example Case, in
which several variables are studied both at the final
iteration as well as across iterations. Secondly, a range
of Study Cases, changing the inlet composition and
volume rate, are presented. Average velocity is one of
the most significant variables to predict the reactor’s
yield, while the temperature, density and pressure in
the reactor remain, in most cases, almost constant.

The resulting CFD computations describe the behavior
of the fluids in the reactor in a predictive manner for
future experimental results. Limitations in the fluid’s
characterization occur due to not explicitly including
the plasma reaction, which will be aimed at in future
contributions.
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RESUMEN

La utilizacién de CO: ha sido una tecnologia emer-
gente de creciente interés mundial debido a su impacto
directo en la limitacién de las emisiones de gases de
efecto invernadero. En esta contribucidn, se estudia
el comportamiento fluidodindmico de un plasma no
térmico (N'TP) de conversién de CO:z en un reactor de
descarga de barrera dieléctrica (DBD) mediante simu-
laciones de dindmica de fluidos computacional (CFD).

Los célculos se proporcionan junto con los resultados
experimentales y la caracterizacién termodindmica de
los compuestos y mezclas involucrados. Este estudio
CFED utiliza una metodologia bien establecida que
permite la optimizacién del flujo de fluidos con una
carga computacional limitada.

En primer lugar, se presentan los resultados de un
caso de ejemplo, en el que se estudian varias variables
tanto en la iteracién final como entre iteraciones. En
segundo lugar, se presenta una variedad de casos de
estudio que cambian la composicién de la entrada y el
volumen. La velocidad promedio es una de las varia-
bles mas significativas para predecir el rendimiento
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del reactor, mientras que la temperatura, densidad y
presion en el reactor permanecen, en la mayoria de los
casos, casi constantes.

Los célculos CFD resultantes describen el comporta-
miento de los fluidos en el reactor de manera predictiva
para futuros resultados experimentales. Las limitaciones
en la caracterizacién del fluido se producen por no
incluir explicitamente la reaccién del plasma, lo que
se abordard en futuras contribuciones.

Palabras clave: Conversiéon de CO:, Dindmica de
fluidos computacional, Plasma de descarga de barrera
dieléctrica, Mecdnica de fluidos, Plasma no térmico,
Reactor de plasma.

RESUM

La utilitzacié de CO:z ha estat una tecnologia emergent
d’interes global creixent a causa del seu impacte directe
en la limitacié de les emissions de gasos d’efecte hiver-
nacle. En aquesta contribucid, s'estudia el comportament
dinamic de fluids d’'un plasma no térmic de conversié
de CO: (NTP) en un reactor de descarrega de barrera
dielectrica (DBD) mitjancant simulacions de dinamica
de fluids computacional (CFD).

Els calculs es proporcionen conjuntament amb els
resultats experimentals i la caracteritzacié termodi-
namica dels compostos i mescles implicats. Aquest
estudi CFD utilitza una metodologia ben establerta
que permet l'optimitzacié del flux de fluids amb una
carrega computacional limitada.

En primer lloc, es presenten els resultats d’un cas
exemple, en el qual s'estudien diverses variables tant a
laiteracié final com a través de les iteracions. En segon
lloc, es presenten una série de casos d’estudi, canviant la
composici6 d’entrada i la velocitat de volum. La velocitat
mitjana és una de les variables més significatives per
predir el rendiment del reactor, mentre que la tempe-
ratura, la densitat i la pressié al reactor es mantenen,
en la majoria dels casos, gairebé constants.

Els calculs CFD resultants descriuen el comporta-
ment dels fluids al reactor de manera predictiva per
a futurs resultats experimentals. Les limitacions en
la caracteritzaci6 del fluid es produeixen perqué no
s'inclou explicitament la reaccié del plasma, a la qual
s'orientara en futures contribucions.

Paraules clau: Conversi6 de COz, Dinamica de fluids
computacional, Plasma de descarrega de barrera dielec-
trica, Mecanica de fluids, Plasma no térmic, Reactor
de plasma

INTRODUCTION

The current increase in energy demand has led to the
intensive use of fossil fuels, increasing the amount of
anthropogenic carbon dioxide (CO,) emissions to the
atmosphere. As one of the most significant greenhouse
gases, CO, is one of the biggest contributors to global
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warming [1]. The development of CO, capture, stor-
age, usage, and conversion (CCUS) technologies has
therefore become of growing interest. CCUS processes
play an important role in net-zero energy systems, as
they contribute to both reducing and utilizing CO,
emissions [2].

CO,-utilization technologies can be understood as
either a direct utilization or a conversion to other
chemicals and energy products. In the case of direct
utilization, CO, is used, for instance, as a: commercial
product in the food and beverage industry, supercritical
CO, as a solvent, among other industrial applications [3].

With CO, conversion, CO, can be converted into other
chemicals or energy products through carboxylation
reactions in which a CO, molecule is used to obtain
organic compounds, (including carbonates, acrylates,
and polymers) or through reduction reactions where
the C=0 bonds are broken to produce other chemicals
(including methane, methanol, urea, syngas, and formic
acid) [4], [5].

In fact, CO, conversion has evolved to cover a wide
range of technologies, including hydrogenation [6],
electro-catalytic / electrochemical reduction [4], en-
zymatic / biochemical [4], photo-reduction [4], 7], [8]
or plasma processes [1], [9]-[11]. One plasma process
of particular interest is non-thermal plasma (N'TP),
due to its capability to break down the OC=0 bond
via stepwise vibrational excitation. NTP plasmas can
be operated at room temperature and atmospheric
pressure, a major advantage in comparison to tradi-
tional techniques which require high temperature
(1600-2000K) and/or pressure working conditions [12].

This study focuses on the specific application of a
NTP for CO, decomposition into carbon monoxide
(CO) and oxygen (O,), with the usage of argon (Ar)
as diluent gas. The plasma reactor from experimental
results is a dielectric barrier discharge (DBD) reactor
packed with copper-based pellets as catalysts [13].

The plasma is generated by applying a potential dif-
ference between two electrodes, which are inserted in
a reactor filled with gas [12], [14]. When electrons are
accelerated by the electric field generated, they collide
towards gas molecules, resulting in ionization, excita-
tion, and dissociation. The dissociation collisions create
radicals, which can form new compounds. It is under
this principle that gas conversion applications occur.

The dissociation of the CO, molecule is not spon-
taneous, as it is thermodynamically a highly stable
molecule, with a Gibbs free energy of 397kJ/mol. A
significant energy input is required to break the OC=0
double bond and dissociate the molecule. In NTP dis-
sociation, the energy required can be achieved solely
through electric power at atmospheric conditions. The
electrons produced in the plasma acquire high energies,
between 1 and 10 eV [13].

Research shows that the use of Ar as a diluent gas
proves beneficial in CO, conversion. As the minimum
voltage required to form plasma with Ar is lower than
for CO, reactant, the excited Ar atoms can provide
charge/energy transfer to CO, molecules [15].

Previous literature has shown the potential of Com-
putational Fluid Dynamics (CFD) simulations in rep-



resenting fluid mechanics behavior in a diverse range
of reactors, including CO, conversion reactors such as
the one in our study.

A good overview of CED approaches, from mathemati-
cal models to software strategies, for the analysis of
atmospheric pressure plasmas is presented in previous
works [16], where the fidelity (if relevant phenomena are
not accounted for) and accuracy (if numerical approxi-
mation is inappropriate) challenges of CED are tackled
to increase the predictive capability of numerical simu-
lations towards comparable to experimental results.

Research Group PLASMANT has provided several
contributions of plasma-based CO,, CH, or N, conver-
sion studies [17], [18], most notably the CFD analysis
of a dual-vortex plasmatron, a gliding arc (GA) plasma
reactor with specific electrode configuration [19]. The
fluid dynamic simulations show a strong rotational
gas flow in the novel reactor concept, as one of the
elements impacting the CO, conversion rate. Previous
contributions [20] from the same research group have
shown the transverse 2D modelling of a GA reactor,
providing a deep understanding of the gas-discharge
interaction through computational fluid dynamics.

Other research groups have also been able to imple-
ment CFD simulations for a thermal rotating arc reac-
tor, showing satisfactory simulations representing the
reactor’s behavior and possible parameters affecting
its performance [21]. This is also the case for studies
of plasmas [22] with a design of convergent-divergent
nozzles discharging high-temperature plasma jets, in
which a computational fluid dynamic analysis of 55
models with different cross-sectional profiles for the
optimization of plasma configuration is completed.

Literature of non-thermal plasma reactors with a
dielectric barrier discharge (DBD) is also found for
NOx reduction applications in a cylindrical reactor
with high voltage-ground electrodes [23]. This work of
fluid mechanics provides an understanding of the elec-
tric field distribution in the reactor and the impacts of
several parameters, including reactor design, dielectric
properties, and thickness.

Other plasma studies have also shown satisfactory
results with computational fluid dynamics modelling,
such as a cold plasma methane reformer reactor in
which a 3D gliding arc vortex reformer is investigated
[24]. The effects of geometry and confirmation on the
reformer performance for partial oxidation of methane
to produce syngas are simulated. Similar results have
been found for a methane dry reforming reactor over
a Ni/Al,O; catalyst with a spark plasma [25], in which
computational dynamics modelling is successfully
linked to reaction kinetic modelling.

In the present study, a CFD model for a CO, conversion
non-thermal plasma (NTP) dielectric barrier discharge
(DBD) reactor is developed to optimize fluid flow for
CO conversion rate. The goal is to strengthen the cor-
relation between the CFD behavior and the current
experimental results, taking advantage of the limited
computational burden of the simulations to enhance
future experimental tests.

For this aim, firstly, the experimental results from
Research Group GESPA are considered [13], in which

the conversion of CO, to CO via a catalyst-packed reac-
tor has been studied. The computational study utilizes
the basis of this laboratory work to specify the reactor
set-up, dimensions and working conditions. The com-
pounds involved are CO,, CO, O,, and Ar (as well as
additional impurities). It is significant to note that the
computational simulations in this work are simplified
with only the reactants as inputs (thus, CO, and Ar).
The experimental results provide a yield (%) depicting
maximum CO conversion, considering several input
variables (CO, inflow rate, applied voltage and frequency,
copper catalyst concentration, gap between electrodes,
as well as inlet composition).

Secondly, the thermodynamic characterization of gas
mixtures involved shown in previous contributions is
extrapolated to experimental working conditions and
introduced in the model [26]. This thermodynamic
behavior has been studied with a polar soft-SAFT
EoS and depicts primary compounds, binary mixtures
and ternary mixtures of the elements and impurities
involved (CO,, O,, CO, Ar, N,, H,) [27].

This contribution results from the preliminary results
[28] presented depicting the CED behavior in a simpli-
fied 3D geometry of the reactor for a specific inlet flow
rate and composition. The model in this contribution
aims to understand the effects of reactor design and
gas inlet (flow rate, composition) in optimizing fluid
flow. It is significant to note, that the CFD model has
great adaptability to compute several cases with few
computational limitations, however, the simplicity of
the model does not consider the plasma reactions (and
involved phenomena) explicitly.

METHODOLOGY

To characterize the gas flow behavior in the reac-
tor, this study develops a CAD 3D Geometry with
SolidWorks® and introduces a gas flow model with the
SolidWorks® Flow Simulation module. The flow simu-
lation approach implements the direct use of native
CAD as the source of geometry information, which
is then combined with full 3D CFD modelling. The
SolidWorks® Flow Simulation module incorporates:
CAD data management, Mesh generation, CFD solv-
ers, Engineering Modelling Technologies, and Results
Processing [29].

1. Governing Equations

Just like other CFD software, SolidWorks® Flow Simu-
lation [29] solves the Navier-Stokes equations as for-
mulations of mass and momentum conservation laws.
These describe how the velocity, pressure, and density
of a moving fluid are related.

In fluid regions, the governing equations are as follows:
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Table 1. Inlet Boundary Conditions (BC) ranges for CFD Study Cases

Inlet Volume Flow Rate [L/min] Inlet Volumetric Composition (%)
Boundary Condi- | CO: Total Ar COo:
tion
Range 05-1 0.003 — 0.045 0.503 — 1.045 95.69 — 99.70 0.03 - 4.31

where P stands for the Cauchy stress tensor, f the fluid
body force, P the fluid density and u the gas flow vector.

The tool considers both laminar and turbulent flows.
If turbulent flow occurs, the description employs trans-
port equations for the turbulent kinetic energy and
its dissipation rate, following the so-called k-¢ model.

The SolidWorks® Flow Simulation module uses Car-
tesian-based meshes, which, as a result have cells that
are located fully in solid bodies (solid cells), in the
fluid (fluid cells) and cells intersected in the immersed
boundary (‘partial cells’), which allows a calculation
using a single mesh computation.

2. Computational Domain and Mesh

The computational domain is based on the reactor
geometry from the experimental set-up in a 3D Ge-
ometry [13]. It includes the entire fluid region and the
solid components that interface with fluid.

The main reactor components are: 1) Inner Rod (an-
ode), 2) Outer Mesh (cathode), 3) Dielectric Barrier
Discharge (Quartz), 4) Inlet Teflon Part (PTFE), 5)
Outlet Teflon Part (PTFE), and 6) Catalyst (copper-
based CuO/ZnO). The cross-section of this 3D Model
including the Computational Domain and Basic Mesh
is provided in Figure 1. For reference, basic measure-
ments include: Leoe = 210 [mm)], Reore = 4.5 [mm)], Ripiet
= 4.5 [mm], and Royee = 4.5 [mm)].

The particles that define the catalyst-packed reactor
are represented as a porous medium. In an experimental
setting, the copper-based catalysts (pellets, 5.4mm x
3.6mm) are introduced as packaging in the reactor, but
the simulation introduces the catalyst as a non-solid
porous medium with an orthotropic behavior of 57.4%
porosity (as obtained in laboratory tests). The porous
medium is introduced in the Engineering Database as
a user-defined porosity.

2) Outer Mesh

| 4) Inlet Teflon Part |

6) Catalyst

Adequate meshing will determine the accuracy of
the results, but a mesh that is too refined can result
in significant computational burdens. For the initial
results, an automatic mesh function was used (Level of
Initial Mesh: 4 at a minimum), which was then manu-
ally refined, especially at the inlet and outlet points, or
for cases that require further finesse.

3. Simulation Set-Up and Boundary Conditions

The flow simulation set-up includes additional assump-
tions to describe the fluid flow behavior. Firstly, the two
reactant fluids involved (CO, and Ar) are introduced
as user-defined fluids from previous thermodynamic
characterization. These are defined in the Engineering
Database (Materials > Gases), specifying: dynamic
viscosity [Pa-s], specific heat C, [J/ kgK], thermal con-
ductivity [W/(m-K)] vs. Temperature [K]. However, as
no thermal reaction is introduced, considering it is a
non-thermal plasma, the changes in fluid temperature
will result to be almost negligible.

Secondly, a set of goals are specified in the simulation
tool, which in this case have only been global goals.
The specified global goal targets are min./max./avg.
for pressure, velocity, fluid density, dynamic viscosity,
fluid temperature, and vorticity.

Thirdly, the following boundary conditions are consid-
ered: volume flow rate and substance composition at the
inlet, and environmental pressure at the outlet. Once
the first case is built with a specific inlet flow rate and
composition (Example Case: (1) inlet flow rate = 1.015
[L/min], (2) CO,/Ar mixture = 1.48/98.52%), a range
of Study Cases of fluid dynamics can be completed
changing the inlet variables to optimize fluid flow. The
range of the inlet boundary conditions for the Study
Cases can be found in Table 1. These ranges result in
36 case studies and are aligned with the experimental
results to be directly compared.

5) Outlet Teflon Part

1) Inner Rod

3J) Diclectric
Barrier Discharge

Figure 1. Cross-section of 3D Model of Reactor with Computational Domain and Mesh

60 |



Additional assumptions have been made in the flow
simulation, such as not including a heat induction
source, allowing both laminar and turbulent flow in
the computation, not including the plasma reaction to
concentrate solely on the CFD behavior of the mixture.

RESULTS AND DISCUSSION

The results presented below include firstly a full un-
derstanding of the Example Case, as specified above,
and then a comprehensive overview of the Study Cases
in the specified ranges.

1. Example Case

The initial computational fluid characterization is
provided for a specific Example Case (1) inlet flow rate
= 1.015 [L/min], (2) CO,/Ar mixture = 1.48/98.52%).
The initial automatic mesh (Level of Initial Mesh (5))
is solved in 185 iterations. When compared to ex-
perimental results, Example Case provides a 23.41%
(+/- 6.64%) yield in the reactor.

1.1 Velocity in Flow Particles

In Figure 2 the behavior of the fluid velocity is rep-
resented in flow particles. It is noted that the highest
velocity is found at the inlet/outlet ends (maximum at
around 0.296 [m/s]). It decreases when the PTFE ends,
where no plasma occurs (no cathode/anode interaction),
reaching the lowest velocity (minimum at around 0.005
[m/s]). The velocity alongside the copper core remains
almost constant at 0.114 [m/s].

It is important to note that the particle flow travels
homogeneously across the pellets, allowing adequate
fluid mixture between cathode/anode. The even, or-
thotropic flow obtained due to the user-defined porous
medium is a simplification of experimental results with
uneven flow.

The velocity is one of the most significant elements
to consider towards reactor’s performance from a fluid

dynamic perspective. Too high a velocity may not allow
enough time for efficient plasma reactions, but too slow
a velocity might limit the ignition of the plasma (with
Ar as the diluent gas).

1.2 Vorticity in Surface Contour

Another variable of importance is the vorticity, repre-
senting the rotational motion of the fluid in the reactor.
In Figure 3 the vorticity is represented as a surface
contour. Vorticity reaches its lowest value alongside
the copper core and starts to increase once leaving/
entering the PTFE ends. Constant low vorticity along
the reactor (47.17 [1/s]) allows adequate fluid mixture
for reactor efficiency.

An excessively high rotational motion would facilitate
mixing but might impediment efficient plasma reac-
tions, affecting the CO conversion rate. The constant
vorticity across the reactor is expected, due to the po-
rous catalyst being introduced as orthotropic medium.

1.3 Temperature in Cut Contour

An additional variable of interest is the temperature
of the fluid. As represented in Figure 4, the temperature
variation of the fluid mixture is minimal, maintained at
room temperature (293.20 [K]). This is representative of
the reactor’s behavior, even if the plasma calculations
have not been explicitly computed, as it operates at
atmospheric pressure and room temperature.

Even with minimal variation, the fluid temperature
reaches its maximum value in the inlet upon reaching
the copper rod. The fluid temperature along the bottom
of the rod is slightly higher than the temperature along
the top. This uneven behavior is due to the placing of
the inlet and outlet ends.

This is particularly interesting when considering
the thermodynamic behavior of the CO,/Ar mixture.
Previous contributions have shown that at 293.2 [K]
vapor-liquid equilibrium of a CO,/Ar mixture cannot
be reached with the given composition (CO,/Ar mix-
ture = 1.48/98.52%). However, at lower temperatures

Welocity [mis]

Flow Trajectories 1

Figure 2. Fluid Velocity [m/s] in Flow Particles for Example Case

Figure 3. Vorticity [1/s] in Surface Contour for Example Case
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Figure 4. Fluid Temperature [K] in Cut Plot Contour for Example Case

(<293.20 [K]), higher pressures (0-16 [MPa]) and with
higher proportion of CO, (20-100%), VLE could be
reached [26], negatively affecting the performance
of the plasma.

1.4 Velocity, Dynamic Viscosity, Total Pressure and
Density through Iterations

Previous results have considered only the final iteration
of the CFD computations. An additional perspective
is given with the understanding of the development of
these variables throughout iterations. Several global
goals have been selected below (average: velocity [m/s],
dynamic viscosity [Pas], total pressure [Pa], and fluid
density [kg/m?]) in Figure 5.
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Firstly, the average velocity through iterations indicates
a large drop from the initial entry velocity. It reaches
its lowest value almost at 0.0764 [m/s] at around itera-
tion 30, which then recovers to a stable final value.
This is the overall velocity throughout the reactor; an
analogous behavior would be expected in the inlet and
outlet with differing velocity magnitudes.

Secondly, the dynamic viscosity of the fluid is consid-
ered. The climb starts at around 40 iterations reaching
its highest value at iteration 80. Dynamic viscosity is
the measure of fluid resistance to flow when an ex-
ternal force is applied; hence, in this sense, the fluid’s
resistance increases due to the movement introduced
in the reactor, which finally stabilizes.
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Dynamic Viscosity vs. Iterutions
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Figure 5. Global Goals across Computational Iterations a) Average Velocity [m/s], b) Average Dynamic Viscosity [Pa-s], c)
Average Total Pressure [Pa], and d) Average Fluid Density [kg/m?]
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Thirdly, the steep drop in average pressure across the
iterations can be observed. Previous computations for
the Example Case have shown that the drop across the
reactor length is almost negligible (4.84 [Pa]). Pressure
stability is indicative of a main advantage of the NTP-
reactor, which can be operated at atmospheric pressure.

Finally, the drop in average density is achieved after few
iterations, starting with a stark decline at 40 iterations
until 80, where it reaches its final average density (1.668
[kg/m?]) that is stable until the final computations. As
with the fluid temperature, the density computation is
of particular interest considering the thermodynamic
characterization of the CO,/Ar mixture. For instance,
pure Argon at 298.20 [K] and atmospheric pressure
(101,325 [Pa]) has a density of 1.6283 [kg/m?], while pure
CO, has a density of 1.8018 [kg/m?], which, considering
the mixture's composition, is comparable to the fluid
simulation results [31].

2. Computational Study Cases

In this section, different Study Cases are presented,
as specified in Table 2, differing in gas mixture com-
position and total inlet volume flow rate resulting in
36 calculations. All CFD cases are compared to ex-
perimental results, most significantly the yield (%), to
specify the optimization of fluid flow.

2.1 Average and Circumferential Velocity

The first element to consider is the direct linear cor-
relation that is found between the average velocity
and the volumetric composition (%) at a constant inlet
volume rate. This can be observed in Figure 6 with
studies increasing in argon composition.

This correlation allows us to directly link the reac-
tor yield (%) to the average velocity at a constant inlet
volume rate across all CFD computations, which can be
seen in Figure 7, enabling an understanding of the opti-
mization of fluid flow. For instance, at a constant total
inlet volume rate of 1 L/min, a considerable change in

Table 2. Study Cases Overview

Inlet Volume Rate [L/min] Composition Y'R;:E;t((“):)
Ar CO: Total Ar CO; Yield (%)
1 1 0,045 1,045 0,9569  0,0431 4,55
2 1 0,036 1,036 0,9653  0,0347 6,11
3 1 0,03 1,03 0,9709 0,0291 8,80
4 1 0,021 1,021 0,9794  0,0206 14,31
5 1 0,015 1,015 0,9852  0,0148 23,42
6 1 0,015 1,015 0,9852  0,0148 20,98
7 1 0,009 1,009 0,9911  0,0089 40,24
8 1 0,009 1,009 0,9911  0,0089 49,32
9 1 0,006 1,006 0,9940 0,0060 55,40
10 1 0,006 1,006 0,9940  0,0060 64,45
11 1 0,003 1,003 0,9970  0,0030 74,17
12 1 0,003 1,003 0,9970  0,0030 75,49
13 0,86 0,015 0,865 0,9827 0,0173 13,49
14 0,86 0,009 0,859 0,9895 0,0105 39,00
15 0,86 0,006 0,856 0,9930 0,0070 51,00
16 0,86 0,003 0,853 0,9965  0,0035 59,10
17 0,75 0,015 0,765 0,9804 0,0196 11,70
18 0,75 0,009 0,759 0,9881 0,0119 32,42
19 0,75 0,006 0,756 0,9921  0,0079 34,55
20 0,75 0,003 0,753 0,9960 0,0040 43,85
21 0,7 0,015 0,715 0,9790 0,0210 8,37
22 0,7 0,009 0,709 0,9873  0,0127 27,88
23 0,7 0,006 0,706 0,9915  0,0085 24,04
24 0,7 0,003 0,703 0,9957  0,0043 35,06
25 0,65 0,015 0,665 0,9774  0,0226 6,00
26 0,65 0,009 0,659 0,9863 0,0137 21,72
27 0,65 0,006 0,656 0,9909  0,0091 20,77
28 0,65 0,003 0,653 0,9954  0,0046 30,03
29 0,6 0,015 0,615 0,9756  0,0244 4,81
30 0,6 0,009 0,609 0,9852  0,0148 18,25
31 0,6 0,006 0,606 0,9901  0,0099 18,01
32 0,6 0,003 0,603 0,9950  0,0050 18,91
33 0,5 0,015 0,515 0,9709  0,0291 3,78
34 0,5 0,009 0,509 0,9823  0,0177 13,02
35 0,5 0,006 0,506 0,9881 0,0119 9,82
36 0,5 0,003 0,503 0,9940 0,0060 13,67

Velocity [m/s] vs. Ar Composition with Constant Inflow Rate
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reactor conversion can be found with changing average
velocity; at the lowest velocity (82.48 [mm/s]) the reactor
provides the highest yield (75.49%); in comparison, at
the highest velocity (85.95 [mm/s]), the reactor obtains
a performance of 4.55%. Computing the average velocity
with a specific Ar % and volume inlet rate could allow
a direct prediction of the reactor yield.

The difference in reactor conversion performance
is considerable and directly related to the volumetric
concentration of argon. It is presumable that with a
further increase in Ar % an improved yield would be
obtained, due to enabling the forming of plasma. How-
ever, the CO,% cannot be too low, since the conversion
to CO then cannot occur. At the same inlet rate and
composition, a slightly lower velocity shows a better
performance, since the plasma has the time to affect
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the compounds in the compounds involved (and cause
the ionization reactions).

As with the Example Case, the velocity is a key indica-
tor of the plasma’s conversion rate. A similar behavior
is observed with circumferential velocity across the
Study Cases, although the values differ in magnitude.

2.2 Fluid Density

When observing the fluid density, seen in Figure 8, this
remains, as expected, almost constant with increasing
argon composition. It is significant to note that it is fully
independent of the inlet volume rate. The density value
is in between the density of pure Ar and pure CO, (at
ambient temperature and atmospheric pressure) and
decreases as the Ar composition increases (thus ap-
proaching the density value at pure Ar).
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2.3 Pressure

Similarly, the behavior of the pressure is presented
below in Figure 9.

As previously mentioned, the pressure is almost main-
tained at a constant value throughout all Study Cases.
It shows a linear behavior to the Ar composition. This
is as expected since the velocity has shown a similar
correlation. As with the velocity, the pressure can be an
indicator of the performance of the reactor, for future
experimental tests.

CONCLUSION

In this work, the fluid dynamic study of a non-thermal
CO, conversion reactor has been studied through com-
putational fluid dynamic studies. These results have
been compared to the available experimental results
of the same reactor, to show if a simple CFD approach
can allow an optimization of fluid flow.

Firstly, an initial Example Case is presented, where a
CFD simulation is presented, commenting on: average
velocity, vorticity and fluid temperature. Most notably,
the velocity is a key element in understanding the reac-
tors performance. Too high a velocity can jeopardize
the ionization reactions in the plasma, as the involved
compounds travel too quickly across the reactor. This
Example Case is also studied throughout compu-
tational iterations for additional variables (dynamic
viscosity, pressure, density, and average velocity). The
resolution of computational iterations is achieved with-
out difficulty, but some variables find their points of
stability at earlier iterations, in comparison to others.
For instance, the pressure drop is almost instantaneous,
while the stabilization of the density requires half of
the iteration times.

Secondly, through a range of Study Cases differing in
the inlet volume rate and the composition, additional
CFD characterization is provided. The different com-
putations allow a comparison between the variables
and yield, as is the case with the average velocity at

constant inlet volume rate. The understanding of the
velocity across the reactor can allow a comparison with
experimental results and the yield of the reactor in a
predictive manner. Additional variables studied are the
fluid density and pressure which, as expected, remain
practically constant across all cases.

These computational simulations provide a strong
basis for the optimization of the fluid flow in the re-
actor. Future work can include the extension of these
computations to a direct comparison with experimental
results in a laboratory setting

In addition, as stated, the CFD simulations simplify
the calculations by not introducing the plasma reaction.
Thus, further contributions could be addressed at the
plasma physics and occurring reactions, relevant for
CO, decomposition with Ar as an ionized gas (Ar+).
The introduction of plasma physics must be addressed
with other commercial products that consider Multi-
physics interactions, where the behavior of the plasma
is compounded into this CFD characterization.
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