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Recently, the direct conversion of methane into hydrogen using cold plasma reactors has attracted increasing attention,
since hydrogen has considerable potential as a future feedstock in the steel and chemical industries. However, the simula-
tion of plasma pyrolysis reactors is extremely complex due to the vast temporal and spatial ranges of the variables involved
and steep gradients. Previously, methane pyrolysis has been meticulously modeled by 0D simulations, and 3D plasma
modeling has been largely confined to Argon systems. In this paper, a systematic methodology is presented, which pro-
vides an expedient and efficient hierarchy of 0D to 3D simulations, in order to approximate the methane pyrolysis simula-
tion of a plasma reactor in its entirety. Various simulation tools are applied in a coordinated and pragmatic manner. The
results show that the proposed synergy allows simplification of the reaction set and arc characteristics, significantly reduc-

ing the runtime required for the simulations.

Keywords: CFD simulation, Hydrogen, Methane pyrolysis, Plasma

Received: September 30, 2021; revised: February 18, 2022; accepted: March 11, 2022

1 Introduction

In order to tackle anthropogenic climate change green ener-
gy technologies are receiving increasing attention [1]. The
share of renewable sources of energy for electricity produc-
tion is growing by leaps and bounds, while the use of fossil
fuels as energy source is stagnating, or even diminishing.
Nevertheless, the utilization of natural gas is still significant
and rising [2]. By virtue of the extensive proven reserves of
natural gas, methane can serve as a low- or even zero-car-
bon transitional bridging fuel to green energy [3]. Methane
can be converted to CO,-free hydrogen if renewable energy
is used to drive the pyrolysis process generating only hydro-
gen and carbon.

Despite hydrogen itself being colorless, hydrogen manu-
facture is color-coded according to the environmental
impact of its production. The prevalent industrial route for
hydrogen production from methane is via methane steam-
reforming (Eq. (1)). When the CO, by-product of this pro-
cess is released into the atmosphere, such hydrogen is
referred to as gray [4]. Gray hydrogen becomes blue when
CO, emissions are drastically cut by means of carbon cap-
ture and storage (CCS). Such reduction is of course desir-
able, but CCS is still technically immature and geologically
controversial [5]. Hydrogen produced from water electroly-
sis powered by renewable energy (Eq. (2)) is completely car-
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bon-neutral and thus designated as being green. A recent
addition to this hydrogen color scheme is turquoise hydro-
gen, which is manufactured by methane pyrolysis as shown
in Eq. (3). If the energy supply for the pyrolysis is renewable
the process is carbon-neutral, since only solid carbon and
no CO, is formed [4]. Fig.1 depicts the summary of the
mentioned hydrogen. Further hydrogen color-codes, such
as black, purple, red, have also been assigned according to
the exact feedstock and energy source used.

CH, + 2H,0 —4H, + CO, AH = 63.3 kJ moly (1)
H,0—>H, +0.50, AH = 285.8 kJ moly! )

CH;—2H, +C AH = 37.4 kJ moly' (3)
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Figure 1. Scheme of plasma reactor integration.

Although green hydrogen offers environmental advan-
tages over the turquoise variety, because it involves no fossil
fuels, the reaction enthalpies in Eq. (2) and (3) indicate that
the energy demand for electrolysis is several times higher
than in for methane pyrolysis, making the latter an eco-
nomically a more attractive option.

One way to implement methane pyrolysis is by using
plasma. In such reactors the energy demand of the pyrolysis
is supplied by electricity. The electric energy ignites the
plasma, which then splits CH, into its elements and other
valuable by-products. Electrical energy also enables flexible
reactor operation since the start-up and shutdown are
quicker than for thermal pyrolysis processes. The produc-
tion of hydrogen can therefore be readily adjusted to the
availability of renewable electricity. As shown in Fig. 1, sur-
plus electricity from the grid can thus be valorized as hydro-
gen and other value-added chemicals. In the plasma gener-
ated, the reaction medium comprises electrons and ions
together with various reactive and neutral species, all of
which may react with one another. Electrons in plasma
react with other species through elastic collisions with the
transfer of kinetic energy. There are also excitation reac-
tions, in which the electron energy of neutral particles is
increased and ionization reactions, which displace an elec-
tron from the outer shell of a neutral species. Additionally,
heavy species react and combine with each other without
introduction of thermal energy. The reactions can therefore
take place at lower temperatures and within smaller vol-
umes [6].

Plasma is generated by injecting sufficient amounts of
energy into a gas. The most common way to supply this
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energy is by an electric field, which is either constant (DC),
an alternating at low (AC) or radio frequencies (RF), or by
using electromagnetic radiation at GHz frequencies [7, 8].
Plasma is generally categorized as being thermal or non-
thermal. The former is characterized by thermal equilibri-
um between all species meaning that the electron and gas
temperatures, which can be as high as 10*K, are equal.
Thermal plasmas are almost fully ionized and thus exhibit a
high charge density. Nonthermal plasma is distinguished by
a large difference in temperature between the electrons and
the ions. With the electron temperature being at several
thousand Kelvin, whilst the gas and ions usually remain at
room temperature [9, 10].

Plasma processes have a wide range of applications. For
instance, they are used in processes for waste disposal, sur-
face coating, medicine and in microelectronics [7]. More
recently, potential, applications in the chemical industry
have attracted interest, e.g., processes for the conversion of
gases such as carbon dioxide [11] and methane [12] have
been investigated. In particular, nonthermal plasma has
been the focus of such work, because the electrical energy is
largely converted into electrons and so the plasma can easily
reach high electron temperatures without having to heat up
the entire gas, resulting in improved energy efficiency [13].
Thanks to the low gas temperature, the investment in
equipment is also lower, because the harsh conditions are
avoided.

Several types of plasma have already been studied for
methane pyrolysis [14]. In this study only the nonthermal
gliding-arc plasma (GAP) is considered. In GAP, a high
voltage is applied between two electrodes, whereupon the
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gas ionizes and becomes conductive. The ionization of the
gas goes through several phases. First, there is a so-called
Townsend discharge, followed by a glow discharge, up to
the point where the ionization is sufficient to trigger an arc
discharge. This arc discharge is then denoted as a plasma
arc [15].

The simulation of such plasma reactors is a non-trivial
problem, but is nevertheless essential, since the simulation
results help to validate and verify theories that cannot be re-
solved by experiments alone, enable one to optimize the re-
actor design and operating conditions and to save time and
effort. However, there are a few major challenges that need
to be surmounted, such as dealing with the high gradients
of variables, since the temperatures vary between atmo-
spheric conditions and thousands of Kelvins, the wide range
of time scales between reactions occurring within microsec-
onds and the residence times measured in seconds, and the
complexity of interactions between turbulent flow and the
plasma. In previous attempts to simulate CH, conversion in
GAP 0D simulations as in [16, 17] were mainly employed to
elucidate the reaction kinetics. Although 2D [18] and 3D
[19] simulations were used to reproduce actual plasma
behavior, they were confined to argon gas to render the
plasma simulations manageable, due to the much simpler
reaction scheme than with methane. However, this
approach leads to an unsatisfactory hodgepodge of 0D, 2D
and 3D simulations with considerable leaps of faith between
them. In this paper we propose a streamlined technique to
solve this simulation conundrum in just few steps using var-
ious simulation tools as appropriate, in order to obtain the
results sought for the whole reactor in a relatively short
amount of time.

2 0D Modeling

Plasma chemistry is generally a complicated process, where
a large number of reactions take place simultaneously. The
reactions may be classified as electron impact reactions and
thermal reactions. The thermal reactions are those between
neutral species, with the reaction rate constant being depen-
dent on the gas temperature as given by the Arrhenius
equation in Eq. (4):

Ea:
ki = A;Tyrexp (— R;‘jg) (4)
where A; is the frequency factor and E,; is the activation
energy.

On the other hand, the rate coefficients of electron impact
reactions are a function of the electron temperature, and
this function is in turn dependent on the electron energy
distribution functions (EEDF) [20]. The EEDF is the proba-
bility distribution function for an electron energy and can
be described as a Maxwellian, Druyvesteyn or generalized
function or be computed by solving the Boltzman equation.
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In most of the simulations EEDF is assumed to possess a
Maxwellian form and the rate coefficients are calculated by
integrating the cross-sectional data over the EEDF as shown
in Eq. (5):

ki = / oj(e)v(e,)f (e.)de. (5)

where ¢, is the electron energy (eV), €, is the threshold
energy required to start the reaction, oj(e.) is the cross-
sectional data for the electron impact reaction j (m?), v(e,)
is the velocity of the electrons (m s!) and fle,) is the nor-
malized EEDF (eV ™).

As a first step, a 0D modeling is carried out, which
includes the methane (CH,) pyrolysis reactions. A 0D mod-
el is based on solving the species balance equations given by
Eq. (6) for all the number densities of the species, including
the reactive sink and source terms. It only yields the tempo-
ral evolution of the species, whilst their concentrations are
averaged over the reaction space.

dn; @ _ 0 a)

d_;_z{(aij Sy )kjnnl (©)
j

where ug.l Jand ag-z)are the i-species’ stoichiometric coeffi-

cients on the right- and left-hand side of the reaction j, n is
the number density of the species on the left-hand side, k; is
the rate coefficient of the reaction j. To solve the 0D model,
a commercial software COMSOL Multiphysics™ was used,
since its user-friendly interface and the built-in BOLSIG+
solver enables one to obtain the results quickly. Due to the
fact that only temporal and no spatial variation is consid-
ered, it is possible to simulate several hundred simultaneous
reactions in a short time and without needing exceptional
computing power.

In this way it was possible to observe the effect of plasma
carrier gas on the products being formed. It should be noted
that the carrier gas is mainly used to ignite and sustain the
plasma, with argon (Ar), nitrogen (N,) and hydrogen (H,)
often being used for this purpose. In Fig.2 and 3, various
mixture composition of methane and argon were simulated,
with reaction rates taken from literature [16, 21-26] and
the list of reactions is summarized in Tab. S1 in the Sup-
porting Information (SI). Both cases were simulated over a
period of 10 ms, which is sufficient for 0D since the reac-
tions occur almost instantaneously. Moreover, the gas com-
position attained a steady state, so that it would not be
expected that lengthening the simulation time would result
in a different outcome. It was also assumed that the gas
temperature is constant at around 2000 K, which is based
on the available literature [27].

Changing the carrier gas concentration shows that
increasing the CH, level in the mixture results in greater H,
production, which is hardly surprising, since more reactant
is being fed into the reactor. However, it is noticeable that
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e S5-7 in the SI. Fig. 4 illustrates the number den-
0.045 L\ i sity profile, with the reaction kinetics taken from
literature [28]. A major concern with N, as car-
0-04 i rier gas is the possible formation of toxic HCN,
0.035 - fi . which needs to be clarified when planning
— Mole fraction CH4 .
0.03 | —— wole fraction C ) experlment.s. . .
0.025 L | — Mole fraction H2 i For the simulation results based on the litera-
—— Mole fraction C2H2 ture kinetics, Fig. 4 indicates that along with the
0.021- \iole fraction C2H4 H, 7| target product H, and valuable by-product
0.015| Mole fraction C2H6 . hydrocarbon C,H,, a significant amount of
0.0l i HCN is generated, at molar fractions of up to
around 2 mol %. For safety-reasons argon is thus
0.005 T to be preferred over nitrogen as a carrier gas in
o, : experimental work.
1070 10°® 10 10 1072 Another example showing how 0D modeling
Time (s} in COMSOL Multiphysics™ could be useful is

Figure 2. Calculated mole fractions for CH,:Ar ratio of 1:20 at Ty
1600V discharge.

for the refinement of the reaction set for meth-
ane pyrolysis in a plasma. To reduce the subse-
quent computational effort for 2D or 3D simula-
tions. Hence the relative contributions of the

=2000K and

T T

0.28
0.26 -
0.24
0.22

CH,

0.2 || —— Mole fraction CH4
018 — Mole fraction C
01611 wmole fraction H2
0-14 4 Mole fraction C2H2
012p4 Mole fraction C2H4

0-1 Mole fraction C2H6
0.08} :

0.06

TTTIm T PO T T T T PO T 1 7T

electron impact reactions versus thermal reac-
. tions for CHj; radical generation was compared,
- since this radical represents a key starting point
N for further reactions. Fig. 5 and 6 depict the evo-
. lution of the product spectrum over time, with
the reaction kinetics taken from the literature
[14,29] (the reactions are given in Tabs. S2-S4).
In Fig.5 the operating temperature is set to
3000 K, and in Fig. 6 to 300 K.

Comparing Fig.5 and 6, independent of the
temperature, H, remains the dominant product,

0.04
0.02

10720 10°® 10°¢ 10
Time (s)

but the fractions of the valuable by-products
C,H, and C,H, are reversed. This is because
C,H, is mainly converted into C,H, at high
temperatures, whereas at lower temperature, this

Figure 3. Calculated mole fractions for CH,:Ar ratio of 6:15 at Ty
1600 V discharge.

the conversion of methane tails off with increasing methane
composition in the feed, which can be explained by the fact
that CH4 molecules are heavier than Ar, and thus require
more energy to be cleaved into radicals and react further.
Another interesting phenomenon is that H, is generated
and consumed in the bell-shaped curve in Fig. 2, whereas in
Fig.3, H, constantly rises until reaching the steady-state
value. There are few intermediate reactions where H, serves
as a reactant, hence, when the rate of consumption of H,
exceeds the rate of generation, less H, is produced. It is evi-
dent that with increasing amounts of CH, in the feed, the
intermediate reactions have less impact on H, production.
Therefore, a more favorable feed composition can be se-
lected on the basis of the 0D modeling results.

As mentioned before, different gases can be utilized as
the plasma carrier gas. Thus, nitrogen was also examined as
a carrier gas. The reactions simulated are listed in Tabs. S3,

Chem. Ing. Tech. 2022, 94, No. 5, 690-700
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reaction is less active. This observation suggest
how one might manipulate the type of C, hydro-
carbons generated by tuning the gas tempera-
ture, which is dictated by the power supply.

Some of the reactions in which CH; radicals (CH;) are
generated are listed in Eq. (7)-(10):

=2000K and

CH4 + H* - CH; + H, (7)
CH, + H, —»CH} + H* (8)
CH, —CH} + H" )
e+ CHy—>e+ CHj + H* (10)

At 300K, the thermal reactions are negligible, and CHj,
radicals are formed exclusively from electron impact reac-
tion (Eq. (10)). At 3000 K, both thermal and electron impact
reactions are significant, but the CHj radical is primarily
being produced by the thermal reaction (Eq.(7)). Tab.1
summarizes the above-mentioned quantitative differences
by listing the reaction rates for 300 K and 3000 K.
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0D modeling is therefore advantageous for
10% E understanding the plasma chemistry, allowing
1o ); one to rationally reduce the reaction set and to
E observe the influence of parameters such as the
162 N power supply, feed composition, temperature
2; E and so on in a series of rapid screening simula-
5 enll . tions. However, the spatial variation of the spe-
g E cies concentrations required for reliable simula-
TS ] tion of the reactor are still lacking, a deficit that
fé 3 will be addressed in the following sections.
2 oV

106

1015

3 2D Modeling

The objective of the 2D modeling stage is to sim-

© T

0.05 0.1 0.15
Time (s)

ulate the arc and to observe how it moves and
interacts with the gas flow and thus identify

Figure 4. Calculated number densities for CH4-N, mixture with 1:5 ratio, at

2000 K.

where the reactive zones are located. For this
purpose, an open-source simulation tool Open-
FOAM® was used instead of COMSOL Multi-

T T TTTTT

physics™. OpenFOAM® is generally referred to

1024

1023

1022

102!

as a software package for numerical flow simula-
tion [30]. Since it is C++ based, the source code
is directly accessible, and the model equations
for the calculations can be introduced, modified
and extended manually.

The 3D simulation of the fluid flow is a com-

1020

Number density 1/m~3

10%?

lols

1011

000 0 R R

Lin L1 L1 ov i

plicated task in its own right and incorporating
additional plasma chemistry makes it even more
computationally intensive. Therefore, a simple
reactor geometry in 2D is first considered to
simulate the gliding arc plasma. Such a simplifi-
cation was inspired by [18], where the gliding
arc was dealt with using a Cartesian model.
However, the results could not be replicated in
COMSOL Multiphysics™, so OpenFOAM® was

107 10°
Time (ms)

=
o
w
=
o
[

-

1 employed instead. In addition, argon chemistry

is substituted for the methane pyrolysis reac-

Figure 5. Calculated number densities for pure CH4 at 3000 K.

Table 1. Calculated production rate of (CH3) at 300K and
3000K for the selected reactions.

Reaction number Production rate [mol m~s™]

300K 3000 K
Eq.(7) 2.67-10°° 1.5806
Eq.(8) 0.0004 0.0015
Eq.(9) 3.36-107° 0.0016
Eq. (10) 0.014 0.0019

Thus, for 2D or 3D plasma reactor simulations, given that
the experiments indicate high gas temperatures in the arc,
the electron impact reactions can be neglected.

www.cit-journal.com
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tions, to facilitate the computation. Such 2D
simulation, nevertheless, helps to identify impor-
tant plasma physics equations, which can then
be used in 3D simulations of real reactor geometries. Fig.7
shows the reaction zone that is formed from two curved
electrodes with narrow gap in the middle. The gas is flowing
in the upward vertical direction as indicated by the velocity
arrow vectors in Fig. 7a. A jet flow is created with accompa-
nying vortices on both sides. As for the pressure, which is
illustrated in Fig. 7b, the lower part of the reactor is at a uni-
formly higher pressure compared to the upper section. The
high-pressure zone is separated from the low-pressure zone
at the throat of the reactor. However, for the plasma simula-
tion, the pressure field was neglected and considered con-
stant over the entire reactor.

Several methods exist to calculate the temporal and spa-
cial evolution of plasma. For instance, Monte-Carlo simula-
tion based on statics, kinetic methods that involve solving

Chem. Ing. Tech. 2022, 94, No. 5, 690-700
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= C e T A S St where T'; is the flux, (ug,V)n; is
105 4 ] for the species carried in the gas,
E and §; is the source term of spe-
10%E E cies 1.
235 E The ion and electron fluxes are
107E calculated by means of Eq.(12)
o 102f and (13):
£ E E
= F ] n:
% 107k E rian =——
§ E 3 Vion
° - -
E 102k 3 \V4 +
E E 3 X (Vion )Vion *lionEtion
= 101 ; ; - Dionvnion
F ] (12)
108k E
F ] where the first term on the right-
17 . ..
107 hand side represents the collision
b 1 frequency, the next one the mo-
107 E E
’1(',3 = Y= e RN "1;)1 bility of the ions in the electrical
Time (ms) field and the final one gives the

Figure 6. Calculated number densities for pure CH4 at 300 K.

the Boltzmann equation and particle-in-cell simulations. All
of these methods are very time consuming, so that an alter-
native fluid-plasma model was applied here, in which differ-
ent species in the plasma are considered as fluid, necessitat-
ing the solution of the following balance equations
(Eq. (11)) [31,32].

on;

E + Vrl + (uguSV)n,- = Si (11)

diffusion term.
Ir.=-u.,En, — D,Vn, (13)

The mobility and the diffusion are obtained from Eq. (14)

and (15):
u=-"1 (14)
mv

where ¢ is the charge, m is the mass, and v is the elastic col-
lision frequency;,

U Mesgrifude

7.9e+01
70
60
— 50
— 40
— 30

10
0
9.7e+00

Figure 7. a) Velocity (m s”")(a) and b) pressure field normalized over density (Pa m3kg‘1) of the arbitrary geometry in 2D.
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D= kBT (15) 1.7e+18 1.4e+21
my 1.65e+18 1.3e+21
1.6e+18 1.2e+21
where kg is the Boltzmann con- 1.55e+18 110421
stant, and T is the temperature. | 1.5e+18 ~Tes21
Additionally, the average ener- :1‘:’2?;8 7o
gy density of the species nge; | 13504185 :?Z:ﬁg z
should be calculated from the en- | 13e+18 © | seson &
ergy balance (Eq. (16)). ~ 1.25e+18 . 5e+20
1.2e+18 4e+20
on.e; 1.15e+18 30420
— + VI F q.ET;; + ©; 1.1e+18 2e+20
ot 1.056+18 1o+20
+ (UgasV) 1er = Qe 9.8e+17 486417
(16)
Figure 8. Number density (m~) of Ar* respectively e for a) 3-10°sand b) 6 10s.
where Fq.ET; term represents
the power discharge transmitted 5.60+00
through the electric field, ©; is 50 2.7e+00
the power lost in collisions, Q,; is % gg
the external energy source. 25 24
According to the operating Lt gg
L s —38 ~2.
principle of the gliding arc plas- 36 z 21 >
— 3. o [
ma, the arc ignites at the smallest 32 5 *?9 8
. = [0] — 1. 6]
separation between the electrodes ~28 B s 2
and moves in the direction of gas %51 17
. . . : 16
flow. Fig. 8a depicts the arc posi- 2 15
tion via the electron density at 1e 14
the start of the simulation and 12 13
Fig.8b shows the arc develop- 87e-01 1.1e+00
ment after 600 pis. . 5 4
In Fig. 8b the electron and ion Figure 9. Electron temperature fora)3-10°sand b)6-107"s.
density rises due to plasma
3.0e+02 2.3e+03
growth, and the plasma arches 2900
visibly upward as a consequence 301 210
of gas flow and the diffusion of it- 3005 1900
self. The simulation results are in 300 I 1559
accordance with experimental ob- 2995 B
servations from the literature [33]. 299 % — 1400 ¢
8 1300 3
The electron temperature Loggs & ~1200 2
should also be considered since it | o0 [ 0%
is di i 900
is directly coupled with the gas 9075 0
temperature. Fig.9a shows the 207 %
electron temperature profile at 265 500
the start of the simulation and ) 400
A . 3.0e+02 2.6e+402
Fig. 9b at the end of it.

The electron temperature is
highest at the arc location, and
with time the high values of the electron temperature spread
following the expansion of the plasma region. This expan-
sion also indicates that the relevant reaction zone becomes
larger.

Correspondingly, the gas temperature is illustrated in
Fig. 10. The gas temperature is high at the location of the
arc, whereas the rest of the gas remains at ambient tempera-
ture (Fig. 10b). The simulation thus exhibits the characteris-
tic nonthermal plasma behavior of the gliding arc.

www.cit-journal.com
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Figure 10. Gas temperature fora)3-10°sand b) 6-10™s.

The simulation of the arbitrary 2D geometry with Ar
chemistry allows on to identify a set of equations portraying
and localizing the plasma arc. This was possible due to use of
OpenFOAM?®, where the user has a great control over the
depth of modeling and can observe and post-process the
results during the simulation run and not only at the end of
the run, as with COMSOL Multiphysics™. However, the dis-
advantage of OpenFOAM® is that the software is less user-
friendly and requires a higher degree of software expertise.
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4 3D Modeling

Having discussed the 0D and 2D modeling of
the plasma reactor, the following section is
devoted to the 3D simulation strategy. Despite
its complexity, 3D simulation is indispensable
for acquiring a complete picture with respect to
gas flow, heat transfer and reactant conversion.
A photo of an experimental GAP located at
the Ruhr-Universitit Bochum is shown in Fig. 11

b)
®

a while Fig. 11b provides the frontal view of the

plasma arc. The arc forms between the cathode Figure 11. a) Gliding arc plasma reactor and b) the front view of the arc [30].

cap and anode tube. Although it seems in Fig. 11

a as though one end of the arc is disconnected
and emerging outside of the reactor, in reality
the loop of the arc is visible at the exit of the
reactor. The arc rotates due to vortex motion of
the gas, where the vortex is created by the tan-
gential inlets between the cathode cap and anode
tube, with the gas flowing out of the anode tube.
Depending on the gas velocity, mixture compo-
sition, power supply and reactor geometry, the
arc properties such as electron density, tempera-
ture and plasma volume vary.

Since simulation of the plasma in 3D is a com-
plicated and time-consuming process, few sim-
plifications were adopted. Firstly, the arc shape
is assumed to be less chaotic and have a more
regular, straighter shape (Fig. 12a). Secondly, the
plasma arc is substituted by a heat source. From
the 2D simulations it was demonstrated that the
gas temperature at the arc location reaches a few
thousand Kelvin and from 0D simulation it is
known that at high temperatures the influence
of electron impact reactions diminishes, and the
thermal reaction mechanism prevails.

o)
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The arc substitution employed thus seems rea-

sonable. In the dynamic simulation, the heat Figure 12. Temperature magnitude in 2D cut (a), top view (b) and in 3D (c) with
source is manually rotated inside the reactor  contours of the temperature field.

with the same speed as the gas. The resulting
temperature fields are given in Fig. 12, with Fig. 12a depict-
ing a 2D plane section of the reactor in side view. The snap-
shot also illustrates the current and previous location of the
arc by the two vertical hot regions. in conformity with the
properties of the gliding arc, where only the arc is heated,
and the rest of the gas remains at ambient conditions.
Fig. 12b, where the 2D section viewed from above is shown,
suggests that the reactor walls are not heated up owing to
the gas vortex motion. Fig. 12¢c shows a 3D contour plot of
the temperature in the reactor, where the colored volume
indicates the path of the arc. This 3D dynamic simulation
was carried out in OpenFOAM®, because the solving time
is shorter and the solvers are more robust.

Such 3D simulation can be of assistance in identifying re-
actor hot spots, as well as the velocity and power supply limi-
tation. In the laboratory, it is difficult to introduce tracers or

Chem. Ing. Tech. 2022, 94, No. 5, 690-700
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thermocouples directly inside the reactor, because the plasma
arc is sensitive to disturbances, and gives rise to exceedingly
high temperatures. The 3D simulations therefore also help to
elucidate the laboratory observations. In Fig. 13 the velocity
arrow plot and the corresponding streamlines are shown for
two different reactor inlet diameters of 1 and 2 mm.

During the experiments with 1 mm inlet diameter, the arc
shift towards the middle of the reactor was hindered, and
the reactor flow was chaotic, whereas with 2 mm inlet diam-
eter, the arc could be generated at the smallest distance
between the electrodes and migrated to the center of the
reactor. The streamlines are smoother with the larger inlet
diameter, while with the smaller diameter gives rise to more
eddies at the location where the arc is supposed to ignite.
The simulations can thus be used to justify increase of the
inlet diameter [34].
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Gas is flowing in non- 80%
homogeneous manner

Gas is flowing smoother

Figure 13. Velocity arrow plot and streamlines for 1 and 2mm
diameter.

5 Software Comparison

Several software packages were used in the bottom-up
approach presented here for the sequential 0D to 3D mod-
eling of the plasma pyrolysis reactor for methane conver-
sion into hydrogen. Tab.2 summarizes the applicability of
the various software in the different contexts. The software
used was COMSOL Multiphysics™, Ansys Fluent®, and
OpenFOAM?®. The simulation results in Ansys Fluent® are
not presented in this paper, however, it is widely used in the
industry and was also employed for certain of the reactor
simulations.

For 0D modeling and simulation, COMSOL Multiphy-
sics™ offers a good set of built-in functions, which permits
a less time-consuming evaluation of the plasma chemistry.
In 2D simulations, COMSOL Multiphysics™ has conver-
gence issues, and the simulation conditions need to be
tuned carefully. With OpenFOAM® on the other hand, the
simulation solution is more flexible and rapid due to the
nature of the software. Ansys Fluent® can also be used for
2D simulations, however, the simulation requires the
adjustments to the problem posed. For 3D modeling, both
Ansys Fluent® and OpenFOAM® resulted in the less time-
consuming simulations. While COMSOL Multiphysics™
had convergence issues in 3D simulation, even with the sim-
plifications made to the plasma. Generally, the insights into

Table 2. Software application at different levels.

the process within a relatively limited time frame can best be
obtained through the judicious combination of software
described here, exploiting the strengths of the various pack-
ages and integrating them over well-defined boundaries.

6 Conclusion

CO,-free hydrogen can be manufactured economically and
in an environmentally friendly manner from methane
pyrolysis in a plasma reactor operated with renewable elec-
tricity. In particular, the nonthermal plasma technology is
promising, since energy losses are reduced, as the energy
supplied is concentrated in the plasma region. In order to
evaluate the application of the gliding arc plasma reactor
effectively, simulations must be performed. The simulation
best implemented in steps, starting with 0D, followed by 2D
and finishing with 3D simulations, to investigate different
aspects of the plasma reactor. The commercially available
software COMSOL Multiphysics™ was used for 0D model-
ing of various gas mixtures, temperatures, and reaction sys-
tems. For 2D simulation of the plasma reactor the open-
source OpenFOAM® was used. Its interface allows one to
directly modify the integral equations describing the plas-
ma, to monitor the progress of the solution live and to
obtain results within an acceptable time range. However, it
requires a demanding manual configuration of the compre-
hensive pertinent plasma equations and customized solvers
to model the plasma successfully. For 3D simulation, several
legitimate adaptations regarding plasma modeling were
made. Since the prevalence of thermal effects over electron
impact was revealed by 0D simulation, the plasma was
replaced as a heat source. Here too, OpenFOAM® was used
since the solution convergence is relatively fast. 3D simula-
tion is also of assistance in modifying the reactor design
geometry. The combination of COMSOL Multiphysics™,
OpenFOAM® and Ansys Fluent® can help to facilitate the
overall simulation task. In the future, it will be attempted to
simulate more detailed plasma equations using just one of
the simulation software options.

Supporting Information

Supporting Information for this article can be found under
DOLI: https://doi.org/10.1002/cite.202100181. This section
includes additional references to primary literature relevant
for this research [35-37].

Software 0D simulaton 2D simulaton

3D simulaton

Application summary

COMSOL Multiphysics™  + +
Ansys Fluent® - + (with modification)

OpenFOAM® - +

Reaction set refinement
Fluid flow and heat transfer effects

Fluid flow, heat transfer and plasma interactions
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I Symbols used

a,-j((”) (-] stoichiometric coefficients

D (-] diffusion coefficient

E V] electrical field

flee) [eVY] normalized EEDF

k; [cm’s™; cm®s™'] rate coefficient of the reaction j

m [kg] mass

n [m™] number density of the species on
the left-hand side

q (C] charge

S; (-] source term of species i

Ugas [ms™'] gas velocity

v(e,) [ms™] velocity of the electrons

Vion (-] collision frequency of the ion

I Greek letters

& [eV] electron energy

Eeh [eV] threshold energy

T [m's™] electron and ion flux
i [Vm™] mobility

I Sub- and Superscripts

i species
j reaction

I Abbreviations

AC alternating current
CCS  carbon capture and storage
DC direct current

EEDF electron energy distribution function
e electron

GAP  gliding arc plasma

MW  microwave
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