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Arc plasma technology is gaining increasing interest for a variety of chemical reaction applications. In this study,
we demonstrate how modifying the reactor geometry can significantly enhance the chemical reaction perfor-
mance. Using dry reforming of methane as a model reaction, we studied different rotating arc reactors (con-
ventional rotating arc reactor and nozzle-type rotating arc reactor) to evaluate the effect of attaching a
downstream nozzle. The nozzle structure focuses the heat to a confined reaction volume, resulting in enhanced
heat transfer from the arc into gas activation and reduced heat losses to the reactor walls. Compared to the
conventional rotating arc reactor, this yields much higher CH4 and CO; conversion (i.e., 74% and 49%,
respectively, versus 40% and 28% in the conventional reactor, at 5 kJ/L) as well as energy efficiency (i.e., 53%
versus 36%). The different performance in both reactors was explained by both experiments (measurements of
temperature and oscillogram of current and voltage) and numerical modelling of the gas flow dynamics, heat
transfer and fluid plasma of the reactor chambers. The results provide important insights for design optimization

of arc plasma reactors for various chemical reactions.

1. Introduction

Plasma is an ionized gas that contains highly reactive species (i.e.,
electrons, ions, radicals and excited species), and it has been used for a
variety of energy and environmental applications [1-9]. For example,
dielectric barrier discharge (DBD) plasma has been widely used for
ozone generation [10], while arc plasma has been applied for assisting
combustion with lower NOy emission, increased flame stability, and
reduced fuel consumption [11-14]. A thermal plasma torch can provide
a higher temperature environment than in a traditional combustion
process, which is advantageous for thermal activation of stable chem-
icals and nanopowder production [15-20].

Chemical activation by plasma is promising to solve emerging issues
of the environment and global warming, because of its unique advan-
tages, such as fast start-up, compactness, high density of energetic spe-
cies, and (for some plasma types) high-temperature condition. Among
various plasma types, non-thermal arc plasma, with a typical gas tem-
perature of a few thousand Kelvin, hence much lower than the electron

temperature of 1 —2 eV, has been reported as one of the best performing
plasma sources for various chemical applications, such as CO5 conver-
sion, dry reforming of methane (DRM), nitrogen fixation, and methane
activation [21-30]. It is induced by high voltage and low current power
supplies (current below 10 A and voltage ranging from several to tens of
kV, based on the definition of Kalra et al. [31]). The arc contains a high
electron density and relatively high gas temperature. The electron
temperature in non-thermal arc plasma is approximately 1-2 eV, while
the gas temperature is a few thousand Kelvin (2000-4000 K); hence, still
much lower than the electron temperature [29,31-33]. Therefore, it is
called “non-thermal arc” or “warm plasma”, as well as “high-voltage and
low-current arc”, as opposed to thermal arc plasmas or high-current arc
(several hundred A) or plasma arc torch, in which the gas temperature
inside the arc torch usually reaches over 10,000 K [34]. Compared to
non-thermal plasma (i.e., with gas temperature close to the room tem-
perature, such as corona discharge, glow discharge, and DBD), the
average electron temperature is lower, but the electron density is much
higher [35], important for efficient activation of chemical reactions.
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Non-thermal arc plasmas can exist as (i) a two-dimensional (2D)
gliding arc [7,9,36-44] or (ii) a three-dimensional (3D) arc plasma [9,
21,25,31,45]. In a 2D gliding arc reactor, the arc is developed in a
two-dimensional plane (i.e. between two blade-shaped electrodes). The
arc column ignites at the shortest interelectrode position, and elongates
as it moves towards larger interelectrode distances due to the gas flow,
in which it cools down rapidly, until it extinguishes and a new arc is
ignited at the shortest interelectrode distance. In this configuration, the
reactant gas can however pass through the reactor without making
contact with the arcs, hence limiting the gas fraction to be processed. To
increase the contact probability between incoming gas and arcs, a 3D
rotating arc reactor was introduced, in which the arcs move in three
dimensions. The 3D arc technology has been more widely used for in-
dustrial applications than other arc configurations [32,46-48]. The
notion of 3D bears the meaning that the arc is stabilized or suspended in
three degrees of freedom, meaning a more complex, 3D shape of the
reactor (i.e. tubular instead of planar shape), with specialized inlets and
outlets for the gas flow.

Rotating arc plasma reactors have been widely employed for chem-
ical activation of various gases [9,22,25,49-56]. In their basic configu-
ration, they are constructed of a high-voltage electrode (or anode)
enveloped by a grounded cathode. Besides a conventional rotating arc
reactor with straight cylindrical grounded tube [49,51,54], a
nozzle-type rotating arc reactor with a nozzle as grounded electrode has
been developed as well [22,25,50,52,57]. In addition, there exist other
types of 3D arc reactors, e.g., referred to as vortex stabilized gliding arc
discharge or gliding arc plasmatron [21,27-29,31,33,58-61]. In all of
these 3D arc reactors, the arcs rotate in 3D space by a swirling flow inlet
or by a magnetic field [54,62]. Experiments revealed that the energy
efficiency of gas activation in a nozzle-type rotating arc reactor or vortex
stabilized gliding arc plasmatron is higher than in a conventional
rotating arc reactor [21,22,56,57]. Thus, the arc plasma reactor geom-
etry can have a significant effect on the efficiency of chemical reactions.

In this work, we compare in detail two types of rotating arc reactors:
a conventional rotating arc and a nozzle-type rotating arc. We investi-
gate the effect of the reactor geometry on the chemical reaction per-
formance for DRM. To explain the difference in performance, we study
the electrical and thermal characteristics. Besides experiments, we also
apply several modelling approaches, to evaluate the gas flow dynamics,
heat transfer and plasma characteristics of both types of rotating arc
reactors. We selected both a non-reacting flow condition (i.e., an argon/
nitrogen mixture, at 8 standard litre per minute (SLPM) of argon and 8
SLPM of nitrogen) and a reacting flow condition (DRM). The non-
reacting flow condition was used to investigate the effect of the
reactor geometry on the thermal balance, while the reacting flow con-
dition was used as a model reaction for studying the fuel conversion
efficiency in both reactors.
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2. Experiments
2.1. Reactor geometries

The conventional rotating arc reactor was constructed with a conical
high-voltage electrode (15 mm in diameter at its full width) made of
copper, enveloped by a cylindrical grounded electrode (17 mm inner
diameter) made of stainless steel. Hence, the narrowest gap between the
electrodes, where the arc was ignited, was approximately 1 mm. At
stable conditions and high electrical power, the arc is anchored between
the high-voltage electrode tip and the ground, as shown in Fig. la.
Because the arc is focused at the high-voltage electrode tip, this can
cause a hot spot development. For this reason, a water-cooled anode was
used. The water cooling was not applied to the grounded electrode
because of the moving arc spot at the grounded electrode. A thermo-
couple (TC) was located downstream the reactor, 100 mm from the high-
voltage electrode bottom, to measure the downstream gas temperature,
as shown in Fig. la.

The nozzle-type rotating arc reactor was created by modifying the
geometry of the conventional reactor by adding a narrowing nozzle with
a diameter of 8 mm, while the other geometrical parameters remained
unchanged (Fig. 1b). The distance between the high-voltage electrode
tip and nozzle was designed to be approximately 15 mm. The ignition
procedure was similar in both reactors: the arc discharge was ignited at
the smallest gap between the electrodes (1 mm gap). The main differ-
ence was the arc dynamics at the stable condition (after ignition), dis-
cussed in the following sections. Even though the downstream
temperature measured by the TC does not reflect the actual gas tem-
perature in the reaction volume, it provides some insight and a relative
comparison of the gas temperatures inside the reaction volume of both
plasma reactors.

2.2. Experimental setup and methodology

An AC plasma power supply that can support an operating arc
voltage of several kV with a frequency of 20 kHz was adopted to
generate the rotating arcs. The AC power supply provides high voltage
transformation driven by sinusoidal wave input and includes the func-
tion of the ballast resistor. We used a Tektronix P6015A high voltage
probe (1000:1) and Tektronix TCP303 current probe to measure the
waveforms of voltage and current, using an oscilloscope (Tektronix
TDS5054B). The plasma power was calculated by direct integration of
the product of voltage and current, as expressed in Eqn. (1). The sam-
pling rate of the voltage and current was 2 MHz, which is sufficient to
perform a direct integration considering the AC frequency of 20 kHz.

Power = %/V-I dt (W) @

Here, V and I denote the voltage (V) and current (A), respectively.
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Fig. 1. (a) Conventional rotating arc reactor, (b) Nozzle-type rotating arc reactor.
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For the reacting flow condition, we selected a mixture of CH4/COo/
Nj (i.e. CH4 = 2 SLPM, CO; = 6 SLPM, and N = 8 SLPM) to create an arc
discharge in the reactors. The presence of N3 in the reactant mixture was
required to obtain a stable arc discharge in the conventional rotating arc
reactor. The main outlet gases included CHy4, CO3, CO, Hy, Ny, Hy0, and
other hydrocarbons (mainly. CoHg, CoHs, and CoHy). After H,O was
removed by a cold trap, the product was analysed by a micro gas
chromatograph (490 Micro GC) that can measure Hy, O, N3, CHy, CO,
CO3, and hydrocarbon species up to carbon number of 4.

The conversions of CH4 and CO, were calculated by Egs. (2) and (3).

Xen, = ([CCH"L" - MCCHJ"”’) +100 (%) (2)
(Cen)in

Xco, = (—[CCOZ]f" - a[c"‘)z]‘”“> -100 (%) ®3)
[Cco,]s,

Here, « is the correction factor to account for gas expansion, calculated
by Eq. (4):
[CNz]in

T 1o @

2 Jour
where [Ccy, Jip,» [Cco,)in» and [Cy, J;,, are the concentrations (in%) of CHy,
CO., and Ny, respectively, measured after passing through the reactor
without plasma; [Ccr,]oye [Ccoslour> @nd [Cn, oy represent the concen-
trations of CHg, CO2, and Ng, respectively, in the effluent gas with
plasma.

The selectivity of Hp, CO, and C hydrocarbons (CoHy) was defined as
follows:

a[CHz]

Spy = | el | 100 (%) ®)
2[Cn,), o
(l[CC()]
Sco = ot - 100 (%) 6)
[Cen, "o+ [Ceo,], 222
0!(2 * [CCZH\ ] out )
Seun, = 100 (%) @

X X
[CCHALII '% + [CCOZ]in .%

here [Ch, oy [Coolour> @and [CCZHy}out denote the concentrations of Hy,
CO, and hydrocarbons (CHy), respectively, in the effluent gas with
plasma; y denotes the number of H atoms in the hydrocarbons (y = 2, 4,
or 6).

The energy efficiency (in%) was calculated by Eq. (8), which was
adopted from previous studies [22,30,52,56,63-68].

Ccolow C ]y
a<[ f:;g) *LHVco + [ 10(]) 'LHVH2>

n= -100(%) (8)

ol e UitV + 5E1

where LHV (kJ/L) is the lower heating value [69] and SEI (kJ/L) is the
specific energy input, defined in Eqn. (9):

P, 60
SEl =100 (k] /1) 9
Fey, + Feo, + Fy,

where Py, is the discharge power (in W); and F3, , Fi%, , and Fly, are the
flow rates of the CHy, CO5, and N inlets (SLPM), respectively. In this
power supply, we can control the value of supplied power (or set power);
an increase in the supplied power mainly results in an increase of current
with an insignificant change in voltage, therefore the plasma power
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(measured by the oscilloscope) is increased.

Each experiment was carried out three times, and a propagation of
uncertainty was implemented to the experimental results to calculate
the error bars.

3. Results and discussion
3.1. Performance of both reactors for dry reforming of methane (DRM)

We studied the performance of both reactors for DRM in a wide range
of SEI values, to evaluate the effect of the difference in reactor geometry.
Fig. 2 shows that the conversions in the nozzle-type rotating arc reactor
were much higher than in the conventional reactor. For example, at an
SEI of 5 kJ/L, the CH4 and CO; conversions in the nozzle-type reactor
were 74% and 49%, respectively, while they were only 40% and 28%,
respectively, in the conventional reactor. This difference can be
explained by the thermal analysis of both reactors, i.e., less thermal
losses to the walls and thus more energy available for the chemical re-
actions in the nozzle-type reactor, which will be elucidated in the
following sections. The conversion rises upon higher electrical power
due to the higher gas temperature and electron density, which is
consistent with calculation results from thermodynamic equilibrium
[22,70]. Furthermore, the power density in the contraction area of the
nozzle-type reactor is higher, which can lead to higher electron density
(leading to more electron impact-associated conversion), and overall, to
a higher thermal conversion.

In addition, the energy efficiency calculated by Eq. (8) (see Fig. 3) is
higher in the nozzle-type reactor, i.e., around 53% versus 36-44% (in
the SEI range of 2.8-5.1 kJ/L) for the conventional reactor. The differ-
ence is slight higher at higher SEI values.

The values achieved in the nozzle-type rotating arc reactor, i.e.,
energy efficiency of around 53% at maximum conversions of CH4 and
CO3 of 74% and 49%, are comparable or higher than the reported results
in most gliding arc plasmas (typically around 28% energy efficiency at
CH4 and CO5 conversion of 40% and 31%) [38,71]. The energy effi-
ciency reported in this study is somewhat lower than in a gliding arc
plasmatron (66%) [21], but the conversions in the latter were much
lower (i.e., ca. 45% for CHy4 and slightly above 20% for CO5). Also when
comparing to the literature-wide overview presented by Snoeckx and
Bogaerts [4], the nozzle-type rotating arc plasma is clearly among the
most promising types of plasma for dry reforming of methane.

Analysis of the product selectivity indicates that there was roughly
no difference in the reaction pathways in both reactors. The main
products, i.e., hydrogen and carbon monoxide, showed virtually no
difference in both reactors, but the hydrocarbons, especially CoHa,
exhibited a difference of 0.2-1.6% (i.e., the same difference as in the CO
selectivity), see Fig. 4. We attribute this small difference to the some-
what different residence time, i.e., the time for the reactants to pass
through the arc volume. Indeed, the arcs cover a larger volume in the
conventional reactor than in the nozzle-type reactor, as becomes clear
from Fig. 5 below. The difference almost disappears upon increasing SEI
value, where thermal processes compensate for the effect of the shorter
residence time. The carbon balance is as high as 98 —99.6%, depending
on the experimental conditions.

3.2. Arc dynamics and current-voltage characteristics

To understand the reason for the different performance of both re-
actors, we investigated the behaviour of the arcs inside the reactor. The
development of the arc length inside a closed 3D geometry reactor is
more difficult to observe than in a 2D gliding arc reactor. However, the
change of the arc length can be partially determined based on the
current-voltage characteristics: an increase in arc length leads to a
higher voltage [41,51,52].

In both reactors, the arc discharge was ignited at the smallest gap
between the electrodes (1 mm gap) to elongate to the high voltage
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Fig. 2. Conversions in both reactors: (a) CH4 conversion and (b) CO, conversion, as a function of SEI, for a CO»/CH4/N» mixture, with CH4 = 2 SLPM, CO3 = 6 SLPM,
N, = 8 SLPM, and varying power between 750 W and 1360 W. The error bars (based on three independent experiments) are sometimes too small to be visible.
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Fig. 3. Energy efficiency in both reactors, as a function of SEI, for the same
conditions as in Fig. 2. The error bars (based on three independent experiments)
are sometimes too small to be visible.

electrode tip. However, there is a significant difference in the arc
behaviour in both reactors after ignition, which is partly indicated by the
oscillograms of current and voltage, presented in Fig. 5. In the conven-
tional rotating arc reactor, the arc length changes periodically, revealed
by a periodic change of current and voltage (about a frequency of about
100 Hz); see Fig. 5a. This frequency does not depend on the SEI

condition (ranged from 2.6 —5.0 kJ/L in this study), however, it
strongly depends on the total flowrate. For example, when the total
flowrate increased from 16 SLPM (CH4 = 2 SLPM, CO3 = 6 SLPM, and N
= 8 SLPM) to 32 SLPM (CH4 = 4 SLPM, CO, = 12 SLPM, and Ny = 16
SLPM), this frequency increased from approximately 100 Hz to about
200 Hz.

In the nozzle-type rotating arc reactor, the arcs are stably anchored
between the high voltage electrode tip and the nozzle. Therefore, the arc
length mostly remains unchanged, as evidenced by a more stable
oscillogram of the current and voltage; see Fig. 5b. Note that the glitches
observed in the nozzle-type reactor indicate that the foot of the arc
column on the ground is still moving, but the moving distance is small.
In the conventional rotating arc reactor, the end-point of the arc column
on the grounded electrode moves in a large area, resulting in significant
changes in the arc length and dispersion of the arcs in a large area, while
the arc is clearly more focused in a smaller volume in the nozzle-type
rotating arc reactor. This has important consequences for efficient en-
ergy use and reduced heat losses, as will be discussed in section 4 below,
which can explain the better performance of the nozzle-type rotating arc
reactor, as shown in previous section. Note that selecting a suitable
distance from the high voltage electrode tip to the nozzle (i.e., 15 mm
indicated in Fig. 1b) is also important to have stably anchoring arcs. If
this distance is beyond the limit (i.e., longer than 25 mm), arcs cannot be
stably anchored between the high voltage tip and the nozzle because a
limitation of arc length that can be supported by the potential provided
by the power supply (high voltage transformer).

The current and voltage were directly measured by an oscilloscope;
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Fig. 4. Selectivity of (a) the synthesis gas components (CO and H») and (b) the main hydrocarbons, in both reactors, as a function of SEI, for the same conditions as in
Fig. 2. The error bars (based on three independent experiments) are sometimes too small to be visible.
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Fig. 5. Schematic pictures and oscillograms of the voltage (yellow color) and current (pink color) in the conventional (a) and nozzle-type (b) rotating arc reactor, for
the same gas mixture as in Fig. 2, an electrical power of 1000 W, and overall time span of 100 milliseconds. The volume occupied by the arcs is schematically
indicated in both reactors by the purple dashed lines.
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Fig. 6. RMS current (a) and voltage (b) as a function of SEL in both reactors, for the same conditions as in Fig. 2. The error bars (based on three independent
experiments) are sometimes too small to be visible, (c) current and voltage characteristics of several arc events in the nozzle-type rotating arc reactor, showing the
slight phase difference between voltage and current.
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the RMS-current and RMS-voltage are correlated to the average diam-
eter and average length of the arc column, respectively. Although we
cannot quantify the arc length and diameter from the current and
voltage data, we can deduce the different arc shape from the current-
voltage characteristics of both reactor geometries. The nozzle struc-
ture prevents further elongation of the arcs beyond the nozzle inlet,
resulting in slightly shorter and thicker arc columns, as indicated by a
slightly higher RMS-current and lower RMS-voltage in the nozzle-type
reactor, see Fig. 6, because an increase in arc length leads to a higher
voltage [40,41,52]. Fig. 6¢ showed the voltage rise and current decay in
the arc discharge process. Because arc length (in the conventional
reactor) is significantly and periodically changed, several arc events
cannot exactly reflect the overall oscillograms of voltage and current.
Therefore, several arc events in the nozzle-type rotating arc reactor were
selected to describe the voltage increase and current decay.

3.3. Gas flow pattern inside the reactors

Fig. 7 shows the gas velocity streamlines in the 3D geometry for both
reactors, calculated by solving the Navier-Stokes equations for a New-
tonian fluid, i.e., the mass continuity equation (Eqn. (10)) and mo-
mentum continuity equation (Eqn. (11)). A turbulent RANS model (k-
epsilon) was used. This means that the Navier-Stokes equations were
coupled with two more transport equations, describing the turbulent
kinetic energy (kr,) and the turbulent dissipation rate (¢), as described in
more detail by Trenchev et al. [33].

V- (piiy) =0 10
— — - — —\T 2
plug-V)ug =V-| =pl +(ﬂ+un)(Wg + V(itg) ) —3
- 2

Here, p is the gas density; i, is the gas flow velocity vector; p is the gas
pressure; p is the dynamic viscosity of the fluid; up, is the turbulent
viscosity of the fluid; kg, is the turbulent kinetic energy; I is the unity
tensor; F is the body force vector, and superscript T stands for
transposition.

The boundary conditions include four gas inlet flows defined as the
gas flow normal velocity boundaries. The outlet is defined as a zero-
gradient outflow boundary with no flux at the reactor wall and a no-
slip condition. The RANS k-epsilon model is used for computing a va-
riety of flow problems, and is considered to be accurate for most engi-
neering applications [72].

16 SLPM of pure nitrogen was used for these calculations. The gas
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inlet was tangentially inserted into the reactor through four small holes
1 mm in diameter with a velocity greater than 100 m/s. The tangential
inlet-flows form a high-velocity peripheral stream along the walls.
Therefore, the tangential gas velocity near the wall is higher than at the
reactor centre. There is no significant difference in the gas velocity
streamlines in both reactors, so the gas flow profile cannot explain the
different performance of both reactors.

3.4. Thermal distribution characteristics

The reason for the different performance of both reactors, as already
mentioned above, can be found in the thermal characteristics. An arc
plasma provides highly reactive species for activating chemical re-
actions and a high gas temperature for thermal activation. Because of
the minor difference in current and voltage characteristics, as shown in
Fig. 6, we expect the plasma chemistry arising from the electrical energy
to be similar in both reactors. However, a modification of the reactor
geometry may affect the thermal behaviour. We can write the energy
balance by Eq. (12).

Py = 0P, + (1 — w)P;, 12)

Here wP;, denotes the portion of electrical energy converted to thermal
energy or heat and (1 — w)P;, indicates the energy use other than the
generation of heat. Therefore, @ is the thermal conversion coefficient
that indicates how much electrical energy is transferred to thermal en-
ergy. This coefficient is assumed to be independent of the modification
in reactor geometry, because of the small differences in current-voltage
characteristics.

The thermal energy from the arc is converted into heat loss to the
reactor body and kinetic energy of the gas species, see Eqn. (13),

Q =P, = Qlos: + an: (13)

where Q is the amount of thermal energy from the arc; Qjoss and Qgqs are
the heat loss and kinetic energy of the gas species, respectively.

Because we expect the change in plasma chemistry induced by
attachment of the nozzle downstream the reactor to be negligible, as
revealed by the electrical characteristics, the effect of the nozzle should
be mostly reflected in the thermal energy inside of the reactor. Indeed,
the modification of the reactor geometry can lead to a significant change
in heat losses to the reactor body. To investigate this in more detail, we
developed a model for gas heating with an artificial heat source,
mimicking the plasma arc.

The gas heating equation can be expressed as Eq. (14).

oT,
pcpa—t”' +pCpity + VT, — V- (kg VT,) = 0 14

—> (Gas inlet

Fig. 7. Calculated streamlines of the gas velocity (in m/s) inside the conventional (a) and nozzle-type (b) rotating arc reactors, for an inlet gas flow rate of 16 SLPM.
The blue arrows indicate the gas inlet positions. Note that the setup is turned around with respect to Fig. 1.
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Here, p is the gas density; C, is the heat capacity of the gas; k. is the
effective temperature-dependent gas thermal conductivity (based on a
material look-up table and turbulent enhancement) [60]; Ty is the gas
temperature, and Q accounts for the gas heating owing to elastic and
inelastic collisions between electrons and heavy particles in the plasma,
or thermal energy converted from the arc to the reactant gas during the
plasma process.

In our work, Q was replaced by an artificial heat source of 800 W,
placed at the high-voltage electrode tip to study heat transfer. The cir-
cular artificial heat source has a Gaussian distribution gradient, as
shown in Fig. 8.

Fig. 9a clearly demonstrates that the nozzle-type geometry exhibits a
shield layer by the converging flow pattern for the high-temperature
region, resulting in a larger volume with high temperature close to the
high-voltage electrode tip. Therefore, the heat loss in this region in the
nozzle-type reactor can be effectively reduced. In our calculation, heat
losses at the walls are not accounted for; the walls are adiabatic. An
exact count of heat loss is challenging, therefore we provided a relative
comparison of the heat loss in the two reactors based on the wall tem-
perature (inside wall temperature) by using Eq. (15); a higher wall
temperature should result in a higher heat loss through the reactor wall.

Gioss = /A!
A

Because of k>>h (k is the thermal conductivity of reactor wall ma-
terials, h is the convective heat transfer coefficient of the surrounding
environment, L is the thickness of the reactor wall, A denotes the studied
area).

The calculated temperature profiles in a cross section of both reactors
are illustrated in Fig. 9b. The wall temperature of the conventional
reactor is approximately 1650 K, which is much higher than in the
nozzle-type reactor (700 K), while the temperature in the center is
calculated to be much higher in the nozzle-type reactor (above 4900 K vs
about 3330 K for the conventional reactor). Hence, the nozzle-type
reactor keeps its plasma energy in a confined volume at higher tem-
perature, which is beneficial for gas activation, and reduces the heat
losses to the walls, as discussed below in more detail.

We tried to validate our calculated gas temperature profiles of Fig. 9
by measuring the temperatures at various locations (see TC1—TC7 in
Fig. 10) at the reactor surface, as well as the gas downstream tempera-
ture (TC). A static flow condition of non-reacting flow of argon and ni-
trogen was used for this investigation.

Twalll - Tmom

(15)
=

~ /hAi(Twall,- - Troom)
A

The artificial heat source
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Fig. 10 shows that the gas temperature measured by the TC down-
stream the nozzle-type reactor was much higher than downstream the
conventional rotating arc reactor (i.e. 965 °C compared to 380 °C),
which points out that the energy was more efficiently used for heating
the gas. Although the downstream gas temperatures were measured at
similar distances from the high-voltage electrode, the gas residence
time, i.e., the time the gas needs in order to pass from the inlet position
to the position of the TG, is different in both reactors. The gas residence
time in the nozzle-type reactor is shorter than in the conventional
reactor (i.e., approximately 45 milliseconds in the nozzle-type reactor
compared to 85 milliseconds in the conventional reactor) due to the
difference in reactor geometry. Nevertheless, the difference in down-
stream gas temperatures is sufficiently high to conclude that the energy
is more efficiently used for heating the gas in the nozzle-type reactor
than in the conventional reactor.

The thermal loss to the reactor body can be deduced from the reactor
surface temperatures. Fig. 10 shows that the surface temperatures in the
region covered by the arcs (i.e. measured by TC1-TC4) in the nozzle-
type reactor were lower than in the conventional reactor, which
points towards lower heat losses. These surface temperatures, measured
by TC1-TC4, were located at positions with similar outer diameters in
both reactors. The measured reactor surface temperatures and down-
stream gas temperatures provide solid evidence that the reactor geom-
etry modification (i.e., nozzle-type) enhances the kinetic energy of the
gas (Qgas) and reduces thermal losses (Qioss)-

Further analysis of the reactor surface temperatures reveals that in
the conventional rotating arc reactor, the surface temperatures in the
region covered by the arcs (i.e. from TC1 to TC4) were higher than in the
downstream region of the arcs (i.e. from TC5 to TC7), which indicates
that the gas temperature downstream was low. In comparison, the
reactor surface temperature in the nozzle-type reactor reaches its
maximum at the position of TC6, which shows that the region covered
by the arcs and near the arcs was well insulated by a cold gas layer,
resulting in reduced heat loss through the reactor walls. In addition, the
gas temperature in the jet region (downstream the arcs) was much
higher in the nozzle-type reactor, as evidenced by the higher tempera-
tures of TC5-TC7 and the downstream gas.

3.5. Arc plasma characteristics

Finally, to obtain more insight in the plasma characteristics and arc
behaviour, we show in Fig. 11 the calculated plasma (or electron)
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density, as obtained from the fluid plasma model. The results are shown
for the conventional reactor, but they would be the same for the nozzle-
type reactor, as they focus on the region around the high-voltage elec-
trode, where the effect of the nozzle is not visible. Hence, the purpose of
these calculations is not to explain the different performance of both
reactors, which is presented in previous section, but rather to obtain
additional insight in the general plasma characteristics. Due to compu-
tational limitations, the plasma chemistry in the model is limited to Ar
gas, based on reference [33]. We realize that the model is for argon, so it
might be different from the experiments, but developing this model in
the CO,/CH4 mixture with all the chemistry would lead to unacceptable
calculation times. Moreover, the arc behaviour can be very similar

between different gases, as proven before [59] to be accurate enough for
estimating the arc rotation. The calculated plasma density is around
102! m~3, which is typical for atmospheric pressure arc discharges [33,
60]. We observe a smooth rotation of the arc, driven by the convective
flow. Note that the flow vector will drive a convective heat transport (see
Fig. 7), forcing the heating processes in the area around the conical
high-voltage electrode, as shown in Fig. 9. The electron temperature was
calculated to be 2.5 eV. Note that we only present the electron density
and electron temperature, as we use an argon-based fluid plasma model
with a reduced chemistry set, including only one type of ions (Ar"). The
model is quasi-neutral, which means that the electron density matches
the ion density. Therefore, the model only calculates the electron and
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Ar" ion density, electron temperature, and gas temperature. We refer to
reference [33] for more information. The ground electrode is hidden in
the figure, for better visibility.

Fig. 12 depicts the calculated gas temperature for the argon plasma
model. Note that this is the peak (center) gas temperature. Values up to
3000 K and above are obtained, which are in the typical range of at-
mospheric arc discharges [33,60]. Note that the region of elevated gas
temperature is somewhat wider than the strict plasma region as defined
by the plasma density in Fig. 11 above, due to convective heat transfer
from the hot plasma to its (direct) surroundings.

4. Conclusion

We studied a 3D rotating arc reactor in two different configurations,
i.e., conventional and nozzle-type reactor, by means of experiments and

z
Y lox

0.6ms

modelling. The difference in reactor geometry affects the thermal bal-
ance, i.e., gas kinetic energy against heat loss to the walls. The nozzle-
type reactor significantly reduces the convective heat transfer through
the reactor walls by flow-induced thermal insulation, thus enhancing the
efficiency of using the applied plasma power for the gas conversion,
explaining the higher CO, and CH4 conversions and energy efficiency for
DRM.

The significant enhancement of the conversions and energy effi-
ciency by reducing thermal losses to the reactor walls indicates the
importance of thermal activation of the gases in DRM in the arc plasma.
Reactor design optimization can be used to control the energy use and
limit the energy losses in arc plasma technology. This study provides
important insights for optimizing arc plasma reactors for other chemical
reactions as well.

Using a combination of different modelling approaches gives us a
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Fig. 12. Calculated gas temperature (in K) by means of the plasma model, from the early stage (0.6 ms) to ' revolution (1.8 ms) for the conventional rotating arc

reactor. The ground electrode is hidden in the figure, for better visibility.
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deeper insight in the plasma behaviour. The fluid dynamics model
accurately describes the gas flow behaviour in both reactors, while the
heat transfer model can clearly explain why the nozzle-type reactor
performs much better. Finally, the fluid plasma model provides more
insight in the plasma parameters, such as electron density and temper-
ature, and the arc motion.
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