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Numerical simulation of a bulk-type plasma reactor for carbon dioxide conversion with distributed gas injection
and pumping has been performed in hydrodynamic approximation by solution of Navier-Stokes equation using the
mathematical package COMSOL. It is shown that the geometry of gas injection and pumping, which determines the
trajectories of the particles and their residence time in reactor, can significantly affect the energy efficiency of the
conversion. Different particles on their way from inlet to pumping hole move along different trajectories and spend
different times inside the reactor. If the residence time of the gas in the reactor is less than optimal, the gas conver-
sion will be incomplete. If this time is more than optimal, then an excessive amount of energy will be applied to the
already converted gas. It is shown that the reactor height affects significantly the energy efficiency of plasma con-

version of carbon dioxide.
PACS: 52.77.-j

INTRODUCTION

The increase in carbon dioxide emission due to an-
thropogenic impact leading to global warming is one of
the most serious challenges for humanity in the 21st
century. CO, accumulation can be avoided only through
processes that quickly and efficiently bind carbon diox-
ide, preferably converting it into fuel or useful chemi-
cals. One of the promising approaches in this field,
which is not yet used on an industrial scale, is the plas-
ma technology. Plasma conversion of carbon dioxide
possesses some important advantages in comparison to
classical thermal CO, splitting and is actively re-
searched [1-10] with use of different kinds of gas-
discharge plasma: glow discharge [1], dielectric barrier
discharge (DBD) [2, 9, 10], helicone discharge [4], mi-
crowave discharge [8].

In [11, 12] the results of experimental study of con-
version efficiency of CO, into CO and O, in various gas
discharge devices at low gas pressure of 1...100 mTorr
are presented. A comparative analysis of RF discharges
of inductive and capacitive types, discharge in crossed
EH fields with anode layer, magnetron discharge was
performed. The general result of these studies is the fact
that achievement of high conversion ratio of carbon
dioxide of about 80 % is possible for many types of
discharge, but the energy efficiency of conversion is
always low (as a rule, it is only a few percent). The
maximum achieved conversion factor was 86 %, while
the typical values of the energy efficiency were 1...3 %;
only in the case of RF inductive discharge of very low
power it was up to 50 %.

One of the reasons for the low energy efficiency is
the nature of the gas-discharge plasma, in which the
energy of the external field deposited to electrons is
expended through many channels, and only the energy
to dissociation channel is useful. In [13], the results of
calculations of the efficiency of energy use for CO,
molecule dissociation in gas-discharge plasma are pre-
sented. From these results it can be concluded that in the
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region of high values of reduced electric field E/N
(more than 200 Td) the main conversion channel is the
electron impact dissociation. In this case, the share of
energy that goes to dissociation does not exceed a few
percent.

However, there is another important factor that can
significantly affect the energy efficiency of the conver-
sion. Different particles on their way from inlet to
pumping hole move along different trajectories and
spend different times inside the reactor. At the same
time, for each value of input power and of carbon diox-
ide gas flow, there is an optimal time of interaction of
gas with plasma. If the residence time of the gas in the
reactor is less than optimal, the gas conversion will be
incomplete. If this time is more than optimal, then an
excessive amount of energy will be applied to the al-
ready converted gas.

The shape and volume of a plasma reactor are often
determined by the gas discharge used. For high pressure
reactors (e.g. atmospheric), these are often narrow slits
or tubes. However, at lower gas pressures it is possible
to use bulk type reactors, where the plasma occupies a
fairly large space. For such reactors, one of the key is-
sues is the geometry of the gas injection and pumping,
which determines the trajectories of the particles and the
time they stay in the reactor. The study presented in this
article is devoted to research of this issue for a bulk-type
reactor with distributed gas injection and pumping.

1. MODEL DESCRIPTION

This paper considers the simplest case of a cylindri-
cal reactor with metal electrodes at the ends of the
chamber and with dielectric side wall. As the reactor
will use an discharge with electrodes (DC, RF, pulsed),
then one of the electrodes must be high-voltage and the
other is grounded. Due to the possibility of parasitic
discharges, the gas feeding and pumping must be car-
ried out from the side of the grounded electrode. Due to
the need to perform the conversion uniformly through-
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out the chamber, it is necessary that the gas feeding and

pumping to be distributed on the surface of the electrode.

The geometry of the reactor is presented in Fig. 1.
The chamber diameter was 55 mm. The calculations
were performed for two different camera lengths: 30
and 10 mm (hereinafter these two cases will be referred
to as "long" and "short" chambers). The inlet and outlet
openings are located on a regular hexagonal grid with a
step of 5 mm along the diagonals. The total number of
inlet openings was 72, and there were 19 pumping holes
(Fig. 2). The diameter of all the holes was 1 mm.

Carbon dioxide pressure in the chamber was chosen
to be 5 Torr (close to this pressure is observed near the
surface of Mars, whose atmosphere is 95 % carbon di-
oxide). Since the largest Knudsen number was 0.01 in
the holes, we applied the hydrodynamic approximation
and solved the Navier-Stokes equation using the math-
ematical package COMSOL version 5.5 with a physical
interface "Laminar Flow". The simulation was per-
formed for carbon dioxide mass flow of 10 sccm.

Fig. 1. General view of the simulatioj model of long (a)
and short (b) chamber of the plasma-chemical reactor

The problem was solved in three-dimensional geom-
etry with a partition of the solution area using a tetrahe-
dral mesh with an adaptive step. Near the holes, the grid
division step was about 0.1 mm, gradually increasing to
2 mm in the chamber volume. The total number of sub-
divisions was about 2.5 million.

The result of the numerical solution was the spatial
distributions of pressure and gas velocity. Using the
velocity field, the trajectories of the particles were re-
constructed, with further analysis of distribution of par-
ticles by the time spent in the chamber and by trajectory
lengths. The number of trajectories along which the
distributions were constructed was at least 50 thousand
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that ensured comparative smoothness of the distribu-
tions. The initial coordinates of the trajectories were
chosen randomly with the control of the radial density
of points. Gas velocity profile in the inlet channel is
defined by Poiseuille's law, thus, the distribution of the
starting points of the trajectories was chosen in such a
way that the point density was proportional to the gas
velocity at a given radius.

Fig. 2. Layout of inlet and outlet holes. Inlet holes are
marked in white, pumping holes are in black

2, SIMULATION RESULTS

Fig. 3,a shows the variety of particle trajectories in
the long chamber. For better clarity Fig. 3,b,c show a
top view and a cross section of the chamber passing
through its axis. From the top view it becomes clear that
the trajectories of particles are significantly curvilinear,
and they don't lie in a vertical plane. One can see differ-
ent types of the trajectories: some of them connect adja-
cent holes while another travels for longer path.

In Fig. 3,c three groups of particles are well visible,
namely: the particles passing in the nearest pumping
hole; those pumped by the second row of holes; and
those that go to the central pumping hole after a long
stay in the bulk of the chamber.

It can be assumed that to reduce the useless energy
losses, it is necessary to reduce the chamber length, lim-
iting the possibility of the existence of trajectories of
particles of the second and third groups. To test this
hypothesis, similar calculations were carried out for the
short chamber (10 mm long). The simulation results are
shown in Fig. 4. It can be seen that in the short chamber
the trajectories of the particles are more often closed to
the adjacent exhaust holes, and the particles of the se-
cond and third groups are much less humerous than in
the long chamber. This circumstance allows us to assert
that the particles leave the volume faster and in a more
grouped manner, which should have a positive effect on
the energy efficiency of conversion.
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Fig. 3. Trajectories of particles in the long chamber:

a — general view; b — top view; ¢ — cross-section
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Fig. 4. Trajectories of particles in short chamber:
a — top view; b — cross-section

Figs. 3, 4 show that the trajectories of the particles
are very diverse and substantially curvilinear, that re-
quires the use of a statistical study of the characteristics
of particle motion.

In Fig. 5 shows the distribution functions of particles
by trajectory length for the long and short chambers. It
can be seen that the distributions for the first group of
particles are close for both chambers, while in the long
chamber there are much more particles with long trajec-
tories, which confirms the assumption made.
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Fig. 5. Distribution function of particles by trajectory
length
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To find the energy absorbed by a particle, the resi-
dence time of the particle in the reactor is important
rather than the trajectory length. Analysis of the calcu-
lated spatial distribution of the velocities shows that the
particle velocity can vary by orders of magnitude along
the trajectory. The velocity is maximum near the inlet
and outlet holes, while in the lower part of the chamber
the velocity is close to zero. Therefore, the velocities of
all particles were integrated along the trajectories, and
the distribution function of the particles by the residence
time in the reactor was built, which is shown in Fig. 6.
The figure confirms the difference between the cham-
bers stated above, which consists in the greater portion
of long-lived particles in the long chamber.
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Fig. 6. Distribution function of particles by residence
time in the chamber

One feature of the distribution in Fig. 6 attracts at-
tention. While the lengths of the trajectories are distrib-
uted in a not very wide interval of 5...80 mm, the time
distribution is 4 orders of magnitude wide. The travel
time of particles of the second and third groups from the
entrance to the exit can be as long as hours. During such
a long time, the particles will absorb a huge amount of
energy, and these expenses are useless. Since the ab-
sorbed energy is proportional to time, in order to esti-
mate the contribution of various groups of particles to
the energy efficiency of the conversion, let us introduce
function &(t) = #A(t), which is a measure of energy ab-
sorbed by a particle. The calculated function &(t) = #A(t)
is plotted in Fig. 7.

It is obvious from the figure that, despite the fact
that the third group of particles in the long chamber is
small compared to the first group, the energy deposited
to the third group is greater than the energy input to the
particles of the first group. Particles of the second and
third groups, on average, are converted in the same time
as the particles of the first group, but being in the vol-
ume of the chamber much longer than the conversion
time. Conversion products absorb the input power, tak-
ing part in such processes as excitation, heating, ioniza-
tion and others. Thus, the energy efficiency of carbon
dioxide conversion decreases dramatically.
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Fig. 1. Calculated distribution function &(t) = t:£(1),
which is a measure of energy absorbed by a particle

CONCLUSIONS

In the present paper, numerical simulation of a bulk-
type plasma reactor for carbon dioxide conversion with
distributed gas injection and pumping has been per-
formed in hydrodynamic approximation by solution of
Navier-Stokes equation using the mathematical package
COMSOL.

It is shown that in the reactor with distributed gas in-
jection and pumping different groups of particle trajec-
tories exist with different particle residence times. Dif-
ferent particles on their way from inlet to pumping holes
move along different trajectories and spend different
times inside the reactor. If the residence time of the gas
in the reactor is less than optimal, the gas conversion
will be incomplete. If this time is more than optimal,
then an excessive amount of energy will be applied to
the already converted gas. We have shown that the reac-
tor height affects significantly the energy efficiency of
plasma conversion of carbon dioxide. Thus, the geome-
try of gas injection and pumping, which determines the
trajectories of the particles and the time they stay in the
reactor, determines the energy efficiency of the conver-
sion. To obtain greater efficiency of the plasma-
chemical process one need to minimize the height of the
plasma-chemical reactor. Particles of the first group
leave the plasma in a short time, which is not much var-
iable, and in order to increase the conversion coefficient,
gas flow parameters can be selected in such a way that
during the residence time of the particle in the reactor it
will be converted receiving not so much excessive ener-
gy. In order to prevent the decrease in the energy effi-
ciency of the conversion, it is necessary to avoid the
appearance of long-living particles in the reactor, that
can be achieved only if the length of the reactor does
not significantly exceed the hole pitch.
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MOJIEJJMPOBAHUE I'A30BOM JTUHAMUWKH B IIVIASMEHHOM PEAKTOPE
JJISI KOHBEPCHUM YIJIEKUCJIOI'O I'A3A

ILII IThamonos, C.B. /Iyoun, B.A. /lucoeckuii

YucneHHOEe MOJEIUPOBaHME IUIA3MEHHOTO peakTopa OOBEMHOTO THHA Uil KOHBEPCHH TUOKCHIAA yIiiepoja ¢
pacnpeie/ICHHBIMH HAITyCKOM M OTKAYKOM Ira3a BBIIOJHEHO B FHIPOAMHAMHYCCKOM MPHOIMKCHUN ITyTEM PEIICHHUS
ypasaenust HaBbe-Crokca ¢ moMomnipio Matematuaeckoro maketa COMSOL. TTokazaHo, 4To TeOMeTpHUsl HAMycKa U
OTKA4KH Ta3a, ONpeaesstoNiasl TPaeKTOPHH YaCTHI] M BpeMsl UX MPeObIBaHUS B PEaKTOPE, MOXKET CYIIECTBEHHO BIIU-
ATh HA DHEPTreTHYECKYIO d(H(HEKTUBHOCTh KOHBEPCHH. PasznmyHble YacTHIIEI HA CBOEM ITYTH OT BXOJa K BBIXOAY JBH-
JKYTCSI TI0 PA3HBIM TPaeKTOPHSM M MPOBOIAT pa3sHOE BpeMs BHYTPH peakTopa. Ecim BpeMs npeObiBaHUS ra3a B pe-
aKTOpe MEHBIIIE ONTHMAIBHOTO, KOHBEpCHs Taza Oyner HemonHoi. Ecnm 3To BpeMs Ooibllle ONTHMAalbHOTO, TO B
yKe TPeoOpa30BaHHEIA Ta3 OyAeT BIIOKEHO Ype3MEepHOe KOoIMdecTBO SHeprud. [lokasaHo, 4TO BEICOTa peakTopa
CYIIECTBEHHO BIMSET Ha S3HEPT03(P(PEeKTHBHOCTH IIIa3MEHHOTO MPeoOpa30oBaHus YIIIEKUCIIOTO rasa.

MO/JIEJIFOBAHHSA I'A30BOI JIUHAMIKHA B IIJIA3BMOBOMY PEAKTOPI
JIVISI KOHBEPCII BYTJIEKACJIOTO TA3Y

ILII Ilhamonos, C.B. /Iyoin, B.O. Jlicoécbkuit

YncenpHe MOJAETIOBAHHS TNIA3MOBOTO PEaKTOpa 00'€MHOTO THUITY /ISl KOHBEPCii TIOKCHY BYTJIEIIO 3 PO3IO/LIe-
HUMH HAaITyCKOM 1 BiJKauyBaHHSM ra3y BHKOHAHO B TiAPOJUHAMIYHOMY HaOIMKEHHI NMIISTXOM BHUPIIICHHS PiBHSIHHS
Hag'e-Ctoxkca 3a nonomororo maremaruyHoro nakera COMSOL. [Toka3ano, 1110 reoMeTpist HAIyCKy 1 BiZIKauyBaHHS
rasy, [0 BU3HAYAE TPAEKTOPIl YACTUHOK 1 Yac iX nmepeOdyBaHHS B PEaKTOPi, MOXKe ICTOTHO BIIMBATH Ha EHEPrEeTHYHY
eeKTUBHICTh KOHBepCii. Pi3HI 4acTHHKM Ha CBOEMY LIISXY BiJ BXOMY JI0 BUXO/AY PyXalOThCS 32 PI3HUMH TPAEKTO-
pisiMHU 1 IPOBOJSATE Pi3HI YacH BCepeinHi peakTopa. SKio yac nepeOyBaHHs ra3y B peakTopi MEHIINI ONTUMAaIbHO-
ro, KOHBepcCia Tra3y Oyae HemoBHOIO. SKINO 1ei yac OUTbIINH ONTUMAIBLHOTO, TO B YXKE MEPETBOPEHMA Ta3 Oyne
BKJIaJIeHa HaaMipHa KinbKicTh eHeprii. [loka3zaHo, 0 BHCOTa peakTopa iCTOTHO BIUIMBAE Ha €HEproe(eKTHUBHICTH
TUIA3MOBOT0 TIEPETBOPEHHSI BYTJIEKUCIIOTO rasy.
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