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(57) Abréegée/Abstract:

An object of the present Invention Is to provide a non-equilibrium plasma (NEP) system and method of refining syngas. In
accordance with an aspect of the present invention, there Is provided a non-equilibrium plasma system for refining syngas, the
system comprising a reactor with a hollow chamber, having one or more inlet manifolds configured to promote an axially symmetric

and swirling flow pattern, into which syngas and one or more gasifying agents are introduced for processing within the reactor,
high voltage electrode; and a ground electrode, wherein the system Is configured to create a non-equilibrium plasma producir
electric arc upon application of a high voltage potential across an arc initiating gap between the high voltage electrode and tr
ground electrode and wherein the system Is configured such that the syngas, the one or more gasifying agent(s) and plasm

producing electric arc come together concurrently in the reactor. In one embodiment of the invention, the non-equilibrium plasir
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system comprises two eccentric cylindrical manifolds configured to form a single inlet manifold, wherein the two eccentric cylindrical
manifolds comprise a first eccentric cylindrical manifold for gasifying agent input and a second eccentric cylindrical manifold for
syngas Input. The invention also comprises a method for refining syngas wherein the non-equilibrium plasma system of the present
Invention combines the syngas, the air and the plasma-producing electric arc in the same region, which will co-exist in the same

location.
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(57) Abstract: An object of the present invention is to
provide a non-equilibrium plasma (NEP) system and
method of refining syngas. In accordance with an as-
pect of the present mvention, there 1s provided a non-
equilibrium plasma system for refining syngas, the sys-
tem comprising a reactor with a hollow chamber, hav-
ing one or more Inlet manifolds configured to promote
an axially symmetric and swirling tlow pattern, mto
which syngas and one or more gasifying agents are in-
troduced for processing within the reactor, a high
voltage electrode; and a ground electrode, wherein the
system 1s configured to create a non-equilibrium
plasma producing electric arc upon application of a
high voltage potential across an arc initiating gap
between the high voltage electrode and the ground
clectrode and wherein the system 1s configured such
that the syngas, the one or more gasifying agent(s) and
plasma producing electric arc come together concur-
rently in the reactor. In one embodiment of the inven-
tion, the non-equilibrium plasma system comprises two
eccentric cylindrical manifolds configured to form a
single inlet manifold, wherein the two eccentric cyl-
indrical manitolds comprise a first eccentric cylindrical
manifold for gasifying agent input and a second eccent-
ric cylindrical manifold for syngas mput. The mvention
also comprises a method for refining syngas wherein

the non-equilibrium plasma system of the present invention combines the syngas, the air and the plasma-producing electric arc in the
same region, which will co-exist in the same location.
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A NON-EQUILIBRIUM PLASMA SYSTEM AND METHOD OF REFINING SYNGAS

FIELD OF THE INVENTION

This invention pertains to the field of syngas refinement. In particular, it relates to a system and

method of refining syngas using non-equilibrium plasma.

BACKGROUND TO THE INVENTION

Syngas produced via the gasification of carbonaceous feedstock often includes a significant tar
component. The tar component can include benzene, toluene, naphthalene, pyrene and indene,
among others. These tars present a major concern in commercial gasification facilities as they

clog and foul downstream equipment.

The destruction and/or removal of contaminating tars can be difficult with the effectiveness of tar
removal strategies dependent on process parameters and the individual molecules. Simulations
of thermal conversion of benzene, toluene and naphthalene have been reviewed in the literature
and suggest that both significant residence times and elevated temperatures (as high as 1250°C

- around 1523 K) are necessary to obtain high levels of tar conversion.

A number of studies have examined the use of plasma to crack tar. For energy conversion
processes, such as conversion of hydrocarbons into syngas, the best results have been
obtained in non-thermal plasma (NTP) systems that utilize “warm”, gliding-arc plasmas, with gas

temperatures in the 2,000 K- 4,000 K range.

Plasma reforming of tars, modeled typically with naphthalene or toluene, has been studied using
a variety of discharges including microwave, corona and gliding arc discharges. Although these
studies demonstrated high removal efficiencies, their undesirable attributes, namely high specific
energy input, unrealistic input gas, low tar concentration, low flow rate, and low energy

efficiency, make them undesirable for industrial application.

Non-equilibrium plasma systems are known from the art and include those described in US
patents 8,603,403; 8,110,155; 7,867,457, 8,618,436; 5,960,026; 6,924,608; and 7,417,389, as
well as Chinese patent 201722188 and French patent FR2775864.

This background information is provided to reveal information believed by the applicant to be of
possible relevance to the present invention. No admission is necessarily intended, nor should
be construed, that any of the preceding information constitutes prior art against the present

invention.
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SUMMARY OF THE INVENTION

An object of the present invention is to provide a non-equilibrium plasma (NEP) system and
method of refining syngas. In accordance with an aspect of the present invention, there s
provided a non-equilibrium plasma system for refining syngas, the system comprising a reactor
having one or more inlet manifolds configured to promote an axially symmetric and swirling flow
pattern, into which syngas and one or more gasifying agents are introduced for processing within
the reactor, a high voltage electrode; and a ground electrode, wherein the system is configured
to create a non-equilibrium plasma producing electric arc upon application of a high voltage
potential across an arc initiating gap between the high voltage electrode and the ground
electrode and wherein the system is configured such that the syngas, the one or more gasifying

agent(s) and plasma producing electric arc come together concurrently in the reactor.

In accordance with another aspect of the invention there is provided a non-equilibrium plasma
system comprising a hollow chamber having a first end and a second end; wherein the gas
outlet is proximal to the second end; two eccentric cylindrical manifolds configured to form a
single inlet manifold into the chamber proximal to the first end, the two eccentric cylindrical
manifolds comprising a first eccentric cylindrical manifold for gaseous process additive input and
a second eccentric cylindrical manifold for syngas input; a high voltage electrode; and a ground
electrode, wherein the system is configured to create a spiral gas flow pattern in the chamber,
and wherein the system is configured to create a non-equilibrium plasma discharge upon
application of a high voltage potential across an arc initiating gap between the high voltage

electrode and the ground electrode.

In accordance with another aspect of the invention, there is provided a method of refining a
syngas, comprising inputting syngas and a gasifying agent into a reactor such that there is an
axially symmetric and swirling flow pattern; wherein the reactor has a high voltage electrode; and
a ground electrode and is configured to create a non-equilibrium plasma producing electric arc
upon application of a high voltage potential across an arc initiating gap between the high voltage
electrode and the ground electrode; applying a high voltage potential across the arc initiating

gap thereby creating the non-equilibrium plasma.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will now be described, by way of example only, by reference to

the attached Figures, wherein:

Figure 1 illustrates a non-equilibrium plasma (NEP) system for syngas refining configured such
that the syngas, the one or more gasifying agent(s) and plasma producing electric arc come

together concurrently in the reactor. In particular, Figure 1 shows raw syngas (A), the non-
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equilibrium plasma (B), gasifying agent (C), mixing point (D), reactor vessel (E) and refined

syngas out (F).

Figure 2 illustrates a 3-D view of one embodiment of the non-equilibrium plasma system for
refining syngas, detailing the reactor entrance tube 222 and frustum expansion of the torch,

which houses the ground electrode 223.

Figure 3 is a cross-sectional view of the embodiment of the non-equilibrium plasma system
shown in Figure 2 at the level of the syngas inlet, showing the reactor entrance tube 222, the

reaction chamber 224 and the gas flow 225.

Figure 4 shows a schematic of one embodiment of the syngas inlet showing the eccentric
cylinders with different diameters R21 and R22. The offset between the diametric centers of the

two cylinders Is represented by L30.

Figure 5 shows a view of the syngas flowing through or around the electrode end, which can

have different geometries, such as a ring, tips, pin, fork, wire, coil or blades (air foil).

Figures 6A-6F shows profiles of high temperature combustion zone formed inside one
embodiment of the non-equilibrium plasma system and downstream therefrom. Figures 6A-6F
start sequentially at the top of the torch and move incrementally to the bottom of the torch,
showing cross section temperature profiles of each incremental layer. It can be noticed that the

temperature profile is stable from top to bottom.

Figures 7 and 8 show 3-D views of the conical first end of one embodiment of the non-
equilibrium plasma system detailing the raw syngas inlet port 206 the gasifying agent inlet port
201, additional air or additives inlet port(s) (not shown) may be provided. Also shown in Figure 7

is the high temperature thermal and electrical insulation 211.

Figures 9 and 10 disclose a vertical section of one embodiment of the non-equilibrium plasma

system showing its temperature profile.

Figure 11 is a partially cross-sectional view of one embodiment of the non-equilibrium plasma
system detailing the high voltage electrode body 209 and approximate location of the plasma arc
221, which is developed in the reaction chamber. Also shown is the plasma arc region 221. This

region is where the syngas-air flame is stabilized and sustained.

Figure 12 illustrates a detailed cross-sectional view of the first end of the non-equilibrium
plasma system of Figures 1 to 4 detailing the raw syngas inlet port 206, electrical
insulation/gasketing 211 and the frustum shaped section of the reactor with ground electrode
223. Also illustrated is the gradual enlargement in cross section area downstream of the gas

mixing region 214. The high voltage electrode ring 204 the reactor outer wall 216, gasifying
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agent inlet port 201 and the two eccentric cylindrical manifolds (202 and 207) are also shown.
High voltage electrode ring 204, an extension of the high voltage electrode body 209, at which
arc is initiated and attached during normal operating conditions, gap for arc initiation 205; high
temperature thermal and electrical insulator 208 a ceramic piece backing the main insulator for
thermal insulation and the electrical insulation/gasketing 211: an electrically non-conductive
insulator that is used as a gas sealant/gasket as well; held together by an insulation bolt for
flange 210 are also shown. Also shown is gas mixing region 214. The gas mixing region is the
volume in which the air, syngas and optionally any additives, are mixed together in the desired
sub-stoichiometric volumes. The insulation bolt for flange 210 is the fastener that attaches the

high voltage electrode body 209 to the frustum shaped section of the grounded electrode 223.

Figure 13 is a sectional view of one embodiment of the non-equilibrium plasma system detailing
the gasifying agent inlet port 201, legs 218, which can be tapered or angled electrode standoffs
connecting the electrode body to the high voltage electrode ring 204. The arc initiation gap 205,
raw syngas inlet port 206, and refined gas outlet 212 are also shown. Figure 13A shows an
expanded view of the high voltage electrode ring. In some embodiments, the legs 218 to high
voltage ring 204 are angled to facilitate obtaining the optimum distance for the arc initiation gap
205. It is also showed the high voltage electrode body 209. Also shown is high temperature
thermal and electrical insulator 208. The insulator is a ceramic piece providing thermal
insulation between the high temperature process downstream of the gas mixing region 214 and

the relatively lower temperature processes upstream from the reactant entrance tube 222.

Figures 14 A-F depict various configurations of inlet options that can be employed within the

invention, showing the syngas inlet port(s) 206 and gasifying agent inlet port(s) 213.

Figure 15 shows a simplified view of the tangential gas entry (T) into the reaction chamber,
which can be a gasifying agent inlet port 201 or a raw syngas inlet port 206. R1 and R2 are the

centers of the two eccentric partial-cylinders that comprise the walls of the inlet manifold.

Figures 16 A-D represents various configurations of inlet options that can be employed with the
non-equilibrium plasma system. The raw syngas inlet port 206, gasifying agent inlet ports 213

and the gas mixing region 214 are shown.

Figures 17 A-K represent illustrative geometries of the high voltage electrodes for use In the
non-equilibrium plasma system, wherein 17A is square; 17B is circular, 17C is square with
round corners, 17D is parabolic, 17E represents a vertically oriented rectangular shape, 17F
represents a vertically oriented elliptical or oval shape, 17G represents a horizontally oriented
rectangular shape, whose gap may be smaller; 17H represents a horizontally oriented elliptical
or oval shape, 171 and 17J represent oriented vertical extended versions of 17C and 17D,
respectively. Figure 17K represents an airfoil shape showing a streamlined ring to eliminate any

recirculation zone behind the ring.
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Figures 18 and 19 show optional cooling pathways that can be built into the high voltage
electrode of the non-equilibrium plasma system, where a coolant flows 216 through a channel
between the high voltage electrode inner wall 219 and high voltage electrode outer wall 233.
Figure 18 also shows the inner space 217 and legs 218, while Figure 19 shows the high voltage
electrode body 209.

Figure 20 shows one embodiment of the non-equilibrium plasma system wherein the high
voltage comprises a rotating electrode 228. The figure further shows the high voltage electrode
body 209, the rotating shaft 203, the packing gland seal for the rotating shaft 229, which
orovides a mechanical seal between the electrode body and the process gases delivered via
ports 201, 206.

Figures 21A-C shows a simplified cross section of the rotating electrode 228 detalling alternate
geometries of the rotating electrode 228. Figure 21A shows a pin-geometry. Figures 21B and

21C show spiral and triangular geometries, respectively.

Figures 22 A-E represents muitiple configurations of electrode tips can be used with the rotating

design and Figures 22 A’-E’ show their views from the top.

Figure 23 shows a partial cross sectional view of one embodiment of the non-equilibrium
plasma system configured to produce a lower pressure drop for the process gases, which is

achieved using flow bypass channels 220.

Figures 24 A-B show a partial view of one embodiment of the non-equilibrium plasma system
with rotating pin operatively connected to a grounded motor 234 providing torque to rotate the
shaft 203 and the high voltage electrode 230. Figure 24A shows the electrical voltage being
transferred from the high voltage electrode 230 to the rotating shaft 203 via magnetic coupling
226. Figure 24B shows the electrical voltage transfer from the high voltage electrode 230 to the
shaft 203 via wire brushing against the shaft as it spins, where the wire brushes are 227. Both
figures 24 A-B show the rotating electrode 228 and the packing gland seal for the rotating shaft
229.

Figure 25 shows a partial view of one embodiment of the non-equilibrium plasma system where
the high voltage electrode 230 is in the shape of a rotating metal fork. In Figure 25-A the fork Is
straight and its distance from the frustum shaped portion 223 increases the farther down the
torch the arc travels. In Figure 25-B the distance between the fork-shaped high voltage

electrode 230 and the inner reactor wall/frustum shaped portion 223 is kept constant.

Figures 26 A-B show a partial view of one embodiment of the non-equilibrium plasma system
having the rotating pin design for the high voltage electrode. Also shown is the grounded motor
234 providing torque to rotate the shaft 203 and the high voltage electrode 230. Figure 26A

shows planetary gears 231 in a box, as the method of transferring voltage from the high voltage
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electrode 230 to the rotating shaft 203. In Figure 26B the gears 231 may be beveled for better
stability and greater lifetime. Figure 26C shows a view of the planetary gears 231 from above,
with the shaft 203 in the middle and the stationary cuter gear ring being connected by planetary

gears that rotate between the two of them.

Figure 27A shows a partial view of one embodiment of the non-equilibrium plasma system
having a rotating shaft 203 fitted with a vertical motion collar 232, which can be used to adjust
the height of the high voltage electrode as it rotates. The rotating electrode is 228. Height
adjustment can be done manually or automatically (oscillating or adjusting up/down based on

voltage characteristics), see Figure 27B.

Figure 28 shows a partial view of one embodiment of the non-equilibrium plasma system having
a conduit for non-conductive coolant flow 215 down the center of the rotating shaft 203 of the

rotating electrode 228.

Figures 29A-C illustrate an embodiment where the angle of the rotating electrode 228 can be

adjusted using an internally contained, simple lever based mechanical system.

Figures 30A-B illustrate an embodiment, where the rotating electrode 228 is flexible enough

that it warps its shape as the speed of rotation increases.

Figures 31A-D illustrates the possible cross sectional configurations of the section after the

plasma arc generating point.

Figure 32 shows a simplified geometry one embodiment of the non-equilibrium plasma system
whereby it is made up of high voltage electrode body 209 and high voltage electrode end 200.
Also shown are the gasifying agent inlet port 201, syngas inlet port 206, the outer wall 216 and
the ground electrode 223.

Figure 33 shows one embodiment of the non-equilibrium plasma system with 2 uni-planar inlets

201 and 206. The inlets are 180 degrees from each other, in the same plane.

Figure 34 shows one embodiment of the non-equilibrium plasma system with four inlets
201/206, two in each plane. These embodiments illustrate that there is no limit to the number of
inlets that can be engineered to work with the reactor. The inlets can be multi-planar or uni-

planar depending on the specific application.

Figures 35 A-B illustrates cross-sectional views of 2 and 3 uni-planar inlet configurations.

Figures 35A-B shows the syngas inlet port 206 and the gasifying agent inlet port(s) 213.

Figure 36 illustrates an embodiment of the invention, comprising of a high voltage external ring

electrode 230 and a high voltage rotating electrode 228, surrounding a low voltage inner ring



CA 02963010 2017-03-29

WO 2016/049762 PCT/CA2015/050980

electrode 223. The “legs” 218 of the two ring electrodes are offset from each other and are

coated with an electrically insulating layer to maintain the potential difference between them.

DETAILED DESCRIPTION OF THE INVENTION

DEFINITIONS

Unless defined otherwise, all technical and scientific terms used herein have the same meaning

as commonly understood by one of ordinary skill in the art to which this invention belongs.

As used herein, the term "raw syngas" means generally, a gas generated during the gasification

process that has not been treated.

As used herein. the term “tar” means high molecular weight hydrocarbons which are generaily

defined as the downstream condensable hydrocarbon component in the product gas.

As used herein, the term non-equilibrium plasma (NEP) or non-thermal plasma (NTP), or "cold
plasma”, or "low-pressure plasma’ means plasma that has a slight thermal component to the
gas; while, it mainly has a catalytic effect on the gas/particles components. Non-equilibrium
olasma is generated in a high-voltage electric field. Furthermore, non-equilibrium plasma has
much higher energy distribution to the electrons, which have a temperature of approximately
10,000 Kelvin, while heavy particles have a temperature in the range of 300-4000 Kelvin. Some
examples of non-equilibrium plasma discharge include: dielectric barrier discharge, pulsed
corona discharge, and gliding arc discharge. All of these plasma discharges have properties
such that electron energy (temperature) is significantly higher than the energy (temperature) of

other plasma particles; hence, it is @ non-equilibrium discharge.

As used herein, the term "gasifying agent’ means air, O,, enriched air, steam, CO,, O3, H,S,

H,O, and combinations of thereof.

Overview of the System

This invention provides a non-equilibrium plasma (NEP) system and method of refining syngas.
According to embodiments, the non-equilibrium plasma system comprises a reactor with a
hollow chamber having one or more inlet manifolds that are configured to promote an axially
symmetric and swirling flow pattern in inputted gas. The raw syngas and one or more gasifying
agents are introduced for processing within the reactor through the one or more inlets. The
system further comprises a high voltage electrode; and a ground electrode and is configured to
create a non-equilibrium plasma producing electric arc upon application of a high voltage
potential across an arc initiating gap between the high voltage electrode and the ground
electrode. The system is further configured such that the syngas, the one or more gasifying

agent(s) and plasma producing electric arc come together concurrently in the reactor.
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The invention also provides a method for refining syngas using the non-equilibrium plasma
system of the present invention combines the syngas, the air and the plasma arc in the same

region, which will co-exist in the same location.

According to embodiments, the non-equilibrium plasma system comprises two eccentric
cylindrical manifolds configured to form a single inlet manifold for syngas input. The system
further comprises of a similar set of two eccentric cylindrical manifolds, in a different plane that

forms the inlet manifold for the air feed into the reactor.

Although most of the description will refer to the two inlet embodiments, it should be understood
that the system can be configured to include more than two inlets. In embodiments, where the
non-equilibrium plasma inlet manifold comprises more than two inlets, eccentric or co-centric

configurations are contemplated.

The invention provides a non-equilibrium plasma (NEP) system for refining raw syngas. The
non-equilibrium plasma system is configured to promote an axially symmetric and swirling flow
pattern in the reactor, into which raw syngas and gasifying agents are introduced for processing.
The raw syngas, gasifying agent(s) and plasma come together concurrently or simultaneously

within the reactor.

The axially symmetric and swirling flow pattern is provided by the configuration the non-
equilibrium plasma systems. The non-equilibrium plasma system comprises a reactor or reactor
chamber having one or more inlet manifolds configured to promote an axially symmetric and
swirling flow pattern, into which syngas and one or more gasifying agents are introduced for

processing within the reactor, a high voltage electrode; and a ground electrode

During operation of the non-equilibrium plasma system temperature distribution and flow field
within the reactor is axially symmetric and/or uniform thereby avoiding or reducing thermal

stresses and/or distortion due to difference in temperatures.

In some embodiments of the non-equilibrium plasma system, the system is configured such that
reactor wall temperature is lower than its melting point with a higher temperature reaction zone
located towards the core of the reactor. In some embodiments, the wall of the reactor ié
protected by a thin film of lower temperature reactant stream eliminating the need to use other
cooling schemes and/or fluids to maintain wali stability. In some embodiments, alternative
means of cooling the reactor walls may be employed. Optionally, thermionic cooling is utilized to

minimize or eliminate external cooling requirements.

In one embodiment, the inlet port of the non-equilibrium plasma system is channeled and
comprises two eccentric cylindrical manifolds for the raw syngas inlet port, and gasifying agent

input inlets; are mixed together in the reactor at sub-stoichiometric ratios
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Accordingly to embodiments, the non-equilibrium plasma system is configured to provide a
stable non-equilibrium plasma arc and/or long electrode life at varying process flow rates.
Optionally, the non-equilibrium plasma system includes low maintenance of gas channels and/or
is designed to provide a low process pressure drop for operability and to increase efficiency of

the process.

According to some embodiments, the system is configured to reduce or eliminate higher process
gas pressure drop, torch instability and loss of arc attachment at higher flows, and uneven gap
distance throughout a run thereby pushing the torch towards the thermal regime. One of skill In

the art would appreciate that the ground electrode and the high voltage electrode may have their

dimensions and geometry to create the arc initiating gap.

The non-equilibrium plasma systems comprises a reactor or reactor chamber having one or
more inlet manifolds configured to promote an axially symmetric and swirling flow pattern, into
which syngas and one or more gasifying agents are introduced for processing within the reactor,
a high voltage electrode; and a ground electrode. The system is configured such that a non-
equilibrium plasma producing electric arc is produced upon application of a high voltage
potential across an arc initiating gap between the high voltage electrode and the ground
electrode. Various configurations of electrodes can be used in the non-equiliorium plasma
system. In certain embodiments, the high voltage electrode is configured to avoid a stagnant

zone or a zone where the arc develops in the absence of gas flow.

In an embodiment, the non-equilibrium plasma systems also comprises two or more Iniet

manifolds. where the inlets can be distributed over one or more geometric planes

Optionally, the ground electrode is the reactor side or outer wall portion of the vessel or
component thereof. In some embodiments, it has a frustum shaped section, which is the point of

attachment of the arc.

Referring to Figure 12, syngas enters into the reactor from upstream processes via the syngas
inlet port 206. The syngas inlet port 206 is operatively associated with the syngas eccentric
cylindrical manifold 202. Gasifying agents including air, enter the reactor via the gasifying agent

inlet port 201 and are channeled through the corresponding eccentric cylindrical manifold 207.

Referring to Figures 14 and 16, in some embodiments, there are additional air or additive inlet
ports 213. The additional air or additives may be used to optimize the chemical and

electrochemical characteristics of the process.
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In one embodiment, the non-equilibrium plasma system is configured to be less susceptible to
clogging. Optionally, this is accomplished by providing an eccentric inlet for the syngas inlet

port.

According to some embodiments, the raw syngas is injected tangentially in order to generate a

high swirling flow filed inside the torch.

Referring to Figure 7, in some embodiments in order to create the swirling flow within the
chamber, the syngas inlet port 206 has to be designed to introduce the gas in a swilling flow

pattern that is off center from the geometric center of the reactor vessel

Referring to Figure 4, according to some embodiments, the cross section where the syngas Is
introduced comprises two eccentric cylinders having two different diameters R21, R22. The
offset between the diameters is represented by L30 in Figure 4. The entrances H16, H18
balance the eccentricity in the flow field and results in an axis symmetric flow downstream of the
entrance. The same entrance is used for the air inlet and the air is injected tangentially into

eccentric cylinders R21, R22 having different diameters.

In some embodiment, the non-equilibrium plasma system is configured to minimize pressure
drop experienced by the process gas, optionally this may be accomplished by allowing the
syngas mixture to freely flow around and through the high voltage ring and not being confined in

the section between the ring and the torch (Figure 5).

Referring to Figures 12 and 16, in some embodiments there is provided one or more high
temperature process air inlet(s) 201 (Figure 12) and 213 (Figure 16). It is known that mixing
the syngas and air upstream of the plasma arc results in a loss in the synergistic effect of having
radicals generated from the partial conversion process coinciding with the excited molecules and
electrons produced by the plasma arc. Accordingly in some embodiments, the non-equilibrium
plasma system is configured such that the gasifying agent and raw syngas come together at the

main reaction zone 214 in proximity to the plasma arc {(Figure 12).

In some embodiments, the non-equilibrium plasma system is configured to reduce heat loss and
thermal stress. Optionally, the non-equilibrium plasma system is configured to receive syngas
that is not heated to high temperatures upstream from the system thereby avoiding heat |oss

and huge thermal stress to the inlet.

In some embodiments of the non-equilibrium plasma system, raw syngas enters at a much lower
temperature and the high temperature combustion products are developed at or towards the
center of the reactor, away from the walls and the syngas inlet (Figures 6, 9 and 10). In such
embodiments, the reactor walls may be protected from the high temperature via a boundary

ayer of low temperature syngas. This boundary layer eventually mixes with the combustion
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products downstream, away from the intense heat of conversion. Figure 10 shows that the high
temperature combustion zone is formed away from the reactors walls, inside the reactor and not

upstream of the reactor.

In such embodiment, the system does not need to inject any other flow to avoid soot
accumulation on the insulation ring between the high and low voltage electrodes and it excludes
the addition of cold air. Soot accumulation is prevented by using the process air as shield
between the syngas and the insulation piece. The invention has eliminated the use of cooling air
injection into the process, as doing so dilutes the syngas flow and results in energy loss and
reduction in the lower heating value (LHV) of the process gas. The use of a liquid coolant has
been eliminated because it reduces system temperature, thereby necessitating the need to add
more process heat to maintain temperature, ultimately reducing the efficiency of the system. In
other embodiments of the invention, such as those depicted in Figures 18 and 19, coolant flow

215 may be employed, if desired.

In one embodiment of the invention, process air pushes the raw syngas flow away from the
insulating piece, which can be, for example, a Teflon™ piece. Therefore, for the purpose of
orotecting the electrical insulation/gasketing 211, a high temperature thermal and electrical

insulator 208 is inserted between the Teflon™ and the air injection section (Figure 12).

In another embodiment of the invention, the frustum shaped section of the grounded electrode
223 results in a better flow distribution inside the reactor. In addition, the creation of a
recirculation zone and deceleration of the syngas axial velocity, lower the velocity, where the arc
is stretched and less stable. In another embodiment, the expansion of the cross section of the
reactor results in a small aspect ratio of length to diameter for the same volume, which results In
less lateral surface area for the same volume (residence time) and consequently, less heat loss
(Figure 12).

In another embodiment of the invention the process air or gasifying agent is introduced through

a frustum shaped section of the electrode 223, which is grounded (Figure 12).
ELECTRODES

The non-equilibrium plasma system further includes a high voltage electrode; and a ground
electrode wherein the system is configured to create a non-equilibrium plasma discharge upon
application of a high voltage potential across an arc initiating gap between the high voltage

electrode and the ground electrode.
In one embodiment, the high voltage electrode ring 204, which provides the voltage / current for

the plasma arc formation; is operatively associated with the high voltage electrode body 209 via

legs 218, and is sized to provide an arc initiating gap and is the location where the arc is initiated
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and attached during normal operational conditions. The reactor side or outer wall 216 serves as
the ground (low voltage) electrode, or the region where the arc attaches itself, and In the

llustrated embodiment is a frustum shaped section 223.

Referring to Figure 12, in the illustrated embodiment, the critical distance for the arc initiation
gap 205 is the space between the high voltage electrode ring 204 and the reactor wall 206, the
frustum shaped section of the grounded electrode 223 through which the process gas flows 225.
In this embodiment, the geometry of the legs 218 to high voltage ring 204 and the dimension anad
geometry of the ring and legs can be adjusted to optimize the gap for arc initiation 205, to obtain

specific process performance objectives (Figures 3 and 12).

The electrode insert of the non-equilibrium plasma system comprises a highly conductive

material, such as graphite, carbon steel or stainless steel.

In another embodiment, the electrode insert comprises a high thermionic emissivity material

such as hafnium, zirconium, tungsten, thorium, lanthanum, strontium, or alloys thereof.

In an embodiment of the invention, utilizing a rotating electrode 228, the packing gland seal 229
for the rotating shaft 203 keeps the process gas in the reaction chamber 224, and prevents their

entry into the high voltage electrode bodyj209.

In one embodiment. the electrode is inverted, so that there is no hollow section inside the torch
and the arc cannot develop inside the electrode (Figure 11). Therefore, less cooling is required
and the arc is efficiently utilized by forcing it to develop in the syngas flow. In other words there
is no stagnant zone in the torch design of the current invention and the arc starts at the high
voltage ring then pushed downstream via the syngas flow, providing for efficient energy use. the
syngas flow, providing for efficient energy use. The legs 218 facilitate the arc formation by
maintaining the desired arc initiation gap 205 between the electrode inner wall 219. The
diameter of the electrode ring is engineered to be larger than the cylindrical part of the electrode
so that the arc is always developed at the ring section of the high voltage electrode and not at
the cylindrical section. The gap between the cylindrical section of the electrode and the torch
walls is approximately double that between the ring and the torch wall. Besides, the cylinarical
part of the electrode is coated with a thin film of electrically non-conducting matenal to ensure

that no arcing occurs upstream of the ring.

In some embodiments, the non-equilibrium plasma systems avoids high voltage electrodes that

are solid discs or cylindrical.

In some embodiments, the high voltage electrode is configured to avoid one or more of:
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1. pressure drop by squeezing the whole stream through a narrow gap especially in the
case of raw syngas containing high loads of particulate matter such as soot, salts and fly
ash.

2. the flow going through a narrow gap will accelerate the flow axially and will partially
disrupt the swirling flow pattern.

3. flow velocity in the arc initiation gap being higher than the flame speed thorough this
gap. It is challenging to sustain a flame through this gap as the velocity of the gases
going through this gap is accelerated as the gases gets squeezed through the gap. This
acceleration in flow might blow off the flame, if developed upstream of the disc.

4. potentially causing the disc to melt or get corroded by the flame reactive radicals. If a
flame is developed upstream of the disc and this flame somehow is sustained by means
of making a larger gap, the high temperature corrosive combustion generated radicais
will still have to be confined within a narrow gap causing the flame to be adjacent to the

disc, potentially causing the disc to melt or get corroded by the flame reactive radicals.

In some embodiments, the high voltage electrodes are configured as follows:

« The electrode end 200 (Figure 32) can be a rotating electrode or a fixed electrode and

different geometries, such as a ring, tips, pin, fork, wire, coil or blades (air foll).

« The high voltage electrode rotation is axi-symmetric and the rotating electrodes 228 (Figures
24 26, 27, 28, 29, 30) comprise one or more geometries of same or different lengths. They

are axially off-set from each other.

e The diameter of the electrode end 200 is larger than the cylindrical part of the high voltage
electrode body 209 (Figure 32).

e The arc is developed at the plasma arc region 221 (Figure 11) after the arc initiation gap 203
(Figure 12); the gap size between the cylindrical section of the electrode body 209 and the
torch outer walls 216 is approximately double of the size between the electrode end 200, the

outer walls 216 and frustum shaped portion of the low voltage electrode 223 (Figure 12).

e The cylindrical part of the high voltage electrode body 209 is coated with a thin film of

electrically non-conducting material.

e« The electrode end 200 (Figure 32) can be square, circular, square with round corners,
parabolic, vertically oriented rectangular shape, vertically oriented elliptical or oval shape,
horizontally oriented rectanguiar shape, horizontally oriented elliptical or oval shape among

other formats.

In another embodiment, the electrodes comprise optional cooling pathways, where a coolant
flows 215 through a channel between the high voltage electrode inner wall 219 and the high

voltage electrode outer wall 233.
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In an embodiment of the invention (Figures 18 and 19) that requires liquid cooling, the high
voltage electrode body 209 is manufactured in a double walled configuration, wherein there Is a

coolant flow 215 between the outer wall 223 and inner wall 217.

Ring
In another embodiment of the invention, the high voltage electrode ring 204 (Figure 12), can be

of different geometries, optimized for the particular process.

Figures 17 A-K represent illustrative geometries of these high voltage electrodes wherein 17-A
is square; 17-B is circular, 17-C is square with round corners, 17-D is parabolic, 17-E represents
a vertically oriented rectangular shape, 17-F represents a vertically oriented elliptical or oval
shape, 17-G represents a horizontally oriented rectangular shape, whose gap may be smaller;
17-H represents a horizontally oriented elliptical or oval shape, 17-1 and 17-J represent oriented

vertical extended versions of 17-C and 17-D, respectfully.

Figure 17-K represents an airfoil shape showing a streamlined ring to eliminate any
recirculation zone behind the ring, which is important to avoid combustion and high temperature

gases recirculation near the ring that might erode the ring.

Rotating electrode

Although rotating electrodes are aiready known from the state of the art, as it was showed by
Patents US 6 924 608 and US 7,417,385, they are different from the present invention, because
current system uses a DC power supply versus a 3 phase AC power supply utilized by
Czernichowski et al.. Furthermore, current system utilizes the process gas flow to control the
development and location of the plasma arc, while the referred patents use mechanical rotation

as a method of controlling the arc.

Patent FR2775864A1 from Albin Czernichowski also describes a device used to mechanically
stretching a gliding arc using a rotating electrode, but in the current system, the arc 1Is
glided/stretched by the momentum of syngas flow and not my mechanically moving the

electrodes relative to each other.

The purpose of rotating the high voltage electrode the present invention is to avoid arcing at the
same location every time the arc is restarted. The distance /gap between the high voltage
electrode and the grounded torch body is always constant. The rotation of the high voltage
electrode is only to make the arc start up location continuously changing and evenly distributed

around the grounded body circumference.

Rotating tip electrode
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A new element for having consistent spacing between the high voltage electrode and the torch
grounded body is provided by using a rotating tip electrode in the system, which will not

constraint / choke the flow of syngas or air or syngas — air mixture through an arc start up gap.

The new element comprises a rotating tip electrode design, wherein the high voltage electrode
will be a small diameter rod axially aligned or axially parallel to the center line of the torch. The
end of this rod is brought closer to the torch grounded body, via a unique bent or a number of
curves/bents or a variable angle mechanism. The tip of the rod is at an arc striking /initiating

distance from the torch body.

In order to avoid striking the arc at the same location, every time the starter attempts to re-start
the arc, the rod/pin/tip will be rotating at a suitable speed. By implementing this rotating tip
element, the arc startup points are randomly distributed on the circumference of the torch, as a

consequence, the arc is axis symmetrically distributed inside the torch void.

The rotating electrode can comprise one or more tips having the same or different lengths. The
use of two or more tips tip that are axially offset from each other, will add a second dimension, In
which the arc starting point can be spread along. Alternatively for a continuous spread of the arc
start up area, the rotating electrode comprising of one or more than one tip can also be axially
vibrating up and down. This way the tip(s) is/are rotating tangentially and vibrating axially.

Consequently the arcing points are spread out over a lateral are of a cylinder.

One stationary tip will result in a number of startup point concentrated around a single point,
while applying a rotating tip will result in spreading the startup points over a circumference of a
circle. Using a number of rotating tips, which are axially offset from each other, will resuit in a

spreading the arc startup points over a circumference of a cylinder.

The shape of the electrode tip is sharpened to benefit from the thermionic cooling effect
phenomenon, thereby increasing the life and performance of the electrode. Other shapes, such
as smooth hemispherical ends, are also possible and can be implemented. Also, utilizing a

sharp tip provides thermionic cooling.

As illustrated in Figure 36, a system comprising of a combination of rotating electrodes and
stationary electrodes can be utilized to optimize the performance of the system under specific

operating conditions.

Method for Conversion and Cleaning of Syngas
The present invention also discloses a method for syngas conversion and cleaning using the
non-equilibrium plasma. The main characteristic of the method is to use the system discloses

before and to combine the syngas, the air and the plasma arc formed between electrodes in the
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same region, which will co-exist in the same location. The electrodes of the system are
optionally cooled by a coolant that flows 215 through a channel between the inner wall 219 and

outer wall 233 of the electrode (Figure 18).

The non-equilibrium plasma method of refining syngas, using the system of the present
invention comprising the steps of:
e inputting syngas and a gasifying agent into a reactor, such that there Is an axially
symmetric and swirling flow pattern; wherein the reactor has a high voltage electrode and
a ground electrode,
e applying a high voltage potential across the arc initiating gap thereby creating a non-
equilibrium plasma producing electric arc upon application of a high voltage potential

across an arc initiating gap between the high voltage electrode and the ground electrode.

In addition, the non-equilibrium plasma method of refining syngas comprises combining syngas

and one or more gasifying agents in proximity to the plasma arc.

Combination Systems
Optionally, in some systems non-equilibrium plasma reformulation is combined with thermal

plasma and/or catalytic reformulation processes.

Appropriate hot plasma and catalysts are known in the art and include those disclosed In
wWQ2008/138117.

Control System
The system may further comprise a control system. Appropriate control systems are known In
the art and may include those disclosed in W0O2008/138117.

The invention being thus described, it will be apparent that the same may be varied in many

ways.
Such variations are not to be regarded as a departure from the spirit and scope of the invention,

and all such modifications as would be apparent to one skilled in the art are intended to be

included within the scope of the following claims.
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EMBODIMENTS OF THE INVENTION IN WHICH AN EXCLUSJVE PROPERTY OR
PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS:

1. A non-equilibrium plasma system for refining of syngas, the system comprising:
e a reactor having one or more inlet manifolds configured to promote an axially
symmetric and swirling flow pattern, into which syngas and one or more

gasifying agents are introduced for processing within the reactor,
e a high voltage electrode; and

e a ground electrode,
wherein the system is configured to create a non-equilibrium plasma producing electric
arc upon application of a high voltage potential across an arc initiating gap between the
high voltage electrode and the ground electrode and wherein the system is configured
such that the syngas, the one or more gasifying agent(s) and plasma producing electric

arc come together concurrently in the reactor.

2. A non-equilibrium plasma system of claim 1 comprising:
e a hollow chamber having a first end and a second end; wherein the gas outlet Is
proximal to the second end;
wherein the system is configured to create a spiral gas flow pattern in the
chamber: and the non-equilibrium plasma discharges upon application of a high voltage
potential across an arc initiating gap between the high voltage electrode and the ground

electrode.

3. The non-equilibrium plasma system of claim 1 or 2, comprising two eccentric cylindrical

manifolds configured to form a single inlet manifold.

4. The non-equilibrium plasma system of claim 3, wherein the two eccentric cylindrical
manifolds comprise a first eccentric cylindrical manifold for gasifying agent input and a

second eccentric cylindrical manifold for syngas input.

5. The non-equilibrium plasma system of claim 1 or 2, comprising two or more Inlet

manifolds, where the inlets can be distributed over one or more geometric planes.

6. The non-equilibrium plasma system of claim 5, comprising an equal number of Iniet

manifolds for gasifying agents and syngas input.

7. The non-equilibrium plasma system of any one of claims 1 to 6, wherein the gasifying
agent is selected from the group consisting of air, O,, enriched air, steam, CO,, O3, H»S,

H,O, or combinations of thereof.

17



CA 02963010 2017-03-29

WO 2016/049762 PCT/CA2015/050980

8. The non-equilibrium plasma system of any one of claims 1 to 7, wherein the ground

electrode and the high voltage electrode are configured to create the arc initiating gap.

9. The non-equilibrium plasma system of any one of claims 1 to 7, wherein the high voltage

electrode is hollow and comprises an insert.

10. The non-equilibrium plasma system of claim 9, wherein the high voltage electrode
comprises means for circulating a cooling fluid in said hollow electrode interior to promote

a convection cooling.

11. The non-equilibrium plasma system of any one of claims 9 or 10, wherein the electrode

insert is made of highly conductive material.

12. The non-equilibrium plasma system of claim 9 and 10, wherein the electrode insert
comprises a high thermionic emissivity material comprising hafnium, zirconium, tungsten,

thorium, lanthanum, strontium, or alloys thereof.

13. The non-equilibrium plasma system of any one of claims 1 to 6, wherein the high voltage

electrode is configured as a rotating electrode or a fixed electrode.

14. The non-equilibrium plasma system of any one of claims 1 to 6, wherein the high voltage

electrode comprises a ring, tips, pin, fork, wire, coil or blades.

15. The non-equilibrium plasma system of claim 1, wherein the ground electrode Is a

component of the reactor side or outer wall of the reactor.

16. The non-equilibrium plasma system of claim 1, wherein the reactor has a frustum shaped

section.

17. The non-equilibrium plasma system of claim 15, wherein the ground electrode is locateo

in the frustum shaped section.

18. The non-equilibrium plasma system of claim 13, wherein the high voltage electrode Is an

axi-symmetric rotating electrode.

19. The non-equilibrium plasma system of claim 1, wherein the high voltage electrode

comprises an electrode body and an electrode end.

20. The non-equilibrium plasma system of claim 19, wherein the diameter of the electrode

end is larger than the high voltage electrode body.
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21. The non-equilibrium plasma system of claim 19, wherein the high voltage electrode body

is coated with a thin film of electrically non-conducting material.

22. The non-equilibrium plasma system of claim 19, wherein the electrode end is configured

as a ring.

23. The non-equilibrium plasma system of claim 19, wherein the electrode ring has a shape
selected from square, circular, square with round corners, parabolic, vertically oriented
rectangular shape, vertically oriented elliptical, horizontally oriented rectangular shape,

horizontally oriented elliptical, oval shape or air foil shape.

24. The non-equilibrium plasma system of claim 1, wherein the high voltage electrode
comprises a ring shaped high voltage electrode end, wherein the ring shaped high

voltage electrode end is sized to provide an arc initiating gap.

25. The non-equilibrium plasma system of claim 24, wherein the ring shaped high voltage

electrode end is operatively connected to the electrode end.

26. The non-equilibrium plasma system of claim 25, wherein the ring shaped high voltage

electrode end is operatively connected to the electrode body via one or more legs.

27. The non-equilibrium plasma system of claim 5, wherein each non-equilibrium plasma

inlet manifold comprises multiple inlets configured as eccentric or co-centric.

28. A non-equilibrium plasma system comprising:

e a hollow chamber having a first end and a second end; wherein the gas outlet is
proximal to the second end;

e two eccentric cylindrical manifolds configured to form a single inlet manifold into
the chamber proximal to the first end, the two eccentric cylindrical manifolds
comprising a first eccentric cylindrical manifold for gaseous process additive
input and a second eccentric cylindrical manifold for syngas input;

e a high voltage electrode; and

e a ground electrode,
wherein the system is configured to create a spiral gas flow pattern in the
chamber: and
wherein the system is configured to create a non-equilibrium plasma discharge
upon application of a high voltage potential across an arc initiating gap between the high

voltage electrode and the ground electrode.
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29. A non-equilibrium plasma method of refining syngas, using the system of any one of

claims 1 to 28, comprising the steps of:

e inputting syngas and a gasifying agent into a reactor, such that there is an
axially symmetric and swirling flow pattern; wherein the reactor has a high

voltage electrode and a ground electrode,

« applying a high voltage potential across the arc initiating gap thereby creating 2
non-equilibrium plasma producing electric arc upon application of a high voltage

potential across an arc initiating gap between the high voltage electrode and the

ground electrode.

30. A non-equilibrium plasma method of refining syngas of claim 29, comprising combining

syngas and one or more gasifying agents in proximity to the plasma arc.
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