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Apparatus and methods are provided for converting methane in a feed stream to acetylene. A hydrocarbon stream is introduced
into a supersonic reactor and pyrolyzed to convert at least a portion of the methane to acetylene. The reactor effluent stream may
be treated to convert acetylene to another hydrocarbon process.
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(57) Abstract: Apparatus and methods are provided for converting methane in a feed stream to acetylene. A hydrocarbon stream is
introduced into a supersonic reactor and pyrolyzed to convert at least a portion of the methane to acetylene. The reactor effluent stream

may be treated to convert acetylene to another hydrocarbon process.
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METHANE CONVERSION APPARATUS AND PROCESS
USING A SUPERSONIC FLOW REACTOR

STATEMENT OF PRIORITY

(G001 ] This application claims priority to U.S. Application No. 15/629447 filed on June
2%, 2017, which 1s a Continuation-In-Part of copending Application No. 15/491,280 filed
April 19, 2017, which application 13 a Continuation of Application No. 13/967,334 filed
August 14, 2013, now U .S, Patent 9,656,229, which application claims priority from
Provisional Application No. 61/691,317 filed August 21, 2012, now expired, the contents of

which cited applications are hereby incorporated by reference in their entirety.
FIELD

16062] Apparatus and methods are disclosed for converting methane v a hyvdrocarbon

stream to acetvlene vsing a supersomic flow reactor.
BACKGROUND

[6663] Light olefin matenials, including ethviene and propviene, represent a large portion
of the worldwide demand in the petrochemical industry. Light olefins are used in the
production of numerous chemical products via polymerization, oligomerization, alkyviation
and other well-known chemical reactions. These light olefins are essential building blocks for
the modern petrochemical and chemical industrnies. Producing large quantitics of hight olefin
material in an economical manner, therefore, is a focus in the petrochemical industry. The
main source for these materials i present day refining is the steam cracking of petroleum
feeds.

[6604] The cracking of hvdrocarbons brought about by heating a feedstock material ina
furnace has long been used to produce useful products, mcluding for example, olefin
products. For exanmple, cthvlene, which 1s among the more important products in the
chemical mdustry, can be produced by the pyrolyvsis of feedstocks ranging from hight
paraffing, such as ethane and propane, to heavier fractions such as naphtha. Typically, the
lighter feedstocks produce higher cthylene yvields (50-55% for ethane compared to 25-30%

for naphtha); however, the cost of the teedstock is more likely to determine which is used.

-1 -
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Historically, naphtha cracking has provided the largest source of ethyleng, followed by ethane
and propanc pyrolysis, cracking, or dehydrogenation. Due to the large demand for ethylene
and other light olefinic matenials, however, the cost of these traditional feeds has steadily

mcreased.

i

THEIRY Energy consumption is another cost factor impacting the pyrolytic production of
chemical products from various feedstocks. Over the past several decades, there have been
significant improvements in the efficiency of the pyrolysis process that have reduced the
costs of production. In a typical or conventional pyrolysis plant, a feedstock passes through a
plurality of heat exchanger tubes where it is heated externally to a pyrolysis temperature by
10 the combustion products of fuel oil or natural gas and air. One of the more important steps
taken to minimize production costs has been the reduction of the residence time for a
feedstock in the heat exchanger tubes of a pyrolysis furnace. Reduction of the residence time
mcreases the vield of the desired product while reducing the production of heavier by~
products that tend to foul the pyrolvsis tube walls. However, there is little room left to
15 improve the residence times or overall energy consumption in traditional pyrolysis processes.
(G886 More recent attempts to decrease light olefin production costs include utilizing
alternative processes and/or teed streams. In one approach, hvdrocarbon oxyvgenates and
more specifically methanol or dimethylether (DME} are used as an alternative feedstock for
producing light olefin products. Oxvgenates can be produced from availabie materials such as
20 coal, natural gas, recveled plastics, varous carbon waste streams from industry and various
products and by-products from the agricultural industry. Making methanol and other
oxvgenates from these types of raw materials is well established and typically includes one or
more generally known processes such as the manufacture of svnthesis gas using a nicke! or

cobalt catalyst in a steam reforming step tollowed by a methanol synthesis step at relatively

[\
W

high pressure using a copper-based catalyst.

[6607) Once the oxygenates are formed, the process includes catalytically converting the
oxygenates, such as methanol, into the desired light olefin products m an oxygenate to olefin
(OTO) process. Technigues for converting oxvgenates, such as methanol to hght olefing
{(MTO), are described in US 4,387,263, which discloses a process that utilizes a catalytic

30 conversion zong containing a zeohitic type catalyst. US 4,587 373 discloses using a zeolitic
catalyst like Z8M-5 for purposes of making hight olefins. US 5,095,163, US 5,126,308 and

US 5,191,141 on the other hand, diaclose an MT(Q conversion technology utilizing a non-
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zeolitic molecular sieve catalyvtic matenial, such as a metal aluminophosphate (ELAPO)
molecular sieve. OTO and MTO processes, while useful, utilize an indirect process for
forming a desired hydrocarbon product by first converting a feed to an oxygenate and
subsequently converting the oxygenate to the hydrocarbon product. This indirect route of
production is often associated with encrgy and cost penalties, often reducing the advantage
gained bv using a less expensive feed maternial.

[0608] Recently, attempts have been made to use pyrolysis to convert natural gas to
cthylene. US 7,183,451 discloses heating natural gas to a temperature at which a fraction is
converted to hydrogen and a hydrocarbon product such as acetvlene or ethylene. The product
stream 1s then quenched to siop further reaction and subsequently reacted mn the presence of a
catalyst to form liguds to be transported. The liquids ultimately produced include naphtha,
gasoline, or diese]. While this method may be effective for converting a portion of natural gas
to acetyiene or ethviene, it is estimated that this approach will provide only a 40% vicid of
acetylene from a methane foed stream. While 1t has been identified that higher temperatures
in conjunction with short residence times ¢an ncrease the vield, technical imitations prevent
further tmprovement to this process in this regard.

3009 While the foregoing traditional pyrolysis svstems provide solutions for converting
ethane and propane into other useful hydrocarbon products, they have proven either
meffective or uneconomical for converting methane into these other products, such as, for
example cthylene. While MTO technology is promising, these processes can be expensive
due to the mdirect approach of forming the desired product. Due to continued increases in the
price of feeds for traditional processes, such as ethane and naphtha, and the abundant supply
and corresponding low cost of natural gas and other methane sources available, for example
the more recent accessibility of shale gas, it 1s desirable 1o provide commercially feasible and
cost effective ways to use methane as a feed for producing ethylene and other useful

hvdrocarbons.
BRIEF DESCRIPTION OF THE DRAWINGS

[3018] FIG. 1 1s a side cross-sectional view of a supersonic reactor in accordance with
various embodiments described herein;
16011} FIG. 2 is a schematic view of a svstem for converting methane imnto acetylenc and

other hydrocarbon products in accordance with vanous embodiments described herein;

-3 -
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{6812} FIG. 3 15 a partiad side cross-sectional vigw showing portions of the supersonic
reactor of FIG. 1 in accordance with vanious embodiments described berein;

(81 3] FIG. 4 1s a partial side cross-sectional view showing portions of the supersonic
reactor of FIG. 1 1 accordance with various embodiments described herein;

16014] FIG. 3 is a cross-sectional view showing a supersonic reactor in accordance with
various embodiments descnbed heremn;

{0815} FIG. 6 13 a partial side cross-sectional view showing portions of the supersonic
reactor of FIG. 1 1n accordance with vanous embodiments described herein;

[G016] FIG. 7 is a partial side cross-sectional view showing portions of the supersonic
reactor of FIG. 1 in accordance with vanous embodiments described heren;

3617} FIG. 8 15 a partial side cross-sectional view showing portions of the sapersonic
reactor of FIG. 1 1 accordance with various embodiments described herein;

16018] FIG. 9 is a perspective view of a portion of the supersonic reactor of FIG. 1;
{0619} FIG. 10 18 a partial side cross-sectional view showing portions of the supersonic
reactor of FIG. 1 1n accordance with vanous embodiments described herein;

G620 FIG. 11 is a partial side cross-sectional view showing portions of the supersonic
reactor of FIG. 1 in accordance with vanous embodiments descrnibed heren;

3621} FIG. 12 is a partial side cross-sectional view showing portions of the supersonic
reactor of FIG. 1 1 accordance with various embodiments described herein;

6622} FIG. 13 is a perspective cut-away view showing portions of the supersonic reactor
of F1G. 1 in accordance with various embodiments described herein;

{6823} FIG. 14 15 a schematic view of a supersonic reactor in accordance with various

embodiments described herein,
DETAILED DESCRIPTION

{06824} One proposed alternative to the previous methods of producing olefins that hag not
gained much commereial traction includes passing a bvdrocarbon feedstock mito a supersonic
reactor and accelerating it to supersonic speed to provide kinetic energy that can be
transformed into heat to enable an endothermic pyrolysis reaction to occour. Vartations of this
process are set out in US 4,136,015, US 4,724,272, and Russian Patent No. 8U 392723A.
These processes include combusting a feedstock or carmer fluid in an oxvgen-rich
cnvironment to mcrease the temperature of the feed and accelerate the feed to supersonic

i -
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speeds. A shock wave is created within the reactor to initiate pyrolysis or ¢racking of the
feed.

[p025] More recently, US 5,219,530 and US 5,300,216 have suggested a similar process
that utilizes a shock wave reactor to provide kioetic energy for initiating pyrolysis of natural
gas to produce acetylene. More particularly, this process includes passing steam through a
heater section 1o become superheated and aceelerated to a nearly supersonic speed. The
heated fhad 1s conveved to a nozzle which acts to expand the carrier fluid to a supersonic
spead and lower temperature. An ethane feedstock is passed through a compressor and heater
and injected by nozzles to pux with the supersonic carrier fluid to turbulently nux together at
a speed of Mach 2.8 and a temperature of 427°C. The temperature in the mixing section
remains low enough to restrict premature pyrolysis. The shockwave reactor includes a
pyrolysis section with a gradually mcreasing cross-sectional area where a standing shock
wave is formed by back pressure in the reactor due to flow restriction at the outlet. The shock
wave rapidly decreases the speed of the thud, correspondingly rapidly increasing the
temperature of the mixtore by converting the kinetic encrgy tnto heat. This immediately
mitiates pyrolysis of the ethane feedstock to convert it to other products. A quench heat
exchanger then recetves the pyrolized mixture to guench the pyrolysis reaction.

[6026] Methods and apparatus for converting hydrocarbon components in methane feed
streams using a supersonic reactor are generally disclosed. As used herein, the term “methane
feed stream” includes any foed stream comprising methane. The methane feed streams
provided for processing i the supersonic reactor generally include methane and form at Jeast
a portion of a process stream. The apparatus and methods presented herein convert at east a
portion of the methane to a desired product hydrocarbon compound to produce a product
stream having a bigher concentration of the product bydrocarbon compound relative to the
feed stream.

{0627} The term “hvdrocarbon stream’™ as used herein refers to one or more sireams that
provide at {east a portion of the methane feed stream entering the supersonic reactor as
described herein or are produced from the supersonic reactor from the methane feed stream,
regardliess of whether further treatment or processing 1s conducted on such hydrocarbon
stream. With reference to the example tHustrated in FIG. 2, the “hydrocarbon stream”™ may
include the methane feed stream 1, a supersonic reactor effhuent stream 2, a desired product

stream 3 exiting a downstream hydrocarbon conversion process or any intermediate or by-
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product streams formed during the processes described herein. The hydrocarbon stream may
be carried via a process stream fine 115, as shown in FIG. 2, which includes lines for carrving
cach of the portions of the process stream described above. The term “process stream”™ as
used herein includes the “hydrocarbon stream”™ as described above, as well as it may mclode a
carrier fhuid stream, a fuel stream 4, an oxygen source stream 6, or any streams used in the
svstems and the processes described herein. The process stream may be carried via a process
streamn line 113, which includes lines for carrving each of the portions of the process stream
described above. As illustrated in FIG. 2, any of methane feed stream 1, fuel stream 4, and
oxvgen source stream 6, may be preheated, for example, by one or more heaters 7.

3028] Prior attempts to convert light paratfin or alkane feed streams, mcluding ethane and
propane feed streams, to other hydrocarbons using supersonic flow reactors have shown
promuse in providing higher yields of desired products from a particular feed stream than
other more traditional pvrolysis systems. Specifically, the ability of these tyvpes of processes
to provide very high reaction temperatures with very short associated residence times offers
significant improvement over traditional pyrolysis processes. It has more recently been
realized that these processes may alse be able to convert methane to acetvlene and other
useful hydrocarbons, whereas more traditional pyrolysis processes were incapable or
mefficient for such conversions.

[6625] The majority of previous work with supersonic reactor systems, however, has
heen theoretical or research based, and thus has not addressed problems associated with
practicing the process on a commercial scale. In addition, many of these prior disclosures do
not contemplate using supersonic reactors to effectuate pyrolysis of a methane feed stream,
and tend to focus primandy on the pvrolysis of cthane and propane. One problem that has
recently been identified with adopting the use of a supersonic flow reactor for light alkanc
pyrolysis, and more specifically the pyrolvsis of methane feeds to form acetylene and other
useful products therefrom, includes the damaging effects that the severe operating conditions
for pyvrolvsis of the methane can have on the supersonic flow reactor and other associated
cquipment. Previous work has not fully appreciated or addressed these severe operating
conditions. For example, the supersonic reactor may operate at termperatures up to 3000°C or
higher, along with high pressures. These high temperatures and pressures pose a risk for
mechanical faiture withio reactor walls of the reactor as a result of melting, rupture, or creep.

Specifically, at clevated temperature, it has been identificd that hot spots on the walls may

-6 -
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indicate shell melting. In addition, even where the walls are coolad, chemically based damage
may occur, such as, for example redox reactions forming non-passive products that are lost to
the gas flow, causing recession. Further, translated oxidation may occur, creating non-
adhering oxides that are lost to the gas flow.

(6636 in addition, a carrier stream and feed stream may travel through the reactor at
supersonic speeds, which can guickly erode many matenals that could be used to form the
reactor shell. Moreover, certain substances and contamunants that may be present in the
hydrocarbon stream can cause corrosion, oxidation, and/or reduction of the reactor walls or
shell and other equipment or components of the reactor. Such components causing corrosion,
oxidation, or reduction problems may include, for example hyvdrogen sulfide, water,
methanethiol, arsine, mercury vapor, carbidization via reaction within the fuel itself, or
hydrogen embrittloment. Another problem that may be present at high temperatures is
reaction with transient species, such as radicals, ¢.g. hvdroxide.

{0631} In accordance with various embodiments disclosed herein, therefore, apparatus
and methods for converting methane in bydrocarbon streams o acetviene and other products
are provided. Apparatus in accordance herewith, and the usc thereot, have been identified to
wmprove the overall process for the pyrolysis of light alkane feeds, including methane feeds,
to acetviene and other usefil prodacts. The apparatus and processes described herein alse
improve the ability of the apparatus and associated components and equipment thereofto
withstand degradation and possible failure due to extreme operating conditions within the
reactor.

{6832} In accordance with one approach, the apparatus and methods disclosed herein are
used to treat a hydrocarbon process stream to convert at least a portion of methane in the
hydrocarbon process stream {o acetviene. The hvdrocarbon process stream described herein
mncludes the methane feed stream provided to the system, which includes methane and may
also mchude ethane or propane. The methane feed stream may also mchude combmations of
methane, ethane, and propane at various concentrations and may also inchude other
hydrocarbon compounds as well as contaminants. In one approach, the hydrocarbon feed
stream inclades natural gas. The natural gas may be provided from a variety of sources
including, but not limited to, gas fields, o1l fields, coal fields, fracking of shale fields,
biomass, and landfill gas. In another approach, the methane feed stream can mclude a stream

from another portion of a refinery or processing plant. For example, Hght alkanes, inchuding

-7 -
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methane, are often separated during processing of cniude oil into various products and a
methane feed stream may be provided from one of these sources. These streams may be
provided from the same refinery or different refinery or from a refinery off gas. The methane
feed stream may include a stream from combinations of different sources as well.

16033 in accordance with the processes and systems deseribed herein, a methane feed
stream may be provided from a remote location or at the location or locations of the systems
and methods described herein. For example, while the methane feed stream source may be
located at the same refinery or processing plant where the processes and systems are carried
out, such as from production from another on-site hydrocarbon conversion process or a local
natural gas field, the methane feed stream may be provided from a remote source via
pipelines or other transportation methods. For example a feed stream may be provided from a
remote hydrocarbon processing plant or refinery or a remote natural gas field, and provided
as a feed to the systems and processes described herein. Initial processing of a methane
stream may occur at the remote source to remove cerfain contaminants from the methane feed
stream. Where such initial processing occurs, it may be considered part of the systems and
processes described herein, or it may occur upstream of the systems and processes described
herein. Thus, the methane feed stream provided for the systems and processes described
herein may have varying levels of contaminants depending on whether nitial processing
oocurs upstrearn thereof,

(66334} in one example, the methane feed stream has a methane content ranging from 65
mol-% to 100 mol-%. In ancther example, the concentration of methane in the hvdrocarbon
feed ranges from 80 mol-% to 100 mol-% of the hydrocarbon feed. In veot another example,
the concentration of methane ranges 90 mol-% to 100 mol-% of the hydrocarbon feed.

[B035] In one example, the concentration of ethane m the methane feed ranges from 0
mol-% to 35 mol-% and i another example from 0 mol-% o 10 mol-%. In one example, the
concentration of propane in the methane feed ranges from 0 mol-% to 5 mol-% and in ancther
example from 0 mol-%1to 1 mol-%.

6636} The methane feed stream may also include heavy hydrocarbons, such as
aromatics, paraffinic, olefinic, and naphthenic hvdrocarbons. These heavy hydrocarbons if
present will likely be present at concentrations of between 0 mol-% and 100 mol-%. In another
example, they may be present at concentrations of between 0 mol-% and 10 mol-% and may be

present at between 0 mol-% and 2 mol-%.

-5 -
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{6837} The apparatus and method for forming acetylens from the methane feed stream
described herein utilizes a supersonic tlow reactor for pyvrolvzing methane in the feed stream
to torm acetyvlene. The supersonic flow reactor may include one or more reactors capable of
creating a supersonic flow of a carrier fluid and the methane feed stream and expanding the
5 carrier fhuid to titiate the pyrolysis reaction. In one approach, the process may include a

supersonic reactor as generally described in US 4,724,272, which is incorporated herein by
refergnce, i its entirety. In another approach, the process and system may include a
supersonic reactor such as described as a “shock wave” reactor in US 5,219,530 and
US 5,300,216, which arc incorporated herein by reference, 1o their entirety. In yet another

10 approach, the supersonic reactor described as a “shock wave” reactor may imclude a reactor
such as described in “Supersonic Injection and Mixing in the Shock Wave Reactor” Robert
G. Cerft, University of Washimgton Graduate School, 2010,
[66338] While a variety of supersonic reactors may be used in the prosent process, an
exemplary reactor 5 is illustrated in FIG. 1. Referring to FIG. 1, the supersonic reactor 5

i5 includes a reactor vessel 10 generally defining a reactor chamber 15, While the reactor 5 is
tllustrated as a single reactor, it should be understood that it may be formed modularly or as
separate vessels. If formed modularly or as separate components, the modules or separate
components of the reactor may be joined together permanently or temporarily, or may be
separate from one another with fluids contained by other means, such as, for example,

20 differential pressure adjustroent between them. A combustion zone or chamber 235 is provided
for combusting a fuel to produce a carrier fluid with the desired temperature and flowrate.
The reactor 5 may optionally include a carrier flwid nlet 20 for introducing a supplemental
carrier fluid into the reactor. One or more fuck injectors 30 are provided for injecting a

combustible fuel, for example hvdrogen, into the combustion chamber 26. The same or other

[\
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mjectors may be provided for injecting an oxygen source into the combustion chamber 26 to
facilitate combustion of the fuel. The fuel and oxygen source injection may be 1 an axial
direction, tangential direction, radial dircction, or other direction, ncluding a combination of
directions. The fuel and oxygen are combusted to produce a hot carmer thad stream typically
having a temperature of from 1200° to 3500°C in one example, between 2000° and 3500°C in
30 another example, and between 2500° and 3200°C in yet another example. It is also
contemplated herein to produce the hot carrier fhad stream by other known methods,

including non-combustion methods. According to one example the carrier fluid stream has a
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pressure of 1 atm or higher, greater than 2 atm in another example, and greater than 4 atm
another example.

[3839] The hot carner fluid stream from the combustion zone 25 1s passed through a
supersonic expander 51 that includes a converging-diverging nozzle 50 to accelerate the
velocity of the carrier fluid to above Mach 1.0 1n one example, between Mach 1.0 and Mach
4.0 n another example, and between Mach 1.5 and 3.5 wn another example. In this regard, the
residence time of the fhud in the reactor portion of the supersonie flow reactor is between 0.5
to 100 ms in one example, 1.0 to 50 ms m another example, and 1.5 to 20 ms in ancther
example. The temperature of the carner fluid stream through the supersonic expander by one
example is between 1000°C and 3500°C, between 1200°C and 2500°C m another example,
and between 1200°C and 2000°C in another example.

(048] A feedstock mlet 40 is provided for injecting the methane feed stream into the
reactor 5 to mix with the carrnier flaid. The feedstock inlet 40 may include one or more
mjectors 45 for injecting the feedstock inio the nozzle 30, a mixing zone 53, a diffuser zone
60, or a reaction zone or chamber 65. The injector 45 may include a manifold, including for
example a plurality of injection ports or nozzles for injecting the feed mto the reactor 5.
0041} In one approach, the reactor 5 may inclode a mixing zone 55 for mixing of the
carrier fhud and the foed stream. In one approach, as dlustrated in FiG. 1, the reactor 5 may
have a separate mixing zone, between for example the supersonic expander 31 and the
diffuser zone 60, while in another approach, the mixing zone 18 integrated into the diffuser
section, and mixing may occur in the nozzle 50, expansion zone 60, or reaction zone 65 of the
reactor 5. An expansion zone 60 includes a diverging wall 70 to produce a rapid reduction in
the velocity of the gases flowing therethrough, to convert the kinetic energy of the flowing
fluid to thermal energy to further heat the stream to cause pyrolysis of the methane in the
feed, which may occur in the expansion section 60 and/or a downstream reaction section 65
ot'the reactor. The fluid is quickly quenched in a quench zone 72 to stop the pyrolysis
reaction from further conversion of the desired acetylene product to other compounds. Spray
bars 75 may be used to introduce a guenching fluid, for example water or steam into the
guench zone 72.

6642} The reactor effluent exits the reactor via outlet 80 and as mentioned above forms a
portion of the hydrocarbon stream. The effluent will include a larger concentration of

acetylene than the feed stream and a reduced concentration of methane relative to the feed
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stream. The reactor effluent stream may also be referred to herein as an acetvlene stream as it
includes an increased concentration of acetvlene. The acetvlene stream may be an
iiermediate stream in a process to form another hydrocarbon product or 1t mav be further
processed and captured as an acetviene product stream. In one example, the reactor effluent
stream has an acetvienc concentration prior to the addition of quenching fluid ranging from 2
mol-% to 30 moi-%. In another example, the concentration of acetvlene ranges from 5 mol-%
to 25 mol-% and from 8 mol-%to 23 mol-% in another example.

[6043] The reactor vessel 10 includes a reactor shell 11, | should be noted that the term
“reactor shell” refers to the wall or walls forming the reactor vessel, which defines the reactor
chamber 15. The reactor shell 11 will typically be an anmular structure defining a generally
hollow central reactor chamber 15. The reactor shell 11 may inelude a single layer of
material, a single composite structure or multipie shells with one or more shells posttioned
within one or more other shells. The reactor shell 11 also includes various zones,
components, and or modules, as described above and further desceribed below for the different
zones, components, and or modules of the supersonic reactor 5. The reactor shell 11 may be
formed as a single piece defining all of the various reactor zones and components or it may
be modular, with different modules defining the different reactor zones and/or components.
13044] By one approach, one or more portions of the reactor wall or shell 11 are formed
as a casting. In this regard, the onc or more portions may not be formed by welding or
forning or other manufacturing methods, although additional treating may be pertormed on
the casting as described below. Without intending to be bound by theory, 1t is believed that
because welds often include residual stress, forming the reactor wall or walls by welding may
vield a reactor that 1s more susceptible to failure or mupture under high temperatures and
pressures. In addition, due {o their varving microstructure and possibie composition gradients,
welds may also be more susceptible to corrosion and cracking. Similarly, 1t is believed that
forming the reactor walls would result in non-negligible residual stresses formed in the
reactor walls, causing similar problems with operation at high temperatures and pressures.
Thus, by forming a portion of the reactor shell as a casting, a more 1sotropic microstructure is
provided. The cast portion of the reactor shell may provide corrosion resistance over similar
components formed by other methods, such as welding or forming. Forming the reactor shell
from a casting mav also provide more uniform heat flux and more uniform temperatures in

the component. Forming the portion of the reactor shell from a casting may also provide
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better and more uniform high temperature creep and failure resistance than forming the shell
by other methods.

[B045] By one approach, the casting may include a directional casting to provide
improved thermal shock resistance and creep resistance at the elevated reaction temperatures
and pressures. {n one approach, the casting includes a columnar grain structure. In another
approach, the casting includes a single crystal structure.

6046] The casting may be formed from one or more materials as described further
below. The cast portion of the reactor may be further treated by various methods known 1o
the art. For example, the cast reactor shell 11 may be coated, as further described herein, heat
treated, tempered, carbided, minde, or treated in other known methods to improve 1ts
properties.

16047] A single casting may be used to form the entire reactor shell 11, or the reactor
shell 11 may include individually cast components or modules, as described further herein,
that are assembied to form the reactor shell 11, Further, where the reactor shell 11 mncludes
various layers, including coatings, inner and cuter shells, etc., as further described herein,
these lavers may be cast separatelv or together, and subsequently maintained separately or
joined together.

(3648} According to various other approaches, one or more portions of the supersonic
reactor shell may be formed by known methods other than casting, such as, for example
powder metallurgy, which may be densified by hot isostatic pressing, hipping a powderto a
substrate, or laser sintering, or other suitable sintering methods, or machining from a billet.
[G049] By one approach, at least a portion of the reactor shell 11 is constructed of a
material baving a bigh melting temperature to withstand the high operating temperatures of
the supersonic reactor 5. fn one approach, one or more matenals forming the portion of the
reactor shell 11 may have along low-cycle fatigue life, high vield strength, resistance to
creep and stress rapture, oxidation resistance, and compatbdity with coolants and foels. In
one cxample, at least a portion of the reactor shell 11 1s formed of a material having a melting
temperature of between 1200° and 4000°C, and in ancther example from 1800° to 3500°C.
The materials may also exhibit nucrostructural stability through diverse thermal and
mechanical processing procedures, compatibility with bonding processes and good adherence
of oxidation resistant coatings. Some preferred materials for forming at least a portion of the

reactor shell include superatloys and nickel and gamma Ti alumindes. By one approach, the
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superalloy it is a nicke! based superalloy, and by another approach, the superalioy is an tron
based superalloy.

{3050 In ong approach, the reactor shell 11 or wall portion 1s formed from a superalioy.
I this regard, the wall mav provide excellent mechanical strength and creep resistance at
combustion and pyrolysis temperatures occurring within the reactor. To this manner, the
apparatus may also restrict meltung or faiture due to the operating temperature and pressures
in the reactor chamber 15,

0051} According to another approach, the portion of the reactor shell 11 is formed from
a material sclected from the group consisting of a carbide, a nitride, titantu diboride, a
sialon ceramic, zircoma, thoria, a carbon-carbon composite, tungsten, tantalum, molvbdenum,
chromnim, nickel and alloys thereof.

16052] According to vet another approach, the portion of the reactor shell 11 is formed as
a casting whercin the casting comprises a component selected from the group consisting of
duplex stainless steel, super duplex stainfess steel, and mickel-based high-temperature low
creep superatioy.

G053 Chromium or nickel may be included to provide good corrosion resistance.

[3054] By another aspect, the reactor walls are constructed of a matenal having ligh
thermal conductivity. In this manner, heat from reactor chamber 15 may be quickly removed
therefrom. This may restrict a skin temperature of an internal surface of the reactor shelf 11
from being heated to temperatures at or near the reactor temperature, which may causc
melting, chemical fire, or other deterioration, to the reactor shell 11 walls. In one example,
the one or more portions of the reactor are formed from a material having a thermal
conductivity of between 200 and 500 W/m-K. In another examaple, the thermal conductivity s
between 300 and 450 W/m-K. In vet another example, the thermal conductivity 15 between
200 and 346 W/m-K and may be between 325 and 375 W/m-K in yet another example.
[LHISSY it has been found that according to this approach, the reactor shell may be formed
from a material baving a rclatively low melting temperature as long as the maternial has a very
high conductivity. Because heat from the reaction chamber 15 is quickly removed n this
approach, the reactor shell 11 is not exposed to as high as the temperature. In this regard, the
forming by reactor shell portion from a material having a high thermal conductivity, the
material may have a melting temperature below the temperature in the reactor chamber 15, In

one example, the portion of the reactor shell 11 1s formed from a matenal having a melting
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temperature of hetween 5007 and 2000°C. fo another example, the reactor shell 11 portion
may be formed from a material having a melting terperature of between 800° and 1300°C
and may be formed from a material having a melting temperature of between 1000” and
1200°C in ancther example.

16056] Bv one approach, the material having a high thermal conductivity includes a metal
or metal alloy. In one approach, one or more portions of the reactor shell 11 may be formed
from copper, silver, aluminum, zirconium, niobium, and their alloys. In this regard, i should
be noted that one or more of the materials listed above may also be used to form a coating on
a reactor shell substrate or to form a laver of a multilayer reactor shell 11, By one approach,
the reactor shell 11 portion includes copper or a copper alloy. In one example, the reactor
shell portion includes a material selected from the group consisting of copper chrome, copper
chrome zinc, copper chrome niobium, copper nickel and copper nickel tungsten. In another
example, the reactor shell portion comprises mobium-sitver. In order to enhance the removal
of heat from reactor chamber, cooling may be used to more quickly remove the heat from the
reactor chamber so that a temperature thereof is maintained below and allowable temperature.
[G057] By another approach, the reactor shell 11 may moclude a plurality of layvers. The
reactor shell 11 tHustrated 10 FIG. 3 inclodes an mner laver 210 defining the reactor chamber
15 and an outer laver 205 formed the mner 210. While the reactor shell 11 iHustrated in FIG.
3 has two lavers for case of cxplanation, as illustrated 1 FIG. £, 1t should be understood that
the reactor shell 11 may include three or more layers having one or more infermediate layers
211 between the inner laver 210 and the outer laver 205, Further, one or more additional
outer layers 212 may be positioned outside of outer layer 212, One or more additional inner
lavers may be positioned inside of mner laver 210,

[3058] In one approach, the inner laver 210 includes a coating that is formed on an inner
surface of the cuter laver 205 or any intervening intermediate layers 211 In this regard, the
outer layer 203 forms a substrate on which the inner layer 210 coating is applied.
Alternatively, the inner lavers 210 may provide a substrate on wiuch an outer layer 205
coating is applied. One or both of the inmer layer 210 and the outer layer 205 may be formed
as a casting as described previously or formed in other known manners in accordance with
this approach.

3059 In one approach, at least a portion of the mner laver 210 includes a high melting
temperature material as described above. According to another approach, the inner layer 210
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includes a material selected from the group consisting of a carbide, a nitride, titaniuom
diboride, a sialon ceramic, zirconia, thoria, a carbon-carbon composite, tungsten, tantalum,
molybdenum, chromium, mckel and alloys thereof. By vet another approach, the inner layer
210 mcludes a superalloy, and by another approach includes a material selected from the
group consisting of duplex stainless steel, super duplex stainless stecl, and nickel-based high-
temperature low creep superalloy. In this regard, the 1nner layer 210 may be selected to
provide beneficial operating characteristics, particularly as it is exposed to the harsh
operating conditions within the reactor chamber 15, including the high temperature thereof.
(G066 In another approach, at least a portion of the mner laver 210 includes a high
thermal conductivity matenial as described above. According to another approach, the mner
laver 210 includes a material selected from the group consisting of copper, silver, aluminam,
zirconium, nicbtum, and alloys thereof. By yet another approach, the inner layer 210 includes
a material selected from the group consisting of copper chrome, copper chrome zing, copper
chrome miobtum, copper nickel and copper nickel tungsten. In another example, the reactor
shell portion comprises nmiobium-silver. fu this regard. the inner laver 210 may be selected to
provide beneficial operating characteristics, particularly as it is exposed to the harsh
operating conditions within the reactor chamber 135, including the high temperature thereof.
3061} In one approach, the outer laver 205 may be formed of a different matenial than
the inner layer 216. The outer layer 205 matenal may be selected to provide structural
support or other desirable properties to the reactor shell 11. In one example, the outer layer
205 or an mtermediate layer meludes corrosion resistant steel. Other suitable materials for
forming the outer laver 205 of the reacior shell 11 include, but are not himited to, dupiex
stainless steel, super duplex stainless steel, and nickel-based high-temperature low creep
superalloy, Nimonic™ nickel-based high-temperature low creep superalloy, Inco™ 718,
Haynes™, 230, or other nickel alloys such as Mar-M-247.

106662} In one approach, the inner laver 210 includes a thermal barrier coating. Thermal
harrier coatings may be formed from a material that exhibits desirable propertics for use in
the reactor chamber 15 such as, for example, high melting temperature to withstand the high
temperatures in the reactor chamber 15. For example, the thermal barrier coating may include
Yttria-stabilized zirconia, lanthamum and rare earth-doped lanthanum hexaluminate, hafnium
carbide or tungsten, as both materials have high melting temperatures, good mechanical

properties at high operating temperaturgs, and optionally low thermal conductivity.
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{06863} In one approach, a bond coat is provided between the mner layer 210 and the
surface of the outer layer 203, including the thermal barrier coating by one approach. The
bond coat may include, NiCrAlY, NiCoCrAlY allovs that are applied on the metal surface by

plasma spray, electron beam PVD, or other methods known in the art. (ther bond coatings

i

for copper alioys may include NiAl applied by low pressure, vacuum plasma spray, or other

methods known 1n the art.

0664} The lavered reactor shell 11 may be formed i any known manner known in the

art. In one approach. an internal diameter coating formed on a mandrel may be used to

provide a layered reactor shell by providing a coating on a substrate material. By another

10 approach, a coating may be formed on a subsirate by hot isostatic pressing to provide the
lavered reactor shell 11, By yet ancther approach, cladding may be used to provide a coating
on a substrate. In still another approach, the inner layer and outer layers may be separately
formed and joined together. An example of this approach includes separately casting the
mner layer 210 and the outer laver 203 and brazing them together to form the lavered reactor

15 shell 11, Bi-casting may also be used by casting a second alloy a first alloy.
30651 In another approach, as illustrated in FIG. 4, at least a portion of the reactor shell
11 may include a separate inner shell 215 and outer shell 220. Similar to the layered reactor
shell 11 deseribed previously, a reactor shell having a separate inner shell 215 and outer shell
220 may allow the inner shell 215 to withstand the operating conditions of the reactor

26 chamber 15 while the outer shell 220 provides structural support and/or other desirable

propertics to the reactor shell 11

[G066] In one approach, at least a portion of the ioner shell 215 includes the high melting

temperature matenal as described above. According to another approach, at least a portion of

the imer shell 215 includes a matenal selected from the group consisting of a carbide, a

[\
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nitride, titaium diboride, a sialon ceramic, zirconia, thoria, a carbon-carbon composite,
tangsten, tantalum, molybdenum, chromivm, nicke! and alloys thereof. By vet another
approach, at least a portion of the inner shell 210 mcludes a superaliov and by another
approach includes a material selected from the group consisting of duplex stainless steel,
super duplex stamless steel, and nickel-based high~temperature low creep superalloy. In this
30 regard, the inner shell 215 may be selected to provide beneficial operating characteristics,

particularly as it 1s exposed to the harsh operating conditions within the reactor chamber 15,
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0867} In another approach, at least a portion of the inner shell 215 includes a high
thermal conductivity material as described above. According to another approach, the inner
shell 215 includes a material selected from the group consisting of copper, silver, aluminum,

zirconium, nicbtum, and alloys thereof. By yet another approach, the mner shell 215 includes

i

a material selected from the group consisting of copper chrome, copper chrome zing, copper

chrome niobium, copper nickel and copper nickel tungsten. In another example, the inner

shell 215 comprises mobnum-silver. In another approach the inner shell may inclade a

material comprising a copper alloy that bas been precipitation hardened with second phase

compounds that alloy the retention of high thermal conductivity. In this regard, the muoer shell

10 215 may be selected to provide beneficial operating characternistics, particularty as it is
exposed to the harsh operating conditions within the reactor chamber 15, including the high
temperature thereof,
16068] in onc approach, the outer shell 220 may be formed of a different material than the
mner shell 215, The outer shell 220 may be selected to provide structural support or other

i5 desirable properties to the reactor shell 11. In one example, the outer shell 220 mcludes
corrosion resistant steel. Other suitable materials for forming the outer layer 205 of the
reactor shell 11 include, but are not imited 1o, duplex stainless steel, super duplex stainless
steel, and nickel-based high-temperature low creep superalloy, Nimonic™ nickel-based high-
ternperature low crecp superalloy, Ineo™ 718, Haynes™, 230, or other nickel alioys such as

20 Mar-M-247.

0669} By one approach, one or both of the inner shell 215 and the outer shell 220 is

formed as a casting as deseribed previously.

G076 In one approach, the outer shell 220 nchudes a tube sheet 230 as illustrated in

FIG. 5. According to this approach, at feast one additional inner shell 235 is positioned inside

[\
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the outer shell 230 defining a sceond reactor chamber 240. In this manner, a plarality of
pvrolysis reactions may occur within the plurality of reactor chambers 240. By this approach,
cach of the imner shells 235 may include some or all of the components descnbed above with
regard to supersonic reactor 5 illustrated m FIG. 1, or some components of the separate inner
shells 233 may be integrated. In one approach, some the inner reactor shells 235 may be

30 oricantated in opposite directions. In this regard, any thrust that may be generated by the high
speed streams flowing through the inner shells will be offset by oppositely facing inner

reactor shells 235,
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[G071] In one approach, the inner shell 215 is spaced from the outer shell 220 to provide
a channel 245 therchetween as illustrated 1 FIG . 4. fo this approach, the chanoel 245 may
mclude a pressure zone. The pressure zone 1s pressurnized to maintain the pressure theren at
the same pressure as the reactor chamber 15 pressure. In this regard, the 1aner shell 215 may
be configured such that it does not have to withstand a high pressure differential between its
mner surface 250 and outer surface 255, The inner shell 215 may then be formed of a
material having a relatively lower pressure rating and/or having a relatively thin wall
thickness. The outer shell 220 may then provide stractural support as well as serving as a
pressure vessel to withstand the prossure differential between the pressure zone 245 and the
outside of the outer shell 220. In another approach (not shown), the mner shell 215 mayv abut
the outer shell 220.

10672] In onc approach, channel 245 further houses one or more sensors 216. The sensors
may detect or measure a vaniable such as one or more parameters or materials within channel
245. Examples of sensors include pressure sensors, temperature sensors, chemical sensors
such as gas sensors, hyvdrogen sensors, hydrocarbon sensors, methane sensors, and others.
The sensors may be electronically connected to one or more display, monitoring and or
control systems. In one approach channel 243 further houses one or more support structures
217 to support mner shell 215 relative o cuter shell 220.

16073] According to another approach, as illustrated in FIG. 6, a liner 260 may be
provided inside at least a portion of the reactor shell 11 to resist deterioration of the reactor
shell 11 portion due to operating conditions within the reactor chamber 15, The liner 260 may
extend along an internal surface of the reactor shell 11 and may abut the reactor shell 11 orbe
spaced therefrom.

{3874} In one approach, a liner 260 includes a disposable liner. The disposable hiner may
comprise carbon in the form of carbon/carbon composite, pyrolyvtic carbon, glassy carbon, or
other forms of carbon or a high temperatere alloy and may be emoved and replaced after
deterioration of the liner 260 has occurred. In this regard, the disposable liner may protect the
reactor shell from the harsh operating conditions within the reactor chamber 13,

[BG75] According to another approach, the hiner 260 includes a self-regenerating liner,
and 1s able to regenerate during operation of the supersonic reactor 5 and/or when the
supersonic reactor 5 13 taken offline. In one approach, the self-regencrating liner includes

carbon that is catalvzed to promote carbon or coke formation along the miernal surface of the
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reactor shell 11 to regenerate the carbon hiner. In another approach, the self regenerating liner
imchudes a self-regencrating linmg having a graphitic layer of coke. In another approach, the
self-regenerating tiner includes a lining having a nanostructured laver of coke. In vet another
approach, the self-regenerating liner includes a Hning with a nanostractured layer of
graphene. In one approach, the selt-regencrating liner includes directional thermal
conductivity too guickly remove heat from the reaction chamber 15 during operation.

{0876} In one approach, the liner 260 includes a low thermal conductivity coating which
operates to provide protection for the metal alloys used, and slow down heat transfer. In
another approach, the liner may be a tloating captured liner made tfrom high temperature
resistance, low thermal conductivity materials. Such a liner would reduce heat transfer and
erosion. A floating captured liner may be formed by vacuum plasma spray of an HIC or
rhenium onte a suitable mandrel machined to the net shape dimensions of the required liner
outer diamcter. The spray coating of the HEC or rhenum would be followed by a tungsten
structural laver capable of supporting the structure at the necessary temperatures. The
tungsten layer would be followed by molybdenum and possibly another tungsten and ora
nickel, cobalt, chromium, alununum yvitrium structural layver. All layers would be applied
using vacuum plasma spray and will stand alone after the inner diameter of the mandrel s
chemically etched.

16077] In one approach, one or more portions of the reactor shell 11 include active
cooling to dissipate heat from the reactor chamber 15 and restrict melting or other
deterioration of the reactor shell 11 due to high temperatures and other operating conditions,
In one approach, the active cooling includes an active cooling system. As illustrated in FIG.
7, a cross-section of a portion of the reactor shell 11 1s iHlustrated showing an active cooling
gvstem that mcludes a plurality of cooling passagewayvs 300 formed n the reactor shell 11 to
Hlow a coolant along the reactor shell 11 to remove heat therefrom. The active cooling system
may also include a coolant source for providing pressurized coclant passing through the
cooling passageways 300. As illustrated in FIG. 7, the cooling passagewayvs may extend
generally circamterentially the reactor shell 11, which in one approach includes a gencrally
annular configuration. Mamfold tubes may also be present for providing coolant t¢ and from
the cooling passageways 300.

[3078] In one approach, the coocling passageways 300 may inchude one or a plurality of

channels formed in a surface of the reactor shell. In another approach, the cooling
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passageways 300 may imchide one or a plurality of tubes or generally hollow tunnels formed
in the reactor shell 11 for flowing the cooling fluid thercthrough, as m the thustrated form in
FIG. 7. The passageways 300 may exiend along one or more surfaces of the reactor or they
may be formed within the walls of the reactor shell 11 as illustrated in FIG. 9. The
passageways 300 may be provided in a variety of orientations and may extend axially along
the reactor shell 11, circumterentially the reactor shell 11, radially through the reactor shell,
helically the anmilar reactor shell or other orientations known in the art.

{6879} In yet ansther approach, the cooling passageways 300 mayv include one or more
spaces between inmer and ocuter lavers, linings, or inner and outer shells, as described
previously, to provide one or more cooling chanunels, such as in channe! 245 of FIG. 4. In
addition, a flow manipelator may be provided within the space between inner and outer
favers, linings or shells to direct cooling fluid along a desired flow pattern. As illastrated 1
FI1G. 10, protrusions 315, such as pins, fins, or other protrusions, may be used within the
space between inner and outer lavers to increase surface arca for cooling. Further, the cooling
system may include a combination of different types of cooling passageways 300 as
described herein. For example, the cooling passageways 300 may include a cooling channel
300 between lavers 215 and 220 of a reactor shell 11 along with channels formed in a surface
of one of the inner laver 215 and outer layer 220 such that coolant flowing through the
cooling channels also passes through the reactor shell channels 245.

16084 Cooling passageways 300 may be formed by a variety of methods. In one
approach, cooling passageways 300 are machimed into the reactor shell. In ancther approach,
partial passageways may be formed along surface(s) of one or more layers, or shells, of a
reactor shell 11 as described above, and a complete passageways 300 may be formed between
the lavers or shells upon joining the layers and and/or shells together as shown in FIG. 10,
Stinularly, a partial passageway may be formed on a surface of a reactor wall or layer and a
coating or liner may be applied over the partial passageway to provide a complete
passageway 300 between the reactor wall or layer and the coating or hiner. In vet another
approach, a coating or iner may be applied in a pattern defining a complete or partial
passageway. Such partial or complete passageways may be formed as described above by
machining, casting, or during application of a particular coating, laver or liner, or by other
means. Cooling passagewayvs 300 may also be formed by other methods as 1s generally

known in the art. Pins, fins, or other protrusions may be used within the passageways to
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increase surface area for cooling. A low thermal conductivity coating may be applied toc a
liner, the coating operating to provide protection for the metal alloys used, and slow down
heat transfer to the active cooling and increasing efficiency. By way of example, the coating

may be a nickel or copper alloy that is vacoum plasma sprayed onto the inner lining first

i

starting with a bond coating which allows adhesion of the structural metal to the low thermal
conductivity material. The bond coating may contan nickel, chromium, cobalt, aluminum,
and or vitrium, followed by molybdenum and tungsten, and finally followed by BfC or HED2.
{60581} The walls that define the cooling passageways may aid in heat transfer into the
circulated coolant by serving as cooling fins and also suppoit coolant pressure loads. In one
10 approach, the thickness of the hot gas wall (the portion of the reactor shell 11 wall between
the coolant and the hot combustion gas) 1s optinized to minimize the resistance to heat flow
through the walls of the Hners and info the coolant channels 300 while providing structural
mtegrity relative to the pressure and thermal loads. o one approach, the thickness of the hot
gas wall is between (.10 inch and 0.375 inch, and i avother example is between 0.15 inch
15 and 0.225 inch. In another approach the walls between cooling passages are optimized as fins
to provide low thermal resistance from the hot wall 1o the coolant as well as maintain
structural integnty.
3682} In another approach, the coolant passages contain flow enhancers to enhance the
flow of coolant to increase the coolant heat transfer coefficient and heat flux from the wall to
20 the coolant. In one approach, the tlow enhancers contain ribs oriented perpendicularor at a
lesser angle to the coolant flow direction to re-start the coolant boundary layer, increasing the
coolant heat transfer coefficient and increasing heat flux from the wall into the coolant. Swird
tmparted by ribs positioned at an angle less than 90 degrees will impart a swirl velocity

component, miximg the coolant and causing a higher heat transfor rate from the wall to the

[\
W

coolant.

[6083] When the reactor shell 11 1s assembled, the manifold tubes and the network of
coolant channels 300 cooperate to form a manifold for the flowing coolant to remove the heat
generated duning the combustion process in the supersonic reactor 3 to the extent needed to
maintain an acceptable reactor wall temperature.

30 {60584} In one approach, the cooling fluid is pressurized to a relatively high pressure such
that coolant flowing through portion of the reactor shell 11 has a pressure of between 350

psig and 3200 psig, and i another approach between 1000 psig and 2000 paig. And in

-21 -~



i

10

20

[\
W

CA 03067826 2019-12-18

WO 2018/236790 PCT/US2018/038171

another approach between 1500 and 1600 psig. The relatively high pressure reduces the
complexity of the coolant circulation by avoiding a phase change when using, for example,
water as the cooling fluid. The coolant pressure, circulation rate, and temperature are set to
provide sufficient coolant flow to sufficiently remove a portion of the heat gencrated in the
reactor chamber 13 to maintain an acceptable reactor wall temperature, particularly during
combustion of the fuel stream and supersomic expansion. In one approach, the coolant has a
flowrate through the coolant passageways of between 28,000 pph and 47 000 pph, and in
another example between 33,500 pph and 80,000 pph. In one example, coolant has an nlet
temperature of between 30°F to 250°F and in another example between 85°F to 150°F. In one
example, coolant has an outlet temperature of 100°F to 700°F and m another example, from
250°F 10 600°F. A variety of coolants known m the art may be used. In one example, the
coolant includes water. In another example the coolant includes, steam, bydrogen or methane,
and may contain a mixture of fluids.

[0885] In one approach, impingement cooling may be employed as the active cocling to
dissipate heat from the reactor chamber 15 and restrict melting or other deterioration of the
reactor shell 11 due to high temperatures and other operating conditions. impingement
cooling may employ a gas or a hiquid. In one approach the mpingement cocling may employ
a series of impingement jets to affoct high heat transfer. For example, a high velocity jets may
he directed onto a shell to be cooled. As the cooling jot contacts the surface of the shell ¢ 1s
diverted in all directions paraliel to the shell surface. The jets may be arranged the shell, such
as randomly or 1n a pattern. Impingement cooling may inchude techniques such as high
tmpingement systems using vapor expansion for hot wall cooling, hiquid wall impingement,
and gas effusion cooling.

[3086] In one approach, a heat pipe may serve as the active cooling mechanism. Heat
pipes can conduct up to 250 times the thermal energy of a solid copper conducting member.
6687} in one approach, as illustrated in FIG. 12, a filon barrier 350 may be provided
along an inner surface of at least a portion of the reactor shell 11 to provide at least a partial
barrier to the reactor chamber 15, The film barrier 350 may assist in restricting deterioration,
including melting, erosion, or corrosion, of the reactor shell 11 due to the high temperatures,
flowrates, and other harsh conditions within the reactor chamber 15

[3088] In one approach, the film barrier 350 includes a cold fluid barrier. As used herein,

cold fluid barrier refers to the temperature of the fluid bamier relative to the temperature in
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the reactor chamber 15, Thus, the cold fluid barrier may have a high temperature, but be cool
relative to the rector chamber 15, fn one cxample, the temperature of the cold fluid barrier is
between 3000°F and 5000°F. In another example, the temperature of the cold fhud barrier is

between 3600° and 4600°F.

W

[089] The cold fhnd barmer may include a cold vapor barner by one example. In
another example, the cold fluid barrier includes a molten metal barrier. In another example,
the cold fhuid barner inchides water or steam. In ancther approach, the cold fluid barrier
mchudes air or hydrogen. In yet another example, the cold fluid barrier includes methane. The
cold fhad barmer may also nclude other fluids as known in the art or a combination of fhads.
10 By one approach. the cold fhud barmer includes a floid that comprises at least a portion of the
process stream.
{3090} The film barrier may be provided over the internal surface of the portion of the
reactor shell 11 i various manners. Referring to FIG. 13, in one approach, the reactor shell
11 inclodes openings 360 through at least a portion thereof to allow cold fluid to pass
15 therethrough and form a cold fluid barrier. This may take the form of slots that discharge mnto
the core flow. In another approach, the reactor shell 11 may include a porous wall 365 that
facilitates cold fluid leaking therethrough to provide the fhud barmer. By one approach, the
reactor shell may include passageways (not shown} similar to those described above with
regard to the active cooling systern and a cold fluid for forming the cold fluid barrier may be
20 provided thercthrough. In this approach, manifold tubing may be provided to introduce the
cold fluid through the passageways and openings. In another approach, the reactor shell 11
may include an inner shell 215 and an outer shell 220 as described previously, and the inner
shell 215 may include openings or comprise a porous wall over at least a portion of the inner

shell 215, In this approach, cold fluid may be passed through the channel or passageways

[V
L

defined between the outer shell 220 and the inner shell 2135 so that leaks through the porous
wall inner shell 215 to form the cold fhind barmer over an inner surface of the portion of the
mner shell 215, Likewise, where a liner 260 1s provided inside of the reactor shell 11, as
described above with regard to FIG. 6, the liner may be a porous or penctratable hiner to
allow cold fluid to pass through the liner and form a cold fluid barrier on an inner surface
30 thereof The film barrier may also be formed along the inner surface of the portion of the

reactor shell 11 by other methods, mchuding those known i the art.
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G091 In another approach, the wall may contain a plethora of small holes 360 that
discharge the tfluid in a film, formung a full coverage film cooled surface.
[3092] In another approach, the wall may contain slots or louvers which are supphed with

coolant and form a cooling film by discharging the coolant along the wall in a downstream

i

direction. The film barrier 350 may also be formed along the inner surface of the portion of
the reactor shell 11 by other methods, includimg those known 1 the art.
16093] In another approach, the impingement method maybe combined with the full
coverage film cooling method, wherein the imapingement fluid after impacting the hot wall is
discharged through the film cooling holes 360 in such wall 365 providing two cooling cffects.
10 [3094] In this manner, by providing a film barrier 330 over an inner surface of at least a
portion of the reactor shell 11, deterioration of the reactor shell 11 may be restricted during
operation of the supersonic reactor 5. The film barrier may reduce the temperature that the
reactor shell 11 s exposed to during operation by providing a barrier to the hot core fluid and
convectively cooling the wall with the film at the film cooling temperatore.
i5 {G095] The cooling system may incorporate various mechanisms as described above to
provide the optimura combination for highest operating cfficiency.
[(3096] The foregoing description provides several approaches with regard to a reactor
shell 11 or a portion of a reactor shell 11, In this manner, it should be andersiood that at least
a portion of the reactor shell 11 may refer to the entire reactor shell 11 or & may refer to less
20 than the entire reactor shell as will now be described in further detail. As such, the preceding
description for wavs to tmprove the construction and/or operation of at least a portion of the
reactor shell 11 may apply generally to any portion of the reactor shell and/or may apply to
the following specitically described portions of the reactor shell.

[6697] It has been identified that certain portions or components of the reactor shell 11

[\
W

may encounter particularly harsh operation conditions or specific problems that are peculiar
to that portion or component. Thus, according to various approaches, certain agpects of the
preceding description may apply onldv to those portions or components were a particular
problem has been dentified. Locations around fuel imjector(s) 30 and feedstock mjector(s) 45
are examples of locations that may benefit from local film barriers or film cooling or

30 impingement or locally positioned convective cooling passages.

[3098] One zone of the supersonic reactor 5 that encounters particularly harsh operating

conditions during operation thercof is the combustion zone 25, In the combustion zone 25 the
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fuel stream is combusted in the presence of oxygen to create the high temperature carrier
stream. Tomperatures in the combustion zone 25 may be the highest temperatures present in
the reactor chamber 15, and may reach temmperatures of between 2000° and 3500°C in one
example, and between 2000 and 3200 C in another example. Thus a particular problem that
has been identified m the combustion zone 25 is melting of the reactor shell 11 at the
combustion zone 25 and oxidation of the combustor walls with the presence of oxygen. The
portion of the reactor shell in a combustion zone 25 may be referred to as the combustion
chamber 26.

16099] Another zone of the supersonic reactor 3 that encounters particularly harsh
operating conditions includes the supersonic expansion zone 60, and particularly the
supersonic expander nozzle 50 located therem. Specifically, due to the high temperature
carrier gas traveling at near supersonic or supersonic speeds through the expander nozzle 50,
the expander nozzle 50 and/or other portions of the supersonic expansion zone 60 may be
particularly susceptible to erosion.

160180]  Similarly, other portions of the supersonic reactor including a diffuser zone 60, a
mixing zone 35, the reactor zone 65, and the quench zone may encounter harsh operating
conditions during operation of the supersonic reactor 5. Additional equipment or components
that are used in conjunction with the supersonic reactor S may also face similar problems and
harsh operation conditions, including, but not limited to, nozzles, lines, mixers, and
exchangers.

[66101] Duc to unique problems and operating conditions to which individual portions or
components of the supersonic reactor may be exposed, these individual portions or
components may be formed, operated, or used in accordance with the various approaches
described herein, while other portions or components arc formed, operated, or used in
accordance with other approaches, that may or may not be described herein.

[06102] Because different components or portions of the supersonic reactor 5 may be
formed or operate differently, the supersonic reactor 5, including the reactor shell 11, may be
made as separate paris and assembled to form the supersonic reactor 5 or the reactor shell 11
In this regard, the supersonic reactor 5 and/or the reactor shell 11 may include a modular
configuration wherein individual modules or components 400 can be assembled together as
shown in FEG. 11. By onc approach at least some portions or components 400 of the

assembled a supersonic reactor or reactor shell 11 mayv not be attached, instead the gases or
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fluids therein may be contained by differential pressure adjustment between components. In
other approaches, the modules or components 400 may be connected together for example by
flanges 405 sealed at cooled locations of the interface between the components. Similarly,
different components, portions, or modules 400 may include different aspects provided in the
description above. For example, some modules or components 400 may include active
cooling, a film barrier, inner and outer lavers, inner and outer shells, or other aspects
described above, while other portions, modules, or components 400 may inclade different
aspects.

[B6103]  According to one approach, one or more components or modules 400 may be
removed and replaced during operation of the supersonic reactor 5 or during downtime
thereof. For example, because the supersonic expansion nozzle 50 may deteriorate more
quickly than other components of the reactor, the nozzle 50 may be removable so that it can
be replaced with a new nozzle upon deterioration thereot. In one approach, the plurality of
supersonic reactors 3 may be provided 1n parallel or in series with ong or more supersonic
reactors in operation and ong or More superscnic reactors in standby so that if maintenance or
replacernent of one or more componenis of the operating supersonic reactor 5 1s required, the
process may be switched to the standbv supersonic reactor to continue operation.

[36104]  Further, the supersonic reactors may be oriented honzontally as illustrated in FIG.
1, or vertically (not shown}. Where the reactor is configured vertically, the flow of the carrier
and feed streams thercthrough may be vertically up in one approach. The flow of the carrier
and feed streams may be vertically down i another approach. In one approach the supersonic
reactor may be onented such that it is free draining to prevent the accumulation of liquid in
the guench zone 72, In another approach the reactor may be oriented vertically (90° from
horizontal) or horizontally (0° from horizontal) as indicated above or may be oriented at an
angle between 0° and 90° with the reactor inlet at an elevation above the reactor outlet. In
another embodiment the outlet 80 may nclude two or more outlets, including a primary
outlet 80 for the mam vapor phase flow and a secondary outlet 81 to drain hquid. in one
approach liquid s iyyected to guench zone 72 and 1s not fully vaporized. This may oceur
during transient or steady state mode of operation. The secondary cutlet may be operated
continuously or intermittently as needed.

[B8105]  In one approach, the reactor shell 11 is sealed at one end and includes a plenum at

an end oppostte thereof,
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[68106] By one approach, the reactor shell 11 may include a pressure rehief device 218 as
thustrated in FiGG. 4. In one approach, the pressure relief device 218 includes a rupture dise,
In another approach, the pressure relief device 218 includes a rehiet valve.

{06167]  In onc approach, as shown in FIG. 14, the supersonic reactor 5 may melude an
isolation valve 4350 at an inlet thercof. The supersonic reactor may also include a condrol
svsiem 435 to detect a change 1n pressure in the event of a blowout. The control svstem 435
may be configured to 1solate the inlet in response thereto. In one approach, the nlet 1s a fuel
stream 4 inlet.

[G0168]  According to one approach, the supersonic reactor 3 includes magnetic
containment to contain reactants within the reaction chamber 13.

[36109]  According to another approach, the supersonic reactor 5 may include hydrogen
generation to generate hydrogen from the reactor effluent stream.

[6611¢]  in onc example, the reactor effluent stream after pyrolysis in the supersonic
reactor 5 has a reduced methane content relative to the methane feed stream ranging from 15
mol-% to 95 mol-%. In another example, the concentration of methane ranges from 40 mol-%
0 90 mol-% and from 45 mol-% to 85 mol-% in another example.

{30111}  In one cxample the vield of acetylene produced from methane in the feed 1o the
supersonic reactor 1s between 40% and 93%. In another example, the vield of acetylene
produced from methane in the feed stream is between 30% and 90%. Advantageously, this
provides a hetter vicld than the estinated 40% vield achicved from previous, more
traditional, pyrolysis approaches.

{60112} Bv one approach, the reactor effluent stream is reacted to form another
bydrocarbon compound. In this regard, the reactor effluent portion of the hydrocarbon stream
may be passed from the reactor outlet to a downstream hydrocarbon conversion process for
further processing of the stream. While it should be understood that the reactor effluent
stream may undergo several mtermediate process steps, such as, for example, water removal,
adsorption, and/or absorption to provide a concentrated acetviene stream, these intermediate
steps will not be described m detai] herein.

[08113] Referrning to FIG. 2, the reactor effluent stream having a higher concentration of
acetylene may be passed to a downstream hydrocarbon conversion zone 100 where the
acetvlene may be converted to form another hvdrocarbon product. The hvdrocarbon

conversion zone 100 may include a hydrocarbon conversion reactor 105 for converting the
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acetylene to another hydrocarbon product. While FIG. 2 dlustrates a process flow diagram for
converting at cast a portion of the acetvicne in the etfluent stream to ethyiene through
hvdrogenation in hydrogenation reactor 110, it should be understood that the hvdrocarbon
conversion zone 100 may include a variety of other hydrocarbon conversion processes
nstead of or in addition to a hydrogenation reactor 110, or a combination of hydrocarbon
conversion processes. Sumilarly, unit operations iHlustrated in FIG. 2 mav be moditied or
removed and are shown for illustrative purposes and not intended to be limiting of the
processes and systems described herein. Specifically, it has been identified that several other
hydrocarbon conversion processes, other than those disclosed in previous approaches, may be
positioned downstream of the supersonic reactor 5,including processes to convert the
acetylene into other hydrocarbons, includimg, but not imited to; alkenes, alkanes, methane,
acrolein, acrylic acid, acrylates, acryvlamide, aldehydes, polyvacetylides, benzene, toluene,
styrene, aniline, cyvclohexanone, caprolactam, propviene, butadiene, butyne diol, butandiol,
~2-C4 hydrocarbon compounds, ethylene glyeol, diesel fuel, diacids, diols, pyrrolidines, and
pyrrolidones.
[66114] A contaminant removal zone 120 for removing one or more contaminants from
the hydrocarbon or process stream may be located at vanious positions along the hvdrocarbon
or process stream depending on the impact of the particular contaminant on the product or
process and the reason for the contaminants removal, as described further below. For
cxample, particular contaminants have been identified to interfere with the operation of the
supersonic flow reactor 3 and/or to foul components in the supersonic flow reactor 5. Thus,
according to one approach, a contammant removal zone is posttioned upstream of the
supersonic flow reactor n order to remove these contaminants from the methane feed stream
prior to introducing the stream nto the supersonic reactor. Other contaminants have been
identified to mterfere with a downstream processing step or hydrocarbon conversion process,
in which case the contaminant removal zone may be positioned upstream of the sapersonic
reactor or between the supersonic reactor and the particular downstream processing stop at
issue. Still other contaminants have been 1dentified that should be removed to meet particular
product specifications. Where it is desired to remove multiple contaminants from the
hydrocarbon or process stream, various contaminant removal zones may be positioned at
different locations along the hydrocarbon or process stream. In still other approaches, a

contaminant removal zone may overlap or be integrated with ancther process within the
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system, in which case the contaminant may be removed during another portion of the process,
mchiding, but not limited to the supersonic reactor 5 or the downstream hvdrocarbon
conversion zone 100. This may be accomplished with or without modification to these
particular zones, reactors or processes. While the contaminant removal zooe 120 ilustrated in
FI1G. 2 s shown positioned downstream of the hvdrocarbon conversion reactor 105, it should
be understood that the contaminant removal zone 120 in accordance herewith may be
positioned upstream of the supersonic flow reactor 5, between the sopersonic flow reactor 5
and the hydrocarbon conversion zone 100, or downstream of the hvdrocarbon conversion
zone 100 as illustrated in FI1G. 2 or along other streams within the process stream, such as, for
example, a carner fluid stream, a fuel stream, an oxvgen source stream, or any streams used
in the systems and the processes described hereimn.

[08115]  Onc embodiment of the present disclosure is directed to apparatus and methods
for converting methane in a hydrocarbon stream to acetylenc using a supersonic flow reactor,
while minimizing the possibility of exploston due to the formation of copper acetylides from
a chemical reaction between the acetylene gas gencrated and the copper of the inner layer.
The methane pyrolysis reactor zone presents a strong reducing environment in the presence
of hydrogen and high temperature. Cu or CuQ 1s found to mteract readily with acctviene
leading to copper acetylide formation.

[30116] A coating may be applied to an inner surface of the inner layer to provide a barrier
hetween the acetviene gas generated and the copper of the inner layer i order to prevent the
formation of acetyhides. Thus the mner laver 210 may include a coating that 13 formed on an
inner surface of the inner layer to form a barrier between the copper of the mner laver and the
acetylene gas being generated. The coating can be a thin coating applied to the mner swrface
of the mner layer of the reactor shell and can be a material that does not react with acctviene.
In one embodiment, examples of suitable coatings include those comprising nickel metal or
an alloy of nickel or a mixture thereof. Specific examples alloys of nickel include NiCrAlY,
MNiCoCrAlY, CoNiCrAlY, and Ni-P. With a copper containing substrate, the nickel formas a
solid solution which with thermal treatment forms a very strong bond resistant to thermal
shock stress. It is further envisioned that the nickel or alloy of nickel coating may be in
addition to a thermal barrier coating such as deseribed above 1n order to slow down heat

transfer. Other suitable coatings may be comprised of chromium, an alloy containing
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chromivm, platinum, an alloy containing platinum, palladium. an alloy containing palladium,
or mixtures thercof, or muxtures of any of the above with nickel or an alloy containing nickel.
{30117}  The metal or allov or mixture may be applied to surfaces of the reactor shell such
as the mner surface of the inner layer by a variety of known metallization processes. Suitable
cxamples include electroplating using clectrical current, electroless plating which does not
use electrical current, or by applving using plasma spray techniques. For example, pure mickel
may be applied using an electroplating technigues. This coating may not require post
application thermal treatment but adhesion can be improved with thermal exposure from
482°C to 538°C for 1 to 3 hours. The coating 1s densc and prevents copper contact with
acetylene gas. Furthermore, the coating may be applied in combination with, for example, a
stabilized zirconia coating as described earlier, i which case the dense coating provides not
ondy a barrier to the formation of acetylide but is a beat transfer barrier ag well. Inn another
cxample, the coating of an allov of nickel, such as NiCrAlY, may be applied using plasma
spray technologies. This coating may not require post application thermal treatment but
adhesion may be improved with thermal exposure from 482°C 1o 338°C for 1 to 3 hours. The
coating is dense and prevents copper contact with acetylene gas. Furthermore, the coating
may be applied in combination with, for example, a stabilized zirconia coating as describe
earlier, in which case the dense coating provides not only a barrier to the formation of
acetyvlide but is a heat transfer barrier as well. In vet another embodiment, a Ni-P coating may
he applied using clectroless plating. As above, the coating mav not require post application
thermal treatment but adhesion may be improved with thermal exposure from 482°C 1o 538°C
for 110 3 hours. The coating 1s dense and prevents copper contact with acetylene gas.
Furthermore, the coating may be applied in combination with, for example, a stabilized
zirconia coating as described carlier, m which case the dense coating provides not only a
barrier to the formation of acetylide but is a heat transfer bamier as well.

06118]  While there have been dhustrated and described particular embodiments and
aspects, 1t will be appreciated that numerous changes and modifications will occur to those
skilled n the art, and it 1s intended mn the appended claims to cover all those changes and
modifications which fall within the true spint and scope of the present disclosure and

appended claims.
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CLAIMS:

1. An apparatus for producing acetylene from a foed stream comprising methane
COmprising:

a supersonic reactor for receiving the methane feed stream and heating the methane

(93]

feed stream to a pyrolvsis temperature;
a reactor shell of the supersonic reactor for defining a reactor chamber wherein the
reaction chamber operates at a temperature from 1200°C to 4000°C;
a combustion zone of the supersonic reactor for combusting a fucl source to provide a
high temperature carrier gas passing through the reactor space at supersonic
10 speeds to heat and accelerate the methane feed stream {o a pyrolysis temperature;
the reactor shell compnsing an inner shell and an outer shell with one or more
channels between the inner shell and the outer shell where the mner shell s
constracted of a material having a thermal conduactivity of between 300 and 450
W/m-K for conducting heat from the reactor chamber and having a melting
i3 temperatare of between 300°C and 2000°C; the material being at least copper
chrome, or copper chrome zine, or copper chrome niobium, or copper zirconium
or copper silver zirconium; or mixtures thereof, and
a coating comprising nickel metal, an alloy of nickel, chromium metal, an alloy of
chromium, platinum metal, an alloy of platinum, palladium, or an alloy of
20 paltadium, or mixtures thereof applied to an inner surface of the inner layer of the
reactor shell.
2. 'The apparatus of claim 1 wherein the coating comprises NiCrAlY, or NiCoCrAlY,
or CoMiCrAlY, or Ni-P, or nuxtures thercof.
3. The apparatus of claim | wherein the coating comprises NiCrAlY.
25 4. The apparatas of claim 1 wherein the coating 1s:
clectroplated onto the inner surface of the inner laver, or
applied to the mner surface of the joner layer using plasma spray technigues; or
applied to the mmer surface of the inner laver using an electroless plating process;

and thermally treated at a temperature of from 482°C to 538°C for 1 to 3 hours.

[¥9)

0 5. The apparatus of claim 4 wherein the coating 13 electroplated onto the mner

surface of the inner laver and the coating comprises nickel metal.
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6. The apparatus of claim 4 wherein the coating is applied to the mner surface of the
mner layer using plasma spray techniques and the coating comprises NiCrAlY.

7. The apparatus of claim 4 wherein the coating is applied to the mner surface of the
mnner layer using an electroless plating process the coating comprises Mi-P.

5 &, The apparatus of claim 1 wherein the coating further comprises a material capable
of providing a thermal barrier.

8. The apparatus of claim 1 wherein the coating further comprises yttria~-stabilized
zirconia, lanthanom hexaluninate, rare carth-doped lanthanum hexaluminate, hafoium
carbide, tungsten, or nuxtures thereof.

10 10, A process for producing acetvlene from a feed stream comprising methane
comprising;
mtroducing the feed stream to a supersonic reactor wherein the supersonic reactor
COMPTiSes:

a reactor shell of the supersonic reactor for defining a reactor chamber wherein

o
W

the reaction chamber operates at a temperature from 1200°C 1o 4000°C;

a combustion zone of the supersonic reactor for combusting a fuel source to
provide a high temperature carrier gas passing through the reactor space at
supersonic speeds to heat and accelerate the methane feed stream to a
pyrolysis temperature;

26 the reactor shell compnsing an inner shell and an outer shell with one or more

channels between the imner shell and the outer shell where the inner shell

is constructed of a matenial having a thermal conductivity of between 300

and 450 W/m-K for conducting heat from the reactor chamber and having

a melting temperature of between 300°C and 2000°C; the material being at

,.
H
A

least copper chrome, or copper chrome zing, or copper chrome niobium, or
copper zirconium or copper silver zirconium; or mixtures thereof, and

a coating comprising a coating comprising nickel metal, an alloy of nickel,
chromium metal, an alloy of chromium, platinem metal, an alloy of
platinum, palladiom, or an alloy of pailadium, or mixtures thereof applied

30 1o an wner surface of the inner laver of the reactor shell;

combusting a fuel source to provide a high temperature carrier gas passing through

the reactor at supersonic speeds to heat and accelerate the methane feed stream to
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a pvrolysis temperature, wherein upon heating and accelerating the methane
stream, acetylene is generated; and
preventing formation of acetylides in the reactor by employing the coating that

prevents the acetylene from contacting the copper of the inner laver of the reactor.
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