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HYDROCARBON CONVERSION
CROSS-REFERENCE TO RELATED APPLICATIONS

(6001} This application claims the benefit of US. Patent Application Serial No.
62/381,722, filed August 31, 2016, which is incorporated herein by reference.  Cross
reference is made to the following related patent applications: U.S. Patent Application Serial
No. 62/402,009, filed September 30, 2016, U.S. Patent Application Serial No. 62/466,050,
filed March 2, 2017, U.S. Patent Application Serial No. 62/486,5435, filed April 18, 2017, and
PCT Patent Application No. (Docket No. 2017EM233PCT), filed ,

which are incorporated by reference herein.

FIELD

16602} The invention relates to hvdrocarbon conversion in a flow-through reactor, to
apparatus and matenials useful for hydrocarbon conversion, to processes for carrving out
hydrocarbon conversion reactions, e.g., hydrocarbon pyrolysis reactions. The Bow-through
reactor includes at least one channeled member comprising refractory and having an open
frontal area < 55%. The refractory can include non-oxide ceramic.

BACKGROUND

(6003} Olefin demand continues to grow, particularly demand for hight olefin such as
ethyvlene, propylene, and butenes. Commercial light olefin production can be carried out by
steamm cracking a hydrocarbon-containing feed. A steam cracker includes fumace tubes
located proximate to one or more burners which heat the tube’s outer surface. A mixture of
the feed and steam 1s introduced into the heated furnace tubes, and heat transferred from the
furnace tube to the mixture converts at least a portion of the feed to light olefin by pyrolysis.
Furnace tube heating 1s typrcally controlled in a temperature in the range of 730°C to 900°C
to achieve a fixed, predetermined feed conversion, typically in the range of about 60% to
about 80%.  Although ethylene is the primary light olefin product, steam cracking also
produces appreciable yields of propyiene and butenes, particularly when the steam cracker’s
feed comprises Cs+ hydrocarbon.  Since steam cracking process conditions are selected to
provide a fixed, predetermuned feed conversion, sthylene, propylene and butvlene vields are
substantially constant. Steam crackers also include facilities for recovering light olefin from
the steam cracker’s effiuent, which besides light olefin typically further comprises one or
more of molecular hyvdrogen, methane, ethane, propane, butanes, acetylene, butadiene, and
s+ saturated and unsaturated hydrocarbon, including coke precursors and coke.

160604} Introducing steam into the steam cracker feed decreases the hydrocarbon partial

pressure, which lessens the amount of coke produced during the pyrolysis. The steam also
1
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reacts with coke and coke precursors during the pvrolysis, which further decreases the
amount coke produced during the pyrolysis. Even with added steam, however, the pyrolvsis
produces an appreciable vield of coke and coke precursors, and a portion of the coke
accumulates in the furnace tubes.

{6605} Accummiating coke leads to both an undesirable pressure-drop increase across the
tubes’ internal flow path and a decrease in heat transfer to the feed-steam mixture. To
overcome these difficulties, at least a portion of accumulated coke is removed from the
interior of a tube by switching the tube from pyrolvsis mode to decoking mode.  During
decoking mode, the flow of feed-sieam mixture into the coked tube is terminated, and a flow
of decoking fluid is established instead. The decoking fluid, typically comprising air and/or
steam. reacts with and removes the accumulated coke. When sufficient coke has been
removed, the tube is switched from decoking mode to pyrolysis mode to resume light olefin
production.  Although periodic decoking mode operation decreases the amount of
accurnulated coke, this benefit 1s obtained at a substantial energy cost.  In part to lessen
damage to the fumnace tubes, e.g.. by repeated thermal expansion/contractions, the burners
operate not only during pyrolysis mode, bui also during decoking mode, even though an
appreciable amount of recoverable light olefin is not produced during decoking mode.

6606} In order to increase energy efficiency and improve the vield of hight unsaturated
hydrocarbon, processes have been developed which carry out pyrolysis and other reactions in
a regenerative reactor. Such reactors generally include a regenerative member having at least
one internal channel (a channeled member). The channeled member is preheated, and then a
flow of the hvdrocarbon-containing feed 1s established through the channel Heat is
transferred from the channeled member o the hydrocarbon feed, which increases the
hydrocarbon feed’s temperature and converts the feed via the desired reaction and side
eactions. When the reaction is pyrolysis, the pyrolvsis product tvpically comprises
molecular hydrogen, methane, acetvlene, ethylene, and Cs+ hvdrocarbon, the Cs+ hyvdrocarbon
being primarily in the form of coke and coke precursors. At least a portion of the coke
remains in the passages of the channeled member, and the remainder of the pyrolvsis product
is conducted away from the reactor as a pvrolysis effluent. Ethvlene is typically recovered
from the pvrolysis effluent downstream of the reactor. Since pvrolysis 1S on-average
endothermuce, pyrolyvsis mode operation will eventually cool the channeled member, eg., to a
temperature below which the pyrolvsis reactions substantially terminate. The ability to camry
out pyrolysis reactions is restored by regenerating the channeled member during a heating

mode.  During heating mode, the flow of hydrocarbon-containing feed to the regenerative
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e



10

30

WO 2018/044548 PCT/US2017/046879

pyrolysis reactor is terminated. Flows of oxidant and fuel are established to the reactor,
typically m a direction that is the reverse of the feed flow direction, and heat 1s transferred
from combustion of the fuel and oxidant to the channeled member for reheating. After the
reactor 1s sufficiently reheated, the reactor is switched from heating mode to pyrolysis mode.
{60667} U.S. Pateni Application Publication No. 2016-176781 discloses increasing
ethyvlene yield from a regenerafive pyrolysis reactor by operating pyvrolysis mode in an
elongated tubular regenerative pyrolysis reactor. The reference (e.g., in its Fig. 1A) discloses
controlling the pyvrolysis mode for increased ethylene selectivity and decreased selectivity for
coke and methane by establishing a sharp thermal gradient in the bulk gas temperature profile
between a region of substantially constant temperature at which the pyrolysis can occur and a
substantially constant lower temperature at which pvrolysis does not occur. During pyrolysis,
the position of the gradient within the tubular reactor moves inward as the reactor cools, 1.e,,
toward the midpoint of the reactor’s long axis. The cooled reactor is then switched to heating
mode, during which the gradient moves outward, 1.e., away from the midpomt of the reactor’s
fong axis. Although utilizing such pyrolysis conditions results in a coke vield that s less than
that of steam cracking, some coke does accumulate in the channel. Advantageously, the
reference reports that accunulated coke can be oxidized to volatile products such as carbon
dioxide during heating mode by combusting oxidant in the oxidant flow. Energy efficiency is
increased over steam cracking because (i) heating is not needed during pyrolysis mode and
(11) heat released by coke combustion in passages of the channeled member during heating
mode aids channeled member regeneration.  Although the process is more energy efficient
than steam cracking, maintaining a sharp temperature gradient in the bulk gas temperature
profile leads to substantially constant ethylene and Cx hydrocarbon selectivities along the
tength of the pyrolysis zone. Moreover, since the sharp gradient moves downstream during
the pyrolysis, the substantially constant ethylene and (5. selectivities are mamntained along
the length of the pyrolysis zone for the dwration of pyrolysis mode.

{6608} Energy efficient processes are now desired which have flexibility to produce a
range of product selectivities in the reaction zone during a reaction mode, e.g., a range of
light olefin selectivities in the pyrolysis zone during pyrolysis mode, particularly processes
which exhibit appreciable feed conversion without excessive coke vield.

SUMMARY OF THE INVENTION

16609} The mvention 15 based in part on the discovery that regenerative reactors can be
operated to produce a range of product selectivities in a reaction zone during a reaction mode

such as pyrolysis mode, with appreciable feed conversion and without excessive byproduct
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vield, such as excessive coke vield. Contrary to the teachings of the prior art, it has been
found to be beneficial to establish a bulk gas temperature profile during the pyrolvsis that
does not exhibit a sharp gradient between a substantially constant higher temperature region
and a substantially constant lower temperature region.

{66616} It also has been found to be beneficial for certain featwres of the bulk gas
temperature profile to exhibit a temperature decrease of < 100°C during the cousse of
reactions such as pyrolysis. Doing so provides yields of desirable products which do not vary
appreciably as a function of time during the reaction, leading to a significant simplification of
product recovery and purification systems located downstream of the reactor. For a wide
range of reactions and process conditions and commercially-significant feed rates, these
desirable characteristics of the bulk gas termperature profile can be achieved when the reactor
icludes a channeled member having an open frontal area < 55%.

{86611} The imvention is also based in part on the discovery that a channeled member
having an open frontal area < 55% and comprising certain refractories which include non-
oxide ceramics can survive long-term under process conditions encountered in a wide range
of reactions, e.g., hydrocarbon pyrolysis. It has been found that the channeled member and
other reactor components coraprising the specified ceramics have (1) sufficient resistance to
thermal shock, and (11) sufficient chemucal and structural stability, e g, resistance to oxidation
and carburization, so as 1o survive repeated temperature swings and changing chemical
environments in reaction mode and heating mode during prolonged operation.

1660612  Accordingly, certain aspects of the mnvention relate to reacting a feed comprising
hydrocarbon in at least one flow-through reactor. The reactor has opposed first and second
openings and an internal volume., The internal volume includes a channeled mernber having
an open {rontal area > 55%. The channeled member has opposed {irst and second apertures
and at least one intemnal channel. The second aperture is separated from the first aperture by
a flow-path through the channel. The channeled member is positioned in the reactor so that
the first opening 1s adjacent to the first aperture. The channeled member comprises at least
one refractory which mcludes one or more of (1) a first ceramic comprising at least one
compound represented by the formula Mrn AX,, (it) a second ceramic compiising at least one
compound represented by the formula NiB;, and (i) a third ceramic comprising at least one
compound represented by the fornula PxQm.  In these formulas, M 1s at least one element
selected from Groups 3-6 of the Penodic Table; A is at least one element selected from
Groups 13-16 of the Periodic Table; X is carbon and/or nitrogen; N is at least one element

selected {rom Groups 4 and 5 of the Penodic Table; B is boron, P is at least one element
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selected from Groups 4-10 of the Periodic Table, ( is silicon and/or aluminum; nis 1, 2, or 3;
t and k are each a positive integer: j s 1+1 or 1+2; and m 1S a posttive integer that can be
greater than k, less than k, or equal to k.

[B0G13] The process includes also mncludes operating the reactor in heating mode during a
heating time ty. During heating mode, the channeled member is heated to achieve an average
temperature Ta 10 the range of from 300°C to 1400°C. The process continues by carrving
out a feed conversion reaction during reaction mode operation for a reaction time tr. During
reaction mode, a flow of the feed is established from the first opening, through the first
aperture, and into the internal channel. The feed reacts in the channel to produce a reaction
product which is conducted out of the channel, through the second aperture, and away from
the reactor via the second opening. T,y decreases by no more than 100°C during tp.

{66614} In other aspects, the invention relates reactors and reacior components used in
such processes, and to reaction products produced by such processes.

BRIFEF DESCRIPTION OF THE FIGURES

[006315]  Figure 1 schematically shows one form of a reverse flow reactor that is suitable

for carrying out certain aspects of the invention.

[00616] Figs. 2 and 3 schematically show forms of a reverse flow reactor and
epresentative bulk gas temperature profiles at the start (solid lines) and end {dashed lines) of

pyroivsis mode.

[86617] Fig 4 shows the vanation of conversion {dashed line} and propylene selectivity

{(solid line) as a function of T. under the conditions specified in the Exarople.

[66618]  Fig 5 shows the vanation of conversion (dashed hine) and acetylensg selectivity

{solid ling) as a function of Ta under the conditions specified in the Example.

DETALLED DESCRIPTION

[66G19] The invention relates 1o carrying out reactions such as endothermic hydrocarbon
conversion reactions in flow-through reactors such as regenerative, reverse-flow reactors.
Reactions encompassed by the invention mclude one or more of steam reforming, drv (CG»)
reforming, pyrolysis, catalvtic cracking, dehvdrogenation, 1somernization, disproportionation,
alkvlation, de-alkvlation, and dehvydration. Examples of selected reactions and switable
process conditions for carrving them out are described in U8, Patent Application Publication
No. 2008-0142409, which 1s incorporated by reference herein in its entirety.

[66620] In the following portion of this description, the invention will be described with
reference to aspects where the reaction includes hydrocarbon pyrolysis carried out in a

regenerative pvrolysis reactor. In these aspects, the reaction mode is pyrolysis mode, and the
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reaction time tr 1s the pyrolysis time {p. The invention is not limited to these aspects, and this
description is not meant to foreciose other aspects within the broader scope of the invention.
This description and appended claims include certain terms which are defined as follows.
DEFINITIONS

6662317 The term “Cy” hydrocarbon means hvdrocarbon having n carbon atom(s) per
molecule, wherein n is a posttive integer. The term “Cw” hydrocarbon means hydrocarbon
having at least o carbon atom(s) per molecule. The term “C,.” hydrocarbon means
hydrocarbon having no more than n carbon atom{s) per molecule. The term “hvdrocarbon™
means a class of compounds containing hydrogen bound io carbon, and encompasses {i)
saturated hydrocarbon, (i1} unsaturated hyvdrocarbon, and (111} mixtures of hydrocarbons, and
including muxtures of hydrocarbon compounds (saturated and/or unsaturated}. such as
mixtures of hydrocarbon compounds having different values of n.

[86622] The terms “alkane” and “paraffinic hydrocarbon” mean substantially-saturated
compounds containing hvdrogen and carbon only, e.g.. those containing < 1% (wolar basis})
of unsaturated carbon atoms. The term “unsaturate” and “unsaturated hydrocarbon™ refer to
one or more {y+ hydrocarbon compounds which contain at least one carbon aiom directly
bound to another carbon atom by a double or triple bond. The term “olefin™ refers to one or
more unsaturated hydrocarbon compound containing at least one carbon atom directly bound
to another carbon atom by a double bond. In other words, an olefin is a compound which
contains at least one pair of carbon atoms, where the pair’s carbon atoms are directly linked

>

by a double bond. The term “aromatics” and “aromatic hydrocarbon™ mean hydrocarbon
compounds containing at least one aromatic ring.

[60023]  The terms "reactor”, "reactor systerm”, "regenerator”, "recuperator”, "regenerative
bed". "monolith”, "honeycomb”, “reactant”, "fuel", and "oxidant" have the meanings
disclosed in U.8. Patent No. 7,943,808, which is incorporated by reference herein in its
entirety. A "pyrolysis reactor” is a reactor, or combination of reactors or a system for
hydrocarbon pyrolysis. The term "pyrolysis stage” means at least one pyrolysis reactor, and
optionally including means for conducting one or more feeds thereto and/or one or more
products away therefrom. A "region” or “zone” is a location, e.g.. a specific volume, within a
reactor, a location between two reactors and/or the combination of different disjointed
locations in one or ruore reactors. A "pyrolysis region" is a location where pyrolysis 1s carried
out, eg., in a location which contains or is proximate to componenis, such as at least one

thermal mass, which provides heat for the pvrolysis. A reactor or reaction stage can
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eNCOMmpass one or more reaction regions. More than one reaction can be carried out in a
reactor, stage, or region,

[00624] A pyvrolvsis region can mclude components, e.g, one or more members of
appreciable heat capacity having conduits, channels, and passages. The term "conduit" refers
to means for conducting a composition from one location to another. The term encompasses
(i} elementary conducting means, such as a pipe or tube, and (11} complex means such as
tortuous pathways through conducting means, e.g., pipes, tubes, valves, and reactors, that are
fitled with random packing The ferm "passage” means a geometrically contiguous volume
slement that can be wtilized for conveying a fluid within a reactor, regenerator, recuperator,
regenerative bed, monolith, honeycomb, etc. The term “channel” means a plurality of
passages that can be utilized together for conveving a fluid within the reactor, regenerator,
recuperator, regenerative bed, monolith, honeycomb, etc. For example, a channeled member
can have the form of a honeycomb monolith comprising a single channel, with the channel
having a plurality of passages or sets of passages.

[006G25]  The pyrolysis reactor includes at feast one channeled member (e.g., a flow-control
componenty comprising refractory. The channeled member can function as a thermal mass,
e.g., for storing heat during heating mode and releasing heat during reaction mode. The
refractory has a mass density ps, referred to herein as a “solid density”™, and a heat capacity Cy
{measured at 25°C) that is iypically = ¢.05 cal./g °C. The channeled thermal mass has an
open frontal area ("OFA™) for passing fhad into the channel(s), where OFA has the same
meaning as 10 U.S. Patent No. 5,494 881, which is incorporated by reference herein in us
entirety.

[#0826]  The term “bulk gas temperature” means the temperature of a bulk gas steam as
measured by a device (such as a thermocouple) that is i contact with the bulk gas but not in
contact with a solid such as the channeled member’s refractory. For example, if the gas is
traveling through an internal channel of length Lo of a channeled member in the pyrolysis
zong of a thermal pyrolysis reacior, the bulk gas temperature at a location along L is the
average temperature (arithmetic mean) over the channel’s cross sectional area at that location.
The peak gas temperature (“T,7) 15 the greatest cross-sectional-averaged bulk gas temperature

achieved along a flowpath, e g., within a passage of a channel. When the thermal profile over

the length of a flow path exhibits more than one local maximum, Te corresponds to the local
maximum having the greatest bulk gas temperature. One skilled in the art will appreciate that
a gas temperature immediately proximate to a solid thermal mass, such as a partition between

passages within a thermal mwass at any particular location may exceed the bulk gas
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temperature, and may, in some infinitesimal layer, actually approach the solid’s temperature.
The average bulk gas temperature “Ts” over a region of the reacior, e.g., of the pyrolysis

&

zone, is obtained using the formula:

Parameters a and b are the houndaries of an interval (distance) along the long axis of the
reactor. For example, referring to Fig. 1, parameter “a” can be the position of aperture 50 and
parameter “b” can be the position of aperture 9. T(x} 15 a function representing the vartation
of bulk gas temperature over the interval of from a to b, When T(x} 15 a bulk gas
temperature profile of a pyrolysis zone, e g, the pyrolysis zones indicated {(at the start of tp)
by the shaded regions in Figs. 2 and 3, parameters a and b are the locations where the bulk
gas temperature profile intersects the line Twmmn, which corresponds to the minimum
temperature at which feed conversion is > 10% under the selected pyrolysis conditions and
feed. Since the bulk gas temperature profile typically changes during the pvrolysis time
mterval e, as shown in Figs. 2 and 3, Ta will typically decrease during te. The portion of the
profile having a temperature > Twv can be continuous, but this is not required. For example,
when a profile that intersects T at more than two locations in the pyrolysis zone (e.g., a, b)
and touches Tvmmv at a location ¢ (not shown, bui between a and b}, additional integrations are

carried out, e g
o

17
Tav = Tixids + . :{ Fi{xidx
b—al, c— bl

<

When the portion of the profile that 15 > T is n the forra of discrete segments, the
integrations are performed over each of the segmenis. Those skilled in the art will appreciate
that bulk gas temperature profile can be approximaied bv a set of discrete bulk gas
temperatures measured at selected locations along the length of the pyrolvsis zone, e.g., about
ten locations, such as 20 locations, or 50 locations. Tay can be approximated by summing the
discrete bulk gas temperature measurements in the set and dividing the sum by the mumber of
discrete bulk gas temperature measurements in the set.

16606271 The term “selectivity” refers to the production {weight basis} of a specified
compound in a reaction. As an example, the phrase “a hydrocarbon pyrolysis reaction has
100% selectivity for methane™ means that 100% of the hydrocarbon {weight basis) that is
converted n the pyrolysis reaction is converted to methane. When used in connection with a

specified reactant, the term “conversion” means the amount of the reactant {weight basis)
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consumed in the reaction. For example, when the specified reactant is ethane, 100%
conversion means 100% of ethane is consumed in the reaction. With respect to hydrocarbon

[

pyrolysis the term “conversion” encompasses any molecular decomposition by at least
pyrolysis heat, including cracking, breaking apart, and refornung. Average conversion in a
reaction zone, e.g., a pyrolysis zone, is the conversion achieved at Ta. Yield (weight basis) is
conversion times selectivity.

[006628] The term "pyrolyvsis" means an endothermic reaction for converting molecules
o (1) atoms and/or (it) molecules of lesser molecular weight, and optionally (i11) molecules
of greater molecular weight, e.g., processes for converting ethane and/or propane 1o
molecular hydrogen and unsaturates such as ethyvlene, propylene and acetyvlene. Certain
aspects of the invention feature a pyrolysis zone exhibiting selectivities {e.g, of desired
producis) which vary as a function of position along the length of the pyrolvsis 7one but
which do not vary appreciably as a function of time during pyrolysis mode, e.g., within about
+/~ 25%, such as +/- 10%, or +/- 3% from selectivity at the start of tp. More particularly, for
certain aspects in which T, and/or T, decrease by < 100°C during pyrolysis mode. the yield
of many desired products, e.g., light olefin vield, such as ethviene and/or propyiene yvield, do
not vary appreciably as a function of time during pyrolysis mode even though the product
selectivities vary as a function of p@siﬁen along the length of the pyrolysis zone. For
example, vield is typically within about +/- 25%, such as +/- 10%, or +/- 3% of yield at the
start of tp. In these aspects, average conversion 1'r1ight not vary appreciably as a function of
time during pyrolvsis mode, and is tyvpically within about +/- 25%, such as +/- 10%, or +/-
5% of average conversion at the start of tp.

[60029] A hydrocarbon feed 13 subjected to “thermal pyrolysis” when < 50.0% of the heat
utilized by the pyrolysis is provided by exothermically reacting the hydrocarbon feed, eg.,
with an oxidant.  The invention encompasses forms of thermal pyrolysis wherein < 40.0% of
the heat utilized by the pyrolysis is provided by exothermically reacting the hydrocarbon
feed, e.g., <25.0%. such as < 10.0%. In certain aspects, subsiantially no heat for the pyrolysis

E33

is provided by exothernucally reacting the hydrocarbon feed. The “severity threshold
temperature” for pyrolysis is the lowest bulk gas temperature at which acetylene selectivity is
at feast 10% for a total residence time < (.1 second. High-severity pyrolysis conditions are
those carried out at a peak gas temperature that is greater than or equal fo the sevenity
threshold temperature. Low-severity pyrolysis conditions are those carried out at a peak gas
temperature that is less than the severily threshold temperature, 1.e. conditions under which

substantially no hydrocarbon pyvrolysis 15 carmied out at a pyrolysis gas temperalure that
Q
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exceeds the severty threshold temperature. High-severity conditions include those which
exhibit (i) a methane selectivity > 3 wi. % and/or {i1} a propylene selectivity at a temperature
> 1000°C of < 0.6 wi. %. With respect to pyrolysis reactors, the term "total residence time"
means the average time duration for substantially non-reacting (non-converting by pyrolysis)
molecules (such as He, N2, Ar) having a molecular weight in the range of 4 1o 4G fo traverse a
pyrolvsis region of a pyrolysis reactor. The term "gas residence time" means the residence
fime average time of a substantially non-hiquid molecules.

[666306]  The term “Periodic Table” means the Periodic Chart of the Flements, as it appears
on the inside cover of The Merck Index, Twelfth Edition, Merck & Co., Inc., 1996,

[60831]  Certain aspects of the invention relate o carrying out pyrolysis mode and heating
mode under the specified conditions in one or more reverse flow reactors. Representative
reverse flow reactors will now be described in more detaill with respect to Fig. 1. The
mvention 15 not limited to these aspects, and this description s not meant to foreclose the use
of other reactors within the broader scope of the invention.

Representative Reverse Flow Reactors

[36032]  Reverse-flow reactor 50 can be in the form of an elongated tubular vessel having
an mternal volume which includes a pyrolysis zone for carrying out the pyrolysis. Typically,
the nternal volume includes three zones: a first heat-transfer zone, a second heat transfer
zone, with the pyrolysis zone being located between the first and second heat transfer zones.
The zones are in fhudic communication with one another. The reactor vessel’s cross
sectional shape and/or cross sectional area can be substantially uniform over the length of the
reactor, but this is not required. For example, one or more segments of the reactor vessel’s
tength can have a circalar, elliptical, or polygonal cross section. Reactor 50 has opposed {irst
and second openings $1 and 52 which are in fhadic communication with the intemal volume
and are located at terminal ends of the reactor vessel.

{66633} The reactor 50 inciudes first and second channeled members 1 and 7 for
transferring heat to/from reactants and products during the pyrolysis and heating modes. The
geometnc form (size, shape, cross-sectional area) of the chanueled members can be similar to
those disclosed as regenerative beds in UK. Patents MNos. 8,754,276, 9,126,882; 9,346.72%;
9,187,382, 7,943,808, 7,846,401, 7,815,873, 9,322,549, and in US. Patent Application
Publications Nos. 2007-03144940, 2008-300438, 2014-303339, 2014163287, 2014-163273,
2014-0303416, 2015-166430, 2015-197696, and 2016-176781. These references are

imcorporated by reference herein in their entireties.
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[00334] It has been found that in order to keep T, and/or T. from decreasing by no more
than about 100°C, and preferably < 75°C during tp under a wide range of pvrolysis conditions,
the OF A of at least channeled member | should be <35%, e.g.. <45%, such as <40%, or <
35%. Although channeled merbers having a very small OFA are withun the scope of the
invention, it has been found that an OFA of less than about 25%, and particularly less than
about 10%, can result in an undesivably large pressure drop across the reacior. Typically, the
OFA of channeled member | 1s (i) > 10%, e.g., > 15%, such as > 20%, or > 259%, or > 30%;
and (11} < 55%, e.g.. < 50%, such as < 45%. or < 40%, or < 35%. For example, OFA can be
in the range of about 10% 1o 55%, e.g., 15% to 50%, such as 20% 1o 45%, or 253% to 353%.
The first chanmeled member comprises at least one refractory. Typically, the first channeled
member comprises > 75 wit. % of the refractory, based on the weight of the first channeled
member, e.g., > 95 wi. %, such as > 99 wi. %. Typically, the refractory comprises > 50 wi.
% of non-oxide ceramic, e.g., refractory which before the start of a first heating mode
comprises < 30 wt. % of cerarnic in the form of one or more oxide of one or more metal.
More typically, the refractory comprises > 75 wt. % of non-oxide ceramic, e.g., > 90 wit. %,
such as > 95 wt. %. In certain aspecis, the refractory is substantially free of ceramic in the
form of one or more oxide of one or more metals, e.g.. comprises <1 wt. % of oxide of one
or more metals, such as <0.1 wt. %, or <0.01 wt. %.

[86635] In certain aspects, the first channeled member comprises a refractory which
includes one or more of a first ceramic, a second ceramic, and a third ceramuc. The first
cerarmic comprises al least one compound represented by the formula Mu1AX,, the second
ceramic comprises at least one compound represented by the formula WNiB;, and the third
ceramic comprises at least one compound represented by the formula PuQm In these
formulas, M is at least one element selected from Groups 3-6 of the Periodic Table; A is at
least one element selected from Groups 13-16 of the Periodic Table; X is carbon and/or
nitrogen; N is at least one element selected from Groups 4 and 5 of the Periodic Table; B is
boron, P is at least one element selected from Groups 4-10 of the Peniodic Table, Q is silicon
and/or aluminum; nis 1, 2, or 3; 1 and k are each a positive integer; jis i1+l ori+2; and mis a
positive integer that can be greater than k, less than k, or equal 1o k. Generally, M is selected
from the group consisting of S¢, Ti, Zr, Hf, V, Nb, Ta, {r, Mo, and combinations thereof, A
is selected from the group consisting of Al 81, P, Ga, Ge, As, Cd, In, Sn, T1, Pb, and
combinations thereof, N is selected from the group consisting of Ti, Zr, Hf, V. Nb, Ta, and
combinations thereof, P is selected from the group consisting of Ti, Zr, Hf, V, Nb, Ta, {r,

Mo, W, Mn, Tc, Re, Fe, Ry, Os, Co, Rh, Ir, Ni, Pd, Pt, and combinations thereof, and m is <
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k. Typically, the first ceramic comprises one or more of Ti381C;, TLAIC, Nb:AIC, ZrAlC,
T AIC, VZAIC, CnAlC, HEIC, TiSC, VaSC, TisSiCs, TisGeCs, TizSn, T AN, TLAIC,
TiAIN,  TRAIC, TiAN.,,  (Nb.ZrpAlC, (Ti,VRAIC, (TiNbRAIC, (TiLCrhAIC,
(Ti,HpInC.and (TLVRSC, Ti(81,Ge)Cr, and Ti(Sn, ADC,, TuAWCN) and TiANC Ny
Tvpically, the second ceramic comprises ZrB» and/or HiB»; and the third ceramic comprises
NbgAL szAL NbAL NbAlg, and ]\/EQSiz.

166036  The first ceramic, commonly referred to as “MAX” ceramic, includes members of
a class of ternary carbides and nitrides having a layered hexagonal structire.  If desired, the
first ceramic can further comprise one or more secondary phases. Such secondary phases,
when present, include one or more of intermetalics, oxides, carbides, nitrides, oxyearbides,
oxynitrides, and carbonitrides of at least one metal selected from the group consisting of Ti,
Zr, HE V. Nb, Ta, Cr, Mo, W, Mn, Tc, Re, Fe, Ry, (s, Co, Rh, Ir, Ni, Pd, Pt, AL, S1. Y, and
La. When used, the amount of such secondary phases is in the range of from 0.1 1o 20 vol.
%, based on the weight of the first ceramic, e.g., i the range of 0.1 to 10 vol. %. In certain
aspects, secondary phases are not used. For example, the first ceramic can contains < 0.1 vol.
% of secondary phases, e.g., < 0.01 vol. %.  Switable first ceramics include Ti;81C; and
TiAIC, which are believed to be particularly resistant to oxadation during heating mode as a
result of formation of a protective oxide laver (AlOs in the case of THAIC)  Suitable
methods for producing the first ceramics can be found in Lavered Machinable and
Flecirically Conductive Ti2AIC, and Ti3AIC2 Ceramics: a Review, X H. Wang of al: ]
Mater. Sci. Technol., 2010, 26(3), 385-416, which 1s incorporated by reference herein in iis
entirety.

[60837]  The second ceramic includes members of a group commonly referved to as Ultra-
High Temperature Ceramuc ("UHTC™), which typically have a melting point n the range of
from 2500°C to 3000°C. If desired, the second ceramic can further comprise one or more
secondary phases, e.g., o improve oxidation resistance and facilitate easy fabrication.  Such
secondary phases, when present, include one or more of intermetalics, oxides, carbides,
nitrides, oxvearbides, oxynitrides, and carbonitrides of at least one metal selected from the
group consisting of T1, Zr, HE, V_ Nb, Ta, Cr, Mo, W, Mn, T¢, Re, Fe, Ru, Os, Co, Rh, Ir, Ni,
Pd, Pt, Al 81, Y, La. When used, the amount of such secondary phases is tvpically in the
range of from 5 1o 30 vol. %, e.g., 20 to 40 vol. %. In certain aspects, secondary phases are
not used. For example, the second ceramic can contains < 0.1 vol. % of secondary phases,
e.g., <001 vol. %. As an example, one suitable second ceramic comprises 20 vol. % Si{C

and 20 vol. % TaSt:, based on the volume of the second ceramic, where > 50 vol. % of the
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remainder of the second ceramic comprises ZrB», e.g. > 75 vol. %, such as > 90 vol. %, or >
95 vol. %. Swuitable methods for producing the second ceramics can be found in Refractory
Diborides of Zirconium and Haofrium, I Am. Ceram. Soc., 90 [5] 13471364 (2007}, which
is incorporated by reference herein in its entirety.

{66638} The third ceramic includes members of a group of intermetallic matenals {e.g.,
mtermetallic allovs and intermetallic compounds) cornmonly referred to as “intermetallics”.
If desired, the third ceranuc can further comprise one or more secondary phases {o improve
toughness and to facilitate easy fabrication, e g., secondary phases represented by the formula
P.0s. P is at least one element selected from the groups between IV and VIH of the
perigdic table, Q is silicon and/or aluminum, a is 3 postiive integer, and b is a positive integer
that can be greater than a, less than a, or equal to a. Typically, P is one or more of Ti, Zr,
Hf, V., Nb, Ta. Cr, Mo, W, Mn, Tc, Re, Fe, Ru, Os, Co, Rh, Ir, Ni, Pd, and Pt. Optionally, the
secondary mtermetallic matenials are derived from the intermetallic materials PuQn during
manufacturing of the third ceramuc.  For example, when NbAls is fabricated by a melting and
solidification process, WhzAl can be precipitated as a secondary intermetallic phase. When
used, the amount of such secondary phases is in the range of from 0.1 {o 20 vol. %, based on
the weight of the first ceramuc, e.g., in the range of 0.1 to 10 vol. %. In certain aspects,
secondary phases are not used. For example, the first ceramic can contains < 0.1 vol. % of
secondary phases, e.g., <(0.01 vol. %. In addition to or as an alternative to the secondary
phase, the third ceramic can further comprise one or more tertiary phases, e.g., for improved
toughness and to facilitate ceramic and refractory processing. When used, the tertiary phases
have the form of one or more oxides, carbides, nitrides, oxycarbides, oxynifrides, and
carbonttrides of at least one metal selected from the group consisting of Ti, Zr, Hf, V, Nb, Ta,
Cr, Mo, W, Mn, Tc, Re, Fe, Ru, Os, Co, Rh, Ir, Ni, Pd, Pt, AL, S1, Y, and La. When used, the
amount of such tertiary phases is in the range of from 0.1 to 20 vol. %, based on the weight of
the third ceramic, e.g., in the range of 0.1 10 10 vol. %. In certain aspects, fertiary phases are
not used. For example, the third ceramic can contain < 0.1 vol. % of tertiary phases, e.g., <
0.01 vol. %.  As an example, one suitable third ceramic is a composite comprising MoS8is and
at least one of the specified tertiary phases. A particular third ceramic comprises 20 vol. %
MoSiz, wherein > 50% of the balance of the third ceramic’s volume is AbOs, eg., > 75%,
such as > 90%. Suitable methods for producing the third ceramics can be found in 4
Comparative Overview of Molybdenum Disilicide Composites, AX. Vasudevan, et al.,
Materials Science and Engineering, A155 (1992) 1-17, which is incorporated by reference

herein in its entirety,
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100339 Typically, the refractory comprises > 75 wt. % of one or more of the first, second,
and third ceramic, based on the weight of the refractory, e.g., > 95 wit. %, such as > 99 wi. %.
Such a refractory generally has a specific heat capacity at 300°K that is > 0.04 [k/(°K kg)]
and a mass density > 3000 kg/m’. For example, the refractorv’s specific heat capacity at

300°K can be in the range of from 0.04 [k/°K k)i t0 1.2 {/{°K kg)

. The refractory’s mass

density can be in the range of from 3 g/em’® to 7 g/eny’, typically 5 g/ent’ to 7 g/em’, and more
) § 5 4 ) Y28 g

typically in the range of from 6 g/em’ to 7 g/om® Typically, the refractory has thermal

(8]

conductivity in the range of from 0.5 W/m’K to 50 W/m°K, and a coefficient of thermal
expansion in the range of from Ix107/ K to 2x107/°K. The refractory can have a melting
point at atmospheric pressure that is <2000°C, e.g., in the range of from 2500°C to 3000°C.
[660640] It has been found that a first channeled member comprising the specified
refractory has desirable properties which make it particularly suitable for use in regenerative
pyrolysis reactors, particolarly in regenerative-reverse-flow pyrolysis reactors.  Such a
channeled member can withstand repeated thermal cycling over alternating heating and
pyrolysis modes, e.g., a ATy of 100°C at a Ty, > 800°C, or = 1100°C, or even > 1,350°C for
10,000 cvcles with no substantial spallation or cracking. The first channeled member
typically has an average wetted surface area per unit volume in the range of from 1 em™ to
100 cm™'. The internal channel of the first channeled member typically includes a plurality of
substantially paraliel passages, e.g., at a passage density in the range of from 77000/m? to
1.3x10%m?

16606411  Although the second chamneled member can be of substantially the same
compaosition as the first channeled member, this is not required. In certain aspacts, the second
channeled member comprises bedding or packing material that 1s effective in storing and
transferring heat, such as glass or ceramic beads or spheres, metal beads or spheres, ceramic
{e.g, ceramics, which may include, eg. alumina viiria, and zirconia) or honeycomb
materials comprising ceramic and/or metal, other forms of tubes comprising ceramic and/or
melal, extruded monoliths and the like. The choice of refractory for the second channeled
member is not critical, provided it 1s capable of surviving under pyrolvsis mode and heating
mode conditions for practical run lengths (e g.. months} without significant deterioration or
decomposition.  The compositions of the second channeled member is typically selected to
substantially mantain integrity (structural and compositional) and functionality during long
term exposure to pyrolysis feeds, products, and reaction conditions. e.g., temperatures >
750°C, such as > 1200°C, or for increased operating margin > 1500°C.  Conventional

refractories can be used, including those comprising at least one oxide of one or more
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elements selected from Groups 2 — 14 of the Periodic Table, but the invention is not limited
thereto. In particular aspects, the refractory includes oxide of at feast one of Al 81, Mg, Ca,
Fe, Mn, Ni, Co, Cr, T, Hf, V, Nb, Ta, Mo, W, 8¢, La, Yt, 71, and Ce,

[60042]  Optionally, the second channeled member has substantially the same size, shape,
cross-sectional area, thermal properties, OFA, and passage density as the first channeled
member, but this 15 not required. For example, the second chammeled member can have a
thermal conductivity in the range of from 0.5 W/m"K to 30 W/m°K, a coefficient of thermal
expansion in the range of from Ix107/°K to 2x107°K, and an average wetied surface area
per unit volume in the range of from 1 cm™ to 100 em™. The internal channel of the second
channeled member typically includes a plurality of substantially parallel passages, eg., at a

2

passage density in the range of from 77000/m” to 1.3x10%m’ The channeled member
comprises refractory, the refractory generally having a specific heat capacity at 300°K that 18
> 0.04 [K)/(°K kg)] and a mass density > 3 g/cm’. For example, the refractory’s specific heat
capacity at 300°K. can be in the range of from .04 [K/(°K kg)] to 1.2 [k/CK kg)]. and its
mass density can be in the range of from 3 g/em’to 5 g/em’.

[008343]  Generally, a first segment of the first channeled member 1 is located in the first
heat transfer zone, with a second segment being located in the pyrolysis zone. Likewise, a
first segment of the second channeled member can be located in the second heat transfer
zone, with a second segment being located in the pyroivsis zone. Typically, channeled
members 1 and 7 have the form of an elongated tobular article comprising refractory and
having at least one internal channel and opposed apertures in fluidic conununication with the
internal channel{s). Channeled member 1 has a fength L1, and tvpically L1 13 substantially the
same as the length of the internal channel, L. Channeled merber 7 has a length Ls, and
typically Ls is substantially the same as the length of the intemmal channel, Lo, Ly {and also
typically Lz} 1s generally > 0.1 times the total length of reactor 50 (L), Lg, 1S typically in the
range of from 0.1 * Lr t0o 0.9 * Lr such as 0.1 * Lr to 0.4 * Lr.  Optionally, L3 15 of
substantially the same length as L1 and is of substantially the same cross-sectional shape and
of substantially the same cross sectional area.  As shown m Fig |, channeled member |
includes first and second apertures 3 and 5, and channeled member 7 includes first and
second apertwres Y and 11, Aperture 3 is adjacent to opening 51. Optionally, particularly in
aspects (not shown) in which channeled mernber 7 is omitted, aperture 5 can be adjacent to
opening 52. In the aspects illustrated in Fig. 1, channeled members 1 and 7 can each have the
form of an elongated honeycomb comprising at least one channel, the channel having a

phurality of passages. When a channeled member 1s a segmented channeled member, the
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honeycombs can be arranged adjacent to one another {e.g, end-to-end, in geries). Since it
tends to lessen reactor pressure drop, it is typically desirable to a align passages of a
honeycomb’s internal channel or channels with those of neighboring honevcombs to facilitate
flusdic communication through the channeled member. Optionally, the segments of a
channeled member are of substantialiy the same composition, shape, cross sectional area, and
have substantially the same {otal number of passages and the same number of passages per
unit cross-sectional area.

[66644]  The intemal volume of reactor 50 also includes a combustion zone, e g, between
terminal segments of the first and second channeled members. Although combustion zone
can occupy less than all of the region between apertures S and 11 of the first and second
channeled members, it is within the scope of the invention for the combustion zone to include
all of the reactor’s internal volume between apertures 5 and 11, eg., the entire length L
shown in Fig 1. Typically, the combustion zone 15 centered in the region between apertures
11 and 5, eg, with L, being substantially equal to Li  As may be appreciated, the
combustion zone occupies a region of reactor 507s internal volume during 1 that is within the
pyrolysis zone during tp. However, since in the aspects illustrated in Fig. 1, a heating mode 1s
not carried out at the same time as a pyrolyvsis mode, appreciable combustion does not occur
in the combustion zone during pyrolysis and appreciable pyrolysis does not occur in the
pyrolysis zone during heating.

[80645] The combustion zone is typically configured for (i) mixing the fuel and a portion
of the oxidant during heating mode for efficient combustion, (11} increasing distribution
uniformity over third zone’s internal cross sectional area of the combustion products,
unreacted oxidant, and optionally unreacied fuel, and (111} lessening undesirable pressure-drop
effects during pyrolysis mode. The combustion zone can be a region within the intemal
volume of reactor 50, e.g.. an open vohume having a length L and substantially constant
circular cross section of diameter D and cross sectional area A (not shown). As may be
appreciated, an open volume having an appropriaie L @ A ratio will provide at least some
mixing and distribution during heating mode without creating too great a pressure drop
during pyvrolysis mode. More typically, since it provides improved mixing and distribution
and allows a lesser overall length for the combustion zone, the combustion zone includes at
least one nuxer-distributor apparatus 10. The mixer~distribuior, which can be a channeled
member in the form of a relatively thin plate having one or more orifices effective for
carrying out the mixing and distribution of the heating mixture during heating mode.

Generally, the orifices have sufficient cross sectional area to prevent an undesirably large
16



10

25

30

35

WO 2018/044548 PCT/US2017/046879

pressure drop during pyrolysis mode. Conventional muxer-distributors can be used, such as
those described in U.S. Patent Application Publication No. 2013-0157205 Al and U.S. Patent
No. 7,815,873 (incorporated by reference herein in their entireties), but the invention is not
limnited thereto. In certain aspects, refractory components of the mixer-distributor cormprise
the same refractory as is used i the first channeled member. In other aspects, the mixer-
distributor can be the sole channeled member in the reactor which comprises at least in part
one or maore of the first, second and third ceramics. Optionally, the combustion zone contains
at least one selective combustion catalyst. Suitable selective combustion catalysis are
described in U.S. Patent No. 8,754,276, but the invention is not limited thereto.  When used,
a fixed bed of the selective combustion catalvst can be mcluded as a component of the mixer-
distributor, e.g., with one or more of the mixer-distributor’s plate members serving as a
catalyst support. When used, the mixer-distributer 10 can be located at anv location within
the combustion zone. Typically, however, it i1s located approximately mud-way between
apertures 11 and 5. In certain aspects, however, such as those where the amount of coke
deposits in channeled member 1 exceed that of channeled member 7, the combustion zone is
shified downstream (with raspect to heating mixture flow} toward channeled member 1. The
amount of shifi is typically <25% of L, e.g., <20%, such as < 10%.

[66646] The sum of lengths L, L, and Ls is typically > 90% of the total length of reactor
50 (= 0.9%Ly), e.g., as measured between openings 51 and 52. Since it is desirable {o direct
foel and oxidant flows into appropriate passages of channeled member 7 during heating mode
and to direct pyrolysis feed tlow into appropriate passages of channeled member 1 during
pyrolysis mode, it is typically desired to limit the internal volume between aperture 9 and
opening 52 and between aperture 3 and opeming 51, to that needed for convenient reactor
assembly and to prevent component mterference as might otherwise occur from thermal
expansion during use. The pyrolysis zone, which generallv encompasses all of region L, a
segment of Li, and a segment of Ls, is typically > 10% of the total length of reactor 50, e.g., >
15%, such as > 20%. 1t is also typical for the pyrolysis zone 1o encompass < 80% of the total
length of reactor 50, e.g., to leave sufficient internal volume of channeled member | for pre-
heating the pyrolvsis feed and sufficient internal volume of channeled member 7 for
guenching the pyrolysis product, e.g., <60%, such as <40%. In certain aspects, the pyrolysis
zone has a length 1o the range of from 10% to 60% of the total length of the reactor, e.g, in
the range of from 20% to 40%. The combustion zone’s length L is typically < 50% of that of

the length of the pyrolysis zone, e.g., <40%, such as < 30%, or < 20%.
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10666477 Values for L, L1, Ly, Ls, Ly, and D generally depend on the pyrolysis feed used
and the rate at which it 1s conducted into the reactor, the fuel and oxidant compositions, and
the rate at which these are conducted nto the reactor, etc.  Although larger and smaller
reactors are within the scope of the invention, (1) D is typically > 1 cm, e.g., in the range of
from about 1 cmto 10 m, such as 6.1 mto 7.5 my, (i1} L 1s typically > 1 ¢im, e.g., in the range
of from about T omto 20 my, such as 0.1 mto 7.5 m, (i) L 15 typically £ 25% of Lg., e.g., <
10%, (iv) L: 15 typically > 35% of Lr e.g, > 45%, (v} La 1s typically = 35% of Lr. 2. =
45%, Lz being optionally of substantially the same size and shape as Li and (vi) L» is
typically within about +/- 25% of Ly, e.g., +/- 10%, such as +/- 5%.

[00048]  In certain aspects {not shown) at least a portion of the fuel-oxidant combustion is
carried out in a location other than within the internal volume of reactor 50 For example,
fuel combustion can be carried out at a location external o reactor 50, with the combustion
products, unreacted oxidant, and optionally unreacted fuel being conveyed to the vicinity of
the pyrolysis zone for (1) heating the pyrolysis zone to provide a desired temperature profile
for efficiently carrying out the pyrolysis and (1) combusting catalyst coke deposits with at
feast a portion of the unreacted oxidant.

[B0049]  In aspects ilustrated schematically in Fig. 1, reactor 50 is heated during heating
mode by conveying a heating mixture 19 comprising fuel and oxidant through opening 52,
through aperture 9 of channeled member 7, and ouf of aperiure 11 toward the combustion
zone, which contains mixer-distributor 10, Typically, the fuel and oxidant are conveyed
separately through different channels of channeled member 7 from aperture 9 toward aperture
11, and are combined to form the heating mixture downstream (with respect 1o fuel/oxidant
flow) of channeled merber 7. Typically {uel and oxidant are heated by a transfer of heat
from channeled member 7 as the {uel and oxidant flow through the channels of channeled
member 7. Combustion of the fuel and oxidant produces a combustion product. Combustion
product, anv un-combusted oxidant, and any un-combusted fuel enter aperture 5. When there
15 un~combusted oxidant in channeled member 1, this can react with coke deposits and any
un-combusted fuel to produce additional combustion product. An aggregated combustion
product 45 is conducted out of aperture 3 and away from the reactor via opening 51, The
aggregate combustion product typically comprises the combustion product produced in
combustion zone 10; additional combustion product, typically from combustion of coke in
passages of channeled member 1. and any unreacted fuel and/or any unreacted oxidant.
Reactor 50 is switched from heating mode to pyrolysis mode afier achieving the desired

reactor temperature profile.
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1666506 Continuing with reference to Fig 1, a pyrolysis feed 15 is conducted into reactor
50 dwring pyrolysis mode via opening 51. The pyrolysis feed is preheated in an upstream
segment of channeled member | and is typically pyrolysed in (i) a downstream segment of
channeled member 1, and optionally also in (i1} the region between channeled mernber 1 and
channeled member 7 and (iit} in an upstream segment of channeled member 7, upstream and
downstream now being with respect (o the flow of feed and pyrolysis product. A volatile
portion 49 (typically gaseous) of the pyrolysis product is cooled 1n a downstream segment of
channeled member 7, and exits channeled member 7 via aperture 9, and exits reactor 50 via
opening 52. A non-volatile portion of the pyrolysis product remains i the reactor, typicaily
as coke deposits.  Accumulation of coke deposits in reactor 50 1s lessened by combusting
deposited coke during heating mode.

{66651} Heating mode is carried ouf for a time interval of duration ti to achieve a desired
temperature profile in the internal volume of reactor 5O for the start of pyrolvsis mode,
primarily by fuel-oxidant combustion in combustion zone 10, coke-oxidant combustion in
passages of channeled members 1 and 7, and optionally additional fuel-oxidant combustion in
internal passages of channeled member 1 and (less tvpically) channeled member 7. Pyrolvsis
mode 1s carried out for a time nterval of duration tp. Pyrolysis is on-average endothermic,
and, consequently, the bulk gas temperature profile of reactor 30 is transformed over the
course of time interval tp to a profile that is not appropriate for efficient pyrolysis.  Reactor
50 is then switched {from pyrolysis mode to heating mode to reheat the reactor, so that the
desired bulk gas temperature profile is extubited at the start of a following pyrolysis mode.
Tvpically, at least one flow controlier which includes valve means (e.g., a plurality of valves)
s provided to (i) establish forward flows of the pyrolysis feed and the pvrolysis product
during pyrolysis mode for a time duration tp and {11) establish reverse flows of the fuel, the
oxidant, and the combustion product during heating mode for a time duration .

166652} Pyrolysis mode and heating mode are typically repeated in sequence, for semi-
continuous or continuous operation. Intervening steps between successive pyrolysis and
heating modes, e.g., one or more steps for adnutting a forward or reverse flow of sweep gas
to the reverse-flow reactor, can be carried out between pyrolysis mode and heating mode
operation, and vice versa. Continuous of semi-continuous operation can be characterized by a
“cycle time”, which constifutes the time duration from the start of a pyrolysis mode to the
start of the next pyrolysis mode in the sequence, and includes the time duration of heating
mode(s) and any intervening steps (when used). Cycle time can be substantially constant

over a plurality of repeated cycles, but this is not required. The invention 1s typically
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practiced with relatively short cycle times compared to that of conventional processes {e.g.,
steam cracking) for pyrolysing similar feed hydrocarbon at a peak pyrolysis temperature <
1200°C. For example, cvcle time can be < 60 seconds, e.g., < 30 seconds, such as < 15
seconds, or < 5 seconds.  Typically, cvcle time is in the range of from 2 seconds to 60
seconds, e.g., 3 second to 30 seconds, such as 4 second to 30 seconds. When (i} the pvrolysis
feed is introduced into the reactor in a direction that is substantially opposite to the direction
of fuel and oxidant flow and/or (1) when the flow of pyrolysis product away from the reactor
is substantially opposite to the direction of combustion product flow, the reactor is called a
reverse-flow reactor.

[608S3]  Certain aspects of heating mode operation, during which reactor 50 1s preheated
for initial pyrolysis mode operation, or reheated for continued pyrolysis mode operation, will
now be described in more detail. The invention is not limited 1o these aspects, and this
description is not meant to foreclose other ways 1o operate a heating mode.

Representative Heating Mode Conditions

[660654]  Operating conditions during heating mode are selected to accomplish (i) reheating
the pyrolysis zone to establish a temperatire profile in the reactor corresponding to the
desired bulk gas temperature profile at the start of a following pyrolysis mode and (1)
removing sufficient coke deposits from within the reactor’s internal volume, which would
otherwise lead to an increase in reacior pressure drop. When it is desired to quench the
pyrolvsis product within the reactor, heating mode optionally ncludes cooling channeled
member within the reactor at a location that 1s both upstream (with respect to fuel-oxidant
flow) of the combustion zone and downsiream (with respect to the flow of pyrolysis product)
of the pyrolysis zone.

[#0855] Combustion is carried out during heating mode by reacting fuel and oxadant, e.g.,
fuel and oxidant contained in a heating nmixture. The fuel and oxidant can be the same as
those disclosed in U.S. Patent WNo. 7,943,808, Optionally, the fuel is derived from, comprises,
congsists essentially of, or consisis of one or more of hydrogen, CO, methane, methane
containing streams, such as coal bed methane, biogas, associated gas, natural gas and
mixiures or components thereof, etc. The fuel typically comprises one or more of molecular
hvdrogen, synthesis gas {mixtures of CO and H»), and hvdrocarbon, such as > 10.0 wt. %
hydrocarbon, or > 50.0 wt. % hydrocarbon, or > 90.0 wt. % hydrocarbon. Although the fuel
can be of substantially the same composition as the pvrolysis feed, this is not required. The
oxidant is typically one or more of molecular oxygen, ozone, and air, including molecular

oxygen in air. Those skilled m the art will appreciate that feed flow rate will depend on
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factors such as feed composition, reactor volume, pyrolysis conditions, etc. Accordingly, the
invention can be carried out over a very wide range of heating mixture flow rates, eg., at a
flow rate > 0.001 kg/s, such as > 0.1 kg/s, or > 10 kg/s, or > 100 kg/s, or more.

[B0056]  Once a fuel of the desired caloric content (heating value) has been selected, the
amounts of fuel and oxidant to the reactor during heating mode can be specified in terms of
the amount of oxidant needed for combusting the accumulated coke deposits ("OC,") and the
amount of oxidant ("OCy”) needed for the substantially stoichiometric combustion of the
fuel. Typically. the oxidant supplied during heating mode is Fe{ OC,+ OCy), wherein 7 is
generally > 0.5, e.g, > .8, such as in the range of 0510 5.0, 01 0510 3.0, 0r 0.8 t0 3.0. The
amounts OC, and OC, are on a molar basis. When Z > 1.0, the excess oxidant can be
utilized, e.g, for one or more of removing at least a portion of any accumulated coke
deposits, moderating the reaction temperature during heating mode {as disclosed in U.S.
Patent No. 7,943,808), and conveving heat within the reactor from one zone to another.
Generally, a first portion of the oxidant is combusted with the fuel in the combustion zone,
and a second portion is combusted with accumulated coke deposits. Typically, the first
portion comprises > 3¢ wt. % of the total amount of oxidant supplied during heating mode,
e.g., > 75 wt %, or > 90 wt. %, with the second portion comprising at least 75 wt. % of the
remainder of the total oxidant, eg., > 90 wt. %. It is also typical for oxidant flow rate and
fuel flow rate 1o remain substantially constant for the duration of heating mode. These flow
rates are selected to achieve the desired amount of combustion heating and the desired
amount of coke removal during tn. The nvention is compatible with conventional methods
for lessening coke accumulation in channeled members during heating mode, e.g., those
described in U.S. Palent No. 9,187,382, which is incorporated by reference in its entirely.
{60887} Other streams can be provided to the reactor during heating mode, e.g., one or
more diluent streams can be provided, such as by addition to the heating nuxture. When
used, diluent can be provided with the oxidant and/or fuel. Suitable diluents (which can be a
difuent mixture} inchude one or more of, e.g., oxvgenale (water, carbon dioxide, eic.}, non-
combustible species, such as molecular nitrogen (M), and fuel impurities, such as hydrogen
sulfide. For example, the oxidant can comprise 60.0 mole % to 95.0 mole % diluent and 5.0
mole % to 30.0 mole % molecular oxygen per mole of the oxidant, such as when the oxidant
ts air. Optionally, the oxidant has a mass ratio of diluent to molecular oxygen in the range of
0510200, eg. intherange of 4010 12.0.

{66658}  In order {0 lessen or prevent the occurrence of a shaip temperature gradient in the

bulk gas temperature profile at the start of pyrolysis mode and during the course of pyrolysis
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mode, it was expected that a relatively long-duration fim would be needed, e g, a tw > 30
seconds, or > 50 seconds. Surprisingly, this is not the case: a ty < 27 seconds is typically
sufficient for reheating the reactor to achieve the desired bulk gas temperature profile at the

start of pyrolvsis mode, eg., < 25 second, such as < 10 seconds, or < 1 second, or < 0.1
second. For example, ta can be in the range of from 0.01 second to 25 seconds, or 0.05
second to 10 seconds, or 0.05 second to 5 seconds, or .05 second to 1 second.

166059] It was also expected that fuel-oxidant combustion should be distributed through
the reactor’s pyrolysis zone to achieve the desired non-constant bulk gas temperature profile
in the pyrolysis zone (and particularly along channeled member 1) during tp, and to lessen or
prevent the occurrence of a sharp temperature gradient in the bulk gas temperature profile
during tr. Swrprisingly, it has been found that this is not the case. The desired bulk gas
temperature profile for pyrolysis mode is established during heating mode by carrving out
fuel-oxidant combustion primarily in the central region of the reactor (e.g., a region of length
L as shown i Fig. 1). While not wishing to be bound by any theory model, it is believed that
concentrating combustion in the central region of the reactor leads 1o an improved reactor
temperature profile compared to that which is achieved by distributed combustion for mainly
two reasons.  First, the greater fuel and oxidant flow rates needed to achieve the desired
amount of combustion during ty, and the resulting increased flow rate of combustion product,
lead to a more favorable distribution of combustion heat within the reactor. Second, during
heating mode the combination of radiative heat transter to a channeled member prosimate to
the combustion zone and heat conduction within the channeled member sufficiently
moderates the reactor temperature profile so as to broaden temperature gradients in the
pyvrolysis zone {e.g.. gradients along the length of the reactor) that would otherwise be
undesirably sharp.

[00068] Referring again to Fig 1, an appropriate combustion zone length L can be
achieved by conventional methods, e.g., by use of one or more mixer-distributors 10, use of a
selective combustion catalyst, etc. For example, it has been found that even when mixer-
distributors and selective combustion catalvsts are not used, bmiting 7 to a value <5.0, e.g.,
< 3.0, and especially < 2.0, results in a combustion zone length L that 15 < 50% of that of the
tength of the pyvrolysis zone, e g., <40%, such as < 30%, or < 20%.

[B0061]  Afier the reactor is sufficiently reheated to establish the reactor temperature
profile desired at the start of pyrolysis, the reactor can be switched from heating mode to
pyrolysis mode, typically by decreasing or terminating fuel and oxidant flow and

commencing or increasing a flow of pyrolysis feed. Representative pyrolysis feeds will now
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be described in more detail. The invention is not limited to these pyrolysis feeds. and this
description is not meant to foreclose the use of other pyrolvsis feeds within the broader scope
of the invention.

Representative Pvrolyvsis Feeds

~

[66662] The pvrolysis feed comprises (i hydrocarbon, eg, > 1 wt. % of Cos
hydrocarbon, such as > 10 wi. %, or 2 25 wt. %, or > 30 wt. Y%, or > 75 wt. %, or > 90 wi. %.
Tvpically> 90 wt. % of the remainder of the pyrolysis feed comprises diluent, e.g, one or
more of methane, C(»:, water, etc. In certain aspects, the pyrolvsis feed consists essentially of
or even consists of Ty hydrocarbon, e.g., T2 ~ Oy paraffinic hvdrocarbon. The pyrolysis
feed’s hydrocarbon (the “feed hyvdrocarbon™) generally includes any hydrocarbon compounds
or mixture of hydrocarbon compounds that when subjected to the specified pyrolysis
conditions produce the desired pyrolysis product.  Suitable pyrolvsis feeds include those
disclosed i U.S. Paient Application Publication No. 2016-176781, which is incorporated by
reference herein in its entivety. In cerfain aspects, particularly those aspects where the feed
comprises > 50 wt. % ethane {or propane, or a mixture of ethane and propane), e.g.. > 75 wi.

%, such as > 90 wi. %, conversion during pyrolvsis is based on the amount of Ca
hvdrocarbon that 15 converted. In other aspects, e.g., those where the feed includes
components such as (i) saturated Cs. hvdrocarbon and/or (1) aromatic and/or non-aromatic
cores having one or more substantially-saturated C;+ side chains, the conversion is based on
the aggregale amount of Ca+ hyvdrocarbon components converled, including such substantially
saturated side chains as may be converted.

[00663]  Although the feed hydrocarbon typically includes Czr compounds which contain
hydrogen and carbon only, feed hydrocarbon can contain compounds having covalently-
bound and/or non-covalently-bound hetercatoms. When present in the feed hydrocarbon, the
amount of such heteroatom-containing hvdrocarbon compounds 1s typically < 10 wt. % based
on the weight of the feed’s hvdrocarbon. Feed hvdrocarbon that is substantially-free of non-
aliphatic hvdrocarbon is within the scope of the invention, as is feed hvdrocarbon that 13
substantially free of aromatic hydrocarbon and/or substantially free of olefinic hydrocarbon,
particularly > — Cs olefin.  Substantially-free in this context means < 1 wt. % based on the
weight of the feed hydrocarbon, such as < 0.7 wt. %, or < 0.01 wi. % , or < 0.601 wt. Y.
[00064] The feed hydrocarbon can be obtained from one or more sources of hydrocarbon,
e.g., from natural hydrocarbon sources including those associated with producing petroleum,
or from one or more synthetic hydrocarbons sources such as catalytic and/or non-catalvtic

reactions. Examples of such reactions include catalytic cracking, catalytic reforming, coking,
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steam cracking, etc. Synthetic hyvdrocarbon sources include those in which hydrocarbon
within a geological formation has been purposefully subjected to one or more chemical
transformations.  The feed can include a recycled portion of the pyrolysis product. Such
recycle, when used, can include, e.g.. methane, molecular hvdrogen, and Ci+ hydrocarbon,
typically €z to Cs.

[86665] The feed hydrocarbon can include one or more of ethane, propane, butanes,
saturated and unsaturaied Cs hydrocarbon, including those derived from one or more of
Fischer-Tropsch synthesis products, shale gas, biogas, associated gas, natural gas and
mixtures or components thereof, steam cracked gas oil and residues, gas oils, heating oil, jet
fuel, diesel, kerosene, gasoline, naphtha {(including coker naphtha, steam cracked naphtha,
and catalytically cracked naphtha), hydrocrackate, reformate, raffinate reformate, Fischer-
Tropsch hiquids, natural gasoline, distillate, virgin naphtha, crude oil, atmospheric pipestill
bottoms, vacuum pipestill streams mcluding bottoms, wide boiling range naphtha to gas oil
condensates, heavy non-virgin hydrocarbon streams from refineries, vacuum gas oils, heavy
gas oil, naphtha contaminated with crude, synthetic crudes, shale oils, coal liquefaction
products, coal tars, tars, atmospheric resid, heavy residuum, 4 - residue admixiure, naphtha -
residue adouxture, cracked feed, coker distillate streams, and hydrocarbon streams derived
from plant or animal matter. The feed hvdrocarbon can comprise volatile and non-volatile
hydrocarbon, as described in U.S. Patent Application Publication No. 2016-176781. Those
skilled in the art will appreciate that feed flow rate will depend on factors such as feed
composition, reactor volume, pyrolysis conditions, etc.  Accordingly, the nvention can be
carried out over a very wide range of feed flow rates, e.g , at a flow rate > 0.001 kg/s, such as
> 0.1 kg/s, or > 10 kg/s, or > 100 kg/s, or more,

[60866]  Although the invention s not hnnted thereto, the specified process can be used for
upgrading relatively refractory light {e.g., C: — Cs) paraffinic hydrocarbon, such as ethane.
Accordingly, the feed hydrocarbon can comprise ethane in an amount > 1 wi. %, e.2., > 5 wt.
%, such as > 10 wi. %. Swurlable feeds include those comprising > 50 wt. % ethane, such as >
75 wit. %, or = 90 wi. %, or > 95 wi. %. For example, the feed can comprise an amount of
ethane in the range of from 1 wi. % to 99 wt. %, such as 5 wt. % to 95 wt. %, or 10 wt. % (o
90 wit. %. One representative feed hvdrocarbon comprises (1) > 10 wi. % ethane, or > 50 wi.
%, or > D0 wi. %, such as in the range of from 10 wt. % 10 99.5 wi. % ethane, with > 95 wt.%
of the balance of the feed hydrocarbon comprising one or more of methane, propane, and
butanes. In other aspects, the feed compnses > 90 wi. % of (i} ethane and/or (it) propane.

The light paraffinic hvdrocarbon can be provided from any convenient source, e.g., from
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synthetic and/or natural sources. Light paraffinic hydrocarbon (e g, ethane) can be provided
from petroleum or petrochemical processes and/or sources of geological origin, e.g., natural
gas. In particular aspects, the pyvrolysis feed comprises > 90 wi. % of (i) ethane and/or (1)
propane.

{66667} The pyrolysis feed optionally includes dilnent, typically comprising compositions
that are essentially non-reactive under the specified pyrolysis conditions, such as one or more
of methane, water {e.g.. steam), hydrogen, nitrogen and the noble gases, such as helium, neon
and argon. Diluent present in the pyrolysis feed’s source (e.g.. methane and/or CO» present in
natural gas) and diluent added to the pyrolysis feed are within the scope of the invention.
Diluent, when present, is typically ncluded in the pyrolysis feed in an amount < 60 wt %
based on the weight of the feed, e g, < 50 wt. %, such as <40 wt. %, or <30 wt. %, or <20
wit. %, or < 10 wt. %, or in the range of from 1 wt. % to 530 wt. 9. Diluent is also suitable for
use as a sweep gas, e.g., for (i) removing at least a portion of any deposits in the reactor after
the pyrolvsis mode and/or afier heating mode and/or (i1) adjusting the reactor’s temperature
profile—heat carried by the sweep gas from warmer regions of the reactor for transfer to
cooler regions will increase the temperature of the cooler regions and further lessen or
prevent sharp gradients 1n the reactor temperature profile.

[66668] A flow of the pyrolysis feed is conducted to the pyrolysis reactor during pyrolysis
mode, typically in a reverse-flow direction, e.g., one that is opposed to that of oxidant flow.
During pyrolysis mode, at least a portion of the feed hydrocarbon is pyrolysed to produce a
desired pyrolysis product. Certain pyrolysis conditions that are useful for pyvrolvsing the
specified pyvrolysis feeds will now be described in more detail. The invention is not limited
to these pyrolysis conditions, and this description is not meant to {oreclose the use of other
pyrolysis conditions within the broader scope of the invention.

Renresentative Pvrolysis Mode Conditions

[6666%] When healing mode is carried oui under the specified conditions, the bulk gas
temperature profile at the start of pyrolysis mode continuously varies over the length of the
pyrolysis zone, and typically over the entire length of channeled member 1. Utilizing a first
channeled member having an OFA < 355% in a pyrolysis reactor operating under the specified
pyrolysis conditions has been found to result in a number of favorable features, e.g., a feed
conversion that is typically > 30 wt. % and desirable olefin yields, typically without excessive
coke yield  Although T, decreases during the course of the pyrolysis, #is position along the
length of the pvrolysis zone and the general shape of the bulk gas temperature profile

typically remain substantially the same during tp.  More particularly, utilizing a first
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channeled member having an OFA i the specified range results in a decrease in T that 15 <
100°C during tp, e.g., < 75°C, such as <30°C, or < 25°C, or < 10°C, or £ 53°C, for a wide range
of pyrolysis conditions and a wide selection of pyrolvsis feeds. In certain aspects, e.g., those
where Tp 15 located downstream of the first channeled mermber, the bulk gas teraperature
proximate to the downstream end of the first channeled member decreases by < 100°C during
the course of the pyrolysis, eg., < 75°C, such as < 30°C, or < 25°C, or < 10°C, or < 5°C.
Regions of substantially-constant temperature along the length of the pyrolysis zone {(and
typically along the length of channeled member 1) are avoided. Sharp gradients inn the bulk
gas temperature profile within the pyrolysis zone (and typically along the length of channeled
member 1) are also substantially avoided.  Although high-severity pyrolysis conditions can
be used. it is typical o use low severity conditions.

[66678] When OFA 15 in the specified range, Tp and/or Tav remain within 100°C of their
values at the start of the pyrolysis even when tp is of relatively long duration, e.g., > T second,
such as > 2 seconds, or > 8 seconds, or > 10 seconds, or > 20 seconds, or > 30 seconds, or
even > 1 minute or more. For example, ip can be in the range of from | second to 30 seconds,
&.g., 2 seconds to 15 seconds, such as 2 seconds to 10 seconds. Conventional methods can be
used to achieve these ranges of tp, e.g., using one or more poppet valves and/or hvdrodynarmic
valving, but the mvention is not imited thereto. The bulk gas temperature profile typically
maintains a substantially constant shape (although decreasing in magnitude) during these
relatively long tp values. Using a tp = 2 seconds and the specified OFA decreases the
occurrence of pyrolysis zone segmenis having a substantiallv~constant bulk gas temperature
profile.  Using these tp values and the specified OFA also substantially prevents relatively
sharp temperature gradients in the pyrolysis zone.  For example, at any time during the
pyrolysis vanations in the bulk gas temperature are typically < 140°C withun any pyrolysis
zone segment having a length < 10% of ic, eg, <100°C, such as < 50°C. Using these 1p
values and the specified OFA typically limits temperature variations to < 75°C within any
segment of channeled member 1 that has a tength <10% of Is, e.g., <50°C, such as <25°C.
[06671] The pyrolysis conditions n the pyrolyvsis zone during tp generally mnclude Tp <
1400°C, Ty < 1200°C, and an average total pressure > 0 psig. Gas residence time in the
pyrolysis zone {g.g., feed residence time when the feed is substantially non-liquid during the
pyrolysis}) is generally < 0.4 seconds to decrease the conversion to coke of desired products
such as light olefin. Typically, the pyrolysis conditions include Tp < 1200°C, e g, < 1100°C,
such as < 1000°C or in the range of from 1000°C 1o 1400°C; Ta £ 1100°C, e.g., < 10060°C,

such as < 900°C, or in the range of from 600°C 1o 1200°C, or 900°C 1o 1100°C, or 925°C to
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1075°C; and a feed hydrocarbon partial pressure > 7 psia (48 kPa), or > 10 psia (69 kPa), or >
20 psia (138 kPa), or > 30 psia (207 kPa). The average total pressure is typically > 5 psig (34
kPag), or >15 psig (103 kPag), or > 40 psig (276 kPag), or = 80 psig (552 kPag), or > 120
psig (827 kPag). Particularly when the pyrolysis feed includes diluent, the average total
pressure can be > 150 psig (1034 kPag), or > 300 psig (2068 kPag}, or > 300 psig (3447
kPags Total gas residence time tn the pyrolysis zone 15 typically < 0.2 second; preferably <
0.15 second or < 0.1 second; or in the range of 0.001 second to 0.4 second, or in the range of
.01 second to 0.4 second, or in the range of 0.01 second to (.2 second. For example, the
pyrolysis feed can be passed through channeled member 1 at a total gas residence time at a
bulk gas temperature > 800°C that is < 0.100 second, such as < 0.060 second, such as <0.040
second, or in the range of 0.001 second to 0.100 second, or in the range of 0.002 second to
0.060 second, or in the range of 0.002 second to 0.040 second. When utilizing a first
channeled member having an OFA in the specified range, these conditions have been
observed to decrease Tp and/or Ta by < 100°C, e.g., < 753°C, such as < 50°C, or <25°C, or <
10°C, or <3°C foratp > 1 second, e.g., > 2 seconds, such as > 5 seconds, or > 10 seconds, or
> 20 seconds, or > 30 seconds, or even > 1 mimie or more. In particular aspects, tr and ty are
both > 2 sec., feed hydrocarbon converston 1s > 30 wi. %, gas residence fime in the pyrolysis
zone is < 0.5 second, and total pressure is > 0 psig.

166672] Smaller values of OFA, which lead to a smaller decrease in T, and Tav during tp,
are typically desired at relatively large values of Ty, e.g., = 1000°C, such as > 1200°C, or >
1300°C.  Decreasing vanations in T, and Ty duning tp at relatively high pvrolysis
temperatures has been found to moderate variations in the vield of less desirable pyrolysis
products such as acetylene and coke as would otherwise occur during a commercially-
reasonable tp (e.g., > 2 seconds). This in turn leads to a simplification of olefin purification
and recovery facilities. For example, when T, exceeds 900°C, it is beneficial for the
channeled member to have an OFA of < 45%, and for AT, and/or ATay to be < 50°C. When
Ta exceeds 1000°C, it is beneficial for the channeled member (o have an OFA of < 35%, and
for ATy and/or ATa to be < 40°C. When Tay exceeds 1100°C, it is beneficial for the
channeled member to have an OFA of < 23%, and for AT, and/or ATa to be <20°C. Stated
another way, when Tp exceeds 1000°C, 1t 1s beneficial for AT, and/or ATw to be < 50°C,
when Tp exceeds 1100°C, 1t 1s beneficial for ATy and/or ATa 1o be < 40°C, and when T
exceeds 1200°C, it is beneficial for ATy and/or ATy to be <20°C.

666737 Thermal profiles resulting from using the specified regenerative reactor having a

thermal mass of the specified OFA for a pyrolysis mode having the specified time duration &
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will now be described in more detail with respect to Figs. 2 and 3. In Figs. 1-3, components
and streams performing similar functions have the same index mumber. As shown in the
figures, ATp 1s a positive number corresponding to the change in Tp during te.  Although Figs.
2 and 3 illustrate aspects where T} 1s located within shaded region 14 of channeled merber 1,
in other aspects Ty 1s located downstream {respecting pyrolysis feed flow) of channeled
member 1.

106674] Fig 2 schematically shows a representative regenerative reverse-flow reactor,
simifar to that shown in Fig. 1, and representative gas temperature profiles during pyrolysis.
The solid line represents the bulk gas temperature profile at the start of tp, and the dashed line
represents the bulk gas termperatore profile at the end of tp. Al the start of tp, the flow of
combustion mixture 19 is curtailed a flow of pyrolysis feed 15 is established. The reacior’s
pyrolysis zone at the start of tp encompasses the region between apertures 5 and 11, the
shaded region 16 of channeled member 7, and the shaded region 14 of channeled member 1.
Particularly at relatively large flow rates of fuel and/or oxidant during heating mode, and/or
when ty 15 of relatively long duration, the peak gas temperature T during tr can be displaced
away from the aperture 11, toward aperture 5 or bevond. In such aspects, the length of the
pyrolysis zone’s downstream segment Is is less than that of the upstream segment la, e.g., at
least 10 Y% less, such as at least 25% less, or at least 50% less. The total length of the
pyrolysis zone lc is the sum of I4 and Is.  Typically, Ic 13 in the range of from 10% to 50% of
the total length of reactor 50, e.g., in the range of 20% to 40%. For example, Ic can be in the
range of from 20% to 40% of Li+Lo+Llat+hy (Fig. 2). The locations of the terminal ends of Ia
and I (the locations where the first and second heat transfer zones abut the pvrolysis zone
during pyrolysis mode) are determined by Tavn.

[086758] In the aspect of Fig. 3, a muxer-distributor 10 1s located within the combustion
zone, and the bulk gas termperature profile at the start of pyrolysis mode (profile PRs) exhibits
at two local maxima. Profile PRy, which represents the bulk gas temperature profile at the
end tp, also exhibits two local maxima and 15 substantially congruent with PRs. While not
wishing to be bound by any theorv or model, it is believed that the bi-modal bulk gas
temperature profile results from heat radiated from the mixer distributor during heating mode
toward channeled members 1 and 7. Since the end of the mixer-distributer opposite aperture
5 achieves a greater temperature than the end facing aperture 11 during heating mode, and
since radiative heating is a relatively short-range phenomena (the inverse-square law applies),
channeled member 1 is heated more than channeled member 7. The resultant bulk gas

temperature profile PRy at the start of pyrolyvsis mode is therefore believed to be a
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substantially linear combination of bulk gas temperature profile PRy, which is related to the
heating of channeled member 7, and bulk gas temperature profile PRy, which is related to the
heating of channeled member 1. Greater fuel-oxidant tlow rates during heating mode lead to
additional heating of channeled member 1, eg. by convective heat transfer from the
combustion product, which displaces the peak temperature of profile PR: toward {or even
ito) shaded region 14, The maximum gas temperature of profile PRy is typreally 20% to
70% of the maximum gas temperature of profile PR., such as 30% to 70%.

[66676]  In aspects such as those illustrated in Figs. 2 and 3, the pyrolysis conditions
include & bulk gas temperature profile during pyrolvsis (i.e., the profile of the pvrolysis buik
gas temperature) which at the start of tp increases substantially monotonically from a first
temperature (T1) proximate to aperture 3 of thermal mass 1 to temperature Ty proximate to
a location (the reference location) where the first heat transfer zone abuts the pyrolysis zone,
e.g.. reference location Ry at the start of tp and reference location Ry at the end of tp. The
peak gas teruperature Ty is greater than Ty during tp. Tp — T at the start of pyrolysis is
typically in the range of from 10°C to 400°C, or 25°C to 300°C, or 50°C to 200°C. Ty is
typically > Tawaw + 10°C at the start of ip. For example, Tww — Tavaw at the start of pyrolysis is
typically in the range of from 5°C 1o 200°C, or 10°C to 150°C, or in a range of from 20°C to
100°C, or from 25°C to 75°C. Typically, the position of T}, within the pyrolysis zone remains
substantially constant during the pyrolysis.  Substantially constant in this context means that
the location of Tp changes during pyrolvsis mode from its mnitial position by < +/- 20% of L,
e.g., <+/- 15%, such as < +/- 10%, or typically < +/- 5%. Unlike Ty, the reference location
typically varies in position durning tp. Ty is typically less than Tvopr during tp, in other words,
at least a segment of first thermal mass 1 1s included in the first heat transfer zone. The value
of Twmmv depends on several factors, e.g., the choice of feed and pyrolysis process conditions
such as pressure and residence time. For feeds comprising light hydrocarbon, e.g., one or
more Cz ~ Cs paraffin, Tvn s typically < 1400°C, e.g., < 1300°C, such as < 1200°C, or <
1100°C, or < 1000°C. For example, Tvy is typically in the range of from 700°C to 1200°C,
e.g.. 975°C to 1100°C, and T, 15 typically = 1150°C. Tagw —T1 at the start of pyrolysis is
typically in the range of from 10°C to 400°C, or 25°C to 300°C, or 50°C to 200°C. In
particular aspects wtilizing a feed comprising ethane and/or propane, the pyrolysis conditions
at the start of te typically include Ti <900°C, e.g, <750°C, such as < 500°C, or < 400°C, or
in the range of from 350°C to 800°C.

166677} At the start of tp, feed conversion typically exhibits a profile (not shown in Figs. 2

and 3) which increases from a first conversion (X1} at reference location Ry positioned
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between the first and second apertures to a second conversion (X2} proximate to aperture 5,
wherein X is in the range of from 25% to 85%. and X; is i the range of from 65% to 98%.
Reference location Ry is typically proximate to the location where the terminal the end of the
pvrolysis zone abuts the first heat transfer zone at the start of tp. The peak gas temperature
decreases during tp, but the bulk gas temperature profile typically maintains substantially the
same shape as shown. Although the bulk gas temperature profile {withan the pvrolysis zone)
at the start of tp is typically substantially congruent with that at the end of tp, the location in
the pyrolysis zone at which conversion X is achieved translates during tr from Ry toward
aperture 5 to reference position Ro at the end of {p. In pariicular aspects where the feed
comprises ethane and/or propane, the process can include one or more of (i} Xy in the range
of from 25% to 60%, (i1} the bulk gas temperature proximate to aperture 5 is in the range of
from 1025°C 10 1073°C, (i) Xz in the range of from 85% 1o 98%, (v} Tvmv in the range of
from 900°C to 1000°C, and (v} the reference location Ry 15 positioned within 0.2 * Ly and 0.4
*L1 of aperture 5. More particularly, conditions at the start of the pyrolysis can include (1) an
acetylene selectivity in a range of from 0% to 1% at the reference location, which acetviene
selectivity increases, e g., monotonically, to a range of 5% to 10% at the second aperture,
(1) an ethvlene selectivity n a range of from 85% to 95% at the reference location, which
ethylene selectivity decreases, e.g., monotonically, to a range of 70% to 85% at the second
aperture, (111) a propvlene selectivity in a range of from 0.7% to 0.9% at the reference
location, which propylene selectivity varies monotonically or non-monotomeally to a range
of 0.4% 1o 0.6% at the second aperture, and (iv} a benzene selectivity (corresponding to
selectivity for coke and coke precursors) in a range of from 0.005% to 1.5% at the reference
tocation, which butadiene selectivity increases, e g, monotonically, (o a range of 4% 1o 5% at
the second aperture,

[66678] By modulating bulk gas temperature over the length of the pyrolvsis zone during
pyrolysis mode, the pyrolysis product conducted away from the reactor comprises a range of
desired hydrocarbon products, inchuding a desirable range of C2 — Cs olefin.  Typically, one
or more of the desired hydrocarbon compounds 18 separated from the pvrolysis product, e.g.,
for storage and/or further processing. For example, one or more of ethyviene, propvlene,
butadiene butenes, eic. can be separated from the pyrolysis product, e.g., for recovery and use
n producing products such as fuels and fuel additives, oxygenates, polymer, etc. Molecular
hydrogen and methane can be separated and recoverad from the pyrolysis product, e g, as a
tail gas. Light paraffinic hydrocarbon can be separated recovered, e.g., for use as a fuel, such

as a fuel {or heating mode. Conventional separations and recovery methods can be used, e.g.,

-
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those described 1 U8, Patent Application Publication No. 2016-176781, but the invention is
not limited thereto. Since OFA and/or tp are selected so that T, or Ta {and typically both)
decrease by < 100°C durmg the course of the pyrolysis, eg, < 75°C, such as < 50°C, or <
25°C, or < 10°C, or < 5°C, vields of these desired products typically do not vary appreciably
as a function of time during the course of the pyrolvsis, leading {0 a considerable
simplification of product recovery systems over conventional processes.

166079 Certain representative pyrolysis products will now be described in more detail.
The invention is not limited to these products, and this description is not meant to foreclose
the production of other pyrolysis products within the broader scope of the mvention.

Representative Pyvrolvsis Products

{66680} In certain aspects, the pyrolysis product conducted away from the reactor is
primarnly gaseous and comprises molecular hvdrogen; methane; ethane; ethylene; propane;
propylene; butanes; buienes; butadiene; Cs hydrocarbon, including normal, iso, and ¢yclo Cs
olefin and paraffin, and Cs+ hydrocarbon, including aromatics and normal, 1so, and cvclo Cer
olefin and paraffin.  For example, when utilizing one representative pyrolysis feed
comprising light paraffinic hydrocarbon and representative heating mode and pyrolysis mode
conditions, the pyrolysis product can comprise 2 wt. % to 10 wt. % methane, 50 wt. % to 95
wt. % ethylene, 0.2 wt. % to 1 wi. % propvlene, 0.1 wt. % to 5 wit % butadiene, and up to
about 3 wi. % benzene, based on the weight of the pyrolysis product. As may be appreciated,
these very desirable compositional ranges for the identified hydrocarbon compounds are
achieved not only at the start of pyrolysis mode, but during the duration of tp.  This stands in
sharp contrast fo conventional processes operating at a gas temperature < 1200°C, such as
stearn cracking, since these operate with hitle temperature variation in the pyrolysis zone, and
produce a pyrolysis product having very narrow composttional ranges for the desired
hydrocarbon compounds.

Example

[00681] In thus prophetic example, a pyrolysis feed counsisting essentiallv of ethane is
exposed to the specified pyrolvsis conditions in a representative reverse-flow reactor
configured to be similar to the one illustrated in Fig. 2. Channeled member 1 is an alumina
honeycomb having an OFA of 0.55 and a Cp of 0.13 kj kg °K!. The alumina has a mass
density of about 3900 kg/m’. Ta is about 990°C at the start of pyrolysis mode, and is
achieved at about midway along the reactor’s length (proximate to the midpoint of Ic). Gas
residence time during pyrolysis mode is 0.2 seconds. Average total pressure doing the

pyrolvsis is 2.4 bar {absolute). The pyrolysis is carried out for a time {p of 20 seconds.

31



10

25

30

WO 2018/044548 PCT/US2017/046879

[00082] The location of T within the reactor is substantially constant during tp, and Ta at
the end of pyrolysis mode is 940°C. Propviene vield (selectivity times conversion) does not
vary appreciably over the indicated range of ATa, decreasing during te from about 0.6 wit. %
to about 0.3 wi. %. Since acetylene selectivity (Fig. 5) decreases slightly during tp {as does
conversion}, there is also a slight decrease in acetviene vield. FEthvlene selectivity (not
shown)} mcrease slightly during te, resulting in litle change in ethvlene vield during 4.
Ethvlene selectivity (not shown) increases during tp, but this effect is partially offset by a
commensurate decrease in conversion, resulting in an ethylene vield that does not vary
appreciably during tp.  Accordingly, utilizing a first channeled member having an OFA <
35% resulis in a ATy of < 100°C, leading 1o ethylene and propylene vields which do not vary
appreciably as a function of time during a t that is of sufficient duration to be commercially
achievable using conventional valving. Moreover, since there is litile variation in acetylene
vield during tp, the separation of propylene from unsaturated C» compounds can be carried
out efficiently without the need to include additional separation capacity. As can be seen in
figures 4 and 35, a lesser OF A is beneficial when the pyrolysis is carried out at a greater initial
Tav, €2, = 1000°C, such as > 1100°C, in order to provide a smaller ATuw, which in tum
lessens the vanation in acetvlene vield duning te.

(66083} Al patents, test procedures, and other documents cited herein, including priority
documents, are fully mcorporated by reference to the extent such disclosure is not mconsistent.
It 1s not intended that the scope of the claims appended hereto be limited to the descriptions set
forth herem but rather that the claims be construed as encompassing all patentable features
which reside herein, including all features which would be treated as equivalents thereof by
those skilled i the relevant art. When lower and upper limits are specified, ranges from any
tower limit to any upper limit are expressly within the scope of the mvention. The term
"comprising” is synonymous with the term "including”. When a composition, an element or a
group of components is preceded with the fransitional phrase "comprising”, the same
composition or group of components is within transitional phrases "consisting essentially of)”
"consisting of,” "selected from the group of consisting of" or "is" preceding the recitation of

the composition, component, or components, and vice versa.
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Claims
1. A hydrocarbon conversion process, comprising:
(a) providing a feed comprising hyvdrocarbon;
(b) providing a channeled member that incudes opposed first and second apertures and at
least one internal channel, whersin
(1) the second aperiure 15 separated from the first aperture by a flow-path through the
channel,
{(11) the channeled member has an open frontal area (OFA) <55%,
{111} the channeled member comprises a refraciory which includes one or more of a
first ceramuc comprising at least one compound represented by the formula Mpn AX,,
a second ceranmic comprising at least one compound represented by the formula NiB;,
and a third ceramic comprising at least one compound representied by the formula
PO, and
(1v) M 15 at least one element selected from Groups 3-6 of the Periodic Table; A is at
least one element selected from Groups 13-16 of the Periodic Table; X is carbon
and/or nitrogen; N 13 at least one element selected from Groups 4 and 5 of the
Periodic Table; B 1s boron; P is at least one element selected from Groups 4-10 of the
Periodic Table; Q@ 1s silicon and/or aluminumy; nis 1, 2, or 3; 1 and k are each a
positive integer; j is i+1 or i+2; and m 1s a positive integer that can be greater than k,
tess than k, or equal to k;
(¢} providing a flow-through reactor having opposed first and second openings and an
internal volume, wherein (i) the internal volume includes the channeled member, (i1) the first
opening is adjacent to the first aperture, and (111} the first and second openings are in flwdic
commmunication through the flow path;
{d) during a heating time tg, heating the channeled member to achieve an average temperature
{Tav) in the range of from 500°C to 1400°C, and a peak temperature {Tp), wherein Tp 1s >Tav;
and
(e) during a reaction time ig,
{1} establishing a flow of the feed from the first opening, through the first aperture,
and into the internal channel;
(i1} reacting the feed n the channel, wherein Ta decreases by no more than 1060°C
during tr; and
(111} conducting a flow of a reaction product out of the channel, through the second

aperture, and away from the reactor via the second opening.
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2. The process of claim 1, wherein M is selected from the group consisting of S¢, Ti, Zr,
Hf, V., Nb, Ta, Cr, Mo, and combinations thereof, A is selected from the group consisting of
Al, 81, P, Ga, Ge, As, Cd, In, Sn, T1, Pb. and combinaiions thereof, N is selected from the
group consisting of Ti, Zr, Hf, V, Nb, Ta, and combinations thereof, P is selected from the
group consisting of Ti, Zr, HE, V, Nb, Ta, Cr, Mo, W, Mn, Tc¢, Re, Fe, Ru, 03, Co, Rh, Ir, Ni,
Pd, Pt, and combinations thereof, and mis <k

3. The process of claims 1 or 2, wherein the first ceramic comprises one or more of T80,
TiAIC, N AIC, ZrnAlC, THAIC, VH2AIC, CnAlC, HEING, TS, Va8C, TisSiCy, TizGes,
Ti35nC), Tz AIG, TRAIC, TizAIN, THAIC, THAIN,, (Nb,Zrp AlC, (TLVRAIC, (TUNbRAIC,
{(Ti,CrpAlC, (TLHD:InCand (TLVRSC, Tix8iGe)0o, and Ti{Sn,ADC:, ThAKC WY and
TH:AHC, N), the second ceramic comprises ZrB: and/or H{B:, and the third ceramic

comprises NbiAl, Nb2Al, NbAlL NbAls, and MoSis.

4. The process of any of claims 1-3, wherein (1} the refractory further comprises one or more
of intermetalics, oxides, carbides, nitrides, oxycarbides, oxyniindes, and carbonitrides of at
least one metal selected from the group consisting of Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Mn,
Te, Re, Fe, Ry, Os, Co, Rh, Ir, N1, P4, Pt, Al, 8i, Y, and La, and (ii) the refraciory comprises

= 90 wi. % of non~oxide ceramic based on the weight of the refractory.

5. The process of any of claims 1-5, wherein the refractory comprises > 75 wt. % based on

the weight of the refractory of one or more of the first, second, and third ceramics.

6. The process of any of claims 1-6, wherein the refractory has (i) a mass densiiy in the range
of from 4100 kg/m’ to 7000 kg/m’, (i) a thermal conductivity in the range of from 0.5
W/nPK 50 W/nPK, (iit) a coefficient of thermal expansion < Ix107/°K and 2x107°°K, and

(i1} a specific heat at 300°K in the range of from 0.04 kj/°K kg) to 1.2 ky/(°K kg).

7. The process of any of claims 1-7, wherein the internal channel has a phurality of
substantially parallel passages having a having a passage densitv in the range of from

77000/m” to 1.3x10%/m?.
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8. The process of any of claims 1-7, wherein the channeled member has an average wetted

surface area per unit volume in the range of from 1 em™ to 100 e,

9. The process of any of claims 1-8, wherein the refractory further coraprises a fourth
ceramic, wherein the fourth ceramic includes oxide of at least one of Al 8i, Mg, Ca, Fe, Mn,

Ni, Co, Cr, Ti, Hf, V, Nb, Ta, Mo, W, 8¢, La, Yt, Zr, and Ce.

10, The process claim of any of claims -9, wherein (i) the first ceramic comprises > 90 vol.
% of (A} Ts8iC: and/or (B) ThALC; (i) the second ceramic comprises > 10 vol. % SiC, > 10
vol. 96 of TaStz, wherein > 90 % of the remainder of the second ceramic’s volume 1s ZrBy;
and {11} the third ceramic comprises > 90 vol. % of MoSt, wherein > 90% of the remainder

of the third ceramic’s volume is one or more of silica, alumina, zirconia, and vtiria.

11. The process of any of claims 1-10, wherein the flow-through reactor’s internal volume
includes a second channeled member, wherein the second channeled member has first and
second apertures and at least one internal channel, the second aperture is adjacent {o the
second opening, the intemal channel is cooled during tu, the reactor product 15 conducted

though the internal channel of the second channeled member for cooling during .

12. The process of any of claims 1-11, wherein the reaction includes one or more of steam
reforming, dry {(CO») reforming, pyrolysis, catalytic cracking, dehydrogenation, and

dehydration.

i3, The process of any of claims 1-12, wherein the flow-through reactor has a first bulk gas
temperature profile at the start of tp, a second bulk gas temperature profile at the end of tr,

and the first and second bulk gas temperature profiles are substantially congruent.

14, The process of any of claims 1-13, wherein at the start of to Ty exceeds Ta by at least

10°C, and T and Ty each decrease by no more than 75°C during tr.

15, The process of any of claims 1-14, wherein the feed coraprises one or more of ethane,
propane, butanes, saturated and unsaturated C¢ hydrocarbon, including those derived from
one or more of Fischer-Tropsch synthesis producis, shale gas, biogas, associated gas, natural

gas and mixtures or components thereof, steam cracked gas 01l and residues, gas oils, heating
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oil, jet fuel, diesel, kerosene, gasoline, naphtha {including coker naphtha, steam cracked
naphtha, and catalvtically cracked naphtha), hvdrocrackate, reformate, raffinate reformate,
Fischer-Tropsch liguids, natural gasoline, distillate, virgin naphtha, crude oil, atmospheric
pipestill bottoms, vacuum pipestill streams including bottoms, wide boiling range naphtha to
gas o1l condensates, heavy non-virgin hvdrocarbon sireams from refineries, vacuum gas oils,
heavy gas oil, naphtha contaminated with crude, syuthetic crudes, shale oils, coal liquefaction
products, coal tars, tars, atmospheric resid, heavy residuum, Cy ~ residue admixture, naphtha -
residue admixture, cracked feed, coker distiliate streams, and hvdrocarbon streams derived

from plant or animal matter.

16, The process of anv of claims 1-15, wherein the reaction includes pyrolysis, the

conversion is > 60 wi. %, the gas residence time in the channel is < 0.4 second, tr s > 1

second, the total pressure > S psig, and a hydrocarbon partial pressure of = 7 psia {48 kPa).

17. The process of claim 16, wherein {1} the reaction product comprises unconverted feed,
coke, methane, acetylene, and C+ olefin, and (1) at least a portion of the coke remains i the

internal channel as a deposit.

18. The process of claim 16, wherein al the start of (g, Tav 18 in the range of from 925°C to
1075°C.
i9. The process of claim 16, wherein the gas residence time in the channel is in a range

of from 0.01 to 0.4 second, and the channeled member includes at least one monolithic

honeycomb having a mass >1 kg,

20. The process of claim 16, wherein the tnis > 1 second, and the heating of step {(d)

includes reacting a fuel with an oxidant in the internal volume of the flow-through reactor.

21 A reverse-flow reactor, comprising:

member comprising at feast one refractory and having opposed first and second apertures and
at least one internal channel, wherein
{1} the second aperture is separated from the {irst aperture by a first flow-path through

the channel,

(23
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{11) the refractory includes one or more of a first ceramic comprising at least one
compound represented by the formula Mur 1 AXn, a second ceramic comprising at least
one compound represented by the fornmwla NiBy, and a thurd ceramic comprising at
least one compound represented by the formula PuQm, and
(i1} M is at least one element selected from Groups 3-6 of the Penodic Table, Ais at
teast one element selected from Groups 13-15 of the Periodic Table; X is carbon
and/or nitrogen; N 1s at least one element selected from Groups 4 and 5 of the
Periodic Table; B is boron; P is at least one element selacted from Groups 4-10 of the
Periodic Table; Q 1s silicon and/or aluminum; nis 1, 2, or 3; 1 and k are each a
positive wteger; j 1s i+1 or 1+2; and m 15 a positive wnteger that can be greater than k,
fess than k, or equal to k;
{b} a second channeled member comprising at least one refractory and having opposed first
and second apertures and at least one internal channel, the first and second apertures being
separated bv a second flow-path through the channel,
(c) a reactor vessel having opposed first and second openings and an internal volume,
wherein {1} the internal volume includes the first and second channsled members; (i) the {first
opening 1s adjacent to the first aperture of the first channeled member and the second opening
is adjacent to the second aperture of the second channeled member, and (i1} the first and
second openings are in fluidic communication through the first and second flow-paths;
{d) at least one feed condut in fluidic commumicalion with the f{irst opening, at least one
reaction product conduit in communication with the second opening, at least one fuel conduit
in fluidic communication with the second opening, at least one oxidant conduit in fluidic
commmunication with the second opeming, and at least one combustion product conduit in
fluidic communication with the first opening;
{e) at least one flow controller for
(1) during time mterval tr establishing a flow of feed from the feed condwit into the
first opening and a fow of a reaction product from the second opening mto the
reaction product conduit, and
{11} during a time interval ty establishing a flow of fuel from the fuel conduit into the
second opening, establishing a flow of oxidant from the oxadant conduit inio the
second opening, and establishing a flow of combustion product from the first opening

mnto the combustion product conduit.
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22. The reverse flow reactor of claim 21, wherein the reactor vessel has the form of an
elongated tube of circular, elliptical, or polygonal cross section, and wherein the reverse flow
reactor further corprises at least one mixer distributor located in a flow path between the
second aperture of the first channeled member and the first aperture of the second channeled

member.

23. The reverse flow reactor of claims 21 or 22, wherein M 1s selected from the group
congisting of 8¢, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, and combinations thereof, A is selected from
the group consisting of Al, 81, P, Ga, Ge, As, Cd, In, Sn, Tl Pb, and combinations thereof, N
is selected from the group consisting of T, Zr, HI, V, Nb, Ta, and combinations thereof, P is
selected from the group consisting of T1, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Mn, T¢, Re, Fe, Ru,

(s, Co, Rh, Ir, Ni, Pd, Pt, and combinations thereof, and mis <k.

24. The reverse flow reactor of any of claims 21-23, wherein the first ceramic coroprises one
or more of T1SiC, THRAIC, NbAIC, ZnAlC, TRAIC, VLoAIC, CroAIC, HEIRC, TiSC, VoS,
Tis8iCa, TisGeCy, TiSnCo, TiHAIC,, TLAIC, TiRAIN, TrAIC, TizAIN,, (NbZrpAlC,
(Ti, VR AIC, (TiNbpAlC, (Ti.CrpAlC, (TiHMCand (TLVRSC, Ti(81.Ge)C,, and
Ti3(8n, ADC:, THAKC N) and Ti; AC N2 ; the second ceramic comprises ZrB and/or HIB,;
and the third ceramic comprises Wbi Al Wby Al WbAl WbAl, and MoSis.

25. A reverse-tflow reactor, comprising:

(a) a nuxer-disiributor comprising at least one refractory and having opposed first and second

apertures and at least one internal channel, wherein
(1) the second aperture 13 separated from the first aperture by a fivst low-path through
the channel,
(i1} the refractory includes one or more of a first ceramic comprising at least one
compound represented by the formmula My AX,, a second ceramic comprising at least
one compound represented by the formula NiBy, and a third ceramic comprising at
least one compound represented by the formula PiuQn, and
{111} M is ai least one element selected from Groups 3-6 of the Periodic Table, A is at
feast one element selected from Groups 13-15 of the Periodic Table; X is carbon
and/or nifrogen; N is at least one element selected from Groups 4 and 5 of the
Periodic Table; B is boron; P is at least one element selected from Groups 4-10 of the

Pertodic Table; QO is silicon and/or alumymwm; nig b, 2, or 3.1 and k are each a
2 ~ 2 9 9
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positfive integer; ] is 1+1 or i+2; and m is a positive integer that can be greater than k,
fess than k, or equal 1o k:
(b} a channeled member comprising at least one refractory and having opposed first and
second apertures and at least one intemal channel, the first and second apertures being
separated bv a second flow-paih through the channel,
(¢} a reactor vessel having opposed first and second openings and an intemmal volume,
wherein (1) the internal volume includes the nuxer-distributor and the channeled member; (i)
the first opening is adjacent to the first aperture of the channeled member, (it} the second
aperture of the channeled member is adjacent to the first aperture of the mixer-distributor,
(111} the second opening is in fluidic communication with the second aperture of the mixer-
distributor, and (iv} the first and second openings are in fluidic communication through the
first and second flow-paths;
{d) at least one feed condut in fluidic commumicalion with the {irst opening, at least one
reaction product conduit in communication with the second opening, at least one fuel conduit
in fluidic communication with the second opening, at least one oxidant conduit in fluidic
communication with the second opeming, and at least one combustion product conduit in
fluidic commumication with the first opening;
{e) at least one flow controlier for
(1) during time imterval tr establishing a flow of feed from the feed condwit into the
first opening and a fow of a reaction product from the second opening mto the
reaction product conduit, and
{11} during a time interval ty establishing a flow of fuel from the fuel conduit into the
second opening, establishing a flow of oxidant from the oxidant condwit into the
second opening, and establishing a flow of combustion product from the first opening

mnto the combustion product conduit.
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