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HYDROCARBON PYROLYSIS

CROSS-REFERENCE TO REFATED APPLICATIONS
(6001} This application claims the benefit of US. Patent Application Serial No.

62/381.722, filed August 31, 2016, which is incorporaied herein bv reference. Cross
reference 1s made (o the following related patent applications: U.S. Patent Application Serial
10 No. 62/402,009, filed September 30, 2016, U.S. Patent Application Serial No. 62/466,030,
filed March 2, 2017, U.S. Patent Application Serial No. 62/486,543, filed Apnil 18, 2017, and
PCT Patent Application No. , {Docket No. 2017EM234PCT), filed

—_—

which are incorporated by reference herein.
FIELD

15 [6062] The invention relates to hvdrocarbon pyrolysis, to equipment and materials useful
for hydrocarbon pyrolysis, to processes for carrying out hydrocarbon pyrolysis, and to the use
of hvdrocarbon pyrolvsis, e.g, for upgrading gaseous and hgwd hydrocarbon.

BACKGROUND

{60031 Glefinic compounds are a class of hydrocarbon compounds which have at least
20 one double bond of four shared elecirons between two carbon atoms. In part as a result of
their utility as feeds for producing desirable products, olefin demand continues o grow,
particularly for light olefin such as ethylene, propvlene, and butenes.
(60604} Stearn cracking 15 a commercially-avatlable technology for producing light olefin
from hydrocarbon-containing feeds. Although ethvlene is the primary light olefin product of
25 steam cracking, the process can also produce appreciable yields of propyvlene and butenes.
Since steamn cracking process conditions are selected to provide a fixed, predetermuned feed
conversion, ethylene, propylene and butvlene vields are substantially constant.
6005} During steam cracking, the feed is pyrolysed in the presence of added steam,
which lessens coke vield, e.g., by decreasing hydrocarbon partial pressure. Even with added
30 steam, however, the pyrolysis produces an appreciable vield of coke and coke precursors, and
a portion of the coke accumulates n steam cracker furnace tubes.
[0006] Accumulating 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
35  interior of a tube by switching the tube from pyrolysis mode 1o decoking mode.  Durnng
decoking mode, the flow of feed-steam mixture into the tube is terminated, and a flow of

decoking fluid is established instead. The decoking fluid, typically comprising air and/or
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steam, reacis with and removes the accumulated coke. When sufficient coke has been
removed, the tube is swiichad from decoking mode to pyrolysis mode o resume light olefin
production. Although periodic decoking mode operation 1s effective for lessening the amount
of accumulated coke, this benefit 1s obtained at a substantial energy cost. In part to lessen
damage 1o the furnace tubes, e.g.. by repeated thermal expansion/coniractions, the fired
heaiers operate not only during pyrolysis mode, but also during decoking mode, even though
an appreciable amount of recoverable light olefin 1s not produced during decoking mode.
166071 In order to increase energy efficiency and improve the vield of light unsaturated
hydrocarbon, processes have been developed which carry out the pyrolysis in a regenerative
pyrolysis reactor. Such reactors generally include a regenerative thermal mass having at least
one intemal channel. The thermal mass 1s preheated, and then a flow of the hydrocarbon-
containing feed is established through the channel. Heat is transferred from the thermal mass
1o the hydrocarbon feed, which increases the hydrocarbon feed’s temperature and results in
conversion of at least a portion of the feed by pvrolyvsis. The pyrolysis produces a pyrolysis
product comprising molecular hydrogen, methane, acetylene, ethvlene, and Cs hydrocarbon.
The Cs+ hvdrocarbon includes coke and coke precursors.  Some coke remains in the passages
of the thermal mass, and the remainder of the pyrolvsis product is conducted away from the
reactor as a pyrolysis effluent. Since the pyrolysis is endothermic, pyrolysis mode operation
will eventually cool the thermal mass, e.g., to a temperature at which the pyrolysis reactions
dimimish or terminate. Pyrolysis conditions can be restored by regenerating the thermal mass
during a heating mode.  During heating mode, the flow of hydrocarbon-containing feed to
the regenerative pyrolysis reactor is terminated. Flows of oxidant and fuel are established to
the reactor, typically in an average flow direction that is substantially the reverse of the feed
flow direction. Combustion of the fuel and oxidant reheats the thermal mass to a temperature
sufficient for carrving out pyrolysis. The reactor can then be switched from heating mode to
pyroivsis mode.

{6608} U.S. Patent Application Publication No. 2016-176781 discloses operating the
pyrolysis mode in an elongated tubular 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 occurand 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
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mode, during which the gradient moves outward. i.e., away from the midpoint of the reactor’s
fong axis. Although utilizing such pyvrolysis conditions results in a coke vield that is less than
that of steam cracking, some coke does accumulate in the channel. Advantageously, the
reference reports that accumulated coke can be oxidized to volatile products such as carbon
dioxide during heating mode by combustion using a portion of the oxidant in the oxidant
flow. Energy efficiency is increased over steam cracking because (i) heating 1s not needed
during pyrolysis mode and (i1} heat released by coke combustion in passages of the thermal
mass during heating mode aids thermal mass regeneration.  Although the process is more
energy efficient than steam cracking, the process exhibits significant variations in coke and
acetylene vields during pyrolvsis mode, leading to difficulties m product separations
downstream of the pyrolysis.

{6069} Energy efficient pyrolysis processes are now desired which have flexibility to
produce a range of light olefin producis, but with less vanation in coke and acetvlene yields.

SUMMARY OF THE INVENTION

666106} The invention is based in part on the discovery that, contrary to the teachings of
the prior art, it 1s beneficial to establish a bulk gas temperature profile during the pyrolvsis
that does not exhibit a sharp gradient between a substantially constant higher teroperature
region and a substantially constant lower temperature region. It has been found to be
beneficial for certain features of the bulk gas temperature profile to exhibit a temperature
decrease of < 100°C during the course of the pyrolysis. Doing so results moderates coke and
acetylene vields during the pyrolvsis, leading (o a significant simoplification of olefin recovery
and purification systems.

{60811} Accordingly, certain aspects of the invention relate to pyrolysing a feed

~.

comprising = 1 wt. % of Co+ hvdrocarbon, wherein the feed has a pyrolysis heat of reaction
{AH 1n cal /mol). The pyrolysis is carried out in at least one elongated fiow-through reactor
having (i) an internal volume which includes first and second regions, opposed first and
second openings in fhudic communication with the internal volume, wherein the first and
second openings are separated by a reactor length (Ln), and (1) a first channeled thermal
mass located in the first region. The first channeled thermal mass has a solid density (ps) <
12 g/em’, a heat capacity (Cp) < 0.5 cal/g°C, and an open frontal area (OFA) < 55%. The first
channeled thermal mass ncludes a first aperture, the first aperture being proximate to the first
opening and in fluidic communication with the first opening, and at least one internal channel
in fluidic communication with the first aperture. The first channeled thermal mass also

imcludes a second aperture, the second aperture being in luidic communication with the first
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aperture via a flowpath L; through the channel. 1.1 being > 0.1 * Lz, The process is carried
out under preselected conditions for pyrolysing the feed in the internal channel, wherein the
pyrolysis conditions include a residence time n the charmel tr < 0.1 sec,, an average feed
conversion {X) = 50%, an average total pressure in the channel (P} > 1 bar, an average bulk
gas temperature in the channel {Ty) < 1500°C at the start of the pyrolvsis, a change in
average bulk gas temperature during the pyrolysis (ATa) S 100°C. A reference pyrolysis step
time {Ler) 15 determined from the formula;

trer = (IR * ps * Cp * R *Tyy * ATa) * (J1I-OFA] * OFA”) * (X * AH * PY,

where R 13 substantially equal to the feed’s Gas Constant. The process further includes
establishing a flow of the feed into the channel toward the second aperture at g flow rate >
0.01 kg/s by introducing the feed through the first opening and through the first aperture. The
feed flow’s Ca+ hydrocarbon is pyrolysed in the channel under the preselected pyrolysis
conditions during a pyrolysis time interval t which cools the first channeled thermal mass
and produces a flow of a pyrolysis product. When twr 15 > 0.001 second, tp 18 <ter. When ter
is < 0.001 second, tr 1s 0.001 second. The pyrolysis product comprises molecular hydrogen,
acetylene, Crs olefin, and coke. Dwuring tr, the flow of at least a portion of the pyrolvsis
product 1s conducted inio the second region of the internal volume via the second aperture,
and away from the reactor via the second opening.

{66612} Other aspecis of the invention also relate to pyrolysis of such a feed in such a
pyrolysis reactor. These aspects differ from the previous aspects in that the range of
pyrolysis time interval tpis fixed in a range of from 0.001 sec. to 50 sec., and the OFA of the
first thermal mass is determined from the relationship:

(JOFA -1]/OFA) = (g * ps * Cp * R * Ty * ATy * (o * X * AH * P). As in the preceding
aspects, the process further includes establishing a flow of the feed into the channel toward
the second aperture at a flow rate > 0.01 kg/s by introducing the feed through the first
opening and through the first aperture. The feed flow’s Cy: hydrocarbon is pyrolysed in the
channel under the preselected pyrolysis conditions during a pyrolysis time interval tp which
cools the first channeled thermal mass and produces a flow of a pyrolysis product compnising
molecular hvdrogen, acetylene, (»: olefin, and coke. During tp, the flow of at least a portion
of the pyrolysis product is conducted into the second region of the internal volume via the
second aperture, and away {from the reactor via the second opening.

[66613] In suill other aspects, the mvention relates to a regenerative pyrolysis reactor for

carrying out any of the preceding aspects, and to the resulting pyrolysis products.
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BRIEF BESCRIPTION OF THE FIGURES

[00314]  Figure 1 schematically shows one form of a reverse flow reactor that is switable
for carrying out certain aspects of the mvention.

[00015] Figs. 2 and 3 schematically show forms of a reverse flow reactor and
representative bulk gas temperature profiles at the start (sohd lines) and end {(dashed lines) of
pyrolysis mode.

[06616] Fig 4 shows the vanation of conversion of pyrolysis step time with OFA m a
representative aspect.

[80817]  Fig 5 shows the vanation of acetvlene selectivity as a function of Tav in a
representative aspect.

{66618} Fig 6 shows the vanahion of benrzene selectivity as a function of Ty in a
representative aspect.

DBETAILED DESCRIPTION

DEFINITIONS

166619 For the purpose of this description and appended claims, the following terms are
defined.

[B0028] The term “Cy” hydrocarbon means hydrocarbon having o carbon atom(s) per
molecule, wherein n is a positive integer. The term “Cy” hydrocarbon means hydrocarbon
having at least n 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 contaiming hvdrogen bound to carbon, and encompasses (1)
saturated hydrocarbon, (11} unsaturated hydrocarbon, and (111} muxtures of hvdrocarbons, and
mcluding mixtures of hydrocarbon compounds (saturated and/or unsaturated), such as
mixtures of hydrocarbon compounds having different values of n.

(66621} The terms “alkane” and “paraffinic hydrocarbon” mean substantially-saturated
compounds containing hvdrogen and carbon only, e.g., those containing < 1% (molar basis)
of unsaturated carbon atoms. The term “unsaturate” and “unsaturated hydrocarbon™ refer to
one or more Cz+ hvdrocarbon compounds which contain at least one carbon atom 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 i1s a compound which
contains at least one pair of carbon atoms, where the first and second carbon atons of the pair
are directly linked by a double bond. The term “aromatics” and “aromatic hvdrocarbon”

mean hyvdrocarbon compounds contamning at least one aromatic ring.
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1666221 The terms "reactor”, "reactor system”, "regenerator”, "recuperator”, "regenerative
bed", "monolith”, "honeycomb", "reactant”, "fuel". and "oxidant" have the meamngs
disclosed it U.S. Patent No. 7,943,808, which is mcorporated by reference herein in its
entirtety. A "pyrolvsis 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” 1s a location, e.g.. a specific volume, within a
reactor, a location between two reactors and/or the combination of different disjointed
tocations in one or more reactors. A "pyrolysis region” is a location where pyrolysis is carried
out, e.g., in a location which contains or is proximate to components, such as at least one
thermal mass, which provides heat for the pyrolysis. A reactor or reaction stage can
encompass one or more reaction regions. More than one reaction can be carried out in a
reactor, stage, or region.

100623 A pyrolysis region can include components, e.g., one or more thermal masses,
having conduits, channels, and passages. The term "conduit” refers to means for conducting
a composition from one location to another. The ferm encompasses (1) elementary
conducting means, such as a pipe or tube, and (1) complex means such as tortuous pathways
through conducting means, e.g., pipes, tubes, valves, and reactors, that are filled with random
packing. The term "passage” means a geometrically contiguous volume element that can be
uttlized for conveyving a fluid within a reactor, regeneralor, recuperator, regenerative bed,
monolith, honevcomb, etc. The term “channel” means a plurality of passages that can be
witlized together for conveving a flwnd within the reactor, regenerator, recuperator,
regenerative bed, monohith, honevcomb, ete.  For example, a honeycomb monolith can
comprise a single channel, with the channel having a plurality of passages or sets of passages.
[66624] A channeled thermal mass 15 a reactor component {(e.g., a flow-control
component) comprising refractory material such as one or more of alumina, silica, zirconia,
yitria, eic. The refractory has a mass density ps, referred to herein as a “solid density”, and a
heat capacity C, (measured at 25°C) that is typically > 0.05 cal./g °C. The channeled thermal
mass has an open frontal area ("OFA™) for passing fluid into the channel(s}, where OFA has
the same meaning as in U.S. Patent No. 5,494,881, which is incorporated by reference herein
n s entirety,

[66625] The term “bulk gas temperature” means the temperature of a bulk gas steam as
measured by a device {(such as a thermocouple) that is in contact with the bulk gas but not in

contact with a sohid thermal mass. For example, if the gas 1s traveling through an internal
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channel of length L. of a thermal mass in the pyrolysis zone of a thermal pyrolysis reactor,
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 (Tp7) 1S
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 o 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 mass at any parlicular tocation may exceed the bulk gas temperature, and may, in
some infinitesimal laver, actually approach the solid’s temperature. The average bulk gas

[¥s

temperature “Ty~ over a region of the reactor, e.g, the pyrolysis zone or, a flow path, a

channel, a passage, eic. Ta at a particular time {(e.g., at the start of pyrolysis) is obtained

using the formula:

.

L DN
Tav = L}_Eg T{X}ﬁ}:}

a0l

Parameters a and b are the boundaries 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) is a function representing the variation
of bulk gas temperature over the uuerval of from a to b, When T(x} 15 a bulk gas
ternperature profile of a pyrolvsis 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 termperature profile intersects the line Twme, 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 pyrolysis time
wnterval tp, as shown in Figs. 2 and 3, Tw will typically decrease during tp. The portion of the
profile having a temperature > Trvan can be continuous, but this is not required. For example,
when a profile that intersects Ty at more than two locations mn the pyrolysis zone (e g, a, b)
and touches Tviv at a location ¢ {not shown, but between a and b), additional integrations are
carried out, e.g.

1 o & % R

v . A g
T{aidx + § T{addy

I
& — c— &1
a0} A

When the portion of the profile that 15 > Ty 15 i the form of discrete segments, the

integrations are performed over each of the segments.
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166626  The term “selectivity” refers to the production {weight basis} of a specified
compound in a reaction. As an example, the phrase “a hydrocarbon pyrolvsis reaction has
100% selectivity for methane”™ means that 100% of the hvdrocarbon (weight basis) that 1s
converted n the pyrolysis reaction is converted to methane. When used in cormection with a
specified reactant, the term “conversion” means the amount of the reactant {weight basis)
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 hvdrocarbon
pyrolysis the term “conversion” encompasses any molecular decomposition by at least
pyrolysis heat, including cracking, breaking apart, and reformation.  Average conversion
("X} in a reaction zone, e.g., a pyrolysis zone, is the conversion achieved at Ty Yield
{weight basis) is conversion time selectivity.

180627} The term "pyrolysis” means an endothermic reaction for converting molecules
mto (1) atoms and/or (i) molecules of lesser molecular weight, and optionally (1) molecules
of greater molecular weight, e g, processes for converting ethane and/or propane to
molecular hvdrogen and unsaturates such as ethviene, propvlene and acetylens. Certain
aspects of the invention feature a pyrolysis zone exhibiting selectivities {e.g., of desired
products) which vary as a function of position along the length of the pvrolysis zone but
which do not vary appreciably as a function of time during pyrolysis mode, e g, within about
+/- 25%, such as +/- 10%, or +/- 5% from selectivity at the start of tp. More particularly, for
certain aspects n which Ta and/or T decrease by < 100°C during pyrolysis mode, the vield
of many desired products, e.g., light olefin yvield, such as ethylene and/or propylene vield, do
not vary appreciably as a function of time during pyrolvsis mode even though the product
selectivities vary as a function of position along the length of the pyrolyvsis zone. For
example, yield s typically within about +/- 25%, such as +/- 10%, or +/- 5% of yield at the
start of tr. In these aspects, average conversion might not vary appreciably as a function of
time during pyrolysis mode, typically within about +/- 25%, such as +/- 10%, or +/- 5% of
average conversion at the start of tp.

1660628] A hvdrocarbon feed is subjected to “thermal pyrolysis" when < 50.0% of the heat
utilized by the pyrolysis is provided by exothermically reacting the hydrocarbon feed, e.g..
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 substantially no heat for the pyrolysis
is provided by exothermically reacting the hydrocarbon feed. The “severity threshold

temperature” for pyrolysis is the lowest bulk gas temperature at which acetvlene seleciivity is
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at least 10% for a total residence time < 0.1 second. High-severity pyrolysis conditions are
those carried out at a peak gas temperature that is greater than or equal to the seventy
threshold temperature.  Low-severity pyrolysis conditions are those carried out at a peak gas
ternperature that is less than the severity threshold teroperature, 1.e. conditions under which
substantially no hydrocarbon pvrolysis is carnied owt at a pyrolysis gas temperaiure that
exceeds the severity threshold temperature. High-severily condilions include those which
exhibit (i) a methane selectivity > 5 wt. % and/or (11} a propylene selectivity at a temperature
> 1000°C of < 0.6 wt. %. 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 40 {o traverse a
pyrolysis region of a pyrolysis reactor. The term "gas residence time” means the residence
fime average time of a substantially non-hiquid molecules.

[86629] The term “Periodic Table” means the Periodic Chart of the Elerents, as it appears
on the inside cover of The Merck Index, Twelfih Edition, Merck & Co., Inc., 1996,

1666306 Certain aspects of the invention relate to 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 detail with respect to Fig. 1. The
invention is not limited to these aspects, and this description is not meant to foreclose the use
of other reactors within the broader scope of the invention.

Representative Reverse Flow Reactors

16606311  Reactor 50 is a reverse~flow reactor having the form of an elongated tubular
vessel having an internal volume which includes a pyrolysis zone for carrving out the
pyrolysis. Typically, the intemal volume includes three zones: a first heat-transfer zone, a
second heat transfer zone, with the pvrolysis zone being located between the first and second
eat transfer zones. The zones are in fluidic conununication with one another.  The reactor
vessel’s cross sectional shape and/or cross sectional area can be substantially wniform over
the length of the reactor, but this is not required. For example, one or more segments of the
reactor vessel’s length can have a circular, elliptical, or polygonal cross section. Reactor 50
has opposed first and second openings 51 and 52 which are in fluidic communication with the
internal volume and are located at terminal ends of the reactor vessel.
[B0032]  Reactor 50 mcludes first and second thermal masses 1 and 7 for transferring heat
to/from reactants and products during the pyrolysis and heating modes. The thermal masses
are channel members comprising refractory. Typically, the thermal masses comprise bedding

or packing material that is effective in storing and transferring heat, such as glass or ceramic

9
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beads or spheres., metal beads or spheres, ceramic (e.g., ceramics, which mav include
alumina, viinia, and zirconia} or honeycomb materials comprising ceramic and/or metal, other
forms of tubes comprising ceramic and/or metal, extruded monoliths and the like The
thermal masses and regenerative beds containing thermal masses can be i the form of a
refractory channeled member, eg., those described in U.S. Patents Nos. 8754,276;
0,126,882, 9346728, 9,187 382, 7,943 808; 7,846,401, 7815,873; 9,322,549; and mn U.S,
Patent Application Publications Nos. 2007-0144940, 2008-300438, 2014-303339, 2014~
163287, 2014-163273, 2014-0303416, 2015-166430, 2015-197696, and 2016-176781. These
references are incorporaled by reference herein in their entireties.

(006331 Certamn aspects of the invention relate to limuting decreases in Ty and/or Tay during
pyrolysis mode (e.g., during tr) to about 100°C or less, e g, < 75°C such as <50°C, or £25°C,
or < 10°C, or <5°C. Since the temperature profile during pyrolysis varies over the length of
the pyrolvsis zone, and typically over the entire length of the reactor, Tp 18 > Tav. It has been
found that this can be accomplished for a wide range of pyrolvsis conditions by carrving out
the pyrolysis in a regenerative pyrolysis rector which includes a thermal mass having at least
one channel, wherein the thermal mass has a solid density (ps } < 12 g/em’, a heat capacity
(Cp) 0.5 cal/g®C and an OF A that is obtained from predetermined pyrolysis conditions using
the equation:

(JOFA -1]/ OFA) =(tr * ps * Cp * R *Ton * AT) * (b * X * AH* P). ()

In evaluating equation I, AH is the pyrolysis feed’s heat of reaction under the pvrolysis
conditions, e.g., > 20,000 cal./mol.; {r 15 the residence time in the channel during the
pyrolysis, e g. tr <1 sec.; X is the conversion of the feed to the pyrolysis reactor, e.g., X =
30%: P is the average total pressure in the channel during the pyrolysis, eg, P> 1 bar; Tavis
the average bulk gas temperature in the channel at the start of the pyrolysis, eg, Ta <
1500°C at the start of pyrolysis; ATy 15 the change in average bulk gas temperature in the
pyrolysis zone during the pyrolvsis; tp is the duration of pvrolysis mode operation in the
reactor {the pyrolysis step time), e.g., tr in the range of from 0.001 sec. to SO sec.; and R is
substantially equal to the pyrolvsis feed’s Gas Constant, which can generally be
approximated with sufficient accuracy under the speacified pyrolysis conditions by the Ideal
Gas Constant = 83.1445 cm’ bar K+ mol™. Typically, the OFA of thermal mass 1 is in the
range of about 10% to 35%, e.g, 10% to 50%, such as 10% to 45%, or 10% to 353%. For
example, OFA can be < 50%, such as < 45%, or in the range of from 15% to 30%, or 15% 1o

45%, or 15% 10 35%, or 20% to 50%, or 20% to 45%, or 20% to 35%.
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[66634]  The thermal mass typically has a thermal conductivity in the range of from 0.5
W/m K 1o 50 W/mK, a coefficient of thermal expansion in the range of from 1x107/°K to
2x107/°K, and an average wetted surface area per unit volume in the range of from | cm™ to
100 cov!. The internal channel of the first thermal mass 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?  The thermal mass comprises refractory, and the refractory generally has a
specific heat capacity at (measured at 25°C) that > 0.05 cal /g °C & 0.21 {ki/(°K kg)} and a ps
< 15 g/om’. For example. the refractory’s ', can be in the range of from 0.21 [kj/("K kg)} to
2.1 [K/C°K kg)l, and its ps can be < 8 glem?’, such as < 5 g/em’, or in the range of from 2
g/em® to 5 glom’.

[66635] The choice of refractory composition is not critical, provided it is capable of
surviving under pyvrolysis mode and heating mode conditions for practical run lengths {(e.g.,
months) without significant deterioration or decomposition.  Those skilled in the art will
appreciate that the compositions of the first and second thermal masses should be selected
from among those that substantially maintain integnity {(structural and compositions) and
functionality during long term exposure to pyrolysis feads, 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 elements selected from Groups 2 ~ 14 of the Periodic Table, but the invention is not
himited thereto. In particular aspects, the refractory imncludes oxide of at least one of Al, 51,
Mg, Ca, Fe, Mn, Ni, Co, Cr, Ty, HE, V, Nb, Ta, Mo, W, 8¢, La, Y1, 7Zr, and Ce. Altematively
or in addition, the refractory can include non-oxide cermic.

[08836]  Continuing with reference to Fig. 1, a first segment of the {irst thermal mass 11
tocated in a first heat transfer zone, which preheats the hydrocarbon feed for the pyrolysis. A
second segment of thermal mass 1 is located in the pyrolysis zone. Likewise, a first segment
of the second thermal mass 7 is located in a second heat {ransfer zone, which cools the
pyrolysis product. A second segment of thermal mass 7 is located in the pyrolysis zone
Tvpically, thermal masses | and 7 have the form of an elongated tubular roember comprising
refractory and having at least one internal channel and opposed apertures in fluidic
communication with the internal channel{s). Thermal mass 1 has a length L; and tvpically Ly
is substantially the same as the length of the mternal channel, L., Thermal mass 7 has a
tength L3, and typically Ls is substantially the same as the length of the intemal channel, 1.c.
Li {and also tvpically Li) is > 0.1 * Ls, where Lr is the total length of reactor 50. For

example, L can be in the range of from 0.1 * L 10 0.9 * L, such as 0.1 * Lato 0.4 ¥ La.
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Optionally, Ls is substantially the same length as L1, Optionally thermal masses 1 and 7 have
substantially the same composition, substantially the same <c¢ross-sectional shape,
substantially the same cross sectional area, and substantially the same OFA.  As shown in
Fig. I, thermal mass 1 mcludes first and second apertures 3 and 5, and thermal mass 7
includes first and second apertures 9 and 11.  Aperture 3 is adjacent to opening S1.
Optionally, particularly 1o aspects (not shown) in which thermal mass 7 is omitted, aperture 5
can be adjacent to openming 52. Thermal masses 1 and 7 can each have the form of an
elongated honeycomb comprising at least one channel, the channel having a plurality of
passages. When a thermal mass 15 a segmented thermal mass, the honeyvcombs can be
arranged adjacent 1o one ancther {e.g., end-to-end, in series). As may be appreciated, it is
desirable, e g., to lessen reactor pressure drop. 1o a align passages of a honeycomb’s internal
channel or channels with those of neighboring honeycombs to faciliiate fluidic
communication through the thermal mass. Optionally, the segments are of substantially the
same composition, shape, cross sectional area, OFA, and have substantially the same total
number of passages and the same number of passages per unit area.

{66037 The intemal volume of reactor 5O also includes a combustion 7one, e.g., between
terminal segments of the first and second thermal masses. it 15 within the scope of the
invention for the combustion zone to include all of the reactor’s internal volume between
aperfures 5 and 11, e.g. the entire length L shown in Fig. 1, but this is not required.
Typically, however, the combustion zone is centered 1n the region between apertures 11 and
5, e.g., with L, being substantially equal to L4, As may be appreciated, the combustion zone
occupies a region of reactor 50°s internal volume during tir that 1s within the pyrolysis zone
during tp. However, since in the aspects illustrated 1o Fig. 1, a heating mode is not carried out
at the same time as pyrolvsis mode, appreciable combustion does not occur in the combustion
zone during pyrolysis and appreciable pvrolysis does not occur in the pyrolvsis zone during
heaiing.

[80638] The combustion zone is typically configured for (i) mixing the fuel and a portion
of the oxidant during heating mode for efficient combustion, (i1} increasing distribution
uniformity over third zone’s internal cross sectional area of the combustion products,
unreacted oxidant, and optionally unreacted fuel, and (111} lessening undesirable pressure-drop
effects during pyrolysis mode. The combustion zone can have the form of an open volume
within the internal volume of reactor 50, eg., an open volume 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 vohume having an appropriate L A ratio will
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provide at least some nuxing and distribution during heating mode without creating too great
a presswre drop during pyrolvsis mode. More typically, since it provides improved mixing
and disinbution and allows a lesser overall length for the combustion zone, the combustion
zone includes at least one mixer-distributor apparatus 10. The mixer-distributor, which can
have the form of a relatively thin member {(g.g., a plate) having one or more orifices effective
for carrving out the mixing and distribution dunng heating mode. Conventional mixer-
distributors can be used, such as those described m U8, 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 hmited thereto. Optionally, the combustion zone containg
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 catalyst can be included as a component of mixer-
distributor 10, e.g., with one or more of the mixer-distnbulor’s plate members serving as a
catalyst support.  When used, nixer~distributer 10 can be located at anv location within the
combustion zone. Fypicallv, however, it 1s located approximately nud-way between
apertures 11 and 5, as shown. In certain aspects, however, such as those where the amount of
coke deposits in thermal mass 1 exceed that of thermal mass 7, the combustion zone 15 shifted
downstream {with respect to fuel-oxidant flow} toward thermal mass 1. The amount of shift
is typically < 25% of L, e.g., <20%, such as < 10%.

186639 The sumn of lengths Ly, L, and Ls is typically > 90% of the total length of reactor
50 (Lr). e.g., as measured between opemings 51 and 52. Since it 1s desirable to direct fuel and
oxidant flows into appropriate passages of thermal mass 7 during heating mode and to direct
pyrolysis feed flow into appropniate passages of thermal mass 1 during pyrolysis mode, it is
typically desired to limit the internal volurne between aperture 9 and opening 52 and between
aperture 3 and opening 31, to that needed for convenient reactor assembly and to prevent
component interference as might otherwise occur from thermal expansion during use. The
pyrolysis zone, which generally encompasses all of region L, a segment of Ly, and a segment
of La, 1s typically > 10% of the total length of reactor 50, e.g, > 15%, such as > 20%. It is
also typical for the pyrolysis zone to encompass < 80% of Ly, e g.. to leave sufficient internal
volume of thermal mass 1 for pre-heating the pyrolysis feed and sufficient internal volume of
thermal mass 7 for quenching the pyrolysis product, e.g., < 60%, such as < 40%. In certain
aspects, the pyrolysis zone has a length in the range of from 10% to 60% of Lg, 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 pyrolvsis zone, e.g., <40%, such as <30%, or <20%.
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1666406 Values for L, L. Ly, L2, Ls, Le, 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 info the reactor, etc. Although larger and small reactors
are within the scope of the mvention, (i) D is typically = 1 cm, e.g, m the range of from
about T cmto 10 m, such as 0.1 mto 7.5 m, (1) Lx is typically > 1 cm, e.g., in the range of
from about I cm to 20 m, such as 0.1 mto 7.5 my, (i} L s typically £ 25% of Lr, eg, <
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%,

[60841]  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 (i) combusting catalyst coke deposits with at
feast a portion of the unreacted oxidant.

[00042] In aspects illustrated schematically in Fig. 1, reactor 50 is heated durning heating
mode by conveying a heating mixture 19 comprising fuel and oxidant through opening 52,
through aperture 9 of thermal mass 7, and out of aperture 11 toward mixer-distributor 10,
Tyvpically, the fuel and oxidant are conveved separately through different channels of thermal
mass 7 from aperture 9 toward aperture 11, and are combined fo form the heating mixture
downstream (with respect to fuel/oxidant flow) of thermal mass 7. Typically fuel and oxidant
are heated by a transfer of heat from thermal mass 7 as the fuel and oxidant flow through the
channels of thermal mass 7. Combustion of the fuel and oxidant produces a combustion
product. Combustion product, any un-combusted oxidant, and anv un-combusted fuel enter
aperfure 5. When there is un-combusied oxidant in thermal mass 1, this can react with coke
deposits and any un-combusted fuel to produce additional combustion product.  An
aggregated combustion product 45 15 conducted out of aperture 3 and away from the reactor
via opening 51. The aggregate combustion product tvpically comprises the combustion
product produced in combustion zone 10; additional combustion product, typically from
combustion of coke in passages of thermal mass 1. and any unreacted fuel and/or any
unreacted oxidant. Reactor 50 is switched from heating mode to pyrolysis mode after

achieving the desired reactor temperature profile.
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[66643]  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 thermal mass 1 and 1s typically pyrolysed in (i) a downstream segment of therroal
mass 1, and optionally also in (31) the region between thermal mass 1 and thermal mass 7 and
{11} in an upstream segment of thermal mass 7, upstream and downstream now being with
respect to the flow of feed and pyrolysis product. A volatile portion 49 {typically gaseous) of
the pyrolysis product is cooled m a downstream segment of thermal mass 7. and 15 conducted
away from thermal mass 7 via aperture 9, and is conducted away from reactor 50 via opening
32, A noun-volatile portion of the pvrolysis product remains in the reactor, typically as coke
deposits. Accumulalion of coke deposits in reactor 30 is lessened by combusting deposiied
coke during heating mode.

[66644] 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,
primartly by fuel-oxidant combustion in the combustion zone, coke~oxidant combustion in
passages of thermal masses 1 and 7, and optionally additional fuel-oxidant combustion in
internal passages of thermal mass 1 and (less tvpically) thermal mass 7. Pyrolysis mode is
carried out for a time interval of duration tp. Pyrolysis is endothermice, and, consequently, the
bulk gas temperature profile of reactor 50 is transformed over the course of time interval tp to
a profile that is not appropriate for efficient pyrolyvsis. Reactor 50 is then swiiched from
pyrolysis mode to heating mode {0 reheat the reactor, so that the desired bulk gas temperature
profile 1s exhibited at the start of a following pyrolvsis mode. Typically, at least one flow
controller is provided to (i) establish forward flows of the pyrolysis feed and the pyrolysis
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 ti.
[66645] Pyrolvsis mode and heating mode are tvpicallv repeated in sequence, for semi-
continuous or continuous operation. Intervening steps between successive pyrolysis and
healing modes, e.g., one or more steps for admitling a forward or reverse How of sweep gas
to the reverse-flow reactor, can be carried out between pyrolysis mode and heating mode
operation, and vice versa. Continuous or semi-continuous operation can be characterized by a
“cycle time”, which constifittes the time duration from the start of a pyrolysis mode to the
start of the next pyrolysis mode in the sequence, and mcludes the time duration of heating
mode(s) and any intervening steps {when used). Cycle ime can be substantially constant
over a plurality of repeated cvcles, but this is not required. The mmvention is typically

practiced with relatively short cycle times compared to that of conventional processes {e.g.,
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steam cracking} for pyrolysing similar feed hydrocarbon at a peak pyrolysis temperature <
1200°C. For example, cvele 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 pyrolysis
feed 1s introduced into the reactor in a direction that 13 substantially opposite to the direction
of fuel and oxidant flow and/or (11} when the flow of pyrolysis product away from the reactor
is substantially opposite to the direction of corsbustion product flow, the reactor 15 called a
reverse-flow reactor.

[60846]  Certain aspects of heating mode operation, during which reactor 50 1s preheated
for imtial pyrolysis mode operation, or rebeated for continued pyrolvsis mode operation, will
now be described in more detail. The invention is not limited to these aspects, and this
description is not meant to foreclose other ways {0 operate a heating mode.

Representaiive Heating Mode Conditions

[06647]  Operating conditions during heating mode are selected to accomplish (i) reheating
the pyrolysis zone to establish a temperature profile in the reactor corresponding to the
desired bultk gas temperature profile at the start of a following pyrolysis mode and (i)
removing sufficient coke deposits from within the reactor’s internal volume, which would
otherwise lead to an increase in reactor pressure drop. When it is desired to quench the
pyrolysis product within the reactor, heating mode optionally includes cooling thermal mass
within the reactor at a location that is both upstream (with respect to fuel-oxidant flow) of the
combustion zone and downstream (with respect to the flow of pvrolysis product) of the
pyrolysis zone.

[60848] Combustion is carried out during heating mode by reacting fuel and oxadant, e.g.,
fuel and oxidant contained in a heating nuxture. The fuel and oxidant can be the same as
those disclosed in U.S. Patent No. 7,943 %08. Optionally, the fuel is derived from, comprises,
consists essentially of, or consists of one or more of hyvdrogen, CO. methane, methane
containing sireams, such as coal bed methane, biogas, associated gas, natural gas and
mixtures or cornponents thereof, etc. The fuel typically comprises one or more of molecular
hydrogen, synthesis gas {mixtures of CO and H»)}, and hvdrocarbon, such as > 10.0 wi. %
hvdrocarbon, or > 50.0 wi % hydrocarbon, or > 90.0 wt. % hydrocarbon. The oxidant is
typically one or more of molecular oxygen, ozone, and air, including molecular oxygen in air.
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 invention can be

carried out over a very wide range of healing mixture flow rates, e.g., at a flow rate > 0.001
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kg/s, such as > 0.1 kg/s, or > 10 kg/s, or > 100 kg/s, or more.

{36349 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 (“0Cy”) needed for the substantially stoichiometric combustion of the
foel. Typically, the amount of oxidant supplied during heating mode is Ze( QT+ OCs),
wherein Z 1s generally > 0.5, e.g, > 0.8, such as in the range of 0510 5.0, or 0.5 10 3.0, 0r 0.8
to 3.0. The amounts OC; and OCs 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 US.
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 > 50 wt. % of the total amount of oxidant supplied during heating mode,
e.g. > 75 wi %, or > 90 wt. %, with the second portion comprising at least 75 wi. % of the

remainder of the total oxidant, e.g., = 90 wt. %. It is also typical for oxidant Hlow rate and
fuel flow rate to 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 ta. The invention is compatible with conventional methods
for lessening coke accumulation tn thermal masses duning heating mode, e.g., those described
i U.S. Patent No. 9,187,382, which is incorporated by reference in its entirety.

[660650]  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 muixture. When
used, diluent can be provided with the oxidant and/or fuel. Suitable diluents (which can be a
diluent mixture} include one or more of, e g.. oxygenate (water, carbon dioxide, gic.}), non-
combustible species, such as molecular nitrogen (N2}, and fuel impurities, such as hydrogen
sulfide. For example, the oxadant 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
is air. Optionally, the oxidant has a mass ratio of diluent to molecular oxygen in the range of
0.51020.0,eg, ntherange of 4010 12.0.

(60051}  In order to lessen or prevent the occurrence of a sharp temperature gradient in the
bulk gas temperature profile at the start of pyrolysis mode and during the course of pyrolysis
mode, it was expected that a relatively long-duration tn would be needed. eg, atg = 30

seconds, or > 50 seconds. Surprisingly, this is not the case: a tn < 27 seconds 1s typically
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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 exarople, ty can be in the range of from 0.01 second to 25 seconds, or 0.05
second 1o 10 seconds, or 0.05 second to 5 seconds, or .05 second 1o 1 second.

(66652} 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 during te, and to lessen or prevent the occurrence of a sharp temperature
gradient in the bulk gas temperature profile during tr. Surprisingly, it has been found that this
ts not the case. The desired bulk gas temperature profile for pyrolysis mode is established
during heating mode by carryving out fuel-oxidant combustion primanly in the central region
of the reactor {e.g., a region of length L as shown in 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 (o an improved reacior temperature profile compared {o that which is achieved
by distributed cornbustion for mainly two reasons. First, the greater fuel and oxadant flow
rates needed to achieve the desired amount of combustion during i, and the resulting
increased flow rate of combustion product, leads to more favorable distribution of
combustion heat within the reactor.  Second, during heating mode the combination of
radiative heat transfer to a thermal mass proximate to the combustion zone and heat
conduction within the thermal mass sufficiently moderates the reactor temperature profile so
as to broaden temperature gradients in the pyrolysis zone {e.g., gradienis along the length of
the reactor) that would otherwise be undesirably sharp.

[00353]  Referring again to Fig. 1, an appropriate combustion zone of length L can be
achieved by conventional methods, e.g., by use of one or more mixer-distributors, use of a
selective combustion catalyst, etc. For example, it has been found that even when mixer-
distributors and selective combustion catalysis are not used, hmiting 7 1o a value <35.0, e g,
< 3.0, and especially < 2.0, resulis in a combustion zone length L that is < 50% of that of the
length of the pyrolvsis zone, e.g., <40%, such as <30%, or <20%.

166054]  After the reactor 15 sufficiently reheated to establish the reactor temperature
profile desired at the start of pyrolysis, the reactor can be swiiched from heating mode to
pyvrolysis mode, typically by decreasing or termunating fuel and oxidant flow and
commencing or mcreasing a flow of pyrolysis feed. Representative pyrolysis feeds will now
be described in more detail. The mvention 1s not Hmited to these pyrolysis feeds, and this
description is not meant to foreclose the use of other pvrolysis feeds within the broader scope

of the mvention.
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Representative Pyrolvsis Feeds

[00058]  The pyrolysis feed comprises Cyr hydrocarbon, eg, = T wt % of Cu
hvdrocarbon, such as > 10 wt. %, or > 25 wt. %, or > 50 wt. %, or > 75 wt. %, or > 90 wt. %,
Typically> 90 wit. % of the remainder of the pyrolysis feed comprises diluent, e.g., one or
more of methane, CO», water, etc. In certain aspects, the pyrolysis feed consists essentially of
or even consists of Cy+ hydrocarbon, eg, C» — Co paraffinic hydrocarbon. The pyrolysis
feed’s hydrocarbon (the “feed hydrocarbon™) generally includes any hvdrocarbon compounds
or muixture of hydrocarbon compounds that when subjected to the specified pyrolysis
conditions produce the desired pyrolysis product.  Suitable pyrolysis feeds include those
disclosed in ULS. Patent Application Publication No. 2016-176781, whach 1s incorporated by
reference herein in its entirety. In certain aspects, particularly those aspects where the feed
comprises > 50 wt. % ethane (or propane, or a mixiure of ethane and propane), e.g., > 75 wi.
%, such as > 90 wi %, conversion during pyvrolysis is based on the amount of Cut
hydrocarbon that is converted. In other aspects, e.g., those where the feed includes
components such as (i) saturated Cy4+ hvdrocarbon and/or (it} aromatic and/or non-aromatic
cores having ong or more substantialiyv-saturated >+ side chains, the conversion is based on
the aggregate amount of Cz+ hydrocarbon components converted, including such substantially
saturated side chains as may be converted. Typically, the feed has a heat of reaction under
the specified pyrolysis conditions AH that is > 1000 cal. /mol, e.g., > 10,000 cal./mol, such as
= 20,000 cal./mol.

106656  Although the feed hydrocarbon typically includes Czv 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 hydrocarbon compounds is typically <10 wi. % based
on the weight of the feed’s hvdrocarbon. Feed hvdrocarbon that is substantiallv-free of non-
aliphatic hvdrocarbon 1s within the scope of the invention, as is feed hvdrocarbon that is
substantially free of aromatic hydrocarbon and/or substantially free of olefinic hydrocarbon,
particularly Cy — Cs olefin.  Substantiallv-free in this context means < 1 wt. % based on the
weight of the feed hydrocarbon, such as < 0.1 wt. %, or < 0.01 wi. %, or < 0.001 wt. %.
{36057 The feed hvdrocarbon can be obtained from one or more sowrces of hydrocarbon,
e.g., from natural hydrocarbon sources including those associated with producing petroleum,
or from one or more synthetic hydrocarbons sources such as catalvtic and/or non-catalytic
reactions. Examples of such reactions include catalytic cracking, catalvtic reforming, coking,

steam cracking, etc.  Syunthetic hydrocarbon sources mclude those in which hydrocarbon
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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 Cu+ hydrocarbon,
typically € to Cs.

{66658} The feed hvdrocarbon can include one or more of ethane, propane, butanes,
saturated and unsaturaied Cs hydrocarbon, including those denived {rom one or more of
Fischer-Tropsch synthesis products, shale gas, biogas, associated gas, natural gas and
mixiures or components thereof, steam cracked gas oil and residues, gas oils, heating o, jet
fuel, diesel, kerosene, gasoline, naphtha {(including coker naphtha, steam cracked naphtha,
and catalytically cracked naphtha), hydrocrackate, reformate, raffinate reformate, Fischer-
Tropsch liquuds, natural gascline, distillate, virgin naphtha, crude oil, atmospheric pipestill
bottoms, vacuum pipestill streams including bottoms, wide boiling range naphtha to gas oil
condensates, heavy non-virgin hydrocarbon streams from refineries, vacuum gas oils, heavy
gas otl, naphtha contaminated with crude, synthetic crudes, shale otls, coal hquefaction
products, coal tars, tars, atmospheric resid, heavy residuum, 4 - residue admixture, naphtha -
residue admixture, cracked feed, coker distiliate streams, and hvdrocarbon 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 invention 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.

608591 Although the invention 15 not hnnted thereto, the specified process can be used for
upgrading relatively refractory hight {e.g.. C2» — Cs} paraffinic hydrocarbon, such as ethane.
Accordingly, the feed hvdrocarbon can comprise ethane in an amount > 1 wi. %. e.g, > 5 wt.
%, such as > 10 wi. %. Suitable feeds include those comprising > 50 wt. % ethane, such as >
75 wi. %, or > 90 wi. %, or > 95 wi. %. For example, the feed can comprise an amount of
ethane in the range of from | wi. % to 99 wit. %, such as 5 wi. % 1o 93 wi. %, or 10 wt. % (o
90 wt. %. One representative feed hydrocarbon comprises (1) > 10 wi. % ethane, or > 50 wi.
%0, or = 90 wi. %, such as in the range of from 10 wi. % 10 99.5 wt. % 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 (1} ethane and/or (it} propane.
The light paraffinic hydrocarbon can be provided from any convenient source, e.g., from

synthetic and/or natural sources. Light paraffinic hydrocarbon ethane can be provided from

20



10

25

30

35

WO 2018/044547 PCT/US2017/046871

petroleum or petrochenical processes and/or sources of geological origin, e.g., natural gas. In
particular aspects, the pyrolvsis feed comprises > 90 wit. % of (i) ethane and/or (i1) propane.
[B0068]  The pyrolysis feed optionally includes diluent, typically comprising compositions
that are essentially non-reactive under the specified pyrolysis conditions, such as one or more
of methane, waler {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 pvrolvsis feed are within the scope of the nvention.
Diluent, when present, is typically included in the pyrolysis feed in an amount < 60 wt. %
based on the weight of the feed, e.g., < 50 wt. %, such as <40 wi. %, or <30 wt. %, or <20
wi. 9%, or < 10 wi. %, or in the range of from 1 wt. % to 50 wi. %. Diluentis also suitable for
use as a sweep gas, e.g., for (1) removing at least a portion of any deposits in the reactor after
the pyrolvsis mode and/or after heating mode and/or (it} adjusting the reactor’s temperature
profile—heat carried by the sweep gas from warmer regions of the reactor for ransfer {o
cooler regions will increase the temperature of the cooler regions and further lessen or
prevent sharp gradients in the reactor femperature profile,

{36061} A flow of the pyvrolysis feed is conducted to the pyrolysis reactor during pyrolysis
mode, typically in a reverse-flow direction, e.g., one that i1s opposed to that of oxidant flow.
During pyrolysis mode, at least a portion of the feed hydrocarbon is pyrolysad to produce a
desired pvrolysis product. Certain pyrolysis conditions that are useful for pyrolysing the
specified pyrolysis feeds will now be described in more detatl. The imvention is not limited
to these pyrolysis conditions, and this description is not meant to foreclose the use of other
pyrolysis conditions within the broader scope of the invention.

Representative Pvrolvsis Mode Conditions

[B0062] When heating mode 1s carried out under the speaified conditions, the bulk gags
temperature profile at the start of pyrolysis mode continuously varies over the length of the
pyrolvsis zone. Tay decreases during te, but the amount of decrease is < 100°C.  Te ailso
decreases during the course of the pyrolysis, but its position along the length of the pyrolysis
zone and the general shape of the bulk gas temperature profile tvpically remain substantially
the same during tr. Ta (and typically 1) decreases during tr by < 100°C during the course of
the pyrolysis, e.g., by < 75°C, such as by <30°C, or by < 25°C, or by < 10°C, o1 by <5°C. In
certain aspects, e.g., those where Ty is located downstream of the first thermal mass, the bulk
gas temperature proximate to the downstream end of the first thermal mass decreases by
100°C during the course of the pyrolysis, eg., £ 75°C, such as < 50°C, or < 25°C, or £ 10°C,

or < 5°C. Regions of substantially-constant temperature along the length of the pyrolysis
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zone are avoided. Sharp gradients in the bulk gas temperature profile within the pyrolysis
zone are also substantially avoided.  Although high-severity pyrolysis conditions can be
used, it is typical to use low seventy conditions.

[00063] It has been found that the pyrolysis can be camried out within these thermal
limitations, e.g., within the specified decrease for Ta and Ty, for a wide range of thermal
mass OFA and a wide range of pyrolysis conditions by selecting a pyrolysis mode duration
tp 10 be no greater than a reference time duration twer, where twr 15 determined from the
eguation:

trer = (tr * pg ¥ Cp * R #Tay * ATav) * ({1-OFA] * OFAH * (X * AH * Py, (ID)

In evaluating equation T, AH s the pyrolvsis feed’s heat of reaction under the pyrolysis
conditions, e.g., > 20,000 cal/mol.; tr i1s the residence time in the channel during the
pyrolvsis, e.g., fr < 1 sec.; X is the conversion of the feed to the pyrolysis, e.g, X > 50%; P is
the average iotal pressure in the chanmel during the pyrolysis, eg, P> 1 bar, Ta is the
average bulk gas temperature in the channel at the start of the pyrolysis, e.g, Ta < 1500°C at
the start of pyrolvsis; ATy is the change (iypically a decrease} in average bulk gas
temperature during te; OFA is < 55%; and R is substantially equal to the feed’s Gas
Constant, which can generally be approxamated with sufficient accuracy under the specified
pyrolysis conditions by the Ideal Gas Constant. It can be the case that ter corresponds to a
time that is too short to be achieved with equipment available for use in switching the flows
of feeds and products as needed when transitioning from pyrolysis mode to heating mode,
and vice versa. In these cases, tp 15 selected to be the minimum pyrolysis time duration
achievable with available flow control equipment. For example, if the minimum pyrolysis
time duration achievable with available flow control equipment 13 0.001 seconds, then for fer
[66664] Tvpicallv, tweris > 0.001 sec..eg, > 001 sec..suchas > 0.1 sec, 0r> 1 sec, or>
2
i

v

10 sec. Accordingly, t» can be of relatively long duration, eg., > 1 second, such as

\Y

seconds, or > 5 seconds, or > 10 seconds, or > 20 seconds, or > 30 seconds, or even >
minute or more. For example, tp can be m the range of from 1 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 hvdrodynamic
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
refatively long tp values. Using a tp > 2 seconds and the specified OFA lessens the

appearance of pyrolysis zone segments having a substantiallv-constant bulk gas temperature
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profile.  Using these tp values and the specified OFA also substantially prevents relatively
sharp temperature gradienis in the pyrolysis zone. For example, at anv time during the
pyrolysis varations in the bulk gas temperature are typically < 140°C withun any pyrolysis
zone segment having alength <10% of Ic, e g, < 100°C, such as < 50°C.

[80665] The pyrolysis conditions in the pyrolysis zone during tp generally include Tp <
1400°C, Ty < 1200°C, and an average total pressure {e.g., within the chamnel of the first
thermal oass) > 100 kPa. Gas residence time in the pyrolysis zone (e.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 to 1400°C; Ty < 1100°C, e.g.. < 1000°C, such as < 900°C, or in the range of
from 900°C 1o 1100°C, or 925°C 1o 1075°C; and a feed hvdrocarbon partial pressure > 7 psia
(48 kPa}, or = 10 psia (69 kPa), or > 20 psia (138 kPay, or > 30 psia {207 kPa). The average
total pressure is typically > 5 psig (34 kPag), or 215 psig (103 kPag), or > 40 psig (276 kPag),
or > 80 psig (552 kPag), or > 120 psig (427 kPag). Particularly when the pyrolysis feed
includes diluent, the average total pressure can be > 150 psig (1034 kPag), or > 300 psig
(2068 kPag), or > 500 psig (3447 kPag). Gas residence time in the pyrolvsis zone 1s typically
< 0.2 second; preferably < 0.15 second or < 0.1 second; or in the range of 0.001 second t0 0.4
second, or in the range of 0.01 second to 0.4 second, or in the range of 0.01 second to 0.2
second.  For example, the pyrolysis feed can be passed through thermal mass T at a 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 n the range of 0.002 second to 0.040 second.
When utilizing a first thermal mass having an OFA in the specified range, these conditions
have been observed to decrease Tp and/or T by < 100°C, e.g., < 75°C, such as < 50°C, or <
25°C, or = 10°C, or < 5°C, foratr > 1 second, e.g.. > 2 seconds, such as > 5 seconds, or > 10
seconds, or = 20 seconds, or = 30 seconds, or even > |1 minute or more.

106066  Carrving ouwt the pyrolvsis at a tp < ter under the specified conditions in a reactor
having the specified channeled thermal mass has been found to moderate variations in T; and
Ta during tp even at relatively high pvrolysis temperatures, which in fiwn moderates
variations in the vield of less desirable pvrolysis products such as acetvliene and coke. These
desirable effects can be achieved under the specified conditions even at a relatively long te,
e.g., ater 0of > I seconds, which encompasses a commercially-reasonable range of tp. This in

turn leads to a simplification of olefin purification and recovery facilities.
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1666671 It has also been found that when T,y in the channel exceeds 900°C, it is beneficial
for ATay to be <50°C, when Ty in the channel exceeds 1000°C, it is beneficial for AT to be
< 40°C, and when Ty in the channel exceeds 1100°C, it 15 beneficial for ATa 1o be < 20°C.
Parameters tp and OFA can be optimized 1in commercially-desirable ranges to achieve these
conditions of Tay and ATy using the relationship

(IOFA =11/ [te * OFA]) = (ta * ps * Cp * R # Ty * ATa)? * (X * AH * P). (IT1)

Although using this relationship may find its greatest utility when T exceeds 900°C, its use
can be advantageous when optimizing OFA and % at other values of T,y When evaluating
equation [, AH 1s the pyrolysis feed’s heat of reaction under the pyrolysis conditions, e.g., >
28,000 cal./mol.; tr 13 the residence {ime in the channel during the pyrolysis, eg., te <1 sec;
X 1is the conversion of the feed 10 the pyrolysis, e.g., X > 50%; P 1s the average total pregsure
in the channel during the pyrolvsis, e g, P > 1 bar; Tav is the average bulk gas temperature in
the channel during the pyrolysis, e.g., Tay < 1500°C; ATy is the change in average bulk gas
temperature in the chamnel; OFA 1s the open frontal area of the channeled thermal mass, e.g.,
an OFA in the range of from 10% to 55%, e.g., 10% to 50%, such as 10% to 45%, or 10% to
35%:; and R is substantially egual to the feed’s Gas Constant, which can generally be
approximated with sufficient accuracy under the specified pyrolysis conditions by the ideal
(as Constant.

{66668} 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 &
will now be described in more detail with respect to Figures 2 and 3. As shown in the
figures. ATp is a positive number corresponding to the change in Tp during tr.

[0006%9] Fig. 2 schematically shows a representative regenerative reverse-flow reactor,
similar to that shown in Fig. 1, and representative gas temperature protfiles durning pyrolysis.
The solid line represents the bulk gas temperature profile at the start of tp, and the dashed line
represents the bulk gas temperature profile at the end of tp. At the start of tp, the flow of
combustion mixture 19 15 curtailed a flow of pyrolysis feed 15 15 established. The reactor’s
pyrolysis zone at the start of tp encorpasses the region between apertures 5 and 11, the
shaded region 16 of thermal mass 7. and the shaded region 14 of thermal mass 1. Particularly
at relatively large flow rates of fuel and/or oxidant during heating mode, and/or when tg 15 of
relatively long duration, the peak gas temperature Ty during fp can be displaced away from
the aperture 11, toward aperture 5 or beyond. In such aspects, the length of the pyrolysis
zone’s downsiream segment g is fess than that of the upstream segment Ia, e.g., at least 10 %

less, such as at least 25% less, or at least 50% less. The total length of the pyrolysis zone Ic is
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the sum of I4 and Is. Typically, Ic is in the range of from 10% to 50% of the total fength of
reactor 50, e.g., in the range of 20% to 40%. For example, Ic can be i the range of from
20% to 40% of Litlo+La+Ly (Fig 2). The locations of the terminal ends of 14 and Ip (the
tocations where the first and second heat transfer zones abut the pyrolvsis zone during
pyrolvsis mode) are determined by Tany.

1866761 Fig 2 shows aspects where Ty is focated within shaded region 14 of thermal mass
1. Other aspects of the invention are schematically illusirated mn Fig. 3. In these aspects, a
mixer-distributor 10 is located within the combustion zone In Figs. 1-3, components and
streams performing similar fumctions have the same index number.

[68871] In the aspect of Fig. 3, the bulk gas temperature profile at the start of pyrolysis
mode (profile PR3} exhibiis at least two local maxima, as does profile PRy which represents
the bulk gas temperature profile at the end tr.  While not wishing to be bound by any theory
or model, it is believed that the bi-modal bulk gas temperature profile results from heat
radiated from the nuxer distributor during heating mode toward thermal masses | 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 15 a relatively
short-range phenomena (the mnverse-square law applies), thermal mass 1 is heated more than
thermal mass 7. The resultant bulk gas temperature profile PR at the start of pyrolysis mode
is therefore believed to be a substantially linear combination of bulk gas temperature profile
PR, which is related to the heating of thermal mass 7, and bulk gas temaperature profile PR,
which 1s related fo the heating of thermal mass 1. Greater fuel-oxadant flow rates during
heating mode lead to additional heating of thermal mass 1, e g, by convective heat transfer
from the combustion product, which displaces the peak temperature of profile PR, toward {or
even mnto) shaded region 14, The maximum gas temperature of profile PRy is typically 20%
to 70% of the maximum gas temperature of profile PRy, such as 30% to 70%.

{66672} In aspecis such as those illustrated in Figs. 2 and 3, the pyrolysis conditions
mclude a bulk gas temperature profile during pyrolysis (1.e., the profite of the pyrolysis bulk
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 Tavv proximate to
a location (the reference location) where the first heat transfer zone abuis the pyrolysis zone,
e.g., reference location Ry at the start of tr and reference location Ry at the end of tp. The
peak gas temperature Ty 1s greater than Tam at the start of tp, and is > T at the end of te.
Tp — Twvan at the start of pyvrolysis is typically in the range of from 10°C to 400°C, or 25°C to

300°C, or 50°C to 200°C.  Tavis typically = T + 10°C at the stast of te. For example, Tav -
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Twmn at the start of pyrolysis is typically in the range of from 5°C to 200°C, or 10°C t©
150°C, or in a range of from 20°C 1o 100°C, or from 25°C to 75°C. Tvpically, the position of
Tp within the pvyrolysis zone remaims substantially constant during the pyrolysis.
Substantially constant in this context means that the location of T, changes during pyrolysis
mode from its mitial position by < +/- 20% of I, eg, < +/- 15%, such as < +/- 10%, or
typteally < +/- 5%. Unlike Ty, the reference location typically varies in position during tp. Ty
is typically less than Tavan during tp, in other words, at least a segment of first thermal mass |
is included in the first heat transfer zone. The value of Tamw 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 Cs — Cs paraffin, T at the start of o
is typically < 1400°C, e.g, < 1300°C, such as < 1200°C, or < 1100°C, or < 1000°C. For
example, at the start of tp, Tnmv 15 typically in the range of from 700°C to 1200°C, e.g., 975°C
to 1100°C, and Ty s typically > 1150°C. Twv =T at the start of pvrolysis is typically in the
range of from 10°C to 400°C, or 25°C to 300°C, or 30°C to 200°C. In particular aspects
witlizing a feed comprising ethane and/or propane, the pyrolysis conditions at the start of tr
typically inchade T; < 900°C, e.g., < 750°C, such as < 500°C, or < 400°C, or in the range of
from 350°C to 800°C.

[66G73] 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 a reference location Ry positioned
between the first and second apertures 1o a second conversion {X») proximate to aperture S,
wherein X 1s in the range of from 25% to 85%. and X7 is in the range of from 65% to 98%.
Reference location R is typically proximate to the location where the terminal the end of the
pyrolysis zone abuts the first heat transfer zone at the start of tp. The peak gas temperature
decreases during te, but the bulk gas temperature profile typically maintains substantially the
same shape as shown. Although the bulk gas temperature profile (within the pyrolysis zone)
at the start of tr is typically substantially congruent with that at the end of te, the location in
the pyrolysis zone at which conversion X 15 achieved translates during tp from Ry toward
aperture 5 1o reference position Ry at the end of tp. In particular aspects where the feed
comprises ethane and/or propane, the process can include one or more of (i} X in the range
of from 25% to 60%, (11} the bulk gas temperature proximate to aperture 5 is in the range of
from 1025°C to 1075°C, (1) X in the range of from 85% to 98%, (iv) Twiv in the range of
from 900°C 1o 1000°C, and (v} the reference location Rj is positioned within 0.2 * L1 and 0.4
*L1 of aperture 5. More particularty, conditions at the start of the pyrolysis can include (i) an

acetylene selectivity in a range of from 0% to 1% at the reference location, which acetvlene
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selectivity increases, e.g., monotonically, 1o a range of 5% to 10% at the second aperture,
(i1} an ethvlene selectivity in 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, (it} a propylene selectivity in a range of from 0.7% 1o 0.9% at the reference
location, which propyvlene selectivity vartes monotonically or non-monotonically to a range
of 0.4% 1o 0.6% at the second aperture, and (v} a benzene selectivity (corresponding to
selectivity for coke and coke precursors) i a range of from 0.005% to 1.5% at the reference
tocation, which butadiene selectivity increases, e g, monotonically, to a range of 4% to 5% at
the second aperture,

[60874] By modulating bulk gas temperature over the length of the pyrolysis zone during
pyrolysis mode, the pyrolysis product conducted away from the reactor comprises a range of
desired hydrocarbon products, inchuding a desirable range of C> — Cs olefin.  Typically, one
or more of the desired hydrocarbon compounds 15 separated from the pyvrolysis product, e.g.,
for storage and/or further processing.  For exarople, one or more of ethylene, propylene,
butadiene butenes, etc. can be separated from the pyrolvsis product, e.g., for recovery and use
i producing products such as fuels and fuel additives, oxygenates, polymer, etc. Maolecular
hvdrogen and methane can be separated and recovered from the pyrolysis product, eg., as a
tail gas. Light paraffinic hydrocarbon can be separated recovered, e.g., for use as a fuel, such
as a fuel for heating mode. Conventional separations and recovery methods can be used, e.g.,
those described in U.S. Patent Application Publication No. 2016-176781, but the invention is
not limited thereto. Since OFA and/or tp are selected so that Tp or Ta (and typically both)
decrease by < 100°C durning the course of the pyrolysis, e.g.. < 75°C, such as < 30°C, or <
25°C, or < 10°C, or < 3°C, vields of these destred products typically do not vary appreciably
as a tunction of time during the course of the pyrolysis, leading to a considerable
simplification of product recovery systems over conventional processes.

180675] Certain representative pyrolysis products will now be described in more detail.
The imvention is not limited to these products, and this deseription is not meant o foreclose
the production of other pyrolysis products within the broader scope of the invention.

Representative Pyrolvsis Products

[B6076] In certain aspects, the pvrolysis product conducted away from the reactor is
primarily gaseous and comprises molecular hvdrogen: methane; ethane: ethylene: propane;
propylene; butanes; butenes; butadiene; Cs hydrocarbon, including normal, iso, and cycio Cs
olefin and paraffin, and Cs+ hydrocarbon, including aromatics and normal, iso, and cyclo Cse

olefin and paraffin.  For example, when ulilizing one represeniative pyrolysis feed
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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
wi % ethylene, 0.2 wt. % to 1 wi. % propvlene. 0.1 wt. % to 3 wi. % butadiene, and up fo
about 3 wi. % benzene, based on the weight of the pyrolysis product. As may he appreciated,
these verv 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 to conventional processes operating at a gas temperature < 1200°C, such as
steam cracking, since these operate with little temperature variation in the pyrolysis zone, and
produce a pyrolysis product having very narrow composttional ranges for the desired
hydrocarbon compounds.

Example

166677] In this prophetic example, a pyrolysis feed consisting essentially of ethane is
exposed {o the specified pyrolysis conditions in a representative reverse-flow reactor
configured to be similar to the one illustrated 1n Fig. 1. Thermal mass | is a refractory
honeycomb having a Cp of 0.21 {cal./(g °C)} and a solid density ps of 3.9 g/em’® . The
reactor’s thermal profile at the start of tp is simular to that shown in Fig. 2, with predetermined
pyrolysis conditions of Tav of about 800°C, a gas residence time of 0.1 sec., a heat of reaction
AH of 32740 cal./mole, an average conversion X of 70%, and an average total pressure P of
2.7 bar.

186678} Equation I is used 1o determune values for tp and OFA under these predetermined
conditions at four values of AT, equal to 3°C, 10°C, 20°C, and 40°C. The results are plotted
in Fig 4. As shown in the figure, OFA can be optimized in a commercially desirable range
of about 25% to about 43% while simultaneously optimizing ip in a commercially desirable
range of about 1 sec. to about 12 sec. to achieve a desirable AT,y under the predetermuned
conditions.

{66679} Certain benefiis of carrying ouf the optimization are illustrated in Fig. 5 and Fig.
6. As shown, variation in selectivity 1o acetylene (Fig. 5) 15 <1 wi. % and varnation in the
selectivity of a representative coke precursor (benzene, Fig. 6y 15 < 0.1 wt. % as Ta
decreases from about 900°C at the start of tp to about 960°C at the end of tp (AT, of 40°C).
[B0080] Al patents, test procedures, and other documenis cited herein, including priority
documents, are fully incorporated by reference to the extent such disclosure is not inconsistent.
It is not intended that the scope of the claims appended hereto be limited to the descriptions set
forth herein but rather that the claims be constroed as encompassing all pateniable features

which reside herein, including all features which would be treated as equivalents thereof by
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those skilled in the relevant art. When lower and upper limits are specified, ranges from any
fower limit to any upper limit are expressly within the scope of the invention. The term
" S ety 1120 - ; . + ", P M #H 7 gty -

compnising” is synonymous with the term "including”. When a composition, an element or a
group of components is preceded with the transitional phrase "comprising”, the same
composition or group of componenis is within transitional phrases "consisting essentially of.”
"econsisting of" "selected from the group of consisting of" or "is" preceding the recitation of
the composition, component, or components, and vice versa. All pressures are absolute (kPa,

psia. bar} except where gauge pressure {kPag, psig, barg) is expressly indicated.

29



(W4

10

25

30

35

WO 2018/044547 PCT/US2017/046871

Claims
1. A hydrocarbon pyrolvsis process, the process comprising:

(a) providing a feed comprising > 1 wt. % of Co+ hydrocarbon, wherein the feed has a
pyrolysis heat of reaction {AH 1n cal /mol);
{b} providing an elongated tflow-through reactor having (i) an internal volume which includes
first and second regions, opposed first and second operungs wn fluidic commumication with
the internal volume, wherem the first and second openings are separated by a reactor length
(Lr), and (11} a first thermal mass located in the first region, wherein the first channeled
thermal mass has a solid density (ps) < 12 g/emy’, a heat capacity (Cp) < 0.5 cal/g°C., and an
open frontal area (OFA) < 55%, and wherein the first channeled thermal mass includes:
(A} a first aperture, the first aperture being proximate to the first opening and n
fluidic communication with the first opening,
(B} at least one internal channel in fhudic commumication with the first aperture, and
(C) a second aperture, the second aperture being in flwdic commumication with the
first aperture via a flowpath through the channel;
(¢} preselecting pyrolvsis conditions for pvrolysis of the feed in the channel, wherein the
pyrolysis conditions include a residence titne in the channel (tr) < 1 sec,, a feed conversion
{(X) > 50%, an average total pressure in the channel (P) > 1 bar, an average bulk gas
temperature in the channel (T} < 1500°C at the start of the pyrolysis, a peak gas temperature
{Tp) located in the channel, Tp > Ta, and a change in average bulk gas ternperature doring the
pyrolysis {(ATa) < 100°C;
(d) predetermining a reference pyrolvsis step time (Ler) , wherein
tref = (IR * ps * Cp * R *Tay * ATa) * (JI-OFA] * OFAD = 0 * AH * Py, and R is
substantially equal to the feed’s Gas Constant; and
{e) pyrolysing the feed in the channel under the preselected conditions during a pyrolysis time

interval tp that does not exceed frer.

2. The process of claim 1, wherein (1) the location of Ty remains substantially constant
during 1p, {11} the feed is introduced into the reactor through the first opening, through the first
aperture, and toward the second aperture at a flow rate > 0.01 ko/s, (iit) when ter 15 > (0.001
second, tp 15 < ter. and when tfer 5 < 0.001 second, tp 1s 0.001 second, and (iv) the process

further comprises:
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(f} at least part of the pvrolysis of the feed flow’s Ty hydrocarbon is carried out in the
channel, which cools the first channeled thermal mass and produces a flow of a pyrolysis
product comprising molecular hydrogen, acetylene, Co+ olefin, and coke; and

{g) durning tp, conducting the flow of at least a portion of the pyrolysis product nto the
second region of the internal volume via the second aperture, and away {rom the reactor via

the second opening.

3. The process of claims 1 or 2, wherein the pyrolysis conditions further include a
hydrocarbon partial pressure of = 7 psia (48 kPa) and an average total pressure of = 5 psig

{34 kPag), and (v} tp is > 2 seconds.

4. The process of any of claims 1-3, wherein (1) the reactor is a reverse-flow thermal
pyrolysis reactor, the reactor further corprising a second thermal mass located in the second
region of the internal volume, the second thermal mass having at least one internal channel
having at least one in fhadic communication with the intemal channel of the first thermal
mass, and (11} the process further comprises (f) conducting the pyrolvsis product through the
internal channel of the second thermal mass before the pyrolysis product is conducted away
from the reverse-flow reactor, and {g} cooling the pyrolysis product by transferring heat from

the pyrolysis product 1o the second thermal mass.

5. The process of any of claims 1-4, wherein (1) the Co+ olefin includes one or more of
ethylene, propvlene, and butvlene, (i1} the pyrolysis product further comprises coke and one
or more of acetvlene, benzene, methane, and at least a portion of any unconverted feed, and
{111} at least a portion of the coke remains in the internal channel of the first thermal mass as a

deposit.

6. The process of any of claims 1-5, wherein the feed comprises one or more of ethane,
propane, butanes, saturated and unsaturated Ce hydrocarbon, including those derived from
one or more of Fischer-Tropsch synthesis products, shale gas, biogas, associaled gas, natural
gas and mixtures or components thereof, steam cracked gas 01l and residues, gas oils, heating
oil, jet fuel, diesel, kerosene, gasoline, naphtha (including coker naphtha, steam cracked
naphtha, and catalviically cracked naphtha), hvdrocrackate, reformate, raffinate reformate,
Fischer-Tropsch hquids, natural gasoline, distillate, virgin naphtha, crude oil, atmospheric

ipestil bottors, vacuum pipestill sireams mcluding bottoms, wide boiling range naphtha to
> o & o
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gas otl 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, atmosphenic resid, heavy residuum, C4 - residue admixture, naphtha -
residue adouxture, cracked feed, coker distillate streams, and hydrocarbon streams derived

from plant or animal matter.

7. The process of any of claims 1-6, wherein X 15 > 60 wt. %.
8. The process of any of claims 1-6, wherein (i) the OFA < 50%, and (11} AT < 75°C.
9. The process of any of claims 1-7, wherein (1) tp is > 2 seconds, (i1} the pvrolysis

conditions include a gas residence time in the channel of < 0.5 seconds, (iii) the fead flow
rate 1s {A) substantially constant during tp and (B) > 0.1 kg/s, (iv) the OFA is in the range of
from 10% to 30%; (v) the first thermal mass has a thermal conductivity in the range of from
0.5 W/m°K to 50 W/m°K, a coefficient of thermal expansion in the range of from Ix107°K
to 2x107°/°K, an average wetied surface area per unit volume in the range of from I cm™ 1o
100 e, an average wetted surface area per unit volume in the range of from 1 cm! to 100
cnt'; {vi) the internal channel of the first thermal mass includes a plurality of substantially
parallel passages and has a passage density in the range of from 77000/m’ to 1.3x10%m?; (vii)
the refractory has a specific heat capacity at 300°K > 0.04 [kj/(°K kg)] and a mass density >
3000 kg/m®: and (vii) the refractory includes at least one oxide of one or more elements

selected from Groups 2 — 14 of the Periodic Table.

10. The process of claim 9, wherein the first thermal mass 1s in the form of at least one
monolithic honeycomb having a mass > 1 kg: the refractory’s oxide includes oxide of aft least
one of Al, 8i, Mg, Ca, Fe, Mn, Ni, Co, Cr, Ti, Hf V, Nb, Ta, Mo, W, 8¢, La, Y, Zr, and Ce;
the refractory’s specific heat capacity at 300°K 1s in the range of from 0.04 [kK)/"K kg)fto 1.2
[KI/C°K kg)l; the refractory’s mass density is in the range of from 3000 kg/m’ to 5000 kg/m3;

and 1r is in the range of from 0.01 second 1o 0.4 second.

il A hydrocarbon pyrolysis process, the process comprising:

{a) providing a feed comprising > 1 wt. % of Cy: hvdrocarbon, wherein the feed has a

pyrolysis heat of reaction {AH in cal./mol};
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(b) providing an elongated flow-through reactor having (i} an internal volume which includes
first and second regions, (it opposed first and second openings in fluidic communication
with the intemal volume, wherein the first and second openings are separated by a reactor
tength (Lr), and (111) a thermal mass located m the first region, wherein the thermal mass has
a solid density {ps) < 12 g/om’, a heat capacity (Cp) < 0.5 cal/g°C, and a predetermined open
frontal area (OFA), and wherein the thermal mass inchudes:
(A) a first aperture, the first aperture being proximate fo the first opening and n
fluidic communication with the first opening,
{B) at least one intemal channel in fluidic communication with the first aperture, and
{C}) a second aperture, the second aperture being in Hluidic commumication with the
first aperture via a flowpath through the channel;
{c) preselecting pyrolysis conditions for pyrolysis of the feed in the internal channel, wherein
the pyrolysis conditions include a residence time in the channel () < 1 sec., a feed
conversion (X} > 30%, an average total pressure in the channel (P) > 1 bar, an average bulk
gas temperature in the channel (Ta) < 1500°C at the start of the pyrolysis, a peak gas
temperature {Tp) located in the channel, Ty > Ta, a pyrolysis step time tp in the range of from
0.001 sec. to 50 sec., and a change in average bulk gas temperature during the pyrolysis
{ATa} < 100°C,
{d) predetermining the OF A using the formula
(JOFA 1]/ OFA) = (tr * ps * Cp * R *Tyy * ATay)" * (tp * X * AH * P), wherein R is
substantially equal to the feed’s Gas Constant;
(2) establishing a flow of the feed through the first opening, through the first aperture, and
into the channel toward the second aperture at a Jow rate > 0.01 kg/s;
() carrying out the pvrolysis of the feed tlow’s Cy+ hvdrocarbon in the channel under the
preselected pyrolysis conditions during a pyrolysis time mterval tr, which cools the first
channeled thermal mass and produces a flow of a pyrolysis product comprising molecular
hydrogen, acetyvlene, Cr+ olefin, and coke; and
(g} during tp. conducting the flow of at least a portion of the pvrolysis product mto the
second region of the internal volume via the second aperture, and away from the reactor via

the second opening.

12. The process of claim 11, wherein X is > 60 wt. %, tr is > 2 seconds, and the average
total pressure > 5 psig, and the pyrolvsis conditions further include a hydrocarbon partial

pressure of = 7 psia (48 kPa).
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13, The process of claims 11 or 12, wherein Tav and Tp each decrease by no more than

75°C during tp.

14. The process of any of claims 11-13, wherein (i} the T2+ olefin includes one or more of
ethvlene, propylene, and butylene, {it} the pyrolysis product further comprises coke and one
or more of acetylene, benzene, methane, and at least a portion of any unconverted feed, and

(in1) at least a portion of the coke remains in the internal channel as a deposit.

i5. The process of any of claims 11-14, wherein the feed comprises one or more of
ethane, propane, butanes, saturated and unsaturated (s hydrocarbon, including those derived
from one or more of Fischer-Tropsch synthesis products, shale gas, biogas, associated gas,
natural gas and mixiures or components thereof, steam cracked gas oil and residues, gas oils,
heating oil. jet fuel, diesel, kerosene, gasoline, napbtha (ncluding coker naphtha, steam
cracked naphtha, and catalvtically cracked naphtha), hvdrocrackate, reformate, raffinate
reformate, Fischer-Tropsch liqinds, natural gasoline, distillate, virgin naphtha, crude oil,
atrnospheric pipestill bottoms, vacuum pipestill streams including 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 Hquefaction products, coal tars, tars, atmospheric resid, heavy residuum, Cq - residue
admixture, naphtha -~ residue adnuxture, cracked feed, coker distillate streams, and

hydrocarbon streams derived from plant or animal matter.

16, The process of any of claims 11-15, wherein the feed comprises > 90 wt. % of
hydrocarbon that is primarily in the liquid phase at a temperature of 25°C and a pressure of |

bar.

17.  The process of any of claims 11-16, wheren at the start of tp, Ta 15 1n the range of

from 925°C to 1075°C.
18. The process of any of claims §1-17, wherein the imternal channel includes a plurality

of substantially parallel passages having a having a passage density in the range of from

77000/m’ to 1.3x10%m’.

34



10

25

30

35

WO 2018/044547 PCT/US2017/046871

19, The process of any of claims 11-18, wherein tr is in a range of from 0.01 io0 0.4
second, and the elongated channeled thermal mass includes at least one monolithic

honeycomb having a mass >1 kg,

20.  The process of any of claims 11-19, wherein the pyrolysis exhibits a first bulk gas
temperature profile in the channel at the start of tp, a second bulk gas temperature profile n
the channel at the end of tp and the first and second bulk gas temperature profiles are

substantially congruent.

21 A hydrocarbon pyrolysis process, the process comprising:
{a) providing a feed comprising > 1 wt. % of Co: hvdrocarbon, wherein the feed has a
pyrolvsis heat of reaction (AH} > 1000 cal /mol and a Gas Constant (R);
{b} providing an elongated tlow-through reactor having (1) an internal volume which includes
first and second regions, (i) opposed first and second openings in fluidic communication
with the internal volume, wherein the first and second openings are separated by a reactor
fength (Lr). and (i1} a channeled thermal mass located in the first region, wherein the first
channeled thermal rmass has a solid density {(ps} < 12 g/en?’, a heat capacity (Cp) < 0.5
cal/g’C, and an open frontal area (OFA) < 55%, and wherein the first channeled thermal mass
imcludes:
(A} a first aperture, the first aperiure being proximate to the first opening and in
fluidic communication with the first opening,
{B) at least one internal channel in fluidic communication with the first aperture, and
{C}) a second aperture, the second aperture being in Hluidic commumication with the
first aperture via a flowpath L1 through the chamnel, L) being > 0.1 * Lg;
{c) preselecting pyrolysis conditions for pyrolysis of the feed in the channel, wherein the
pyrolysis conditions include a residence time in the channel {tr} < 1 sec., a feed conversion
() = 50%, an average total pressure in the channel (P) > 1 bar, an average bulk gas
temperature in the channel (T4} < 1100°C at the start of the pyrolysis, a peak gas temperature
{(Tp) located in the channel, Tp > T, and a change in average bulk gas temperature during the
pyrolysis (ATw) < 75°C;
(d) predeternuning a reference pyrolvsis step time (tee) from g, ps, Cp, R, Tav, ATay, OFA, X,
AH, R, and P; and
{e) pyrolysing the feed in the channel under the preselected conditions during a pyrolysis

fime terval e that does not exceed frer.
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22. A hvdrocarbon pyrolysis process, the process comprising:

(a) providing a feed comprising > 1 wt. % of Co+ hydrocarbon, wherein the feed has a
pyrolysis heat of reaction (AH) > 1000 cal /mol and a Gas Constant (R);
{b) providing an elongated flow-through reactor having (i) an internal volume which includes
first and second regions, opposed first and second openings in {luidic commumication with
the internal volume, wherem the first and second openings are separated by a reactor length
(Lr), and (11} a first channeled thermal mass located in the first region, wherein the first
channeled thermal roass has a solid density (ps) < 12 g/en?’®, a heatl capacity (Cp) < 0.5
cal/g’C, and a predetermined open frontal area (OFA), and wherein the first chanmeled
thermal mass includes:
(A} a first aperture, the first aperture being proximate to the first opening and in
flurdic communication with the first opening,
(B) at least one internal channe! in fluidic commumication with the first aperture, and
{C) a second aperture, the second aperture being in fluidic communication with the
first aperture via a flowpath L; through the channel, L1 being > 0.1 * Lx;
(c) preselecting pyrolysis conditions for pyrolysis of the feed m the internal channel, wherein
the pyrolvsis conditions include a residence time in the channel (fr} < 1 sec., a feed
conversion (X} > 50%, an average total pressure in the channel (P} > 1 bar, an average bulk
gas temperature in the channel (Ty) £ 1100°C at the start of the pyrolysis, a peak gas
temperature (Ty) located in the channel, Tp > Ta, a pyrolysis step time fp that does not exceed
a reference time (trer) in the range of from 0.001 sec. 10 50 sec., and a change in average bulk
gas temperature during the pyrolysis (ATa} < 75°C,
(d} predetermuning the OFA from tr, ps. Cp, R, Tav, ATay, tret, X, AH, R, and P:
{e) establishing a flow of the feed through the first opening, through the first aperture, and
into the channel toward the second aperture at a flow rate > 0.01 kg/s;
() carrving out the pyrolvsis of the feed flow’s Co: hyvdrocarbon n the channel under the
preselected pyrolysis conditions during a pyrolysis {ime interval tp, which cools the first
channeled thermal mass and produces a flow of a pyrolysis product comprising molecular
hvdrogen, acetylene, Cz+ olefin, and coke; and
{g) duning tp, conducting the flow of at least a portion of the pyrolysis product into the
second region of the internal volume via the second aperture, and away from the reactor via

the second opening.
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23, The process of claims 23 or 24, wherein tner and OFA are predeternined by the equation

(IOFA -1}/ OFA*trer) = (i * ps * Cp * R * Ty * ATay) * (trer * X * AH * P).

24 The pyrolysis product of any of claims 1-21.

25. A reactor for pyrolysing a hyvdrocarbon {eed under predetermined pyrolysis conditions,
the reactor comprising
(a) an elongated tubular vessel having (1) an internal volume which includes first and second
regions and (i) opposed first and second openings in fluidic communication with the internal
volume, the first and second openings being separated by a reactor length (Lr), and
{b} a channeled thermal mass located in the first region, wherein the first channeled thermal
mass has a solid density {ps) < 12 g/em’, a heat capacity {Cp) < 0.5 cal/g°C, and an open
frontal area (OFA), and whergin
{1} the first channeled thermal mass includes:
(A} a first aperture, the first aperture being proximate 1o the first
opening and in fluidic commumication with the first opening,
(B) at least one internal channel in fluidic commumication with the first
aperture, and
{(Cy a second aperture, the second aperture being in fluidic
commumcation with the first aperture via a flowpath Ly through the
channel, L1 being> 0.1 * Lp; and
(i1} the OFA 1s determined from the formula:
(IOFA -1] / OFA) = (tx * ps * Cp * R *Tay ¥ AT} * (0 * X * AH * P),
wherein,
{A) R 1s the feed’s Gas Constant and
(B} the predetermined pyrolvsis conditions include a residence time in
the channel () <1 sec., a feed conversion (X} > 50%, an average
total pressure in the channel (P) > 1 bar, an average bulk gas
temperature in the channel (Ty) < 1500°C at the start of the
pyrolysis, a peak gas temperature (T} located in the chamnel, T, >
Tav, a pyrolysis step time ip 1n the range of from 0.001 sec. to 50
sec., and a change in average bulk gas temperature during the

pyrolysis (AT ) < 100°C.
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