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METHODS FOR DISTRIBUTING CATALYST IN COUNTER-CURRENT REACTORS AND
METHODS FOR PROCESSING HYDROCARBONS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Patent Application No. 18/474,954 filed
September 26, 2023, entitled “Methods for Distributing Catalyst in Counter-Current Reactors and

Methods for Processing Hydrocarbons,” the entirety of which is incorporated by reference herein.

TECHNICAL FIELD

[0002] Embodiments of the present disclosure generally relate to methods for distributing

catalyst, and more specifically, to methods for distributing catalyst in counter-current reactors.
BACKGROUND

[0003] Light olefins, including ethylene, propylene, and butene, are basic intermediates
used by a large portion of the petrochemical industry. In particular, pure streams of light olefins
may be used during the production of various polymers and chemicals. Light olefins may be
produced by catalytic cracking processes. As the demand for light olefins increases, there is a need

for improved catalytic cracking methods, including improved methods for distributing catalyst.
SUMMARY

[0004] Uniform distribution of catalyst within a reactor may improve the selectivity of
catalytic cracking processes for desired products, such as light olefins. Embodiments of methods
for distributing catalyst described herein include passing catalyst through the perforations of a
perforated plate distributor and into the reaction zone of a counter-current reactor. The catalyst
may enter the perforations of the perforated plate distributor at a superficial velocity from 0.01
m/s to 10 m/s. Passing the catalyst through the perforated plate distributor at such a superficial
velocity may result in more uniform distribution of catalyst within the reaction zone. This may
result in improved control over contact time between catalyst and hydrocarbons within the reactor,
which may lead to increased yield of desired products, such as light olefins, and a decrease in the

occurrence of undesired side reactions.
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[0005] According to one or more embodiments, a method for distributing catalyst in a
counter-current reactor comprises: passing the catalyst from a catalyst hopper to a perforated plate
distributor, wherein the perforated plate distributor comprises a plate extending along a
substantially horizontal cross-section of the counter-current reactor, the plate comprising a
plurality of perforations, and wherein the catalyst comprises particulate solids; distributing the
catalyst into a reaction zone of the counter-current reactor by passing the catalyst from a catalyst
discharge zone, through the perforations of the perforated plate distributor, into the reaction zone,
wherein the catalyst enters the perforations of the perforated plate distributor at a superficial
velocity from 0.01 m/s to 10 m/s, and wherein the superficial velocity is in a substantially
downward direction; and passing a hydrocarbon feed stream into the reaction zone, wherein the
catalyst moves in a substantially downward direction through the reaction zone, the hydrocarbon
feed stream moves in a substantially upward direction through the reaction zone, and wherein
contacting the catalyst with the hydrocarbon feed stream cracks one or more components of the

hydrocarbon feed stream and forms a hydrocarbon product stream.

[0006] According to one or more embodiments, a method for processing hydrocarbons to
produce light olefins comprises: passing a hydrocarbon feed stream into a feed inlet of a counter-
current reactor, wherein the counter-current reactor comprises: a catalyst hopper; an upper reactor
portion comprising an upper reaction zone, the upper reactor portion comprising a perforated plate
distributor and a hydrocarbon product outlet, wherein the perforated plate distributor and the
hydrocarbon product outlet are positioned at or near the top of the upper reactor portion, and
wherein the perforated plate distributor comprises a plate extending along a substantially
horizontal cross-section of the upper reactor portion, the plate comprising a plurality of
perforations; and a lower reactor portion defining a lower reaction zone, the lower reactor portion
comprising a feed inlet and a catalyst outlet, wherein feed inlet and the catalyst outlet are
positioned at or near the bottom of the lower reactor portion, and wherein the lower reaction zone
is in fluid communication with and adjacent to the upper reaction zone; wherein: the catalyst
comprises particulate solids and the catalyst moves in a generally downward direction through the
upper reactor portion and the lower reactor portion and the hydrocarbon feed stream moves in a
generally upward direction through the upper reactor portion and lower reactor portion such that
the hydrocarbon feed stream and the catalyst move with a counter-current orientation; and
contacting the catalyst with the hydrocarbon feed stream cracks one or more components of the

hydrocarbon feed stream and forms a hydrocarbon product stream, wherein the hydrocarbon



WO 2025/071671 PCT/US2024/024210

3-

product stream comprises one or more of ethylene, propylene, or butene; and distributing the
catalyst into the upper reaction zone of the counter-current reactor by passing the catalyst from a
catalyst discharge zone, through the perforations of the perforated plate distributor, into the upper
reaction zone, wherein the catalyst enters the perforations of the perforated plate distributor at a
superficial velocity from 0.01 m/s to 10 m/s; and passing the hydrocarbon product stream out of

the upper reaction zone through the hydrocarbon product outlet.
BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The following detailed description of specific embodiments of the present disclosure
can be best understood when read in conjunction with the following drawings, where like structure

is indicated with like reference numerals and in which:

[0008] FIG. 1 schematically depicts a counter-current reactor according to one or more

embodiments disclosed herein;

[0009] FIG. 2A schematically depicts a catalyst hopper according to one or more

embodiments disclosed herein;

[0010] FIG. 2B schematically depicts

@

catalyst hopper according to one or more

embodiments disclosed herein;

[0011] FIG. 3A schematically depicts a catalyst hopper according to one or more

embodiments disclosed herein;

[}

[0012] FIG. 3B schematically depicts a catalyst hopper according to one or more

embodiments disclosed herein;

[0013] FIG. 4 schematically depicts a perforated plate distributor according to one or more

embodiments disclosed herein;

[0014] FIG. 5 schematically depicts a reactor and catalyst regencrator for producing light

olefins, according to one or more embodiments disclosed herein; and

[0015] FIG. 6 depicts models of radial catalyst distribution in a counter-current reactor

according to the embodiments of Example 1.
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[0016] For the purpose of describing the simplified schematic illustrations and descriptions
of FIGS. 1 to 5, the numerous valves, temperature sensors, electronic controllers and the like that
may be employed and well known to those of ordinary skill in the art of certain chemical
processing operations are not included. Further, accompanying components that are often
included in typical chemical processing operations, such as air supplies, and flue gas handling
systems, are not depicted. Accompanying components that are in cracking units, such as bleed
streams, spent catalyst discharge subsystems, and catalyst replacement sub-systems are also not
shown. It should be understood that these components are within the spirit and scope of the present
embodiments disclosed. It should be understood that the reactor diameter should not be inferred
from the drawings and that the diameter of the reactor may be similar or different to the depiction
in the drawings. Additionally, operational components, such as those described in the present

disclosure, may be added to the embodiments described in this disclosure.

[0017] It should further be noted that arrows in the drawings refer to process streams.
However, the arrows may equivalently refer to transfer lines which may serve to transfer process
streams between two or more system components. Additionally, arrows that connect to system
components define inlets or outlets in each given system component. The arrow direction
corresponds generally with the major direction of movement of the materials of the stream
contained within the physical transfer line signified by the arrow. Furthermore, arrows which do
not connect two or more system components signify a product stream which exits the depicted
system or a system inlet stream which enters the depicted system. Product streams may be further
processed in accompanying chemical processing systems or may be commercialized as end
products. System inlet streams may be streams transferred from accompanying chemical
processing systems or may be non-processed feedstock streams. Some arrows may represent
recycle streams, which are effluent streams of system components that are recycled back into the
system. However, it should be understood that any represented recycle stream, in some
embodiments, may be replaced by a system inlet stream of the same material, and that a portion

of a recycle stream may exit the system as a system product.

[0018] Additionally, arrows in the drawings may schematically depict process steps of
transporting a stream from one system component to another system component. For example,
an arrow from one system component pointing to another system component may represent

“passing” a system component effluent to another system component, which may include the
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contents of a process stream “‘exiting” or being “removed” from one system component and

“introducing” the contents of that product stream to another system component.

[0019] Reference will now be made in greater detail to various embodiments, some
embodiments of which are illustrated in the accompanying drawings. Whenever possible, the

same reference numerals will be used throughout the drawings to refer to the same or similar parts.
DETAILED DESCRIPTION

[0020] Embodiments of the present disclosure are directed to methods for distributing
catalyst. The catalyst may be distributed in a counter-current reactor. According to one or more
embodiments described herein, methods for distributing catalyst may include passing the catalyst
to a perforated plate distributor and distributing the catalyst into a reaction zone of a counter-
current reactor. The catalyst may pass through perforations of the perforated plate distributor and
the catalyst may enter the perforations at a superficial velocity from 0.01 m/s to 10 m/s.
Distributing the catalyst into the reaction zone of the counter-current reactor at such a superficial
velocity may improve the uniformity of the distribution of catalyst in the reaction zone. Improving
the uniformity of catalyst flow may allow for improved control the reactor system to avoid

undesired side reactions and increase the yield of desired products.

[0021] It should be noted that the methods for distributing catalyst may be used in a variety
of counter-current reactor systems and are not limited to any exemplary counter-current reactor

systems described herein.

[0022] As used in this disclosure, a “reactor” refers to a vessel in which one or more
chemical reactions may occur between one or more reactants in the presence of one or more
catalysts. As used in this disclosure, a “reaction zone” refers to an area where a particular reaction
takes place in a reactor. One or more “reaction zones” may be disposed in a reactor. For example,
a “reactor portion” may house a “reaction zone,” such as an upper reactor portion housing an upper
reaction zone. In one or more embodiments described herein, the boundaries of a reaction zone
may be at least partially defined by system components of the reactor. For example, in one or
more embodiments described herein, a “reaction zone” may be positioned below a perforated plate

distributor that may distribute catalyst to the reaction zone.
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[0023] As used in this disclosure, the term “counter-current” may be used to describe the
relationship between process streams flowing in substantially opposite directions where the
process streams flow past or through one another. For example, a first process stream flowing in
a substantially downward direction may flow counter-current to a second process stream flowing
in a substantially upward direction. The direction of the flow of a stream may be in the same
direction as the superficial velocity of that stream. As used throughout the present disclosure, the
term “‘counter-current reactor” may be used to describe reactors in which catalyst and reactants

and/or products flow through a reactor in a counter-current orientation.

[0024] As described herein, “superficial velocity” refers to the velocity at which an
individual phase flows through a given cross-sectional area. The bulk flow of a phase is used to
determine superficial velocity of that phase; thus, individual particles or molecules within a phase
may move in a direction different from, or even opposite to, the bulk flow of a phase without
affecting the direction of the superficial velocity of that phase. In one or more embodiments, the
superficial velocity of catalyst entering the perforations of the perforated plate distributor may be

in a substantially downward direction.

[0025] As used in this disclosure, a “catalyst” refers to any substance which increases the
rate of a specific chemical reaction. Catalysts described in this disclosure may be utilized to
promote various reactions, such as, but not limited to, cracking. As used in this disclosure,
“cracking” generally refers to a chemical reaction where a molecule having carbon to carbon
bonds is broken into more than one molecule by the breaking of one or more of the carbon to
carbon bonds, or is converted from a compound which includes a cyclic moiety, such as a
cycloalkane, cycloalkane, naphthalene, an aromatic or the like, to a compound which does not

include a cyclic moiety or contains fewer cyclic moieties than prior to cracking.

[0026] As used in this disclosure, the term “spent catalyst” refers to catalyst that has been
introduced to and passed through a reaction zone to crack a hydrocarbon feed, but has not been
regenerated in the regenerator following introduction to the reaction zone. The “spent catalyst”
may have coke deposited on the catalyst and may include partially coked catalyst as well as fully
coked catalysts. The amount of coke deposited on the “spent catalyst” may be greater than the

amount of coke remaining on the regenerated catalyst following regeneration.
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[0027] As used in this disclosure, the term “regenerated catalyst” refers to catalyst that has
been introduced to a reaction zone and then regenerated in a regenerator to heat the catalyst to a
greater temperature, oxidize and remove at least a portion of the coke from the catalyst to restore
at least a portion of the catalytic activity of the catalyst, or both. The “regencrated catalyst” may
have less coke, a greater temperature, or both compared to spent catalyst and may have greater
catalytic activity compared to spent catalyst. The “regenerated catalyst” may have more coke and
lesser catalytic activity compared to fresh catalyst that has not passed through a cracking reaction

zone and regenerator.

[0028] Referring now to FIG. 1, a counter-current reactor 100 may comprise a catalyst
hopper 110 housing a catalyst discharge zone 112, a reactor portion 120 housing a reaction zone
122, and a perforated plate distributor 130. The perforated plate distributor 130 may be positioned
between the catalyst discharge zone 112 and the reaction zone 122. As described herein, the
catalyst discharge zone 112 may be positioned above the perforated plate distributor 130, and the
reaction zone 122 may be positioned below the perforated plate distributor, such that catalyst may
be passed from the catalyst discharge zone 112, through the perforated plate distributor 130, and
into the reaction zone 122. In one or more embodiments, the catalyst discharge zone 112 may be
dimensioned such that catalyst passing through the catalyst discharge zone 112 may reach the
perforated plate distributor 130 at a superficial velocity from 0.01 m/s to 10 m/s, as described in

greater detail below.

[0029] In one or more embodiments, a method for distributing catalyst in a counter-current
reactor 100 may comprise passing catalyst from the catalyst hopper 110 to the perforated plate
distributor 130. The catalyst passed from the catalyst hopper 110 to the perforated plate distributor
130 may comprise fresh catalyst, regenerated catalyst, or combinations of fresh and regenerated
catalyst as described in further detail herein. According to one or more embodiments, the catalyst
may comprise particulate solids. The particulate solids may have any suitable size and shape. For
example, the catalyst particulate solids may be sized and shaped such that the particulate solids
may be fluidized for transport between system components of the counter-current reactor 100.
Additionally, the particulate solids may be sized and shaped to facilitate the reaction or reactions

that are performed in the counter-current reactor 100.

[0030] Referring now to FIGs. 2A and 2B, in some embodiments described herein, the

catalyst hopper 110 may house a fluidized bed of catalyst 210. In one or more embodiments, the
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fluidized bed of catalyst 210 may have a dense bed fluidization regime. As described herein, a
“dense bed fluidization regime” refers to a fluidization regimes in which the fluidized bed has a
clearly defined upper limit or surface to the dense bed. For example, dense bed fluidization
regimes include the smooth fluidization, bubbling fluidization, slugging fluidization, and turbulent
fluidization regimes. In one or more embodiments, a fluidization gas 240 may be passed to the
catalyst hopper 110 to fluidize the catalyst. In a dense fluidized bed, the particle entrainment rate
may be low, but may increase as the velocity of the gas flowing through the bed increases. Without
intending to be bound by theory, the flow rate of the fluidization gas 240 may be used to control
the flow rate of catalyst from the catalyst hopper 110 to the perforated plate distributor 130. In

one or more embodiments, the fluidization gas may have a flow rate of less than or equal to 5 m/s.

[0031] In one or more embodiments, catalyst may overflow from the fluidized bed of
catalyst 210 and fall through catalyst discharge zone 112 to the perforated plate distributor 130.
Referring to FIG. 2A, catalyst may overflow from fluidized bed of catalyst 210 into conduit 220
and pass from the fluidized bed of catalyst 210 to perforated plate distributor 130 through conduit
220. Referring to FIG. 2B, the catalyst hopper 110 may comprise a plurality of conduits 220.
Catalyst may overflow from the fluidized bed of catalyst 210 into the plurality of conduits 220
and pass from the fluidized bed of catalyst 210 to the perforated plate distributor 130. The number
of conduits 220 is not necessarily limited. The shapes and distributions of conduits 220 are not
necessarily limited. In one or more embodiments, the conduits 220 may be symmetric on a central
vertical axis. In one or more embodiments, the catalyst hopper 110 may comprise from 2 to 50
conduits. In some embodiments, the internal diameter of each conduit may be from 5 mm to 30

mm.

[0032] Referring now to FIGs. 3A and 3B, in some embodiments described herein, the
catalyst hopper 110 may be configured to redirect a transported bed of catalyst to the perforated
plate distributor 130. For example, the catalyst hopper 110 may comprise a barrier 320 positioned
within the catalyst hopper 110 such that at least a portion of catalyst stream 310 may contact the
barrier 320 and be redirected toward the perforated plate distributor 130 through catalyst discharge
zone 112. Catalyst stream 310 may be a transported bed of catalyst comprising catalyst and a
fluidization gas. In one or more embodiments, the fluidization gas may comprise, steam, an inert
gas, such as nitrogen, helium, or argon, or a dry gas, such as methane. In one or more

embodiments, the fluidization gas may have a superficial velocity from 1.5 to 10 m/s. Without
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intending to be bound by theory, the superficial velocity of the fluidization gas may be sufficient

to maintain fast fluidization of the transported bed of catalyst.

[0033] In the embodiment depicted in FIG. 3A, the catalyst stream 310 may enter the
catalyst hopper 110 in a substantially horizontal direction and may be redirected about 90° by the
barrier 320 such that the catalyst moves in a substantially downward direction through catalyst
discharge zone 112, toward perforated plate distributor 130. While the angle between the barrier
320 and the perforated plate distributor 130 is about 90° in the embodiment depicted in FIG. 3A,
in some embodiments, the barrier 320 and the perforated plate distributor 130 may be positioned
at any suitable angle, such that catalyst is redirected toward the perforated plate distributor 130.
For example, without limitation, the angle between the barrier 320 and the perforated plate
distributor may be from 90° to 160 °, from 110° to 160°, from 130° to 160°, from 150° to 160°,
from 90° to 140°, from 90° to 120°, from 90° to 100°, or any range or combination of ranges

formed from these endpoints.

[0034] In the embodiment depicted in FIG. 3B, the catalyst stream 310 may enter the
catalyst hopper 110 in a substantially vertical direction and the barrier 320 may be shaped and
positioned to redirect catalyst down through catalyst discharge zone 112, to the perforated plate
distributor 130. In some embodiments, for example, the embodiment depicted in FIG. 3B,
supplemental fluidization gas 350 may be passed to the catalyst hopper 110 to control the flow of
the transported bed of catalyst.

[0035] Referring now to FIG. 4, the perforated plate distributor 130 may comprise a plate
410 extending along a substantially horizontal cross-section of the counter-current reactor 100. As
described herein, a “substantially horizontal cross-section” may be within 15°, 10°, 5°, or even 1°
of horizontal. The plate 410 may have a first major surface 412 and a second major surface 414,
the second major surface 414 being opposite the first major surface 412. The plate 410 may
comprise a plurality of perforations 420. Each perforation may be an opening extending from the
first major surface 412 of the plate 410 to the second major surface 414 of the plate 410. The
perforations 420 may be sized such that the catalyst used in the counter-current reactor 100 may
pass through the perforations 420. The perforations 420 may be positioned in any suitable pattern
or distribution on the plate 410 such that the catalyst is uniformly distributed to the reaction zone
122 of the counter-current reactor 100 when the catalyst is passed through the perforated plate

distributor 130. The perforations 420 may have any suitable cross-sectional shape. For example,
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without limitation, the perforations may have a circular, oval, or polygonal cross sectional shape,
in a cross section parallel to the first major surface 412 and the second major surface 414 of the
plate 410. In one or more embodiments, the perforated plate distributor 130 may extend along the
entirety of a substantially horizontal cross-section of the counter-current reactor 100 such that
substantially all of the catalyst entering the reaction zone 122 passes through the perforated plate
distributor 130.

[0036] In one or more embodiments, the plate 410 may have a thickness from 0.05 m to 0.5
m. The thickness of the plate 410 refers to the distance between the first major surface 412 and
the second major surface 414 of the plate 410. For example, without limitation, the plate 410 may
have a thickness from 0.05 m to 0.5 m, from 0.1 m to 0.5 m, from 0.15 m to 0.5 m, from 0.2 m to
0.5 m, from 0.25 m to 0.5 m, from 0.3 m to 0.5 m, from 0.35 m to 0.5 m, from 0.4 m to 0.5 m,
from 0.45 m to 0.5 m, from 0.05 m to 0.45 m, from 0.05 m to 0.4 m, from 0.05 m to 0.35 m, from
0.05 m to 0.3 m, from 0.05 m to 0.25 m, from 0.05 m to 0.2 m, from 0.05 m to 0.15 m, from 0.05

m to 0.1 m, or any range or combination of ranges formed from these endpoints.

[0037] In one or more embodiments, the perforations 420 may have a diameter of from 5
mm to 50 mm. In embodiments with non-circular perforations, the diameter refers to the diameter
of the smallest circle circumscribing the perforation 420. For example, the perforations 420 may
have a diameter of from 5 mm to 50 mm, from 15 mm to 50 mm, from 25 mm to 50 mm, from 35
mm to 50 mm, from 45 mm to 50 mm, from 5 mm to 40 mm, from 5 mm to 30 mm, from 5 mm
to 20 mm, from 5 mm to 10 mm, or any range or combination of ranges formed from these
endpoints. In some embodiments the perforations may each have substantially the same size. In
some embodiments, the perforations may have different sizes. In some embodiments, the
perforations may be arranged in a symmetric pattern on the plate 410. A distance between the
perforations 420 is not necessarily limited. In some embodiments, a distance between a perforation
420 and the next closest perforation 420 may be less than or equal to half of the diameter of the
perforation 420. The distance between perforations 420 may be the shortest distance from the edge

of one perforation 420 to the edge of another perforation 420.

[0038] Methods for distributing catalyst described herein may include distributing the
catalyst into the reaction zone 122 of a counter-current reactor 100 by passing the catalyst through
the perforations 420 of the perforated plate distributor 130. In one or more embodiments, the

catalyst may enter the perforations 420 of the perforated plate distributor 130 at a superficial
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velocity from 0.01 m/s to 10 m/s. For example, the catalyst may enter the perforations 420 of the
perforated plate distributor 130 at a superficial velocity from 0.01 m/s to 10 m/s, from 0.1 m/s to
10 m/s, from 0.5 m/s to 10 m/s, from 1 m/s to 10 m/s, from 2 m/s to 10 m/s, from 3 m/s to 10 m/s,
from 4 m/s to 10 m/s, from 5 m/s to 10 m/s, from 6 m/s to 10 m/s, from 7 m/s to 10 m/s, from 8
m/s to 10 m/s, from 9 m/s to 10 m/s, from 0.01 m/s to 9 m/s, from 0.01 m/s to 8 m/s, from 0.01
m/s to 7 m/s, from 0.01 m/s to 6 m/s, from 0.01 m/s to 5 m/s, from 0.01 m/s to 4 m/s, from 0.01
m/s to 3 m/s, from 0.01 m/s to 2 m/s, from 0.01 m/s to 1 m/s, from 0.01 m/s to 0.5 m/s, from 0.01

m/s to 0.1 m/s, or any range or combination of ranges formed from these endpoints.

[0039] In one or more embodiments, the reaction zone may comprise an acceleration zone
and a constant velocity zone. As described herein, an “acceleration zone” refers to a portion of a
reaction zone in which catalyst is introduced into the reaction zone and the superficial velocity of
the catalyst is changing, and the “constant velocity zone” refers to a portion of the reaction zone
in which the superficial velocity of the catalyst is substantially constant. In embodiments, the
acceleration zone may be positioned between the perforated plate distributor and the constant
velocity zone. Without intending to be bound by theory, when the catalyst passes through the
perforated plate distributor 130 at a superficial velocity from 0.01 m/s to 10 m/s the height of the
acceleration zone within the reaction zone 122 of the counter-current reactor may be reduced.
Reducing the height of the acceleration zone may result in more uniform distribution of catalyst
in the reaction zone and more uniform hold-up of catalyst within the reaction zone. In other words,
reducing the acceleration zone may result in catalyst moving through the reaction zone in a more
uniform manner. This may result in an improved ability to control the reactor. For example, the
use of catalyst distributions methods described herein may allow for improved control over contact
time within the reactor, which may lead to increased yield of desired products and a decrease in

the occurrence of undesired side reactions.

[0040] In one or more embodiments, the superficial velocity of the catalyst entering the
perforations 420 of the perforated plate distributor 130 may be from 10% to 100% of a stable
velocity that the catalyst achieves in the constant velocity zone of reaction zone 122 of the counter

current reactor 100. The stable velocity of the catalyst may be calculated according to Equation 1.

V.= G/ Equation 1
s pSgS
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[0041] In Equation 1, V; is the mean stable particle velocity (m/s); Gs is the catalyst flux
(kg/m?s); ps is the particle density (kg/m’); and & is the catalyst hold-up. In one or more
embodiments, the superficial velocity of the catalyst entering the perforations 420 of the
perforated plate distributor 130 may be from 10% to 100%, from 20% to 100%, from 30% to
100%, from 40% to 100%, from 50% to 100%, from 60% to 100%, from 70% to 100%, from 80%
to 100%, from 90% to 100%, from 10% to 90%, from 10% to 80%, from 10% to 70%, from 10%
to 60%, from 10% to 50%, from 10% to 40%, from 10% to 30%, from 10% to 20% of the stable
velocity of the catalyst, or any range or combination of ranges formed from these endpoints.
Without intending to be bound by theory, the closer the superficial velocity of the catalyst entering

the reaction zone is to the stable velocity of the catalyst, the smaller the acceleration zone may be.

[0042] In one or more embodiments, a pressure difference across the perforated plate
distributor may be from 0.5 barg to 5 barg. For example, the pressure difference across the
perforated plate distributor may be from 0.5 barg to 5 barg, from 1 barg to 5 barg, from 1.5 barg
to 5 barg, from 2 barg to 5 barg, from 2.5 barg to 5 barg, from 3 barg to 5 barg, from 3.5 barg to
5 barg, from 4 barg to 5 barg, from 4.5 barg to 5 barg, from 0.5 barg to 4.5 barg, from 0.5 barg to
4 barg, from 0.5 barg to 3.5 barg, from 0.5 barg to 3 barg, from 0.5 barg to 2.5 barg, from 0.5 barg
to 2 barg, from 0.5 barg to 1.5 barg, from 0.5 barg to 1 barg, or any range or combination of ranges
formed from these endpoints. Without intending to be bound by theory, adjusting the pressure
difference across the perforated plate distributor may be used to control the flow properties, such

as the superficial velocity, of the catalyst passing through the perforated plate distributor.

[0043] In one or more embodiments, a flow rate of the catalyst may be less than a flooding
point of the counter-current reactor 100. The flooding point of the counter-current reactor may be

calculated using Equation 2.

A % 2
U, (p 1 (G /p [ 1 j ’ E ;
g | e : 2| = uation 2
L/g [pnj +2%[ JeD J 2tan0 !
[0044] In Equation 2, Uy is the superficial gas velocity (m/s); g is acceleration due to gravity

(m/s%); D is the countercurrent dower reactor diameter (m); 0 is the angle of the internal fraction
of particles (about 70° for round particles); py is the gas density (kg/m?); pp is the density of the
dense phase (kg/m?), and G, r is the flooding point. In one or more embodiments, the catalyst may

have a flow rate such that the ratio of catalyst to hydrocarbon feed (the catalyst to oil ratio) in the
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counter-current reactor 100 is from 5 to 100 based on the mass of the catalyst and hydrocarbons.
For example, without limitation, the ratio of catalyst to hydrocarbons in the counter-current reactor
100, based on the mass of the catalyst and hydrocarbons, may be from 5 to 100, from 10 to 100,
from 20 to 100, from 30 to 100, from 40 to 100, from 50 to 100, from 60 to 100, from 70 to 100,
from 80 to 100, from 90 to 100, from 5 to 90, from 5 to 80, from 5 to 70, from 5 to 60, from 5 to
50, from 5 to 40, from 5 to 30, from 5 to 20, from 5 to 10, or any range or combination of ranges

formed from these endpoints.

[0045] Referring again to FIG. 1, a hydrocarbon feed stream 144 may enter the reactor
portion 120 through one or more hydrocarbon feed inlets located in the reactor portion 120. The
one or more hydrocarbon feed inlets may be positioned at or near the bottom of the reactor portion
120. The reactor portion may also comprise one or more catalyst outlets positioned at or near the
bottom of the reactor portion 120 such that catalyst stream 152 may exit the reactor portion 120.
In one or more embodiments, catalyst stream 152 may comprise spent catalyst. As described
herein, at or near the bottom of the reactor portion 120 corresponds to positions in the bottom
10%, bottom 5%, or even bottom 1% of the height of the reactor portion 120. The reactor portion
120 may comprise a hydrocarbon product outlet, which may be positioned at or near the top of the
reactor portion 120. As described herein, at or near the top of the reactor portion corresponds to
positions in the top 10%, top 5%, or even top 1% of the height of the reactor portion 120. In one
or more embodiments, the hydrocarbon product outlet may be positioned below the perforated
plate distributor 130. In some embodiments, the hydrocarbon product outlet may be positioned
above the perforated plate distributor. In one or more embodiments, the catalyst may move in a
substantially downward direction through the reaction zone 122. The hydrocarbon feed stream
144 may move in a substantially upward direction through the reaction zone 122. Contacting the
catalyst with the hydrocarbon feed stream 144 may crack one or more components of the

hydrocarbon feed stream 144 to form a hydrocarbon product stream 142.

[0046] According to one or more embodiments, the methods for distributing catalyst in a
counter-current reactor 100 described hereinabove may be used in methods for processing
hydrocarbons to produce light olefins. Embodiments of reactor systems and methods for
producing light olefins are described hereinbelow. It should be noted that the methods for
distributing catalyst described hereinabove are not necessarily limited to use in reactor systems
for producing light olefins, but may be used reactor systems configured to perform a variety of

chemical reactions.
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[0047] Referring now to FIG. 5, a counter-current reactor 500 for producing light olefins is
schematically depicted. The counter-current reactor 500 comprises a catalyst hopper 110, an upper
reactor portion 510, and a lower reactor portion 520. In some embodiments, the counter-current
reactor 500 comprises a steam stripping portion 530. The upper reactor portion 510 may comprise
an upper reaction zone 511. The lower reactor portion 520 may define a lower reaction zone 521.
A hydrocarbon feed stream 501 may enter the lower reaction zone 521 through one or more feed
inlets located in the lower reactor portion 520. The one or more feed inlets may be positioned at
or near the bottom of the lower reactor portion 520. Additionally, the lower reactor portion 520
may comprise one or more catalyst outlets positioned at or near the bottom of the lower reactor
portion 520. As described herein, at or near the bottom of the lower reactor portion 520
corresponds to positions in the bottom 10%, bottom 5%, or even bottom 1% of the height of the

lower reactor portion 520.

[0048] The upper reactor portion 510 defines an upper reaction zone 511. The hydrocarbon
feed stream 501 may move through the lower reaction zone 521 and into the upper reaction zone
511. The upper reactor portion 510 and the lower reactor portion 520 may be in fluid
communication with each other. In one or more embodiments, the upper reactor portion 510 and
the lower reactor portion 520 may be adjacent to each other, with no intervening components or
reactor portions. In one or more embodiments, the hydrocarbon feed stream 501 may pass directly

from the lower reactor portion 520 to the upper reactor portion 510.

[0049] The upper reactor portion 510 includes a hydrocarbon product outlet and a perforated
plate distributor 130, which may be positioned at or near the top of the upper reactor portion 510.
As described herein, at or near the top of the upper reactor portion 510 corresponds to positions
in the top 10%, top 5%, or even top 1% of the height of the upper reactor portion 510. The
perforated plate distributor 130 may comprise a plate 410 extending along a substantially
horizontal cross-section of the upper reactor portion 510, and the plate 410 may comprise a
plurality of perforations 420. The perforated plate distributor 130 may have the structure described
hereinabove and depicted in FIG. 4. Catalyst may be distributed into the upper reaction zone 511
of the counter-current reactor 500 by passing through the perforations 420 of the perforated plate
distributor 130. In one or more embodiments, the catalyst may enter the perforations 420 of the
perforated plate distributor 130 at a superficial velocity from 2 m/s to 20 m/s, as previously
described.
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[0050] The hydrocarbon feed stream 144 may comprise one or more of C4 components, light
naphtha, heavy naphtha, full range naphtha, vacuum gas oil, crude oil, FCC gasoline, olefinic
naphtha, atmospheric residue, vacuum residue, condensate, deasphalted crude oil, dewaxed crude
oil, deasphated-dewaxed crude oil, kerosene, or diesel. In one or more embodiments, the
hydrocarbon feed stream 144 may comprise, consist essentially of, or consist of crude oil. As
described herein, “crude oil” refers to a naturally occurring mixture of petroleum liquids and
gasses. Generally, crude oil may undergo minimal processing before use in the methods described
herein. Crude oils contemplated herein include those having an API gravity of from 25° to 40°,

such as from 25° to 30°, from 30° to 35°, from 35° to 40°, or any combination of these ranges.

[0051] In further embodiments, the hydrocarbon feed stream 144 may comprise a fraction
of crude oil, or a petrochemical product formed from a crude oil, having an initial boiling point of
at least 25 °C. For example, in one or more embodiments, the hydrocarbon feed stream 144 may
comprise light naphtha and may have an initial boiling point from 25 °C to 35 °C and a final
boiling point of from 85 °C to 95 °C. In one or more embodiments, the hydrocarbon feed stream
144 may comprise heavy naphtha and may have an initial boiling point from 80 °C to 95 °C and
a final boiling point from 190 °C to 210 °C. In further embodiments, the hydrocarbon feed stream
144 may comprise full range naphtha and have an initial boiling point from 25 °C to 35 °C and a

final boiling point from 190 °C to 210 °C.

[0052] In one or more embodiments, the catalyst may comprise a zeolite catalyst, for
example, USY zeolite, ZSM-5 zeolite, or a combination of multiple types of suitable zeolite
catalysts. Alternatively, the catalyst may comprise other suitable solid acid catalysts. In one or
more embodiments, the catalyst may comprise binders, promotors, inert, and matrix to have
acceptable physical and chemical properties such as catalyst attrition index and catalyst density

so that it can be used in the proposed reactor configuration.

[0053] As shown in FIG. 5, the lower reactor portion 520 may have a larger cross-sectional
area than the upper reactor portion 510. In one or more embodiments, the lower reactor portion

520 may have a substantially similar cross-sectional area to the upper reactor portion 510.

[0054] In one or more embodiments, the upper reaction zone 511 may operate in a counter-
current plug flow regime. In one or more embodiments, the hydrocarbon feed 144 may exhibit

plug flow as it moves up through the upper reaction zone 511. Likewise, the catalyst may exhibit



WO 2025/071671 PCT/US2024/024210

-16-

plug flow as it moves down through the upper reaction zone 511. Since the flow of catalyst is
opposed to the flow of the hydrocarbon feed, the flows are counter-current and the upper reaction

zone 511 may operate in a counter-current plug flow regime.

[0055] In one or more embodiments, the catalyst-to-oil ratio in the upper reaction zone 511
may be from 5 to 100. For example, the catalyst-to-oil ratio in the upper reaction zone 511 may
be from 5 to 100, from 10 to 100, from 20 to 100, from 30 to 100, from 40 to 100, from 50 to 100,
from 60 to 100, from 70 to 100, from 80 to 100, or even from 90 to 100. In further examples, the
catalyst-to-oil ratio in the upper reaction zone 511 may be from 5 to 90, from 5 to 80, from 5 to
70, from 5 to 60, from 5 to 50, from 5 to 40, from 5 to 30, from 5 to 20, or even from 5 to 10.
Without wishing to be bound by theory, it is believed that there is less constraint on catalyst-to-
oil ratios suitable for use in the upper reaction zone 511 because the catalyst may flow through
the upper reaction zone 511 by gravity instead of being transported through the reactor by the flow
of hydrocarbons. Additionally, a high catalyst-to-oil ratio indicates a large amount of catalyst
within the upper reaction zone 511, which is believed to lead to increased conversion of the

hydrocarbon feed to light olefins.

[0056] The catalyst may move through the upper reaction zone 511 and into the lower
reaction zone 521. In one or more embodiments, the catalyst may pass directly from the upper
reaction zone 511 to the lower reaction zone 521. The lower reaction zone 521 may operate in a
dense bed fluidization regime. In one or more embodiments, the catalyst may pass from the upper
reaction zone 511 to the lower reaction zone 521 and form a dense fluidized bed in the lower
reaction zone 521. As described herein, a “dense bed fluidization regime” refers to a fluidization
regimes in which the fluidized bed has a clearly defined upper limit or surface to the dense bed.
For example, dense bed fluidization regimes include the smooth fluidization, bubbling
fluidization, slugging fluidization, and turbulent fluidization regimes. In a dense fluidized bed, the
particle entrainment rate may be low, but may increase as the velocity of the gas flowing through

the bed increases.

[0057] In one or more embodiments, the weight hourly space velocity (WHSV) of the lower
reaction zone 521 may be from 1 to 200 hr!. For example, the WHSV of the lower reaction zone
521 may be from 1 to 200 hr™!, from 1 to 175 hr!, from 1 to 150 hr!, from 1 to 125 hr'!, from 1 to
100 hr'!, from 1 to 75 hr'l, from 1 to 50 hr!, or even from 1 to 25 hr''. In further examples, the
WHSYV of the lower reaction zone 521 may be from 25 to 200 hr'!, from 50 to 200 hr™!, from 75
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to 200 hr!, from 100 to 200 hr'!, from 125 to 200 hr!, from 150 to 200 hr’!, or even from 175 to
200 hr''. WHSV may be used to describe the amount of catalyst in the dense bed of the lower
reaction zone 521. Without wishing to be bound by theory, it is believed that a dense bed allows
a large amount of catalyst to be present in the lower reaction zone, which may increase the yield

of light olefins.

[0058] As the hydrocarbon feed stream 144 and the catalyst move through the counter-
current reactor 500, the hydrocarbon feed stream 144 may have an upward superficial velocity
through a horizontal cross-section of the counter-current reactor 500, and the catalyst may have a
downward superficial velocity through a horizontal cross-section of the counter-current reactor
500. For example, the hydrocarbon feed stream 144 may flow from the feed inlet in the lower
reactor portion 520 to the hydrocarbon product outlet in the upper reactor portion 510. Thus, the
bulk flow of hydrocarbon feed stream 144 moving through a horizontal cross-section of the
counter-current reactor 500 is in an upward direction, resulting in an upward superficial velocity.
Likewise, the catalyst flows from the perforated plate distributor 130 to the catalyst outlet in the
steam stripping portion 530 of the counter-current reactor 500, and the bulk flow of the catalyst
moving through a horizontal cross-section of the counter-current reactor 500 is in a downward
direction, resulting in a downward superficial velocity. In one or more embodiments, the upward
superficial velocity of the hydrocarbon feed stream 144 and the downward superficial velocity of
the catalyst results in a counter-current flow pattern between the hydrocarbon feed stream 144 and
the catalyst. Thus, in one or more embodiments, the hydrocarbon feed stream 144 and catalyst

move with a counter-current orientation.

[0059] Without wishing to be bound by theory, it is believed that contacting the hydrocarbon
feed stream 144 and the catalyst in a counter-current manner may prevent back-mixing of catalyst
that may occur in in traditional riser reactors and may promote undesired side reactions that
negatively affect the production of light olefins. Additionally, it is believed that contacting the
hydrocarbon feed stream 144 and the catalyst in a counter-current manner may prevent core-
annular flow through the reactor where the catalyst has high concentration near the reactor walls
and a low concentration toward the center of the reactor where a majority of the hydrocarbon flow
occurs. Generally, core-annular flow reduces the amount of contact between the catalyst and the

hydrocarbon, and thus, may reduce the conversion of hydrocarbon feed to light olefins.
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[0060] Without wishing to be bound by theory, it is also believed that counter-current flow
may also result in increased yield of olefins by allowing the more reactive chemicals in the
hydrocarbon feed to contact less active catalyst, and less active catalyst to contact more reactive
chemicals in the hydrocarbon feed. Generally, the catalyst in the lower reaction zone 521 has
already contacted hydrocarbons in the upper reaction zone 511. Thus, the catalyst in the lower
reaction zone 521 is usually partially spent and has a lower activity than the catalyst in the upper
reaction zone 511. Contacting the hydrocarbon feed with a large amount of less active catalyst in
the lower reaction zone 521 may allow the more reactive chemicals in the hydrocarbon feed to
crack in the lower reaction zone 521 while contacting the less active catalyst. This in turn allows
the more active catalyst in the upper reaction zone 511 to crack the less reactive chemicals in the

hydrocarbon feed, increasing the yield of light olefins produced from the hydrocarbon feed.

[0061] In one or more embodiments, the superficial velocity of the hydrocarbon feed stream
144 moving through the upper reactor portion 510 is 3.0 m/s or less. For example, the superficial
velocity of the hydrocarbon feed stream through the upper reactor portion 510 may be 3.0 m/s or
less, 2.0 m/s or less, 1.0 m/s or less, 0.9 m/s or less, 0.8 m/s or less, 0.7 m/s or less, 0.6 m/s or less,
0.5 m/s or less, or even 0.4 m/s or less. Without wishing to be bound by theory, it is believed that
a hydrocarbon feed stream superficial velocity below 3.0 m/s within the upper reactor portion 510
may result in increased contact between the catalyst and the hydrocarbons, which may in turn lead
to increased conversion of the hydrocarbon feed to light olefins. To keep the superficial velocity
of the hydrocarbon feed stream 144 within the desired range, the residence time of the
hydrocarbons within the counter-current reactor 500 may be controlled by adjusting the height of

the upper reactor portion 510 and the height of the lower reactor portion 520.

[0062] In one or more embodiments, the residence time of the hydrocarbon feed stream 144
within the counter-current reactor 500 is from 0.1 to 10 seconds. For example, the residence time
of the hydrocarbon feed stream 144 within counter-current reactor 500 may be from 0.1 to 10
seconds, from 0.5 to 10 seconds, from 1 to 10 seconds, from 2 to 10 seconds, from 3 to 10 seconds,
from 4 to 10 seconds, from 5 to 10 seconds, from 6 to 10 seconds, from 7 to 10 seconds, from 8
to 10 seconds, or even from 9 to 10 seconds. In further examples, the residence time of the
hydrocarbon feed stream 144 in the counter-current reactor 500 may be from 0.1 to 9 seconds,
from 0.1 to 8 seconds, from 0.1 to 7 seconds, from 0.1 to 6 seconds, from 0.1 to 5 seconds, from

0.1 to 4 seconds, from 0.1 to 3 seconds, from 0.1 to 2 seconds, or even from 0.1 to 1 second.
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[0063] As the hydrocarbon feed stream 144 contacts the catalyst, at least a portion of the
hydrocarbon feed stream 144 may be cracked to form a hydrocarbon product 142. In one or more
embodiments, the temperature within the counter-current reactor 500 may be from 420 °C to 750
°C to facilitate the cracking of hydrocarbon feed stream 144. For example, the temperature within
the counter-current reactor 500 may be from 460 °C to 750 °C, from 500 °C to 750 °C, from 540
°C to 750 °C, from 580 °C to 750 °C, from 620 °C to 750 °C, from 660 °C to 750 °C, or even
from 700 °C to 750 °C. In further examples, the temperature within the counter-current reactor
500 may be from 420 °C to 710 °C, from 420 °C to 670 °C, from 420 °C to 630 °C, from 420 °C
to 590 °C, from 420 °C to 550 °C, or even from 420 °C to 510 °C. In yet further embodiments,
the temperature within the counter-current reactor 500 may be from 440 °C to 720 °C, from 480
°C to 680 °C.

[0064] In one or more embodiments, the hydrocarbon product may comprise light olefins
and other reactions products. For example, the hydrocarbon product may comprise, ethylene,
propylene, butene or combinations of these in addition to the other reactions products. In one or
more embodiments, the other reaction products may comprise dry gas, aromatics, naphtha, light
cycle oil, heavy cycle oil, and even heavy oil. [n one or more embodiments, a hydrocarbon product
stream 142 comprising light olefins may be passed from the upper reaction zone 511 through
hydrocarbon product outlet in the upper reactor portion 510. In one or more embodiments, the
hydrocarbon product stream 142 may comprise a portion of unreacted hydrocarbon feedstock. In
one or more embodiments, the hydrocarbon product stream 142 may comprise catalyst entrained
within the hydrocarbon product stream 142, which may be separated from the hydrocarbon
product stream 142 in a separation device. Any suitable separation device, including a cyclone or
series of cyclones, may be used to separate entrained catalyst from the hydrocarbon product stream
142. In one or more embodiments, the light olefins may be separated from the hydrocarbon
product stream 142. Separation of the light olefins from the hydrocarbon product stream 142 may
be achieved by any suitable means including, for example, distillation. In one or more
embodiments, the separation of light olefins from the hydrocarbon product stream 142 may result

in relatively pure streams of ethylene, propylene, or butene.

[0065] In one or more embodiments, cracking the hydrocarbon feed stream 144 may
produce spent catalyst. Spent catalyst may be produced in both the upper reaction zone 511 and
the lower reaction zone 521. In one or more embodiments, spent catalyst may comprise coke on

the catalyst. The coke may reduce the activity of the catalyst, and spent catalyst may have reduced
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activity when compared to regenerated or fresh catalyst. In one or more embodiments, the non-
circulating fluidized bed of the lower reaction zone 521 may comprise spent catalyst. Without
wishing to be bound by theory, the more reactive components of the hydrocarbon feed stream 144
may crack in the lower reaction zone 521 because high catalytic activity is not required for those
components to react. As the hydrocarbon feed passes from the lower reaction zone 521 to the
upper reaction zone 511, the hydrocarbon feed will encounter more active, fresh or regenerated
catalyst, and the less reactive components of the hydrocarbon feed will crack. Thus, the counter-
current flow of the catalyst and the hydrocarbon feed stream 144 may result in increased

conversion of hydrocarbon feed to light olefins.

[0066] In one or more embodiments, the counter-current reactor 500 may comprise a steam
stripping portion 530 below the lower reactor portion 520. The steam stripping portion 530 may
define a steam stripping zone 531. The steam stripping portion 530 may be in fluid communication
with and adjacent to the lower reactor portion 520. In one or more embodiments, spent catalyst
may pass from the lower reaction zone 521 to the steam stripping zone 531. In further
embodiments, the spent catalyst may pass directly from the lower reaction zone 521 to the steam
stripping zone 531. Steam may be passed to the steam stripping zone 531 by stream 505. In the
steam stripping zone 531, steam may contact the spent catalyst and strip at least a portion of the
hydrocarbon feed or hydrocarbon products from the spent catalyst. After contacting the steam in
the steam stripping zone 531, spent catalyst may be passed in stream 504 from the counter-current

reactor 500 through the catalyst outlet.

[0067] In one or more embodiments, the spent catalyst may be passed to a catalyst
regencrator 550 where the spent catalyst is regenerated to form a regenerated catalyst. The catalyst
regenerator 550 may comprise a riser 560 and a separator 570. The spent catalyst may enter the
riser 560 through a catalyst inlet. In one or more embodiments, the riser 560 is in fluid
communication with the steam stripping zone 531 of the counter-current reactor 500 and the spent
catalyst may be passed directly from the steam stripping zone 531 to the riser 560. In one or more
embodiments, an air stream 551 is passed to the riser 560, and the air and spent catalyst travel up
riser 560. In one or more embodiments, the air stream 551 is used to oxidize at least a portion of
the coke on the spent catalyst, restoring activity to the spent catalyst and forming a regenerated

catalyst.
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[0068] The regenerated catalyst and air may move from riser 560 to separator 570. In one
or more embodiments, the riser 560 and separator 570 are adjacent to each other and the
regencrated catalyst and air move directly from the riser 560 to the separator 570. Separator 570
may be any suitable separation system for separating catalyst from air, including a cyclone
separation system. In one or more embodiments, an air stream 552 may exit the separator 570.
Additionally, regenerated catalyst may exit the separator 570 through a regenerated catalyst outlet.
In one or more embodiments, the regenerated catalyst may be included in the catalyst of stream
503. In one or more embodiments, the separator 570 and catalyst hopper 110 may be in fluid
communication with each other and regenerated catalyst may be passed directly from the separator
570 of the regenerator 550 to the catalyst hopper 110 of the counter-current reactor 500. The
regencrated catalyst may be passed from the catalyst hopper 110 to the perforated plate distributor
130 and distributed into the upper reaction zone 511. In one or more embodiments, fresh catalyst
may be added to catalyst in stream 503. In such embodiments, the catalyst may comprise both

regencrated catalyst and fresh catalyst.
EXAMPLES

[0069] The following examples illustrate one or more additional features of the present

disclosure.
Example 1: Radial Catalyst Distribution in a Counter-Current Reactor

[0070] The radial particle distribution of catalyst in a counter-current reactor was modeled.
Catalyst was modeled entering the top of the counter-current reactor with a uniform radial
distribution. The radial distribution of catalyst in the counter-current reactor system was modeled
under two steam fractions, 40% and 50% respectively. The radial distribution of catalyst in each
reactor is depicted in FIG. 6. The radial distribution of catalyst in the reactor operating with a 40%
steam fraction is depicted in reactor 610, the radial distribution of catalyst in the reactor operating
with a 50% steam fraction is depicted in reactor 620. The oil flow rate and catalyst to oil ratio
were constant between the modeled reactors. The catalyst to oil ratio in each reactor was 60. An
increase in the steam fraction results in an increased superficial velocity of the gas passing up
through the reactor and a decreased superficial velocity of catalyst passing down through the

reactor.
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[0071] As depicted in FIG. 6, in the model where the steam fraction was 40%, the radial
distribution of catalyst in reactor 610 was non-uniform in acceleration zone 612. As catalyst
moved into reaction zone 614, the catalyst hold-up decreased, while relatively uniform radial
distribution of catalyst was maintained. In the model where the steam fraction was 50%, the radial
distribution of catalyst in reactor 620 was also uneven in the acceleration zone 622. Specifically,
catalyst near the edges of the reactor experienced a greater hold-up than catalyst near the center
of the reactor. As catalyst moved into reaction zone 624, the catalyst hold-up decreased with a
more uniform radial distribution of catalyst. The acceleration and reaction zone are observed under
different steam fractions of same oil flow rate and catalyst to oil ratio, while the radial catalyst

distribution displays more uniformly with an increased superficial velocity of catalyst.

[0072] Increasing the velocity at which the catalyst enters the reactor may decrease the
length of the acceleration zone. In turn, decreasing the length of the acceleration zone may
decrease the portion of the reactor where solid hold-up is less uniform. Non-uniformity of the
catalyst hold-up in the reactor may decrease the catalyst-reactant contacting efficiency. Methods
for distributing catalyst described herein may result in catalyst entering the reactor at a velocity
sufficient to reduce the size of the acceleration zone or even substantially eliminate the
acceleration zone. This may result in more uniform radial catalyst distribution in the reactor, which

may allow for improved control of the reactor and a decrease in undesired side reactions.

[0073] In a first aspect of the present disclosure, a method for distributing catalyst in a
counter-current reactor comprises: passing the catalyst from a catalyst hopper to a perforated plate
distributor, wherein the perforated plate distributor comprises a plate extending along a
substantially horizontal cross-section of the counter-current reactor, the plate comprising a
plurality of perforations, and wherein the catalyst comprises particulate solids; distributing the
catalyst into a reaction zone of the counter-current reactor by passing the catalyst from a catalyst
discharge zone, through the perforations of the perforated plate distributor, into the reaction zone,
wherein the catalyst enters the perforations of the perforated plate distributor at a superficial
velocity from 0.01 m/s to 10 m/s, and wherein the superficial velocity is in a substantially
downward direction; and passing a hydrocarbon feed stream into the reaction zone, wherein the
catalyst moves in a substantially downward direction through the reaction zone, the hydrocarbon
feed stream moves in a substantially upward direction through the reaction zone, and wherein
contacting the catalyst with the hydrocarbon feed stream cracks one or more components of the

hydrocarbon feed stream and forms a hydrocarbon product stream.
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[0074] A second aspect of the present disclosure may include the first aspect, wherein a

pressure difference across the perforated plate distributor is from 0.5 barg to 5 barg.

[0075] A third aspect of the present disclosure may include either the first or second aspect,
wherein a ratio of catalyst to hydrocarbon feed is from 5 to 100 based on the mass of the catalyst

and the hydrocarbon feed.

[0076] A fourth aspect of the present disclosure may include any of the first through third
aspects, wherein the plate of the perforated plate distributor comprises a first major surface and a
second major surface opposite the first major surface, wherein each of the plurality of perforations

is an opening extending from the first major surface to the second major surface.

[0077] A fifth aspect of the present disclosure may include any of the first through fourth
aspects, wherein the catalyst hopper houses a catalyst bed having a dense bed fluidization regime,
the catalyst overflows from the catalyst bed, and the catalyst falls through the catalyst discharge

zone to the perforated plate distributor.

[0078] A sixth aspect of the present disclosure may include any of the first through fourth
aspects, wherein passing the catalyst from a catalyst hopper to a perforated plate distributor
comprises contacting at least a portion of a transported catalyst bed, comprising the catalyst and a
carrying gas, with a barrier positioned within the catalyst hopper, such that the catalyst is

redirected toward the perforated plate distributor through the catalyst discharge zone.

[0079] A seventh aspect of the present disclosure may include the sixth aspect, wherein an

angle between the barrier and the perforated plate distributor is from 90° to 160°.

[0080] An eighth aspect of the present disclosure may include any of the first through
seventh aspects, wherein a superficial velocity of the catalyst in the reaction zone is substantially

opposite a superficial velocity of the hydrocarbon feed stream in the reaction zone.

[0081] In a ninth aspect of the present disclosure, a method for processing hydrocarbons to
produce light olefins comprises: passing a hydrocarbon feed stream into a feed inlet of a counter-
current reactor, wherein the counter-current reactor comprises: a catalyst hopper; an upper reactor
portion comprising an upper reaction zone, the upper reactor portion comprising a perforated plate
distributor and a hydrocarbon product outlet, wherein the perforated plate distributor and the

hydrocarbon product outlet are positioned at or near the top of the upper reactor portion, and
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wherein the perforated plate distributor comprises a plate extending along a substantially
horizontal cross-section of the upper reactor portion, the plate comprising a plurality of
perforations; and a lower reactor portion defining a lower reaction zone, the lower reactor portion
comprising a feed inlet and a catalyst outlet, wherein feed inlet and the catalyst outlet are
positioned at or near the bottom of the lower reactor portion, and wherein the lower reaction zone
is in fluid communication with and adjacent to the upper reaction zone; wherein: the catalyst
comprises particulate solids and the catalyst moves in a generally downward direction through the
upper reactor portion and the lower reactor portion and the hydrocarbon feed stream moves in a
generally upward direction through the upper reactor portion and lower reactor portion such that
the hydrocarbon feed stream and the catalyst move with a counter-current orientation; and
contacting the catalyst with the hydrocarbon feed stream cracks one or more components of the
hydrocarbon feed stream and forms a hydrocarbon product stream, wherein the hydrocarbon
product stream comprises one or more of ethylene, propylene, or butene; and distributing the
catalyst into the upper reaction zone of the counter-current reactor by passing the catalyst from a
catalyst discharge zone, through the perforations of the perforated plate distributor, into the upper
reaction zone, wherein the catalyst enters the perforations of the perforated plate distributor at a
superficial velocity from 0.01 m/s to 10 m/s; and passing the hydrocarbon product stream out of

the upper reaction zone through the hydrocarbon product outlet.

[0082] A tenth aspect of the present disclosure may include the ninth aspect, wherein a

pressure difference across the perforated plate distributor is from 0.5 barg to 5 barg.

[0083] An eleventh aspect of the present disclosure may include either the ninth or tenth

aspect, wherein the upper reaction zone operates with a counter-current plug flow regime.

[0084] A twelfth aspect of the present disclosure may include the eleventh aspect, wherein

a catalyst to oil ratio in upper reaction zone is from 5 to 100.

|0085] A thirteenth aspect of the present disclosure may include any of the ninth through

twelfth aspects, wherein the lower reaction zone operates with a dense bed fluidization regime.

[0086] A fourteenth aspect of the present disclosure may include the thirteenth aspect,

wherein a weight hourly space velocity of the lower reaction zone is from 1 to 200 hr.
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[0087] A fifteenth aspect of the present disclosure may include any of the ninth through
fourteenth aspects, wherein the method further comprises: passing the catalyst through the catalyst
outlet to a catalyst regenerator, wherein the catalyst passing through the catalyst outlet is spent
catalyst; regenerating at least a portion of the spent catalyst to form a regenerated catalyst; and

passing the regenerated catalyst through the perforated plate distributor to the upper reaction zone.

|0088] The subject matter of the present disclosure has been described in detail and by
reference to specific embodiments. It should be understood that any detailed description of a
component or feature of an embodiment does not necessarily imply that the component or feature
is essential to the particular embodiment or to any other embodiment. Further, it should be
apparent to those skilled in the art that various modifications and variations can be made to the

described embodiments without departing from the spirit and scope of the claimed subject matter.

[0089] For the purposes of describing and defining the present disclosure it is noted that the
terms “about” or “approximately” are utilized in this disclosure to represent the inherent degree
of uncertainty that may be attributed to any quantitative comparison, value, measurement, or other
representation. The terms “about” and/or “approximately” are also utilized in this disclosure to
represent the degree by which a quantitative representation may vary from a stated reference

without resulting in a change in the basic function of the subject matter at issue.

[0090] It is noted that one or more of the following claims utilize the term “wherein” as a
transitional phrase. For the purposes of defining the present technology, it is noted that this term
is introduced in the claims as an open-ended transitional phrase that is used to introduce a
recitation of a series of characteristics of the structure and should be interpreted in like manner as

the more commonly used open-ended preamble term “comprising.”

[0091] It should be understood that where a first component is described as “comprising” a
second component, it is contemplated that, in some embodiments, the first component “consists”
or “consists essentially of” that second component. It should further be understood that where a
first component is described as “‘comprising” a second component, it is contemplated that, in some
embodiments, the first component comprises at least 10%, at least 20%, at least 30%, at least 40%,
at least 50%, at least 60%, at least 70%, at least 80%, at least 90%, at least 95%, or even at least

99% that second component (where % can be weight % or molar %).
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[0092] The transitional phrases “consisting of” and “consisting essentially of” may be
interpreted to be subsets of the open-ended transitional phrases, such as “comprising” and
“including,” such that any use of an open ended phrase to introduce a recitation of a series of
clements, components, materials, or steps should be interpreted to also disclose recitation of the
series of elements, components, materials, or steps using the closed terms “consisting of” and
“consisting essentially of.” For example, the recitation of a composition “comprising” components
A, B, and C should be interpreted as also disclosing a composition “consisting of”” components A,

B, and C as well as a composition “consisting essentially of” components A, B, and C.

[0093] It should be understood that any two quantitative values assigned to a property may
constitute a range of that property, and all combinations of ranges formed from all stated
quantitative values of a given property are contemplated in this disclosure. It should be appreciated
that compositional ranges of a chemical constituent in a stream or in a reactor should be
appreciated as containing, in some embodiments, a mixture of isomers of that constituent. For
example, a compositional range specifying butene may include a mixture of various isomers of
butene. It should be appreciated that the examples supply compositional ranges for various
streams, and that the total amount of isomers of a particular chemical composition can constitute

arange.
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1. A method for distributing catalyst in a counter-current reactor, the method comprising:

passing the catalyst from a catalyst hopper to a perforated plate distributor, wherein the
perforated plate distributor comprises a plate extending along a substantially horizontal cross-
section of the counter-current reactor, the plate comprising a plurality of perforations, and
wherein the catalyst comprises particulate solids;

distributing the catalyst into a reaction zone of the counter-current reactor by passing the
catalyst from a catalyst discharge zone, through the perforations of the perforated plate
distributor, into the reaction zone, wherein the catalyst enters the perforations of the perforated
plate distributor at a superficial velocity from 0.01 m/s to 10 m/s, and wherein the superficial
velocity is in a substantially downward direction; and

passing a hydrocarbon feed stream into the reaction zone, wherein the catalyst moves in
a substantially downward direction through the reaction zone, the hydrocarbon feed stream
moves in a substantially upward direction through the reaction zone, and wherein contacting the
catalyst with the hydrocarbon feed stream cracks one or more components of the hydrocarbon

feed stream and forms a hydrocarbon product stream.

2. The method of claim 1, wherein a pressure difference across the perforated plate

distributor is from 0.5 barg to 5 barg.

3. The method of claim 1 or claim 2, wherein a ratio of catalyst to hydrocarbon feed is from

5 to 100 based on the mass of the catalyst and the hydrocarbon feed.
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4. The method of any one of claims 1 to 3, wherein the plate of the perforated plate
distributor comprises a first major surface and a second major surface opposite the first major
surface, wherein each of the plurality of perforations is an opening extending from the first

major surface to the second major surface.

5. The method of any one of claims 1 to 4, wherein the catalyst hopper houses a catalyst
bed having a dense bed fluidization regime, the catalyst overflows from the catalyst bed, and the

catalyst falls through the catalyst discharge zone to the perforated plate distributor.

6. The method of any one of claims 1 to 4, wherein passing the catalyst from a catalyst
hopper to a perforated plate distributor comprises contacting at least a portion of a transported
catalyst bed, comprising the catalyst and a carrying gas, with a barrier positioned within the
catalyst hopper, such that the catalyst is redirected toward the perforated plate distributor

through the catalyst discharge zone.

7. The method of claim 6, wherein an angle between the barrier and the perforated plate

distributor is from 90° to 160°.

8. The method of any one of claims 1 to 7, wherein a superficial velocity of the catalyst in
the reaction zone is substantially opposite a superficial velocity of the hydrocarbon feed stream

in the reaction zone.

9. A method for processing hydrocarbons to produce light olefins, the method comprising:
passing a hydrocarbon feed stream into a feed inlet of a counter-current reactor, wherein

the counter-current reactor comprises:
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a catalyst hopper;

an upper reactor portion comprising an upper reaction zone, the upper reactor portion
comprising a perforated plate distributor and a hydrocarbon product outlet, wherein the
perforated plate distributor and the hydrocarbon product outlet are positioned at or near the top
of the upper reactor portion, and wherein the perforated plate distributor comprises a plate
extending along a substantially horizontal cross-section of the upper reactor portion, the plate
comprising a plurality of perforations; and

a lower reactor portion defining a lower reaction zone, the lower reactor portion
comprising a feed inlet and a catalyst outlet, wherein feed inlet and the catalyst outlet are
positioned at or near the bottom of the lower reactor portion, and wherein the lower reaction
zone is in fluid communication with and adjacent to the upper reaction zone;

wherein:

the catalyst comprises particulate solids and the catalyst moves in a generally downward
direction through the upper reactor portion and the lower reactor portion and the hydrocarbon
feed stream moves in a generally upward direction through the upper reactor portion and lower
reactor portion such that the hydrocarbon feed stream and the catalyst move with a counter-
current orientation; and

contacting the catalyst with the hydrocarbon feed stream cracks one or more components
of the hydrocarbon feed stream and forms a hydrocarbon product stream, wherein the
hydrocarbon product stream comprises one or more of ethylene, propylene, or butene; and

distributing the catalyst into the upper reaction zone of the counter-current reactor by
passing the catalyst from a catalyst discharge zone, through the perforations of the perforated
plate distributor, into the upper reaction zone, wherein the catalyst enters the perforations of the

perforated plate distributor at a superficial velocity from 0.01 m/s to 10 m/s; and
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passing the hydrocarbon product stream out of the upper reaction zone through the

hydrocarbon product outlet.

10. The method of claim 9, wherein a pressure difference across the perforated plate

distributor is from 0.5 barg to 5 barg.

11. The method of claim 9 or claim 10, wherein the upper reaction zone operates with a

counter-current plug flow regime.

12. The method of claim 11, wherein a catalyst to oil ratio in upper reaction zone is from 5 to
100.
13. The method of any one of claims 9 to 12, wherein the lower reaction zone operates with

a dense bed fluidization regime.

14. The method of claim 13, wherein a weight hourly space velocity of the lower reaction

zone is from 1 to 200 hr'!l.

15. The method of any one of claims 9 to 14, further comprising:
passing the catalyst through the catalyst outlet to a catalyst regenerator, wherein the
catalyst passing through the catalyst outlet is spent catalyst;
regenerating at least a portion of the spent catalyst to form a regenerated catalyst; and
passing the regenerated catalyst through the perforated plate distributor to the upper

reaction zone.



