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(57) Abstract: The overall efficiency of a regenerative bed reverse flow reactor system is increased where the location of the

[~ cxothermic reaction used for regeneration is suitably controlled. The present invention provides a method and apparatus for control-
& ling the combustion to improve the thermal efficiency of bed regeneration in a cyclic reaction/regeneration processes. The process
& for thermal regeneration of a regenerative reactor bed entails (a) supplying the first reactant through a first channel means in a first
e\ regenerative bed and supplying at least a second reactant through a second channel means in the first regenerative bed, (b) combining

heat from the reaction product to the second regenerative bed.

said first and second reactants by a gas mixing means situated at an exit of the first regenerative bed and reacting the combined gas
to produce a heated reaction product, (c¢) passing the heated reaction product through a second regenerative bed thereby transferring
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CONTROLLED COMBUSTION FOR REGENERATIVE
REACTORS WITH MIXER/FLOW DISTRIBUTOR

FIELD OF THE INVENTION

[0001] The present invention relates broadly to regenerative reactors. More
particularly the invention relates to an improved process and apparatus for
controlling combustion for thermal regeneration of reverse flow regenerative

reactors in a unique and thermally efficient way.

BACKGROUND OF THE INVENTION

[06002] Regenerative reactors are conventionally used to execute cyclic,
high temperature chemistry. Typically, regenerative reactor cycles are either
symmetric (same chemistry or reaction in both directions) or asymmetric
(chemistry or rea.ction changes with step in cycle). Symmetric cycles are
typically used for relatively mild exothermic chemistry, examples being
regenerative thermal oxidation (“RTO”) and autothermal reforming (“ATR”).
Asymmetric cycles are typically used to execute endothermic chemistry, and the
desired endothermic chemistry is paired with a different chemistry that is
exothermic (typically combustion) to provide heat of reaction for the
endothermic reaction. Examples of asymmetric cycles are Wulff cracking and
Pressure Swing Reforming, the latter being the subject of co-pending patent
application US 2004/016232.

{0003] Conventional regenerative reactors deliver a stream of fuel, oxidant,
or a supplemental amount of one of these reactants, directly to a location
somewhere 1n the middle of the regenerative flow path of the reactor, without
having that stream pass through regenerative beds or regions. By middle of the
regenerative flow path of the reactor, we mean a region of the reverse flow
reactor that is in between two regenerative beds or regions, with the main

regenerative flow passing from one of these bodies to the other.

[0004] In most cases, this stream 1s introduced via nozzles, distributors, or

burners that penetrate the reactor system using a means that is generally
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perpendicular to flow direction and usually through the reactor vessel side wall.
For example, during the exothermic step in a conventional Wulff cracking
furnace, air flows axially through the regenerative bodies, and fuel is introduced
via nozzles that penetrate the side of the furnace, to combine with air
(combusting and releasing heat) in an open zone between regenerative bodies.
In a conventional symmetric RTO application, a burner is placed to provide
supplemental combustion heat in a location in between two regenerative bodies. -
The burner combusts fuel from outside the reactor, either with the air passing

through the regenerative bodies, or using external air.

[0005] Attempts have been made to introduce a reactant of the exothermic
step to a location in the middle of the regenerative reactor via conduits that are
positioned axially within one or more of the regenerative bodies. For example,
Sederquist (US 4,240,805) uses pipes that are positioned axially within the
regenerative bed to carry oxidant (air) to locations near the middle of the

regenerative flow path.

[0006] A disadvantage of using nozzles, distributors, or burners to introduce
one or more reactants directly into the middle of the regenerative flow path of
the reactor is that such an arrangement bypasses that reactant around the
regenerative flow path, and thus eliminates the possibility of using the

regenerative reactor system to preheat that reactant stream. The fundamental

purpose of a regenerative reactor system is to execute reactions at high
efficiency by recuperating product heat directly into feeds. Bypassing some
fraction of the feed to the reactor around the regenerative system thus reduces

the efficiency potential of the reactor system.

[0007] The present invention is further advantageous in having particularly
configured mixer and flow distribution means that achieve both mixing and flow
distribution. The mixer/flow distribution apparatus is configured for bi-
directional operation, particularly advantageous for reverse flow reactors. Both
controlled combustion and effective mixing/flow distribution contribute to

increased overall system efficiency, an object of the present invention.
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SUMMARY OF THE INVENTION

[0008] The present invention provides a method and apparatus for
controlling the location of the exothermic reaction used for regeneration and
fuel/oxidant mixing and flow distribution in reverse-flow, cyclic

reaction/regeneration processes such as pressure swing reforming. The process

for thermal regeneration of a regenerative reactor bed entails:

(a) supplying the first reactant through a first channel means in a
first regenerative bed and supplying at least a second reactant

through a second channel means in the first regenerative bed,

(b) combining said first and second reactants by a gas mixing means
situated at an exit of the first regenerative bed and reacting the

combined gas to produce a heated reaction product,

(c) uniformly distributing the heated reaction product across a
second regenérative bed thereby efficiently transferring heat

from the reaction product to the second regenerative bed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Figure 1 is a diagrammatic illustration of thermal regeneration in a

reverse flow reactor.

[0010] Figure 2 is a diagrammatic illustration of a regenerative bed reactor

with means for controlling the location of the exothermic reaction. Figure 2a is

an axial view of the gas distributor portion of Figure 2.

[0011] Figure 3 illustrates an axial view of a gas mixer; Figure 3a is a cut-

out cross-sectional view of a gas swirl means.

[0012] Figure 4 illustrates a cross sectional view of a gas mixer/flow
distribution apparatus.
[0013] Figure 5 is a cross sectional view of a gas mixer/flow distribution

apparatus; Figure 5a is a view of the 5 apparatus along plane AA.
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[0014] Figure 6 is a cross sectional view of a gas mixer/flow distribution

apparatus; Figure 6a 1s a diagrammatic illustration of a flow swirler.

[0015] Figure 7a i1s a graph of temperature versus distance from the top of
the regenerative bed for an embodiment of the present invention; Figure 7b is a
graph of temperature versus distance from the top of the regenerative bed for a

fuel insertion device.

[0016] Figure 8a 1s a diagrammatic illustration of a conventional
Regenerative Thermal Oxidation (“RTO”) Reactor; Figure 8b is an illustration of

a RTO Reactor with controlled combustion.

DETAILED DESCRIPTION OF THE PREFERRD EMBODIMENTS

[0017] The basic two-step asymmetric cycle of a reverse flow regenerative
bed reactor is depicted in Figures 1a and 1b in terms of a single bed or reactor
having two zones, a first zone, or reaction zone (1) and a second zoné, or
recuperator zone (7). Both the reaction zone (1) and the recuperator zone (7)
contain regenerative beds. Regenerative beds, as used herein, are intended to
comprise material that are effective in storing and transferring heat. The term
regenerative reactor bed(s) means a regenerative bed that may also be used for
carrying out a chemical reaction. Regenerative beds are generally known in the
art and may comprise packing material such as glass or ceramic beads or
spheres, metal beads or spheres, ceramic or metal honeycomb materials, ceramic

tubes, monoliths, and the like.

[0018] As shown in Figure 1a, at the beginning of the first or “reaction”

step of the cycle, the reaction zone (1) is at an elevated temperature and the

recuperator zone (7) is at a lower temperature than the reaction zone (1). A

reactant feed is introduced via a conduit (15), into a first end (3) of the reaction

zone (1).

[0019] This feed stream picks up heat from the bed and is reacted,

optionally over catalyst, to produce the desired reaction, such as steam
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reforming, for example. As this step proceeds, a temperature profile (2) is
created based on the heat transfer properties of the system. When the bed is
designed with adequate heat transfer capability, this profile has a relatively sharp

temperature gradient, which gradient will move across the reaction zone (1) as

the step proceeds.

[0020] Reaction gas exits the reaction zone (1) through a second end (5) at
an elevated temperature and passes through the recuperator zone (7), entering
through a first end (11) and exiting at a second end (9). The recuperator zone (7)
is 1nitially at a lower temperature than the reaction zone (1). As the reaction gas
passes through the recuperator zone (7), the gas is cooled to a temperature
approaching the temperature of the zone substantially at the second end (9),
which is approximately the same temperature as the regeneration feed introduced
during the second step of the cycle here illustrated as via conduit (19). As the
reaction gas is cooled in the recuperator zone (7), a temperature gradient (4) 1s
created in the zone’s regenerative bed(s) and moves across the recuperator zone
(7) during this step. The reaction gas exits the recuperator zone at (17). The

second step of the cycle, referred to as the regeneration step then begins.

[0021] The regeneration step is illustrated in Figure 1b. Regeneration
entails transferring heat from the recuperator zone to the reaction zone, to
thermally regenerate the reaction beds for the subsequent reaction cycle.
Regeneration gas enters recuperator zone (7) here illustrated as via conduit (19),
and flows through the recuperator zone and into the reaction zone. In doing so,
the temperature gradients (6) and (8) move across the beds similar but in
oppostte directions to the temperature gradients developed during the reaction
cycle. Fuel and oxidant combust at a region proximate to the interface (13) of
the recuperator zone (7) and the reaction zone (1). The heat recovered from the
recuperator zone together with the heat of combustion is transferred to the

reaction zone, thermally regenerating the regenerative reaction beds disposed

therein.
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10022] In a conventional reverse flow regenerative reactor, fuel and oxidant
are typically combined at the combustion zone by injecting either fuel, or
oxidant, or both, into the combustion zone, typically via nozzles or injectors
through the vessel side walls. However, as referred to earlier, such configuration

does not best integrate the heat of the system, reducing its overall efficiency.

[0023] Figure 2 illustrates means for controlling the combustion of fuel and
oxidant to achieve efficient regeneration of the reactor system heat. Figure 2

depicts a single reactor system, operating in the regeneration cycle.

[0024] Referring to the Figure, recuperator zone (27) has gas channel means
(28) for channeling two or more gases upon entry to a first end (29) of the
recuperator zone (27) through the regenerative bed(s) disposed therein. A first
gas (20) enters a first end of a plurality of channel means (2 8). The gas channel
means (28) may comprise channels or tubes or other means suitable for
maintaining gases substantially separated from at least a second gas (described
hereinafter) while axially transiting the regenerative bed(s) of recuperator zone
(27). A gas distributor (22) directs a second gas stream (25) to select channels,
here illustrated as channels (23). The result is that at least a portion of gas
stream (25) is kepf separate from gas stream (20) during its axial transit of the
recuperator zone (27). In a preferred embodiment, the regenerative bed(s) of the

recuperator zone comprise the channel means. Thereby, the at least two gases

that transit the channel means are transiting the regenerative bed(s).

[0025] As used in the present invention, gases (20) and (25) comprise at
least two reactants that result in an exothermic reaction when combined, for
example a fuel gas and an oxidant gas that result in combustion when combined.
By keeping these reactants substantially separated, the present invention controls
the location of the heat release that occurs due to exothermic reaction. By
“substantially separated”, we mean that at least 30%, and preferably at least 75%
of the reactant in the first gas (20) has not become consumed by reaction with

the second gas (25), and that at least 50%, and preferably at least 75% of the

reactant in the second gas (25) has not become consumed by reaction with the
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first gas (20), by the point at which these gases have completed their axial transit
of the recuperator zone (27). In this manner, the majority of the first gas (20) is
kept isolated from the majority of the second gas (25), and the majority of the
heat release from the reaction of combining gases (20) and (25) will not take
place until the gases have exited from the recuperator zone (27). In a preferred
embodiment, the channel means structure of recuperator zone (27) comprise a |
plurality of individual channels oriented substantially parallel to the direction of
flow. Such channel structures are provided, for example, by regenerative beds

comprised of extruded honeycomb monoliths, or comprised of stacked layers of

corrugated materials, as would be known to the skilled practitioner. Such
channel structures provide a high level of separation of gases in one channel
- from the next for at least a majority of the axial length of the bed. Alternatively,
' the regenerative beds of the recuperator zone may comprise packing material or
a porous ceramic monolith that is structured to provide substantial separation of
the gases (20) and (25).

[0026] In a preferred embodiment, the channel means (28) and (23)
comprise materials that provide adequate heat transfer capacity to create the
temperature profiles (4) and (8) illustrated in Figure 1 at the space velocity

conditions of operation. Adequate heat transfer rate is characterized by a heat

transfer parameter ATyy, below about 500°C, more preferably below about

100°C and most preferably below about 50°C. The parameter ATyr, as used
herein, is the ratio of the bed-average volumetric heat transfer rate that is needed
for recuperation, to the volumetric heat transfer coefficient of the bed, h,. The
volumetric heat transfer rate (e.g. cal/cm’ sec) that is sufficient for recuperation
1s calculated as the product of the gas flow rate (e.g. gm/sec) with the gas heat "
capacity (e.g. cal/gm °C) and desired end-to-end temperature change (excluding

any reaction, e.g. °C), and then this quantity divided by the volume (e.g. cm”) of

the recuperator zone (27) traversed by the gas. The ATyt in channel means (28)
is computed using gas (20), channel means (23) with gas (25), and total

recuperator zone (27) with total gas. The volumetric heat transfer coefficient of
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the bed, h,, is known in the art, and is typically calculated as the product of a
area-based coefficient (e.g. cal/cm?s°C) and a specific surface area for heat

transfer (a,, e.g. cm*/cm?®), often referred to as the wetted area of the packing.

[0027] In a preferred embodiment, channel means (28) and (23) comprise
ceramic channels or tubes, capable of withstanding temperatures exceeding
600°C, more preferably 1000°C, and most preferably 1300°C. Most preferably,
channel means (28) and (23) comprise a ceramic honeycomb, having channels

running the axial length of the recuperator zone (27).

[0028] The recuperator zone (27) may include packed bed or foam monolith
materials (not shown) that allow dispersion of reactants perpendicular to flow
direction, so long as radial dispersion is low enough to keep reactants
substantially separated during pass through the recuperator. Calculation of

radial dispersion and mixing in bed media is known in the art.

[0029] Referring momentarily to Figure 2a, there is shown a cut out axial
view of a gas distributor (22) having apertures (26). Referring to both Figures 2
and 2a, apertures (26) direct the second gas (25) preferentially to select channels
(23). In a preferred embodiment, apertures (26) are aligned witho, but are not
sealed to, the openings of select channels (23). Nozzles or injectors (not shown)
may be added to the apertures (26) that are suitably designed to direct the flow
of the second gas (25) preferentially to the select channels (23). By not
“sealing” the gas distributor apertures (26) (or nozzles/injectors) to the select
channels (23), these channels may be utilized during the reverse flow or reaction
cycle, increasing the overall efficiency of the system. This “open” gas
distributor (22) is also preferred over a “closed” system to facilitate adaptation to
multiple reactor systems, where the reactor/recuperator beds may rotate in and

out of a gas stream for processing.

[0030] The first gas (20) and second gas (25) transit the recuperator zone

(27) via channels (28) and (23). Heat, stored in the recuperator zone from the
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previous cycle, is transferred to both the first and second gas(es). The heated

gases are then introduced into gas mixing and distribution means (24).

[0031] Gas mixing and distribution means (24), located between the
recuperator zone (27) and the reaction zone (21), functions to mix gas stream
(20) and (25), afier they emerge from recuperator zone (27), and then distribute

the mixed gas across the plurality of axial channels that comprise the zone into

which the gas will flow, here shown as reaction zone (21).

[0032] A notable aspect of the present invention is the mixing and gas flow
distribution apparatus. The channel means used to effectively separate fuel from
oxidant prior to intended combustion represent a challenge to the efficient
combining of fuel and oxidant for combustion, and the relatively uniform
distribution of gases across the following zone. Efficient mixing and distribution
is important to overall system efficiency. Accordingly, it is an objective of one
aspect of this invention to provide mixing and flow distribution means to
effectively combine the gases exiting channels (23) with those exiting channels
(28). These combined gases are then uniformly distributed among the entry of

channels that comprise the following reaction zone (21).

[0033] It is also an objective of one aspect of this invention to provide
mixing and flow distribution in a reverse flow reactor. More particularly, one
aspect of the present invention is to provide mixing and flow distribution in one
flow direction without negatively affecting flow distribution in the reverse
direction. It is a further objective to provide mixing and flow distribution in a
reverse flow reactor that minimizes pressure drop across the mixing and flow
distribution apparatus, which may be of particular concern when used in a high

space velocity reactor.

[0034] Referring to Figure 3, there is shown a cross sectional axial view of

a basic configuration of the gas mixing means (34) together with a cut-away

view 3a of one of gas swirl means (37).
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[0035] The gas mixer means (34) shown here comprises segments (35) having

gas swirl mixer means (37) located within the segments (35). In a preferred
embodiment, segments (35) are substantially equal in cross sectional area, and gas

swirl means (37) are centrally located within the segments (35).

[0036] Gas mixer sections (35) are positioned to segment the gas flow
of a plurality of gas channel means (28) and (23). In a preferred embodiment,

segments (35) have substantially equal cross sectioned area to facilitate
intercepting gas flow from a substantially equal number of gas channel means

(28) and (23). Also in a preferred embodiment, gas channel means (28) and (23)
are distributed within recuperator (27) such that each of the sections (25)

intercepts gas flow from a substantially equal fraction of both first gas channel
means (28) and second gas channel means (23). Expressed mathematically, one
can define f,; as the fraction of total cross sectional area encompassed by section
1, Ig; as the fraction of total channel means (28) intercepted by section i, and f5;;
as the fraction of total channel means (23) intercepted by sectioni. Ina
preferred embodiment, for each section i, the values f,g;, and f53; will be within

about 20% of (i.e. between about 0.8 and 1.2 times the value of) £,;, and more
preferably within about 10%. One can further define f,¢; as the fraction of gas
stream (20) intercepted by section i, and f5s; as the fraction of gas stream

intercepted by the section 1. In a preferred embodiment, for each section i, the

values of f,g;, and f5; will be within about 20% of f,;, and more preferably withih

about 10%.

[0037] Retferring momentarily to figure 3a, there 1s shown a cut out section

of an individual gas mixer segments (35) with swirl mixer means (37). One

aspect of the present invention minimizes open volume of the gas mixer means (34)
while maintaining sutficient mixing and distribution of the mixed gases. The

term open volume means the total volume of the swirl mixers (37) and gas

mixer segments (35), less the volume of the material structure of the gas mixer.,
Accordingly, gas mixer segments (35) and gas swirl means (37) are configured

to minimize open volume while concurrently functioning to provide substantial gas
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mixing of the gases exiting gas channel means (28) and (23). In a preferred
practice of the invention, gas mixer segment (35) dimensions L and D, are
tailored to achieve sufficient mixing and distribution of gases (20) and (25)
while minimizing open volume. Dimension ratio L/D is preferably in the range
of 0.1 to 5.0, and more preferably in the range of 0.3 to 2.50. For general

segments of area A, a characteristic diameter D can be computed as 2(A/x)”.

[0038] In addition, the total volume attributable to the gas mixer (34) is
preferably tailored relative to the total volume of the recuperator bed and
reforming bed. The gas mixer preferably has a total volume less than about
20%, and more preferably less than 10% of the combined volume of the

recuperator zone, reaction zone and the gas mixer means.

[0039] Referring to Figure 4, there is shown a simple embodiment of a

mixer/flow distributor means (44) used in the present invention. A first
convergence zone (41) functions to converge gases entering the zone, as
1llustrated. The mixer zone (42) functions to mix the incoming gas(es)
previously kept apart as illustrated in channels (28) and (23) of Figure 2. Where
these gases comprise fuel and oxidant, the mixer zone serves to thoroughly mix
the gases for efficient combustion at the location within the reactor. In this
ilustration, a substantial majority of combustion will occur proximate to regions
(41), (42) and (43).

[0040] As previously indicated, it is preferable that the combusted gas(es)
be uniformly distributed to the subsequent reaction zone. Accordingly, the
combustion gas is directed through divergence zone (43), where flow paths of

exiting gases are spread relatively uniformly across its exit aperture (45).

[0041] The mixer distributor means (44) is constructed or fabricated of a
material able to withstand the high temperatures expected to be experienced in
the reaction zone. In a preferred embodiment, the mixer distributor (44) is
constructed from a material able to withstand temperatures exceeding 600°C,
more preferably 1000°C, and most preferably 1300°C. For steam reforming of

methane, for example, reaction zone temperatures typically exceed 1000°C. In a
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preferred embodiment, mixer distributor means (44) is constructed of ceramic

material(s) such as alumina or silicon carbide for €xample.

[0042] Figures 5 and 6 illustrate further embodiments of the mixer/flow
distributor means that may be used in the present invention. Referring to Figure
5, the mixer/flow distributor has a conical shaped gas convergence zone (51),
functioning to converge incoming gas(es). The converged gas(es) flow into gas
chamber (52) through axial aperture (53), then flow radially into first swirl
chamber (55) as illustrated in Figure 5a. A plurality of first swirl vanes within
(35) direct the incoming gas(es) radially outward, while imparting a |
circumferential swirl. Circumferentially swirling gases pass through chamber

(54), entering the second swirl chamber (56) through its periphery. Gases are

directed radially inward past second swirl vanes in (56), entering the second gas

chamber (52), where gas mixing and swirl continues before entering divergence

zone (58) via aperture (57).

[0043] Although shown as radially slanted fins, swirl vanes of chambers (55)
and (56) may be configured and constructed alternatively by one skilled in the

art, provided that the gas swirl created by the swirl generating devices produce

a swirl number ranging from about 0.1 to about 1.3, preferably from about 0.4 to
about 1.0, specified at the entrance to the cone via aperture (57). The conical
expander of the divergence zone (58) has an angle between about 20 and 65 degrees.

Alternative configurations to achieve these swirl numbers may be evident to the
skilled practitioner. The skilled practitioner also recognizes how the swirl

number is obtained, and may be derived in accordance with Combustion
Aerodynamics, Chapter 5, by J. M. Beer, Krieger Publishing, 1983. Gas(es)
exiting divergence zone (58) through aperture (59) are relatively uniformly
distributed across the cross sectional area of aperture (59). The term “relatively
uniformly distributed” refers to uniformity of gas velocity in the axial direction.
Each element of cross sectional area within aperture (59) can be evaluated for
associated axial velocity, either by computational fluid dynamics or by

experimental measurement. Relatively uniformly distributed means that axial
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velocity for at least 70% of the cross sectional area is within +/- 50% of the
mean axial velocity over the whole aperture (59). Preferably, axial velocity for
at least 80% of the cross sectional area is within +/- 25% of the mean axial
velocity. More preferably, axial velocity for at least 90% of the cross sectional

area is within -+/- 15% of the mean axial velocity.

[0044] The skilled user of this invention will recognize that the mixer/flow
distributor is substantially symmetric along axis BB, functioning substantially
similar for reverse flow. Although the gas mixing function of the mixer does not
play a process role 1n the reverse flow, the configuration of the mixer/flow
distributor in the reverse flow direction needs to allow the passage of gas while
providing for relatively uniformly distributed gas as it exits the aperture (50) in

the reverse flow direction.

[0045] Figure 6 1llustrates an alternative embodiment of the first and second
swirl mixers of Figure 5. Referring to Figure 6, the converged gases pass
through orifice (67) into chamber (62). In the embodiment of Figure 6, the gases
travel radially outward in chamber (62) before passing through the swirl-
generating chamber (63) in a generally axial direction. Passages (65) within the
swirl-generating chamber (63) impart a circumferential velocity component to
the gases, which then pass into chamber (627) as a swirling flow. As illustrated
in Figure 6a, passages (65) may be configured as a set of cylindrical passages
oriented along a path that is partly axial and partly circumferential. Alternative
swirl-generating passage shapes known in the art may be used for in the swirl-
generating chamber (63), for example helical passages or spaces formed between
vanes. Swirl number resulting from the swirler should be from about 0.1 to
about 1.3, preferably from about 0.4 to about 1.0, specified at the entrance to the

cone via orifice (67).  The conical expander (68) should have an angle

between about 20 and 65 degrees.

[0046] The single mixer/distributor means, as described in Figures 4, 5, and
6 may be used as the sole mixing element within the reverse-flow reactor, or

may be replicated as multiple parallel mixing segments analogous to the
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segments (35) that comprise mixer means (34). For extended sets of multiple
parallel segments, ~  individual mixers as described in Figures '4, S, _and 6 may
be shaped with hexagonal external cross sectional shape for ease of packing in
large arrays. Alternative means for accomplishing gas(es) mixing may be

identified by the skilled practitioner.

[0047]) Referring again to Figure 2, the gas mixer means (24) so configured
combines gases from channels (23) and (28), and redistributes the combined gas

across and into reaction zone (21).

[0048] In a preferred embodiment, first and second gases comprise fuel and
oxidant. Fuel may comprise hydrogen, carbon monoxide, hydrocarabons,
oxygenates, petrochemical streams, or mixtures thereof, Oxidant typically
comprises a gas containing oxygen, commonly mixed with N, as in air. Upon
mixing the fuel and oxidant at gas mixer (24), the gases combust, with a

substantial proportion of the combustion occurring proximate to the entrance to

the reaction zone (21).

[0049] The combustion of the fuel and oxygen-containing gas proximate to
the entrance of the reaction zone creates a hot fluegas that heats (or re-heats) the
reaction zone (21) as the flue gas travels across that zone. The composition of
the oxygen-containing gas/fuel mixture is adjusted to provide the desired
temperature of the reaction zone. The composition and hence temperature is
adjusted by means of the proportion of combustible to non-combustible portions
of the mixture. For example, non-combustible gases such as H,O, CO,, and N,
can be added to the mixture to reduce combustion temperature, In a preferred
embodiment, non-combustible gases comprise steam, flue gas, or oxygen-
depleted air as at least one component of the mixture. The hot combustion
product passes through the reaction zone. The flow of combustion product
establishes a temperature gradient within the reaction zone, which gradient
moves axially through the reaction zone. At the beginning of the regeneration
step, this outlet temperature will be substantially equal (typically within 25°C) to

the inlet temperature of the reforming feed of the preceding, reforming, step. As
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the regeneration step proceeds, this outlet temperature will increase slowly and
then rapidly as the temperature gradient reaches the end of the reforming bed,
and can be 50-500°C above the temperature of the reaction feed by the end of

the step.

[0050] The controlled combustion reverse flow regenerative reactor system
described herein is particularly well suited for steam reforming reactions such as

Pressure Swing Reforming as described in U.S. Patent application

2003/0235529A1.

[0051] Figure 1 may be used to illustrate its application to Pressure Swing
Reforming. At the beginning of the first step of the cycle, also called the reforming

step, the reaction zone, now called the reforming zone (1) is at an elevated temperature

and the recuperating zone (7) is at a lower temperature than the reforming zone (1). A
hydrocarbon-containing feed may be introduced via a conduit (15), into a first

end (3) of the reforming zone (1) along with steam. The hydrocarbon may be
any material that undergoes the endothermic steam reforming reaction including
methane, petroleum gases, petroleum distillates, kerosene, jet fuel, fuel oil,
heating oil, diesel fuel and gas oil, gasoline and alcohols. Preferably, the
hydrocarbon will be a gaseous material comprising methane and/or
hydrocarbons that are 1n a gaseous state at the temperature and pressure of the
reactor. Preferably, the steam will be present in proportion to the hydrocarbon in

an amount that results 1n a steam to carbon ratio between about 1 and about 3

(considering only carbon in the hydrocarbon, not carbon in CO or CO, species

that may be present).

[0052] This feed stream picks up heat from the bed and is converted over
the catalyst and heat to synthesis gas. As this step proceeds, a temperature
profile (2) is created based on the heat transfer properties of the system. When
the bed is designed with adequate heat transfer capability, as described herein,
this profile has a relatively sharp temperature gradient, which gradient will move

across the reforming zone (1) as the step proceeds.
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[0053] Synthesis gas exits the reforming bed in the reforming zone (1) through a second
end (5) at an elevated temperature, passes through mixer (24), as shown in Figure 2, and

then passes through the recuperating zone (7), entering through a first end (11)
and exiting at a second end (9). The recuperating zone (7) is initially at a lower
temperature than the reforming zone (1). As the synthesis gas passes through the
recuperating zone (7), the synthesis gas is cooled to a temperature approaching
the temperature of the zone substantially at the second end (9), which is
approximately the same temperature as the regeneration feed introduced during
the second step of the cycle via conduit (19) (e.g., from about 20°C to about
600°C). As the synthesis gas is cooled in the recuperating zone (7), a

temperature gradient (4) is created and moves across the recuperating zone (7)

during this step.

[0054]) At the point between steps, the temperature gradients have moved
substantially across the reforming zone (1) and the recuperating zone (7). The
zones are sized so that the gradients move across both in comparable time during
the above reforming step. The recuperating zone (7) is now at the high
temperature and the reforming zone (1) is at low temperature, except for the
temperature gradient that exists near the exits of the respective zones. The
temperature of the reforming zone (1) near the inlet end (3) has now been cooled
to a temperature that approaches the temperature of the hydrocarbon feed that
has been entering via conduit (15) (e.g., from about 20°C to about 600°C).

[0055]  After the synthesis gas is collected via an exit conduit (17) at the

second end (9) of the recuperating zone (7), the second step of the cycle, also

called the regeneration step begins. The regeneration step, illustrated in Figure
Ib, basically involves transferring the heat from the recuperator bed in the recuperating zone
(7) to the reformer bed in the reforming zone (1) and an exothermic reaction at the interface

(13). In so doing, the temperature gradients 6 and 8 move across the beds similar to but in

opposite directions to gradients 2 and 4 during reforming. A regeneration gas

comprising an oxygen-containing gas and fuel are introduced into the second

end (9) of the recuperating zone (7). As described in reference to Figure 2, the
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oxygen containing gas is channeled through the recuperator zone substantially
separated from the fuel. The fuel and oxidant are combined by means of mixer
(24) at interface (13), combusting substantially at the interface of the recuperator
zone (7) and the reaction zone (1). Combustion occurs at a region proximate to
the interface (13) of the recuperation zone (7) and the reforming zone (1). The
term, "region proximate", in the present invention, means the region of the PSR
beds in which regeneration step combustion will achieve the following two
objectives: (a) the heating of the reforming zone such that end (5) of the
reforming zone is at a temperature of at least 800°C, and preferably at least
1000°C at the end of the regeneration step; and (b) the cooling of the
recuperation zone to a sufficient degree that it can perform its function of
accepting synthesis gas sensible heat in the subsequent reforming step.
Depending on spectfic regeneration embodiments described herein, the region
proximate to the interface can include from 0% to about 50% of the volume of
the recuperation zone (7), and can include from 0% to about 50% of the volume
of the reforming zone (1). In a preferred embodiment of the present invention,
greater than 90% of the regeneration step combustion occurs in a region
proximate to the interface, the volume of which region includes less than about

20% the volume of the recuperating zone (7) and less than about 20% the

volume of reforming zone (1).

[0056] The reforming zone is now, once again, at reforming temperatures

suitable for catalytic reforming.

Example 1
[0057] The following is an example of an asymmetric reverse-flow reactor

system used to perform methane steam reforming. The reactor is used in the
ortentation shown in Figure 2, with the endothermic reforming step flowing
upwards through the reactor (not shown) and exothermic fuel combustion step
flowing downwards through the reactor (as illustrated). The diameter of the

reactor (inside of insulation) is 2.5 inches. The bed components have diameters

of about 2.5 inches to fit within the insulation. The reforming or reaction zone
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(21) is comprised of a 2.5 inch length of 400 cells/in® honeycomb that has been

wash-coated with reforming catalyst.

[0058] The recuperator zone (27) was constructed of several lengths of

uncatalyzed 400 cells/in? honeycomb located at the inlet end that are stacked for

a combined height of 1.19 inches.

[0059] A distributor means (22) illustrated in Figure 2 and 2a was located
above the recuperator honeycomb. It comprised a 1.8 inch diameter ring of 0.25
inch (OD) stainless steel tubing with one spoke of tubing extending to the center,
and seven metering orifices sized at 0.034 inch ID ménufactured on the lower
side of the ring; one in the middle on the spoke and six spaced equally around
the ring. During the regeneration cycle, the orifices in the ring release the fuel
(25) in seven streams located approximately over the centers of each of the
channel means (23) (and thereby) the seven mixer segments. Combustion air

(20) flowed down around distributor (22) from above into channel means (28).

[0060] After transiting the recuperator zone, gases (20) and (25) were
combined by gas mixer (24). The mixer (24) was constructed as illustrated in
Figure 3, with seven segments; one central and six around the perimeter. Length
of divider (39) was set at about 0.73 inches, to provide for equal cross-sectional
area 1n the seven segments. Segment height (L) was 0.375 in(;hes, while
segment characteristic (D) was 0.95 inches, resulting in a segment L/D of about
0.40. A 0.500 inch length region of 0.125 inch inert alumina beads is interposed
between the gas mixer and the upper end of the reaction zone to further disperse

the mixed gases.

[0061] Because the mixer (34) was designed to have equal segment areas,
the F 5; value for each of the seven segments was 1/7 or 14.3%. Since each
distributor orifice principally feeds one segment, the values for f,5; were defined
by the perfqrmance of the distributor. Prior to operation, the performance of the
distributor was measured outside of the reactor. The f,5; values for the

distributor were: 15.5% for the center orifice, and 13.9%, 14.5%, 14.1%, 14.1%,
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13.8%, 14.3% for the six orifices around the ring. This represents a maximum

deviation from F4; of 8.3%.

10062] Valves above and below the reactor were used to control the
alternating flows of the reverse-flow operation. The reverse-flow reactor system
was run with the following cycle: 15 seconds of regeneration consisting of a
flow of oxidant (20) comprising 46.8 SLM air and 137. SLM nitrogen and a flow
of fuel (25) comprising 16 SLM of hydrogen; followed by 13.5 seconds of
reforming (upflow) comprising 11.9 SLM of methane and 28.2 SLM of steam;
followed by 1.5 seconds of product purge (upflow) comprising 28.2 SLM of

steam. The regeneration cycle was operated at about 1.7 atm abs, and the reform

cycle at 2.0 atm abs. All streams are fed to the reactor at a temperature of about
250°C.,

[0063] The reverse flow reactor was operated in this configuration with
flows described above, and temperatures were measured at five consecutive
times during the regeneration step, at three locations within the recuperator zone
(27) and one location proximate to the interface (13) between recuperation and
reforming zones, all as measured from the top of the first regenerative
honeycomb monolith bed within recuperator zone (27). Temperature

measurements are shown in Figure 7a.

[0064] A comparative example was performed using a fuel insertion tube
coupled to a fuel distributor disk, located in between the reforming and
recuperating zones, in lieu of the gas distributor, channel means and gas mixer.
For this example, the bottom 0.19 inches of the recuperator zone (27) was
replaced with a 0.5 inch long regenerative bed containing 0.125 inch diameter
alumina spheres. So configured, the comparative example fuel insertion tube and
distributor injected fuel gas to the region between the recuperator zone (27) and
the reformer zone (21). The apparatus of the comparative example was operated
substantially identical to the above Example, with substantially similar

temperature measurements shown in Figure 7b.
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[0065] The controlled combustion system described herein may be
employed for other, asymmetric reverse flow regenerative reactor systems. The
regeneration (exothermic) step, described with respect to Figure 1B and Figure
2, can be combustion, as described above for pressure swing reforming, or can
other exothermic reactions such as partial oxidation. As applied to partial
oxidation, the streams that are fed during the exothermic step comprise a
hydrocarbon-containing stream, and a stream with sub-stoichiometric amount of
oxidant. By sub-stoichiometric, we mean less oxidant than would be needed to
fully oxidize the hydrocarbon-containing stream. These two streams would be
maintained substantially separated as described in respect of Figure 2 above.
Typically the stream that has the lesser flow rate will be fed as stream (25), and
the greater as stream (20). The endothermic reaction step can be steam
reforming, as described above for pressure swing reforming, or can be other
endothermic reactions. During the endothermic reaction step, as described with
respect to Figure 1A, the endothermic reactant is fed via conduit 15, 1s heated
and reacted in reaction zone (1), is cooled in recuperation zone (7), with reaction
products being collected via conduit (17). Catalyst may be used in one or both
zones to facilitate reaction. Preferred endothermic reactions for use with the
present invention include steam reforming, dry (CO2) reforming, pyrolysis,
catalytic cracking, dehydrogenation, and dehydration. Preferred pyrolysis
reactions for use with the present invention include steam cracking reactions
such as ethane, naphtha, or gas oil cracking, hydropyrolysis reactions such as
methane hydropyrolysis to acetylene, and non-hydrocarbon cracking reactions
such as H2S pyrolysis to hydrogen and sulfur. Preferred dehydrogenation
reactions for use with the present invention include alkane dehydrogenations
such as propane dehydrogenation and alkyl-aromatic dehydrogenations such as
ethyl benzene dehydrogenation. Preferred dehydration reactions for use with the

present invention include methanol and ethanol dehydration.

Example 2
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[0066] The controlled combustion reverse flow regenerative reaction may
be employed for Regenerative Thermal Oxidation ("RTO) processes. The RTO
processes are conventionally used to combust relatively low levels of
contaminants from a larger stream of air. Figure 8a illustrates the conventional
configuration of an RTO reactor, Figure 8b a RTO reverse flow reactor with

controlled combustion.

[0067] Referring to Figure 8a, the process is generally comprised of two
regenerative bodies (801, 802) with a burner (803) in between. Contaminated air
(804) is heated in the first regenerative body (801), supplemental heat is
provided by the combustion of fuel (805) in burner (803) situated between the
two regenerative bodies, and the products are cooled to exit the second
regenerative body as clean air (806). Frequent flow reversal, switching to
streams (804a & 806a), is used to keep the sensible heat (of heating or cooling)
moving back and forth between the two bodies (801, 802). All or part of the

| regenerative bed system (801, 802) may include catalyst in to improve the
Incineration of the contaminants. Typically, the RTO system includes
distribution volume (807) at the cold entry of each regenerative body, and an

open volume (808) in which the burner-driven combustion occurs. ,

[0068] Referring now to figure 8b in the present invention, the two
regenerative bodies (801, 802) are constructed with packing having substantially
parallel channels, and those channels are oriented substantially co-axial with the
direction of flow. In between the two regenerative bodies is located the mixing
device (809). Contaminated air (804) is heated in the first regenerative bed.
Fuel distribution means (810), located in the distribution volume (807) at the
cold entry of each regenerative bed, places supplemental fuel (805) into a select
number of channels within the regenerative body. This fuel is heated in the first
regenerative body and is then mixed with the heated contaminated air in the
muixer (809) resulting in combustion and release of heat into the stream.
Combustion products are cooled to exit the second regenerative bed as clean air

(806). Frequent flow reversal, switching to streams (804a, 810a, 807a, 805a,
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806a), 1s used to keep the sensible heat (of heating or cooling) moving back and
forth between the two bodies. All or part of the regenerative bed system (801,

802) may include catalyst to improve the incineration of the contaminants.

[0069] As illustrated, there does not need to be a seal between the
distributor (810) and the regenerative body (801). Combustion will not occur
until gases have been heated which heating occurs during its transit of the
recuperator zone. As long as the majority of the fuel is isolated from the
majority of the air as taught herein, then the majority of the heat release will not
take place until the mixer (809). As long as the majority of the heat release
occurs at or after mixer (809), the regenerative reactor will function at high

efficiencies.

Example 3 - Autothermal Reforming (“ATR”)

[0070] The controlled combustion reverse flow regenerative reactor may be
employed for Autothermal Reforming ("ATR”). In the RTO application, the
amount of oxidant (air) is conventionally many times greater than the amount
needed for stoichiometric combustion of the contaminants and the supplemental

fuel. Also, the incoming contaminated air is near ambient conditions of pressure

and temperature. For ATR, the oxidant 1s present in sub-stoichiometric amounts,
and may be absent of any diluents. The fuel is not a supplementary material, but
a feedstock to be reformed. Pressures and feed temperature are typically
substantially higher. These differences notwithstanding, the application includes
substantially the same components as the RTO application and is illustrated in
Figure 8b. Preferably, the feed stream (804) in largest volume flow rate will be
distributed into the majority of regenerative body (801) channels via the entry
distribution volume (807). The feed stream (805) having lower volume flow rate
is distributed via distributor (810) into select channels. The oxidant, fuel and
optionally steam or CO2 are heated in regenerative body (801) and are mixed at
the mixer (809) whereupon the exothermic autothermal reforming reactions
occur. Reactions can be assisted by catalyst placed in all or part o the

regenerative bodies (801 and 802). Reaction is substantially confined within the
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regenerative body (802) following the mixer, and cooling occurs within the

regenerative body (802) following the mixer. Cool syngas is the product (806)

of the reactor. Frequent flow reversal (via streams 804a, 805a, 806a) is used to
keep the sensible heat (of heating or cooling) moving back and forth between the
two bodies.

[0071] Although the invention has been described in detail herein, the
skilled practitioner will recognize other embodiments of the invention that are

within the scope of the claims.
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CLAIMS:

1. A process for controlling the location of an exothermic reaction between two or more
reactants in a cyclic reverse-flow reactor system comprising:

(a) supplying a first of the two or more reactants through a first channel means in a
first regenerative bed and supplying at least a second of the two or more reactants through a
second channel means in the first regenerative bed,

(b) combining said first and second reactants by a gas mixing means situated at an
exit of the first regenerative bed and reacting the combined gas to produce a heated reaction
product, wherein the cyclic reverse flow reactor system comprises a reaction zone having a
volume A, a recuperation zone having a volume B, and a mixer zone having a volume C,
whereby volume C is less than about twenty percent of a quantity that is volume A plus
volume B plus volume C, and

(¢c) passing the heated reaction product through a second regenerative bed thereby

transferring heat from the reaction product to the second regenerative bed.

2. The process of claim 1 wherein said cyclic reverse flow reactor system comprises the

reaction zone and the recuperation zone, and the gas mixing means situated therebetween.

3. The process of claim 1 or 2 wherein said first and second channel means axially
traverse the first regenerative bed and pass the first and second reactants to the gas mixing

mearns.

4, The process of claim 3 wherein the gas mixing means comprises gas mixing segments,

axially aligned with the first and second channel means.

3. The process of claim 4 wherein the gas mixing segments have axial cross sectioned

areas that are equal 1n area.
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6. The process of claim 5 wherein the gas mixing segments comprise gas swirl means for

swirling the two or more reactants flowing therethrough.
7. The process of claim 6 wherein the first and second reactants from the first and second
channel means flow into the gas mixing segments, combining therein, combusting and

passing through the second regenerative bed.

8. The process of claim 7 wherein the first and second reactants from the first and second

channcl means are each divided equally among the gas mixing segments.

9. The process of claim 7 wherein said combusting occurs proximate to an interface

between the gas mixing means and the second regenerative bed.

10.  The process of claim 2 wherein the gas mixing means is constructed from material

able to withstand temperatures in excess of 600°C,

11. The process of claim 10 wherein the gas mixing means compriscs a ceramic.

12.  The process of claim 2 wherein said gas mixing means comprises:

a. a convergence zone,
b. at least one gas swirl generating zone, and
C. a divergence zone,
13.  The process of claim 12 wherein the at least one gas swirl generating zone comprises

vanes for imparting circumferential gas velocity to gas entering the switl generating zone

from the convergence zone.

14.  The process of claim 13 wherein the divergence zone distributes exiting gases

uniformly across an exit aperture.
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15, The process of claim 1 wherein said first and second channel means maintain said first
and second reactants separated such that at least fifty percent of said first and second reactants

have not reacted in the first regenerative bed while transiting the first regenerative bed.
16.  The process of claim 15 wherein an endothermic reaction of the cyclic reverse-flow

reactor system comprises steam reforming, carbon dioxide reforming, pyrolysis, catalytic

cracking, dehydrogenation, dehydration, or combinations thercof.

17.  The process of claim 16 wherein the pyrolysis reaction comprises steam cracking

reactions of ethane, naptha, gas oil or combinations thereof.

18.  The process of claim 16 wherein the dehydrogenation reaction comprises alkane

dehydrogenation, alkyl-aromatic dehydrogenation, or combinations thereof.

19.  The process of claim 18 wherein the dehydration reaction comprises methanol

dehydration, ethanol dehydration, or combinations thereof.

20.  The process of claim 16 wherein the pyrolysis reaction comprises hydropyrolysis

reactions comprising methane hydropyrolysis to produce acetylene.

21.  The process of claim | wherein the first reactant is a fuel comprising CO, Hy,

hydrocarbon(s), oxygenates, petrochemical, or a mixture thereof.

22.  The process of claim 1 wherein the second reactant is an oxygen containing gas.

23.  The process of claim 15 wherein said first and second channel means comprise a

material having a heat transfer parameter ATyt below about 500°C,

24.  The process of claim 15 wherein said first and second channel means comprise a

ceramic honeycomb.
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25.  The process of claim 6 wherein said gas swirl means is characterized as having a swirl
number ranging from 0.1 to 1.3.
26.  The process of claim 12 wherein the divergence zone comprises a conical expander

having a cone angle between 20° and 65°C.
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Figure 1(a)
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Figure 4
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KFigure 8
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