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CHEMICAL REACTOR WITH MANIFOLD FOR MANAGEMENT OF A
FLOW OF GASEOUS REACTION MEDIUM THERETO

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Patent Application Serial
Nos. 61/900,510 and 61/900,543, both filed November 6, 2013, the entire contents of

which are incorporated by reference herein.

BACKGROUND

(0002]  The present teachings relates to chemical reactors and, more particularly,
to chemical reactors in which a gaseous reaction medium is made to undergo
conversion to desired product(s).

[0003] The conversion of a gaseous or vaporized liquid reformable fuel to a
hydrogen-rich carbon monoxide-containing gas mixture, a product commonly
referred to as “synthesis gas”™ or “syngas,” can be carried out in accordance with any
of such well known gas phase fuel reforming operations as steam reforming, dry
reforming, autothermal reforming and catalytic partial oxidation (CPOX) reforming.
Each of these fuel reforming operations has its distinctive chemistry and requirements
and each is marked by its advantages and disadvantages relative to the others.

[0004] The development of improved fuel reformers, fuel reformer components,
and reforming processes continues to be the focus of considerable research due to the
potential of fuel cells, i.e., devices for the electrochemical conversion of
electrochemically oxidizable fuels such hydrogen, mixtures of hydrogen and carbon
monoxide, and the like, to electricity, to play a greatly expanded role for general
applications including main power units (MPUs) and auxiliary power units (APUs).
Fuel cells also can be used for specialized applications, for example, as on-board
electrical generating devices for electric vehicles, backup power sources for
residential-use devices, main power sources for leisure-use, outdoor and other power-
consuming devices in out-of-grid locations, and lighter weight, higher power density,
ambient temperature-independent replacements for portable battery packs.

[00035] Because large scale, economic production of hydrogen, infrastructure

required for its distribution, and practical means for its storage (especially as a
-1-—
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transportation fuel) are widely believed to be a long way off, much current research
and development has been directed to improving both fuel reformers as sources of
electrochemically oxidizable fuels, notably mixtures of hydrogen and carbon
monoxide, and fuel cell assemblies, commonly referred to as fuel cell “stacks,” as
convertors of such fuels {o electricity, and the integration of fuel reformers and fuel
cells into more compact, reliable and efficient devices for the production of electrical

energy.

SUMMARY

[0006]  The present teachings, while generally applicable to gas phase reactors of
all types for conducting all manner of gas phase reactions, will be specifically
exemplified herein by gas phase reformers and methods for the gas phase reforming
of liquid and gaseous reformable fuels to produce hydrogen-rich reformates. Such
reformates can be utilized for a wide variety of purposes, €.g., as chemical reactants
and as fuels for conversion within fuel cells to electricity.

[0007] A chemical reactor system of the present teachings can include a chemical
reactor having an inlet; and a manifold in fluid communication with the inlet of the
chemical reactor. The manifold can include a manifold housing, the manifold
housing defining a manifold chamber. The manifold can include at least one
additional component selected from a gaseous reactants distributor disposed within,
and extending for at least a majority of the length of, the manifold chamber, where
the gaseous reactants distributor is in fluid communication with a gaseous reactants
conduit, and the gaseous reactants distributor comprises one or more outlets located
opposite the inlet of the chemical reactor; a heater in thermal communication with the
manifold chamber; and a cavity, where the manifold housing defines the cavity, and a
seal can be disposed within or adjacent to the cavity. The seal can engage the inlet of

the chemical reactor thereby providing a gas-tight seal between the manifold housing

and the inlet. The seal can be a gasket.

[0008] The chemical reactor can be a fixed bed reactor, a fluidized bed reactor, a

microchannel reactor, a shell-and-tube reactor, a tubular reactor, a multi-tubular

reactor, or a combination thereof.
-7
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[0009] The chemical reactor can be adapted to carrying out a gas phase
reaction selected from the group consisting of acetylation, addition reactions,
alkylation, dealkylation, hydrodealkylation, reductive alkylation, amination,
aromatization, arylation, reforming, carbonylation, decarbonylation, reductive
carbonylation, carboxylation, reductive carboxylation, reductive coupling,
condensation, cracking, hydrocracking, cyclization, cyclooligomerization,
combustion, dehalogenation, dimerization, epoxidation, esterification, exchange,
Fischer-Tropsch, gasification, halogenation, hydrohalogenation, homologation,
hydration, dehydration, hydrogenation, dehydrogenation, hydrocarboxylation,
hydroformylation, hydrogenolysis, hydrometallation, hydrolysis, hydroprocessing,
hydrotreating, isomerization, methylation, demethylation, metathesis, nitration,
oxidation, partial oxidation, polymerization, reduction, sulfonation, telomerization,

transesterification, trimerization and water gas shift.

[(0010]  The chemical reactor can include a plurality of tubular reactor units.
[0011]  The manifold housing can be fabricated from a material that remains
thermally and mechanically stable at the temperature of operation of the chemical
reactor.

[0012]  The heater can be an electrical resistance heater disposed within the
manifold chamber and/or at least one thermally conductive element 1n thermal
communication with the manifold and a reaction zone of chemical reactor.

[0013] A reformer system for reforming at least one reformable fuel to produce a
hydrogen-rich reformate, where the reformer system can include a reformer reactor
unit having an inlet; and a manifold in fluid communication with the inlet of the at
least one reformer reactor unit. The manifold can include a manifold housing, the
manifold housing defining a manifold chamber. The manifold can include at least
one additional component selected from a gaseous reforming reactants distributor
disposed within, and extending for at least a majority of the length of the manifold
chamber, where the gaseous reactants distributor is in fluid communication with a
reactants conduit, and the gaseous reactants distributor comprises one or more outlets

located opposite the inlet of the reformer reactor; a heater in thermal communication

-3 —
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with the manifold chamber; and a cavity, where the manifold housing defines the
cavity, and a seal is disposed within or adjacent to the cavity. The seal can engage
the inlet of the reformer reactor thereby providing a gas-tight seal between the
manifold housing and the inlet .

{0014) The reformer system where the manifold housing can be fabricated from a
material that remains thermally and mechanically stable at the temperature of the
reforming reaction zone during operation of the at least one reformer reactor.

[0015]  In accordance with the present teachings, a chemical reactor system can
include:

(a)  at least one reactor unit having an inlet end and associated inlet for
admission of gaseous reaction medium, a gas phase reaction zone wherein gaseous
reaction medium undergoes gas phase reaction to produce reaction product(s), an
outlet end and associated outlet for the outflow of such reaction product(s);

(b}  amanifold in gas flow communication with the inlet of the at least one
reactor, the manifold comprising a housing having a wall thickness, the housing
defining a manifold chamber and having at least one additional component selected
from the group consisting of:

(1) a gaseous reaction medium distributor disposed within, and
extending for at least a major part of the length of, the manifold chamber, the
distributor being in gas flow communication with a conduit for delivering a
flow of gaseous reaction medium to the distributor, the distributor having an
outlet or multiple outlets and arranged to discharge gaseous reaction medium
flowing within the distributor into the manifold chamber in a path that 1s
initially away from the inlet of the at least one reactor and thereafter toward
the inlet of the at least 6ne reactor,

(ii)  a heater for maintaining the temperature of the manifold
chamber above the condensation temperature of the gaseous reaction medium
or component(s) thereof and/or for rendering the gaseous reaction medium
therein more uniform in temperature prior to the gaseous reaction medium

entering the inlet of the at least one reactor, and

-4 —
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(iii)  a cavity defined within a section of wall of the housing and a
casket disposed within the cavity, the gasket engaging the inlet end of the at
least one reactor unit thereby providing a gas-tight seal between the wall of
the housing and the inlet end of the reactor.

[0016]  The manifold component of the chemical reactor system herein can
provide several benefits for the management of reactor operation. One such benefit
can be the substantially uniform distribution of gaseous reaction medium throughout
the full cross section of the reactor inlet, or in the case of a reactor possessing an array
of reactor units such as the embodiments of the gas phase reformers described below,
the substantially uniform distribution of gaseous reaction to the inlets of each reactor
unit in the array whereby no one reactor unit receives a significantly greater amount
of gaseous reaction medium than another reactor unit.

[0017] Another benefit of the manifold component can be its ability to limit or
restrain the occurrence of turbulent flow within the manifold chamber, a benefit
which also can contribute to the maintenance of low back pressure throughout the

reactor and the reactor system.
[0018]  Yet another benefit of the manifold component can be its ability to provide
essentially laminar flow of gaseous reaction medium at the reactor inlet(s), another

factor that can favor the maintenance of low back pressure throughout the reactor and

the reactor system.

BRIEF DESCRIPTION OF THE DRAWINGS
[0019) It should be understood that the drawings described below are for

illustration purposes only. The drawings are not necessarily to scale, with emphasis
generally being placed upon illustrating the principles of the present teachings. The
drawings are not intended to limit the scope of the present teachings in any way. Like

numerals generally refer to like parts.

[(0020] FIG. 1A is a longitudinal cross section view of an embodiment of a

gaseous fuel CPOX reformer incorporating a manifold component in accordance with

the present teachings.
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[0021] FIG. 1B is a lateral (perpendicular to the longitudinal axis) cross section
view of the gaseous fuel CPOX reformer illustrated in FIG. 1A.

[0022]  FIGS. 1C and 1D are enlarged longitudinal and lateral cross section
views, respectively, of one of the tubular CPOX reactor units shown in FIGS. 1A and
2A.

[0023] FIGS. 1E and 1F are enlarged lateral cross section views of two
embodiments of tubular CPOX reactor units of CPOX reformers of the present
teachings.

[0024]  FIG. 1G is an enlarged longitudinal cross section view of a portion of the
manifold and associated tubular CPOX reactor units of the gaseous fuel CPOX
reformer illustrated in FIGS. 1A, 1B and 2A.

[0025] FIG. 2A is a longitudinal cross section view of an embodiment of a liquid
fuel CPOX reformer incorporating a manifold component in accordance with the
present teachings.

{0026] FIG. 2B is a lateral (perpendicular to the longitudinal axis) cross section
view of the liquid fuel CPOX reformer illustrated in FIG. 2A

DETAILED DESCRIPTION

[0027] It is to be understood that the present teachings herein are not limited to
the particular procedures, materials and modifications described and as such can vary.
It is also to be understood that the terminology used is for purposes of describing
particular embodiments only and is not intended to limit the scope of the present
teachings which will be limited only by the appended claims.

[0028)  For brevity, the discussion and description herein will mainly focus on
partial oxidation reforming reactions and reactants including catalytic partial
oxidation reforming reactions and reactants (a reformable fuel and an oxygen-
containing gas). However, the devices, assemblies, systems and methods described
herein can apply to other reforming reactions such as steam reforming and

autothermal reforming and their respective reactants (a reformable fuel and steam,
and a reformable fuel, steam and an oxygen-containing gas, respectively) as well as

the other gas phase reactions described herein. Accordingly, where an oxygen-
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containing gas is referenced herein in connection with a device or method, the present
teachings should be considered as including steam in combination or alone, i.¢., an
oxygen-containing gas and/or steam, unless explicitly stated otherwise or understood
by the context. In addition, where a reformable fuel is referenced herein in
connection with a device or method, the present teachings should be considered as
including steam in combination or alone, i.e., a reformable fuel and/or steam, unless

explicitly stated otherwise or as understood by the context.

[0029] In addition, the liquid and gaseous reformable fuel reforming systems
including a manifold and methods of the present teachings should be understood to be
suitable for use with liquid and/or gaseous reactants to carry out steam reforming and
auto thermal reforming. For example, the delivery, control and management of a
steam or auto thermal reforming system can occur within the same structure and
components and/or with the same general methods as described herein. That 1s, the
reforming systems and methods of the present teachings can deliver the appropriate
liquid reactants, for example, liquid reformable fuel and/or liquid water, from a hquid
reformable fuel reservoir to a vaporizer to create a vaporized liquid reformable fuel
and steam, respectively, and the appropriate gaseous reactants, for example, at least
one of an oxygen-containing gas, a gaseous reformable fuel and steam, from their
respective sources, where the vaporized liquid reformable fuel, steam and other
gaseous reactants can be delivered through a manifold of the present teachings to a

desired component of a fuel cell unit or system such as a reformer.

[0030)  Where water is used in the delivery system, recycled heat from one or
more of a reformer, a fuel cell stack and an afterburner of a fuel cell unit or system
can be used to vaporize the water to create steam, which can be present in the

delivery system and/or introduced into the delivery system from an independent

SOUIcCe,

[(0031] Throughout the specification and claims, where structures, devices,
apparatus, compositions, etc., are described as having, including or comprising
specific components, or where methods are described as having, including or

comprising specific method steps, it is contemplated that such structures, devices,

.
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apparatus, compositions, etc., also consist essentially of, or consist of, the recited
components and that such methods also consist essentially of, or consist of, the
recited method steps.

[(0032] In the specification and claims, where an element or component is said to
be included in and/or selected from a list of recited elements or components, it should
be understood that the element or component can be any one of the recited elements
ar components, or the element or component can be selected from a group consisting
of two or more of the recited elements or components. Further, it should be
understood that elements and/or features of a structure, device, apparatus or
composition, or a method described herein, can be combined in a variety of ways
without departing from the focus and scope of the present teachings whether explicit
or implicit therein. For example, where reference is made to a particular structure,
that structure can be used in various embodiments of the apparatus and/or method of
the present teachings.

[0033]  The use of the terms “include,” “includes,” “including,” “have,” “has,”
“having,” “contain,” “contains,” or “containing,” including grammatical equivalents
thereof, should be generally understood as open-ended and non-limiting, for example,
not excluding additional unrecited elements or steps, unless otherwise specifically
stated or understood from the context.

[(0034] The use of the singular herein, for example, “a,” “an,” and “the,” includes
the plural (and vice versa) unless specifically stated otherwise.

[0035] Where the use of the term “about” is before a quantitative value, the
present teachings also include the specific quantitative value itself, unless specifically
stated otherwise. As used herein, the term “about” refers to a £10% variation from
the nominal value unless otherwise indicated or inferred.

0036} It should be understood that the order of steps or order for performing

certain actions is immaterial so long as the present teachings remain operable. For

example, the methods described herein can be performed in any suitable order unless
otherwise indicated herein or otherwise clearly contradicted by context. Moreover,
unless steps by their nature must be conducted in sequence, they can be conducted

simultaneously.
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[0037] At various places in the present specification, numerical values are
disclosed as ranges of values. It is specifically intended that a range of numerical
values disclosed herein include each and every value within the range and any
subrange thereof. For example, a numerical value within the range of from 0 to 20 1s
specifically intended to individually disclose 0,1,2,3,4,5,6,7, 8, 9,10, 11,12, 13,
14, 15, 16, 17, 18, 19 and 20 and any subrange thereof, for example, from 0 to 10,
from 8 to 16, from 16 to 20, etc.

[0038]  The use of any and all examples, or exemplary language provided herein,
for example, “such as,” is intended merely to better illuminate the present teachings
and does not pose a limitation on the scope of the invention unless claimed. No
language in the specification should be construed as indicating any non-claimed
element as essential to the practice of the present teachings.

[0039] Terms and expressions indicating spatial orientation or attitude such as
“upper,” “lower,” “top,” “bottom,” “horizontal,” “vertical,” and the like, unless their
contextual usage indicates otherwise, are to be understood herein as having no
structural, functional or operational significance and as merely reflecting the
arbitrarily chosen orientation of the various views of liquid fuel CPOX reformers of
the present teachings illustrated in certain of the accompanying figures.

10040} As used herein, a “reformable fuel” refers to a liquid reformable fuel
and/or a gaseous reformable fuel.

[0041] The expression “liquid reformable fuel™ shall be understood to include
reformable carbon- and hydrogen-containing fuels that are a liquid at standard
temperature and pressure (STP) conditions, for example, methanol, ethanol, naphtha,
distillate, gasoline, kerosene, jet fuel, diesel, biodiesel, and the like, that when
subjected to reforming undergo conversion to hydrogen-rich reformates. The
expression “liquid reformable fuel” shall be further understood to include such fuels
whether they are in the liquid state or in the gaseous state, 1.e., a vapor.

[0042] As used herein, “gaseous reforming reaction mixture” refers to a mixture
including a gaseous liquid reformable fuel (e.g., a vaporized liquid reformable fuel), a
gaseous reformable fuel or combinations thereof, and an oxygen-containing gas (e.g.,

air) and/or water (e.g., in the form of steam). A gaseous reforming reaction mixture
-0 _
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can be subjected to a reforming reaction to create a hydrogen-rich product
(“reformate”), which also can contain carbon monoxide. Where a catalytic partial
oxidation reforming reaction is to be carried out, the gaseous reforming reaction
mixture can be referred to a “gaseous CPOX reforming reaction mixture,” which
includes a reformable fuel and an oxygen-containing gas. Where a steam reforming
reaction is to be carried out, the gaseous reforming reaction mixture can be referred to
as a “gaseous steam reforming reaction mixture,” which includes a reformable fuel
and steam. Where an autothermal reforming reaction is to be carried out, the gaseous
reforming reaction mixture can be referred to as a “gaseous AT reforming reaction
mixture,” which includes a reformable fuel, an oxygen-containing gas and steam.
[0043] The expression “gaseous reformable fuel” shall be understood to include
reformable carbon- and hydrogen-containing fuels that are a gas at STP conditions,
for example, methane, ethane, propane, butane, isobutane, ethylene, propylene,
butylene, isobutylene, dimethyl ether, their mixtures, such as natural gas and liquetied
natural gas (LNG), which are mainly methane, and petroleum gas and liquefied
petroleum gas (LPG), which are mainly propane or butane but include all mixtures
made up primarily of propane and butane, and ammonia, and the like, that when
subjected to reforming undergo conversion to hydrogen-rich reformates.

[0044] The term "reforming reaction” shall be understood to include the
exothermic and/or endothermic reaction(s) that occur during the conversion of a
gaseous reaction medium to a hydrogen-rich reformate. The expression “reforming
reaction” herein therefore includes, for example, CPOX, autothermal and steam
reforming.

[0045]  Again, as stated previously for brevity, the discussion and description
herein will focus on partial oxidation reforming reactions and reactants including
catalytic partial oxidation reforming reactions and reactants (a reformable fuel and an

oxygen-containing gas). However, the devices, assemblies, systems and methods

described herein can equally apply to other reforming reactions such as steam
reforming and autothermal reforming and their respective reactants as well as the
other gas phase reactions described herein. For example, for steam reforming steam

can replace an oxygen-containing gas in the description herein. For autothermal

- 10 —
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reforming, steam can be introduced along with an oxygen-containing gas and/or a
reformable fuel in the description herein.

[0046] As used herein, the terms "reactor," "reactor unit," "chemical reactor,” and
"~hemical reactor unit" shall be understood to include chemical conversion reactors
and electrochemical conversion reactors, e.g., fuel cells, as well as combinations of
the two, in particular, integrated reformer-fuel cell systems.

[0047]  The chemical reactor of the present teachings with its manifold component
for distribution of gaseous reaction medium to the inlet of the at least one reactor unit
thereof is applicable to all chemical reactors in which a gaseous reaction medium is
made to undergo conversion to desired product(s). For example, and without
limitation, the present teachings are broadly applicable to gas phase reactors of all
types such as fixed bed, fluidized bed, microchannel, shell-and-tube, tubular, multi-
tubular, and the like, reactors for carrying out any of numerous kinds of gas phase
reactions such as acetylation, addition reactions, alkylation, dealkylatton,
hydrodealkylation, reductive alkylation, amination, aromatization, arylation,
reforming, carbonylation, decarbonylation, reductive carbonylation, carboxylation,
reductive carboxylation, reductive coupling, condensation, cracking, hydrocracking,
cyclization, cyclooligomerization, combustion, dehalogenation, dimerization,
epoxidation, esterification, exchange, Fischer-Tropsch, gasification, halogenation,
hydrohalogenation, homologation, hydration, dehydration, hydrogenation,
dehydrogenation, hydrocarboxylation, hydroformylation, hydrogenolysis,
hydrometallation, hydrolysis, hydroprocessing, hydrotreating (HDS/HDN),
isomerization, methylation, demethylation, metathesis, nitration, oxidation, partial
oxidation, polymerization, reduction, sulfonation, telomerization, transesterification,
trimerization, water gas shift, and the like.

[0048]  The chemical reactor of the present teachings will now be specifically

described in detail in connection with the embodiments of gaseous fuel catalytic
partial oxidation (CPOX) reformer of FIGS. 1A and 1B and liquid tuel CPOX

reformer of FIGS. 2A and 2B.
[0049]  Asshown in FIGS. 1A and 1B, air as an oxygen-containing gas, typically

at ambient temperature, is introduced into gaseous fuel CPOX reformer 100 at a

=11 —



CA 02929816 2016-05-05

WO 2015/069762 PCT/US2014/064116

preset mass flow rate via centrifugal blower 102 through inlet 103 of conduit 104.
The propane is introduced into conduit 104 via fuel line 111 and fuel inlet 112.
Propane and air begin to combine in mixing zone 120 of conduit 104 to provide a
gaseous CPOX reaction mixture. A mixer of any suitable kind, for example, a static
mixer disposed within mixing zone 120 and/or a helically-grooved internal wall
surface of conduit 104, can be included to provide a gaseous CPOX reaction mixture
of greater compositional uniformity than otherwise would form in mixing zone 120.
[0050] Following its passage through the optional static mixer and/or contact with
helical grooves disposed within mixing zone 120, gaseous CPOX reaction mixture
exits conduit 104 through outlet 125 and enters gaseous reaction medium (gas)
distributor 127 of manifold 126 the function of which is to provide a uniform
distribution of the gaseous reaction medium to, and within, tubular CPOX reactor
units 108. Such an arrangement or other arrangement within the present teachings
can provide a distribution of gaseous CPOX reaction mixture where the difference in
flow rate of the gaseous CPOX reaction mixture within any two CPOX reactor units
is not greater than about 20 percent, for example, not greater than about 10 percent or
not greater than about 5 percent.

(0051] Manifold 126 includes manifold housing, or enclosure, 128 defining
manifold chamber 129 within which gas distributor 127 1s connected to outlet 1235 of
conduit 104. Gaseous CPOX reaction mixture exiting conduit 104 through outlet 125
enters gas distributor 127 thereafter passing outwardly through apertures (e.g., holes
or slots) 130 located at the bottom or lower part of the gas distributor, the gas then
flowing around the exterior surface of the distributor to its top or upper part and from
there into inlets 131 of tubular CPOX reactor units 108. The path of the gaseous
CPOX reaction mixture as it passes through apertures 130 and into inlets 131 1s
shown in FIG. 1B.

[0032] Some specific factors that can bear upon the optimization of the design of
manifold 126 for accomplishing its function of uniformly distributing gaseous CPOX

reaction mixture to CPOX reactor units 108 include the configuration of its housing
128 , the volume of its chamber 129, and the dimensions of gas distributor 127

including the number, design and placement of its apertures 130. Such factors in turn
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depend on such reformer design and operational factors as the target flow rates of
saseous CPOX reaction mixture within a conduit, the number and arrangement of
CPOX reactor units 108, the shape and dimensions of inlets 131 of CPOX reactor
units 108, and similar considerations. A manifold of optimal fuel-air distribution
performance for a particular gaseous fuel CPOX reformer in accordance with the
present teachings can be readily constructed by those skilled in the art employing
routine testing methods.

[0053] Where a CPOX reaction zone of a CPOX reactor unit is substantially
coextensive with the length of the reactor unit, manifold housing 128 can be
fabricated from a material that remains thermally and mechanically stable at the high
temperatures that are typical of CPOX reforming. In these embodiments, various
kinds of refractory materials, including refractory composites such as carbon fiber-
and/or glass fiber-reinforced ceramics, are suitable for fabricating the manifold
housing. Suitable materials of construction include dense ceramics such as various
known types of alumina, recrystallized alumina, alumino-silicates, boron nitride,
glass-ceramics, magnesium oxide, zirconium phosphate, and the like, metals such as
nickel-chromium-based super alloys, Hastelloy super alloys, and the like. However,
these and other refractory materials tend to be relatively high in cost and can also be
challenging to work with, especially in the case of manufacturing articles with
relatively complex configurations.

[0054]  As shown in the enlarged longitudinal cross section view of exemplary
CPOX reactor unit 108 illustrated in FIG. 1C, gas-permeable wall 151 of CPOX
reactor units 108 can be divided along its length into a first, or upstream, region 132,
starting at its fuel-air mixture inlet 131, that is substantially devoid of CPOX catalyst,
and a second, or downstream, region 153, starting at the end of first region 152 and
ending at or proximate to product reformate effluent outlet 154 of the reactor unit,

that contains a catalytically effective amount of CPOX catalyst 164. During steady-
state operation of CPOX reformer 100 of FIG. 1A, this embodiment of CPOX reactor

unit 108 largely confines hot CPOX reaction zones 109 to their second regions 153
leaving their essentially CPOX catalyst-free first regions 152 to remain at a

considerably lower temperature, for example, in the region of from ambient up to
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about 350 °C, particularly at the juncture of fuel-air mixture inlets 131 of CPOX
reactor units 108 and manifold housing 128.

[0055] The lower temperature of a CPOX catalyst-free wall section zone, which
temperature is lower than the melting temperature of many thermoplastic resins and
below the thermal degradation temperature of many thermoset resins, makes it
practical and advantageous to utilize any of several families of thermoplastic and
thermoset resins for the manufacture of manifold housing 128. Specific types of
thermoplastic and thermoset resins that can be used for the fabrication of a manifold
housing include polyetherimide (PEI), polyaryletherketones (PAEKSs) such as
polyether ether ketone (PEEK), phenol-formaldehyde resins, and the like. These and
other thermally stable resins, in addition to their relatively low material cost, have the
added advantage of being readily formable into complex shapes employing low cost
manufacturing procedures such as extrusion molding, vacuum molding, injection
molding, reaction injection molding, rotational molding, and the like, and are
therefore well suited for making manifold housings having relatively complex
geometries.

10056} CPOX reactor unit 108, in addition to the circular cross section shown 1n
FIG. 1D, can assume other cross sectional configurations such as those illustrated 1n
FIGS. 1E and 1F. Thus, for example, FIG. 1E illustrates a CPOX reactor unit
having an alternating concave-convex, or bilobate, cross section. CPOX reactor units
having such a cross sectional configuration can be especially advantageous where
their outlet sections are to be joined to, or mated with, similarly configured tubular
solid oxide fuel cell (SOFC) units as in the SOFC fuel cell assembly ot co-pending,
commonly assigned U.S. Patent Application Publication No. 2013/0230787, by
Finnerty et al., the entire contents of which are incorporated by reference herein.
0057} From manifold 126, gaseous CPOX reaction mixture enters inlets 131 of

CPOX reactor units 108 and into CPOX reaction zones 109 where the reaction

mixture undergoes gas phase CPOX reaction to produce a hydrogen-rich, carbon
monoxide-containing reformate. In the start-up mode, one or more igniters 135
initiates CPOX. After CPOX becomes self-sustaining, for example, when the

temperature of the reaction zone reaches from about 250 °C to about 1100 °C, the
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igniter(s) can be shut off as external ignition is no longer required to maintain the
now self-sustaining CPOX reaction. Thermal insulation 110, for example, of the
microporous or alumina-based refractory type, surrounds those portions of the CPOX
reformer to reduce thermal losses from these components.

0058]  As shown in the enlarged longitudinal and lateral cross section views,
respectively, of tubular CPOX reactor unit 108 illustrated in FIGS. 1C and 1D, gas
nermeable wall 151 of reactor unit 108 includes an inner surface 161, an outer surface
162, an open gaseous flow passageway 163 confined by gas-permeable wall 151, a
portion of which constitutes CPOX reaction zone 109, a hydrogen gas barrier 165
attached to outer surface 162 and a catalytically effective amount of CPOX catalyst
164 supported within and/or comprising the structure of at least the section of gas-
permeable wall 151 corresponding to second region 153 and CPOX reaction zone
109.

[0059] As shown in FIG. 1G, the enlarged longitudinal cross section view of
manifold portion 150 of manifold 126 of reformer 100 illustrated in FIGS. 1A and 1B
includes upper housing structure 155, lower housing structure 156, manifold chamber
129, saseous CPOX reaction mixture distributor 127 and gas distributor outlets 130 in
gaseous flow communication with inlets 131 of tubular CPOX reactor units 108.

Inlet ends 157 of tubular CPOX reactor units 108 are firmly seated within cavities
158 formed within upper housing structure 155 and are engaged in gas-tight
relationship therewith by O-ring gaskets 159. The provision of cavities 158 formed
within upper housing structure 155 and O-ring gaskets retained therein simplify the
requirement for a gas-tight connection between upper housing structure 155 and inlet
ends 157 of tubular CPOX reactor units 108 and, in addition, greatly facilitate the
separation of an inoperative or defective reactor from manifold housing 156 and the
insertion of a replacement reactor umt.

{0060] Gaseous CPOX reaction mixture flows through outlets 130 of gas
distributor 127, through inlets 131 of tubular CPOX reactor units 108 and into CPOX

reaction zones 109 where the gaseous CPOX reaction mixture undergoes gaseous

phase CPOX conversion to a hydrogen-rich, carbon monoxide-containing effluent
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reformate exiting the reactor units at their outlet ends 160 through associated outlets
154.

[0061] Referring now to FIGS. 2A and 2B, air as an oxygen-containing gas 1s
introduced at ambient temperature and at a preset mass flow rate into liquid fuel
CPOX reformer 200 via centrifugal blower 202 through inlet 203 of conduit 204
which includes a generally U-shaped conduit section favoring compact design. The
ambient temperature air is initially heated in the start-up mode operation of reformer
200 to within a preset range of elevated temperature by passage through first heating
zone 205 supplied with heat from first heater unit 206. First heater unit 206 and
second heater unit 213 downstream therefrom can be of a conventional or otherwise
known electrical resistance type rated, for example, at from 10 to 80 watts or even
greater depending upon designed range of fuel processing capacity of the reformer.
Such heaters are capable of raising the temperature of ambient air introduced 1nto
conduit 204 to a desired level for a relatively wide range of CPOX reformer
configurations and operating capacities. During the steady-state mode of operation of
reformer 200, first heater unit 206 can be shut off, the air introduced into conduit 204
then being initially heated within heat transfer zone 207 by heat of exotherm
recovered from CPOX reaction zones 209 of elongate fubular gas-permeable CPOX
reactor units 208. In this manner, the temperature of the air introduced into conduit
204 can be increased from ambient to within some preset elevated range of
temperature with the particular temperature being influenced by a vanety of design,
i.e., structural and operational, factors as those skilled in the art will readily
recogmze.

[(0062] Thermal insulation 210, for example, of the microporous or alumina-based
refractory type, surrounds most of conduit 204 and those portions of CPOX reactor
units 208 corresponding to their CPOX reaction zones 209 in order to reduce thermal

losses from these components.
10063} To raise the temperature of the air that had been initially heated by
passage through first heating zone 205 and/or heat transfer zone 207, as the initially

heated air continues to flow downstream in conduit 204, it passes through second

heating zone 212 supplied with heat from second heater unit 213. Because the second
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heater unit need only increase the temperature of the initially heated air by a relatively
small extent, it can function as an incremental heater capable of making the typically
small adjustments in air temperature that are conducive to precise and rapid thermal
management of the reformer both with regard to the functioning of its fuel
vaporization system, described herein, and its tubular CPOX reactor units.

[0064] A liquid reformable fuel such as any of those mentioned above, and
exemplified in this and the other embodiments of the present teachings by diesel fuel,
is introduced via fuel line 214 terminating within main conduit 204 in liquid fuel
spreader device 215, for example, a wick or spray device.

[0065] Any conventional or otherwise known pump device 218 for passing fluid
through the passageways and conduits of a liquid fuel CPOX reformer, for example,
for introducing liquid fuel through fuel line 214 into conduit 204, can be used. For
example, a metering pump, rotary pump, impeller pump, diaphragm pump, peristaltic
pump, positive displacement pump such as a gerotor, gear pump, piezoelectric pump,
electrokinetic pump, electroosmotic pump, capillary pump, and the like, can be
utilized for this purpose. As indicated above, the pressurized liquid fuel can be
spread within a conduit by a wick or as a fine spray or otherwise in droplet form by
any of such conventional or otherwise known spray devices as fuel injectors,
pressurized nozzles, atomizers (including those of the ultrasonic type), nebulizers,
and the like. A second heater unit and a fuel spreader device can function in unison
to vaporize the liquid fuel introduced into the conduit and together constitute the
principal components of the fuel vaporizer system of a reformer. In some
embodiments, a pump or equivalent device can deliver the fuel on an intermittent or
pulsed flow basis. In certain embodiments, a pump or equivalent device can deliver
the fuel as a substantially continuous flow. In particular embodiments, a pump or
equivalent device can make rapid adjustments in fuel flow rate in response to
changing CPOX reformer operating requirements.

[0066] Although reformer 200 can use any source of heat for driving vaporization
of the liquid fuel during the start-up mode of operation, for example, a heater of the
electrical resistance type (as in the case of heaters 206 and 213), especially where

vaporization of the fuel is made to take place outside conduit 204, heater 213 is used
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to not only incrementally raise the temperature of the initially heated ambient
temperature air but to heat the liquid fuel prior to its introduction into conduit 204 and
to provide sufficient heat for vaporizing the fuel once it enters the conduit. This
optional provision for heating liquid fuel prior to its introduction into conduit 204 can
make it possible to vaporize a given amount of liquid reformable fuel faster, or a
greater amount of liquid fuel within a given time period, than the same vaporizer
system operating upon reformable fuel which is at ambient temperature at the time 1t
enters the condut.

[0067)  To provide for the heating of the liquid fuel before it enters conduit 204,
fuel line 214 traverses the wall of conduit 204 with section 219 of the fuel line bemng
extended in length to prolong the residence time of fuel flowing therein where the
fuel line passes through, or is proximate to, second heating zone 212 of main conduit
204. An extended fuel line section can assume a variety of configurations for this
purpose, for example, a coiled or helical winding (as shown) or a series of lengthwise
folds, disposed on or proximate to the exterior surface of a conduit corresponding to a
second heating zone or any similar such configuration disposed within the inferior of
the conduit at or near the second heating zone. Regardless of its exact configuration
and/or disposition, extended fuel line section 219 must be in effective heat transfer
proximity to second heating zone 212 so as to receive an amount of heat sufficient to
raise the temperature of the fuel therein to within some preset range of temperature.
Thus, a portion of the thermal output of heater 213 within second heating zone 212 of
conduit 204, in addition to further heating air flowing within this zone, will transfer to
fuel, for example, diesel fuel, flowing within the distal section 219 of fuel line 214,
which distal section of fuel line 214 can be lengthened or extended as shown by
reference numeral 219, thereby raising its temperature to within the preset range.
Whichever range of temperature values is chosen for the fuel within the fuel line, it

should not exceed the boiling point of the fuel (from 150 °C 10 350°C in the case of

diesel) if vapor lock and consequent shut-down of reformer 200 are to be avoided.
[0068)  Liquid fuel spreader 215 is disposed within conduit 204 downstream from
second heating zone 212 and associated heater 213 and upstream from mixing zone

220. Thermocouple 223 is disposed within conduit 204 downstream from the
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vaporizer in order to monitor the temperature of the vaporized fuel-air mixture
beginning to form therein.

[0069]  Following its passage through static mixer 221 disposed downstream from
mixing zone 222, gaseous CPOX reaction mixture exits conduit 204 through outlet
225 and enters gas distributor 227 of manifold 226 which is the same as, or similar to,
both the structure and operation of manifold 126 of gaseous fuel CPOX reformer 100
of FIGS. 1A and 1B. Manifold 226 includes manifold housing, or enclosure, 228
defining manifold chamber 229 within which heated gaseous CPOX reaction mixture
(gas) distributor 227 is connected to outlet 225 of conduit 204. Heated gaseous
CPOX reaction mixture exiting conduit 204 through outlet 225 enters gas distributor
227 thereafter passing outwardly through apertures (e.g., holes or slots) 230 located at
the bottom or lower part of the gas distributor, the gas then flowing around the
exterior surface of the distributor to its top or upper part and from there into inlets 231
of tubular CPOX reactor units 208. The path of the gaseous CPOX reaction mixture
as it passes through apertures 230 and into inlets 231 i1s shown in FIG. 2B.

[0070]  To eliminate or lessen the possibility that the temperature within some
region(s) and/or surface(s) of manifold chamber 229 will fall to or below the
condensation temperature of the vaporized liquid reformable fuel of the gaseous
CPOX reaction mixture present therein, electrical resistance heater 232 and
thermocouple 233 can be disposed within manifold chamber 229, for example, on one
or more of its internal surfaces or embedded within one or more of its walls, to
provide an active heater system for maintaining the temperature within the chamber
above the fuel condensation temperature. In addition to an active heater system, for
example, as described above, or as an alternative thereto, a passive heater, or heat
transfer system, comprising thermally conductive elements 234, for example,
fabricated from a good conductor of heat such as copper, thermally linking CPOX
reaction zones 209 of tubular CPOX reactor units 208 with manifold chamber 229

can be arranged within reformer 200 to convey heat of exotherm from CPOX reaction

zones 209 to regions and/or surfaces within manifold chamber 229 so as to maintain

the temperature of the vaporized fuel therein above its condensation temperature.
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[0071]  In addition to their function of preventing or minimizing the occurrence ot
fuel condensation, such active and/or passive heaters can serve to make the
temperature of the gaseous CPOX reaction mixture more uniform as it is introduced
into inlets 231 of CPOX reactor units 208 with consequent benefits for both reformer
operation and control. Thus, for example, one or both manifold heaters can function
to provide a gaseous CPOX reaction mixture of consistently uniform temperature
throughout a manifold chamber such that there will be not more than about a 10%
difference, for example, not more than about a 5% difference, in the temperature of
gaseous CPOX reaction mixture entering any two tubular CPOX reactor units.

[0072] As in the case of manifold 126 illustrated in FIGS. 1A and 1B, some
specific factors that can bear upon the optimization of the design of manifold 226 for
accomplishing its function of promoting a more uniform distribution ot gaseous
CPOX reaction mixture to CPOX reactor units 208 include the configuration of its
housing 228, the volume of its chamber 229 and the dimensions of gas distributor 227
including the number, design and placement of its apertures 230. Such factors in turn
depend on such reformer design and operational factors as the target flow rates of
gaseous CPOX reaction mixture within a conduit, the number and arrangement of
CPOX reactor units 208, the shape and dimensions of inlets 231 of CPOX reactor
units 208, and similar considerations. A manifold of optimal fuel-air distribution
performance for a particular liquid fuel CPOX reformer mn accordance with the
present teachings can be readily constructed by those skilled in the art employing
routine testing methods.

{0073] From manifold 226, heated gaseous CPOX reaction mixture enters inlets
231 of CPOX reactor units 208 and into CPOX reaction zones 209 where the reaction
mixture undergoes gas phase CPOX reaction to produce a hydrogen-rich, carbon
monoXxide-containing reformate. As in gaseous fuel CPOX reformer 100 of

FIGS. 1A and 1B, in the start-up mode of liguid fuel CPOX reformer 200, one or
more igniters 235 initiates CPOX. After CPOX becomes self-sustaining, for

example, when the temperature of the reaction zone reaches from about 250 °C to
about 1100 °C, the igniter(s) can be shut off as external ignition is no longer required

to maintain the now self-sustaining CPOX reaction.
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[0074] Further in accordance with the present teachings, steam can be
introduced into the reformer so that the reformer may be operated to carry out

autothermal and/or steam reforming reaction(s).

[0075] In one embodiment, the reformer can be initially operated to perform
CPOX conversion of a liquid or gaseous reformable fuel thereby providing heat of
exotherm that, with or without additional heat, for example, supplied by an electric
heater, can be recovered to produce steam in a steam generator. The thus-generated
steam can be introduced into the reformer in one or more locations therein. One
suitable location is the evaporator where the steam can provide heat to vaporize hquid
fuel. For example, steam introduced into wick 515 in reformer 500 illustrated in FIG.
5 can provide heat for vaporizing liquid fuel on wick surfaces at the same time
helping to eliminate or suppress clogging of such surtaces.
[0076] In another embodiment, a reformer in accordance with the present
teachings can be connected to a fuel cell stack in which hydrogen-rich reformate from
the reformer is converted to electrical current. Operation of the fuel cell stack, and
where present an associated afterburner unit, can provide source(s) of waste heat that
can be recovered and utilized for the operation of a steam generator, again, with or
without additional heat such as that supplied by an electric heater. The steam from the
steam generator can then be introduced into the reformer, for example, through wick
515 of reformer 500 of FIG. 5, to support autothermal or steam reforming. In this
arrangement of integrated reformer and fuel cell stack, the source(s) of waste heat
referred to can supply the necessary heat to drive endothermic reaction(s) that are

involved in autothermal and steam reforming processes.

[0077] In sum, it should be understood that the delivery systems of the present
teachings can deliver the appropriate reactants for carrying out reforming reactions
including partial oxidation (“POX”) reforming such as catalytic partial oxidation
(“CPOX”) reforming, steam reforming, and autothermal (“AT”) reforming. The

liquid reactants such as liquid reformable fuels and water can be delivered from and
through the “liquid reformable fuel” delivery components, conduits, and assemblies
of the delivery system. The gaseous reactants such as gaseous reformable fuels,

steam, and an oxygen-containing gas such as air can be delivered from and through
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the “gaseous reformable fuel” delivery components, conduits, and assemblies of the
delivery system. Certain gaseous reactants such as steam and an oxygen-containing
gas can be delivered from and through components and assemblies that are peripheral
or secondary to the delivery systems of the present teachings, for example, an
oxygen-containing gas can be delivered from a source of oxygen-containing gas that
is independently in operable fluid communication with at least one of a vaporizer, a
reformer, and a fuel cell stack of a fuel cell unit or system, for example, to mix with a
liquid reformable fuel and/or a vaporized liquid reformable fuel prior to reforming.
[0078]  The present teachings encompass embodiments in other specific forms
without departing from the spirit or essential characteristics thereof. The foregoing
embodiments are therefore to be considered in all respects illustrative rather than
limiting on the present teachings described herein. Scope of the present invention is
thus indicated by the appended claims rather than by the foregoing description, and
all changes that come within the meaning and range of equivalency of the claims are

intended to be embraced therein.
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WHAT IS CLAIMED IS:

1. A chemical reactor system comprising:

a chemical reactor having an inlet; and

a manifold in fluid communication with the inlet of the chemical reactor, the
manifold comprising a manifold housing, the manifold housing defining a manifold
chamber and having at least one additional component selected from the group consisting

of:

a gaseous reactants distributor disposed within, and extending for at least a
majority of the length of, the manifold chamber, wherein the gaseous reactants distributor
is in fluid communication with a gaseous reactants conduit, and the gaseous reactants
distributor comprises one or more outlets located opposite the inlet of the chemical

reactor;

a heater in thermal communication with the manifold chamber; and
a cavity, wherein the manifold housing defines the cavity, a seal 1s
disposed within or adjacent to the cavity, and the seal engages the inlet of the chemical

reactor thereby providing a gas-tight seal between the manifold housing and the inlet.

2. The chemical reactor system of Claim 1 wherein the chemical reactor 1S a
fixed bed reactor, a fluidized bed reactor, a microchannel reactor, a shell-and-tube

reactor, a tubular reactor, a multi-tubular reactor, or a combination thereof.

3. The chemical reactor system of Claim 1 or 2 wherein the seal 1s a gasket.

4. The chemical reactor system of any one of Claims 1-3 wherein the
chemical reactor is adapted to carrying out a gas phase reaction selected from the group
consisting of acetylation, addition reactions, alkylation, dealkylation, hydrodealkylation,
reductive alkylation, amination, aromatization, arylation, reforming, carbonylation,
decarbonylation, reductive carbonylation, carboxylation, reductive carboxylation,
reductive coupling, condensation, cracking, hydrocracking, cyclization,

cyclooligomerization, combustion, dehalogenation, dimerization, epoxidation,
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esterification, exchange, Fischer-Tropsch, gasification, halogenation, hydrohalogenation,
homologation, hydration, dehydration, hydrogenation, dehydrogenation,
hydrocarboxylation, hydroformylation, hydrogenolysis, hydrometallation, hydrolysis,
hydroprocessing, hydrotreating, isomerization, methylation, demethylation, metathesis,
nitration, oxidation, partial oxidation, polymerization, reduction, sulfonation,

telomerization, transesterification, trimerization and water gas shift.

5. The chemical reactor system of any one of Claims 1-4 wherein the

chemical reactor comprises a plurality of tubular reactor units.

6. The chemical reactor system of any one of Claims 1-5 wherein the
manifold housing is fabricated from a material that remains thermally and mechanically

stable at the temperature of operation of the chemical reactor.

7. The chemical reactor system of any one of Claims 1-6 wherein the heater
is an electrical resistance heater disposed within the manifold chamber and/or at least one
thermally conductive element in thermal communication with the manifold and a reaction

zone of chemical reactor,

8. A reformer system for reforming at 1east one reformable fuel to produce a

hydrogen-rich reformate, the reformer comprising:

a reformer reactor unit having an inlet; and
a manifold in fluid communication with the inlet of the reformer reactor unit, the
manifold comprising a manifold housing , the manifold housing defining a manifold
chamber and having at least one additional component selected from the group consisting
of:
a gaseous reforming reactants distributor disposed within, and extending
for at least a majority of the length of the manifold chamber, wherein the gaseous

reactants distributor is in fluid communication with a reactants conduit, and the gaseous
reactants distributor comprises one or more outlets located opposite the inlet of the

reformer reactor;
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a heater in thermal communication with the manifold chamber; and a
cavity, wherein the manifold housing defines the cavity, a seal is disposed within or
adjacent to the cavity, and the seal engages the inlet of the reformer reactor thereby

providing a gas-tight seal between the manifold housing and the inlet .

0. The reformer system of Claim 8 wherein the manifold housing is
fabricated from a material that remains thermally and mechanically stable at the
temperature of the reforming reaction zone during operation of the at least one reformer

reactor.

10.  The reformer system of any of Claims 8 and 9 wherein the heater is an

electrical resistance heater disposed within the manifold chamber and the passive heater

assembly includes at least one thermally conductive element in thermal communication

with the manifold and a reaction zone of the reformer reactor.

11.  The reformer system of any of Claims 8 to 10 which comprises a plurality

of tubular reforming reactor units.

12.  The retormer system of any of Claims 8 to 11 which is a catalytic partial

oxidation reformer.
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