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(57) Abrégée/Abstract:

A process for carrying out at least two unit operations in series, the process comprising the step of. (a) directing a feed stream into
an Integrated assembly which comprises a first microchannel unit operation upon at least one chemical of the feed stream to
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(57) Abrege(suite)/Abstract(continued):

generate a distributed output stream that exits the first microchannel unit operation in a first set of discrete microchannels isolating
flow through the discrete microchannels; and (b) directing the distributed output stream of the first microchannel unit operation into
a second microchannel unit operation as a distributed input stream, to continue isolating flow between the first set of discrete
microchannels, and conducting at least one operation upon at least one chemical of the input stream to generate a product stream
that exits the second microchannel unit operation, where the first microchannel unit operation and the second unit operation share

a housing.
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(57) Abstract: A process for carrying out at
least two unit operations in series, the process
comprising the step of: (a) directing a feed
stream into an integrated assembly which
comprises a first microchannel unit operation
upon at least one chemical of the feed stream
to generate a distributed output stream that exits
the first microchannel unit operation in a first
set of discrete microchannels isolating flow
through the discrete microchannels; and (b)
directing the distributed output stream of the
first microchannel unit operation into a second
microchannel unit operation as a distributed
input stream, to continue isolating flow between
the first set of discrete microchannels, and
conducting at least one operation upon at
least one chemical of the input stream to
generate a product stream that exits the second
microchannel unit operation, where the first
microchannel unit operation and the second unit
operation share a housing.



CA 02662290 2009-03-03

WO 2008/030467 A3 M NI DA AR 1 A A AR AR A

PT, RO, SE, SI, SK, TR), OAPI (BEF, BJ, CF, CG, CI, CM,
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
—  with international search report

(88) Date of publication of the international search report:
31 July 2008



CA 02662290 2012-02-24

PATENT COOPERATION TREATY APPLICATION
Title: INTEGRATED MICROCHANNEL SYNTHESIS AND SEPARATION

RELATED ART

Field of the Invention

[0002] The present invention is directed to equipment, and processes utilizing such
equipment, for carrying out microchannel unit operations and, more spectfically, to multiple

microchannel unit operations integrated into a single device or assembly.

INTRODUCTION TO THE INVENTION

[0003] The present invention is directed to equipment, and proéesses utilizing such
equipment, for carrying out microchannel unit operations and, more specifically, to multiple
microchannel unit operations integrated into a single device or assembly. The present
invention includes synthesis chemical reactors integral with heat exchangers and optionally
phase separators or other means of chemical separation. Still further, the integration of
microchannel technology into multiple unif operations allows for greater plant flowsheet
optimization and consolidation to reduce interconnecting piping, pressure losses, associated
costs and size reduction. Moreover, the exemplary microchannel equipment may be utilized
in on-shore and off-shore applications, including but not limited to where space is limited and
conversion of gaseous materials to liquids is preferred for storage, handling and
transportation

considerations.

[0004] The present invention also includes microchannel based equipment and associated

processes for carrying out various exemplary chemical reactions and separation processes



CA 02662290 2009-03-03
WO 2008/030467 PCT/US2007/019352

including, without limitation, microchannel steam methane reforming (SMR). Utilization of
microchannel based equipment results in various advantages, depending upon the process or
processes carried out. For example, in an SMR process, utilization of microchannel based
equipment can be operated with a lower steam to carbon ratio, which results in substantially
less water requirements than traditional SMR units. This can be particularly advantageous in
environments where ready supply of clean water requires expensive treatment, such as
desalination. In addition, the use of a steam reformer to produce synthesis gas eliminates the
need for oxygen, as required for partial oxidation or autothermal reforming. Moreover,
microchannel process technology has many advantages over conventional reforming,
methanol synthesis, and distillation technologies. These advantages will allow smaller, less
expensive equipment to produce commercially significant quantities of methanol in on-shore

and oft-shore environments.

[0005] It 1s a first aspect of the present invention to provide a process for the formation of
methanol, the process comprising the steps of: (a) inputting a feed stream comprising
carbon containing molecules and hydrogen containing molecules to a microchannel reactor;
(b) reacting a portion of the carbon containing molecules with the hydrogen containing
molecules within the microchannel reactor to form methanol molecules flowing in a process
stream; (C) removing at least some of the formed methanol molecules from the process
stream; (d) reacting a further portion the carbon containing molecules with the hydrogen
containing molecules to form methanol molecules flowing in the process stream, where
greater than ninety percent of the carbon containing molecules have been reacted to form

methanol.

[0006] In a more detailed embodiment of the first aspect, the method further comprises: (a2)
changing at least one of temperature and pressure of the feed steam prior to step (b). In yet
another more detailed embodiment, the method further comprises: (b2) changing at least one
of temperature and pressure of the feed steam prior to step (¢). In a further detailed
embodiment, the method further comprises (b2) recouping at least some of the energy
generated within the microchannel reactor by thermal communication with a lower energy
fluid stream within the microchannel reactor. In still a further detailed embodiment, the

method further comprises: (¢2) changing at least one of temperature and pressure of the feed
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steam prior to step (d). In a more detailed embodiment, the method further comprises: (b2)
changing at least one of temperature and pressure of the process steam prior to step (c); and
(c2) changing at least one of temperature and pressure of the process stream after step (¢) and
before step (d), where step (b2) is carried out in a first heat exchanger integrated with the
microchannel reactor, and where step (c2) is carried out in a second heat exchanger integrated
with the microchannel reactor. In a more detailed embodiment, the method further
comprises: (e) delivering a heat transfer fluid medium into thermal communication with the
process stream flowing through at least one of the first heat exchanger and the second heat
exchanger. In another more detailed embodiment, the method further comprises: (b2)
changing at least one of temperature and pressure of the process steam prior to step (c); and
(c2) changing at least one of temperature and pressure of the process stream after step (¢) and
before step (d), where step (b2) and step (c2) are carried out in a heat exchanger integrated
with the microchannel reactor. In yet another more detailed embodiment, the method further
comprises: (b2) directing the process stream into a microchannel separation unit operation,
where step (b) includes distributing the feed stream among a plurality of microchannels to
comprise a plurality of sub-process streams, and step (b2) includes the step of maintaining
separability of the sub-process streams upon entry into the microchannel separation unit
operation. In still another more detailed embodiment, the method further comprising: (a2)
distributing the feed stream among a plurality of microchannels of the microchannel reactor
that are operative to form a plurality of sub-process streams directly conveying the feed steam

to at least one unit operation.

[0007] In yet another more detailed embodiment of the first aspect, the unit operation
includes at least one of a chemical reactor, a chemical separator, a heat exchanger, a
compressor, an expander, a vaporizer, a condenser, a phase separator, and a mixer. In still
another more detailed embodiment, the microchannel reactor of step (a) includes two separate
microchannel reactors, the feed stream of step (a) is distributed among the two separate
microchannel reactors, the process stream of step (b) comprises each outlet process stream
from the two separate microchannel reactors, a first outlet process stream from one of the two
separate microchannel reactors is fed to a downstream heat exchanger, a second outlet
process stream from the other of the two separate microchannel reactors is fed to the

downstream heat exchanger, in step (c) the first outlet process stream is cooled to a lower
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temperature within the heat exchanger to liquefy at least one of the methanol molecules and
forming a gaseous phase process stream lean in methanol molecules, the second outlet
process stream is in thermal communication with the gaseous phase process stream and 1s
operative to elevate the temperature of the gaseous phase process stream. In a further
detailed embodiment, the method further comprises: (b2) performing a heat exchange
operation between the process stream and a cooling fluid stream flowing through the
microchannel reactor, where the process stream is not in fluid communication with the
cooling fluid stream, where step (b2) includes distributing the process stream among a
plurality of microchannels to comprise a plurality of sub-process streams, and step (b2)
includes distributing the cooling fluid stream among a plurality of cooling microchannels of
the microchannel reactor to comprise a plurality of sub-cooling fluid streams. In still a
further detailed embodiment, the method further comprises: (b2) directing the process stream
into a microchannel separation unit operation; and (b3) performing a heat exchange operation
between the process stream and a cooling fluid stream flowing through the microchannel
separation unit operation, where the process stream is not in fluid communication with the
cooling fluid stream, step (b2) includes distributing the process stream among a plurality of
microchannels to comprise a plurality of sub-proéess streams, step (b2) iﬁcludes distributing
the cooling fluid stream into thermal communication with the process stream, and step (b2)

includes the step of maintaining separability of the sub-process streams upon entry into the

microchannel separation unit operation.

[0008] In a more detailed embodiment of the first aspect, where step (b2) includes
distributing the cooling fluid stream among a plurality of cooling microchannels of the
microchannel separation unit operation that are in thermal communication with the process
stream. In yet another more detailed embodiment, the feed to the microchannel reactor does
not include a recycle stream. In a further detailed embodiment, the microchannel reactor
includes discrete stages. In still a further detailed embodiment, at least one of the discrete
stages does not include a recycle stream. In a more detailed embodiment, a first stage of the
discrete stages of the microchannel reactor includes a catalyst, and step (¢) includes
introducing the feed stream to the catalyst of the first stage for contact times between about
1000 milliseconds to about 10 milliseconds, where contact time is defined by the open

volume of the reactor chamber that houses the catalyst divided by the standard state feed
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flowrate. In a more detailed embodiment, step (d) is carried out within the microchannel
reactor. In another more detailed embodiment, a percentage of methanol molecules removed

in step (c¢) from those formed in a first stage of the discrete stages is between about fifty

percent to about ninety-five percent. In yet another more detailed embodiment, the method
further comprises: (f) repeating step (c) and step (d) to achieve greater than ninety percent
conversion of the carbon containing molecules to form methanol, where the microchannel
reactor includes discrete stages, step (d) is first carried out in a second stage of the
microchannel reactor, repeated step (d) is carried out in a third stage of the microchannel
reactor, downstream from the second stage of the microchannel reactor, and an operating
temperature of the second stage is higher than an operating temperature of the third stage. In
still another more detailed embodiment, step (a) through step (d) are carried out within a

single microchannel assembly.

{0009] In yet another more detailed embodiment of the first aspect, the process produces
greater than 30 kilograms of methanol molecules per day. In still another more detailed
embodiment, the microchannel reactor has a displaced volume of less than 200 meters cubed
per thousand metric tons of methanol per day. In a further detailed embodiment, the
microchannel reactor has a displaced volume of less than 80 meters cubed per thousand
metric tons of methanol per day. In still a further detailed embodiment, step (a) and step (b)
are carried out within a containment vessel. In a more detailed embodiment, the feed stream
includes products from a syngas generation process carried out within at least one of a steam
reformer, a partial oxidation reactor, and a gasifier, and a separator interposes the syngas
generation process and the microchannel reactor, the separator being operative to remove
water from the stream exiting from the syngas generation process. In a more detailed
embodiment, the syngas generation process is a natural gas steam reformer and includes
microchannels, and the natural gas steam reforming process is carried out within the
microchannels of the steam reformer. In another more detailed embodiment, the water
removed by the separator is utilized to cool the microchannel reactor. In yet another more
detailed embodiment, the separator is a microchannel separator, at least one output stream
from the microchannel separator comprises the feed stream to the microchannel reactor, and a

compressor is downstream from the microchannel separator to compress the feed stream

before delivery to the microchannel reactor.
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[0010] In yet another more detailed embodiment of the first aspect, the feed stream includes
products from a natural gas steam reforming process carried out within a steam reformer, and
a heat exchanger interposes the steam reformer and the microchannel reactor to remove
energy from the products exiting the microchannel reactor. In still another more detailed
embodiment, . In a further detailed embodiment, the heat exchanger is a microchannel heat
exchanger, at least one output stream from the microchannel heat exchanger comprises the
feed stream, and a compressor is downstream from the microchannel heat exchanger to
compress the feed stream before delivery to the microchannel reactor. In a more detailed
embodiment, step (¢) includes utilizing at least one of a microchannel distillation unit, a
capillary separation unit, and a microchannel membrane separation unit to remove at least
some of the formed methanol from the process stream. In a more detailed embodiment, the
carbon containing molecules and hydrogen containing molecules of the feed stream comprise
syngas from at least one of a natural gas stream reforming process, a liquid-to-gassification

process, and a solid-to-gasification process.

[0011] It 1s a second aspect of the present invention to provide a process for carrying out at
least two unit operations in series, the process comprising the step of: (a) directing a feed
stream into an integrated assembly which comprises a first microchannel unit operation upon
at least one chemical of the feed stream to generate a distributed output stream that exits the
first microchannel unit operation in a first set of discrete microchannels isolating flow
through the discrete microchannels; (b) directing the distributed output stream of the first
microchannel unit operation into a second microchannel unit operation as a distributed input
stream, to continue isolating flow between the first set of discrete microchannels, and
conducting at least one operation upon at least one chemical of the input stream to generate a
product stream that exits the second microchannel unit operation, where the first

microchannel unit operation and the second unit operation share a housing.

{0012] In another more detailed embodiment of the second aspect, the operation conducted
upon at least one chemical of the input stream includes at least one of a chemical reactor, a
chemical separator, a heat exchanger, a compressor, an expander, a vaporizer, a condenser, a
phase separator, and a mixer. In still another more detailed embodiment, the first

microchannel unit operation includes two parallel unit operations, comprising a first parallel
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unit operation and a second parallel unit operation, the feed stream is distributed among the
two parallel unit operations, the distributed output stream includes separate distributed output
substreams from each of the two parallel unit operations, the second microchannel operation
comprises a heat exchanger, a first distributed output substream from the first parallel unit
operation is fed to the heat exchanger, a second distributed output substream from the second
parallel unit operation is fed to the heat exchanger, the first distributed output substream is
cooled to a lower temperature within the heat exchanger to liquefy a chemical of the first
distributed output substream and form a gaseous phase process stream lean in the chemical,
and the second distributed output substream is in thermal communication with the gaseous
phase process stream and is operative to elevate the temperature of the gaseous phase process
stream. In a further detailed embodiment, the feed stream flowing through the first
microchannel unit operation is split among a plurality of microchannels having a plurality of
microchannel outlets from the first microchannel unit operation, the input stream flowing
through the second microchannel unit operation is split among a plurality of microchannels
having a plurality of microchannel inlets that receive the input stream, and an interface
between first microchannel unit operation and the second hicrochannel unit operation
connects the plurality of microchannel outlets of the first microchannel unit operation to the
plurality of microchannel inlets of the second microchannel unit operation while conserving
the separability of the streams flowing through the microchannels at the interface. In still a
further detailed embodiment, at least one of the first microchannel unit operation and the
second microchannel unit operation is fabricated using from a laminate structure. In a more
detailed embodiment, the first microchannel unit operation conducts a chemical reaction, the
second microchannel unit operation conducts a phase separation operation, and the chemical
reaction conducted in the first microchannel unit operation is equilibrium limited. In a more
detailed embodiment, the chemical reaction is at least one of methanol synthesis, ammonia
synthesis, Fischer-Tropsch, acetylation, aldol condensation, alkylation, amination,
dehydration, esterification, etherification, hydrolysis, isomerization, oligomerization, and

transesterification.

[0013] It is a third aspect of the present invention to provide a process for the formation of
methanol, the process comprising the steps of: (a) inputting a first feed stream comprising

carbon containing molecules and hydrogen containing molecules to a first microchannel
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reactor; (b) inputting a second feed stream comprising carbon containing molecules and
hydrogen containing molecules to a second microchannel reactor, where the second
microchannel reactor is in parallel with the first microchannel reactor; (c) reacting the
carbon containing molecules with the hydrogen containing molecules in the presence of a
catalyst housed within the first microchannel reactor to form methanol molecules flowing in a
first process stream; (d) reacting the carbon containing molecules with the hydrogen
containing molecules in the presence of a catalyst housed within the second microchannel
reactor to form methanol molecules flowing in a second process stream; (€) directing the first
process stream to a downstream heat exchanger; (f) directing the second process stream to a
downstream heat exchanger; (g) cooling the first process stream within the downstream heat
exchanger to condense at least one chemical comprising the first process stream; (h)
extracting the chemical from the first process stream to form a cooled gaseous proceés
stream; (i) directing the second process stream into thermal communication with the cooled
gaseous process stream to increase the temperature and form an elevated temperature gaseous
process stream having carbon containing molecules and the hydrogen containing molecules;
(j) inputting elevated temperature gaseous process stream to a downstream microchannel
reactor; and (k) reacting the carbon containing molecules with the hydrogen containing
molecules in the presence of a catalyst housed within downstream microchannel reactor to

form methanol molecules flowing in a downstream process stream.

[0014] It is a fourth aspect of the present invention to provide a process for the formation of
methanol, the process comprising the steps of: (a) inputting a first feed stream comprising
reactants to a first microchannel reactor; (b) inputting a second feed stream comprising
reactants to a second microchannel reactor, where the second microchannel reactor is in
parallel with the first microchannel reactor; (¢) reacting at least some of the reactants in the
presence of a catalyst housed within the first microchannel reactor to form product flowing in
a first process stream; (d) reacting at least some of the reactants in the presence of a catalyst
housed within the second microchannel reactor to form product flowing in a second process
stream; (e) directing the first process stream to a downstream heat exchanger; (f) directing |
the second process stream to a downstream heat exchanger; (g) cooling the first process
stream within the downstream heat exchanger to condense at least one chemical comprising

the first process stream; (h) extracting the chemical from the first process stream to form a
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cooled gaseous process stream; (i) directing the second process stream into thermal

communication with the cooled gaseous process stream to increase the temperature and form
an elevated temperature gaseous process stream including remaining reactants; (J) inputting
elevated temperature gaseous process stream to a downstream microchannel reactor; (k)
reacting at least some of the remaining reactants in the presence of a catalyst housed within a

downstream microchannel reactor to form product flowing in a downstream process stream.

[0015] In another more detailed embodiment of the fourth aspect, the feed stream to the
microchannel reactor does not include a recycle stream. In still another more detailed
embodiment, at least one of the first microchannel reactor and the second microchannel
reactor includes discrete stages. In a further detailed embodiment, the feed stream flowing
through the first microchannel reactor contacts the catalyst in step (c) between about 1000

milliseconds to about 10 milliseconds contact time, and the feed stream flowing through the
second microchannel reactor contacts the catalyst in step (d) between about 1000
milliseconds to about 10 milliseconds. In still a further detailed embodiment, the method
further comprises: (1) removing at least a portion of the product from the first process stream
subsequent to egress of the product from the first microchannel reactor; and (m) removing at
least a portion of the product from the second process stream subsequent to egress of the
product from the second microchannel reactor. In a more detailed embodiment, step (1) is at
least partially carried out within a distillation unit operation, at least one output stream from
the distillation unit operation 1s a product rich stream, and at least a second output stream
from the distillation unit operation is a product lean stream. In a more detailed embodiment,

at least step (c) and step (d) are carried out within a containment vessel.

[0016] In yet another more detailed embodiment of the fourth aspect, the method further
comprises: (1) removing at least a portion of the product from the first process stream
subsequent to egress of the product from the first microchannel reactor; and (m) delivering a
fuel stream to a stream reformer unit operation to generate energy necessary to carry out an
endothermic steam reformation reaction on a hydrocarbon rich stream entering the steam
reformer, where step (1) i1s at least partially carried out in a separator that interposes the steam
reformer and the first microchannel reactor, the separator being operative to remove at least

one component from a fuel rich stream exiting from the steam reformer unit operation,
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resulting in the fuel stream delivered to the steam reformer unit operation. In still another
more detailed embodiment, the at least one component includes water, and the water removed
by the separator is utilized as a cooling fluid flowing through the downstream heat exchanger
of the first microchannel reactor. In a further detailed embodiment, the first feed stream is
supplied by a natural gas steam reforming process carried out within a steam reformer, and a
heat exchanger interposes the steam reformer and the first microchannel reactor to remove
energy from the first feed stream prior to entering the first microchannel reactor. In still a
further detailed embodiment, the chemical of step (h) includes methanol, and step (h)
includes utilization of at least one of a microchannel distillation unit, a capillary separation
unit, and a microchannel membrane separation unit to remove at least some of the chemical
from the first process stream. In a more detailed embodiment, the reactants of the first feed

stream comprise syngas from a natural gas stream reforming process.

[0017] It is a fifth aspect of the present invention to provide a process for the formation of
methanol, the process comprising: (a) inputting a hydrocarbon feed stream to a steam
reformation reactor that houses a first catalyst; (b) bringing steam into communication with
the hydrocarbon feed stream; (c) reacting hydrocarbons of the hydrocarbon feed stream with
steam in the presence of a catalyst to form a syngas stream comprising carbon dioxide,
carbon monoxide and hydrogen; (d) inputting the syngas stream to a staged microchannel
methanol synthesis reactor that houses a second catalyst; (€) reacting the syngas in the
. presence of the second catalyst within the microchannel synthesis reactor to form methanol
molecules flowing in a reactant and product stream, where greater than ninety percent of the
carbon containing molecules of the syngas, on a carbon basis, are converted into methanol
molecules synthesized within the staged microchannel methanol synthesis reactor, where the
staged microchannel reactor includes at least three stages, and methanol molecules are

removed from the reactant and product stream between at least two of the three stages.

[0018] In another more detailed embodiment of the fifth aspect, at least two of the three
stages are interposed by unit operation comprising at least one of a microchannel heat
exchanger and a microchannel phase separator, and the unit operation receives an output
stream from an immediately upstream stage, where the output stream microchannels flow

directly into the microchannels of the unit operation. In still another more detailed

10
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embodiment, greater than fifty percent of the carbon containing molecules of the syngas, on a
carbon basis, are converted into methanol molecules synthesized at the end of the first stage.
In a further detailed embodiment, greater than seventy-five percent of the carbon containing
molecules of the syngas, on a carbon basis, are converted into methanol molecules
synthesized at the end of the second stage. In still a further detailed embodiment, the steam

reformation reactor includes a microchannel steam reformation reactor.

[0019] It is a sixth aspect of the present invention to provide an integrated microchannel
reactor and separator comprising: (a) a first network of microchannels housing a first catalyst
to facilitate at least one of a molecular cracking reaction or a molecular synthesis reaction; (b)
a second network of microchannels downstream from the first network of microchannels, the
second network of microchannels include micropores operative to separate extract at least
one of a liquid and a gas flowing through the second network of microchannels, where an
interface between the first network of microchannels and the second network of
microchannels involves a pressure drop change of less than fifty percent; (c) a third network
of microchannels housing a second catalyst to facilitate at least one of a molecular cracking
reaction or a molecular synthesis reaction, the first network of microchannels being
downstream from the second network of microchannels, where an interface between the
second network of microchannels and the third network of microchannels involves a pressure
drop change of less than fifty percent; and (d) a fourth network of microchannels downstream
from the third network of microchannels, the fourth network of microchannels include
micropores operative to separate extract at least one of a liquid and a gas flowing through the
fourth network of microchannels, where an interface between the third network of
microchannels and the fourth network of microchannels involves a pressure drop change of

less than fifty percent.

[0020] In another more detailed embodiment of the sixth aspect, an interface between the
second network of microchannels and the third network of microchannels involves a pressure
drdp change of less than fifty percent. In still another more detailed embodiment, an
interface between the third network of microchannels and the fourth network of
microchannels involves a pressure drop change of less than fifty percent. In a further detailed

embodiment, the first catalyst at least one of lines or packs at least a portion of the first

11



CA 02662290 2009-03-03
WO 2008/030467 PCT/US2007/019352

network of microchannels, and the second catalyst at least one of lines or packs at least a
portion of the third network of microchannels. In still a further detailed embodiment, the
pressure drop change of less than fifty percent is at least partially a result of avoiding
consolidation of the microchannels comprising the first microchannel network approximate
the interface between the first and second network of microchannels, and fewer than seventy-
five percent of the microchannels of the first microchannel network are consolidated
approximate the interface between the first and second network of microchannels. In a more
detailed embodiment, the pressure drop change of less than fifty percent between the second
and third microchannel networks is at least partially a result of avoiding consolidation of the
microchannels comprising the second microchannel network approximate the interface
between the second and third network of microchannels, and fewer than seventy-five percent
of the microchannels of the second microchannel network are consolidated approximate the
interface between the second and third network of microchannels. In a more detailed
embodiment, the pressure drop change of less than fifty percent between the third and fourth
microchannel networks is at least partially a result of avoiding consolidation of the
microchannels comprising the third microchannel network approximate the interface between
the third and fourth network of microchannels, and fewer than seventy-five percent of the

microchannels of the third microchannel network are consolidated approximate the interface

between the third and fourth network of microchannels.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] FIG. 1 1s an exemplary schematic diagram of an exemplary plant layout in accordance

with the present invention;

[0022] FIG. 2 1s an exemplary isolated cross-sectional view of an exemplary heat exchanger

and phase separator in accordance with the present invention;

[0023] FIG. 3 is an exploded view of an exemplary heat exchanger and phase separator in

accordance with the present invention;
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[0024] FIG. 4 is an exemplary exploded view of a unit operation made from laminates and
useful for heat exchangers, chemical reactors, phase separations, other separations, fluid

manifolding or distribution, mixing among others;

[0025] FIG. 5 is an elevated perspective view of an assembled unit operation made from a
wave form and laminates and used in an exemplary methanol synthesis reactor with integral

heat exchangers in accordance with the present invention;

[0026] FIG. 6 is an exploded view of an exemplary unit operation made from a combination

of a waveform channel and laminates and useful for a methanol synthesis reactor, an Fischer

Tropsch reactor, an adsorber unit, an absorber, a heat exchanger or any other unit operation;

[0027] FIG. 7 is a prior art microchannel manifold where fluids combine from multiple

parallel channels into a common outlet or a reduced number of outlets;

[0028] FIG. 8 is a cross-sectional view of a first exemplary interface between microchannel

unit operations or sections of a microchannel unit operation;

[0029] FIG. 9 is a cross-sectional view of a second exemplary interface between

microchannel unit operations or sections of a microchannel unit operation;

[0030] FIG. 10 is a cross-sectional view of a third exemplary interface between microchannel

unit operations or sections of a microchannel unit operation;

[0031] FIG. 11 is a cross-sectional view of a fourth exemplary interface between

microchannel unit operations or sections of a microchannel unit operation;

{0032] FIG 12 is a schematic diagram of an exemplary integrated unit operation comprising

microchannel heat exchangers, parallel reactors, and common condensers;

[0033] FIG. 13 is an exemplary isolated cross-sectional view of a second exemplary heat

exchanger and phase separator in accordance with the present invention;
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[0034] FIG. 14 is a partial exploded view of a first exemplary common condenser of an

integrated microchannel unit operation in accordance with the present invention;

[0035] FIG. 15 is a partial exploded view of a second exemplary common condenser of an

integrated microchannel unit operation in accordance with the present invention;

[0036) FIG 16 is a schematic diagram representative of the flow through an exemplary

condenser for use in the instant invention;

[0037] FIG 17 is an exemplary deck layout for 1,000 metric tons per day offshore methanol

synthesis plant;

[0038] FIG 18 is an elevated perspective view of an integrated microchannel unit housing

multiple unit operations;
[0039] FIG 19 is an exemplary partial cross-section of the reactor ot FIGS. 4-6;

[0040) FIG 20 is an exemplary a footer or manifold for use with the instant invention that

gathers the flow from more than one parallel microchannels;

[0041] FIG 21 is an exemplary shim or sheet for fabricating a microchannel reactor in

accordance with an exemplary embodiment of the instant invention;

[0042] FIG 22 is an exemplary shim or sheet for fabricating a microchannel reactor in

accordance with an exemplary embodiment of the instant invention;

[0043) FIG 23 is an exemplary shim or sheet for fabricating a microchannel reactor in

accordance with an alternate exemplary embodiment of the instant invention;

[0044] FIG 24 is an exemplary shim or sheet for fabricating a microchannel reactor in

accordance with an alternate exemplary embodiment of the instant invention;
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[0045] FIG 25 is an exemplary set of six reactions utilized to model the FT reaction system;
[0046] FIG 26 is an exemplary plot‘ showing temperature profile in a catalyst bed;

[0047] FIG 27 is an exemplary graph showing temperature distribution at a cross section
located 0.3 inches from the beginning of the catalyst bed;

[0048] FIG 28 is an exemplary plot showing temperature profile along the corrugated insert
three 0.3 inches from the beginning of the catalyst bed;

[0049] FIG 29 is an exemplary plot showing heat flux profiles along the reactor length, with
the top curve corresponding to the center of the corrugated insert facing section, while the

lower curve corresponds to the center of the catalyst facing section; |

[0050] FIG 30 is an exemplary plot showing heat flux profiles on top wall of the reactor In
lateral direction, where the top curve corresponds to 0.3 inches from the beginning of the

catalyst bed, while the lower curve corresponds to 3 inches from the beginning of the catalyst

bed;

{0051] FIG 31 is an exemplary plot showing carbon dioxide conversion along the reactor

length;
[0052] FIG 32 is an exemplary plot showing methane selectivity along the reactor length;

[0053] FIG 33 is an exemplary plot showing the thermal resistance layers between copper
corrugated insert and sheet walls. Four locations on the sheet walls are marked for
temperature and heat flux plotting, with area #1 corresponding to the middle of corrugated
insert facing section on the top wall, while area #2 corresponds to the middie of catalyst
facing section on the top wall, while area #3 corresponds to the middle of catalyst facing
section on the bottom wall, and finally, areca #4 corresponds to the middle of corrugated insert

facing the bottom wall;
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[0054] FIG 34 is an exemplary plot of temperature profile in the catalyst bed for case A;

[0055] FIG 35 is an exemplary graph showing temperature distribution at the plane cutting
through the center of the catalyst bed for case A;

[0056] FIG 36 is an exemplary plot of heat flux profiles on the heat transfer walls for case A;

[0057] FIG 37 is an exemplary plot of the heat fluxes on process channel walls as a function

of the reactor length for case A;

[0058]) FIG 38 is an exemplary plot of heat flux profiles heat flux profiles on heat transfer

walls over first 2 inch reactor length for case B;

[0059] FIG 39 is an exemplary plot of heat flux profiles on heat transfer walls for case C,
with the top two curves corresponding to points 1 and 2, while the lower curves correspond to

points 3 and 4, respectively;

[0060] FIG 40 is an exemplary plot of temperature profile in the catalyst bed at centerline for

case D; and
[0061]) FIG 41 is an exemplary plot of heat flux profiles on heat transfer walls for case D.

DETAILED DESCRIPTION

[0062] The exemplary embodiments of the present invention are described and illustrated
below to encompass equipment, and processes utilizing such equipment, for carrying out
microchannel unit operations. As used herein, the term microchannel refers to any conduit
having at least one dimension (height, length, or width) (wall-to-wall, not counting catalyst)
of 1 cm or less, including 2 mm or less (in some embodiments about 1.0 mm or less) and

greater than 100 nm (preferably greater than 1 pm), and in some embodiments 50 to 500 um.

Microchannels are also defined by the presence of at least one inlet that is distinct from at
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least one outlet. Microchannels are not merely channels through zeolites or mesoporous
materials. The length of a microchannel corresponds to the direction of flow through the
microchannel. Microchannel height and width are substantially perpendicular to the direction
of flow of through the channel. In the case of a laminated device where a microchannel has
two major surfaces (for example, surfaces formed by stacked and bonded sheets), the height
is the distance from major surface to major surface and width is perpendicular to height. Of
course, it will be apparent to those of ordinary skill in the art that the exemplary embodiments
discussed below are illustrative in nature and may be reconfigured without departing from the
scope and spirit of the present invention. However, for clarity and precision, the exemplary
embodiments as discussed below may include optional steps, methods, and features that one
of ordinary skill should recognize as not being a requisite to fall within the scope of the

present invention.

[0063] For purposes of this disclosure, an “assembly” is a containment vessel that contains
one or more microchannel unit operations that operate in parallel (if more than 1 unit).<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>