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CH, + nH,0 < nCO + (n + m2) H, (1)

O

CO + H,0 « CO, + H,

O

CH, + H,0 « CO + 3 H,
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e AP (kPa) MR R /il AP (kPa)

110/107 3.08 117 1.07

110/105 1.05 861 1.93

115a/114 0.00 862 2.32

110/114 1.87 863 2.73

122/107 0.10 826{a) 3.17

150/126 0.09 826{b} 3.62

126/831 0.37 826{c) 4.10

832 0.40 826{d) 4.61

833 0.43 826{e) 5.12

836(a) 0.45 §26(f) 5.66

836(b) 0.48 826{g) 6.23

836(c) 0.50 826¢h) 6.77

836(d) 0.52 826(D) 7.33

§36(e) 0.54 825 8.04

836() 0.56

836(g) 0.57

836(h} 0.59

§36(1) 0.60

835 0.61
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PR PRERTOEIE (%)

117 18.6%

861 10.4%

862 9.8%

863 8.9%

§26{a} 8.1%

§26{b) 7.7%

826{c) 6.9%

§26{d) 6.3%

§26(e) 5.5%

826{(% 1.9%

826(g) 4.1%

§26{n) 3.5%

§26(1) 2.8%

865 2.5%
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e SIS BEHROEIS (%) PRERROEIS (%)

(FRFHERE) (10%15%5E)

117 18.6% 18.3%

821 10.4% 8.8%

822 9.8% 8.9%

823 8.9% 8.6%

826(a) 8.1% 8.1%

826(b) 7.7% 7.8%

826(c) 6.9% 7.2%

826(d) 6.3% 6.7%

826(e) 5.5% 6.0%

826(D 4.9% 5.3%

826(g) 4.1% 4.5%

826(h) 3.5% 3.9%

826(1) 2.8% 3.1%

865 2.5% 2.8%
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WO 2008/154678 PCT/AU2008/000870

REFORMER APPARATUS AND METHOD
Field of the Invention

This invention relates to apparatuses and methods for reforming of gascous
hydrocarbons and more particularly relates to high efficiency, low metal dusting,

s  low coking apparatuses and methods for reforming gaseous hydrocarbons.

Stearn reforming is a catalytic reaction in which a mixture of steamn and gaseous
hydrocarbons is exposed 1o a catalyst at bigh temperature to produce a mixture of
carbon oxides and hydrogen, commonly known as syngas. Syngas may be further
converted to 2 very wide range of bulk and specialty chemicals, including

. 10 hydrogen, methanol, ammonia, transport fuels and lubricants,

"The chemical reactions involved in steam reforming have been well known for
many years. Indeed, steam reforming has been used by industry since the 1930s,
and steam reforming of natural gas has been the dominant method of hydrogen

production since the 1960s, when high pressure operation was introduced.

15 Two potential problems arising from the reforming reactions include metal '
dusting and coking, which can lead to process inefficiencies and equipment
failure. Metal dusting occurs when the combination of temperatuse, pressure and
composition within a carbonaceous gaseous environment leads to COFrOsive
degradation of alloys into dust. Metal dusting conditions can be difficult o avoid

20 ' in reformer systems and thus metal dusting is a constant threat. Coking ocours

. , when the gaseous hydrocarbons crack to produce a solid carbonaceous material
which may clog or damage flow paths, which can lead to heat transfer and

conversion inefficiencies and equipment failure.

Industrial steam reformers are conventionally of tubular construction, employing

25  several large metal tubes packed with the reforming catalyst. The
hydrocarbon/steam feed mixture flows through the tubes, contacting the catalyst
and undergoing conversion to syngas. Because the reforming reactions are
endothermic, heat must be supplied to maintain the required reforming
temperatures (generally abave 800 C). In conventional tubular reforming systems,

30  this is accomplished by placing the tubes in a combustion furnace, usually fired by
natural gas, where the heat is transmitted to the tubes by a combination of

convective and radiant heat transfer.
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Thus, the successful operation of a tubular reformer relies on maintaining a
somewhat delicate balance between the endothermic reforming reactions within
the tubes and the heat transfer to the tubes from the furnace combustion. The
heat flux through the tube walls must be sufficiently high to maintain the required
temperatres for the reforming reactions, but must not be so high as to give rise to
excessive metal wall temperatures (accompanied by strength reduction) or to
coking of the hydrocarbon at hot spots within the tubes. Therefore, the

operation of tubutar reformers must be subject o stringent control.

While large-scale tubular reformers have been very successful both technically and
economically, small-scale vubular reformers are less successful. Amongst other
things, the costs to manufacture, install, maintain and operate tubular reformers

on a smaller scale are unattractive.

Smaller users of syngas downstream products such as hydrogen, ammonia and
methanol have therefore not found it agractive to establish on-site production
facilities for those products, kathcr, they generally rely on truck-delivery of
cylinders of the product from bulk producess. This solution is becoming less
attractive 4s the price of transport fuels increases. Also, many such users with
access to nataral gas would prefer to have on-site production facilities not only to
avoid transport costs but also to enhance the reliability of their supply.
Additionally, much of the world's narural gas supply lies in small fields in remote
_regions not served by pipelines to the natural gas market. The ené;gy content of
this so-called "stranded gas" could be more easily transporeed to market if the gas
were fitst converted to liquids such as methanol and long-chain hydrocarbons,

which may be produced from syngas.

Therefore there is a need for the production of syngas on a smaller scale than has
been economicaily and practicaily feasible with conventional tubular systems, and
that need is likely to increase. There are considerable challenges, however: 2
smaller-scale system must be reasonably proportionate to Iarge scale plant in
initial cost, and operating costs must also be proportionate to the scale of
production. Low operating costs require high energy eHciency, minimizing
natural gas costs, simplicity of operation and minimizing or avoiding the need for

attention from full-time plant operators,
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While the amount of beat required by the reforming reactions is fixed by
thermodynamics, the overall efficiency of energy usage in the plant is dependent .
upon the effectiveness with which heat is recovered from the hot syngas and hot
combustion flue streams to preheat the cold feeds to reforming temperatures and
raise the necessary steam. High-effectiveness feed-effluent heat exchangers and
the use of flue-heated pre-refoﬁners can assist in this regard. Importantly, whilst
large-scale reforming systems might claim energy efficiency credit for the energy
content of excess steam exported to other processes on the site, small-scale
reforming systems are unlileely to have an export destination available for excess

steam and hence its production does not enhance efficiency.

Both initial capital costs and operational simplicity may be enhanced by
‘minimizing the use of active control, using instead passive control techniques
where possible. For example, the suitable splitting of a single stream to pass to
several components connected in paraliel can be achieved by arranging for
suitable relative pressure drops through those components, without the use of
control valves. As a further example, the temperature of a stream exiting a heat
exchanger can be held within close limits by arranging for the hear exchanger to

operate with a small temperatare pinch.

An addidonal consideration in small-scale systems is that the user might not
operate continuously at or near full plant capacity, in contrast to large-scale plants.
Therefore modulation of throughput through a wide range should be achievable

anrd subject to automation, as should fast start-up and shut-down procedures.
The small-scale reformer should also minimize maintenance requirements,

Thus, there is a need for a small-scale reforming process and apparatus which will
accomplish the goal of being capital and operating cost-competitive with large.
scale systems as 4 result of simplicity of control, monitoring and maintenance

together with high energy efficiency.
Brief Summary

In some embodiments, a gaseous hydrocarbon-steam reforming process and/or
apparatus may be designed to limit the occurrence of metal dusting conditions to

localized portions of the apparawus or process. In some embodiments, the
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localized portions of the apparatus or process to which the occurrence of metal
dusting conditions are limited may include a fuel pre-heater wherein a fuel/air
mixture is partially combusted to heat a fuel stream from below the metal dusting
temperature to above the metal dusting temperature. In some embodiments, the

localized portions of the apparatus or process to which the occurrence of metal

' dusting conditions are limited may include an air pre-heater wherein a fuel/air

mixture is combusted to heat an air stream from below the metal dusting
temperature to above the metal dusting temperatire. In some embodiments, the ‘
localized portions of the apparatus or process to which the occurrence of metal
dusting conditions are limited may include a pértion of the piping adjacent to a
quench heat exchanger where a portion of the syngas stream formed during the
reformer process is quenched from above the metal dusting temperature to below
the metal dusting temperﬁmre. In some embodiments, the localized portions of
the apparatus or process to which the occurrence of metal dusting conditions are
limited may include a portion of the process piping where the quenched syngas is
mixed with a second portion of the syngas that has not been quer%chcd.

Accordingly, in some embodiments, the gaseous hydrocarbon-steam reforming

process may include

a) preheating one or more air streams to form one or more preheated air
streams;

by combining at least one air stream with a portion of at least one fuel stream

to form a fuel/air mixture having a temperature below metal dusting conditions;

<) partially combusting the fuel in a portion of the fuel/air mixture to form a
heated foel stream having a temperature above metal dusting conditions for use in

one or more reformer stages;

d) combusting a portion of the fuel/air mixture in the presence of at least one
of the preheated air streams to form a heated air stream having a temperature
ahove metal dusting conditions for use in reforming for use in one or more

reformer stages;

e) heating one or more water streams to form steam;
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5 mixing the steam with one or more gaseous hydrocarbon streams to form a

gaseous hydrocarbon-steam stream;

2 heating and partially reforming the gaseous hydrocarbon-steam stream in
one or more pre-reforming stages to form a reformer stream, wherein throughout
the one or more pre-reforming sta'ges the gaseous hydrocarbon-steam stream has a
combination of temperature and composition that avoids metal dusting and

coking conditions;

h) reforming the reformer stream in one or more reformer stages to form a
synigas stream and 2 flue gas stream, wherein throughout the one or more
reforming stages the reformer stream has a combination of temperature and

composition that avoids metal dusting and coking conditions;

i) recovering heat from the flue gas stream to provide heat to the pre-

reforming stages in step g) and to provide preheating to the warter stream; and

i} recovering heat from the syngas stream to preheat the air stream from step

a) and to provide heat to form steam in step ).

In some embodiments, the process or apparatus COmprises a process or apparatus
for steam reforming of gaseous hydrocarbons to produce syngas where the feed
rate of the gaseous hydrocarbon is from 1 t¢ 10,000 standard cubic meters per
hour (*SCMH"). 1n some embodiments, the process or apparatus is configured to
minimize, avoid or localize the occurrence of metal dasting and/or coking
conditions throughout the steam reforming process, Preferably, the process or
apparatus is configured to avoid metal dusting conditions in the heat exchangers,
reforming stages and pre-reforming stages of the process or apparatus. Preferably,
the process or apparatus is configured to avoid coking conditions in the fuel feed

streams, in the pre-reforming and reforming stages and/or in the syngas streams.

In some embodiments, the process or apparatus comprises a process or apparatus
for steam reforming of gaseous hydrocarbons to produce syngas, where the
process has a hydrocarbon conversion of greater than 50% and less than 95%. In
some embodiments, the process or apparatus comprises a process or appararus
for steam reforming of gaseous hydrocarbons to produce syngas, where the

process has an energy efficiency of greater than 50%. In some embodiments, the
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PEOCESS Or APPardtus COmPprises a process or apparatus for steam reforming of
gaseous hydrocarbons, wherein all steam required for the process is generated
and used within the process, i.e. there is no steam export from or import into the

process,

In some embodiments, a process or apparatus for steam reforming of gaseous
hydrocarbons comprises a passive fow control system whereby the appropriate
amount of fuel and air are delivered 10 various points in the process, such as the
pre-heaters, the pre-reforming stages and/or the reforming stages by means of
pressuce drop balancing within the hear exchangers, the pre-reformer stages

and/or the reformer stages.

In general, steam reforming of gaseous hydrocarbon streams is believed to involve

the following reactions:

C.H,, + nH,0 < nCO + (n + m/2) H, (1); and

CO + H,0 - COZ + H, @)

Equaﬁon {1} reduces to

CH, + H,0 « CO + 3 H, ' | )

when the gaseous hydrocarbon is methane,

Brief Description of the Drawings

FIG. 1A shows a schematic of an embodiment of a reforming system,

FIG, 1B-shows a schematic of an alternative configuration for a portion of the
reforming system according to FIG. 1A, FIG. 5 and FIG. 7.

FIG, 2A-C show schematics of plates that may be used to form an embodiment of

syngas heat recovery heat exchanger 110 as identified in FIG. 1A.

FIG. 3A-B show schematics of plates that may be used to form an embodiment of
heat exchanger 164 as identified in FIG. 1A, FIG. 5 and FIG. 7.

FIG, 4A-D show schematics of plates that may be used to form an embodiment of
heat exchanger 166 as identified in FIG. 1A, FIG, 5 and FI3. 7.

FIG. 5 shows a schematic of an alternate embodiment of a reforming system.
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FIG. 6A-C show schematics of plates that may be used to form an embodiment of

syngas heat recovery heat exchanger 510 as identified in FIG. 5.
FIG. 7 shows a schematic of an alternate embodiment of a reforming system.

FIG. 8 shows a schematic for an embodiment of reformer module 150 as identified
in FIG. 1A, FIG. 5 and FIG. 7 including a reformer and pre-reformer.

FIG. 9A-F show schematics of plates that may be used to form an embodiment of a

pre-reformer,

FIG. 10A-B show schematics of plates that may be used o form a cell in a pre-

reformer.

FIG. 11A-F show schematics of plates that may be used to form an embodiment of

a reformer,

" FIG. 12A-D show schematics of plates that may be used to form acellin a

reformer,

FIG. 13A-B show a bottom view of a stack plates forming a pre-reformer (FIG, 134)
and reformer (FIG. 13B). '

FIG. 14 shows an illustration of the desired trends of the temperature profiles for

the reformer air stream and the reformer stream in an embodiment.

FIG. 15 shows an embodiment of a flow resistance network for the air and fuel

“streams in a reforming system.

FIG. 16A-D show schematics of plates that may be used to form an embodiment of

a reformer.

FIG, 17 shows a simulated syngas temperature distribution for a reformer cross-

fiow heat exchanger without taking wall conduction into account.

FIG. 18 shows a simulated 'syngas temperature distribution for a reformer cross-

flow heat exchanger taking wall conduction into account.

FIG. 19 shows a graph of the composite hot and cold temperature-enthalpy curves

for the process streams in an embodiment of a reformer system.

FIG. 20 shows a front perspective view of a partial configuration for an

embodiment of a reformer system 100;
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FIG. 21 shows a rear perspective view of a partial configuration for an

embodiment of a reformer system 100 shown in FIG. 20.
DEFINITIONS

Metal dusting conditions: the combination of temperature and composition
within a carbonaceous gaseous environment that leads to corrosive degradation of
structural materials and alloys into dust. In general, metal dusting occurs at
intermediate temperatures between 400 °C and 800 °C and where the activity of
the carbon in the gas phase (“a;") is greater than 1. Because metal dusting is a
result of a combination of temperature and composition in 4 given stream, either
of these variables may be manipulated to avoid or reduce the occurrence of metal
dusting conditions. Accordingly, for some compositions, the upper limit for metal
dusting may be less than 860 °C such as 700 °C or 750°C and the lower limit may
Ire higher than 400 °C such as 420 °C or 450 °C. Thus, it should be understood
that 400 °C to 800 °C is intended as a general rule of thumb, but that there are
exceptions and that metal dusting conditions involve the combination of
composition and temperature. Accordingly, when this application mentions
“metal dusting conditions are avoided or reduced” and the like, it is intended that
the cornbinatioln of the variables that may lead to metal dusting conditions are

avoided or reduced by either manipulating temperature, composition or both,

While not wishing to be bound by any theories, metal dusting is believed to be, for

the most part, a result of the following reactions:
CO+H,«C+HO {4); and
2CO0«CO+C (5)

Accordingly, metal dusting conditions may be avoided or reduced by manipulating
the temperature and/or éomposition of 2 gaseous stream to avoid these reaction
situations and to avoid conditions where a. > 1. Alternatively, the process and/or
apparatus may be designed to limit the occurrence of metal dusting conditions té
localized points of the process and/or apparatus to minimize repair requirements, -
minimize difficulty and cost of repair and minimize requirements for use of costly

alloys or coated materials that are resistant to metal dusting.
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Metal dusting resistant materials: Metal dusting resistant materials are materials
that resist corrosive degradation when exposed to metal dusting conditions. Any
materials that are metal dusting resistant and otherwise are suitable for the
relevant process conditions such as temperature and pressure may be used. In

some embodiments, the metal dusting resistant materials may be Alloy G617, Alloy

617 coated with an aluminide coating or Alloy 800H coated with an aluminide

coating. The aluminide coating may be formed by depositing aluminium onto the
surface of the material, diffusing it into the alloy at high temperature and oxidizing
it,

Catalysts: In general, when the term catalyst is used herein with respect to the
reforming or combustion beds or chambers, it is intended to include any suiiable
catalyst, such as any suitable non-precious or precious metal catalyst or mixtures
and combinations thereof, which may be a structured or unstructured catalyst and
may be a supported or unsupported catalyst. Suitable unstructured catalysts may
inciude porous particulate catalysts which may have their size optimized to
achieve the desired reforming reaction or combustion, while maintaining the
desired pressure drop within the relevant stream, Suitable structured catalysts
may be coated oﬁ a meta]lic' wire mesh or meral foil support or on a ceramic
matrix, In some embodiments, the catalyst may comprise a metal catalyst
comprising a metal selected from: gold, silver, platinum, palladium, ruthenium,
rhodium, osmium, iridium, or rhenium or combinations of one or more thereof
In some embodiments, the catalyst may be a platinum/palladium catalyst on an
alumina washcoat support coated on a fecralloy (iron-chromium-aluminium)

metal foil matrix,

Alternatively, wﬁen using the term catalyst when referring to a water-gas shiﬁ
reactor catalyst, it is intended to inciude any suitable catalyst, such as a non-
precious or precious metal catalyst or mixtures and combinations thereof, which
may be a structured or unstructured catalyst and may be a supported or
unsupported catalyst, Suitable unstructured catalysts may include porous
particulate catalysts which may have their size optimized to achieve the desired

water-gas shift reaction, while maintaining the desired pressure drop within the
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relevant stream, Suitable structured catalysts may be coated on 2 metallic wire

mesh or metal foil support or on a ceramic matrix.
Pescription of the Figures

1n some embodiments, the process or apparatus comprises a process or apparatus
for steam reforming of gaseous hydrocarbons to produce syngas where the feed
rate of the gaseous hydrocarbon is from 1 to 10,000 standard cubic meters per
bour (“SCMH™, such as from 2 to 5000 SCMH, such as 1 to 10, 1¢ to 100, 100 to
1000, 1000 to 10,000, 10 to 4000, 15 to 3000, 20 to 2000, 30 to 1000, 40 to 500,
50 to 250 or 60 t0 100 SCMH. '

In some embodiments, a process or apparatus for steam reforming of gaseous
hydrocarbons to produce syngas, may have a hydrocarbon conversion of 50 % or
greater such as from 50% to 95%, such as from 55% to 90%, from G60% to 85%,
from 65 % to 80% or from 70% to 75%.

In ;zome embodiments, a process or apparatus for steam feformfng of gaseous
hydrocarbons to produce syngas, may have an energy efficiency of from 30% to
909%, such as from 55% to 85%, from 60% to 80% or from 65% t0 75% when
calculated according to the following equation: '
(LHVs* Ms—LVHr* M)
(LHVog * Mrg)

where
LHV, = the amount of heat released per male (or per kg) by combustion of

the syngas product, excluding water latent heat;
M, = the molar (or mass) flow rate of the syngas product;

LHV, = the amount of heat released per mole (or per kg) by combustion of

the fuel, excluding water latent heat;
M; = the molar (or mass) flow rate of the fuel;

LRV, = the amount of heat released per mole (or per kg) by combustion of

the natural gas, excluding water latent heat; and

M, = the molar (or mass) flow rate of the naniral gas.
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In some embodiments, the process or apparatus comprises a process or apparatus
for steam reforming of gaseous hydrocarbons having the efficiencies described
above and wherein all steam required for the provess is generated and used within

the process, i.¢. there is no steam export from, or import into, the process.

In some embodiments, the process or apparatus is configured to minimize, avoid
or localize the occurrence of metal dusting and/or coking conditions throughout.
Preferably, the process or apparatus is configured to avoid metal dusting
conditions in the hear exchangers, the pre-reforming stages and/or the reforming
stages of the process or apparatus. Preferably, the process or apparatus is
configured to avoid coking conditions in the gaseous hydrocarbon feed streams,
the fuel feed strearns, in the pre-reforming and reforming stages and/or in the
syngas streams, In some embodiments, the process and/or apparatus may be
designed to limit the occurrence of metal cllusting conditions to localized points or
COTRPONEents of the process and/or apparatus, such as to localized points of the
process of apparatus that may be designed or constructed from metal dusting
resistant or protected materials and/or configured for easy and/or lower cost

repair and/or replacement.

In some embodiments, the process or apparatus for steam reforming of gaseous
hydrocarbons comprises a passive flow conrrol syétem whereby the appropriate
amount of fuel and air are delivered to various points in the process, such as the
pre-heater and the combustion stages of the reforming system by means of
pressure drop balancing within the heat exchangers, the pre-reformer stages

and/or the reformer stages,

In some embodiments, the gaseous hydrocarbon-steam reforming process
comprises:

partially combusting the fuel in a first fuel/air mixture strearn to heat the first
fuel/air mixture stream for use during reforming of the gaseous hydrocasbon-
steam strean;

combusting a second fuel/air mixture stream to heat an air stream for use during

reforming of the gaseous hydrocarsbon-steam stream; and
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reforming the gaseous hydrocarbon-steam to form a syngas stream and a flue gas

stream.

Partially combusting may comprise catalytically oxidizing at least a portion of the -
fuel in the first fuel/air mixture stream to provide a heated fuel stream. The partial
combustion may use all or substantially all of the air in the first fuel/air mixture
stream. After the partial combustion, the heated fuel stream may be provided to
one or more reformer stages for further combustion to heat or re-heat one or
more air streams, Combusting a second fuel/air mixture stream may comprise
catatytically oxidizing all or substantiaily il of the fuel in the second fuel/air
mixture stream to provide a heated air stream. The heated air stream may be
provided to one or more reformer stzges to provide heat to the gaseous
hydrocarbon-steam stream being reformea. The resulting cooled air stream may
then be heated or re-heated, for example by combustion of a portion of the heated

fuel stream in the presence of the cooled air stream.

In some embodiments, reforming includes pre-reforming the gaseous
hydrocarbon-steam stream to form a reformer stream, prior to reforming the
reformer stream, In some embodiments, reforming includes reducing metal
dusting and/or coking during reforming by heating and pre-refuﬁning the gaseous
hycirocarbon-stcam stream in multiple pre-reforming stages ;:o form a reformer
stream, prior to reforming the reformer stream. In some embodiments, the pre-
reforming includes partially reforming a portion of the gaseous hydrocarbon-
steam stream. In some embodiments, partially reforming includes multiple pre-
reforming stages, each stage including a) heating the gaseous hydrocarbon-steam
stream followed by b) partial catalytic reforming of the gaseous hydrocarbon-
steam stream. The heating may include recovering heat from a fiue gas stream of
the reforming process, The number of pre-reforming stages may be from 1 to 10
such as from 2 to 7 or 3 to 5 pre-reforming stages. In some embodiments, pre-
reforming is performed in multiple stages to help avoid or reduce coking
conditions during pre-reforming and reforming. In some embodiments, coking
conditions are avoided or reduced during pre-reforming by altering the

composition and/or temperature of the gaseous hydrocarbon-steam siream. In
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some embodiments, pre-reforming is conducted in a printed circuit reactor
(“PCR™).

The reformer stream may be reformed in one or more stages of catalytic
reforming. In some embodiments, the reforming is conducted in a2 PCR. In some
embodiments, the reforming comprises from 1 to 40 stages of reforming, such as
from 2 to 35 stages, from 3 to 30 stages, from 5 to 25 stages, from 8 ro 20 stages or
from 10 to 15 stages of catalytic reforming. In some embodiments, reforming the

gaseous hydrocarbon steam stream includes at least three stages of:

ty heating the reformer stream by recovering heat from a heated air stream in

# heat exchanger to form a heated reformer stream and a cooled air stream;
H ) reforming at least a portion of the heated reformer stream; and

iiiy combusting a portion of a partially combusted fuel/air mibxure stream in the

presence of the cooled air stream to re-heat the cooled air stream.,

In some embodiments, heating the reformer stream includes recovering heat in a
heat exchanger from a4 heated air stream, such as the heared air stream made by
combusting the second fuel/air mixture stream, or the heated air stream made by
combusting a portion of the partially combusted fuel/air mixture stream in the
presence of 2 cooled air stream to re-heat the cooled air stream. In some
embodiments, the heat exchanger may comprise a co-flow, a cross-flow ora
counter-flow heat exchanger, Preferably, the heat exchanger comprises a cross-
flow heat exchanger. In some embodiments, the heat exchanger comprises a
printed circuit heat exchanger. Preferably, the pressure drop across the heat

exchariger for the heated air stream is less than 0.1 bar, such as less than 0.09 bar,

) less than 0.07 bar, less than 0.06 bar or less than 0.05 bar, In some embodiments,

the pressure drop across the heat exchanger for the reformer stream is less than
0.3 bar, such as for example, less than 0.4 bar, less than 0.30 bar, less than 0.2 bar

or less than €,1 bar.

Reforming at least a portion of the heated reformer stream may include
catalytically reforming a portion of the heated reformer stream to produce syngas.
The reforming may be conducted through a series of catalytic reformation stages

to maximize hydrocarbon conversion, while reducing or avoiding coking
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conditions in the reformer stream in the reformer. Preferably, the conversion of
the gaseous hydrocarbon occurs according to Equation (1). In addition,
additional production of hydragen may occur via the water-gas shift reaction as

follows: )
CO +H,0—CO, + H, (6).
which may appreach equilibrium during reforming and pre-reforming.

In some embodiments, combusting a portion of the partially combusted fuel/air
mixture stream in the presence of the cooled air stream to re-heat the cooled air
stream includes catalytic combustion of a portion of the partially combusted
fuel/air mixture stream in the presence of the cooled air stream. In some
embodiments, the portion of the partially combusted fuel/air mixture stream is
‘supplied separately to the catalytic combustion chambers of a portion of, or all of, '
the reformer stages. In some embodiments, the portion of the partially
combusted fuel/air mixture stream supplied 1o the reformer stages is the same
amount of the partially combusted fuel/air mixture stream for each reformer stage

supplied.

In other embodiments, the portion of the partially combusted fuel/air mixture
stream supplied to the reformer stages varies depending on the stage supplied. In
some embodiments, the amount of the partially combusted fuel/ir mixture
suppled to one or more of the combusting steps of the second and subsequent
stages of the reformer may be less than that supplied 10 one or more of the
preceding stages. For example, in some embodiments, the amount of the partially
combusted fuel/air mixture stream suppifed may reduce successively for each stage
of reforming and in some embodiments, one or more later stages of reforming
may have no portion of the partially combusted fuel/air mixture stream supplied
to it. Preferably, the amount of the partially combusted fuel/air mixture supplied
to the reformer stages reduces for each successive stage and may be zero for one -

or moQre stages.

The portion of the partially combusted fuel/air mixture stream supplied to each
stage of reforming may be controlied using active or passive controls. Preferably

the portion of the partially combusted fuel/air mixture stream supplied to each
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stage of reforming is controlled using passive flow control. Such passive flow
control may be accomplished by balancing pressure drops in the fuel streams, the
air streams, the fuel/air mixture streams and/or its component streams throughout

the reformer and heat exchange components of the reforming process.

After the last reforming stage has been completed, two streams leave the reformer

from which heat may be recovered. The first stream is the syngas stream, which is

the reformed gaseous hydrocarbon-steam stream. The second stream is the flue
gas stream, which is the air stream leaving the last heat exchanger from the last

reformer stage. Each of these streams is at relatively high temperatures.

In some embodiments, the process or apparatus achieves the efficiencies
described herein in part by recovering heat from the flue gas and/or the syngas
streams leaving the reformer stages. In some embodiments, heat is recovered
from the syngas siream into one or more reactant feed streams, such as one or
more of: 2 gaseous hydrocarbon stream, one or more fuel streams, one or more
air streams and one or more water streams in one or more heat exchangers. In
some embodiments, heat is recovered in one or more heat exchangers from the
flue gas stream to heat the gaseous hydrocatbon-steam stream in oie or more of
the pre-reformer stages. In some embodiments, heat is recovered from the flue
gas stream by both the gaseous hydrocarbon steam-stream and one or more water
streams. In some embodiments where heat is recovercd from the flue gas stream-
by both the gaseous hydrocarbon steam-stream and one or more water streams,
the flue gas strearm is heated prior to exchanging heat with the water stream by
combusting a portion of at feast one fuel stream in the presence of the flue gas
stream. In some embodiments, the water stream recovers heat from both the flue
gas stream and the syngas stream. In some embodiments, heat is recovered from
at least a portion of the syngas stream by quenching at least a portion of the

syngas stream in a quench heat exchanger.

In some embodiments, the gaseous hydrocarbon-steam reforming process

comprises:

a) preheating one or more air streams to form one or more preheated aic

streams;
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- by combining at least one air stream with a portion of at least one fuel stream

to form a fuel/air mixture having a temperature below metal dusting conditions;

<) partially combusting the fuel in a portion of the fuel/air mixture to form a
heated fuel stream having a temperature above metal dusting conditions for use

in one or more reformer stages;

d) combusting a portion of the fuel/air mixture in the presence of at least one
of the preheated air streams to form a heated air stream baving a temperature

above metal dusting conditions for use in one or more reformer stages;
e) heating one or more water streams to form steasy,

£ mixing the steam with one or more gaseous hydrocarbon streams to forma

gaseous hydrocarbon-steam stream;

&) heating and partially reforming the gaseous hydrocarbon-steam stream in
one or more pre-reforming stages to form a reformer stream, wherein throughout
the one or more pre-reforming stages the gaseous hydrocarbon-steam stream has
a combination of temperature and composition that avoids metal dusting and

coking conditions; -

k) reforming' the reformer stream in one or more reformer stages to form a
syngas stream and a flue gas stream, wherein throughout the one or more
reforming stages the reformer stream has a combination of temperature and

composition that avoids metal dusting and coking conditions;

i) recovering heat from the flue gas stream to provide heat to the pre-

reforming stages in step g) and to provide preheating to the water stream; and

i) recovering heat from the syngas stream to preheat the air stream from step

a) and to provide heat to form steam in step €).

In some embodiments, the air stream is preheated by recovering heat from the
syngas stream in a heat exchanger. In this way, at least a portion of the heat
remaining in the syngas stream may be recovered, thereby improving the efficiency
of the process. The air stream may be any suitable air stream, such as a process air
stream or a blown air stream and may be conditioned or unconditioned, such as

filiered or unfiltered, purified or unpurified or humidified or dehumidified.
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Preferably the air stream may be a forced air stream provided from a blower or
other blown air source. Generally, it is preferred that the air is supplied at a
sufficient pressure for the process requirements, while not at an excessive
pressure that may cause inefficiency in the process due to increased blower energy
requirements. Accordingly, the process and apparatus is desirably configured to
minimize the air pressure required in the process, which may be accomplished by
avoiding large pressure drops across process components, such as heat

exchangers, valves, and pre-reforming and reforming stages.

In some embodiments combining at least one air stream with a portion of at least
one fuel stream to form a fuel/air mixture having a temperature below metal
dusting conditions Includes joining an alr stream and a fuel stream. In some
embodiments, the at least one air stream is a portion of the air stream discussed
above either before or after that air siream is preheated. In some embodiments,
the at least one air stream is a portion of the air stream discussed above prior to
pre-heating. In this manner, there may be a single air stream provided to the
system or process that may be split into two or more air streams prior to or after
preheating. One or more of the air streams may be preheated in the same or

different heat exchangers by recovering heat from the syngas stream.

In some embodiments, the fuel stream may be preheated by recovering heat from
the syngas stream, such as in a heat exchanger. In some embodiments, a portion
of the fuel stream that is combined with the at least one air stream is preheated in
the same heat exchanger in which one or more of the air streams described above
is preheated. The fuel stream may be a portion of any suitable combustion fuel
feed stream for steam reforming processes, such as off-gas or tail gas streams from
a pressure swing adsorption process (PSA), from a methanol production process
or from an ammonia production process, or it may be a mixture of an off ~gas Or
tail gas with a gaseous hydrocarbon stream or streams such as narural gas streams,
methane streams, propane streams, mixtures of gaseous hydrocarbons, refinery or
other off gases or tail gases and mixtures or combinations thereof. The conditions
during preheating are preferably maintained to reduce or avoid metal dusting and

coking conditions in the fuel stream and in the heat exchanger,
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The at least one air stream and the portion of the fuel stream may be joined in any
suitable manner, such as by joining the streams to form a single stream using a “Y”
or “T" connector or by adding one stream into the other stream. In some
embodiments, the at least one air stream and the portion of the fuel stream may

be joined in the heat exchanger by combii;mg the heat exchange streams of the

* two or by feeding the streams to the same heat exchanger outlet. Preferably, the

resulting foel/air mixture is fuel rich and capabie only of incomplete combustion -

due to the limited amount of air in the stream.

In some embodiments, after the fuel/air mixture has been formed, it may be split
into two or more streams using any suitable splitting mechanism, such as a *Y” or
“I” connection. At least one portion of the split fuel/air mixrure may be partially
combusted, such as catalytically combusted, to form a heated fuel stream, which
may have a temperature above metal dusting conditions. Preferably, the
combustion is partial as a result of the limited air in the mixture. In some
embodiments, the heated fuel stream may contain substantially no combustible air
and may include fuel and combustion byproducts. In some: embodiments, during
the combustion of the fuel/ir mixture, the stream experiences meztal dusting
and/or coking conditions. In such cases, the components of the stream associated
with the combustion, including the combustion chafnber, are preferably
constructed from metal dusting resistant materials, such as metal dusting resistant
alloys or alloys that have been coated with metal dusting resistant coatings and/or
are configured for easy rcpéir and/or removal and replacement. Preferably, the
temperature and composition of the heated fuel stream, after the combustion, are
appropriate for use in the reformer stages with no further modification and are
such that the heated fuel stream will not experience metal dusting or coking

conditions within the reformer stages.

A second portion of the fuel/air mixture may be combusted, such as catalyricafly
combusted in the presence of a preheated air stream to form a heated air strearn
for the reformer stages. In some embodiments, the heated air stream may have a
temperature above metal dusting conditions. Preferably, the fucl in the fucl/air
mixture is complerely or substantially completely combusted to provide additional

heat to the preheated air stream.
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In some embodiments, heating one or more water streams 1o form steam includes
recovering heat from a flue gas stream and/or a syngas stream. In some
embodiments, recovering heat from a syngas stream includes recovering heat from
& Syngas siream at two different points in the gaseous hydrocarbon-steam
reforming process, such’ as shortly after the syngas stream leaves the reformer

stages and just prior to the syngas stream leaving the process,

In some embodiments, the one or more water streams recovers heat from the flue
gas stream in a heat exchanger after the flue gas stream has left the reforming and |
pre-reforming stages, such as juse prior to the flue gas stream leavihg the
reforming process. In some embodiments, the flue gas stream may be combined
with a portion of the fuel stream and/or the gaseous hydrocarbon stream and then
preheated by combusting, such as catalytically combusting, the portion of the fuel
stream and/or the gaseous hydrocarbon stream in the presence of the flne gas
stream prior to entering the heat exchanger but after the flue gas stream has left
the reforming and pre-reforming stages. In other embodiments, such as
embodiments where the reforming is conducted as a high temperature reforming

process, this combustion step may not be included or used.

In some embodiments, the water stream recovers heat from a portion of the
syngas stream shortly after the syngas stream leaves the reformer stages, the
recovery occurring in a quench heat exchanger 1n which the entering syngas
stream raises steam by exchanging heat with 2 water stream in a heat exchanger
that is submerged in the water. In such embodiments, because the hear exchanger
is submerged in water, metal dusting conditions are avoided as a result of the
relatively constant metal temperature due to boiling of the water, in conjunction
with insufficient pressure to raise the boiling point of the water to metal dusting
‘temperatures. Though the heat exchanger does not experience metal dusting
conditions, the syngas stream, shortly before entering the quench heat exchanger,
may. Accordingly, that portion of the syngas piping within at least five pipe
diameters of the entrance to the heat exchanger is preferably construeted from
metal dusting resistant materials, such as metal dusting resisfant alloys or alloys
that have been coated with metal dusting resistanr coatings and/or is configured

for easy repair and/or removal and replacement. In some embodiments, all or a
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majority of the steam raised and used in the gaseous hydrocarbon-steam
reforming process is raised in the quench hear cxchanger. In some embodiments,
the syngas stream is split to form a first syngas stream and a second syngas stream
and heat is recovered in the quench heat exchanger from one of the first and the

second syngas streams.

In some embodiments, the water stream recovers heat from the syngas stream just
prior to the syngas stream leaving the gaseous hydrocarbon-steam reforming
process. ' In some embodiments, this heat recovery occurs in the same heat
exchanger as the heat recovery for the air and fuel streams as discussed above. In
other embodiments, 4 separate heat exchanger is used for the hear recovery iato
the water stream from the‘synga;s stream just prior to the syngas stream leaving the

gaseous hydrocarbon stedm reforming process.

In some embodiments, after the one or more water streams have been heated td
produce steam, the steam is mixed with one or more gaseous hydrocarbon
sireams to form a gaseous hydrocarBon-steam stream, The mixing may be
accomplished by joining a steam stream with a gaseous hydrocarbon stream to
form a single stream using any suitable means such as using a “Y" or "T" connector
or by adding one stream into the other stream. In some embodiments, the
gaseous hydrocarbon streams has been preheated, such as preheated by recovering
heat from the syngas stream, such as in the same or a different heat exchanger as
the heat recovery for the air and fuel streams as discussed above. The gaseous
hydrocarbon stream may be any suitable gaseous hydrocarbon stream for steam
reforming, such as natural gas, methane, propane, mixtures of gaseous
hydrocarbons, refinery or other flue gases and mixtures or combinations thereof.,
In some embodiments the ratio of steam to gaseous hydrocarbon in tﬁe gaseous
hydrocarbon-steam stream may be indicated by a ratio of steam to carbon. In
some embodiments the ratio of steam to carbon in the reformer stream may be
from 1:1 to 12:1, such as from 2:1 to 10:1, from 3:1 to 8:1 or from 4:1 to 6:1.

In some embodiments, the gaseous hydraocarbon-steam stream is pre-reformed in
one or more pre-reforming stages. In some embodiments, the one or more pre-
reforming stages include heating and partially reforming the gaseous hydrocarbon-

steam stream to form a reforming stream. In such embodiments, the partial



10

15

20

25

30

(100) JP 2014-5203 A 2014.1.16

WO 2008/154678 PCT/AU2008/000870

21

reforming may comprise one or more stages of heating the gaseous hydrocarbon-
steam stream by recovering heat from the flue gas stream followed by partial
catalytic reformation of the gaseous hydrocarbon-steam stream. In some
embodiments, at least 2 stages of pre-reforming are performed, such as from 2 to -
10, from 3 to 10, from 4 1o 8 or from 5 1o 7 pre-reforming stages such as 2 or
more, 3 or mé)rc, 4 or more or 5 or more pre-reforming stages. In some
embodiments, coking conditions are avoided in the pre-reforming stages by
modifying the teinperature of the gaseous hydrocarbon-steam stream and/or by
modifying the composition of the gaseous hydrocarbon-steam stream by heating
and partially reforming it to avoid such conditions. In addition, in some
embodiments, the pre-reforming stages provide a reformer stream to the first stage

of reforming that avoids metal dusting and coking conditions.

Reforming of the reformer stream in one or more reformer stages to form a syngas
stream and a flue gas stream may be accomplished as described elsewhere herein
including the control of the heated fuel stream supplied to the individual stages.
For example, in some embodiments, the reforming may be accomplished in one
or more reformer stages, each stage comprising: i) heating the reformer stream by
recovering heat from a heated air stream to form a heated reformer stream and a
cooled air stream, ii) reforming at least a portion of the heated reformer stream;
and iif) combusting a portion of a heated fuel stream in the presence of the cooled
air stream to form the heated air stream for the next stage. Preferably, the
reformer stream has 2 combination of temperature and composition that avoids

coking and metal dusting conditions throughout the reformer stages.

In some embodiments, an apparatus for steam reforming of a gaseous

hydrocarbon comprises:

) 2 fuel pre-heater that partially combusts the fuel in a first fuel/air mixture to
form a heated fuel stream, the heated fuel stream being combusted in a reformer

module;

b) an air pre-heater that combusts 2 second fuel/air stream in the presence of
an air stream to form a heated air stream, the heated air stream supplying heat to

the reformer module; and
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<) a reformer module for forming a syngas stream from a reformer stream,

The fuel and air pre-heaters may comprise any suitable catalytic combustion
chamber and may comprise a separate catafyﬁc reactor Of Ay comprise a
modified section of pipe that has been loaded with structured or unstructured
catalyst. In general, the caralytic combustion involves catalyde oxidation of
combustible components in the refevant stream to produce heat as a result of the -
highiy exothermic oxidation reaction. The combustion reaction may be catalyzed
using any suitable catalyst and/or may include or comprise non-catalytic

combustion in conjunction with an ignition source or a flame source for start-up,

In some embodiments, the reformer module may comprise one or more, such as 2
or more, 3 or more, 4 or more, 5 or more, 6 or more, 7 or more, 8 or more, 9 or

. more or 10 or more pre-reformer stages. In some embodiments, the refoemer
module may comprise from 2 to 10, 3 to 8 or 4 to 7 pre-reformer stages. After the
pf‘e-reformer stages, the reformer module may comprise from 1-40 reformer

* stages, _5th as from 2 to 35 stages, from 3 to 30 stages, from 5 to 25 stages, from 8
to 20 stages or from 10 to 15 reformer stages. Each pre-reformer stage may
comprise at least one heat exchanger and at least one pre-reforming bed. Any
suitable heat exchanger and catalytic pre-reforming bed may be used.

In some embodiments, the one or more pre-reformer stages may comprise a PCR.
The PCR may be configured similar to a printed circuft heat exchanger (‘PCHE”) as
known in the art, with catalyst chambers or beds intermittently placed within the -
flow path of the gaseous hydrocarbon-steam stream such that the stream may be
alternately heated in a hear exchanger or hear exchange portion and then partially
reformed catalytically in a catalyse chamber or bed in a series of pre-reforming
stages. In this regard, the PCR may comprises a series of plates having one or
multiple channels for flow of the gaseous hydrocarbon.steam stream and the flue
gas stream in proximity to each other to exchange heat. The channels for the
individual streams may be etched or otherwise formed on separate plates, which
may then be stacked and diffusion bonded or otherwise bonded into a heat
exchanger configuration such that the channels are brought into close proximity
with each other and heat is exchanged through the channel walls. The stacking
may include stacking of end plates, bounding plares and specific configurations of.
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gaseous hydrocarbon-steam and flue gas plates according to the desired heat
transfer. The channels on each plate may be configured for single or multiple pass
heat transfer between the sireams, and when formed into a PCR may be
configured to operate in co-flow, cross-flow or counter-fiow. In some
embodiments, the plates for one of the streams may be configured for multiple
passes, while the plates for the other stream are configured for single passes.

Each of the gaseous hydrocarbon-steam and flue gas plates may include multiple
pre-reforming catalyst chamber or bed penetrations, such that when the plates are
stacked and bonded into a heat exchanger configuration, the plates form multiple
heat exchange zones, where heat is exchanged from the flue gas channels into the
gaseous hydrocarbon-steam stream channels, and multiple reforming zones,
where the heated gaseous hydrocarbon-steam stream is partially catalytically
reformed. The reforming zones may be formed by aligning the pre-reforming
catalyst chamber or bed penetrations when the plates are stacked 1o form
chambers in which catalyst may be placed either, supported or unsupported.

In this regard, in some embodiments the PCR may operate as follows: the gaseous
hydrocarbon-steam stream may enter the gaseous Iiydrocarbon-steam stream plate
channels of the PCR, where it may be heated by the hot stream, which may be the
flue gas stream from the reformer stages flowing in the channels of the flue gas
piafe. After heating, the gaseous hydrocarbon-steam stream plate channels may
direct the gaseous hfdrocaxbon-steam stream to a pre-reforming chamber or bed
containing catalyst, in which the gaseous hydrocarbon-steam stream may be
partially catalytically reformed. After being partially reformed, the gaseous
hydrocarbon-steam stream may proceed into plate channels further along the
plate, where the stream will be re-heated by flue gas flowing in the flue gas plate
channels of the flue gas plate. In this manner, the partial reforming may included
muliiple iterations of the heating and partial reforming in a single structure
comprising end plates, bounding plates one or more flue gas plates and gaseous

hydrocarbon-steam plates,

Afier the pre-reformer stages, the reformer module may comprise from 1-40
reformer stages, such as from 2 to 35 stages, from 3 to 30 stages, from 5 1o 25
stages, from 8 to 20 stages or from 10 to 15 stages of catalytic reforming. The
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reformer module may be configured in any suitable manner for converting the
reformer stream leaving the pre-reformer stages into syngas. Such reforming may
include one or more heat exchangers that heat the reformer stream by recovering
heat from a hot stream, such as éheated air stream. The hot stream may provide
sufficient heat to the reformer stream to promote reforming in one or more
catalytic reforming beds. The reforming beds may catalytically reform the
reformer stream in an endothermic reaction, thereby cooling the reformer stream.
The reformer stream may then be re-heated by reco‘}ering heat from a hot stream,
such as a heated air stream and then may be directed to one or more additional
reformer beds. In this manner, the steps may be repeated through the reformer

stages.

In some embodiments, the reformer module xria.}r comprise multiple stages, where
each stage includes i) 2 heat exchanger that heats the reformer stream by
recovering heat from a heated air stream to form a cooled air stream; i) a
reforming béd'tha; reforms the heated reformer stream; and i) a combustion
chamber that combusts a portion of a heated fuel stream to re-heat the cooled air

siream,

In some embodiments, the apparatus may include a fuel distribution control
network that is configured to passively control the amount of the heated fuel
stream that is supplied to eacﬁ combustion chamber in the reformer stages. This
configuration may be obtained by designing the apparatus and the individual heat
exchange and reformer components of the apparatus to balance the pressure
drops in the air and the fuel streams throughout the apparatus to supply the
appropriate amount of air and fuel to each combu;s&cm chamber in the reformer
stages. In some embodiments, the fuel distribution control network is configured
to supply an amount of the heated fuel stream to one ¢r more of the combustion
chambers of the second and subsequent reformer stages that is less than the
amount of the heated fuel stream supplied to one or more of the preceding stages.
In some embodiments, the fuel distribution control network is configured o
supply an amount of the heated fuel stream to each of the combustion chambers
of the second and subsequent reformer stagés that is less than the amount of the

beated fuel stream supplied to the preceding stage.
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As with the pre-reforming stages, in some embodiments, the reformer stages may
comprise 2 PCR. In some embodiments, the PCR maldng up the reformer stages
may be comprised of end plates, bounding plates, air flow plates, fuel flow plates,
and reformer stream plates. Each of the active plates may include flow channels
for the relevant feed stream (air, fuel or reformer), multiple catalytic combustion
chamber penetrations and multipie catalytic reforming bed penetrations. When
combined into a stack and diffusion bonded or bonded otherwise, the multiple
catalytic combustion chamber penetrations and multiple catalytic reforming bed
penetrations of each plate may be aligned with the corresponding penetrations of
the other plates in the stack to form multiple catalytic combustion chambers and

multiple catalytic reforming beds.

In some embodiments, such a printed circuit reactor may operate as follows, A
heated air stream flows through the fiow channels of the air flow plates and
exchanges heat with the reformer stteam flowing through the flow channels of the
reformer plate to heat the reformer stream and cool the air stream. The reformer
stream then enters the first catalytic reforming bed, where it is catalytically
reformed in an endothermic reaction, cooling the reformer stream and converting
a portion of the stream to syngas. The cooled air stream proceeds to the first
catalytic combustion chamber where it is joined by a portion of the heated fuel
stream, which is catalytically combusted to re-heat the air stream. The re-heated
air stream then exchanges heat with the cooled reformer stream and the process
may be repeated through multiple stages. In some embodiments, the portion of
the heated fuel stream is supplied in paralle] to each of the combustion chambers.
in some embodiments, each combustion chamber is supplied with the same
amount of fuel from the heated fuel stream. Preferably, the amount of the heated
fuel stream supplied to each of the combustion chambers after the first
cornbustion chamber is reduced relative to the preceding combustion chamber,
Preferably, the supply of the heated fuel stream is passively controlled. Ultimately,
the streams leaving the reformer module comprise a syngas stream formed from
the reformer strearm and a flue gas stream comprising the air stream, any residual

fuel components and the fuel combustion components.



10

15

20

23

30

(105) JP 2014-5203 A 2014.1.16

WO 2008/154678 PCT/AUZO08/G00879

26

in some embodiments, the appafatias for steam reforming of a gaseous
hydrocarbon may further include at least one heat exchanger that recovers heat
from the syngas stream after it leaves the reformer module, In some
embodiments, the apparatus comprises at least two heat exchangers for recovering
heat from a portion of the syngas stream. In some embodiments, at least one of
the at least one heat exchangers is a quench heat exchanger. The quench heat
exchanger may comprise a heat exchanger that is submerged in water, A portion
of the hot syhgas may enter the quench heat exchanger ata temperature at/or
above metal dusting temperatures and may be quenched to a temperature below
metal dusting conditions. Because the heat exchanger is submerged in water, the
heat exchanger never sees metal dusting conditions because the temperature of
the water will remain essentially constant as it boils and as a result of the high heat
sransfer coefficient of boiling water the metal of the submerged heat exchanger
will remain essentially at the boiling temperature of the water. The stcam
produced by quenching the syngas stream in this manner moay be combined with
the gaseous hydrocarbon stream prior to entering the reformer module. Though
the quench exchanger avoids metal dusting conditions, a portion. of the syngas
piping adjacent to the entrance 0 the quench exchanger may experience metal

dusting conditions and thus this portion of the apparatus is preferably constructed

from metal dusting resistant materials or from material coated with 2 metal

dusting resistant coating and/or is configured for casy repair and/or removal and

replacement.

The submerged heat exchanger is preferably a PCHE that relies on a
thermosyphon effect to exchange the heat from the syngas stream into the water,
circulating water through the exchanger as a result of the density differences
between the boiling water and the single phase water. The PCHE may comprise
one of more syngas plates and one or more water plates which together may be
the “active” plates within the exchanger. The syngas plates may have multiple flow
channels etched or otherwise provided thereon through which the syngas flows.
The water plates may have multiple flow channels etched or otherwise provided
thereon, through which the water/steam flows. The water and syngas plates, along
with bounding plates and/or endplates may be stacked into a heat exchanger

configuration. In this configuration, the PCHE may comprise a series of stacked
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and diffusion bonded or other wise bonded plates having multiple channels for
flow of the syngas and water sireams in proximiry to each other to exchange heat
from the syngas streams to the water streams, The PCHE may be formed by
stacking end plates, bounding plates and specific configurations of syngas and
water stream plates according to the desired heat transfer. The channels on each
plate may be configured for single or multiple pass heat transfer between the
streams, and when formed into a heat exchanger may be configured to operate in
co-flow, cross-flow or counter-flow. Preferably, the beat exchanger formed from
the plates is configured in co-flow to avoid dryout in the passages on the water
side of the exchanger. In some embodiments, the plates for one of the streams
may be configured for multiple passes, while the plates for the other are

configured for single passes.

The water level in the quench exchanger may be controlied using any suitabie
method such as known water level control means for controlling boiler water
tevels. The submerged heat exchanger may be partially or completely submerged,
provided that sufficient water is present to ensure that metal dusting conditions
are avoided in the heat exchanger. In some embﬂdiments, the quench exchanger
raises the bulk of the steam for combination with the gaseous hydrocarbon

streain,

In some embodiments, at least one of the heat exchangers that recover heat from
the syngas stream comprises a syngas heat recovery heat exchanger. In some
embodiments, the syngas heat recovery heat exchanger exchanges heat from the
syngas stream into at least one stream selected from: one or more air stream, one
or more fuel streams, one Or more water streams and one of MOre FASCOUs
hydrocarbon sireams. In some embodiments, the syngas heat recovery heat
exchanger comprises a multi-stream heat exchanger. The syngas heat recovery
heat exchanger may comprise a multi-stream heat exchanger that is a multi-stream
PCHE. The multi-stream PCHE may comptise One Or more syngas plates and one
or more reactant feed plates, which together may be the active plates within the
exchanger. The syngas plates may have multiple flow channels etched or
otherwise provided thereon through which the syngas flows. The reactant feed

plates may have multiple flow channels etched or otherwise provided thereon,
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through which the various reactant feeds flow. For example, in some

embodiments, the reactant feed plates may have one or more €ts of flow channels

. for one or mMore air streams, one of MOre scts of flow channels for one or more

fuel streams, one or more sets of flow channels for one Or more gaseous
hydrocasbon streams and/or one Of MOre seis of flow channels for 6ne or more
water streams, The reactant feed and syngas plates, alorig with bounding plates
and/or endplates may be stacked into a heat exchanger configuration. In this
configuration, the PCHE may comprise a sertes of stacked and diffusion bonded or
other wise bonded plates havieg multiple channels for flow of the syngas and
reactant feed streams in proximity to each other to exchange heat from the syngas
streams to the reactant feed streams The stacking may include stacking of end
plates, bounding plates and specific configurations of syngas and reactant feed
stream plates according to the desired heat transfer. The chaonels on each piate
may be configured for single or multiple pass heat transfer between the streams,
and when formed into a heat exchanger may be configured to operate in co-flow,
cross-flow or counter-flow. Preferably, the syngas heat rccovéry heat exchanger
operates in counter-flow or in 2 multi-pass cross-flow approximation of counter-
flow to maximize heat recovery from the syngas stream. In some embodiments,
the plates for one or some of the streams may be configured for multiple passes,
while the plates for the one or some of the other streams are configured for single

passes.

In some embodiments, the at least one heat exchangers that recovers heat from
the syngas stream comprises a quench heat exchanger and a syngas heat recovery

heat exchanger.

In some embodiments, the apparatus comprises at ieast one heat exchanger that
recovers heat into a water stream from a flue gas stream after the flue gas stream
leaves the reformer module. In some embodiments, such z heat exchanger
comprises a PCHE as described elsewhere herein, where the active plates of the
PCHE are one or more flue gas plates and one or more water plates. In some
embodiments, such as in embodiments where the reformer module is runiin a
reduced reforming temperature mode or ina higher pressure reforming mode,

the flue gas stream may be pre-heated prior to entering the PCHE for exchange of
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heat with the water stream. Such pre-heating may include catalytic combustion of
a portion of at least one fuel stream or a portion of at least one gaseous
hydrocarbon stream in the presence of the flue gas stream. The catalytic
combustion may be conducted in a flue gas pre-heater which may be configured
substantially the same as the air pre-heater discussed previously. The flue gas pre-
heater may be used to heat the flue gas to provide increased heat to the water
stream, thereby increasing the ratio of steam to carbon that is ultimartely fed to the
reformer module and promoting a more favorable equilibrium for the reforming
reaction for a given pressure and temperature, making the flue gas pre-heater an

attractive option for lower temperarare of higher pressure reformer modules.

In sore embodiments, especially embodiments where a high hydrogen
concentration is desired in the syngas stream, the apparatus may include a water-
gas shift reactor. The water gas shift reactor may promote catalytic production of

hydrogen according to Equation (6).

The water-gas shift reactor preferably receives the syngas stream at a temperature
sufficiently below metal dusting temperatures that the exit equilibrium
temperature from the reactor is also below metal dusting temperatures. In some
embodiments, multiple water-gas shift reactors may be used in series to further
increase the hydrogen content of the syngas stream. The water-gas shift reactor
may be similar to a catalytic combustion chamber and may comprise a separate
catalytic reactor or may comprise a modified section of pipe that has been loaded
with structured or unstructured catalyst, and which preferably may include a

suitable precious rﬁetai catalyst.

In some embodiments, the apparatus is configured to avoid or reduce metal
dusting conditions and coking conditions in all heat exchangers, pre-reforming

stages, reforming stages and water-gas shift reactors within the apparatus.

In some embodiments, the apparatus for steam reforming of a gaseous

hydrocarbon comprises:

a) a syngas heat recovery heat exchanger that recovers heat from a syngas

stream.to heat at least one air stream;
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b) an air flow splitter that splits the air stream into a first air stream and 4
second air stream, the first air stream connecting to 2 fuel stream to form a fuel/air

mixture;

©) a fuel Aow spfier that splits the fuel/air mixture into a first fuel/air stream
and a second fuel/air stream, the first fuel/air stream connecting o a fuel pre-

heater and the second fuel/air stream connecting to an air pre-heater;

d) a fuel pre-heater that partially combusts the fuel in the first fuel/air stream

to form a heated fuel stream;

e) an air pre-heater that combusts the second fuel/air stream in the presence

of the second air stream to form a heated air stream,;

£ a pre-reformer that partially reforms 2 heated gaseous hydrocarbon sweam -

in the presence of steam to form 2 reformer stream;
£ a reformer that reforms the reformer stream to form a syngas stream;

h) a quench exchanger that recovers heat from the syngas stream o form or

assist in forming steam from a water stream for the pre-reformer.

Some embodiments of the apparatus will now be detailed with reference to the
Figures. [t should be understood that the apparatuses detailed are only by way of
'example and that various modifications and changes to the apparatuses may be
made without departing from the scope of the processes and apparatuses defined
herein as understood by those of skill in the art. Examples of such changes may
include, but are not limited to, the type and number of reactant streéams, they type
and number of each of the heat exchangers and combustion chambers/pre-heaters,
the type, number and configurations of the pre-reforming and reforming stages,
the materials of construction, the heat exchanger and piping configurations and
sizes, the placement and type of valves, the temperatures and pressures in the
streams, the flow-rates and compositions of the various streams, the type and

number of water-gas shift reactors if any and the catalyst types and compositions.

Referring to FIG. 1A, in some embodiments, a gaseous hydrocarbon-steam
reforming system or apparatus 100 may include at least four reactant feed streams:
_ a gaseous hydrocarbon feed stream 102, a fuel feed stream 104, an air feed stream

106 and 2 water feed stream 108. Gaseous hydrocarbon feed stream 102 may feed
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any suitable %aseous hydmcarbon stream for steam reforming, inchuding natural
gas, methane, propane, othci gaseous hydrocarbons, mixtures of gaseous
hydrocarbons, refinery or other flue gases and mixtures or combinations thereof
into system 100. Preferably, gaseous hydrocarbon feed stream 102 is sufficiently -
low in impurities (such as sulfur) to provide acceptable reforming and/or water-
gas shift catalyst life. In some embodiments, gaseous hydrocarbon feed stream
102 is natural gas or methane. Gaseous hydrocarbon feed stream 102 may enter
reforming system 100 a1 any temperatuse and pressure suitable for the system.
Preferably, the pressure is equal to or ahove the pressure of syngas stream 180
leaving the reformer module 150. in some embodiments, the gasecus
hydrocarbon feed stream 102 enters system 100 at a pressure between 10 bara and
100 bara, such as between 10 bara and 90 bara, between 10 bara and 75 bara,
petween 10 bara and 60 bara, berween 10 bara and 50 bara, berween 10 bara and
40 bara, between 10 bara and 30 bara, between 10 bara and 20 bara, between 10
bara and 18 bara, between 11 bara and 17 bara, between 12 bara and 16 bara,
between 13 bara and 15 barz or between 13.5 bara and 14,5 bara. In some
embodiments, gaseous hydrocarbon feed stream 102 enters systern 100 at any
suitable temperature, such as the supply temperature or at room temperature, but
preferably above the dew point temperature for the stream. In some
‘embodiments, gaseous hydrocarbon feed stream 102 enters systern 100 ata
temperature between about -40 °C and 250 °C, such as between -29 and 200 °C,
berween -10 an d 150 °C, between -10 °C and 100 °C, between 0 and 90 °C,
between 0 °C and 75 °C, between 5 °C and 65°C, between 10 °C and 50 °C,
between 15 °C and 40 °C, between 15 °C and 35 °C, between 20 °C and 30 °C or
between 20 °C and 25 °C. | '

Fuel feed stream 104 may be any suitable combustion fuel feed stream for steam
reforming processes, such as off-gas or tail streams from a pressure swing
adsorption process (P8A), from a methanol production process or from an
ammonia production process and may include or be enriched with other fuel
components such as a gascous hydrocarbon stream, Or streams such as natural gas
streams, methane streams, propane streams, mixtures of gasecus hydrocarbons,
refinery or other fluc gases and mixtures or combinations thereof, In some

embodiments, a portion of gaseous hydrocarbon feed stream 102 or another
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gaseous hydroearbon stream may be provided as at Icast a portion of fuel feed
strearn 104. In some embodiments, fuel feed stream 104 may include residual
gaseous hydrocarbons and/or hydrogen from syngas stream 192 after downstream
processing. Fuel feed stream 104 may enter reforming system 100 at any
temperature and pressure suitable for the system. In some embodiments, such as
embodiments when fuel feéd stream 104 comprises a PSA off-gas or tail stream,
fuel feed stream 104 enters system 100 at a pressure less than 10 barg, such as less
than 8 barg, less than 5 barg, less than 2.5 barg, less than 1 barg, less than 0.75
barg, less than 0.5 barg, less than 0.4 barg, less than 0.3 barg, less than 0.2 barg,
less than 0.15 barg, less than 0.10 barg or less than 0.075 barg. In some
embodiments, such as when fuel feed stream 104 comprises a methanol synthesis
purge, fuel feed stream 104 may enter the system at a pressure that is substantially
higher, in which case, the pressure may be stepped down using any suitable
means for stepping down pressures of gaseous streams. In some embodiments,
fuel feed stream 104 enters system 100 at any suitable temperature, such as the
supply temperature or at room témperamre, but preferably above the dew point
of the stream, In some embodiments, fuel feed stream 104 enters system 100 ata
temperature between -40 °C and 350 °C, suchlas between -30 °C and 300 °C,
between -20 °C and 250 °C, between -10 °C and 200 °C, between -5 °C and 150 °C,
between 0 °C and 100°C, between 0 °C and 50 °C, bet;ween 5 °C and 40 °C,
between 10 °C and 35 °C, between 15 °C and 30 °C or berween 20 °C and 25 °C.

Air feed stream 106 may be any suitable air feed stream, such as a forced air feed
stream or a compressed air feed stream, that provides sufficient oxygen for
combustion processes within the reforming system 100. In some embodiments,
the air feed stream may be enriched with additional oxygen or may be purified to
remove or Hmit the presence of one or more particulate or gaseous components
or contaminants. In some embodiments, air feed stream 106 enters system 100 at
a pressure less than 1 barg, such as less than 0.75 barg, less than 0.50 barg, less
than 0.40 barg, less than 0.30 barg, less than 0.20 barg, less than 0.15 barg, less
than 0.10 barg or less than 0.075 barg. In some embadiments, air feed stream 106
enters system 100 at any suitable temperature, such as the supply temperatire Of
at room temperature, but preferably above the stream’s dew point temperature.

" In some embodiments, air feed stream 106 enters systerm 100 at a temperature
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between -40 °C and 350 °C, such as petween -30 °C and 300 °C, between -20 °C
and 250 °C, between -10 °C and 200 °C, between -5 °C and 150 °C, between 0 °C
and 100°C, between 0 *C and 50 °C, between 5 °C and 40 °C, between 10 °C and
35 °C, between 15 °C and 30 °C or between 20 °C and 25 °C.

Water feed stream 108 may be any suitable water feed 'stream and may be an
untreated, a treated, a purified ora conditioned water stream. Preferably, the
water has been treated to meet at least boiler feedwater standards appropriate for
the operating temperatures and pressures to avoid scale formation within the heat
exchangers and/or excessive blowdown requirements. In some embodiments,
water feed stream 108, may have been heated above ambient temperature ina
water heater or boiler prior to entering the process. In some embodiments, water
feed siream 108 may comprise steam produced ourside of the process, in which
case it may be directly mixed with gaseous hydrocarbon stream 102 just prior to
entering the reformer module 150, in which case the heat exchange configuration
for FIG. 1A may be changed. Preferably, all of the necessary steam is generated
 within the process from water stream 108 with no steam export from the process
or import into the process. In some embodiments, water feed stream 108 enters
‘system 100 at any suitable pressure above the pressure of syngas stream 180
leaving the reformer module, such as between 10 bara and 100 bara, such as
between 10 bara and 90 bara, between 10 barz and 75 bara, between 10 bara and
60 bara, between 10 bara and 50 bara, between 10 bara and 49 bara, between 10
bara and 30 bara, between 10 bara and 20 bara, between 10 bara and 18 bara,
between 11 bara and 17 bara, between 12 bara and 16 bara, between 13 bara and
1% bara or between 13.5 bara and 14.5 bara. 1n some embodiments, water feed
-stream 108 enters system 100 at any suitable temperature, such as the supply
temperature or at room temperature. 1n some embodiments, water feed stream
108 enters system 100 at a temperature just above freezing and below boiling,
such as between 0.1 °C and 350 °C, between 2.5 °C and 250 °C, between 5 °C and
150 °C, between 10 °C and 125 °C, between 15 °C and 100 °C, between 15 *Cand
75 °C, between 15 °C and 50 °C, between 15 °C and 40 °C, between 15 °C and 35
°C, between 20 °C and 30 °C or between 20 °C and 25 °C. Water feed stream 108
may be pre-heated in heat exchanger 109 which may be separate from or may be

part of syngas heat recovery heat exchanger 110. In some embodiments, heat
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exchanger 109 is combined with syngas heat recovery heat exchanger 110ina
single PCHE. ‘

One or more of the reactant feed streams, such as from 20 10, 3to S or 4106
reactant feed streams or 2, 3, 4, 5, 6, 7, 8, 9 or 10 reactant feed streams, may be
pre-heated in one or more syngas heat recovery heat ekéhangers 119. In some
embodiments, at least one air feed stream, such as air feed stream 106 or air feed
stream 107 is pre-heated in exchanger 110, In other embodiments and as shown,
exchanger 110 may be a multi-stream heat exchanger where more than one '

reactant feed stream is pre-beated.

in some embodiments, including the embodiment as shown in FIG. 1A, fuel feed

“stream 104 optionally may be split via fuel stream splitter 113 into fuel feed stream
105 and flue gas fuel stream 112 prior to entering syngas heat recovery heat .
exchanger 110. Both streams 105 and 112 may then be heated in syngas heat
recovery heat exchanger 110. Alternatively, fuel feed stream 104 may be split after
leaving exchanger 110, but preferably prior to combining with combus'tion air
stream 114, Fuel feed stream 104 may be split using any suitable means of
splitting the flow, either before or after the syngas heat recovery heat exchanger
110, such as a "I or “Y” piping connection, and may be split to divert sufficient
fuel from fuel feed stream 104 via flue gas fuel stream 112 for combustion in the
presence of flue gas stream 160 to provide additional heat to water feed stream
108. Fuel stream splitter 113 may be a piping junction or any other suitable flow
splitting mechanism, may include a valve 113a as shown, or other suitable splitting
device for controlling flow of the fuel, may be split and the flow controlled using
passive means which maintain the desired downstream fuel/air ratio for feed o
fuel pre-heater 120, air pre-heater 122, and flue gas pre-heater 175 throughout a
broad range of flow magnitudes. Such passive means may include control of the
flow path geometry based on pressure drops and a desired Reynolds number

range within the relevant flow paths.

Similarly, in some embodiments, including the embodiment as shown in FIG. 14,
air feed stream 106 may be split into air feed stream 107 and combustion air
stream 114 prior to entering syngas heat recovery heat exchanger 110 via air flow

splitter 115. Both streams 107 and 114 may then be heated in syngas heat
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recovery heat exchanger 110. In some embodiments, exchanger 110 is configured
such that combﬁstion air stream 114 combines with fuel feed stream 105 in
exchanger 110 to form fuel/air mixture stream 118 prior fo exiting the exchanger.
Alernatively, air feed stream 106 may be split after leaving exchanger 110. Air
flow splitter 115 may be any suitable means of splitting the flow of air feed stream
106 either before or after the syngas heat recovery heat exchanger 110, such as a
» or “Y” piping connection, as long as combustion air stream 114 connects with
the fuel feed stream 105 prior to the fuel/air flow splitter 116. The air flow splitter
115 diverts sufficient air from air feed stream 106 via combustion air stream 114
into fuel feed stream 103, preferably prior to the ﬁxel;’air flow splitter 116 to form
a fuel/air mixture stream 118 with sufficient air for partial combustion of fuel from
fuel feed stream 105 in the fuel pre-heater 120. Air flow splitter 115 may be a
piping junction or any other suitable flow splitting mechanism, may include a
valve 115a as shown, or other suitable splitting and control device, or the air flow
may be split and the flow controlled using passive means which maintain the
desired downstream fuel/air ratio for feed to fuel pre-heater 120 and air pre-heater
122 throughout a broad range of flow magnitudes, Such passive means may
include control of the flow path geémezry pased on pressure drops and a desired

Reynolds number range within the relevant flow paths.

The syngas heat recovery heat exchanger 110 may be any suitable heat exchanger
and may exchange heat between the enteriﬁg bhot and cold streams using co-flow,
counter-flow or cross-flow heat exchange. Preferably, the syngas heat recovery
heat exchanger is a PCHE and exchanges heat using éounter—ﬂow heat exchange or
an approximation tO counter-flow heat exchange using multi-pass ccoss flow
exchange in an overall counter-flow direction. In some embodiments, the syngas
heat recovery heat exchanger recovers heat from the syngas stream before it exits
the reformer system 100 for further processing, such as, for example, in a pressure
swing adsorption system, a membrane separation system, 4 methanol production
system or in an ammonia production system. The syngas heat recovery heat
exchanger 110 may recover heat from the syngas stream 190 to preheat one or '
more reactant feed streams, including one or more gascous hydrocarbon streams,
one or more fuel streams, one or more air streams, and/or one Or MOre water

streams. In order to avoid or reduce metal dusting, the syngas stream 190
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preferably enters the heat exchanger 110 ata temperature that is below the metal
dusting temperature. Preferably the syngas stream 190 leaves the heat exchanger
110 at a temperature and pressure suitable for any further downstream

processing.

. In some embodiments, the syngas heat recovery heat exchanger 110 may comprise

a PCHE that is constructed from a series of plates as shown in FIG. 2A-C. The
plates may be combined into a stack and diffusion bonded or otherwise bonded to
one another to provide heat exchange between the entering hot and cold streams.
In general the fiow paths for each of the streams may be formed in the plates by
etching, milling or other suitable process and may be configured to provide for
the desired heat exchange, while limiting pressure drop for one or more streams
across the heat exchanger. Preferably, the entering syngas stream 190 is below
metal dusting temperatures thereby ensuring that metal dusting conditions are

avoided within syngas heat recovery heat exchanger 110.

Referring to FIG. 2A-C, in some embodiments, syngas heat recovery heat
exchanger 110 may Comprise one Of More ounding plates 210, one or more
syngas plates 230 and one or more reactant feed plates 260. In the embodiment
shown in FIG. ZA-C, the plates in conjunclion with suitable endplates (not
shown), when appropriately stacked and formed into a heat exchanger, will form a
syngas heat recovery heat exchanger 110 that includes heat exchanger 109. Each
of the plates may be constructed from materials suitable for the purpose and the
conditions present in exchanger 110. Examples of suitable materials for
constructing plates 210, 230 and 260 include 316 stainless steel and 304 stainless
steel and the plates may independently have the thicknesseé described in Table 1.

In some embodirments, the plates ma}; each be 1,6 mm thick.

FIG. 2A shows a bounding plate 210 having a syngas flow path 211 comprising at
least one flow channel 212 connecting syngas inlets 213 with syngas outlets 214.
Bounding plates 210 ensures thaf all of the reactant feed plates 260 have hot
stream plates on both sides, either a bounding plate 210 or a syngas plate 250 and
help to balance the heat Joad and heat flux throughout the height of the stack.
Bounding plate 210 may have one Of MOre independent flow channels 212, which

with adjacent ridges may be sized to provide for safe pressure containment and a
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cost effective combination of heat transfer capacity znd pressure drop. In some
embodiments, independent flow channels 212 may each comprise a generally
semicircular cross-section and may have the dimensions described in Table 1. In
some embodiments, independent flow channels 212 may each have a semicircular
cross-section with a width of about 1.95 mm, a depth of about 1.10 mm and about
0.4 mm ridges. Though a specific number of independent flow channels 212 are
shown, it should be understood that syngas flow path 211 may comprise any
suitable number of indepcndent‘ flow channels configured appropriately

according to the individual needs of the system.

Though FIG. 2A shows syngas flowpath 211 asa multi-pass flow path, flow path
211 may also comprise a direct counter flow, co-flow, cross flow or single pass
flow path comprising multiple independent channels. In some embodiments )
syngas flow path 211 may comprise more than one pass, each pass comprising a
single reversal in flow direction, such 23 from 2 vo 100 passes, 5 to 75 passes, 10 to
60 passes, 15 to 50 passes or 20 to 40 passes. Preferably, syngas flow path 211
comprises a multi-loop flow path having 5 passes or greater, 10) passes or greater,
15 passes or greater, 20 passes or-greater, 23 passes or greater (:;r 30 passes or
greater where the passes are in cross flow during heat exchange and where the
syngas flows in a generally counter-flow direction relative to the flows on the

reactant feed plate 260,

Bounding plate 210 also includes air feed stream penetrations 215 and 216,
combustion air stream penetration 217, fuel feed stream penetration 218, fuel/air
mixture stream penetration 227, flue gas fuel stream penetrations 219 and 220,
gaseous hydrocarbon feed stream penetrations 221 and 222, syngas stream

penetrations 223 and 224 and water stream penetrations 225 and 226.

Referring to FIG. 2B, syngas plate 230 includes syngas inlets 231, syngas outlets
232 and syngas flow path 233. Syngas flow path 233 may comprise one or |
multiple syngas independent flow channels 234. The channels 234 and adjacent
ridges may be sized to provide for safe pressure containment and a cost effective
combination of heat transfer capacity and pressure drop. In some embodiments,
syngas independent flow channels 234 may each comprise a generally semicircular

cross-section and may have the dimensions described in Table 1. In some



10

15

20

25

30

(117) JP 2014-5203 A 2014.1.16

WO 2008/134678 PCT/AU2008/000879

38

embodiments, independent flow channels 234 may each have a semicircular cross-
section with & width of about 1.95 mm, a depth of about 1.10 mm and 0.4 mm
ridges. Though a specific pumber of independent flow chanﬁcls 234 are shown, it
should be understood that syngas flow path 233 may comprise any suitable
number of independent fow channels configured appropriately according to the

individual needs of the system.

Though FIG. 2B shows syngas flow path 253 as a multi-pass flow path, fiow path

' 233 may also comprise a direct counter flow, co-flow, cross flow or single pass

flow path comprising multiple independent chanpels. In some embodiments
syngas flow path 233 may comprise more than one pass, each pass comprising 2
single reversal in flow direction, such as from 2 to 100 passes, 5 to 75 passes, 10 to
60 passes, 15 to 50 passes or 20 to 40 passes. Preferably, syngas flow path 233
comprises a counter-flow flow path which may be approximated by a multi-pass
flow path having 5 passes or greater, 10 passes or greater, 15 passes or greater, 20
passes Or greater, 25 passes Or greatcr or 30 passes or greater where the passes are
in cross flow during heat exchange, but the syngas flows in a generally cross flow
or counter-flow direction relative to the air, fuel and gaseous hydrocarbon flows

on the reactant feed plate 260,

Syngas plate 230 also includes air feed stream penetrations 235 and 236,
combustion air stream penetration 237, fuel feed stream penetration 238, fuel/air
mixture stream penetration 247, flue gas fuel stream penetrations 239 and 240,
gaseous hydrocarbon feed stream penetrations 241 and 242, syngas streaim

penetrations 243 and 244 and water sircam penetrations 245 and 246.
+

Referring to FIG. 2C, reactant feed plate 260 has a water stream flow path 261
which connects water stream inlets 262 and water stream outlets 263 as shown in
the lower left portion of the reactant feed plate 260. Water stream flow path 261
may comprise one or multiple independent flow channels 264. This portion of
reactant feed plate 260, when formed into a heat exchanger corresponds to the
water flow streams for heat exchanger 109 as indicated in FIG. 1A, Flow channels
264 and adjacent ridges may be sized 10 provide for safe pressure containment
and a cost effective combination of heat transfer capacity and pressure drop. In

some embodiments, independent flow channels 264 may each comprisc a
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generally semicircular cross-section and may have the dimensions described in
Table 1. In some embodiments, independent flow channels 264 may each have a
semicircular cross-section with a width of about 1.90 mm, a depth of about 1.10
mm and about 0.4 mm ridges. Though a specific number of independent Sow
channels 264 are shown, it should be understood that water stream flow path 261
may comprise any suitable number of independent flow channels configured

appropriately according to the individual needs of the system.

Though FIG. 2C shows waiter siream fiow path 261 as a multi-pass flow path, flow
path 261 may also comprise a direct counter flow, co-flow, cross flow or single
pass flow path comprising multiple independent channels. In some embodiments
water stream flow path 261 may comprise more than one pass, each pass
comprising a single reversal in flow direction, such as from 2 to 100 passes, 5 to
75 passes, 10 to 60 passes, 15 to 50 passes Or 20 to 40 passes. Preferably, water
stream flow path 261 comprises a multi-pass flow path having 5 passes Or greater,
10 passes or greater, 15 passes or greater, 20 passes or greater, 25 passes of
greater or 30 passes or greater where the passesare in cross flow during heat
exchange, but flow in a generally counter-flow direction relative to the flow of the

Syngas stream,

Reactant feed plate 260 also includes air feed flow path 265 with air feed inlet 266
and air feed outlet 267, combustion air feed flow path 268, with combustion air
feed inlet 269, fuel feed flow path 270 with fuel feed inlet 271 and fuel/air mixtare
outlet 272, flue gas fuel flow path 273 with fue gas fuel inlet 274 and flue gas fuel
outlet 275 and gaseous hydrocarbon flow path 276 with gaseous hydrocarbon
inlet 277 and gaseous hydrocarbon outlet 278. Each of fow paths 263, 268, 270,
273 and 276 may comyprise one or multiple independent flow channels 279, 280,
281, 282 and 283 respectively. In general, each of independent flow channels
279, 280, 281, 282 and 283 and adjacent ridges may be sized to provide for safe
pressure containment and a cost effective combination of heat teansfer capacity
and pressure drop, In some embodiments, independent flow channels 279, 280,
281, 282 and 283 may each independently comprise a generally semicircular cross-
section and may each independently have the dimensions described in Table 1. In

some embodiments, independent flow channels 279, 280, 281, 282 and 28% may
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each have a semicircular cross-section with a width of about 1.90 mm, a depth of

" about 1.10 mm and about 0.4 mm ridges. In some embodiments the inlet and
outlet portions of independent flow channels 283 may each have a semicircular
cross-section with 2 width of about 1.75 mm, 2 depth of about 1.00 mm and 0.5
mm ridges. Though a specific number of independent flow channels 279, 280,
281, 282 and 283 are shown, it should be understood that flow paths 265, 268,
270, 273 and 276 may independently comprise any suitable number of
independent flow channels configured appropriatcly according to the individual
needs of the systezﬁ. ' -

Though FIG. 2C shows flow paths 265, 268, 270, 273 and 276 as direct cross flow
or single pass flow paths, in some embodiments flow paths 265, 268, 270, 273 and
276 may independently comprise more than one pass, each pass comprising 2

single reversal in flow direction, such as from 2 to 20 passes, 210 10 passes or 2 to
5 passes. Preferably, flow paths 265, 268, 270, 273 and 276 each comprise a direct

or single pass cross flow flow path. In FIG. 2C, combustion air flow path 268 is

" configured to provide for mixing the combustion air stream 114 of FIG. 1A, with

fuel feed stream 105 inside exchanger 110 by directing air flowing through flow
path 268 and fuel flowing in flow path 270 to the same outlet, fuel/air mixture
outlet 272, Whén configured in this manner, there is no separate joining of these
streams downstream of syngas heat recovery heat exchanger 110 as is depicted in
FIG. 1A.

Reactant feed plate 260 also includes air feed stream penetrations 285 and 286,
combustion air stream penetration 287, fuel feed stream penetration 288, fuel/air
mixture stream penetration 289, flue gas fuel stream penetrations 290 and 291,
gaseous hydrocarbdn feed stream penetrations 292 and 293, syngas stream

penetrations 294 and 295 and water stream penetrations 296G and 297.

In some embodiments, the plates used to form embodiments of syngas heat
recovery heat exchanger 110 may be stacked and diffusion bonded or otherwise
bonded in any suitable order to form a heat exchanger. In some embodiments,
the plates may be stacked and diffusion bonded or otherwise bonded in order as
follows: at least one 1 end plate {(not shown), 1 bounding plate 210, multipie heat

exchange cells, each heat exchange cell comprising 4 reactant feed plate 260



10

15

20

25

30

(120) JP 2014-5203 A 2014.1.16

WO 2008/154678 PCT/AUI08/00D8TH

41

followed by a syngas plate 230, 1 additional reactant feed plate 260, 1 bounding
plate 210, and at least 1 end plate (not shown). Accordingly, in some ‘
embodiments the order of printed circuit heat exchange plates in a given stack
may have the following pattern (Endplate = “E”, bounding plate 210 = “B”,
reactant feed plate 260 = “R”, syngas feed plate 230 = “§"): EBRSRSRS. .. RS
R B E. The end plates may be biank plates with no flow path circuitry and may be
insulated to enhance heat transfer and limit hear loss, The end plates may serve as
lids to the chambers and flow access paths formed by alignment of the
penetrations and support conncction of the relevant streams to heat exchanger
110, such as via ports or headers in fluid connection with the chambers and flow
paths. Accordingly, the endplates should be thick enough to accommodate the
pressures in each of the penetrations and to support the ports or headers. In
some embodiments, a single endplate is used for each end of the exchanger 164,
where the endplate is thicker than the other plates, In other embodiments,
multiple endplates may be used ‘at each end to provide sufficient thickness to

support or provide for the headers or ports.

In some embodiments, syngas heat recovery heat exchanger 110 comprises from 5
to 30 heat exchange cells, such as from 7-25, from 8.20, from 9 to 17 or from 10 to
15 heat exchange cells, each heat exchange cell comprising a reactant feed plate
260 and a syngas plate 230. In preferred embodiments for reforming 2 SCMH of
natural gas using PSA off-gas as fuel, syngas heat recovery heat exchanger 110
comprises at least 14 heat exchange cells. In one preferred embodiment, syngas
heat recovery heat exchanger 110 comprises 2 bounding plates 210, 14 heat
exchange cells, an additional reactant feed plate 260 and 5 endplates and
comprises plates that are each 1.65 mm thick giving a stack that is 57.75 mm tall.
The number of plates and heat exchange cells may be modified according to
production needs, heat exchange efficiency, number of feed streams and other

parameters,
When the various plates are stacked and diffusion bonded or atherwise bonded to

form a heat exchanger, preferably the various corresponding penetrations on each

of the plates are aligned to form flow access paths or chambers for the various

. reactant feeds. In some embodiments, air feed stream penetrations 215, 235 and
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285 and 216, 236 and 286 are aligned to form access flow paths or chambers

through which air feed stream 107 may be supplied to and may exit, respectively,
from the reactant feed plates 260 of the heat exchanger. In some embodiments
combustion air stream penetrations 217, 237 and 287 are aligned to form access
flow paths or chambers through which combustion air stream 114 tay be
supplied to the reactant feed plates 260 of the heat exchanger. In some
embodiments, fuel feed stream penetrations 218, 238 and 288 are aligned to form
access flow paths or chambers through which fuel feed stream 105 may be
supplied 1o the reactant feed plates 260 of the heat exchanger. In some
embodiments, fuel/air mixture stream penetrations 227, 247 and 289 are aligned
to form access flow paths or chambers through which fuel feed stream 107 in
combination with combustion air stream 114 may exit the reactant feed plates 260
of the heat exchanger. In some embodiments, flue gas feed stream penetrations
219, 239 and 290 and 220, 240 and 291 are aligned 10 form access fow paths or A
chambers through which flue gas fuel stream 112 may be supplied to and may
exit, respectively, the reactant feed plates 260 of the heat exchanger. In some
embodiments, gaseous hydrocarbon feed stream penetrations 221, 241 and 292
and 222, 242 and 293 are aligned to form access flow paths or chambers through
which gaseous hydrocarbon feed stream 102 may be supplied to and may exit,
respectively, the reactant feed plates 260 of the heat exchanger. In some
embodiments syngas gas stream penetrations 213, 231 and 294 and 224, 244 and
295 are aligned to form access flow paths or chambers through which syngas
strearn 190 may be supplied to and may exit, respectively, the syngas plates 230
and bounding plates 210 of the heat exchanger. In some embodiments, water
feed stream penetrations 225, 245 and 277 and 226, 246 and 296 are aligned to
form access flow paths or chambers through which water feed stream 108 may be
supplied to and may exit, respectively, the reactant feed plates 260 of the heat
exchanger, V

In addition to aligning the various penetrations, the stacking of the plates

preferably places the independent channels making up flow paths 265, 268, 270,
273 and 276 in close proximity to the independent channels making up flow paths

-211 and/or 233 to facilitate heat transfer between the relevant streams through the

walls of the respective independent channels.
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In operation, gaseous hydrocarbon stream 102 may enter syngas heat recovery
heat exchanger 110 at essentially the pressure and temperature it enters the
reformer system 100 and inay leave exchanger 110 at a pressure between 10 bara
and 100 bara, such as between 10 bara and 90 bara, between 10 bara and 75 bara, -
between 10 bara and 60 bara, between 10 bara and 50 bara, between 10 bara and
40 bara, between 10 bara and 30 bara, berween 10 bara and 20 bara, between 10
bara and 18 bara, between 11 bara and 17 bara, between 12 bara and 16 bara,
between 13 bara and 15 bara; or between. 13.5 bara and 14.5baraand ata
temperature between 200 °C and 375 °C, such as between 225 °C and 375 °C,
between 250 °C and 370 °C, between 275 and 365 °C, between 300 and 2360 °C or
between 325°C and 355 °C. Preferably, the temperature of stream 102 leaving
syngas heat recovery heat exchanger 110 is within 100 °C of the tempéramre of
syngas stream 190, such as within 90 °C, 80 °C, 70 °C, 60 °C 50 °C, 40 °C 30 *C or
within 20 °C of the temperature of syngas steam 190. Preferably the pressure drop
for gaseous hydrocarbon stream 102 across exchanger 110 is less than 0.50 bara,
such as for example, less than 0.40 bara, less than 0.30 bara, less than 0.20 bara or
less than 0.10 bara.

In some embodiments, fuel feed stream 105 may enter syngas heat recovery heat
exchanger 110 at a pressure less than 10 barg, such as less than 8 barg, less than 5
barg, less than 2.5 barg, less than 1 barg, less than 0.75 barg, less than 0.5 barg,
less than 0.4 barg, less than 0.3 barg, less than 0.2 barg, less than 0.15 barg, less
than 0.10 barg or less than 0.075 barg. In some embodiments, fael feed stream
105 enters syngas heat recovery heat exchanger 110 at any suitable temperamre,
such as the supply temperature or 4t room temperature. kn some embodiments,
fuel feed stream 105 enters syngas heat recovery heat exchanger 110 ata
temperature between -40 °C and 350 °C, such as between -30 °C and 300 °C,
hetween -20 °C and 250 °C, between -10 °C and 200 °C, bet;ween -5 °C and 150 °C,
hetween 0 °C and 100°C, berween 0 °C and 50 °C, between 5 °C and 40 °C,
between 10 °C and 35 °C, between 15 °C and 30 °C or between 20 °C and 25 °C,
In some embodiments, fuel feed stream 105 may leave exchanger 110 ata
pressure less than 10 barg, such as less than 8 barg, less than 5 barg, less than 2.5
barg, less than 1 barg, less than 0.75 barg, less than 0.5 barg, less than 0.4 barg,
less than 0.3 barg, less than 0.2 barg, less than 0.15 barg, less than 0.10 barg or
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less than 0.075 barg and at a temperature between 200 °C and 375 °C, such as
between 225 °C and 375 °C , between 250 °C and 370 °C, between 275 and 365 °C,
between 300 and 360 °C or between 525"0 and 355 °C. Preferably, the
temperature of stream 105 leaving syngas heat recovery heat exchanger 110 is
within 100 °C of the temperature of syngas stream 190, such as within 90 °C, 80

°C, 70 °C, 60 °C 50 °C, 40 °C 30 °C or within 20 °C of the temperarure of syngas
steam 190. Preferably the pressure drop for fuel feed stream 103 across exchanger -
110 is less than 0.10 bar, such as less than 0,09 bar, less than 0.07 bar, less than
0.06 bar or less than 0,05 bar. \

I*‘Eue gas fuel stream 112 may ender syngas heat recovery heat exchanger 110 ata
pressure less than 10 barg, such as less than 8 barg, less than 5 barg, less than 2.5
barg, less than 1 barg, less than 0.75 barg, less than 0.5 barg, less than 0.4 barg,
less than 0.3 barg, less than 0.2 barg, less than Q.15 barg, less than 0,10 barg or
less than 0.075 barg and at any suitable temperature, such as at the supply
temperature Or at rOoom temperature, or such as at a temperature between -40 °C
and 350 °C, such as between -30 °C and 300 °C, between -20 °C and 250 °C,
petween -10 °C and 200 °C, between -5 °C and 150 °C, between 0 °C and 100°C,
hetween 0 °C and 50 °C, between 5 °C and 40 °C, berween 10 °C and 35 °C,
between 15 °C and 30 °C or between 20 °¢ and 25 °C. In some embodiments, flue
gas fuel stream 112 may leave exchanger 110 at a pressure less than 10 barg, such
as Iess than 8 barg, less than 5 barg, less than 2.5 barg, less than 1 barg, less than
0,75 barg, less than 0.5 barg, less than 0.4 barg, less than 0.3 barg, less thun 0.2
barg, less than 0.15 barg, less than 0.10 barg or less than 0.075 barg and at a
temperature between 200 °C and 375 °C, such as between 225 °C and 375°C,
between 230 °C and 370 °C, between 275 and 365 °C, between 300 and 360 °C or
between 325°C and 355 °C. Preferably, the temperature of stream 112 leaving
syngas heat recovery heat exchanger 110 is within 100°C of the temperatufe of
syngas stream 190, such as within 90 °C, 80 °C, 70 °C, 60 °C 50 °C, 40 °C30°Cor
within 20 °C of the temperature of syngas steam 190. Preferably the pressure drop
for fiue gas fuel stream 112 across exchanger 110 is less than 0.10 bar, such as less

than 0.09 bar, less than 0.07 bar, less than 0.06 bar or less than 0.05 bar.
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Combustion air stream 114 may enter syngas heat recovery heat exchanger 110 at
a pressure less than 1 barg, such as less than 0.75 barg, Iess than 0.50 barg, less
than 0.40 barg, less than 0.30 barg, less than 0.20 barg, less than 0.15 barg, less
than 0.10 barg or less than 0.075 barg and at any suitable temperature, such as at
the supply temperature or at room temperare, or such as at a temperature
between -40 °C and 350 °C, such as between -30 °C and 300 °C, between -20°C
and 250 °C, between -10 °C and 200 °C, between -5 °C and 150 °C, between 0 *C
and 100°C, between 0 °C and 50 °C, between 5 °C and 40 °C, between 10 °C and
35 °C, between 15 °C and 30 °C or between 20 °C and 25 °C. In some

embodiments, combustion air stream 114 may leave exchanger 110 at a pressure

‘Jess than 1 barg, such as less than 0.75 barg, less than 0.50 barg, less than .40

barg, less than 0.30 barg, less than 0.20 barg, less than 0.15 barg, less than 0.10
barg or less than 0.075 barg and at a temperature between 200 °C and 375 °C,
such as between 225 °C and 375 °C , between 250 °C and 370 °C, between 275 and
365 °C, between 300 and 360 °C or between 325°C and 355 °C, Preferably, the

temperature of stream 114 leaving syngas heat recovery heat exchanger 110 is

. within 100 °C of the temperature of syngas stream 190, such as within 90 °C, 80

°C, 70 °C, 60 °C 50 °C, 40 °C 30 °C or within 20 °C of the temperature of syngas
steam 190, Preferably, the pressure drop for combustion air streamn 114 across
exchanger 110 is less than 0.10 bar, such as less than 0.09 bar, less than 0.07 bar,

{ess than 0,06 bar or less than Q.05 bar.

Air feeci stream 107 may enter syngas heat recovery heat exchanger 110 ata -
pressure less than 1 barg, such as less than 0.75 barg, less than 0.50 barg, less than
0.40 barg, less than 0,30 barg, less than 0.20 barg, {ess than 0.15 barg, less than
0.10 barg or less than 0,075 barg and at any suitable temperature, such as at the
supply temperature of 4t room temperature, or such as at a temperature between -
40 °C and 350 °C, such as between -30 °C: and 300 °C, between -20 °C and 250 °C,

‘petween -10 °C and 200 °C, between -5 °C and 150 °C, between 0 °C and 100°C,

between 0 °C and 50 °C, between 5 °C and 40 °C, between 10 °C and 35 °C,
petween 15 °C and 30 °C or between 20 °C and 25 °C. In some embodiments, air
feed stream 107 may leave exchanger 110 at a pressure les_s than 1 barg, such as
less than 0.75 barg, less than 0.50 barg, less than .40 barg, less than 0.30 barg,
tess than 0.20 barg, less than 0.15 barg, less than 0.10 barg or less than 0.073 barg
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and at a temperature between 200 °C and 375 °C, such as between 225 °C and 375
°C , between 250 °C and 370 °C, between 275 and 365 °C, between 300 and 360 °C '
of between 325°C and 335 °C. Preferably, the temperature of stream 107 leaving
syngas heat recovery heat exchanger 110 is within 100 °C of the temperature of
syngas stream 190, such as within 90 °C, 80 °C, 70 °C, 60 °C 50 °C, 406 °C 30 °C or
within 20 °C of the témper#ture of syngas steam 190, Preferably, the pressure

_drop for air feed stream 107 across exchanger 110 is less than 0.10 bar, such as

less than 0,09 bar, less than 0.07 bar, less than 0.06 bar or less than 0.05 bar.

Syngas stream 190 may cnter syngas heat recovery heat exchanger 110 ata
teraperature of between 200 °C and 450 °C, such as between 300 °C and 420 °C,
between 325 °C and 400 °C, between 350 °C and 400 °C, between 37% *C and 400
s, between 385 °C and 400 °C or between 385 °C and 395 °C and at a pressure
below the pressure of syngas stream 180 leaving reformer module 150, such as
petween 10 bara and 100 bara, betwcen 10 bara and 90 bara, between 10 bara and
75 bara, between 10 bara and 60 bara, between 10 bara and 50 bara, berween 10
bara and 40 bara, between 10 bara and 30 bara, between 10 bara and 20 bara,
between 10 bara and 18 bara, between 11 bara and 17 bara, between 12 bara and
16 bara, between 13 bara and 15 bara or between 13.5 bara and 14,5 bara and may
leave exchanger 110 at a temperature of between 75°C and 200 °C, between 100
°C and 180 °C, between 125 °C and 170 °C or between 130 °C and 150 °Cand ata
pressure between 10 bara and 100 bara, such as between 10 bara and 90 bara,
between 10 bara and 75 bara, between 10 bara and 60 bara, between 10 bara and
50 bara, between 10 bara and 40 bara, between 10 bara and 30 bara, between 10
bara and 20 bara, between 10 bara and 18 bara, between 11 bara and 17 bara,
between 12 bara and 16 bara, between 13 bara and 15 bara or between 13,5 bara
and 14.0 bara. Preferably, the pressure drop for syngas stream 114 across
exchanger 110 is less than 0.50 bar, such as for example, less than 0.40 bar, less
than 0.30 bar, less than .20 bar or less than 10 bar.

Syngas Stream 191 leaving syngas heat recovery heat exchanger 110 may proceed
to heat exchanger 109, Wheré it'may exchange heat with water stream 108,
Preferably, heat exchanger 109 is combined with heat exchanger 110 iato a single

PCHE. Syngas stream may enter heat exchanger 109 (whether as a portion of heart
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exchanger 109 or separately) at the temperature and pressure that it left heat .
exchanger 110 and may leave exchanger 109 at a temperature of between 75°C
and 200 °C, between 100 °C and 180 °C, between 125 °C and 170 °C or between (
130 °C and 150 °C and at a pressure of between 10 bara and 100 bara, between 10
bara and 90 bara, between 10 bara and 75 bara, between 10 bara and G0 bara,
between 10 bara and 50 bara, between 10 bara and 40 bara, between 10 bara and
30 bara, between 10 bara and 20 bara, berween 10 bara and 18 barz, between 11
para and 17 bara, between 12 bara and 16 bara, between 13 bara and 15 bara or .
between 13,5 bara and 14.5 bara. Preferably, water stream 108 leaves heat
exchanger 109 within 20 °C of the inlet temperature of syngas stream 191.-

Water stream 108 may énter heat exchanger 109 (whether as a portion of heat
exchanger 110 or separately) at essentially the tempéramre and pressure that it
enters system 100 and may leave heat exchanger 109 at a temperature of between
95 °C and 200 °C, such as between 110 °C and 190 °C, between 115 °C and 180 °C,
between 120 °C and 170 °C or between 130 °C and 150 °C and at a pressure equal
to or above the pressure of stream 180 leaving reformer module 150, such as
between 10 bara and 100 bara, between 10 bara and 90 bara, between 10 bara and
75 bara, berween 10 bara and 60 bara, between 10 bara and 50 bara, between 10
bara and 40 bara, berween 10 bara and 30 bara, between 10 bara and 20 bara,
between 10 bara and 18 bara, between 11 bara and 17 bara, between 12 bara and
16 bara, between 13 bara and 15 bara or between 13.5 bara and 14.5 bara.

Combustion air stream 114 may be combined with fuel feed stream 105 inside
syngas heat recovery heat exchanger 110 or after leaving heat exchanger 110 as
shown in FIG. 1A to form fuel/air mixture stream 118 and fuel air mixture stream
118 may be split via fuel/air flow splitter 116 into fuel preheat miture 119 and air
preheat mixture 117. Fuel/air flow splitter 116 may be a piping junction or any
other suitable flow splitting mechanism, may include a valve, or other suitable
splitting device for controlling flow or the fuel/air flow may be split and the How
controlled using passive means which maintain the desired downstream fuel/air
ratio for feed to fuel pre-heater 120 and air pre-heater 122 throughout a broad

range of flow magnitudes.
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Alternatively, in some embodiments, the details of the configuration of the fuel
and air streams entering and leaving the syngas heat recovery heat exchanger and
proceeding to the pre-heaters may appear as in FIG. 1B. FIG 1B shows fuel feed
stream 105, combustion air stream 114 and air feed stream 107 entering a portion
of syngas heat recovery heat exchanger 110. In FIG. 1B, combustion air stream
114 does not combine with fuel feed stream 105 prior to entering fuel pre-heater
120 and instead joins with fuel preheat stream 119a, which is not an air/fuel
mixture in this embodiment, at pre-heater 120. In such a case fuel feed stream
105 may be split into air preheat fuel stream 1172 and fuel preheat stream 119,
with neither stream including air from combustion air stream 114, and fuel stream
117a may be fed as a pure fuel stream into air pre-heater 122. In such a case, the
details of the resistance network and the pressure balances in FIG. 15 would be
slightly different. In some embodiments, such as embodiments where the
hydrogen and carbon monoxide content of the fuel streams is sufficient for
catalytic combustion, pre-heaters 120 and 122 may fae configured to mix the
entering air and pure fuel streams prior to passing the mixed stream 10 the catalyst’
beds or chambers for catalytic combustion. Alternatively, pre-heaters 120 and 122
may be configured with an ignition éource for start-up, such as a spark source or a
beating element, to provide for non-catalytic (homogencous) combustion of all or
at least a portion of the fuel stream. In such cases at least a portion of the non-
catalytic combustion would need to occur in a diffusion flarme, while some of the
rion-catalytic combustion could occur in a premixed Hame. The pre-heaters may
also be configured for both non-catalytic combustion and catalytic combt;stion of
the fuel stream. '

‘Referring to FIG. 1A, fuel preheat mixture 119 may be partially catalytically

combusted in fuel pre-heater 120 to provide heat to reforming fuel stream 124:
Fuel pre-heater 120 may be any suitable caralytic combusﬁon chamber wherein
the fuel in fael preheat mixture 119 is pardally catalytically combusted, and may
comprise 3 separate catalytic reactor loaded with structured or unstructured
catalyst or may comprise a modified section of pipe that has been loaded with
structured or unstructured catalyst. In some embodiments, the fuel in fuel
preheat mixture 119 is only partially catalytically combusted because the amount
of air in the fuel [Sreheat mixture 119 is deliberately insufficient to fully combust
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the fuel. In preferred embodiments, where the fuel preheat mixture 119 entering
fuel pre-heater 120 is below metal dusting temperatures and the reformer fuel
stream 124 is above metal dusting temperatures, metal dusting conditions may '
occur in fuel pre-heater 120, and therefore fuel pre-heater 120 is preferably
constructed from metal dusting resistant metal or from metal coated with a metal
dusting resistant coating and/or is configured for easy repair and/or removal and

replacement.

Preferably fuel preheat mixture 119 is at a temperature below metal dusting

conditions, such as at a temperature below 400 °C, such as below 375 °C, below

360 °C, below 350 °C, below 325 °C or below 300 °C. Preferably the pressure of
the fuel preheat mh&ure 119 is less than 10 barg, such as less than 8 barg, less
than % barg, less than 2.5 barg, less than 1 barg, less than 0.75 barg, less than 0.5
barg, less than 0.4 barg, less than 0.3 barg, less than 0.2 barg, less than .15 barg,
less than .10 barg or less than 0.075 barg.. Preferably, the amount of air in fuel
preheat mixture 119 is just sufficient, when fully consumed in excess fuel, to give
the necessary reformer fuel temperature, with no further control of the reactor

necessary.

Preferably reformer fuel stream 124 is at 2 temperature above metal dusting
conditions, such as at 4 tempémture above 775 °C, above, 780 °C, above 785 °C, . .
above 790°C, above 795 °C, above 800 °C, above 805 °C, above 810 °C or above
815 °C. Preferably ﬁhe-pressure of the reformer fuel streamn 124 is less than 10
barg, such as less than 8 barg, fess than 5 barg, less than 2.5 barg, less than 1 barg,
less than 0.75 barg, less than 0.5 barg, less than 0.4 barg, less than 0.3 barg, less
than 0.2 barg, less than 0.15 barg, less than 0.10 barg or less than 0.075 barg, or
less than 0.05 barg.

Air preheat mixture 117 may be combusted in air pre-heater 122 in the presence
of air feed stream 107 to form reforming air stream 126. Air pre-heater 122 may
be any suitable catalytic combustion chamber wherein the fuel in air preheat
mixture 117 is catalytically combusted and may comprise a separate catalytic
reactor loaded with structured or unstructured catalyst or may comprise a
modified section of pipe that has been loaded with structured or unstructured
catalyst, Unlike in fuel pre-heater 120, the fuel in air preheat mixture 117 is
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completely or substantially completely catalytically combusted because the
amount of air in the air pre-heater 122 is not limited to conserve fuel for further
combustion downstream. In preferred embodiments, where the air preheat
mixture 117 entering fuel pre-heater 122 is below metal dusting temperatures and
the reformer air stream 126 is above metal dusting temperatures, metal dusting
conditions may occur in air pre-heater 122, and therefore air pre-heater 122 is
i:rreferably constructed from metal dusting resistant metal or from metal coated
with a metal dusting resistant coating and/or is configured for easy repair and/or
removal and replacement, By locali‘zing the occurrence of metal dusting
conditions or limiting the components within reformer system 100 that are
exposed to metal dusting conditions, the cost of the system and ease of use and

repair/maintenance may be minimized.

In general, air preheat mixture 117 is at a temperature below metal dusting
conditions, such as at 4 temperature betow 400 °C, such as below 375 °C, below
360 °C, below 350 °C, blow 325 °C or below 300 °C. Preferably the pressure of the
air preheat mixture 122 is less than 1 barg, such as less than 0.75 barg, less than
0.50 barg, less than 0.46 Pbarg, less than 0.30 barg, less than 0.20 barg, less than
0.15 barg, less than 0.10 barg, less than 0.075 barg, or less than 0.05 barg.
Preferably, the amount of fuel in air preheat mixture 117 is just sufficient, when
fully combusted in excess air, to give the necessary reformer air temperature, with

no further control of the reactor necessary.

Air feed stream 107 may enter air pre-heater 122 at essentially the temperatare
and pressure it leaves syngas heat recovery heat exchanger 110, such asata
temperature below metal dusting conditions and may leave air pre-heater 122 as
reformer air stream 126 at a temperature above metal dusting conditions, such as
at a temperature above 800 °C, above 815 °C, above 830 °C, above 840 °C, above
850 °C, above 860 °C, above 875°C, above 890 °C, or above 900 °C. Preferably the
pressure of the reformer air stream 126 is less than less than 1 barg, such as less,
than 0.75 barg, less than 0.50 barg, less than 0.40 barg, less than 0.30 barg, less
than 0.20 barg, less than 0.15 barg, less than 0.10 barg, less than 0.075 barg, or
less than 0.05 barg.
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As shown in FIG. 1A, after leaving syngas heat recovery heat exchanger 110, flue
gas fuel stream 112 1s combined with flue gas stream 160 from the reformer
module 150 to form fuel-containing flue gas stream 162. Fuel-containing flue gas
stream 162 is combusted in flué gas pre-heater 175 via catalytic combustion of the
fuel components in fuel-containing flue gas stream 162, forming heated flue gas
stream 163. Alternatively, flue gas fuel stream 112 may feed directly to flue gas
pre-heater 175, where it may mix with flue gas stream 160 and then be combusted
to form heated flue gas stream 163, Heated flue gas stream 163% may provide
additional heat to water stream 108 in heat exchanger 164 after water stream 108
leaves heat exchanger 109, From there heated flue gas stream 163 may be

exhausted as flue gas or may proceed to further downstream processing.

Flue gas pre-heater 175 may be any suitable catalytic combustion chamber
wherein the fuel in fuelcontaining flue gas stream 162 (or in fuel stream 112,
when fuel stream 112 connects directly to flue gas pre-heater 175) is catalytically
combusted to provide heat to fuel containing flue gas stream 162 and ma{y
comprise a separate catalytic reactor loaded with stmctured or unstructured
catalyst Or may comprise a modified section of pipe that has heen loaded with
structured or unstructured catalyst, Preferably, fuel containing flue gas stream 162
enters flue gas pre-heater 175 at a temperature between 200 °C and £50 °C, such
15 between 225 °C and 440 °C, between 250 and 425 °C, between 275 °C and 420
°C, between 300 and 410 °C, between 325 and 400 *C, or between 350 and 390 °C
and a pressure less than 1 barg, such as less than 0.75 barg, less than 0.50 barg,
less than 0.40 barg, less than 0.30 barg, fess than 0.20 barg, less than 0.15 barg,
less than 0.10 barg, less than 0,075 barg, or tess than 0.05 barg and leaves flue gas
pre-heater 175 as heated flue gas stream 163 at a temperature between 230 °C and
550 °C, such as between 275 °C and 5253 °C, between 300 °C and 500 °C, berween
350 °C and 490 °C, between 375 °C and 475 °C or between 400 °C and 450 °C, and
at a pressure of less than 1 barg, such as less than 0,75 barg, less than 0.50 barg,
less than 0.40 barg, less than 0.30 barg, less than 0.20 barg, less than 0.15 barg,
less than 0.10 barg, less than 0.075 barg, or less than 0.05 barg.

Heat exchanger 164 may be any suitable heat exchanger for exchanging heat from

heated flue gas stream 163 into water Sream 108. In some embodiments, heat
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exchanger 164 may be a PCHE. In some embodiments, heat exchanger 164 may
comprise a2 PCHE that is constructed from 2 series of plates as shown in FIG. 3A-B.

The plates may be combined into a stack and diffusion bonded or otherwise

‘bonder to one another to form heat exchanger 164 to provide heat exchange

between the entering hot and cold streams. In general the flow paths for each of
the strearns may be formed in the plates by etching, milling or other suitable
process and may be configured to provide for the désired heat exchange, while
limiting pressure drop for one Or MOre SIYEAMs across the heat exchanger.
Preferably, the streams entering and leaving exchanger 164 are maintained at
temperature, pressufe and compaosition conditions that avoid or reduce metal

dusting conditions within the heat exchanger.’

Referring to FIG. 3A-B, in some embodiments, heat exchanger 164 may comprise
one or More water feed plates 320 and one or more heated flue gas plates 350,
Each of the plates may be constructed from materials suitable for the purpose and
the conditions present in exchanger 164. Examples of suitable materials for
constructing plates 320 and 350 include 316 stainless steel and 304 stainless steel.
The water feed plates 320 and heated flue gas plates 350 may independently have
the thicknesses described in Table 1. In some embodiments, the plates may each

be 1.6 mm thick,

FIG. 3A shows heated flue gas flow plate 350 with heated flue gas siream flow path
351, which connects heated flue gas stream inlets 355 and heated flue gas stream
outlets 356. Heated flue gas inlets 353 may split the heated flue gas stream 163
into multiple independent flow channels 355 comprising heated flue gas stream
flow path 351. Heated flue gas sircam outlets 356 may re-combine the flow in
flow channels 355 to re-form flue gas stream 163 as it leaves heat exchanger 164,
Heated fue gas stream inlets 353 and heated flue gas stream cutlets 356 connect
to heated flue gas stream inlet penetration 258 and heated flue gas stream outlet
penetration 357 and heated flue gas flow plate 350 also includes water inlet
penetration 354 and water outlet penetration 352. Flow channels 355 and
adjacent ridges may be sized to provide for safe pressure containment and 4 cost
effective combination of heat transfer capacity and pressure drop. In some

embodiments, independent flow channels 355 may each comprise 2 generally
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semicircular cross- section and may have the dimensions described in Table 1, In
some embodiments, independent flow channels 355 may each have a semicircular
cross-section with a width of about 1.9 mm, a depth of about 1.0 mm and about
0.4 mm ridges. Though a specific number of independent flow channels 355 are
shown, it should be understood that water stream flow path 351 may comprise
any suitable number of independent flow channels configured appropriately

according to the individual needs of the system.

Though FIG. 3A shows heated flue gas stream flow path 351 as a direct cross flow
or single pass flow path, in some embodiments heated flue gas stream flow path
351 may comprise more than One pass, cach pass comprising a single reversal in
flow direction, such as from 2 to 20 passes, 2 to 10 passés or 2 to 5 passes.
Preferably, heated flue gas stream flow path 331 comprises a direct cross flow or
single pass flow path during heat exchange and flows in a counter flow direction

relative to the general flow of the water stream.

FIG. 3B shows water feed plate 320 having a water stream flow path 321 which
connects water stream inlets 326 and water stream outlets 323. Water stream flow
path 321 may comprise one of mudtiple independent flow channels 325. Water
stream inlets 326 and water stream outlets 323 connect to water inlet penetration
324 and water outlet penetration 322, respectively, and water feed plate 320 also
includes heatcd‘ﬁuc gas stream outlet penetration 327 and heated flue gas stream
inlet penetration 328, Flow channels 325 and adjacent ridges may be sized 10
provide for safe pressure containment and a cost effective combination of heat
transfer capacity and pressure drop. In some embodiments, independent flow
channels 325 may each comprise a generally semicircular cross-section and may
have the dimensions described in Table 1. In some embodiments, independent
flow channels 325 may each have a semicircular cross-section with a width of
about 1.63 mm, a depth of about 0.75 mm and about 0.4 mm ridges. Thougha
specific number of independent flow channels 325 are shown, it should be
understood that water stream flow path 321 may comprise any suitable number of
independent flow channels configured appropriately according to the individual

needs of the system.
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Though FIG. 3B shows water stream flow path 321 as a multi-pass single channel
flow path, flow path 321 may also comprise a direct counter flow, co-flow, cross
flow or single pass flow path comprising multiple independent channels. In some
embodiments water stream flow path 321 may comprise more than one pass, each
pass éomprismg a single reversal in flow direction, such as from 2 to 100 passes, 5
to 75 passes, 10 to 60 passes, 15 to 50 passes or 20 to 40 passes. Preferably, warer
stream flow path 321 comprises a multi-pass flow path having 5 passes or greater, '
10 passes or greater, 15 passes or greater, 20 passes or greater, 25 passes or '
greater or 30 passes or greater where the passes are in Cross fiow during heat
exchange, and where the water stream flows in a generally counter-flow direction

relative to the heated flue gas stream.

In some embodiments, the plates used to form embodiments of heat exchanger
164 may be stacked and diffusion bonded or otherwise bonded in any suitable
order to form heat exchanger 164. In some embodiments, the plates may bé
stacked and diffusion bonded or otherwise bonded in order as follows: at feast
one 1 end plate (not shown), multiple heat exchange cells, each heat exchange
cell comprising a heated flue gas flow plate 350 followed by a water stream feed
plate 320, followed by a final heated flue gas flow plate 350, and then at least 1
end plate (not shown). Accordingly, the order of the printed circuit heat
exchange plates in a given stack for heat exchanger 164 may have the following
pattern (Endplate = “E”, Flue gas plate 350 = “F”, water stream feed plate 320 =

ey EFWEFWFEWE .. FWFFWFE). The end plates may be blank plates

with no flow path circuitry- and may be insulated, to enhance heat transfer and
limit heat loss. ‘The end plates may serve as lids to the penetrations and support
connection of the relevant streams to heat exchanger 164, such as via ports or
headers. Accordingly, the endplates should be thick enough to accommodate the
pressures in each of the penetrations and to support the ports or headers. In
some embodiments, 2 single endplate is used for each end of the exchanger 164,
where the endplate is thicker than the other plates. In other embodiments,
multiple endplates may be used at each end to provide sufficient thickness to
support or provide for the headers or ports. In some embodiments, heat
exchanger 164 may comprise a stack that is between 50 mm and 70 mm tall, such

as 60 mm tall.
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In some embodiments, heat exchanger 164 comprises from 2 to 30 heat exchange
cells, such as from 3-25, from 7-20, from 8 1o 17 or from 10 to 15 heat exchange
cells, each heat exchange cell comprising a heated flue gas flow plate 350 followed
by a water stream feed plate 320, followed by a heated flue gas’ﬂow plate 350. Iﬁ
preferred embodiments for reforming 2 SCMH of natural gas using P5A off-gasas:
fuel, heat eschanger 164 comprises at least 10 heat exchange cells, In one
preferred embodiment, heat exchanger 164 comprises 10 heat exchange cells,
each hear exchange cell comprising a heated flue gas flow plate 350 followed by 2
water stream feed plate 320, and comprises an additional heated flue gas flow
plate 350, and six endplates for a total of 30 active plates. The number of plates
and heat exchange cells may be modified according to production needs, heat

exchange efficiency and other parameters.

When the various plates are stacked and diffusion bonded or otherwise bonded to
form a heat exchanger, heated flue gas stream inlet penetrations 358 and heated
flue gas stream outlet penetrations 357 are preferably aligned with heated flue gas
stream inlet penetrations 328 and heated flue gas stream outlet penetrations 327
on the water feed plates 320 to form inlet and outet flow access paths or
chambers for the heated flue gas stream. In addition, the water stream intet
penetrations 324 and 356 and the water stream outlet penetratons 322 and 355
are also preferably aligned to form inlet and outlet flow access paths or chambers
for the water stream. The stacking of the plates also preferably places flow paths
321 and 351 in close proximity to one another to facilitate heat transfer betWeen

 the streams through the walls of independent channels 325 and 355.

In some embodiments, water stream 108 may enter heat exchanger 164 at
essentially the remperature and pressure that it leaves syngas heat recovery heat
exchanger 110 and may leave exchanger 164 at a temperature of between 120 °C
and 210 °C, such as between 130 °C and 205 °C, between 150 °C and 200 °C or
between 175 °C and 195 °C and at a pressure between 10 bara and 100 bara, such
as between 10 bara and 90 bara, between 10 bara and 75 bara, between 10 bara
and 60 bara, between 10 bara and 50 bara, between 10 bara and 40 bara, between
10 bara and 30 bara, between 10 bara and 20 bara, between 10 bara and 18 bara,
between 11 bara and 17 bara, between 12 bara and 16 bara, between 13 bara and
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15 bara or between 13.5 bara and 14.5 bara. Preferably, the pressure drop for
water stream 108 across heat exchanger 164 is less than 1 bar, such as less than
Q.75 bar, less than 0.60 bar less than 0.50 bar, less than 0.40 bar or less than 0.30

bar,

Heated flue gas stream 163 may enter heat exchanger 164 at essentially the
temperature and pressure that it left flue gas pre-heater 175 and may leave
exchanger 164 ata tempcramré of between 120 °C and 200 °C, such as between
125 °C and 180 °C, between 130 °C and 160 °C or between 140 “C and 150 °C and
a pressure of less than 0.02 barg, such as less than 0.015 barg, or less than 0.010
barg.

After leaving heat exchanger 164, water stream 108 may enter quench heat
exchanger 165 where it may be further heated to raise steam for the reforming
process. Quench heat exchanger 165 may comprise heat exchanger 166
submerged in water in a tank or vessel. Quench heat exchanger 165 may be used
to quench syngas quench stream 170. Syngas quench stream 170 may be a
portion of syngas stream 180 leaving reformer module 150. Syngas stream 180

. may be split using syngas stream splitter 184 1o form syngas quench stream 170

and syngas stream 182. Syngas stream splitter 184 may be any suitable means of
splitting the flow of syngas stream 180, such as a "’;’” or *Y" piping connection and
may difect the desired amount of flow in each direction to ensure adequate steam
production in quench heat exchariger 165 and adequate hydrogen production in
optional water-gas shift reactor 186 or adequate syngas temperature and pressure '
entering syngas heat recovei'y heat exchanger 110. Preferably, quench heat
exchanger 165 and heat exchanger 166 are configured such that the flow of syngas
gquench stream 170 remains turbulent throughout the desired turndown range in

which system 100 is operated.

As long as heat exchanger 166 remains submerged in the water in quench
exchanger 165, metal dusting conditions are avoided in the exchanger because the
temperature of the exchanger never rises above the boiling point of the water, a5
the temperature of the water remains essentially constant during the phase
transition. Though avoided in the quench heat exchanger 165, metal dusting

conditions may occur in syngas quench stream 170 adjacent to quench heat
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exchanger 165, and therefore a portion of syngas quench stream 170 is pfeferably.
constructed from metal dusting resistant metal or metal coa.ted with a metal
dusting resisiani coating and/or is configured for easy repair and/or removal and
replacement., Ideally, the portion of syngas quench stream 170 that is exposed to
metal dusting conditions is minimized and is configured to minimize repair,
maintenance and replacement. In some embodiments, the metal dusting
conditions within stream 170 are preferably limited to within 5 pipe diameters of
the entrance to quench heat exchanger 165 and therefore the piping in this
portion of the system may be constructed from metal dusting resistant metal or
metal coated with a metal dusting resistant coatixig and/or is configured for easy
repair and/or removal and replacement. In this fashion, steam may be raised from
the hot syngas to be used for the reforming stages, while metal dusting conditions
are localized in a small portion of the syngas quench stream 170. Quench heat
exchanger 165 also comprises steam outlet 167 and water blow down 168. Steam
formed in quench heat exchanger 165 ¥nay pass i:hrough steam outlet 167 and
proceed further into the system 100. Waste water and dissolved solids may be
periodically blown down tiu'oﬁgh water blow down 168 by actuation of valve 169

to prevent or limit build-up in quench heat exchanger 165,

Heat exchanger 166 may be partially or completely submexgéd in water from
water stream 108 after it leaves heaf exchanger 164, Heat exchanger 166 and the
heat it transfers from the syngas quench stream 170 to the water preferably
generate the bulk of the steam used in the reformer module 150. In some
embodiments, heat ex;:hanger 166 may be a PCHE. In some embodiments, heat
exchanger 166 may comprise 2 PCHE that is constructed from a series of plates a3
shown in FIG. 4A-D. The plates may be combined into a stack and diffusion
bonded or otherwise bonder to one another 10 form heat exchanger 166 to
provide heat exchange between the entering hot and cold streams. In general the
flow paths for each of the streams may be formed in the plates by etching, milling
or other suitable process and may be configured to provide for the desired heat
exchange, while limiting pressure drop for one or more streams across the heat
exchanger. Preferably, the streams entering and leavidg exchanger 166 are
maintained at temperature, pressure and composition conditions that avoid or

reduce metal dusting conditions within the heat exchanger.
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Referring to FIG. 4A-D, in some embodiments, heat exchanger 166 may comprisé
one or more water plates 410, one or more syngas quench stream plates 420, one
or more top endplates 430 and one or more bottom endplates 440. Fach of the
plates may be constructed from materials suitable for the purpose and the
conditions present in exchanger 166. Examples of suitable materials for
constructing plates 320 and 350 include 316 stainless steel and 304 stainless steel.

The plates may independently have the thicknesses described in Table 1. In some
embodiments, the plates may each be 1.6 mm thick.

FIG. 4A shows water plate 410 having a water stream flow path 411 which
connects water stream inlets 412 and water stream outlets 413, Water stream
inlets 412 may split the water flow into one or multiple independent flow
channels 414 thar form flow path 411, Warer stream outlets 413 may re-combine
flow channels 414 for exit from heat exchanger 166. Flow channels 414 may be
configured for thermosyphon boiling of the water within exchanger 166 and may
be formed in any suitable shape and size. In some embodiments, independent
flow channels 414 may each comprise a generally semicircular cross- section and.
may have the dimensions described in Table 1. In some embodiments,
independent flow channels 414 may each have a semicircular cross.section with 2
width of about 2.6 mm, a depth of about 1.10 mm and 0.4 mm ridges. Though a
specific number of independent flow channels 414 are shown, it should be
understood that water stream flow path 411 may comprise any suitable number of
independent flow channels configured appropriately according to the individual
needs of the system.

In some embodiments, water sizeam inlets 412 and outlets 413 may also comprise
a generally semicircular cross-section having a width of from 0.6 mm to 3.5 mm, 2
depih of from 0.3 to 1.75 mm and ddges of from 0.3 mm to 1.5 mm and may be
sized the same or differently than independent fiow channels 414, In some
embodiments, inlets 412 and outlets 413 each have a semicircular cross-section
with a width of about 2.6 mm, 2 depth of about 1.10 mm and 0.4 mm ridges.
Though FIG. 4A shows water stream flow path 411 as a direct counter or co-flow
or single pass flow path, in some embodiments water syrearn flow path 411 may

comprise more than one pass, each pass comprising a single reversal in flow
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direction, such as from 2 to 20 passes, 2 to 10 passes or 2 to 5 passes. Preferably,
water stream flow path 411 comprises a direct or single pass co-flow fiow path. As
shown in FIG. 4A, water stream plate 410 also includes syngas quench stream inlet
and outlet penctrations 415 and 416 respectively,

Referring to FIG. 4B, syngas quench stream plates 420 may have a syngas quench
stream flow path 421, which connects syngas quench stream inlet penetrations
422 and syngas quench stream outlet penetrations 423, Syngas quench stream
inlet penetrations 422 may feed inlet channels 426, which may be further split to
form one or multiple independent flow channels 424 that make up flow path 421,
Syngas quench stream outlet 423 may recombine multiple outlet channels 425
which may recombine independent flow channels 424 for exit from the heat
exchanger. Inlet and outlet channels 426 and 425 and independent flow channels
424 may each comprise a generally semicircular cross-section and may have the
dimensions described in Table 1. In some embodiments, ix;dependent flow
channels 424 may each have a semicircular cross-section with a width of about
1.99 mm, a depth of about 1.10 mm and 0.4 mm ridges. In some embodiments,
inlet and outlet channels 426 and 425 may each have a semicircular cross-section
with 2 width of about 2.2 mm, a depth of about 1.10 mm and 0.4 mm ridges.
Though a specific number of independent flow channels 414 are shown, it should
be understood that water stream flow path 4i1 may comprise any suitable number
of independent flow channels configured appropriately according to the

individual needs of the system,

Though FIG. 4B shows syngas quencﬁ stream flow path 421 as a direct counter or
co-flow or single pass fiow path, in some embodiments syngas quench stream flow
path 421 may comprise more than one pass, each pass comprising a single reversal
in flow direction, such as from 2 to 20 passes, 2 to 10 passes of 2 10 5 passes.
Preferably, syngas quench stream flow path 421 comprises a direct or single pass

co-flow fow path.

In some embodiments, the plates used to form embodiments of heat exchanger
166 may be stacked and diffusion bonded or otherwise bonded in any suitable
order to form the heat exchanger. In some embodiments the plates may be

stacked and diffusion bonded or otherwise bonded in order as follows: at least
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one top end plate 430 (FIG, 4C), muldple heat exchange cells, each heat exch:mgé
cell comprising a water plate £10 followed by a syngas quench stream flow plate
420, with one additional water plate and then at least one bottom end plate 440
(FIG. 4D). Accordingly, the order of printed circuit heat exchange plates in a

" given stack for heat exchanger 166 may have the following pattern for the active

plates of heat exchanger 166, (water plate 410 = W, syngas quench stream plate
420 =8): WESWSWS... WS W8 W. Insome embodiments, the configuration.
will comprise cells of alternating water plates 410 and syngas quench stream
plates 420 with one extra water plate 410 to serve as a bounding plate for the last
syngas quench stream plate 420 in the stack. The end plates may be blank plates
with no flow path circuitry and may be insulated to enhance heat transfer and
limit heat loss. In some embodiments, multiple endplates may be used at each
end. The end plates provide a wall for the passages 'on the bounding plate facing
the end plate, serve as lids to the penetrations and support connection of the
relevant streams to heat exchanger 166, such as via ports or headers. Accordingly,
the endplates should be thick enough to accommodate the pressures in each of
the penetrations and to support the ports or headers, In some embodiments, a
single endplate is used for each end of the exchanger 166, where the endplate is
thicker than the other plates. In other embodiments, multiple endplates may be |
used at each end to provide sufficient thickness to support or provide for the
headers or ports. In some embodiments, heat exchanger 166 may comprise 4

stack that is between 15 and 25 mm tall,

In some embodiments, top end plate 430 may include a syngas stream inlet
penetration 432 and a syngas stream outlet penetration 431 for entry and exit of
the syngas quench stream, When the mﬁous plates are stacked and diffusion
bonded or otherwise bonded to form a heat exchanger, syngas stream inlet
penetrations 432 and syngas stream outlet penetrations 431 are preferably aligned
with syngas quench stream inlet penetrations 422 and syngas quench stream

~outlet penetrations 423 on the syngas querich stream plates 420 and with the

syngas quench stream inlet and outlet penetrations 414 and 415 on water plates
410 to form inlet and outet flow access paths or chambers for the syngas quench
stream. The stacking of the plates also preflerably places flow paths 411 and 421 in
close proximity to one anoth-er to facilitate heat transfer between the streams
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through the walls of independent channels 414 and 424. For those plates and
streams that do not have penetrations through which the flow paths and flow
channels are accesscc{, headers may be attached, such as welded, over the
individual channel ends to Bacilitate delivery and/or collection of the stream

flowing through the relevant channels.

In some embodiments, heat exchanger 166 comprises from 1 to 15 heat exchange
cells, such as from 2 to 10, from 3 to 8, from 4 to 7 or rom 510 7 heat exchange
cells, each heat exchange cell comprising-a water plate 410 followed by a syngas .
quench stream flow plate 420, In preferred embodiments for reforming
approximately 2 SCMH of natural gas using PSA off-gas or tail gas as fuel, heat
exchanger 166 comprises at least 4 heat exchange cells. In one preferred
embodiment, heat exchanger 166 comprises 4 heat exchange cells, each heat
exchange cell comprising a water plate 410 followed by a syngas quench stream
flow plate 420, and 4 endplates for a total of 9 active plates. The numiber of plates
and heat exchange cells may be modified according to production nee;‘is, heat

exchange efficiency and other parameters.

Water stream 108 may enter quench heat exchanger 165 at essentiaily the
temperature and pressure it left heat exchanger 164 and may leave exchanger 165
as reformer steam supply 172 ata tc:mperature' equal to the saturated steam
temperature, such as between 175 °C and 225 °C, between 180°C and 210°C,
between 185°C and 205 °C , between 190 and 205 °C or between 195 and 200 °C
and at a pressure of berween 10 bara and 100 bara, such as berween 10 bara and
90 bara, between 10 bara and 75 bara, berween 10 bara and 60 bara, between 10
bara and 50 bara, betsween 10 bara and 40 bara, between 10 bara and 30 bara, .
between 10 bara and 20 bara, between 10 bara and 18 bara, between 11 baraand
17 bara, between 12 bara and 16 bara, between 13 bara and 15 bara or between
13.5 bara and 14.5 bara.

Syngas quench stream 170 may enter quench heat exchanger 165 at a temperature
of berween 700 °C and 1000 °C, such as between 750 °C and 975 °C or between
800 °C and 950 °C, between 825°C and 925 °C or between 850 °C and 900 °C and
at a pressure of between 5 bara and 120 bara, such as between 10 bara and 100
bara, between 10 bara and 80 bara, between 10 bara and 60 bara, between 10-bara
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and 50 bara, between 10 bara and 40 bara, berween 10 bara and 30 bara, between
10 bara and 20 bara, between 10 bara and 18 bara, between 11 bara and 17 bara,
between 12 bara and 16 bara, between 13 bara and 15 bara or between 13.5 bara
and 14.5 bara and may leave exchanger 165 at a temperature of between 180 °C
and 210°C, such as between 185°C and 205 °C -, between 190 and 205 °C or
between 195 and 200 °C and at a pressure of between 5 bara and 120 bara, such as
petween 10 bara and 100 bara, between 10 bara and 80 bara, between 10 bara and
60 bara, between 10 bara and 50 bara, between 10 bara and 40 bara, between 10
bara and 30 bara, between 10 bara and 20 bara, between 10 bara and 18 bara,
between 11 bara and 17 bara, between 12 bara and 16 bara, between 13 bara and
15 bara or between 13.5 bara and 14.5 bara. Preferably, the pressure drop for
syngas quench stream 170 across exchanger 165 is less than 0.10 bar, such as less
than 0.075 bar or less than 0.05 bar. ‘

Water stream 108 is heated in quench heat exchanger 165 until it becomes steam
at which point the steam leaves quench heat exchanger 165 through steam outlet
167 as reforming steam supply 172, Beforming steam supply 172 may be
combined with gaseous hydrocarbon stream 102 after stream 102 leaves syngas
heat recovery heat exchanger 110 to form gaseous/hydrocarbon steam stream 174.
Reforming steam supply 172 and gaseous hydrocarbon stream 102 may be joined
in any suitable manner, such as by joining the streams to form a single stream
using a “Y” or “I” connector or by adding one stream into the other stream, After
combining the streams, gaseous hydrocarbon-steam stream 174 may be fed to the
first pre-reforming stage of reformer module 150. In some embodiments, the
reforming steam supply 172 may include 2 back pressure regulator within its flow
path prior to joining gaseous hydrocarbon stream 102 to help provide for stable
boiling conditions duting start-up, capacity changés and other transients, thereby
avoiding surges of liquid water into the reformer module or starvation of steam
flow to the reformer which could lead to coking in the reformer and/or pre-
reformer. In some embodiments, gaseous hydrocarbon steam stream may also
include a check valve within its flow path prior ta being joined with reforming

steam supply 172.
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After being quenched in quench heat exéhanger 165, syngas guench stream 170
may leave quench exchanger 165 as quenched syngas stream 171 and pass
through valve 185, which may be any suitable valve for controlling or tuning the
supply of quenched syngas 171 to syngas re-mixer 188, After _procee(iin'g through
valve 185, quenched syngas stream 171 may be joined with syngas stream 182 in
syngas re-mixer 188, Syngas stream 182 proceeds from syngas splitter 184
through fixed resistor 187, which may be a simple orifice or any other method of
controlling high temperature flows. Generally, syngas stream 182 is too hot to
employ a valve, Preferably; syngas stream 182 is at a temperature of between 700
°C and 1000 °C; such as between 750 °C and 975 °C or between 800 °C and 950 °C,
between 825°C and 925 °C or between éSO °¢ and 900 °C and at a pressure of
between 5 bara and 120 bara, such as between 10 bara and 100 bara, between 10
bara and 80 bara, between 10 bara and 60 bara, between 10 bara and 50 bara,
between 10 bara and 40 bara, between 10 bara and 30 bara, between 10 bara and
20 bara, between 10 bara and 18 bara, berween 11 bara and 17 bara, between 12
bara and 16 bara, between 13 bara and 15 bara or between 13.5 bara and 14.5

bara.

Syngas re-mixer 188 may be any suitable appararus for joining two streams, such
as by joining the streams to form a single stream using a “y” or “T” connector or
by adding one stréam into the other stream. Because of the remperature in syngas
stream 182 relative to the ceuiperamre in quenched syngas stream 171, a portion
of remixed syngas stream 189 and a portion of syngas stream 182 may be exposed
to metal dusting conditions. Accordingly, a portion of syngas stream 182 within
about 5 pipe diameters of re-mixer 188 and a portion of re-mixed syr;gas stream
189 within about 5 pipe diameters of re-mixer 188 are preferably constructed from
metal dusting resistant alloys and/or alloys having a metal dusting resistant coating
and/or is configured for easy repair and/or removal and replacement.

After being re-mixed, re-mixed syngas stream 189 may proceed to an optional
water-gas shift reactor 186, where additional hydrogen is raised via the water-gas
shift reaction. When a water-gas shift reactor is used, the temperature of re-mixed

syngas stream 189 is preferably between 250 °C and 350 °C, such as between 275
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°C and 325 °C, between 280 °C and 310 °C, between 290 °C and 305 °C or
between 295 °C and 300 °C. '

After leaving the water-gas shift reactor 186, syngas stream 190 may proceed to
syngas heat recovery heat exchanger 110 where it may provide heat for the
reactant feed streatris, such as gaseous hydrocarbon stream 102, flue gas fuel
stream 112, fuel feed stream 105, air feed stream 107, combustion air stream 114,
and water stream 108 (when heat exchanger 109 is part of syngas heat recovery
heat exchanger 110). Syngas stream 190 leaving the high temperature shift reactor
may have a temperature between 250 °C and 450 °C, such as between 275 °C and
450 °C, berween 300 °C and 440 °C, between 325 °C and 430 °C, between 350 °C
and 420 °C, between 375 °C and 410 °C or between 380 °C and 400 °C and a
pressure between 10 bara and 100 bara, between 10 bara and 80 bara, between 10
bara and 60 bara, between 10 bara-and 50 bara, between 10 bara and 40 bara,
between 10 bara and 30 bara, between 10 bara and 20 bm‘a,‘ between 10 bara and
18 bara, between 11 bara and 17 bara, between 12 bara and 16 bara, between 13

bara and 15 bara or between 13.5 bara and 14.5 bara.

An example of an alternative configuration for the steam reforming apparatus is
shown in FIG. 5. As shown, steam reforming apparatus 500 is substantiaily the
same as apparatus 100 described with respect 1o FIG. 1A and/or FIG. 1B, with the
exception that in steam reforming apparatus 500, flue gas fuel stream 512
bypasses the syngas heat exchanger 510 and is combined with flue gas strcam 160
just prior to entering flue gas pre-heater 175 to form fuel rich flue gas stream 162,
Flue gas fuel stream 512 may be combined with flue gas stream 160 in any suitable
manner such as by joining the streams to form a single stream using a “Y”" or “I”
connector or by adding one streaﬁn into the other stream. Because flue gas fucl
stream 512 bypasses syngas heat exchanger 510, syngas heat recovery heat
exchanger 510, is configured slighfly differently, having only 4 reactant feed
streams (fuel feed stream 105, air feed stream 107, combustion air stream 114 and
gaseous hydrocarbon feed stream 102), optionally water feed stream 108 (when
heat exchanger 109 is included in heat exchanger 510) and syngas stream 190
flowing through ir. ‘
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An example configuration of plates that may form syngas h_ca"t recovery heat
exchanger 510 is shown in FIG. 6A-C. Referring to FIG. 6A-C, in some
embodiments syngas heat recovery heat exchanger 510 may comprise a PCHE that
is constructed from a series of plates that may be combined into 2 stack and
diffusion bonded to one another to provide heat exchange between the entering
hot and cold streams. In general the fow paths for each of the streams may be
formed in the plates by etching, milling or other suitable process and may be
configured to provide for the desired heat exchange, while limiting pressure drop
for one or more streams across the heat exchanger. Preferably, the streams
entering and leaving exchanger 510 are mamwinéd at tesperature, pressure and
composition conditions that avoid or reduce metal dusting conditions within the
heat exchanger In most instances, the streams entering and leaving heat .
exchanger 510 are below metal dusting temperatures. In general, syngas heat
recovery heat exchanger 510 is essentially the same as syngas heat recovery heat
exchanger 110 shown in FIG.'s 1 and 2A-C, with the exception that syngas heat
recovery heat exchanger 510 does not heat the flue gas fuel stream 512.
Accordingly, with this minor exception, the general construction of syngas heat
recovery heat exchanger 510, the suitable plate and channel dimensions,
thicknesses, and materials of construction for each of the plates and process

conditions are substantially the same a3 those described with respect to FIG. 2A-C.

Referring 10 FIG. 6A-C, in some embodimenis, syngas heat recovery heat
exchanger 510 may comprise one or more bounding plates 610, one or more:
reactant feed plates 625 and one or more syngas plates 650. In the embodiment
shown in FIG. 6A-C, the plates, when appropriately stacked and formed into a heat
exchanger, will form a syngas heat recovery heat exchanger 510 that includes heat
exchanger 109 (See FIG. 5). FIG. 6A showsa bounding plate 610 having a syngas
flow path 611 comprising independent flow channels 612 connecting syngas inlets
615 with syngas outlets 614. Though FIG. GA shows syngas flow path 611 as 2
multi-pass flow path, flow path 611 may also comprise a direct counter flow, co-
flow, cross flow or single pass ﬂow path comprising one or multiple independent
channels 612. In some embodiments syngas flow path 611 may comprise more
than one pass, each pass comprising 4 single’ reversal in flow direction, such as
from 2 to 100 passes, 5 to 75 passés, 10 to 60 passes, 15 to 50 passes or 20 t© 40
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passes. Preferably, syngas flow path 611 comprises a multi-pass flow path having 5
passes Or greater, 10 passes or greater, 15 passes or greater, 20 passes or greater,
25 passes or greater or 30 passes or greater where the passes are in cross flow
during heat exchange, but the syngas flows in a generally cross flow or counter-
flow direction relative to the flows on the reactant feed plate 260, Bounding plate
610 also includes air stream penetrations 615, combustion air stream penetration
616, fuel stream penciration 617, fuel/air mixture penetration 661, gaseous
hydrocarbon stream penetrations 618, water stream penetrations 619 and syngas
stream penetrations 620. Bounding plate 610 ensures that all of the reactant feed
plates 625 have hot stream plates on both sides either a bounding plate 610.0ra
syngas plate 650 and helps serve 1& balance the heat loads and the heat flux
throughout the stacks. Bounding plate 610 may have more than onc flow

channels 612.

Referring to FIG. 6B, syngas piéte 650 includes syngas inlets 651, syngas outlets
652 and syngas flow path 653. Syngas flow path 653 may comprise one ot
multiple syngas independent flow channels 654. Though a specific number of
syngas independent flow channels 654 are shown, it should be understood that
syngas flow path 653 may comprise any suitable number of independent flow
channels configured appropriately according to the individual needs of the

system,

Though FIG. 68 shows s‘yngés flow path 633 having a specific number of passes, in
some embodiments syngas flow path 653 may comprise more than one pass, each
pass comprising a single reversal in flow direction, such as from 2 10 100 passes, 5‘
to 75 passes, 10 to 60 passes, 15 to 50 passes of 20 to 40 passes. Preferably,
syngas flow path 653 comprises a multi-pass flow path having 5 passes of greater,
10 passes or greater, 15 passes O GrERier, 20 passes or greater, 25 passes Of
greater or 30 passes Or greater where the passes are in cross flow during heat
exchange, but the syngas flows in a generally cross flow or counter-flow direction -
relative 1o the flows on the reacrant feed plate 525, Syngas plate 650 also has air
stream penetrations 655, combustion air stream penetration 656, fuel stream-

penetration 657, fuel/air mixture penetration 663, gaseous hydrocarbon stream
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penetrations 638, water stream penetrations 659 and syngas stream penetrations
660,

Referring to Figure 6C, reactant feed plate 625 has air stréam penetrations 621,
combustion air stream penetration 622, fuel stream penetration 623, fuel/air
mixture penetration 662, gaseous hydrocarbon stream penetrations 624, water
stream penetrations 626 and syngas stream penetrations (46, Reactant feed plate
625 includes air flow path 627 with air inlets 628 and air outlets 629, combustion
air low path 630 with combustion air inlets 631, fuel fow path 632 with fuel
inlets 633 and fuel/air mixture outlets 634 and gaseous hydrocarbon flow path 635
with gaseous hydrocarbon inlets 636 and ga.sebus hydroéarbon outlets 637. Each
of flow paths 627, 630, 632 and 635 may comprise one or muitiple independent
flow channels 638, 639, 640 and 641 respectively. In general, each of
independent flow channels 658,‘ 639, 640 and 641 and adjacent ridges may be
sized 1o provide for safe pressure containment and a cost effective combination of
heat transfer capacity and pressure drop. Though a specific number of
independent flow channels 638, 639, 640 and 641 are shown in FIG. 6, it should
be understood each of flow paths 627, 630, 632 and 635 may comprise any
suitable number of independent flow channels configured appropriately

according to the individual needs of the system.,

Though FIG. 6C shows each of flow paths 627, 630, 632 and 635 as being cross
flow and/or single pass, in some embodiments one or more of flow paths 627,
630, 632 and 635 may comprise muliple passes, such as from 2 to 20 paéses, from
2 10 10 passes or from 2 to 5 passes. Preferably, flow paths 627, 630, 632 and 635
are cross flow and/or single pass flow paths. In FIG. 6C, combustion air flow path
630 is configured to provide for mlxmg the combustion air stream 114 of FIG. 5,
with fuel feed stream 105 inside exchanger 510 by directing air flowing through
flow path 630 and fue! flowing in flow path 632 10 the same penetration, fuel/air
mixture penetration 662. When configured in this manner, there is no separate
joining of these streams downstream of syngas heat recovery heat exchanger 510
as is depicted in FIG. 5.

Reactant feed plate 625 also includes a water stream flow path 642 which connects

water stream inlets 643 and water stream outlets 644 as shown in the lower left
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portion of the reactant feed plate 625 in FIG. 6C.. Water stream flow path 642 may
comprise one or multiple independent flow channels 645. This portion of
reactant feed plate 625, when formed into a heat exchanger corresponds to the
warer flow streams for heat exchanger 109 as indicated in FIG; 5. Flow channels
645 may be sized to provide appropriate water supply at the desired pressure and
temperature to the rest of the reformer system 500. Though one independent
flow channel 645 is shown in FIG. 6C, it should be understood that flow path 642
mdy comprise any suitable number of independent flow channels configured

appropriately zccording to the individual needs of the system.

Though FIG, 6C shows flow path 642 configured as a multi-loop or multi-pass
counter-flow fow path, it may also be cross flow, co-flow, and/or single pass. In
some embodiments flow path 642 may comprise more than one pass, each pass
comprising a single reversal in fliow direction, such as from 2 to 100 passes, 5 to
75 passes, 10 to 60 passes, 15 to 50 passes or 20 to 40 passes. Preferably, water
stream flow path 642 comprises a multi-pass flow path having 5 passes or greater,
1.0 passes or greater, 15 passes or greater, 20 passes or greater, 25 passes or
greater or 30 passes or greater whiere the passes are in cross flow duﬁng hear
exchange, but the water flows in a generally cross flow or counter-flow direction

relative to the flow of the syngas on syngas plate 650.

When stacked and diffusion bonded or otherwise bonded to form a heat
exchanger, the various bounding plates 610, reactant feed plates 625 and syngas
plates 650 are preferably aligned such that each of the various air stream
penetrations 615, 621 and 6535, combustion air stream penctrations 616, 622 and
656, fuel stream penetrations 617, 623 and 657, fuel/air mixture penetrations 661,
662 and 663, gaseous hydrocarbon stream penetrations 618, 624 and 65é, water
stream penetrations 619, 626 and 659 and syngas stream penetrations 620, 627
and 660 form flow access paths or chambers for connection of each of the various
streams to the appropriate inlets and outlets for the various flow paths. The plates
may be stacked in order as described with respect to FIG. 2 and may comprise the

same number of cells and configuration as described with respect to FIG. Z. In

“addition to aligning the various penetrations, the stacking of the plates preferably

places the independent channels 638, 639, 640 and 641 making up flow paths



10

15

20

25

30

(148) JP 2014-5203 A 2014.1.16

WO 2008/154678 PCT/AU2008/000870

69

627, 630, 632 and 635 in close proximity to the independent channels 612 and
654 making up flow paths 611 and 653 to facilitate heat transfer between the
relevant streams through the walls of the respective independent channels.

An example of another alternative configuration for the steam reforming apparatus
is shown in FIG. 7. As shown, steam reforming apparatus 700 is substantiaily the
same as apparatus 100 described with respect to FIG. 1A and/or FIG. 1B, with the
exceptions that in steam reforming apparatus 700, the flue gas stream 160 is not
pre-heated prior to entering heat exchanger 164. Accordingly, relative to FIG, 1A,
fuel feed stream 104 is not split, there is no flue gas facl stream 114 and flue gas
pre-heater 175 has also been removed, Asa result, syngas heat recovery hear
exchanger 710 may be configured as discussed above with respect 1o FIG, 6A-C.
The configuration in FIG. 7 is intended for situations where the reformer is
operated at elevated temperatures relative to the system of FIG, 1A. Insuch
situations, syngas stream 180 and flue gas stream 160 leave the reforming stages at

. temperatufes approaching 1000 °C. At this higher temperature, the additional

steam raised with the assistance of combustion chamber 175 of FIG's 1A or 5 is
not reqtiired, as reforming at a higher temperature provides higher methane

conversion, for a given steam-to-carbon ratio and the additional heat recovered
from the syngas stream 180 and the flue gas stream 160 is sufficient (o raise the

necessary steam for reforming at the elevated temperature.

Referring to FiG.’s 1A, 5 and 7, each of reforming apparatuses 100, 500 and 700
include a reformer module 150. Reformer module 130 reforms gaseous
hydrocarbon-steam stream 174 to form syngas stream 180 and flue gas stream 160,
During the reforming: process, reforming fael stream 124 is combusted in the
presence of reforming air stream 126 to provide additional heat to the reforming
process, An example of an embodiment of a reformer module 150 is shown in
FIG. 8, As shawﬁ in FIG. B, in some embodiments reformer module 150 may
comprise a4 pre-reformer 800 and a reformer 820. Pre-reformer 800 may comprise
multiple stages 801, 802 and 803 of heat exchange between the gaseous
hydrocarbon-steam stream 174 and the flue gas stream 160 in heat exchangers
804, 805 and 806 followed by partial catalytic reforming of the gaseous
hydrocarbon-steam stream 174 in catalytic reforming chambers or beds 807, 808
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and 809. Though the embodiment in FIG. 8 shows three pre-reforming stages
801-803, the number of pre-reforming stages may be varied from 1 to 10

_depending on the requirements of the system. Preferably, metal dusting and

coking conditions are avoided throughout the prewreforming stages. In operation,
pre-reformer 800 includes multiple iterations or stages of heating gaseous
hydrocarbon-steam stream 174 by recovering heat from flue gas stream 160
followed by partial catalytic reforming of the heated gaseous hydrocarbon-steam

stream.

In some embodiments, pre-reformer 800 comprise a PCR that is constructed from ‘
a series of plates as shown in FIG. 9A-E that have been stacked and diffusion

similar to a PCHE, with catalyst chambers or beds provided intermittently within
the flow path of the gaseous hydrocarbon-steam stream 174 such that the stream
may be alternately heated by flue gas stream 160 and then partially reformed
catalyt'icaﬂy. The PCR may be constructed from a series of plates that may be
combined into a stack and diffusion bonded to one another to provide heat
exchange between the hot and cold streams by placing the channels that make up
the flow paths in close proximity to one another and to provide catalytic reforming
of the gaseous hydrocarbon-steam stream 174, The stacking may inchade stacking
of end plates, bounding plates and specific configurations of gaseous
hydrocarbon-steam and flue gas plates according to the desired heat transfer. In
general the flow paths for each of the streams may be formed as channels in the
plates by etching, milling or other suitable process and may be configured o
provide for the desired heat exchange, while limiting pressure drop for one or
more streams across the PCR. The channels on each plate may be configured for
single or multiple pass heat transfer between the streams, and may be configured
to operate in co-flow, cross-flow or counter-flow. In some embodiments, the
plates for one of the streams may be configured for multiple passes, while the
plates for the other stream are configured for single passes. Preferably, the
streams entering and leaving the PCR are maintained at temperature, pressurée and
composition conditions that avoid or reduce metal dusting conditions within the
PCR. The embodiment shown in FIG. 9A-E comprises three stages of pre-

reforming.
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Referring to FIG. 9A-E, in some embodiments, the PCR may comprise one or more
bounding plates 910, one or more flue gas plates 920, one or more gaseous
hydrocarbon-steam plates 950, one or more vop end plates 970 and one or more
bottom end plates 980. For those plates and streams that do not have
penetrations through which the flow paths and fliow channels are accessed,
headers may be attached, such as welded, over the individual channel ends at the
end of the stacked plates to facilitate delivery and/or colfection of the siream
flowing thrm_lgh the relevant channels, In some embodiments, such a header may
comprise 4 portibn of pipe or tubing that has been opened on one side to provide
for Bow of the individual channels directly into the pipe or tubing. FIG. 9A-E each
include insulating cutouts A and FIG, 9C also includes insulating penetrations B.
Insulating cutouts A span the entire height of the stack of the PCR when the plates
are stacked and formed into a PCR and serve to control heat flow and prevent the
aridesirable Sow of heat from the hot portions of streams on a plates to cool
portions of the same streams on the same plate via conduction along the plates by
providing a region of reduced heat transfer between the streams, Insulating
penetrations 9B serve the same purpose but are cnly present on the gaseous
hydrocarbon steam plates 930 and do not span the height of the entire stack.

FIG. 9A shows a bounding plate 910 having a flue gas flow path 911 comprising

multiple independent flow channels 912 connecting flue gas inlets 913 with flue
gas outlets 914. Bounding plate 910 also includes reforming chamber or bed
penetrations 915, 916 and 917 and gaseous hydrocarbon stream penetration 918.
Bounding plate 910 helps serve to balance the heat loads and heat flux

throughout the stack when formed into a heat exchanger.

Referring to FIG. 9B, flue gas plate 920 includes reforming chamber or bed
penetrations 921, 922 and 923 and gaseons hydrocarbon stream penetration 924,
Flue gas plate 920 also includes flue gas flow path 927 with flue gas inlets 926 and
flue gas outlets 925, Flow path 927 may comprise one or multiple independent
flow channels 928.. Though a specific number of independent flow channels 928,
are shown in FIG, 9B, it should be understood that flow path 927 may comprise
any suitable numper of independent flow channels configured appropriately
according to the individual needs of the system. Furthermore, though FIG. 98B
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shows flow path 927 as being cross flow or single pass, in some embodiments flow
path 927 may comprise multiple passes, such as from 2 to 20 passes, from 2 to 10
passes or from 2 to 5 passes. Preferably, flow path 925 is a cross flow or single

pass flow path.

Referring to FIG. 9C, gaseous hydrocarbon-steam plate 950 includes reforming
chamber or bed penetrations 951, 952 and 953 and gaseous hydrocarbon stream
penetration 954. Gaseous hydrocarbon-steam plate 950 includes gaseous
hydrocarbon-steam flow path 955 with gaseous hydrocarbon-steam inlets 956 and
reformer stream outlets 957, Flow path 935 may comprise one or muliple
independent flow channels 958. Though a specific number of independent flow
channels 958, are shown in FIG, 9C, it should be ﬁnderstood that flow path 955
may comprise any suitable number of independent flow channels configured
appropriately according to the individual needs of the system. Furthermore,
though FIG. 9C shows flow path 955 as being a combination of multiple cross flow
passes and smgie pass cross flow, in some embodiments flow path 955 may
comprise multlp!e flow passes, such as from 2 to 20 passes, from Z to 10 passes or
from 2 to 5 passes and in other embodiments, flow path 955 may comprise single
pass cross flow, co-flow or counter flow. Prefembly,. flow path 955 is a
combination of multiple cross flow passes and single pass cross flow during heat
exchange, while flowing in a generally counter-flow or cross flow direction relative
to flue gas stream 160, In some embodiments, flow path 955 comprises maultiple
cross flow passes between inlet 956 and the first reforming chamber or bed
penetration 951, while flowing in a generally counter-flow direction and single
pass cross flow between the first and the second combustion chambers and the
second and the third combustions champers, while still flowing in a generally

counter-flow direction.

In some embodiments, FIG 9C also includes gaseous hydrocarbon-steam channels 7
960 and reformer stream channels 961, Gaseous hydrocarbon-steam channel 960
may serve to feed the gaseous hydrocarbon-steam stream 174 into the pre-
reformer 800 and gaseous hydrocarbon stream penetrations 954 and may be
supplied via a header that maﬁr be welded or connecred over the ends of the
individual channels across the stack of plates making up the PCR. Gaseous
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hydrocarbon-steam penetrations 954, along with the gaseous hydrocarbon-steam
stream penetrations on the other plates may form a chamber that may be an empty
charmber or that may optionally contain catalyst to promote additional reforming -
of the gaseous hydrocarbon-steam stream in the pre-reformer 800. In some
embodiments, such as embodiments where channels 960 are not in¢luded, the
chamber formed from the gaseous hydrocarbon-steam stream penetrations ma}}‘
serve as the inlet for the gaseous hydrocarbon-steam stream 174 into the pre-
reformer 800 by feeding the stream throﬁgh a port attached to an endplate that
provides access to the chamber. Similarly, reformer stream channels 961 may
serve to collect the reformer stream 811 flowing in the individual plates of pre-
reformer 800 as stream 174 completes its pre~rcfdrming in the chamber formed by
reforming chamber or bed penetrations 917, 923 and 953 and the endplates for
feeding to the reformer 820. Channels 961 may feed t:he stream into a header that
may be welded or otherwise connected to the pre-reformer over the ends of the
individual channels across the stack of plates making up the PCR. Channels 960
and 961 may be conﬁgured and sized the same or differently than channels 958
and there may be the same or 2 differént numbe;' of channels 960 and 961
compared to channels 958. Generally channels 960 and 961 may independently
have the sizes described in Table 1,

Referring to FIG, 9D, top end plate 970 may be a blank plate or a plate with no
flow path circuitry and may be insulated to enhance heat transfer and limit heat

loss. In some embodiments, top end plate 970 may include inlets and outlets or

" ports for entry and exit of the various streams. In some embodiments, multiple

top endplates may be used at each end. In some embodiments, 4 single top
endplate 970 is used. In other embodiments, multiple top endplates may be used
to provide sufficient thickness for the headers or ports, Similarly, referring to FIG,
OF, bottom end plate 980 may be a blank plate or plates with no flow path
circuitry and may be insulated to enhance heat transfer and lmit heat loss, In
some embodiments, bottom end plate 980 may include inlets and outlets or posts.
for entry and exit of the various streams, such as penetration 984 as well as access
to the catalyst chambers via access ports 981, 982 and 983 formed when the
individual plates are stacked. In some embodiments, bottom e}ldplate 980 may
not include penetration 984. In some embodiments, multiple bottorm endplates
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may be used. In some embodiments, a single bortom endplate 580 is used. In
other embodiments, multiple endplates may be used to provide sufficient
thickness for the headers or ports, In some embodiments, the end plates may ’
provide 2 wall against the bounding plate adjacent to the top end plate, serve as
lids to the penetrations and support connection of the relevant streams o PCR
900, such 2s via ports or headers. Accordingly, the endplates should be thick
enough to accommodate the pressures in each of the penetrations and to support

the ports or headers.

When stacked and diffusion bonded or otherwise bonded to form a PCR, the
various bounding plates 910, flue gas plates 520 and gaseous hydrocarbon-stezm
plates 950 are preferably aligned such that each of the various reforming chamber
or bed penetrations 915, 921 and 951, and 916, 922 and 952, and 917, 923 and
953 are aligned to form reforming chambers or reforming beds, such as reforming
chambers or beds 807, 808 and 809, The reforming chambers or beds may be
loaded with structured or unstructured catalyst and the reforming reaction may be
catalyzed using any suitable cata.iyst In addition, the various plates are preferably
aligned such that gaseous hydrocarbon stream penetrations 918, 924, 954 and 584
form a flow access path or chamber for the gaseous hydrocarbon-steam stream.

In addirion to aligning the reforming chamber or bed penctrations, the stacking of
the plates preferably places flow paths 911, 925 and 955 in close proximity t0 one
another to facilitate heat transfer between the relevant streams through the walls
of independent channels 912, 928 and 958. In some embodiments, this heat

transfer is represented in FIG. 8 as heat exchangers 804, 805 and 806.

In some embodiments, the plates r'nayl be stacked and diffusion bonded or
otherwise bonded in any suitable order to form a PCR. In some embodiments, the
plates may be stacked in order as follov;rs-. at least one top end plate 970, 2
bounding plate 910, multiple pre-reforming cells, each pre-reforming cell
comprising a flue gas plate 920 and a gaseous hydrocarbon plate 950, followed by
one more flue gas plate 920, another bounding plate 910 and a bottom endplate
980. Accordingly, the order of printed circuit reactor plates in a given stack may
have the following pattern for the active plates (bounding plate 910 = B, flue gas
plate 920 = F, gaseous hydrocarbon plate 950 = G): BFGFEGFG.. .FGFGF
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B. A perspective view of a flue gas plate 920 and a gaseous hydrocarbon plate 950,
i.e. a pre-reforming cell, is shown in FIG. 10. The end plates may be blank plates
with no flow path ciccuitry and may be insulated to enhance hear transfer and
limit heat Ioss. The end plates may serve as lids to the chambers and flow access
paths formed by alignment of the penetrations and support connection of the
relevant streams to the PCR, such as via ports or headers in fluid connection with
the chambers and flow paths. Accordingly, the endplates should be thick enough
to accommodate the pressures in each of the penetrations and to support the

ports or headers. In some embodiments, a single endplate is used for each end of

- the PCR, where the endplate is thicker than the other plates. In other

embodiments, multiple endplates may be used at each end to provide sufficient

thickness to support or provide for the headers or ports.

In one specific embodiment for reforming 2 SCMH of natural gas using PSA off-gas
as fuel, the PCR comprises 3 top end plates, followed by a bounding plate 910
followed by 11 reforming cells followed by a flue gas plate 920, followed by a
bounding plate 910 and 3 bottom end plates. This configuration results in a
stacked pre-reformer 800 that is 49.6 mm tall when using plates having a thickness
of 1.60 mm. Preferably the PCR making up pre-reformer 800 is constructed from
materials suitable to withstand the pressures and temperatures to which pre-
reformer 800 is exposed. In some embodiments, the PCR and therefore pre-

reformer 800 may be constructed from Alloy 860H or Alloy 617,

The individual plates making up the PCR may independently have the thicknesses
described in Table 1. In some embodiments, the plates may each be 1.6 mm thick.
In addition each of the independent flow channels 912, 928 and 958 may

independently comprise a generally semicircular cross- section and may

_independently have the dimensions described in Table 1. In some embodiments,

each of independent flow channels 912, 928 and 958 may have a semicircular
cross-section and may have a width of about 1.9¢ mm, 4 depth of about 1.1 mm
and about 0.5 mm ridges.

In some embodiments, the PCR may operate as follows: the gaseous hydrocarbow

steam stream 174 may enter the first stage of reforming 801 through gaseous

hydrocarbon-steam inlet 956 and the flow access path or chamber formed from
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alignment of gaseous hydrocarbon-steam penetrations 918, 924, 954 and 984 and
end plates 970 and 980 and into gaseous hydrocﬁrbon-stcam flow path 955 on
gaseous hydrocarbon-steam piates 950. The gaseous hydrocarbon-steam flows
through gaseous hydrocarbon-steam inlet 956 into independent flow channels 958
on the gasecus hydrocarbon-steam plates 950 where the stream is heated by flue
gas that has entered the PCR on flue gas plates 920 and bounding plates 916 and
is flowing in independent flow chanaels 928 and 912 of flow paths 925; and 911
respectively. In the embodiment in FIG. 9A-E, during this first stagé of heat
exchange, independent flow channels 958 form a flow path 955 that has multiple
passes and is in cross flow during beat exchange relative to the flue gas flowing in
single pass flow paths 927 and 911.

After the first stage of heating, the gaseous hydrocarbon-steam flowing in channels
958 is directed to reforming chamber or bed 807 formed from alignment of
reforming penetrations 915, 921 and 951 and the endplates and is partiailly
catalytically reformed. This partially reformed stream then enters the second stage
of pre-refofming 802 where it is heated by the flue gas stream 160, In this second
heating stage, independent flow channels 958 form a flow path 9535 that is a single
pass flow path flowing in cross flow relative to the flue gas flowing in single pass

fiow paths 927 and 911,

After the second stage of heating, the pz{rtially reformed stream Howing in
channels 958 is directed into reforming chamber or bed 808 formed from
alignment of reforming penetrations 916, 922 and 952 and the endplates and is
partially catalytically reformed. The resulting partially reformed stream then
enters the third stage of pre-reforming 803 where it is heated by the flue gas
stream 160. In this third heating stage, independent flow channels 958 form a
flow path 955 that is 2 single pass flow path flowing in cross flow relative to the

flue gas flowing in single pass flow paths 925 and 911,

After the third stage of heating, the partially reformed stream flowing in channels
958 is directed into reforming chamber or bed 809 formed from alignment of
reforming penetrations 917, 923 and 953 and the endpﬁatcs and is partially
catalytically reformed, The stream leaving reforming chamber or bed 809 leaves

the pre-reformer 800 as reformer stream 811 and proceeds to the first stage of
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reforming in reformer 820. The flue gas stream 160 leaves the pre-reformer 800
and is optionally re-heated in 2 combustion chamber 175 before it provides
additional heat to water stream 108 ini heat exchanger 164 prior to leaving the

reformer system 100,

In some embodiments, gaseous hydrocarbon-steam stream 174 enters pre-
reformer 800 at a temperature just below to above the saturated steam
temperature such as between 200 °C and 270 °C, between 210 °C and 260 °C,
between 215 °C and 250 °C, between 220 °C and 240 °C or between 225 °C and
240 "C and at a pressure of between 10 bara and 100 bara, such as between 10
bara and 90 bara, between 10 bara and 75 bara, between 10 bara and 60 bara,
between 10 bara and 50 bara, between 10 bara and 40 bara, between 10 bara and
%0 bara, between 10 bara ancd 20 bara, between 10 bara and 18 bara, between 11
bara and 17 bara, between 12 bara and 16 bara, between 13 bara and 15 bara or
between 13.5 bara and 14.5 bara and may leave pre-reformer 800 as reformer
stream 811 at a temperature of between 500 °C and 700°C, such as betweern 510°C
and 675 °C, between 520 °C and 650 °C, between 530 °C and 625 °C, between 550
°¢: and 600 °C or between 560 °C and 590 °C and at a pressure of between 10 bara
and 100 bara, such as between 10 bara and 90 bara, between 10 bara and 75 bara,

between 10 bara and 60 bara, between 10 bara and 50 bara, between 10 bara and

- 40 bara, between 10 bara and 30 bara, between 10 bara and 20 bara, between 10

bara and 18 bara, between 11 bara and 17 bara, between 12 bara and 16 bara,

between 13 bara and 15 bara or between 13.5 bara and 14.5 bara.

Flue gas stream 160 may enter pre-reformer 800 at a temperature of between 700
°C and 1050 °C, such as between 750 °C and 1000 °C, between 800 °C and 950 °C,
between 825 °C and 925 °C, between 850 °C and 900 °C and at a pressure of less
than 1 barg, such as less than 0,75 barg, less than 0.50 barg, less than 0.40 barg,
less than 0.30 barg, less than 0.20 barg, less than 0,15 barg, less than 0.10 barg,
less than 0.075 barg, or less than 0.05 barg and may leave pre-reformer 8060 ata
temperarure of between 500 °C and 650°C, such'as between 510°C and 625 °C,
hetween 520 °C and 600 °C or between 530 °C and 575 °C and at a pressure of less
than 1 barg, such as less than 0.75 barg, less than 0.50 barg, less than 0.40 barg,
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less than 0.30 barg, less than 0.20 barg, less than 0.15 barg, less than 0.10 barg,
less than 0.075 barg, or less than 0.05 barg.

Referring to FIG. 8, after leaving pre-reformer 800, reformer stream 811 enters
reformer 820. As shown in FIG. 8, reformer 820 comprises multipie reforming
stages, such as 821, 822, 825, 824 and 825 and stages represented by the break
880 which is intended to represent any suitable number of stages configured
essentially the same as stages 821-825 as described below, each stage including
heat exchange from reformer air stream 126 into reformer stream 811 in heat _
exchangers 831, 832, 833, 834 and 835 followedlby caralytic reforming of reformer
stream 811 in reformers 841, 842, 843, 844 and 845 and reheating of reformer air
stream 126 by catalytic combustion of a portion of reformer fuel stream 124 in
combustion chambers 851, 852, B53 and 855. Reformer fuel stream 124 may be
supplied in parallel to the individual stages via a fuel distribution nerwork
comprising reforming fuel stream 124 and reforming stage fuel sireams 861, 862,
863 and 865, Though FIG. 8 shows five complete stages 821, 822, 823, 824 and
825, it should be understood that any suitable number of reforming stages may be
used, such as from 1-40 reforming stages, such as from 2 to 35 stages, from 3 to 30
stages, from 5 1o 25 stages, from 8 to 20 stages or from 10 to 15 reforming stages
as represented by the break at 880. Ir should also be noted that the latter stages of
reforming may not requ:,re reheating of the reformer air stream 126 to provide
adequate heat for the catalytic reforming and thus one or more of the latter stages
may not include the step of reheating of the reformer air stream 126, may not
include combustion chambers or may not have catalyst in their combustion
chambers and/or may not include a reforming stage fuel stream. In some
embodiments, the last stage of reforming does not include reheating of the
reformer air stream 126, For example, though reforming stage 824 shows a
combustion chamber 875, it does not include a fuel supply and thus combustion
chamber 875 may not include catalyst and additional combustion may not ocour
therein. Alternatively, combustion chamber 875 may include catalyst and may
combust any combustible components remaining in reformer air stream 126.
Preferably, metal dusting and coking conditions are avoided throughout the

reforming stages.
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In some embodiments, reformer 820 comprises 2 PCR. The PCR may be
conﬁgﬁrcd similar to a printed circuit heat exchanger (“PCHE”), with reforming
catalyst chambers or beds provided intermiétenﬂy within the flow path of the
reformer steeam 811 and combustion catalyst chambers provided intermittently
within the flow paths for the reformer air stream 126 and the reformer fuel stream
124 such that the reformer stream 811 may be alternately heated by the reformer
air stream 126 and then partially reformed catalytically while the Eeformer air
stream 126 alternately heats the reformer stream 811 and is re-heated by
combustion of a portion of the reformer fuel stream 124, The PCR may be

constructed from a series of plates that may be combined into 2 stack and

 diffusion bonded to one another to provide heat exchange between the hot and

cold streams by placing the channels that make up the flow paths in close
proximity to one another and to provide catalytic reforming of the reformer
stream 811 and catalytic combustion of a portion of the reforming fu'e! stream 124
in the presence of reforming air stream 126. The stacking may inchude stacking of
end plates, bounding plates and specific configurations of reformer stream plates,”

reforming air plates and reforming fuel plates,

" In general the flow paths for each of the sireams may be formed as channels in the

plates by etching, milling or other suitable process and may be configured t0
provide for the desired heat éxchange, while controlling pressure drops for one or
more of the streams across the PCR. The channels on the reforming stream plates
and the reforming air stream plates may be configured for single or multiple pass
heat transfer between the streams, and may be configured to operate in co-flow,
cross-flow or counter-flow, In some embodiments, the plates for one of the
reforming streams or reforming air streams may be configured for multple passes,
while the plates for the other étream are configured for single passes. Preferably,
the streams entering and leaving the PCR are maintained at temperature, pressure
and composition conditions that avoid or reduce metal dusting conditions and _
coking conditions within the PCR. '

An example of the plates that make up an embodiment of such a PCR may be
found in FIG.'s 11A-F. The embodiments shown in FIG.'s 11A-F comprise 14
stages of reforming, but it should be understood that any suitable number of
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stages may be used with appropriate modification to the various plé.tcs shown.
Referring to FIG.'s 11A-F, the PCR ma}; comprise one or more bounding plates
1101, one or more reformer plates 1121, one or more reformer air plates 1141,
one or more reformer fuel plates 1161, one or more top endplates 1180 and one

or more bottom endplates 1190,

Referring to FIG. 114, bounding plate 1101 includes reformier stream inlet
‘chamber penctration 1102 and reformer stream outlet chamber penetration 1103,
which may also be the last reforming chamber or bed penetration, and a flow path
1104 comprising multiple independent ﬂow channels 1105, In general, bounding
plate 1101 will have fewer independent flow channels 1105 than the number of
indépendent flow channels on reformer plate 1121, In some embodiments,
bounding plate 1101 has half the number of independent flow channels as
reformer plate 1121, As shown in the expanded view of bounding plate 1101 in
FIG. 11AA, an example of a single stage of reforming 1110 of the 14 stages
included on bounding plate 1101 includes a reforming chamber or bed
penetration 1112, 2 combustion chamber penetration 1114 and a fuel supply
penetration 1113, Bounding plate 1101 helps serve to balance the heat loads and
heat flux throughout the stack when formed into a heat exchanger.

Though FIG. 11AA shows reformer chamber penetration 1112 on the right band
sided of bounding plate 1101, it should be understood that the reformer chamber
penetrations for the stages of reforming alternate sides along the bounding plate
1101 with fuel supply penetrations 1113 from the first or inlet penetrations 1102
to the last or outlet penetrations 1103 and may be started on either side of
bounding plate 1101, Accordingly, the stages immediately before and after stage
1110 would have the reforming chamber or bed penetrations 1112 on the left
hand side of bounding plate 1101 and the fuel supply penetrations 1113 on the
right.hand side of bounding ptate 1101. In some embodiments, the stages may be
confignred differently as suitable for the intended use and the embodiments of the
process and apparatus described herein should not be understood to be limited to
alternating of the various penetrations. For example, where the heat exchange
includes one or more passes; the configuration may change to accommodate these

passes,
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In operation a portion of the reformer stream 811 flows through independent
channels 1105 where it recovers heat from the heated reformer air stream 126
flowing in independent channels 1145 shown in FIG. 11C and FIG. 11 CC and
then proceeds to reformer chamber penetration 1112, Reformer chamber
penerrations 1112 (including penetrations 1102 and 1103) combine with the
corresponding reformer chamber penetrations 1152 (including penetrations 1122
and 1123), 1152, 1172 and 1192 on the plates in FIG.'s IlB-D.a.nd F respectively,
to form reformer chambers, such as reformer chambers 841, 842, 843, 844 and
845 shown in FIG. 8, where reformer stream 811 is partially catalytically reformed.
In some embodiments, the chamber formed by inlet penetrations 1102 along vﬁt;h
the corresponding penetrations on the other plates may be aligned to form a
blank or empty chamber that does not include catalyst and does not reform
reformer stream 811. After being partially reformed reformer stream 811 leaves
the reformer chamber and recovers heat in the next stage of reforming, until
leaving the Iast stage of reforming via reformer stream outlet penetré.:ions 1103, at
which point the reformed stream is combined with the reformed stream leaving

the last stage of reforming on reformer plate 1121 to form syngas stream 180.

FIG. 11B shows reformer plate 1121 having reformer stream inlet penetration
1122, and reformer stream outlet chamber penetration 1123, which may also be
the last reforming chamber or bed penetration, and a flow path 1124 that
comprises rﬁultipic independent channels 1125, As shown in the expanded view
of reformer plate 1121 in FIG. 1188, an example of a single stage of reforming
1130 of the 14 stages included on reformer plate 1121 includes a reforming
chamber or bed penetration 1132, a combustion chamber penetration 1134 and a
fuel supply penetration 1133, Though FIG. 11BB shows reformer chamber
penetration 1132 on the right hand sided of reformer plate 1121, it should be
understood that the reformer chamber penetrations for the stages of reforming
alternate sides along the reformer plate 1121 with fuel supply penetrations 11?;5
from the inlet penetrations 1122 to the outlet penetrations 1123 and may be
started on either side of reformer plate 1121, Accordingly, the stages immediately
before and after stage 1130 would have the reforming chamber or bed
penctrations 1132 on the Ieft hand side of reformer plate 1121 and the fuel supply

penctrations 1133 on the right hand side of reformer plate 1121, In some
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embodiments, the stages may be configured differently as suitable for the intended
use and the embodiments of the process and apparatus described herein should
not be understood to be limited to aiternating of the various penetrations, For
example, where the heat exchange includes one or more passes, the configuration

may change to accommodate these passes.

In operation a portion of the reformer stream 811 flows through independent
channels 1125 where it recovers heat from the heated reformer air stream 126
flowing in independent channels 1145 shown in FIG. 11C and FIG. 11CC and then
proceeds to reformer chamber penetration 1132. Reformer chamber penetrations
1132 (including penetrations 1122 and 1123) combine with the corresponding
reformer chamber penetrations 1112 (including penetrations 1102 and 1103},
1152, 1172 and 1192 on the plates in FIG.'s 114, C-D and F to form reformer
chambers, such as reformer chambers 841, 842, 843, 844 and 845 shown in FIG. 8,
where reformer stream 811 is partially catalyrically reformed. In some -
embodiments, the chamber formed by inlet penetrations 1122 along with the
corresponding penetrations on the other plates may be aligned to form a pblank or
empty chamber that does not include catalyst and does not reform reformer
stream 811. After being partially reformed, the reformer stream 811 leaves the
reformer chamber and recovers heat in the next stage of reforming, until leaving
the last stage of reforming and into reformer stream outlet penetrations 1123, at
which point the reformed stream is combined with the reformed stream leaving

the last stage of reforming on reformer plate 1101 to form syngas stream 180.

In some embodiments, FIG 11A-B also include refomier stream inlet channels
1106 and 1126 and reformer stream Sutlet channels 1107 and 1127. Reformer
stream inlet channels 1106 and 1126 may serve to feed the reformer stream 811
into the reformer 820 and inlet penetrations 1102 and 1122 and may be supplied
via 2 header that may be welded or connected over the ends of the individual
channels across the stack of plates making up the PCR. Inlet penetrations 1102
and 1122, along with the corresponding penetrations on the other plates may
form a chamber that may be an empty chamber or that may optionally contain
catalyst to promote additional reforming of the reformer stream in reformer 820.

In some embodiments, such as embodiments where channels 1106 and 1126 are
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not included, the chamber formed from the inlet penetrations mdiy serve as the
inlet for the reformer stream 811 into the pre-reformer 800 by feeding the stream
through a port attached to an endplate that provides access to the chamber.
Sirnilarly, reformer stream oﬁtiet channels 1107 and 1127 may serve to collect the
syngas stream 180 flowing in the individual plates of reformer 820 as stream 811
completes its reforming in the chamber formed by reforming chamber or bed
penetrations 1103 and 1123 and 'the corresponding penetrations on the other
plates and the endplates. Channels 1107 and 1127 may feed stream 180 into a
header that may be welded or otherwise cormected to the pre-reformer over the
ends of the individual channels across the stack of plates making up the PCR.
Channels 1106, 1107, 1126 and 1127 may be configured and sized the same or
differenily than channels 1105 and 1125 and there may be the same or a different
number of channels 1106, 1107, 1126 and 1127 compared to channels 1105 and
1125. Generally channels 1106, 1107, 1126 and 1127 may independently have the

sizes described in Table 1.

FIG. 11C shows a reformer air plate 1141, having reformer air inlets 1142 and
reformer air outlets 1143 and a flow path 1144 that comprises multiple
independent channels 1145, As shown in the expanded view of reformer air plate
1141, FIG, 11CC, an example of a single stage of reforming 1150 of the 14 stages
included on reformer air plate 1141 includes a reformer chamber or bed
penetration 1152, a combustion chamber penetration 1154 and a fuel supply
penetration 1153. Though FIG. 11CC shows reformer charnber penetration 1152
on the right hand sided of reformer air plate 1 141, it should be understood that
the reformer chamber penetrations for the stages of reforming alternate sides
along the reformer air plate 1141 with fuel supply penetrations 1153 from the
inlets 1142 to the outlets 1143 and may be started on either side of reformer air

" plate 1141. Accordingly, the stages immediately before and after stage 1150 would

have the reforming chamber or bed penetrations 1152 on the left hand side of
reformer air plate 1141 and the fuel supply penetrations 1153 on the right hand
side of reformer air plate 1141, In some embodiments, the stages may be
configured differently as suitable for the intended use and the embodiments of the
process and apparatus described herein should not be understond to be limited 1o

alternating of the various penetrations. For example, where the heat exchange
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inchades one or more passes, the configuration may change to accommodate these

passes.

In operation, reformer air stream 126 flows through independent channels 1145
which may provide heat 10 a portion of reformer stream 811 flowing in A
indepenéient channels 1105 on bounding plate 1101 shown in FIG. 11Aand a
portion of reformer stream 811 flowing in independent channels 1125 shown in
FIG. 11B through the walls of the independent channels on each plate. Reformer
air stream 126 then proceeds to combustion chamber penetration 1154,
Combustion chamber penetrations 1154, combine with the corresponding
combustion chamber penetrations, 1114, 1134, 1174 and 1194 on the plates in
FIG.'s 11A-B, D and F to form combustion chambers, such as combustion
chambers 851, 852, 853, and 855 shown in FIG. 8, where reformer air stream 126
fs reheated by catalytic combustion of fuel from independent channels 1165 on
reformer fuel plates 1161, After being reheated, reformer air stream 126 leaves
the combustion chamber and heats reformer stream 811 in the next stage of
reforming, until leaving the last stage of reforming and into the reforming air -
penetrations where, with reference o FIG, 8, it leaves reformer module 150 as

flue gas stream 160.

FIG. 11D shows a reformer fuel plate 1161, having reformer fuel inlets 1162,
reformer fuel outlets 1163 and flow paths 1164 that comprise one or more
independent channels 1165. Unlike the serial flow of the streams flowing in the
plates shown in FIG. 11A-C, a portion of reformer fuel stream 124 is supphed
individually and independently to each of the stages within the reformer in
parallel. Accordingly, each stage of reforming to which fuel is supplied on the
reformer fuel plates 1161 has its owﬁ reformer fuel inlets 1162, reformer fuel
outlets 1163 and flow path 1164. In addition, the amount of reformer fuel stream
124 supplied to each stage may be the same or different from the amount of
reformer fuel stream 124 supplied to the other stages. As a result, the reformer
fuel inlets 1162, reformer fuel outlets 1163 and flow paths 1164 of each stage may
be configured the same or differently refative to the other stages. In some
embodiments, the amount of reformer fuel stream 124 suppiied to each stage after

the first stage may be reduced relative to the preceding stage. Furthermore, one
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or more of the later stages may not receive any portion of reformer fuel stream

124, as the need to reheat the reformer air siream 126 may be reduced or absent

in some of the later stages of reforming. An embodiment of 4 system in which the
amount of reformer fuel stream 124 supplied to each successive reforming stage is -

reduced is discussed below with respect to FIG. 15.

As shown in FiG. 11D, flow paths 1164 may be configured to passively control the
amount of reformer fuel stream 124 supplied to the reforming stages by
controlling the size, number and geometry of the independent channels 1165 and -
the pressure drops throughout the reforming system 100, Multiple reforming fuel -
outlets 1163 may be used for each stage to more evealy supply the porton of
reformer fuel stream 124 1o the combustion penetration 1174 of that stage. In
addition, for some stages, the portion of reformer fuel stream 124 supplied to the
stage may be provided from one or more than one fuel supply penetrations 1173.
Accordingly, it should be understood that when referring to a single stage of
reforming, a portion of the fuel supplied to that stage may come ﬁ:o:‘rn a fuel

supply péaetration 1173 physically associated with a different stage and that the
fuel supply penetrations 1173 may be conﬁguréd to supply fuel to more than one
stage, Fuel supply penetrations 1173, combine with the corresponding fuel

supply penetratioﬁs 1113, 1153, 1153 and 1183 on the plates in FIG.'s 11A-C and

E to form fuel supply flow access paths or chambers.

As shown in the expanded view of reformer fuel plate 1161 in FIG 11DD, an
example of a single stage of reforming 1170 of the 14 stages included on reformer
fuel plate 1161 includes a fuel supply penetration 1173, a combustion chamber
penetration 1174 and a reforming chamber or bed penetration 1172. Though the
expanded view of reformer fuel plate 1161 shows fuel supply penetration 1173 on
the right hand sided of reformer fuel plate 1161, it should be understood that the
fuel supply penetrations alternate sides along the reformer fuel plate 1161 with
reforming chamber or bed penetrations 1172. Accordingly, the stages immediately
before and after stage 1170 would have the fuel supply penetrations 1173 on the
left hand side of reformer fuel plate 1161 and the reforming chamber or bed
penetrations 1172 on the right hand side of reformer fuel plate 1161. In some
embodiments, the stages may be configured differently as suitable for the intended
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. use and the embodiments of the process and apparatus described herein should

not be understood to be limited to alternating of the various penetrations.

In operation a portion of reformer fuel stream 124 flows from the fuel supply flow
access paths or chambers through the fuel inlets 1162 along flow paths 1164 A
comprising independent channels 1165, through fuel outlets 1163 and into the
combustion chambers 1174 where the portion of fuel from reformer fuel stream
124 is catalytically combusted in the presence of reformer air stream 126, thereby
re-heating reformer air stream 126. The byproducts from the combustion of the
portion of fuel from reformer fuel stream 124 leave the combustion chamber with

reformer air stream 126,

In some embodiments, FIG 11A-D each include reformer air stream inlet chaonels
1108, 1128, 1142 and 1168 and reformer air stream outlet channels 1109, 1129,
1143 and 1169. Reformer stream inlet chanuels 1108, 1128, 1142 and 1168 may
serve to feed the reformer air stream 126 into the reformer 820 and reformer air
inlet penetrations 1115, 1135, 1155 and 1175 and may be supplied via a header
that may be welded or connected over the ends of the individual channels across
the stack of plates making up the PCR. Inlet penetrations 1113, 1135, 1155 and
1175 may form # chamber that may be an empty chamber that gathers the
reformer air stream for feeding into flow path 1144 comprising channels 1145,
Similarly, reformer stream outlet channels 1109, 1129, 1145 and 1169 may serve
1o feed the flue gas stream 160 flowing in the individual plates of reformer 820
after the finat stage of heat exchange and optional combustion to the piping or
tubing feeding the flue gas stream to the pre-reformer 800. Channels 1109, 1129,
1143 and 1169 may feed stream 160 into a header that may be welded or
otherwise connected to the pre-reformer over the ends of the individual channels
across the stack of plates making up the PCR. Reformer air stream inlet chanoels
1108, 1128, 1142 and 1168 and reformer air stream outlet channels 1109, 1129,
1143 and 1169 may be configured and stzed the same or differently than channels
1145 and there may be the same or a different number of reformer air stream Inlet
channels 1108, 1128, 1142 and 1168 and reformer air stream outlet channels
1109, 1129, 1143 and 1169 compared to channels 1145, Generally reformer air
stream inlet channels 1108, 1128, 1142 and 1168 and reformer air stream outlet
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channels 1109, 1129, 1143 and 1169 may independently have the sizes described
in Table 1. By configuring the feed of the reformer air stream 126 in this manner,
the pressure drop of the stream across the reformer may be minimized,

FIG. 11E shows an example of 4 top endplate 1180 having fuel supply
penetrations 1183, Top end plate 1180 may be a blank plate or plates with no
flow path circuitry and may be insulated to enhance heat transfer and limit heat
loss. In some embodiments, a single top endplate 1180 is used. In other
embodiments, rriuitipie top endplates 1180 may be used to provide sufficient
thickness for the headers or ports that supply the fuel. In some embodiments, a
header may be provided that is connected, such as welded, across the length and
width of the top plate and that provides for supply of the fuel to each of the fuel
supply penetrations, In some embodiments, this supply may be accomplished by
providing the fuel to the header, where the header is a single open space that
provides access to each of the fuel supply penetrations, which by virtue of their
configuration provide the desired pressure drop to achievé the desired passive
control of the fuel supply to the combustion chambers in the reformer. Similarly,
as shown in FIG. 11F bottom end plate 1190 may be a blank plate or plates with
no fow path circaitry and may be insulated to enhance heat transfer and limit heat .
loss. In some embodiments, bottom end plare 1190 may include inlets and
outlets for entry and exit of one or more of the various streams as well as
reforming chambers or bed penetrations 1192 and combustion chamber
peﬁetrations 1194, which may have access ports connected thereto. In some
embadiments, omltiple bottom endplates may be used. In some embodiments, a
single bottom cndpﬁate 1190 is used. In other embodiments, multiple endplates
may be used to provide sufficient thickness for headers or ports. In some
embodiments, the end plates provide a wall for the passages on the bounding
plate facing the end plate, serve as lds to the penetrations and support
connection of the relevant streams to the PCR, such as via ports or headers.
Accordingly, in some embaodiments, the endplates should be thick enough to
accommaodate the pressures in each of the penetrations and to support the ports
or headers. In some embodiments, the various penetrations in the bottom .
endplates may each be capped with penetration caps, after the plates have been

stacked and formed into a reformer. In some embodiments, the penetration caps
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may comprise any suitable material, including the material from which the plates

are formed and may be connected, such as welded or otherwise connected to

block, seal or cover the penetrations on the bottom endplates.

‘When stacked and diffusion bonded or otherwise bonded to form a PCR, the
various bounding plates 1101, reformer plates 1121, reformer air plates 1141,
reformer fuel plates 1161, tope endplates 1180 and bottom endplates 1190 are
preferabl_y aligned such that each of the various reforming chamber or bed
penetrations 1112, 1132, 1152, 1172 and 1192 are aligned to form reforming
chambers or reforming beds, such as reforming chambers or beds 841, 842, 843,
844 and 845. In addition to aligning the reforming chamber or bed penetrations,
the stacking of the plates preferably aligns the fuel supply penetrations 1113,
1133, 1153, 1173 and 1183 to form fuel supply fAlow access paths or chambers and
aligns the combustion chamber penetrations 1114, 1134, 1154, 1174 and 1194 to
form combustion chambers, such as-combustion chambers 851, 852, 853 and 855.
The reforming chambers or beds and the combustion chambers may be loaded
with structured or unstructured catalyst and the reforming reaction and the
combustion reaction may be cataiyzed- using any suitable cataiyst. “For those plates
and streams that do not have penetrations through which the flow paths and 8ow
channels are accessed, headers may be atrached, such as welded, over the
individual channel ends to facilitate delivery and/or collection 0£"' the stream

flowing through the relevant channels.

In addidon to aligning the various penetrations, the stacking of the plates
preferably places flow paths 1104 and 1124 in close proximity to flow path 1144
to facilitate heat wansfer through the walls of independent channels 1145 into
independent channels 1105 and 1125. In some embodiments, this heat transfer
oceurs in what are represented in FIG. 8 as heat exchangers, such as heat

exchangers 831, 832, 833 and 834.

In some embodiments, £he plates may be stacked and diffusion bondéd or
otherwise bonded in any suitabie order to form a PCR version of the reformer 820,
In some embodiments, the plates may be stacked and diffusion bonded or
otherwise bonded in order as follows: at least one top end plate 1180, a
bounding plate 1101, multiple reforming cells, each reforming cell comprising a
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reformer air plate 1141, reformer fuel plate 1161, a second reformer air plate 1141
and a reformer plate 1121, and the rest of stack includes in order a reformer air
plate 1141, a reformer fuel plate 1161, a second reformer air plate 1141, another
bounding plate 1101 and a bottom endplate 1190, Accordingly, the order of
printed circuit reactor plates in a given stack for some embodiments of reformer.
820 may have the following pattern for the active plates (bounding plate 1101 =
B, reformer air plate 1141 = A, reformer fuel plate 1161 = F, a reformer plate
1121=R): BAFARAFAR...AFAB. A perspective view of a reforming cell is
shown in FIG. 12,

In one specific embodifnem for reforming 2 SCMH of natural gas, reformer 820
comprises a PCR having 3 top end plates, followed by a bounding plate 910
followed by 5 reforming cells followed by a reformer air plate 1 141, a reformer
fuel plate 1161, 2 second reformer air plate 1141, another bounding plate 1101
and 3 bottom end plates. Preferably, reformer 820 comiprises a PCR that is
constructed fror materials suitable to withstand the pressures and temperatures

to which reformer 820 is exposed. In some embodiments, reformer 820 may be

- constructed from Alloy 800H or Alloy 617.

The individual plates making up the PCR may independently haye the thicknesses
described in Table 1. In some embodiments, the plates may each be 1.6 mm thick.
In addition each of the independent fow channels 1103, 1125, 1145, and 1165
may independently comprise a generally semicircular cross-section and may
independently have the dimensions described in Table 1. In some embodiments,
independent channels 1105 on bounding piates 1101 may have a depth of 1.10
mm depth, a width of 1.69 mm and 1.00 mm ridges. In some embodiments,
independent channels 1125 on reformer plates 1121 may have a depth of 1.10 mm
depth, a width of 1.69 mm and 1.00 mm ridges. In some embodiments,
independent channels 1145 on reformer air plates 1141 may have a depth of 1.10
mm depth, a width of 1.69 mm and 0.90 mm ridges. In some embodiments,
independent channels 1165 on reformer fuel plates 1151 may have a depth of 1.10
mm depth, a width of 1.69 mm and 0.4 mm ridges.

In some embodiments, when reformer 820 comprises a PCR, the PCR may operate

as follows; the reformer stream 811 may enter flow paths 1104 and 1124 on
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bounding plates 1101 and reformer plates 1121 a catalyst free reformer chamber

formed by alignment of the relevant reformer penetrations on each of the plates
making up the PCR including reformer stream inlet penetrations 1102 and 1122.
The reformer stream 811 may enter the independent channels 1105 and 1125
making up flow paths 1104 and 1124 where it is heated by reformer air siream 126.
that has entered the PCR on reformer air plate 1141 through reformer air inlets
1142 and into reforming the multiple independent channels 1145 of flow path
1144. Preferably, reformer air stream 126 and reformer stream 811 exchange heat
through the walls of their independent channels 1145, 1105 and 1125 while
flowing in single pass cross flow yet generally the streams preferaﬁly flowinaco-
flow direction as shown in FIG. 8. Thus, during the actual heat transfer the
streams preferably flow in cross flow relative to each other, but the flow of both of
the streams through the PCR is preferably in a generally co-flow direction.

After receiving heat from the reformer air-stream 126, the reformer stream 811
enters reforming chamber or bed 841 formed from alignment of the various
reforming chamber or bed penetrations on the plates of the PCR where the
gaseous hydrocarbon in the reformer stream is partially catalytically reformed.
Similarly, after heating reformer stream 811 reformer air stream 126 enters
combustion chamber 851 where it is re-heated by combustion of a portion of the '
fuel from reformer fl'.xei streamn 124. The portion of reformer fuel stream 124
enters the PCR through one or more reformer fuel flow access paths or chambers
formed by alignment of the relevant fuel supply penetrations on each of the plates
making up the PCR and enter independent channels 1 165 of flow path 1164 and
through reformer fuel inlets 1162, The portion of the reformer fuel stream 124
flows through independent channels 1165 and into combustion chamber 851
through reformer fuel outlets 1163 and the fuel is catalytically combusted in the
presence of reformer air stream 126 to re-heat the reformer air stream 126 for the
next stage of reforming. In this manner, the reformer stream 811 and the
reformer air stream 126 are subjected to multiple stages of heat exchange,
reforming, and combustion until reformer stream 811 leaves the PCR as syngas
stream 180 and the reformer air stream 126 leaves the reformer as flue gas stream

160.
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A top view of PCR version 900 or pre-reformer 800 and a top view of PCR version
1300 of reformer 820 are shown in FIG. 13A-B. As shown in, each of the pre-
reforming chambers or pre-reforming beds 1310, 1320, 1330 and reforming
chambers or beds 1340 are shown packed with reforming catalyst, Similarly, each

of combustions chambers 1350 are shown packed with catalyst. In this version of
PCR 1300, top plates 1360 also include fuel supply penetrations 1362 which help

. to form fuel supply chambers 1364, Accordingly, in this embodiment of PCR

1300, access to each of the chambers may be obtained through the top plates
1360. '

The various PCHE's and PCR’s described herein may comprise plates that include
inldcpendent flow channels for the various streams. The plates for each of the
PCHES’s and PCR’s may, independently for each plate or flow channel, have the

dimensions described in Table 1:

,

Table 1: Example PCHE and PCR Plate Thicknesses and Fiow Channel Dimensions

CHANNEL DIMENSIONS
Width Depth Ridge Width between
{millimeters}) {millimeters) channeis (millimeters)
Preferred ranges of 0Bt 45 0.3102.5 021025
dimensions :
Example ranges of 0810325, 1103, (04102 0510 15 /03102 05t0 12 0.
dimensions 11025 1.2t 06 o 14, 075 oito 1.1, 0810 1.1, 0.8 ¢
225,132, 14 1.25, 140 1.25 1.0,0310 08,03 t0 0.5
A , to 1.75, 1.4 to 1.6
PLATE THICKNESSES
Plate Thickness
{milfimeters)
Preferred range of 05103
thicknesses
Example ranges of 0751028, 091
thicknesses 25 10175 11
to1.6,1.25t0 1.5

In one embodiment for reforming 2 SCMH of natural gas using PSA offgas as a
fuel, efficient operation of the reformer module 150 while remaining within the
material design temperatures may have the temperature profiles for reforming and
combustion that appear approxitl."xately like those shown in FIG. 14. Though not
representing actual data, FIG. 14 shows a graph 1400 of a desired trend in the

temperature profile of reformer stream 811 and reformer air stream 126 as they
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proceed through 14 stages of reforming (with fhe last reforming chamber or bed
and combustion chamber omitted) with passive control of the fuel supply to each -
stage of combustion such that the amount of fuel supplied decreases from stage to
stage. As shown, it is believed thar the temperature of the reformer siream 811 as
it is reformed in each of the reforming chambers or beds 841, 842, 843 etc. of a 14
stage reformer is likely to appear approximately as shown by line 1401 and the
temperature of reformer air stream 126 is likely to appear as it is heated and
exchanges heat with reformer stream 811 as shown by line 1410. As shown, the
average temperature difference between reformer stream 811 and reformer air
stream 126 for each stage should decrease from stage to stage and the
temperature of reformer stream 811 should rise from stage to stage. Preferably,
the rise in temperature of reformer stream 811 should be preceded by an increase
in the partial pressure of hydrogen in the reformer stream 811 as a result of the
refofming. By leading the rise in temperature with an increase in hydrogen
content in the reformer stream 811, coking and metal dusting conditions should
be reduced or avoided. As a result of the increasing reformer stream temperarure
from stage to stage, the fuel requirements for each succqésivc stage of this
embodiment should be reduced between the stages as the heat Ioad required to
re-heat the reformer stream 811 and to re-heat the reformer air stream 126 should
be reduced from stage to stage. Preferably, as shown in Figure 14, the
temperature of the reformer stream and the reformer air stream will converge to

an asymptote somewhere above 800 °C,

In some embodiments, the supply of fuel and/or air to each of the stages of
reforming may be passively controlied by controlling the pressure and the
pressure drops in the air and the fuel streams throughout the reformer system
100. By passively controlling the supply of fuel to each of the stages, the amount
of heat generated by combustion of the fuel is controlled, théreby controlling the
amount of heat provided to the reformer air stream 126 and ultimately the
reformer stream 811 and associated reforming chambers or beds. The pressure of
the fuel at the inlet in a given line and the pressure drop across the length of the
line determines the volume of fuel that is delivered through that line per unit
time. Pressure drop may be adjusted in a given fuel line by, for example, varying
the length of the fuel line, varying the tortuosity of the flow path, ie. the number ‘



10

15

20

25

30

(172) JP 2014-5203 A 2014.1.16

WO 2008/154678 PCT/AUZOUB/OG0870

93

and severity of turns in the fuel line, varying the number of fuel lines and/or
varying the cross-sectional area of the fuel line, Changing one or some of these
fuel line characteristics thus adjusts the amount of “resistance” encountered by the
flow of fuel in a given fuel line en route to a combustion chamber, and may thus

passively controt the amount of fuel provided per unit time.

The efficiency of the reforming process is temperature dependent because the
methane conversion achieved depends on the maximum temperature achieved. It
is also desirable to limit the upper temperature of the metal that forms the ‘
physical structure of the reformer, Therefore, by controlling the amount of fuel -
fed to each successive combustion chamber by configuring the fuel lines
specifically for each reforming stage, the metal temperatures may be controlled
while providing for stage by stage increases in reforming temperature, thereby

increasing the efficiency of the overall reformer system 100,

It is preferred that the control provided by tuning the fuel line configurations is
passive, In other words, the fuel line configurations themselves provide the
control without the need for affirmative control mechanisms. To this end, itis
preferred that the fuel lines be configured specifically for the parameters of a
particular system. For'example, in the PCR version of reformer 820 described with
respect to FIG. 11A-F, each independent channel 1165 which feeds fuelto a
combustion chambe‘r may be independently etchéd or otherwise formed
according to a desired fuel line configuration for that channel to provide a desired
resistance. After the system is manufactured with the fuel lines so configured,
addirional active control mechanisms are preferably unnecessary. By providing for
such passive control, reformer system 100 may be simpler and smaller because the
use of active flow measufement and control devices is limited or avoided resulting

in cost and design benefits and Hexible turndown ratios.

in some embodiments, to reduce the number of pa.ramctcfs that may need to be
considered in arriving at the appropriate resistance to be provided by each
independent channel 1165, and for ease of manufacturing the channels, it is
preferred that independent channels 1165 feeding the respcctivé combustion
chambers each have the same cross-sectional dimension. It is also prefersed that
all independent channels 1165 be configured for Jaminar flow so that the pressure
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drop is a direct function of flow for all of the channels. As such, due to the linear
variation in flow relative to pressure drop, the ratios of the fuel flow and air flow
at each stage of combustion may remain relatively constant even during significant

turndown of reformer system 100.

The delivery of air and fuel to the combustion chambers, such as combustion
chamber 821 is balanced by the design of plates 1141 and 1161. Moreover, the
pressure of the air arriving through air lines 1145 and the pressure of the fuel
arriving through indcpcndeﬁt channels 1165 match or seff adjust to ﬁatch at the
combustion chamber to produce the desired amount of combustion for that
particular chamber. This balancing of the pressures in turn provides the
appropriate amount of heat to the reforming reactants as they enter the associated
reforming chamber or bed. It is preferred that the pressure drops in each line are
established so thar the averall fuel pressure is just above atmospherié. However,
other pressure drops may be established and are within the scope of some '

embodiments.

FIG. 15 is a diagram of the flow resistances within the air and fuel lines that supply
an embodiment of the reformer module. The flow resistances within this network
as shown in FIG, 15 are preferably runéd so that the amount of fuel delivered to
each combustion stage through successive reforming stage fuel sireams 861, 862,
863, etc., diminishes over the length of the reformer despite the fact that the
pressure drop driving the fuel flow increases. This reduction over the length of
the reformer results in the diminishment of reforming that occurs in each
successive reforming stage and the increase in temperature of the reforming
stream in each successive reforming stage. FIG. 15 shows the flow resistance in
the air and fuel lines.associated with the indéviduai components through which
the fuel lines flow and is discussed with reference to streams and components
described with respect to FIG. 1. As shown, air feed stream 106 is split into air
feed stream 107 and combustion air stream 114, Combustion air stream 114
experiences flow resistance 1515 associated with valve 115a, before it proceeds
into syngas heat recovery heat exchanger 110, where it experiences flow resistance
1511 and leaves syngés heat recovery heat exchanger 110 as combustion air stream
1514. Similarly, air feed strearn 107 and fuel feed stream 105 proceed into syngas
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heat recovery heat exchanger 110 where they experience flow resistances 1512

and 1510 respectively.

After leaving syngas heat recovery heat exchanger 110, combustion air stream 1514
and fuel feed stream 109 are combined to form fuel/air mixture stream 118, A
passively controlied portion of fuel/air mixture stream 118 corresponding 0 air
preheat mixture 117 experiences resistance 1520 as it is split from fuel/air mixture
118 1o be combusted in the presence of air feed stream 1508 in air pre-heater 122,
The remaining portion of fuel/air mixwure 118, fuel preheat mixture 119, is '
partially catalytically combusted in fuel pre-heater 120, where it experiences flow
resistance 1530 and becomes reformer fuel stream 124. In air pre-heater 122, air ‘
feed stream 1027 is heated by catalytic combustion of the fuel in air preheat
mixture 117, experiences flow resistance 1522 and then experiences flow
resistance 1525 as it enters reformer module 159 becomes reforming air stream
126. Flow resistance 1525 is associated with a non-negligible flow resistance
v;rhich is physically after air pre-heater 122 at the entrance to the reformer block,

At this point in FIG. 15, the reformer fuel stream 124 and reformer air stream 126
enter reformer 820. As shown, reformer air stream 126 experiences resistance
1340 in heat exchanger 831 in the first stage of reforming in reformer 820 '
becoming reformer air stream 1550, After leaving heat exchanger 831, reformer
air stream 1550 is joined with a passively controlled portion of reformer fuel
stream 124, such as reforming stage fuel stream 861, and the fuel is subsequently
combusted in combustion chamber 851 to reheat reformer air stream 1550. The
passively controlled portion of reformer fuel stream 124 experiences flow
resistance 1560 prior to joining reformer air stream 1550 as a result of the flow
control. Reformer gir stream 1550 experiences flow resistance 1541 in heat
exchanger 832 in the next stage of reforming, leaves heat exchangc} 832 as
reformer air stream 1551 and is combined with a passively ﬁontrolled porton of .
reformer fuel sfream 124, such as reforming stage fuel stream 862, which
experiences flow resistance 1561 prior to combining with reformer air stream
1551. Reformer air stream 1551 is then reheated in combustion chamber 852 and
experiences flow resistance 1542 in heat exchanger 833 in the next stage of
reforming becoming reformer air stream 1552, After leaving heat exchanger 833,
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reformer air steam 1552 is combined with a passively controlled portion of

* reformer fuel stream 124, such as reforming stage fuel stream 863, which

experiences flow resistance 1562 prior to combining with reformer air stream

1552, and is reheated by combustion of the fuel in combustion chamber 853.

In this manner the flow resistance network for the air and fuel streams operates
through any suitable number of stages represented by 880 in FIG. 8 and
experiences the Sow resistances represented by brackets 1570 and 1571 in FIG.
15. Just prior to the last stage of reforming, feformer air stream 1553 is combined
with a passively controlled portion of reformer fuel stream 124, such as reforming
stage fuel stream 865, which experiences flow resistance 1565 prior to combining
with reformer air stream 1553, and is reheated by combustion of the fuelin
combustion charaber 855. After being rek;eated, reformer air stream 1352
exchanges heat one last time with the reformer stream before leaving reformer
820 as flue gas 160,

In the reformer of FIG. 15, there are two routes to any poini: at which fuel and air

may mix, and in operation of the equipment, the flows down the branches self-

adjust so that the pressures at the mixing points maich. Thus, in some

embodiments the following constraints may be placed upon the design pressures
and pressure drops of the components in the fuel/air flow resistance network
shown in FIG. 15 (Px indicates the pressure in x line, while APx indicates the
pressure drop due 1o the x reference numeral resistance shown in FIG. 15;
P105(hot) is the pressure in stream 105 after expeﬂenéing resistance 1510 in
syngas heat recovery heat exchanger 110 and P105(cold) is the pressure in stream

105 prior to entering syngas heat recovery heat exchanger 110):

Pigg oty = P10s cany ~ AP0 = Piog = AP1515 — AF 500

Pisss = Pasiz— BP4sao = Pigr— AP151g — APsgap

FPusg = Pista=~ OPsao — APysee = P1sog = AP 1525 ~ APys40

Pisi = Pisig— HPigao =~ APse = Pisso — P51

Pigsz = Pisig— OPygap ~ APyger = Prss1 — AP1542 .

Pissa =  Pigig~ BPyss0 — APwes = Pprevious sTAGEAPHEAT EXCHANGER PREVIOUS STAGE

In one embodiment for reforming 2 SCMH of natural gas using PSA off-gas as a
fuel, a suitable solution for the pressure drops satisfying the above constraints ina
PCR reformer comprising 14 stages of reforming is shown in Table 2 below using

the reference numerals used in FIG.’s 1 and 8 to identify the components or -
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streams within which the pressux:e drop occurs where appropriate. Note that for
the stages of reforming represented by the brackets 836 and 826 in FIG. 8, the
relevant heat exchanger/combustion stages or reforming stage fuel streams are
identified by the reference numerals are 836(x) and 826(x) respectively, where x is

5  aletter of the alphabet starting at “a” and proceeding down the alphabet for each
successive stage of reforming. Thus for the first stage of reforming represented by
brackets 836 and 826, the reformer air stream is represented by 836(a) and the
refocming stage fuel supply is represented by 826(a) and so on.

. 10 Table 2: Examples of Suitable Préssure Drops in the Fuel and Air Streams in One
' Embodiment of the Reforming System

Component/Stream | AP (kPa) i Component/Stream | AP (kPa)

1107107 3.08 | 117 1.07

1107108 1.05 861 1.93

115a/ 114 0.60 862 2.32

1107114 _ler 8a3 2.73

122/ 107 0.10 826(=) 3.17

150/ 126 ~ b 826(b) 382

1261831 0.37 826(c) 4.10

832 0.40 826(d) 4.61

833 0.43 826(e) 5.12

836(a) 0.45 826(f) 5.66

836(b) 0.48 826(g} 6.23

836(c) 0.50 826(hy . B.77

836(d) 0.52 826(j) 7.33

836(e) 0.54 885 8.04

: 8306(f) 0.56 :

o ' " B36(g) 0.57
836{h} 0.59
836() 0,80
835 0.61

Tn one embodiment for reforming 2 SCMH of natural gas using PSA off-gas as a
fuel comprising 14 stages of reforming and starting with the fuel in line 117 sent
15  to combustion chamber 122 to reformer air stream 126 and proceeding through
each of the successive reforming stage fuel streams 861, 862, 863, the proportion
of the fuel stream 118 sent into each line may be as indicated in Table 3 below.
Note that for the stages in FIG, 8 represented by bracket 826, the reference
numerals used are 826(x) where x is a letter of the alphaber starting at “a” and

20 proceeding down the alphabet for each successive stage of reforming.
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Table 3;: Example of Fuel Distribution in a 14 Stage Reformer

Fuel Stream % of Fuel Flow
117 18.6%
861 10.4%
862 9.8%
863 : 8.9%
826(a) 8.1%
826(h) 7.7%
826(c) 6.9%
826{d) 6.3%
826(e) 5.5%
826(h ' 4.9%
826(q) 4.1%
B826(h) 3.5%
828(1) 2.8%

865 2.5%

Preferably, a high degree of precision is not required in the rate of fuel
distribution in some embodiments of the reformer, but in some embodiments, the
rate of fuel addition to each stage generally falls, as the reformer tempcerature
increases, in order to keep refdrming temperatures below, but close to, the
material design temperature for the equipment. In some embodiments, the
design temperature may be on the order of 820° C or higher. Higher
temperémres may favor methane conversion within the reformer, but may also
create more severe operating conditions for the materials of construction.
_Because the heat transfer coefficients of the gases on the reforming side are
considerably higher than those on the combustion side, the overall temperature of
the materials of construction tends to stay close to the reforming gas temperature,
and hence, in some embodiments the combustion gas temperatures maf exceed

the material design temperature.

n order to achieve the fuelair mbaures throughout the reformer which will
achieve the desired temperature proﬁleé, the heat exchange and combustion
components are preferably designed to fulfill their primary functions while
ensuring that the pressure drops associated with each correspond to those
required for sound fuel/air mixing. Preferably, the pressure drops for the air and

fuel streams across reformer 820 are low, such as less than 0.50 bar, less than 0.30
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bar, less than 0.25 bar, less than 0,20 bar, less than 0.175 bar, less than 0.15 bar,
fess than 0,125 bar or less than 0,10 bar or on the order of 0.10 bar or less in total
to avoid inefficiencies associate with large blower power consumption. In
addition, the entering fuel feed stream 104 may also be pressure-drop sensitive.
For example, where foel feed stream 104 is the off-gas from a PSA system a high
fuel pressure drop, requiring high fuel inlet pressure, may lower the efficiency of .
the PSA system, ‘

In some embodiments, it is désirablc that the Aow distribution selected and the
corresponding pldte configurations are suitable for a large range of urndown
conditions. This may be accomplished by designing the relevant reforiner plates,
heat exchangers and combustion chambers and the relevant flow paths for the fuel
and air streams such that the pressure drop is essentially proportional to the flow
rates (1.e., that the flow is essentially laminar; in straight passages, flow is
essentially laminar when the Reynolds Number is less than 2000). By maintaining
laminar flow, sound fuel distribution may be maintained to very low turndown
conditions, as shown in Table 4 below for 10% capacity operation of an
embodiment for reforming 2 SCMH of natural gas using PSA off-gas as a fuel
comprising 14 stages of reforming when comparéd to the design capacity, The
data in Table 4 assumes that‘thc; air flow is varied proportionately to the capacity,
but no further control of the fuel/air sysiem is required.

Table 4: Comparison of Fuel Flow between Design
Capacity and Turndown to 10% of Capacity

Fuel Stream % of Fuel Flow % of Fuel Flow
(Design Capacity) {10% of Capacity}

117 18.6% 18.3%

821 10.4% 8.8%

B22 89.8% 8.9%

823 8.9% 8.6%
526(a) 8.1% 8.1%
826(h) 7.7% 7.8%
§26{c) 6.9% 7.2%
826(d) 6.3% 6.7%
826(e) ' 5.5% 6.0%
826(f) 4.9% 5.3%
826(g)_ 4.1% 4.5%
826(h) 3.6% 3.9%
826(1) 2.8% 3.1%

865 2.5% 2.8%
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In PCR embodiments of the reformer 820, the reformer design may be a four way -
balance hetween air pressure drop in the reformer air plate 1141, fuel pressure
drop in the reformer fuel plate 1161, the heat required by the endothermic
réforming reaction in the reforming chambers or beds and limiting the maximum
ternperature produced in the combustion chambers to temperatures suitable for
the materiﬁls of construction, To simplify the surrounding system requirements, .
the reformer fuel plate 1161 and reformer air plate 1141 are preferably configured
1o provide a reduced or minimum pressure drop. As mentioned above, the air '
and fuel preferably are delivered to the combustion chambers at slightly above
atmospheric pressure, preferably eliminating the need for fuel compression to
accomplish the matching of the four variables and thereby avoiding the associated

added cost, complexity and unreliability.

In some embodiments, therefore, the design of the independent channels 1165

may control the amount of fuel being delivered into each of the respective

- combustion chambers with only one exterior variable in terms of fuel supply

having to be controlled, and that is pressure of the fuel as it is being provided to
the fuel manifold that feeds each of the fuel supply flow access paths or chambers
formed from the fuel supply penetrations. The fuel pressure is preferably
controled to maintain the reformer air stream temperature at a level to limit the
maximum overall reformer temperature while supplying the heat required by the
endothermic reforming reaction, The need for compression of the fuel is
preferably eliminated by designing all of the independent channels 1165 for

minimum pressure drop.

The fuel distribution system described above provides several benefits over the
prior art. For example, the metered addition of fuel to each stage preferably limits
the heat which may be added to each stage thereby eliminating the balance of
combustion, heat transfer and reforming reaction both radially and axially that
must be achieved in tubular reformers, Furthermore, the inter-stage heat
exchangers are of microstructure (PCHE) construction, which supports higher
heat transfer coefficients, minimizes equipment size and'high alloy usage thereby
reducing cost, and may be configured with a large face area and short flow pdth

for low pressure drops. In addition the heat exchangers are readily. characterized
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by engineering analysis without the need for expensive product full scale tests to
validate performance.

In a preferred embodiment, a cross-flow arrangement is used for the heat
exchange aspect of reformer 820 and a co-flow arrangement may be used for the
reforming aspect of reformer 820. The use of a cross-flow arrangement in the heat

exchange aspect may permit a higher proportion of the PCR plate area t0 be

' devoted to heat exchange duties relfative to that achievable with coflow or

counter-flow arrangements, including those employing multiple passes. 'To this
end, the cross-flow heat exchanger component of reformer 820 may be coupled
with the co-flow reforming chamber or bed component to produce satisfactory
temperature profiles for the reformer stream as it travels from one reforming

chamber or bed 1o the next within the series of reforming stages.

A potential issue with this cross flow configuration relates to the possible variation
in the temperature at the outlet of the heat exchanger of each stage because a
significant variation in the heat exchanger outlet temperature would result ina

wide variation in reaction characteristics in the associated downstream reformer

.chamber and catalyst, Simulation studies of the eighth heat exchange stage of an

embodiment for reforming 2 SCMH of natural gas using P3A off-gas as a fuel
comprising 14 stages of reforming, without considering wall heat conduction and
assuming that the fluid enters the heat exchanger at a uniform emperature of
about 730 °C showed that the fluid exited the heat exchanger at a temperature
range of about 765 °C 1o 825 °C as shown in FIG. 17, Such a wide variation of the
heat exchanger outlet temperature could result in a wide variation in the
reforming reaction characteristics. However, when the effect of wall heat
conduction was inciudéd, the heat exchanger outlet temperature range for the
eighth heat exchange stage was significantly less, as shown in FIG. 18, e.g., on the
order of about 15° C, or from about 780° C to about 795° C. In both FIG. 17 and
FIG. 18, with temperature along the z axis, the x and v axes represent the
dimensions of the cross flow heat exchanger with the reformer air stream fowing
along the shorter axis from upper right to lower left and the reformer stream
flowing along the longer axis from lower right to upper left in cross flow relative

to the reformer air stream.
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This narrow exit temperature range may result from the fact that the walls of the
heat exchanger in some embodiments are preferably thicker than those of typical
finned heat exchangers. As such, it is believed that there is lengthwise conduction
along the wall which serves to reduce the range of exit temperatures, Thus, it is
preferred to use simple cross flow contact in the heat exchangers which allows . '.

ingher utilization of the plates for heat exchange.

In other embodiments of some PCRs, the reformer air stream and the reformer
stream may generally be configured in 2 counter-flow arrangement but may
employ a number of cross-flow passes 1o achieve the counter-flow effect. In this
situation, to achieve the counter-flow effect, an amount of plate area may be
inactive for heat transfer. To this end, reforrﬁing gas may be led from each
reforming bed to the far edge of the inter-stage heat exchanger before it enters the-
heat exchanger, and is then led from the near end of the heat exchanger to the
succeeding reforming bed. However, the areas consumed in leading the reformer -
stream between the far and near ends of the heat exchanger to and from the
reforming beds may be ineffective for heat exchange, and may thus compromise
the efficiency of plate material usage of the reformer. Also, mulii-passing the
reformer stream at each stage may limit the width of each plate element, if
pressure drop were not o become excessive, and thereby compound the loss of
efficiency of reformer material utilization as the proportion of plate area which is
ineffective for heat exchange is held high. Accordingly, though workable, such a

configutation is not the preferred configuration.

The use of cross-flow heat exchange preferably avoids the need to lead the
reformer stream from one end of the heat exchanger to the other that exists to |
achieve counter-flow heat exchange characteristics. As such, the use of cross-flow
generally decreases the amount of plate area required for heat exchange.
Furthermore, by reducing the number of passes, the pressure drop across the beat
exchangers is decreased which in turn decreases the number of channels needed.
The cross-flow arrangement also preferably allows the use of wider plate elements
without generating undue pressure drop on the reforming side, such as the plates

shown in FIG. 16 described below.
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The use of an overall co-flow configuration for the reforming aspect of the process -
is believed to decrease temperature control requirements of the reformer because
as the reforming air and reformer streams flow in the same direction over the
length of the co-flow configuration, their temperatures will tend to converge.

Thus, the control of the exit remperature of one of the streams results in the exit

temperature of both streams being controlied.

FIG. 19 shows the composite hot and cold enthalpy curves for an embodiment of
the reformer systemn. Curve 1910 represents the composite heat curve for the hot
‘streams of the process, 1.e., those streams which are cooled in heat exchangers,
and curve 1920 is the composite curve for the cold streams of the process, The
closest vertical approach of the curves is approximately 34 °C and may be referred |
to as the remperature “pinch”. Because heat cannot flow from cold to hot streams
{2nd Law of Thermodynamics), the highest possible heat recovery efficiency
oceurs for a‘pi.nch: of zero. Thus, the smaller the pinch, the higher the overall heat
recovery efficiency. In this regard, a pinch of 34 °C is quite small, especially
éonsidering the fact that one of the streams involved in heat eransfer is low
pressure air or flue gas having poof heat transfer characteristics. Note that in
addition to the heat recovery efficiency the steam ratio and the methane
conversion also bear on the overall efficiency of the process, as reflected in the
formula described herein. Ideally, to avoid efficiency loss, heat should notbe
teansferred across the pinch (from above the pinch to below the pinch) in any heat
exthanger. Some embodiments of the process or apparatus limit this occurrence
by the process schemes, though in some embodiments, this transfer does occur to

a minor extent in heat exchanger 164,

It should be noted that the fourteen stage embodiment of reformer 820 described
above with respect to‘ FIG.'s 11-12 is only an example and is not intended to limit
the embodiments of the reformer. Nor is it necessary that the number of ‘
reforming and combustion stages should be equal. In fact, different plate sizes,
configurations and/or the use of any suitable number of plates and reforming and
combustion chambers so that reformer 820 may be scaled up or down to meet
process requirements are specifically contemplated. Indeed, the printed circuit

reformer design of some embodiments of reformer 820 allows reformer 820 to be
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readily scaled up or down without the significant cost associated with scaling up
ordowna typicai tubular reformer. For example, where greater reforming
capacity is required, the size of the reformer 820 may be increased by adding more
plates or cells to the stack.

As another example for increasing capacity, the plates may be increased in size as
shown in FIG. 16 by expanding the plates in a side ways direction rather than
increasing the number of plates in the stack. As shown in FIG. 16, bounding
plates 1601, reformer plates 1621, reforming air plates 1641 and reformer fuel
plates 1661 may be configured essentially as a sideways mirror image combination |
of two of the corresponding plates discussed previously with respect to FIG.'s 11A-
D. As shown, each plate has two independent flow péths 1604 and 1608, 1624
and 1628, 1644 and 1648 and 1664 and 1668 respectively that share a central set
of reforming chamber or bed penetrations and fuel supply chamber penetrations
1615 and 1616, 1635 and 1636, 1655 and 1656 and 1675 and 1676 respectively.
Because the chambers formed from the central set of penetrations are shared, they
and the penetrations that form them are correspondingly bigger than the
chambers formed from outer independent reforming chamber or bed penetrations
and fuel supply chamber penetrations 1612 and 1613, 1632 and 1633, 1652 and
1653 and 1672 and 16?3, which may generally correspond to the reforming.
chamber or bed and fuel supply chamber penetrations discussed above with
respect to FIG.'s 11A-11D. Each of the plates also inchudes two sets of combustion
chamber penetrations 1614 and 1618, 1634 and 1638, 1654 and 1658 and 1674
and 1678 respectively which may geﬁerally correspond to the combustion
chamber penetrations discussed above with respect to FIG.'s 114-11D.

It should also be understood that the plates of a PCR corresponding Lo reformer
820 may also be lengthened or shortened to include more or fewer stages of
reforming. Furthermore, it should also be understood that similar modifications
such as those described zbove may be made to the pre-reformer and any of the
heat exchangers described in here that have PCHE construction.

In some embodiments, the temperatures and pressures of some of the various
streams are interretated and may have the properties as shown in the foHowing

tables 5-8 with reference to the configuration for the reforming system shown in
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FIG. 1 and FIG. 8, with the combustion air stream 114 combining with fuel feed
stream 105 inside syngas heat recovery heat exchanger 110, In some cases the
values are presented relative to other values in the Tables, such as for example
“relative to the reforming pressure”, “relative to the reforming temperature”,
“relative to atmospheric pressure” or “relative to saturated steam temperature” in '
which case the presented valiies may be above or below (“+ oo"/* yy?”) ora
multiple of (“times™) the identified property, showing the intesrelatedness of the

properties. In addition, in some cases the values presented may refer to a specific

.physical parameter such as “above dew point” or “above freezing point” in which

case the identified stream should meet the requirement based on the identified
physical parameter of the stream, “Reforming pressure” or “reforming
temperature” in the tables refer to the properties associated with syngas stream
180. Tt should be understood that the values presented are by way of example
only and that different configurations of the reforming system may be used that

may have different conditions in one or more of the relevant streams,
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Table 5: Temperature and Pressure Proberties
of Some Process Streams of an Embodiment According to FiG. 1

Temperature (°C) Pressure {bara)

Streams 180, 170 & 182 ~ “reforming temperature” or “reforming pressure”

Preferred range of 760 to 1000 5 to 120
conditions ’

Example ranges of 750 to 950, 900 1o 1000, 800 ro 900, 700 | 10 to 80, 50 to 100, 40 to 60, 30 to

conditions to 800, 760 10 90¢, 780 1o 820 50, 10 o 40, 15 to 30, 5 t0 20,5 to
10,100 15

Stream 174

Preferred range of Relative to saturated steam temperature: | Refative to reforming pressure:

conditions -10 to +100 1.25 to 1 times

Example ranges of Relative to saturated steam temperature: | Relative to reforming pressure:

conditions O to 480, +10to +70, +20 10 +50 1,2 to 1.0} times, 1.15 10 1.01
tirbes, 1.1 to 1.02 times

Stream 811

Preferred range of 500 to 700 Relative to reforming pressure:

conditions 1.25 to 1 times

. Example ranges of 520 to 680, 530 to 600, 540 to 560 Relative to reforming pressure:

conditions : 1.2 to 1.0% times, 1.15 t0 1.01

times, 1.1 to 1,02 times .

Stream 160 immediately prior to entering pre-reformer 80¢

Preferred range of Relative to reforming temperature: Relative to atmospheric pressare:

conditions +10 to +50 1.25 o 1 times

Example ranges of Relative to reforming temperature: Relative to atmospheric pressure:

conditions +12 to +40, +15 to +30, +18 to +25 1.2 to 1,01 times, 1.15 10 1.01
times, 1.1 to 1.02 times

Stream 190

Preferred range of © | 200 to minimum metal dusting Relative to reforming pressure:

conditions temperature 0.75 to 1 times

Exaraple ranges of 250 ta 450, 300 to 420, 350 to 400 Relative to reforming pressure:

conditions I 0.8 1o 0.9999 times, 0.85 to 0.9999

times, .95 to 0.999 times, 0.99 to
0.999 dmes
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e g e e

Some Process Streams of an Embodiment According to FIG. 1 '

Temperature (°C} Pressure (bara) i
Stream 189
Preferred range of 250 10 350 Relative to reforming pressure: :
conditions 0.75 to 1 times
Example ranges of 260 to %40, 280 to 330, Relative to reforming pressure:
conditions 290 1o 310 0.8 to 0.9999 times, 0,85 to 0.9999 times, 0.95 10

0.999 times, 0.99 o 0.999 times

Stream 191

Preferred range of 100 to 200 Relative to reforming pressure:

conditions 0.75 to 1 times

Example ranges of 120 to 180, 130 10 170, Relative to reforming pressure:

condidons 130 to 150 0.8 to 0.9999 times, 0.85 to 0.999% times, 095w
’0,999 times, 0.99 to 0.999 times

Stream 192

Preferred range of 100 to 200 Relative to reforming pressure:
conditions 0.7 to 0.999 times

Example ranges of 110 to 180, k15 to 160, Relative to reforming pressurs:
conditions 120 10 150

0.8 to 0.999 times, 0.85 to 0.999 times, 0.95 10 0.9
times, 0.98 to 0.99 times .

Stream 102 entering syngas heat recovery heat exchanger 110

Preferred conditions Above dew point to below | Relative to reforming pressure:

stream 190 temperature 1.25 to 1 times
Example ranges of 40 to 350, -10 10 250, 0 Relative to reforming pressure: _
conditions to 200, 10 to 150, 15 to 1.2 to 1,01 times, 1.15 to 1.01 times, 1.1 to 1.03

50

times

Stream 102 leaving syngas heat recovery heat exchanger 110

Preferred conditions

Relative to syngas feed
stream 190 temperature:
-20 1o -100

Relative to reforming pressare:
1.25 10 1 times

Example ranges of
conditions

Relative to syngas feed
stream 190 temperature:
25 to -90, -25 to -50, -253
to 40

Relative to reforming pressure:
1.2 to 1.01 dmes, 1,15 to 1.01 times, 1.1to 1L.03
times

JP 2014-5203 A 2014.1.16
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Table 7: Temperature and Pressure Properties of
Some Process Streams of an Embodiment According to FIG. 1

Temperature {°C)

[ Pressure {bara)

Stream 108 entering syngas heat recovery heat exchanger 109

Preferred conditions Above freezing point to below stream | Relative to reforming pressurc:

190 temperature 1.3 1o 1 fimes
Example ranges of 0.1 to 350, 1 to 250, 10 1o 156, 15 to | Relative to reforming pressure: -
conditions 50 1,2 to 1.01 times, 1,15 to 1,01 times, 1.1 to

1.03 time

Stream 108 leaving syngas heat recovery heat exchanger 109

Preferred conditions

100 to 200 Relative to reforming pressure:
1.3 to 1 times
Example ranges of 110 to 190, 120 to 180, 120 to 130, Relative to reforming pressure:
conditions 120 to 140 1.2 to 1.01 times, 1.15 to 1.01 times, 1.1

1.03 time

Stream 107, air feed stream entering syngas heat recovery heat exchanger 110

Preferred conditions  ; Above stream dew point to below Relative to atmospheric pressure:

' stream 190 temperatore 1.2 to 1 times
'Examplc ranges of -40 10 350, -10 to 250, 0 to 200, 10 10 Relative to reforming pressure:
conditions 150, 15 10 50 1,2 to 1.01 times, 1.15 to 1,01 times, 1.3 &«

1.03 times

Stream 107, air feed stream leaving syngas heat recovery heat exchanger 110

Preferred conditions

Relative to syngas feed stream 190
temperature:
20 to -100

Relative to atmospheric pressure;
1.2 1o 1 times

Example ranges of
conditions

Relative to syngas feed stream 190
temperature:
.25 ta -90, -25 to -50, 25 1o -40

Relative to atmospheric pressure:
1.2 to 1,01 times; 1.15 to 1,01 times, 1.1 ¢
1.0% times

Stream 1085, fuel feed

stream entering syngas heat recovery heat exchanger 110

Preferred conditions

Above stream dew point to below
stregam 190 temperature

Relative to atmospheric pressare:
10 to 1,01 times

Example ranges of
conditions

40 to 350, -10 to 250, 0 to 200, 10 to
150, 15 to 50

Relative to atmospheric pressure;
8 to 1,01 times, 5 to 1,01 times, 1.2 to 1.0
times, 1.1 to 1,03 times
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Table 8: Temperature and Pressure Prcpertiés of
Some Process Streams of an Embodiment According to FIG. 1

| Temperature (°C) | Pressure (bara)
Stream 118, alrifuel effluent from syngas heat recovery heat exchanger 110
Preferred conditions Relative to syngas feed stream 190 Relative to atmospheric pressure:
temperatre: 10 to 1.01 times :
-20 to -100 N
Example ranges of Relative to syngas feed stream 190 Relative to atmospheric pressure:
conditions temperatare: 8 g0 1,01 times, 3 to 1.01 times, 1.2
25 1o -90, -25 to -50, -25 to -40 { to 1,01 times, 1.1 10 1.0% times
Stream 162
preferced conditions | 200 to 400 . Relative to atmospheric pressure:
. 1.1 to 1 times
FExample rangés of 200 1o 300, 220 to 280 Relative to atmospheric pressure:
conditions 1.05 to 1.001 times, 102 to 1.001
times
Stream 163 entering heat exchanger 164

Preferred conditions | 300 to 560 Relative to atmospheric pressire:
1.1to 1 times

Example ranges of 350 to 480, 380 to 440 Relative 10 atmospheric pressure:
conditions ) 1,05 to 1,001 tmes, 1.02 to 1,001
times | !

Stream 163 leaving heat exchanger 164

Preferred conditions 120 to 200 . Relative to ammospheric pressure:

: 1.1 1o 1 times
Example ranges of "1 130 to 190, 140 to 160 Relative to atmospheric pressure:
conditions - 1.05 to 1.001 times, 1,02 to 1 times

Stream 108 leaving heat exchanger 164

Preferred conditions 120 to saturated steam temperazuré Relative to reforming pressure: -
1.25 to I times
Example ranges of - ; 130to saturated steam temperature Relative to reforming pressurc:
conditions "1 150 to saturated steam temperature 1.1 to 1.001 times, 1.1 to 1.01 times,
180 to sarurated stearm (emMPEratmire 1.1 to 1,05 times
Stream 172
Preferred conditions Saturated steam temperature Relative to reforming pressure:

1.25 to 1 times

Example ranges of Saturated steam femperature Relarive to reforming pressure:
conditions | 1.1 to 1,001 times, 1.1 10 1.01 times,
1.1 to 1.05 times
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FIG. 20-21 show front and rear perspective views of a partial configuration of an
embodiment of a reformer system 700. The figures have been simplified by
removing portions of the piping, The embodiment shown corresponds to a
system having the schematic of FIG. 7. As such, only air feed stream 107,
combustion air stream. 114, fuel stream 104, gaseous hydrocarbon stream 102

enter syngas heat recovery heat exchanger 110 and water stream 108 enters heat ‘
exchanger 109, which is part of syngas heat recovery heat exchanger 110, 10 i
exchange heat‘ with syngas stream 190 leaving water-gas shift reactor 186. Among

the streams or piping not shown is the split of the fuel/air mixture leaving syngas

heat recovery heat exchanger 110 to feed fuel/air to the air stream leaving syngas

heat recovery heat exchanger 110, prior to the streams entering pre-heaters 120

- and 122 as this occurs within the header 2010 supplying pre-heater 120 in

connection with the header 2015 for pre-heater 122, After being pre-heated in
pre-heater 120, the fuel leaves the pre-heater as the reformer fuel stream and
enters a fuel supply header 2020 that spans the length of the reformer 820 and
provides for supply of the fuel to each of the individual fuel supply fow access
paths or chambers on the reformer stack. In this manner, the fuel may be
supplied to each of the reformer stages in para}iei and the supply may be passively
controlled by the configurations of the individual fuel supply streams connecting
16 each combustion chamber in the reformer. Because this embodiment
corresponds to an embodimept according to FIG. 7, water stream 108 receives
heat directly from flue gas stream 160 as it leaves the pre-reformer 800 with no
pre-heating of the flue gas stream. After leaving heat exchanger 164, water stream
"108 proceeds to quench heat exchanger 165, where it receives heat from a portion
of syngas stream 180 after it is split shortly after leaving reformer 820. As shown
in FIG. 20-21, pre-reformer 800 and reformer 820 each comprise PCRs that are
stacked and diffusion bonded plates as described with respect FIG. 9 and FIG. 11

respectively and then placed on their sides.
Also shown in FIG, 20-21, are gaseous hydrocarbon-steam header 2102 that feeds

gaseous hydrocarbon-steam stream 174 10 the gaseous hydrocarbon-steam
channels on the gaseous Hydrocatbon-szeam plates of reformer 800 and reformer
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stream header 2104 that colEectS the reformer stream 811 as it leaves pre-reformer
800 via the reformer stream channels, From header 2104, reformer stream 811
connects 1o reformer stream header 2110 that feeds the reformer stream inlet
channels of the boﬁnding plates and reformer plates that are included in reformer
820. FIG. 20-21 also include syngas stream header 2106 that collects the reformed
streams leaving the bounding plates and the reformer plates of reformer 820 via
the reformer stream outlet channels to form syngas strcam 180. In FIG. 21, the
combustion chamber and the reforming chamber created by stacking the plates

are shown capped off with penetration caps 2108, which may be connected, such '
as welded or otherwise connected over the combustion chamber and the

reforming chamber penetrations on the endplate of the reformer 820.

All pubhcations and patent applications mentioned in ;has specﬁcatnon are herein
incorporated by reference to the same extent as if each individual publication or
patent application was specifically and individually indicated to be incorporated by

reference,

While preferred embodiments of the present invention have been shown and
described herein, it will bé obvious to those skilled in the art that such
embodiments are provided by way of example only. Itis intended that the
following claims define embodiments of the scope of the invention and that
methods and structures within the scope of these claims and their equivalents be

covered thereby.
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Claims:
1. A gaseous hydrocarbon-steam reforming procerss comprising:

partially combusting the fuel in a Srst fuel/air mixtare stream to heat the fuel/air
mixture stream for use during reforming of a gaseous hydrocarbon-steam Streanm; .

combusting a second fuel/air mixture streain to heat an air stream for use during

reforming of the gaseous hydrocarbon-steam stream; and

reforming the gaseous hydrocarbon-steam stream (0 form a syngas stream and a

flue yas stream,
2, The process of claim 1, further comprising:

reducing meral dusting and/or coking during the reforming step by heating and
pre-reforming the gaseous hydrocarbon-steam stream in mulmpie pre-reforming

stages, prior to reforming the gaseous hydrocarbon-steam Strearm.

3. The process according to claim 2, wherein heating comprises recovering
heat from the flue gas stream into the gaseous hydrocarbon-steam stream in a heat
exchanger. ’

4, The process of claim 1, +wherein said reforming comprises at least three
stages of:

i) heating the gaseous hydrocarbon-steam stream by recovering heat from the

heated air stream to form a heated reformer str¢am and a cooled air stream;
ii) reforming at least a portion of the heated reformer stream; and

iif) combusting a portion of the partially combusted fuel/air mixture stream in the

presence of the cooled air stream to re-heat the cooled air stream.

5. The process of claim 4, wherein an amount of the fuel/air mixture supplied

to the combusting step of each of the at least three stages is passively controlled.

6. The process of claim 5, wherein said passive control is accomplished by
balancing pressure drops in the fuel and air lines throughout the gaseous
hydrocarbon-steam reforming process.

7. The process of claim 1, wherein said process has a hydrocarbon conversion

of greater than 50%.

JP 2014-5203 A 2014.1.16
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8. The process of claim 1, wherein said process has an energy efficiency of

greater than 50%.

9, ‘The process of claim 1, wherein metal dusting and coking conditions are
avoided within all heat exchangers, pre-reforming stages and reforming stages

within the process.
10, A gaseous hydrocarbon-steam reforming process comprising:

a) preheating one or more air streams to form one or more preheated air

streams;

by combining at least one air stream with a portion of at lease one fuel stream

to form a fuel/air mixture having a temperature below metal dusting conditions;

<) partially combusting the foel in & portion of the fuel/air mixture to form a
heated fuel stream having a temperature above metal dusting conditions for use

in the reformer stages;

d) combusting a portion of the fuel/air mixture in the presence of at least one
of the preheated air streams to form a heated air stream having a temperature

above metal dusting conditions for use in the reformer stages;
e) heating one or more water streams 1o form steam;

I} mixing the steam with one or more gaseous hydrocarbon streans to form a

gaseous hydrocarbon-steam stream;

£) heating and partially reforming the gaseous hydrocarbon-steam siream in
one or more pre-reforming stages to form a reformer stream, wherein throughout
the one or more pre-reforming stages the gaseous hydrocachon-steam stream has
a combination of temperature and composition that avoids metal dusting and

coking conditions;

h) reforming the reformer stream in one or more reformer stages forma
syngas stream and a flue gas stream, wherein throughout the one or more
reforming stages the reformer stream has a combination of temperature and

composition that avoids metal dusting and coking conditions;

i) recovering heat from the flue gas stream to provide heat to the pre-

reforming stages in step g) and to provide preheating to the water stream,; and
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7] recovering heat from the syngas stream to preheat the air stream from step

a) and to provide heat to form steam in step e).

11, - The process according to claim 10, wherein each of said pre-reforming

stages comprises:

D recovering heat from said flue gas stream 10 heat said gaseous hydrocarbon-

steam stream, and_
ii) partially reforming the heated gaseous hydrocarbon-steam strearm. ‘

12.  The process according to claim 10, wherein said reforming and re-heating
the reformer stream in one or more reformer stages to form a syngas stream and a

flue gas stream comprises multiple stages of

i) heating the reformer stream by recovering heat from the heated air siream

in a heat exchanger to form a heated reformer stream and 2 cooled air siream,
ify reforming at least a portion of the heated reformer stream; and

iii) combusting a portion of the heated fuel stream in the presence of the cooled

air stream to form the heated air'stream for the next stage.

1%.  The process according to claim 11, further comprising quenching at least 4

portion of the syngas stream in a quench heat exchanger.
14.  An apparatus for steam refonming of a gaseous hydrocarbon comprising:

a} a fuel pre-heater that partially combusts the fuel in a first fuel/air mixtuze to
form a heated fuel stream, the heated fuel stream being combusted in a reformer
module; .

b)  anair pre-heater that combusts a portion of a second fuel/air stream in the
presence of an air stream to form a heated air stream, the heated air stream

supplying heat to the reformer module;
¢  areformer module for forming a syngas stream from a reformer stream.

15.  The apparatus of claim 14, wherein said reformer module comprises one or
more pre-reformer stages and one or more reformer s5tages.
16. The apparatus according to claim 15, wherein each of said pre-reformer

stages comprise 2 heat exchanger and a catalyst chamber.
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17.  The apparatus according to claim 16, wherein said pre-reformer stages are
configured to recover heat via the heat exchanger from a flue gas stream leaving

the reformer module.
18.  The apparatus of claim 15, wherein said reformer stages comprise:

i) a heat exchanger that heats the reformer stream by recovering heat from the

heated air stream to form a cooled air stream;
ii) a reforming bed that reforms the heated reformer stream; and

ii) a combustion chamber that combusts 2 portion of the heated fuel stream to re-

heat the cooled air strearm,

19, The apparatus of claim 18, wherein said apparatus includes a fuel
distribution control network configured for passive conirol of the amount of the
heated fuel stream supplied to each combustion chamber in the reformer stages.

20. 'The apparatus according to claim 14, wherein said apparatus further
comprises at least one heat exchanger that recovers heat from said syngas stream

afier it leaves the reformer module,

21,  The apparatus according to claim 20, wherein said at least one heat
exchanger comprises at least one quénch heat exchanger that recovers heat from 4
portion of said syngas stream. ,

22.  The apparatus according to claim 20, where said at least one heat

exchanger comprises a multi-stream heat exchanger.

23. The apparatus of claim 14, wherein said apparatus is configured 1o avoid or
reduce metal dusting and coking conditions within all heat exchangers, pre-

reforming stages and reforming stages.

24,  'The apparatus.-of claim 14, further comprising a water-gas shift reactor that
increases the concentration of hydrogen in the syngas stream after the syngas

stream leaves the reformer module,
2%,  An apparatus for steam reforming of a gaseous hydrocarbon comprising:

a) - asyngas heat recovery heat exchanger that recovers heat from 2 syngas

stream to heat at least one air stream;



(195) JP 2014-5203 A 2014.1.16

WO 2008/154678 PCT/AU26408/000870

116
b) an air flow splitter that splits the ait stream into a flrst air stream and a
second air stream, the first air stream connecting to a fuel stream to form a fuel/air
mixture;
<) a fuel flow splitter that splits the fuel/air mixrure into a first fuel/air stream
3  and asecond fuel/air stream, the first fuel/air stream gonhc:cting toa fuel pre-
heater and the second fuel/air stream connecting to an air pre-heater,;

d) a fuel pre-heater that partially combusts the fuel in the first fuel/air stream
to form a heated fuel streamn for use in the reformer;

€} an air pre-heater that combusts the second fuel/air stream in the presence

. 10 of the second air stream 1o form a heated air stream for use in the reformer;

) 2 pre-reformer that partially reforms a heated gaseous hydrocarbon stream

in the presence of steam to form a reformer stréam,;
2 a reformer that reforms the reformer stream to form a syngas stream;

h}  aquench exchanger that recovers heat from the syngas stream to form

15 steam from a water stream for the pre-reformer.

26.  'The apparatus of claim 25, wherein said pre-reformer comprises a printed
circuit reactor. '
27. - The apparatus according to claim 25, wherein said reformer comprises a

printed circuit reactor.

(57) Abstract: The present invention relates (o a gaseous hydrocarbon-steam reforming process and system (100} comprising:
partially combusting a first fuel/air mixture stream (102) to heal the fuel/afr mixture stream for use during reforming of a gaseous
hydrocarbon-steam stream; combusting a second fuel/air mixture stream 1o heat an air stream for use during reforming of the gaseous
hydrocarbon-steam. streany; and reforming the gascous hydrocarbon-steam stream to form a syngas stream (110) and a flue gas stream
(112). The reforming process of the invention is srrall-scale but nevertheless capital and operating-cost competitive with large-scale
systems.
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