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contact the sheets (44). At cach end of the reactor (40) arc headers to supply gas mixtures to the flow channels (44), the headers

~~ communicating with adjacent channels being separate. The reactor (40) cnables different gas mixturcs to be supplied to adjacent
channcls (44), which may be at different pressures, and the corresponding chemical reactions are also different. Where one of the
reactions is endothermic while the other reaction is exothermic, heat is transferred through the sheets (42) separating the adjacent
channcls (44), from the cxothermic reaction to the endothermic reaction. The reactor (40) may be used in a compact plant to perform

a steamn/methanc reforming, obtaining the necessary heat by catalytic methane combustion, and also for Fischer-1ropsch synthesis, so
that the overall process involves conversion of methane to long-chain hydrocarbons.
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Catalytic reactor

Technical Field

This invention relates to a catalytic reactor suitable
for use in performing gas phase reactions at elevated
pressures, and particularly but not exclusively for
performing highly exothermic and endothermic reactions, and
also to a chemical process and plant using the catalytic

reactor.

Background Art

The use of catalytic material supported on a metal
substrate is well known. For example GB 1 490 977 describes
a catalyst comprising an aluminium-bearing ferritic alloy
substrate, coated with a layer of a refractory oxide such as
alumina, titania or zirconia, and then with a catalytic
platinum-group metal. As described in GB 1 531 134 and
GB 1 546 097, a catalyst body may comprise substantially
flat sheets and corrugated sheets of such material arranged
alternately so as to define channels through the body,
either several such sheets arranged in a stack, or two such
sheets wound together to form a coil. In these examples both
the flat sheets and the corrugated sheets have small-scale
corrugations superimposed upon them to help in the formation
of the coating. Such catalyst bodies are described as being
suitable for use in treating exhaust gas from vehicles. In
this context heat transfer between one channel and an
adjacent channel is of a consideration, as all the channels

carry the same gases at the same pressures.
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Summary of the Invention

In a first aspect, the present invention provides a
catalytic reactor comprising a plurality of flat metal
sheets arranged in a stack, the sheets defining grooves to
define first gas flow channels between adjacent sheets and
second gas flow channels in proximity to the first gas flow
channels, arrange so as to ensure good thermal contact
between gases in the first and the second gas flow channels,
the sheets being bonded together as a stack, and a permeable
metal heat-transfer layer within each flow channel, and
headers to supply gas mixtures to the gas flow channels, the
headers being such that different gas mixtures can be
supplied to the first and the second gas flow channels, the
metal heat-transfer layer being removable and at least in
the first gas flow channels incorporating a catalytic
coating, and if the catalytic coating incorporates a ceramic
layer the coating being provided only on those surfaces of
the heat-transfer layer that do not come into contact with

the walls of the channel.

The second gas flow channels may also be defined
between the metal sheets, first and second gas flow channels
being defined alternately between successive such sheets.
The second gas flow channels may also incorporate metal
heat-transfer layers. This improves heat transfer. In each
case the metal heat-transfer layer may comprise a non-planar
metallic foil, or a metallic foam, mesh, fibre mat, or
honeycomb, or a similar structure combining ceramic and
metal, for example; it must be highly permeable to the gas

flow. Typically a foil is suitable.
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Although the flow channels are referred to as gas flow
channels, this is not a restriction on the use of the
reactor as a liquid may instead be passed through one or
both sets of channels. For example where a desired catalytic
reaction is exothermic, a heat transfer liquid (rather than
a gas) may be passed through the other set of flow channels.
Furthermore the second flow channels may not all carry the
same fluid: for example two different fluids might be

supplied to alternate second flow channels.

To ensure the required good thermal contact, both
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the first and the second gas flow channels are preferably
less than B mm deep in the direction normal to the
adjacent metal sheets. More preferably both the first
and the second gas flow channels are less than 2 mm deep
in this direction. The foils may be dimpled or
corrugated.

For example the sheets might be concentric tubes, so
that the gas flow channels are annular channels, each
annular channel locating a generally cylindrical sheet of
corrugated material, the surfaces of the sheets of
corrugated material being coated with catalytic material.
In this case the headers would be provided at each end of
the tubes to supply gas mixtures to the annular channels,
the headers communicating with adjacent channels being
separate. To ensure good heat transfer between the
corrugated sheets and the tubes, each tube is desirably a
tight fit around the adjacent corrugated sheet. The tubes
may be sufficiently thick-walled to withstand pressure
differences, so that the different gas mixtures may be at
different pressures.

Alternatively the sheets might be flat, with grooves
machined or etched across their surfaces to define gas
flow channels. The reactor might therefore comprise a
stack of such flat plates sufficiently thick to withstand
the necessary pressure difference, the grooves in
adjacent plates following different paths. The grooves
may be for example 20 mm wide, this width being
determined by the pressure difference to which the sheet
is exposed, each accommodating one or more corrugated
foil of material coated with catalytic material. To
ensure that the gas flow channels are gas tight the
plates are desirably bonded together, but the foils are
removable (for example through a header) .

7-
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In use of the catalytic reactor, the fluid mixture
supplied to one set of chanmnels is different from the
fluid mixture supplied to the adjacent channels, and the
corresponding chemical reactions are also different. One
of the reactions may be endothermic while the other
reaction is exothermic. In that case heat is transferred
through the wall of the tube or sheet separating the
adjacent channels, from the exothermic reaction to the
endothermic reaction. Alternatively there may be a
chemical reaction in the first set of channels, while the
fluid in the second flow channels merely acts as a heat
transfer medium (either to supply heat, or to remove
heat) .

This reactor is particularly suitable for performing
methane/steam reforming (which is an endothermic
reaction, generating hydrogen and carbon monoxide), and
the alternate channels might contain a methane/air
mixture so that the exothermic oxidation reaction
provides the necessary heat for the endothermic reforming
reaction. For the oxidation reaction several different
catalysts may be used, for example palladium, platinum or
copper on a ceramic support; for example copper or
platinum on an alumina support stabilised with lanthanum,
cerium or barium, or palladium on zirconia, or more
preferably palladium on a metal hexaaluminate such as
magnesium, calcium, strontium, barium or potassium
hexaaluminate. For the reforming reaction also several
different catalysts may be used, for example nickel,
platinum, palladium, ruthenium or rhodium, which may be
used on ceramic coatings; the preferred catalyst for the
reforming reaction is rhodium er platinum on alumina or
stabilised alumina. The oxidation reaction may be
carried out at substantially atmospheric pressure, while
the reforming reaction may be carried out at elevated

pressure, for example up to 2 MPa (20 atmospheres), more
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typically in the range 0 to 200 kPa above atmospheric

pressure.

It will be appreciated that the materials of which
the reactor are made are subjected to a severely
corrosive atmosphere in use, for example the temperature
may be as high as 900°C, although more typically around
850°C. The reactor may be made of a metal such as an
aluminium-bearing ferritic steel, in particular of the
type known as Fecralloy (trade mark) which is iron with
up to 20% chromium, 0.5 - 12% aluminium, and 0.1 - 3%
yttrium. For example it might comprise irom with 15%
chromium, 4% aluminium, and 0.3% yttrium. When this
metal is heated in air it forms an adherent oxide coating
of alumina which protects the alloy against further
oxidation; this oxide layer also protects the alloy
against corrosion under conditions that prevail within
for example a methane oxidation reactor or a steam/
methane reforming reactor. Where this metal is used as a
catalyst substrate, and is coated with a ceramic layer
into which a catalyst material is incorporated, the
alumina oxide layer on the metal is believed to bind with
the oxide coating, so ensuring the catalytic material
adheres to the metal substrate.

For some purposes the catalyst metal might instead
be deposited directly onto the adherent oxide coating of
the metal (without any ceramic layer).

Especially if the reactor is to be used for an
endothermic reaction, it may be desirable to raise the
temperature of the reactor to a desired operating
temperature by direct electrical heating, passing
electric current through the sheets that form the
reactor. This would typically only be done initially,
the heat subsequently being provided by an exothermic

-9-
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reaction carried out in the second gas flow channels or by
hot gases (for example exhaust gases from an external

combustion process such as a laminar flow burner).

Where the reactor is used for a process in which a
liquid product is formed, for example Fischer-Tropsch
synthesis, it may also be desirable to shape the
corrugations so as to enhance liquid/gas separation. It may
also be desirable to provide no catalyst in those parts of

the foil that will be contacted by the liquid phase.

In a second aspect, the present invention provides a
catalytic reactor comprising a plurality of metal sheets
arranged as a stack and bonded together, the sheets being
shaped so as to define a plurality of first flow channels
between adjacent sheets and to define a plurality of second
flow channels between adjacent sheets, first flow channels
alternating with second flow channels in the stack, and
portions of each channel-defining sheet between flow channels
being in contact with the adjacent metal sheet and so
providing thermal contact, such that there is good thermal
contact between fluids in the first and the second flow
channels, and providing structural support such that fluids
in the first and the second flow channels may differ in
pressure; headers to supply fluids to the flow channels, the
headers enabling different fluids to be supplied to the first
and the second flow channels; wherein permeable metal heat-
transfer layers are provided within at least the first flow
channels, the metal heat-transfer layers being removable and
at least in the first flow channels incorporating a catalytic

coating, and if the catalytic coating incorporates a ceramic
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layer the coating being provided only on those surfaces of
the heat-transfer layer that do not come into contact with

the walls of the channel.

In a third aspect, the present invention provides a
process for methane/steam reforming as defined in either the

first or second aspects.

In a fourth aspect, the present invention provides a
plant for processing methane to produce longer chain
hydrocarbons, the plant comprising a first catalytic reactor
for performing steam/methane reforming and a second catalytic
reactor for performing Fischer-Tropsch synthesis, each
catalytic reactor comprising a plurality of flat metal sheets
in a stack, the sheets defining grooves to define first and
second gas flow channels between adjacent sheets, the sheets
being bonded together, with permeable metal heat-transfer
layers incorporating catalyst material within at least the
first gas flow channels; means for transferring the products
of the first catalytic reactor to the second catalytic
reactor, the transferring means incorporating at least one
heat exchanger to remove heat from the said products and at
least one compression means for increasing the pressure of
the said products; and ﬁean to condense liquid components of
the fluid mixture resulting from the Fischer-Tropsch

synthesis.
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In another aspect, the present invention provides a
catalytic reactor comprising a plurality of metal sheets
arranged as a stack and bonded together, the sheets being
shaped so as to define first flow channels between adjacent
sheets and to define second flow channels between adjacent
sheets, first flow channels alternating with second flow
channels in the stack, and such that there is good thermal
contact between fluids in the first and second flow channels;
headers to supply fluids to the flow channels, the headers
enabling different fluids to be supplied to the first and the
second flow channels; wherein permeable metal heat-transfer
layers are provided within the first flow channels, the metal
heat-transfer layers being removable and incorporating a
catalytic coating comprising a combustion catalyst, such that
a gas mixture flowing in the first flow channels undergoes
combustion, and wherein the combustion catalyst in at least a
first part of the channel is coated with a porous inert

ceramic layer to restrict the reaction rate.

Optionally, both the first and the second flow channels
are less than 8 mm deep in the direction normal to the

adjacent metal sheets.

Optionally, removable metal heat transfer layers are
provided in both the first and the second flow channels, each

such metal heat transfer layer comprising a corrugated metal
foil.

Optionally, in at least one of the channels the pitch
of the corrugated foil varies along the length of the

channel.
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Optionally, the flow direction of the first flow
channels is transverse to the flow direction of the second

flow channels.

Optionally, the above described catalytic reactor might
be arranged for performing methane/steam reforming, wherein
removable metal heat-transfer layers are provided in both the
first and the second flow channels, and the removable heat-
transfer layers in the second flow channels incorporate a

methane/steam reforming catalyst.

According to another aspect of the invention there is
provided a catalytic reactor comprising a plurality of metal
sheets arranged as a stack and bonded together, the sheets
being shaped so as to define first flow channels between
adjacent sheets and to define second flow channels between
adjacent sheets, first flow channels alternating with second
flow channels in the stack, and such that there is good
thermal contact between fluids in the first and the second
flow channels; headers to supply fluids to the flow channels,
the headers enabling different fluids to be supplied to the
first and the second flow channels; wherein permeable metal
heat-transfer layers are provided within the first flow
channels, the metal heat-transfer layers being removable and
incorporating a catalytic coating comprising a combustion
catalyst, such that a gas mixture flowing in the first flow
channels undergoes combustion, and wherein the first flow
channels incorporate means for staged addition of combustion

gases.

13-
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According to another aspect of the invention there is
provided a methane/steam reforming process using the

catalytic reactor described above.

Brief Description of the Drawings

The invention will now be further and more
particularly described, by way of example only, and with

reference to the accompanying drawings in which:

Figure 1 shows a flow diagram of alchemical process
that may be performed with one or more reactors of the
invention;

Figure 2 shows a cross sectional view of a reactor;

Figure 3 shows a plan view of a plate which can be

stacked to form an alternative catalytic reactor;

Figure 4 shows a plan view of a plate which may be

stacked to form another alternative catalytic reactor; and

Figures 5a and 5b show plan views of plates used to

form another alternative catalytic reactor.

Modes for carrying out the Invention

Reactors of the invention may be used in a plant to
perform a chemical process for converting methane to longer
chain hydrocarbons. The first stage involves steam/methane

reforming, that is to say the reaction:
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steam + methane ----> carbon monoxide + hydrogen

This reaction is endothermic, and may be catalysed
by a rhodium catalyst in a first gas flow channel. The
heat required to cause this reaction may be provided by

combustion of methane, that is to say:

methane + oxygen ----> carbon dioxide + water

which is an exothermic reaction, and may be catalysed by
a palladium catalyst in an adjacent second gas flow
channel. Both these reactions may take place at
atmospheric pressure, although alternatively the
reforming reaction might take place at an elevated
pressure. The heat generated by the combustion reaction
would be conducted through the metal sheet separating the
adjacent channels.

The gas mixture produced by the steam/methane
reforming can then be used to perform a Fischer-Tropsch

synthesis, that is to say:

carbon monoxide + hydrogen ----> paraffin or olefin

(say Ci9) + water

which is an exothermic reaction, occurring at an elevated
temperature, typically between 200 and 350°C, for example
280°C, and an elevated pressure typically between 2 MPa
and 4 MPa, for example 2.5 MPa, in the presence of a
catalyst such as iron, cobalt or fused magnetite, with a
potassium promoter. The exact nature of the organic
compounds formed by the reaction depends on the
temperature and the catalyst, as well as the ratio of
carbon monoxide to hydrogen. The heat given out by this

-15-
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synthesis reaction may be used to provide at least part
of the heat required by the steam/methane reforming
reaction, for example a heat transfer fluid such as
helium or Dowtherm A (trade mark of Dow Chemical) may be
used to transfer the heat from a reactor in which the
Fischer-Tropsch synthesis is occurring, the heat being
used to preheat at least one of the gas streams supplied

to the reforming reactor.

Referring now to figure 1, the overall chemical
process is shown as a flow diagram. The feed gas 10
consists primarily of methane, with a small percentage
(say 10%) of ethane and propane. It is passed through a
heat exchanger 11 so it is at about 400°C and is then
supplied via a fluidic vortex mixer 12 to a first
catalytic reactor 14; in the mixer 12 the feed gas is
mixed with a stream of steam that is also at about 400°C,
the streams entering the mixer 12 through tangential
inlets and following a spiral path to an axial outlet so
they become thoroughly mixed. Both streams may be at
atmospheric pressure, or for example at a pressure of say
100 kPa above atmospheric. The flows are preferably such
that the steam: methane molar ratio is between 1:1 and
2:1, The first part of the reactor 14 is a pre-reformer
15 with a nickel methanaticn catalyst at 400°C, in which
the higher alkanes react with the steam to form methane
(and carbon monoxide); this pre-reformer 15 would not be
required if the feed gas 10 contained substantially no
higher alkanes. The second part of the reactor 14 is a
reformer 16 with a platinum/rhodium catalyst, in which
the methane and steam react to form carbon monoxide and
hydrogen. This reaction may be performed at 850°C. The
heat for the endothermic reactions may be provided by
combustion of methane over a palladium or platinum
catalyst within adjacent gas flow channels (as

indicated), or alternatively from exhaust gases from an
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external combustion unit such as a laminar flow burner,
the gases from the burner flowing in counter-current to
the gas flow through the reformer 16; this can enable the
reacting gases in the reformer 16 to reach a final
temperature of as much as 1000°C. Where catalytic
combustion is used, the catalyst may incorporate a metal
hexaaluminate (such as magnesium hexaaluminate) as the
substrate, which itself acts as catalyst at the high-
temperature end, coated with say palladium which acts as
the catalyst at the lower-temperature end, such that the
temperature gradually increases from 400°C to 850 or
950°C. The methane/oxygen mixture or methane may be
supplied in stages along the reactor 14, to ensure
combustion occurs throughout its length.

The hot mixture of carbon monoxide and hydrogen
emerging from the reformer 16 is then quenched by passing
through a heat exchanger 18 to provide the hot steam
supplied to the vortex mixer 12, and then through the
heat exchanger 11 in which it loses heat to the feed gas.
The mixture is then further cooled to about 100°C by
passing through a heat exchanger 20 cooled by water. The
gases are then compressed through a compressor 22 to a

pressure of 2.5 MPa.

The stream of high pressure carbon monoxide and
hydrogen is then supplied to a catalytic reactor 26 in
which they react, undergoing Fischer-Tropsch synthesis to
form a paraffin or similar compound. This reaction is
exothermic, preferably taking place at about 280°C, and
the heat generated may be used to preheat the steam
supplied to the heat exchanger 18, using a heat exchange
fluid such as helium circulated between heat exchange
channels in the reactor 26 and a steam generator 28.
During this synthesis the volume of the gases decreases.

The resulting gases are then passed into a condenser 30

7-
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in which they exchange heat with water initially at 25°C.
The higher alkanes (say C5 and above) condense as a
liquid, as does the water, this mixture of liquids being
passed to a gravity separator 31; the separated higher
alkanes can then be removed as the desired product, while
the water is returned via the heat exchangers 28 and 18
to the mixer 12.

Any lower alkanes or methane, and remaining
hydrogen, pass through the condenser 30 and are supplied
to a refrigerated condenser 32 in which they are cooled
to about 5°C. The gases that remain, consisting
primarily of hydrogen, carbon dioxide, methane and
ethane, may be passed through a pressure-releasing vent
valve 33 to a flare 34. (Alternatively they might be fed
into the combustion channel of the first catalytic
reactor 14.) The condensed vapours, consisting primarily
of propane, butane and water, are passed to a gravity
separator 35, from which the water is combined with the
recycled water from the separator 31, while the alkanes
are recycled via a flow control valve 36 to the Fischer-
Tropsch reactor 26.

When used in this fashion the overall result of the
processes is that methane is converted to higher
molecular weight hydrocarbons which are typically liquids
at ambient temperatures. The processes may be used at an
0il or gas well to convert methane gas into a ligquid

hydrocarbon which is easier to transport.

Referring now to figure 2 a reactor 40 (suitable for
example for use as the Fischer-Tropsch synthesis reactor
26) comprises a stack of plates 42 each of Fecralloy
steel, the plates being 200 mm square and 3 mm thick
(only parts of two plates are shown, in section, in the
figure). Grooves 44 of width 8 mm and depth 2.5 mm

18-
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extend across the entire width of each plate 42 parallel
to one side, separated by lands 45 of width 3 mm, the
grooves 44 being machined. A carrier foil 46 of

Fecralloy steel 50 pm thick coated with a ceramic coating
containing a catalyst material, and with corrugations 2.5
mm high, can be slid into each such grcove 44, each such
foil being devoid of ceramic coating and catalyst
material on both of its surfaces along the crests and
troughs of the corrugations. A stack of such plates 42
is assembled, the orientation of the grooves 44 differing
by 90° in successive plates 42, and is covered with a
flat top plate of Fecralloy steel; the stack is then
diffusion bonded together. The corrugated foils are then
ingserted, the absence of ceramic coating at the top
surface of the crests and the bottom surface of the
troughs ensuring good thermal contact with the adjacent
plates 42. Headers are then attached to the sides of the
asgembly. Thus the gas flow channels are defined by the
grooves 44, one set of channels extending from say right
to left in the stack, and the other set of channels (in
the alternate plates 42) extending from front to back of
the stack.

It will be understood that the type of ceramic
deposited on the corrugated foils 46 in the gas flow
channels may be different in successive plates 42 in the
stack, and that the catalyst materials may differ also.
For example the ceramic might comprise alumina in one of
the gas flows channels, and zirconia in the other gas
flow channels. The reactor 40 formed from the plates 42
would be also suitable for performing steam/methane
reforming, for example using a rhodium catalyst. Because
the plates 42 forming the stack are bonded together the
gas flow channels are gas tight (apart from communication
with headers at each end), and the dimensions of the
plates 42 and grooves 44 are such that pressures in the
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alternate gas flow channels may be congiderably
different.

Particularly where the reactor 40 is to be used for
Fischer-Tropsch synthesis, the gas flow channels 44 for
that reaction may decrease in width, and possibly also
depth, along their length, so as to vary the fluid flow
conditions, and the heat or mass transfer coefficients.
During the synthesis reaction the gas volume decreases,
and by appropriate tapering of the channels 44 the gas
velocity may be maintained as the reaction proceeds.
Furthermore the pitch or pattern of the corrugated foils
46 may vary along a reactor channel 44 to adjust
catalytic activity, and hence provide for control over
the temperatures or reaction rates at different points in
the reactor 40. The corrugated foils 46 may also be
shaped, for example with perforations, to promote mixing
of the fluid within the channels 44.

When a reactor such as the reactor 40 is used for
reactions between gases that generate gaseous products
then the orientation of the channels is not of concern.
However if a product may be a liquid, it may be
preferable to arrange the reactor 40 so that the flow
paths for this reaction slope downwardly, to ensure that
any liquid that is formed will drain out of the channels
44. The absence of catalyst material at the bottom of
the troughs of the corrugations provides the advantage

that methane formation is suppressed.

In a modification to the reactor 40, the foils are
of titanium metal. This is coated with mixed oxides of
cobalt and ruthenium (apart from along the crests and
troughs) by a wet chemical process including sol-gel
processing, dried, and then reduced to form fine metal

particles of cobalt and ruthenium on the surface of the
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titanium foil. The reduction is carried out at a
sufficiently low temperature that the particles do not
sinter. Alternatively such a mixed oxide compositicn of
cobalt and ruthenium may be deposited in combination with
an alumina sol, or a titania sol; this is then reduced
(the alumina or titania preventing the cobalt and
ruthenium from sintering down) so as to produce small
particles of cobalt and ruthenium metal; and the alumina
or titania is then dissolved chemically. In yet another
alternative the cobalt and ruthenium may be depcsited
directly onto titanium by chemical vapour deposition, or
electrolytically in the form of small dendrites, so that
a highly porous cobalt and ruthenium surface deposition

is produced.

In a different modification to the reactor 40, the
foils 42 are again of Fecralloy material, but the
catalyst material is deposited directly onto the oxide
layer of the Fecralloy.

Referring now to figure 3, an alternative reactor 70
comprises a stack of Fecralloy steel plates 71, each
plate being generally rectangular, 125 mm long and 82 mm
wide and 2 mm thick. Along the centre portion of each
plate 71, seven parallel rectangular grooves 72 are
machined, each of depth 0.75 mm, with a header groove 74
of the same depth at each end, the header groove 74
extending to one side edge of the plate 71. On the top
surface of the plate 71 shown in the figure the header
groove 74 at the bottom end extends to the right hand
edge of the plate 71, while that at the top end extends
to the left hand edge of the plate 71. The grooves on the
opposite surface of the plate 71 are identical but the
headers (indicated in broken lines) extend to opposite
sides of the plate 71. Successive plates 71 have their

header grooves 74 in mirror image arrangements, so the
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adjacent grooves 74 extend tc the same side of the stack.
Within each rectangular groove 72 are three corrugated
Fecralloy foils 76 a, b and c, each 50 pm thick and with
its corrugations 1.5 mm high, but differing in the pitch
or wavelength of their corrugaticns. As in the reactor
40 the foils 76 are not coated in ceramic (or catalyst)
on either surface at the crests and the troughs of the
corrugations, to ensure good metal-to-metal contact at
those places. To ensure accurate alignment of the plates
71 during assembly, holes 75 are provided at each end
into which dowels locate. The stack of plates 71 and
foils 76 is assembled, and the plates 71 are compressed
during diffusion bonding, and the plates 71 are thereby
sealed to each other. Gas flow plenums 78 are then
diffusion bonded onto the stack at each corner, each
plenum 78 communicating with one set of header grooves
74.

When it is necessary to replace the catalyst, this
may be done by cutting off one set of headers, for
example on the plane 66-66, and then extracting the foils
76 from all the channels defined by the grooves 72, and
replacing the foils 76. The cut surfaces on the plane
66-66 are then machined accurately flat, re-assembled,

and diffusion bonded together again.

Because the plates 71 are diffusion bonded together,
the reactor 70 may be used with gas streams whose
pressures differ by a large amount. It is also suited to
the steam/methane reforming stage (equivalent to
catalytic reactor 14) where the pressure difference
between the two gas streams is not very high. 1In this
case it may not be necessary to use foils 76 whecse
corrugations vary along the length of the channel in
either of the gas flow channels, so foils 76 with uniform
corrugations may be used instead. It will be appreciated
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that the foils in the two different gas streams would be
different, and in particular would differ as to the
catalyst. As explained earlier, in a pre-reformer 15
reactor an appropriate catalyst would be nickel; in a
reformer 16 an appropriate catalyst would be platinum;
while in a combustion channel a suitable catalyst would
be platinum. A preferable catalyst in the combustion
channel would comprise palladium deposited on a non-
sintering ceramic such as magnesium hexaaluminate; it is
believed that the palladium forms palladium oxide, which
is an effective combustion catalyst up to about 800°C,
but above that temperature forms palladium metal which is
less effective as a catalyst; the magnesium hexaaluminate
acts as a combustion catalyst at temperatures between
800°C and 900°C (and does not sinter in this temperature

range) .

In an alternative, the combustion takes place in an
external burner (such as a laminar flow burner), the very
hot exhaust gases at about 900 or 1000°C being passed
through the second gas flow channels of the reactor 14 in
counter-current to the methane flow. 1In this case it is
not necessary to provide the foils with ceramic coating
or catalyst, but the foils enhance heat transfer between
the second gas flow channel carrying the hot exhaust gas
and the reactants in the pre-reformer and reformer
channels, by transferring heat to the separating plates
71.

Referring now to figure 4, an alternative reactor 80
has some similarities to the reactor 70 in comprising a
stack of Fecralloy steel plates 81, each plate being
generally rectangular, 125 mm long and 90 mm wide and 2
mm thick. Along the centre portion of each plate 81,
seven parallel rectangular grooves 82 are machined, each
of width 4 mm and depth 0.75 mm, and at a separation of 5
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mm, with a header groove 84 of the same depth at each
end, the header groove 84 extending to a header aperture
83 near one side edge of the plate 8l1. On the top
surface of the plate 81 shown in the figure the gas flow
is therefore from the aperture 83 at the bottom left to
the aperture 83 at the top right. The grooves on the
opposite surface of the plate 81 are identical but the
headers (indicated in broken lines) extend to header
apertures 87 near opposite sides of the plate 81,
Successive plates 81 have their header grooves B4 in
mirror image arrangements, so the adjacent grooves 84
communicate with the same pairs of header apertures 83 or
87. Within each rectangular groove 82 are three

corrugated Fecralloy foils 86 a, b and ¢, each 50 um
thick and with its corrugations 1.5 mm high, but
differing in the pitch or wavelength of their
corrugations. To ensure accurate alignment of the plates
81 during assembly, holes 85 are provided at each end
into which dowels locate. The stack of plates 81 and
foils 86 is assembled, compressed and diffusion bonded
together. Gas flow plenum connections are then made to
the apertures 83 and 87 at the top of the stack, which
are closed at the bottom of the stack. Not only does the
reactor 80 differ from the reactor 70 in having integral
headers defined by the apertures 83 and 87 (in place of
the plenums 78), but in addition seven slots 88 through
the plates 81 are defined in each land between the
rectangular grooves 82, each slot 82 being 1 mm wide and
6 mm long. After assembly of the stack these slots 88
provide a flow path for a third gas stream, for example
for pre-heating a gas stream.

As with the reactor 70, when it is necessary to
replace the catalyst this may be done by cutting off one
set of headers, for example on the plane 67-67, and then
extracting the foils 86 from all the channels defined by
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the grooves 82, and replacing the foils 86. The cut
surfaces on the plane 67-67 are then machined accurately
flat, re-assembled, and diffusion bonded together again.

Referring down to figures 5a and 5b, an alternative
reactor 90 comprises a stack of corrugated foils 92
spaced apart by frames 93. Each frame (as shown in figure
S5a) comprises a generally square plate 93 of Fecralloy
steel, 60 mm square and 1 mm thick, that defines four
rectangular apertures 94 each 50 mm by 10 mm. At each
end of the plate 93 is a header groove 95 of depth 0.5 mm
communicating via notches with each aperture 94. Near
the corners of each plate 93 are header apertures 96.
There are two types of frame, which are used alternately
in the stack. In one type (as shown) the header grocves
95 communicate with the apertures 96 at the bottom left
and top right of the plate 93 (as shown), while in the
other type (not shown) the header grooves 95 communicate
with the apertures 96 at the top left and bottom right of
the plate 93. Each foil 92 (as shown in figure 5b) is
also 60 mm square, and of thickness 0.5 mm. Near each
corner it defines header apertures 96. Four rectangular
areas 98 (which correspond to the apertures 94) are
corrugated with an amplitude of 0.5 mm above and below
the plane of the foil. In practice each such area 98 is
generally corrugated in the same pattern, but four
different patterns are shown: area 98a has corrugations
extending longitudinally along the flow channel; area 98b
has corrugations extending transverse to the direction of
flow; area 98c has dimples; while area 98d has both
corrugations extending longitudinally and also dimples.
The reactor 90 consists of a stack of the foils 92 spaced
apart by the two types of frame 93 used alternately, the
bottom of the stack comprising a blank square plate (not
shown) followed by a frame 93, and the top of the stack

comprising a frame 93 covered by a square plate (not
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shown) that defines apertures corresponding to the
apertures 96. The stack i1s assembled, compressed, and
diffusion bonded together.

It will be appreciated that the foils in the
channels in the reactors 70 and 80 might be dimpled
instead or in addition to being corrugated, as in the
reactor 90, and might also be perforated to provide

further turbulence and mixing within each channel.

In a further modification, near the exit from the
Fisher-Tropsch reactor 26 the foils may have a saw-tooth
profile along at least part of the flow channel (i.e.
corrugations transverse to the flow direction, the
corrugations being of smaller amplitude than the height
of the channel), so as to induce vortex flow and to
initiate separation of liquid from gas.

In a further modification the plates that resist the
pressure difference between the flow channels, e.g. the
plates 42 in reactor 40 or the plates 71 in reactor 70,
are of a metal such as titanium that can withstand the
high temperatures and the pressures and which can be
readily diffusion bonded, while the foils e.g. 46 and 76,
may be of Fecralloy steel if a ceramic coating (as a
catalyst substrate) is required.

In the combustion channels of the catalytic reactor
14, if catalytic combustion is used to generate the heat
(as indicated), the combustion catalyst may itself be
coated with a thin porous inert ceramic layer, so as to
restrict the contact of the gas mixture with the catalyst
and so restrict the reaction rate particularly at the
start of the channel. In a further alternative the
combustion may take place at an elevated pressure.
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As mentioned earlier, electrical heating by passing an
electric current directly through the plates forming the
reactor may be used initially to raise the temperature for
example of the catalytic reactor 14 to say 400°C before
supplying gases, to ensure a catalytic combustion occurs.
Such electrical heating may also be used during operation to
adjust the reactor temperature. Electrical heating may also
be used in the vicinity of the outlet from the reactor 14 to
ensure that a temperature of say 900°C is reached by the

gases undergoing the reforming reaction.

As mentioned earlier the heat given out in the Fisher-
Tropsch synthesis may be transferred using a heat transfer
fluid such as DOWTHERM A. This heat transfer fluid is a
eutectic mixture of two very stable compounds, biphenyl
(C12H10) and diphenyl oxide (C;2H;00), and the pressure in the
channels containing this f£luid may be such that the fluid

remains as a liquid phase, or is allowed to boil.

In the reactor 14 the temperature in the reformer 16
determines the proportions of CO and CO; in the emerging
gases. By ensuring the gas mixture reaches a high
temperature, for example 900°C or above at least near the
end of the reformer 16, the proportion of CO is maximised.
This temperature profile may for example be obtained by
staged addition of methane {possibly with oxygen) to the

combustion channel.

While the invention has been described with reference
to a number of preferred embodiments it should be appreciated

that the invention can be embodied in many other forms.
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It is to be understood that, if any prior art
information is referred to herein, such reference does not
constitute an admission that the information forms a part of
the common general knowledge in the art, in Australia or any

other country.

In the claims which follow and in the preceding
description of the invention, except where the context
requires otherwise due to express language or necessary
implication, the word “comprise” or variations such as
“comprises” or “comprising” is used in an inclusive sense,
i.e. to specify the presence of the stated features but not
to preclude the presence or addition of further features in

various embodiments of the invention.
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Claims

1. A catalytic reactor comprising a plurality of flat
metal sheets arranged in a stack, the sheets defining
grooves to define first gas flow channels between
adjacent sheets and second gas flow channels in proximity
to the first gas flow channels, arranged so as to ensure
good thermal contact between gases in the first and the
second gas flow channels, the sheets being bonded
together as a stack, and a permeable metal heat-transfer
layer within each flow channel, and headers to supply gas
mixtures to the gas flow channels, the headers being such
that different gas mixtures can be supplied to the first
and the second gas flow channels, the metal heat-transfer
layer being removable and at least in the first gas flow
channels incorpeorating a catalytic coating, and if the
catalytic coating incorporates a ceramic layer the
coating being provided only on those surfaces of the
heat-transfer layer that do not come into contact with
the walls of the channel.

2. A catalytic reactor as claimed in claim 1 wherein
the first and the second gas flow channels are less than
8 mm deep in the direction normal to the adjacent metal
sheets.

3. A catalytic reactor as claimed in claim 1 orvclaim 2
wherein, within each flow channel, the permeable metal

heat-transfer layer incorporates a catalytic coating.

4. A catalytic reactor as claimed in any one of the
preceding claims wherein the permeable metal heat-
transfer layers are removable after removal of a header.

5. A catalytic reactor as claimed in any one of the
preceding claims wherein a catalyst metal is deposited
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directly onto the material of the permeable metal heat-

transfer layer.

6. A catalytic reactor as claimed in any one of the
preceding claims incorporating electrical heating means
to pass an electric current through the sheets forming
the reactor.

7. A catalytic reactor as claimed in any one of the
preceding claims for use in a process in which a liquid
product is formed, wherein no catalyst is provided in
those parts of the permeable metal heat-transfer layer
that will be coated by the ligquid phase.

8. A catalytic reactor comprising a plurality of metal
sheets arranged as a stack and bonded together, the
sheets being shaped so as to define a plurality of first
flow channels between adjacent sheets and to define a
plurality of second flow channels between adjacent
sheets, first flow channels, alternating with second flow
channels in the stack, and portions of each channel-
defining sheet between flow channels being in contact
with the adjacent metal sheet and so providing thermal
contact, such that there is good thermal contact between
fluids in the first and the second flow channels, and
providing structural support such that-fluids in the
first and the second flow channels may differ in
pressure; headers to supply fluids to the flow channels,
the headers enabling different fluids to be supplied to
the first and the second flow channels; wherein permeable
metal heat-transfer layers are provided within at least
the first flow channels, the metal heat-transfer layers
being removable and at least in the first flow channels
incorporating a catalytic coating, and if the catalytic
coating incorporates a ceramic layer the coating being
provided only on those surfaces of the heat-transfer
layer that do not come into contact with the walls of the
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9. A catalytic reactor as claimed in claim 8 wherein
both the first and the second flow channels are less than
8 mm deep in the direction normal to the adjacent metal

sheets.

10. A catalytic reactor as claimed in claim 8 or claim 9
wherein the flow direction of the first flow channels is
transverse to the flow direction of the second flow

channels.

11. A process for performing methane/steam reforming
using a catalytic reactor as claimed in any one of the

preceding claims.

12. A plant for processing methane to produce longer
chain hydrocarbons, the plant comprising a first
catalytic reactor for performing steam/methane reforming
and a second catalytic reactor for performing Fischex-
Tropsch synthesis, each catalytic reactor comprising a
plurality of flat metal sheets in a stack, the sheets
defining grooves to define first and second gas flow
channels between adjacent sheets, the sheets being bonded
together, with permeable metal heat-transfer layers
incorporating catalyst material within at least the first
gas flow channels; means for transferring the products of
the first catalytic reactor to the second catalytic
reactor, the transferring means incorporating at least
one heat exchanger to remove heat from the said products
and at least one compression means for increasing the
pressure of the said products; and means to condense
liquid components of the fluid mixture resulting from the

Fischer-Tropsch synthesis.
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13. A catalytic reactor comprising a plurality of metal
sheets arranged as a stack and bonded together, the sheets
being shaped so as to define first flow channels between
adjacent sheets and to define second flow channels between
adjacent sheets, first flow channels alternating with second
flow channels in the stack, and such that there is good
thermal contact between fluids in the first and second flow
channels; headers to supply fluids to the flow channels, the
headers enabling different fluids to be supplied to the first
and the second flow channels; wherein permeable metal heat-
transfer layers are provided within the first flow channels,
the metal heat-transfer layers being removable and
incorporating a catalytic coating comprising a combustion
catalyst, such that a gas mixture flowing in the first flow
channels undergoes combustion, and wherein the combustion
catalyst in at least a first part of the channel is coated
with a porous inert ceramic layer to restrict the reaction

rate.

14. A catalytic reactor as claimed in claim 13 wherein both
the first and the second flow channels are less than 8 mm

deep in the direction normal to the adjacent metal sheets.

15. A catalytic reactor as claimed in claim 13 or claim 14
wherein removable metal heat-transfer layers are provided in
both the first and the second flow channels, each such metal

heat transfer layer comprising a corrugated metal foil.

16. A catalytic reactor as claimed in claim 15 wherein in
at least one of the channels the pitch of the corrugated foil

varies along the length of the channel.
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17. A catalytic reactor as claimed in any one of claims 13
to 16 wherein the flow direction cf the first flow channels
is transverse to the flow direction of the second flow

channels.

18. A catalytic reactor comprising a plurality of metal
sheets arranged as a stack and bonded together, the sheets
being shaped so as to define first flow channels between
adjacent sheets and to define second flow channels between
adjacent sheets, first flow channels alternating with second
flow channels in the stack, and such that there is good
thermal contact between fluids in the first and the second
flow channels; headers to supply fluids to the flow channels,
the headers enabling different fluids to be supplied to the
first and the second flow channels; wherein permeable metal
heat-transfer layers are provided within the first flow
channels, the metal heat-transfer layers being removable and
incorporating a catalytic coating comprising a combustion
catalyst, such that a gas mixture flowing in the first flow
channels undergoes combustion, and wherein the first flow
channels incorporate means for staged addition of combustion

gases.

19. A catalytic reactor as claimed in any one of claims 13
to 18 for preforming methane/steam reforming, wherein
removable metal heat-transfer layers are provided in both the
first and the second flow channels, and the removable heat-
transfer layers in the second flow channels incorporate a

methane/steam reforming catalyst.
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20. A methane/steam reforming process using a catalytic

reactor as claimed in claim 19.
21. A catalytic reactor, a process, or a plant for

processing methane, substantially as herein described with

reference to the accompanying drawings.
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