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A catalytic reactor (10) comprises a plurality of fluid-impermeable elements (tubes or plates) (12) defining flow channels (15)
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communicating with adjacent channels being separate. The reactor (10) enables different gas mixtures to be supplied to
adjacent channels (15), which may be at different pressures, and the corresponding chemical reactions are also different.
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&\ (57) Abstract: A catalytic reactor (10) comprises a plurality of fluid-impermeable elements (tubes or plates) (12) defining flow

channels (15) between them. Tight fitting within each flow channel (15) is a sheet (16) of corrugated material whose surfaces are

T coated with catalytic material. At each end of the reactor (10) are headers (18) to supply gas mixtures to the flow channels (15),

~~ the headers communicating with adjacent channels being separate. The reactor (10) enables different gas mixtures to be supplied to
adjacent channels (15), which may be at different pressures, and the corresponding chemical reactions are also different. Where one
of the reactions 1s endothermic while the other reaction is exothermic, heat is transferred through the wall of the tube (12) separating

O the adjacent channels (15), from the exothermic reaction to the endothermic reaction. The reactor (10) may be used in a compact

B plant to perform steam/methane reforming, obtaining the necessary heat by catalytic methane combustion, and also for Fisher-Tropsh
synthesis.

11



CA 02396191 2002-07-04

wO 01/51194 A1 IV A0 A0 T A0 R

(84) Designated States (regional): ARIPO patent (GH, GM,
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZW), Eurasian
patent (AM, AZ,BY,KG, KZ, MD, RU, TJ, TM), European
patent (AT, BE, CH, CY, DE, DK, ES, FI, FR, GB, GR, IE,
IT, LU, MC, NL, PT, SE, TR), OAPI patent (BF, BJ, CF,
CG, CI, CM, GA, GN, GW, ML, MR, NE, SN, TD, TG).

Published:
—  with international search report

(48) Date of publication of this corrected version:
25 October 2001

(15) Information about Correction:
see PCT Gazette No. 43/2001 of 25 October 2001, Section

11

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gazette.



CA 02396191 2002-07-04
WO 01/51194 PCT/GB01/00077

Catalvtic reactor

This invention relates to a catalytic reactor

sultable for use 1n performing gas phase reactions at
5 elevated pressures, and particularly but not exclusively
for performing endothermic reactions, and also to a

chemical process using the catalvtilic reactor.

phany

The use of catalytic material supported on a metal

10 substrate is well known. For example GB 1 490 977

describes a catalyst comprising an aluminium-bearing

ferritic alloy substrate, coated with a laver of a
refractory oxide such as alumina, titania or zirconilia,
and then with a catalytic platinum-group metal. AS

15 described in GB 1 531 134 and GB 1 546 097, a catalyst

b
corrugated sheets of such material arranged alternately

ody may comprise substantially f£lat sheets and

so as to define channels through the body, elther several

such sheets arranged in a stack, or two such sheets wound

20 together to form a colil. 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

a
25 gas from vehicles.

ogcribed as being suitable for use in treating exhaust

According to the present invention there is provided
a catalvtic reactor comprising a plurality of metal

sheets arranged to define first gas flow channels between

30 adjacent sheets, means to define second gas flow channels
in proximity to the first gas flow channels, arranged &0
as to ensure good thermal contact between gases 1in the

first and the second gas flow channels, catalytic
material on at least some surfaces within each flow

35 channel, and headers to supply gas mixtures to the gas
flow channels, the headers being such that different gas
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mixtures can be supplied to the first and the second gas

flow channels.

The second gas flow channels may be defined by

narrow tubes, for example tubes extending within the

)

first gas flow channels transverse to the direction of

flow in those channels. Alternatively, the second ges

£f1ow channels may also be defined between the metal

sheets, first and second gas flow channels being defined

‘alternately between successive such sheets.

The good thermal contact between Jgases in adjacent

flow channels is enhanced by sandwiching corrugated metal

fFoil within each gas flow channel. This foil may also

act as a carrier for the catalytic material. The
adjacent metal sheets may be compressed together, or may

e

be bonded together for example by diffusion bonding. To

ensure the reguired good thermal contact, both the first

and the second gas flow channels are preferably less than

5 mm wide in at least one direction transverse to the gas

fFlow direction. More preferably both the first and the

second gas flow channels are less than 2 mm wide in at

least one such directiom.

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 or

izt

corrugated material, the surfaces OL the sheets of

corrugated material being coated with catalytic material.

|

Tn this case the headers would be provided at each end or

trhe 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 1s desirably a

tight fit around the adjacent corrugated sheet; and 1is

preferably assembled by a shrink fitting process. Thus
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preferably each tube is heated before being slid over the

=

inner parts of the assembly, the inner parts being at

ambient temperature; altermatively the inner partS:might

be cooled before being inserted into the tube, the tube

being at ambient temperature. The corrugated sheets

(which may have small-scale corrugations also) are not

structural, so they may be of thin metal foil. The tubes

pase
r—

may be sufficiently thick-walled to withstand pressure

j -

differences, so that

che different gas mixtures may be at

different pressures.

In a preferred method of construction, the tubes and

the corrugated sheets are 1nitially assembled as

described above, leaving the ends open; the coating or

 ad

coatings of catalytic material are then applied; and the :

headers or distributorgs then affixed to the ends of the

reactor.

Alternatively the sheets might be flat, with grooves

machined across their surfaces to define gas flow
channels. The reactor might therefore comprise a stack

of such flat plates, the grooves in adjacent plates

following different paths. The grooves themselves might

be for example 20 mm wide, each groove accommodating a
corrugated sheet or foil of material coated wilth
catalytic material. To ensure that the gas flow channels

are gas tight the plates are desirably bonded together.

In use of the catalvtic reactor, the gas mixture

supplied to each annular channel is different from the
gas mixture supplied to the adjacent channels, and the
corresponding chemical reactions are also different.

Preferably one of the reactions is endothermic while the
other reaction ig exothermic. In that case heat is

transferred through the wall of the tube or sheet
separating the adjacent channels, from the exothermic
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reaction to the endothermic reaction.

Preferably the sheets themselves, whether tubular or

flat, are also coated with suitable catalvtic material.

Thlis reactor 1s particularly sultable for performing
methane/steam reforming (which is an endothermic

reaction, generating hydrogen and carbon monoxide), and
the alternate channels mlight contain a methane/air

10 mixture so that the exothermic oxidation reaction
provides the necessary heat for the endothermic reforming
reaction. For the oxidatlon reactlion several different

catalysts may be used, for example palladium or platinum
on a ceramlc support; for example platinum on a
15 lanthanum-stabilised alumina support, or palladium on

zirconia. The preferred catalyst for the oxidation

reaction 1is platinum on stabilised alumina. For - the

reforming reaction also several different catalysts may
be used, for example nickel, platinum, palladium,
20 ruthenium or rhodium, which may be used on ceramic

coatings; the preferred catalyst for the reforming

reaction is rhodium or platinum/rhodium on alumina. The
oxidation reaction may be carried out at substantially
atmospheric pressure, while the reforming reaction is

25 preferably carried out at elevated pressure, for example.

up to 2 MPa (20 atmospheres), more typically 300 kPa or
500 kPa.

It will be appreciated that the materials of which
30 the reactors 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
750°C. The reactor may be made of a metal such as an
aluminium-bearing ferritic steel, in particular of the

35 type known as Fecralloy (trade mark) which i1s iron with
up to 20% chromium, 0.5 - 12% aluminium, and 0.1 - 3%

-~
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vittrium. For example it might comprise i1ron with 15%

chromium, 4% aluminium, and 0.3% vttrium. When this

metal 1s heated in air it forms an adherent oxide coating

o

»f alumina which protects the alloy agalnst further

oxidation. Where this metal is used as a catalyst

subgstrate, and is coated with a ceramic layer into which
a catalvst 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.

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 longitudinal sectional view of

i
L8

catalvtic reactor;

Figure 2 shows a cross sectional view df the
reactor, on the line 2-2 of figure 1;

Figure 3 shows a flow diagram of a chemical process

that may be performed with the reactor of figures 1 and
¥ h |

o

Figure 4 shows 8. sectional view of plates stacked to

form another alternative catalytic reactor;

Figure 5 shows an exploded perspective view of three

sheets forming a module of another alternative catalvtic

reactor:

Figure 6 shows a perspective view of another

alternative catalvtic reactor;

Figure 7 shows a plan view of a plate used to form
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another altermative catalvtic reactor;

Figure 8 shows a plan view of a plate used to form

another alternative catalytic reactor; and

Figures 9a and 9b show plan views of platesg used to

form another altermative catalyvtic reactor.

Referring to figure 1 a catalytic reactor 10

10 consists of several nested concentric pressure tubeg 12

-

of Fecralléy steel, each cf wall thickness 0.5 min (only

four are shown 1in the figure, but the number of tubes 12

pp—

might in practice be say fifteen or sixteen). The

innermost tube 12 contains an electrical heating element

15 14. As shown in Figure 2, the annular channels 15

d

between the tubes 12 locate foils 16 of corrugated

Fecralloy steel whose corrugations are typilcally 2.0 mm

high (peak to peak) with a pitch of 2.0 mm.

2.0 The corrugated foils 16 may be made as described in

GB 1 546 097, by passing a flat strip of Fecralloy steel

of thickness 0.05 mm through two successive sets of

corrugating rollers. The first rollers form miniature

corrugations which extend across the strip at an acute
25 angle to 1ts longitudinal axis; the miniature

g

corrugations might for example be of height 0.1 mm and

have a pitch of 0.1 mm. The strip is then passed through

a second set of corrugating rollers which;produce the

larger size corrugations without damaging the miniature
30 corrugations. The larger corrugations extend across the
strip at the same acute angle to the longitudinal axis,

gy

and as mentioned above are typically 2.0 mm high and of

pitch 2.0 mm.

35 The reactor 10 is.assembled by cutting a length of

corrugated strip equal to the circumference of the first
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annular channel, and placing that onto the innermost tube
12: the next tube would be a tight fit onto the

corrugated strip, but is heated to 250°C before being

sl1id over the corrugated strip, so it shrinks tightly
onto the corrugated strip. Once it has cooled this

procedure 1is repeated. A length of corrugated strip 1is

cut equal to the circumference of the next annular

channel, and is placed onto the outer tube 12; the next

tube is heated to 250°C before being slid over the

corrugated strip, so it shrinks tightly onto it. Each

strip may be of width equal to the axial length of the

annular channel, or alternatively and preferably a number

of narrower strips may be laid side-by-side to make up

the required axial length. For simplicity in manufacture

all the corrugated strips are made with the same rollers,

so all the corrugations have the same orientation. Hence

=

any one corrugation meets the edges of the strip at

positions whose separation (along the length of the

strip) is preferably egual to the circumference of the
first annular channel. Consequently when assembled 1nto

the reactor 10 each such corrugation defines a helical
path.

When all the tubes 12 and corrugated folls 16 have
been assembled, the surfaces of the first, third, fifth

etc. annular channels 15a are coated with a zirconia sol,

and the surfaces of the second, fourth, sixth etc.
annular channels 15b are coated with an alumina sol. This

may be performed by temporarily blocking the end of one

set of annular channels, for example with wax, and
immersing the assembly in the appropriate scol. The

assembly is then dried slowly, and then sintered, for

example in an alir furnace, railsing the temperature to for
example 1100°C over a period of four hours and then

"holding it at that temperature for a further four hours.

After cooling the coated assembly, catalyst materilals
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are then introduced for example in the form of a salt of

the appropriate metal: palladium i1s i1ntroduced onto the

zirconia coating 1n the channels 15a, and rhodium is

introduced onto the alumina coating in the channels 15b

in this example. The catalyst metals are then formed by

a heat treatment to decompose (or reduce) the salt.

Annular end caps 18 are then laser welded onto the
ende of each annular channel 15, each end cap 18

communicating with an inlet or outlet duct 20. The

e

external diameter of the resulting reactor 10 i1s 50 mm,

and 1t is of length 500 mm.

The reactor 10 is particularly suitable for

performing steam/methane reforming, that is to say the

reaction:

H,O + CHy — CO + 3H,

This reaction 1s endothermic, and is catalysed by
the rhodium catalyst in the channels 15b. The heat
reguired to cause this reaction may be provided by

combustion of methane, that is to say:

CH, + 20, — CO, + 2H,0

which is an exothermic reaction, and 1s catalysed by the

palladium catalyst in the channels 15a. The heat
generated by this combustion reaction is conducted
through the walls of the tubes 12 into the adjacent
channels 15b. Thus in use the reactor 10 i1s initially

heated using the electrical heating element 14. A

mixture of methane and air is then supplied to all the

channels 15a at approximately atmospheric pressure, where
it undergoes catalytic combustion. A mixture of steam
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and methane 1s supplied to the alternate channels 15b,

where the steam/methane reforming reaction occurs; the

steam and methane mixture 1s preferably at an elevated

pressure, as this -ralses the mass flow rate and so

5 enables a larger gquantity of methane gas to be treated.
For example these channels 15b may be at a pressure of
MPa.

i
l_\

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

synthesis, that 1s to say:

carbon monoxide + hydrogen — paraffin or olefin (say

Clo) + water

15
which 1s an exothermlic reaction, occurring at an

elevated temperature, for example 320°C, and an elevated

pressure (e.g. 1.8-2.2 MPa) in the presence of a catalyst

such as iron, cobalt or fused magnetite, with a potassium
20 promoter. The exact nature of the organic compounds
formed by the reaction depends on the temperature, the
pressure, and the catalyst, as well as the ratio of.

carbon monoxide to hydrogen. The heat given out by this

synthesis reaction may be used to provide at least part
25 of the heat reguired by the steam/methane reforming

reaction, for example a heat transfer fluid such as

helium 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 streams of

30 gases supplied to the reactor 10.

Referring now to figure 3, the overall chemical

process 1s shown as a flow diagram. Most of the fluids
are at an elevated pressure of 10 bar (1 MPa). The feed

35 gas 24 consists primarily of methane, with a small
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percentage (say 10%) of ethane and propane at 10 bar. It

is passed through a heat exchanger 25 so it is at about

400°C and is then supplied via a fluidic vortex mixer 26

to a first catalvtic reactor 28; 1in the mixer 26 the feed

gas is mixed with a stream of steam that is also at about

400°C and 10 bar, these streams entering the mixer 26

through tangential inlets and following a spiral path to
an axial outlet so thevy become thoroughly mixed. The

first part of the reactor 28 1is a pre-reformer 29 with a

nickel methanation catalyst at 400°C, in which the higher

alkanes react with the steam to form methane (and carbon

monoxide). The second part of the reactor 28 1s a

reformer 30 with a platinum/rhodium catalyst, in which

the methane and steam react to form carbon monoxide and

hydrogen. This reaction may be performed at 800°C, the

heat being provided by combustion of methane over a

palladium (or platinum) catalyst. The hot gases from the

reformer 30 are then quenched by passing through a heat

exchanger 31 to provide the hot steam that 1s supplied to

the vortex mixer 26, and then through the heat exchanger

25 in which theyv lose heat to the feed gas.

" The stream of carbon monoxide and hydrogen is then
supplied to a third reactor 32 in which the carbon
monoxide and hvdrogen react, undergoilng Fischer-Tropsch

synthesis to form a paraffin or similar compound. This

reaction is exothermic, preferably taking place at about
350°C, and the heat is used to preheat the steam supplied

to the heat exchanger 31, using a heat exchange fluid
such as helium circulated between heat exchange channels

in the reactor 32 and a steam generator 33. During this

synthesis the volume of the gases decreases, so this

process is also performed at the elevated pressure of 10
bar. The resulting gases are then passed into a condenser
34 in which they exchange heat with water 1nitially at
25°C. The higher alkanes (say C5 and above) condense as
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a liguid, as does the water, this mixture of liquids

being passed to a gravity separator 35; the separated

higher alkanes can then be removed as the desired
product, while the water is returned via the heat

exchangers 33 and 31 to the mixer 26. Any lower alkanes

or methane, and remaining hvdrogen, pass through the

condenser 34 and are then supplied to a refrigerated
condenser 36 i1n which the gases and vapours are cooled to
about 5°C. The remaining gases, consisting primarily of

hydrogen, carbon dioxide, methane and ethane, are passed

through a pressure-releasing vent valve 37 to a flare 38.

The condensed vapours, consisting primarily of prOpané,

butane and water, are passed to a gravity separator 39,

from which the water is combined with the recycled water

from the separator 35, while the alkanes are recycled to

the inlet of the Fischer-Tropsch reactor 32.

The temperature to which the vapours are lowered in
the first condenser 34 determines the molecular weights

of the alkanes that are condensed, and so emerge as the

=

product. Hence by changing the temperature of the water

the
product can be modified. The above reaction scheme relies

LY

supprlied to the condenser 34 the characteristics o:

on the steam/methane ratio being close to the

stolchiometric reguirement for the reformer 30, the

rhodium catalyst being particularly resistant £o coking;

this has the benefit that negligible guantities of carbon

dioxide are formed in the reformer 30, so that it is

unnecessary to further treat the gases (using the reverse

water gas shift reaction) to convert carbon dioxide back

to carbon monoxide. It will also be appreciated that 1f
the feed gas consists solely of methane, then the pre-
reformer 29 mayv be omitted.

When used 1n this fashion the overall result of the
processes 1s that methane i1s converted to higher
molecular weight hydrocarbons which are typically liguids
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at
be used at an oil or gas well to convert natural gas 1nto

C
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mbient temperatures and pressures. The processes may

a liguid hydrocarbon which is easier to transport.

It will be appreciated that the reactor 10 of

Figures 1 and 2 may be used for performing a variety of

chemical processes, and that the catalyst within each

channel 15 must be appropriate to the corresponding

PXo

cess. The gasesmay'be“arranged to flow through the

channels 15 of the reactor in parallel, or 1n series.

The

flows of the two gas mixtures in adjacent channels 15

may be in counter-current or co-current, and the

directions o

£1lo

ingc

= the

corrugations (and hence the helical

ws) in adjacent channels 15 may be parallel, or

lined. Under some cilircumstances the helical flow may

be used to initiate centrifugal separation between liquid

and gaseous products of a reaction.

dif

fer in many we

t will also be appreciated that the reactor 10 may

vs from that described above while

remaining within the present invention. For example the

number of concentric tubes 12, and the radial width o:

(3!

the channels 15, may differ from that described, and the

channels might be of a different length} for example 100

mm. The electrical heater 14 might be replaced by an

alternative source of heat, for example an induction

heater.

Referring now to figure 4 an alternative reactor 40

comprises a stack of plates 42 each of Fecralloy steel,

in this case the plates being 200 mm square and 3 mm

thi
the

ck (only parts of two plates are shown, 1in section, in

figure).

Gr o

oves 44 of width 8 mm and depth 2.5 mm

extend across the entire width of each plate 42 parallel

to one side, separated by lands 45 of width 3 mm, the

gro

oves 44 being machined. A carrier foil 46 of
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Fecralloy steel 50 um:thick coated with a ceramic coating

containing a catalyst material, and with corrugations 2.5

e

mm high, locates in each such groove 44. A gstack of such
plates 42 with the catalyst foils 46 is asgsembled, the

et ol e

orientation of the grooves 44 43

cring by 90° 1in

Jlng

successive plates 42, and is covered with a flat top

pr—
p—

plate of Fecralloy steel; the stack is then diffusion

bonded together by heating the stack to a temperature in

the range 600°C to 1200°C in an inert atmosphere. The

stack of plates may be provided with headers either at
this stage, or subsegquently. 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.

Tt will be understood that the type of ceramic

flow

deposited on the corrugated foils 46 1n the gas

channels may be different in successive plates 42 1n the
stack, and that the catalyst materials may differ also.

For example (as with the reactor 10 of figures 1 and 2)

the ceramic might comprise alumina 1n one of the gas

flows channels, and zirconia 1in the other gas flow

- channels.

Preferably, after diffusion bonding, the stack of

plates 42 is then held at about 900°C while passing an

oxidising gas stream through all the grooves 44 defining
the gas flow channels. This promotes the formation of an

alumina-rich oxide laver on the surfaces of the channels.

After this oxidation step, the stack is cooled to room
temperature, and an agueous suspension of either alumina
or zirconia sol is pumped through the grooves 44 and then
allowed to drain out (so0 leaving a coating of sol,on"the
walls of the channels); the viscosity of the sol

suspension can be adijusted either by changing its pH orx
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concentration, and the removal of excess sol may rely
upon draining under gravity, Or may requlre pumping,
depending on the viscosity. The stack is then sintered

p——
—

in an oxidising atmosphere at a temperature of, for

5 example, approximately 800°C, such that the alumina sol

particles sinter onto the oxide layer on the surface of

the Fecralloy steel so forming a ceramic catalyst-carrier

laver. This layer 1s desirably of thickness i1n the range

10-50 um, and the steps of coating with the appropriate

i

10 so0l and then sintering may be repeated, 1f necegsary, to

=

achieve the desired thickness. Finally a solution of an

appropriate catalytic metal salt is pumped through the

channels 44, and the stack i1s then dried, and thermally

treated in a reducing (or oxidising) atmoSphereoté

15 produce the desired form of dispersed catalyst metal on

the ceramic carrier laver within the gas flow channels
44,

As with the reactor 10, the reactor formed from the

20 plates 42 would be suitable for performing steam/methane

reforming, for example using a rhodium.cataiyst. The
heat regulired to cause thilis reaction may be provided by
combustion of methane, which may be catalysed by a
palladium catalyst. Because the plates 42 forming the

25 stack are bonded together the gas flow channels are gas
tight (apart from communication with headers at each
end), and the pressures 1n the alternate gas flow
channels may also be different, as mentioned in relation
to the reactor 10.

30

Referring now to figure 5, this shows an exploded
perspective view of three sheets of Fecralloy steel which

when assembled form a module of another alternative

catalvtic reactor. ERach sheet 50, 54 and 56 1s generally
35 rectangular, 30 mm by 100 mm, the sheets 50 and 56 being
of thickness 0.3 mm and the sheets 54 of thickness about
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50 um, and each is hydraulically shaped. The first sheet

50 is pressed tc

form a rectangular recess 51, 1 mm deep,

surrounded by a flat peripheral flange 52 1n which are

inlet and outlet recessegs 53. The middle sheet 54 has a

central rectangular section i1in which are parallel

corrugations 55, the length of the corrugations 55 being
slightly less than the height of the recess 51,
surrounded by a flat peripheral flange 52; the

corrugations 55 project 1 mm above the plane of the
flange 52 on each side of the sheet 54. The third sheet

56 forms a rectangular recess 57, 1 mm deep, surrounded

by a flat peripheral flange 52 in which are inlet and

outlet recegses 58. The surfaces of the corrugations 55

are coated with a thin laver of ceramic material,

combined with a catalvtic material. The ceramilc material

and the catalvst material coating the corrugations 55 on

one side of the sheet 54 may be different from the

ceramic material and the catalyst material coating the

corrugations 55 on the opposite side of the sheet 54.

The sheets 50, 54 and 56 are then assembled, with
the corrugations 55 projecting into the recesses 51 and
57, and the three peripheral flanges 52 are bonded

together by welding, brazing, or diffusion bonding.
Different gas mixtures can then be supplied to the gas

flow channels defined on opposite sides of the centre

sheet 54, one gas mixture being provided through the
recesgses 53, and the other through the recegsses 58. A
plurality of such three-sheet modules can be assembled

and provided with headers for the different gas mixtures.

Referring now to figure 6, this shows a perspective

view of an alternative catalytic reactor 60 consisting of

a stack of rectangular plates 62 of Fecralloy steel, each
100 mm long, 50 mm wide, and 0.1 mm thick, spaced apart

——

of. Fecralloy steél, the
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height of the corrugations (and so the separation between

the plates 62) being 4 mm. The foils 64 define several

transverse slots that are aligned with each other. At

each side of the stack is a side plate 66, and many
5 mnarrow tubes 68 extend through holes drilled in the side

plates 66 and through the aligned slots in the foils 64,

there being 24 such tubes 68 along the length of each

corrugated foil 64, the tubes 68 being 4 mm apart. Each

s

tube 68 is of Fecrallov steel, of internal diameter 2 mm

10 and of wall thickness 0.1 mm. The tubes 68 are diffusion

bonded (or alternatively brazed) to the side plates 66.

The inside surfaces of the tubes 68 are coated with

a ceramic material and catalyst for a reaction that

15 occurs at elevated pressure, such as methane reforming,

g

and the surfaces of the channels defined by the

corrugated foils 64 and the plates 62 are coated with a

ceramic material and catalyst for a different reaction,

such as methane combustion, as in the previously-

20 described reactors. Headers (not shown) are attached to

the side plates 66 to supply a gas mixture through the

tubes 68, and headers (not shown) are attached to the

ends of the stack to supply a gas mixture through the

channels defined by the corrugated foils 64 and the

25 plates 62. It will again be appreciated that there 18

good thermal contact between the gases 1n the two sets of
gas flow channels.

Tt will be appreciated that the benefits of such

30 narrow gas flow passages are that the diffusion path
lengths are short, and that heat and mass transfer rates

goai

are increased because there is lesgs effect of the

boundary laver. . Hence the rate of chemical reaction,

which requires diffusion of the reacting species 1nto
35 contact with the catalytic surfaces, 1s enhanced, and
also the rate of transfer of heat between the exothermic
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reaction and the endothermic reaction 1s also enhanced.

Consequently such catalytic reactors can provide a high

power density.

As described above, the ceramic coatings may be

deposited from a material in the form of a sol, that 1is
to say a dispersion containing particles with a particle

size between 1 mm and 1 um. For a particular sol, such

as alumina sol, the way in which the sol 18 prepared
determines the particle size. Some alumlna Sols have
individual particles as the primary sol particles (so-
called unaggregated), whereas some alumina sols have sol
particles that are aggregates of smaller particles. In

general, the aggregated type of sol will give a more

porous ceramic coating than an unaggregated sol. Thus by

selecting the type of sol used, or by mixing various

B e
p—

amounts of di:

ferent types of sol, the porosity of the

ceramic coating can be controlled. The catalytic

\ Y

activity of the ceramic coating can be controlled by

priep

adjusting the porosity of the ceramic and the loading of

the catalvtic material. When making a catalytic reactor

for performing a very exothermic reaction 1t may be

desirable to adjust the catalytic activity along the flow
path, for example to provide low catalytic activity
initially, and hiligher catalytic activity further along

the flow path, so as to prevent formation of hot spots.

pb
—

This may, for example, be appropriate in the case of

reactors for performing Fischer-Tropsch synthesis. When
using a zirconia sol to form a zirconia ceramlc coating
similar considerationg apply; and in addition it may be

desirable to include cations such as yvttrium so as to

form stabilized zirconia, particularly where the ceramic
coating may reach high temperatures during operation, as
stabilised zirconia provides a stable surface area.
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Referring again to figure 4 it will be appreciated

that the gas flow channels 44 may vary in width and depth
along their length, so as to vary the fluid flow

conditions, and the heat or mass transfer coefficients,

5 80 as to control the chemical reactiong at different

places within the reactor 40. This is particularly
applicable in a reactor for Fischer-Tropsch synthesis, in
which the gas volume decreases, as by appropriate
tapering of the channels 44 the gas velocity may be

10 maintained as the reaction proceeds. Furthermore the

pltch 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

15 corrugated foils 46 may also be shaped, for example with

perforations, to promote mixing of the fluid within the
channels 44.

Referring now to figure 7, an alternative reactor 70
20 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
25 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
30 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. Successilive plates 71 have their
header grooves 74 1n mlrror 1mage arrangements, so the
35 adjacent grooves 74 extend to the same side of the stack.
Within each rectangular groove 72 are three corrugated
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Fecralloy folls 76 a, b and ¢, each 50 pm thick and with

its corrugations

pr—

or wavelength ot

alignment of the

provided at each

of plates 71 and

during diffusion

1.8 mm high, but differing in the pitch

their corrugations. To ensure accurate
plates 71 during assembly, holes 75 are
end into which dowels locate. The stack

folils 76 18 assembled and compressed

bonding, so that the foils are

compressed to 1.5 mm in height. Gas flow plenums 78 are

then brazed onto

the stack at each corner, each plenum 78

communicating with one set of header grooves 74.

Referring now to figure 8, an altermative reactor 80

has some sgimilarities to the reactor 70 1n comprising a

stack of Fecralloy steel plates 81, each plate béing

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

mm , with a header groove 84 of the same depth at each

end, the header groove 84 extendling to a header aperture

83 near one side edge of the plate 81. On the top -

surface of the plate 81 shown in the figure the gas flow

igs 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 84 in

mirror image arrangements, sco the adjacent grooves 84

communicate with the same pairs of header apertures 83 oOxr

87. Within each rectangular groove 82 are three

corrugated Fecralloy foils 86 a, b and c, each 50 um

thick and with its corrugations 1.8 mm high, but

differing in the pitch or wavelength of their

ad

corrugations. To ensure accurate alignment of the plates

81 during assembly, holesgs 85 are provided at each end
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into which dowelg locate. The gtack of plates 81 and

foils 86 is assembled and compressed during diffusion

bonding, so that the foils are compressed to 1.5 mm in

height. Gas flow plenums connections are then made to

5 the apertures 83 and 87 at the top of the stack, which

are closed at the bottom of the stack. Not only does the

—

fer from the reactor 70 1n having integral

reactor 80 di:

headers defined by the apertures 83 and 87 (in place of
the plenums 78), but in addition seven slots 88 through

10 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.

15

Referring down to figures %a and 9b, an alternative

reactor 90 comprises a stack of corrugated folls 92

spaced apart by frames 93. Each frame (as shown in figure

9a) comprises a generally sguare plate 93 of Fecralloy

20 steel, 60 mm sgquare and 1 mm thick, that defines four
rectangular apertures 94 each 50 mm by 10 mm. At each
end of the plate 93 i1is a header groove 95 of depth 0.5 m

=

communicating via notches with each aperture 94. Near
the corners of each plate 93 are header apertures 96.
25 There are two types of frame, which are used alternately

in the stack. In one type (as shown) the header grooves
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
30 with the apertures 96 at the top left and bottom right of
the plate 93. Each foil 92 (as shown in figure 9b) 1is

also 60 mm sguare, 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

35 corrugated with an amplitude of 0.5 mm above and below

the plane of the foil. In practice each such area 928 1is
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generally corrugated in the same pattern, but four

different patterns are shown: area 98a has corrugations

extending longitudinally along the flow channel; area 98b

"

hag 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

shown) that defines apertures corresponding to the

apertures 96; The stack 1s assembled and compressed

during diffusion bonding to form an integral reactor.

It will be appreciated that many other reactors may

P

the invention. For

be designed using the principles ©

example, catalyst may be provided within the gas flow

e -

channels in the form of a gas-permeable packing of small

.

ceramic spheres, say of diameter 0.1 mm, these being

packed into the corrugations of the metal foil. In this

case the metal foil provides the principal heat transfer

surface for the gases, while the chemical reactions take

‘place at the catalytic spheres. This enables the catalyst

to be removed and replaced 1f its activity decreases.
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Claims

1. According to the present invention there is.provided

a catalytic reactor comprising a plurality of metal

sheets arranged to define first gas flow channels between

adjacent sheets, means to define second gas flow channels

L.

flow channels, arranged soO

in proximity to the first gas

as to ensure good thermal contact between gases in the

first and the second gas flow channels, catalytic

material on at least some surfaces within each flow

channel, and headers to supply gas mixtures to the gas

p—
ot

flow channels, the headers being such that different gas

mixtures can be supplied to the first and the second gas

flow channels.

2. A catalvtic reactor as claimed in claim 1 wherein

good thermal contact between gases in adjacent gas flow

channels is enhanced by sandwiching corrugated metal foil

within a gas flow channel.

3. A catalytic reactor as claimed in claim.i or claim 2
wherein both the first and the second gas flow channels

sre less than 5 mm wide in at least one directilion

transverse to the gas flow direction.

4 . A catalvtic reactor as claimed in any one of the

preceding claims in which at least some of the metal

sheets define a multiplicity of narrow grooves to provide
the gas flow channels, the portions of the sheet between

the grooves being in contact with the adjacent metal
sheet and so providing thermal contact.

5. A catalvtic reactor as claimed in claim 2 wherein

the sheets are concentric tubes, so that the gas flow

channels are annular channels, each annular channel

locating a generally cylindrical sheet of corrugated

PCT/GB01/00077
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material, and wherein the surfaceg of the sheets of

corrugated material are coated with catalytic material.

6. A catalvtic reactor as claimed in claim 5 in which

5 each tube is a tight fit around the adjacent corrugated

"sheet.

7. A catalvtic reactor as claimed 1n any one of the

preceding claims in which the sheets are bonded together

10 by diffusion bonding.

8. A method of performing chemical reactions between

gases using a reactor as claimed in any one of the

preceding claims wherein the gas mixture supplied to the

15 first gas flow channels 1is different from the gas mixture

supplied to the second gas flow channels, each gas

mixture undergoing a reaction, and one of the reactlions

1is endothermic while the other reaction is exothermic, so

that heat is transferred between the adjacent channels.

20
9. A method as claimed 1n claim 8 in which the

endothermic reaction i1s methane/steam reforming.

10. A method asg claimed in claim 9 in which the

25 reforming reaction is carried out at elevated pressure
between 200 kPa and 2 MPa.
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