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@ Process and apparatus for the production of synthesis gas.

Synthesis gas (carbon monoxide and hydrogen) is pro- currently to the hydrocarbon-containing gas and steam.
duced by the sequence of primary and secondary reforming
comprising; (a) feeding hydrocarbon-containing gas (8) and

steam (8) to a primary reforming zone (1) containing a

primary steam reforming catalyst (5) under reforming

conditions wherein the hydrocarbon gas (8) is partially

reformed to produce a primary reformer effluent (9),

(b) feeding the primary reformer effluent (9) and
oxygen-containing gas (14) to a secondary reforming zone

(2) containing secondary reforming catalyst (17) under

reforming conditions wherein a secondary reformer ef-

fluent is produced (18),

(c) passing the secondary reformer effluent to the
primary reforming zone (1) as indirect heating medium, and
(d) removing the secondary reforming effluent (18) from
the primary reforming zone (1) and recovering the raw
synthesis gas,
wherein the primary reforming zone (1) comprises at least one
double-pipe heat exchanger-reactor, the primary steam refor-
ming catalyst (5) being positioned either in the central core (16)
of the double-pipe heat exchanger-reactor or in the annulus (6) ®
thereof and in that the secondary reformer effluent is passed
through whichever of the central core (16) or annulus (6) does
not contain the primary steam reforming catalyst (5) counter-
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Description

PROCESS AND APPARATUS FOR THE PRODUCTION OF SYNTHESIS GAS

The present invention relates to a process and
apparatus for the production of synthesis gas.

Synthesis gas is the name generaily given to a
gaseous mixiure principally comprising carbon
monoxide and hydrogen, but also possibly contain-
ing carbon dioxide and minor amounts of methane
and nitrogen. It is used, or is potentially useful, as
feedstock in a variety of large-scale chemical
processes, for example the production of methanol,
the production of gasoline boiling range hydrocar-
bons by the Fischer-Tropsch process and the
production of ammonia.

Processes for the production of synthesis gas are
well known and generally comprise steam reforming,
autothermal reforming, non-catalytic partial oxida-
tion of light hydrocarbons or non-catalytic partial
oxidation of any hydrocarbons. Of these methods,
steam reforming is generally used to produce
synthesis gas for conversion into ammonia or
methanol.

Modifications of the simple steam reforming
processes have been proposed. In particular, there
have been suggestions for improving the energy
efficiency of such processes in which the heat
available from a secondary reforming step is utilised
for other purposes within the synthesis gas produc-
tion process. For example, processes are described
in GB-A-1550754, US-A-4479925 and GB-A-2153382
in which heat from a secondary reformer is used to
provide heat to a primary reformer.

GB-A-1,550,754 describes a process for the
steam reforming of hydrocarbons by the sequence
of primary and secondary reforming, which com-
prises the steps of

(a) heating a first mixture of hydrocarbons in
the presence of steam reforming catalyst to
form a first partially reformed effiuent,

(b) heating a second mixture of hydrocarbon
feed and steam to conditions at which primary
reforming occurs by indirect heat exchange
with the process gas as hereinafter defined and
reforming said hydrocarbons in the presence of
a steam reforming catalyst to form a second
partially reformed effluent,

(c) introducing said first and second partially
reformed effluents to a secondary reformer to

© carry out said secondary reforming in the

presence of oxygen and forming a secondary
reforming effiuent, and passing said secondary
reforming effluent as the process gas in indirect
heat exchange with said second mixture of
hydrocarbon feed as set forth in (b) above.

The primary reformer which is heated by the
effluent from the secondary reformer is a shell and
tube heat exchanger-reactor.

US-A-4479925 discloses a process for producing
ammonia synthesis gas in a reactor-exchanger
primary reformer followed by an autothermal sec-
ondary reformer in which the primary reformer is
heated by synthesis gas from the secondary refor-
mer. The primary and secondary reformers are
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separate units, the primary unit being a shell and
tube heat exchanger-reactor.

GB-A-2153392 discloses an autothermal process
for producing a synthesis gas in which a mixture of
steam and hydrocarbon feed gas is reacted by
passing the mixture through a catalyst in counter-
current flow to the combustion reaction effluent of
the process, to cool the reaction effluent and to
provide heat for the reaction of the steam-hydrocar-
bon feed gas mixture and introducing oxygen or
oxygen-enriched air fo form said combustion reac-
tion effluent. The patent application also discloses a
reactor for carrying out the process which essen-
tially comprises a shell and tube heat exchanger-re-
actor as the primary reformer.

The present invention provides a process and
apparatus for the production of synthesis gas by the
sequence of primary and secondary reforming in
which the available heat of the effluent from the
secondary reforming is efficiently used to provide
heat for the primary reforming. The apparatus has
the advantage that it is mechanically relatively
simple. The apparatus is of a modular design which
allows the heat requirement fo be easily changed
and which also provides operational and mainten-
ance advantages.

Thus, according to the present invention a
process for producing synthesis gas by the se-
quence of primary and secondary reforming com-
prising; (a) feeding hydrocarbon-containing gas

and steam to a primary reforming zone contain-
ing a primary steam reforming catalyst under
reforming conditions wherein the hydrocarbon
gas is partially reformed to produce a primary
reformer effluent,

(b) feeding the primary reformer effluent and
oxygen-containing gas to a secondary refor-
ming zone containing secondary reforming
catalyst under reforming conditions wherein a
secondary reformer effluent is produced,

(c) passing the secondary reformer effluent
to the primary reforming zone as indirect
heating medium, and

(d) removing the secondary reforming ef-
fluent from the primary reforming zone and
recovering the raw synthesis gas,

characterised in that the primary reforming zone
comprises at least one double-pipe heat exchanger-
reactor, the primary steam reforming catalyst being
positioned either in the ceniral core of the double-
pipe heat exchanger-reactor or in the annulus
thereof and in that the secondary reformer effluent is
passed through whichever of the central core or
annulus does not contain the primary steam refor-
ming catalyst countercurrently to the hydrocarbon-
containing gas and sieam.

The present invention includes apparatus suitable
for producing synthesis gas by the process as
hereinbefore described which apparatus comprises
a primary reforming zone and a secondary reforming
zone, characterised in that the primary reforming
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zone comprises at least one double-pipe heat
exchanger-reactor capable of containing a primary
steam reforming catalyst in either the central core or
annulus, the double-pipe heat exchanger-reactor
having at leat one inlet for introducing steam and
hydrocarbon-containing gas into whichever of the
central core or annulus contains the primary steam
reforming catalyst, an outlet for conveying primary
reformer effluent to the secondary reforming zone
and an inlet for introducing secondary reformer
effluent into whichever of the central core or annulus
does not contain the primary steam reforming
catalyst, countercurrently to the steam and hydro-
carbon-containing gas, the secondary reforming
zone which is capable of containing secondary
reforming catalyst has an inlet for primary reformer
effluent, an iniet for oxygen-containing gas and an
oulet for conveying the secondary reformer effluent
to the primary reforming zone.

If the primary steam reforming catalyst is posi-
tioned in the inner core of the double-pipe heat
exchanger-reactor, the outer pipe tends to be
subjected to a higher temperature and would have to
have a relatively thick wall unless insulated. Prefer-
ably, therefore, in operation the primary steam
reforming catalyst of the primary reforming zone is
positioned in the annulus of the (or each) double-
pipe heat exchanger-reactor(s).

Generally, the primary reforming zone will com-
prise a plurality of double-pipe heat exchanger-reac-
tors. Each double-pipe heat exchanger-reactor may
be associated with a separate secondary reforming
zone. However, in a preferred embodiment, a
plurality of double-pipe heat exchanger-reactors,
typically 2 to 10, are associated with a single
secondary reforming zone. Thus, for example,
apparatus according to the present invention may
comprise 7 secondary reforming zones each of
which is associated with 6 double-pipe heat ex-
changer-reactors i.e. the total number of double-
pipe heat exchanger-reactors is 42.

Suitably, the apparatus according to the present
invention may be constructed as a single unit in
order to reduce piping and ancillary units.

In a preferred embodiment of the present inven-
tion a plurality of double-pipe heat exchanger-reac-
tors are arranged peripherally about the circum-
ference of a single secondary reforming zone and
are close-coupled thereto by, for example, intercon-
necting pipes. Typically, the secondary reforming
zone may be of about 4m diameter and may have
about 12 double-pipe heat exchanger-reactors ar-
ranged around the periphery thereof. Advantages of
the arrangement of the preferred embodiment are
that it is more compact, i.e. it occupies a smaller
area, and it facilitates the removal of one or more
exchanger-reactors for maintenance purposes with-
out substantially affecting operation of the remaining
exchanger-reactors. Furthermore, it simplifies oper-
ation because it reduces the number of control
operations, there being only one secondary refor-
ming zone to control.

Whichever of the central core or annulus of each
double-pipe heat exchanger-reactor is not being
used for the primary reforming catalyst may be used
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to contain secondary reforming catalyst. Generally,
the geometry of the double-pipe heat exchanger-re-
actor will not accomodate all of the secondary
reforming catalyst, but by utilising the volume of the
double-pipe heat exchanger-reactor, the volume of
the second reforming reactor may be reduced.

The hydrocarbon-containing gas may suitably be
any hydrocarbon capable of undergoing a steam
reforming reaction, such as, for example, at least
one hydrocarbon ranging from methane to naphthas
having an end point of about 220° C, including natural
gas, ethane, propane and LPG. A preferred hydro-
carbon-containing gas is natural gas. If required, the
hydrocarbon-containing gas may first of all be
desulphurised using technology known in the art and
pressurised e.g. to about 40 to 80 atmospheres.

The feed to the primary reforming zone may
optionally also include carbon dioxide.

The hydrocarbon-containing gas, steam and op-
tionally carbon dioxide may suitably be preheated for
example to a temperature in the range 400 to about
650°C before being introduced into the primary
reforming zone. This preheating may suitably be
accomplished at least in part by using waste heat
from elsewhere in the process and/or by, for
example a fired heater. At least the hydrocarbon-
containing gas portion of the feed may then be
passed through a catalyst guard bed for the purpose
of removing impurities therein, for example sulphur,
which may be undesireable downstream to, for
example, the steam reforming catalyst.

The preheated feed is then passed to the primary
reforming zone which comprises at least one
double-pipe heat exchanger reactor containing a
primary steam reforming catalyst in either the central
core or, preferably, the annulus under steam
reforming conditions.

Double-pipe heat exchangers are known and
comprise two pipes one positioned inside the other,
generally substantially concentrically. A packed
stuffing box may be used to allow differential
movement and removal of the inner pipe for cleaning
or maintenance purposes.

The primary steam reforming catalyst used in the
primary reforming zone may be any suitable catalyst
including conventional steam reforming catalysts
such as, for example, nickel, nicke!l oxide, chromia,
molybdenum, or mixtures thereof, either supported
or unsupported.

The primary reformer effluent which comprises
unchanged hydrocarbon, carbon monoxide and
hydrogen leaves the primary reforming zone at a
temperature which is typically in the range from 650
t0 950° C and is fed to the secondary reforming zone.
The secondary reforming reactor contains second-
ary reforming catalyst which may be a catalyst of the
same type as used in the primary reforming zone.

The oxygen-containing gas which is fed to the
second reforming zone is suitably air, oxygen-en-
riched air or oxygen and is preferably preheated o a
temperature in the range 100 to 300°C. The
oxygen-containing gas is preferably oxygen if the
synthesis gas is to be converted to methanol and air
or oxygen-enriched air if it is to be converted to
ammonia.
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Steam, hydrocarbon-containing gas and/or car-
bon dioxide may also be fed to the second reforming
zone. The hydrocarbon-containing gas, if used, is
preferably obtained by dividing the feed to the
primary reforming zone suitably after preheating.

The secondary reforming zone suitably takes the
form of a refractory lined reactor operable under
essentially adiabatic conditions. Part of the hydro-
carbon is combusted in order to provide the heat
required for reformation. Suitably, the temperature in
the second reforming zone is maintained in the
range from 900 fo 1400°C, typically about 1200°C.
The second reformer effluent is then passed to the
primary reforming zone as the indirect heat ex-
change medium. The available heat of the second
reformer effluent is used fo provide heat for the
endothermic reforming reactions by passing the
second reformer effluent through one or more
double-pipe heat exchanger-reactors counter-cur-
rently to the hydrocarbon-containing gas and steam
feed mixture.

In an embodiment of the present invention,
whichever of the ceniral core or annuius of each
double-pipe heat exchanger-reactor does not con-
tain primary reforming catalyst may contain a carbon
monoxide shift catalyst.

The carbon monoxide shift catalyst may suitably
be either or both a conventional high temperature
shift catalyst, for example Fe/Cr, or a steam
reforming catalyst. An advantage of using this
catalyst disposition is that, as the gas from the
secondary reformer is cooled as it passes through
the primary reforming zone, an exira exotherm is
given out as the shift reaction:-

CO + H20 == CO2 + Hao

proceeds to the right hand side of the equation fo
maintain chemical equilibrium. This extra heat can be
used to increase the gas outlet temperature, all
other things being equal, thereby increasing the
temperature driving force at the cooler end of the
exchanger.

This enables operation with a lower steam con-
sumption than would be possible without shift
equilibrium. Another advantage of maintaining shift
equilibrium as the gas is cooled is that the possible
formation of carbon by the reaction:-
2C0—C0Oz + C
which can lead to blockage of the heat exchanger, is
eliminated. For similar reasons, a shift catalyst may
be included in downstream equipment, for example
waste heat boilers.

The secondary reformer effluent is removed from
the primary reforming zone at a temperature which
may be for example in the range from 450 to 700°C
and preferably cooled, thereby raising some or all
the steam required in the process. After cooling,
carbon dioxide may be recovered from the effluent.
Methods for removing carbon dioxide from such
compositions are well known in the art. Any suitable
method may be used, but it is preferred to use a
physical solution process in order to avoid a demand
for large quantities of steam for regeneration.

Carbon dioxide recovered from the secondary
reformer effluent may be fed to the primary and/or
secondary reforming zones, if required.
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The process and apparatus according to the
present invention can have a humber of advantages
over known processes and apparatus. The appara-
tus is relatively simple and can be manufactured
using standard pipe sections. Thus the capital cost
of the apparatus is low. Also the apparatus can be
designed in the form of modules which allows the
heat requirement and/or capacity of the process to
be relatively easily changed by adding or removing
double-pipe heat exchanger-reactors and/or sec-
ondary reforming reactors. This modular approach
enables the apparatus to be easily transported and
installed. It also allows individual double-pipe heat
exchanger-reactors and/or secondary reactors to
be shut-down for maintenance or replacement
without having to shut-down the whole process. The
use of double-pipe heat exchanger reactors also
provides more uniform heating than shell and tube
heat exchangers in which tubes at the edge of the
tube bundle may be subjected fo a different rate of
heat exchange than tubes at the centre of the tube
bundle.

The process and apparatus according to the
present invention will now be further described with
reference to the accompanying drawings in which;

Figure 1 is a schematic sectional view of one
embodiment of the apparatus according to the
present invention.

Figure 2 is a schematic sectional view of a
second embodiment of the apparatus accord-
ing to the present invention and

Figure 3 is a schematic plan view of a
preferred arrangement of a plurality of double-
pipe heat-exchanger reactors and a secondary
reforming zone.

Figure 4 is a schematic elevation view of the
arrangement of Figure 3.

Figure 5 is a flow diagram of a process
according to the present invention

Figure 1 illustrates an integral primary and sec-
ondary reformer comprising a primary reforming
zone 1 and a secondary reforming zone 2. The
primary reforming zone 1 comprises a double-pipe
heat exchanger-reactor having an inner pipe 3 and
an outer pipe 4, the two pipes are substantially
concentiric. A primary reforming catalyst 5 is packed
into the annulus 6 formed between the inner pipe 3
and outer pipe 4 which catalyst is supported by
packing 7. The feed for the primary reforming zone
enters through inlet 8 and the primary reformer
effluent leaves through outlet 9. Thus the feed
passes along the length of the annulus 6 of the
double-pipe heat exchanger-reactor. A packed
gland 10 is provided to permit relative movement
between the inner pipe 3 and outer pipe 4. The
primary reforming zone is also provided with an
access port 11. The secondary reforming zone 2
comprises a reactor, lined with a refractory material
19, attached to the primary reforming zone 1 at the
opposite end to the feed inlet 8. Pipe 12 conveys the
primary reformer effluent from the primary reforming
zone 1 to the inlet 13 of the secondary reforming
zone 2. Oxygen-containing gas and optionally
steam, hydrocarbon-containing gas and/or carbon
dioxide can be introduced via inlet 14. It will be
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appreciated that inlet 14 may be replaced by a
number of separate inlets. The secondary reformer
effluent leaves the secondary reforming zone 2 via
outlet 15 which is connected to the inner core 16 of
the primary reforming zone 1. The secondary
reforming catalyst is shown as being contained in
the secondary reforming zone 2 and also in the inner
core 16 of the primary reforming zone.

The secondary reforming effluent passes along
the length of the central core 16 of the primary
reforming zone 1, countercurrently to the primary
reformer feed, and leaves through outlet 18.

The pipes 3,4 of the double-pipe heat exchanger-
reactor may be of any suitable size. For example in
an embodiment of the present invention, the inner
pipe 3 may have a nominal bore of 6 inches (152 mm)
and the outer pipe 4 may have a nominal bore of 10
inches (254) mm). In another embodiment the inner
pipe 3 may have a nominal bore of 8 inches (203 mm)
and the outer pipe may have a nominal bore of 12
inches (305 mm).

The inner wall of the outer pipe 4 may be insulated
e.g. with a refractory material in order to reduce heat
loss. Insulating the inner wall of the outer pipe 4 may
also allow a lower specification, lower cost material
to be used for the pipe wall.

Since the temperatures to which the material of
the pipes 3,4 will be exposed will be different at
different positions along the length of the double-
pipe heat exchanger-reactor, different materials can
be used at different positions. For example, a metal
suitable for use in a high temperature environment
may be required adjacent the inlet for the secondary
reformer effluent 15 whereas a lower specification,
lower cost metal may be adequate adjacent the
outlet 18 for the secondary reforming effluent.

Figure 2 illustrates a second embodiment of the
apparatus according to the present invention in
which the same reference numerals as used in
Figure 1 are used to identify the same elements. The
second embodiment differs from the first embodi-
ment in that in place of the pipe 12 for conveying the
primary reformer effluent from the primary reforming
zone 1 to the secondary reforming zone 2 a shell 20
is used which encloses the second reforming zone,
this shell 20 is directly connected to the annulus 6 of
the primary reforming zone and together with the
secondary reforming zone forms an annulus for
conveying the primary reforming effluent about the
secondary reforming zone. The primary reforming
effluent enters the secondary reforming zone via
openings 21. In this embodiment, the secondary
reforming catalyst 22 is shown as a bed which is
wholly contained within the secondary reforming
zone 2. The central core 16 of the double-pipe heat
exchanger reactor may be packed with a carbon
monoxide shift catalyst if desired.

Figure 3 illustrates a preferred embodiment of the
apparatus according to the invention in which the
same reference numerals as used in Figure 1 are
used to identify the same elements. In this embodi-
ment a plurality of double-pipe heat exchanger-reac-
tors 1 are peripherally arranged around the circum-
ference of the secondary reforming zone 2, being
close-coupled thereto by interconnecting pipes 12.
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Figure 4 illustrates an elevation view of the
arrangement of Figure 3 in which the same reference
numerals as used in Figure 1 are used to identify the
same elements. In this embodiment, instead of a
single large diameter outlet 18 for the secondary
reforming effluent there may be used a number of
smaller diameter outlets. It will be readily appreci-
ated that different arrangements of inlets 13 and 14
and pipes 12 are possible.

A process for producing synthesis gas according
to the present invention is illustrated in Figure 5. In
Figure 5, 32 represents a preheater, 33 represents a
fired heated, 36 is a guard bed, 38 is an integrated
primary and secondary reformer according to the
present invention such as illustrated in Figure 1 or
Figure 2, 48 is a boiler for generating steam and 49 is
a carbon dioxide recovery plant.

Desulphurised natural gas is fed through line 31 to
the preheater 32 and thereafter through the fired
heater 33. After exiting through line 34, it is passed
through the guard bed 36 wherein poisons detrimen-
tal to the operation of the reforming catalysts are
removed. A proportion of the natural gas is then
passed through line 37 to the primary reforming
zone of the integrated primary and secondary
reformer 38. Carbon dioxide may also be fed to the
primary reforming zone through line 40. Super-
heated steam is introduced via line 39.

The gas at exit from the primary reformer which
may contain a considerable proportion of uncon-
verted methane is passed through line 41 to the
secondary reforming zone of the integrated reformer
38. Also passed to the secondary reformer is a
proportion of the preheated fresh natural gas
through line 43, steam through line 44 and preheated
oxygen through line 45. The facility also exists for
adding carbon dioxide through line 51.

The gaseous stream exiting from the secondary
reforming zone is passed as the indirect heating
medium to the primary reforming zone of the
integrated primary and secondary reformer 38 which
may contain a catalyst to promote the shift reaction.
In cooling and reacting it heats the primary reaction
gases.

The secondary reformer effluent is then passed
out of the primary reforming zone through line 47
and is cooled in the boilers 48. The steam raised
thereby can be used in the process. Carbon dioxide
can be recovered from the cooled gas stream in the
carbon dioxide removal plant 49 using conventional
technology. Recovered carbon dioxide can be
recycled through line 50 to the reformer 38,
optionally via a gas compressor.

The heat available from the secondary effluent
may not be sufficient for all of the primary reforming.
Additional primary reformer effluent may therefore
be provided by a conventional radiant steam refor-
ming furnace (not shown). Additional heat may be
provided to the primary reforming zone of the
apparatus according to the present invention. For
example, the doubie-pipe heat exchanger-reactors
may be positioned in a radiant furnace (not shown).



Claims

1 A process for producing synihesis gas by
the sequence of primary and secondary refor-
ming comprising:

(a) feeding hydrocarbon-containing gas and
steam to a primary reforming zone containing a
primary steam reforming catalyst under refor-
ming conditions wherein the hydrocarbon is
partially reformed to produce a primary refor-
mer effluent,

(b) feeding the primary reformer effluent and
oxygen-containing gas o a secondary refor-
ming zone containing secondary reforming
catalyst under reforming conditions wherein a
secondary reformer effluent is produced,

(c) passing the secondary reformer effluent to
the primary reforming zone as indirect heating
medium, and

(d) removing the secondary reforming effluent
from the primary reforming zone and recovering
the raw synthesis gas,

characterised in that

the primary reforming zone comprises at least
one double-pipe heat exchanger-reactor, the
primary steam reforming catalyst being posi-
tioned either in the central core of the double-
pipe heat exchanger-reactor or in the annulus
thereof and in that the secondary reformer
effluent is passed through whichever of the
ceniral core or annulus does not contain the
primary steam reforming catalyst countercur-
rently to the hydrocarbon-containing gas and
steam.

2 Apparatus suitable for use in a process for
the production of synthesis gas as claimed in
Claim 1 which apparatus comprises a primary
reforming zone and a secondary reforming zone
characterised in that
the primary reforming zone comprises at least
one double-pipe heat exchanger-reactor(s) ca-
pable of containing a primary steam reforming
catalyst in either the central core or annulus, the
double-pipe heat exchanger-reactor having at
least one inlet for introducing steam and
hydrogen-containing gas into whichever of the
central core or annulus contains the primary
steam reforming catalyst, an outlet for con-
veying primary reformer effluent to the second-
ary reforming zone and an inlet for introducing
secondary reformer effluent into whichever of
the central core or annulus does not contain the
primary steam reforming catalyst, countercur-
rently to the steam and hydrocarbon-containing
gas, the secondary reforming catalyst having an
inlet for primary reformer effluent, an inlet for
oxygen-containing gas and an outlet for con-
veying the secondary reformer effluent to the
primary reforming zone.

3 Apparatus according to claim 2 wherein in
operation the primary steam reforming catalyst
of the primary reforming zone is positioned in
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the annulus of the (or each) double-pipe heat
exchanger-reactor(s).

4 Apparatus according to either c¢laim 2 or
claim 3 wherein the primary reforming zone
comprises a plurality of double-pipe heat ex-
changer-reactors.

5 Apparatus according to claim 4 wherein
each double-pipe heat exchanger-reactor is
associated with a separate secondary refor-
ming zone.

6 Apparatus according to claim 2 wherein the
apparatus is constructed as a single unit.

7 Apparatus according to claim 4 wherein the
plurality of double-pipe heat exchanger-reac-
tors are arranged peripherally about the circum-
ference of a single secondary reforming zone
and are close-coupled thereto.

8 Apparatus according to any one claims 2
to 7 wherein the secondary reforming zone is a
refractory lined reactor operable under essen-
tially adiabatic conditions.

9 Apparatus according to any one of claims 2
to 8 wherein in operation whichever of the
central core or annulus of each double-pipe
heat exchanger-reactor does not contain pri-
mary reforming catalyst contains a carbon
monoxide shift catalyst.
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