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(57) Abstract: A process and equipment for steam
reforming of a hydrocarbon source gas, where the
hydrocarbon source gas and a steam flow are par-
tially reformed while passing in a bundle of tubes
(13) of a reformer (10), with a catalytically active in-
ner surface; a partially reformed product gas (18)
leaving said tubes is mixed with an oxidation agent
(19) and subject to a combustion process; a combus-
ted partially reformed gas (20) is introduced in the
shell side of said reformer and further reformed by
contact with the outer surface of said tubes (13), said
outer surface of the tubes being also catalytically act-
ive.
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A process for gas-heated reforming of a hydrocarbon source and a related

plant.

Field of application

The invention relates to reforming of a hydrocarbon source with a gas-heated
reformer, for example steam reforming of natural gas or steam methane

reforming.
Prior art

Reforming is a well known technique for converting a hydrocarbon source
into a useful product. Steam reforming of natural gas or substitute natural gas
(SNG) is a common way to convert methane to a synthesis gas containing
carbon monoxide (CO) and hydrogen (H2). Said synthesis gas can be
directed to a particular use such as, for example, make-up gas for the

synthesis of ammonia.

A typical prior-art layout includes a gas-heated reformer (GHR) in
combination with an autothermal reformer (ATR). The GHR is basically a
tubular gas-gas heat exchanger, comprising a bundle of tubes filled with a
catalyst. The tubes are normally made of high nickel alloys.

A first stage of the reforming process takes place in the tubes of the GHR
which are externally heated by the reformed syngas coming from the ATR.
The partially reformed product gas leaving the tube side of the GHR enters
the burner of the ATR together with process air or oxygen for combustion. A
second stage of reforming takes place in the catalytic bed of the ATR, and
the fully reformed product gas leaving the ATR is then fed to the shell side of
the GHR, acting as the heating medium of tubes as above mentioned.

Fig. 3 shows an example of such prior-art layout. Natural gas and process
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steam in the current 1 are preheated in a heat exchanger 2 and fed to the
catalyst-filled tubes of a gas-heated reformer 3. The partially reformed gas 4
is fed to the burner of an autothermal reformer 5 together with process air 6.
The combustion produces the heat necessary to complete the reforming
reactions in the catalytic part 7 of the autothermal reformer. The reformed
syngas 8 then passes through the shell side of the reformer 3 and provides
the heat for the reforming of the natural gas and steam flowing inside tubes.
The residual heat of syngas 8 is then used to preheat the feed gas.

A disadvantage of this arrangement is that the metal tubes of the GHR are
exposed to an aggressive CO-rich gaseous current, namely the reformed
product coming from the ATR and circulating in the shell side. It has been
noted that metal dusting occurs mainly in a temperature range of 400 — 800
°C and, consequently, it is generally recommended to avoid as much as
possible the operation of the tube bundle in such range. This however

introduces a significant constraint in terms of process optimization.

Another disadvantage is the poor effectiveness of the catalyst, which is
typically below 10%, being affected by the process of diffusion of the feed
gas into the catalyst pores. This low effectiveness means that 90% or more
of the catalyst is, in practice, not used.

Further to the above, there is an incentive to decrease the temperature
difference between shell and tube side of the reformer, in order to use the
heat generated in the ATR more efficiently. This could be achieved by
reducing the overall heat transfer resistance of the system.

Summary of the invention

The aim of the invention is improve the above described process and to

overcome the above drawbacks. An aspect of the invention is the use of
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catalyst-coated tubes instead of catalyst-filled tubes in the GHR. Another
aspect of the invention is the provision of a catalytic surface on both inner
and outer side of tubes, to that also the shell side of the GHR is catalytically

active.

Accordingly, the aims of the invention are reached with a process comprising

the following steps:

- a first stage of reforming of a source gas containing a hydrocarbon
source is carried out by feeding the source gas into a plurality of
externally heated tubes, which form a tube side of a reformer, where at
least a portion of the inner surface of said tubes is catalytically active,

thus producing a primarily reformed first product gas;

- a partial combustion of said first product gas is effected with a suitable

oxidation agent, thus obtaining a second product gas, and

- a second stage of reforming of said second product gas is carried out in
a shell side of said reformer, by contact with the outer surface of said
tubes, at least a portion of said outer surface of the tubes being
catalytically active, and said second product gas also providing the
external heating of said tubes and heat input for the first-stage reforming

of the source gas.

Said step of partial combustion of the first product gas takes place preferably
in a burner. Said burner can be either external or internal to said reformer;
accordingly, the partially reformed gas after combustion is reintroduced in the

reformer, now in the shell side, to complete the reforming process.

The tubes are made preferably of a technical ceramic material, which may be

selected in the group comprising oxides, non-oxides or composite ceramics.
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Preferably, technical ceramic materials with a high thermal conductivity will
be selected. An example of an applicable ceramic material is given by

sintered silicon carbide (SiC).

The tubes have an inner surface and an outer surface which are catalytically
active for the reforming process. The catalyst of the inner surface and outer

surface can be the same or different.

The catalytically active surface can be obtained with a suitable process which
is preferably selected among catalyst washcoating; impregnation; CVD
(Chemical Vapor Deposition); PVD (Physical Vapor Deposition). This list

however is not exhaustive and other suitable processes could be used.

According to different embodiments of the invention, the inner surface of
tubes is catalytically active, either fully (i.e. from inlet to outlet ) or partially.
The outer surface of tubes can be fully or partially active as well. In those
embodiments where the catalytically-active inner and/or outer surface of
tubes extends over a portion of the length of the tubes, only a section of the
tube side and/or shell side of the reformer is catalytically active. A non-
catalytic portion of inner or outer surface of tubes will act substantially as the
surface of a gas-gas heat exchanger, between the hot product gas outside
tubes and the process gas inside tubes. A related advantage can be the
reduction of the duty of an external feed/effluent heat exchanger, as will be

explained hereinbelow.

Preferably the extent of the catalytically active portion of the tubes on the
shell side is determined in order for the gas to be balanced at a desired
equilibrium temperature. Said temperature is preferably in the range 800-
1000 °C.

Another aspect of the invention is an equipment for carrying out the above

process, comprising:
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a feed line of a hydrocarbon source;

a gas-heated tube reformer including a plurality of tubes which form the tube
side of said reformer, which is in communication with said feed line, at least a
portion of the inner and outer surfaces of said tubes being catalytically active

for reforming;

a burner disposed to receive a primarily reformed product gas leaving said
tubes and an oxidation agent, and

a flow line arranged to introduce a flow of combusted gas leaving said burner
into the shell side of said reformer for contact with the catalytically active
outer surface of said tubes.

The advantages of the invention are now briefly discussed. An advantage of
the invention is a better heat exchange coefficient with the catalyst. As a
consequence, the reformer according to the invention operates with a smaller
temperature difference between the shell side and the tube side, compared to
the prior art. The heat transfer is more efficient, especially in the first stage of
reforming (inside tubes) since the catalyst is in direct contact with the tube
inner surface, so that the conventional tube-to-gas and gas-to-catalyst heat
transfer steps are removed. In addition, the pressure drop suffered by the
process gas through the tubes is reduced.

The problem of metal dusting of tubes is overcome with the use of the
ceramic tubes, according to a preferred embodiment. The reformer with
ceramic tubes can operate also in those temperature ranges which are
forbidden to conventional steel-tube reformers and hence gives more
flexibility to operation of the whole plant. The only surfaces exposed to metal
dusting are the tube sheets and the inner surfaces of the pressure vessel,

which can be protected with thermal spray coatings or lined with a refractory
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material.

In some embodiments of the invention, the tubes may be replaceable.
Embodiments with replaceable tubes have an additional advantage in that
the catalyst can be replaced by re-tubing of the reformer, because the
catalyst is physically part of the tubes themselves. Tubes with exhausted
catalyst can be removed to regenerate the catalyst and then re-inserted into
the pressure vessel, or replaced with another set of tubes with fresh catalyst.
The reformer can be designed to facilitate extraction of old tubes and re-

insertion of regenerated or new tubes.

In a preferred embodiments, the tubes of the reformer are simply supported
by the tube sheets, that is with no permanent joint (e.g. welding) between the
tubes and the tube sheets or other parts of the reformer. A simple joint
between a tube and a tube sheet can be made, in some embodiments, by
forming suitable receptacles in the tube sheets and simply inserting the end
portion of the tubes into said receptacles without welded joints or the like. For
example tapered tube ends that can be fitted into tapered sockets of the tube
sheets; other applicable joints include conical or spherical joints, or

equivalent.

When ceramic tubes are adopted, said simple joints avoid the drawbacks of
ceramic-to-metal boding which has discouraged so far the use of ceramic
tubes. It has to be noted that the tube bundle and tube sheets will remain in
place under their own weight in a vertical reformer; moreover, in most cases
the gas pressure will help keeping the stability of the system, since the
pressure in the tube side is generally higher than in the shell side and, hence,

the gas pressure will force the upper tube sheet downwards.

Another significant advantage is that the second stage of the reforming
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process which conventionally takes place in the ATR, is now performed in the
shell side of the reformer. The tube reformer of the present invention
operates as all-in-one reactor replacing both the reformer and ATR of a
conventional layout. In other words, the catalyst on the outer surface of tubes
will perform the same function of the catalytic bed of a conventional ATR. As

a consequence, the equipment is more efficient and less expensive.

Further preferred features are the following. The tubes can be fitted with
internal means (e.g. swirlers) adapted to increase the turbulence and/or the
velocity of the gas, in order to enhance the mass transfer from the gas phase
to the catalytic surface. In other embodiments, the shell side can be fitted
with baffles in order to enhance the heat or heat and mass transfer to the
tubes.

These advantages will be more evident with the help of the following detailed
description.

Description of the figures

Fig. 1 is a scheme of an equipment for reforming a hydrocarbon source

according to the invention.

Fig. 2 is a schematic longitudinal section of a tube of the reformer of the
equipment of Fig. 1, according to a preferred embodiment.

Fig. 3 is a prior-art layout.

Detailed description of a preferred embodiment

Referring to Fig. 1, an equipment for steam reforming comprises a reformer
10, a burner 11 and a pre-heater 12. The reformer 10 comprises a bundle of
tubes 13 which are preferably made of a ceramic material. The tubes 13 are
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preferably straight tubes supported by two opposite tube sheets 14, 15.

The reformer 10 has the following main connections: a gas inlet 23 and gas
outlet 24 for communication with the tube side (namely with inner of tubes
13); a gas inlet 25 and gas outlet 26 for connection with the shell side.
Preferably, as shown, the tube-side gas inlet 23 is at the top of the reformer
and the tube-side outlet 24 is at the bottom; the shell-side inlet 25 is in the
lower part and the shell-side outlet 26 is in the upper part of the shell.

However, different arrangements are possible.

A source gas 16, including a hydrocarbon source and steam, is heated in the
pre-heater 12 and enters the reformer 10 via line 17 connected to the tube-
side gas inlet 23. The process gas is distributed in the tubes 13, which have
a catalytically active inner surface and are externally heated by the process
gas 20 flowing in the shell side of the reformer, as explained below. The
hydrocarbon source in the process gas 16 is preferably methane (CHs). The

source gas 16 for example is natural gas added with steam.

A first stage of catalytic steam reforming of the fresh gas feed takes place
inside tubes 13. Part of the methane contained in the source gas is then

converted into carbon oxide (CO) and hydrogen (Hy).

A partially reformed process gas 18, still having a relevant content of
methane, leaves the tubes 13 and reformer 10 via the gas outlet 24, and is
directed to the burner 11 which, in this example, is outside the reformer 10.
The burner 11 receives a flow 19 of an oxidation agent, which can be for
example process air or enriched air or oxygen, and provides a partial
combustion of said gas 18. In Fig. 1 the burner 11 is shown as a separate
item but, in some embodiments, said burner can be integrated with the

reformer 10.

The product leaving the burner 11 is the hot gas stream 20 which is sent
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back to the reformer 10 and is introduced in the shell side of said reformer via
the shell-side gas inlet 25. By contacting the catalytically active outer surface
of tubes 13, the process gas 20 is further reformed in such a way that the
desired reforming of the hydrocarbon source originally contained in stream

16 is completed.

Furthermore, the process gas 20 furnishes the heat for the simultaneous first
stage of reforming of the stream 17 flowing inside the tubes 13. In other
words, the process gas 20 acts as the external heat source for the

endothermic first stage of reforming.

The reformed gas 21 at the shell-side outlet 26, now containing mainly CO
and Hoy, is cooled in the pre-heater 12 furnishing the heat for pre-heating of
the source gas 16. The gas 22 leaving the hot side of pre-heater 12 is then
directed to further treatment, e.g. purified and possibly added with nitrogen

for use as ammonia make-up gas.

An exemplificative embodiment of a ceramic tube 13 with catalytic surfaces is
shown in Fig. 2. The scale of Fig. 2 is obviously altered for the purpose of

graphical representation.

The ceramic tube 13 has an inner catalytic washcoat 31 and an outer
catalytic washcoat 32. The catalyst of washcoat 31 and, respectively,
washcoat 32 is adapted for the reforming of the fresh gas 17 and completion
of reforming of hot gas 20 coming from the burner. The catalyst of coatings
31 and 32 can be the same or different.

The outer washcoat 32 covers only a portion of tube 30, which in this
example is the lower portion assuming that the process gas 20 enters at the
bottom inlet 25 of the reformer, as in Fig. 2. The washcoat 32 leaves
uncoated upper portion 33 of the outer surface of tubes. Correspondingly, the
outer surface of the tube bundle, in this example, has a lower portion 13a
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which is catalytically active for the process gas 20 in the shell side (i.e. takes
part in the catalytic reforming), and an upper portion 13b which is not
catalytically active because the tubes are not coated. The bundle of tubes is
designed in such a way that the full reforming is achieved while the gas 20
flows through the lower portion 13a, and the remaining portion 13b
substantially acts as a heat exchanger.

In some embodiments, the inner surface of tubes 13 is partially active. For
example, referring to Fig. 1, an upper portion of tubes closer to inlet 23 can
be made without the internal catalytic washcoat, and will act as a heat
exchanger between unreacted fresh gas 17 in the tube side, and hot effluent
20 in the shell side. This way, a portion of the duty of the feed/effluent heat
exchanger 16 can be transferred directly to the reformer 10.
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CLAIMS

1.

A process for reforming of a source gas containing a hydrocarbon
source, comprising the steps of:

- a first stage of reforming of said source gas (16) by feeding the source
gas into a plurality of externally heated tubes (13), which form a tube side
of a reformer (10), at least a portion of the inner surface of said tubes
being catalytically active, thus producing a primarily reformed first
product gas (18);

- a partial combustion of said first product gas, which is effected with a

suitable oxidation agent, thus obtaining a second product gas (20), and

- a second stage of reforming of said second product gas, which is
carried out in a shell side of said reformer, by contact with the outer
surface of said tubes, at least a portion of said outer surface of the tubes
being catalytically active, and said second product gas also providing the
external heating of said tubes and heat input for the first-stage reforming

of the source gas.

A process according to claim 1, where said partial combustion of said
first product gas (18) takes place in a burner (11) external or internal to

said reformer (10).

A process according to any of the preceding claims, the process being a
steam reforming process and said source gas (16) comprising steam and

a hydrocarbon source.

4. A process according to claim 3, the hydrocarbon source being natural
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gas or methane.

5. An equipment for reforming of a source gas containing a hydrocarbon,
particularly for the steam reforming of natural gas or methane,

comprising:
- a feed line of a gas to be reformed,

- a gas-heated tube reformer (10) including a plurality of tubes which
form the tube side of said reformer, which is in communication with
said feed line, at least a portion of the inner surface of said tubes and
at least a portion of the outer surface of said tubes being catalytically

active for reforming;

- aburner (11) disposed to receive a partially reformed product gas (18)
leaving said tubes and an oxidation agent, and

- a flow line arranged to bring a product gas (20) leaving said burner
into the shell side of said reformer for contact with the catalytically
active outer surface of said tubes and completion of the reforming
process.

6. An equipment according to claim 5, said tubes being ceramic tubes made

of a technical ceramic material.

7. An equipment according to claim 5 or 6, said burner (11) being integrated

with said reformer.

8. An equipment according to any of claims claim 5 to 7, where the
catalytically active inner surface and/or the catalytically active outer
surface of tubes is extended over a portion of the length of said tubes,
thus leaving a non-catalytic portion of the inner and/or outer surface (33).
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9. An equipment according to any of claims 5 to 8, said inner and outer
surfaces of the tubes being catalytically active by means of a coating (31,
32) or impregnation with a suitable catalyst.

10. An equipment according to any of claims 5 to 9, said reformer (10)
having replaceable tubes, and said replaceable tubes being simply
supported by tube sheets of the reformer.
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