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Description
Title of Invention
CHEMISTRY REACTION METHOD AND CHEMISTRY

REACTION DEVICE

Technical Field
[0001]

The present invention relates to a chemical reaction
device and a chemical reaction method each causing a
chemical reaction for obtaining a product from a source
material gas to proceed in a gaseous phase with use of a

catalyst.

Background Art
[0002]

Patent Literature 1 discloses a method of causing a
source material gas, which contains hydrogen and carbon
monoxide or carbon dioxide as main components, to react
in the presence of a catalyst to synthesize methanol. In the
method, methanol liquefied on a cooling surface is taken
out of a reaction system so that the reaction of methanol
proceeds beyond an equilibrium conversion rate.

[0003]
In the invention disclosed in Patent Literature 1, in

an exothermic reaction such as methanol synthesis, both
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reaction heat that is generated in a catalyst layer and
condensation heat that is generated when a product is
liquefied and separated are removed with use of a cooling
tube provided on a condensation side.
Citation List
[Patent Literature]
[0004]

[Patent Literature 1]

Japanese Patent Application Publication, Tokukai,

No. 2005-298413 (Publication Date: October 27, 2005)

Summary of Invention

Technical Problem
[0005]

However, Patent Literature 1 does not disclose a
configuration in which both a temperature environment for
reaction and a temperature environment for condensation
are achieved in a single reactor in a mode preferable from
the perspective of thermal efficiency.

[0006]

It is an object of an aspect of the present invention
to control a temperature environment for reaction and a
temperature environment for condensation in a manner
preferable from the perspective of thermal efficiency, when

causing a chemical reaction for obtaining a product from a
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source material gas to proceed beyond an equilibrium
conversion rate.

Solution to Problem
[0007]

In order to attain the object, a chemical reaction
method in accordance with an aspect of the present
invention is a chemical reaction method which causes a
reaction to proceed, a product of the reaction containing a
component having a boiling point higher than that of a
source material gas, progress of the reaction in a gaseous
phase being restricted by a chemical equilibrium between a
source material and the product, said chemical reaction
method using a chemical reaction device including: a
catalyst which promotes the reaction; a transmission wall
which allows a reacted gas produced by the reaction to
pass therethrough; a first heat exchange section positioned
on an opposite side from the transmission wall with
respect to the catalyst interposed between the first heat
exchange section and the transmission wall; and a second
heat exchange section spaced apart via a space from the
transmission wall, said chemical reaction method
including: supplying the source material gas to the
catalyst; causing a first heating medium to flow through
the first heat exchange section so that a temperature of a

surface of the first heat exchange section which surface is
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in contact with the catalyst is maintained higher than a
dew point of the reacted gas; causing a second heating
medium to flow through the second heat exchange section
so that a temperature of a surface of the second heat
exchange section on a space side is maintained not higher
than the dew point of the reacted gas; and allowing a liquid
obtained by condensation in the space to fall down so as to
be separated from the source material gas.

[0008]

In order to attain the object, a chemical reaction
device in accordance with an aspect of the present
invention is a chemical reaction device which causes a
reaction to proceed, a product of the reaction containing a
component having a boiling point higher than that of a
source material gas, progress of the reaction in a gaseous
phase being restricted by a chemical equilibrium between a
source material and the product, the chemical reaction
device including: a catalyst to which the source material
gas is supplied and which promotes the reaction; a
transmission wall which allows a reacted gas produced by
the reaction to pass therethrough; a first heat exchange
section positioned on an opposite side from the
transmission wall with respect to the catalyst interposed
between the first heat exchange section and the

transmission wall; and a second heat exchange section
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spaced apart via a space from the transmission wall, a first
heating medium being caused to flow through the first heat
exchange section so that a temperature of a surface of the
first heat exchange section which surface is in contact with
the catalyst is maintained higher than a dew point of the
reacted gas; a second heating medium being caused to flow
through the second heat exchange section so that a
temperature of a surface of the second heat exchange
section on a side of the space is maintained not higher
than the dew point of the reacted gas; and a liquid
obtained by condensation in the space is allowed to fall
down so as to be separated from the source material gas.
[0009]

A chemical reaction device in accordance with an
aspect of the present invention is a chemical reaction
device, including a reaction container including at least
one reaction tube that has a multiple structure and that
causes a reaction to proceed inside the at least one
reaction tube, a product of the reaction containing a
component having a boiling point higher than that of a
source material gas, progress of the reaction in a gaseous
phase being restricted by a chemical equilibrium between a
source material and the product, each of the at least one
reaction tube including: an inner cylinder which allows a

reacted gas produced by the reaction to pass therethrough;
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an outer cylinder which is included in a first heat
exchange section and inside which the inner cylinder is
provided; and a second heat exchange section which is
provided inside the inner cylinder, the source material gas
being supplied to a catalyst layer provided between the
inner cylinder and the outer cylinder, a second heating
medium being caused to flow through the second heat
exchange section so that a temperature of an outer surface
of the second heat exchange section is maintained not
higher than a dew point of the reacted gas, a liquid
obtained by condensation in a first space formed between
the second heat exchange section and the inner cylinder
being allowed to fall down so as to be separated from the
source material gas, a first heating medium being caused
to flow on an outer side of the outer cylinder so that a
temperature of an inner surface of the outer cylinder is
maintained higher than the dew point of the reacted gas.
[0010]

A chemical reaction device in accordance with an
aspect of the present invention is a chemical reaction
device, including a reaction container including at least
one reaction tube that has a multiple structure and that
causes a reaction to proceed inside the at least one
reaction tube, a product of the reaction containing a

component having a boiling point higher than that of a
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source material gas, progress of the reaction in a gaseous
phase being restricted by a chemical equilibrium between a
source material and the product, each of the at least one
reaction tube including: an inner cylinder which allows a
reacted gas produced by the reaction to pass therethrough;
a first heat exchange section which is provided inside the
inner cylinder; and an outer cylinder which is included in
a second heat exchange section and inside which the inner
cylinder 1is ©provided, the source material gas being
supplied to a catalyst layer provided between the inner
cylinder and the first heat exchange section, a second
heating medium being caused to flow on an outer side of
the outer cylinder so that a temperature of an inner
surface of the outer cylinder is maintained not higher than
a dew point of the reacted gas, a liquid obtained by
condensation in a first space formed between the inner
cylinder and the outer cylinder being allowed to fall down
so as to be separated from the source material gas, a first
heating medium being caused to flow through the first heat
exchange section so that a temperature of a surface of the
first heat exchange section is maintained higher than the
dew point of the reacted gas.
Advantageous Effects of Invention
[0011]

According to an aspect of the present invention, it is
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possible to control a temperature environment for reaction
and a temperature environment for condensation in a
manner preferable from the perspective of thermal
efficiency, when causing a chemical reaction for obtaining
a product from a source material gas to proceed beyond an

equilibrium conversion rate.

Brief Description of Drawings
[0012]

Fig. 1 is a cross-sectional view of a reaction device in
accordance with Embodiment 1.

Fig. 2 is a cross-sectional view of a reaction device in
accordance with Embodiment 2.

Fig. 3 is a cross-sectional view of a reaction tube
included in the reaction device in accordance with
Embodiment 2.

Fig. 4 is a cross-sectional view of a second heat
exchange section included in the reaction device in
accordance with Embodiment 2.

Fig. 5 is a cross-sectional view of a reaction device in
accordance with Embodiment 3.

Fig. 6 is a cross-sectional view of a reaction tube
included in the reaction device in accordance with
Embodiment 3.

Fig. 7 1is a cross-sectional view of a first heat
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exchange section included in the reaction device in

accordance with Embodiment 3.

Description of Embodiments
[0013]

Embodiment 1

(Configuration of reaction device 100)

The following description will discuss an embodiment
of the present invention in detail. Fig. 1 is a cross-
sectional view of a reaction device 100 in accordance with
Embodiment 1, the cross-sectional view being taken along
a plane perpendicular to a bottom surface of the reaction
device 100. The reaction device 100 is a chemical reaction
device for carrying out a reaction, a product of which
contains a component having a boiling point higher than
that of a main component of a source material gas 31 and
in which progress of the reaction in a gaseous phase is
restricted by a chemical equilibrium between a source
material and the product.

[0014]

In the reaction device 100, the product is obtained
by condensation and collected out of a reaction container.
This causes the chemical equilibrium to be shifted toward
the product and thus enables the reaction to proceed. In

particular, the reaction device 100 can be suitably used as
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a device for carrying out chemical reactions represented by
the following formulae (1) through (3), in each of which the
source material gas 31 contains a carbon oxide and

hydrogen and the product contains methanol.

[0015]
CO+2H,= CH;OH - - - (1)
CO,+3H,2CH;OH+H,0 - - - (2)
CO,+H, = CO+H,0 - - - (3)

Further, the reaction device 100 can be used also for
carrying out a reaction that yields dimethyl ether or
ammonia as a product.

[0016]

As illustrated in Fig. 1, the reaction device 100
includes a reaction container 1, a first heat exchange
section 22, a catalyst layer 3 in contact with the first heat
exchange section 22, a transmission wall 40, and a second
heat exchange section 52 spaced apart via a space 4 from
the transmission wall 40. The transmission wall 40 is
provided on the catalyst layer 3 on a side opposite the first
heat exchange section 22. The reaction container 1 is a
metal container made of, for example, a stainless steel
having pressure resistance.

[0017]
The first heat exchange section 22 is a heat

exchanger constituted by an inner wall surface of the
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reaction container 1 and a first heat exchange wall 20.
Inside the first heat exchange section 22, there is formed a
first heating medium region 2, through which a first
heating medium 21 is caused to flow. The first heat
exchange section 22 has (i) a first heating medium feed
opening 25 for supplying the first heating medium 21 to
the first heating medium region 2 and (ii) a first heating
medium collection opening 26 for discharging the first
heating medium 21 from the first heating medium region 2.
The first heat exchange wall 20 is made of a member that
does not allow fluids to pass therethrough. A surface of the
first heat exchange wall 20 on a catalyst layer 3 side
serves as a first heat exchange surface. In Fig. 1, the first
heat exchange wall 20 is illustrated as a plate-like
member. However, a shape of the first heat exchange wall
20 is not limited to a plate-like shape. A surface of the
first heat exchange wall 20 can be formed into a wavy
shape or the like. Further, a shape of the first heat
exchange section 22 is not limited to the shape illustrated
in Fig. 1, and can be various shapes that increase an
efficiency of heat exchange, such as a multipipe
configuration or a spiral shape.
[0018]

The first heat exchange section 22 can maintain a

temperature of the first heat exchange wall 20 higher than
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a dew point of a reacted gas 32 by letting the first heating
medium 21 to flow through the first heating medium region
2. In a case where a reaction that occurs in the catalyst
layer 3 is an exothermic reaction, the first heating medium
21 serves as a heating medium for cooling reaction heat
generated by the reaction. In a case where a reaction that
occurs in the catalyst layer 3 is an endothermic reaction,
the first heating medium 21 serves as a heating medium
for heating the catalyst layer 3. Thus, the first heating
medium maintains a temperature of the catalyst layer 3 not
less than the dew point of the reacted gas 32.

[0019]

Note that the wording "dew point of the reacted gas
32" means a temperature at which condensation starts in a
case where the reacted gas 32 is cooled in a state where a
reaction in a gaseous phase has reached a chemical
equilibrium at a temperature and a pressure at which the
reacted gas 32 is present in the catalyst layer 3.

[0020]

When a composition of the gaseous phase and the
pressure are given, the dew point of the reacted gas 32 can
be calculated simultaneously as a composition of a
condensate by carrying out an appropriate vapor-liquid
equilibrium calculation with use of a vapor-liquid

equilibrium model. In a case where the pressure is a high
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pressure exceeding 1 MPa, the vapor-liquid equilibrium
model can be, for example, an extended cubic equation of
state such as the Peng-Robinson equation or the Redich-
Kwong-Soave equation.

[0021]

The first heat exchange wall 20 more preferably has a
temperature that enables a temperature of the entire
catalyst layer 3 to be maintained higher than the dew point
of the reacted gas 32. Examples of the first heating
medium 21 in a case where the product is methanol
include high-pressure boiler water (e.g. saturated water at
2.2 MPaG to 5.0 MPaG) at 220°C to 265°C, a molten metal
salt (e.g. a mixture of sodium nitrite and potassium
nitrate), and heat transfer oil. Note that numerical
expressions such as "A to B" herein mean "not less than A
and not more than B".

[0022]

The second heat exchange section 52 is a heat
exchanger constituted by an inner wall surface of the
reaction container 1 and a second heat exchange wall 50.
Inside the second heat exchange section 52, there is
formed a second heating medium region 5, through which a
second heating medium 51 is caused to flow. The second
heat exchange section 52 has (i) a second heating medium

feed opening 55 for supplying the second heating medium
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51 to the second heating medium region 5 and (ii) a second
heating medium collection opening 56 for discharging the
second heating medium 51 from the second heating
medium region 5. The second heat exchange wall 50 is
made of a member that does not allow fluids to pass
therethrough. A surface of the second heat exchange wall
50 on a space 4 side serves as a second heat exchange
surface. In Fig. 1, the second heat exchange wall 50 is
illustrated as a plate-like member. However, a shape of the
second heat exchange wall 50 is not limited to a plate-like
shape. A surface of the second heat exchange wall 50 can
be formed into a wavy shape or the like. Further, a shape
of the second heat exchange section 52 is not limited to the
shape illustrated in Fig. 1, and can be various shapes that
increase an efficiency of heat exchange, such as a
multipipe configuration or a spiral and shape.

[0023]

The second heat exchange section 52 can maintain a
temperature of the second heat exchange wall 50 not
higher than the dew point of the reacted gas 32 by letting
the second heating medium 51 to flow through the second
heating medium region 5. Examples of the second heating
medium 51 in a case where the product is methanol
include low-pressure boiler water (e.g. saturated water at -

0.05 MPaG to 0.4 MPaG) at 80°C to 150°C, industrial
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water, ammonia water, a hydrocarbon compound such as
pentane, and a chlorofluorocarbon compound such as
1,1,1,3,3-pentafluoropropane.

[0024]

More specifically, it is preferable that the first
heating medium 21 have a temperature lower than an
average temperature of the catalyst layer 3 by 5°C to 30°C
and the second heating medium 51 have a temperature
lower than the dew point of the reacted gas 32 by not less
than 20°C, in a case where a reaction catalyzed by a
catalyst 30 is a exothermic reaction carried out at a
temperature higher than the dew point of the reacted gas
32 by not less than 80°C.

[0025]

Note that the temperature of the first heating
medium and the temperature of the second heating medium
each mean an average of a temperature at a corresponding
feed opening and a temperature at a corresponding
collection opening. In the present invention, a greater
difference between the temperature of the first heating
medium 21 and the temperature of the second heating
medium 51 makes it easier to achieve an effect. In the
above temperature ranges, the difference between the
temperatures of the first heating medium 21 and the

second heating medium 51 is at least greater than 70°C.
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That is, an exergy of heat collected by the first heating
medium 21, which is on a reaction side, is significantly
greater than an exergy of heat collected by the second
heating medium 51, which is on a condensation side. By
controlling the temperatures of the first heating medium
21 and the second heating medium 51 within the above
temperature ranges and collecting heat, it is possible to
effectively utilize reaction heat having a higher exergy.
[0026]

Note that, in Fig. 1, the first heating medium feed
opening 25 and the first heating medium collection opening
26 are formed in a lower part and an upper part,
respectively, of the reaction container 1, and the second
heating medium feed opening 55 and the second heating
medium collection opening 56 are formed in the lower part
and the upper part, respectively, of the reaction container
1. It should be understood, however, that these can be
formed in appropriate positions in appropriate manners in
accordance with pressures of the heating mediums used.
Further, a temperature and a pressure at which each of the
first heating medium 21 and the second heating medium 51
is supplied can be set to an appropriate value in
accordance with a temperature of the reaction carried out
in the reaction container 1 and the dew point of the

reacted gas 32.
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[0027]

The catalyst layer 3 is filled with the catalyst 30
which is appropriate for the reaction. The catalyst layer 3
is a region in which the source material gas 31 and the
catalyst 30 come into contact with each other and the
reaction proceeds. Examples of the catalyst 30 can be a
catalyst containing copper and zinc oxide as main
components.

[0028]

The transmission wall 40 is made of a porous
member that allows gas to pass therethrough. The
transmission wall 40 is made of a member that allows the
reacted gas 32 to pass therethrough but does not allow the
catalyst 30 to pass therethrough. Examples of such a
member include a metal mesh having an appropriate pore
size. The reacted gas 32 contains an unreacted source
material gas and an uncondensed reaction product gas.
[0029]

The space 4 is formed between the transmission wall
40 and the second heat exchange wall 50. In a lower part
of the space 4, there is formed a condensate storing
section 47 in which a product (condensate 41) liquefied by
condensation on the surface of the second heat exchange
wall 50 on the space 4 side can be stored. The condensate

41 is collected through a condensate collection opening 46
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formed in a bottom part of the condensate storing section
47. In the present embodiment, a distance between a
surface of the transmission wall 40 on the space 4 side and
the surface of the second heat exchange wall 50 on the
space 4 side is defined as a thickness of the space 4.
Further, a distance between the surface of the first heat
exchange wall 20 on the catalyst layer 3 side and a surface
of the transmission wall 40 on the catalyst layer 3 side is
defined as a thickness of the catalyst layer 3. The
thickness of the space 4 is preferably 0.01 to 2.0 times,
more preferably 0.05 to 1.0 times the thickness of the
catalyst layer 3. The space 4 has the above thickness
preferably over not less than 80%, more preferably not less
than 95% of an entire region of the second heat exchange
wall 50 in a vertical direction. In a case where the
thickness of the space 4 is less than 0.01 times the
thickness of the catalyst layer 3, a heat transfer prevention
effect is weak, so that condensation of a product may occur
in the catalyst layer 3. In a case where the thickness of the
space 4 is more than 2.0 times the thickness of the
catalyst layer 3, mass transfer of a product from the
catalyst layer 3 to the second heat exchange wall 50 is
prevented, so that it is difficult to shift the chemical
equilibrium toward the product by condensation.

[0030]
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(Flow of reaction)

The source material gas 31 is supplied through a
source material gas inlet 35 formed at an upper part of the
catalyst layer 3, and comes into contact with the catalyst
30 filling the catalyst layer 3, so that a reaction proceeds.
The reacted gas 32 produced by the reaction passes
through the transmission wall 40 into the space 4. Then,
the reacted gas 32 is cooled on the second heat exchange
wall 50 down to a temperature not higher than the dew
point of the reacted gas 32, so that a product is
condensed. The product liquefied by condensation falls
down to the condensate storing section 47 and collected
through the condensate collection opening 46 as the
condensate 41.

[0031]

The reacted gas 32 passing through the transmission
wall 40 from the catalyst layer 3 side contains the
unreacted source material gas. However, a main component
contained in the unreacted material gas is not condensed
on the second heat exchange wall 50. Further, since the
condensate storing section 47 is provided in the lower part
of the space 4, the unreacted source material gas returns
to the catalyst layer 3 instead of being discharged through
the condensate collection opening 46 together with the

condensate 41.
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[0032]

It is preferable that a flow rate of gas passing
through the transmission wall 40 be kept in an appropriate
range, so that a ratio of the unreacted source material gas
that passes through the space 4 and heads toward an exit
of the catalyst layer 3 is not excessively high. In order for
the flow rate of the gas to be kept in the appropriate range,
for example, a pore ratio of the porous member
constituting the transmission wall 40 can be adjusted.
Alternatively, in order for the flow rate of the gas to be
kept in the appropriate range, a member that serves as a
resistance against the flow of the gas can be inserted in
the space 4.

[0033]

The reacted gas 32 containing the source material
which has not been reacted in the catalyst layer 3 is
collected through the reacted gas collection opening 36.
[0034]

(Collection of reaction heat and condensation heat)

The first heating medium 21 is supplied through the
first heating medium feed opening 25 as, for example,
boiler water at 2.2 MPaG to 5.0 MPaG. In a case where the
reaction is an exothermic reaction, the reaction heat
generated in the catalyst layer 3 is heat exchanged through

the first heat exchange wall 20 and collected by the first
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heating medium 21. The first heating medium 21 passes
through the first heating medium collection opening 26 and
is collected into a high-pressure steam separator drum (not
illustrated). Then, high pressure steam obtained by gas-
liquid separation is wutilized, for example, as a power
source for compressing the source material.

[0035]

The second heating medium 51 is supplied through
the second heating medium feed opening 55 as, for
example, boiler water at 0.05 MPaG. The second heating
medium 51 collects heat of the reacted gas 32 by heat
exchange through the second heat exchange wall 50. The
second heating medium 51 thus reduces a temperature of
the reacted gas 32 in the space 4 to not higher than the
dew point on the surface of the second heat exchange wall
50. The second heating medium 51 passes through the
second heating medium collection opening 56 and is
collected into a low-pressure steam separator drum (not
illustrated). Then, low pressure steam obtained by gas-
liquid separation is utilized, for example, as a heat source
in a step of purifying the product.

[0036]
(Effect of Embodiment 1)
As described above, the reaction device 100 in

accordance with Embodiment 1 is a chemical reaction
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device that causes a reaction to proceed, wherein a product
of the reaction contains a component having a boiling point
higher than that of the source material gas 31, and
progress of the reaction in a gaseous phase is restricted by
a chemical equilibrium between a source material and the
product. A chemical reaction method in accordance with
Embodiment 1 is a method in which the reaction device
100 is used. The reaction device 100 includes: the catalyst
30 to which the source material gas 31 is supplied and
which promotes the reaction; the transmission wall 40
which allows the reacted gas 32 to pass therethrough; the
first heat exchange section 22; and the second heat
exchange section 52. The first heat exchange section 22 is
positioned on an opposite side from the transmission wall
40 with respect to the catalyst 30 interposed between the
first heat exchange section 22 and the transmission wall
40, and the second heat exchange section 52 is spaced
apart via the space 4 from the transmission wall 40. The
second heating medium 51 is caused to flow through the
second heat exchange section 52 so that a temperature of
the surface of the second heat exchange section 52 on the
space 4 side is maintained not higher than the dew point of
the reacted gas 32. The liquid (condensate) 41 obtained by
condensation in the space 4 falls down so as to be

separated from the source material gas 31. The first
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heating medium 21 is caused to flow through the first heat
exchange section 22 so that a temperature of the surface of
the first heat exchange section 22 which surface is in
contact with the catalyst 30 is maintained higher than the
dew point of the reacted gas 32.

[0037]

According to the reaction device 100 and the
chemical reaction method using the reaction device 100,
the product is collected out of the reaction container 1 as
the condensate 41. This makes it possible to cause a
reaction in a reaction system, in which progress of the
reaction in a gaseous phase is restricted by a chemical
equilibrium, to proceed beyond an equilibrium conversion
rate.

[0038]

Further, the first heat exchange section 22 and the
second heat exchange section 52 enable control of both a
temperature on a reaction side and a temperature on a
condensation side. This enables temperature control in a
reaction device to be carried out more easily and reliably.
This makes it possible to control a reaction temperature
and a condensation temperature in a manner preferable
from the perspective of thermal efficiency.

[0039]

Further, the space 4 in the reaction device 100
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provides a distance between the transmission wall 40 and
the second heat exchange wall 50. This prevents heat
transfer between the catalyst layer 3 and the second heat
exchange wall, on which the condensate 41 is produced.
This makes it possible to reduce the likelihood that a
region of the catalyst layer 3 which region is close to the
second heat exchange wall 50 will have a temperature not
higher than the dew point of the reacted gas 32. In other
words, it 1is ©possible to reduce the likelihood that
condensation of a product will occur in the catalyst layer
3. Further, the provision of the condensate storing section
47 in the lower part of the space 4 prevents the reacted gas
32 passing through the space 4 from proceeding to flow out
of the reaction device. This enables the unreacted source
material gas and the catalyst to come into contact with
each other more reliably.

[0040]

Further, it is also an object of the present invention
to increase energy use efficiency as compared to
conventional levels in a case where the reaction carried out
using the reaction device 100 is an exothermic reaction,
from the perspective of collecting reaction heat and
condensation heat. In a case where the chemical reaction
in the reaction device 100 is an exothermic reaction, the

reaction device 100 collects reaction heat with use of the
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first heat exchange section 22 and collects condensation
heat with use of the second heat exchange section 52.
[0041]

By thus separately collecting condensation heat and
reaction heat which is higher in temperature than the
condensation heat, it is possible to collect heat having a
high exergy in comparison to a case where heat is collected
only on the condensation side. The collected heat having a
high exergy can be utilized in generation of a power source
for compressing a source material to be supplied to a high
pressure reaction container which is required in a process.
Further, the collected heat which has been collected on the
condensation side can be efficiently used in a step such as
separation and collection of a product. That is, the
reaction device 100 increases an energy use efficiency as
compared to conventional levels. In view of this, an aspect
of the present invention can be considered to be a thermal
energy collecting system including the reaction device 100.
A reaction device included in the thermal energy collecting
system can be a reaction device 100A or a reaction device
100B (described later).

[0042]
Embodiment 2
The following description will discuss another

embodiment of the present invention. For convenience of
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explanation, the same reference signs will be given to
members each having the same function as a member
described in Embodiment 1, and descriptions on such a
member will be omitted.

[0043]

Fig. 2 is a cross-sectional view of the reaction device
100A in accordance with Embodiment 2, the cross-
sectional view being taken along a plane perpendicular to a
bottom surface of the reaction device 100A. Fig. 3 is a
cross-sectional view of a reaction tube 10A included in the
reaction device 100A, the cross-sectional view being taken
along a plane perpendicular to a long axis of the reaction
tube 10A. Basic principles of the reaction device 100A are
the same as those of the reaction device 100. The reaction
device 100A differs from the reaction device 100 in that
cylindrical reaction tubes are used in the reaction device
100A.

[0044]

As with the reaction device 100, the reaction device
100A can be suitably used as a device for carrying out
chemical reactions in which a source material gas 31
contains a carbon oxide and hydrogen and the product
contains methanol. Further, the reaction device 100A can
be used also for carrying out a reaction that yields

dimethyl ether or ammonia as a product.
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[0045]

(Reaction device 100A)

As illustrated in Fig. 2, the reaction device 100A
includes a reaction container 1A and a plurality of reaction
tubes 10A provided inside the reaction container 1A. The
number of the reaction tubes 10A provided inside the
reaction container 1A is not particularly limited, provided
that the number is at least one. In consideration of
reaction efficiency, the number of the reaction tubes 10A is
preferably more than one. On an upper side of the plurality
of reaction tubes 10A, there is formed a source material
gas supplying section 37A which is filled with the source
material gas 31 to be supplied to each of the reaction tubes
10A. On a lower side of the plurality of reaction tubes 10A,
there is formed a storing section 48A for storing a liquid
that has been obtained by condensation inside each
reaction tube 10A and gas that has passed through a
catalyst layer 3A. On a lower side of the storing section
48A, there is formed a second heating medium collecting
section 58A for storing a second heating medium 51
discharged from a second heat exchange section 52A
(described later). Further, on a lower side of the second
heating medium collecting section 58A, there is formed a
second heating medium supplying section 57A for storing

the second heating medium 51 to be supplied to the second
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heat exchange section 52A. The above sections are formed
by dividing an inner space of the reaction container 1A
with use of metal plates (e.g. stainless steel plates).

[0046]

The reaction tube 10A is open to a metal plate 11A
positioned at an upper part of the reaction tube 10A and to
a metal plate 12A positioned at a lower part of the reaction
tube 10A. An outer cylinder 20A of the reaction tube 10A is
joined to the metal plates 11A and 12A by welding.

[0047]

As illustrated in Figs. 2 and 3, the reaction tube 10A
includes, in this order from an outer side, the outer
cylinder 20A, the catalyst layer 3A which has a cylindrical
shape and is in contact with an inner wall surface of the
outer cylinder 20A, an inner cylinder 40A provided on an
inner side of the catalyst layer 3A, and the second heat
exchange section 52A. The second heat exchange section
52A is spaced apart via a space 4A (first space) from the
inner cylinder 40A.

[0048]

A first heat exchange section 22A is a heat exchanger
constituted by: a part of an inner wall surface of the
reaction container 1A; an outer wall surface of the outer
cylinder 20A; and the metal plates 11A and 12A. Inside the

first heat exchange section 22A, there is formed a first
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heating medium region 2A, which is common among the
plurality of reaction tubes 10A. In the first heating medium
region 2A, a first heating medium 21 is caused to flow. The
outer cylinder 20A is made of a member that does not allow
fluids to pass therethrough. A surface of the outer cylinder
20A on a catalyst layer 3A side serves as a first heat
exchange surface.

[0049]

A side wall of the reaction container 1A has formed
therein (i) a first heating medium feed opening 25A for
supplying the first heating medium 21 to the first heating
medium region 2A and (ii) a first heating medium collection
opening 26A for discharging the first heating medium 21
from the first heating medium region 2A. The first heat
exchange section 22A can maintain a temperature of the
outer cylinder 20A higher than a dew point of a reacted gas
32 by letting the first heating medium 21 to flow through
the first heating medium region 2A.

[0050]

Fig. 4 is a cross-sectional view of the second heat
exchange section 52A, the cross-sectional view being taken
along a plane containing a long axis of the second heat
exchange section 52A. As illustrated in Fig. 4, the second
heat exchange section O52A includes a second heat

exchange wall 50A and an inner tube 59A. Between the
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second heat exchange wall SOA and the inner tube 59A, a
second heating medium region 5A is formed. The second
heating medium region 5A is a region through which the
second heating medium 51 is caused to flow.

[0051]

The second heat exchange section 52A has a double
cylinder structure, and a tip of the inner tube 59A is
connected to an inflow port 53A of the second heating
medium supplying section 57A. The second heating medium
51 inside the second heating medium supplying section
S7A is supplied into the second heat exchange section 52A
through the inner tube 59A. A channel between an outer
wall surface of the inner tube 59A and an inner wall
surface of the second heat exchange wall 50A
communicates with an inside of the second heating medium
collecting section 58A. The second heating medium 51 that
has reached an upper end of the inner tube S59A after
exiting the second heating medium supplying section 57A
passes through the channel and is discharged to the
second heating medium collecting section 58A through an
outflow port 54A formed in an upper wall surface of the
second heating medium collecting section 58A.

[0052]
The second heat exchange wall 50A is made of a

member that does not allow fluids to pass therethrough. A
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surface of the second heat exchange wall S50A on a space
4A side serves as a second heat exchange surface. The
second heat exchange section 52A can maintain a
temperature of the second heat exchange wall 50A not
higher than the dew point of the reacted gas 32 by letting
the second heating medium 51 to flow through the second
heating medium region S5A.

[0053]

The catalyst layer 3A is filled with the catalyst 30
which is appropriate for the reaction. A portion of an upper
end of the reaction tube 10A other than an upper end of
the catalyst layer 3A is covered with a metal cap so that it
is impossible for gas to flow through the portion. At the
upper end of the catalyst layer 3A, there is formed an
opening 38A, through which the source material gas 31 is
supplied to the catalyst layer 3A. At a lower end of the
catalyst layer 3A, an opening 39A is formed. The opening
39A is provided with a supporting member made of, for
example, a metal mesh. The supporting member serves to
prevent the catalyst 30 from falling down.

[0054]

The inner cylinder 40A is made of a porous member
that allows gas to pass therethrough, and can cause gas
that has been produced in the catalyst layer 3A and

contains a product and an unreacted source material to
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pass through the inner cylinder 40A to a second heat
exchange section 52A side.

[0055]

The space 4A is formed between the inner cylinder
40A and the second heat exchange wall 50A. In
Embodiment 2, a condensate flow tube (communicating
tube) 42A is provided on a vertically lower side of the space
4A. The condensate flow tube 42A is formed so that the
space 4A is extended vertically downward. The condensate
flow tube 42A is made of a member that does not allow a
liquid to pass therethrough. More specifically, the
condensate flow tube 42A forms, between itself and a
surface of the second heat exchange section 52A, a space
(second space) 6A that is continuous with the space 4A.
Details of the respective thicknesses of the space 4A and
the catalyst layer 3A are similar to those in Embodiment 1.
The space 4A has the above thickness preferably over not
less than 80%, more preferably not less than 95% of an
entire region of the second heat exchange wall 50A in the
vertical direction.

[0056]

On the lower side of the reaction tube 10A, there is
formed the storing section 48A which stores therein, on a
vertically lower side of the space 4A, the condensate 41

that has been produced in the space 4A and gas that has
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passed through the catalyst layer 3A. The condensate flow
tube 42A is provided inside the storing section 48A, and a
lower end of the condensate flow tube 42A is positioned so
as to be immersed in the condensate 41 stored in a bottom
part (referred to as a "condensate storing section 47A") of
the storing section 48A.

[0057]

In a space (referred to as a "gas collection region
49A") on an upper side inside the storing section 48A, an
uncondensed gas 32A that has passed through the catalyst
layer 3A is stored. The uncondensed gas 32A is part of the
reacted gas 32 which part passes through the catalyst
layer 3A without being condensed, flows in the gas
collection region 49A (storing section 48A), comes into
contact with the condensate storing section (liquid storing
section) 47A, and then is discharged. The storing section
48A has an wuncondensed gas collection opening 36A
(exhaust section) through which the uncondensed gas 32A
stored in the gas collection region 49A is discharged. The
uncondensed gas collection opening 36A is located
vertically above the lower end of the condensate flow tube
42A.

[0058]
The condensate 41, which is a product obtained by

condensation in the space 4A, passes through an inside of
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the condensate flow tube 42A and is discharged to the
condensate storing section 47A. The condensate 41 in the
condensate storing section 47A is collected through a
condensate collection opening 46A formed in the vicinity of
a bottom part of the storing section 48A. At this time,
discharge of fluid through the condensate collection
opening 46A is controlled to prevent the reacted gas 32
from being collected through the condensate collection
opening 46A.

[0059]

(Flow of reaction)

The source material gas 31 is supplied through a
source material gas inlet 35A, and is supplied to the
catalyst layer 3A in the reaction tube 10A through the
opening 38A. The source material gas 31 comes into
contact with the catalyst 30 in the catalyst layer 3A, so
that a reaction proceeds. The reacted gas 32 produced by
the reaction passes through the inner cylinder 40A into the
space 4A, and is cooled on an outer wall surface (second
heat exchange surface) of the second heat exchange wall
SO0A down to a temperature not higher than the dew point
of the reacted gas 32, so that a product is condensed. The
product liquefied by condensation falls through the space
4A and the condensate flow tube 42A down to the

condensate storing section 47A. The condensate 41 stored
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in the condensate storing section 47A is collected through
the condensate collection opening 46A.

[0060]

The reacted gas 32 passing through the inner
cylinder 40A from the catalyst layer 3A side contains an
unreacted source material gas. However, a main component
contained in the unreacted source material gas is not
condensed on the second heat exchange wall 50A. Further,
since the lower end of the condensate flow tube 42A is
immersed in the condensate 41 stored in the condensate
storing section 47A, the unreacted source material gas
traveling inside the condensate flow tube 42A is prevented
by a liquid surface of the condensate 41 from moving
forward, and returns to the catalyst layer 3A. The gas
collection region 49A is under a predetermined pressure
due to injection of the source material gas 31, and the
liquid surface of the condensate 41 in the condensate
storing section 47A is also under the above pressure. As
such, the liquid surface prevents the unreacted source
material gas from being discharged from the lower end of
the condensate flow tube 42A instead of returning to the
catalyst layer 3A. Note that a liquid level hA in the
condensate storing section 47A is preferably maintained
within a range that satisfies the following relationship.

[0061]
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hA = aAP/pg

1.0 <a<10

hA: the liquid level in the storing section [m]

AP: a pressure loss of the reacted gas passing
through the catalyst layer [Pa]

p: a density of the condensate [kg/m3]

g: gravitational acceleration (= 9.8 [m/s?])

a: coefficient [-]

In a case where hA is too low, part of the reacted gas may
pass through the space 4A and the condensate storing
section 47A and flow out through the condensate collection
opening 46A together with the condensate. This may reduce
an efficiency of contact between the reacted gas and the
catalyst 30. In a case where hA is too high, a height of the
reaction container may be increased, and a pressure in the
space 4A may become higher than that in the catalyst layer
3A. This may prevent transfer of the product from the
catalyst layer 3A to the space 4A.

[0062]

The uncondensed gas 32A containing a source
material that has not been reacted in the catalyst layer 3A
is collected into the gas collection region 49A and collected
through the uncondensed gas collection opening 36A
formed in an upper part of the storing section 48A.

[0063]
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(Collection of reaction heat and condensation heat)

The first heating medium 21 is supplied to the first
heat exchange section 22A through the first heating
medium feed opening 25A. Reaction heat generated in the
catalyst layer 3A is heat exchanged through the outer
cylinder 20A and collected by the first heating medium 21.
The first heating medium 21 passes through the first
heating medium collection opening 26A and is collected
into a high-pressure steam separator drum (not
illustrated). Then, high pressure steam obtained by gas-
liquid separation is wutilized, for example, as a power
source for compressing the source material.

[0064]

The second heating medium 51 is supplied to the
second heating medium supplying section 57A through a
second heating medium feed opening 55A, and then is
supplied to the second heat exchange section 52A. The
second heating medium 51 collects heat of the reacted gas
32 by heat exchange through the second heat exchange
wall S50A. This causes a temperature of the reacted gas 32
in the space 4A to be reduced not higher than the dew
point on the surface of the second heat exchange wall 50A.
The second heating medium 51 passes through the second
heating medium collection opening S56A and is collected

into a low-pressure steam separator drum (not illustrated).



10

15

20

25

_ 38 -
Then, low pressure steam obtained by gas-liquid separation
is utilized, for example, as a heat source in a step of
purifying the product.

[0065]

(Effect of Embodiment 2)

As described above, the reaction device 100A
includes the reaction container 1A including at least one
reaction tube 10A that has a multiple structure and that
causes a reaction to proceed inside the at least one
reaction tube 10A, wherein a product of the reaction
contains a component having a boiling point higher than
that of the source material gas 31, and progress of the
reaction in a gaseous phase is restricted by a chemical
equilibrium between a source material and the product.
Each reaction tube 10A includes: the inner cylinder 40A
which allows the reacted gas 32 produced by the reaction
to pass therethrough; the outer cylinder 20A which is
included in the first heat exchange section 22A and inside
which the inner cylinder 40A is provided; and the second
heat exchange section 52A which is provided inside the
inner cylinder 40A. The source material gas 31 is supplied
to the catalyst layer 3A provided between the inner
cylinder 40A and the outer cylinder 20A. The second
heating medium 51 is caused to flow through the second

heat exchange section 52A so that a temperature of an
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outer surface of the second heat exchange section 52A is
maintained not higher than the dew point of the reacted
gas 32. The liquid obtained by condensation in the space
4A (first space) formed between the second heat exchange
section 52A and the inner cylinder 40A falls down so as to
be separated from the source material gas. Further, the
first heating medium 21 is caused to flow on an outer side
of the outer cylinder 20A so that a temperature of an inner
surface of the outer cylinder 20A is maintained higher than
the dew point of the reacted gas 32.

[0066]

According to the reaction device 100A and a chemical
reaction method using the reaction device 100 configured
as described above, the product is collected out of the
reaction device 100A as the condensate 41. This makes it
possible to cause a reaction in a reaction system, in which
progress of the reaction in a gaseous phase is restricted by
a chemical equilibrium, to proceed beyond an equilibrium
conversion rate.

[0067]

Further, the first heat exchange section 22A and the
second heat exchange section 52A enable control of both a
temperature on a reaction side and a temperature on a
condensation side. This enables temperature control in a

reaction device to be carried out more easily and reliably.
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This makes it possible to control a reaction temperature
and a condensation temperature in a manner preferable
from the perspective of thermal efficiency.

[0068]

Further, with the reaction device 100A, reaction heat
and condensation heat can be collected separately. This
makes it possible to collect heat having a high exergy in
comparison to a case where heat is collected only on the
condensation side. The collected heat having a high exergy
can be wutilized in generation of a power source for
compressing a source material to be supplied to a high
pressure reaction container which is required in a process.
Further, the collected heat which has been collected on the
condensation side can be efficiently used in a step such as
separation and collection of a product. That is, the energy
use efficiency is significantly increased.

[0069]

Further, according to the reaction device 100A, the
space 4A provides a distance between the inner cylinder
40A and the second heat exchange wall SOA. This prevents
heat transfer between the catalyst layer 3A and the second
heat exchange wall 50A, on which the condensate 41 is
produced. This makes it possible to reduce the likelihood
that a region of the catalyst layer 3A which region is close

to the second heat exchange wall 50A will have a
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temperature not higher than the dew point of the reacted
gas 32. In other words, it is possible to reduce the
likelihood that condensation of a product will occur in the
catalyst layer 3A.

[0070]

Further, with the reaction device 100A, the provision
of the condensate storing section 47A in lower parts of the
space 4A and the condensate flow tube 42A prevents the
reacted gas 32 passing through the space 4 from
proceeding to flow out of the reaction device 100A. This
enables the reacted gas 32 and the catalyst 30 to come into
contact with each other more reliably.

[0071]

Embodiment 3

The following description will discuss another
embodiment of the present invention. In Embodiment 2, as
indicated by Fig. 2, the first heating medium 21 for
collecting reaction heat can be used in a greater amount in
comparison to the second heating medium 51 for collecting
condensation heat. That is, the reaction device 100A in
Embodiment 2 has a configuration that is advantageous in
a reaction system in which removal of reaction heat is
important.

[0072]

In contrast, the reaction device 100B in Embodiment
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3, which will be described below in detail, has a
configuration that is advantageous in a reaction system in
which removal of condensation heat is important. Basic
principles of the reaction device 100B are the same as
those of the reaction device 100A.

[0073]

As with the reaction device 100, the reaction device
100B can be suitably used as a device for carrying out
chemical reactions in which a source material gas 31
contains a carbon oxide and hydrogen and a product
contains methanol. Further, the reaction device 100B can
be used also for carrying out a reaction that yields
dimethyl ether or ammonia as a product.

[0074]

Fig. 5 is a cross-sectional view of the reaction device
100B, the cross-sectional view being taken along a plane
perpendicular to a bottom surface of the reaction device
100B. Fig. 6 is a cross-sectional view of a reaction tube
10B included in the reaction device 100B, the cross-
sectional view being taken along a plane perpendicular to a
long axis of the reaction tube 10B.

[0075]
(Reaction device 100B)
As illustrated in Figs. 5 and 6, the reaction device

100B includes a reaction container 1B and a plurality of
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reaction tubes 10B provided inside the reaction container
1B. The number of the reaction tubes 10B provided inside
the reaction container 1B 1is not particularly limited,
provided that the number is at least one. In consideration
of reaction efficiency, the number of the reaction tubes
10B is preferably more than one. On an upper side of the
plurality of reaction tubes 10B, there is formed a source
material gas supplying section 37B which is filled with the
source material gas 31 to be supplied to each of the
reaction tubes 10B. On a lower side of the plurality of
reaction tubes 10B, there is formed a condensate storing
section 47B (liquid storing section) for storing a liquid that
has been obtained by condensation inside each reaction
tube 10B. On a lower side of the condensate storing section
47B, there is formed a gas collecting section 48B which
stores therein gas that has passed through a catalyst layer
3B. On a lower side of the gas collecting section 48B, there
is formed a first heating medium collecting section 28B
which stores therein a first heating medium 21 discharged
from a first heat exchange section 22B (described later).
Further, on a lower side of the first heating medium
collecting section 28B, there is formed a first heating
medium supplying section 27B which stores therein the
first heating medium 21 to be supplied to the first heat

exchange section 22B. The above sections are formed by
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dividing an inner space of the reaction container 1B with
use of metal plates (e.g. stainless steel plates).

[0076]

The reaction tube 10B includes, in this order from an
outer side, an outer cylinder 50B, an inner cylinder 40B
spaced apart via a space 4B (first space) from an inner wall
surface of the outer cylinder 50B, the catalyst layer 3B
which has a cylindrical shape and is in contact with an
inner wall surface of the inner cylinder 40B, and the first
heat exchange section 22B provided inside the catalyst
layer 3B. The catalyst layer 3B is similar to the catalyst
layer 3A in material and structure. The inner cylinder 40B
is similar to the inner cylinder 40A in material and
structure.

[0077]

A second heat exchange section 52B is a heat
exchanger constituted by: a part of an inner wall surface of
the reaction container 1A; an outer wall surface of the
outer cylinder 50B; and metal plates 11B and 12B. Inside
the second heat exchange section 52B, there is formed a
second heating medium region 5B, which is common among
the plurality of reaction tubes 10B. In the second heating
medium region 5B, a second heating medium 51 is caused
to flow. The outer cylinder 50B is made of a member that

does not allow fluids to pass therethrough. The inner wall
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surface of the outer cylinder 50B serves as a second heat
exchange surface.

[0078]

On a side wall of the reaction container 1B, there are
formed (i) a second heating medium feed opening 55B for
supplying the second heating medium 51 to the second
heating medium region 5B and (ii) a second heating
medium collection opening 56B for discharging the second
heating medium 51 from the second heating medium region
5B. The second heat exchange section 52B can maintain a
temperature of the outer cylinder 50B not higher than a
dew point of a reacted gas 32 by letting the second heating
medium 51 to flow through the second heating medium
region 5B.

[0079]

Fig. 7 is a cross-sectional view of the first heat
exchange section 22B, the cross-sectional view being taken
along a plane containing a long axis of the first heat
exchange section 22B. As illustrated in Fig. 7, the first
heat exchange section 22B includes a first heat exchange
wall 20B and an inner tube 29B. Between the first heat
exchange wall 20B and the inner tube 29B, a first heating
medium region 2B is formed. The first heating medium
region 2B is a region through which the first heating

medium 21 is caused to flow.
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[0080]

The first heat exchange section 22B has a double
cylinder structure, and a tip of the inner tube 29B is
connected to an inflow port 23B of the first heating
medium supplying section 27B. The first heating medium
21 inside the first heating medium supplying section 27B
is supplied into the first heat exchange section 22B
through the inner tube 29B. A channel between an outer
wall surface of the inner tube 29B and an inner wall
surface of the first heat exchange wall 20B communicates
with an inside of the first heating medium collecting
section 28B. The first heating medium 21 that has passed
through an inside of the inner tube 29B passes through the
channel, and is discharged to the first heating medium
collecting section 28B through an outflow port 24B formed
in an upper wall surface of the first heating medium
collecting section 28B.

[0081]

The space 4B is formed between the inner cylinder
40B and the outer cylinder 50B. In Embodiment 3, the
condensate storing section 47B is provided on a vertically
lower side of the space 4B. Further, a condensate flow tube
42B (extension tube) is provided inside the condensate
storing section 47B so as to extend the outer cylinder 50B

vertically downward. A lower end of the condensate flow
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tube 42B is positioned so as to be immersed in a
condensate 41 stored in the condensate storing section
47B. The condensate flow tube 42B forms, inside the
condensate storing section 47B, a space (second space) 6B
that is continuous with the space 4B. Details of the
respective thicknesses of the space 4B and the catalyst
layer 3B are similar to those in Embodiment 1. The space
4B has the above thickness preferably over not less than
80% of an entire region of the outer cylinder 5S0B in the
vertical direction.

[0082]

A liquid (condensate 41) obtained by condensation in
the space 4B passes through the space 6B on an inner side
of the condensate flow tube 42B and is stored in the
condensate storing section 47B. The condensate 41 stored
in the condensate storing section 47B is collected through
a condensate collection opening 46B. At this time,
discharge of fluid through the condensate collection
opening 46B is controlled to prevent the reacted gas 32
from being collected through the condensate collection
opening 46B.

[0083]

On a vertically lower side of the catalyst layer 3B is

the gas collecting section 48B (gas storing section) into

which gas that has passed through the catalyst layer 3B
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flows. The gas collecting section 48B has an uncondensed
gas collection opening 36B (exhaust section).

[0084]

Thus, the condensate storing section 47B and the gas
collecting section 48B form respective different spaces. The
condensate storing section 47B forms a closed space in
terms of gas. As such, the source material gas 31 that has
descended in the space 4B comes to a dead end and
returns to the catalyst layer 3B. This makes it possible to
reduce the likelihood that the source material gas 31
passing through the space 4B will proceed to be discharged
to an outside.

[0085]

The first heat exchange section 22B penetrates
through the gas collecting section 48B, and a lower end of
the inner tube 29B of the first heat exchange section 22B
is open to an inner space of the first heating medium
supplying section 27B. The channel between the outer wall
surface of the inner tube 29B and the inner wall surface of
the first heat exchange wall 20B communicates with the
inside of the first heating medium collecting section 28B.
The first heating medium 21 that has reached an upper
end of the inner tube 29B after exiting the first heating
medium supplying section 27B passes through the channel

and is discharged to the first heating medium collecting
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section 28B through the outflow port 24B in the upper wall
surface of the first heating medium collecting section 28B.
[0086]

(Flow of reaction)

The source material gas 31 is supplied through a
source material gas inlet 35B, and is supplied to the
catalyst layer 3B in the reaction tube 10B through an
opening 38B. The source material gas 31 comes into
contact with the catalyst 30 in the catalyst layer 3B, so
that a reaction proceeds. The reacted gas 32 produced by
the reaction passes through the inner cylinder 40B into the
space 4B, and is cooled on the inner wall surface (second
heat exchange surface) of the outer cylinder S0B down to a
temperature not higher than the dew point of the reacted
gas 32, so that a product is condensed. The product
liquefied by condensation passes through the space 4B and
falls down to the condensate storing section 47B. The
condensate 41 stored in the condensate storing section
47B is collected through the condensate collection opening
46B.

[0087]

The reacted gas 32 passing through the inner
cylinder 40B from a catalyst layer 3B side toward the outer
cylinder 50B contains an unreacted source material gas.

However, a main component contained in the unreacted
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source material gas is not condensed on the outer cylinder
S50B. Further, since the condensate storing section 47B
forms a closed space in terms of gas, the unreacted source
material gas that has descended in the space 4B comes to
a dead end and is prevented by a liquid surface of the
condensate 41 from moving forward. Thus, the unreacted
source material gas returns to the catalyst layer 3B. Note
that a liquid level hB in the condensate storing section 47B
is preferably maintained within a range that satisfies the
following relationship.
[0088]

hB = aAP/pg

1.0 <a<10

hB: the liquid level in the storing section [m]

AP: a pressure loss of the reacted gas passing
through the catalyst layer [Pa]

p: a density of the condensate [kg/m3]

g: gravitational acceleration (= 9.8 [m/s?])

a: coefficient [-]
In a case where hB is too low, part of the reacted gas 32
may pass through the space 4B and the condensate storing
section 47B and flow out through the condensate collection
opening 46B together with the condensate. This may
reduce an efficiency of contact between the reacted gas 32

and the catalyst 30. In a case where hB is too high, a
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height of the reaction container may be increased, and a
pressure in the space 4B may become higher than that in
the catalyst layer 3B. This may prevent mass transfer of
the product from the catalyst layer 3B to the space 4B.
[0089]

An wuncondensed gas 32B containing a source
material that has descended in the catalyst layer 3B
without being reacted in the catalyst layer 3B is collected
into the gas collection region 48B and collected through
the uncondensed gas collection opening 36B in the gas
collecting section 48B.

[0090]

(Collection of reaction heat and condensation heat)

The first heating medium 21 is supplied to the first
heating medium supplying section 27B through a first
heating medium feed opening 25B, and then is supplied to
the first heat exchange section 22B. Reaction heat
generated in the catalyst layer 3B is heat exchanged
through the first heat exchange wall 20B and collected by
the first heating medium 21. The first heating medium 21
passes through a first heating medium collection opening
26B and is collected into a high-pressure steam separator
drum (not illustrated). Then, high pressure steam obtained
by gas-liquid separation is utilized, for example, as a

power source for compressing the source material.
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[0091]

The second heating medium 51 is supplied to the
second heat exchange section 52B through the second
heating medium feed opening S55B. The second heating
medium 51 carries out heat exchange through the outer
cylinder 50B to thereby reduce a temperature of the
reacted gas 32 in the space 4B to or below the dew point
and collect heat of the reacted gas 32. The second heating
medium 51 passes through the second heating medium
collection opening 56B and is collected into a low-pressure
steam separator drum (not illustrated). Then, low pressure
steam obtained by gas-liquid separation is utilized, for
example, as a heat source in a step of purifying the
product.

[0092]

(Effect of Embodiment 3)

As described above, the reaction device 100B in
accordance with Embodiment 3 includes the reaction
container 1B including at least one reaction tube 10B that
has a multiple structure and that causes a reaction to
proceed inside the at least one reaction tube 10B, wherein
a product of the reaction contains a component having a
boiling point higher than that of the source material gas
31, and progress of the reaction in a gaseous phase is

restricted by a chemical equilibrium between a source
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material and the product. Each reaction tube 10B includes:
the inner cylinder 40B which allows the reacted gas 32 to
pass therethrough; the first heat exchange section 22B
which is provided inside the inner cylinder 40B; and the
outer cylinder 50B which is included in the second heat
exchange section 52B and in which the inner cylinder 40B
is provided. The source material gas 31 is supplied to the
catalyst layer 3B provided between the inner cylinder 40B
and the first heat exchange section 22B. The second
heating medium 51 is caused to flow on an outer side of
the outer cylinder 50B so that a temperature of an inner
surface of the outer cylinder SOB is maintained not higher
than the dew point of the reacted gas 32. The liquid
obtained by condensation in the space (first space) 4B
formed between the inner cylinder 40B and the outer
cylinder 50B falls down so as to be separated from the
source material gas 31. The first heating medium 21 is
caused to flow through the first heat exchange section 22B
so that a temperature of a surface of the first heat
exchange section 22B is maintained higher than the dew
point of the reacted gas 32.
[0093]

According to the reaction device 100B and a chemical
reaction method wusing the reaction device 100B, the

product is collected out of the reaction device 100B as the
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condensate 41. This makes it possible to cause a reaction
to proceed beyond an equilibrium conversion rate.

[0094]

Further, the first heat exchange section 22B and the
second heat exchange section 52B enable control of both a
temperature on a reaction side and a temperature on a
condensation side. This enables temperature control in a
reaction device to be carried out more easily and reliably.
This makes it possible to control a reaction temperature
and a condensation temperature in a manner preferable
from the perspective of thermal efficiency.

[0095]

Further, the space 4B provides a distance between
the inner cylinder 40B and the outer cylinder 50B. This
prevents heat transfer between the catalyst layer 3B and
the outer cylinder 50B, on which the condensate 41 is
produced. This makes it possible to reduce the likelihood
that a region of the catalyst layer 3B which region is close
to the outer cylinder 50B will have a temperature not
higher than the dew point of the reacted gas 32. In other
words, it 1is ©possible to reduce the likelihood that
condensation of a product will occur in the catalyst layer
3B and the inner cylinder 40B.

[0096]

Further, with the reaction device 100B in accordance
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with Embodiment 3, the provision of the condensate flow
tube 42B, the condensate storing section 47B and the gas
collecting section 48B prevents the reacted gas 32 passing
through the space 4B from proceeding to flow out of the
reaction device 100B. This enables the reacted gas 32 and
the catalyst 30 to come into contact with each other more
reliably.

[0097]

Further, with the reaction device 100B in accordance
with Embodiment 3, reaction heat and condensation heat
can be collected separately in a case where the reaction is
an exothermic reaction. This makes it possible to collect
heat having a high exergy in comparison to a case where
heat is collected only on the condensation side. That is,
the reaction device 100B increases an energy use efficiency

as compared to conventional levels.

Reference Signs List
[0098]
1, 1A, 1B: reaction container
2, 2A, 2B: first heating medium region
3, 3A, 3B: catalyst layer
4: space
4A, 4B: first space (space)

S5, 5A, 5B: second heating medium region
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6A, 6B: space (second space)

10A, 10B: reaction tube

20, 20B: first heat exchange wall

20A: outer cylinder

21: first heating medium

22, 22A, 22B: first heat exchange section

30: catalyst

31: source material gas

32: reacted gas

32A, 32B: uncondensed gas

36: reacted gas collection opening (exhaust section)

36A, 36B: uncondensed gas collection opening

(exhaust section)

40: transmission wall

40A, 40B: inner cylinder

42A: condensate flow tube (communicating tube)
42B: condensate flow tube (extension tube)

47A, 47B: condensate storing section (liquid storing

section)

48A: storing section

48B: gas collecting section (gas storing section)
50, S50A: second heat exchange wall

S50B: outer cylinder

S51: second heating medium

52, 52A, 52B: second heat exchange section
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100, 100A, 100B: reaction device
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Claims

Claim 1

A chemical reaction method which causes a reaction
to proceed, a product of the reaction containing a
component having a boiling point higher than that of a
source material gas, progress of the reaction in a gaseous
phase being restricted by a chemical equilibrium between a
source material and the product,

said chemical reaction method wusing a chemical
reaction device including:

a catalyst which promotes the reaction;

a transmission wall which allows a reacted gas
produced by the reaction to pass therethrough;

a first heat exchange section positioned on an
opposite side from the transmission wall with respect to
the catalyst interposed between the first heat exchange
section and the transmission wall; and

a second heat exchange section spaced apart via a
space from the transmission wall,

said chemical reaction method comprising:

supplying the source material gas to the catalyst;

causing a first heating medium to flow through the
first heat exchange section so that a temperature of a
surface of the first heat exchange section which surface is

in contact with the catalyst is maintained higher than a
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dew point of the reacted gas;

causing a second heating medium to flow through the
second heat exchange section so that a temperature of a
surface of the second heat exchange section on a space
side is maintained not higher than the dew point of the
reacted gas; and

allowing a liquid obtained by condensation in the
space to fall down so as to be separated from the source

material gas.

Claim 2

The chemical reaction method as set forth in claim 1,
wherein:

the reaction catalyzed by the catalyst is an
exothermic reaction and carried out at a temperature
higher than the dew point of the reacted gas by not less
than 80°C;

the first heating medium has a temperature lower
than an average temperature of a catalyst layer containing
the catalyst by 5°C to 30°C; and

the second heating medium has a temperature lower
than the dew point of the reacted gas by not less than

20°C.

Claim 3
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The chemical reaction method as set forth in claim 1
or 2, wherein the source material gas contains a carbon

oxide and hydrogen, and the product contains methanol.

Claim 4

A chemical reaction device which causes a reaction to
proceed, a product of the reaction containing a component
having a boiling point higher than that of a source material
gas, progress of the reaction in a gaseous phase being
restricted by a chemical equilibrium between a source
material and the product,

the chemical reaction device comprising:

a catalyst to which the source material gas is
supplied and which promotes the reaction;

a transmission wall which allows a reacted gas
produced by the reaction to pass therethrough;

a first heat exchange section positioned on an
opposite side from the transmission wall with respect to
the catalyst interposed between the first heat exchange
section and the transmission wall; and

a second heat exchange section spaced apart via a
space from the transmission wall,

a first heating medium being caused to flow through
the first heat exchange section so that a temperature of a

surface of the first heat exchange section which surface is
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in contact with the catalyst is maintained higher than a
dew point of the reacted gas;

a second heating medium being caused to flow
through the second heat exchange section so that a
temperature of a surface of the second heat exchange
section on a side of the space is maintained not higher
than the dew point of the reacted gas; and

a liquid obtained by condensation in the space is
allowed to fall down so as to be separated from the source

material gas.

Claim 5

A chemical reaction device, comprising

a reaction container including at least one reaction
tube that has a multiple structure and that causes a
reaction to proceed inside the at least one reaction tube, a
product of the reaction containing a component having a
boiling point higher than that of a source material gas,
progress of the reaction in a gaseous phase being
restricted by a chemical equilibrium between a source
material and the product,

each of the at least one reaction tube including:

an inner cylinder which allows a reacted gas
produced by the reaction to pass therethrough;

an outer cylinder which is included in a first heat
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exchange section and inside which the inner cylinder is
provided; and

a second heat exchange section which is provided
inside the inner cylinder,

the source material gas being supplied to a catalyst
layer provided between the inner cylinder and the outer
cylinder,

a second heating medium being caused to flow
through the second heat exchange section so that a
temperature of an outer surface of the second heat
exchange section is maintained not higher than a dew
point of the reacted gas,

a liquid obtained by condensation in a first space
formed between the second heat exchange section and the
inner cylinder being allowed to fall down so as to be
separated from the source material gas,

a first heating medium being caused to flow on an
outer side of the outer cylinder so that a temperature of an
inner surface of the outer cylinder is maintained higher

than the dew point of the reacted gas.

Claim 6
The chemical reaction device as set forth in claim 5,
further comprising:

a storing section which stores therein, on a vertically
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lower side of the first space, the liquid and gas that has
passed through the catalyst layer; and

a communicating tube which is provided inside the
storing section,

the communicating tube forming, between the
communicating tube and a surface of the second heat
exchange section, a second space continuous with the first
space,

a lower end of the communicating tube being
positioned so as to be immersed in the liquid stored in the

storing section.

Claim 7

The chemical reaction device as set forth in claim 6,
wherein:

the storing section includes an exhaust section
through which the gas stored inside the storing section is
discharged; and

the exhaust section is located vertically above the

lower end of the communicating tube.

Claim 8
A chemical reaction device, comprising
a reaction container including at least one reaction

tube that has a multiple structure and that causes a
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reaction to proceed inside the at least one reaction tube, a
product of the reaction containing a component having a
boiling point higher than that of a source material gas,
progress of the reaction in a gaseous phase being
restricted by a chemical equilibrium between a source
material and the product,

each of the at least one reaction tube including:

an inner cylinder which allows a reacted gas
produced by the reaction to pass therethrough;

a first heat exchange section which is provided inside
the inner cylinder; and

an outer cylinder which is included in a second heat
exchange section and inside which the inner cylinder is
provided,

the source material gas being supplied to a catalyst
layer provided between the inner cylinder and the first heat
exchange section,

a second heating medium being caused to flow on an
outer side of the outer cylinder so that a temperature of an
inner surface of the outer cylinder is maintained not higher
than a dew point of the reacted gas,

a liquid obtained by condensation in a first space
formed between the inner cylinder and the outer cylinder
being allowed to fall down so as to be separated from the

source material gas,
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a first heating medium being caused to flow through
the first heat exchange section so that a temperature of a
surface of the first heat exchange section is maintained

higher than the dew point of the reacted gas.

Claim 9

The chemical reaction device as set forth in claim 8,
further comprising:

a liquid storing section which stores the liquid
therein on a vertically lower side of the first space;

a gas storing section which stores therein, on a
vertically lower side of the catalyst layer, gas that has
passed through the catalyst layer; and

an extension tube which is provided inside the liquid
storing section,

the extension tube forming, inside the liquid storing
section, a second space continuous with the first space,

a lower end of the extension tube being positioned so
as to be immersed in the liquid stored in the liquid storing
section,

the liquid storing section and the gas storing section

forming respective different spaces.





