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ABSTRACT

The present invention relates to a device comprising:
a first container and a second container,
a capillary device arranged between the first container

and the second container with one or more capillaries,
each of the one or more capillaries connecting the first
container to the second container, and each of the one
or more capillaries tapering at least in sections from
the second container in the direction towards the first
container,

means for generating and/or maintaining a temperature

1

gradlent Tl:t container>T2nd container

container and the second container.

between the first
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DEVICE AND METHOD FOR GAS
ENRICHMENT OR GENERATION OF
MECHANICAL POWER

[0001] This application claims benefit of Serial No. 10
2009 013 138.8, filed 13 Mar. 2009 in Germany and which
applications are incorporated herein by reference. To the
extent appropriate, a claim of priority is made to each of the
above disclosed applications.

BACKGROUND

[0002] The present invention relates to a device suitable in
particular for gas enrichment or for the generation of
mechanical power by means of a gas, as well as to the corre-
sponding method.

[0003] Such a generic device is known from DE 10 2005
055 675 B3. The invention described there comprises, for
example, two containers connected to each other by a capil-
lary device. The capillary device comprises one or more cap-
illaries, whereby each of the one or more capillaries tapers at
least in sections from one side to the other side of the capillary
device.

SUMMARY

[0004] The permeation of gases in pores can be described
by the three mechanisms of gas permeation known for
decades, namely size exclusion, solution diffusion, and
Knudsen diffusion. The first two are used, inter alia, in mem-
brane separation. For the separation by size exclusion,
molecular sieves with a pore diameter well below 1 nanome-
tre are used. The separation, which is at times very specific,
leads to very high selectivities and low permeability at the
same time. In solution diffusion, the gas dissolves in a poly-
mer fabric and diffuses. Depending on the polymer, a large
range of selectivities and permeabilities can be covered,
whereby an improvement of one variable always comes at the
expense of the other variable.

[0005] In the state of the art, the gases exhibit different
behaviour at the capillary device and, in particular, pass
through the capillaries at different rates if the containers are
filled with a gas or a gas mixture. On the one hand, this may
result in the enrichment of one gas component of a gas mix-
ture in one of the containers; on the other hand, it may result
in a pressure difference between the two containers, which
can be used to generate a mechanical power. With regard to
the exact functioning of the device of the state of the art,
reference may be made to DE 10 2005 055 675 B3.

[0006] What is essential for the device described in DE 10
2005 055 675 B3 is that the minimum cross-sectional area of
each of the one or more capillaries is smaller at least in one
direction than the predetermined mean free path of the gas.
The geometry of the pores and the differences in the mean
free paths of the gases of a gas mixture are indicated to be
sufficient to achieve a desired effect.

[0007] Ithas now been found, though, that for the operation
ofthe device from the state of the art, there is, on the one hand,
no driving power to drive a method to be implemented with
the device. On the other hand, it has been found that the gas
enrichment and/or the generation of mechanical power that
can be achieved with the device from the state of the art 1s still
insufficient. Furthermore, the operation of the device
described in the state of the art has shown that the geometry of
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the capillary device described there does not lead to a suffi-
cient separation of the gas mixture.
[0008] It is therefore an object of the present invention to
provide a device that overcomes the disadvantages known
from the state of the art and that makes it possible, in particu-
lar, to improve the enrichment of a gas component in a gas
mixture and to further advance the use of a difference in
pressure for generating mechanical power.
[0009] Furthermore, an object is to provide methods for gas
enrichment and for the generation of mechanical power
which employ the device according to the invention.
[0010] The first object is solved by a device comprising:
[0011] a first container and a second container, a capil-
lary device arranged between the first container and the
second container with one or more capillaries, each of
the one or more capillaries connecting the first container
to the second container, and each of the one or more
capillaries tapering at least in sections from the second
container in the direction towards the first container,
[0012] means for generating and/or maintaining a tem-
perature gradient T, ., uimer L 20 container EWEEN the
first container and the second container.
[0013] Itis proposed that the first container and/or the sec-
ond container is/are filled with gas.
[0014] Furthermore, it may be provided that the device
comprises at least one gas supply line for supplying a gas and
at least one gas discharge line for discharging a gas.
[0015] Tt is also preferred that the at least one gas supply
line is connected to the first and/or second container and/or
that the at least one gas discharge line is connected to the first
and/or second container.
[0016] Itis preferred that the second container is connected
to a device for generating mechanical power or that the device
for generating mechanical power is integrated in the second
container.
[0017] Furthermore, it is preferred that the second con-
tainer is connected to a device for generating mechanical
power or that the device for generating mechanical power is
integrated in the second container.
[0018] Itis particularly preferred that the second container
is open to the ambient atmosphere.
[0019] Moreover, it is advantageously provided that the
length of each of the one or more capillaries is between 10 pm
and 3 cm.
[0020] According to a particular embodiment of the inven-
tion it is provided that the diameter of the opening of each of
the one or more capillaries is 0.05-5 pm on the side of the first
container and that the diameter of the opening of each of the
one or more capillaries is 0.5 to 100 pm at the second con-
tainer.
[0021] Tt is advantageous for the angle o in the tapered
section of each of the one or more capillaries between a
capillary wall and the angle bisector to be <45°, and prefer-
ably to be between 0.001 and 10°.
[0022] Particularly preferably, the means for generating a
temperature gradient is a heating device at or inside the first
container.
[0023] It may also be provided that the means for generat-
ing a temperature gradient comprises a cooling device at or
inside the first container.
[0024] Tt is also preferred that the first container and the
second container should be thermally separated from each
other.
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[0025] Inaddition, the material of the first container may be
different from the material of the second container.

[0026] According to a preferred embodiment, the Knudsen
number (Kn) of the capillary device is between 1>Kn>0.005,
preferably 1>Kn>0.01, the diameter of the pore at the tapered
end being used for determining the Knudsen number.

[0027] As a particularly preferred embodiment, it is pro-
vided that the temperature gradient is an average of 0.1° C. to
800° C., preferably 0.5-100° C.

[0028] A further embodiment of the invention provides a
method for gas enrichment of a predetermined gas from a gas
mixture, conprising the following steps:

[0029] introducing a gas mixture containing a predeter-
mined gas into the first container

[0030] setting a temperature gradient T, ..comer L 204
container between the first container and the second con-
tainer with the means for generating and/or maintaining
a temperature gradient, and

[0031] discharging the predetermined gas or a gas mix-
ture in which the predetermined gas is enriched from the
first container.

[0032] Tt is preferred in this embodiment that several
devices are connected in series.

[0033] It is also preferred that at least some of the prede-
termined gas from the second container is fed back into the
first container.

[0034] Finally, the present invention provides a method for
generating mechanical power by means of a device, compris-
ing the steps:

[0035] introducing a gas into the first container, setting a
temperature gradient Tlst container>T2nd container between
the first container and the second container with the
means for generating and/or maintaining a temperature
gradient, and

[0036] guiding the gas from the second container into
and/or through a device for generating mechanical
power.

[0037] 1t has surprisingly been found in accordance with
the invention that it is essential for the device known from DE
10 2005 055 675 B3 to provide a temperature gradient
between the first and the second containers so that the tem-
perature in the first container is higher than the temperature in
the second container. This requires only a low temperature
gradient so that the pressure does not rise in the first con-
tainer—as would have been expected—but does in the second
container. This effect (i.e. raising the temperature of the first
container compared to the second container and the resulting
pressure increase in the second container) had not been
expected at all but has the consequence that the device accord-
ing to the invention can be used much better in a method for
gas enrichment or generation of mechanical power.

[0038] Inaddition, it has been found in accordance with the
invention that it is preferable for the gas-specific interaction
of the molecules with the wall to play an important role.
Compared to the interaction of the gas molecules with one
another, the wall effect is the more pronounced the higher the
Knudsen number is; .. the ratio of the mean free path of the
gas molecules to the pore diameter. It is particularly preferred
for the Knudsen number (Kn) to be between 1>Kn>0.005.
This is in contrast to the findings of DE 10 2005 055 675 B3,
according to which it is always a Knudsen number of >1 that
must be provided so that the minimum cross-sectional area of
each of the one or more capillaries is smaller in at least one
direction than the predetermined mean free path. It has also
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been found in accordance with the invention that the device
known from the state of the art does not follow the equation
“angle ofincidence=angle of deflection” described there. The
reflection at the walls can therefore not be described accord-
ing to Newtonian mechanics but is rather based on the Knud-
serl cosine law.

[0039] While the device known from the state of the art is
especially suitable for monomolecular gases, it has been
found in accordance with the invention that, by contrast,
particularly good results for the separation of carbon dioxide
(CO,) are achieved when using the described device for gas
enrichment.

[0040] The gas enrichment can be optimised by systemati-
cally selecting the material of the capillary device.

[0041] Tt is preferred that the pore diameter is larger than
the mean free path by a factor of 10 to 100, so that the mean
free path only plays a minor role in the use of the device
according to the invention and the proposed methods.
[0042] It has been found in accordance with the invention
that gas-specific interactions with the pore wall have a con-
siderable influence on the behaviour of the gases in the cap-
illary device, a temperature gradient having been identified as
the driving power for the methods according to the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0043] Some preferred embodiments of the present inven-
tion will be explained below with reference to the enclosed
Figures, in which

[0044] FIG. 1 shows a graph which illustrates the depen-
dence of the pressure difference Ap on the temperature gra-
dient AT during the operation of a device according to the
invention,

[0045] FIG. 2 shows a schematic illustration of a device
according to the invention that can be used for gas enrich-
ment, and

[0046] FIG. 3 shows a schematic illustration of a further
device according to the invention that can be used for gener-
ating mechanical power.

DETAILED DESCRIPTION

[0047] For a device according to the invention, the depen-
dence between the set temperature gradient and the resulting
pressure difference between the first container and the second
container was determined with a gas during the operation of
the device. The results are shown in FIG. 1, the upper part of
FIG. 1 showing the applied mean temperature difference AT,
where T, oiwiner™ Lond consainer LNE lower part of FIG. 1
shows the pressure difference Ap, where .., conaimerPand
container Which results from this temperature difference. It can
be gathered from FIG. 1 that very small temperature differ-
ences already lead to significant pressure differences which
can be exploited.

[0048] FIG. 2 schematically shows a device for gas enrich-
ment according to the invention which—in a simplified illus-
tration—consists of a first container 1 and a second container
2, the two of them being connected to each other by a capillary
device 3. The capillary device 3 shows a multitude of capil-
laries 4 which taper from the second container 2 in the direc-
tion towards the first container 1. It is of course possible for
the capillaries 4 to taper in sections inside the capillary device
3. Corresponding shapes of capillaries are known from DE 10
2005 055 675 B2, for example. The device shown in FIG. 2
further comprises a means (not shown) for generating and/or
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maintaining a temperature gradient T , >Tsd co
between the first container 1 and the second container 2. This
means helps to ensure that the temperature in the first con-
tainer 1 is on average constantly higher than the temperature
in the second container 2. A gas supply line 5 leads into the
first container 1 and can be used to feed a gas mixture into the
first container 1. A gas discharge line 6 leads out of the first
container 1 and can be used to remove a depleted gas mixture
from the first container. Finally, the second container 2 shows
a gas discharge line 7 through which enriched gas and/or
concentrate can be removed.

[0049] Inthe operation of the device illustrated in FIG. 2, a
gas mixture is guided, preferably continuously, through the
gas supply line 5 into the first container 1. The means for
generating and/or maintaining a temperature gradient (not
shown) raises the temperature in the first container above the
temperature in the second container 2 and/or keeps it high,
which results in an increase in pressure in the second con-
tainer 2. During this process, a depleted gas mixture can be
removed from the first container 1 through the gas discharge
line 6. Furthermore, an enriched gas and/or concentrate can
be removed from the second container 2 through the gas
discharge line 7. This enriched gas can be circulated again
into the first container 1 of the same device, for example, or it
can be guided into a further device for gas enrichment con-
nected in series so as to enhance the gas enrichment still
further. It is obvious that a multitude of devices for gas enrich-
ment can be connected in series.

[0050] The features of the device in conjunction with the
means for generating and/or maintaining the temperature gra-
dient ensure that the gas to be enriched shows a higher per-
meation rate with regard to the capillary device 3 than other
components of the gas mixture to be separated. As has been
stated above, the temperature gradient in particular serves as
adriving power so that a gas enrichment can be implemented
in the device according to the invention.

[0051] Themeans for generating and/or maintaining a tem-
perature gradient can be a heating device, for example,
arranged inside the first container 1. However, it can also be
considered for such a means to cool the second container 2
with a cooling device (not shown), for example. The heating
device and the cooling device can also be used jointly. Finally,
it may also be provided that the second container 2 is insu-
lated from the ambient atmosphere. For the method according
to the invention, mere variations in the ambient temperature
are then sufficient to achieve the effect of the pressure
increase in the second container 2 due to a temperature gra-
dient between the first and second containers 1, 2, as
described above.

[0052] Ttis obvious that FIG. 2 (and also FIG. 3 which will
be described below) are merely schematic illustrations and
arenottrueto scale. In particular, capillaries 4 and their lateral
dimensions are not shown true to scale.

[0053] Finally, FIG. 3 shows a further device according to
the invention that can be used for generating mechanical
power.

[0054] A first container 11 is connected to a second con-
tainer 12 by a capillary device 13. The capillary device 13
shows a multitude of capillaries 14 which taper from the
second container 12 in the direction towards the first con-
tainer 11. A means 18 for generating and/or maintaining a
temperature difference, preferably a heating device, is
arranged at the first container 11. A further means 19 for
generating and/or maintaining a temperature difference, pref-
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erably a cooling device, is arranged at the second container
12. Furthermore, a means 20 for generating mechanical
powet, a rotor or a turbine for example, is arranged in the
second container 12 in the flow path of the gas. The first
container 11 and the second container 12 are also connected
to each other by a connecting line comprising an outlet 21
from the second container 12 and an inlet 22 into the first
container 11. In this connecting line, a means 23 is further-
more provided for thermally separating the first container 11
and the second container 12.

[0055] In the operation of the device shown in FIG. 3, a
temperature difference T, ., T co betweenthe
first container 11 and the second container 12 is set and
maintained. The temperature difference can be achieved by
heating a gas in the first container 11 and/or cooling the gas in
the second container 12. This temperature difference causes
gas to flow from the first container 11 into the second con-
tainer 12, thus leading to a pressure increase in the second
container 12. The flow of the gas can be used to drive the rotor
20, which is disposed in the second container 12 in the flow
path of the gas, and thus to generate mechanical power. The
gas can then be guided from the second container 12 through
the outlet 21 and the inlet 22 back into the first container 11.
Here, it 15 essential for the first container 11 and the second
container 12 to be thermally separated from each other.
[0056] The features of the invention disclosed in the
description, in the claims and in the drawings can be essential
to implementing the invention in its most varied embodi-
ments both individually and in combination.

1. A device, comprising:

a first container and a second container,

a capillary device arranged between the first container and
the second container with one or more capillaries, each
of the one or more capillaries connecting the first con-
tainer to the second container, and each of the one or
more capillaries tapering at least in sections from the
second container in the direction towards the first con-

tainer, and
means for generating and/or maintaining a temperature
gradientT, ... >T between the first con-

2nd container

tainer and the second container.

2. The device as claimed in claim 1, wherein the first
container and/or the second container is/are filled with gas.

3. The device as claimed in claim 1, further comprising at
least one gas supply line for supplying a gas and at least one
gas discharge line for discharging a gas.

4. The device as claimed in claim 3, wherein the at least one
gas supply line is connected to the first and/or second con-
tainer and/or the at least one gas discharge line is connected to
the first and/or second container.

5. The device as claimed in claim 1, wherein the second
container is connected to a device for generating mechanical
power or that the device for generating mechanical power is
integrated in the second container.

6. The device as claimed in claim 1, wherein the second
container is connected to a device for expanding gas or that
the device for expanding gas is integrated in the second con-
tainer.

7. The device as claimed in claim 1, wherein the second
container is open to the ambient atmosphere.

8. The device as claimed in claim 1, wherein the length of
each ofthe one or more capillaries is between 10 pm and 3 cm.

9. The device as claimed in claim 1, wherein the diameter
of the opening of each of the one or more capillaries is 0.05-5
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pm on the side of the first container and that the diameter of
the opening of each of the one or more capillaries is 0.5 to 100
pum at the second container.

10. The device as claimed in claim 1, wherein the angle o
in the tapered section of each of the one or more capillaries
between a capillary wall and the angle bisector is <45°, pref-
erably between 0.001 and 10°.

11. The device as claimed in ¢laim 1, wherein the means for
generating a temperature gradient comprises a heating device
at or inside the first container.

12. The device as claimed in claim 1, wherein the means for
generating a temperature gradient comprises a cooling device
at or inside the second container.

13. The device as claimed in a claim 1, wherein the first
container and the second container are thermally separated
{rom each other.

14. The device as claimed in claim 1, wherein the material
of the first container is different from the material of the
second container.

15. The device as claimed in claim 1, wherein the Knudsen
number (Kn) of the capillary device is between 1>Kn>0.005,
preferably 1>Kn>0.01.

16. The device as claimed in claim 1, wherein the tempera-
ture gradient is an average of 0.1° C. to 800° C., preferably
0.5-100° C.

17. A method for gas enrichment of a predetermined gas
from a gas mixture by means of a device as claim 1, compris-
ing the following steps:
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introducing a gas mixture containing a predetermined gas
into the first container

settlng a temperature gradlent Tlst com‘ainer>T2nd container
between the first container and the second container with
the means for generating and/or maintaining a tempera-

ture gradient, and

discharging the predetermined gas or a gas mixture in
which the predetermined gas is enriched from the first
container.

18. The method as claimed in claim 17, wherein a plurality
of the devices are connected in series.

19. The method as claimed in claim 17, wherein at least
some of the predetermined gas from the second container is
guided back into the first container.

20. A method for generating mechanical power by means
of a device as claimed claim 1, comprising the following
steps:

introducing a gas into the first container,

setting a temperature gradlent Tlst container>T2nd. contail.fler
between the first container and the second container with
the means for generating and/or maintaining a tempera-
ture gradient, and

guiding the gas from the second container into and/or
through a device for generating mechanical power.
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