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LIQUID DISTRIBUTOR WITH A MIXER
BACKGROUND
[0001] Applicants’ apparatus and methods relate to devices and methods for mixing

and distributing liquid descending in exchange columns for heat and/or mass transfer
processes. The apparatus and methods have particular application in cryogenic air
separation processes utilizing distillation, although the apparatus and methods also
may be used in other heat and/or mass transfer processes that use packing (e.g.,
random or structured packing). Applicants’ methods also relate to methods for
assembling devices for mixing and distributing liquid descending in exchange columns.
[0002] As used herein, the term “column” (or “exchange column”) means a distillation
or fractionation column ie., a column where liquid and vapor phases are
countercurrently contacted to effect separation of a fluid mixture, such as by contacting
of the vapor and liquid phases on packing elements (in a “packed column”) or on a
series ofvvertically-spaced trays or plates mounted within the column.

[0003] Cryogenic separation of air is carried out in distillation columns wherein liquid
and vapor mixtures are brought into intimate contact with each other. In each distillation
column a vapor phase of the mixture ascends with an ever increasing concentration of
the more volatile components (e.g., nitrogen) while a liquid phase of the mixture
descends with an ever increasing concentration of the less volatile components (e.g.,
oxygen). Various means, such as packings or trays, may be used to bring the liquid
and vapor phases of the mixture into contact to accomplish mass transfer between the
phases. ‘
[0004] There are many process cycles for the cryogenic separation of air into its main
components, namely nitrogen, oxygen, and argon. A typical process known as the
double column cycle is shown schematically in Figure 1. Only the distillation columns
and the associated cryogenic heat exchangers are shown in this schematic illustration
for brevity. The double column cycle includes a high pressure column 10, a low
pressure column 12, an argon column 14, a main reboiler condenser 16, a sub-cooler
18, an argon condenser 20, and an argon condenser can 22.

[0005] High pressure feed air 24 at about 4.5-5.5 bara pressure and near its dew point
is fed into the base of the high pressure column 10. Within the high pressure column
10, the air is separated into nitrogen-enriched vapor 26 and oxygen-enriched liquid 28.
The oxygen-enriched liquid 28 is subcooled in the sub-cooler 18, let down in pressure
to about 1.2-1.4 bara and fed into the argon condenser can 22. The nitrogen-enriched
vapof 26 is passed into the main reboiler-condenser 16 where it is condensed against
boiling oxygen, which provides boilup to the low pressure column 12. The condensed
nitrogen-enriched liquid 30 is partly used as reflux 32 for the high pressure column 10
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and partly used as reflux 34 for the low pressure column 12 after subcooling the latter
in sub-cooler 18 and letting it down in pressure {o about 1.2-1.4 bara. In the low
pressure column 12, the various feeds are separated by cryogenic distillation into
oxygen-rich and nitrogen-rich components.

[0006] Gaseous oxygen product 35, also known as GOX, is withdrawn from the bottom
of the low pressure column 12 and gaseous nitrogen product 36, also known as
LPGAN, is withdrawn from the top of the low pressure column 12 and warmed through
the sub-cooler 18 before being fed to other parts of the plant. A waste stream 38 is
also withdrawn from an intermediate location in the low pressure column 12, warmed
through the sub-cooler 18 and fed to other parts of the plant.

[0007] A vapor phase side-stream 40 is withdrawn from another intermediate location
in the low pressure column 12 and fed to the bottom of the argon column 14 where,
after flowing up the argon column 14 and condensing, it returns as a liquid stream 42,
which is fed back into the low pressure column 12. The refrigeration for the argon
condenser 20 is provided by partial evaporation of stream 28 in the argon condenser
can 22, from where it is fed partly as vapor 46 and partly as liquid 48 to the low
pressure column. Part of the vapor at the top of the argon column 14 is withdrawn as
crude argon 50, also known as CGAR, and fed to other parts of the plant for further
processing.

[0008] In each of the distillation columns, separation is accomplished in one or more
sections, such as section 11 in the high pressure column 10, sections 13, 15, 17, 19,
and 21 in the low pressure column 12, and sections 23 and 25 in the argon column 14.
While different types of contact means, such as trays or packing, may be used, in the
Examples discussed by Applicants, the contact means are all assumed to be made of
structured packing and are shown as such.

[0009] There are many devices for distributing liquid flow uniformly over a packed
section of a packed column. Such devices are disclosed in various patents and
textbooks. For example, there are trough-style distributors with multiple parallel regions
wherein liquid collects and flows through an array of perforations to the packing below.
The liquid troughs may be laid out uniformly over the column cross section and may be
fed by a central channel that runs perpendicular to the troughs and which itself may
cover a major portion of the column diameter. In large columns, the liquid troughs also
may be connected near the wall through an annular gutter, which may be a means for
equalizing hydraulic gradients. Vapor flows in paralle! regions in between the liquid
froughs in generally rectangular risers. The vapor regions may have caps placed over
them to prevent the liquid from the section above from falling through them and instead
to channel the liquid into the troughs which collect and convey the liquid to the column
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section below. Such distributors may be referred to as chimney style distributors.
There also are pan style distributors wherein vapor risers may be generally circular in
cross section and the liquid flows around them and through pérforations to the packing
below. Thus, there are many basic designs and numerous variations on the basic
design.

[00010] Initial presentation of liquid and vapor to the packing in a column is made by
such distributors. A liquid distributor, the role of which is to irrigate the packing
substantially uniformly with liquid, is located above the packing, while a vapor
distributor, the role of which is to create substantially uniform vapor flow below the
packing, is located below the packing. In addition to the vapor distributor, a liquid
collector also is located below the packing, the role of which is to collect the liquid
leaving the packing and direct the liquid further down the column. {tis common for the
liquid collector and the vapor distributor to be encompassed in the same device, which
performs both roles.

[00011] Traditionally, there have only been a few distributors that have dealt with
mixing, either independently or in combination with liquid flow distribution. These
devices do not perform well in terms of their liquid composition and flow distribution
quality, especially for large cryogenic distillation columns of an air separation plant
having diameters greater than about 2 meters, because the devices do not provide for
complete mixing (but rather only partial mixing) and uniform distribution of liquid {0 a
packed column to achieve high separation efficiency, as do Applicants’ apparatus and
method. The reliability of packed columns also is improved by Applicants’ apparatus
and methods, which protect the packed columns from manufacturing debris and
operating debris by using filters.

[00012] Various types of devices have been used in packed columns or mass transfer
columns, where such devices perform, at least in part, one or more of the following
functions with respect to liquid descending in a column: collection, distribution,
redistribution, and mixing. However, for various reasons, these devices do not
completely mix the liquid and therefore do not provide uniformity in both flow and
composition of the liquid. For example, such devices are disclosed in U.S. Pat. No.
5,158,713 (Ghelfi, et al.); U.S. Pat. Nos. 5,776,316 (Potthoff, et al.}; 5,752,538
(Billingham, et al.); 5,935,389 (Hine, et al.); and 7,114,709 (Ender, etal.). See alsothe
liquid collector and redistributor disclosed in U.S. Pat. App. Pub. No. US 2009/0049864
(Kovak, et al.). Other examples of such devices include the devices disclosed in U.S.
Pat. Nos. 5,240,652 (Taylor, et al.); 5,897,748 (Kaibel); 6,086,055 (Armstrong, et al.);
and 7,007,932 (Armstrong, et al.).
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BRIEF SUMMARY
[00013] There are various aspects of Applicants’ apparatus and methods, and many
variations of each aspect.
[00014] One aspectis an apparatus for distributing a flow of a liquid descending in an
inner space of a packed column. The apparatus includes a collector, a mixer, a first
conduit, and a second conduit. The collector has a plurality of sectors disposed in the
inner space of the packed column and is adapted to collect at least a portion of the flow
of the liquid descending in the inner space of the packed column. The mixer is below
and vertically spaced apart from the collector in the inner space of the packed column.
The mixer has a plurality of zones disposed in the inner space of the packed column
and is adapted to receive and mix at least a portion of the liquid collected on the
collector. The first conduit has a first end in fluid communication with a first sector of
the collector and a second end in fluid communication with a first zone of the mixer.
The first conduit is adapted to receive and transmit downward at least a portion of the
liquid from the first sector of the collector to the first zone of the mixer. The second
conduit has a first end in fluid communication with a second sector of the collector and
a second end in fluid communication with a second zone of the mixer. The second
conduit is adapted to receive and transmit downward at least a portion of the liquid from
the second sector of the collector to the second zone of the mixer. At least one of a
geometric center of the first sector of the collector is positioned circumferentially away
from a geometric center of the first zone of the mixer and a geometric center of the
second sector of the collector is positioned circumferentially away from a geometric
center of the second zone of the mixer.
[00015] In afirst variation of the apparatus, the geometric center of the first sector of
the collector is positioned circumferentially away from the geometric center of the first
zone of the mixer by about 60° to about 180°, and preferably by about 120° to about
180°, and most preferably by about 180°.
[00016] In avariation of the first variation of the apparatus, the geometric center of the
second sector of the collector is positioned circumferentially away from the geometric
center of the second zone of the mixer by about 60° to about 180°, and preferably
about 120° to about 180°, and most preferably by about 180°.
[00017] In another variation of any of the apparatus discussed in the previous three
paragraphs, a cross-sectional area of the mixer occupies no more than about 25%, and
preferably no more than about 20%, of a cross-sectional area of the inner space of the
packed column.
[00018] A second apparatus is similar to the first apparatus or any of the variations
discussed above, but also includes a predistributor. The predistributor is disposed in
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the inner space of the packed column and is adapted to receive at least a portion of a
flow of a mixed liquid from the mixer and to transmit at least a part of the received flow
of the mixed liquid outwardly from the predistributor.

[00019] A third apparatus is similar to the second apparatus or any of the variations
discussed above, but also includes a final distributor. The final distributor is disclosed
in the inner space of the packed column and is adapted to receive at least a portion of
a flow of a predistributed liquid from the predistributor and to transmit at least a portion
of the received flow of the predistributed liquid substantially uniformly over at least a
portion of a cross-sectional area of the inner space of the packed column.

[00020] In a variation of the third apparatus, the predistributor includes a plurality of
channels adapted to transmit downward at least part of the received flow of the mixed
liquid. In addition, the final distributor includes a plurality of troughs adapted to transmit
at least part of the flow of the predistributed liquid. Each trough has at least one
aperture and is in fluid communication with at least one channel of the predistributor.
[00021] A fourth apparatus is similar to the first, second, or third apparatus or any of
the variations thereof discussed above, but also includes a filter. In a variation of any of
those apparatus or variations thereof, the filter is disposed in the mixer.

[00022] Another aspect is a method for distributing a flow of a liquid descending in an
inner space of a packed column, which method includes nine steps. The first stepisto
provide a collector having a plurality of sectors disposed in the inner space of the
packed column and adapted to collect at least a portion of the flow of the liquid
descending in the inner space of the packed column. The second step is to provide a
mixer below and vertically spaced apart from the collector in the inner space of the
packed column, the mixer having a plurality of zones disposed in the inner space of the
packed column and adapted to receive and mix at least a portion of the liquid collected
on the collector. The third step is to provide a first conduit having a first end in {luid
communication with a first sector of the collector and a second end in fluid
communication with a first zone of the mixer, the first conduit adapted to receive and
transmit downward at least a portion of the liquid from the first sector of the collector to
the first zone of the mixer. A fourth step is to provide a second conduit having a first
end in fluid communication with a second sector of the collector and a second end in
fluid communication with a second zone of the mixer, the second conduit adapted to
receive and transmit downward at least a portion of the liquid from the second sector of
the collector to the second zone of the mixer. At least one of a geometric center of the
first sector of the collector is positioned circumferentially away from a geometric center
of the first zone of the mixer and a geometric center of the second sector of the
collector is positioned circumferentially away from a geometric center of the second
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zone of the mixer. A fifth step is to introduce into the inner space of the packed column
above the collector the flow of the liquid descending in the inner space of the packed
column. A sixth step is to collect on the collector at least a portion of the flow of the
liquid descending in the inner space of the packed column. A seventh step is to
transmit downward through the first conduit at least a portion of the liquid from the first
sector of the collector to the first zone of the mixer. The eighth step is to transmit
downward through the second conduit at least a portion of the liquid from the second
sector of the collector to the second zone of the mixer. The ninth step is to mix in the
mixer the liquid transmitted to the fifst zone of the mixer from the first sector of the
collector with the liquid transmitted to the second zone of the mixer from the second
sector of the collector, thereby producing a mixed liquid.

[00023] In afirst variation of the method, the geometric center of the first sector of the
collector is positioned circumferentially away from the geometric center of the first zone
of the mixer by about 60° to about 180°, and preferably by about 120° to about 180°,
and most preferably by about 180°.

[00024] In a variation of the first variation of the method, the geometric center of the
second sector of the collector is positioned circumferentially away from the geometric
center of the second zone of the mixer by about 60° to about 180°, and preferably by
about 120° to about 180°, and most preferably by about 180°.

[00025] In another variation of any of the methods discussed in the previous three
paragraphs, a cross-sectional area of the mixer occupies no more than about 25%, and
preferably no more than about 20%, of a cross-sectional area of the inner space of the
packed column.

[00026] A second method is similar to the first method or any of the variations
discussed above, but includes three additional steps. The first additional step is to
provide a predistributor disposed in the inner space of the packed column and adapted
to receive at least a portion of a flow of a mixed liquid from the mixer and to transmit at
least a part of the received flow of the mixed liquid outwardly from the predistributor.
The second additional step is to transmit from the mixer to the predistributor at least a
portion of the flow of the mixed liquid. The third additional step is to transmit outwardly
from the predistributor at least a part of the received flow of the mixed liquid received
from the mixer.

[00027] A third method is similar to the second method or any of the variations
discussed above, but includes three further additional steps. The first further additional
step is to provide a final distributor disposed in the inner space of the packed column
and adapted to receive at least a portion of a tlow of a predistributed liquid from the
predistributor and to transmit at least a portion of the received flow of the predistributed
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liquid substantially uniformly over at least a portion of a cross-sectional area of the inner
space of the packed column. The second further additional step is to receive by the
final distributor at least a portion of the flow of the predistributed liquid from the
predistributor. The third further additional step is to transmit at least a portion of the
received flow of the predistributed liquid substantially uniformly over at least a portion of
the cross-sectional area of the inner space of the packed column.

[00028] In a variation of the third method, the predisiributor includes a plurality of
channels adapted to transmit downward at least part of the received flow of the mixed
liquid. In addition, the final distributor includes a plurality of troughs adapted to transmit
at least part of the flow of the predistributed liquid, each trough having at least one
aperture and being in fluid communication with at least one channel of the
predistributor.

[00029] A fourth method is similar to the first, second, or third method or any variation
thereof discussed above, but includes two additional steps. The first additional step is
to provide a filter. The second additional step is to filter at least a portion of the liquid.
In a variation of any of those methods or variations thereof, the filter is disposed in the
mixer.

[00030] Yetanother aspectis a method for assembling an apparatus for distributing a
flow of a liquid descending in an inner space of a packed column, which method for
assembling includes five steps. The first step is to provide the packed column having
the inner space. The second step is to provide in the inner space of the packed column
a collector having a plurality of sectors and adapted to collect at least a portion of the
flow of the liquid descending in the inner space of the packed column. The third step is
to provide in the inner space of the packed column a mixer below and vertically spaced
apart from the collector, the mixer having a plurality of zones disposed in the inner
space of the packed column and adapted to receive and mix at least a portion of the
liquid collected on the collector. The fourth step is to provide a first conduit having a
first end in fluid communication with a first sector of the collector and a second end in
fluid communication with a first zone of the mixer, the first conduit adapted to receive
and transmit downward at least a portion of the liquid from the first sector of the
collector to the first zone of the mixer. The fifth step is to provide a second conduit
having a first end in fluid communication with a second sector of the collector and a
second end in fluid communication with a second zone of the mixer, the second conduit
adapted to receive and transmit downward at least a portion of the liquid from the
second sector of the collector to the second zone of the mixer. At least one of a
geometric center of the first sector of the collector is positioned circumferentially away
from a geometric center of the first zone of the mixer and a geometric center of the
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second sector of the collector is positioned circumferentially away from a geometric
center of the second zone of the mixer.

[00031] In a first variation of the method for assembling, the geometric center of the
first sector of the collector is positioned circumferentially away from the geometric
center of the first zone of the mixer by about 60° to about 180°, and preferably by about
120° to about 180°, and most preferably by about 180°.

[00032] In a variation of the first variation of the method for assembling, the geometric
center of the second sector of the collector is positioned circumferentially away from the
geometric center of the second zone of the mixer by about 60° to about 180°, and
preferably by about 120° to about 180°, and most preferably by about 180°.

[00033] In another variation of any of the methods for assembling discussed in the
three previous paragraphs, a cross-sectional area of the mixer occupies no more than
about 25%, and preferably no more than about 20%, of a cross-sectional area of the
inner space of the packed column. ‘
[00034] A second method for assembling an apparatus is similar to the first method for
assembling or any of the variations discussed above, but includes a further step. The
further step is to provide in the inner space of the packed column a predistributor
adapted to receive at least a portion of a flow of a mixed liquid from the mixer and to
transmit at least a part of the received flow of the mixed liquid outwardly from the
predistributor.

[00035] A third method for assembling an apparatus is similar to the second method
for assembling or any of the variations discussed above, but includes another further
step. The another further step is to provide in the inner space of the packed column a
final distributor adapted to receive at least a portion of the flow of a predistributed liquid
from the predistributor and to transmit at least a portion of the received flow of the
predistributed liquid substantially uniformly over at least a portion of a cross-sectional
area of the inner space of the packed column.

[00036] In a variation of the third method for assembling, the predistributor includes a
plurality of channels adapted to transmit downward at least part of the received flow of
the mixed liquid. In addition, the final distributor includes a plurality of troughs adapted
to transmit at least part of the flow of the predistributed liquid, each trough having at
least one aperture and being in fluid communication with at least one channel of the
predistributor.

[00037] A fourth method for assembling an apparatus is similar to the first, second, or
third methods for assembling or any variations thereof discussed above, but includes
the further step of providing a filter. In a variation of any of those methods for
assembling or variations thereof, the filter is disposed in the mixer.
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[00038] Another aspect is a process for cryogenic air separation, which includes
contacting an ascending vapor and a descending liquid counter-currently in a packed
column having an inner space with a first mass transfer section in the inner space and
a second mass transfer section below and spaced apart from the first mass transfer
section in the inner space. In this process, an apparatus, such as any of the apparatus
discussed above, or any variations thereof, is positioned between the first mass
transfer section and the second mass transfer section, and distributes a flow of the
descending liquid from the first mass transfer section to the second mass transfer
section.

[00039] Yetanother aspect is a method for distributing a flow of a liquid descending in
an inner space of a packed column, which method includes five steps. Thefirststep is
to introduce into the inner space of the packed column above a collector disposed in
the inner space the flow of the liquid descending in the inner space of the packed
column. The second step is to collect on the collector at least a portion of the flow of
the liquid descending in the inner space of the packed column. The third step is to
transmit downward through a first conduit in fluid communication with the collector at
least a portion of the liquid from a first sector of the collector to a first zone of the mixer
disposed in the inner space below and spaced apart from the collector, whereby the
liquid transmitted through the first conduit is circumferentially transposed from the first
sector of the collector to first zone of the mixer. The fourth step is to transmit
downward through a second conduit in fluid communication with the collector at leasta
portion of the liquid from a second sector of the collector to a second zone of the mixer,
whereby the liquid transmitted by the second conduit is circumferentially transposed
from the second sector of the collector to the second zone of the mixer. The fifth step
is to mix in the mixer the liquid transmitted to the first zone of the mixer from the first
sector of the collector with the liquid transmitted to the second zone of the mixer from
the second sector of the collector, thereby producing a mixed liquid.

[00040] In a first variation of this method, the liquid transmitted through the first
conduit is circumferentially transposed from the first sector of the collector to the first
zone of the mixer by about 60° to about 180°, preferably by about 120° to about 180°,
and most preferably by about 180°.

[00041] in a variation of the first variation of this method, the liquid transmitted through
the second conduit is circumferentially transposed from the second sector of the
collector to the second zone of the mixer Ey about 60° to about 180°, and preferably by
about 120° to about 180°, and most preferably by about 180°.

[00042] In another variation of any of the methods discussed in the previous three
paragraphs, a cross-sectional area of the mixer occupies no more than about 25%, and
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preferably no more than about 20%, of a cross-sectional area of the inner space of the
packed column.
[00043] A second method is similar to the first method (described in the previous four
paragraphs) or any of the variations thereof discussed above, but includes two
additional steps. The first additional step is to transmit from the mixer to a
predistributor disposed in the inner space of the packed column at least a portion of the
flow of the mixed liquid. The second additional step is to transmit outwardly from the
predistributor at least the part of the received flow of the mixed liquid received from the
mixer.
[00044] A third method is similar to the second method in the previous paragraph or
any of the variations thereof discussed above, but includes two further additional steps.
The first further additional step is to receive by a final distributor disposed in the inner
space of the packed column at least a portion of the flow of the predistributed liquid
from the predistributor. The second further additional step is to transmit at least a
portion of the received flow of the predistributed liquid substantially uniformly ovef at
least a portion of the cross-sectional area of the inner space of the packed column.
[00045] In a variation of the third method in the above paragraph, the predistributor
includes a plurality of channels adapted to transmit downward at least part of the
received flow of the mixed liquid. In addition, the final distributor includes a plurality of
troughs adapted to transmit at least part of the flow of the predistributed liquid, each
trough having at least one aperture and being in fluid communication with at least one
channel of the predistributor.
[00046] A fourth method is similar to the first, second, or third methods or any
variations thereof discussed above in the previous seven paragraphs, but includes two
additional steps. The first additionat step is to provide a filter. The second additional
step is to filter at least a portion of the liquid. In a variation of any of those methods or
variations thereof, the filter is disposed in the mixer.

BRIEF DESCRIPTION OF THE DRAWINGS
[00047] Applicants’ apparatus and methods will be described by way.of example with
reference to the accompanying drawings, in which:
[00048] Figure 1 is a schematic diagram of a typical double column cycle for cryogenic
separation of air;
[00049] Figure 2A is a schematic diagram of a cross-sectional plan view for one
embodiment of Applicants’ apparatus;
[00050] Figure 2B is a schematic diagram of a cross-sectional elevational view
ilustrating one type of collector with conduit inlets of one embodiment of Applicants’
apparatus;
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[o0051] Figure 2C is a schematic diagram of another cross-sectional view illustrating a
mixer and one arrangement of conduits of one embodiment of Applicants’ apparatus;
[00052] Figures 2D and 2F are schematic diagrams of a cross-sectional elevational
view illustrating sectors of a collector and geometric centers of sectors of one
embodiment of Applicants’ apparatus;

[00053] Figures 2E and 2G are schematic diagrams of a cross-sectional elevational
view illustrating zones of a mixer and geometric centers of zones of one embodiment of
Applicants’ apparatus;

[00054] Figure 3A is a schematic diagram of a cross-sectional plan view of another
embodiment of Applicants’ apparatus;

[00055] Figures 3B and 3D are schematic diagrams of a cross-sectional elevational
view illustrating sectors of a collector and geometric centers of sectors of another
embodiment of Applicants’ apparatus; '

[00056] Figures 3C and 3E are schematic diagrams of a cross-sectional elevational
view illustrating zones of a mixer and geometric centers of zones of another
embodiment of Applicants’ apparatus;

[00057] Figure 4A is a schematic diagram of a cross-sectional plan view of a portion of
Applicants’ apparatus between two packed sections in a packed columin;

[00058] Figure 4B is a schematic diagram of a cross-sectional elevational view of a
portion of Applicants’ apparatus between two packed sections in a packed column;
[00059] Figure 5 is a schematic diagram of a cross-sectional plan view of another
embodiment of a portion of Applicants’ apparatus between two packed sections in a
packed column;

[00060] Figure 6 is a schematic diagram used in the parallel column analysis of
Example 1;

[00061] Figure 7 is another schematic diagram used in the parallel column analysis of
Example 1 for the Base Case Liquid Maldistribution;

[00062] Figure 8 is graph illustrating the effect of liquid maldistribution with fixed
CGAR flow showing the results for Example 1;

[00063] Figure 9 is another schematic diagram used in the parallel column analysis of
Example 1 for the Case of Intermediate Liquid Mixed;

[00064] Figure 10 is another schematic diagram used in the parallel column analysis
of Example 1 for the Case of Intermediate Liquid Transposed 180°;

[00065] Figure 11 is another schematic diagram used in the parallel column analysis
of Example 1 for the Cases of Intermediate Liquid Transposed 120° and Intermediate
Liquid Transposed 60°;

[00066] Figure 12 is a graph illustrating the effect of the angle by which intermediate
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liquid is transposed in Example 1;
[00067] Figure 13 is a schematic diagram used in the parallel column analysis for
Example 2; and
[00068] Figure 14 is a graph illustrating the effect of liquid maldistribution with fixed
GOX flow showing the results for Example 2.

DETAILED DESCRIPTION
[00069] Applicants’ apparatus and methods mix and distribute a liquid descending in a
column uniformly over the cross sectional area of a packed section in the column. The
apparatus includes a collector, a mixer, a predistributor to spread the liquid outwardly
from the mixer, and a final distributor to deposit the liquid uniformly over the cross
sectional area of the packed section in the column. An embodiment of the apparatus
also includes means (e.g., conduits arranged in certain ways described herein) to
compensate for any inadequacy of mixing that may occur within the mixer. Optionally,
the apparatus may include a filter through which at least some of the liquid may flow in
order to protect a packed column from process debris and manufacturing debris. If
liquid feeds external to the column are to be introduced to a packed section below,
such feeds may be suitably introduced into the mixer after disengaging such liquid from
any vapor that may be present therein.
[00070] The performance of a packed column depends on the quality of liquid and
vapor distribution, which include uniformity in both the flow and composition of the two
phases entering and across the cross section of the column. Different sections of a
packed column exhibit different levels of sensitivity to maldistribution depending onthe
relationship between their equilibrium and operating lines. While the importance of flow
uniformity is well understood in the literature, composition effects are less well
understood. For sensitive sections it is presumed to be important to mix all or
substantially all of the incoming liquid and then redistribute the liquid substantially
uniformly across the cross sectional area of the column. Although uniform flow can be
achieved, complete mixing requires elaborate and expensive devices and often results
in an increase in column heights. This is especially true of large diameter columns,
such as those with a diameter greater than about 2 meters.
[00071] Applicants’ apparatus and methods achieve the benefits of complete mixing in
a cost efficient manner without taking more elaborate steps that would be needed to
obtain complete compositional mixing. The optional filter helps protect the liquid
distributor and packed column from debris that can accumulate from the distillation
and/or feed sections above. Such debris can clog holes in the liquid distributor and
lead to a performance shortfall in the packed column below. Thus, in addition to
providing for high efficiency of the packed column that can result in shorter bed heights
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than possible with prior art distributors, Applicants’ apparatus and methods provide for
more reliable operation due to eliminating or minimizing problems that can be caused
by debris.

[00072] For clarity, Figures 2A-2G, 3A-3E, 4A-4B, and 5 illustrate only parts of the
overall apparatus of the described embodiments.

. [00073] Asshownin Figurés 2A-2C, the apparatus 60 is installed in the inner space of
column 62. (The inner space is the space contained within the inside wall of column
62.) The inner space of column 62 in Figures 2A-2C is divided into column sides “A”
and “B”.

[00074] Figures 2A-2G show some features of one embodiment of the apparatus that
will be described to illustrate how this embodiment operates. Referring to Figure 2A,
liquid from a packed section (not shown) above drops down onto the collector 61. In
the illustrated embodiment, the collector 61 has a ring element adjacent the inner wall
of the column 62. The liquid flows from the collector 61 into the mixer 64 through
conduits 66 and 68. The liquid flows from the two conduits are combined in mixer 64.
Liquid exits mixer 64 and is ultimately distributed to the packing (not shown) below.
[00075] Preferably, all or substantially all of the liquid descending from above in
column 62 passes through collector 61 and the conduits (66 and 68) and does not
bypass the collector 61 or the conduits (66 and 68). Examples of equipment which may
be used for collectors are shown in Figures 3-7 of U.S. Pat. App. Pub. No.
2009/0049864 A1 (Kovak, et al.), which is incorporated herein by reference in its
entirety for all that it teaches without exclusion of any part thereof.

[00076] In the embodiment illustrated in Figures 2A-2C, conduit 66 conveys liquid
collected from the column side “B” above to the column side “A” below, while conduit 68
conveys liquid from the column side “A” above to the column side “B” below. In other
words, and as depicted by the arrow in Figure 2C, liquid entering conduit 66 from
collector 61 is transposed by 180 degrees in the circumferential direction by the time it
exits conduit 66 into mixer 64 (i.e., the liquid is transposed circumferentially). Although
it is desirable for column side “A” and column side “B” in the illustrated embodiment to
be uniform, persons skilled in the art will recognize that variations are possible to
account for mechanical considerations.

[00077] To clarify the workings of Applicants’ apparatus and methods for systems with
asymmetric conduit locations, or for systems with more than two conduits, it is helpful to
understand where the flow into a conduit originates and where the flow out of the
conduit goes. This may be explained using the schematic illustrations in Figures 2D-
2G.

[00078] Reférring first to Figure 2D, the concept of a “sector” of collector 61 is
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introduced. As shown in Figure 2D, liquid from the packing (not shown) above the
collector 61 drops onto the collector 61, flows in the directions indicated by the arrows,
and into the inlets of the conduits (66 and 68). Due to the symmetry of the conduit
locations (i.e. the inlets of the conduits 66 and 68 are 180° apart) liquid flows into two
sectors of the collector 61, afirst sector 63 and a second sector 73. The liquid from the
first sector 63 flows into the inlet of conduit 66; and liquid from the second sector 73
flows into the inlet of conduit 68.

[00079] Referring now to Figure 2F, the geometry of the first sector 63 of collector 61
is an area bounded by a semi circle and a chord running from 90° to 270° (i.e., the area
denoted by cross hatching). The geometric center of the first sector 63 lies on the line
running from the center of the circle (the center of column 62) and the 0° location on
the inner wall of the column 62. The location of this geometric center is approximately
as indicated by the arrow 67.

{00080] Referring next to Figure 2E, the concept of a “zone” of mixer 64 is introduced.
As shown in Figure 2E, liquid from the conduits 66 and 68 discharges into the mixer
64, flows in the direction indicated by the arrows, exits into the final distributor (not
shown), and uitimately is transmitted to the packing (not shown) below. Due to the
symmetry of the conduit locations (i.e. the outlets of conduits 66 and 68 are 180° apart)
liquid flows into two zones of the mixer 64, a first zone 65 and a second zone 75. The
liquid flows from the outlet of conduit 66 into the first zone 65; and liquid flows from the
outlet of conduit 68 into the second zone 75.

[00081] Referring now to Figure 2G, the geometry of the first zone 65 of the mixeris a
rectangular area denoted by cross hatching. The geometric center of the first zone 65
lies on the line running from the center of the circle (the center of column 62) and the
180° location on the inner wall of the column 62. The location of this geometric center
is approximately as indicated by the arrow 69.

[00082] For the embodiment described in the preceding paragraphs and shown in
Figures 2A-2G, liquid from the first sector 63 of the collector 61 is transmitted, via
conduit 66, to the first zone 65 of the mixer 64, wherein the geometric center 67 of the
first sector 63 of the collector 61 is positioned circumferentially away from the geometric
center 69 of the first zone 65 of the mixer 64 by 180°.

[00083] Figures 3A-3E show some features of another embodiment that will be
described to illustrate how this embodiment operates with more conduits. Referring to
Figure 3A, there are four conduits 70, 72, 74, and 76, which collect liquid from collector
61 and deliver that liquid to mixer 64. Preferably, all or substantially all of the liquid
descending from above in column 62 passes through collector 61 and the conduits (70,
72, 74, 76) and does not bypass the collector 61 or the conduits.
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[00084] Referring now to Figure 3B, liquid from the packing (not shown) above drops
onto the collector 61, flows in the directions indicated by the arrows, and into the inlets
of the four conduits (70, 72, 74, 76). Due to the symmetry of the conduit locations (i.e.
the inlets of conduits 70, 72, 74, and 76 are 90° apart) liquid flows into four sectors of
the collector 61. The liquid from the first sector 63 flows into conduit 70.

[00085] Referring now to Figure 3D, the geometry of the first sector 63 of collector 61
is a pie-shaped area bounded by part of the circumierence (the inner wall of column 62)
and two lines: one line running from the 45° point on the circumierence to the center
(the center of column 62); the other line running from the 315° point on the
circumference to the center. The pie-shaped area is denoted with cross hatching. The
geometric center of this first sector 63 of the collector 61 lies on the line running from
the center of the circle (the center of column 62) and the 0° location on the inner wall of
the column 62. The location of the geometric center is approximately as indicated by
the arrow 67.

[00086] Referring next to Figure 3C, liquid from the conduits (70, 72, 74, 76)
discharges into the mixer 64, flows in the directions indicated by the arrows, and exits
into the final distributor (not shown), and ultimately to the packing (not shown) below.
Due to the symmetry of the conduit locations (i.e. the outlets of conduits 70, 72, 74, and
76 are 90° apart) liquid flows into four zones of the mixer 64. The liquid flows from the
outlet of conduit 70 into the first zone 65.

[00087] Referring now to Figure 3E, the geometry of the first zone 65 of the mixer 64
is a triangular area denoted by cross hatching. The geometric center of the first zone
lies on the line running from the center of the circle (the center of column 62) and the
90° location on the inner wall of the column 62. The location of the geometric center is
approximately as indicated by the arrow 69.

[00088] For the embodiment described in the preceding paragraphs and shown in
Figures 3A-3E, liquid from the first sector 63 of the collector 61 is transmitted, via
conduit 70, to the first zone 65 of the mixer 64, wherein the geometric center 67 of the
first sector 63 of the collector 61 is positioned circumferentially away from the geometric
center 69 of the first zone 65 of the mixer 64 by 90°.

[00089] As discussed above and illustrated in Figures 2A-2G and 3A-3E, as used
herein, a “sector” of the collector 61 is a geometric portion of the upper surface area of
the collector 61 from which liquid is received by a conduit, and a “zone” of the mixer 64
is a geometric portion of the volume of the mixer 64 to which liquid is transmitted by a
conduit. Since the shapes and dimensions of the sectors of the collector 61 may vary,
as may the shapes and dimensions of the mixer 64, the relative position that a sector is
positioned circumferentially away from a zone (e.g., 60 degrees, 180 degrees, or some
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other degrees) may be measured from the geometric center of said sector to the
geometric center of said zone.

[00090] Note that the embodiments illustrated in Figures 2A-2G, and 3A-3E are only
representative embodiments. Other embodiments may transpose the liquid from
multiple conduits in a regular manner, or some other manner, and in different
circumferential directions. For example, the liquid may be transposed circumferentially
in a conduit by between about 60 and 180 degrees, preferably by between about 120
and 180 degrees, and most preferably by about 180 degrees.

[00091] Although the embodiments illustrated in Figures 2A-2G, and 3A-3E suggest
uniformity in the conduits, the sectors of the collector 61, and the zones of the mixer 64
from which and to which the liquid is transmitted by the conduits, persons skilled in the
art will recognize that variations are possible in the collector 61 and the mixer 64, and in
the shapes, dimensions, and locations of the conduits to account for mechanical
considerations.

[00092] The arrows in Figure 2E are idealized and represent a case with little or no
mixing of liquids. Persons skilled in the art will recognize that various means may be .
employed in the mixer to encourage better, or more complete, mixing, but those means
(i) add mechanical complexity; (i) add cost; and (i) in general are only partially
effective since a compromise is usually made to achieve mixing that is “good enough.”
Applicants’ apparatus and methods overcome those problems by providing good
performance even for the case shown in the Figures with little or no mixing.

[00093] The cross sectional area of the mixer 64 is a relatively small percentage of the
total cross sectional area of the inner space of the column 62. To enhance overall
mixing, transposing circumferentially the liquid from the collector 61 to the mixer 64 is
provided to compensate for any lack of complete mixing which may occur in the mixer
64. This may be important in packed sections performing sensitive separations and in
very large distillation columns. if liquid from outside of column 62 needs to be brought
in, such liquid may be placed within the mixer 64 in the space between or besides the
conduits, such that all or substantially all of the liquid feeding the packed section below
will be well mixed, or at least split substantially uniformly to column sides “A” and “B”
(illustrated in Figures 2A and 2B). _

[00094] In the described embodiments, the mixer 64 occupies no more than 25%,
and preferably no more than 20%, of the cross sectional area of the inner space of the
column 62.

[00095] Figures 2A-2C show an arrangement with two conduits 66, 68, and Figure 3
shows an arrangement with four conduits 70, 72, 74, 76. However, other numbers of
conduits may be used, and the conduits may have different shapes. Also, the conduits
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in alternative arrangements need not be identical to each other. The conduits (e.g., 66
and 68, or 70, 72, 74, and 76) shown in Figures 2C, and 3A are illustrated as circularly
shaped conduits positioned at the locations shown relative to the column 62 and the
mixer 64. However, the conduits could have other shapes and/or be positioned at other
locations.

[00096] Persons skilled in the art will recognize that many variations are possible with
respect to the size, shape, location, length, arrangement, and number of the conduits.
Conduits of many kinds, located and arranged in many ways, may serve the purposes
of the conduits shown in the embodiments discussed and illustrated herein.

[00097] Other parts of the apparatus are now described with reference to Figures 4A,
4B, and 5. Figures 4A and 4B show an embodiment of part of the apparatus to be
placed in a column 62 and between two packed sections 78 and 80. The packed
sections may include structured packing, random packing, or other suitabie liquid-vapor
contacting means.

[00098] The apparatus includes a mixer 64 which is rectangular in cross section in the
embodiment illustrated in Figures 4A and 4B. Persons skilled in the art will recognize
that the mixer 64 may take many shapes or forms, and may be located in other
positions, although a central mixer 64 is illustrated. Optionally, a filter 82 is placed
inside the mixer 64. For clarity, the collector and conduits that feed the liquid to the
mixer from section 78 above are not shown, but they would feed all or substantially all
of the liquid inside the filter 82 within the mixer 64 and in a circumferentially transposed
arrangement as described earlier.

[00099] The mixer 64 has a solid floor 84 in the embodiment illustrated in Figures 4A
and 4B. Thus, all the liquid collected in the mixer 64 flows through filter 82 when the
filter 82 is in use and then through perforated vertical walls 86 to a predistributor 88 that
includes channels 90A-90F. The other parts of the perforated vertical walls 86 of the
mixer 64 that are not connected to the channels 90A-90F are solid to contain the liquid
and to hold a level within the mixer 64.

[000100] Each of the channels 90A-90F has an upper chamber and a lower chamber.
The chambers are separated by a perforated plate with perforations 93. Thus, liquid
from the upper chamber of each channel 90A-90F descends through perforations 93 of
the perforated plate into the respective lower chamber. The lower chambers of the
channels 90A-90F are connected with a plurality of troughs such as trough 94 shown
as an example.

[000101] Each trough 94 has an array of perforations 96 to feed liquid to the packed
section 80 below. In the illustrated embodiment, the troughs are arranged in a parallel
fashion alternating with spaces 98 for the vapor to rise up the column 62. The troughs
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are also connected to an annular gutter 100. There is an interconnected network of the
troughs, the annular gutter 100, and portions of the lower chambers of the channels
90A-90F which allow for hydraulic gradients to even out in order o create very uniform
flow of liquid through the perforations 96 to the packed section 80 below.

[000102] Figure 5 shows another embodiment that also has six channels 90A-90F,
which are arranged in a hexagonal pattern. Only the plan view is shown in Figure 5. In
terms of the other features, the embodiment in Figure 5 is similar to the embodiment in
Figures 4A and 4B. These are only illustrative examples in which the predistributor has
six channels 90A-90F. Persons skilled in the art will recognize that different
arrangements may be used with fewer channels (e.g., 2 or 4 channels) or more
channels (e.g., 8 or 10 channels). Also, the mechanical means for supporting the
mixer, the predistributor, the final distributor, and the packed sections within the column
are not shown for clarity.

[000103] inthe embodiments illustrated in Figures 4A, 4B, and 5, an annular-shaped
gutter 100 may receive some of the liquid. The annular-shaped guiter 100 preferably is
continuous and adjacent the perimeter of the inner wall of the column 62, as shown in
Figures 4A and 5.

[000104] Although the above descriptions of several embodiments of the apparatus
are in terms of a packed column with a circular cross sectional area, other
embodiments of the apparatus can be used in non-circular columns, including, for
example, divided wall columns. The features of a mixer with a limited cross sectional
area, circumferentially transposed conduits, a filter, a predistr'ibutor, and a final
distributor need to be designed and arranged in a suitable manner taking into account
the non-circular nature of the packed column sections within one or both sides of a
divided column or other column of non-circular shape.

[000105] Applicants" process for separating gases, e.g., nitrogen, oxygen, and/or
argon, from air by cryogenic distiltation, which utilizes at least one liquid-vapor
contacting column with at least two liquid-vapor contacting sections, may include an
apparatus for collecting, mixing, and distributing a descending liquid from the upper
liquid-vapor contacting section to the lower liquid-vapor contacting section like
Applicants’ apparatus discussed above. Optionally, when a liquid feed is introduced
between the upper and lower liquid-vapor contacting sections of the column from
outside the column, all or some of the external feed may be placed into the mixer as
discussed above.

[000106] One embodiment of Applicants’ method for assembling an apparatus for
distributing liquid in a liquid-vapor contacting column with at least two liquid-vapor
contacting sections includes the steps of providing and assembling the components of
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an apparatus like Applicants’ apparatus discussed above. Assembling the components
into a liquid-vapor contacting column may be done with suitable support means that
may include rivets and welds.
[000107] Applicants’ apparatus and methods include many other embodiments and
variations thereof which are not illustrated in the drawings or discussed in the Detailed
Description section. Those embodiments and variations, however, do fall within the
scope of the appended claims and equivalents thereof.
[000108] Persons skilled in the art will recognize that the embodiments and variations
illustrated in the drawings and discussed in the Detailed Description section do not
disclose all of the possible arrangements of Applicants’ apparatus, and that other
arrangements are possible.  Accordingly, all such other arrangements are
contemplated by Applicants’ apparatus and methods, and are within the scope of the
appended claims and equivalents thereof.
[000109] Persons skilled in the art also will recognize that many other embodiments
incorporating Applicants’ inventive concepts are possible, as well as many variations of
the embodiments illustrated and described herein.
[000110] Although Applicants’ apparatus and methods are discussed herein in
connection with structured packing, persons skilled i.n the art will recognize that
Applicants’ apparatus and methods also may be used with other types of packing (e.g.,
random packing).

EXAMPLES
[000111] The efficiency of distillation that occurs in the various packed sections of the
double column cycle is sensitive to maldistribution in both the composition and flow of
the vapor and liquid phases within those sections. Referring to Figure 1, this is
particularly true of sections 13, 15, 23, and 25. In the Examples below, the sensitivity to
maildistribution is analyzed by a well known method in the chemical engineering
literature, which is referred to as parallel column analysis.

Example 1
[000112] First consider the argon column 14 with its sections 23 and 25, such as
described earlier under the double column cycle illustrated in Figure 1. A schematic
diagram with the normal flow and operating conditions within those two sections is
shown in Figure 6. Each of the twd sections contains 35 theoretical stages and
operates at a pressure of about 1.3 bara. The column operates at a molar liquid to
vapor ratio ot about 0.97 at the top of the column. Vapor feed at the bottom has a
composition of 12% argon, 0.0010% nitrogen, and the balance oxygen. Under normal
operation the composition of the crude argon product (CGAR) at the top would be
99.67% argon, 0.02% nitrogen, and the balance oxygen.
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[000113] Inperforming parallel column analysis, each section is further considered to
be split into two equal halves, namely 23A, 23B and 25A, 25B, as shown in the
schematic illustration of Figure 7. The respective sections A and B are equal in cross
section and isolated from each other. Nominally they would carry half of the total
column liquid and vapor inside each of them. To evaluate sensitivity to maldistribution,
the flow of liquid (solid lines in Figure 7) is assumed to be higher on the A side and
lower on the B side, while the flow of vapor (dashed lines in Figure 7) is distributed
uniformiy to the two halves. There is no mixing or transfer of liquid or vapor between
the two halves of the sections A and B. The level of maldistribution, defined by the
parameter Flow lambda, is defined as the difference between the high and average
liquid flows divided by the average of the two flows and mathematically as foliows:
Flow lambda = (high liquid flow — low liquid flow) / (high liquid flow + low liquid
flow)
[000114] The effect of Flow lambda is determined as follows: 1) first, for a given
degree of maldistribution, the CGAR composition is computed using the schematic of
Figure 7; 2) next, the stages are reduced for the schematic of Figure 6 until the CGAR
composition is the same as that obtained from the schematic of Figure 7; and 3) then,
the fractional stages is computed as the stages used for the schematic of Figure 6 in
step 2 divided by the stages used for the schematic of Figure 7. The fractional stages
thus obtained is plotted versus Flow lambda in the bottom-most curve in Figure 8
(denoted “Base case liquid maldistribution”). As seen, the performance degrades
significantly with flow maldistribution.
[000115] A second case is then simulated under the conditions shown in the
schematic illustration of Figure 9. In this case the liquids coming out of the bottom of
sections 25A and 25B are mixed in device 51 and redistributed from there in the same
high and low flow proportions to the sections 23A and 23B below. The effect of
intermediate mixing of the liquid is shown in Figure 8 as the “intermediate liquid mixed”
curve. As seen, the performance - while still worse than the ideal value of 1.0 for
fractional stages - is now significantly improved compared to the base case liquid
maldistribution with no intermediate mixing. This effect is well understood in the
literature.
[000116] A third case is then simulated under the conditions shown in the schematic
illustration of Figure 10. In this case, all the liquid from upper section 25B is transposed
to 23A via mixer 55, but only a portion of the liquid corresponding to low flow is
transposed from upper section 25A to lower section 23B via splitter 53. The other
portion from 25A is transmitted to 23A via splitter 53 and mixer 55. This is the most
that can be transposed while also imposing flow imbalances. It is seen that the
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resulting performance as shown by the upper -most curve in Figure 8 as “intermediate
liquid transposed 180°” is even better than for the case where the liquid is completely
mixed. This is a surprising finding that was not previously taught. The surprising and
unexpected results were surprising and unexpected to Applicants and would be
surprising and unexpected to persons of ordinary skill in the art.

[000117] The practical significance of this calculation may be explained as follows. A
collector, mixer and liquid distributor may be used in between sections 23 and 25. But
if the liquid from the upper sections are transported without transposing into the lower
sections and incompiete mixing occurs within the mixer, then the performance will be
somewhere in between the base case and the intermediaté liquid mixed case in Figure
8. On the other hand, if the liquid is transposed to the diametrically opposite sides into
the mixer, and if there is incomplete mixing, then the performance will be somewhere in
between the intermediate liquid transposed 180° case and the intermediate liquid
mixed case. Thus, the result with transposing by 180° will be better than the result
without transposing by 180°.

[000118] inthese calculations it is assumed that there is no vapor mixing between the
two lateral halves of the packed sections. in practice there will be some mixing, which
becomes less effective as the column cross sections become large. It is seen that
fransposing the liquid by 180° compensates for inadequate liquid mixing in the
distributor as well as inadequate vapor mixing in the packed column sections. Thisis a
surprising and unexpected result, which was surprising and unexpected to Applicants
and would be surprising and unexpected to persons of ordinary skill in the art.
[000119] If there is perfect liquid mixing in the liquid distributor, then there will be no
gain from transposing the liquid by 180°. But the means to achieve perfect mixing,
such as static mixers, are expensive in terms of pressure drop, column height and cost
of the overall system. Applicants’ apparatus and methods of utilizing transposing of
liquid by 180° will outperform the case with no transposing, and in the worst case will at
least match the perfectly mixed case and at very little added cost.

[000120] While the above cases clearly demonstrate the advantages of transposing
the intermediate liquid by 180° to the opposite side of the column, there are situations
in which the mechanical configurations can limit the angle by which transposing can be
accomplished. But as will be demonstrated below most of the benefit can be achieved
even by transposing by an angle that is much smaller than 180°. So a fourth case is
simulated under the conditions shown in the schematic illustration of Figure 11. In this
case only two thirds (2/3) of the liquid from upper section 25B is transposed to 23A via
splitter 57 and mixer 55 and the equivalent amount of liquid from the upper section 25A
is transposed to 23B via splitter 53 and mixer 59. The remaining liquid from the upper
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sections 25A and 25B are fed to the lower sections 23A and 23B without transposing
via the splitters and mixers shown directly between them. This is equivalent to
transposing the liquid from the two halves of a column by 120° each. Itis seen thatthe
resulting performance as shown by the second to the upper-most curve in Figure 8 as
“intermediate liquid transposed 120°” is also better than the case where the liquid is
completely mixed though it is not as good as the case for transposing by 180°. But this
is also a surprising resulit as the effect of even a partial transposing of the intermediate
liquid exceeds that of complete mixing.
[000121] Further, a fifth case is simulated under the conditions shown in the
schematic illustration of Figure 11. In this case only one third (1/3) of the liquid from
upper section 25B is transposed to 23A via splitter 57 and mixer 55 and the equivalent
amount of liquid from the upper section 25A is transposed to 23B via splitter 53 and
mixer 59. The remaining fiquid from the upper sections 25A and 25B are fed to the
lower sections 23A and 23B without transposing via the splitters and mixers shown
directly between them. This is equivalent to transposing the liquid from the two halves
of a column by 60° each. It is seen that the resulting performance as shown by the
second from the lower-most curves in Figure 8 as “intermediate liquid transposed 60°”
is a significant improvement over the base case and approaches the benefit of the
intermediate liquid mixed case.
[000122] As a further illustration, Figure 12 shows the effect of the angle by which
intermediate liquid is transposed on the stages obtained relative to complete mixing.
This is an illustrative curve for the calculations as outlined above in Example 1 for the
specific case wherein Flow lambda has a value of 0.08. A value of 1.0 on the ordinate
corresponds to the stages obtained for the intermediate liquid mixed case. As seen,
the performance increases rapidly as the angle by which liquid is transposed increases,
reaching a value higher than 95% at about 60°. Beyond this the gain is more gradual
and the overall performance is over 100% when the angle is in the range of 120° to
180°.

Example 2
[000123] Next consider the bottom of the low pressure column 12 with its sections 13
and 15 such as described earlier under the double column cycle illustrated in Figure 1.
A schematic diagram with the normal flow and operating conditions within those two
sections is shown in Figure 13. Each of the two sections contains 20 theoretical stages
and operates at a pressure of about 1.3 bara. The column operates at a molar liquid to
vapor ratio of about 1.40 at the top of the column. Liquid feed at the top has a
composition of 12% argon, 0.0010% nitrogen, and the balance oxygen. Under normal
operation the composition of the GOX product at the bottom would be 99.80% oxygen
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and the balance argon.

[000124] Sensitivity to maldistribution is simulated in a manner similar to that used in
Example 1. The corresponding five curves are shown in Figure 14. Note that the
curves show the same relationships wherein the intermediate liquid mixed case is a
significant improvement over the base case, while the intermediate liquid transposed
180° case is even better. Likewise, the intermediate liquid transposed 120° case is
also better than the intermediate liquid mixed case though not as good as the
intermediate liquid transposed 180° case. Lastly, the intermediate liquid transposed
60° case is a significant improvement over the base case and approaches the
performance of the intermediate liquid mixed case. The gain in performance in the last
case would be more than 95% ot the gain from perfect mixing for the case when Flow
lambda equals 0.08 though this result is not shown as an explicit curve. Again, this
efficacy of transposing intermediate liquid is a surprising and unexpected result in a
manner similar to Example 1, which result was surprising and unexpected to Applicants
and would be surprising and unexpected to persons of ordinary skill in the art.
[000125] As noted before in the process for separation of the components of air by
cryogenic distillation, the two sections depicted in these examples are highly sensitive
to maldistribution. In one case, the liquid to vapor ratio is less than one, and in the
other case the ratio is more than one. In both cases, transposing of the liquid in
between the packed sections by 120 to 180° is seen to be more effective than perfect
mixing and redistribution of liquid in between the sections. And transposing of the liquid
in between the packed sections by 60° achieves more than 95% of the benefit for the
case when Flow lambda equals 0.08. This unexpected behavior has not been reported
in any literature that the Applicants are aware of.

[000126] These results may be explained based on what are known as McCabe-
Thiele diagrams, which are used to model the separation by distillation of binary
mixtures. In the Examples, even though some nitrogen is present, its proportion is so
small that the mixtures can be considered to be essentially binaries of argon and
oxygen. A McCabe-Thiele diagram is constructed using two lines. One is an
equilibrium line that shows the relationship between the compositions of the vapor and
liguid phases that leave an equilibrium stage within a distillation column. A packed
column does not have discrete equilibrium stages like a trayed column, but the
equilibrium line is constructed the same way. The other line in the McCabe-Thiele
diagram is an operating line that shows the relationship between the compositions of
the vapor and liquid phases that cross each other at any given horizontal location or
between equilibrium stages. The slope of the operating line is given by the ratio of the
molar liquid and vapor flows within the column. In an efficient distillation column the
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equilibrium and operating lines will be spaced apatt more or less uniformly away from
each other, which will allow for the existence of sufficient driving forces to produce
useful mass transfer within the entire column. In the case noted as base case liquid
maldistribution in Example 1, the operating lines have different slopes from the nominal
value of 0.97. Due to this condition, the operating lines in the columns with the high
liquid flow pinch against the equilibrium line near the top with the result that very little
separation occurs in the upper half and any useful separation occurs mostly in the
lower half. Likewise, the operating lines in the columns with the low liquid flow pinch
against the equilibrium line near the bottom with the result that very little separation
occurs in the lower half and any useful separation occurs mostly in the upper half. Due
to this mismatch, the compositions in the middle between the upper and lower sections
in the two parallel columns turn out to be very different from each other, which condition
is not ideal for efficient operation. This is the reason for the poor performance under
the base case liquid maldistribution condition.

[000127] When the intermediate liquid is mixed and redistributed, the compositions
between the two halves are brought closer together and the pinching effect, while still
present, is less severe and thus the performance improves. However, when the
intermediate liquid is transposed by 180° as in Example 1, the operating lines are
modified such that the bottom section with the low liquid flow does more useful
separation resulting in an overall composition with higher argon content in between the
upper and lower sections. This effectin turn results in a higher overall argon content at
the top of the column leading to more overall separation compared to the intermediate
liquid mixed case. The mechanism by which performance improves when the
intermediate liquid is transposed by the angles of 120° and 60° is similar to that of 180°
though the benefits are proportionately lower.

[000128] Likewise, the results shown in Example 2 may be explained in an analogous
way. In this case, the feed is at the top and intermediate transposing of liquid by 180°
results in an overall composition that is higher in oxygen compared to the intermediate
liquid mixed case. This effect in turn results in a higher overall oxygen content at the
bottom of the column yielding more overall separation compared to the intermediate
liquid mixed case. The mechanism by which performance improves when the
intermediate liquid is transposed by the angles of 120° and 60° is similar to that of 180°
though the benefits are proportionately lower.

[000129] Although the above description is a valid explanation of the effects seen in
the Examples provided, Applicants’ apparatus and methods do not depend on this
explanation for their validity. It may be possible to offer alternative explanations as to
why this behavior is observed. Also, as similar trends have been observed in two
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different packed sections with different operating conditions, Applicants believe that this
is a general phenomenon that will be beneficial in most, if not all, types of distillation
columns separating different types of mixtures. Thus, Applicants’ apparatus and
methods have very broad applicability.

[000130] Although illustrated and described herein with reference to certain specific
embodiments, the present invention is nevertheless not intended to be limited to the
details shown. Rather, various modifications may be made in the details within the
scope and range of equivalents of the claims and without departing from the spirit of

the invention.
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CLAIMS

1. An apparatus for distributing a flow of a liquid descending in an inner
space of a packed column, comprising:

a collector having a plurality of sectors disposed in the inner space of the
packed column and adapted to collect at least a portion of the flow of the liquid
descending in the inner space of the packed column;

a mixer below and vertically spaced apart from the collector in the inner
space of the packed column, the mixer having a plurality of zones disposed in the inner
space of the packed column and adapted to receive and mix at least a portion of the
liquid collected on the collector;

a first conduit having a first end in fluid communication with a first sector
of the collector and a second end in fluid communication with a first zone of the mixer,
the first conduit adapted to receive and transmit downward at least a portion of the
liquid from the first sector of the collector to the first zone of the mixer; and

a second conduit having a first end in fluid communication with a second
sector of the collector and a second end in fluid communication with a second zone of
the mixer, the second conduit adapted to receive and transmit downward at least a
portion of the liquid from the second sector of the collector to the second zone of the
mixer, .

wherein at least one of a geometric center of the first sector of the
collector is positioned circumferentially away from a geometric center of the first zone of
the mixer and a geometric center of the second sector of the collector is positioned
circumferentially away from a geometric center of the second zone of the mixer.

2. An apparatus as in claim 1, wherein the geometric center of the first
sector of the collector is positioned circumferentially away from the geometric center of
the first zone of the mixer by about 60° to about 180°, and preferably by about 120° to
about 180°, and most preferably by about 180°.

3. An apparatus as in claim 2, wherein the geometric center of the second
sector of the collector is positioned circumferentially away from the geometric center of
the second zone of the mixer by about 60° to about 180°, and preferably by about 120°
to about 180°, and most preferably by about 180°.

4. An apparatus as in claim 1, further comprising:

a predistributor disposed in the inner space of the packed column and
adapted to receive at least a portion of a flow of a mixed liquid from the mixer and to
transmit at least a part of the received flow of the mixed liquid outwardly from the
predistributor.

5. An apparatus as in claim 4, further comprising:
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a final distributor disposed in the inner space of the packed column and
adapted to receive at least a portion of a flow of a predistributed liguid from the
predistributor and to transmit at least a portion of the received flow of the predistributed
liquid substantially uniformly over at least a portion of a cross-sectional area of the inner
space of the packed column.

6. An apparatus as in claim 5,

wherein the predistributor includes a plurality of channels adapted to
transmit downward at least part of the received flow of the mixed liquid, and

wherein the final distributor includes a plurality of troughs adapted to
transmit at least part of the flow of the predistributed liquid, each trough having at least
one aperture and being in fluid communication with at least one channel of the

predistributor.

7. An apparatus as in claim 1, further comprising a filter.
8. An apparatus as in claim 7, wherein the filter is disposed in the mixer.
9. An apparatus as in claim 1, wherein a cross-sectional area of the mixer

occupies no more than about 25%, and preferably no more than about 20%, of a cross-
sectional area of the inner space of the packed column.

10. An apparatus for distributing a flow of a liquid descending in an inner
space of a packed column, comprising:

a collector having a plurality of sectors disposed in the inner space of the
packed column and adapted to collect at least a portion of the flow of the liquid
descending in the inner space of the packed column;

a mixer below and vertically spaced apart from the collector in the inner
space of the packed column, the mixer having a plurality of zones disposed in the inner
space of the packed column and adapted to receive and mix at least a portion of the
liquid collected on the collector;

a first conduit having a first end in fluid communication with a first sector
of the collector and a second end in fluid communication with a first zone of the mixer,
the first conduit adapted to receive and transmit downward at least a portion of the
liquid from the first sector of the collector to the first zone of the mixer; and

a second conduit having a first end in fluid communication with a second
sector of the coliector and a second end in fluid communication with a second zone of
the mixer, the second conduit adapted to receive and transmit downward at ieast a
portion of the liquid from the second sector of the collector to the second zone of the
mixer,

wherein a geometric center of the first sector of the collector is

positioned circumferentially away from a geometric center of the first zone of the mixer
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by about 60° to about 180°, and preferably by about 120° to about 180°, and most

preferably by about 180°, and a geometric center of the second sector of the collector is

. positioned circumferentially away from a geometric center of the second zone of the

mixer by about 60° to about 180°, and preferably by about 120° to about 180°, and
most preferably by about 180°; and

wherein a cross-sectional area of the mixer occupies no more than

about 25%, and preferably no more than about 20%, of a cross-sectional area of the
inner space of the packed column.

11. A method for assembling an apparatus for distributing a flow of a liquid
descending in an inner space of a packed column, comprising the steps of:

providing the packed column having the inner space;

providing in the inner space of the packed column a collector having a
plurality of sectors and adapted to collect at least a portion of the flow of the liquid
descending in the inner space of the packed column;

providing in the inner space of the packed column a mixer below and
vertically spaced apart from the collector, the mixer having a plurality of zones disposed
in the inner space of the packed column and adapted to receive and mix at least a
portion of the liquid collected on the collector;

providing a first conduit having a first end in fluid communication with a
first sector of the collector and a second end in fluid communication with a first zone of
the mixer, the first conduit adapted to receive and transmit downward at least a portion
of the liquid from the first sector of the collector to the first zone of the mixer;

providing a second conduit having a first end in fluid communication with
a second sector of the collector and a second end in fluid communication with a second
zone of the mixer, the second conduit adapted to receive and transmit downward at
least a portion of the liquid from the second sector of the collector to the second zone
of the mixer,

wherein at least one of a geometric center of the first sector of the
collector is positioned circumferentially away from a geometric center of the first zone of
the mixer and a geometric center of the second sector of the collector is positioned
circumferentially away from a geometric center of the second zone of the mixer.

12. A method for assembling an apparatus as in claim 11, wherein the
geometric center of the first sector of the collector is positioned circumferentially away
from the geometric center of the first zone of the mixer by about 60° to about 180°, and
preferably by about 120° to about 180°, and most preferably by about 180°, and
wherein the geometric center of the second sector of the collector is positioned
circumferentially away from the geometric center of the second zone of the mixer by
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about 60° to about 180°, and preferably by about 120° to about 180°, and most
preferably by about 180°.

13. A method for distributing a flow of a liquid descending in an inner space
of a packed column, comprising the steps of:

introducing into the inner space of the packed column above a collector
disposed in the inner space the flow of the liquid descending in the inner space of the
packed column;

collecting on the collector at least a portion of the flow of the liquid
descending in the inner space of the packed column;

transmitting downward through a first conduit in fluid communication with
the collector at least a portion of the liquid from a first sector of the collector to a first
zone of a mixer disposed in the inner space below and spaced apart from the collector,
whereby the liquid transmitted through the first conduit is circumferentially transposed
from the first sector of the collector o the first zone of the mixer;

transmitting downward through a second conduit in fluid communication
with the collector at least a portion of the liquid from a second sector of the collector to
a second zone of the mixer, whereby the liquid transmitted through the second conduit
is circumferentially transposed from the second sector of the collector to the second
zone of the mixer; and

mixing in the mixer the liquid transmitted to the first zone of the mixer
from the tirst sector of the collector with the fiquid transmitted to the second zone of the
mixer from the second sector of the collector, thereby producing a mixed liquid.

14, A method as in claim 13, wherein the liquid transmitted through the first
conduit is circumierentially transposed from the first sector of the collector to the first
zone of the mixer by about 60° to about 180°, and preferably by about 120° to about
180°, and most preferably by about 180°.

15. A method as in claim 14, wherein the liquid transmitted through the
second conduit is circumferentially transposed from the second sector of the collector
to the second zone of the mixer by about 60° to about 180°, and preferably by about
120° to about 180°, and most preferably by about 180°.

"16. -A method as in claim 13, comprising the further steps of:
transmitting from the mixer to a predistributor disposed in the inner
space of the packed column at least a portion of the flow of the mixed liquid; and
transmitting outwardly from the predistributor at least the part of the
received flow of the mixed liquid received from the mixer.
17. A method as in claim 16, comprising the further steps of:
receiving by a final distributor disposed in the inner space of the packed
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column at least a portion of the flow of the predistributed liquid from the predistributor;
and

transmitting at least a portion of the received flow of the predistributed
liquid substantially uniformly over at least a portion of the cross-sectional area of the
inner space of the packed column.

18. A method as in claim 17,

wherein the predistributor includes a plurality of channels adapted to
transmit downward at least part of the received flow of the mixed liquid, and

wherein the final distributor includes a plurality of troughs adapted to
transmit at least part of the flow of the predistributed liquid, each trough having at least
one aperture and being in fluid communication with at least one channel of the
predistributor.

19. A method as in claim 13, wherein a cross-sectional area of the mixer
occupies no more than about 25%, and preferably no more than about 20%, of a cross-
sectional area of the inner space of the packed column.

20. A process for cryogenic air separation, comprising contacting an
ascending vapor and a descending liquid counter-currently in a packed column having
an inner space with a first mass transfer section in the inner space and a second mass
transfer section below and spaced apart from the first mass transfer section in the inner
space, wherein an apparatus as in claim 1 positioned between the first mass transfer
section and the second mass transfer section distributes a flow of the descending liquid
from the first mass transfer section to the second mass transfer section.
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