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TITLE OF THE INVENTION:

OPTIMAL CORRUGATED STRUCTURED PACKING

BACKGROUND OF THE INVENTION

The present invention re_l_ates to corrugated structured packing and methods fc')_r )
installing su.ch packing in an exchange column fo provide optimum performanc_e.' Thé
structured packing has particular application in exchange columns, especially in cryégenic |
air separation procéssés, although it also may be used in other heaf and/or mass transfer
processes that can utilize structured packing. -

The term, "column”, as used herein, means a distillation or fr;ctionation column or
zone, i.e., a column or zone wherein 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 or on a series of vertically-spaced trays or plates mounted within the

column.



The term “column section” (or “section”) means a zone in a column filling the column
diameter. The top or boftom of a particular sect‘lon. or zone ends at the liquid aﬁd vapor
distributors respectively. o

The term "packing”.means solid or hollow bodies of pre&etermined size, shape, and
configuration used as column internals to provide surface area for the liquid té allow mass
transfer at the liquid-vapor interface dqri_ng countercurrent flow-of two phases. Two broad
classes of packings are "random" and "structuréd". _

"Random packing" means packing wherein individual members do not have any
particular orientation relative to each other or to the column axis. Random packings are
smali, hollow structures with large surface area per unit volume thaf are loaded at r.am'do.m
into a bolumn. -

"Structured packing" means packing wherein individual members have specific
orientation relative to each other and to the column axis. Structured packingé usually are
made of thin metal foil, expanded metal or woven wire screen stacked in layers or as spiralﬁ
windings.

The term “surfac_e area density” means the surface area of the structured packing -
per unit volume of the structured packing, and usually is expressed in terms of m¥m?® of the
volume occupied by the packing.

In processes subh as distillation or direct contact cooling, it is éd\./antageous to use
structured packing to promote heat and mass transfer between counter-flowing liquid and
vapor streams. Structured packing, when compared with random packihg or trays, offers
the benefits of higher efficiency for heat and mass transfer with lower pressure drop. It also
has more predictable performance than random packing.

Cryogenic separation of air is éarriec; out by passing liquid and vapor in

countercurrent contact through a distillation column. A vapor phase of the mixture ascends
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with an ever increasing concentration of the more volatile components (é.g., nitrogen) while
a liﬁuid phase of the mixture descends with an ever increasing concentration of the less

- volatile cﬁmﬁéﬁeﬁts”(e:-g.,_oxy'gen)'.‘ Vé_riou's'" packings or trays may be used to bring the
iiquid and gaseous phases of the mixture into éor;tact to accomplish mass transfer between
the phases.

There are many processes for the separation of air bycryogenic distillation into its
components (i.e., nitrogen, oxygen, argon, etc.). A typical cryogenic air separation.unit 10
is shown schematically in Figure 1. High pressure feed air 1 is fed -into the base of a high
pressure column 2. Within the high pressure column, the air is separated into nitrogen-_
enriched vapor and oxygen-enriched liquid. The oxygen-enriched liquid 3 is fed fi'c;m’th:e
high pressure column 2 into a low pressure column 4. Nitrogen-enriched vapof 5is péss.e-d:
into a condenser 6 where it is co_nden.sed against boiling oxygen which provides r_e_boii to
the low pressure column. The nitrogen-enriched liquid 7 is partly tapped 8 and is partly fed
9 into the low pressure column as liquid refiux. In the low pressure column, the feeds (3,9)
are separated by cryogenic distillation into oxygen-rich énd nitrogen-ﬁch components.
Structured packing 11 may be used to bring into contact the liquid and gaseous phases of'
the oxygen and nitrogen to be separate‘d. The nitrogen-rich component is removed as -a.
vapor 12, and the oxygen-rich component is removed as a vapor 13. Altematively, the
oxygen-rich component can b;e removed from a location in the sﬁmp surrounding
reboiler/condenser 6 as a liquid. A waste stream 14. also is removed from the low pressure
column. The low pressure column can be divided into muitiple sections. Three such
sections with structured packing 11 are shown in Figure 1 Ey way of example.

The most commonly used structured packing consists of corrugated sheets of metal
or plastic foils (or corrugated mesh cloths) stacked vertically. These foils may have various B

forms of apertures and/or surface texture features aimed at improving the heat and mass

-3-



‘transfer efficiency. An example of this type of structured packing is disclosed in U.S. Pat.
No. 4,296,050 (Meier). It also is well-known in the prior art that mesh type packing hglps
spread liquid efficiently and gives good mass transfer performance, but mesh type packing
is much more expensive than most foil type packing. | |

The separation performance of structured packing often is given in terms of he-ight
equivalent to a theoretical plate (HETP). The terrﬁ *HETP*eans the height of packing
over which a coniposition change is achieved lwhich is equivalent to the compositibn change
achieved by a theoretical plate. The term “theoretical plate” means a contact process
between vapor and liquid such that the existing vapor and liquid streams are in equilibrium.
The smaller the HETP of a particular packing for a specific separation, the more efficient
the packing because the height of packing being utilized decreases with the HETP.

U.S. Pat. No 4,836,836 (Bennett et al.) teaches the use of structured packing in

cryogenic distillation wherein the power benefits relative to the use of distillation trays is

discussed. The teachings of this patent can be apblied to all of the packed sections of an
air separation plant, although it is most useful in those sections separating argon and
oxygen. | | |
u.s. Pat..No. 5,613,374 (Rohde et al.) teaches the use of packing with a surface

area density greater than 1,000 m#¥m?® as .optimal for the low temperature separation éf. air
using at least one rectification column. While the most commonly éyaiiabte structured
packings have a surface area density in the broad range of 125 - 750 m*m?®, Rohde ef a/.
teaches a preferred range of 1000 -1500 m¥m®, Although structured packing of such high

surface area density could provide an advantage of high mass transfer efﬁciency leading

to a reduction in the heights of distillation columns, there also are several disadvantages. .

First, the additional surface area would increase the cost of the packing. Second, the high

pressure drop associated with the high surface area density would lead to a reduction in
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capacity, which would result in a significant increase in the diameter of the distillatisn
columns- used for this separation, which would further increase the cost of the system.
Finally, the increased diameter, together with the high su_rface area density, also would I,i_mit',
severely the ability of d.istillation columns to operate in a turndown mode because of the
unavailability of enough liquid during turndown to keep the large surface area sf the packing
well wetted. The ability to turndown the production capacity of a plant without losing
efficiency is a critical requirement of most modern distillation plants.

U.S. Pat. No. 5,1 00,448 (Lockett et al.) teaches the use of variable surface area
density packing within a single distillation column of constant diameter. Different sections
within a column can be under very different loading conditions in terms of vapor aﬁd 'qu-uid '
velocities, especially if there are vapor or liquid draws or feeds in bétweén the seqtions.' If
the surface area density of the packing used in all sections is the same, then the column:
will be unevenly loaded relative to the maximum 'capacity in each section. Because of this,
the ability to operate the plant in turndown mode can be severely limited. The suggested -
remedy is to change the surface area density of the pécking within various sections (or
within one section) of the column while maintaining the diameter constant for the pu;'poss |
of obtaining uniform loading within a column. The purpose is not to optimfze the packing,
lsut to obtain uniform Io'ading in the column. Also, if the column diameter is changed
between sections, as is frequently the case, then there is no need to c_io fhat which is taught
by Lockett, et af, |

U.S. Pat. No. 5,419,136 (McKeigue) teaches an analogue of Lockeft et al. |
McKeigue addresses the same situation of multiple packed sections within a constant
' diameter column which have very different loadings if the same packing is used in all
sections. In this situation, the ability of the column to operate in a turndown mode will be.

limited as in Lockett et al. McKeigue's remedy is to vary the "crimp angle" within sections
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and/or within subsections of a section. [The term “crimp angle” as defined in McKeigue is.

the angle that the corrugations make with the vertical. This has a simple relationship to
applicants’ “corrugation angle” (<) in the current invention, wherein the corrugation angle
is measured relative to the horizontal. Thus, the "crimp angle” in McKeigue is equal to 90°

-e<.] McKeigue's purpose is to obtain uniform loading within a 'column, not to optimize the

packing. Also, when the column diameter is changed between secﬁons, as is frequently the
case, then there is no need to do that which is taught by McKefgue. _

U.S. Pat. No. 5,644,932 (Dunbobbin et al.) tgaches the use of two different
corrugation angles and "crimp angles” (“included angles” in applicants’ términology) within
two packed sections inside a distillation column, wherein the sections have very different |
vapor and liquid flow rates. The motivation behind Dunbobbin et al. is similar to that in
Lockett ef al. and McKeigue, namely to design the packingsin two sections such that thé
hydraulic loading capacity of each packing is approached equally. To this end, a n'e\n}
dirﬁensionless parameter 's' is introduced which is defined as the product of the vapor-liquid
interfacial stress and the liquid film thickness divided by the surface tension of the liquid. ’
This 's' parameter needé to be maintained within a narrow range. However, very broad
ranges of the corrugation and inclu_ded angles are claimed to yiel'd 's' within the narrow
range. |

Apertures have been used to improve the efficiency of structured packing. For
example, Meier (U.S. Pat. No. 4,296,050) and Huber (U.S. Pat. No. 4,186,159) both state
that the apertures in their packing elements are approximately 4mm in diameter. Most of
the maj‘or vendors make structured packing with apeértures in the range of 4-5mm. Their
apertures occupy not more than 5 to 20% of the total surface area of the element or plate.

Also, their corrugations are disposed at an angle of 15° to 60° relative to the vertical, or 30°
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S
cet Has Been Replaced

T

U.S. Pat. No. 4,950,430 (Chen &t al.) teaches the use of apertures in the range of

to 75° relative to the horizontal (i.e., = = 30° to 75°).

1-2mm, with several other qualifiers in terms of hol_e spacing, etc. for an im;;rcvéd packl'ng
relative to Meier or Huber. For examplé, the spacing between the apertures is no greater _
than 5 mm, and the apertures occupy not more than 20% of the total surface area of the
element or plate. In the preferred from, the apertures are roundholes, but non-round holes
may be u'sed, includihg ovals, oblongs, elliptical holes, and triangular holes, rectanguiar
holes, narrow slit-type holes, and the Iike. |
U.S. Pat. Nos. 5,730,000 (Sunder, et al.) and 5,876,638 (Sunder, et al.) disclose a
corrugated structured packing element which preferably has a plurality of apertures .
throughout the element. The open area of the element may be in the range of 5 to 20% and
preferably in the range of 8 to 12% of the total area of the element. The surface"are'a‘lﬂ
density of the element is preferal:;ly in the range of 250-1500 m%m?, with a most preferred
range of 500-1000 m¥m3. The apertures are circular and have a diameter in the range of
1-5 mm, with a preferred range of 2-4 mm. Alternatively, the holes in the packing are _ﬁot _
circular, but have an “equivalent diameter” (calculated as four times the area divided by the
perimeter) within the stated ranges of the diameter of the circular apeniures. The

corrugati_on- angle (=) is in the range of 20°- 70°, with a preferred range of 30°-60°, and is

most pfeferably 45°. These patents teach the use of a bidirectional surface texture in the

form of fine grooves in crisscrossing relation applied on the surface of the corrugated plates

of the packing element.
PCT/EP 93/00622 (WO 93/19335) (Kreis) discloses a corrugated structured packing
having a surface area density in the range of 350-750 m%m?®, and a surface area density up

to 1200 m¥m?® or higher for certain applications. Apertures in the corrugated elements may
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be holes, slits or slots. The apertures occupy 5 to 40%, and preferably around 15 to 20%,of
| the total surface area of the element or plate.

Different surface textures also Have been used fo improve ti’le et;ﬁciéhgy of
structured packing. For example, as U.S. Pat. No.5,454,988 (Maeda) discloses a paé_:king
element having plural continuous, adjacent, meandering, concave/convex channels formed
on the surface of a sheet-like base. Numerous other examples=of surface texture are found
in the prior art, such as in EP 0 337 .1 50 A1 (Lockett).

In contrast to the prior art, the niotiVation behind the current invention is to optimize
the packed sections of a distillation plant by simultaneously varying a plurality of

- independent parameters (e.g., at least four parameters) in orde_r to minimize the overali cosf
of the system, without a narrow focus on a single criterion such as height or loading.

it is desired to have a structured packing that shows high performance-
characteristics for cryogenic applications, such as those used in air separation, and for other
heat and/or mass transfer applications. | |

It is further desired to have a structured packing of the corrugatéd type which will be
optimal for cryogénic distjllation, especially fér separating and purifying the chmp_onenté of
éir, such as oxyéen. nitrogen and argon.

It is still further desired to have a structured packing of the corrdg_ated type which
| overcomes many of the difﬂcu[ties and disadvantages of the prior art to pfovide better and-
more advantageous results.

It is still further desired to have an optimal design of a structured packing that
operates in an optimal manner, which will result in an air separation process more efﬁcient_'
and/or less expensive per unit quantity of product produced.

It is still further desired to have a more efﬁcient air separation process utilizing an

optimal structured packing which is more compact and efficient than the prior art.
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It also is further desired to have a method of installing a structured packing in an

exchange column which affords better performance than the prior art, and which also

agy-f the difficulties and. disadvantages of the prior to provide better. ard

more advantageous results.

BRIEF SUMMARY OF THE INVENEON

The present invention is an optimal corrugated structured packing, which may be
use_d in one or more sections of an exchange column for exchanging heaf. and/or mass
between a first phase and a second phase in a process, such as cryogenic air separation.
‘The invention also provides methods for installing such a packing in an exchange‘ column
to provide optimum performance. In addition, the invention includes p'rocesses_wherein
liquid-vapor contact or liquid-liquid contact are established by at l.east one structured
packing of th'e type taught he_rein. |

In one embodiment, the structured packing has a surface area density in thé range
of about 350 m#¥m® to about 800 th /fh, and includes a plurality of corrugated plates |
disposed in vertically parallel relation. Each plate has at least one aperture and a plurality
of regularly spaced and substanfially parailel corrugations disposed.in crisscrdssing relation
to the corrugations of an adjacent plate. Th_e apertures have an equivalent diameter less

- than about 4 millimeters but greater than about 2 millimeters. The corrugations have a
corrugation angle (=) relative to horizontal in the range of about 35° to about 65°. Each

corrugation, when approximated to be a substantially triangular cross-section, has an

included angle (B) defined by two sides of the corrugation in the range of about 80° to about

110°.



In one variation, the structured packing also includes a surface texture applied on
at least a portion of the surface of at least one corrugated plate. The surface texture may
be in the form of hon’zontal striations. Alternately, the surface texture may be a bidirectional
surface texture in the form of fine grcov'es in crisscrossing relation.

In another variation, the apert_ures create open area in each plate in the range of
about 5% to about 20% of the total area of the plate. Alternately, the apertures create open
area in each plate in the range of about 8% to about 12% of the total area of the plate.

in yet another vé_riation, the corrugations have a root radius (r) in the rang_e'of about
0.1 millimeters to about 3.0 millimeters. Alternately, the root radius may be in the range of
about 0.3 millimeters to about 1.0 mill_irheter.

In ancother embodiment, the structured. packing has a surface area density of ébou_t
500 m%m3 to 675 m#m?®, and includes a plurality m; corrugated plates dispased in vertically
parallel relation. Each plate has at least one aperture and a plurality of regularly spaced
and substantially parallel corrugations disposed in crisscrossing relation to the corrugations
of an adjacent plate. The apertures have an equivalent diameter less than about 4- -

millimeters but greater than about 2 millimeters. The corrugatidns have a corrugation angie
(=) relative to horizontal in the range of about 40° to about 60°. Each corrugation, when

approximated to be a substantially triangular crpss—section, has an included angle (B)
defined by two sides of the corrugation in the range of about 90° to about 100°.

In one variation, the structured packing also includes a surface texture applied on
at least a portion of the surface of at least one corrugated plate. The surface texture may
be in the form of horizontal striations. Alternately, the surface texture may be a bidirectional

surface texture in the form of fine grooves in crisscrossing relation.
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In another variation, the apertures create open area in each plate in the range of
about 5% to about 20% of the total area of the plate. Alternately, the apertures create open
areain each__plate in the range of about 8% to about 12% of the total area;of the plate.

In yet another variation, the corrugations have a root radius (r) in the range of about
0.1 millimeters to about 3.0 millimeters. Alternately, the root radius may be in the range of
about 0.3 millimeters to about 1.0 millimeter.

Another aspect of the present invention is an exchange column for exchanging heat
and/or mass between a first phase and a second phase, the exchange column having at
least one structured packing as in any.one of the embodiments or variations described
above.

Yet another aspect of the present invention is a process for cryogenic air séparation
comprising contactihg vapor and liquid counter-currently in at least one distillation column
containing at least one mass transfer zone wherein a liquid-vapor contact is established by
at least one structured packing as in any one.of the embodiments and variations described
above. |

- still yet another aspect of the present invention is a process for e;cchan.:ging rﬁass
and/or heat between two liquids, comprising contacting said liquids in at least one exchange
c-:olumn wherein liquid-liquid contact is estéblished by at least one structured packing as in
any of the embodiments and variations described above. |n one variatioﬁ of this aspect 01;
the invention, the liquids flow co-currently in the exchange column. In another variation, the
liquids flow counter-currently in the exchange column.

Another aspect of the present invention is a pécked section in an exchange column,
- which includes: a first layer of structured packing; and a second layer of structured pécking
located below the first layer of structured packing, wherein the second layer is rotated atan’

angle relative to the first layer. The structured packing in the first and second ldyers may
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be any one of the embodiments and variations described above. In one variation of this
aspect of the invention, the angle is between about 0° and 90°.

The present invention also includes a method of installing the structured packing in
an exchange column comprising multiple steps. The first step is to provide an exchange
column. The second step is to provide a structured packing having a surface area density
in the range of about 350 m¥m?® to about 800 P/, compsising a plurality o.f corrugated
plates disposed in vertically parallel relation, each plate having at least one aperture and
a plurality of réguia_rly spaced and substantially parallel corrugations disposed in
crisscrossing relation to the corfugations of an ad]acer}t.plate, wherein the apertures have

an equivalent diameter of less than 4 millimeters but greater than about 2 milliméters,' and

wherein the corrugations have a corrugation angle (=) relative to horizontal in the range of

about 35° to about 65° and each corrugation, when apbroximated to be a substantially
triangular cross-section, has an included angle (B) defined by two sides of the corrugation
in the range of about 80° to about 110°. The final step is to inétall the structured pac'k.ing
in the exchange column.

Another embodiment of the method of installing is similar to the method described
above, except that the second step utilizes a structured packing such as that described in

the second embodiment (“another embodiment”) above, rather than the structured packing

of the ﬁrst embodiment (“one embodiment”).
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BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be described by way of example with reference to the
accompanyi_ng drawings, in which:

Figure 1 is a schematic illustration of an air separation unit;

- Figure 2 is a perspective view of a conventional structured packing element;

Figure 2A is a sectional view of the element in Figure=2 taken along line 2A-2A,

Figure 3 is a schematic diagram illustrating the crisscrossing arrangement of
adjacent elements in conventional structured packing;

Figure 4 is a schematic diagram illustrating the use of wall wipers in a packed
column; | |

Figure 5A is a schematic diagram of a plan view of an arrangement of bricks of
structured packing at one elevation at a sectional view taken along line 5A-5A in Figure SB;

Figure 58 is a schematic diagram of an elevation view of an arrangement o.f a
plurality of layers of structured packings between liquid and vapor distributors in a section
of a distillation column; |

Figure 6 is a g_raph illustrating the perform;nce of the structured packiné of thé
current invention in comparison to that of a commercially available structured packing in
terms of height equivalént to a theoretical plate (HETP) versus vapor velocity (K,) under the
conditions noted above the graph; and | |

Figure 7 is another graph illustratihg the performance of the structured packing of
the current invention in comparison to the performance of a commercially available.
structured packing in terms of bressure drop (dP/ft) versus vapor velocity (K,) under the

conditions noted above the graph.
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DETAILED DESCRIPTION OF THE INVENTION

The cost of cryogenic processes for separating mixtures such as air depends on the

efficiency of the contacting devices used. Whiie distillation trays have been in use for-over

" eighty years, structured packing has been introduced and employed increasingly during the
last fifteen years because of the advantage it offers in terms .of very low pressure drobs
relative to trays. Although various types of packin'g have beerravailable during this time,
many of the commercially available packings have not been optimal because these
packings were developed for separating hydrocarbdn mixtures which have very different
physical and transport properties.

The conventional technology for using structured packing has been desgribéd ln
various patents pertaining to st_ructured packiné that followed U.S. Pét No. 4,296,050
(Meier), which describes corrugated structured packing and its applications.' A —basi.t.:.
conventional structured packing element 20 is shown in Figufe 2. Each packing element
is made of thin metal foil or other suitable material which is corrugated. A distillation coIan
40 packed with conventional structured packing is illustrated in Figures 5A and 5B.

A typical structured packing employs vertically-oriented corrugated packing shéets .

or elements 20 such as that in Figure 2 wherein the corrugations are arranged at an

angle(=) to the horizontal. Each element is positioned such that its corrugation direction

is reversed from the corrugation direction of its adjacent packing sheet, as illustrated in
Figure 3. (The solid diagonal lines represent the corrugations of one packing elemenf, and
the broken diagonal lines represent the corrugations of an adjacent packing ele_mentﬁ)_

When placed in the vertical for use in a distillation column the corrugations form an angle
(=) with the harizontal. In additioh to being corrugated, the elements or sheets may have

surface texture 30 (e.g., lateral or horizontal striations), holes or apertures 28, dimples,
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grooves, or other features which can enhancé the performance of the basic element 20.
The corrugations, as illustrated in the sectional view of figure 2A, are formed in a wavelike
pattern. The two alternating sloping sides of the corrugations form an angle (B), referred
to as the “included angle”. It is most common for the waves of the corrugations to be nearly
triangular in shape, although some finite radius of curvature (“root radius”) (r) is présent in
the folds, as shown in Figure 2A. A root radius (r) in the range-of 0.1 to 3.0 millimeters is
| preferred, wﬁile it is most preferred to have a root radius in the range of 0.3 to 1.0
millimeters.

Using such basic packing slements 20,-a “brick" 24 of structured packing is made
by assembling the elements (typically about ;10 to 50 elements per brick) such that the
mmmhﬁd&@mmwmmmemmwﬁﬁmc%wmﬂg%mequ
Figure 3. (The means used to secure the elements in place are not shc'an.),l Whén the’
bricks 24 are placed withih a cylindrical column 22, the edges of the bricks near the wall are
rough and jagged, creating gaps. To reduce liquid bypass, wipers 26 typically are 'used as

" shown in Figure 4. | '

Structured packing bricks 24 typically are assembled into layers (48, 48°) iﬁ a secﬁon
of a distillation column 40 as shown in Figures 5A and 5B. Figure 5A is a pian view which
shows the arrangement of about'twelve bricks 24 at one elevation as a sectionél view at
5A-5A in Figure 5B. Figure 5B shows an elevation view of the entire érrangement of a
structured packing column 40 having a plurality of |ayérs (48, 48’) in a section between a
liquid distributor 44 and a vapor distributor 46, wherein successive layers (48, 48') qf
packing (typically about 8 inches high per layer) are rotated relative to each other at right
angles (i.e., 90°). This is the most common arrangement, but other rotation patterns can
be used (e.g., where successive layers are rotated at an angle between about 0° and about

80°).

-15-



The current invention works by simultaneously varying at least four parameters
which define the geometry and performance of a corrugated structured packing, as opposed
to varying one physical parameter or one calculated parameter at a time as taught in the

prior art. The parameters varied in the current invention are surface area density (A), th_e
corrugation angie(=<), the included angle (B), aperture size (equivalent diameter), and

surface enhancement features such as aperture spacing and surface texture. While these
features are discussed individually in the prior art, the importance of the included angle B
is not récognized or claimed (except-in an indirecf manner to adjust loading via the 's’
parameter in Dunbobbin et al). In fact, it is a common p;ractice in the prior art to cal_culat_e

the mass transfer and pressure drop characteristics of structured packing in terms of just
A and <« without specifically accounting for the effect of the included angle B, which is a key -

parameter in the current invention.

Also, the ranges of the above-identified parameters for the optimal structured
packing of the current invention are surprising and unexpected because the combined
effects of these parameters are complex and not completely predictable. This is becausé
there is a strong interaction among these parameter.s which determines the flow
characteristics of the vapor and liquid, and thereby the final perforrﬁance of the structured
packing. The surprising and unexpected resuits of the current invention have been identified
through extensive experimental work followed by theoretical-modeling work.

For cryogenic applications, the most optimal range of the included angle B is higher
than 90 degrees according to the current invention. This is especially surprising because
most of the commercial packings used for cryogenic air separation have an included angle
B less than 90 degrees. Also, contrary to the teachings of Rohde ef al., the most__optimal

surface area density A is much lower than 1000-1500 m2/m?. Thus, considerablé material
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cost savings can be realized by the current invention.

According to the present invention, optimal performance in cryogenic applications
is achieved by using corrugated packings with surfacé enhancing features such as
apertures and surface texture wheﬁ the above-identified four parameters are in the following

ranges. For surface area density (A), a range of 350 - 800 m%m? is preferred, while a range

of 500 - 675 m¥m? is most preferred. For the corrugatiori-angle (=), a range of 35 - 65

ane e

degrges is preferred, while a range of 40-60 degrees is most preferred. For the in;luded
angle (B), a range of 80 - 110 degreeé is preferred, while a range of 90 -100 degrees fs
most preferred. For a;erture_s, 'it is preferred to have an equivalent diameter greater "d-'llan'
2 mm but less than 4 mm. (Equivalent diameter is calculated as four times the ar_ea.o_f the -
aperture divided by the perimeter of the aperture.) In the preferred embodiment, téwe
apertures are circular. Hoyvever, various other shapes' of apertures ¢an be used, includir;g
but not limited to ovals, oblongs, elliptical holes, tear-drop shapéd holes, narrow slit-type
holes, triangular holes, rectangular holes, and hqles in the shape of other polygons.

The current invention can be applied in many different ways td minimize the.overal_l
cost of distillation separation and purification systems, as compared to the limited ways of
the prior art teachings. This is accomblished by varying the four independent parameters
within the preferred ranges set forth above. For instance, it is possible to minimize the
height of a distillation i:olumn, or limit its maximum diameter, or minimize its volume and/or
weight. While it is not a specific objective of the presént im)ention tc; obtain a column‘" of
~ constant diameter containing many packed sections as taught by Lockett et a/ and
McKeigue, such a result may be obtained by simultaneously varying at least the four
parameters discussed above. Persons skilled in the art will recognize that the present

invention also may be used for additional applications, such as ‘extraction or absorption.
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Also, when trying to minimize the cost of a distillation column system, the cost of
manufacturing should be considered. Thus, it may be advantageous to vary all of the four
parameters -or to hold several of the parameters cbnstant while varying only one or two or
three of the parameters. For instance, all packing may be produced at a constant value of

all parameters. Alternatively, different packings may be produced which'-_v_-ary only one
parameter, such as the surface area density A or the corrugatiefi angle <<, while holding the
othef parameters constant. Also, the four parameters of surfac_e area density A, cort;(xgation
angle <<, included angl¢ B, and apertl.;re' size (equivalent dtatreter) may be changed for

every distillation column section whilé maintaining the surface texture constant.
Alternatively, surface texture also may be modified for total figxibility in optimization of
performance.

The results achieved by the current invention are surprising and unexpected, ahd-
the possible combinations of the four parameters within the preferred ranges can lead to
much more optimal solutions than that taught by the prior art. As indicated by the
examples discussed below, the achieved results show: (1) a 15% improvement in mass
transfc;:r and pressure drop per theoretical stage without giving up any capacity; and (2) a
35% saving in méterial cost while maintaining the overall height and diameter of a bécked
section and while retaining the mass transfer and pressure drop performance at identicai
levels. The magnitude of these improvements (ie., 15% improvement in performance and
35% saving in material cost) are surprising and unexpected. Whereas persons skilled in
the art might expect some (i.e., é few percent) improvement in performance and/or saving
in material cost, the results achieved by the current invention far exceed those expectations.
In other words, persons skilled in the art would have expected something mucﬁ fess than

the results actually achieved by the current invention.
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~ The examples discussed below are provided to illustrate possible uses of the current
invention. Other examples can be envisiqned by persons skilled in the art. Example 1
shows that the packing of the current invention out performs the “Mellapak 500Y” packing.
which is a dominant structured packing used in the air separation industry. (*Mellapak
500Y"” is a trademark of Sulzer Chemtech.) Based on laboratory results, there is a 15%
improvement in mass transfer and pressure drop per theoreticalstage without giving up ény_ :
capacity. o

Example 2 shows a comparison between a structured packing desigﬁed at the outer:

edges of the teachings of the current invention versus one which is optimized according to.
the current invenfion. The exémple demonstrates the unexpected result that compa'r'es" the
performance of a high surface area density packing at the outer edges of-.the preferred
ranges fo a packing that is optimized and well inside the preferred r;nges taught by the
current invention. The example shows that there is a 35% savi-ng in material cost Whilé :
maintaining the overall height and diameter of a packed section, énd wl'ii'l.e- retairﬁng tﬁe
mass transfer and pressure drop performance at identical levels. This example shows an
unexpected benefit in relation to the prior art teachings of Rohde et al., which teaches- tha't-
the optimum surface area density for cryogenic air separation structured packing is much
higher than the prior art. Rdhde et al. teaches that surface area density greater than 1000
m?m? is optimum, while the prior art packings fall in the range of 125-700 /. Rohde
et al. also states that if the low pressure column is already at 1000 m%m? and specifically
750 m*/m3, the argon column may be in the range of 700-900 n? /n? and specifically 750
m?m? In contrast, the current invention demonétrates how a packing with 80¢ m*/m
 surface area can be out performed by an optimal packing which has only 520 m¥m3, a clear

but unexpected benefit according to the teachings of the current invention.
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Example 1

Figure 6 and the table below show how simultaneously varying the four pal;ameters as
- taught by the current invention leads to an optimal structured packing in cryogenic air
separation compared to .Mellapak 500Y, one of the most commonly used: structured
packings in the industry. Cryogenic experiments were performed in a laboratory distillation
column. Eight packing layers, approximately eight (8) inches in-diameter and height each,
were placed on top of each other inside the column wherein successive layers were rotated
relative to each other at 90°. The overall packed section had a diameter of about gight.(8)
inches and a total heigﬁt of about sixty-ﬁve (65) inches. The column was operated to
perform separation of a binary argon/oxygen mixture at a pressure of 30 psia and’ ﬁnder
total intemal flux. This made the liquid to vabor flow ratio within the column, commonly
referred to as the L/V ratio, equal to 1. After reaching steady state at a variety of flow
conditions, the data were reduced for each packing as follows. The total separatioh
obtained was calculated from the composition of mixtures at the top and bottom of ihe :
column. This was converted to the number of theoretical stages obtained. As the total
height used was sixty-five (65) inches, a value for the height equivalent to a theéretical- plate
(HETP) was obtained. The data were reported with-respect to the vapor velocity K,, which

is defined as follows:

K, = U, [p./ (01 - pII°°

Where U, = superficial velocity of the vapor phase in the packed section
Py = density of the vapor phase
ol = density of the liquid phase.

As seen in Figure 6 and the table below, the packing according to the current
invention shows a 15% irnprovement in mass transfer performance (reduction in HETP)

while maintaining the same HFéssure drop per foot of packing, within a broad operating K,
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range of 0.14-0.22 ft/sec. When applied to a commercial distillation column application, this

would translate into a 15% improvement in mass transfer and pressure drop per theoretical

stage while maintaining the column’s capacity. Stated differently, this means that a packed

section according to the current invention, while using the same diameter as the prior art,

only needs to be 85% as tall. And at the same time, there will be a corresponding decrease

in pressure drop over the packed section by 15% because-less height is used compared

to the prior art. The mechanical differences (and similarities) between the packings are as

stated below. The four main paramete'rs combine in an unexpected manner to preduce a

16% improvement over the prior art.

Type of packing ellapak 500Y

Surface area density, m¥m? 500
Corrugation angle «, degrees 48
Included angle B, degrees ' 75
Apel_'ture diamefer, mm | 4

Open area, % ' 10
Surface texture : Lateral striations
Relative capacity 1.0
Relative dP/ft 1.0
Relative dP/stage 1.0
Relative HETP | 1.0
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57
97

2.4

10

Lateral striations
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Example 2
This example shows another surprising and unexpected result. As previously discussed,
Rohde ef a/ teaches high surface érea density as optimum for structured r;wacking used in
cryogenic air separation. Applicants have found that the performance of high surface area
density packing can be matched by much lower surface area density packing without losing
performance at a considerable material savings. Based on-extensive experimental work
conducted in tﬁe distillation column system described in Example 1, the estimates in the
table below were made.

Two packings were compared for the separation of a binary mixture of argon/oxygen
at a pressure of 18 psia and a K, of 0.175 ft/sec. A prior art packing was consideréd atthe

limits of the preferred rangeé taught b.y the current invention. Thus, the highest surface

area density of 800 m¥m?® was chosen. Simultaneously, the highest corrugation angle (<)

of 65 degrees and the lowest included angle (B) of 80 degrees also were chosen in order
to have a reasonable pressure drop of 0.32 inch of water per foot. The prior art pécking l;_gad'
4mm holes with an open area of 10%. According to the current invention, the perforrpanc_»_e._
.can be matched by-using a packing having a surface area density of omty-520 m%m? with |
the other parameters ‘as shown in the table below. Two distillation column packed sections
of identical diameter and heigﬁt containing these two types of packings and operating unde_ri
these conditions will produce identical mass transfer and press_dre drop resu;llts. But since
there is a 35% reduction in the amount of metal used, there is a substantial savings in terms
of the packed section weight and the overall system cost. This is a highly uhexpected
result. Also, it is known that high surface area density packings have very poor turidown
capabilities, whereas good turndown capabilities are a significant requirement for modern

air separation plants. The use of proportionately lower surface area densities, as taught by
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the current invention, leads to a significantly improved turndown capability, in addition to the

advantages stated earlier in terms of weight and cost.

Type of packing . Prior Art Current Invention
Surface area density, m¥/m® 800 - - 520
Corrugation angle «, degrees ' 65 _ 48
Included angle 8, degrees . 80 - a3
Aperture diaméter, mm ' . 4 2.4

Open area, % _ 10 10

Surface texture _ Lateral striations ' Lateral striations
HETP, inch 5.80 5.80

dP#t, inch of water 0.32 o

Further, it is estimated that if the prior art example has an included angle (B) of 95
degrees instead of 80 degrees, which will _mové it from the edge of thg' preferred r.'an.gé_.
taught in the current invention to the middle of that range, an equivalent packit;lg can still be
found which will have a surface area density of only 600 m? /m®, which is sﬁll a substantial
saving over the prior art and also will retain most of the turndown advahtage.

The above examples illustrate the benefits of using corrugated structured packing
having parameters that are within the preferred ranges taught by the current invention. The
examples are not meant to be exclusive or réstrictivé. Although these 'examples refer to
argon/oxygen separation near atmospheric pressure, the current invention applies to all
cryogenic systems which can operate in a wide pressure range. This invention will be

particularly useful in all of the distillation column sections Qf an air separation pla-nt. This
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includes, but is not limited to, what are commonly referred to as the high pressure column,
the low pressure column, the crude argon column, and the pure argon column.

Cther variations and extensions of these concepts will be obvious to persons skilled
in the art. For example, variations could inclﬁde extraction and abs'orption.. This general
technique also may be applied to any heat and mass exchange column which has counter
flowing liquid and vapor (or gas phases). The present invention also is not limited to

' distillation or cryogenic distillation applications.

Various embodiments of the présent invention have been described with parti~cu|ar
reference to the examples discussed above. However, it should be' appreciated that
variations and modiﬁcafions may be made to those embodiments and examples without

departing from the spirit and scope of the invention as defined in the appended claims.
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CLAIMS
1. A structured packing having a surface area density in the range of
about 350 m¥m? to about 800 m?m®, comprising a plurality of corrugated plates disposed
in vertically paraliel relation, each pla’ce having at least one aperture and a plurality of
regularly spaced and substantially parallei corrugations disposed in crisscréssing relation
to the corrugations of an adjacent plate, wherein the apertures.have an equivalent diameter

less than about 4 millimeters but greater than about 2 millimeters, and wherein the

corrugations have a corrugation angle (<) relative to herizontal in the range of about 35°

to about 65° and each corrugation, when approximated to be a substantially triangular.

cross-section, has an included angle (B) defined by two sides of the corrugation in the range

of about 80° to about 110°.

2. A structured packing having a surface area density in the rangé of-
about 500 m¥m?3 to about 675 m¥m?®, comprising a plurality of corrugatea plates disposed
in vertically parallel relation, each plate having at least one éperture and a.plurality'éjf
regularly spaced and shbstantially parallel corrugations disposed in crisscrossing relation
to the corrugations of an adjacent plate, wherein the apertures have an equivalent diameter

less than about 4 millimeters but greater than about 2 millimeters, and wherein the
corrugations have a corrugation angle (=) relative to horizontal in the range of about 40°

to about 60° and each corrugation, when approximated to be a substantially triangular

~ cross-section, has an included angle (B) defined by two sides of the corrugation in the range

of about 90° to about 100°.
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3. A structured packing as in claim 1 further comprising a surface texture

applied on at least a portion of the surface of at least one corrugated plate.

4. Astructured packing as in claim 3, wherein the surface texture is in

the form of horizontal striations.

5. A structured packing as in.claim 3, wherein the surface texture is a

bidirectional surface texture in the form of fine grooves in crisscrossing relation.

6. A structured packing as in claim 1 wherein the apertures create .opéh

area in each plate in the range of about 5% to about 20% of the total area of the plate.

7. A structured packing as in claim 1 wherein the apertures create open

area in each plate in the range of about 8% to about 12% of the total area of the plate.

- 8. A structured packing as in claim 2 wherein the apertures, 6reate open -

area in each plate in the range of about 5% to about 20% of the total area of the plate.

9. A structured packing as in claim 2 wherein the aperthres create open

area in each plate in the range of about 8% to about 12% of the total area of the plate.

10.  Astructured packing as in claim 1, wherein the root radius (Nisinthe.

range ofl about 0.1 millimeters to about 3.0 millimeters.

_—
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1. A structured packing as in claim 1, wherein the root radius (r) is in the

range of about 0.3 millimeters to about 1.0 millimeter.

12. An exchange column for exchanging heat and/or mass between a first
phase and a second phase, the exchange column having at least one structured packing"

as in claim 1.

13. A procesé for cryogenic air separation comprising contacting vapoi'
and liquid counter-currently in at least one distillation column containing at least one mas$

transfer zone wherein liquid-vapor contact is established by at least one structured packing

as in claim 1.

:'f.-,
14. A process for exchanging mass and/or heat between two liquids, |
comprising contacting said fiquids in at least one exchange column wherein liquid-liquid

contact is established by at least one structured packing as in claim 1.

15. A process as in claim 14 wherein said liquids flow co-currently in the

exchange column.

16. - A process as in claim 14 wherein said liquids flow counter-currently

in the exchange column.

17. A packed section in an exchange columh, comprising:
a first layer of a structured packing as in claim 1; and
a second layer of a structured packing as in claim 1 located below
——/I-—:—-_’—d—_’—_
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the first layer of structured packing, wherein the second layer is rotated at

an angle relative to the first layer.

18. A packed section as in claim 17, wherein the angle is between about

0° and about 90°.

19. A method of installing a structured .packiné in an exchange columny,.
comprising the steps of; ..
providing an exchange column;
providing a structured packing having a surface area density ih the
range of about 350 m?*m?® to about 800 & /il , comprising a piurality of
corrugated plates disposed in vertically paraltel relation, each plate ha"ving
at least one aperture and a plurality of regularly spaced and substantially'
parallel corrugations disposed in crisscrossing relation to the corrugationé
01; an adjacent plate', wherein the apertures have an equivalent diameter less -

than about 4 millimeters but greater than about 2 millimetérs, and wherein
the corrugations have a corrugation angle (=) relative to horizontal in the

range of about 35° to about 65° and each corrugation, when approximated
to be a substantially triangular cross-section, has an inciuded angle (B)
defined by two sides of the corrugation in the range of about 80° to about
110°; and

instéllirig the structured packing in the exchange column.
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20. A method of installing a structured packing in an exchange column,
comprising the steps of: -

broviding an exchange coiumn;

providing a structured packing having a surface area density in the
range of about 500 m¥m?® to about 675 m?/n®, comprising a plurality of
c;orrugated plates disposed in vertically parallelrelation, each plate having
at least one aperture and a plurality of regul'arly spaced and substantially
paraliel corrugations dispésed in crisscrossing relation to the corrugations
of an adjacent plate, wherein the apertu'reé have an equivalent diameter less

than about 4 millimeters but greater than about 2 millimeters, and wherein
the corrugations have a corrugation angle (<) relative to horizontal in the

range of about 40° to about 60° and each corrugation, when approximated
to be a substantially triangular cross-section, has an included ang-le_'(B)'
defined by two sides of the corrugation in the range of about 90° to about

100°; and

installing the structured packing in the exchange column.
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