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Structured cross-channel packing element with reduced material

requirement

The present invention relates to a structured cross-channel packing element for a
column for mass transfer and/or heat exchange between a heavy fluid phase and
a light fluid phase.

Structured packing elements are used in mass transfer columns, such as for
instance in fractionation columns, distillation columns, absorption columns,
extraction columns or flue gas scrubbers. The structured packings elements serve
for the improvement of the mass transfer and/or heat transfer between at least two
fluid phases of different density, wherein the structured packings elements are
typically operated in counter-current flow. While in distillation and absorption
applications, the light phase is a gas or vapor and the heavy phase is a
condensate or liquid, in extraction processes both phases are liquids with different
density. The structured packing elements comprise a plurality of different layers,
each of which providing surface area for the heavier phase that trickles down
along the surface of the layer and spreads. In addition, between the different
layers of the structured packing elements open spaces are provided, which are
filled with the light phase (e.g. vapor or gas in distillation) and provide a path for
the light phase to ascend, while it is driven by a pressure gradient. The pressure
gradient is required to overcome the flow resistance. In the typical case of counter-
current mass transfer, the average flow direction of the light phase is from bottom
to top of the structured packing element and thus opposite to the average flow
direction of the heavy phase. By allowing the one heavy phase to spread on the
surface of the structured packing element, an interface is created between the at

least two phases so that an efficient heat and mass transfer between the phases is
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established at the interface. There may also be applications with more than one

heavy phase. An example is extractive distillation.

A mass transfer column usually comprises several beds of structured packing
elements. Typically, a distributor is arranged on top of each bed to evenly
distribute the heavy phase over the cross-section of the bed, while leaving enough
space for the light phase to ascend through it. Moreover, often a grid-like holding
device and a collector are arranged below each bed, wherein the grid-like
structure keeps the bed at its position and the collector collects the heavy phase
trickling down from the bed, while sufficient open space is left in the collector for

the light phase to ascend.

A common type of structured packing elements is the so-called cross-channel
corrugated sheet packing, which is assembled from a plurality of for instance
corrugated sheets, which are arranged parallel and in touching contact with each
other. Typically, the corrugated metal sheets are fixed with each other by means of
several rods penetrating the corrugated sheets perpendicular to the longitudinal
section of the corrugated sheets, wherein the rods are fixed with the first and last
corrugated sheet by means of a washer and a nut or by bending the rod. Each
corrugated sheet comprises a plurality of periodic deformations, such as
alternately oriented peaks and valleys, wherein adjacent corrugated sheets are
oriented such that the corrugations of the adjacent corrugated sheets intersect in
crisscross fashion with the corrugations of the corrugated sheets extending
obliquely relative to the vertical or longitudinal direction, thus forming inclined
channels which continuously cross one another. These channels positively
influence the flows of the gas phase and of the liquid phase within the packing and
facilitate the mass transfer between the phases. That is, the gas phase and the
liquid phase are brought into contact in the channels of the structured packing
element and the mass transfer as well as the heat transfer between the phases is

thus facilitated. More specifically, ascending gas comes into contact with liquid,
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which is present on the surface of the sheets forming the channels when it flows
downwardly through the mass transfer column. During this contact, a component
enriched in the gas can transfer into the liquid and vice versa; this means that an
efficient mass transfer can take place. Such packings are described for example in
DE 1253 673, in CA 1270751 and in US 6,206,349 B1.

The amount of mass transfer per unit time is proportional to the area of the
interface between the gas and the liquid, wherein the area of the interface gets
larger with increasing portion of the surface of the packing element’s layers which
is wetted by the liquid. Cross-channel corrugated sheet packings made of metal
gauze are known to have an excellent wettability thanks to a good spreading of the
heavy phase on the surface of the corrugated sheets due to capillary force of the
metal gauze and thus — on account of the excellent wettability — a high mass
transfer efficiency. Examples for such structured packing elements are the Sulzer
packing types BX and CY, which had been first presented in the sixties of the 20th
century. Another example of such a structured packing element is described in EP
1477 224 A1. However, metal wire gauze is an expensive material. On account of
this reason it has been tried to replace the gauze material by a corrugated metal
sheet with a large number of small openings. An example is the commercially
available Montz-Pak Type BSH. During operation of the mass transfer column the
openings of this packing are filled with the heavy phase due to the capillary force.
The wettability of such corrugated, relatively finely structured perforated metal
sheets is worse than that of the packings based on metal gauze, and the
production of the sheet is still relatively expensive, partly due to the slow

production process associated with the fine structure.

As set out above, it is important for a high mass transfer efficiency that the surface
of the structured packing element is well covered by liquid, since failure results in a
waste of packing material as the light phase is not as much in contact with the

heavy phase as it could be given the physical area of the packing. Alternative
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suggestions to promote the spreading of the heavy phase over the surface of the
layers - instead of using metal gauze or corrugated, very fine expanded metal
sheets as material for the structured packing element - are to provide the layers
with perforation and another surface texture, such as described in US 4,296,050,
in GB 1,569,828, in US 4,981,621 and in EP 3 003 550 A1.

In order to further improve the use of the surface of the structured packing element
it was already proposed in DE 38 18917 C1 and in CN 882 00252 U to provide
cross-channel corrugated sheet packings made of perforated layers having a high
void fraction, i.e. a high ratio of the total area of the openings in the layer divided
by the sheet area of the layer. More specifically, DE 38 18917 C1 discloses
structured packing elements made of sheet layers comprising openings, which are
separated from each other by separating elements. The edges of the openings are
provided with protruding rims, wherein the rims of adjacent openings are
alternating extending upwardly from the upper side of the surface and downwardly
from the Idwer side of the surface of the sheet layers. Moreover, DE 38 18917 C1
teaches that the openings of the layers shall be 3- to 7-times larger than the width
of the separating elements located between the adjacent openings. This results in
a structured packing element made of open metal sheets with very high void
fraction in the order 50% or more. CN 882 00252 U discloses a structured packing
element made of perforated sheets having a thickness of 0.1 to 0.5 mm. The
openings have a rhombic shape, wherein the width of the openings is between 2
and 3 mm and wherein the percentage of open area on the sheet, i.e. the void
fraction, is 40% to 50%. Thus, both prior art documents teach to provide structural
packing elements comprising sheet layers having rather high void fractions of
more than 40% and preferably of about 50%. In contrast thereto, classical
structured packing elements have drastically lower void fractions of at most 10%.

Structured packing elements based on another principle than cross-channel

corrugated sheet packings are for instance described in EP 0 069 241 A1, in US
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4,304,738 and in EP 0 250 061 A1. The layers of these structured packing
elements consist of expanded sheet metal, wherein the layers assume a certain
layer width due to the expansion process. However, in contrast to cross-channel
corrugated sheet packings the layers of these structured packing elements are not
corrugated and not deformed except for the deformation that comes along with the
expansion process. This limits the open space for the ascending vapor. Therefore,
the mass transfer efficiency is not optimal, because the open space between the
layers does not provide a well-defined path driving the ascending vapor in a way
that promotes a homogenous distribution over the whole cross-section plane of the
structured packing element. It would be desirable to impose on the vapor a certain
direction by means of an additional degree of freedom when defining the shape of

the packing.

Apart from a high mass transfer efficiency, the capacity is an important aspect for
a structured packing element. As the flow rates of the light and heavy phases in a
structured packing element increase, the pressure drop in the structured packing
element increases. At a certain pressure drop, gravity is not strong enough to
counteract the friction between the two phases and the heavy phase or liquid,
respectively, is entrained in the light phase or gas, respectively, and thus cannot
descend anymore along the structured packing element. At this point, the mass
transfer breaks down and this situation is called flooding. This flooding point
determines the capacity of a structured packing element, i.e. the capacity of a
structured packing element is characterized by pairs of maximum flow rates of the
counter-current phases beyond which an increase of either of the two flow rates
leads to flooding. The flooding point relates to a characteristic pressure drop,
which is generally in the order of 10 mbar per meter packing height.

It would be optimal for a structured packing element to have an excellent mass
transfer efficiency as well as an excellent capacity, because this would allow to

reduce the diameter and/or height of the mass transfer column at a given capacity
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and thereby to minimize the investment costs for the mass transfer column.
However, these two characteristics depend on opposite trends with regard to the
specific area and other geometrical parameters. More specifically, a high specific
area, i.e. a high quotient of the geometrical area of the structured packing element
divided by the volume it occupies, leads to an intensive contact between the light
and heavy phases, why a respective structured packing element has a high mass
transfer efficiency, which is commonly expressed in terms of number of theoretical
stages per meter packing height NTSM. However, a structured packing element
with a high specific area is characterized by a high flow resistance for the light
phase, why a respective structured packing element has - at a given flow rate of
the light phase - a higher pressure drop per packing height and thus a lower

capacity than a packing with a lower specific area.

In view of the above, the object underlying the present invention is to provide a
cost efficient multi-purpose structured packing element having a higher mass
transfer efficiency at a given capacity or a higher capacity at a given mass transfer

efficiency or a lower weight at a given mass transfer efficiency, respectively.

In accordance with the present invention, this object is satisfied by providing a
structured cross-channel packing element for a column for mass transfer and/or
heat exchange between a heavy and a light fluid phase, wherein the structured
cross-channel packing element comprises at least two adjacent layers made of
expanded metal sheets each comprising openings, which are surrounded and
separated from each other by separating elements, wherein at least two of the at
least two layers are arranged in the longitudinal direction of the packing element
parallel and in touching contact with each other so that an open space extending
from one end to the opposite end of the at least two layers is provided between
them so that at least one of the heavy and the light fluid phase may flow through it,
wherein the ratio between the average width of at least one and preferably at least

50% of the separating elements between adjacent openings and the sheet



10

15

20

25

30

WO 2021/073859 PCT/EP2020/077123

material thickness is at least 15, wherein the ratio between the maximum distance
between at least two of the at least two layers measured in the plane being
perpendicular of the longitudinal direction and the average width of the separating
elements is at least 4, and wherein the ratio between the distance between two
openings being in the direction perpendicular to the stretch direction of the
expanded metal sheet adjacent to a separating element and the average width of
this separating element is preferably for at least 50% of all separating elements 4
to 6, wherein the distance between two openings is measured by determining the
distance between the outermost point of one side of the edge of one of the
openings in the direction perpendicular to the stretch direction of the expanded
metal sheet and the outermost point of the same side of the edge of an adjacent
opening in the same direction of the expanded metal sheet, wherein the
longitudinal direction of the packing element is as defined in the specification,
wherein the stretch direction of the expanded metal sheet is the direction being
perpendicular to the longitudinal direction of the structured cross-channel packing
element, and wherein the average width of a separating element is determined by
dividing up the separating element into individual sections i=1, 2, 3 ... n each
having a section length di, wherein for each of the sections the shortest distance bi
between the adjacent edges within the sections is measured and the sum of the
products di-bi is divided by the sum of di to yield the average width b of the

separating element.

This solution bases on the surprising finding that the mass transfer efficiency at a
given capacity can be significantly improved, if the average width of the separating
elements between adjacent openings is relatively large compared to the openings
(namely, the ratio between the distance between two openings being in the
direction perpendicular to the stretch direction (which is the direction perpendicular
to the longitudinal direction) of the expanded metal sheet adjacent to a separating
element and the average width of this separating element is 4 to 6) and

significantly wider than the sheet material thickness (namely, in 15 times or more).
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This was in particular unexpected, because it is in contradiction to the teaching of
DE 38 18917 C1 and CN 882 00252 U. The two prior art documents imply that a
free film hanging between the separating elements contributes twice to the mass
transfer area and thus suggest to further minimize the width of the separating
elements and to remove even more of the physical area. In view of this, it was
even more surprising that by adjusting the aforementioned parameters as
described above, the mass transfer efficiency at a given capacity is significantly
improved.

A further significant advantage of the structured packing element in accordance
with the present invention is that it does not at all base on the use of expensive
layer material. Rather, the layers are simply produced of expanded metal sheets,
i.e. by cutting and stretching a thin metal plate and then in a second step
deforming the expanded metal sheet to, for instance, corrugated sheets. Thus, a
cost-efficient raw material is used and the required amount of material of this cost-
efficient raw material is even reduced by stretching it. All in all, the present
invention provides a cost-efficient multi-purpose structured cross-channel packing
element having a higher mass transfer efficiency at a given capacity or a higher

capacity at a given mass transfer efficiency, respectively.

The longitudinal direction of the structured cross-channel packing element is the
direction from the top area to the bottom area of the structured cross-channel
packing element when it is incorporated in a mass transfer and/or heat exchange
column, i.e. the longitudinal direction is the direction from the top to the bottom of
the mass transfer and/or heat exchange column. In other words, it is the intended
gravity-driven flow direction of the heavier phase during the operation of the
structured cross-channel packing element and mass transfer and/or heat
exchange column, respectively. More specifically, the longitudinal direction of the
structured cross-channel packing element may be determined as follows: The

structured cross-channel packing element is placed on a horizontal area so that



10

15

20

25

30

WO 2021/073859 PCT/EP2020/077123

the layers of the structured cross-channel packing element being arranged in
parallel and in touching contact with each other extend in the vertical direction and
so that the open spaces (or channels, respectively, which are surrounded and thus
defined by the periodic deformations of the layers) extending from one end to the
opposite end of the layers extend from the top to the bottom of the structured
cross-channel packing element. The longitudinal direction is then the direction
from the top to the bottom of the so arranged structured cross-channel packing
element, or — in other words: Heavy phase, for instance water, which is dropped
onto the top of the so arranged structured cross-channel packing element flows
gravity-driven downwards along the open spaces, wherein the longitudinal

direction is the average flow direction of the heavy phase.

The maximum distance (subsequently also referred to or abbreviated as “D") is
closely related to the layer width (subsequently also referred to or abbreviated as
“W”), which is the extension of one single layer measured in the above-mentioned
plane. The value of W is typically around half of D. The open space between the
two layers is obtained thanks to the layer width W. The maximum distance D
between two adjacent layers of the structured packing element measured in the
plane being perpendicular of the longitudinal direction denotes according to the
present invention the distance between the layers, if the distance between the
layers is constant over the entire surfaces of the adjacent layers, such as in the
case of two parallel flat sheets. If the distance between the layers is not constant
over the entire surfaces of the adjacent layers, i.e. if the distance between different
surface portions of the layers differ, the maximum distance D between the two
adjacent layers is the distance between those surface portions of both layers,
where the distance in the plane being perpendicular to the longitudinal direction
between both layers is maximal. More specifically, the maximum distance D
between two adjacent layers of the structured packing element measured in the
plane being perpendicular of the longitudinal direction denotes according to the
present invention the distance between the two most distant points A and B,
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whereby point A is on the first layer and point B is on the second layer. Two
parallel planes are defined, one comprises point A, the other point B. These two
parallel planes are oriented essentially parallel to the orientation of the two layers.
The distance D is defined as the distance between these two parallel planes.

In accordance with the present invention, the structured packing element
comprises at least two layers being arranged in the longitudinal direction parallel
with each other. Parallel arrangement of two layers means in accordance with the
present invention that one of the layers is inclined by an angle of at most +/- 20°,
preferably of at most +/- 10°, more preferably of at most +/- 5°, still more preferably
of at most +/- 2° with regard to the other layer and is most preferably not inclined

at all with regard to the other layer.

Moreover, in accordance with the present invention, the ratio between the average
width of at least 50% of the separating elements between adjacent openings and
the sheet material thickness is at least 15. This means that for at least 50% of the
separating elements the ratio between the average width of the respective
separating element and the sheet material thickness is at least 15. Preferably, the
ratio between the average width of at least 75%, more preferably of at least 80%,
still more preferably of at least 90%, yet more preferably of least 95% and most
preferably of all of the separating elements between adjacent openings and the
sheet material thickness is at least 15.

Sheet material thickness means in accordance the thickness of the material, which
constitutes or forms the layer, respectively. Since in accordance with the present
invention the layer is made by an expanded metal sheet, the sheet material
thickness is the sheet thickness. Should the sheet thickness vary over the area of
the layer, the sheet material thickness is the thickness of the sheet measured at
one of the outer edges of the sheet material thickness by means of, for instance, a

micrometer screw. For instance, the thickness of the material forming the layer is
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measured at at least two, preferably at at least three and more preferably at at
least five locations at one or more of the outer edges with the micrometer screw,
before the obtained numeric values are summed up and averaged by dividing the
sum by the number of measurements. Good results are for instance obtained,
when the thickness is measured at 2 to 20, preferably 2 to 10, more preferably 3 to
10 and most preferably 5 to 10 locations at one or more of the outer edges of the
layer with the micrometer screw, wherein the different locations are about 3 cm
distant from each other along the outer edge. A micrometer screw is a known
measurement device comprising one fixed and one moveable measurement area,
wherein the moveable measurement area is adjustable with a fine thread. Both
measurement areas may contact or touch each other, respectively, if the
moveable measurement area is completely moved to the fixed measurement area.
Both measurement areas are flat and circular, wherein the diameter of both

measurement areas are preferably 5 to 6 mm.

The average width (subsequently also referred to or abbreviated as “b”) of a
separating element is determined in accordance with the present invention by
measuring the distance between the two parallel adjacent edges of the separating
element, if the separating element has a uniform width. If the separating element
does not have a uniform width, the average width b of a separating element is
determined by dividing up the separating element into individual sections i=1, 2, 3
... n each having a section length di. For each of the sections, the shortest
distance bi between the adjacent edges within the sections is measured. The sum
of the products dibi divided by the sum of di yields the average width b of the
separating element. The higher the non-uniformity of the separating element, the
more and shorter sections must be chosen. Preferably, the number n of individual
sections i taken for the measurement per separating element is 1 to 1000, more
preferably 5 to 100 and most preferably 5 to 20, such as 8 to 15. For instance, 5

sections are selected per cm of a separating element.
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Preferably, the average width b of a separating element is determined on a top
view or on a plan view of one of the openings being adjacent to the separating
element. This is advantageously achieved by taking a photographic picture of an
opening. The top view of an opening is made by making a photographic picture of
an opening after having flattened the respective expanded metal sheet by laying
the expanded metal sheet on a flat surface, putting a plate on the top of the
expanded metal sheet and then pressing the plate downwards with a sufficiently
low pressure so as to just flatten the expanded metal sheet for removing the
periodic deformations, but without changing the geometry and dimensions of the
separating elements and openings, i.e. without changing the geometry and
dimensions of the grid-structure of the expanded metal sheet. The plan view of an
opening is made on expanded metal sheet in its form as it is used in the structured
cross-channel packing element, i.e. without having flattened or otherwise
mechanically processed it. More specifically, the plan view of an opening is taken
along the normal axis of the plane defined by the adjacent edges of the opening.
In some cases, such a plane is not well defined. In this case, the most suitable
view is obtained by trial and error. Several pictures, such as at least five pictures
or preferably at least 10 pictures, from various angles are taken. The picture that
renders the opening largest is then considered as the plan view of the opening.
One reference length z may be used to determine lengths and sizes on the plan
view as well as on the top view. This is best achieved by identifying or marking a
certain distance z on the real object in the neighborhood of the opening and
measuring its length. The ratio between the effective length z’ of this distance on
the plan view or top view, respectively, and the distance z measured on the real
object is used for scaling all other distances that are measured on the plan view.
For example, the real length of a segment width is obtained by bi=bi"(z/z’),
whereas primed variables denote the lengths measured on the plan view or top

view, respectively, and non-primed variables the real length.
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In accordance with the present invention, the hydraulic diameter d of an opening is
calculated with the formula 4 A / P, wherein A is the cross-sectional area of the
opening and P is the perimeter of the same opening. The cross-sectional area of
the opening can be determined by using basic measures (such as shape length
and height) and a basic geometric formula (known from Euclidean geometry), if
the shape of the opening is simple, e.g. a flat triangle, rectangle, quadrilateral,
trapezoid or the like. Preferably, the area is determined on a top view or on a plan
view of the opening. Complex shapes can be approximated and subdivided in a
number j=1, 2, 3 ... m of simple shapes having an area A;. The area of these
shapes can again be calculated using basic measures and basic geometric
formula. The area A of the opening is obtained by summing up all areas A
determined in the opening. The more complex the shape of the opening is, the
more subdivisions are required. Preferably, the number m of individual simple
shape sections j taken for the measurement is 1 to 1000, preferably 5 to 100, more
preferably & to 20, such as 8 to 15. As before, the real lengths are determined

based on the ratio z/z' defined above.

The perimeter of an opening of simple shape can be determined using basic
measures and basic geometric formula. In the most general case, the top view or
plan view of the opening is used. The perimeter of the opening is subdivided in a
number of k=1, 2, 3 ... K individual straight lines P« that approximate the opening
best and represent it by a closed polygon. By summing up the lengths of these
straight lines, the perimeter P is obtained. Again, the lengths must be translated

into real lengths using the ratio z/z’ as defined above.

Methods of numeric image processing may be used to determine the average
width b, the area A of an opening and its perimeter P. In this case, the basic unit is
determined by the size of a pixel. To translate pixel-based lengths and areas, the
ratio z/z' must be defined in an appropriate way as e.g. explained above. Grey

values can be used to identify pixels that belong to a separating element and
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others that belong to the opening. Areas can be calculated in straight forward
manner by summing the pixels and multiplying the sum by the real area of a pixel
(in relation to the real object). When determining the width bi or a length di of a
segment trigonometric rules must be applied if the width orientation is not paraliel
to the sides of the pixels.

More details about measuring methods and illustrative examples are given further

below in connection with the figures.

In accordance with the present invention, the layers of the structured cross-
channel packing element are made of expanded metal sheets, which are produced
by expanding a sheet metal, i.e. by cutting and stretching a sheet metal.
Therefore, the resulting openings are typically of an essentially elliptic, lenticular,
trapezoidal or rhombic and usually of an essentially lenticular or trapezoidal shape.
Thus, as schematically shown in the figures and as described in detail further
below, each expanded metal sheet is in fact a grid comprising openings, wherein
each opening is surrounded by separating elements having each a width b,
wherein the separating elements of adjacent openings are connected with each
other at junction points. The hydraulic diameter is generally unknown, but it can be
determined as set out above or calculated from the commonly used characteristic
dimensions as explained below. Expanded sheets are typically characterized by
the dimensions of their openings and the (average) widths of the separating
elements b. The openings, which are usually essentially lenticular or trapezoidal
shaped, have thus a shorter and a longer characteristic length, wherein the shorter
characteristic length (subsequently also referred to or abbreviated as “e2") of an
opening is the maximal dimension of the opening in the stretch direction of the
expanded metal sheet and the longer characteristic length (subsequently also
referred to or abbreviated as “e1") of an opening is the maximal dimension of the
opening in the direction perpendicular to the stretch direction of the expanded

metal sheet. The stretch direction of the expanded metal sheet is that direction,
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along which the sheet metal has been stretched during the production of the
expanded metal sheet. More specifically, the stretch direction is according to the
present invention the direction being perpendicular to the longitudinal direction of
the structured cross-channel packing element. Thus, the direction being
perpendicular to the stretch direction is the longitudinal direction of the structured
cross-channel packing element. The (average) widths of the separating elements
b and the characteristic lengths of the openings determine the distances between
adjacent openings. The distance between openings being adjacent in the stretch
direction of the expanded metal sheet differ from the distance between openings
being adjacent in the direction perpendicular to the stretch direction of the
expanded metal sheet. Subsequently, the distance between a first opening and a
second opening being in the stretch direction of the expanded metal sheet
adjacent to each other is also referred to or abbreviated as u2, whereas the
distance between the first opening and a third opening being in the direction
perpendicular to the stretch direction of the expanded metal sheet adjacent to the
first opening is also referred to or abbreviated as u1. These distances u1 and u2
may be measured as explained in detail below under reference to the figures. The
following equations could be used to determine the hydraulic diameter
(subsequently also referred to or abbreviated as "d”) of the respective opening if
the openings are of approximately rhombic shape:

er1=ur-bV (1+uu2?)

e2 = e1 - U2/u

d=er e/ (e1? + e2?)

If the ratio of e2/e+ is around 0.5 or below, as it is realistic for expanded metal
sheets, the following simplified equations for e1 and e2 may be used to determine
the hydraulic diameter d of the respective opening:

e1=u1=b-uluz

e2=U2-b
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Furthermore, expanded metal sheet can be characterized by means of the
stretching factor, which is defined as uz2/2b. The inverse of the stretching is a good
indication of the material savings that can be realized compared to a solid metal
sheet. More details about these dimensions with an illustrative example are given

further below in connection with the figures.

In accordance with the present invention, the packing element is a structured
cross-channel packing element. Accordingly, it is preferred that at least 50%,
preferably at least 75%, more preferably at least 80%, still more preferably at least
90%, yet more preferably at least 95% and most preferably all of the at least two
layers are made of expanded metal sheets and comprise periodic deformations,
wherein the layers are oriented such that the periodic deformations of the adjacent
layers intersect in crisscross fashion with the periodic deformations of the layers
extending obliquely relative to the longitudinal direction. At least 50%, preferably at
least 76%, more preferably at least 80%, still more preferably at least 90%, yet
more preferably at least 95% and most preferably each of the layers contact(s)
each of the adjacent layers at points of intersection between the periodic
deformations of the layer and those of the adjacent corrugated layers and wherein
the open space between the at least two layers is defined by the periodic
deformations. Preferably, the distance between the uppermost points of two
adjacent periodic deformations of a layer is, depending on the surface area,

between 10 and 25 mm and more preferably between 13 and 23 mm:-

Good results are in particular achieved, when the stretching factor of the expanded
metal sheet of the at least two layers is between 1.1 and 1.5 and more preferably
between 1.2 and 1.35.

In accordance with the present invention, the distance u1 is measured by
determining the distance between the outermost point of one side of the edge of
one of the openings in the direction perpendicular to the stretch direction of the
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expanded metal sheet and the outermost point of the same side of the edge of an
adjacent opening in the same direction of the expanded metal sheet. For instance,
if a photographic picture of a top view or plan view of a layer of the structured
cross-channel packing element is made, wherein the stretch direction is shown in
the vertical direction of the photographic picture and the direction perpendicular to
the stretch direction is shown in the horizontal direction of the photographic
picture, the distance us may be determined as the distance between the outermost
point of the left side of the edge of an opening and the outermost point of the left
side of the edge of an opening being adjacent to the opening in the same direction
of the expanded metal sheet.

In order to particularly precisely determine the distance u1, the distance between
the outermost point of one side of the edge of an opening in the direction
perpendicular to the stretch direction of the expanded metal sheet and the
outermost point of the same side of the edge of the fifth or n-th adjacent opening
thereto arranged in the direction perpendicular to the stretch direction of the

expanded metal sheet may be measured and divided by four or (n-1).

Even more preferably, the distance u1 is determined by measuring the distance
between the outermost point of one side of the edge of an opening in the direction
perpendicular to the stretch direction of the expanded metal sheet and the
outermost point of the same side of the edge of the tenth adjacent opening thereto
arranged in the direction perpendicular to the stretch direction of the expanded

metal sheet may be measured and divided by nine.

In accordance with the present invention, the ratio between the distance ui
between two openings being in the direction perpendicular to the stretch direction
of the expanded metal sheet adjacent to a separating element and the average
width of this separating element is for at least 50% of all separating elements 4 to

6. Good results are in particular achieved, when the ratio between the distance us
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and the average width b of at least 75%, more preferably of at least 80%, still more
preferably of at least 90%, yet more preferably of at least 95% and most preferably
of all separating elements is 4 to 6, preferably 4.5 to 5.5 and more preferably 4.9
to 5.1.

In a further development of the idea of the present invention, the distance u1 is
preferably for at least 50%, more preferably for at least 75%, even more preferably
for at least 80%, still more preferably for at least 90%, yet more preferably for at
least 95% and most preferably for all openings 5 to 20 mm. More preferably, the
distance u1 is preferably for at least 50%, more preferably for at least 75%, even
more preferably for at least 80%, still more preferably for at least 90%, yet more
preferably for at least 95% and most preferably for all openings is 7.5 to 15 mm
and most preferably 9 to 11 mm.

According to a further particular embodiment of the present invention, the ratio
between the distance uz between a first opening and a second opening being in
the stretch direction of the expanded metal sheet adjacent to each other and the
distance u1 between the first opening and a third opening being in the direction
perpendicular to the stretch direction of the expanded metal sheet adjacent to
each other is 0.4 to 0.7, wherein the distance uz is measured by determining the
distance between the outermost point of a side of the edge of the first opening in
the stretch direction of the expanded metal sheet and the outermost point of the
same side of the edge of the adjacent second opening being adjacent in the
stretch direction of the expanded metal sheet, and wherein the distance ui is

measured as described above.

Likewise to determining the distance u1, the distance uz is preferably measured by
determining the distance between the outermost point of a side of the edge of the
first opening in the stretch direction of the expanded metal sheet and the
outermost point of the same side of the edge of the fifth or even tenth (n-th)
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adjacent opening thereto arranged in the stretch direction of the expanded metal
sheet and by dividing the distance by four or nine (n-1), respectively.

Good results are in particular achieved, when the ratio between the distance uz
and the distance u1 is for at least 50%, preferably for at least 75%, more preferably
for at least 80%, still more preferably for at least 90%, yet more preferably for at
least 95% and most preferably for all openings 0.4 to 0.7, more preferably 0.45 to
0.70 and most preferably 0.49 to 0.55.

In addition, it is preferred that the distance uz is for at least 50%, preferably for at
least 75%, more preferably for at least 80%, still more preferably for at least 90%,
yet more preferably for at least 95% and most preferably for all openings 2 to

8 mm, more preferably 3 to 7 mm and most preferably 4 to 6 mm.

In accordance with a further particular embodiment of the present invention, the
average width b of at least one separating element between adjacent openings is
between 70% and 125% of the average hydraulic diameter d of the adjacent

openings.

In a further development of the idea of the present invention, it is suggested that
the average width b of at least 50%, preferably of at least 75%, more preferably of
at least 80%, still more preferably of at least 90%, yet more preferably of at least
95% and most preferably of all separating elements between adjacent openings is
between 70% and 125% of the average hydraulic diameter d of the adjacent
openings. More preferably, the average width b of at least 50%, preferably of at
least 75%, more preferably of at least 80%, still more preferably of at least 80%,
yet more preferably of at least 95% and most preferably of all separating elements
between adjacent openings is between 75% and 100% of the average hydraulic
diameter d of the adjacent openings.



10

15

20

25

30

WO 2021/073859 PCT/EP2020/077123

20

In order to achieve an optimal spreading of the heavy phase on the layer surface,
it is preferred that the average width b of at least 50%, preferably of at least 75%,
more preferably of at least 80%, still more preferably of at least 90%, yet more
preferably of at least 95% and most preferably of all separating elements between
adjacent openings is 1.5 to 4.0 mm. More preferably, the average width b of at
least 50%, preferably of at least 75%, more preferably of at least 80%, still more
preferably of at least 90%, yet more preferably of at least 95% and most preferably
of all separating elements between adjacent openings is 1.6 to 3.5 mm and most
preferably 1.8 to 3.0 mm.

In accordance with the present invention, the ratio between the average width b of
at least at least 50% of the separating elements between adjacent openings and
the layer material thickness (subsequently also referred to or abbreviated as “s”) is
at least 15. Particular good results are obtained, when the ratio between the
average width b of at least 50% of the separating elements between adjacent
openings and the layer material thickness is at least 18. Preferably, the ratio
between the average width of at least 75%, more preferably of at least 80%, still
more preferably of at least 90%, yet more preferably of least 95% and most
preferably of all of the separating elements between adjacent openings and the

sheet material thickness is at least 18.

In accordance with the present invention, the ratio between the maximum distance
D between at least two adjacent of the at least two layers measured in the plane
being perpendicular of the longitudinal direction and the average width b of the
separating elements is at least 4. This means that the ratio between the maximum
distance D between at least two adjacent of the at least two layers measured in
the plane being perpendicular of the longitudinal direction and the average width b
of at least 50%, preferably of at least 75%, more preferably of at least 80%, still
more preferably of at least 90%, yet more preferably of at least 95% and most
preferably of all of the separating elements is at least 4.
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Particular good results are obtained, when the ratio between the maximum
distance measured in the plane being perpendicular of the longitudinal direction
and the average width of the separating elements between at least 50%,
preferably between at least 75%, more preferably between at least 80%, still more
preferably between at least 90%, yet more preferably between at least 95% and

most preferably between all of the at least two layers is at least 4.

Moreover, it is preferred that the ratio between the maximum distance D between
at least 50%, preferably between at least 75%, more preferably between at least
80%, still more preferably between at least 90%, yet more preferably between at
least 95% and most preferably between all of the at least two layers measured in
the plane being perpendicular of the longitudinal direction and the average width b

of the separating elements is at least 5 and more preferably at least 8.

In a further development of the idea of the present invention, it is suggested that
the ratio of the maximum distance D between at least 50%, preferably between at
least 75%, more preferably between at least 80%, still more preferably between at
least 90%, yet more preferably between at least 95% and most preferably between
all of the at least two layers measured in the plane being perpendicular of the
longitudinal direction and the average width b of the separating elements is 4 to
15, preferably 5 to 13 and most preferably 8 to 12.

Good results are in particular obtained, if the maximum distance D between at
least 50%, preferably between at least 75%, more preferably between at least
80%, still more preferably between at least 90%, yet more preferably between at
least 95% and most preferably between all of the at least two layers measured in
the plane being perpendicular of the longitudinal direction is 8 to 80 mm,
preferably 12 to 51 mm and most preferably 16 to 30 mm. Accordingly, it is
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preferable that the layer width W is 4 to 40 mm, more preferably 6 to 25.5 mm and
most preferably 8 to 15 mm.

In accordance with a particular preferred embodiment of the present invention, for
at least one of the at least two layers the ratio of the total area of the openings in
the layer divided by the sheet area of the layer, i.e. the void fraction of the layer, is
between 20% and 38%. The sheet area As of a layer is according to the present
invention the sum of the physical area of all of the separating elements measured
only on one side and the total area of the openings enclosed by the separating
elements. The total area of the openings is just the sum of the (cross-sectional)
areas A of the openings. Furthermore, the sheet area As of a structured packing
element is the sum of the sheet areas of the layers included in the structured
packing element. As set out above, the void fraction of the packing layer is the
ratio of the total area of the openings in this layer divided by the sheet area of this
layer.

Preferably, for at least 50%, more preferably for at least 75%, still more preferably
for at least 80%, still more preferably for at least 90%, yet more preferably for at
least 95% and most preferably for all of the at least two layers the void fraction of
the layer is between 20% and 38%. This allows to obtain the advantages of the
present invention to a particularly high extent.

Furthermore, it is preferred that for at least 50%, more preferably for at least 75%,
still more preferably for at least 80%, still more preferably for at least 90%, yet
more preferably for at least 95% and most preferably for all of the at least two
layers the void fraction of the layer is between 25% and 35% and most preferably
between 28% and 32%. This leads to a particularly excellent wetting of the layers

of the structured packing element in accordance with the present invention.
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Particularly good results are obtained, if the grid-structure of the expanded metal
sheets is uniform, i.e. when all or at least most of the openings and separating
elements are identical or at least highly similar to each other. In view of this, it is
preferred that at least 50%, more preferably at least 75%, yet more preferably at
least 80%, still more preferably at least 90%, yet more preferably at least 95% and
most preferably all of the openings of each of the at least two layers have a
hydraulic diameter d, which is between 50 and 150%, preferably between 70 and
130%, more preferably between 80 and 120% and most preferably between 90

and 110% of the average hydraulic diameter d of all openings.

It is preferred that the hydraulic diameter d of at least 50%, preferably of at least
75%, more preferably of at least 80%, still more preferably of at least 90%, yet
more preferably of at least 95% and most preferably of all of the openings of each
of the at least two layers is 1.25 to 5.0 mm. Even more preferably the hydraulic
diameter d of at least 50%, preferably of at least 75%, more preferably of at least
80%, still more preferably of at least 90%, yet more preferably of at least 95% and
most preferably of all of the openings of each of the at least two layers is 2.0 to 4.0
mm most preferably 2.2 to 3.5 mm.

In accordance with an alternative embodiment of the present invention, at least
50%, preferably at least 75%, more preferably at least 80%, still more preferably at
least 90%, yet more preferably at least 95% and most preferably all of the
openings have a shorter characteristic lengths ez of 1.0 to 4.0 mm and preferably
2.0 to 3.0 mm and a longer characteristic lengths e+ of 2.0 to 8.0 mm, preferably
2.5 to 7.0 mm and most preferably 3.0 to 6.0 mm. As set out above, the shorter
characteristic length ez of an opening is the maximal dimension of the opening in
the stretch direction of the expanded metal sheet and the longer characteristic
length e1 of an opening is the maximal dimension of the opening in the direction

perpendicular to the stretch direction of the expanded metal sheet.
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In a further development of the idea of the present invention, it is suggested that
the ratio between the shorter characteristic length ez of an opening and the longer
characteristic length e1 of the same opening is for at least 50%, preferably for at
least 75%, more preferably for at least 80%, still more preferably for at least 90%,
yet more preferably for at least 95% and most preferably for all of the openings 0.4
to 0.7, preferably 0.45 to 0.6 and most preferably 0.49 to 0.55. As set out above,
the shorter characteristic length e2 of an opening is the maximal dimension of the
opening in the stretch direction of the expanded metal sheet and the longer
characteristic length e1 of an opening is the maximal dimension of the opening in

the direction perpendicular to the stretch direction of the expanded metal sheet.

The present invention is not particularly limited concerning the material of the
expanded metal sheets of the structured packing element. For instance, the
expanded metal sheets may be made of stainless steel or a compound selected

from the group consisting of aluminum, copper, titanium, zirconium and alloys.

Preferably, the sheet material thickness s of each expanded metal sheet is s =
0.05 to 0.50 mm, more preferably s = 0.08 to 0.20 mm and most preferably s =
0.09to0 0.15.

Usually, at least 50%, more preferably at least 75%, even more preferably at least
80%, still more preferably at least 90%, yet more preferably at least 95% and most
preferably all of the openings of the layers of the structured packing element have

an essentially elliptic, lenticular or trapezoidal cross-section.

After production, i.e. cutting and stretching of a metal plate, the resulting expanded
metal sheet is not flat anymore. This is the result of deformation, distortion,
bending or vaulting of individual separating elements and a relative deformation of
separating elements compared to others, e.g. by tilting. Other features like burrs

may have resulted from a punching process and therefore contribute to the
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thickness. The resulting dimension of the expanded metal sheet is called grid
thickness (subsequently also referred to or abbreviated as “g”) and may be
identical to the layer material thickness (which is the case, if the expanded sheet is
flat, because it has been flattened by rolling) or up to several times larger than the
layer material thickness. The grid thickness is typically in the order of magnitude of
the width b of the separating element and should not be much larger than the
width b. Hence, the ratio of the grid thickness g to average width b of the
separation elements ranges from more than 0 up to approximately 1.2, more
preferably from 0.4 to 1 and most preferably from 0.5 to 0.8. The grid thickness g
is significantly smaller than the maximum distance D between two adjacent layers

measured in the plane perpendicular of the longitudinal direction.

It is further preferred that the ratio between the average grid thickness g of each

layer and the sheet material thickness s is at least 6.

Good results are in particular achieved, when the average grid thickness g of each
layer (32, 32°) is 1.0 to 1.4 mm, preferably 1.1 to 1.3 mm and more preferably 1.15
to 1.25 mm.

The grid can also be flattened by pressing a plate on top of it as described above.

Another embodiment of the present invention comprises the rolling of the
expanded metal sheet so as to provide an expanded metal sheet with a textured
surface. More specifically, each of the periodic deformations, such as in particular
corrugations, may have a trickle surface including a patterned front including a
plurality of protuberances and depressions defining continuous crossing capillary
channels. The protuberances may be disposed in abutting relation with adjacent
protuberances and may have side walls defining channels therebetween and a
patterned back identical to the front and defining continuous crossing capillary
channels, such as it is described e.g. in EP 0190435 B1. The protuberances may
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have a similar range of height as the grid thickness g without any further
treatment.

Preferably, the ratio of the maximum distance D to the grid thickness g (i.e. D/g) is
at least 3.

Good results are in particular obtained, when the ratio between the maximum
distance D between each adjacent of the at least two layers measured in the plane
being perpendicular of the longitudinal direction and the average hydraulic
diameter d of the openings is at most 15.

Expanded metal sheets provide, as shown in figure 7¢, a rough and a smooth
side. Preferably, the single layers of the structured cross-channel packing element
are arranged so that onto the rough side of layer an adjacent layer is arranged
with its rough side and that onto the smooth side of layer an adjacent layer is

arranged with its smooth side.

In a further development of the idea of the present invention, it is suggested that at
least 50%, preferably at least 75%, more preferably at least 80%, still more
preferably at least 90%, yet more preferably at least 95% and most preferably all
of the at least two layers comprise periodic deformations, wherein the open space
between the at least two layers is defined by the periodic deformations. It is
particularly preferred that all layers of the structured packing element of the
present invention comprise such periodic deformations, i.e. that the structured
packing element of the present invention does not include any flat layers.
Preferably, the angle (subsequently also referred to or abbreviated as “a”)
between each of the periodic deformations with respect to the longitudinal
direction is 10° to 60°, more preferably 20° to 50° and most preferably 25° to 47°,
wherein the periodic deformations of adjacent layers are preferably oriented in

opposing directions.
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For instance, the periodic deformations may be corrugations comprising a plurality
of alternately oriented peaks and valleys, wherein the peaks of a layer contact the
valleys of an adjacent layer and the valleys of a layer contact the peaks of an
adjacent layer, wherein adjacent layers are oriented such that the peaks and
valleys of the adjacent layers intersect in crisscross fashion with the peaks and
valleys of the layers extending obliquely relative to the longitudinal direction.
Therefore, it is preferred that at least 50%, preferably at least 75%, more
preferably at least 80%, still more preferably at least 90%, yet more preferably at
least 95% and most preferably all of the at least two layers comprise periodic
deformations, wherein the periodic deformations of the cross-package element are
corrugations comprising a plurality of alternately oriented peaks and valleys,
wherein the peaks of a layer contact the valleys of an adjacent layer and the
valleys of a layer contact the peaks of an adjacent layer, wherein adjacent layers
are oriented such that the peaks and valleys of the adjacent layers intersect in
crisscross fashion with the peaks and valleys of the layers extending obliquely
relative to the longitudinal direction. Of course, it is also possible that not all peaks
of a layer contact one or more valleys of an adjacent layer, but that rather a part of
the peaks of a layer contact one or more valleys of an adjacent layer and vice
versa. However, between two adjacent layers at least three touching points should
be present. Preferably at 30 to 90% and more preferably at 50 to 80% of the
locations, where peaks and valleys of adjacent layers are opposite of each other,
no touching contact is present, wherein at the remaining locations the respective

peaks and valleys of adjacent layers touch each other.

Good results are in particular obtained in this embodiment, when the angle a
between each of the peaks and each of the valleys with respect to the longitudinal
direction is 10° to 60°, preferably 20° to 50° and most preferably 25° to 47°,
wherein the peaks and valleys of adjacent layers are preferably oriented in

opposing directions. This allows a uniform distribution of the light phase over at
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least one direction of the cross-section the structured packing element. The angles

should not be too large to minimize pressure drop and maximize capacity.

In order to reduce the pressure loss of the structured packing element, it is
proposed in a further development of the idea of the present invention that the
peaks and valleys are bended in the terminal portions of the layers in relation to
the peaks and valleys of the central portion being arranged between the terminal
portions so that the flow resistance in the terminal zones of the structured packing
element is reduced with respect to that of the zone arranged between the terminal
zones. Accordingly, the peaks and valleys of the layers of this embodiment do not
extend linearly. Preferably, the peaks and valleys are bended in the terminal
portions of the layers so as to extend at least essentially vertically. Essentially
vertical means that the peaks and valleys are not inclined at the lower and upper
edges of the layers more than 10°; preferably not more than 5° and more
preferably not more than 2° to the vertical direction. The terminal zones are the
uppermost and the lowermost zones of the layers extending from the upper and
lower edges of the layers 30%, preferably 25% and more preferably 20% or less
along the sheet length, which is the direction along the longitudinal direction of the
layer. Each of the terminal zones may have peaks and valleys with a different
height than those of the central zone, which is the zone of the layer between the
two terminal zones. Instead of providing such bends or different heights in both

terminal zones, they may only be present in one of the terminal zones.

In accordance with an alternative embodiment of the present invention, the
periodic deformations are waves having a square, a triangular, a sinusoidal or a
meander-type cross-section comprising peaks and valleys, wherein the peaks of a
layer contact the valleys of an adjacent layer, and the valleys of a layer contact the
peaks of another adjacent layer, wherein adjacent layers are oriented such that

the peaks and valleys of the adjacent layers intersect in crisscross fashion with the
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peaks and valleys of the layers extending obliquely relative to the longitudinal
direction.

Good results are in particular obtained in this embodiment, when the angle a
between each of the peaks and each of valleys with respect to the longitudinal
direction is 10° to 60°, preferably 20° to 50° and most preferably 25° to 47°,
wherein the peaks and valleys of adjacent layers are preferably oriented in
opposing directions. This allows a uniform distribution of the light phase over at

least one direction of the cross-section of the structured packing element.

The present invention is not particularly limited concerning the number of layers
contained therein. The number of layers in a packing element depends on the
diameter of the mass transfer column and the required specific area am for the
mass transfer. The more surface is required, i.e. the higher the specific area, the
more layers will be present, and the maximum distance D will be smaller,
accordingly. Although the structured packing element is generally of cylindrical
shape with a round cross-section, there may also be cross-sections of other
shapes, e.g. rectangular ones, depending on the shape of the heat and/or mass
transfer column. If the column has a large diameter, the element is commonly
subdivided into segments or tiles to reduce weight and to allow piece-wise

installation.

Particular good combinations of mass transfer efficiency and capacity are
obtained, when the structured packing element according to the present invention
has a specific area am of 60 to 750 m?/m?3, 120 to 500 m?/m?3 and most preferably
200 to 450 m?/m3.

The specific area am is defined as the geometrical area Awm of the structured
packing element divided by the volume Vw that the structured packing element

occupies. The geometrical area Am of the structured packing element is the sum of
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the geometrical area of all layers comprised in the element, wherein the
geometrical area of a layer adds up both sides of the layer as if there were no
openings or holes. In other words, the geometrical area is approximately obtained
by multiplying the sheet area As of the packing layers by two because both sides
of the layers account for the geometrical area.

The sheet area As of a structured packing layer is obtained by adding both the
area of the openings in the layer and the physical area Ar of the layer. Ap counts
only surface that is physically present. Holes or openings do not contribute to the
value. The sheet area As of the structured packing element is obtained by

summing the sheet area of all layers comprised therein.

The physical area Ap of a structured packing layer is the sum of the surface
measured on one selected side of all separating elements included in the
structured packing layer. The edges of the layer material thickness s do not
contribute to this area. The physical area Ar of the packing is the sum of the
physical area of all layers comprised therein.

Apart from the definitions am, Am, As and Ap for areas, the expressions “surface”
and “surface area” are used in a more qualitative or intuitive manner in the

description of the present invention.

Preferably, the structured packing element has a height of 100 to 300 mm and
preferably of 150 to 250 mm.

In accordance with a further aspect, the present invention relates to a mass
transfer column comprising at least one structured packing element as described
above.
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Preferably, the mass transfer column comprises 1 to 10, more preferably 2 to 8
and most preferably 2 to 4 beds, wherein each bed comprises at least one
structured packing element as described above. Preferably, one bed comprises 2
to 20, more preferably 4 to 15 and most preferably 6 to 10 structured packing
elements. In order to achieve a very good gas distribution in the bed, two adjacent
structured packing elements are rotated along the axis of the column that is
generally parallel to the longitudinal direction. The angle of rotation is around 50 to
120°, more preferably 70° to 110° and most preferably 80° to 100°.

In addition, it is preferred that the mass transfer column comprises a distributor
above each of the beds of structured packing elements so as to allow to at least
essentially homogenously distribute the heavy phase during the operation of the
mass transfer column over the cross-section of the structured packing element
bed.

In accordance with a further preferred embodiment of the present invention, it is
proposed that the mass transfer column comprises below the bottom of each bed
of structured packing element a collector, which allows to collect the heavy phase
trickling down the surfaces of the layers of the structured packing elements during
the operation of the mass transfer column.

Specific embodiments in accordance with the present invention are subsequently

described with reference to the appended drawings and by examples.

Fig. 1 is a schematic side view of a mass transfer column including several
structured cross-channel packing elements according to one

embodiment of the present invention.
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is an explosion view of a part of the sheets of a structured cross-
channel packing element according to one embodiment of the
present invention.

is a schematic side view of the structured cross-channel packing

element shown in figure 2a.

shows two layers of the structured cross-channel packing element
shown in figure 2a.

is a fragmentary view of a structured cross-channel packing element

according to another embodiment of the present invention.

are schematic views of different embodiments of the grid structure of
the expanded metal sheets of the layers of the structured cross-

channel packing element according the present invention.

are schematic views illustrating the determination of the average
width of a separating element and of the average hydraulic diameter

of an opening.

illustrates the determination of the least deformed portion of a

structured cross-channel packing element made of corrugated layers.

is a schematic top view of an expanded metal sheet of a layer of a
structured cross-channel packing element according to another

example of the present invention.

are schematic views along the planes A and B, respectively, of fig.
7a.
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Fig. 15
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is a schematic plan view of an expanded metal sheet of a layer of a

structured cross-channel packing element shown in fig. 7.

shows schematic views of the cross-section of a packing layer to
illustrate the definitions of the areas Ap (Figure 9b), As (Figure 9c),
Awm, Vm and am (Figure 9d).

shows the efficiency curves obtained in example 1 and comparative

example 1 for a head pressure of the distillation column of 960 mbar.

shows the efficiency curves obtained in example 1 and comparative
example 1 for a head pressure of the distillation column of 100 mbar.

shows the pressure drops obtained in example 1 and comparative

example 1 for a head pressure of the distillation column of 100 mbar.

shows the efficiency curves obtained in example 2 and comparative
examples 2 and 3 for a head pressure of the distillation column of
960 mbar.

shows the efficiency curves obtained in example 2 and comparative
examples 2 and 3 for a head pressure of the distillation column of
100 mbar.

shows the pressure drops obtained in example 2 and comparative
examples 2 and 3 for a head pressure of the distillation column of
100 mbar.
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Figure 1 shows is a schematic side view of a mass transfer column 10 and more
specifically a distillation column 10 according to one embodiment of the present
invention (the transparent inside of the figure is only for illustrative purposes). Also
for illustrative purposes, the grid structure of the layers in not shown in figure 1, but
only in figure 4. The distillation column 10 comprises a plurality of structured cross-
channel packing elements 12, which are arranged in form of two beds 14, 14'.
Above each of the two beds 14, 14’ a distributor 16, 16’ is arranged to evenly
distribute the liquid over the cross-section of the bed, while leaving enough space
for the vapor to ascend through it. Below each bed 14, 14’ a grid-like holding
device 18 and a collector 20 are arranged, wherein the grid-like holding device 18
keeps the bed 14 at its position and the collector 20 collects the liquid trickling
down from the bed 14, while sufficient open space is left in the collector for the
vapor to ascend.

During the operation of the distillation column 10, gas ascends as light phase from
the bottom to top, whereas liquid as heavy phase descends in counter-current
from the top to the bottom of the distillation column 10. More specifically, the liquid
is essentially homogenously distributed by the distributor 16 over the cross-section
of the bed 14 and trickles down along the surfaces of the layers of the structured
cross-channel packing elements 12. Between the different layers of the structured
cross-channel packing elements 12 open spaces are provided, which are filled
with the gas and provide a path for the gas to ascend, while it is driven by a
pressure gradient. By allowing the liquid to spread on the surface of the layers of
the structured cross-channel packing elements 12, a large interface is created
between the two phases so that an efficient heat and mass transfer between the
liquid and the gas is established at the interface. At the bottom of the bed 14, the
liquid is collected in the collector 20 and guided via the pipe 22 down to the
distributor 16’ above the second bed 14’
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Figures 2a to 2c show a structured cross-channel packing element 12 of the so-
called cross-channel corrugated sheet packing type. For illustrative purposes, the
grid structure of the layers in not shown in figure 2, but only in figure 4. The
structured cross-channel packing element 12 is assembled from a plurality of
corrugated sheets 24, 24’, which are parallel and in touching contact with each
other. Each of the corrugated sheets 24, 24’ is a grid as described above and as
described in further detail below according to figures 4. At the bottom right of figure
2c the grid-structure of a part of the corrugated sheet 24 is schematically
indicated. As it is understood from the above specification, indeed all of the
corrugated sheets 24, 24’ consists of such grids, which is not shown in figures 2a
to 2¢ only for illustrative reasons. In the present embodiment, the corrugated
sheets 24, 24’ are made of expanded sheet material, i.e. they are prepared by
cutting and stretching a thin metal plate and then deforming the expanded sheet
metal to corrugated sheets 24, 24"

The corrugated metal sheets 24, 24’ are fixed with each other by means of several
rods (not shown) penetrating the corrugated sheets 24, 24’ perpendicular to the
longitudinal section of the corrugated sheets 24, 24’, wherein the rods are fixed
with the first and last corrugated sheet by means of a washer and a nut or by
bending the rods or by any other means (not shown). Each corrugated sheet 24,
24’ comprises a plurality of alternately oriented peaks 26 and valleys 28, wherein
adjacent corrugated sheets 24, 24’ are oriented such that the corrugations 26, 28
of the adjacent corrugated sheets 24, 24’ intersect in crisscross fashion with the
corrugations 26, 28 of the corrugated sheets 24, 24’ extending obliquely relative to
the longitudinal direction, thus forming inclined channels 30 which continuously
cross one another. More specifically, angle a between each of the peaks 26 and
each of the valleys 28 with respect to the longitudinal direction V is 10° to 60°,
preferably 20° to 50° and most preferably 25° to 47°, wherein the peaks 26 and
valleys 28 of adjacent layers 32, 32’ or 24, 24’, respectively, are oriented in

opposing directions. The channels 30 define a maximum distance D between
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adjacent corrugated sheets 24, 24’, such as for example of 20 mm. These
channels 30 positively influence the flows of the gas phase and of the liquid phase
within the structured packing cross-channel element 12 and facilitate the mass
transfer between the phases. That is, the gas phase and liquid phase are brought
into contact in the channels 30 of the structured cross-channel packing element 12
and the mass transfer as well as the heat transfer between the phases is thus
facilitated. More specifically, ascending gas comes into contact with liquid, which is
present on the surface of the corrugated sheets 24, 24’ defining the channels 30,
when it flows downwardly through the mass transfer column. All in all, the light
phase flows through the open space or channels 30, respectively, without a
bypass flow through the openings 40 of the grid 38 of the layers 32, 32’ of the
structured cross-channel packing element 12. This leads to a particular efficient
mass and energy transfer between the light and heavy phases. Moreover, the
crisscross fashion of the channels 30 leads to an optimal distribution of the phases

from left to right.

Figure 3 shows a fragmentary view of a structured cross-channel packing element
in accordance with an alternative embodiment. The structured cross-channel
packing element of figure 3 is similar to that shown in Figures 2a to 2c except that
corrugated sheets 24, 24’ do not comprise linear extending peaks and valleys, but
that the peaks 26, 26’ and valleys of the corrugated sheets 24, 24’ are bended in
the terminal portions 33, 33' so as to extend in the terminal portions 33, 33’ of the
corrugated sheets 24, 24’ essentially in the vertical direction. In Figure 3, the solid
lines depict the peaks 26 of the corrugations in the face of the corrugated sheet 24
presented to the viewer, while the broken lines 26' depict the peaks of the
corrugations in the corresponding face of the corrugated sheet 24’ immediately
behind the one in view. By bending the terminal portions or zones 33, 33’,
respectively, so as to extend in the terminal portions 33, 33’ of the corrugated
sheets 24, 24’ essentially in the vertical direction, the flow resistance of the

terminal portions 33, 33’ of the corrugated sheets 24, 24’ is reduced compared to
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the flow resistance of the portions being located between the terminal portions 33,
33’ of the corrugated sheets 24, 24'. This leads to a reduced pressure loss of the
structured cross-channel packing element. The terminal zones are the uppermost
and the lowermost zones 33, 33’ of the corrugated sheets 24, 24’ extending from
the upper and lower edges of the corrugated sheets 24, 24’ 30%, preferably 25%
and more preferably 20% or less along the length of the corrugated sheets 24, 24’,
which is the direction along the longitudinal direction of the corrugated sheets 24,
24’. Each of the terminal zones 33, 33’ may have peaks 26, 26' and valleys with a
different height than those of the central zone, which is the zone of the layer
between the two terminal zones 33, 33'. Such features as the different height or
the bend may be present in both terminal zones 33, 33'of the corrugated sheets
24, 24’ only.

Figures 4a to 4f are schematic views of different embodiments of the grid 38 that
forms the layers 32 of the structured cross-channel packing element 12 according
the present invention, which are for instance suitable to be used in a structured
cross-channel packing element as shown in any of figures 2a to 2c and 3. The grid
38 of the layer 32 of the structured cross-channel packing element shown in figure
4a comprises openings 40 with a quadrilateral cross-section, wherein the openings
40 are surrounded and separated from each other by separating elements 42. The
separating elements 42 are thin strips with an average width b of, for example, 2
mm, wherein the separating elements 42 completely surround the openings 40.
The two side lengths a1, a2 of the openings 40 are selected so as to result in an
opening 40 with a suitable hydraulic diameter d of, for instance, 3 mm. As known
in the field, the hydraulic diameter d may be calculated in accordance with the
formula 4 A/ P, wherein A is the cross-sectional area of the opening 40 and P is

the perimeter of the opening 40.
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The grid 38 is simply produced of expanded sheet material, i.e. by cutting and
stretching a thin metal plate and then deforming the expanded sheet metal to the
desired form, such as to a corrugated sheet.

Grids 38 with a different geometry of the openings 40 and a different geometry of
the separating elements 42 are shown in figures 4b to 4f. The openings 40 of the
grids 38 of figures 2b and 2c are quadrilateral, whereas the openings 40 of the grid
38 of figure 2d are irregular and the openings 40 of the grids 38 of figures 2e and
2f are ellipsoid. They may also be of lenticular shape.

Subsequently, the determination of the width b of a separating element 42 and of
the hydraulic diameter d of an opening 40 of the grid 38 of a structured packing
element in accordance with the present invention is described under reference to
figures 5a and 5b. First of all, several plan views of one of the openings 40, 40’ of
the structured packing element 12 are made by taking three photographic pictures
44a, 44b, 44c of the opening 40 under different angles. The plan views of the
opening 40 photographic pictures 44a, 44b, 44c are taken along the normal axis of
the plane defined by the adjacent edges 48, 48’ of the separating element 42. The
photographic picture 44b that renders the opening 40 largest is then taken as the
plan view of the opening 40. One reference length z is used to determine lengths
and sizes on the plan view. This is achieved by identifying or marking a certain
distance z on the real object in the neighborhood of the opening 40 and measuring
its length. The ratio between the effective length z’ of this distance on the plan
view and the appearing distance z measured on the real object is used for scaling

all other distances that are measured on the plan view.

For determining the width b of a separating element 42, the separating element 42
of the plan view is divided up into individual sections 46 designated i=1,2,3 ... n
each having a section length di. For each of the sections, the shortest distance bi
between the adjacent edges 48, 48’ within the sections 46 is measured. The sum
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of the products dibi divided by the sum of di multiplied with the coefficient z/z’
yields the average width b of the separating element 42.

The hydraulic diameter of the opening 40 is calculated with the formula 4 A/ P,
wherein A is the cross-sectional area of the opening 40 and P is the perimeter of
the same opening 40. The cross-sectional area of the opening 40 is subdivided in
a number j=1, 2, 3 ... m of sections 50 each having a simple shape. The area of
each section 50 is designated A; and is calculated using basic measures and basic
geometric formula. The area A of the opening 40 is obtained by summing up all

areas Aj determined in the opening 40.

The perimeter P of the opening 40’ is determined by subdividing the perimeter P of
the opening 40’ in a number of k=1, 2, 3 ... K individual straight lines Pk that
approximate the opening 40’ best and represent it by a closed polygon. By
summing up the lengths of these straight lines Pk, the perimeter P is obtained.
Again, the lengths must be translated into real lengths using the ratio z/z’ as
defined above.

Figure 6 illustrates the determination of the least deformed portion of a structured
packing element made of corrugated sheets 24, 24’ as layers 32, 32'. As set out
above, in preferred embodiments of the present invention, the layers 32, 32’ of the
structured packing element 12 are made of expanded sheet metal, i.e. by cutting
and stretching a thin metal plate and then deforming the expanded sheet metal to,
for instance, corrugated sheets 24, 24’. After this processing, the openings and
separating elements are likely to be distorted and/or stretched around the peaks

26 and the valleys 28 of the corrugations of the corrugated sheets 24, 24’

However, the inclined flanks, which are defined by the approximately straight
portion of the grid connecting the peaks 26 and the valleys 28, include openings

and separating elements of aimost unmodified sizes, because deformation is less
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pronounced there. It is therefore preferred according to the present invention to
measure the dimensions only in the portion of the layer that is less deformed,
which is designated a "least deformed portion” of the corrugated sheets 24, 24’
This “least deformed portion” is defined as follows: The corrugated sheet has an
average layer width W. This average layer width is determined by the amplitude of
the majority of the peaks 26 and valleys 28 of the layer 24. An upper and a lower
plane represented by two dashed lines in the figure below are drawn to touch the
majority of the peaks 26 and the valleys 28 of the layer. The distance between
these two dashed lines is called average layer width W, and it is typically around
half the maximum distance D. The value W is very often a constant value, but it
may vary in the most general case as the two planes do not need to be parallel
and a packing element may contain layers of different width. A third center plane
52 is defined, which is placed in such a way, that from each point on this center
plane 52, the distance measured to the upper and the lower plane is identical. The
least deformed portion of the corrugated layer 24, which shall be considered when
determining the characteristic dimensions of the grid, is bordered by an upper and
a lower limiting plane 54, 54', which is positioned at £20%, more preferably £30%
and most preferably +40% of W around the center plane 52. The openings and
separating elements in this least deformed portion, i.e. the openings and
separating elements found between these two limiting planes 54, 54', are analyzed
when determining the parameters, such as average hydraulic diameter of the
holes and average widths of the separating elements. According to one
embodiment of the present patent application for at least 90% of the holes
between the limiting planes the following is valid: Each opening with its
surrounding system of separating elements shall have the same appearance and
identical hydraulic diameter d. The surrounding separating elements shall on
average have the same width b. A structured packing element layer that fulfills this

statement is considered a layer made of a uniform grid.
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The above observations are also valid for layers of any different shape. It is not

limited to corrugated layers.

Fig. 7a is a schematic top view of an expanded metal sheet of a layer of a
structured cross-channel packing element according to another example of the
present invention. The top view has been made by taking a photographic picture of
the expanded metal sheet after having flattened the expanded metal sheet by
laying the expanded metal sheet on a flat surface, putting a plate on the top of the
expanded metal sheet and then pressing a plate on the top of the expanded metal
sheet downwards with a sufficiently low pressure so as to just flatten the expanded
metal sheet, without changing the geometry and dimensions of the separating
elements and openings. The expanded metal sheet comprises openings 40, 40’
40", 40" having an essentially trapezoidal from, which are separated from each
other by the separating elements 42. Accordingly, the openings 40, 40', 40” have
a shorter characteristic length e2 and a longer characteristic length e1, wherein the
shorter characteristic length ez of an opening 40, 40’, 40” is the maximal
dimension of the opening in the stretch direction SD of the expanded metal sheet
and the longer characteristic length e+ of an opening 40, 40, 40” is the maximal
dimension of the opening in the direction perpendicular to the stretch direction SD
of the expanded metal sheet. The stretch direction SD of the expanded metal
sheet is that direction, along which the sheet metal has been stretched during the
production of the expanded metal sheet. For instance, the longer characteristic
length e1 of the openings 40, 40', 40" is determined by measuring the distance
between the outermost left point to the outermost right point of the edge of the
opening 40" in the direction perpendicular to the stretch direction SD of the
expanded metal sheet, whereas the shorter characteristic length ez of the
openings 40, 40’, 40” may be determined by measuring the distance between the
uppermost point and the lowermost point of the edge of the opening 40. In order to
particularly precisely determine the characteristic lengths e1 and ez, the respective

dimensions may be measured for at least 5 different openings 40, 40’, 40" and
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more preferably for at least 10 different openings 40, 40°, 40” and by then dividing

the sum of the measured values by five or ten, respectively.

The distance us between two openings 40, 40’, 40™ being in the direction
perpendicular to the stretch direction SD of the expanded metal sheet adjacent to
each other and separated by a separating element 42 is determined by measuring
the distance between the outermost point of a side of the edge of the opening 40
and the outermost point of the same side of the edge of the opening 40" being
adjacent in the direction perpendicular to the stretch direction SD of the expanded
metal sheet. In figure 7a, the distance ui is determined by measuring the distance
between the outermost point of the left side of the edge of the opening 40 and the
outermost point of the left side of the edge of the opening 40 being adjacent in
the direction perpendicular to the stretch direction SD of the expanded metal
sheet. In addition, the distance u2 between two openings 40, 40’ being in the
stretch direction SD of the expanded metal sheet adjacent to each other and
separated by separating element 42 is determined by measuring the distance
between the outermost point of a side of the edge of the opening 40 in the stretch
direction SD of the expanded metal sheet and the outermost point of the same
side of the edge of the opening 40’ being adjacent in the stretch direction SD of
the expanded metal sheet. In figure 7a, the distance uzis determined by
measuring the distance between the uppermost point of the upper side of the edge
of the opening 40 in the stretch direction SD of the expanded metal sheet and the
uppermost point of the upper side of the edge of the opening 40’ being adjacent in
the stretch direction SD of the expanded metal sheet. In order to particularly
precisely determine the distance u1, the distance u1t may be determined by
measuring the distance between the outermost point of one side of the edge of an
opening 40 in the direction perpendicular to the stretch direction of the expanded
metal sheet and the outermost point of the same side of the edge of the fifth or
tenth adjacent opening in the same direction of the expanded metal sheet and by

dividing the distance by four or nine, respectively. Likewise thereto, the distance uz
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may be determined by measuring the distance between the outermost point of a
side of the edge of the opening 40 in the stretch direction of the expanded metal
sheet and the outermost point of the same side of the edge of the fifth or tenth
adjacent opening thereto arranged in the stretch direction of the expanded metal
sheet and by dividing the distance by four or nine, respectively.

Again, the dimensions determined on the photographic picture may be transiated
into the real lengths by using the coefficient z/z' as defined above.

From the aforementioned values, the area of the openings 40, 40’, 407, 40" and
the length of the perimeter P length can be obtained by the following equations if
the openings are of exactly rhombic shape:

A =ere2

P =2V(e1? + e2?)

Furthermore, expanded metal sheet can be characterized by means of the

stretching factor, which is defined as fs= u2/2b.

Fig. 7b and 7c¢ are schematic views along the planes A of fig. 7a and B of fig. 7b,
respectively. As shown in these figures, the expanded metal sheet resulting from
the production process, i.e. by cutting and stretching a metal plate, is not flat
anymore. This is the result of deformation, distortion, bending or vaulting of
individual separating elements and a relative deformation of separating elements
compared to others, e.g. by tilting. Other features like burrs may have resulted
from a punching process and therefore contribute to the thickness. The resulting
dimension of the expanded metal sheet is the grid thickness g and may be
identical to the layer material thickness (which is the case, if the expanded sheet is
flat, because it has been flattened by rolling) or up to several times larger than the
layer material thickness. Another embodiment of the present invention comprises

the rolling of the expanded metal sheet so as to provide an expanded metal sheet
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with a textured surface. More specifically, each of the periodic deformations, such
as in particular corrugations, may have a trickle surface including a patterned front
including a plurality of protuberances and depressions defining continuous
crossing capillary channels. The protuberances may be disposed in abutting
relation with adjacent protuberances and may have side walls defining channels
therebetween and a patterned back identical to the front and defining continuous
crossing capillary channels, such as it is described e.g. in EP 0190435 B1. The
protuberances may have a similar range of height as the grid thickness g without
any further treatment. The grid thickness g is typically in the order of magnitude of
the width b of the separating element and should not be much larger than the
width b. Hence, the ratio of the grid thickness g to average width b of the
separation elements ranges most preferably from 0.5 to 0.8. The grid thickness g
is significantly smaller than the maximum distance D between two adjacent layers

measured in the plane perpendicular of the longitudinal direction.

Fig. 8 is a schematic plan view of the expanded metal sheet of a layer of the
structured cross-channel packing element shown in fig. 7. The plan view is
obtained as described above.

Figure 9 shows schematic views of the cross-section of a packing layer in order to
explain how to distinguish the various expressions for the area of surfaces. Figure
9a shows a cross-section of a typical layer of the structured packing element 12.
The material forming the separating elements 42 is represented by the black lines,
whereas the white portions represent openings 40, 40’ in the layer 32, 32". Each
black portion is a cross-section through a separating element 42. The thickness of
the black lines represents the layer material thickness s. In Figures 8b to 8d the
areas on this layer are represented just by thinner lines that follow the layer
contour. The physical area Ar of a structured packing layer 32, 32’ is shown in
Figure 9b. It is the sum of the surface measured on one selected side of all its
separating elements 42. The edges (having a typical width s) 48, 48’ of the
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separating elements 42 do not contribute to this area. Rather, Ar counts only
surface that is physically present. Thus, holes do not contribute to the value. The
physical area Ap of the structured packing element 12 is the sum of the physical
area Ap of all layers 32, 32' comprised therein. Figure 9c defines the sheet area As
of a packing layer. It is obtained by adding both the area of the openings in the
layer and the physical area Ap of the layer. The sheet area As of the structured
packing element 12 is obtained by summing the sheet area As of all layers 32, 32’
comprised therein. The geometrical area of the layer Au as defined in Figure 9d
adds up both sides of the layer as if there were no openings 40, 40’ or holes. In
other words, the geometrical area Awm is approximately obtained by multiplying the
sheet area As of the packing layers by two, because both sides of the layers
account for the geometrical area Am. The specific area awm is defined as the
geometrical area Am of the structured packing element divided by the volume Vm

that the structured packing element occupies.

Examples and Comparative Examples

Structured packing element 12 as shown in Figure 2 were tested in a distillation
column. The commonly known standard procedure determines the pressure drop
over the packing bed and the mass transfer efficiency using a binary mixture under
total reflux condition. Patent EP 0 995 958 B1 describes such a test with oxygen
and argon at a pressure of 22 psia. US 6,874,769 B2 describes to test structured
packing elements by using the close-boiling binary mixture para- and ortho-xylene.
A binary mixture of similar ideal characteristics as the latter was used in the
present invention, namely monochlorobenzene (as low-boiler) and ethylbenzene
(as high-boiler). Other standard close-boiling ideal binary mixtures to assess the
performance of distillation equipment are specified in U. Onken, W. Arlt:
"Recommended Test Mixtures for Distillation Columns”, 2nd Ed. 1990, The
Institution of Chemical Engineers, Rugby, England. ISBN 0-85295-248-1.
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The bottom of a distillation column was filled with a sufficient amount of the binary
mixture to maintain a decent liquid level during operation of the column. The
reboiler was started, a part of the liquid mixture was continuously vaporized, and
the vapor rose towards the head of the column. The flow rate of the vapor can be
expressed in terms of the factor F and is commonly determined indirectly via the
energy balance at the reboiler or at the condenser at the column head. The
condenser cooled the vapor such that it condensed back to liquid. Under the
preferred total reflux conditions, the entire amount of liquid was sent back to the
top of the packing bed, where it was distributed by means of a distributor. The
distributor is typically a device comprising channels that receive the liquid and
provide an evenly spaced set of orifices through which the liquid can trickle down
onto the top packing of the structured packing bed. After trickling through the
structured packing bed, the entire amount of liquid was collected at the bottom of
the column or at the bottom of the bed by means of a collector from where it was
sent back to the bottom of the column. At the bottom the liquid joined the liquid
pool from which it was vaporized again. A constant head pressure p was
established by controlling the cooling duty of the condenser in combination with a

vacuum pump to remove surplus inert gases.

After a certain time of operation at constant reboiler duty a steady state condition
was achieved. At this point, the pressure drop over the packing bed and
temperatures at relevant points along the column were read, and top and bottom
samples of the mixture were taken from the distributor at the top of the packing
bed and from the collector at the lower end of the packing bed or from the sump.
Several operating points were measured by varying the heat (and cooling) duty,
which affects the factor F (vapor flow) and the related liquid flow through the
packing bed while the head pressure was kept unchanged. The same experiment

was repeated for several settings of the head pressure.
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The compositions of the samples were analyzed by means of a calibrated gas
chromatograph. The top and bottom samples varied by the amount of low-boiler
they contain. More low-boiler, i.e. the compound with the lower boiling
temperature, was found in the top sample than in the bottom sample. Once the
binary compositions were known, the equation according to Fenske (M. R.
Fenske, Ind. Engng. Chem. 24, p. 482, 1932) was applied to determine the
number of Theoretical Stages per Meter (NTSM). Sometimes, the inverse value
HETP was used, which is called Height Equivalent to a Theoretical Plate.

HETP =1/NTSM

A high NTSM (or a low HETP) means a good mass transfer efficiency.

The factor F is defined by:

F = veVpo

wherein v is the average velocity of the rising vapor, which can be determined
from the mass flow rate via an energy balance at the reboiler. The second variable
pc is the vapor density at the relevant vapor/liquid equilibrium. Due to the change
in pressure and temperature along the column the vapor density and other
physical properties of the fluids varied along the column, but the relevant
information is available for the binary mixture. Such variations require to select an
appropriate definition of the factor F. It may be determined by means of the
properties valid under the conditions at the top or at the bottom of the packing bed.
Alternatively, an average value may be computed taking into account the variation
over the entire bed. For comparison purpose any of the possible approaches
works, provided the same approach is used for all tests.

A high factor F means a high mass flow rate in the column. The value of F that is
achievable is usually limited by the flooding which determines the capacity of a
packing. Sometimes the capacity factor c is used instead of F, which is obtained
by dividing F by the square root of the density difference of the liquid and the
vapor.
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The pressure drop over the packing bed was another relevant result of the
experiment. It was obtained as the difference of the pressure readings at the top
and at the bottom of the packing bed after dividing by the bed height Hs:

AP / Az = ( ptop — Pbottom ) / Hp

Five kinds structured packing elements were used in the examples and
comparative examples, which were named P1-250, R-250, P2-500, P3-500 and R-
500. While the structured packing elements P1-250 and P2-500 were cross-
channel corrugated sheet packings made of layers according to the present
invention, the structured packing elements P3-500, R-250 and R-500 were
structured packing elements not in accordance with the present invention. More
specifically, the structured packing elements R-250 and R-500 were known
standard cross-channel corrugated sheet packings with punched holes (leading to
approximately 10% void fraction of the layers) and surface texturing as described
in GB 1,569,828 and in US 4,981,621, which are commercially distributed under
the names Mellapak 250.Y and Mellapak 500.X. All structured packing elements
had a height of around 200 mm. The relevant parameters of the aforementioned

structured packing elements are summarized in table 1.

Table 1
Parameter P1-250 | P2-500 | P3-500 | R-250 | R-500
Angle of corrugation o 45° 30° 30° 45° 30°
Specific area am (M%m3) 250 500 500 250 500
Hydraulic diameter d (mm) 2.46 2.46 1.54
Width of separating element b (mm) 2 2 0.7
S bid= T[T 81% | 81% | 45%
Max. distance D {mm) 225 13 13 225 13
I Db= | 113 | 65 | 186
Side length a4 (mm) 3.1 3.1 1.9
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Longer distance us (mm) 10 10 5
S whb= 5 | 5 T 72
Shorter distance uz (mm) 5 5 25
Longer diagonal e4 (mm) 55 5.5 3.4
Diagonal ratio ez/eq 0.5 0.5 0.5
Grid thickness g (mm) 1.2 1.2 0.75
Void fraction of the layer 30% 30% 47% 10% 10%
Layer material thickness s (mm) 0.1 0.1 0.1 0.1 0.1
""""""""""" bis= 20 20 T
this invention prior art prior art

Example 1 and Comparative Example 1

The structured packing element according to the invention P1-250 and the
reference structured packing element R-250 not in accordance with the present
invention were tested in a distillation column with 1 m inner diameter at total reflux
using monochlorobenzene and ethylbenzene at head pressures of p=960 mbar
(close to atmospheric) and p=100 mbar. The packing beds were 4.3 m high. The
obtained efficiency curves are shown in Figure 10 and Figure 11. In both cases,
the structured packing element P1-250 according to the invention showed in
comparison to the reference structured packing element R-250 a higher mass
transfer efficiency (higher NTSM) and even a slightly extended capacity, which is
characterized by the factor F, where the efficiency suddenly plummets. It is
remarkable and surprising that the structured packing element P1-250 with 30%
less material usage (and 20% less physical area Ap) than the reference structured

packing element R-250 achieves the better mass transfer result.

The pressure drops of both structured packing elements is shown in Figure 12 and
were very similar. Accordingly, the structured packing element P1-250 according

to the invention had a higher pressure drop at low F-factor, but the slope was
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lower, which provided the new packing with its capacity advantage and a lower

pressure drop at high flow rates.
Example 2 and Comparative Examples 2 to 3

The structured packing element P2-500 according to the invention and the
reference structured packing element R-500 were tested in a column with 0.25 m
inner diameter at total reflux using monochlorobenzene and ethylbenzene at head
pressures of p=960 mbar and p=100 mbar. Furthermore, the structured packing
element P3-500 was tested. Despite its similarity with P2-500, structured packing
element P3-500 was quite different in as much as significant geometrical
parameters are set to values outside the numeric value ranges as specified in the
present invention. More specifically, for the structured packing element P3-500 the
ratio of the distance ui between adjacent openings measured perpendicular to the
stretch direction and the average width of the separating elements ui/b was 7.2
and the ratio of the average width of the separating elements to the layer material
thickness b/s was 7, i.e. both of these ratios were outside the numeric value
ranges as specified therefore in the present invention. The packing beds with P2-
500 and P3-500 were 2.4 m high and the packing bed with the reference R-500
had a height of 2.6m.

The obtained efficiency curves for these structured packing elements are shown in
Figure 13 and Figure 14 and the obtained pressure drops for these structured
packing elements in Figure 15.

The better efficiency of the structured packing element P2-500 according to the
present invention in comparison to the structured packing elements P3-500 and R-
500 (not in accordance with the present invention) can be easily derived in Figures
13 and 14 for both, a head pressure of 960 mbar as well as a head pressure of
100 mbar. The spread in mass transfer efficiency is especially striking at the low
head pressure. Interestingly, P3-500 has a nice capacity, but the efficiency is
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significantly below that of R-500. Both structured packing elements P2-500 and
P3-500 have initially a higher pressure drop than that of R-500, but as F increases,
they gain advantage and the higher capacity of both can also be recognized in this

graph.
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List of Reference Numerals and Abbreviations

10
12

14,14’

16, 16’

18

20

22

24, 24’

26

26’

28

30

32,32’

33, 33’

34

36

38

40, 40, 40", 40
42

44a, 44b, 44c

46
48, 48'
50
52

Mass transfer column / distillation column
Structured cross-channel packing element
Beds of structured packing elements
Distributor

Holding device

Collector

Pipe

Corrugated sheets

Peak of a layer

Peak of an adjacent layer

Valley

Channel / open space

Layers

Terminal portions of a corrugated sheet
Dimple

Dimple valley wall

Grid

Opening of the grid

Separating element of the grid
Photographic pictures of an opening taken under different
angles

Section of a separating element

Edges of a section of a separating element
Section of an opening

Center plane
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54, 54’

a1
az

am

Am
Ap
As

bi

di
el

e2

Pk
SD

U1
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Upper and lower limiting planes determining the least deformed
portion of a structured packing element made of corrugated

layers

Cross-sectional area of an opening

Side length of an opening

Second side length of an opening

Specific area of a packing or a layer

Area of a section of the opening

Geometrical area

Physical area

Sheet area

Average width of the separating elements

Shortest distance between the adjacent edges of a section of
the separating element

Average hydraulic diameter of the openings

Length of a section of the separating element

Longer characteristic length of the opening

Shorter characteristic length of the opening

Grid thickness

Layer material thickness

Maximum distance between at least adjacent of the at least two
layers / corrugated sheets

Perimeter of an opening

Straight lines of perimeter sections of an opening

Stretch direction of expanded metal sheet

Distance between two openings being adjacent in the direction
perpendicular to the stretch direction of the expanded metal

sheet



10

WO 2021/073859
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54

Distance between two openings being adjacent in the stretch
direction of the expanded metal sheet

Longitudinal direction, which is usually the vertical direction
Average layer width of a layer or a corrugated sheet
Reference length of the layer

Reference length on plan view of photographic picture

Angle between each of the peaks and each of the valleys with

respect to the longitudinal direction



