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1
COMPACT CONTACTING DEVICE

The government has rights in this invention pursuant
to Contract No. NAS3-25560 awarded by the NASA
Louis Research Center.

TECHNICAL FIELD

This invention relates to mass and heat transfer sys-
tems between two fluids of different densities including
the use of such systems for separating air into its compo-
nents, principally nitrogen, oxygen and argon, employ-
ing distillation at very low (cryogenic) temperatures.

BACKGROUND ART

Cryogenic air separation has been the major commer-
cial source of air components for over half a century,
and those components have become increasingly impor-
tant industrial products. For example, steelmaking
today is dependent upon pipe-line quantities of oxygen.

Conventionally, cryogenic air separation is carried
out in a system of stationary distillation columns which
may be a hundred or more feet tall and ten or more feet
in diameter. Within the column, liquid flows down-
wardly be gravity into and out of a series of plate-like
structures holding shallow pools of liquid. The bottoms
of the plates or trays are perforated so that vapor under
sufficient pressure flows upwardly into and through
each liquid pool to the next higher pool. The vapor
pressure is also sufficient to prevent the liquid pools
from “weeping” through the tray perforations. The
liguid must go downward by gravity from one pool to
the next via drains called downcomers. The result is a
stage by stage counter-current contact between the
liquid as it moves down the column and the vapor as it
moves upwardly. Alternatively, instead of trays, the
distillation columns are filled with a mass of material
referred to as packing, which can be, for example, glass
beads, shaped metal pieces, wire mesh or a honey comb-
like structure made of sheet metal. Liquid flows down
the labyrinth of passages in the packing and makes con-
tinuous counter-current contact with the vapor which
rises because a somewhat lower pressure is maintained
at the top of the column than at the bottom. With pack-
ing, the vapor is not “forced” through successive pools
of liquid but passes over the surface of the liquid which
is in the form of a downwardly flowing film or stream-
let. Consequently, less difference in pressure is required
between the bottom and the top of a column in operat-
ing a packed column than a trayed column. This can be
translated into lower energy costs for a packed column.

In a stationary cryogenic air separation system, the
separation process or rectification is basically the same
whether the columns are trayed or packed. How the
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separation takes place is illustrated by separation of 55

nitrogen from oxygen in the largest column of a typical
system, called the low pressure column. Liquid nitrogen
boils at lower temperature (—383° F.) than liquid oxy-
gen (—360° F.), and therefore liquid nitrogen is said to
be more volatile (capable of being changed from a lig-
uid to a gas) than liquid oxygen. The boiling points
given for both liquid nitrogen and oxygen are at one
atmosphere of pressure which is normal atmospheric
pressure at sea level. In a typical low pressure column,
the downwardly flowing liquid begins at the top as
nitrogen. The rising vapor at the bottom is oxygen from
a boiling pool. The oxygen vapor, as it rises, picks up
the more volatile nitrogen from the descending liquid
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and becomes increasingly richer in nitrogen. At the top
of column, the vapor becomes nearly 100% nitrogen,
one product of the distillation, and it is in equilibrium
with the liquid nitrogen which in turn is “stripped” of
almost all of its nitrogen as it descends and becomes
nearly 100% oxygen, another product of the distillation,
at the bottom of the column. Air is fed to the middle of
the column.

It is an object of this invention to carry out mass
and/or heat transfer between two fluids of different
densities, including cryogenic air separation, in a rotat-
ing apparatus using an ordered or structured packing
mass wherein one fluid is expelled from the center of the
mass uniformly through the packing by centrifugal
force resulting from the rotation, and the other fluid,
less dense than the first fluid, moves from outside of the
mass through the packing toward the center.

It is another object of the invention to greatly reduce
the size of a cryogenic air separation system from that
required when conventional stationary distillation col-
umns are utilized.

SUMMARY OF THE INVENTION

The above and other objects are attained by:

A rotatable cylindrical mass of packing structured to
provide substantially uniform distribution of a fluid in at
least the direction parallel to the axis of the packing
mass when it is rotated, whereby the fluid is outwardly
expelled in counter-current contact with a less dense
fluid moving inwardly from outside the cylindrical
mass.

A method of cryogenic air separation wherein a lig-
uid mixture of air components is in mass transfer contact
with a vapor of a different mixture of air components,
the liquid mixture being expelled outwardly by centrifu-
gal force from the center of a rotating cylindrical mass
of structured packing distributing the liquid mixture
substantially uniformly in a direction parallel to the axis
of the cylindrical mass, and the vapor mixture being
moved inwardly from the outside of the cylindrical
mass in mass transfer contact with the liquid mixture.

As used herein, the term a “different mixture of air
components” includes a mixture having the same two or
more components but in different concentrations than
those in another “mixture of air components.”

BRIEF DESCRIPTION OF THE DRAWING

FIG. 1 is a cross-section of a separation column em-
ploying a rotating mass of structured packing in accor-
dance with the invention.

FIG. 2 is a drawing from a photograph of an adjoin-
ing pair of packing elements which are a preferred em-
bodiment of the invention.

FIG. 3 is a cross-section along plane A—A in FIG. 1
of a preferred arrangement of elements, such as those
shown in FIG. 2.

FIG. 4 is a cross-section as in FIG. 1 of an alternative
configuration of the rotating mass having concentric
sections of different densities.

FIG. 5 is a cross-section as in FIG. 1 of another aiter-
native configuration of the rotating mass which is ta-
pered toward its outside boundary.

FIG. 6 is a cross-section as in FIG. 3 of yet another
alternative configuration of the rotating mass having
concentric sections to provide fluid distribution both
parallel and tangential to the axis of rotation.

FIG. 7 is a cross-section as in FIG. 1 of the cylindri-
cal rotating mass being sealed at both ends thereof.
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FIG. 8 is a simplified flow diagram of an air collec-
tion and enrichment system (ACES), the air separation
columns of which is one application of the invention.
An ACES may be used to supply oxygen to a rocket
engine.

FIG. 9 is a graph of experimental data showing an
advantage of the structured packing mass as shown in
FIG. 1, 2 and 3 over a packing of glass beads randomly
arranged.

DETAILED DESCRIPTION

The process and apparatus of this invention will be
described in detail with reference to FIGS. 1 through 9

In FIG. 1, a feed vapor 1 and a feed liquid 2 having
different compositions or concentrations of air compo-
nents are introduced into the system containing a rotat-
able cylindrical mass of packing 3 within a container 4
which is sealed by seal 5 where rotatable shaft 6 passes
through container 4 to rotate cylindrical mass 3, shaft 6
being driven by gearmotor drive 7. Conveniently, the

liquid is sprayed from conduit 8 uniformly from top to -

bottom onto the inner surface of cylindrical mass 3 as
shown by the arrows extending from conduit 8. The
liquid is expelled outwardly by centrifugal force
through the packing mass 3 as a result of rotating the
mass. Rotational speeds of up to about 2000 rpm are
suitable depending upon the radius of the packing mass,
since as a result of its rotation we achieve effective “g”
loads in the packing, and thus on the liquid being ex-
pelled, in the range of 50 to 1000, i.e. multiples in that
range of the natural gravitational force. The liquid,
therefore, passes through the packing mass at much
higher velocities than when liquid passes downwardly
through packing in a stationary column under the influ-
ence of only natural gravity. The higher “g” loads due
to the centrifugal force employed in our invention
greatly increases the fluid handling capacity of the
packing and hence reduces the amount of packing re-
quired for a given amount of throughput. The efficiency
of the packing used in our invention can also be en-
hanced in terms of the volume of packing required to
achieve a given degree of separation of the components
of the counter-contacting fluid feeds. This is accom-
plished by using higher density packing in terms of
increased fluid contact surface per unit of volume.
While higher packing density typically results in re-
duced capacity, this effect is minimized or counteracted
by the higher fluid velocities which increase capacity
per unit volume of any density of packing. The overall
result can be a highly efficient, compact system of either
mass transfer or heat transfer between two fluids of
different densities (e.g., liquid and gas).

The highest “g” loads achieved in cylindrical packing
mass 3 is, of course, at its outer periphery. The “g” load
may be calculated for any given point in the packing
mass in a conventional way by multiplying shortest
distance from the point to the axis of rotation, i.e. the
radius, times the square of the velocity in radians per
second, and dividing the product of that multiplication
by the standard acceleration of gravity of about 32
ft/sec/sec. The packing mass 3 is so structured, as illus-
trated in FIGS. 2 and 3, as to maintain a substantially
uniform distribution of the liquid from top to bottom of
packing mass 3, i.e. in the direction parallel to the axis of
its rotation. Continuing with FIG. 1, the liquid expelled
through packing mass 3 is conveniently collected
through drain 9. The feed vapor 1 passes through the
packing mass 3 from the outside to the center of the
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mass because a lower pressure is created in the center
than that of the feed vapor 1 as it enters container 4.
This pressure difference is maintained by enclosing or
sealing off the entire bottom of the packing mass, in-
cluding the open center, by bottom plate 10, and by top
cap 11 fitting as shown to vapor exhaust structure 12. A
seal 13 between top cap 11 and exhaust structure 12 is
provided since cap 11 rotates with respect to structure
12. Within the packing mass, the vapor feed 1 is in mass
transfer, counter-current, contact with feed liquid 2
which is distributed as a thin film over the surfaces of
packing mass 3. This means that the more volatile
(readily evaporable) component of liquid feed 2 tends to
become a part of the vapor, or is stripped from the
liquid, as the liquid feed moves outwardly. The vapor
feed, on the other hand, thus becomes richer and richer
in the most volatile component of the liquid feed. Illus-
tratively, as described in the “Background Art” section
above, the system of FIG. 1 can be operated as a low
pressure air separation column, i.e. when the feed vapor
1 is oxygen and the feed liquid 2 is nitrogen. By mass-
transfer in packing mass 3, feed vapor 1 is transformed
into nearly all nitrogen gas and feed liquid 2 becomes
nearly all oxygen liquid. Air may be fed into the middle
of the mass. Surprisingly, such a mass transfer process is
very efficiently performed in our system in that the
volumetric size of the system per unit of capacity is of
the order of more than ten times less than for a conven-
tional stationary packed column where the liquid feed
passes through the packing by gravity, and, operational
costs are substantially the same.

In FIG. 2, metal sheet 14 is corrugated to form a
series of alternating peaks and valleys oriented at about
45° to a plane perpendicular to the rotational axis of the
packing mass 3 shown in FIG. 1. Adjacent sheet 15 aiso
has a series of alternating peaks and valleys oriented at
about 45° to the same plane as sheet 14. However, as
shown, the peaks and valleys of sheet 15 are approxi-
mately perpendicular to those of sheet 14.- In FIG. 2,
sheets 14 and 15 are spaced apart to show their respec-
tive configurations. In cylindrical mass 3 a sufficient
number of alternating sheet 14s and 15s are packed
together adjacent to each other to form mass 3 without
voids other than as created by the corrugations. It is
preferred that metal sheets 14 and 15 be formed or bent
into an involute shape shown in FIG. 2 before being
assembled into packing mass 3. Typical aluminum sheet-
ing used for structured packing is difficult to bend and
will “spring back” when an attempt is made to do so.
We have found that it is preferable to heat treat such
corrugated sheets of type 3003 aluminum before bend-
ing or forming. Suitable treatment times are from about
4 to 2 hours at temperatures of from 400° F. to 600° F.
A treatment of one hour at a temperature of about 530°
F. is most preferred. The metal sheets become pliable
and thus can be contoured into the desired configura-
tion such as shown in FIG. 2 (and FIG. 3) using suitably
designed forming tools.

One alternative configuration of the structured pack-
ing in cylindrical mass 3 in that the mass is made up of
more than one concentric section each of which has a
different density. For instance, only one-third of sheets
14 and 15 would be used for an inside concentric section
of mass 3. A second middle concentric section would be
more dense being made up of packing sheets of same
form as sheets 14 and 15 except having corrugations
smaller in amplitude. An outer concentric section
would be more dense than the middle section being
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made up of sheets of the same involute form as the outer
third (on the left side) of sheets 14 and 15. See FIG. 4.
A reason for such concentric sections of increasing
density from the inside to the outside of cylindrical
packaging mass 3 is that the centrifugal force on the
feed liquid 2 increases the greater the distance is from
the axis of rotation of mass 3, and with such variable
density in the packing in conjunction with a uniform
flow of the liquid from inside to outside, the overall
efficiency of the system is enhanced with the use of
increased packing surface for mass or heat transfer pur-
poses. Also, mass 3 can be made more compact than
with uniform density. The density of the structured
packing useful in this invention can vary from about 100
to about 1000 ft.2/ft.3.

Packing compaction can also be effected by tapering
the cylindrical mass 3 to a smaller height at its outside
boundary. Sheets 14 and 15 could be employed as con-
figured in FIG. 3, but would be tapered in height. The
amplitude of the corrugations of sheets 14 and 15 would
not have to be changed from the inside to the outside of
mass 3. The amount of packing being less in a tapered
mass, the cost of the system would be appreciably re-
duced. See FIG. 5.

Another alternative to the configuration of the struc-
tured packing in cylindrical mass 3 is to have concentric
sections of packing elements such as sheets 14 and 15 in
FIG. 2, but sheets in alternate sections would be ori-
ented to provide distribution of the feed liquid (a) in a
plane perpendicular to the rotational axis of mass 3 and
then again (b) parallel to that axis. By way of illustra-
tion, the inside and outside one third of sheets 14 and 15
(right and left as depicted in FIG. 2), would form inside
and outside concentric sections of mass 3. A middle
concentric section would be a stack of flat, washer-
shaped sheets corrugated the same as sheets 14 and 15
but not formed into a involute shape. The reason for this
alternative configuration is so that cylindrical mass 3
can be rotated at lower rpm when there is not suffi-
ciently uniform distribution of liquid feed 2 in a direc-
tion tangential or circumferential to the axis of rotation
of cylindrical mass 3. See FIG. 6. In place of packing
sections with packing sheets in a plane perpendicular to
the axis of mass 3 as in FIG. 6, a fluids distributor could
be used as in a conventional stationary packed column.

FIG. 3 is a cross-section of the cylindrical packing
mass 3 along plain A—A in FIG. 1. A number of pairs
of involute-formed corrugated metal sheets 14 and 15
are assembled into mass 3. The sheets are spaced apart
only by the corrugations which are in point to point
contact with the corrugations on adjoining sheets. The
involute form of the metal packing sheets provides a
predictable and efficient flow of liquid 2 through mass 3
so that there is substantially uniform counter current,
mass transfer contact between vapor feed 1 and liquid
feed 2. Our preferred configuration of packing sheets 14
and 15 in mass 3 is a logarithmic spiral curved counter
to the direction of rotation shown in FIG. 3. Conve-
niently, the corrugated metal sheets are banded to-
gether around the outside and inside to form cylindrical
mass 3. The band (not shown) is suitably a strip of perfo-
rated sheet metal or wire mesh so that both the feed
vapor and feed liquid 2 can readily pass through the
band. Preferably, both ends (top and bottom in FIG. 1)
of the cylindrical mass 3 are sealed with a fitted sheet of
flexible metallic or polymeric material in order to con-
fine vapor 1 and liquid 2 within mass 3. Otherwise chan-
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6
neling of the liquid (or vapor) could occur at either end
(top or bottom) of mass 3. See FIG. 7.

The low and high pressure columns in air collection
and enrichment system (ACES) diagrammed in FIG. 8
are a particularly practical application of this invention
for cryogenic air separation. A rocket propulsion sys-
tem is made smaller and lighter if relatively pure oxygen
can be extracted from surrounding air which is within
the limits of the earth’s atmosphere however thin.

FIG. 9 is based upon experiments carried out compar-
ing the flow capacity of the structured packing of this
invention with a random packing of glass beads in terms
of the well-accepted Sherwood Parameter in a rotating
distillation column, the feed vapor being air and the
liquid feed being water. See (a) “VOC Removal With a
Rotary Air Stripper”, R. Fowler and A. S. Khan,
Glitsch, Inc., AICHE Annual Meeting, New York,
Nov. 15-17, 1987, (b) “Hydraulic Performance and
Efficiency of KOCH FLEXIPAC Structured Pack-
ings”, K. J. McNulty and Chang-Li Hsieh, Abcor, Inc.,
AICHE Annual Meeting, Los Angeles, Nov. 14-19,
1982, and (c) “Fluid Flow and Mass Transfer in Rotat-
ing Packed Beds with Countercurrent Gas-Liquid
Flow”, S. Munjal, A dissertation presented to the Sever
Institute of Washington University in partial fulfillment
of the requirements for the degree of Doctor of Science,
St. Louis, Mo., December 1986). While these experi-
ments were carried out at room temperature, Sherwood
Parameter results are known to be correlatable to tem-
peratures. The Flow Parameter variations along the
horizontal axis of FIG. 9 are also recognized as correlat-
able to typical variations in cryogenic air separation.
Thus, as conditions were varied in flow from left to
right on FIG. 9, the Sherwood Parameter was always
higher for the packing of this invention than for glass
beads suggested in the prior art (See reference (c) above
in this paragraph) for rotating distillation columns.

Finally, we have discovered that the feed liquid 2
may be sprayed at varying angles to inside of cylindrical
packing mass 3 and results are improved if the spray
angle relative to a plane perpendicular to the rotational
axis is varied as the rpm of the mass is varied so that
liquid goes directly into the channels formed by the
corrugated metal sheets 14 and 15, i.e., a “splash back”
effect is avoided. We envision an automatic control
system for varying the designated angle of the liquid
spray as rpm of the packing mass is varied.

It will be understood by those skilled in the art to
which this invention pertains that there are many other
embodiments of the invention not described above that
are within the spirit and scope of the claims.

We claim:

1. An apparatus for mass or heat transfer between
two contacting fluids of different densities comprising a
rotatable mass of structured packing which provides
distribution of one fluid in at least the direction parallel
to the axis upon rotation as said one fluid is directed
outwardly by means from the center of said mass of
structured packing and is expelled by rotation of said
mass outwardly through said mass in counter-current
contact with a fluid of lesser density moving inwardly
through said mass from means on the outside of said
mass wherein the packing mass is made up of corru-
gated sheets of involute shape relative to the axis of the
packing mass and form a logarithmic spiral curved
counter to the direction of rotation of the mass of struc-
tured packing, said corrugated sheets having corruga-
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tions in crossing relationship to each adjacent corru-
gated sheet.

2. The apparatus of claim 1 wherein the corrugated
sheets are formed from aluminum heat treated at a tem-
perature above about 400° F.

3. The apparatus of claim 1 the density of the packing
mass is greater on the outside than on the inside.

4. The apparatus of claim 1 wherein the packing mass
is cylindrical in shape and rotatable around the axis of
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the cylinder, the cylindrical mass being tapered from
inside to outside.

5. The apparatus of claim 1 wherein the rotatable
mass of packing is also structured to provide distribu-
tion of the one fluid in the direction tangential to the
axis of the packing mass.

6. The apparatus of claim 1 wherein the mass of pack-

ing is cylindrical in shape and is sealed at both ends.
L I *



