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DEVOLATILIZER DESIGN

BACKGROUND

[0001] For solution polymerization, there is a need for a devolatilization design that
will reduce polymer carryover into the vacuum condensers. In a solution polyethylene process,
the unreacted ethylene and the solvent is typically removed from the polymer using two flash
units, referred to as the devolatilization (devo) tanks. The unreacted ethylene and most of the
solvent are removed in the first devo, resulting in a polymer concentration of 80-90 wt%. The
rest of the solvent is removed in the second devo. The stream from the first devo is typically
heated using a heat exchanger or heater. As the polymer flows through the heater and it heats
up, the solvent vaporizes and it phase-separates out of the polymer causing foam formation
towards the exit of the heater slots into the second devo tank. The volatiles disengage from the
polymer outside the heater, the molten polymer collects at the bottom of the vessel and the
vapors are removed through nozzles at the top of the devo tank. However, typical devo designs
experience high polymer carryover into the vents and eventually into the vacuum condensers.
When polymer gets carried over into the vacuum condensers, it fouls the condensers reducing
their effectiveness, i.e., the vacuum condensers cannot maintain the level of vacuum inside the
devo. Some devo and/or heater designs are described in the following references: US4808262,
US5084134, US5453158, US6627040, US7332058 and US8518212. However, there remains
a need for a devolatilization design that will reduce polymer carryover into the vacuum

condensers. This need has been met by the following invention.

SUMMARY OF INVENTION

[0002] A devolatilizer (devo), which operates at a temperature (T) and at a pressure
(P), for the separation of at least a portion of a solvent from a polymer-rich solution comprising
the solvent and a polymer, and wherein the devolatilizer comprises at least the following
components:

A) adistributor, a heater, or a heater/distributor combination (component A) of length
L, the vertical distance from the top to the bottom of the component A;

B) a shroud (component B) located around some or all of the periphery of component
A; and wherein the shroud comprises at least one cylindrical section situated outside the
periphery of component A, and wherein this cylindrical section encloses at least a portion of

the periphery of component A, and
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C) a gap (component C) located between the outer surface of component A and the
inner surface of component B, and wherein the gap has a width (w), the distance from the outer
surface of component A to the inner surface of the at least one cylindrical section of component
B, and the gap has a length < /; and wherein w may optionally vary continuously or
discontinuously along the length /; and

wherein component A comprises an inner channel, and a plurality of cross-sectional
openings extending from the inner channel to the gap; and wherein some or all of the polymer
rich solution enters the inner channel, and moves radially through the cross-sectional openings,
and within each opening, some or all of the solvent of the polymer rich solution is vaporized,
forming a solvent vapor and a polymer melt; and wherein the polymer melt enters the gap, and
flows downward from the point of entrance into the gap, and wherein some or all of the solvent
vapor flows downward from the point of entrance into the gap; and
wherein for each vertical distance, y, as measured from the top of the outer surface of
component A, the total amount of the solvent vapor that leaves component A at the given
distance y, and flows downward into component C, has the following velocities:

a) within the gap, an average vertical downward velocity, defined as the ratio of “the
total solvent vapor flow rate” to “the cross-sectional area available for flow,” and wherein
each of “the total solvent vapor flow rate” and “the cross sectional area available for flow” is
measured at the same vertical distance, y, and

b) a radial average velocity exiting the component A, defined as the ratio of “the total
solvent vapor flow rate at the exit of component A, at the temperature (T) and pressure (P) of
the devolatilizer” to “the number of openings in component A multiplied by the cross-sectional
area of each opening;” and

wherein the average vertical downward velocity < the radial average velocity exiting

the component A.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] Figure 1 is a schematic of a solution polymerization process.

[0004] Figure 2 is a schematic of a devolatilization process.

[0005] Figure 3 is a schematic of the polymer and vapor exiting the “heater and/or
distributor” and moving through the annular region between the heater/distributor and the
shroud.

[0006] Figure 4 is a schematic of the different shroud designs, including the

comparative example.
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[0007] Figure 5 is a schematic of the details of the shroud designs for the inventive
examples shown in Figure 4.

[0008] Figure 6 depicts one embodiment/variation of inventive design-1.

[0009] Figure 7 vapor in the gap between components A and B, versus y values,” for
each devo design shown in Figure 4. Figure 7 contains a constant line for the radial average
velocity exiting the component A. Note, the velocity (V (m/s)) results for Inventive Example
2 and Inventive Example 3 coincide — see the lowest profile on Figure 7. The average radial
velocity of the vapor is also depicted as a horizontal line. is a plot of the “average vapor
vertical downward velocity” of the

[0010] Figure 8 depicts an outer vessel enclosing a distributor and/or heater

(component A) and a shroud (component B).

DETAILED DESCRIPTION OF THE INVENTION

[0011] As discussed above an apparatus is a devolatilizer (devo), as discussed above
(see Summary of Invention), is provided.

[0012] The devolatilizer (devo) may comprise two or more embodiments described
herein.

[0013] In one embodiment, the polymer-rich solution comprises > 60 wt%, or > 70
wt%, or > 80 wt%, or > 90 wt%, or > 95 wt% of the polymer, based on the weight of the
polymer-rich solution.

[0014] In one embodiment, the width (w) of the gap varies along the length /..

[0015] In one embodiment, the width (w) of the gap varies continuously along the
length L.

[0016] In one embodiment, the width (w) of the gap varies discontinuously along the
length L.

[0017] In one embodiment, L is from 10 ¢cm to 200 cm, or from 20 ¢cm to 180 ¢cm, or
from 30 cm to 160 cm.

[0018] In one embodiment, for each distance y, the average vertical downward
velocity from 1 m/s to 10 m/s, or from 1 m/s to 8 m/s, or from 1 m/s to 6 m/s, or from 1 m/s to
4 m/s.

[0019] In one embodiment, the radial average velocity exiting the component A 1s >
10 m/s or > 8 m/s, or > 6 m/s.

[0020] In one embodiment, component A has a symmetrical cross-sectional area

along the length of component A.
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[0021] In one embodiment, component A is cylindrical in shape, and further A is a
cylinder.

[0022] In one embodiment, for component A, the cross-sectional openings all have
the same dimensions. As used herein, the phrase “same dimensions” refers to a tolerance of
+ 1.0% of a target dimension.

[0023] In one embodiment, the cylindrical section of component B has a length
which is greater than or equal to the length of component A. In a further embodiment, the
cylindrical section of component B has a length which is equal to the length of component A.

[0024] In one embodiment, the cylindrical section of component B has a length
which is less than the length of component A.

[0025] In one embodiment, for component B, the cylindrical section comprises a
continuous flared cylinder, which has a lower outer diameter, at the end of the flared cylinder,
which is greater than an upper outer diameter, at the beginning of the flared cylinder. See, for
example, Inventive Example 1 of Figure 4, and Figure 6. In a further embodiment, the lower
outer diameter is > 1.2 x the upper outer diameter. The bottom of the flared cylinder is
downstream from the top of the flared cylinder.

[0026] In one embodiment, for component B, the cylindrical section comprises a
vertical section of length /;,, followed by a flared section of length /2. In a further
embodiment, the flared section of length 4, is followed by a vertical section of length /4;.

See, for example, Figure 6. In one embodiment 4#; = A>. In one embodiment, 4; = h> = hs.
In one embodiment, /2, > h; and/or A2 > hs. In one embodiment, /; + ho <L, or h; + hy > L, or
h; + hy = L. Inone embodiment, A; + hy + hs <L, or h; + hy + hs > L.

[0027] In one embodiment, the shroud of component B comprises > 2 separate
sections, and each section is located at a distance d; from the center of component A. Ina
further embodiment, the shroud of component B comprises > 4 separate sections, and each
section is located at a distance d; from the center of component A. As used herein, the phrase
“center of component A” refers a center point (for symmetrical area) or geometric center (for
asymmetrical area) in the cross-sectional area of component A. See, for example, Inventive
Example 2 of Figure 4.

[0028] In one embodiment, d; is > 50 cm, or > 55 c¢m, or > 60 cm, or > 65 cm, or >
70 cm, or > 75 cm, or > 80 cm. In one embodiment, d; is <300 cm, or <280 cm, or < 260
cm, or <240 cm, or <220 c¢m, or <200 cm, or < 180 cm, or <160 cm.

[0029] In one embodiment, the shroud of component B comprises 8 separate

sections, and wherein 4 of the sections are located at a distance d; from the center of
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component A, and 4 of the sections are located at a distance d> from the center of component
A; and wherein d> > d;. In a further embodiment, d>> 1.2 x d;. See, for example, Inventive
Example 3 of Figure 4.

[0030] In one embodiment, d; is > 50 cm, or > 55 c¢m, or > 60 cm, or > 65 cm, or >
70 cm, or > 75 cm, or > 80 cm. In one embodiment, d; is <300 cm, or <280 cm, or < 260
cm, or <240 cm, or <220 c¢m, or <200 cm, or < 180 cm, or <160 cm.

[0031] In one embodiment, d>is> 70 cm, or > 75 c¢cm, or > 80 cm, or > 85 cm, or >
90 cm, or > 95 cm, or > 100 cm. In one embodiment, &> is <400 c¢cm, or <380 c¢cm, or <360
cm, or <340 c¢m, or <320 cm, or <300 cm, or <280 cm, or <260 cm, or <240 cm, or <220
cm, or <200 cm.

[0032] In one embodiment, the cylindrical section of component B comprises an
upper continuous radial section of length Lc, and a lower segmented section comprising > 2
separate segments, each of length Lg; and wherein Ls > Lc; and wherein Lc is measured from
the top of the shroud to the end of the upper continuous radial section; and wherein Ls is
measured from the top of the shroud to the end of a lower segmented section. In a further
embodiment, the lower segmented section comprising > 4 separate segments, each of length
Ls; and wherein Ls > Lc. In a further embodiment, Ls> 1.2 x Lc. See, for example, Inventive
Example 4 of Figure 4.

[0033] In one embodiment, Lsis > 50 ¢cm, or > 55 ¢cm, or > 60 ¢cm, or > 65 c¢cm, or >
70 ¢cm, or > 75 cm, or > 80 cm. In one embodiment, Ls is <300 c¢cm, or <280 c¢m, or <260
cm, or <240 cm, or <220 ¢m, or <200 cm, or < 180 ¢m, or <160 cm.

[0034] In one embodiment, Lcis> 70 cm, or > 75 ¢cm, or > 80 ¢cm, or > 85 c¢cm, or >
90 cm, or > 95 ¢cm, or > 100 cm. In one embodiment, Lc is <400 c¢cm, or <380 cm, or <360
cm, or <340 cm, or <320 cm, or <300 cm, or <280 cm, or <260 cm, or <240 cm, or <220
cm, or <200 cm.

[0035] In one embodiment, the shroud of component B has a design, such that the
maximum average downward velocity of the solvent vapor at location y, in the gap of

component C, meets the following equations SA to 5C:

Vg > 9Dy ify<h
vd—( +2)2_ D 2 =M EQN. 5A,
9113 2
D
Vs by 2y EQN. 5B,

(gl + (y — hy)tanb +%) — (2

where D is the diameter of component A,
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v 1is the vertical distance from the top of component A to the point along component A where
the width of the gap is measured,
q is the volumetric flow rate of the evaporated solvent per unit area per unit time,
g 1s the initial gap distance for a certain length 4, and g is the gap distance at a certain length
ho.

[0036] At length A;, as measured from the top of the heater or distributor, there begins
a conical section, with an angle 6 from the vertical axis, as defined by the initial gap g; and the
length A, at the top part of the shroud. See, for example, Inventive example 1 in Figure 4 as
depicted by Design-1 in Figure 5 and Figure 6. At length /., as measured from the bottom of
length A, there begins a cylindrical section as defined by the constant gap distance g, evaluated
at length />, and that has a length /5 as measured from the bottom of length /..

[0037] In one embodiment, 4, is from greater than O to 200 inches, or from 2 to 100
inches, or from 4 to 80 inches, or from 6 to 60 inches.

[0038] In one embodiment, O is from 5 to 25 degrees, or from 10 to 15 degrees.

[0039] In one embodiment, V4 is from 1 to 30 m/s, or from 2 to 15 m/s.

[0040] In one embodiment, /2 is from greater than O to 300 inches, or from 2 to 250
inches, or from 4 to 220 inches, or from 6 to 200 inches.

[0041] In one embodiment, Asis from greater than O to 100 inches, or from 2 to 80
inches, or from 4 to 60 inches, or from 6 to 40 inches.

[0042] In one embodiment, the shroud of component B has a design, such that the
maximum average downward velocity of the solvent vapor at location y, in the gap of
component C, meets the following equations 6A, 6B and 6C:

where D is the diameter of component A,

ify<a v, >—a EQN. 6A,
T ()

ifa<y<L—F V,>— 2 —>  EQN.6B,
?(D+2g3)(y—a)+(g3+;) —(;)

ifL—-B<y<L v, > aby EQN. 6C,

”?A(D+2g3)(y—0!—.3)+(93+§)2_(§)2’

v 1is the vertical distance from the top of component A to the point along component A where
the width of the gap is measured,
q is the volumetric flow rate of the evaporated solvent per unit area per unit time,

g3 1s the gap distance for a certain length y,



WO 2019/232290 PCT/US2019/034788

n is the number of openings or slits around the surface of the shroud creating a partial or
segmented shroud: each opening can begin at a length « as measured from the top of the shroud,
and end at a distance [ as measured from the bottom of the shroud. The segment of each
opening, is such that it forms an angle A, when observed from the cross view at the top of the
design. See, for example, Inventive examples 2 and 4 in Figure 4 (variations of Design-2 in
Figure 5).

[0043] In one embodiment, g is from 2 to 40 inches, or from 6 to 30 inches, or from
12 to 20 inches.

[0044] In one embodiment, Ais from 10 to 45 degrees, or from 12 to 35 degrees or
from 15 to 30 degrees.

[0045] In one embodiment, « and S each, independently, range from greater than O to
60 inches, or from 1 to 50 inches, or from 3 to 40 inches.

[0046] In one embodiment, the devolatilizer operates at a temperature (T) from 100°C
to 300°C, or from 120°C to 280°C, from 140°C to 260°C, from 160°C to 240°C, from 180°C
to 220°C, as measured with thermocouples imbedded in thermowells, and at a pressure (P)
from 5 mBar to 100 mBar, or from 10 mBar to 80 mBar, or from 15 mBar to 60 mBar, as
measured with pressure transducers imbedded into the vessel.

[0047] In one embodiment, the devolatilizer operates at a temperature (T) from 100°C
to 300°C, or from 120°C to 280°C, from 140°C to 260°C, from 160°C to 240°C, from 180°C
to 220°C, and at a pressure (P) from 5 mBar to 50 mBar, or from 10 mBar to 40 mBar, or from
15 mBar to 30 mBar.

[0048] In one embodiment, the devolatilizer further comprises an outer vessel, and
wherein there is a gap (gs5) located between the outer surface of the cylindrical section of
component B and the inner surface of the outer vessel. In a further embodiment, the width of
gs varies continuously or discontinuously along the length of the cylindrical section of
component B.

[0049] In one embodiment, the ratio of “the minimum width of g5” to “the maximum
width of the gap of component C”is> 0.5, or> 1.0, 0r> 1.5, or > 2.0, or > 2.5, or > 3.0.

[0050] In one embodiment, the diameter of the outer vessel, Dz, 1s from 1 m to 10
m, or from 2 m to 10 m. In one embodiment, the top of the shroud of component B is welded

to the wall of the outer vessel.
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[0051] Also provided, is a reactor system comprising at least one reactor and the
devolatilizer of one or more embodiments described herein. In a further embodiment, the
reactor is a loop reactor.

[0052] Also provided, is a solution polymerization process to form a polymer, said
process comprising at least the following steps:

1) reacting a mixture comprising a solvent, monomer, and optionally one or more
comonomers, in at least one reactor, to form a polymer solution comprising the solvent and the
polymer;

i) separating at least a portion of the solvent from the polymer solution to form a
polymer-rich solution comprising the polymer and solvent, and wherein the polymer-rich
solution comprises more polymer than the polymer solution;

ii1) separating at least a portion of the solvent from the polymer-rich solution using the
devolatilizer of one or more embodiments described herein.

[0053] In one embodiment, the polymer-rich solution comprises > 60 wt%, or > 70
wt%, or > 80 wt%, or > 90 wt%, or > 95 wt% of the polymer, based on the weight of the
polymer-rich solution.

[0054] In one embodiment, the polymer is an olefin-based polymer, and further an
ethylene-based polymer.

[0055] In one embodiment, the reactor is a single loop reactor or a dual loop reactor.
Suitable reactors are disclosed in International Publication Number WO 97/36942, entitled
“Olefin Solution Polymerization.”

[0056] A devolatilizer, as described herein, may also be used in the isolation of a
polymer product formed in a high pressure (> 1000 bar), free-radical polymerization. For
example, a polymerization process to form a low density polyethylene (LDPE). Such a
devolatilizer is well suited as a separator for the removal of ethylene, minor solvent components
and/or additives (for example, peroxide derivatives and catalyst derivatives) from a LDPE or

other polymer product.

DEFINITIONS
[0057] Unless stated to the contrary, implicit from the context, or customary in the
art, all parts and percents are based on weight, and all test methods are current as of the filing

date of this disclosure.
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[0058] The term “composition,” as used herein, includes material(s) which comprise
the composition, as well as reaction products and decomposition products formed from the
materials of the composition.

[0059] The term "polymer," as used herein, refers to a polymeric compound prepared
by polymerizing monomers, whether of the same or a different type. The generic term
polymer thus embraces the term homopolymer (employed to refer to polymers prepared from
only one type of monomer, with the understanding that trace amounts of impurities can be
incorporated into the polymer structure), and the term interpolymer as defined hereinafter.
Trace amounts of impurities may be incorporated into and/or within the polymer.

[0060] The term "interpolymer," as used herein, refers to a polymer prepared by the
polymerization of at least two different types of monomers. The generic term interpolymer
thus includes copolymers (employed to refer to polymers prepared from two different types
of monomers), and polymers prepared from more than two different types of monomers.

[0061] The term, “olefin-based polymer,” as used herein, refers to a polymer that
comprises, in polymerized form, 50 wt% or a majority amount of an olefin monomer, for
example ethylene or propylene (based on the weight of the polymer), and optionally may
comprise at least one polymerized comonomer.

[0062] The term, “ethylene-based polymer,” as used herein, refers to a polymer that
comprises 50 wt% or a majority amount of polymerized ethylene monomer (based on the
total weight of the polymer), and optionally may comprise at least one polymerized
comonomer.

[0063] The term, “ethylene/a-olefin interpolymer,” as used herein, refers to an
interpolymer that comprises, in polymerized form, 50 wt% or a majority amount of ethylene
monomer (based on the weight of the interpolymer), and at least one a-olefin.

[0064] The term, “ethylene/a-olefin copolymer,” as used herein, refers to a
copolymer that comprises, in polymerized form, 50 wt% or a majority amount of ethylene
monomer (based on the weight of the copolymer), and an a-olefin, as the only two monomer
types.

[0065] The term “propylene-based polymer,” as used herein, refers to a polymer that
comprises, in polymerized form, a majority amount of propylene monomer (based on the total
weight of the polymer) and optionally may comprise at least one polymerized comonomer.

[0066] The terms “devolatilizer,” or “devo,” or “devolatilization tank,” as used
herein, refer to a vessel, typically cylindrical in shape at the top, and with a conical section at

the bottom; and which can operate at above atmospheric pressure or under a vacuum; and
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which typically has at least one inlet for the polymeric solution, and one or more outlet(s) for
vapor to exit, typically located at the top, and an outlet for polymer melt at the bottom. The
purpose of a devolatilizer (devo) vessel is to remove solvent from a polymerization product.
A process can have multiple devolatilizer (devo) vessels operating at different conditions, in
order to remove residual solvent from the polymer product.

[0067] The term “solvent,” as used herein, refers to an organic compound or a
mixture of two or more organic compounds. A typical solvent includes ISOPAR™ E (from
ExxonMobil), which is produced from petroleum-based raw materials that are treated with
hydrogen in the presence of a catalyst to produce a low odor, low aromatic hydrocarbon
solvent. The major components include alkanes, isoalkanes, and cycloalkanes. Here, the
solvent dissolves the polymer and reaction components of interest.

[0068] The term “polymer solution,” as used herein, refers to a single-phase solution
of a polymer dissolved in a solvent, such as ISOPAR® E. A polymer solution typically
contains from 20 to 95% by weight polymer.

[0069] The term “solution polymerization,” as used herein, refers to polymerization
process, in which the polymer product is dissolved in the solvent of the polymerization
process.

[0070] The term “distributor,” as used herein, refers to an apparatus designed to
distribute a polymeric solution, so as to increase the area of the polymer solution for mass
transfer and removal and disengagement of the polymer melt from the vapor solvent
compounds.

[0071] The term “heater,” as used herein, refers to an apparatus that is designed to
heat a polymeric solution, typical from, for example, 180°C to 250°C.

[0072] The term “heater/distributor combination,” as used herein, refers to an
apparatus comprising both a heater, as described herein, and a distributor, as described
herein. Examples of suitable heaters are described in U.S. Patent 5,453,158 and U.S. Patent
8,518,212

[0073] The term “shroud,” as used herein, refers to a metal piece of various designs
that surrounds a distributor, a heater, or a heater/distributor combination, leaving a gap
between the outer surface of the distributor, the heater, or the heater/distributor combination,
and its inner surface. Component B: the shroud — is used to help prevent the splashing of
solvent and/or polymer into the or onto the inner surface of a vessel which contains

component A and component B.

10
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[0074] The phrase “continuous cylindrical section,” as used herein in references to
component B (shroud), refers to a piece of metal, typically cylindrical in form, that surrounds
at least a portion of component A (the distributor, the heater, or the heater/distributor
combination).

[0075] Segmented sections of component B are pieces of metal that surround
component A, and are placed, in such a way, that they partially surround component A, with
spaces open for vapor and polymer to escape the region between the outer surface of
component A and the inner surface of the component B.

[0076] The term “plurality,” as used herein, in reference to openings or other
features, refers to two or more openings or other features.

[0077] The term “gap,” as used herein, refers to the region defined by the outer
surface of component A (the distributor, the heater, or the heater/distributor combination) and
the inner surface of the component B (shroud).

[0078] The phrase “outer surface of component A,” and similar phrases, as used
herein, refer to the outer most surface of component A.

[0079] The phrase “inner surface of component B,” and similar phrases, as used
herein, refer to the inner most surface of component B.

[0080] The phrase “diameter of component A,” and similar phrases, as used herein,
refer to the outer diameter of component A.

[0081] The phrase “length of component A,” and similar phrases, as used herein,
refer to the longest vertical section of component A.

[0082] The phrase “diameter of component B,” and similar phrases, as used herein,
refers to the outer most diameter of component B.

[0083] The phrase “length of component B,” and similar phrases, as used herein,
refers to the longest section of component B.

[0084] Polymer-rich solution: a polymer solution, typically an ethylene-based
polymer in a hydrocarbon solvent, such that the polymer concentration is greater than 50% by
weight in that solution.

[0085] Solvent vapor: typically compounds found in the solvent, such as, for
example, alkanes, that are vaporized under the process conditions.

[0086] The phrase “the total solvent vapor flow rate,” in regard to the determination
of the average vertical downward velocity, can be calculated from the polymer production

rate and the percentage of solvent present at the inlet of the devo.

11
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[0087] The phrase “the cross-sectional area available for flow,” in regard to the
determination of the average vertical downward velocity, can be calculated from the
geometries of the gap formed by the outer surface of component A and the inner surface of
component B along the length, L, as measured from the top of component B.

[0088] The length (1) of the at least one cylindrical section, situated outside the
periphery of component A, refers to the longest distance from the top to the bottom of this
cylindrical section. Here, the bottom of the cylindrical section is downstream from the top of
the cylindrical section.

[0089] The phrase “length of a weld line,” and similar phrases, as used herein, refer
to the shorter dimension (typically a vertical dimension) of the weld line. The length of the
weld line can be from 1 mm to 50 mm, or from 2 mm to 20 mm.

[0090] The term “reactor system,” as used herein, refers to the one or more apparatus
used to polymerize a polymer, and the one or more apparatus used to isolate a polymer
product.

[0091] The term “comprising,” and derivatives thereof, is not intended to exclude the
presence of any additional component, step or procedure, whether or not the same is disclosed
herein. In order to avoid any doubt, all compositions claimed, herein, through use of the term
“comprising” may include any additional additive, adjuvant, or compound, whether polymeric
or otherwise, unless stated to the contrary. In contrast, the term, “consisting essentially of”
excludes from the scope of any succeeding recitation any other component, step or procedure,
excepting those that are not essential to operability. The term “consisting of” excludes any

component, step or procedure not specifically delineated or listed.

TEST METHODS
Melt Index

[0092] Melt indices I, (or 12) and Iip (or 110), for ethylene-based polymers, are
measured in accordance with ASTM D-1238 (method B) at 190°C and at 2.16 kg and 10 kg
load, respectively. Their values are reported in g/10 min.
Density

[0093] Samples for density measurement were prepared according to ASTM D4703.
Measurements were made, according to ASTM D792, Method B, within one hour of sample

pressing.
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Conventional el Permeation Chromatography (conv. GPC)

[0094] A GPC-IR high temperature chromatographic system from PolymerChar
(Valencia, Spain), was equipped with a Precision Detectors (Amherst, MA), 2-angle laser
light scattering detector Model 2040, an IRS infra-red detector and a 4-capillary viscometer,
both from PolymerChar. Data collection was performed using PolymerChar Instrument
Control software and data collection interface. The system was equipped with an on-line,
solvent degas device and pumping system from Agilent Technologies (Santa Clara, CA).

[0095] Injection temperature was controlled at 150 degrees Celsius. The columns
used, were three, 10-micron “Mixed-B” columns from Polymer Laboratories (Shropshire,
UK). The solvent used was 1,2,4-trichlorobenzene. The samples were prepared at a
concentration of “0.1 grams of polymer in 50 milliliters of solvent.” The chromatographic
solvent and the sample preparation solvent each contained “200 ppm of butylated
hydroxytoluene (BHT).” Both solvent sources were nitrogen sparged. Ethylene-based
polymer samples were stirred gently at 160 degrees Celsius for three hours. The injection
volume was “200 microliters,” and the flow rate was “1 milliliters/minute.” The GPC column
set was calibrated by running 21 “narrow molecular weight distribution” polystyrene
standards. The molecular weight (MW) of the standards ranges from 580 to 8,400,000
g/mole, and the standards were contained in six “cocktail” mixtures. Each standard mixture
had at least a decade of separation between individual molecular weights. The standard
mixtures were purchased from Polymer Laboratories. The polystyrene standards were
prepared at “0.025 g in 50 mL of solvent” for molecular weights equal to, or greater than,
1,000,000 g/mole, and at “0.050 g in 50 mL of solvent” for molecular weights less than
1,000,000 g/mole.

[0096] The polystyrene standards were dissolved at 80°C, with gentle agitation, for
30 minutes. The narrow standards mixtures were run first, and in order of decreasing
“highest molecular weight component,” to minimize degradation. The polystyrene standard
peak molecular weights were converted to polyethylene molecular weight using Equation 1
(as described in Williams and Ward, J. Polym. Sci., Polym. Letters, 6, 621 (1968)):

Mpolyethylene = A X (Mpolystyrene)®  (Eqn. 1),
where M is the molecular weight, A is equal to 0.4316 and B is equal to 1.0.

[0097] Number-average molecular weight (Mn(conv gpc)), weight average molecular

weight (Mw-conv gpc), and z-average molecular weight (Mz(conv gpc)) were calculated

according to Equations 2-4 below.
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i=RVintegrati0n end
i=RV; ;
integration start
Mn(conv gpc) = —=
( gp ) 1=RVintegration end (IRmeasurement channeli/ )
PEj

(IRmeasurement channel i)

(Eqn. 2)

2

i=RVintegrati0n start

i=RVintegrati0n end
M _ i=RVintegrati0n start

W(COIlV gpc) - i=RVintegrati0n end
i=RVintegrati0n start

(MPEi IRmeasurement channeli)

(Eqn. 3),

(IRmeasurement channel;

i=RVintegrati0n end

2
M _ i=RVintegrati0n start(MPEi IRmeasurement channeli) E 4
Z(COIlV gpc) - i=RVintegration end ( qn. )

i=RVintegration start

(MPEi IRmeasurement channel;

[0098] In Equations 2-4, the RV is column retention volume (linearly-spaced),
collected at “1 point per second,” the IR is the baseline-subtracted IR detector signal, in
Volts, from the IR5 measurement channel of the GPC instrument, and Mpk is the
polyethylene-equivalent MW determined from Equation 1. Data calculation were performed

using “GPC One software (version 2.013H)” from PolymerChar.

EXPERIMENTAL

[0099] Figure 1 describes an overall solution polymerization process for polymerizing
one or more alpha-olefin monomers, in a sufficient amount of solvent, to produce an olefin-
based polymer. Basic polymerization and isolation apparatuses include feed lines (for
example, ethylene feed, hydrogen feed, catalyst system feed(s), a comonomer feed (for
example, an alkene, such as butene, hexene or octene), a reactor system, a devolatilizer
system, a solvent recovery system, a purification system, a pelletization system, and a system
for pellet drying and material handling.

[0100] Typically, the polymer solution, exiting the reactor system, has a polymer
content from 3 to 40 percent by weight, preferably 10 to 30 percent by weight, based on the
weight of the solution. Such polymerizations can be used to produce polymers, for example,
substantially linear polymers, having an average molecular weight from 2,000 to 1,000,000
g/mole. The reacting system can comprise adiabatic reactors, isothermal reactors, or
combinations thereof. The reactor temperatures can range from 100 to 300°C, further from
100 to 250°C, and preferably from 150 to 220°C, and the pressures can range from 350 to
3,000 psi, preferably from 700 to 1,000 psi. The polymeric solution is concentrated by means
of adiabatic flashes, with intermediate heating of the solution, to result in a polymer melt with
sufficiently low residual solvent to allow for pelletization, drying and packaging of the
pellets. The solvent is recovered, purified, and recycled back to the reactor system, where it

is injected with fresh monomers.
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[0101] This process can be used for making olefin-based polymers, such as ethylene
homopolymers, or interpolymers with other alkenes (for example, copolymers or
terpolymers), and, optionally, a diene (for example an EPDM terpolymer). Catalysts used
can be Ziegler-Natta, bis-metallocene, constrained geometry, or a polyvalent aryloxyether
complex. A variety of commercial solvents could be used, such as ISOPAR® E from
ExxonMobil. In practice, the solvent exiting the reactor system comprises unreacted
monomers as well as isomers of those monomers and various impurities.

[0102] A schematic of a suitable devolatilization process is presented in Figure 2.
The polymer solution exiting the reactor system enters a first flash unit, and is subject to a
devolatization step. In the first flash unit, the polymer concentration is increased to 40 to 90
wt%, preferably to 60 to 85 wt%, based on the weight of the concentrated polymer solution.
The liquid stream from the first flash unit can be heated up to 300°C, preferably up to 260°C,
and it is flashed under vacuum to remove more solvent, to less than 3,000 ppm by weight,
preferably less than 500 ppm by weight. The heater can be situated outside the second flash
unit, and a distributor can be situated inside the second flash unit, or the heater can be
situated inside the second flash unit, and thus the heater operates as both a heater of the
concentrated polymer solution and a distributor for the resulting polymer melt.

[0103] Figure 3 and Figure 4 are schematics of flash units, each containing a heater
and/or distributor. The flash unit is a vessel, and it can be cylindrical in shape at the top with
a converging conical section at the bottom. The diameter of the cylindrical section can be
two to six times the diameter of the heater and/or distributor. The length of the cylindrical
section can be one to two times the length of the heater and/or distributor. The conical
section can be two to five times the length of the cylindrical portion of the vessel and it ends
at an opening of a gear pump or extruder. The vessel can operate at above atmospheric
pressure or under vacuum. There is an inlet for the polymeric solution, and one or multiple
outlets for vapor to exit, typically located at the top, and an outlet for the polymer melt at the
bottom. The purpose of the vessel is to remove solvent from the polymerization product. A
process can have multiple flash vessels operating at different conditions in order to remove
residual solvent from the polymer product gradually. Examples of suitable heaters are
described in U.S. Patent 5,453,158 and U.S. Patent 8,518,212.

[0104] There can be a cylindrical shroud surrounding the heater and/or distributor, in
order to prevent polymer from splashing onto the walls of the flash unit (not shown). The
concentrated polymer (polymer-rich) solution flows into a hollow core inside the “heater

and/or distributor,” and exits by moving radially outwards through a multiplicity of slots,
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extending horizontally, from the core to the outer wall of the “heater and/or distributor.” As
the polymer solution moves radially through the slots of the heater or distributor, solvent can
be vaporized, when the pressure becomes low enough to reach the bubble point of the
polymer solution, creating two-phase flow. The vapor solvent separates from the polymer, as
the two-phase solution exits the heater or distributor slots. The vapor exits the flash vessel
through the vents or outlets, which are typically located at the top of the flash vessel. As the
solvent evaporates, it is creating a mostly molten polymer stream, which flows down the
outside wall of the “heater and/or distributor,” and falls down into a polymer melt pool, and is
discharged to a pelletization or further isolation unit. Both the solvent vapor and the molten
polymer exit the heater and/or distributor slots with velocities in the radial direction first. As
both the solvent vapor and the molten polymer exit the heater or distributor slots, they are
forced to flow downwards into the annular region that is created between the heater and/or
distributor and the shroud. The total mass flow rate of vapor and polymer keeps increasing,
going downward along the outer wall of the heater and/or distributor, as more polymer and
vapor exit the slots of the heater and/or distributor. As more material flows downwards, both
the vapor and polymer velocities increase, resulting in high vapor velocities at the bottom of
the gap between the heater and/or distributor and the shroud. High vapor velocities can cause
the molten polymer to break up into small droplets, which then can be carried with the vapor
stream that exits at the top of the flash vessel, rather than flowing down into the bottom of the
flash unit. Figure 3 depicts such a possible situation. Polymer droplets exiting the flash unit
can get carried with the vapor stream, causing fouling in the units downstream of the flash
unit. This polymer carryover can be reduced, if the downward vertical vapor velocities, in
the annular region between the outer surface of “heater and/or distributor” and the inner
surface shroud, are reduced.

[0105] As the downward vertical vapor velocity increases in the annular space
between the heater and/or distributor and the shroud, the average polymer drop size created
due to the shearing of the high vapor velocity over the polymer film tends to get smaller.

This effect has been investigated in the literature, and the relationship between the vapor
velocity and liquid drop size is provided in the form of non-dimensional numbers. The
Weber number (We) provides the relative effect of inertial forces to surface tension forces,

and is given by[1-3]:
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2

Vv2d
We=p

9

(EQN. 1A), where p is the density of the vapor, V is the average

vertical downward vapor velocity, d is the diameter of the molten polymer drop, and the o is
the surface tension of the liquid molten polymer drop. The Ohnesorge number, Oh, gives the

relative effect of viscous forces to surface tension forces and is given by[1-3]:

Oh = \/ppﬁ. (EQN. 2A), where p is the dynamic viscosity of the molten polymer
d

drop and p is the density of the molten polymer drop. A critical Weber number we,,,, is
defined as the Weber number associated with the maximum stable drop size (d;,,) of a
liquid, in a given vapor flow. Brodkey (1969) provided an empirical correlation for the
variation of the critical Weber number with respect to the Ohnesorge number, and it is given
by[2]:

Wee = Wely(1+1.077002%),  EQN. 3A,
where We,,, 1s the critical Weber number for a liquid and vapor system with very little
viscous effect (Oh << 1), and its value is considered to be approximately 13 [1,2,3]. Using
Equations 1A to 3A above, it is possible to predict the maximum stable polymer drop
size, duqax, generated when the high vapor flow shears over the polymer film surface which
is flowing over the heater or distributor outer surface.

[0106] Figure 4 shows a comparative “shroud-heater/distributor” design, as well as
some inventive “shroud-heater/distributor” designs that have been designed in order to reduce
unwanted polymer droplet carryover with the vapor stream. Top and frontal views of the
examples are shown. The shaded region depicts the heater or distributor and the outline
surrounding it is that of the various configuration of the shroud. Figure 5 provides more
details on the inventive designs shown in Figure 4.

[0107] The comparative example in Figure 4 has a cylindrical shroud with a constant
gap (g;) between the outer surface of the “heater and/or distributor” and the inner surface of
the shroud. Here, L is the length of the “heater and/or distributor” and D is its outer diameter.
D can range from 20 to 70 inches, preferably from 30 to 60 inches, and L can range from 6 to
240 inches, preferably from 30 to 150 inches. The gap g; can be 2 to 40 inches, preferably 10
to 30 inches. The length (7) of the shroud can range from 0.8 to 1.5 times the length of the
heater or distributor.

[0108] Inventive example 1 in Figure 4 is depicted by Design-1 in Figure 5. This
design can have an initial gap g;, for a certain length /;, as measured from the top of the

shroud, and ranging from O to length value 4;, as shown in Figure 5. The length /4; can range
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from O to 200 inches, preferably from 6 to 60 inches. At length /; as measured from the top
of the heater or distributor, there begins a conical section, with an angle 6 from the vertical
axis, as defined by the initial gap g; and the length 4; at the top part of the shroud. The angle
O can range from 5 to 25 degrees, preferably from 10 to 15 degrees. Therefore, the gap, g,
between the outer surface of the “heater and/or distributor” and the inner surface of the

shroud is variable, and it is defined by EQN. 4A:

gz /‘;ﬂ+D2—D, forh,<g<h, EQN. 4A
vd

[0109] where D is the diameter of component A, y is the vertical distance from the
top of component A to the point along component A where the width of the gap is measured,
q is the volumetric flow rate of the evaporated solvent per unit area per unit time, and V,4 18
the desired maximum downward average velocity in the gap region between component B
and component A, defined as the ratio of the total volumetric flow rate of the solvent divided
by the annular cross-sectional area between components A and B at that pointy. },s can
range in value from 1 to 30 m/s, preferably between 2 to 15 m/s. The design of the shroud is
dictated by EQN. 5A and 5B, depending on the value of y:

Voa 2 quy 3 ify<h
115 2
qDy .
Vg = 5 5, i hp =y > hy

(91 + (y — hy)tand + %) - (%) EQN. 5B.

[0110] In a variation of inventive example 1, there can be a cylindrical section at the
bottom of the conical section. The length of the bottom cylindrical section, 43, can be from 0
to 100 inches long, further from 1 to 50 inches long, and preferably from 2 to 40 inches long.
Typically the bottom cylindrical section, /53, can extend beyond the length of component A.
For the bottom cylindrical section, EQN. 5C applies:

D
qDy ify>hy EQN. 5C.

(2:+5) - (3)

[0111] Inventive examples 2 and 4 in Figure 4 are variations of Design-2 in Figure 5.

Vvd =

In these cases, the shroud is mostly cylindrical with constant gap g3, where gz can range
from 2 to 40 inches, preferably 12 to 20 inches. There can be a continuous portion of the

shroud both near the top and near the bottom of the shroud, as measured from the top. There
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are n number of openings or slits around the surface of the shroud creating a partial or
segmented shroud: each opening can begin at a length & as measured from the top of the
shroud, and end at a distance [ as measured from the bottom of the shroud, where zand
can range from O to 60 inches, preferably from 3 to 40 inches. The segment of each opening
is such that it forms an angle A, when observed from the cross view at the top of the design,
and A can range from 10 to 45 degrees, preferably from 15 to 30 degrees.

[0112] Inventive example 3, in Figure 4, is described by Design 3 in Figure 5, and it
is a variation of inventive example 2: there is an additional layer of segmented shroud, which
is larger in diameter than the segmented shroud in inventive examples 2 and 4. The gap g,
between the outer diameter of the innermost partial shroud and the inner diameter of the outer
segmented shroud ranges from 2 to 30 inches. The outer shroud creates segments, such that
each segment of the outer shroud is placed to cover the opening from the inner-most partial
cylindrical shroud, with each size defined by a segment forming an angle [10J when observed
from the top cross-section of the design, where [] can range from 10 to 60 degrees, preferably
from 15 to 40 degrees.

[0113] The shroud designs in inventive examples 2 to 4 are such so that they satisfy

equations 6A to 6C, depending on a location y, as measured from the top of the heater and/or

distributor:
ify<a Vod = —%—, EQN. 6A
(o53) -G)
ifa<y<L-B V,> ol , EQN. 6B
T 220 0-0+(542) -(2)
fL-B<y<L V,> od - EQN. 6C.

o "7’1(0+2g3)(y—a—ﬁ)+(93+§) _(g)”

[0114] In the examples shown in Figures 4 and 5, the “heater and/or distributor” has a
diameter D of 30 inches and a height  of 65 inches. The “heater and/or distributor” used in
this example receives a polymer flow rate of 9.44 m*/hr, and a solvent vapor flow rate of
14130 m*/hr. The polymer flow rate can be determined by production rate in a plant either
from measurements of pellet weights or from overall mass balances. The solvent vapor flow
rate can be determined by summing up all the vapor streams leaving the flash units and using

flow measurements located in various streams.

19



WO 2019/232290 PCT/US2019/034788

[0115] For the examples shown in Figures 4 and 5, the melt polymer density is taken
to be 742 kg/m* and the vapor density is taken to be 0.085 kg/m*. The polymer melt density
can be measured using method ASTM D1238. This method typically provides a melt density
for polyethylene materials at 190°C of 0.7634 g/cm®. The solvent vapor density can be
estimated using an equation of state at the process conditions, such as PC-SAFT implemented
in the AspenTech software program[4], given the vapor stream temperature and pressure. In
these examples, the vapor density was estimated at 210°C and 30 mbar absolute pressure.

The viscosity of the molten polymer in these conditions measured at very low shear rate
(1+10*-1210% sec™) was estimated to be 750 Paes, and the surface tension of the molten
polymer was estimated at 0.03 N.m. The average velocity of the vapor exiting the slots of the
heater and/or distributor in the radial direction, ¢, is 5.2 m/s. V4 has been chosen to be 5 m/s.

[0116] Details on calculating the radial vapor velocity out of the slots and the
maximum downward vapor velocity for each of the comparative and inventive examples
presented in Figure 4 are described below.
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Further Review of Velocity Determinations for Different Shroud Designs
[0124] Note, the same heater and/or distributor unit (component A) was used in each
devo design below. Additionally, the gap width w mentioned earlier would be referred to as
either g; and g for Inventive Example 1 (Fig. 6) and g5 for Inventive Examples 2, 3, and 4.
The Va4 is set equal to the average vapor velocity out of the slots of heater and/or distributor.
Outer diameter of component A = 30 inches (0.76 meter). Length of component A = 65
inches (1.65 meters).
[0125] Component A: 2000 slots, area of each slot opening = 3.76 x 10* m?, total
area of all slot openings = 0.753 m?. The number of openings in component A multiplied by

the cross-sectional area of each opening = 0.753 m?.
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[0126] The total solvent vapor flow rate at the exit of component A, at the
temperature and the pressure of the devolatilizer, is based upon the total polymer production
rate. Polymer production rate = 7000 kg/hr; Solvent (ISOPAR®™ E) flow rate = 1200 kg/hr,
temperature of devo = 210°C, pressure of devo = 30 mBar. The temperature and pressure
represent equilibrated temperatures and pressures. Volumetric flow rate of solvent = 3.92
m’/sec. Volumetric flow rate of isolated polymer = 0.0027 m?/sec.

[0127] Density of solvent (kg/m®): generate calibration curve — measure solvent
density versus temperature and set pressure, for example ASTM D 1657; determine density at
temperature of interest.

[0128] Total solvent vapor flow rate at the exit of component A, at the pressure and
the temperature of the devolatilizer, = Volumetric flow rate of solvent = (mass flow
rate)/(density of solvent) at the pressure and the temperature of the devolatilizer.

[0129] Radial average velocity exiting the component A, defined as the ratio of “the
total solvent vapor at the temperature and pressure of the devolatilizer” to “the number of
openings in component A multiplied by the cross-sectional area of each opening radial
average velocity exiting the component A = (3.92 m*/sec) / (0.753 m?) = 5.2 m/sec.

[0130] See Figure 7 for the plot of the “average vertical downward velocity versus y
values,” for each devo design. Figure 7 contains a constant line for the radial average
velocity exiting the component A. Note, the velocity (V (m/s)) results for Inventive Example
2 and Inventive Example 3 coincide, so they are not distinguishable from each other in Figure

7.

1) Figure 4, Inventive Example [

[0131] Component A has a diameter > 0.76 m, at each distance along the length of
component A. The outer vessel has a diameter, Dyur, of > 1.8 m.

[0132] Within the gap, g, from g2 > g > g;, an average vertical downward velocity is
defined as the ratio of “the total solvent vapor flow rate,” to “the cross-sectional area
available for flow,” and where each of “the total solvent vapor flow rate” and “the cross
sectional area available for flow” is measured at the same vertical distance, y, from the top of
the outer surface of component A, and here, the vertical distance, y, from the top of the outer
surface of component A, y = 0.80 m.

[0133] The total solvent vapor flow rate,” measured at the same vertical distance, y =

0.80 m, from the top of the outer surface of component A:
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Vg2 —322 _ ify<h, (EQN.5A), and

(9:+2) -(3)

Via = @ —,ifh,=y>h (EQN.5B)
(g1+(y—h1)tan9+;) —(;)

q = (volumetric flow rate of solvent)/ (unit surface area of component A); surface area of
component A, Area, =t D*L; D = outer diameter of component A. The desired average
vertical velocity, Vyq, 1s set equal to the radial average velocity exiting the component A =
(3.92 m*/sec) / (0.753 m?) = 5.2 m/sec. Here, D =0.762 m. Here, L = length of component
A. Here, L=1.65m. Area=3.95m’ Volumetric flow rate of solvent = 3.92 m*/sec. ¢ =
(3.92 m*/sec) / (3.95 m?) = 0.99 m/sec. h; = the continuous length of the component B,
measured from the top surface of component B, and which length does not deviate from a
vertical axis along such length. Here, #; = 0. Here, h> =1 and h3 =0. The g; = the smallest
distance from the outer surface of component A to the inner surface of component B, and
which distance is located at the weld line of component B. Here, g; =0.0504 m. The 8= is
the angle of deviation from the continuous length of the component B, measured from the top
surface of component B, and which length does not deviate from a vertical axis along the
such length; and wherein 8 is measured from the vertical axis away from component A.
0=10 degrees.

[0134] The total amount of the solvent vapor that flows downward from at a given
vertical distance, y, from the top of the outer surface of component A (total downward
solvent vapor at distance y) has the following velocities; a) within the gap, an average vertical
downward velocity, defined as the ratio of “the total solvent vapor flow rate, ” to “the cross-
sectional area available for flow,” and wherein each of “the total solvent vapor flow rate” and
“the cross sectional area available for flow” is measured at the same vertical distance, y, from
the top of the outer surface of component A.

[0135] The average vertical downward velocity = the total solvent vapor flow rate,”

to “the cross-sectional area available for flow.

“The total solvent vapor flow rate,” to “the cross-sectional area available for flow,” =

qDy
= 3.44 m/sec.
(91+(y—h1)tan9+§)2_(§)2 sec

[0136] The average vertical downward velocity < the radial average velocity exiting
the component A. 3.44 m/sec < 5.2 m/sec, for y =0.80 m.
2) Figure 4, Inventive Example 2
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[0137] Component A has a diameter > 0.76 m at each distance along the length of
component A. The outer vessel has a diameter, Dyur, of > 1.0 m.

[0138] Within the gap, an average vertical downward velocity, defined as the ratio of
“the total solvent vapor flow rate,” to “the cross-sectional area available for flow,” and
wherein each of “the total solvent vapor flow rate” and “the cross sectional area available for
flow” is measured at the same vertical distance, y, from the top of the outer surface of
component A.

[0139] Vertical distance, y, from the top of the outer surface of component A, y =
0.80 m.
The total solvent vapor flow rate,” is measured at the same vertical distance, y = 0.80 m, from

the top of the outer surface of component A.

ify<a Vo > —=2—; EQN. 6A

(o8 -

fa<y<L-B V,> a0 EQN. 6B

2(0420,)0-a)+(9,+2) ()

ifL-B<y<L vy,> ol EQN. 6C.

2(o+29)0-a-)+(0,43) -(3)”

The desired average vertical velocity, Vv, 1s set equal to the radial average velocity exiting
the component A = (3.92 m*/sec) / (0.753 m?) = 5.2 m/sec. ¢ = (volumetric flow rate of
solvent)/ (unit surface area of component A). Surface area of component A, Area =1 D*L.
D = outer diameter of component A. Here, D = 0.762 m. Here, L = length of component A.
Here, L= 1.65m. Area= 3.95m?. Volumetric flow rate of solvent = 3.92 m*/sec. ¢=(3.92
m?/sec) / (3.95 m*) = 0.99 m/sec.

a is the continuous length of the continuous radial section of component B, as measured from
the top of component B. Here o= 0.

[ is the continuous length of the continuous radial section of component B, as measured from
the bottom of component B. Here = 0.

n is the number of slits (discontinuous sections) along radial axis of component B, and where
each slit has the same width in the radial direction. Here, n = 4.

A 1s the angle formed by two vectors originating from the center of component A, and in the
same plane, and terminating at each respective edge of the width of a slit of component B;
and where the plane is perpendicular to the vertical axis of component A. Here,

A =4 degrees.
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g3 = the radial distance from the outer surface of component A to the inner surface of
component B. Here, g5=2 inches = the total solvent vapor flow rate downward from at a
given vertical distance, y, from the top of the outer surface of component A (total downward
solvent vapor flow rate at distance y) has the following velocities; a) within the gap, an
average vertical downward velocity, defined as the ratio of “the total solvent vapor flow rate,
” to “the cross-sectional area available for flow,” and wherein each of “the total solvent vapor
flow rate” and “the cross sectional area available for flow” is measured at the same vertical
distance, y, from the top of the outer surface of component A.

[0140] “The total solvent vapor flow rate,” to “the cross-sectional area available

for flow =

qDy
=259 m/s
"D+ 2g5)r-a)+(g5+2) ~(2)

The average vertical downward velocity is less than, or equal to, the radial average velocity
exiting the component A. 2.59 m/sec < 5.2 m/sec, for y = 0.80 m.
3) Figure 4, Inventive Example 3

[0141] Component A has a diameter > 0.76 m at each distance along the length of
component A. The outer vessel has a diameter, Dyur, of > 1.5 m.

[0142] Within the gap, an average vertical downward velocity, defined as the ratio of
“the total solvent vapor flow rate,” to “the cross-sectional area available for flow,” and
wherein each of “the total solvent vapor flow rate” and “the cross sectional area available for
flow” is measured at the same vertical distance, y, from the top of the outer surface of
component A.

[0143] Vertical distance, y, from the top of the outer surface of component A, y =
0.80 m.
The total solvent vapor flow rate,” as measured at the same vertical distance, y = 0.80 m,

from the top of the outer surface of component A.

ify<a Vg = —=—; EQN. 6A

(o8 -

fa<y<L—-p V,> a0 EQN. 6B

- "7’1(0+2g3)(y—a)+(93+§)2_(§)2’

ifL-Bp<y<L vy,> od EQN. 6C

Y(o+29,)0-0-+{0,45) -(3)”
Vyais set equal to the radial average velocity exiting the component A = (3.92 m*/sec) /

(0.753 m*) = 5.2 m/sec.
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q = (volumetric flow rate of solvent)/ (unit surface area of component A).
Surface area of component A, Area =1t D*L.
D = outer diameter of component A. Here, D =0.762 m.
L = length of component A. Here, L = 1.65 m, and Area = 3.95 m”.
Volumetric flow rate of solvent = 3.92 m%/sec.
q = (3.92 m*/sec) / (3.95 m?) = 0.99 m/sec.
« is the continuous length of the continuous cylindrical section of component B, as measured
from the top of component B. Here = 0.
[ 1s the continuous length of the continuous cylindrical section of component B, as measured
from the bottom of component B. Here f=0.
n is the number of slits (discontinuous sections) along radial axis of component B, and where
each slit has the same width in the radial direction. Here, n =4.
A 1s the angle formed by two vectors originating from the center of component A, and in the
same plane, and terminating at each respective edge of the width of a slit of component B;
and where the plane is perpendicular to the vertical axis of component A. Here,
A =4 degrees
y1s the angle formed by two vectors originating from the center of component A and in the
same plane perpendicular to the vertical axis of component A, and terminating at each
respective edge of the cover sheet placed at a gap g3 from component B.
y= 6 degrees..
g3 = the radial distance from the outer surface of component A to the inner surface of
component B.
g4 = the radial distance from the outer surface of component B to the inner surface of a cover
sheet placed in such a way that it blocks the slits in component B.
Here, g5=2 inches and g4 = 3 inches.

[0144] The total solvent vapor flow rate downward from at a given vertical distance,
y, from the top of the outer surface of component A (total downward solvent vapor flow rate
at distance y) has the following velocities; a) within the gap, an average vertical downward
velocity, defined as the ratio of “the total solvent vapor flow rate, ” to “the cross-sectional
area available for flow,” and wherein each of “the total solvent vapor flow rate” and “the
cross sectional area available for flow” is measured at the same vertical distance, y, from the

top of the outer surface of component A.
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[0145] “The total solvent vapor flow rate,” to “the cross-sectional area available for
flow =

qDy
= 259 m/s
"2 (D+2g5) (y-a)+(g5+2) ~(2)’

The average vertical downward velocity < the radial average velocity exiting the component
A. 259 m/sec < 5.2 m/sec, for y=0.80 m.
4) Figure 4, Inventive Example 4

[0146] Component A has a diameter > 0.76 m at each distance along the length of
component A. The outer vessel has a diameter, Dyur, of > 1.2 m.

[0147] Within the gap, an average vertical downward velocity, defined as the ratio of
“the total solvent vapor flow rate,” to “the cross-sectional area available for flow,” and
wherein each of “the total solvent vapor flow rate” and “the cross sectional area available for
flow” is measured at the same vertical distance, y, from the top of the outer surface of
component A, and the vertical distance, y, from the top of the outer surface of component A,
y=0.80m.

[0148] The total solvent vapor flow rate,” measured at the same vertical distance, y =

0.80 m, from the top of the outer surface of component A.

ify<a Vg = —2 EQN. 6A

(oD@

ifa<y<L-8 v, > aby : EQN. 6B
T 220 0-0+(542) -(2)

fL-B<y<<L y,> ol EQN. 6C.

" 2ow20,)0-a-+{0,+5) ()"
Vyais set equal to the radial average velocity exiting the component A = (3.92 m*/sec) /
(0.753 m*) = 5.2 m/sec.

q = (volumetric flow rate of solvent) / (unit surface area of component A).

Surface area of component A, Area =1t D*L.

D = outer diameter of component A. Here, D = 0.762 m.
Here, . = length of component A. Here, L =1.65 m.
Area = 3.95m?

Volumetric flow rate of solvent = 3.92 m%/sec.

q = (3.92 m*/sec) / (3.95 m?) = 0.99 m/sec.
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a is the continuous length of the continuous radial section of component B, as measured from
the top of component B. Here o= 18 inch = 0.457 m.
[ is the continuous length of the continuous radial section of component B, as measured from
the bottom of component B. Here = 0.
n is the number of slits (discontinuous sections) along radial axis of component B, and where
each slit has the same width in the radial direction. Here, n = 4.
A 1s the angle formed by two vectors originating from the center of component A, and in the
same plane, and terminating at each respective edge of the width of a slit of component B;
and where the plane is perpendicular to the vertical axis of component A. Here,
A =4 degrees.
g3 = the radial distance from the outer surface of component A to the inner surface of
component B. Here, g5=3.25 inches = 0.0825 m.

[0149] The total solvent vapor flow rate downward from at a given vertical distance,
y, from the top of the outer surface of component A (total downward solvent vapor flow rate
at distance y) has the following velocities; a) within the gap, an average vertical downward
velocity, defined as the ratio of “the total solvent vapor flow rate, ” to “the cross-sectional
area available for flow,” and wherein each of “the total solvent vapor flow rate” and “the
cross sectional area available for flow” is measured at the same vertical distance, y, from the
top of the outer surface of component A.

[0150] “The total solvent vapor flow rate,” to “the cross-sectional area available for

flow” =

Dy
Via = d —— = 3.80m/s
T B psag(r-ay+(gs+2) —(2)

The average vertical downward velocity < the radial average velocity exiting the component
A. 3.80 m/sec < 5.2 m/sec, for y=0.80 m.
5) Figure 4, Comparative Example

[0151] Component A has a diameter > 0.76 m, at each distance along the length of
component A. The outer vessel has a diameter, Dyur, of > 1.0 m.

a) within the gap, an average vertical downward velocity, defined as the ratio of “the
total solvent vapor flow rate,” to “the cross-sectional area available for flow,” and wherein
each of “the total solvent vapor flow rate” and “the cross sectional area available for flow” is

measured at the same vertical distance, y, from the top of the outer surface of component A.
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[0152] The vertical distance, y, from the top of the outer surface of component A, y =
0.80 m.
[0153] The total solvent vapor flow rate,” measured at the same vertical distance, y =

0.80 m, from the top of the outer surface of component A.

ify<a Vg = —2 EQN. 6A

(o8 @)

ifa<y<L-p Viag = ol EQN. 6B

- ”7’1(0+2g3)(y—a)+(93+§)2_(§)2’

IfL-B<y<<L V.. > aDy  EON.6C
vd %A(D+Zg3)(y_a_ﬁ)+(g3+§)2_(g)z

Vyais set equal to the radial average velocity exiting the component A = (3.92 m*/sec) /

(0.753 m*) = 5.2 m/sec.

q = (volumetric flow rate of solvent)/ (unit surface area of component A).
Surface area of component A, Area =1t D*L.
D = outer diameter of component A. Here, D = 0.762 m.
L = length of component A. Here, L =1.65m. Area= 3.95 m’.
Volumetric flow rate of solvent = 3.92 m%/sec.
q = (3.92 m*/sec) / (3.95 m?) = 0.99 m/sec.
g3 = the radial distance from the outer surface of component A to the inner surface of
component B. Here, g5=2 inches =0.051 m.

[0154] The total solvent vapor flow rate downward from at a given vertical distance,
y, from the top of the outer surface of component A (total downward solvent vapor flow rate
at distance y) has the following velocities; a) within the gap, an average vertical downward
velocity, defined as the ratio of “the total solvent vapor flow rate,” to “the cross-sectional
area available for flow,” and wherein each of “the total solvent vapor flow rate” and “the
cross sectional area available for flow” is measured at the same vertical distance, y, from the
top of the outer surface of component A.

[0155] “The total solvent vapor flow rate,” to “the cross-sectional area available for

flow =

DY ___ - 14.8m/s.

(9+2) -(3)

The average vertical downward velocity > the radial average velocity exiting the component

A. 14.8 m/sec> 5.2 m/sec, for y = 0.80 m.
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CLAIMS

1. A devolatilizer (devo), which operates at a temperature (T) and at a pressure
(P), for the separation of at least a portion of a solvent from a polymer-rich solution
comprising the solvent and a polymer, and wherein the devolatilizer comprises at least the
following components:

A) a distributor, a heater, or a heater/distributor combination (component A) of
length /., the vertical distance from the top to the bottom of the component A;

B) a shroud (component B) located around some or all of the periphery of
component A; and wherein the shroud comprises at least one cylindrical section situated
outside the periphery of component A, and wherein this cylindrical section encloses at least a
portion of the periphery of component A, and

O) a gap (component C) located between the outer surface of component A and
the inner surface of component B, and wherein the gap has a width (w), the distance from the
outer surface of component A to the inner surface of the at least one cylindrical section of
component B, and the gap has a length < Z; and wherein w may optionally vary continuously
or discontinuously along the length Z; and

wherein component A comprises an inner channel, and a plurality of cross-sectional
openings extending from the inner channel to the gap; and wherein some or all of the polymer
rich solution enters the inner channel, and moves radially through the cross-sectional
openings, and within each opening, some or all of the solvent of the polymer rich solution is
vaporized, forming a solvent vapor and a polymer melt; and wherein the polymer melt enters
the gap, and flows downward from the point of entrance into the gap, and wherein some or all
of the solvent vapor flows downward from the point of entrance into the gap; and
wherein for each vertical distance, y, as measured from the top of the outer surface of
component A, the total amount of the solvent vapor that leaves component A at the given
distance y, and flows downward into component C, has the following velocities:

a) within the gap, an average vertical downward velocity, defined as the ratio of “the
total solvent vapor flow rate” to “the cross-sectional area available for flow,” and wherein
each of “the total solvent vapor flow rate” and “the cross sectional area available for flow” is
measured at the same vertical distance, y, and

b) a radial average velocity exiting the component A, defined as the ratio of “the total
solvent vapor flow rate at the exit of component A, at the temperature (T) and pressure (P) of
the devolatilizer” to “the number of openings in component A multiplied by the cross-

sectional area of each opening;” and
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wherein the average vertical downward velocity < the radial average velocity exiting

the component A.

2. The devolatilizer of claim 1, wherein the width (w) of the gap varies along the
length L.
3. The devolatilizer of claim 1 or claim 2, wherein, for each distance y, the

average vertical downward velocity ranges from 1.0 m/s to 10.0 m/s.

4. The devolatilizer of any one of the previous claims, wherein component A is
cylindrical in shape.

5. The devolatilizer of any one of the previous claims, wherein, for component
A, the cross-sectional openings all have the same dimensions.

6. The devolatilizer of any one of the previous claims, wherein, for component
B, the cylindrical section has a length which is greater than, or equal to, the length of
component A.

7. The devolatilizer of any one of the previous claims, wherein, for component
B, the cylindrical section has a length which is less than the length of component A.

8. The devolatilizer of any one of the previous claims, wherein, for component
B, the cylindrical section comprises a cylindrical flared cylinder, which has a diameter, at the
end of the flared cylinder, that is greater than the diameter, at the beginning of the flared
cylinder.

9. The devolatilizer of claim 8, wherein the diameter at the end of the flared
section is greater than 1.2 x the diameter at the beginning of the flared section.

10. The devolatilizer of any one of claims 1-7, wherein, for component B, the
cylindrical section comprises a vertical section of length /;, followed by a flared section of
length /.

11.  The devolatilizer of claim 11, wherein the flared section of length 4, is
followed by a vertical section of length /5.

12.  The devolatilizer of any one of claims 1-7, wherein the shroud of component
B comprises > 2 separate sections, and each section is located at a distance d; from the center
of component A.

13. The devolatilizer of claim 12, wherein the shroud of component B comprises >
4 separate sections, and each section is located at a distance d; from the center of component
A.

14.  The devolatilizer of claim 12 or claim 13, wherein the shroud of component B

comprises at least 8 separate sections, and wherein at least 4 of the sections are located at a
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distance d; from the center of component A, and at least 4 of the sections are located at a
distance d> from the center of component A; and wherein d> > d;.

15. The devolatilizer of claim 14, whereind> > 1.2 x d.

16.  The devolatilizer of any one of claims 1-7, wherein the cylindrical section of
component B comprises an upper continuous radial section of length ¢, and a lower
segmented section comprising > 2 separate segments, each of length Ls; and wherein Ls > Lc;
and wherein Lc is measured from the top of component B to the end of the upper continuous
radial section; and wherein Ls is measured from the top of component B to the end of a lower
segmented section.

17. The devolatilizer of claim 16, wherein lower segmented section comprises > 4
separate segments, each of length Lg; and wherein Ls > Lc.

18. The devolatilizer of claim 16 or claim 17, wherein Ls> 1.2 x Lc.

19. The devolatilizer of any one of the previous claims, wherein the devolatilizer
operates at a temperature (T) from 100°C to 300°C, and at a pressure (P) from 3 mBar to 100
mBar.

20. The devolatilizer of any one of the previous claims, wherein the devolatilizer
further comprises an outer vessel, and wherein there is a gap (gs) located between the outer
surface of the cylindrical section of component B and the inner surface of the outer vessel.

21. The devolatilizer of claim 20, wherein the width of g5 varies continuously or
discontinuously along the cylindrical section of component B.

22. The devolatilizer of claim 20 or claim 21, wherein the ratio of “the minimum
width of g5 to “the maximum width of the gap of component C” is>0.5.

23. A reactor system comprising at least one reactor and the devolatilizer of any
one of the previous claims.

24.  The reactor system of claim 23, wherein the at least one reactor is a loop
reactor.

25. A solution polymerization process to form a polymer, said process comprising
at least the following steps:

1) reacting a mixture comprising a solvent, monomer, and optionally one or more
comonomers, in at least one reactor, to form a polymer solution comprising the solvent and
the polymer;

i1) separating at least a portion of the solvent from the polymer solution to form a
polymer-rich solution comprising the polymer and solvent, and wherein the polymer-rich

solution comprises more polymer than the polymer solution;
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i) separating at least a portion of the solvent from the polymer-rich solution using the
devolatilizer of any one of claims 1-22.

26. The process of claim 25, wherein the polymer is an olefin-based polymer.
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