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HEAT TRANSFER IN A POLYMERIZATION REACTOR

FIELD
[0001] This disclosure relates to the heat transfer in a polymerization reactor system.
BACKGROUND
[0002] Polyolefins such gs polyethylene and polypropylenc may be prepared by slurry

polymerization. In this technique, feed materials such as diluent, monomer and catalyst are
mitroduced to g loop reaction zong, forming a shury i the reaction zone. In continuous
toop reactors, the slurry circulates through the loop reaction zone, and the monomer reacts
with the catalyst in a polymerization reaction. The polymerization reaction yields solid
polvelehing ju the shury. A polymerization product baving sohd polyolefius s then
tranaferred from the reactor and separated to recover the solid polvolefins,

[0003] In general, the polymerization process is exothermic, and the heat generated
must be removed from the reactor to prevent the polyolefins from melting within the
reactor. Such overheating may result in fouling, plugging, or other adverse effects within
the reactor. In addition to limiting the adverse effects, maintaining a controlled temperature
within the reactor may be important to producing a product having the desired properties.

SUMMARY

[0004] In an embodiment, a process comprises polymerizing an olefin monomer in a
loop reactor in the presence of a catalyst and a diluent, and producing a slurry comprising
solid particulate olefin polymer and diluent. The Biot number is maintained at or below
about 3.0 within the loop reactor during the polymerizing. The slurry in the loop reactor
forms a slurry film having a film coefficient along an inner surface of the shell, and the
film coefficient is less than about 500 BTU-hr'-ft>-°F'. The Biot number may be
maintained at or below about 2.0 within the loop reactor during the polymerizing, the
Biot number may be maintained at or below about 1.5 within the loop reactor during the
polymerizing, and/or the Biot number may be maintained at or below about 1.1 within the
loop reactor during the polymerizing. The slurry may comprise a solids concentration in
the range of about 25 wt% to about 70 wt%, the slurry may comprise a solids
concentration in the range of about 40 wt% to about 60 wt%, and/or the slurry may

comprise a solids concentration greater than about 50 wt%. The loop reactor comprises a
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shell having a thickness and a thermal conductivity. A ratio of the film coefficient to the
thermal conductivity may be in a range of from about 8.0 ft”' to about 50 ft”, and/or a
ratio of the film coefficient to the thermal conductivity may be in a range of from about
14 ft'! to about 35 ft"'. A ratio of the film coefficient to the thickness may be in a range
of from about 1,400 BTU hr'-ft*-°F to about 240,000 BTU -hr''-ft~-°F ", and/or a ratio
of the film coefficient to the thickness may be in a range of from about 2,400 BTU-hr™ - ft
*.oF! to about 100,000 BTU-hr'-ft*-°F'. A ratio of the thermal conductivity to the
thickness may be in a range of from about 100 BTU-hr- ft*-°F' to about 10,000
BTU-hr'-ft*-°F", and/or a ratio of the thermal conductivity to the thickness is in a range
of from about 120 BTU-hr'- ft*-°F"' to about 4,000 BTU-hr'-ft*-°F'. The shell may
comprise a steel selected from the group consisting of: A106 Gr 8 (60), A516 Gr 70,
A537 C1 2, A106 Gr C (40), A202 Gr 8, A285 Gr C, A514 Gr 8, A515 Gr 70, A517 Gr
A, A517 Gr 8, A533 Ty A Cl3, A542 Ty A C12, A678 Gr C, AISI 1010, AISI 1015,
MIL-S 24645, and any combination thereof. The shell has a diameter in the range of
about 20 inches to about 36 inches. The inner surface of the shell has a surface
smoothness of less than 100 RMS, the inner surface of the shell has a surface smoothness
of less than 30 RMS, and/or the inner surface of the shell has a surface smoothness of
between about 10 RMS and about 30 RMS. The process may also include circulating the
slurry within the loop reactor. The slurry may be circulated at a velocity in the range of
about 25 ft/s to about 60 ft/s, the slurry may be circulated at a velocity in the range of
about 35 ft/s to about 50 ft/s, and/or the slurry may be circulated at a velocity greater than
about 40 ft/s.

[0005] In another embodiment, a reactor comprises a continuous tubular shell
comprising a thickness and a thermal conductivity, and a slurry disposed within the
continuous tubular shell. The continuous tubular shell defines a continuous loop and a
ratio of the thermal conductivity to the thickness is greater than or equal to about 120
BTU-hr'-ft*-°F"'. The slurry comprises solid particulate olefin polymer and a diluent,
and the volume fraction of the solids in the slurry is greater than about 0.65. The ratio of
the thermal conductivity to the thickness may be greater than or equal to about 160

BTU-hr'-ft-°F, the ratio of the thermal conductivity to the thickness may be greater
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than or equal to about 250 BTU-hr-ft*-°F"', and/or the ratio of the thermal conductivity
to the thickness may be greater than or equal to about 300 BTU-hr'-ft*-°F'. The
thermal conductivity of the shell may be between about 20 and about 40 BTU-hr™-ft-°F"
! The shell may comprise a steel selected from the group consisting of: A106 Gr 8 (60),
A516 Gr 70, A537 C1 2, A106 Gr C (40), A202 Gr 8, A285 Gr C, A514 Gr 8§, A515 Gr
70, A517 Gr A, A517 Gr 8, A533 Ty A Cl3, A542 Ty A C12, A678 Gr C, AISI 1010,
AISI 1015, MIL-S 24645, and any combination thereof. The shell may comprise a steel
comprising iron and one or more of components selected from the group consisting of:
carbon in an amount of from about 0.05 wt% to about 0.25 wt%, silicon in an amount of
from about 0.5 wt% to about 0.75 wt%, manganese in an amount of from about 0.8 wt%
to about 2.0 wt%, phosphorous in an amount of from about 0.01 wt% to about 0.1 wt%,
sulfur in an amount of from about 0.01 wt% to about 0.1 wt%, aluminum in an amount of
from about 0.01 wt% to about 0.04 wt%, chromium in an amount of from about 0.1 wt%
to about 0.5 wt%, copper in an amount of from about 0.1 wt% to about 0.5 wt%, nickel in
an amount of from about 0.1 wt% to about 0.5 wt%, molybdenum in an amount of from
about 0.05 wt% to about 0.1 wt%, niobium in an amount of from about 0.005 wt% to
about 0.02 wt%, titanium in an amount of from about 0.01 wt% to about 0.05 wt%,
vanadium in an amount of from about 0.01 wt% to about 0.04 wt%, and any combination
thereof.

[0006] In another embodiment, a process comprises polymerizing an olefin monomer
in a loop reactor in the presence of a catalyst and a diluent, where the loop reactor
comprises a continuous tubular shell, producing a slurry comprising solid particulate
olefin polymer and diluent, and circulating the slurry in the loop reactor. The slurry in
the loop reactor forms a slurry film along an inner surface of the shell, and a ratio of a
heat transfer resistance through the slurry film to a heat transfer resistance through the
tubular shell is maintained at or below about 3.0 within the loop reactor during the
polymerizing. The slurry has a velocity of greater than about 30 ft/s during the
circulating. The ratio of the heat transfer resistance through the slurry film to the heat
transfer resistance through the tubular shell may be maintained at or below about 2.0

within the loop reactor during the polymerizing, and/or the ratio of the heat transfer
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resistance through the slurry film to the heat transfer resistance through the tubular shell
may be maintained at or below about 1.5 within the loop reactor during the polymerizing.
The slurry may comprise a solids concentration in the range of about 25 wt% to about 70
wt%. The slurry may comprise a solids volume fraction above about 0.65. The slurry
may be circulated at a velocity greater than about 40 ft/s, and/or the slurry is circulated at
a velocity greater than about 50 ft/s.

[0007] In another embodiment, a polymerization process comprises polymerizing an
olefin monomer in a loop reactor in the presence of a catalyst and a diluent, producing a
slurry comprising solid particulate olefin polymer and diluent within the loop reactor, and
contacting at least a portion of an exterior surface of the loop reactor with a coolant fluid.
The slurry in the loop reactor forms a slurry film having a film coefficient along an inner
surface of the loop reactor, and the coolant fluid forms a coolant film having a coolant
film coefficient along an exterior surface of the loop reactor. A ratio of the film
coefficient to the coolant film coefficient is greater than about 2.0. An external Biot
number may be greater than about 2.0 during the polymerizing, and/or an internal Biot
number may be less than about 3.0 during the polymerizing. The slurry comprises a
solids volume fraction above about 0.65. The polymerization process may also include
circulating the slurry in the loop reactor, and the slurry may have a velocity of greater
than about 30 ft/s during the circulating.

[0008] In another embodiment, a method of designing a loop slurry polymerization
reactor comprises simulating, on a processor, a loop slurry polymerization reactor,
determining a Biot number of a shell region of the at least one loop slurry polymerization
reactor based on the simulating, adjusting a value of at least one design parameter for the
loop slurry polymerization reactor based on the simulating, repeating the simulating, by
the processor, based on the adjusted value of the at least one design parameter,
determining that one or more predetermined design parameters are obtained based on the
repeating, and outputting a loop slurry polymerization reactor design based on the
simulating, adjusting, repeating, and determining. The loop slurry polymerization reactor
comprises at least one loop reactor and at least one cooling jacket, and an annulus exists

between a wall of the at least one loop reactor and the cooling jacket. The method may
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also include graphically displaying at least a portion of the simulating, and adjusting the
value of the at least one design parameter in response to the graphically displaying. The
method may also include determining a position of the at least one cooling jacket
adjacent and substantially parallel to at least a portion of a leg of the at least one loop
reactor. The at least one design parameter for the loop slurry polymerization reactor may
comprise a thermal conductivity of the wall of the at least one loop reactor, a diameter of
a wall, a thickness of the wall, a velocity of a slurry within the at least one loop reactor, a
slurry density of the slurry, a viscosity of the slurry, a specific heat capacity of the slurry,
a thermal conductivity of the slurry, a location of the at least one cooling jacket relative
to the wall, or any combination thereof. The one or more predetermined design
parameters may comprise a wall thickness. The one or more predetermined design
parameters may comprise an internal Biot number equal to or less than about 3.0. A
slurry in the at least one loop reactor may form a slurry film having a film coefficient
along an inner surface of a wall of the at least one loop reactor, and the one or more
predetermined design parameters may comprise the film coefficient of less than about
500 BTU-hr'-ft>-°F'. A wall of the at least one loop reactor may comprise a thickness
and a thermal conductivity, and the one or more predetermined design parameters may
comprise a ratio of the thermal conductivity to the thickness that is greater than or equal
to about 120 BTU-hr'-ft*°F"'. The at least one loop reactor may comprise a slurry
disposed within a wall of the at least one loop reactor, the slurry may comprise solid
particulate olefin polymer and a diluent, and the one or more predetermined design
parameters may comprise a volume fraction of the solid particulate olefin polymer in the
slurry that is greater than about 0.65.

[0009] These and other features will be more clearly understood from the following

detailed description taken in conjunction with the accompanying drawings and claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0010] For a more complete understanding of the present disclosure and the advantages
thereof, reference is now made to the following brief description, taken in connection with
the accompanying drawings and detailed description.
[0011] Figure 1 schematically illustrates a process flow diagram of an embodiment of a
loop polymerization process.
[0012] Figure 2 schematically illustrates another process flow diagram of an
embodiment of a loop polymerization process.
[0013] Figures 3A-3B illustrate cross-sectional views of a portion of a loop
polymerization reactor.
[0014] Figure 4 illustrates a schematic layout of a computer system.

DETAILED DESCRIPTION OF THE EMBODIMENTS
[0015] Disclosed herein are embodiments of a polymerization reactor system and a
process for operating the polymerization reactor system under certain heat transfer
conditions.
[0016] Figure 1 illustrates a schematic process flow diagram of an embodiment of a
polymerization system 100. The system 100 may comprise a loop slurry polymerization
reactor 110 which forms polymerization product, a first line 120, which receives a
polymerization product (e.g., a polymerization product slurry) from the loop slurry
polymerization reactor 110, and a separation vessel 140, which receives the polymerization
product (e.g., as the polymerization product slurry) from the first line 120. Solid polymer
may be recovered from the separation vessel 140.
[0017] As disclosed above, the system 100 may comprise a loop slurry polymerization
reactor 110. In one or more of the embodiments disclosed herein, the reactor 110 may
comprise any vessel or combination of wvessels suitably configured to provide an
environment for a chemical reaction (e.g., a contact zone) between monomers (e.g.,
cthylene) and/or polymers (e.g., an “active” or growing polymer chain), and optionally
comonomers (e.g., 1-butene, 1-hexene) and/or copolymers, in the presence of a catalyst to
yield a polymer (e.g., a polyethylene polymer) and/or copolymer. Although the

embodiment illustrated in Figure 1 shows a single reactor 110, one of skill in the art
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viewing this disclosure will recognize that any suitable number and/or configuration of
reactors may be employed, as described in more detail herein.

[0018] As used herein, the terms “polymerization reactor” or “reactor’” may include at
least one loop slurry polymerization reactor capable of polymerizing olefin monomers or
comonomers to produce homopolymers or copolymers. Such homopolymers and
copolymers may be referred to as resins or polymers.

[0019] The polymerization processes performed in the reactor(s) (e.g., reactor 110)
may include batch or continuous processes. Continuous processes could use intermittent or
continuous product discharge. Processes may also include partial or full direct recycle of
unreacted monomer, unreacted comonomer, and/or diluent.

[0020] In embodiments having multiple reactors as shown in Figure 2, production of
polymerization product in multiple reactors 110, 180 may include several stages in at least
two separate polymerization reactors 110, 180 interconnected by a transfer device or line
172 making it possible to transfer the polymerization product resulting from a first
polymerization reactor 110 into a second reactor 180. The desired polymerization
conditions in one reactor may be different from the polymerization conditions of the other
reactor(s). Alternatively, polymerization in multiple reactors may include the manual
transfer of polymerization product (e.g., in a polymerization product slurry, as a mixture, as
solid polymer, or combinations thercof) from one reactor to subsequent reactors for
continued polymerization. In addition to transferring some portion of the polymerization
product to the second reactor 180, one or more components of the feed (e.g., diluent,
catalyst, monomers, comonomers, ctc.) may be feed through an inlet line as feed stream
174 into the second reactor 180. While illustrated in Figure 2 as multiple loop reactors,
multiple reactor systems may include any combination including, but not limited to,
multiple loop reactors, a combination of loop and gas reactors, multiple high pressure
reactors or a combination of high pressure reactors with loop and/or gas reactors. The
multiple reactors may be operated in series, in parallel, or combinations thereof.

[0021] Returning to Figure 1, the loop slurry polymerization reactor 110 may comprise
vertical and/or horizontal pipes 112 and 114 (respectively) interconnected by smooth bends

or elbows 115, which together form a loop. Portions of the loop slurry polymerization
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reactor 110, such as pipes 112, may have cooling jackets 113 placed therearound to remove
excess heat generated by the exothermic polymerization reactions. A cooling fluid may be
circulated through an annulus between the jackets 113 and the outer surface of the reactor
110, for example. The circulation of the cooling fluid may remove heat from the loop
slurry polymerization reactor 110 through the reactor wall. The cooling fluid may be
circulated to a cooling system to discharge the heat before returning to the annular region in
a cooling cycle. The cooling jacket(s)s 113 may only cover a portion of the loop slurry
polymerization reactor 110 and the intermediate regions may not be subject to heat transfer
(e.g., heat removal). In an embodiment, at least about 10%, at least about 20%, at least
about 30%, at least about 40%, at least about 50%, or at least about 60% of the outer
surface of the loop slurry polymerization reactor 110 may be subject to heat exchange.
[0022] A motive device, such as pump 150, may circulate the fluid slurry in the loop
slurry polymerization reactor 110. An example of the pump 150 is an in-line axial flow
pump with a pump impeller 152 disposed within the interior of the reactor 110. The
impeller 152 may, during operation, create a turbulent mixing zone within a fluid medium
circulating through the reactor 110 such that sufficient contact between different
polymerization components within the slurry may occur. The impeller 152 may also assist
in propelling the slurry through the closed loop of the reactor 110 at sufficient speed to
keep solid particulates, such as the catalyst or polymerization product, suspended within the
slurry. The impeller 152 may be driven by a motor 154 or other motive force.

[0023] The system 100 may additionally comprise any equipment associated with a
polymerization reactor, such as pumps, control devices (e.g., a PID controller),
measurement instruments (e.g., thermocouples, transducers, and flow meters), alternative
inlet and outlet lines, and the like.

[0024] Monomer, diluent, catalyst, and optionally any comonomer, which may be fed
to the slurry loop polymerization reactor 110 (e.g., via feed stream 102), may circulate
through the loop as polymerization occurs. Generally, continuous processes may comprise
the continuous introduction of a monomer, an optional comonomer, a catalyst, and a

diluent into the loop slurry polymerization reactor 110 and the continuous removal (e.g.,
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via first line 120) of a slurry comprising solid polymer (e.g., polyethylene) and a liquid
phase of the diluent.

[0025] In one or more embodiments, a comonomer may comprise unsaturated
hydrocarbons having 3 to 20 carbon atoms. For example, a comonomer may comprise
alpha olefins, such as for example propene, propylene, 1-butene, 1-pentene, 1-hexene, 3-
methyl-1-butene, 4-methyl-1-pentene, 1-heptene, 1-octene, 1-nonene, 1-decene, and the
like, or combinations thereof.

[0026] In embodiments, suitable diluents used in slurry polymerization processes may
include, but are not limited to, the monomer, and optionally, the comonomer, being
polymerized and hydrocarbons that are liquids under reaction conditions. Examples of
suitable diluents include, but are not limited to, hydrocarbons such as propane,
cyclohexane, isobutane, n-butane, n-pentane, isopentane, neopentane, and n-hexane. In
embodiments, diluents may comprise unsaturated hydrocarbons having 3 to 12 carbon
atoms. Further examples of suitable diluents include, but are not limited to, propene, 1-
butene, 1-hexene, octenes, or combinations thereof. Some loop polymerization reactions
can occur under bulk conditions where no diluent is used. An example is polymerization of
propylene monomer as disclosed in U.S. Patent Nos. 5,455,314, which is incorporated by
reference herein in its entirety.

[0027] Additional information for typical loop polymerization processes is disclosed,
for example, in U.S. Patent Nos. 3,248,179, 4,501,885, 5,565,175, 5,575,979, 6,239,235,
and 6,262,191, each of which is incorporated by reference in its entirety herein.

[0028] In embodiments having multiple reactors, various types of reactors that may
additionally be included in system 100 may comprise gas-phase reactors. Gas-phase
reactors may comprise fluidized bed reactors or staged horizontal reactors. Gas-phase
reactors may employ a continuous recycle stream containing one or more monomers
continuously cycled through a fluidized bed in the presence of the catalyst under
polymerization conditions. A recycle stream may be withdrawn from the fluidized bed and
recycled back into the reactor. Simultaneously, polymer product may be withdrawn from
the reactor and new or fresh monomer may be added to replace the polymerized monomer.

Likewise, copolymer product may optionally be withdrawn from the reactor and new or
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fresh comonomer may be added to replace polymerized comonomer, polymerized
monomer, or combinations thereof. Such gas phase reactors may comprise a process for
multi-step gas-phase polymerization of olefins, in which olefins are polymerized in the
gascous phase in at least two independent gas-phase polymerization zones while feeding a
catalyst-containing polymer formed in a first polymerization zone to a second
polymerization zone.

[0029] In embodiments having multiple reactors, various types of reactors that may
additionally be included in system 100 may comprise loop slurry polymerization reactors.
Such reactors may have a loop configuration, such as the configuration of the loop slurry
polymerization reactor 110 of Figure 1.

[0030] In embodiments having multiple reactors, various types of reactors that may
additionally be included in system 100 may comprise high pressure reactors. High
pressure reactors may comprise autoclave or tubular reactors. Tubular reactors may have
several zones where fresh monomer (and optionally, comonomer), initiators, or catalysts
may be added. Monomer (optionally, comonomer) may be entrained in an inert gaseous
stream and introduced at one zone of the reactor. Initiators, catalysts, and/or catalyst
components may be entrained in a gaseous stream and introduced at another zone of the
reactor. The gas streams may be intermixed for polymerization. Heat and pressure may be
employed appropriately to obtain optimal polymerization reaction conditions.

[0031] In embodiments having multiple reactors, various types of reactors that may
additionally be included in system 100 may comprise a solution polymerization reactor
wherein the monomer (optionally, comonomer) may be contacted with the catalyst
composition by suitable stirring or other means. A carrier comprising an inert organic
diluent or excess monomer (optionally, comonomer) may be employed. If desired, the
monomer and/or optional comonomer may be brought in the vapor phase into contact with
the catalytic reaction product, in the presence or absence of liquid material. The
polymerization zone is maintained at temperatures and pressures that will result in the
formation of a solution of the polymer in a reaction medium. Agitation may be employed

to obtain better temperature control and to maintain uniform polymerization mixtures
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throughout the polymerization zone. Adequate means may be utilized for dissipating the
exothermic heat of polymerization.

[0032] Conditions of a polymerization reactor, ¢.g., loop slurry polymerization reactor
110, which may be chosen and even controlled for polymerization efficiency and to
provide resin properties include temperature, pressure and the concentrations of various
reactants. Polymerization temperature can affect catalyst productivity, polymer molecular
weight and molecular weight distribution. Suitable polymerization temperature may be any
temperature below the de-polymerization temperature according to the Gibbs Free energy
equation. Typically this includes the range from about 140 °F (about 60 °C) to about 536
°F (about 280 °C), for example, and from about 158 °F (about 70 °C) to about 230 °F
(about 110 °C), depending upon the type of polymerization reactor.

[0033] Suitable pressures will also vary according to the reactor and polymerization
type. The pressure for liquid phase polymerizations in a loop reactor such as loop slurry
polymerization reactor 110 is typically less than about 1,000 psig, for example, about 650
psig. Pressure for gas phase polymerization is usually at about 200 psig to about 500 psig.
High pressure polymerization in tubular or autoclave reactors is generally run at about
20,000 psig to about 75,000 psig. Polymerization reactors can also be operated in a
supercritical region occurring at generally higher temperatures and pressures. Operation
above the critical point of a pressure/temperature diagram (supercritical phase) may offer
advantages. In an embodiment, polymerization may occur in an environment having a
suitable combination of temperature and pressure. For example, polymerization may occur
at a pressure in a range of about 400 psi to about 1,000 psi; alternatively, about 550 psi to
about 650 psi, alternatively, about 600 psi to about 625 psi; and a temperature in a range of
about 150 °F (about 66 °C) to about 230 °F (about 110 °C), alternatively, from about 195
°F (about 91 °C) to about 220°F (about 104 °C).

[0034] The concentration of various reactants can be controlled to produce solid
polymer with certain physical and mechanical properties. The proposed end-use product
that will be formed by the solid polymer and the method of forming that product
determines the desired properties. Mechanical properties include tensile, flexural, impact,

creep, stress relaxation and hardness tests. Physical properties include density, molecular
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weight, molecular weight distribution, melting temperature, glass transition temperature,
temperature melt of crystallization, density, stereoregularity, crack growth, long chain
branching and rheological measurements.

[0035] The concentrations and/or partial pressures of monomer, comonomer,
hydrogen, co-catalyst, activator-support, modifiers, and electron donors are important in
producing these resin properties. Comonomer may be used to control product density.
Hydrogen may be used to control product molecular weight. Cocatalysts can be used to
alkylate, scavenge poisons and control molecular weight. Activator-support can be used to
activate and support the catalyst. Modifiers can be used to control product properties and
electron donors affect stercoregularity, the molecular weight distribution, or molecular
weight. In addition, the concentration of poisons is minimized because poisons impact the
reactions and product properties.

[0036] Polymerization reaction components of the reactor(s) disclosed herein (e.g.,
loop slurry polymerization reactor 110) may include olefin monomers (e.g., ethylene) and
comonomers (e.g., 1-hexene), diluent (e.g., isobutane, hexane, propane, or combinations
thereof), molecular weight control agents (e.g., hydrogen), and any other desired co-
reactants or additives. Polymerization reaction components may additionally include a
catalyst, and optionally, a co-catalyst. Suitable catalyst for polymerizing the monomers
and any comonomers may include, but is not limited to a catalyst(s) and, optionally, a co-
catalyst(s) and/or a promoter(s). Nonlimiting examples of suitable catalyst systems include
Ziegler Natta catalysts, Ziegler catalysts, chromium catalysts, chromium oxide catalysts,
chromocene catalysts, metallocene catalysts, nickel catalysts, or combinations thereof.
Nonlimiting examples of co-catalyst include triethylboron, methyl aluminoxane, alkyls
such as triethylaluminum, or combinations thereof. Suitable activator-supports may
comprise solid super acid compounds. Catalyst systems suitable for use in this disclosure
have been described, for example, in U.S. Patent No. 7,619,047, 7,790,820; 7,163,906;
7,960,487, each of which is incorporated by reference herein in its entirety.

[0037] The reaction components may be introduced to an interior of the loop slurry
polymerization reactor 110 via inlets or conduits at specified locations, such as feed line

102. Any combination of the reaction components identified above (and others known to
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those skilled in the art), together with any catalyst and/or co-catalyst described herein, may
form a suspension, i.¢., a slurry, that circulates through the loop formed by the loop slurry
polymerization reactor 110.

[0038] The slurry may circulate through the loop slurry polymerization reactor 110,
and monomers (and optionally, comonomers) may polymerize to form a polymerization
product. The polymerization product may comprise a polymerization product slurry, a
product mixture, or combinations thereof.

[0039] In embodiments, the polymerization product slurry may comprise solid polymer
and a liquid phase of a diluent. In an embodiment, the polymerization product slurry may
comprise unreacted monomer and/or unreacted comonomer in a liquid phase. In additional
or alternative embodiments, the polymerization product slurry may generally comprise
various solids, semi-solids, volatile and nonvolatile liquids, or combinations thereof. In an
embodiment, the polymerization product slurry may comprise one or more of hydrogen,
nitrogen, methane, ethylene, ethane, propylene, propane, butane, isobutane, pentane,
hexane, 1-hexene and heavier hydrocarbons. In an embodiment, ethylene may be present
in a range of from about 0.1 % to about 15 %, alternatively, from about 1.5 % to about 5 %,
alternatively, about 2 % to about 4 % by total weight of the liquid in the product line.
Ethane may be present in a range of from about 0.001 % to about 4 %, alternatively, from
about 0.2 % to about 0.5 % by total weight of the material in the product line. Isobutane
may be present in a range from about 80 % to about 98 %, alternatively, from about 92 %
to about 96 %, alternatively, about 95 % by total weight of the material in the product line.
[0040] In embodiments, the product mixture may comprise the solid polymer and a
vapor phase of at least a portion of the diluent. In additional or alternative embodiments,
the mixture may comprise unreacted, gaseous monomers or optional comonomers (e.g.,
unreacted ethylene monomers, unreacted 1-butene monomers), gaseous waste products,
gaseous contaminants, or combinations thereof. As used herein, an “unreacted monomer,”
for example, ethylene, refers to a monomer that was introduced into a polymerization
reactor during a polymerization reaction but was not incorporated into a polymer. As used
herein, an “unreacted comonomer,” for example, 1-butene, refers to a comonomer that was

introduced into a polymerization reactor during a polymerization reaction but was not
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incorporated into a polymer. Such gaseous phase product mixtures may be present when
gas phase reactors are used in place of or in addition to a loop slurry reactor.

[0041] In embodiments, the solid polymer product may comprise a homopolymer, a
copolymer, or combinations thereof. The homopolymer and/or the polymers of the
copolymer may comprise a multimodal (e.g., a bimodal) polymer (e.g., polyethylene). For
example, the solid polymer may comprise both a relatively high molecular weight, low
density (HMWLD) polyethylene polymer component and a relatively low molecular
weight, high density (LMWHD) polyethylene polymer component. Various types of
suitable polymers may be characterized as having a various densities. For example, a Type
I may be characterized as having a density in a range of from about 0.910 g/cm’ to about
0.925 g/cm’, alternatively, a Type II may be characterized as having a density from about
0.926 g/cm’ to about 0.940 g/cm’, alternatively, a Type III may be characterized as having
a density from about 0.941 g/cm’ to about 0.959 g/cm’, alternatively, a Type IV may be
characterized as having a density of greater than about 0.960 g/cm’. The solid polymer
may comprise other polyolefin polymers.

[0042] The polymerization product (e.g., polymerization product slurry) may be
withdrawn from one or more reactors present in system 100, e.g., the loop slurry
polymerization reactor 110, via first line 120. The withdrawn polymerization product may
be conveyed through the first line 120 to a separation vessel 140. The line 120 may be
referred to as a flashline between reactor 110 and separation vessel 140, wherein a portion,
substantially all, or all (e.g., 100 %) of liquid phase components present in the
polymerization product are converted to gas phase components. The polymerization
product may be conveyed to the separation vessel 140. The flash line may comprise a
variable inner diameter, which may increase in the direction of flow. In embodiments, the
upstream portion of the flash line may have an inner diameter of about 1 inch to about 8
inches, and the downstream portion may have an inner diameter of about 2 inches to about
10 inches.

[0043] In an embodiment, a polymerization product slurry in the polymerization
product may convert to an at least partial gas phase product mixture in the line 120. Thus,

in embodiments, the polymerization product conveyed through line 120 may be in the form
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of a liquid polymerization product slurry (e.g., a slurry of solid polymer and liquid phase
diluent and/or unreacted monomer/comonomer), a gas phase product mixture (e.g., solid
polymer and gas phase diluent and/or unreacted monomer/comonomer), or combinations
thereof (e.g., a three-phase mixture of liquid and gaseous diluent and/or unreacted
monomer/comonomer and solid polymer), and the form of the polymerization product may
be a function of the conditions (e.g., temperature and pressure) present at a given location
in line 120.

[0044] In an embodiment, polymer product withdrawn from the loop slurry
polymerization reactor 110 may be conveyed through the line 120 via the total pressure
differential between the operating pressure of the loop slurry polymerization reactor 110
and the separation vessel 140. In an embodiment, the polymerization product (e.g.,
polymerization product slurry, mixture, or combinations thereof) may be conveyed through
the line 120, which may comprise a continuous take-off valve, to yield an at least partial
gas phase mixture (e.g., mixture of gas phase diluent and/or unreacted
monomer/comonomer and solid polymer). In an embodiment, a valve may be present in
the line 120. The position of the separation vessel 140 relative to the loop slurry
polymerization reactor 110 may be adjusted in order to transfer withdrawn polymer product
via the total pressure differential, for example, to minimize or reduce the equipment
dedicated to polymer product conveyance, to volatilize all liquid in the polymer product, or
combinations thereof. In an embodiment, the total pressure differential may be the sole
means for conveying polymer product between the loop slurry polymerization reactor 110
and separation vessel 140.

[0045] The separation vessel 140 may recover solid polymer which is received from
the line 120. In one or more of the embodiments disclosed herein, the polymerization
product flowing from the line 120 (for example, a mixture of solid polymer and at least a
portion, substantially all or all of the other components, e.g., diluent and/or unreacted
monomer/comonomer, are in a gas phase) may be separated in separation vessel 140 into
solid polymer in line 144 and one or more gases in line 142.

[0046] Any suitable technique may be used to separate the polymerization product into

solid polymer and gases. For example, the separation vessel 140 may comprise a vapor-
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liquid separator. Suitable embodiments of a vapor-liquid separator may include a
distillation column, a flash tank, a filter, a membrane, a reactor, an absorbent, an adsorbent,
a molecular sieve, a cyclone, or combinations thereof. In an embodiment, the separator
comprises a flash tank. Not secking to be bound by theory, such a flash tank may comprise
a vessel configured to vaporize and/or remove low vapor pressure components from a high
temperature and/or high pressure fluid.

[0047] In an embodiment, the separation vessel 140 may be configured such that
polymerization product from the line 120 may be separated into solid and liquid (e.g., a
condensate) phase components in line 144 and a gas (e.g., vapor) phase components in line
142. The liquid or condensate may comprise solid polymer (e.g., polyethylene) and any
liquid phase components such as diluent and/or unreacted monomer/comonomer, and in
some embodiments line 144 is a concentrated slurry in comparison to the product slurry in
line 120. The gas or vapor may comprise volatile solvents, diluent, unreacted monomers
and/or optional comonomers, waste gases (e.g., secondary reaction products, such as
contaminants and the like), or combinations therecof. The separations vessel 140 may be
configured such that the polymerization product flowing from the line 120 is flashed by
heat, pressure reduction, or combinations thereof such that the enthalpy of the line is
increased. This may be accomplished via a heater, a flashline heater, various other
operations commonly known in the art, or combinations thereof. For example, a flash line
heater comprising a double pipe may exchange heat by hot water or steam. Such a
flashline heater may increase the temperature of the line 120 while reducing its pressure.
[0048] In an alternative embodiment, the separation vessel 140 may be configured such
that polymerization product from line 120 may be separated into solid polymer in line 144
substantially or completely free of any liquid phase components and one or more gases in
line 142. Suitable separation techniques include distilling, vaporizing, flashing, filtering,
membrane screening, absorbing, adsorbing, cycloning, gravity settling, or combinations
thereof, the polymerization product received in separation vessel 140 from the line 120.
[0049] In an embodiment, the separation vessel 140 may operate at a pressure of from
about 50 psig to about 500 psig; alternatively, from about 130 psig to about 190 psig; and

further alternatively, at an operating pressure of about 135 psig.
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[0050] In one or more embodiments, the gas in line 142 may comprise hydrogen,
nitrogen, methane, cthylene, ethane, propylene, propane, butane, isobutane, pentane,
hexane, 1-hexene and heavier hydrocarbons. In an embodiment, ethylene may be present
in a range of from about 0.1 % to about 15 %, alternatively from about 1.5 % to about 5 %,
alternatively, about 2 % to about 4 % by total weight of the line. Ethane may be present in
a range of from about 0.001 % to about 4 %, alternatively from about 0.2 % to about 0.5 %
by total weight of the line. Isobutane may be present in a range from about 80 % to about
98 %, alternatively from about 92 % to about 96 %, alternatively, about 95 % by total
weight of the line.

[0051] The separation vessel 140 may additionally comprise any equipment associated
with the separation vessel 140, such as control devices (e.g., a PID controller) and
measurement instruments (e.g., thermocouples), and level control and measurement
devices.

[0052] In an embodiment, the slurry may be removed from loop slurry polymerization
reactor 110 by the use of one or more settling legs. The settling leg may be an alternative
removal device or in addition to the line 120. In this embodiment, a portion of the product
slurry can be continuously or periodically drawn off from the reactor loop into a relatively
short segment of piping in a generally vertically positioned relative to the loop horizontal
line. The product slurry draw may be controlled in rate or amount by a receiver valve and
into a sloped or slanted (canted) leg. Once the product slurry, and particularly the solid
polymer product, is received in the settling leg, the reactor effluent can be flashed to
remove the solid polymer from the liquids (e.g., the diluent, monomer, comonomer, etc.).
Various technologies can be used for this separation step including but not limited to,
flashing that can include any combination of heat addition and pressure reduction,
separation by cyclonic action in either a cyclone or hydrocyclone, or separation by
centrifugation. The solid polymer product having a portion, substantially all, or all of the
liquid removed can then be passed to one or more downstream processing units.

[0053] In general, the polymerization process is exothermic, thereby generating heat at
the polymerization site and increasing the temperature of the slurry within the loop slurry

polymerization reactor 110. In order to control the polymerization reaction and the slurry
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polymer product, the heat can be controlled by removing the heat through the loop slurry
polymerization reactor 110 walls. For example, the heat may pass from the slurry to the
loop slurry polymerization reactor 110 walls, through the loop slurry polymerization
reactor 110 walls, and into a cooling fluid in contact with an exterior surface of the loop
slurry polymerization reactor 110, thereby generating (or resulting in) a heat transfer
pathway.

[0054] As schematically illustrated in Figures 3A and 3B, multiple resistances to heat
transfer may be present within the heat transfer pathway from the polymer product slurry
204 to the coolant 218. In an embodiment, the slurry 204 in the loop slurry polymerization
reactor 110 may form a slurry film having a film coefficient along an inner surface 205 of
the wall 202 of the loop slurry polymerization reactor 110. The slurry film may present a
resistance to heat transfer from the bulk slurry 204 (e.g., the reaction mixture) to the reactor
wall 202. Further, the loop slurry polymerization reactor 110 comprises a wall 202 having
a thickness 212 and a thermal conductivity, and the reactor wall 202 itself may also present
a resistance to heat transfer. After passing through the wall 202 of the loop slurry
polymerization reactor 110, the heat may then be transferred to the coolant 218, which may
have a film effect between the outer surface of the reactor wall 202 and the coolant fluid
218 (e.g., as shown by coolant film boundary 222). In order to effectively remove heat
from the loop slurry polymerization reactor 110, the resistance to heat transfer in each
portion of the heat transfer path can be analyzed. The design of the loop slurry
polymerization reactor 110, the operating conditions/parameters within the loop slurry
polymerization reactor 110, the coolant operating parameters, and the like can be selected
or controlled to effectively transfer heat from the polymer slurry. This may represent the
operation of the polymerization system under one or more conditions such that the
contribution of the resistance to heat transfer through the slurry film is balanced with
respect to the resistances to heat transfer through the reactor wall 202 and/or the coolant
film. In an embodiment, the system may be operated under one or more conditions such
that the contribution of the resistance to heat transfer through the slurry film is less than a
resistance to heat transfer through the reactor wall 202 and/or the coolant film or fluid,

thereby improving the heat transfer from the polymerization reaction.
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[0055] The heat transfer pathways within the polymerization system are schematically
illustrated in Figure 3B. The slurry 204 is present within the loop slurry polymerization
reactor 110 and contacts the interior surface of the reactor wall 202. When the slurry 204
flows through the loop slurry polymerization reactor 110 during use, a velocity profile 206
is established. In general, the velocity may be substantially zero, or at least substantially
reduced, at the reactor wall 202. The velocity profile 206 demonstrates that the slurry
velocity may increase to a bulk slurry velocity within the loop slurry polymerization reactor
110, which may comprise a turbulent flow as the velocity profile moves away from the
reactor wall 202. A slurry film layer denoted by the slurry film boundary 208 may be
formed near the inner surface 205 of the reactor wall 202. In the slurry film, the velocity of
the slurry 204 may be less than the velocity of the bulk slurry flow. The slurry film
boundary 208 may generally be taken as the point or surface at which the slurry velocity is
at least about 95%, at least about 96%, at least about 97%, at least about 98%, or at least
about 99% of the freestream velocity. The slurry film thickness may then be taken as the
distance 210 between the interior surface 205 of the reactor wall 202 and the slurry film
boundary 208.

[0056] Heat transfer through the slurry film layer may be characterized by a slurry film
coefficient. The slurry film coefficient characterizes the amount of heat transferred per
area, time, and the existing temperature differential (e.g., the temperature gradient) between
the bulk slurry and the reactor wall 202 through the slurry film layer. The slurry film
coefficient may be determined using any known techniques. An approximation of the

slurry film coefficient is provided by Eq. 1.

/K, L
slurry :3. D .(Prs )3 .Res (Eq 1)

In Eq. 1, hgumy 18 the slurry film coefficient in units of Btu/(hr)(ft*)(°F) (e.g., which can also
be expressed as BTU-hr'-ft*-°F"), f is the Fanning friction factor, K is the thermal
conductivity of the reactor slurry in units of Btu/(hr)(ft)(F), D;j is the inner diameter of the
reactor wall in units of (ft), Prs is the Prandtl number of the slurry, and Re; is the Reynolds
number of the slurry, where the Fanning friction factor, the Prandtl number, and the

Reynolds number are dimensionless. One of ordinary skill in the art, with the aid of this
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disclosure, may determine the Fanning friction factor, the Prandtl number, and the
Reynolds number for a given geometry. For example, the Fanning Friction factor (f) for
laminar flow in a cylindrical tube is represented by the equation:

f=16/Res  (Eq.2)

The Reynolds number of the slurry (Res) is the ratio of the inertial forces to the viscous
forces in the slurry. In an embodiment, the Reynolds number of the slurry can be
represented by the equation:

D, eV
Re, == %P (gq.3)

s
s

where V, is the velocity of the slurry in (ft)(s™), ps is the slurry density in (Ib)(ft*) and p is
the slurry viscosity in (Ib)(ft")(s™?). The Prandtl number of the slurry (Prs) is the ratio of
the kinematic viscosity to the thermal diffusivity rate. In an embodiment, the Prandtl
number of the slurry can be represented by the equation
_ Cp, ®u #3600

K

s

Pr,

(Eq. 4)

where Cps is the specific heat capacity of the slurry in (Btu)(Ib™)(°F™), ps is the slurry
density in (Ib)(ft*), , is the thermal conductivity of the slurry in units of (Btu)(hr)(ft
"°F™), and the factor of 3600 is for the conversion of hours to seconds.

[0057] The slurry film coefficient, hgury, may be affected by any of the variables
presented in Egs. 1-4, which are in turn affected by various slurry parameters and operating
conditions within the loop slurry polymerization reactor 110. In an embodiment, the slurry
film cocfficient may be greater than about 200 BTU hr™'-ft>-°F™, greater than about 250
BTUhr'-ft*-°F", greater than about 300 BTU-hr'-ft>-°F"', greater than about 350
BTUhr'-ft*-°F", greater than about 400 BTU-hr'-ft*-°F", or greater than about 450
BTU-hr'-f”-°F". In an embodiment, the slurry film coefficient may be less than about
500 BTU-hr'-ft>-°F"', less than about 450 BTU-hr'-ft*°F", or less than about 400

BTUhr'-ft*-°F". In some embodiments, other ranges of the slurry film coefficient are
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possible based on the reaction conditions and the slurry composition. For example, the
slurry film coefficient may be greater than about 600 BTU-hr'-ft*-°F ', greater than about
700 BTU-hr'-ft*-°F", greater than about 800 BTU-hr'-ft*-°F", greater than about 900
BTU hr!-ft%-°F", greater than about 1,000 BTU -hr'-ft%-°F !, greater than about 1,100
BTU hr!-ft%-°F", greater than about 1,200 BTU -hr'-ft2-°F !, or greater than about 1,300
BTU-hr'-f”-°F". In an embodiment, the slurry film coefficient may be less than about
1,400 BTU-hr''-ft%-°F" or less than about 1,350 BTU-hr'-ft >-°F .

[0058] Various factors may affect the slurry film coefficient, hguyy. In an embodiment,
the solids content of the slurry, the slurry velocity, the relative roughness of the interior
surface of the reactor, the reactor diameter, and any other flow properties of the slurry may
affect the calculation of the slurry film coefficient. In general, an increase in the solids
content of the slurry may result in a reduction in the slurry film coefficient. The resistance
to heat transfer through the slurry film is represented by the inverse of the slurry film
coefficient (e.g., 1/ hgumy), and a reduction in the slurry film coefficient represents an
increase in the resistance to heat transfer through the slurry film. In an embodiment, the
solids content of the slurry may be greater than about 25%, greater than about 30%, greater
than about 35%, greater than about 40%, greater than about 45%, greater than about 50%,
greater than about 55%, or greater than about 60% by weight. In some embodiments, the
solids content of the slurry may be less than about 80%, less than about 75%, less than
about 70%, less than about 65%, or less than about 60% by weight. In an embodiment, the
volume fraction of the solids in the slurry may be greater than about 0.15, greater than
about 0.2, greater than about 0.25, greater than about 0.3, greater than about 0.35, greater
than about 0.4, greater than about 0.45, greater than about 0.5, greater than about 0.55,
greater than about 0.6, greater than about 0.65, or greater than about 0.7. In an
embodiment, the volume fraction of the solids in the slurry may be less than about 0.9, less
than about 0.85, less than about 0.8, less than about 0.75, less than about 0.7, or less than
about 0.65. In an embodiment, the volume fraction of the solids in the slurry is greater than
or equal to about 0.65. One of ordinary skill in the art with the aid of this disclosure can

recognize that the solids content of the slurry can be converted between a weight basis and
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a volume basis using various factors such as the solids density and/or the conditions within
the reactor 110.

[0059] The slurry velocity may affect the Reynolds number and thereby the slurry film
coefficient. As described above, the slurry may circulate in the loop slurry polymerization
reactor 110, for example, in response to the action of the pump 150 or impeller 152. In
general, an increase in the slurry velocity is expected to result in an increase in the slurry
film coefficient, hgury, thereby decreasing the resistance to heat transfer through the slurry
film. In an embodiment, the slurry velocity within the reactor may be greater than about 20
ft/s, 25 fi/s, about 30 ft/s, about 35 ft/s, about 40 ft/s, or about 45 ft/s. In some
embodiments, the slurry velocity within the reactor may be less than about 55 ft/s or less
than about 50 ft/s. In an embodiment, the slurry velocity is greater than about 30 ft/s.
[0060] The relative roughness of the interior surface 205 of the reactor may also affect
the slurry film coefficient. The roughness of the surface may affect the slurry film
coefficient, but may also affect the degree to which the interior surface of the reactor is
subject to fouling. In general, as the roughness of the interior reactor wall increases so does
the risk of fouling. An increase in the roughness of the interior wall may increase the
Reynolds number and thereby increase the slurry film coefficient, hgury. While the
roughness may contribute to a reduced resistance to heat transfer through the slurry film,
this benefit may be outweighed if fouling occurs so that a layer of polymer accumulates on
the internal surface 205. The accumulated layer of polymer may have a relatively low
thermal conductivity compared to the reactor wall 202, and may act as an insulating layer
within the loop slurry polymerization reactor 110. In terms of reducing the resistances to
heat transfer along the heat transfer pathway, it may then be counterintuitive to reduce the
internal surface roughness to improve heat transfer to the reactor wall 202 through the
slurry film layer.

[0061] The surface roughness can be determined using a variety of tests such as the
arithmetic mean roughness value specified by the methods of standard tests DIN 4768/1,
DIN 4762/1, or ISO/DIS 4287/1. Alternatively, the root mean square (RMS) roughness
value may be specified by the methods of standard tests DIN 4762/1 or ISO 4287:1997.

The RMS value is generally determined over a surface profile calculated over a sampling
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length, or alternatively over the mean result of multiple sampling lengths (e.g., 5 sampling
lengths). The RMS value is generally expressed in terms of RMS microinches. The RMS
value can be converted into various units of length according to the standard, and the base
RMS value is expressed in units of microinches (e.g., 100 RMS is 100 root-mean-square
microinches). In general, various processes can be used to polish a surface and reduce the
roughness value. For example, mechanical polishing can be used to reduce the surface
roughness to between about 60 RMS to 70 RMS (e.g., 60 to 70 root-mean-square
microinches).  Further treatments such as chemical polishing or electromechanical
processes can further reduce the surface roughness value over the mechanically polished
value. Using such various procedures can result in a final surface roughness of less than
about 20 RMS (e.g., 20 root-mean-square microinches). In an embodiment, the interior
surface of the reactor can be treated to obtain a final surface roughness value of less than
about 100 RMS microinches, less than about 60 RMS microinches, less than about 50
RMS microinches, less than about 40 RMS microinches, less than about 30 RMS
microinches, less than about 20 RMS microinches, or less than about 15 RMS microinches.
In an embodiment, the surface roughness value of the interior surface of the reactor may be
between about 10 RMS microinches and about 30 RMS microinches.

[0062] Within the heat transfer pathway as illustrated in Figure 3B, the heat may pass
through the reactor wall 202 once it has passed from the bulk slurry 204 to the reactor wall
202 through the slurry film layer. The reactor wall 202 may present a resistance to heat
transfer as the heat passes from the slurry 204 to the coolant 218. The reactor wall 202
comprises a thickness 212 and a thermal conductivity (i), where the thermal conductivity
of the reactor wall 202 may affect the relative resistance to heat transfer through the reactor
wall 202. The resistance to heat transfer through the reactor wall 202 may be characterized
by the length of the conduction pathway divided by the thermal conductivity of the reactor
wall 212. In general, an increased thermal conductivity may improve the heat transfer
capability, and thereby reduce the resistance to heat transfer through the reactor wall 202.
An increased heat transfer pathway length may reduce the heat transfer capability, and

thereby present a greater resistance to heat transfer through the reactor wall 202. In an
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embodiment, the length of the conduction pathway in the reactor may be characterized by
the thickness 212 of the reactor wall 202.

[0063] The thermal conductivity of the reactor wall 202 is based, at least in part, on the
material used to form the loop slurry polymerization reactor 110. The reactor wall 202
may be formed of a suitable high-strength material sufficient to retain the slurry within the
reactor at the reaction conditions (e.g., reaction temperature, pressure, flowrate, etc.). The
reactor wall 202 can be constructed from a seamless pipe or pipe section, a rolled plate
having the edges joined together, or the like. The formation method for the reactor wall
202 may affect the composition and design of the reactor. In an embodiment, the reactor
wall 202 may be constructed using a steel having a suitable thermal conductivity and
tensile strength (TS). The steel may comprise iron and carbon as well as other elements or
additives including, but not limited to, aluminum, carbon, manganese, silicon, chromium,
nickel, cobalt, molybdenum, copper, sulfur, phosphorus, tantalum, niobium, titanium,
vanadium, and any combination thereof. It has been found that carbon, manganese, silicon,
chromium, and/or nickel generally reduces the thermal conductivity of a steel while cobalt,
molybdenum, copper, sulfur, phosphorus, and tantalum tend to increase the thermal
conductivity. However, these elements also affect the minimum tensile strength (TS),
weldability, and cost of the steel. Various grades of steel useful for forming the reactor,
which may comprise one or more of the additives listed above, can include, but are not
limited to, A106 Gr 8 (60), A516 Gr 70, A537 Cl 2, A106 Gr C (40), A202 Gr 8, A285 Gr
C, A514 Gr 8, A515 Gr 70, A/SA516 grade 70, A517 Gr A, A517 Gr 8, A533 Ty A CI3,
A542 Ty A C12, A678 Gr C, AISI 1010, AISI 1015, MIL-S 24645, and any combination
thereof. In an embodiment, the steel may comprise iron and one or more of the following
clements: carbon in an amount of from about 0.05 wt% to about 0.25 wt%, silicon in an
amount of from about 0.5 wt% to about 0.75 wt%, manganese in an amount of from about
0.8 wt% to about 2.0 wt%, phosphorous in an amount of from about 0.01 wt% to about 0.1
wt%, sulfur in an amount of from about 0.01 wt% to about 0.1 wt%, aluminum in an
amount of from about 0.01 wt% to about 0.04 wt%, chromium in an amount of from about
0.1 wt% to about 0.5 wt%, copper in an amount of from about 0.1 wt% to about 0.5 wt%,

nickel in an amount of from about 0.1 wt% to about 0.5 wt%, molybdenum in an amount of
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from about 0.05 wt% to about 0.1 wt%, niobium in an amount of from about 0.005 wt% to
about 0.02 wt%, titanium in an amount of from about 0.01 wt% to about 0.05 wt%, and/or
vanadium in an amount of from about 0.01 wt% to about 0.04 wt%. When the reactor wall
is formed from steel, the steel may generally have a thermal conductivity of at least about
20 BTU/hr)(ft)°F) (e.g., which may be represented as BTU-hr'-ft'-°F"). In an
embodiment, the steel may have a thermal conductivity (k) ranging from about 20 BTU hr’
Lft'-°F' to about 38 BTU-hr'-ft'-°F'. The tensile strength of the steel may be
determined using any suitable method, including for example, the version of ASTM
EI/E8M in use at the time of filing the present description. The tensile strength may
depend on the type of steel and its components, and may include tensile strength in the
range of from about 600 MPa to about 1,100 MPa.

[0064] With regard to the dimensions of the reactor, the loop slurry polymerization
reactor 110 may generally have an outer diameter between about 8§ inches and 42 inches, or
between about 10 inches and about 36 inches. The thickness 212 of the reactor wall 202
may vary based on the outer diameter of the loop slurry polymerization reactor 110 and the
expected operating pressure, temperature, and the strength of the material forming the
reactor. The thickness 212 of the reactor wall 202 may be suitable for retaining the slurry
within the loop slurry polymerization reactor 110 over the range of expected operating
conditions within the reactor. In an embodiment, the thickness of the reactor wall 202 may
be greater than about 0.05 inches, greater than about 0.1 inches, greater than about 0.2
inches, greater than about 0.3 inches, greater than about 0.4 inches, greater than about 0.5
inches, greater than about 0.6 inches, greater than about 0.7 inches, greater than about 0.8
inches, greater than about 0.9 inches, or greater than about 1 inch. In an embodiment, the
thickness of the reactor wall 202 may be less than about 2.5 inches, less than about 2.0
inches, less than about 1.9 inches, less than about 1.8 inches, less than about 1.7 inches, less
than about 1.6 inches, less than about 1.5 inches, less than about 1.4 inches, less than about
1.3 inches, less than about 1.2 inches, less than about 1.1 inches, or less than about 1 inch.
[0065] The relative resistances to heat transfer from the slurry and into and through the
reactor wall can be characterized using the Biot number. As used herein, the Biot number

is defined as a dimensionless parameter indicative of the balance between the resistance to
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heat transfer through the reactor wall and the resistance to heat transfer through a fluid in
contact with the reactor wall 202. The Biot number may also be understood in terms of the
heat transfer mechanisms present along the heat transfer pathway. For example, the Biot
number can be understood as representing the relative resistance to conductive heat transfer
through the reactor wall 202 relative to the convective heat transfer from the slurry 204 or
the coolant 218 to the reactor wall 202. The value of the Biot number provides an
indication of the location and magnitude of the resistance to heat transfer. The results of
the determination of the Biot number may then be used to design the reactor wall,
determine operating conditions within the reactor and/or coolant, and the like.
[0066] An internal Biot number may be defined as a dimensionless parameter indicative
of the balance between the resistance to heat transfer through the reactor wall and the
resistance to heat transfer through the slurry film layer in contact with the reactor wall 202.
The internal Biot number may be defined using the following equation:

W=l (g 5)
where Biy 1s the internal Biot number, hgury 1s the slurry film coefficient defined above in
units of BTU-hr-ft*-°F"', Ly is the characteristic length of the reactor wall (e.g., the
thickness 212) in units of ft”, and kg is the thermal conductivity of the reactor wall in units
of BTU-hr'-ft'-°F'. The internal Biot number is referred to as “internal” since it
represents the relative balance between the resistance to heat transfer through the reactor
wall relative to the resistance to heat transfer through the slurry film within the reactor.
[0067] In general, a large value of the internal Biot number indicates that the conductive
resistance to heat transfer through the reactor wall 202 controls the heat transfer from the
loop slurry polymerization reactor 110. Conversely, a small value of the internal Biot
number indicates that the convective resistance to heat transfer through the slurry to the
interior surface of the reactor wall 202 controls the heat transfer from the loop slurry
polymerization reactor 110. In an embodiment, the internal Biot number may be
maintained at or below about 3.0, at or below about 2.0, at or below about 1.5, at or below

about 1.1, or at or below about 1.0 within the reactor during the polymerization process.
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[0068] Several other ratios may also be useful for operating the polymerization under one
or more conditions such that the contribution of the resistance to heat transfer through the
slurry film is balanced with respect to the resistances to heat transfer through the reactor
wall 202 and/or the coolant film. In an embodiment, a ratio of the slurry film coefficient to
the thermal conductivity of the reactor wall may be in a range of from about 8.0 ft' to
about 50 ft', or in some embodiments from about 14 ft' to about 35 ft'. In an
embodiment, a ratio of the film coefficient to the thickness of the reactor wall may be in a
range of from about 1,400 BTU-hr'-ft*-°F"' to about 240,000 BTU -hr'-ft>-°F ", or in
some embodiments, in a range of from about 2,400 BTU hr'-ft*-°F! to about 100,000
BTU hr'-ft*-°F'. In an embodiment, a ratio of the thermal conductivity to the thickness
may be in a range of from about 100 BTU-hr'- ft%-°F" to about 10,000 BTU-hr-ft*-°F™,
or in some embodiments, in a range of from about 120 BTU-hr- ft*-°F"' to about 4,000
BTU hr'-ft*°F'. In some embodiments, the ratio of the thermal conductivity to the
thickness may be greater than about 120 BTU-hr'-ft*-°F', greater than about 160 BTU-hr
'-ft?-°F"!, greater than about 250 BTU-hr -ft*-°F", or greater than about 300 BTU-hr™-ft
2o,

[0069] As shown in Figures 3A, the heat transfer pathway also comprises a coolant fluid
218 passing through the annulus formed between an outer jacket 216 and the outer surface
207 of the reactor wall 202. The coolant 218 may flow co-current, counter-current, or
cross-current relative to the slurry flow 204 through the interior of the loop slurry
polymerization reactor 110. Coolant 218 introduced into the annulus may flow around and
in contact with the exterior surface of the reactor wall 202. Heat flowing through the
reactor wall 202 may be exchanged between the reactor wall 202 and the coolant fluid 218,
thereby allowing for the removal of heat from the interior of the reactor wall 202. After
contacting the reactor wall 202, the coolant 218 may pass out of the annulus and pass to a
separate heat exchanger unit where the transferred heat may be rejected to an exterior
source.

[0070] Referring back to Figure 3B, as with the slurry, a coolant velocity profile 220 may
be established along the exterior surface of the reactor wall 202 when the coolant 218 flows

through the annulus 217. In general, the velocity of the coolant 218 may be substantially
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zero or at least substantially reduced at the exterior surface of the reactor wall 202. The
velocity profile 220 demonstrates that the coolant velocity may increase to a bulk coolant
flow velocity within the annulus 217, and the coolant may have a turbulent flow within the
annulus 217. A coolant film layer denoted by the coolant film boundary 222 may be
formed near the outer surface of the reactor wall 202. In the coolant film, the velocity of
the coolant 218 may be less than the velocity of the bulk coolant flow. The coolant film
boundary 222 may generally be taken as the point or surface at which the coolant velocity
is at least about 95%, at least about 96%, at least about 97%, at least about 98%, or at least
about 99% of the freestream velocity. The coolant film thickness may then be taken as the
distance 214 between the exterior surface of the reactor wall 202 and the coolant film
boundary 222.

[0071] Heat transfer (e.g., convective heat transfer) from the reactor wall 202 through the
coolant film layer may be characterized by a coolant film coefficient. The coolant film
coefficient characterizes the amount of heat transferred per area, time, and the existing
temperature differential (e.g., the temperature gradient) through the coolant film layer. The
coolant film coefficient may be determined using any known techniques. An

approximation of the coolant film coefficient is provided by Eq. 6.

=0.058 I;C o(Pr, )% o(Re,. )"’ (Eq. 6)

J

h

coolant

where heoolant i the coolant film coefficient in Btu/(hr)(f*)(°F), K¢ is the thermal
conductivity of the coolant in Btu/(hr)(ft)(F), D; is the hydraulic diameter of the jacket in
(ft), Prc is the Prandtl number of the coolant, and Re is the Reynolds number of the
coolant, where the Prandtl number and the Reynolds number are dimensionless. Various
factors may affect the coolant film coefficient. In an embodiment, the coolant velocity, the
jacket diameter, the coolant viscosity, the thermal conductivity of the coolant, and various
other flow properties of the coolant may affect the calculation of the coolant film
coefficient. In an embodiment, the coolant film coefficient may be greater than about 800
BTU hr!-ft%-°F", greater than about 900 BTU hr!-ft%-°F", greater than about 1,000
BTU -hr'!-f%-°F", or greater than about 1,100 BTU-hrft%-°F'. In an embodiment, the
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slurry film coefficient may be less than about 1,800 BTU-hr-ft*-°F"', less than about
1,700 BTU-hr''-ft%-°F", or less than about 1,600 BTU-hr - ft>-°F ',

[0072] The coolant velocity may affect the Reynolds number of the coolant and thereby
the coolant film coefficient. In general, an increase in the coolant velocity is expected to
result in an increase in the coolant film coefficient, thereby decreasing the resistance to heat
transfer through the coolant film. In an embodiment, the coolant velocity within the
annulus 218 may be in a range of from about 3 ft/s to about 25 ft/s, or alternatively from
about 5 ft/s to about 20 ft/s.

[0073] The concept of the Biot number may also be applied to the heat transfer from the
reactor wall 202 to the coolant 218, which may be referred to as an external Biot number.
The external Biot number represents the balance between the resistance to heat transfer
through the reactor wall and the resistance to heat transfer through the coolant film layer.
The external Biot number value may provide an indication of the location and magnitude of
the greatest resistance to heat transfer, and when used in addition to the internal Biot
number may help identify the relative resistances along the entire heat transfer pathway.

The external Biot number may be defined using the following equation:

hCOOLANT 'LR
= = Eq. 7
ext ‘ 2 ( )

where By 18 the external Biot number, heoolant 1S the coolant film coefficient defined above
in units of BTU-hr-ft*-°F", Ly is the characteristic length of the reactor wall (e.g., the
thickness 212) in units of ft”, and kg is the thermal conductivity of the reactor wall in units
of BTU-hr'-ft'-°F'. The external Biot number is referred to as “external” since it
represents the relative balance between the resistance to heat transfer through the reactor
wall relative to the resistance to heat transfer through the coolant film on the outside of the
reactor (e.g., the external heat transfer to the coolant).

[0074] A large value of the external Biot number, By, indicates that the conductive
resistance to heat transfer through the reactor wall 202 controls the heat transfer from the
loop slurry polymerization reactor 110 relative to the convective heat transfer at the outer
surface of the reactor wall 202. Conversely, a small value of the external Biot number

indicates that the convective resistance to heat transfer from the reactor wall 202 to the
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coolant 218 controls the heat transfer from the reactor. In an embodiment, the external Biot
number may be maintained at or above about 1.0, at or above about 1.2, at or above about
1.5, at or above about 2.0, or at or above about 3.0 during the reaction process.

[0075] Several other ratios may also be useful for operating the polymerization under one
or more conditions such that the contribution of the resistance to heat transfer through the
slurry film is balanced with respect to the resistances to heat transfer through the reactor
wall 202 and/or the coolant film. In an embodiment, the ratio of the slurry film coefficient
to the coolant film coefficient (hgury : heoolant) may be greater than about 1.5, greater than
about 2.0, greater than about 2.5, or greater than about 3.0. A value of the ratio of the
slurry film coefficient to the coolant film coefficient above 1.0 may represent that the
relative resistance to heat transfer from the reactor wall to the coolant is greater than the
relative resistance to heat transfer from the slurry to the reactor wall. Operating the reactor
under this condition may ensure that the resistance to heat transfer through the slurry is not
the controlling heat transfer resistance in the heat transfer process.

[0076] The operating parameters may be useful in designing a polymerization reactor
and/or polymerization process. As described herein, the polymerization process may
generally comprise polymerizing an olefin monomer, and optionally a comonomer, in a
reactor (e.g., loop slurry polymerization reactor 110) in the presence of a catalyst and a
diluent. The resulting polymerization reaction may produce solid particulate olefin
polymer, which may form a slurry. In order to improve the operation and/or yield of the
reactor, the heat transfer pathway may be examined using the operating parameters
described herein to determine the relative resistances to heat transfer along the heat transfer
pathway between the slurry, reactor wall, and/or the coolant on the exterior of the reactor.
[0077] In an embodiment, a reactor design may be based on balancing the contribution of
the resistance to heat transfer through the slurry film with the resistances to heat transfer
through the reactor wall 202 and/or the coolant film. Using the operating parameters
described herein, a reactor composition, a reactor wall thickness, and/or one or more
coolant system properties may be determined based on a desired polymerization process.
In an embodiment, the operating conditions may be used to determine a reactor wall

thickness and/or the reactor wall composition. In this embodiment, the reaction properties
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including the slurry properties (e.g., solids content, viscosity, flowrate, etc.), the operating
temperature, and the like may be used to calculate a slurry film coefficient. The reactor
thickness and/or composition may then be selected to conduct the polymerization process
where the internal Biot number is maintained at or below about 3.0. In some embodiments,
maintaining the Biot number below about 3.0 may be useful with the slurry film coefficient
is less than about 500 BTU-hr™-ft*-°F ' and/or when the slurry has a circulation velocity of
greater than about 30 ft/s. Similarly, the reactor thickness and/or composition may be
selected to conduct the polymerization process where a ratio of the thermal conductivity to
the thickness of the reactor is greater than or equal to about 120 BTU-hr'-ft*-°F". In some
embodiments, maintaining the ratio of the thermal conductivity to the thickness of the
reactor at greater than or equal to about 120 BTU-hr'-ft*-°F" may be useful when the
volume fraction of the solids in the slurry is greater than about 0.65. In some embodiments,
the reactor thickness and/or composition may be selected to conduct the polymerization
process where a ratio of the film slurry coefficient to the coolant film coefficient (humy :
heoolant) 18 greater than about 2.0. Any of the additional ratios and/or operating parameters
may also be utilized to further constrain the reactor design and/or the coolant system
design.  The resulting reactor design may allow the reactor to operate within the
parameters and/or ratios described herein to effectively remove heat from the reactor during
the polymerization process.

[0078] In an embodiment, the variables affecting the heat transfer along the heat
transfer pathway may be used to determine one or more polymerization operating
parameters or conditions in a polymerization reactor system. In an embodiment, the reactor
design for an existing loop slurry polymerization reactor 110 may relatively fixed. When
the reactor composition and thickness are known (e.g., for an existing loop slurry
polymerization reactor 110), the polymerization conditions and/or coolant conditions may
be modified to adjust the heat transfer properties of the overall reaction system. For
example, the solids content of the reactor, which may affect the slurry film coefficient, may
be controlled to maintain the internal Biot number below about 3.0 by controlling the
amount of catalyst, diluent, and/or monomer/co-monomer fed to the reactor. Similarly, the

velocity of the slurry within the reactor can be modified to maintain the internal Biot
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number below about 3.0 during the polymerization process. Various other parameters may
be determined and/or controlled to provide a reaction system that operates within one or
more of the heat transfer characterizations described herein.

[0079] The design process may be carried out using a computer comprising a memory
and a processor. A computer is described in more detail below. In an embodiment, a
method of designing a loop slurry polymerization reactor may begin by simulating a loop
slurry polymerization reactor. The simulation may be performed using a simulation
program storied in the memory and executed on the processor. The simulator may be
configured to model one or more parameters of a loop slurry polymerization reactor. The
simulation may generally take into account that the loop slurry polymerization reactor
generally comprises at least one loop reactor and at least one cooling jacket disposed about
the loop slurry polymerization reactor. As described above, an annulus can be formed
between an inner surface of the cooling jacket and an outer surface of a wall of the loop
slurry polymerization reactor. In some embodiments, the location of the cooling jacket
relative to the loop slurry polymerization reactor can be determined using the simulation.
[0080] The simulation may be used to determine a Biot number of a wall region of the
loop slurry polymerization reactor. The Biot number may comprise the internal Biot
number and/or external Biot number as described herein. Based on the results of the
simulating and the calculated Biot numbers, at least one value of at least one design
parameter for the loop slurry polymerization reactor can be adjusted. Any of the design
parameters described here can be adjusted. In an embodiment, the design parameter for the
loop slurry polymerization reactor can include, but is not limited to, a thermal conductivity
of the wall of the at least one loop reactor, a diameter of a wall, a thickness of the wall, a
velocity of a slurry within the at least one loop reactor, a slurry density of the slurry, a
viscosity of the slurry, a specific heat capacity of the slurry, a thermal conductivity of the
slurry, a location of the at least one cooling jacket relative to the wall, or any combination
thereof.

[0081] The simulation can then be repeated using the at least one adjusted value. This
process may be repeated any number of iterations until it can be determined that one or

more predetermined design parameters are obtained. The predetermined design parameters
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can include any of the design operating ranges or conditions described herein. In an
embodiment, the predetermined design parameter may comprise a wall thickness. This
may be useful to provide a desired polymerization process for an existing reactor having a
fixed wall thickness. Various other design parameters may also be used as design goals.
For example, the design parameter may comprise the internal Biot number, and the design
process may obtain the design parameter when the internal Biot number has a value of
equal to or less than about 3.0. Similarly, the design parameter can include a film
coefficient value for a slurry film formed along the inner wall of the reactor, and the design
process may obtain the design parameter when the internal slurry film coefficient is less
than about 500 BTU-hr"'-ft*-°F". The design parameter can comprise a ratio of a thermal
conductivity of the reactor wall to the thickness of the reactor wall, and the design process
may obtain the design parameter when the ratio of a thermal conductivity of the reactor
wall to the thickness of the reactor wall is greater than or equal to about 120 BTU-hr™ -ft
2°oF! " In some embodiments, the design parameter can comprise a volume fraction of
solids product particles in the slurry. The design process may meet the design parameter
when the volume fraction of the solids product particles in the slurry is greater than about
0.65.

[0082] Once the desired design parameters are obtained, a loop slurry polymerization
reactor design can be output, where the loop slurry polymerization reactor design is based
on the simulating, adjusting, repeating, and determining steps. A loop slurry
polymerization reactor can then be constructed and operated as described herein.

[0083] As part of the design process, a graphical display or output device can be used.
In an embodiment, the design process may also include graphically displaying at least a
portion of the simulation results. This may aid in identifying one or more of the parameters
to be adjusted. The adjusted value of the at least one design parameter can then occur in
response to graphically displaying the simulation results.

[0084] FIG. 4 illustrates a computer system 480 suitable for implementing one or
more embodiments disclosed herein. In an embodiment, the computer system 480 may
be used to store and/or execute one or more simulation programs used with the

polymerization reactor. The computer system 480 includes a processor 482 (which may
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be referred to as a central processor unit or CPU) that is in communication with memory
devices including secondary storage 484, read only memory (ROM) 486, random access
memory (RAM) 488, input/output (I/O) devices 490, and network connectivity devices
492. The processor 482 may be implemented as one or more CPU chips.

[0085] It is understood that by programming and/or loading executable instructions
onto the computer system 480, at least one of the CPU 482, the RAM 488, and the ROM
486 are changed, transforming the computer system 480 in part into a particular machine
or apparatus having the novel functionality taught by the present disclosure. It is
fundamental to the electrical engineering and software engineering arts that functionality
that can be implemented by loading executable software into a computer can be
converted to a hardware implementation by well-known design rules. Decisions between
implementing a concept in software versus hardware typically hinge on considerations of
stability of the design and numbers of units to be produced rather than any issues
involved in translating from the software domain to the hardware domain. Generally, a
design that is still subject to frequent change may be preferred to be implemented in
software, because re-spinning a hardware implementation is more expensive than re-
spinning a software design. Generally, a design that is stable that will be produced in
large volume may be preferred to be implemented in hardware, for example in an
application specific integrated circuit (ASIC), because for large production runs the
hardware implementation may be less expensive than the software implementation.
Often a design may be developed and tested in a software form and later transformed, by
well-known design rules, to an equivalent hardware implementation in an application
specific integrated circuit that hardwires the instructions of the software. In the same
manner as a machine controlled by a new ASIC is a particular machine or apparatus,
likewise a computer that has been programmed and/or loaded with executable
instructions may be viewed as a particular machine or apparatus.

[0086] The secondary storage 484 is typically comprised of one or more disk drives
or tape drives and is used for non-volatile storage of data and as an over-flow data storage
device if RAM 488 is not large enough to hold all working data. Secondary storage 484

may be used to store programs which are loaded into RAM 488 when such programs are
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selected for execution. The ROM 486 is used to store instructions and perhaps data
which are read during program execution. ROM 486 is a non-volatile memory device
which typically has a small memory capacity relative to the larger memory capacity of
secondary storage 484. The RAM 488 is used to store volatile data and perhaps to store
instructions. Access to both ROM 486 and RAM 488 is typically faster than to secondary
storage 484. The secondary storage 484, the RAM 488, and/or the ROM 486 may be
referred to in some contexts as computer readable storage media and/or non-transitory
computer readable media.

[0087] I/O devices 490 may include printers, video monitors, liquid crystal displays
(LCDs), touch screen displays, keyboards, keypads, switches, dials, mice, track balls,
voice recognizers, card readers, paper tape readers, or other well-known input devices.
[0088] The network connectivity devices 492 may take the form of modems, modem
banks, Ethernet cards, universal serial bus (USB) interface cards, serial interfaces, token
ring cards, fiber distributed data interface (FDDI) cards, wireless local area network
(WLAN) cards, radio transceiver cards such as code division multiple access (CDMA),
global system for mobile communications (GSM), long-term evolution (LTE), worldwide
interoperability for microwave access (WiMAX), and/or other air interface protocol radio
transceiver cards, and other well-known network devices. These network connectivity
devices 492 may enable the processor 482 to communicate with the Internet or one or
more intranets. With such a network connection, it is contemplated that the processor
482 might receive information from the network, or might output information to the
network in the course of performing the above-described method steps. Such
information, which is often represented as a sequence of instructions to be executed using
processor 482, may be received from and outputted to the network, for example, in the
form of a computer data signal embodied in a carrier wave.

[0089] Such information, which may include data or instructions to be executed using
processor 482 for example, may be received from and outputted to the network, for
example, in the form of a computer data baseband signal or signal embodied in a carrier
wave. The baseband signal or signal embedded in the carrier wave, or other types of

signals currently used or hereafter developed, may be generated according to several
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methods well known to one skilled in the art. The baseband signal and/or signal
embedded in the carrier wave may be referred to in some contexts as a transitory signal.
[0090] The processor 482 executes instructions, codes, computer programs, scripts
which it accesses from hard disk, floppy disk, optical disk (these various disk based
systems may all be considered secondary storage 484), ROM 486, RAM 488, or the
network connectivity devices 492. While only one processor 482 is shown, multiple
processors may be present. Thus, while instructions may be discussed as executed by a
processor, the instructions may be executed simultaneously, serially, or otherwise
executed by one or multiple processors. Instructions, codes, computer programs, scripts,
and/or data that may be accessed from the secondary storage 484, for example, hard
drives, floppy disks, optical disks, and/or other device, the ROM 486, and/or the RAM
488 may be referred to in some contexts as non-transitory instructions and/or non-
transitory information.

[0091] In an embodiment, the computer system 480 may comprise two or more
computers in communication with each other that collaborate to perform a task. For
example, but not by way of limitation, an application may be partitioned in such a way as
to permit concurrent and/or parallel processing of the instructions of the application.
Alternatively, the data processed by the application may be partitioned in such a way as
to permit concurrent and/or parallel processing of different portions of a data set by the
two or more computers. In an embodiment, virtualization software may be employed by
the computer system 480 to provide the functionality of a number of servers that is not
directly bound to the number of computers in the computer system 480. For example,
virtualization software may provide twenty virtual servers on four physical computers. In
an embodiment, the functionality disclosed above may be provided by executing the
application and/or applications in a cloud computing environment. Cloud computing
may comprise providing computing services via a network connection using dynamically
scalable computing resources. Cloud computing may be supported, at least in part, by
virtualization software. A cloud computing environment may be established by an
enterprise and/or may be hired on an as-needed basis from a third party provider. Some

cloud computing environments may comprise cloud computing resources owned and
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operated by the enterprise as well as cloud computing resources hired and/or leased from
a third party provider.

[0092] In an embodiment, some or all of the functionality disclosed above may be
provided as a computer program product. The computer program product may comprise
one or more computer readable storage medium having computer usable program code
embodied therein to implement the functionality disclosed above. The computer program
product may comprise data structures, executable instructions, and other computer usable
program code. The computer program product may be embodied in removable computer
storage media and/or non-removable computer storage media. The removable computer
readable storage medium may comprise, without limitation, a paper tape, a magnetic tape,
magnetic disk, an optical disk, a solid state memory chip, for example analog magnetic
tape, compact disk read only memory (CD-ROM) disks, floppy disks, jump drives, digital
cards, multimedia cards, and others. The computer program product may be suitable for
loading, by the computer system 480, at least portions of the contents of the computer
program product to the secondary storage 484, to the ROM 486, to the RAM 488, and/or
to other non-volatile memory and volatile memory of the computer system 480. The
processor 482 may process the executable instructions and/or data structures in part by
directly accessing the computer program product, for example by reading from a CD-
ROM disk inserted into a disk drive peripheral of the computer system 480.
Alternatively, the processor 482 may process the executable instructions and/or data
structures by remotely accessing the computer program product, for example by
downloading the executable instructions and/or data structures from a remote server
through the network connectivity devices 492. The computer program product may
comprise instructions that promote the loading and/or copying of data, data structures,
files, and/or executable instructions to the secondary storage 484, to the ROM 486, to the
RAM 488, and/or to other non-volatile memory and volatile memory of the computer
system 480.

[0093] In some contexts, the secondary storage 484, the ROM 486, and the RAM 488
may be referred to as a non-transitory computer readable medium or a computer readable

storage media. A dynamic RAM embodiment of the RAM 488, likewise, may be
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referred to as a non-transitory computer readable medium in that while the dynamic
RAM receives electrical power and is operated in accordance with its design, for example
during a period of time during which the computer system 480 is turned on and
operational, the dynamic RAM stores information that is written to it. Similarly, the
processor 482 may comprise an internal RAM, an internal ROM, a cache memory, and/or
other internal non-transitory storage blocks, sections, or components that may be referred
to in some contexts as non-transitory computer readable media or computer readable
storage media.

ADDITIONAL DESCRIPTION
[0094] Processes and systems for the balancing the resistances to heat transfer during
a polymerization process in a loop polymerization reactor have been described. The
following are a first set of nonlimiting, specific embodiments in accordance with the
present disclosure:
[0095] In a first embodiment, a process comprises polymerizing an olefin monomer
in a loop reactor in the presence of a catalyst and a diluent, and producing a slurry
comprising solid particulate olefin polymer and diluent. The Biot number is maintained
at or below about 3.0 within the loop reactor during the polymerizing. The slurry in the
loop reactor forms a slurry film having a film coefficient along an inner surface of the
shell, and the film coefficient is less than about 500 BTU-hr!-ft%-°F",
[0096] A second embodiment may include the process of the first embodiment,
wherein the Biot number is maintained at or below about 2.0 within the loop reactor
during the polymerizing.
[0097] A third embodiment may include the process of the first or second
embodiment, wherein the Biot number is maintained at or below about 1.5 within the
loop reactor during the polymerizing.
[0098] A fourth embodiment may include the process of any of the first to third
embodiments, wherein the Biot number is maintained at or below about 1.1 within the
loop reactor during the polymerizing.
[0099] A fifth embodiment may include the process of any of the first to fourth

embodiments, wherein the slurry comprises a solids concentration in the range of about
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25 wt% to about 70 wt%.

[00100] A sixth embodiment may include the process of any of the first to fifth
embodiments, wherein the slurry comprises a solids concentration in the range of about
40 wt% to about 60 wt%.

[00101] A seventh embodiment may include the process of any of the first to sixth
embodiments, wherein the slurry comprises a solids concentration greater than about 50
wt%.

[00102] An cighth embodiment may include the process of any of the first to seventh
embodiments, wherein the loop reactor comprises a shell having a thickness and a
thermal conductivity.

[00103] A ninth embodiment may include the process of the eighth embodiment,
wherein a ratio of the film coefficient to the thermal conductivity is in a range of from
about 8.0 ft' to about 50 ft”'.

[00104] A tenth embodiment may include the process of the eighth or ninth
embodiment, wherein a ratio of the film coefficient to the thermal conductivity is in a
range of from about 14 ft”' to about 35 ft”'.

[00105]  An cleventh embodiment may include the process of any of the eighth to tenth
embodiments, wherein a ratio of the film coefficient to the thickness is in a range of from
about 1,400 BTU hr™' -ft”-°F' to about 240,000 BTU hr"'-ft*-°F ",

[00106] A twelfth embodiment may include the process of any of the eighth to
eleventh embodiments, wherein a ratio of the film coefficient to the thickness is in a
range of from about 2,400 BTU-hr-ft>-°F' to about 100,000 BTU-hr-ft~*-°F ",

[00107] A thirteenth embodiment may include the process of any of the eighth to
twelfth embodiments, wherein a ratio of the thermal conductivity to the thickness is in a
range of from about 100 BTU-hr™- ft**-°F to about 10,000 BTU-hr™-ft*-°F™.

[00108] A fourteenth embodiment may include the process of any of the eighth to
thirteenth embodiments, wherein a ratio of the thermal conductivity to the thickness is in
a range of from about 120 BTU-hr"- ft*-°F to about 4,000 BTU-hr'-ft*-°F .

[00109] A fifteenth embodiment may include the process of any of the eighth to

fourteenth embodiments, wherein the shell comprises a steel selected from the group
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consisting of: A106 Gr 8 (60), A516 Gr 70, A537 Cl 2, A106 Gr C (40), A202 Gr 8,
A285 Gr C, A514 Gr 8, A515 Gr 70, A517 Gr A, A517 Gr 8, A533 Ty A CI3, A542 Ty
A C12, A678 Gr C, AISI 1010, AISI 1015, MIL-S 24645, and any combination thereof.
[00110] A sixteenth embodiment may include the process of any of the eighth to
fifteenth embodiments, wherein the shell has a diameter in the range of about 20 inches to
about 36 inches.

[00111] A seventeenth embodiment may include the process of any of the eighth to
sixteenth embodiments, wherein the inner surface of the shell has a surface smoothness of
less than 100 RMS microinches.

[00112] An cighteenth embodiment may include the process of any of the eighth to
seventeenth embodiments, wherein the inner surface of the shell has a surface
smoothness of less than 30 RMS microinches.

[00113] A nineteenth embodiment may include the process of any of the eighth to
cighteenth embodiments, wherein the inner surface of the shell has a surface smoothness
of between about 10 RMS microinches and about 30 RMS microinches.

[00114] A twentieth embodiment may include the process of any of the first to
nineteenth embodiments, where the method may also include circulating the slurry within
the loop reactor, and wherein the slurry is circulated at a velocity in the range of about 25
ft/s to about 60 ft/s.

[00115] A twenty first embodiment may include the process of any of the first to
twentieth embodiments, where the process may also include circulating the slurry within
the loop reactor, and wherein the slurry is circulated at a velocity in the range of about 35
ft/s to about 50 ft/s.

[00116] A twenty second embodiment may include the process of any of the first to
twenty first embodiments, where the process may also include circulating the slurry
within the loop reactor, and wherein the slurry is circulated at a velocity greater than
about 40 ft/s.

[00117] In a twenty third embodiment, a reactor comprises a continuous tubular shell
comprising a thickness and a thermal conductivity, and a slurry disposed within the

continuous tubular shell. The continuous tubular shell defines a continuous loop and a
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ratio of the thermal conductivity to the thickness is greater than or equal to about 120
BTU-hr'-ft*-°F"'. The slurry comprises solid particulate olefin polymer and a diluent,
and the volume fraction of the solids in the slurry is greater than about 0.65.

[00118] A twenty fourth embodiment may include the reactor of the twenty third
embodiment, wherein the ratio of the thermal conductivity to the thickness is greater than
or equal to about 160 BTU-hr™'-ft*-°F ",

[00119] A twenty fifth embodiment may include the reactor of the twenty third or
twenty fourth embodiment, wherein the ratio of the thermal conductivity to the thickness
is greater than or equal to about 250 BTU-hr-ft*-°F ™.

[00120] A twenty sixth embodiment may include the reactor of any of the twenty third
to twenty fifth embodiments, wherein the ratio of the thermal conductivity to the
thickness is greater than or equal to about 300 BTU-hr - ft*-°F".

[00121] A twenty seventh embodiment may include the reactor of any of the twenty
third to twenty sixth embodiments, wherein the thermal conductivity of the shell is
between about 20 and about 40 BTU-hr'-ft'-°F".

[00122] A twenty eighth embodiment may include the reactor of any of the twenty
third to twenty seventh embodiments, wherein the shell comprises a steel selected from
the group consisting of: A106 Gr 8 (60), A516 Gr 70, A537 C1 2, A106 Gr C (40), A202
Gr 8, A285 Gr C, A514 Gr 8§, A515 Gr 70, A517 Gr A, A517 Gr 8, A533 Ty A CI3,
A542 Ty A C12, A678 Gr C, AISI 1010, AISI 1015, MIL-S 24645, and any combination
thereof.

[00123] A twenty ninth embodiment may include the reactor of any of the twenty third
to twenty eighth embodiments, wherein the shell comprises a steel comprising iron and
one or more of components selected from the group consisting of: carbon in an amount of
from about 0.05 wt% to about 0.25 wt%, silicon in an amount of from about 0.5 wt% to
about 0.75 wt%, manganese in an amount of from about 0.8 wt% to about 2.0 wt%,
phosphorous in an amount of from about 0.01 wt% to about 0.1 wt%, sulfur in an amount
of from about 0.01 wt% to about 0.1 wt%, aluminum in an amount of from about 0.01
wt% to about 0.04 wt%, chromium in an amount of from about 0.1 wt% to about 0.5

wt%, copper in an amount of from about 0.1 wt% to about 0.5 wt%, nickel in an amount
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of from about 0.1 wt% to about 0.5 wt%, molybdenum in an amount of from about 0.05
wt% to about 0.1 wt%, niobium in an amount of from about 0.005 wt% to about 0.02
wt%, titanium in an amount of from about 0.01 wt% to about 0.05 wt%, vanadium in an
amount of from about 0.01 wt% to about 0.04 wt%, and any combination thereof.

[00124] In a thirtieth embodiment, a process comprises polymerizing an olefin
monomer in a loop reactor in the presence of a catalyst and a diluent, where the loop
reactor comprises a continuous tubular shell, producing a slurry comprising solid
particulate olefin polymer and diluent, and circulating the slurry in the loop reactor. The
slurry in the loop reactor forms a slurry film along an inner surface of the shell, and a
ratio of a heat transfer resistance through the slurry film to a heat transfer resistance
through the tubular shell is maintained at or below about 3.0 within the loop reactor
during the polymerizing. The slurry has a velocity of greater than about 30 ft/s during the
circulating.

[00125] A thirty first embodiment may include the process of the thirtieth
embodiment, wherein the ratio of the heat transfer resistance through the slurry film to
the heat transfer resistance through the tubular shell is maintained at or below about 2.0
within the loop reactor during the polymerizing.

[00126] A thirty second embodiment may include the process of the thirtieth or thirty
first embodiment, wherein the ratio of the heat transfer resistance through the slurry film
to the heat transfer resistance through the tubular shell is maintained at or below about
1.5 within the loop reactor during the polymerizing.

[00127] A thirty third embodiment may include the process of any of the thirtieth to
thirty second embodiments, wherein the slurry comprises a solids concentration in the
range of about 25 wt% to about 70 wt%.

[00128] A thirty fourth embodiment may include the process of any of the thirticth to
thirty third embodiments, wherein the slurry comprises a solids volume fraction above
about 0.65.

[00129] A thirty fifth embodiment may include the process of any of the thirtieth to
thirty fourth embodiments, wherein the slurry is circulated at a velocity greater than about

40 ft/s.
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[00130] A thirty sixth embodiment may include the process of any of the thirtieth to
thirty fifth embodiments, wherein the slurry is circulated at a velocity greater than about
50 ft/s.

[00131] In a thirty seventh embodiment, a polymerization process comprises
polymerizing an olefin monomer in a loop reactor in the presence of a catalyst and a
diluent, producing a slurry comprising solid particulate olefin polymer and diluent within
the loop reactor, and contacting at least a portion of an exterior surface of the loop reactor
with a coolant fluid. The slurry in the loop reactor forms a slurry film having a film
coefficient along an inner surface of the loop reactor, and the coolant fluid forms a
coolant film having a coolant film coefficient along an exterior surface of the loop
reactor. A ratio of the film coefficient to the coolant film coefficient is greater than about
2.0.

[00132] A thirty eighth embodiment may include the polymerization process of the
thirty seventh embodiment, wherein an external Biot number is greater than about 2.0
during the polymerizing.

[00133] A thirty ninth embodiment may include the polymerization process of the
thirty seventh or thirty eighth embodiment, wherein an internal Biot number is less than
about 3.0 during the polymerizing.

[00134] A fortieth embodiment may include the polymerization process of any of the
thirty seventh to thirty ninth embodiments, wherein the slurry comprises a solids volume
fraction above about 0.65.

[00135] A forty first embodiment may include the polymerization process of any of
the thirty seventh to fortieth embodiments, where the polymerization process may also
include circulating the slurry in the loop reactor, and wherein the slurry has a velocity of
greater than about 30 ft/s during the circulating.

[00136] In a forty second embodiment, a method of designing a loop slurry
polymerization reactor comprises simulating, on a processor, a loop slurry polymerization
reactor, determining a Biot number of a shell region of the at least one loop slurry
polymerization reactor based on the simulating, adjusting a value of at least one design

parameter for the loop slurry polymerization reactor based on the simulating, repeating
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the simulating, by the processor, based on the adjusted value of the at least one design
parameter, determining that one or more predetermined design parameters are obtained
based on the repeating, and outputting a loop slurry polymerization reactor design based
on the simulating, adjusting, repeating, and determining. The loop slurry polymerization
reactor comprises at least one loop reactor and at least one cooling jacket, and an annulus
exists between a wall of the at least one loop reactor and the cooling jacket.

[00137] A forty third embodiment may include the method of the forty second
embodiment, further comprising: graphically displaying at least a portion of the
simulating, and adjusting the value of the at least one design parameter in response to the
graphically displaying.

[00138] A forty fourth embodiment may include the method of the forty second or
forty third embodiment, further comprising: determining a position of the at least one
cooling jacket adjacent and substantially parallel to at least a portion of a leg of the at
least one loop reactor.

[00139] A forty fifth embodiment may include the method of any of the forty second
to forty fourth embodiments, wherein the at least one design parameter for the loop slurry
polymerization reactor comprises a thermal conductivity of the wall of the at least one
loop reactor, a diameter of a wall, a thickness of the wall, a velocity of a slurry within the
at least one loop reactor, a slurry density of the slurry, a viscosity of the slurry, a specific
heat capacity of the slurry, a thermal conductivity of the slurry, a location of the at least
one cooling jacket relative to the wall, or any combination thereof.

[00140] A forty sixth embodiment may include the method of any of the forty second
to forty fifth embodiments, wherein the one or more predetermined design parameters
comprises a wall thickness.

[00141] A forty seventh embodiment may include the method of any of the forty
second to forty sixth embodiments, wherein the one or more predetermined design
parameters comprises an internal Biot number equal to or less than about 3.0.

[00142] A forty eighth embodiment may include the method of any of the forty second
to forty seventh embodiments, wherein a slurry in the at least one loop reactor forms a

slurry film having a film coefficient along an inner surface of a wall of the at least one
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loop reactor, and wherein the one or more predetermined design parameters comprises
the film coefficient of less than about 500 BTU-hr'-ft*-°F .

[00143] A forty ninth embodiment may include the method of any of the forty second
to forty eighth embodiments, wherein a wall of the at least one loop reactor comprises a
thickness and a thermal conductivity, and wherein the one or more predetermined design
parameters comprises a ratio of the thermal conductivity to the thickness that is greater
than or equal to about 120 BTU-hr™-ft*-°F .

[00144] A fiftieth embodiment may include the method of any of the forty second to
forty ninth embodiments, wherein the at least one loop reactor comprises a slurry disposed
within a wall of the at least one loop reactor, wherein the slurry comprises solid particulate
olefin polymer and a diluent, and wherein the one or more predetermined design
parameters comprises a volume fraction of the solid particulate olefin polymer in the slurry
that is greater than about 0.65.

[00145] While preferred embodiments of the invention have been shown and described,
modifications thereof can be made by one skilled in the art without departing from the
spirit and teachings of the invention. The embodiments described herein are exemplary
only, and are not intended to be limiting. Many variations and modifications of the
invention disclosed herein are possible and are within the scope of the invention. Where
numerical ranges or limitations are expressly stated, such express ranges or limitations
should be understood to include iterative ranges or limitations of like magnitude falling
within the expressly stated ranges or limitations (e.g., from about 1 to about 10 includes, 2,
3, 4, etc.; greater than 0.10 includes 0.11, 0.12, 0.13, etc.). Use of the term "optionally”
with respect to any element of a claim is intended to mean that the subject element is
required, or alternatively, is not required. Both alternatives are intended to be within the
scope of the claim. Use of broader terms such as comprises, includes, having, etc. should
be understood to provide support for narrower terms such as consisting of, consisting
essentially of, comprised substantially of, etc.

[00146] Accordingly, the scope of protection is not limited by the description set out
above but is only limited by the claims which follow, that scope including all equivalents of

the subject matter of the claims. Each and every claim is incorporated into the specification
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as an embodiment of the present invention. Thus, the claims are a further description and
are an addition to the preferred embodiments of the present invention. The discussion of a
reference in the disclosure is not an admission that it is prior art to the present invention,
especially any reference that may have a publication date after the priority date of this
application. The disclosures of all patents, patent applications, and publications cited
herein are hereby incorporated by reference, to the extent that they provide exemplary,

procedural or other details supplementary to those set forth herein.
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CLAIMS

A process comprising:

polymerizing an olefin monomer in a loop reactor in the presence of a catalyst and
a diluent; and

producing a slurry comprising solid particulate olefin polymer and diluent,
wherein the Biot number is maintained at or below about 3.0 within the
loop reactor during the polymerizing, wherein the slurry in the loop
reactor forms a slurry film having a film coefficient along an inner surface
of a reactor wall, and wherein the film coefficient is less than about 500
BTU-hr'-ft*-°F".

2. The process of claim 1, wherein the slurry comprises a solids concentration in the

range of about 25 wt% to about 70 wt%.

The process of claim 1, wherein the slurry comprises a solids concentration

greater than about 50 wt%.

4. The process of claim 1, wherein the loop reactor comprises a reactor wall having

a thickness and a thermal conductivity.

The process of claim 4, wherein a ratio of the film coefficient to the thermal

conductivity is in a range of from about 8.0 ft”' to about 50 ft™

6. The process of claim 4, wherein a ratio of the film coefficient to the thickness is
in a range of from about 1,400 BTU-hr"-ft*-°F' to about 240,000 BTU hr-ft
op

7. The process of claim 4, wherein a ratio of the thermal conductivity to the

thickness is in a range of from about 100 BTU-hr'- ft*-°F" to about 10,000
BTU hr'-ft*-°F .

The process of claim 4, wherein the reactor wall comprises a steel selected from
the group consisting of: A106 Gr 8 (60), A516 Gr 70, A537 CI 2, A106 Gr C (40),
A202 Gr 8, A285 Gr C, A514 Gr 8, A515 Gr 70, A517 Gr A, A517 Gr 8, A533
Ty A CI3, A542 Ty A C12, A678 Gr C, AISI 1010, AISI 1015, MIL-S 24645, and

any combination thereof.
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The process of claim 4, wherein the reactor wall has a diameter in the range of

about 20 inches to about 36 inches.

The process of claim 4, wherein the inner surface of the reactor wall has a surface

smoothness of less than 30 RMS microinches.

The process of claim 1, further comprising: circulating the slurry within the loop

reactor, wherein the slurry is circulated at a velocity in the range of about 25 ft/s

to about 60 ft/s.

The process of claim 1, further comprising: circulating the slurry within the loop

reactor, wherein the slurry is circulated at a velocity greater than about 40 ft/s.

A reactor comprising;:

a continuous tubular shell comprising a thickness and a thermal conductivity,
wherein the continuous tubular shell defines a continuous loop; wherein a
ratio of the thermal conductivity to the thickness is greater than or equal to
about 120 BTU-hr'l-ft'z-oF'l; and

a slurry disposed within the continuous tubular shell, wherein the slurry comprises
solid particulate olefin polymer and a diluent, and wherein the volume
fraction of the solids in the slurry is greater than about 0.65.

The reactor of claim 13, wherein the ratio of the thermal conductivity to the

thickness is greater than or equal to about 160 BTU-hr - ft*-°F™.

The reactor of claim 13, wherein the thermal conductivity of the shell is between

about 20 and about 40 BTU-hr™-ft"-°F™.

The reactor of claim 13, wherein the shell comprises a steel selected from the

group consisting of: A106 Gr 8 (60), A516 Gr 70, A537 Cl 2, A106 Gr C (40),

A202 Gr 8, A285 Gr C, A514 Gr 8, A/SA516 Gr 70, A515 Gr 70, A517 Gr A,

A517 Gr 8, A533 Ty A Cl13, A542 Ty A C12, A678 Gr C, AISI 1010, AISI 1015,

MIL-S 24645, and any combination thereof.

The reactor of claim 13, wherein the shell comprises a steel comprising iron and

one or more of components selected from the group consisting of: carbon in an

amount of from about 0.05 wt% to about 0.25 wt%, silicon in an amount of from

about 0.5 wt% to about 0.75 wt%, manganese in an amount of from about 0.8
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wt% to about 2.0 wt%, phosphorous in an amount of from about 0.01 wt% to
about 0.1 wt%, sulfur in an amount of from about 0.01 wt% to about 0.1 wt%,
aluminum in an amount of from about 0.01 wt% to about 0.04 wt%, chromium in
an amount of from about 0.1 wt% to about 0.5 wt%, copper in an amount of from
about 0.1 wt% to about 0.5 wt%, nickel in an amount of from about 0.1 wt% to
about 0.5 wt%, molybdenum in an amount of from about 0.05 wt% to about 0.1
wt%, niobium in an amount of from about 0.005 wt% to about 0.02 wt%, titanium
in an amount of from about 0.01 wt% to about 0.05 wt%, vanadium in an amount
of from about 0.01 wt% to about 0.04 wt%, and any combination thereof.
A process comprising:
polymerizing an olefin monomer in a loop reactor in the presence of a catalyst and
a diluent, wherein the loop reactor comprises a continuous tubular shell;
producing a slurry comprising solid particulate olefin polymer and diluent,
wherein the slurry in the loop reactor forms a slurry film along an inner
surface of the shell, and wherein a ratio of a heat transfer resistance
through the slurry film to a heat transfer resistance through the tubular
shell is maintained at or below about 3.0 within the loop reactor during the
polymerizing; and
circulating the slurry in the loop reactor, wherein the slurry has a velocity of
greater than about 30 ft/s during the circulating.
The process of claim 18, wherein the ratio of the heat transfer resistance through
the slurry film to the heat transfer resistance through the tubular shell is
maintained at or below about 2.0 within the loop reactor during the polymerizing.
The process of claim 18, wherein the slurry comprises a solids concentration in
the range of about 25 wt% to about 70 wt%.
The process of claim 18, wherein the slurry comprises a solids volume fraction
above about 0.65.

A method of designing a loop slurry polymerization reactor, the method

comprising:
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simulating, on a processor, a loop slurry polymerization reactor, wherein
the loop slurry polymerization reactor comprises at least one loop
reactor and at least one cooling jacket, wherein an annulus exists
between a wall of the at least one loop reactor and the cooling
jacket;
determining a Biot number of a shell region of the at least one loop slurry
polymerization reactor based on the simulating;
adjusting a value of at least one design parameter for the loop slurry
polymerization reactor based on the simulating;
repeating the simulating, by the processor, based on the adjusted value of
the at least one design parameter;
determining that one or more predetermined design parameters are
obtained based on the repeating; and
outputting a loop slurry polymerization reactor design based on the
simulating, adjusting, repeating, and determining.
23. The method of claim 22, further comprising:
graphically displaying at least a portion of the simulating; and
adjusting the value of the at least one design parameter in response to the
graphically displaying.
24. The method of claim 22, further comprising:
determining a position of the at least one cooling jacket adjacent and
substantially parallel to at least a portion of a leg of the at least one
loop reactor.
25. The method of claim 22, wherein the at least one design parameter for the loop
slurry polymerization reactor comprises a thermal conductivity of the wall of the at least
one loop reactor, a diameter of a wall, a thickness of the wall, a velocity of a slurry within
the at least one loop reactor, a slurry density of the slurry, a viscosity of the slurry, a
specific heat capacity of the slurry, a thermal conductivity of the slurry, a location of the

at least one cooling jacket relative to the wall, or any combination thereof.
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26.  The method of claim 22, wherein the one or more predetermined design
parameters comprises a wall thickness.
27.  The method of claim 22, wherein the one or more predetermined design

parameters comprises an internal Biot number equal to or less than about 3.0.

28.  The method of claim 22, wherein a slurry in the at least one loop reactor forms a
slurry film having a film coefficient along an inner surface of a wall of the at least one
loop reactor, and wherein the one or more predetermined design parameters comprises
the film coefficient of less than about 500 BTU-hr'-ft*-°F .

29. The method of claim 22, wherein a wall of the at least one loop reactor comprises
a thickness and a thermal conductivity, and wherein the one or more predetermined
design parameters comprises a ratio of the thermal conductivity to the thickness that is
greater than or equal to about 120 BTU-hr™'-ft*-°F "

30. The method of claim 22, wherein the at least one loop reactor comprises a slurry
disposed within a wall of the at least one loop reactor, wherein the slurry comprises solid
particulate olefin polymer and a diluent, and wherein the one or more predetermined
design parameters comprises a volume fraction of the solid particulate olefin polymer in

the slurry that is greater than about 0.65.



PCT/US2015/036671

WO 2015/200125

4!

fi 41

[ 'DIA

o NGM

~ Lo}
e £
-

ZIT -

£11 -




PCT/US2015/036671

WO 2015/200125

081

0L




PCT/US2015/036671

WO 2015/200125

205

204




WO 2015/200125 PCT/US2015/036671

480

482

484 ~ Yy ~ ¢

» RAM
SECONDARY
STORAGE i S
cPy -

ROM

A

A4

¥ 486

NETWORK

,/

492

FIG. 4



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2015/036671

A. CLASSIFICATION OF SUBJECT MATTER

INV. B01J19/24 CO8F2/12
ADD.

Co8F2/18

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

CO8F BO1J

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

table III

AL) 6 March 2012 (2012-03-06)
the whole document

A EP 0 479 186 A2 (PHILLIPS PETROLEUM CO
[US]) 8 April 1992 (1992-04-08)
page 7, line 8 - Tine 19; claims 8, 12;

A US 8 128 877 B2 (MCELVAIN ROBERT R [US] ET

1-12,
22-30

1-12,
22-30

D Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

7 September 2015

Date of mailing of the international search report

23/11/2015

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Lux, Rudolf

Form PCT/ISA/210 (second sheet) (April 2005)




International application No.
INTERNATIONAL SEARCH REPORT PCT/US2015/036671
Box No.ll Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. I:' Claims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

2. I:' Claims Nos.:
because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

3. |:| Claims Nos.:
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. lll Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

see additional sheet

-

As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. I:' As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment of
additional fees.

3. As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:
1-12, 22-30
Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the

payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

I:' No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (April 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2015/036671
Patent document Publication Patent family Publication

cited in search report date member(s) date

EP 0479186 A2 08-04-1992 AT 119070 T 15-03-1995
BR 9104000 A 26-05-1992
CA 2044782 Al 02-04-1992
CN 1060658 A 29-04-1992
DE 69107757 D1 06-04-1995
DE 69107757 T2 29-06-1995
DK 0479186 T3 22-05-1995
EP 0479186 A2 08-04-1992
ES 2069162 T3 01-05-1995
FI 914601 A 02-04-1992
GR 3015891 T3 31-07-1995
HU 210908 B 28-09-1995
JP 2726179 B2 11-03-1998
JP HO4258606 A 14-09-1992
NO 013837 A 02-04-1992
PH 31050 A 03-02-1998
us 5565175 A 15-10-1996
YU 159591 A 10-05-1994

US 8128877 B2 06-03-2012 BR PI0514170 A 03-06-2008
CA 2579754 Al 09-03-2006
CN 1993390 A 04-07-2007
CN 102615734 A 01-08-2012
DK 2289952 T3 19-05-2014
EP 1791875 Al 06-06-2007
EP 2275454 Al 19-01-2011
EP 2289952 Al 02-03-2011
ES 2416314 T3 31-07-2013
ES 2458544 T3 06-05-2014
HK 1109411 Al 26-10-2012
US 2006063896 Al 23-03-2006
US 2011300025 Al 08-12-2011
US 2012139149 Al 07-06-2012
US 2013056899 Al 07-03-2013
US 2014024788 Al 23-01-2014
US 2014256889 Al 11-09-2014
WO 2006026493 Al 09-03-2006

Form PCT/ISA/210 (patent family annex) (April 2005)




International Application No. PCT/ US2015/ 036671

FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 1-12, 22-30

A process for polymerising an olefin monomer in a loop
reactor wherein the Biot number is maintained at 3.0 or
below and wherein the slurry film has a (heat transfer) film
coefficient of 500 BTU/hr*sqft*°F.

2. claims: 13-17

A reactor having a tubular shell defining a continuous loop
wherein the heat transfer coefficient (the ratio of thermal
conductivity to thickness) of the shell is greater than or
equal to 120 BTU/hr*sqft*°F.

3. claims: 18-21

A process for polymerising an olefin monomer in a loop
reactor wherein the ratio of a heat transfer resistance
through the slurry film to a heat transfer resistance
through the tubular shell is maintained at or below 3.0 and

the velocity of the circulated slurry is greater than 30
ft/s.




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - claims
	Page 49 - claims
	Page 50 - claims
	Page 51 - claims
	Page 52 - claims
	Page 53 - drawings
	Page 54 - drawings
	Page 55 - drawings
	Page 56 - drawings
	Page 57 - wo-search-report
	Page 58 - wo-search-report
	Page 59 - wo-search-report
	Page 60 - wo-search-report

