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PROCESS AND APPARATUS FOR PRODUCING POLY-ALPHA-OLEFINS

FIELD OF THE INVENTION

The present invention relates to a process and apparatus for producing
poly-a-olefins (or poly-alpha-olefins; PAO) from a-olefin monomers. More partic-
ularly the invention relates to a process where PAO is produced in a reactor system
with at least one reactor vessel with a cross sectional area, which decreases down-
wards to a smaller cross sectional area.

The presentinvention therefore provides a simplified and effective pro-
cess and apparatus for production of PAO with high yields and effective use of raw
material and catalyst material. The disclosed process also provides PAO products
with optimized product distribution and composition.

BACKGROUND OF THE INVENTION

Oligomerisation reaction of a-olefins to form various grades of compo-
nents useful in production of synthetic lubricants are well known. The production
method generally includes oligomerisation of the a-olefin monomers using a cata-
lyst or a catalyst complex, removal of the catalyst or catalyst complex from the re-
action product and various post-reaction treatments of the oligomerisation prod-
uct. The oligomerisation product is generally named poly-a-olefin (PAO) and can
be categorised based on the viscosity as measured in cSt of the product. The viscos-
ities of various PAO products can be e.g 2, 4, 6 or 8 cSt.

In the oligomerisation of «-olefins dimers, trimers, tetramers, pen-
tamers etc. are formed. Heavier products, i.e. having a higher number of combined
monomers in the oligomer, naturally have a higher viscosity compared to lighter
products. PAO products are used in various applications and depending on the use,
various viscosity and other properties are required of the PAO product. Different
oligomers can also be combined to form products with desired properties.

Publication US4,434,309 describe oligomerisation of low molecular
weight alpha olefins to produce synthetic lubricant base stock. The oligomerisation
is performed in the presence of a catalyst, which can be boron trifluoride and a
protonic promoter.

One key aspect of the production process is the separation of the cata-
lyst or catalyst complex from the oligomerisation product. Publication EP 493 024
describes a typical PAO production process and separation of a catalyst complex
containing boron trifluoride (BF3) and butanol from the oligomerisation product

with distillation under reduced pressure.
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Key challenges in the PAO production process relate at least to the tem-
perature control of the reaction, effective mixing of the catalyst with the monomer
mixture to form a homogenous mixture ensuring effective reaction and control of
the residence time to ensure optimal product distribution. The oligomerisation is
an exothermic reaction and a set of process conditions needs to be controlled for
reaction and product control and usage of monomers. The present invention pro-

vides a solution to these challenges.

BRIEF DESCRIPTION OF THE INVENTION

An object of the present invention is thus to provide a method and an
apparatus for implementing the method so as to solve the above problems. The ob-
jects of the invention are achieved by a method and an apparatus which are char-
acterized by what is stated in the independent claims. The preferred embodiments
of the invention are disclosed in the dependent claims.

The invention thus provides a process for producing poly-a-olefins
(PAQ), the process comprising the following steps

a) providing a reactor system comprising at least one reactor having a
reactor vessel and a system for recycling and cooling part of reactor vessel outlet
stream,

b) introducing to at least one reactor vessel of the reactor system at
least a-olefin monomers, recycled reactor outlet stream, catalyst and co-catalyst,
which co-catalyst together with the catalyst forms a catalyst complex,

) reacting in the reactor vessel the a-olefin monomers to form a mix-
ture of poly-a-olefins (PAO) product,

d) withdrawing from the reactor vessel an outlet stream comprising un-
reacted monomers, mixture of PAO product and catalyst complex,

e) splitting the outlet stream to a first stream, which is cooled and intro-
duced back to the reactor vessel as a recycled reactor outlet stream, and a product
stream, wherein

atleastone reactor in the reactor system is a cone reactor, in which cone
reactor the reactor vessel has a first cross sectional area in an upper part of the
vessel and the cross sectional area decreases downwards to a second cross sec-
tional area, which is smaller than the first cross sectional area.

The current invention also provides an apparatus for performing the
process according to the present invention, wherein the apparatus comprises a re-

actor system comprising at least one reactor having a reactor vessel and a system
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for recycling and cooling part of the reactor vessel outlet stream, means for intro-
ducing to at least one reactor vessel at least a-olefin monomers, recycled reactor
outlet stream, catalyst and co-catalyst, and an outlet for withdrawing an outlet
stream from the reactor vessel, wherein

the at least one reactor vessel is a cone reactor, which cone reactor has
a first cross sectional area in an upper part of the vessel and the cross sectional
area decreases downwards to a second cross sectional area, which is smaller than

the first cross sectional area.

BRIEF DESCRIPTION OF THE DRAWINGS

In the following the invention will be described in greater detail by
means of preferred embodiments with reference to the figure, in which

Figure 1 is a schematic process description of the PAO process (Fig. 1A
and a schematic process description of a reactor according to the invention (Fig.
1B), and

Figure 2 shows details of the reaction vessel used in the current inven-
tion, 2A and for comparison a cylindrical reaction vessel 2B.

Figure 3 shows details of various reactor shapes used in the current in-
vention, 3A and 3B and for comparison a cylindrical reaction vessel 3C.

Figure 4 shows level of reagents in cone shaped reactor versus tubular

shaped reactor at various capacities.

DETAILED DESCRIPTION OF THE INVENTION

The current invention relates to a process for producing poly-a-olefin
(PAO), which is an oligomerisation product of a-olefins. The term “a-olefin” is here
meant to denote the same as alpha-olefin, and is a 1-alkene, i.e. having a double
bond in the primary carbon, also called « carbon. The carbon chain of the a-olefin
is preferably linear, i.e. n-alkene. If not specifically mentioned that the a-olefin is
branched, it is to be assumed that a linear a-olefin is meant. In one embodiment of
the current invention the a-olefin monomer is C4 - C20 a-olefins, preferably Cs — C12
a-olefins and more preferably Cio a-olefin (1-decene). It should be noted that even
if the feedstock for the oligomerisation reaction comprises primary e.g. of C10-a-
olefin (1-decene) the feedstock is never completely pure 1-decene and always con-
tains various amounts of other olefins. The other olefins will also react in the oligo-
merisation reaction. Therefore, the PAO product formed in the oligomerisation re-
action is always a mixture comprising products with different degree of oligomer-

isation (di-, tri, tetramers etc.) and oligomers from other olefin monomers than the
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primary chosen a-olefin of the feedstock.

The product of the oligomerisation reaction of the a-olefin monomers
is named poly-a-olefin (PAO). The different oligomerisation products can be char-
acterised based on the numbers of monomer-units in the oligomer, i.e. dimers, tri-
mers, tetramers etc. The oligomerisation product can also be characterised based
on the viscosity value as expressed in cSt of the product. Typical viscosities of light
PAO products include but are not limited to 2, 4, 6, 8 etc kinematic viscosity at
100°C in cSt.

A PAO product with a certain kinematic viscosity, such as 4 cSt or 6 ¢St
is most times a mixture of various oligomers. This is because the monomers con-
taining feedstock is never completely pure and always contains a mixture of vari-
ous a-olefins, but also because of various oligomers are always formed. However,
it is not necessary to obtain pure products, i.e. products with only one type of oli-
gomers, since it is the properties of the products which is significant, not the chem-
ical structure. Products with specific properties, such as kinematic viscosities, are
desired. Therefore, the product typically needs to be fractionated to obtain prod-
ucts with the desired properties. The oligomerisation reaction always provides a
mixture of oligomers and the final PAO products are formed typically by fraction-
ating the PAO reaction mixture to obtain products with desired properties, such as
viscosity and volatility.

The oligomerisation reaction requires the use of a catalyst or catalyst
complex. Typically, the oligomerisation is performed using a catalyst complex con-
taining a catalyst and a co-catalyst. The term “catalyst complex” is here used to de-
note a combination of a catalyst and a co-catalyst (which can also be called a pro-
tonic promoter). The catalyst complex can be a physical mixture, or the catalyst and
co-catalyst can be bounded with each other or it can be a combination of both. In
one embodiment of the current invention the catalyst used in the oligomerisation
of the a-olefin is aluminium halide or boron halide, boron trifluoride (BF3) being a
preferred catalyst. According to one embodiment the co-catalyst is selected from
C1-C10 alcohol, preferably C1-Cs alcohol and most preferably n-butanol.

The performance and advantages of the current invention is not de-
pendent on the chosen a-olefin or catalyst complex used in the oligomerisation.
However, in one preferred embodiment of the invention the monomer is linear 1-
decene and the catalyst complex is formed from BF3 as catalyst with n-butanol as
co-catalyst.

The process according to the invention involves providing a reactor
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system comprising at least one reactor having a reactor vessel and a system for
recycling and cooling part of reactor vessel outlet. The term “reactor system” is
here used to denote the system of one or more reactors where the oligomerisation
reaction takes place. The term “reactor” or “PAO reactor” is here used to denote an
individual reactor in the reactor system. The reactor contains a reactor vessel and
a system for recycling and cooling part of reactor vessel outlet. The term “reactor
vessel” is used to denote the vessel, where the oligomerisation reaction primarily
takes place. The reactor, as denoted herein, also includes a system for recycling and
cooling part of reactor vessel outlet stream.

The reactor vessel outlet stream is withdrawn from the reactor vessel,
split into two separate streams. One of the outlet streams, which is splitted from
the total outlet stream, is introduced to a system for recycling and cooling the
stream. The cooling of the stream is performed in order to control the temperature
of the reaction mixture. The oligomerisation reaction is an exothermic reaction and
the temperature of the reaction mixture therefore increases over time, if not con-
trolled. The cooled stream is re-introduced to the reaction vessel for further reac-
tion.

According to the current invention the oligomerisation reaction is per-
formed in a reactor system comprising at least one reactor, where the reactor con-
tains a reactor vessel and a system for recycling and cooling part of reactor vessel
outlet. According to the invention at least one reactor in the reactor system is a
cone reactor, in which cone reactor the reactor vessel has a first cross sectional
area in an upper part of the vessel and the cross sectional area decreases down-
wards to a second cross sectional area, which is smaller than the first cross sec-
tional area.

The reactor system can contain more than one reactor. When the reac-
tor system contains more than one reactor, at least one of the reactors in the reac-
tor system is a cone reactor. In one embodiment of the current invention the reac-
tor system contains one primary reactor, which is a cone reactor. If the reactor sys-
tem contains one primary reactor, which is a cone reactor, the reactor system can
in addition contain one or more secondary reactors, which can be but are not nec-
essary cone reactors.

In one embodiment of the current invention the reactor system contains
only one reactor, which is a cone reactor.

It should be noted that a reactor vessel can also comprise an outlet bot-

tom section, which is rounded towards the bottom of the reactor vessel. The
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reactor vessel of the cone reactor, as used in the process according to the invention,
has a reaction zone, depicted with A in figure 2A. The reactor may also have a
rounded outlet zone, depicted with B in Figure 2A. from which rounded outlet zone
the reactor outlet stream is withdrawn. Where the reactor is a cone reactor, the
reaction zone has a first cross sectional area in an upper part of the vessel and the
cross sectional area decreases downwards to a second cross sectional area, which
is smaller than the first cross sectional area.

Also, cylindrical or tubular reactor vessels have a rounded outlet bot-
tom section, depicted with B in Figure 2B and a reaction zone, depicted with A in
Figure 2B. Therefore, the cone reactor in the process and apparatus according to
the invention have a reaction zone (A) of the vessel, which have a first cross sec-
tional area in an upper part of the vessel and the cross sectional area decreases
downwards to a second cross sectional area, which is smaller than the first cross
sectional area. The cylindrical or tubular reactor vessel of Figure 2B is understood
to have a reaction zone with only a cross sectional area essentially the same over
the whole height of the reaction zone.

In one embodiment of the present invention the cone reaction has a re-
action zone and the reactor outlet stream is withdrawn directly from the reaction
zone, and the cone reactor does not have a rounded outlet zone. In a cone reactor
without a rounded outlet zone the cone ends with a flange to the outlet piping,
which forms the reactor outlet stream. The outlet piping needs to have a large di-
ameter due to the large amount of cooling and recycling needed in the reactor.

It should be noted that a cylindrical or tubular reactor vessel almost al-
ways needs some sort of rounded or vertical outlet section to drive the reaction
product towards the outlet piping. Also, the diameter of a cylindrical reactor is
much greater than the diameter of the outlet piping.

In one embodiment of the invention the reaction zone of the cone reac-
tor is divided to at least two sections, of which one section is a cone section, with a
first cross sectional area in an upper part of the vessel and the cross sectional area
decreases downwards to a second cross sectional area, which is smaller than the
first cross sectional area. Thereby, also in a so called cone reactor the whole reactor
vessel does not have to have a cone shape. Instead, a part of the reaction zone of
the reactor vessel in a cone reactor can have a tubular shape and part can have a
cone shape, where the cross sectional area decreases downwards in the reaction
zone. The reaction zone of the cone reactor can have a length of between 0.2 - 10,

preferably 0.3 - 8, more preferably 0.5 - 4, times the maximum diameter of the
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cone reactor at the site of the first cross sectional area.

In one embodiment of the present invention the reaction zone of the
cone reactor has a tubular section, with a third cross sectional area in an upper part
of the tubular section and a fourth cross sectional area at a lower part of the tubular
section, which fourth cross sectional area is essentially equal to the third cross sec-
tional area; and a cone section with a first cross sectional area in an upper part of
the cone section and the cross sectional area decreases downwards to a second
cross sectional area, which is smaller than the first cross sectional area. When the
reaction has a tubular section and a cone section the length of the tubular section
can be between 0.1 - 8, preferably 0.5 - 4, more preferably 1 - 3, times the diameter
of cross sectional area of the tubular section, and the length of the cone section can
be between 0.2 - 5, preferably 0.3 - 3, more preferably 0.5 - 1.5, times the maxi-
mum diameter of the cone section at the site of the first cross sectional area.

In one embodiment of the invention the volume of the cone section is
between 0.1 and 5 times the volume of the system for recycling and cooling part of
the reactor vessel outlet stream. Preferably the cone section volume is between 0.2
and 4, more preferably between 0.3 and 2, times the volume of the system for re-
cycling and cooling part of the reactor vessel outlet stream.

In one embodiment the cone reactor has no external mixing or stirring
device for mixing the reagents and catalyst complex. The cone shape of the reactor
enables sufficient mixing of reagents and catalyst complex.

The residence time for the reaction mixture in the reactor, including re-
actor vessel and system for cooling and recycling part of the reactor vessel outlet
stream, can be between 1 and 90 minutes, preferably between 3 and 60 minutes
and more preferably between 5 and 40 minutes. The liquid residence time in the
tubular section can be up to 5 times, preferably up to 4 and more preferably up to
2, times as compared to the liquid residence time in the cone section, when a reac-
tor vessel with tubular and cone sections are used.

One objective of the current invention is therefore to provide a process
for producing poly-a-olefins (PAO), the process comprising the following steps

a) providing a reactor system comprising at least one reactor having a
reactor vessel and a system for recycling and cooling part of the reactor vessel out-
let stream,

b) introducing to a at least one reactor vessel of the reactor system at
least a-olefin monomers, recycled reactor outlet stream, catalyst and co-catalyst,

which co-catalyst together with the catalyst forms a catalyst complex,
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¢) reacting in the reactor vessel the a-olefin monomers to form a mix-
ture of poly-a-olefins (PAO) product,

d) withdrawing from the reactor vessel an outlet stream comprising un-
reacted monomers, mixture of PAO product and catalyst complex,

e) splitting the outlet stream to a first stream, which is cooled and intro-
duced back to the reactor vessel as a recycled reactor outlet stream, and a product
stream, wherein

at least one reactor in the reactor system is a cone reactor, which cone
reactor has a first cross sectional area in an upper part of the vessel and the cross
sectional area decreases downwards to a second cross sectional area, which is
smaller than the first cross sectional area.

In one embodiment of the current invention the reactor system com-
prises more than one reactor. When more than one reactor in the reactor system,
reactors can be in series, such that part of reactor vessel outlet stream is cooled
and recycled back to same reactor vessel and part of outlet stream is introduced to
the following reactor in the series. In the embodiment where the reactor system
comprises more than one reactor, at least one of the reactors is a cone reactor.

The process according to the current invention comprises a step
wherein an outlet stream comprising unreacted monomers, mixture of PAO prod-
uctand catalyst complex is withdrawn from the reactor vessel. The withdrawn out-
let stream is split into a first stream and a product stream (second stream). The
first stream is cooled and introduced back to the reactor vessel as a recycled reac-
tor outlet stream. The product stream split from the outlet stream constitutes the
reaction product stream and is subjected to further processing step to produce the
PAO product.

The separation of the outlet stream to two streams and subsequent
cooling and recycling of the first stream is needed for controlling the temperature
in the reactor. The oligomerisation reaction is exothermic and for optimal oligomer
distribution, the conditions in the reactor should preferably be as isothermal or
near isothermal as possible over the whole reactor. Cooling and recycling a portion
of outlet stream withdrawn from the reactor vessel enables better control of the
temperature conditions over the whole reactor. The aim is to achieve isothermal
or near-isothermal conditions over the whole reactor including the cooling and re-
cycling part of the outlet stream withdrawn from the reactor vessel.

In one embodiment of the current invention splitting of the outlet

stream to a first stream and a product stream is performed such that 50 - 99 %,
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preferably 80 — 97 % and more preferably 90 - 95 %, of the outlet stream forms
the first stream and the rest forms the product stream. The portion of the first
stream compared to the total reactor vessel outlet stream is large, more than 50 %
or even up to 99 %. A large portion of recycling stream (first stream) ensures suf-
ficient cooling of reaction mixture and thereby ensures iso-thermal or near iso-
thermal conditions over the whole reactor.

Alarge portion of the reaction mixture, in an embodiment more than 50
%, is in the reactor loop and not in the reactor vessel. This means

- half of the volume of reactor will be in turbulence in the recycle loop
piping instead of being in a less turbulent reactor vessel, and all reaction mixture
will go through the recycle loop frequently;

- catalyst mixing at the reactor inlet will happen 10 times more than for
a simple reactor without recycle loop; and

- reaction temperature during reaction will increase only by 10% com-
pared to a once-through reactor vessel with cooling only at the outlet.

In one embodiment of the current invention introduction of the recy-
cled reactor outlet stream to the reactor vessel is performed with an ejector. At
least part of the catalyst can also be introduced to the reactor vessel using the ejec-
tor with which the recycled reactor outlet stream is introduced to the reactor ves-
sel.

In one embodiment of the current invention the process further com-
prises a step f) wherein the product stream is subjected to a separation step for
separating a PAO product stream from unreacted monomers and catalyst complex.
It should be noted that the product stream is the stream which is split from the
reactor outlet stream but not cooled and recycled back to the reactor vessel. In-
stead, the product stream is subjected to further process steps for production of
the PAO product(s).

The separation of a PAO product stream from unreacted monomers and
catalyst complex can be performed by distillation of the product stream. Unreacted
monomers and catalyst complex have a lower boiling point compared to the prod-
uct mixture of PAO and can therefore readily be separated by distillation. Also,
other separation techniques can be used such as liquid-liquid separation or a com-
bination thereof.

In one embodiment the separation of unreacted monomer and catalyst
complex from the product mixture is performed using distillation in a temperature

from 10 °C to 300 °C, preferably from 20 °C to 150 °C in reduced pressure, where
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the pressure can be from 1 mbara to 20 mbara, preferably from 2 mbara to 10
mbara (0.1 kPa to 2 kPa, preferably 0.2 kPa to 1 kPa).

In one embodiment of the invention the method further comprises one
or more addition steps in which the PAO product stream is further distilled into
separate PAO fractions, e.g. based on the kinematic viscosity of the products. Either
the PAO product stream as a whole or the PAO fractions after separation can also
undergo a hydrogenation step. The hydrogenation step is preferably performed in
presence of a noble metal or nickel catalyst, preferably a nickel catalyst. The hydro-
genation can be performed in a fixed bed reactor.

Generally speaking, it is advantageous that the oligomerisation reaction
results in a distinct product distribution, which can be separated into PAO fractions
with distinct product properties, such as viscosity and volatility. Therefore, it is ad-
vantageous that the product distribution, regarding formed oligomers, is as narrow
as possible. For example, it can be advantageous to obtain mainly trimers with less
amounts of higher oligomers such as tetra- and pentamers. Another key issue is
that the amounts of unreacted monomers should be as low as possible in the mix-
ture of PAO product, i.e. a high yield. Various aspects and process conditions have
a significant impact on which kind of oligomers are mainly formed.

The oligomers formed depend at least on the temperature in the reac-
tion, residence time of the reagents in the reaction conditions and mixing of the
catalyst complex in the monomers and product mixture. At least these conditions
and aspects of the reaction need to be monitored and possible to control and alter-
nate for optimal oligomer formation and overall results. With the current design of
the reactor vessel with a narrower outlet part it is possible to control these process
conditions. Especially compared to a reactor vessel with essentially equal cross
sectional area over the whole reaction section, a reactor with narrower bottom sec-
tion, the residence time can be controlled. The extensive recycling and cooling of
the reaction mixture also enable improved control of the reaction temperature and
in combination with the reactor vessel according to the invention it is possible to
obtain isothermal reaction conditions over the whole reactor. The level formed
from the reagents and catalyst complex (level of reagents) also varies more in dif-
ferent reactor capacities in a cone shaped reactor compared to a tubular shaped
reactor. In connection with the reactor cone shape, functioning pump suction con-
ditions, which includes required net positive suction head, can be maintained even
at low reaction volume in the reactor vessel, because of the variation in level of

reagents. This enables that the cooling recirculation can be kept at constant cooling
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duty, while enabling functioning pump suction conditions.

A product mixture containing a large number of unreacted monomers
should be avoided. One way of avoiding unreacted monomers in the product mix-
ture is to separate the unreacted monomers from the product mixture, e.g. by dis-
tilling. Another way is to ensure sufficient mixing of the catalyst complex into the
feedstock and to maintain a homogeneous mixture also in the reaction product in
the reactor. This is also enabled with the reactor vessel according to the invention.

Figure 1A shows a schematic process of one embodiment of the current
invention. A feedstock comprising at least a-olefin monomers and catalyst complex
(10), which can be pre-mixed, is introduced to a PAO reactor system (20). The PAO
reactor system can comprise one or more reactors. A reactor contains a reactor
vessel and a system for recycling and cooling part of the reactor vessel outlet
stream. At least one of reactors is a cone reactor with a reactor vessel which has a
cone shape (not shown in Fig 1A). In the PAO reactor system (20) the c-olefin mon-
omers are oligomerised in presence of the catalyst complex and reaction product
mixture comprising unreacted monomers, reaction product and catalyst complex
is formed and removed as a product stream (25) from the PAO reactor system(20).

The product stream (25) removed from the PAO reactor system (20) is
introduced to a separation unit (30) for separating at least unreacted monomers
and catalyst complex from the PAO products. The separated unreacted monomer
and catalyst complex stream (32) is recycled back to the PAO reactor system (20).
The PAO product (35), from which at least unreacted monomers and catalyst com-
plex (stream 32) are removed, is withdrawn from the separation unit (30) for fur-
ther treatment (40). The further treatment can comprise at least separation of var-
ious PAO products to separate PAO fractions (41, 42 and 43). The schematic Figure
1A shows formation of three PAO fractions, but this should be interpreted only as
an example and the fractions can be more than three or less than three. The PAO
fractions (41, 42 and 43) can be subjected as separate fractions to hydrogenation,
or alternatively the PAO product (35) can be hydrogenated before separation to
PAO fractions. The separation of the PAO product (35) to PAO fractions (41, 42 and
43) is typically performed by distillation.

Figure 1B shows a schematic process of a PAO reactor (80) comprising
a PAO reactor vessel (60) and a system for cooling and recycling part of the reactor
vessel outlet (70 and streams 67 and 72). A fresh feedstock comprising a-olefin
monomers and catalyst complex (10) or a reaction mixture from a reactor up-

stream (50) is introduced to the PAO reactor vessel (60). A reactor vessel outlet
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stream (66) is withdrawn from the reactor vessel (60) and split to two streams. A
first stream (67) is directed to a heat exchanger (70) for cooling. The cooled recy-
cled stream (72) is directed back to the reactor vessel (60) for further reaction. Part
of the reactor vessel outlet stream (66) is split to a product stream (25). This prod-
uct stream (25) contains PAO product mixture, unreacted monomers and catalyst
complex. This product stream (25) is directed to the separation unit (30) depicted
in Figure 1A. Figure 1B also shows the stream (32) from the separation unit (30),
which contains the separated unreacted monomers and catalyst complex. This
stream is depicted as one stream in figure 1A and 1B but can also be two or more
separate streams, some stream(s) containing the unreacted monomers and other
stream(s) containing the catalyst complex and/or catalyst.

Figure 3 shows two different reactors with a shape according to the cur-
rent invention, 3A and 3B, as well as a cylindrical reactor, 3C, for comparison. Re-
actor shape 3A is according to the invention and in the figure a rounded outlet zone
B is shown, and a reaction zone, A1 and A2. According to the present invention the
reactor vessel with a cone shape can have arounded outlet zone, but not necessary.
The reaction zone is separated in two sections, a cone section A2 and a tubular sec-
tion Al. The cone section A1l has a first cross sectional area (61) and a second cross
sectional area (62). The second cross sectional area (62) is smaller than the first
cross sectional area (61). The tubular section A1l has a third cross sectional area
(63) and a fourth cross sectional area (64). The third cross sectional area (63) is
essentially equal to the fourth cross sectional area (64).

Figure 3B shows a reactor shape according to the invention having a
reaction zone A3 and A4 and a rounded outlet zone B. The reaction zone in figure
3B is separated to two sections, a cone section A3 and a tubular section A4. For
comparison, in figure 3C a tubular reactor is shown with a reaction zone A5 and a
rounded outlet zone B. The reaction zone A5 of the cylindrical reactor (3C) cannot
be separated into reaction sections.

The current invention also relates to an apparatus for performing the
process according to the invention, wherein the apparatus comprises a reactor sys-
tem comprising at least one reactor having a reactor vessel and a system for recy-
cling and cooling part of the reactor vessel outlet stream, means for introducing to
at least one reactor vessel at least a-olefin monomers, recycled reactor outlet
stream, catalyst and co-catalyst, and an outlet for withdrawing an outlet stream
from the reactor vessel, wherein at least one reactor vessel is a cone reactor, which

cone reactor has a first cross sectional area in an upper part of the vessel and the
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cross sectional area decreases downwards to a second cross sectional area, which
is smaller than the first cross sectional area.

The disclosed apparatus can further comprise means for splitting the
outlet stream to a first stream and a product stream; and means for cooling the first
stream and recycling the first stream to the reactor vessel.

It will be obvious to a person skilled in the art that, as the technology
advances, the inventive concept can be implemented in various ways. The inven-
tion and its embodiments are not limited to the examples described above but may

vary within the scope of the claims.

EXAMPLES

Oligomerisation of 1-decene was tested in a 0.002 m?3 batch reactor. The
reaction was catalysed with a 1 mol-% of boron trifluoride (BF3) n-butanol com-
plex. The pressure in the reactor was set at 200 kPa and controlled with a flow of
BF3 gas. The temperature was controlled with a cooling jacket and an internal coil.
The batch reactor was mixed with a turbine mixer. Mixing was necessary since the
batch-reactor did not contain any recycling, which would enable sufficient mixing.
The products were analysed using gas chromatography and a mass spectrometer
detector.

Example 1

First a series of reactions were conducted to test the speed of reaction
(oligomerisation) in various temperatures. Three different reaction temperatures
were chosen, 10 °C, 30 °C and 70 °C. The reactions were performed in isothermal
conditions, as set out above. The reaction speed was determined as the speed of
which the monomer 1-decene was decreased in the reaction mixture.

The conversion rate, indicated as decrease of monomer 1-decene, of the

reaction at various temperatures can be seen in Table 1 below.

Conversion %
Reaction temperature 5 min 10 min 20 min 30 min 60 min
10°C 30 43 65 75 100
30°C 50 70 90 97 100
70°C 60 85 90 93 100

Table 1. Conversion rate as a function of reaction temperature. A conversion of 100

% indicates that all monomers (1-decene) have been consumed.
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From the results shown in Table 1, it can be seen that at a reaction tem-
perature of 10 °C the reaction was significantly slower compared to higher temper-
atures of 30 °C and 70 °C. Full conversion at 10 °C was reached after about 60 min
reaction time. The results also show that increasing the temperature from 30 °C to
70 °C did not significantly increase the conversion rate. Full conversion was in
practice reached at 30 min reaction time, when the reaction temperature was 30
°C and 70 °C.

Example 2

A reaction temperature of 30 °C was chosen as the optimal reaction tem-
perature, based on the findings from Example 1. A set of reactions were performed
using the same equipment and parameters as in Example 1. Here the product dis-
tribution was measured as a function of reaction time. The total reaction time was
120 min.

The oligomerisation of 1-decene and formation of trimers and tetram-

ers is shown in Table 2 below.

Oligomerisation of 1-decene
Residence . Trimer Tetramer
time Trimer Tetramer selectivity selectivity
min wt-% wt-% % %
0 0 0 0 0
5 30 9 59 18
10 39 15 55 22
20 47 26 50 28
30 46 27 46 28
60 46 29 46 29
90 43 29 43 30
120 44 30 44 30

Table 2. Results of oligomerization reaction in laboratory batch reactor

The results summarized in the Table 2 indicate that trimer selectivity
can be maximized with a short residence time. A long residence time yields heavier
oligomers. Based on the results, it is evident that the residence time influences the
product formation. Therefore, reaction residence time and critical operation con-
dition parameters should be kept unchanged during operation to optimize product

selectivity, even at various capacities.
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Example 3

Previous examples show the significance of reaction temperature, but
especially residence time, to obtain optimal product distribution. Calculations were
made using a cone shape reactor to optimise residence time with different capaci-
ties of the reactor. In the calculations a 100 % capacity was setat 13 125 kg/h. The
volume of the cooling loop, pump and piping was fixed. In the simulations 100 %
capacity was set such, that the level of reagents was at the top of the inverted cone
reactor, cone section A2. Calculations were made with 100 %, 90 %, 80 %, 70 %
and 60 % reactor capacity. The results of the calculations are summarised in Table
3.

Capacity
60 % 70% 80 % 90 % 100 %

Cone

Level of Reagents [m] 0.41 0.89 1.16 1.36 1.52

Volume [m3] 0.08 0.36 0.64 0.92 1.2

Residence time [min] 0.5 1.9 2.9 3.7 4.3
Loop

Volume [m3] 1.59 1.59 1.59 1.59 1.59

Residence time [min] 9.5 8.1 7.1 6.3 5.7
Cone + Loop

Volume [m3] 1.68 1.96 2.24 2.52 2.8

Residence time [min] 10 10 10 10 10
Loop Circulation system

Cone avg. suction velocity

[m/s] 0.32 0.33 0.36 0.40 0.44

Loop Pump [m3/h] 180 210 240 270 300

Table 3. Residence time optimisation in cone reactor with various capacities.

From the results of table 3 it can be seen that the total residence time
can be kept at 10 min at various reactor capacities. The volume of the loop (mean-
ing cooling loop, pump and piping) is constant at 1.59 m3. The level of reagents in
the cone section of the reactor is varied with the capacities. By varying the loop
circulation pump velocity (from 180 m3/h to 300 m3/h) the cooling recirculation
can be kept at constant cooling duty for all capacities while, in connection with the
reactor cone shape, functioning pump suction conditions including required net

positive suction head can be maintained even at low reaction volume in the reactor
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vessel.

Figure 4 shows the difference in level of reagents in a cone reactor and
in a tubular reactor at various reactor capacities. From figure 4 it can be seen that
the level decreases faster at lower capacities in a cone shaped reactor compared to
a tubular shaped reactor. It is therefore easier to monitor variations in the level of
reagents in a cone reactor compared to a tubular shaped reactor, especially in

lower reactor capacities.
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CLAIMS

1. A process for producing poly-a-olefins (PAO), the process comprising
the following steps

a) providing a reactor system (20) comprising at least one reactor (80)
having a reactor vessel (60) and a system for recycling and cooling part of reactor
vessel outlet stream (67, 70, 72),

b) introducing to at least one reactor vessel (60) of the reactor system
(20) at least a-olefin monomers (10, 50), recycled reactor outlet stream (72), cata-
lyst and co-catalyst (10, 50, 32), which co-catalyst together with the catalyst forms
a catalyst complex,

c) reacting in the reactor vessel (60) the a-olefin monomers to form a
mixture of poly-a-olefins (PAO) product,

d) withdrawing from the reactor vessel an outlet stream (66) compris-
ing unreacted monomers, mixture of PAO product and catalyst complex,

e) splitting the outlet stream (66) to a first stream (67), which is cooled
and introduced back to the reactor vessel (60) as a recycled reactor outlet stream
(72), and a product stream (25), wherein

at least one reactor (60) in the reactor system (20) is a cone reactor, in
which cone reactor the reactor vessel has a first cross sectional area (61) in an up-
per part of the vessel and the cross sectional area decreases downwards to a sec-
ond cross sectional area (62), which is smaller than the first cross sectional area.

2. The process of claim 1, wherein the cone reactor has a reaction zone
and a rounded outlet zone from which the reactor outlet stream is withdrawn, and
wherein the reaction zone has a first cross sectional area in an upper part of the
vessel and the cross sectional area decreases downwards to a second cross sec-
tional area, which is smaller than the first cross sectional area.

3. The process of claim 1, wherein the cone reaction has a reaction zone
and the reactor outlet stream is withdrawn directly from the reaction zone, and the
cone reactor does not have a rounded outlet zone.

4. The process of claim 1 or 2, wherein the reaction zone of the cone
reactor is divided to at least two sections, of which one section is a cone section,
with a first cross sectional area in an upper part of the vessel and the cross sectional
area decreases downwards to a second cross sectional area, which is smaller than
the first cross sectional area.

5. The process of any of the claims 1 - 4, wherein the reaction zone of

the cone reactor has a length of between 0.2 - 5, preferably 0.3 - 3, more preferably
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0.5 - 1.5, times the maximum diameter of the cone reactor at the site of the first
cross sectional area.

6. The process of claim 4, wherein the reaction zone of the cone reactor
has a tubular section, with a third cross sectional area (63) in an upper part of the
tubular section and a fourth cross sectional area (64) at a lower part of the tubular
section, which fourth cross sectional area is essentially equal to the third cross sec-
tional area; and a cone section with a first cross sectional area (61) in an upper part
of the cone section and the cross sectional area decreases downwards to a second
cross sectional area (62), which is smaller than the first cross sectional area.

7. The process of claim 6, wherein the length of the tubular section is
between 0.1 - 8, preferably 0.5 - 4, more preferably 1 - 3, times the diameter of
cross sectional area of the tubular section, and the length of the cone section is be-
tween 0.2 - 5, preferably 0.3 - 3, more preferably 0.5 - 1.5, times the maximum
diameter of the cone section at the site of the first cross sectional area.

8. The process of any of the claims 1 to 7, wherein introduction of the
recycled reactor outlet stream to the reactor vessel is performed with an ejector.

9. The process of claim 8, wherein at least part of the catalyst is intro-
duced to the reactor vessel using the ejector with which the recycled reactor outlet
stream is introduced to the reactor vessel.

10. The process of any of the claims 1 - 9, wherein the a-olefin monomer
comprises Cs - C20 a-olefins, preferably Cs - C12 a-olefins and more preferably Cio
a-olefin.

11. The process of any of the claims 1 - 10, wherein the catalyst is an
aluminium halide or a boron halide, preferably the catalyst is BF3 and the co-cata-
lyst is selected from C1-C1o alcohols, preferably the co-catalyst is n-butanol.

12. The process of any of the claims 1 - 11, wherein the splitting of the
outlet stream to a first stream and a product stream is performed such that 50 - 99
%, preferably 80 — 97 % and more preferably 90 - 95 %, of the outlet stream forms
the first stream and the rest forms the product stream.

13. The process of any of the claims 1 - 12, wherein the process further
comprises a step f) wherein the product stream is subjected to a separation step
for separating a PAO product stream from unreacted monomers and catalyst com-
plex.

14. The process of claim 13, wherein the step f) is performed by distil-
lation in a temperature of 10 °C to 300 °C in reduced pressure, and the separation

also separates the catalyst complex, as catalyst and co-catalyst, from the unreacted
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monomers.

15. The process according to claim 13 or 14, wherein the PAO product
is further processed by separating the PAO product in further PAO fractions fol-
lowed by hydrogenation of the PAO fractions in presence of a noble metal catalyst
or nickel catalyst, or hydrogenation of the PAO productin presence of a noble metal
catalyst or nickel catalyst followed by separation of the hydrogenated PAO product
in further hydrogenated PAO fractions.

16. An apparatus for performing the process according to any of claim
1 - 15, wherein the apparatus comprises a reactor system comprising at least one
reactor having a reactor vessel and a system for recycling and cooling part of reac-
tor vessel outlet stream, means for introducing to at least one reactor vessel at least
a-olefin monomers, recycled reactor outlet stream, catalyst and co-catalyst, and an
outlet for withdrawing an outlet stream from the reactor vessel, wherein

the at least one reactor vessel is a cone reactor, which cone reactor has
a first cross sectional area in an upper part of the vessel and the cross sectional
area decreases downwards to a second cross sectional area, which is smaller than
the first cross sectional area.

17. The apparatus of claim 16, wherein the apparatus further comprises
means for splitting the outlet stream to a first stream and a product stream; and
means for cooling the first stream and recycling the first stream to the reactor ves-
sel.



