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CYCLONIC REACTOR

The present invention relates to chemical reactors.
Ensuring that reacting species achieve optimal physical contact

can be among the most difficult challenges in chemical reactor

. design. 1If done improperly, numerous undesired byproducts and an

abundénce of unreacted reactants can serjiously erode the economics
of the system. The volume of the reaction zone, the reactor type
(i.e., batch, plug flow, stirred tank, or combinations thereof),
thermal effects, reaction mechanism, reactant and product diffusion,
pressure effects, and other factors must all be éonsidered in
selecting or fabricating a reactor best suited for use in a given
reaction.' '

Of course, the nature of the reaction that.is to occur in the
reactor has much to do with the selection of the reaéto:._ If a
reaction mechanism only invblves the bimolecuiar collision of small
molecules, all that is desired is a contact betweeh the two species
at an energy state that provides a good chance for bonding to occur.
Providing reactants with a particular residence time in a reactor
may be necessary to increase the percentage of atomic or molecular
collisions. However, if one or more of the reactants is capable of
bonding at numerous sites greéter residence time can élso result in
the production of numerous byproducts. This can be the case, for
example, where dioclefins are used as reactants. Thus, there is a
balance that is sought between attaining complete reaction and
overreacting or incorrectly reacting the reactants. The kinetics of
reactions that involve more than simple bimolecular collisions are
more complex and add to the factors one must consider.

Backmixing is another phenomenon which can contribute :o
further reaction of the reactor products. Backmixing is the mixing
8f a molecule or intermediate which has been present in the reactor

for a given length of time with a molecule cor intermediate which has

been present in the reactor for a lesser pericd of time. The amount

of backmixing that occurs is related to reactor geometry and type,
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fluid dynamics and other factors involved in reactor operations as
noted above.

In commercial operatiqﬁs, the econom;c impact of a particular
design is critical. These.factors incLude the theoretical yield,
side reactions, and process flow. Any process in competition with
the desired reaction will result in a loss of value or an increase
in costs due to recirculation of unreacted ;pecieé and separation
.and treatment of byproduct. Other costs such as the cost of
increased maintenance of equipment due to procblems such as coke
fouling can also appear. '

It is well known that designing commercial chemical reactors is
not amenable to a purely theoretical treatment. Typically, one ‘I'
begins the process by considering the reaction type (eq, reaction
kinetics), catalytic requirements, phases involved, temperature and
pressure effects on the reaction, production requirements, heat and
mass transfer effects on the reaction, and secondary factors such as
whether corrosion of the'rea¢tion vessel is likely. One then
typically selects an ideal reactor that appears most applicable
given these factors. For exaﬁple, where the reaction mechanism
suggests that back mixing would be particularly harmful, one may
start with an analysis of an ideal plug flow reactor. Where back
mixing is desired, a stirred tank may be selected.

" Once an ideal reactor is selected, one then typically
determines correction factors to account for deviations between the
ideal and real behavior of the reaction. This is necessarily an
experimental process. When ﬁhe correction factors are determined,
the reactor designer can then determine parameters such as reactor
size and shape, whether the design (type) should be hybridized, and
controls for parameters such as temperature and pressure. At this
peint, one may have the information that appéars.ngcessary to design
an experimental reactor. Experimental reactors are. then fabricated
and tested. ' .

The jump from the design of an experimental reactor to the
design and piodﬁcticn of a commercial or scaled-up reactor is

necessarily a difficult one. For example, changes in reactor volume
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alone can greatly change operational parameters of what was
previously thought to be a well understood systém. Fluid dynamics,
the nature of the reaction sites, reaction rates, and mass and heat
transport considerations further complicate the problem.

The extent to which reaction conditions can be controlled is
dictated, in large part, by the type of apparatus employed to '
conduct the reaction. Numerous reactors have been designed to solve
particular procblems. For example, u.s. Pateﬁt specification '

No. 2,763,699 describes an apparatus for creating homogeneous
turbulence of vapor phase reactants in curved reactors through the
tangential positioning of injection nozzles about the inner surface
of the vessel. It was found that use of the reactor therein
described decreased the formation of carbon deposits that
accompanies the production of allyl chloride from propylene and

chlorine. Tangential injection esséntially resulted in a two

. dimensional flow of_reactants that traced the inner surface of the

reactor.

U.S. Patent specification No. 4,590,044 is an example of a
reactor designed to ameliorate the effect of temperature variability
in endothermic and exothermic reactions. This is done through the
use of a number of baffles or reaction zoﬁes within the reactor.

Japanese Patent J73032087-B describes a reactor constrdcted
épecifically for the gas phase chlorination of hydrocarbons. The
vessel used to mix the reactants is oblong having two oppo#ing
parallel flat surfaces and two opposing curved surfaces (when viewed
in cross section). Jets are used to introduce the preheated
reactant into the vessel tangentially and from opposing sides so
that a swirl develops. This is said to allow increased heats of
:eaétion and_yetter mixing over previous reactor design. The
reaction zone, or area in which the reaction occurred within the
é;actor, is essentially the entire inside volume of the reactor.
While the tangential introduction of reactants creates a swirling
effect, this effect is also predominantly'a two dimensional effect.
That is, swirling occurs essentially in one plane and traces the

inner surface of the reactor. Further, since the reaction zone
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comprises essentially the entire inner volume of the reactor, there
can be only one reaction zone.-

' Belgian Patent 742,356 describes a process for synthesizing
allyl chloride by.gas phase substitutive chlorination'of ptopylene.
The reactors ﬁsed_in this process incorporate a number of reaction
zones. However; the process was designed specifically to avoid what
the inventor viewed as the complex engineering necessary in reactors
that incorporate a swirling or cyclcning'effect'cn reactants. Thus,
here too, the reaction zone in such a.system essentially comprises
the entire inside volume of the reactor. The examples cited in the
patent all empioy a series of tubular reactors to accommodate this
methodoiogy . : ' ' ‘

Dykyj et al. describe a cyclonic reactor in "High Temperature
Chlorination of Propylene in a Cyclonic Reactor”, International
Chemical Engineering (Czecholoslovakia January, 1962). This design
incorporates injection jets which introduce reactants tangentially
to the inner surface of a cylindrical vessel. The jets are placed
in opposition relative to the central axis of the reactor. However,
they ate offset so'that they are not in direct opposition to each
other. This causes the reactants to. travel concentric to the inside
surface of the reaction vessel so that a cyclonic effect is
achieved. The authors assumed that no mixing would occur in the
center part of the reactor and filled that portion of the reactor
with a metallic core. Thus, the reaction zone in this artangement
appears as a cylinder with a hollow core (i.e. doughnut shaped).

The movement of the reactants occurs in essentially two dimensions
found in a circular plane with a hole in its center.

When a reactant is directed against a surface of the reactor,
such as in the case of tangential injection, additional
cons;deratzons arise. For example, if the reactant is a corrosive
materzal such as chlorine, the reactor will frequently require
speczal construction. One such method is to provide the interior
surface of the reactor with a nickel coating. Such measures can

dramatically iacrease the cost of the reactor.
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Turbulent, swirling, and cyclonic flow reactors increase the

likelihédd of a.éollision between reacting species beyond nhat would
be found if reactants were merely injected into a reactor without
inducing motion on the reactants. However, prior art reactors
generally induce motion in a single plane. At best, such reactors
exhibit cocurrent mixing. This is predominantly a macromixing
efﬁect:which'fblds layers or provides an overall flow to the stream
of reactants. Some molecular collisions occur between the plénes

that are flowing but they are relatively few in number and occur by

‘virtue of happenstance rather than design. The addition of heat and

longer residence times can be used to induce such collisions but
vield and selectiyity losses generally accompany such measures as
outlined above. in many instances adiabatic reaction design is
preferred so adding heat to achieve greater frequency of collisions
is not possible.

These problehs are particularly acute where a number of
possible reactioﬁ mechanisms may occur between reactants. The
reaction between unsaturated hydrocarbons and halogens provides a
good example of such a case. Either substitution reactions,
addition reactions, or both may occur. Substitution reactions are
preferred in the production of allyl chloride from propylene and
chlorine. Higher temperatures are often necessary to create
conditions more favorable to this substitution than addition
reactions. Unfértunately, temperatures that are toc high can result
in the undue formation of coke and other undesirable substances and
effects. Improperly increasing residence time might also create
undesirable byproducts and reduce reaction selectivity.

Because the substitution reaction is preferred in the
commercial preparation of allyl chloride as noted above, prior art
reactors use increased temperatures to avoid the production of the
by-product 1,2 dichloropropane (DCPc). These high teﬁpe:ature
reactions are typically accompanied by the production of coke. The
reaction may actually exhibit varying kinetic characteristics within'

one reactor because of the formation of hotspots. ' Numerous other

_reactions involving, for example, the selective chloro-substitution
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of ethylene, butylene, pentenes, hexenes; octenes, cyclohexene,
acetylene, etc also experience such procblems. o

‘The art of reactor design could greatly benefit from the
introduction of a reactor which would improve molecular contact,
allow greater selectivity, and decrease reaction time/residence time
substantially without the formation of coke and byproducts. This is
particularly true in the case of the commercial preparation of allyl
chloride from propylene and chlorine. o

It is an object of this invention to provide'a chemical reactor
for reacting gaseous or vapor phase reactants to'provide.high yields
and selectivities for reactions conducted therein. _

It is a further object of this invention to ponide a chemical
reactor with improved mixing characteristics. :

It is yet a further object of this invention to provxde a
multistage reactor and method for producing allyl chloride,.

It is yet a further object of this invention to provide a

‘reactor with a reaction zone having substantial three'dimensional

flow character.

The invention therefore provides a reactor comprising:

a reaction vessel; -

at least a reaction zone introduction means having at_least two
ends, said introduction means being in communication with a source
of reactant at one of said ends and the interior of said reaction
vessel at said other end; . '

at least one injection jet in communication ﬁith a source of
reactant, said injection jet housed ﬁithin said reaction vessel; at
least one reactant of a chemical reaction being introduceﬁ into said
reactor through said reaction zone introduction means, at least one
reactant being introduced into said_reactor through said injection
jet, said injection jet positioned so that introduction of said

reactants imparts a substantially three dimensionai'flow of said

reactants;

a well mixed reaction zone within said reaction vessel wherein

said reactants are mixed;
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and an outlet having two ends, one end being in communication
with the interior of the reaction vessel and one end being in
communication with the exterior of the reaction vessel.

In an advantageous aspect of the invention, spargers comprise
the reaction zone introduotioo means. Advantageously, at least two
sets of such spargers are disposed in opposition to each other and
cyclonic three dimensional flow charactet is induced in the reaction
zone. '

The reactor of this invention can also have a staged
construction so that the chemical reaction is initiated in a well
mixed reaction zone substantially oomprising the area between the
spargers and then attains a desirable residence time in a plug flow
zone within the reactot before product is withdrawn.

The reactor of the invention can advantageously be applied to
the production of allyl chloride from propylene and chlorine such
that the production of bothersome byproducts are greatly reduced
over what was found in the prior art.

The invention will now be described by way of example in more
detail by reference to the'accompanying.drawings, in which:

Fig. 1 is a side cutaway view of an embodiment of the reactor
of the present invention;. | _ _

Fig. 2 is a front view of a sparger used in the reactor of the
present inventiocn; _

Fig. 3 is a front view of a sparger used in the reactor of the
present invention as such a sparger could be juxtaposed to the
sparger of Fig. 2;

Fig. 4 is a side cutaway view of an embodiment'of the present
invention; and

Fig. 5 is a rear partial cutaway view of the embodiment of
Flg. 4. |

According to the present invention reaction selectivities, time
of reaction, and other parameters of chemical reactions have been
enhanced by providing a chemical reactor with one or more specific
reaction zones. The reaction zones are shaped and charged so that

the energy required of the reaction is rapidly attained. As will be
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seen throughout this descriptien, thesé mgthods of defining reaction
zones can be structured from the juxﬁaposition-éf jeﬁs, spargers,
nozzles and other vehicles for injecting reactants into a chemical
reactor. '

- As used throughout this specification,'“reaction zone" means an .
area in which a reaction or a discrete phase of a reagtion is
substantially conducted. A chemical reactor can have more than one
reaction zone.

"Well mixed reaction zone" means a reaction zoné in which
reactants are mixed to form a mixture which is more homogeneous than
not. A CSTR (continuously stirred tahk reactor) comprises an ideal
well mixed reaction zone. ' _

"Threé dimensional flow" means the movement of molecules in
such a manner that collisions betweén such molecules can occur
outside of the plane in which such molecules #re iniﬁially found as
well as inside ﬁhe plane in which they are initially found.
Substantial three dimensional flow is the movement of molecules
characterized by three dimensionai flow but élso comprisiﬁg some two
dimensional flow. For example, a reaction zone in which reactants
flow in three dimensions except in planes at the fringes of the zone
exhibits substantial three dimensiona; flow.

" "Three dimensional” with respect to mixing refers to a flow of
molecules resulting in a complete or homogeneous mixture in éll
directions. By way of example, a CSTR exhibits three dimensional
mixing while a Plug Flow Reactor only exhibits compleﬁe mixing
radially.

"Sparge"” means injectiﬁg or intiéducing a compressed or
pressurized fluid through a sparger.

A "sparger" is a vessel having a perforation, with or without a

fixture thereto, used to inject or introduce a compressed or

‘pressurized fluid into an area in a gaseous or atomized state.

A "transverse axis”™ is an axis along the longest dimension of
an object. -
A "transverse plane" is a plane having its length defined by a

transverse axis.
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A "central axis"™ is an axis running through the center of an
object along it longest dimension. The central axis of a cylinder
runs through the center of the circle comprising its cross section
and extends through the length of the cylinder. _

A “"longitudinal plane™ is a plane drawn running through an
object ;long its longest dimension.
| _ Referring to the drawings, Fig. 1 is a cutaway view of an
advantageous reactor of the present invention. The reaction vessel
1 is shown As an oblong cylinder but overall body shape is'not
critical to the invention. One or more reactants are introduced td
the interior of the reaction vessel 1 by means of reactant inlets 2.
Reactant inlets 2 are pipes, conduit, tubing or any of the means
typically used for introducing gaseous reactants into a reaction
vessel. Advantageously, two 6pposing reactant inlets are applied. -
It will be understood that when reference is made throughout this
specificafion to a first or other reactant that no particular order
of injecting or reacting such reactants is implied or suggested.

' A sparger 3 is affixed to the end of the reactant inlet 2 on
the interior o the reactor. This combination of sparger and
reactant inlet comprise an example of a reaction zone introductioh
means but numerous other means can be used in the place of this
p&rticular means. Sgch means must be capable of transporting

reactant from a source to an area inside the reaction vessel such

that reactant is placed in the reaction zone. The spargers 3 are

fashioned from pipes or other essentially hollow vessels for
distributing reactants to nozzles 4. Ultimately, reactants are
expelled into the interior of the reactor through these nozzles 4.
The spargers 3 as shown are essentially perpendicular or normal to
the central axis of the inlet ends 2a although this is not an
egsential aspect of positioning the sparger in every embodiment of
the instant invention. Rather, placement and spacing of the
spargers 3 is determined by the character of reactant flow and
mixing which is ultimately desired. This will be discussed more
fully below.
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In a more advantageous embodiment of the present invention,

spargers 3 are positioned so that the nozzles affixed to them are in

substantial opposition. That is, the nozzles 4 face each other and

are paiallel to the central axis of the reactors but can be twisted,

moved away from or moved towards the central axis of the reactor by
up to 15°. Fig. 2 illustrates the structure of the spargers 3 in
more detail. There it is shown that sparger arms 3b radiate outward
(away from) sparger hub 3a. Nozzles 4 are positiéned along the
sparger arms 3b. '

In this embodiment, spargers 3 are positioned so that the
spérger arms 3b of one sparger substantially bisect the distance
between the sparger arms of another opposihg (ie, facing) sparger.
That is, one sparger arm is positioned to point anywhere in the area
between two opposing spargers. The relative angular_pésitioning of
such an opposing sparger is shown in Fig.'3. Such an arrangement
contributes to the desirable flow and mixing characteristics of the
reéctants. Spargers may also be made in a circular or oblong shape
with numérqus nozzles or holes cut therein. Such a sparger can, for
example, be fashioned to take on the appearance of a shower head.
Advantageously, nozzles are not placed along the central axis of the

reactor where turbulence is low. It is also possible to construct a

reactor according to this invention in which only one'sparéer is

employed.

Rgtu:ning-to Fig. 1, a second reactant inlet 2b is used to
introduce anothe; reactant into the reactor. This other reactant
may be comprised of a different substance than was introduced |
through reactant inlet 2 or it may be the same. The second reactant
inlet 2b is also formed of piping, conduit, tubing or other hollow
vessel used to transport gases or vapors. A jét-s is affixed to the
end of this second reactant inlet. This jet 5 is fashioned sq'that
a second reactant enters the reactor as a stream and is not
substantially diffused until it enters the?proximity_of the well
mixed reaction zone 6. The term jet as used throughout thi#

specification refers to a fitting on the reactor inlet which allows

the reactant to be directed towards the reaction zone. 1In its
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broadest sense, a jet may be comprised of the opening of the
reactant inlet 2b dire;ted towards the reaction zone. However}
advantageous embodiments incorporate machined nozzles. More than
one second reactant inlet and jet may be used in a reactor. Indeed,
numerous jets and inlets can be used,

A well mixed reaction zone 6 is created in the area
subgtaﬁtially between the spargers 3. This area is defined in part
by the nature of the injection of the reactants. That is, the
distance between the spargers and the volume of the reactants that
the zone is designed to handle are determined according to the
kinetics of the reaction so that molecular collisions occur rapidly.

The preparétion of allyl chloride from propylene and chlorine
in an advantagéous'embodiment of the invention provides an example
of how the reactor operates and how the reaction zZones are defined.
The reactor is cylindrical and has a length about three times its
diameter. A first reaétant inlet 2 is placed so that the nozzles 4
in a first sparger 3 are positioned to allow reactant to enter the
reaction zone jﬁst ahead of the plane of the sparger. This can be
relatively close to one end of the reactor 9. Chlorine gas is
introduced into the reactant inlets 2 and sparged into the reactor.
Another first reactant inlet 2 is placed so that the nozzles of its
attached sparger 3 are directed at the nozzles of the other sparger
and are close enough so that a reactant ejected from a Spazger
reaches the opposing sparger without substantial diminution of
energy. The spargers are arranged so that an arm of one bisects the
distance between two arms of the opposing sparger. Staggering the
opposing sparger arms, while not critical, is advantageous so that
the inté:actioh between the nozzles is minimized.

A second reactant inlet 2b is placed so that its attached jet 5§
lies immediately behind the first sparger 3. The jet is best
pééitioned when it is tangential with respect to the wall of the
reactor. However, the jet may also be canted to conform with other
design parameter thereby rendering it position with respect to the
reactor wall substantially tangential. The outlet 8 is-positioged
at the end 10. A well mixed reaction zone 6 is comprised of the
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area substantially between the spargers and a ﬁlug flow reaction
zone 7 is comprised of the area substantiaily between the second
sparger and the outlet. A laminar flow reaction zone can be used in
place of a plug flow reaction zone. '

For a reactor with total volume of 250 to 300 cm3, about 0.59
to 0.68 kg/hr of chlorine are injected into the first reactant
inlets at a pressure of about 1.4 to 4.9 b;r and about 27 °C to
94 °C. It has been found that the distribution of the chlorine
between the first reactant inlets can affect ﬁhe'seleﬁtivity of the
reaction. Where two opposing spargers are uged to introduce
chlorine, the distribution should be at least 50?50 as between the
upstream and downstream sparger. However, improved resﬁlts are
obtained by biasing the introduction of cﬁiorine towards the
upstream sparger. This improvement in selectivity'can_continue
until the distribution of reactant iﬁtroduction is 80:20, upstream
to doﬁnstream sparger. The term “upstream Sparger*'rgfers_to the
sﬁarqer in closest proximity to the second reactant inlet/jet while
"downstream sparger” refers to the sparger oﬁposite to the upstream
sparger and closer to the outlet of the reacéor. .

“As chlorine enters the first reactant'iniet, about 0.91 to
about 2;7 kg per hour of propylene are injected intb the second
reactant inlet (and'out the jets) at about 1 ﬁo about 3.5 bar and
about 149 ° to about 371 °C. ‘The reactants are not premixed.'
Advantageously, reaction temperature in the well mixed reactién_zone
is between about 454 ° and about 482 °C. These temperatﬁres and
pressures are selected to provide the mixture with_the energy needed
to make reactants mix rapidly and to minimize the production of
byproducts (here 1,2-dichloropropane). Injectidn of this tiist
reactant, here chlorine, occurs under conditions necessary to cause
entering reacéant molecules to collide substantially
i;stantaneously.~

Aé noted above, positioning of the va:iouS means fbr
intreducing reactants and the manner in which the reactants are
charged contributes to the selectivity and rapidity of the reaction
taking place in the reactor. ‘Without being bound to théory, if is

N
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believed that these factors create a mixing of reactants at a
preferred energy. seate. This energy is imparted to the system by
virtue of the speed and distribution of the entry of reactants
through the spargers and the angular momentum of the reactant
introduced through the jet. This relationship can be defined by the
ratio of the velocity of reactant leaving the'jet to the ratio of
average velocity of the reacting mixture in the reactor. In more
general terms, this is the ratio of the angular velocity provided by
one of the reactants to the average axial velocity of the reacting
mixture throughout the reactor. This retio is referred to herein as

the swirl number. It has been found that swirl numbers ranging from

'abbut 3 to 83 impart sufficient energy to practice this invention.

Advantageously, the invention is practiced in a range from about 30
to 40. | o

Again, without being bound by theory, by positioning the |
reaction zone introduction means as described herein, most of the
energy needed to drive the reaction is supplied by the reactants

entering through those means. This.can be a function of positioning

- ‘of the spargers, for example, and the velocity of the reactants

introduced through them. Further, the appropriate velocity can be
attained fhrough regulation of the pressure of the entering
reactant. This means that it is not necessary to introduce
reactants through the second reactant inlet 2b with a great deal of
energy when the reactants entering the second reactant inlet do so
with an angular momentum imparted to them so that their contact with
reactants in the reaction zone results in three dimensional mixing.
Thus, the positioning of the reactant introduction means, the
positioning of the jets, and the pressure and temperature of the
reactant cah be used to describe the energy requirements for this
reactor.

) Distances between spargers may be adjusted depending upon the
quant:ty of reactant flowing through the sparger and velocity with
which it is imparted. That is, the distance between spargers is set
at a point in which, given the velocity and volume of the reactant,

ocne can expect a most rapid contact of the reactants entering the
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reaction zone. These distances are set so that the area between the
spargers comprises between ZO%Jand 50% of the volume of the reaction
vessel. _ :
To further facilitate achieving desired energy levels, nozzles
4 are affixed to holes bored along the front surface of the sparging
arm 3b. Advantageously, each sparger has between six and ten

spa;ging arms 3b. The sparging arms radiate outward from eéch

~ reactant inlet 2. This configuration is referred to as a "spider”

configuration of spargipg-arms. Increasihg'the number of nozzles
about the circumference of the reaction zone increases £he
efficiency of the reaction. More advantageously all nozzles have at
least a half of a reactor radius away from the central axis of the
reactor. However, the.nozzles should not be placed so close to the
wall of the reactor that special metallurgy would be required.
Thus, if it is desirable_to have a large nunber of noiiles, the use
of a ring a:xangement as opposed to the Spidet configﬁration shown
in Figs. 2 and 3 is desired. Some embodiments of this invention may
incorporate numz:ous nozzles on each sparging arm. In such a case,
advantageously, the nozzle closest to the central axis of the
reactor is located at least half of a reactor radius away from the
axis. Unless appropriate metallurgy is used (such as nickel
platiné), it is also advantageous that the nozzle ;Iosést to the
reactor wall (inner surface) is located at least one third of a
reactor radius away from the reactor wall. _
In an embodiment of the invention in which allyl chloride is
produced from propylene and chlorine, propylene is ihtroduced into
the reactor through the reactor inlet 2b and is further directed by
jet 5 in a relatively coherent stream to the ptoximity of the
spargers 3. Fo:.a reactor pressure of about 1 to’1.4'bar, propylene
is introduced at temperatures between about 204 °C and about '
3;1 °C. The propulsion of the propylene imparts an angular momentum
to the chlorine stream it contacts and creates a three dimensional
flow in the well mixed reaction zone 6. Advantageously, this flow
is substantially_cyclonic but the angular velocity is ﬁot 8o large

as to cause a significant recirculation bubble around the central
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axis of the reactor. By substantially cyclonic it is meant that the
predominant flbw of the reactants inside the well mixed reaction
zone in which mixing occurs radially and axially. Such mixing
patterns can be semispheriéal, spherical, heliculoid, or a
combination thereof. However, it will be.nnderstood that not all
reactants will exhibit such behavior. A small amount of noncyclonic
flby may occur at the central axis and at the fringes of the well
mixed reaction zone, for example.

Figs. 4 and 5 illustrate an embodiment of this invention having
two jets. Fig. 4 shows two jets 5 and their positioning relative to
.the central axis of the reactor. The jets are placed behind one of
the spérgers. They are directed so that the flow of reactants is
toward the well mixed reactibn zone and so that the streams of
reactant cross paths. That i;, if one were to draw a line starting
at each jét &nd terminéting at the vessel wall, the two lines would
be complementary about_ﬁhe céntral axis of the reactor. These jets
can be'oriented so that eaéh forms an angle from greater than 0 to
less than 90° relative to a longitudinal plane running through the
reactor. Advantageously, the jets are positioned so that the flow
of reactants iéhtéﬂéenﬁial to the central axis of the well mixed
reaction zone.

Fig. 5 illustrates the embodiment of Fig. 4 with further
illustration of the relationship of the jets. This figure shows
that the jets are positioned so thét the reactants leaving one jet
do not collide, mix, or interfere with the reactants of the other.
This is accomplished by placing the jets in different transverse
planes. Thus, when two jets are employed they are positioned as
described above and.are placed along any different transverse plane
which will not result in interference among the reactants. If
necessary, more than one second reactant inlet 2b can be used. This
miy be necessary to add a gieater volume of reactant or to provide
greater angular momentum to the well mixed reaction zone 6.

The three dimensional cyclonic character that is induceq in the
well mixed reactioh zone is'predominantly a macromixing phenomena.

Qhe aspect of the induced three dimensional cyclonic character is to
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ensure that a homogeéneous mixture is rapidly qchieved through
reactant flow, recycling, and recirculation of reéct;nt current.
This also facilitates micrdmixing. This'combination of improved
micromixing and macromixing avoids anomaloué hot_spots and anomalous
reaction rates within different parts of the keaction zones. The
reduction in hot spots and the combination 6f improﬁed micromixing
and macromixing in general further reduces coke formation'and thus
impéoves product yield while reducing reactor maintenance
requirements.

Mixing of the reactants is rapid, direct, and occurs throughout
the area shared by propylene and chlorihe. it i;:this area which
comprises the well mixed reaction zone. Mbiecular collisions occur
in three dimensions in this well mixed-reactién zone. In reactions
where high temperatures are favorable to drive a pézticular reaction
mechanism, this well mixed'reactién zone has a homogeneous high
temperature profile. Multiple injections of.réﬁctahts enhance this
homogeneous profile through the character of mixing that is
attained. _

The well mixed reaction zone 6 is of such a dimension that the
cyclonic mixing occurs substantially instantaneously therein. In
the reaction of propylene and chlorine tc produce allyl chloride,
this reaction time is between about 500 and 800 milliseconds. This
does not necessarily mean; however, that the teac:ion will come to

completion in that zone. In most exothermic reactions, a hot spot

. will be formed somewhere in the well mixed reéction zoné 6. If the

hot spot is too hot, coke formation and isomeri:ation can become
problematic depending upbn the kinetics of the reaction. Of course,
the well mixed reaction zone of the instant invention has a
relatively homogenous high temperature profile. Nevertheless, there
will be one or more spots that are hotter than the rest of the
reaction zone. Allowing'the:reactants to make rapid conﬁact while
avoiding the potential detrimental effects of'lengthy_exposure to a
hot spot can be facilitated by moving the contacted reactants to

another reaction zone within the reactor.
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In a more adygntageous embodiment of the invention, the reactor
comprises a piug fibw reaction zone 7 in addition to the well mixed
reaction zone 6. Thus, the flow of contacted reactants moves this
mixture of products and unreacted reactants to the plug flow
reaction zone 7 where this mixture is given additional residence
time to complete the reaction. Since this mixture of products and
unreacted reactants is out of the proximity of the well mixed
reéétion zone, it is no longér exposed to the hot spot and possible
back mixing therein. It will be understood that the reaction is
substantially completed within the well mixed reaction zone 6 and
that the mixture flowing into the plug flow reaction‘zoné'? is
comprised mostly of products. Thus, residence time finishes a small
portion of the reaction. The combination of the near completion of
reaction together with finishing the reaction in the absence of a
hot spot ensures that isomerization is minimized, selectivity is
high, and yield is highr The flow from the well mixed reaction zone
to the plug flow reaction zone allows product to be easily withdrawn
through the product outlet 8 where it can be captured or sent to
other processes.

When propylene is reacted with chlorine to produce allyl

chloride according to this invention, an exit temperature of about

' 487-499 °C is attained at the product outlet. This is lower than

the exit temperatures in prior art reactors. The reaction is

~substantially complete in between about 500 and 700 msec as compared

to about 800 to 1000 msec using prior art methods. Yields in excess
of 85M% (on the basis of propylene) have been attained using the
reactor of the invention at a propylene to chlorine molar ratio of

2.9. Yields in excess of 88%M (on the basis of propylene) have been

attained using the reactor of the invention at a propylene to

chlorine molar ratio of 5.8. Yields in excess of 90%M (on the basis
of propylene) can be achieved by incorporating more than one reactor
and staging chlorine addition. Prior art reactors typically attain
molai yields of about 81 to about 82%M (on the basis of propylene).
Undesiiable byproducts such as 1,2 dichloropropane (DCPo) are
greatly reduced. 1In this configuration of the invention, DCPo yield
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is reduced from the prior art level of 4-5M% (based“ubon molar
amounts of propylene present) to .5-2M% (based upon molar amounts of
propylene present). There is no need to specially prepare the
surface of the reactors as with nickel plating or the like.

The reactor described above can also be used for a great numbef
of oﬁher reactions in which rapid collisions can be.faéilitated by
the combination of enhanced micromixing and macfomixihg character.
This is esﬁecially true where the reactants have a propensity for
forming isomeric byproducts. '

The following examples are provided to mbre'fully'illustrate
the invention. Such examples are not to be construed, however, as
limiting the scope of the invention. ' |
EXAMPLES

Ié the following examples, a cylindrical reactor ‘15.24 cm in
length and 5.08 cm in diameter was used. Chlorine was introduced
through two spargers placed 6.35 cm apart. This.resulted in a well
mixed reaction zone (region) comprising about 40 to 50% of the
reactor volume. The spargers had eight arms per sparger with each
arm having one nozzle with an inner diameter of 0.015 cm. Nozzles
and sparger arms were positioned so that the ndzzles were mid-waf
between the central axis of the reactor and the wall of the reaction
vessel. Reactor configuratioh was as shown in Fig. 4 except that a
pair of tangential jets was used to introduce propylene into the
reactor. The reactor was operated at 1.05 bar. '

In each example, the reaction to produce allyl chloride was
complete in from 500 to 700 msec. The gaseous effluent was Analyzed
via gas chkomatography with flame ionization detector.

Example 1 '

About 0.6 kg per hour of chlorine were injected into the
reactor through the pair of spargers. The chlorine was introduced
at.a'temperature of about 48 °C and a pressure of about 2.5 bar.

The chlorine injection was split about equally betﬁeen the two
spargers. That is, about 50% of the total volume of chlorine was

introduced through each sparger.



10

15

20

25

30

35

WO 96/00126

PCT/EP95/02400

-19.—

About 1.1 kg/hour of propylene were injected at a temperatute-
of about 254 °C, and a pressure of about 1.25 bar. '

The tempe:&ture_in.the well mixed reaction zone was between
454 °C and 482 °C, and the temperature at the reactor exit was about
487 °C. The wéll temperature was between 454 °C and 472 °C.

The reaction resulted in pioduct having selectivity on a
propylene molar basis of 85.6% allyl chloride, 0.5%
1,2-dichloropropane, 7.4% 1,3-dichloropropene, and 2.7%
2-chloropropene. _

This example illustratés_the high selectivity and yield
achieved through the use of a reactor according to the invention.
Exaggie 2

About 0.6 kg per hour of chlorine were injected into the
reactor at a temperature of about 48 °C and a pressuré of about
2.8 bar in the upstream sparger and 2.3 bar in the downstream
sparger. About 65% of the total volume of chlorine was injected
through the upstream sparger with the balance injected through the
downstream sparger. '

About 1.1 kg/hour of propylene were injected through the pair
of tangential jets at a temperature of about 254 °C and a pressure
of abbut 1.26 bar.

The temperature in the well mixed reaction zone was between
454 °C and 482 °C and the temperature at'the reactor exit was about
485 °C. The wall temperature was between 454 °C and 473 °C.

The selectivity on a propylene molar basis wa§ 85.5% allyl
chloride, 0.5% 1,2-dichloropropane, 7.3% 1,3-dichloropropene, and
2.8% 2-chloropropene. )

Example 3 _.

Aboﬁt 0.6 kg per_hqur of chlorine were injected into the
reactor at.a temperature of about 48 °C and a pressure of about
3.3 bar in the upstream sparger and 1.3 bar in the downstream
sparger. About 80% of the total volume of chlorine was injected
through the upstream sparger with the baiance injected through the

downstream sparger. About 1.1 kg/hour of propylene were injected

.through thé pair of tangential jets at a temperature of about
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254 °C and a pressure of about 1.286 bar.

The temperature in the well mixed reaction zone was between
454 °C and 476 °C and the temperature at the reactor ekit was about
485 °C. The wall temperature was between 454 °C and 471 °C.

The selectivity on a propylene molar basis was 84.9% allyl
chloride, 0.8% 1,2-dichloropropane, 8.0 % 1,3-dichloropropene, and
2.7% 2-chloropropene. ' ' '

Example 4

About 0.6 kg per hour of chlorine were injected into tﬁe
reactor through the pair of 8 armed spargers at a temperature of
about 48 °C and a pressure of about 2.3 bar. Chlorine introduction
was split about equally between the two spargers. About 2.2.kg/hour
of propylene was injected through.a pair of tangential jets, at a
temperature of about 360 °C, and a pressure of about 2.1 bar.

The temperature in the well mixed reaction zone wés between
454 °C and 482 °C. The témperature just downstréam of the downstream
nozzle was about 498 °C and the temperature at the reactor exit wﬁs
about 480 °C. The wall temperature was between 454 °C and .

472 °c. -

The selectivity on a propylene molar basis was 87.7% allyl
chloride, 0.9% 1,2-dichloropropane, 2.4% 1,3-dichloropropene, and
3.6% 2-chloropropene. ' '

Example 5

About 0.6 kg per hour of chlorine were injected into the
reactor described in Example 1 at a temperature of about 49 °c; and
a pressure of about 2.8 bar in the upstream'Spafger and:2.3 bar in
the downstream sparger. About 65% of the total volume of chlorine
was injected through the upstream sparger with the balance injected
through the downstream sparger. About 2.2 kg/hour of propylene were
injected through the pair of tangential jets at a temperature'of.
about 371 °C and a pressure of about 2.2 bar. '

The temperature in the well mixed reaction zone was between
448 °C and 482 °C and the temperature at the reactor exit was about
483 °C. The wall temperature was between 454 °C and 473 °C.
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The selectivity on a propylene molar basis was 88.3% allyl
chloride, about 0.5% 1,2-dichloropropane, 4.1% 1,3-dichloropropene,
and 3.7% 2-chloropropene.

This example illustrates that biasing chlorine introduction
through an upstream reaction zone introduction means can result in
an improvement in producﬁ'selegtivity and a decrease in the
production of byproducts which are difficult to separate (most
notably 1,2-dichloroprdpane{. |
Example 6 .

About 0.6 kg per hour of chlorine were injected into the
reactor at a temperature of about 49 °C and a pressure of ébout
3.5 bar in the upstream sparger and 1.3 bar in the downstream
sparger. About 80% of the total volume of chlorine was injected
through'the'upstréam sparger with the balance injected through the
downstream sparger. About 1.1 kg/hour of propylene were injected
through a pair of tangential jets, at a temperature of about
360 °C, and a pressure of about 1.3 bar.

The temperature in the well mixed reaction zone was between
448 °C and 471 °C, and the temperature at the reactor exit was about
478 °C. The wall temperature was between 454 °C and 478 °C.

The selectivity on a propylene molar bﬁsis was 88.4% allyl
chloride, 1.2% 1,2-dichloropropane, 3.7% 1,3-dichloropropene, and
3.7% 2-chloropropene.

This examplé illustrates the improved yvield of product attained
by biasing the introduction of reactant through the:upstream
reaction zone introduction means.

Various modifications of the present invention will become
apparent to those skilled in the art from the foregoing
description. Such modifications are intended to fall within the

scope of the aﬁﬁended claims,

-
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at least a reaction zone introduction neana (2,3) having at

1. A chemical reactor comprising:

a reaction vessel(9);

least two ends, said introduction means being in communication with
a source of reactant at one of said ends and the interior of said
reaction vessel at said other end; .

at least one injection jet (5) in communication with a source
of reactant, said injection jet (S5) housed within said reaction
vessel; at least one reactant of a chemical reaction being
introduced into said reactor through said reaction zone introduction
means (2,3), at least one reactant being introduced into said
reactor through said injection jet (5), said injection_)et (5)
positioned so that introduction of said reactants'imparts a
substantially three dimensional flow of said reactants;

a well mixed reaction zone (6) within said reaction vessel (9)
wherein said reactants are mixed; _

and an outlet (8) having two ends, one end being in
communication with the interior of the reaction tesael (S) and one
end being in communication with the'exterior of the reaction vessel
(9. ' _
2. The reactor as claimed in claim 1, further comprising a flow
region substantially adjacent to said ﬁellnmixed reaction zone (6).
3. The reactor as claimed in claim 1 or 2;:wherein said reaction
zone introduction means (2,3) is comprised:of a reactor inlet (2)

and a sparger (3), said sparger (3) being affixed to said reactor

inlet (2) so that said sparger (3) comprises the end of said

introduction means in communication with the interior of said
reaction vessel (9).

4. The reactor as claimed in claim 3, wherein said sparger (3)
further comprises a nozzle (4) through which reactant is injected

into said reactor.

* € L M-S %
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5. The reactor as claimed in claim 3 or 4,_wherein-said'spa£ger
(3) fﬁxthgr comprises sparger -arms (3b), said sparger arms radiating
outward from the central axis of said reactor inlet (2), said
nozzles (4) beigg disposed on said sparger arms (3b).
6. The reactor as claimed in any one of claims 3-5, conbiising at
least two reactor inlets (2), wherein at ieast two spargers (3) are
in substantial opposition to each other and said well mixed reaction
zoné (6) comprises the area substantially between said spargers.

7. The reactor as claimed in any one of claims 1-6, wherein the

 introduction of said reactant through said injection jet (5) imparts

a three dimensional cyclenic character to said reactants in said
well mixed reaction zone (6).

8. The reactor as claimed in any one of claims 1-7, wherein said
injection jet (5) is positioned so that introduction of said
reactant into said reactor occurs substantially tangential to the
central axis of said reactor.

9. The reactor as claimed in any one of claims 1-8 having a
plurality of injection jets (5), each of said injection jets
positioned at an angle greater than 0° and less than 90° with respect
to a longitudinal plane of said reactor provzded that said jets lie
in different transverse planes.

10. The reactor as claimed iﬁ claim 9, wherein said injection jets
(5) are positioned so that said reactant introduced through one of
said jets (5) occurs at an angle supplementary to the introduction
of said reactant by the other jet.

11. The reactor as claimed in claim 9 or 10, wherein the angle of
each of said jets with respect to the central axis of said reactor
is equal.

12. The reactor as claimed in any one of claims 3-11, wherein said
sparger (3) comprises a ring about the central axis of said reactor.
131 The reactor as claimed in any one of claims 2-12, wherein said
flow region is a plug flow region (7). '

14. The reactor as claimed in any one of claims 2-12, wherein said

e
eet Has Been Replaced

"

flow region is a laminar flow region.
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I5s Fedctor as claimed in any one of claims 1-14 having a swirl

™

number between about 3 and 83, and in particular between about 30
and 40.° | I
16. A method of producing allyl chloride apf:lying the reactor as

5 claimed in any one of claims 1-15, comprising the steps of: |

sparging chlorine into the reactor, B
_ injectihg propylene into said sparged chlorine #o 'aé to induce

cYélonic chéracter to the mixture of propylene and chlorine
resulting therefrom, '

10 reacting said mixture of propylene and chlorine to produce
allyl chloride, and

recovering allyl chloride.
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