
WO 2004/074222 PCT/GB2004/000488  AUTO THERMAL
CRACKING REACTOR The present invention relates to a
reactor suitable for the production of olefins by
auto-thermal cracking. Auto-thermal cracking is a
known process for the production of olefins. An
example of such a process is described in EP-A- 0 332
289. In this process, a 5 hydrocarbon and an
oxygen-containing gas are contacted with a catalyst,
which is  capable of supporting combustion beyond the
fuel rich limit of flammability. The  hydrocarbon is
partially combusted, and the heat produced is used to
drive the  dehydrogenation of the hydrocarbon feed
into olefins. In the auto-thermal cracking process the
hydrocarbon and the oxygen-containing  10 gas may be
uniformly mixed and preheated prior to contacting the
catalyst. However  mixing and preheating the
hydrocarbon and oxygen-containing gas becomes
problematic if it is desired to carry out the process
at elevated pressure due to  flammability constraints.
Thus, it becomes desirable to reduce the time between
forming  the mixture of hot gaseous reactants and
contacting the mixture with the catalyst. 15 The
present invention provides a reactor design that
enables an auto-thermal  cracking process to be
conducted at any suitable pressure wherein the gaseous
reactants  are preheated separately before mixing and
then presented to the reaction zone in a  uniformly
distributed manner. Accordingly the present invention
provides apparatus for reacting a first gaseous  20
reactant with a second gaseous reactant to form a
gaseous product, wherein the apparatus comprises at
least one first supply means for the first  gaseous
reactant, at least one second supply means for the
second gaseous reactant, a  resistance zone and a
reaction zone, preferably comprising a catalyst, and
WO 2004/074222 PCT/GB2004/000488  wherein the first
supply means comprises a plurality of first outlets
for delivery of the first gaseous reactant, and the
second supply means comprises a plurality of second
outlets for delivery of the second gaseous reactant,
the resistance zone is porous, is positioned
downstream of the first and second 5 supply means with
respect to the flow of the first and second gaseous
reactants and is in  fluid communication with the
first and second supply means, . the reaction zone is
positioned downstream of the resistance zone with
respect to  



the flow of the first and second gaseous reactants and
is in fluid communication with the  resistance zone,
and 10 wherein the first supply means and the second
supply means are arranged such  that the first gas and
the second gas are contacted in an essentially
parallel manner and  mixed prior to contacting the
resistance zone. Preferably, the first supply means
comprises at least one first inlet for supplying a
first gaseous reactant to at least one first manifold
and a plurality of first outlets exiting  15 the first
manifold for delivery of the first gaseous reactant,
and the second supply means comprises at least one
second inlet for supplying a second gaseous reactant
to at least  one second manifold and a plurality of
second outlets exiting the second manifold for
delivery of the second gaseous reactant. The apparatus
suitably comprises at least 100, preferably at least
500, most  20 preferably at least 1000, first and
second outlets per metre squared of the transverse
cross section of the reaction zone. The first and
second supply means are arranged such that the first
and second gas  are contacted in an essentially
parallel manner. By "essentially parallel manner" is
meant that the first and second gas, when they are
brought into contact, are both flowing 25 in
essentially the same direction, such as axially,
rather than flowing in opposite or  tangential
relative directions. Contacting the gases in an
essentially parallel manner,  rather than, for
example, in a tangential manner, provides reduced
turbulence in the  region where the gases first
contact (where mixing is not yet complete, and the
compositions of gases present can vary significantly).
30 Turbulence can increase the residence time of mixed
gas in the reactor, which  increases the risk of
flammability problems arising. In some cases,
contacting the gases  in a perpendicular manner can
lead to regions of low flow, or even stagnant regions,
containing flammable gas mixtures close to the
contacting region. Contacting the gases 2 WO
2004/074222 PCT/GB2004/000488  in an essentially
parallel manner according to the present invention
reduces the potential  for regions of low flow mixed
gas, reducing the potential for flammability problems.
In a first embodiment of the invention the
contacting/mixing arrangement is  provided by
positioning one supply means within the other and
providing at least a 5 portion of the supply means
located within the other with suitable openings such
that  



one gaseous reactant can pass through the openings and
contact the other gaseous  reactant. Preferably, the
first embodiment of the invention provides apparatus
wherein  the first supply means comprises at least one
first inlet for supplying a first 10 gaseous reactant
to at least one first manifold and a plurality of
injection tubes exiting  said first manifold for
delivery of the first gaseous reactant, and the second
supply  means comprises at least one second inlet for
supplying a second gaseous reactant to at  least one
second manifold and a plurality of conduits exiting
said second manifold for  delivery of the second
gaseous reactant, 15 wherein the second manifold is
positioned downstream of the first manifold with
respect to the flow of the first gaseous reactant, the
resistance zone is porous, is positioned downstream of
the second manifold  with respect to the flow of the
first and second gaseous reactants and is in fluid
communication with the conduits exiting the second
manifold, 20 the reaction zone is positioned
downstream of the resistance zone with respect to  the
flow of the first and second gaseous reactants and is
in fluid communication with the  resistance zone, and
wherein each conduit comprises an upstream end exiting
the second manifold and  a downstream end in fluid
communication with the resistance zone and wherein the
25 injection tubes exiting the first manifold are
arranged such that they extend through the  second
manifold and project axially into the upstream end of
the conduits.  Advantageously the apparatus of the
first embodiment usually comprises a first cooling
zone contacting the downstream end of the plurality of
conduits exiting the  second manifold arranged such
that the downstream end of the plurality of conduits
are  30 cooled. This ensures that the gaseous
reactants are prevented from reacting until they
enter the reaction zone. Furthermore the apparatus of
the first embodiment usually comprises a product
cooling zone downstream of the reaction zone such that
the gaseous products can be  3 WO 2004/074222
PCT/GB2004/000488  cooled upon exiting the reaction
zone. In the first embodiment of the invention,
preferably, the first manifold is a first  chamber and
the second manifold is a second chamber and the
injection tubes exiting  



the first chamber form a plurality of elongated
passageways extending through the 5 second chamber
into the upstream end of the plurality of conduits
exiting the second  manifold. The volumes of the first
and second chambers are not especially critical.
However, in a preferred embodiment, the volumes of the
first and second chambers are  adapted to be
relatively small for safety reasons. Typically when
the reactor diameter is 10 600 mm the volume of the
first chamber is usually between 5-100 litres,
preferably,  between 10-40 litres and more preferably
between 15-25 litres e.g. 22 litres. The  volume of
these chambers will be proportional to the
cross-sectional area of the reactor  (i.e. diameter
squared) Typically when the reactor diameter is 600 mm
the volume of the second chamber  15 is usually
between 20-200 litres, preferably between 30-100
litres and more preferably  between 40-80 litres e. g.
50 litres. The apparatus of the first embodiment
usually comprises an equal number of  injection tubes
and conduits, each injection tube projecting into a
corresponding  conduit. Preferably the apparatus
comprises at least 100, preferably at least 500, most
20 preferably at least 1000 injection tubes per metre
squared of the transverse cross section  of the
reaction zone. So as to allow the injection tubes to
project into the conduits the external diameter  of
the injection tubes where they project into the
conduits is less than the internal  diameter of the
conduits. The exact external diameter is not critical
to the invention, but 25 usually the injection tubes
have an external diameter of between 2.0 to 5.0mm,
e.g. 4.0mm. The injection tubes have a length
sufficient to extend through the second  chamber (i.e.
typically greater than 170 mm). At the end of each of
the plurality of injection tubes remote from the
manifold, the  first gaseous reactant can exit the
tubes through a suitable opening, preferably a nozzle,
30 and which has a diameter less than the external
diameter of the injection tube, preferably between 0.5
to 3.0mm, such as between 1.0 to 2.0mm. The nozzle,
when  present, preferably has a diameter less than the
internal diameter of the injection tube  other than at
the nozzle, hence providing a restriction that assists
in obtaining even flow  4 WO 2004/074222
PCT/GB2004/000488  rates from all injection tubes,
without providing the pressure drop characteristics
that  



would be obtained if the internal diameter of the
injection tube was this size for a  significant length
of the injection tube. Usually the conduits have an
internal diameter of between 1 to 10mm, preferably  5
between 2 to 8mm e.g. 7mm and a length of between 50
to 500mm, preferably between  100 to 300mm e.g. 210mm.
The conduits maybe arranged in a symmetrical
configuration such as in a triangular or square
configuration. The ratio of the inner diameter of the
conduits to the diameter of the opening, e.g.  nozzle,
of the injection tubes is suitably in the range 2:1 to
10:1, for example, in the 10 range 3:1 to 5:1. Where
the injection tubes of the first supply means extend
through the manifold of  the second supply means, each
injection tube maybe provided with an outer tube,
around the injection tube (which forms an inner tube
within said outer tube). The outer  tube provides
thermal insulation from the second gaseous reactant
when this is at a 15 different temperature than the
first gaseous reactant (which passes along the inside
of  the inner tube). In a further preferred
embodiment, suitable flow restrictors are also
provided  between the outer surface of the injection
tubes and the inner surface of the conduits, at  a
location at or close to where the injection tubes
enter the conduits at the upstream end 20 of the
conduits (i.e. close to the second manifold). These
flow restrictors may be located  on the injection
tubes and/or on the conduits, and, by providing
resistance, they assist in  obtaining even flow rates
of the second gaseous reactant into each conduit.
These flow  restrictors should be located remote from
the exits of the first injection tubes such that  the
velocity of the second gaseous reactant, which has a
maximum velocity in the 25 conduit when passing
through or past the flow restrictors, has reduced
(from that  maximum) when mixed with the first gaseous
reactant. Preferably the pressure drop of  the flow
passing these restrictions is of similar order as the
pressure drop of the first  gaseous reactant through
the nozzles or other restrictions at the end of the
injection  tubes (such as 1 bar and 0.5 bar
respectively). This ensures that the proportions of
the 30 reactants entering the reaction zone remain
similar when there are small fluctuations in
pressures in the reaction zone or in the feeds. For
optimum yields, the tolerance on the  nozzle diameters
and the flow restrictors for the second gaseous
reactant should be such  that the concentration of the
gaseous mixture varies by no more than 5%. 5 



WO 2004/074222 PCT/GB2004/000488  Typically, between
5-40mm, preferably between 10-30mm, and most
preferably between 15-25mm e.g. 20mm of the length of
the injection tube projects axially into the  conduit.
Wherein the apparatus of the first embodiment
comprises a first cooling zone the  5 first cooling
zone is preferably provided by contacting a cooling
fluid with the external  surface area of the
downstream end of the conduits. Typically, 10-20% of
the external  surface area of the conduit may be
contacted with the cooling fluid. In a second
embodiment of the present invention, the
contacting/mixing  arrangement is provided by a first
supply means comprising at least one first inlet for
10 supplying a first gaseous reactant to at least one
first manifold and a plurality of first injection
tubes exiting said first manifold for delivery of the
first gaseous reactant, and a  second supply means
comprising at least one second inlet for supplying a
second  gaseous reactant to at least one second
manifold and a plurality of second injection  tubes
exiting said second manifold for delivery of the
second gaseous reactant, wherein 15 each injection
tube has an exit at the end remote from the manifold
and which has a  cross-sectional opening of 1mm2 or
less, and wherein the exits from the first and second
injection tubes are in an intermixed configuration. By
intermixed, as used herein, is meant that the exits of
the plurality of first  injection tubes are dispersed
amongst the exits of the plurality of second injection
tubes  20 and/or vice versa. Thus, for example, where
there are more first injection tubes than second
injection tubes, the exits of the second injection
tubes will be dispersed amongst  the exits of the
first injection tubes and the optimal configuration
for the exits for the  second injection tubes will be
such that each second injection tube will have the
exit of  at least one first injection tube as its
nearest neighbour. 25 Suitably, there are at least
10000 first and second injection tubes in total per
square metre. The use of said number of intermixed
tubes provides rapid mixing at the  outlets of said
tubes. For optimal delivery of the first and second
gaseous reactants to the resistance  zone, the exits
from the injection tubes of the second embodiment
should all be located  30 in an essentially planar
configuration. The exits of the first injection tubes
may be arranged in a symmetrical  configuration, such
as in a triangular, square, rectangular or hexagonal
configuration  



and/or the exits of the second injection tubes may be
arranged in a symmetrical 6 WO 2004/074222
PCT/GB2004/000488  configuration, such as in a
triangular, square, rectangular or hexagonal
configuration. In this second embodiment, the exits
may be any suitable shape in cross-section,  such as
triangular, rectangular, square, hexagonal, D-shaped,
oval or circular. Mixing of the gases becomes more
rapid as the number of tubes is increased and  5 the
cross-sectional opening of the exits of the tubes is
decreased. Thus in 'a preferred aspect of the second
embodiment of the present invention,  each injection
tube has an exit at the end remote from the manifold
which has a cross- sectional opening of 0.5mm2 or
less. More preferably the exits have a cross-sectional
opening of 0.2 mm2 or less, such as 0.1mm2 or less.
Suitably, the exits have a cross- 10 sectional opening
of 0.004mm2 or more. The exits for the injection tubes
for one reactant may vary in size and shape but  are
preferably the same. Similarly, the exits for the
second gaseous reactant may be  different to, or may
be the same size and shape as the exits for the first
gaseous reactant. Most preferably, the exits are
D-shaped, such as semi-circular, with a cross- .  15
sectional opening of between 0.01mm2 and 0.05mm2 The
apparatus of this second embodiment may comprise an
equal number of first  and second injection tubes for
delivery of said first and second gaseous reactants
respectively. Alternatively, the relative number of
injection tubes for delivery of each  gaseous reactant
may be different, for example, the relative number of
injection tubes 20 for delivery of each gaseous
reactant may be in proportion to the relative amount
of  each gaseous reactant to be delivered. However,
the relationship between the numbers  of tubes is not
critical to the invention, and, for example, the
velocities of the first and  second gaseous reactants
exiting the respective injection tubes may be, and
preferably  are, different. In particular, the use of
differing flow rates for each of the first and 25
second gaseous reactants allows different ratios of
said first and second gaseous  reactants to be
achieved utilizing a fixed number of injection tubes
for each reactant.  Preferably, one of the reactants,
more preferably the reactant with lowest molecular
mass, exits one set of the injection tubes with a
higher velocity than the other  reactant exits the
other injection tubes. For example, the size and
number of the 



30 injection tubes for one reactant may be such that
the ratio of the exit velocities is at least  10:1 for
example the exit velocity of one reactant is at least
100 m/s while the number  and size of the injection
tubes for the other reactant may be such that the exit
velocity is  less than 10 m/s. The mean velocity of
the combined flows having exited the injection 7 WO
2004/074222 PCT/GB2004/000488  tubes may be of the
order of 3 m/s. As the cross-sectional opening of the
exit tubes decreases, so the number of first  and
second injection tubes per unit area of the transverse
cross-section of the reaction  zone can increase.
Thus, the apparatus of the second embodiment may
comprise at least 5 100000; for example at least
1000000, such as 4000000 injection tubes (total of
first and  second injection tubes) per square metre of
the transverse cross section of the reaction  zone.
Similarly, the distance between one exit and its
nearest neighbour will also  decrease as the
cross-sectional opening of the exit tubes decreases
and the number of  10 first and second injection tubes
increases. Thus, the distance between one exit and its
nearest neighbour in this second embodiment may be
less than 2000 microns, such as  less than 1000
microns and preferably in the range 100 to 500
microns. The distance  between neighbouring tubes is
preferably of similar dimension to the exits
themselves,  such as in the range from one half to
twice the maximum dimension across the opening  15 of
the exit. _ By using the intermixed arrangement of the
first and second injection tubes with  relatively
small exit holes according to the second embodiment of
the present invention,  for delivery of the first and
second gaseous reactants respectively, rapid mixing of
the  first and second gaseous reactants is achieved.
Typically, by using an intermixed 20 arrangement of
the first and second injection tubes with exits with a
cross-sectional  opening of 0.5mm2 or less, adequate
mixing may be achieved in a distance of less than  5mm
from the exits of the injection tubes, allowing the
gases to be mixed and contacted  with the resistance
zone in a short space, and, hence, within a short
period of time. The apparatus of the second embodiment
usually comprises a product cooling  25 zone
downstream of the reaction zone, such that the gaseous
products can be cooled  upon exiting the reaction
zone. Preferably, in the second embodiment of the
invention, the first manifold  



comprises a first chamber and the second manifold
comprises a second chamber, with  the respective first
and second gaseous components exiting therefrom and
into a 30 plurality of first and second injection
tubes. The injection tubes with exits with a cross-
sectional opening of 1 mm2 or less are preferably
formed as passageways in a diffusion  bonded block.
Diffusion bonded blocks formed by diffusion bonding of
layers of etched  metal structures are known for heat
exchange uses, and are described generally, for 8 WO
2004/074222 PCT/GB2004/000488  example, in "Industrial
Microchannel Devices - Where are we Today ?"; Pua,
L.M. and  Rumbold, S.O.; First International
Conferences on Microchannels and Minichannels,
Rochester, NY, April 2003. The use of diffusion
bonding techniques in the present invention allows a
plurality  5 of passageways to be formed connecting
the first and second chambers respectively to a
plurality of first and second exits, the exits being
in an intermixed configuration, as required for
forming the injection tubes of the second embodiment
of the present  invention. As with the first
embodiment, the volume of the first and second
chambers are not  10 especially critical, but,
preferably, the volume of the first and second
chambers in the  second embodiment are adapted to be
relatively small for safety reasons. After mixing
according to the process of the present invention,
either by the  apparatus of the first or second
embodiment, or otherwise, the mixed first and second
gaseous reactants are contacted with a resistance zone
positioned downstream of first  15 and second supply
means. The resistance zone is porous. The permeability
of the porous resistance zone  ensures dispersion of
the fluid reactants as they pass through the zone. The
fluids move  through a network of channels laterally
as well as axially (axially being the general
direction of flow of the reactants through the
resistance zone), and leave the resistance 20 zone
substantially uniformly distributed over the
cross-sectional area of the resistance  zone.
Preferably, the resistance zone is as permeable
laterally as it is axially. More  preferably the
resistance zone has a permeability which is
substantially the same in any  direction, such as
having a permeability in any direction which is from
0.2 to 5 times the  25 permeability in any other
direction. 



Methods are known for determining the permeability of
porous media. The  pressure gradient or pressure drop
per unit length through the resistance zone may be
defined using the inertial resistance coefficient
where the pressure gradient equals the  product of the
inertial resistance coefficient and the dynamic
pressure. The dynamic 30 pressure is half the product
of the fluid density and the square of the superficial
velocity  and has units of pressure. The inertial
resistance coefficient has units of reciprocal
length. The resistance zone usually has an average
inertial resistance coefficient (i.e.  averaged over
all directions) of between 500-10000 /metre (/m),
preferably between 9 WO 2004/074222 PCT/GB2004/000488
2000-4000 /m and advantageously between 2500-3500 /m
e.g. 3250 /m. The resistance zone may be formed of a
porous metal structure, but preferably the  porous
material is a non metal e.g. a ceramic material.
Suitable ceramic materials  include lithium aluminium
silicate (LAS), alumina (a-Al203), yttria stabilised
zirconia, 5 alumina titanate, niascon, and calcium
zirconyl phosphate. A preferred porous material  is
gamma alumina. The distance of the resistance zone
from the ends of the conduits in the first  embodiment
and the exit of the tubes in the second embodiment is
preferably less than  20 mm, more preferably between 1
and 10 mm, more preferably between 1.5 and 5 mm,  10
such as 2 mm. Wherein the reaction zone comprises a
supported catalyst preferably the porous  material in
the resistance zone may be the same as the porous
material used as the  catalyst support. The porous
material may be in the form of spheres, other granular
shapes or ceramic foams. The reaction zone may
comprise a supported catalyst in the 15 form of a
monolith providing a continuous multichannel
structure. For the porous material in the resistance
zone, advantageously at least 70%,  preferably at
least 80% and advantageously at least 90% of the pores
have a pore width  of less than 5.0mm e.g. usually
between 0:1-3.0mm, preferably between 0.2-2.0mm and
most preferably between 0.5-1.5mm. 20 Typically the
resistance zone has between 10-60 pores per square
inch, preferably  between 20-50 pores per square inch
and most preferably between 30-45 pores per  square
inch. Usually the depth of the resistance zone is
between 5-100mm but is preferably 10- 



50mm. 25 Usually the reaction zone has a depth of
between 10-200mm but is preferably 20- 100mm e.g.
60mm. Preferably the reaction zone comprises a
catalyst. (The depth of the resistance zone and the
reaction zone are measured in the  direction of flow
of the reactant gases. In general, the preferred
depths are defined by  the flow rate of the reactant
gases, since this determines the contact time, and, as
with 30 other dimensions measured in the direction of
gas flow, are, for most practical purposes,
independent of reactor cross-section.) When a catalyst
is employed suitably the catalyst is a supported
platinum group  metal. Preferably, the metal is either
platinum or palladium, or a mixture thereof. 10 WO
2004/074222 PCT/GB2004/000488  Although a wide range
of support materials are available, it is preferred to
use alumina as the support. The support material may
be in the form of spheres, other granular  shapes or
ceramic foams. Preferably, the support is a monolith
which is a continuous  multichannel ceramic structure,
frequently of a honeycomb appearance. A preferred 5
support for the catalytically active metals is a gamma
alumina. The support is loaded  with a mixture of
platinum and palladium by conventional methods well
known to those  skilled in the art. The resulting
compound is then heat treated to 1200C before use.
catalyst promoters may also be loaded onto the
support. Suitable promoters include  copper and tin.
10 The catalyst is usually held in place in the
reactor in a suitable holder, such as a  catalyst
basket. Preferably, to prevent gas by-passing the
catalyst between the catalyst  and the holder, any
space between the catalyst and the holder is filled
with a suitable  sealing material. Suitable sealing
materials include man made mineral-wools e.g.  ceramic
wool, which can be wrapped around the edges of the
catalyst in the holder. In 15 addition the catalyst
maybe coated around the edge with a material similar
to the main  catalyst support material, such as
alumina, to aid this sealing. The apparatus may
comprise a product cooling zone downstream of the
reaction  zone, such that the gaseous products can be
cooled upon exiting the reaction zone. The  product
cooling zone maybe provided by one or more injection
nozzles that are capable  20 of injecting a condensate
into the product stream exiting the reaction zone.
Preferably the first and second manifolds, the
injection tubes, the conduits (if  



present), the housing for the resistance zone and the
reaction- zone are metallic e.g. steel.  Where pure
oxygen is employed as a gaseous reactant it may be
necessary to make or  coat some or all of any part of
the apparatus that may contact the oxygen from/with an
25 alloy that resists reaction with oxygen. Reaction
with oxygen is more likely when the  temperature of
the oxygen is high and/or the oxygen is at high
velocity. Suitable alloys  include monel. Immediately
downstream of the reaction zone, where the temperature
of the  products from the reaction is high, the
preferred material of construction is a high nickel
30 alloy, such as Inconel, Incaloy, Hastelloy or
Paralloy. The metal may be formed into shape by one or
more of the following techniques: static casting,
rotational casting,  forging, machining and welding.
The apparatus may comprise a suitable thermal sleeve
to reduce thermal stresses  11 WO 2004/074222
PCT/GB2004/000488  on the apparatus immediately
downstream of the reaction zone. Thermal stresses can
occur where relatively rapid changes in temperature,
either a rapid increase or decrease,  occur inside an
apparatus, for example, at start-up or shut-down. The
inner surface of  the wall of the apparatus heats or
cools rapidly, but the outer surface heats or cools
more 5 slowly providing stress across the wall (the
wall being relatively thick, for example, to  cope
with the pressure differential between the inside of
and the outside of the  apparatus). The use of a
sleeve of thin material, which may be of a similar
material to  the wall of the apparatus, as a thermal
sleeve inside the apparatus reduces the rate of
temperature change that impacts the inner surface of
the wall, and hence reduces the  10 thermal stress.
The apparatus is advantageously employed to partially
oxidize a gaseous  feedstock. Preferably the first
gaseous reactant is an oxygen containing gas and the
second gaseous reactant is a gaseous paraffinic
hydrocarbon. The present invention also provides a
process for the production of a mono-olefin  15
utilizing the apparatus previously described. _ Thus,
utilizing the apparatus of the first embodiment, the
invention provides a  process for the production of a
mono-olefin said process comprising passing an oxygen
containing gas into a first manifold and injecting the
oxygen- containing gas via a plurality of injection
tubes into a plurality of conduits, 



20 passing gaseous paraffinic hydrocarbon via a second
manifold into the plurality of  conduits wherein the
gaseous paraffinic hydrocarbon is contacted in an
essentially  parallel manner and mixed with the
oxygen-containing gas, passing the gaseous mixture to
a reaction zone via a porous resistance zone, and
partially combusting in the reaction zone the gaseous
mixture, preferably in the  25 presence of a catalyst
which is capable of supporting combustion beyond the
fuel rich  limit of flammability, to produce the
mono-olefin. Utilizing the apparatus of the second
embodiment, the invention provides a  process for the
production of a mono-olefin said process comprising
passing an oxygen containing gas from at least one
first inlet via at least one first  30 manifold to a
plurality of first injection tubes and passing a
gaseous paraffinic  hydrocarbon from at least one
second inlet via at least one second manifold to a
plurality of second injection tubes, wherein each
injection tube has an exit at the end  remote from the
manifold and which has a cross-sectional opening of
lmm2 or less, and 12 WO 2004/074222 PCT/GB2004/000488
wherein the exits from the first and second injection
tubes are co-located in an  intermixed configuration,
passing the gaseous mixture to a reaction zone via a
porous resistance zone, and  partially combusting in
the reaction zone the gaseous mixture, preferably in
the  5 presence of a catalyst which is capable of
supporting combustion beyond the fuel rich  limit of
flammability, to produce the mono-olefin. Preferred
processes for the production of a mono-olefin utilize
apparatus with the  preferred features as previously
described. Thus, for example, the preferred apparatus
for a process utilizing the apparatus of the second
embodiment is such that each 10 injection tube has an
exit at the end remote from the manifold which has a
cross- sectional opening of 0.5mm2 or less. More
preferably the exits have a cross-sectional  opening
of 0.2 mm2 or less, such as 0.1mm2 or less. In the
process for the production of a mono-olefin from a
feedstock comprising a  gaseous paraffinic
hydrocarbon, the paraffinic hydrocarbon may suitably
be ethane, 15 propane or butane. The paraffinic
hydrocarbon maybe substantially pure or may be in
admixture with other hydrocarbons and optionally other
materials, for example  methane, nitrogen, carbon
monoxide, carbon dioxide, steam or hydrogen. A
paraffinic  



hydrocarbon-containing fraction such as naphtha, gas
oil, vacuum gas oil, or mixtures  thereof, may be
employed. A suitable feedstock is a mixture of gaseous
paraffinic 20 hydrocarbons, principally comprising
ethane, resulting from the separation of methane  from
natural gas. A preferred feedstock is a paraffinic
hydrocarbon principally  comprising ethane which
provides a product principally comprising ethylene as
the  mono-olefin. As the oxygen-containing gas there
may suitably be used either oxygen or air. It  25 is
preferred to use oxygen, optionally diluted with an
inert gas, for example nitrogen.  The ratio of the
gaseous paraffinic hydrocarbon to the
oxygen-containing gas mixture is  usually from 5 to 20
times the stoichiometric ratio of hydrocarbon to
oxygen-containing  gas for complete combustion to
carbon dioxide and water. The preferred composition is
from 5 to 10 times the stoichiometric ratio of
hydrocarbon to oxygen-containing gas. 30 Although the
apparatus can be used at any pressure e.g. between
0-100barg it is  particularly useful at elevated
pressure. The pressure at the first and second inlets
is  preferably between 10-50barg, most preferably
between 20-40barg, and advantageously  between
25-35barg e.g. 30barg. 13 WO 2004/074222
PCT/GB2004/000488  The oxygen containing gas maybe fed
at ambient temperature, but is usually preheated to 50
to 150C, preferably 80-120C e.g. 100C. The oxygen
containing gas  is injected into the conduits or from
the exits of the plurality of injection tubes at a
velocity to prevent the possibility of a flame
stabilizing on the exits of the injection 5 tubes.
Especially in the first embodiment of the-present
invention, the injection tubes  may end in a suitable
nozzle to increase the exit velocity The exit velocity
is typically  greater than 30m/s, preferably greater
than 50m/s, and advantageously greater than  70m/s.
The gaseous paraffinic hydrocarbon is usually
preheated to 100 to 400C, 10 preferably 150-350C e.g.
300C and passed into the conduits or from the
plurality of  second injection tubes wherein it is
intimately mixed with the oxygen containing gas.  The
gaseous paraffinic hydrocarbon enters the conduits or
exits the plurality of second  injection tubes at a
velocity typically greater than 5m/s, preferably
greater than 15m/s,  and advantageously greater than
20m/s. 15 In the first embodiment, the velocity of the
oxygen containing gas exiting the  



injection tubes and the velocity of the gaseous
paraffinic hydrocarbon passing into the  conduits
preferably has the ratio of at least 1.5:1, preferably
at least 3:1 and most  preferably less than 6:1, such
as 4:1. This ratio ensures rapid mixing. In the second
embodiment, the ratio of the velocity of the oxygen
containing gas  20 exiting the first injection tubes
and the velocity of the gaseous paraffinic hydrocarbon
exiting the second injection tubes will depend on the
relative ratios of numbers of first  and second
injection tubes, their relative sizes and the desired
oxygen to paraffinic  hydrocarbon ratio, but
preferably the ratio is at least 0.1:1, preferably at
least 1:1 and  most preferably at least 5:1.
Typically, the exit velocity of the oxygen containing
gas is 25 at least 50m/s, especially at least 100 m/s.
For example, the size and number of the  injection
tubes for the oxygen containing gas may be such that
the exit velocity is at.  least 100 m/s while the
number and size of the injection tubes for the gaseous
paraffinic  hydrocarbon may be such that the exit
velocity is less than 10 m/s, and the mean  velocity
of the combined flows having exited the injection
tubes maybe of the order of  30 3 m/s. The temperature
of the gaseous mixture is usually between 100 to 400C,
preferably 100 to 300C e.g. 200C. In addition to
passing the gaseous paraffinic  hydrocarbon to the
conduits or second injection tubes, other gases may
also be passed to 14 WO 2004/074222 PCT/GB2004/000488
the conduits or second injection tubes e.g. hydrogen,
carbon monoxide and/or carbon  dioxide. In the first
embodiment, the gas mixture may be cooled by the first
cooling zone  wherein a coolant, such as water, is
passed around the external surface area of the 5
downstream end of the conduits. The cooling of the
downstream end of the conduits  prevents local heating
of the conduit which eliminates the tendency for any
"flame  creep back" in the event of a stable flame
being formed at the exit of the conduits. The
temperature of the coolant is typically between
20-200C, and preferably  between 80-120C e.g. 100C.
The coolant flow rate is manipulated such that the  10
coolant temperature increase is less than 100C,
preferably less than 50C, and most  preferably less
than 30C. The first cooling zone reduces the
temperature of the gaseous mixture by at least  10C,
preferably by at least 20C, and most preferably by at
least 30C. 



In both embodiments the gaseous mixture is usually
passed to the resistance zone  15 at a mean
cross-section velocity between-1.0-1
0.0m/s,_preferably between 2.0-6.0m/s  and most
preferably between 2.5-3.5m/s. The gaseous mixture is
usually passed to the reaction zone at a velocity
between  1.0-10.0m/s, preferably between 2.0-6.0m/s
and most preferably between 2.5-3.5m/s.  The pressure
drop through the resistance zone is typically between
0.01-0.2bar,  20 and preferably between 0.05- 0.lbar
e.g. 0.08bar. The temperature in the reaction zone is
usually greater than 500C, for example  greater than
650C, typically greater than 750C, and preferably
greater than 800C.  The upper temperature limit may
suitably be up to 1200C, for example up to 1100C,
preferably up to 1000C. 25 The products exit the
reaction zone at a temperature greater than. 800C e.g.
greater than 900C and at a pressure usually between
10-50barg, most preferably  between 20-40barg, and
advantageously between 25-35barg e.g. 30barg.
Preferably the products are rapidly cooled in a
product cooling zone. This ensures  a high olefinic
yield because the product cooling step slows down the
rate of reaction in  30 the gaseous product stream
thus preventing further reactions taking place.
Advantageously the gaseous product stream is cooled by
injecting a condensate  into the gaseous product
stream, preferably at multiple points, such that the
vaporisation  15 WO 2004/074222 PCT/GB2004/000488  of
the condensate cools the gaseous product stream. The
condensate may be a gas or a liquid. When the
condensate is gas it is  preferably an inert gas.
Preferably the condensate'is a liquid e.g. water.
Injecting the condensate at high pressure and high
temperature ensures that a large  5 proportion of the
condensate instantaneously vaporizes at the reactor
pressure and  therefore provides a very rapid
temperature drop in the gaseous product stream.
Consequently the condensate, such as water, is usually
injected at a pressure higher than  the pressure of
the gaseous product stream, such as 100 barg and is
usually injected at a  temperature of between 100-400C
and preferably between 200-350C e.g. 300C. 10
Preferably the temperature of the gaseous product
stream is reduced to 800C  preferably to 600C within
60mS preferably 40mS and advantageously 20mS from
exiting the reaction zone. 



The present invention will now be illustrated with the
aid of figures, wherein:  Figure 1 represents an
apparatus according to the first embodiment of the
present  15 invention, -  Figure 2a represents
schematically a section of an intermixed configuration
of first and  second injection tubes for an apparatus
according to the second embodiment of the  present
invention, and Figure 2b represents schematically a
side view of an apparatus according to the second  20
embodiment of the present invention. In Figure 1 an
oxygen containing gas is passed via a first inlet (1)
into a first  chamber (2) and then into a plurality of
injection tubes (3). A gaseous paraffinic  hydrocarbon
is, passed via second inlet (4) into a second chamber
(5) and then into the  plurality of conduits (6). The
oxygen containing gas is injected via injection tubes
(3) 25 into the conduits (6) wherein the gaseous
paraffinic hydrocarbon is mixed with the
oxygen-containing gas. The gaseous mixture is then
passed to the resistance zone (7) wherein the
momentum is taken from the gaseous mixture such that
it is passed in a uniform manner  to the reaction zone
(8) which comprises a catalyst which is capable of
supporting 30 combustion beyond the fuel rich limit of
flammability. The gaseous reactants are  converted in
the reaction zone (8) to provide a product stream
comprising olefins. Prior to passing the gaseous
mixture to the resistance zone (7) a first cooling
zone  (9) contacting the downstream end of the
plurality of conduits is used to reduce the 16 WO
2004/074222 PCT/GB2004/000488  temperature of the
gaseous mixture. Finally the product stream comprising
olefins is passed to a product cooling zone  (10) to
reduce the temperature of the product stream prior to
recovery. In Figure 2a, a series of first injection
tubes (23), shown by open circles, are 5 arranged in a
triangular configuration. The exits of the first
injection tubes are dispersed  amongst the exits of a
plurality of second injection tubes (26), which are
arranged in a  rectangular configuration. In the
overall arrangement (the Figure shows just a section)
there are approximately twice as many second injection
tubes as first injection tubes in  this configuration.
10 In Figure 2b an oxygen containing gas is passed
into a first chamber (22) and then  



into the plurality of first injection tubes (23). A
gaseous paraffinic hydrocarbon is  passed into a
second chamber (25) and then into the plurality of
second injection tubes  (26). The oxygen containing
gas and gaseous paraffinic hydrocarbon exit the
respective  injection tubes and rapidly mix. 15 The
gaseous mixture is then passed to the resistance zone
(27) wherein the  velocity of the gaseous mixture is
smoothed (momentum is taken from the gaseous  mixture)
such that it is passed in a uniform manner to a
reaction zone (28) which  comprises a catalyst which
is capable of supporting combustion beyond the fuel
rich  limit of flammability. The gaseous reactants are
converted in the reaction zone (28) to 20 provide a
product stream comprising olefins. Finally the product
stream comprising olefins is passed to a product
cooling zone  (not shown) to reduce the temperature of
the product stream prior to recovery. 25  30 17 WO
2004/074222 PCT/GB2004/000488  Claims: 1. Apparatus
for reacting a first gaseous reactant with a second
gaseous reactant to  form a gaseous product, wherein
the apparatus comprises at least one first supply
means  for the first gaseous reactant, at least one
second supply means for the second gaseous  reactant,
a resistance zone and a reaction zone, preferably
comprising a catalyst, 5 wherein the first supply
means comprises a plurality of first outlets for
delivery of the  first gaseous reactant, and the
second supply means comprises a plurality of second
outlets for delivery of the second gaseous reactant,
wherein the resistance zone is porous, is positioned
downstream of the first and second  supply means with
respect to the flow of the first and second gaseous
reactants and is in  10 fluid communication with the
first and second supply means, the reaction zone is
positioned downstream of the resistance zone with
respect to the  flow of the first and second gaseous
reactants and is fluid communication with the
resistance zone, and wherein the first supply means
and the second supply means are arranged such that  15
the first gas and the second gas are contacted in an
essentially parallel manner and  mixed prior to
contacting the resistance zone. 



2. The apparatus according to claim 1, which comprises
at least 100, preferably at  least 500, most
preferably at least 1000, first and second outlets per
metre squared of the  transverse cross section of the
reaction zone. 20 3. The apparatus according to claim
1 or claim 2, wherein the first supply means
comprises at least one first inlet for supplying a
first gaseous reactant to at least one first  manifold
and a plurality of injection tubes exiting said first
manifold for delivery of the  first gaseous reactant,
and the second supply means comprises at least one
second inlet  18 WO 2004/074222 PCT/GB2004/000488  for
supplying a second gaseous reactant to at least one
second manifold and a plurality  of conduits exiting
said second manifold for delivery of the second
gaseous reactant, wherein the second manifold is
positioned downstream of the first manifold with
respect to the flow of the first gaseous reactant, and
5 the resistance zone is porous, is positioned
downstream of the second manifold  with respect to the
flow of the first and second gaseous reactants and is
in fluid  communication with the conduits exiting the
second manifold, the reaction zone is positioned
downstream of the resistance zone with respect to  the
flow of the first and second gaseous reactants and is
in fluid communication with the  10 resistance zone,
and wherein each conduit comprises an upstream end
exiting the second manifold and  a downstream end in
fluid communication with the resistance zone and
wherein the  injection tubes exiting the first
manifold are arranged such that they extend through
the  second manifold and project axially into the
upstream end of the conduits. 15 4. The apparatus
according to claim 3, which also comprises a first
cooling zone  contacting the downstream end of the
plurality of conduits exiting the second manifold
arranged such that the downstream end of the plurality
of conduits are cooled. 5. The apparatus according to
claim 3 or claim 4, wherein the first manifold is a
first  chamber and the second manifold is a second
chamber and the injection tubes exiting  20 the first
chamber form a plurality of elongated passageways
extending through the second chamber into the upstream
end of the plurality of conduits exiting the second
manifold. 6. The apparatus according to any one of
claims 3 to 5, wherein the injection tubes  end in a
nozzle which provides a restriction at the opening,
and which preferably has an  



25 internal diameter in the range between 0.5 to
3.0mm, such as between 1.0 to 2.0mm. 7. The apparatus
according to any one of claims 3 to 6, wherein flow
restrictors are  provided between the outer surface of
the injection tubes and the inner surface of the
conduits, at a location at or close to where the
injection'tubes enter the conduits at the  upstream
end of the conduits. 30 8. The apparatus according to
claim 1 or claim 2, wherein the first supply means
comprises at least one first inlet for supplying a
first gaseous reactant to at least one first  manifold
and a plurality of first injection tubes exiting said
first manifold for delivery of  the first gaseous
reactant, and the second supply means comprising at
least one second 19 WO 2004/074222 PCT/GB2004/000488
inlet for supplying a second gaseous reactant to at
least one second manifold and a  plurality of second
injection tubes exiting said second manifold for
delivery of the  second gaseous reactant, wherein each
injection tube has an exit at the end remote from the
manifold and  5 which has a cross-sectional opening of
lmm2 or less, and wherein the exits from the first and
second injection tubes are co-located in an
intermixed configuration. 9. The apparatus according
to claim 8, wherein there are at least 10000 first and
second injection tubes in total per square metre. 10
10. The apparatus according to claim 8 or claim 9,
wherein the exits from the  injection tubes are all
located in an essentially planar configuration. 11.
The apparatus according to anyone of claims 8 to 10,
wherein each injection tube  has an exit at the end
remote from the manifold which has a cross-sectional
opening of  0.5mm2 or less, more preferably 0.2 mm2 or
less, such as 0.1mm2 or less. 15 12. The apparatus
according_to anyone of claims 8 toll, wherein the
injection tubes  are formed as passageways in a
diffusion bonded block. 13. The apparatus according to
any one of the preceding claims which comprises a
product cooling zone downstream of the reaction zone,
such that the gaseous products  can be cooled upon
exiting the reaction zone. 20 14. The apparatus
according to any one of the preceding claims, wherein
the  resistance zone has an average inertial pressure
gradient coefficient of between 1000- 5000/m,
preferably between 2000-4000/m, such as between
2500-3500/m. 



15. A process for the production of a mono-olefin
utilizing the apparatus as claimed in  claim 1 or
claim 2, which process comprises 25 passing an oxygen
containing gas into a first supply means and passing
gaseous  paraffinic hydrocarbon into a second supply
means, such that the gaseous paraffinic  hydrocarbon
is contacted in an essentially parallel manner and
mixed with the oxygen- containing gas passing the
gaseous mixture to a reaction zone via a porous
resistance zone and  30 partially combusting in the
reaction zone the gaseous mixture, preferably in the
presence of a catalyst which is capable of supporting
combustion beyond the fuel rich  limit of
flammability, to produce the mono-olefin. 16. A
process for the production of a mono-olefin utilizing
the apparatus as claimed in  20 WO 2004/074222
PCT/GB2004/000488  any one of claims 3 to 7, which
process comprises passing an oxygen containing gas
into a first manifold and injecting the oxygen-
containing gas via a plurality of injection tubes into
a plurality of conduits, passing gaseous paraffinic
hydrocarbon via a second manifold into the plurality
of  5 conduits wherein the gaseous paraffinic
hydrocarbon is contacted in an essentially  parallel
manner and mixed with the oxygen-containing gas
passing the gaseous mixture to a reaction zone via a
porous resistance zone and  partially combusting in
the reaction zone the gaseous mixture, preferably in
the  presence of a catalyst which is capable of
supporting combustion beyond the fuel rich  10 limit
of flammability, to produce the mono-olefin. 17. A
process for the production of a mono-olefin utilizing
the apparatus as claimed in  any one of claims 8 to
12, which process comprises passing an oxygen
containing gas from at least one first inlet via at
least one first  manifold to a plurality of first
injection tubes and passing a gaseous paraffinic 15
hydrocarbon from at least one second inlet via at
least one second manifold to a  plurality of second
injection tubes, wherein each injection tube has an
exit at the end  remote from the manifold and which
has a cross-sectional opening of 1mm2 or less, and
wherein the exits from the first and second injection
tubes are co-located in an  intermixed configuration,
20 passing the gaseous mixture to a reaction zone via
a porous resistance zone and  



partially combusting in the reaction zone the gaseous
mixture, preferably in the  presence of a catalyst
which is capable of supporting combustion beyond the
fuel rich  limit of flammability, to produce the
mono-olefin. 18. A process as claimed in any one of
claims 15 to 17, wherein the gaseous 25 paraffinic
hydrocarbon. is ethane, propane or butane, optionally
in admixture with other  hydrocarbons and optionally
with other materials, for example methane, nitrogen,
carbon monoxide, carbon dioxide, steam or hydrogen.
19. A process as claimed in any one of claims 15 to
18, wherein the ratio of the  gaseous paraffinic
hydrocarbon to the oxygen-containing gas mixture is
from 5 to 20  30 times the stoichiometric ratio of
hydrocarbon to oxygen-containing gas for complete
combustion to carbon dioxide and water, preferably
from 5 to 10 times the stoichiometric ratio of
hydrocarbon to oxygen-containing gas. 20. A process as
claimed in any one of claims 15 to 19, wherein the
pressure at the  21 WO 2004/074222 PCT/GB2004/000488
first and second inlets is preferably between
10-50barg, most preferably between 20- 40barg, and
advantageously between 25-35barg. 21. A process as
claimed in any one of claims 15 to 20, wherein the
gaseous product  stream from the reaction zone is
rapidly cooled in a product cooling zone, preferably
by  5 injecting a condensate into the gaseous product
stream at multiple points such that the vaporisation
of the condensate cools the gaseous product stream.
10 15  20  25  30  22 


