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RADI AL FLQNW The present invention relates generally to a radi al

f1 ow react or z% with integrated thermal energy exchand&VUHY Y net hods
for using this apparatus to carry out catalyst- faC| litated hydrocarbon
processing. 5 BACKGROUND S L OWVEREACRIIA variety of famliar
hydr ocar bon processi ng operations are faC| litated by contacting the
hydrocarbon with a selected catalyst in a fixed or fluidized bed under
control | ed tenper aThepeesentdnyentioysrelates genvetilly tommdialiiew seactor designewith onal
hydr ocar bon 10 rocessing .oner on _l.nvolves the cata

dehydr ogenat i W%?te%thgg\a%ﬂeﬁydw ﬂ?ﬁd‘f’&g}oﬂ% T HFm gﬁnésiypgrgb%i%cw steamto
a correspondi bgt catalyerfatifitadhidrocdibsli precssag), for exanpl e dehydrogenati ng

et hyl benzene to produce styrene as taught by U S. Patent No. 5,461,179
(Chen et al.), which patent is incorporated herein by reference. 15 The

ef ficiancy of gt I $ on processing operations can often
be mp?oved b?ﬁm‘;%dﬁf- Eﬁqu?@ﬁtm or nore catal yst beds in |ine.
Thus, the effluent froma f| rst cat al yst bed or reaction zone, containing
predom nantly the ge5| r ed oduct et her w.th untr ct ecLé{
hydrocarbon, is fe VPB""&°§ PR pr ing operations ags; facilitafadi by, ,one

| ocat ed domseéxﬁmgmemym@armﬁﬁham{ea chibllyéthieh fik@PerifluidizddPie@ ndirace to
further increase the concentration of the désired product in the effluent
from controlled temperature and pressure conditions. One such conventional hydrocarbon

10 processing operation involves the catalytic dehydrogenation of an alkylaromatic
hydrocarbon in the presence of steam to a corresponding alkenylaromatic
hydrocarbon, for example dehydrogenating ethylbenzene to produce styrene as
taught by U.S. Patent No. 5,461,179 (Chen et al.), which patent is incorporated
herein by reference.

15

‘ The efficiency of these catalyzed hydrocarbon processing operations can
often be improved by utilizing a sequence of two or more catalyst beds in line. Thus,
the effluent from a first catalyst bed or reaction zone, containing predominantly the
desired final product together with unreacted hydrocarbon, is fed to a second catalyst

20 bed or reaction zone located downstream from the first, where further reaction takes
place to further increase the concentration of the desired product in the effluent from
the second catalyst bed or reaction zone. In the same fashion, a third, fourth, or
additional in-line, downstream catalyst beds/reaction zones may be added as
desirable. |

25

Between the two or more catalyst beds/reaction zones, the effluent from an
upstream catalyst bed/reaction zone may have to be heated or cooled (depending on
whether the reaction is endothermic or exothermic) to properly prepare it for further

conversion to the desired product in the next downstream catalyst bed/reaction zone.
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the second catal yst bed or reaction zone. In the sane fashion, a third,
fourth, or additional in-line, downstream catal yst beds/reaction zones nmay
be added as desirable. 25 Between the two or nore catal yst beds/reaction
zones, the ®fddowegds from an upstream catal yst bed/reacti opcEas®nEly have to
be heated or cool ed (dependi ng on whether the reaction is endotherm c or
exot herm ¢) PRl P chidlyPdd5alion is essbitlalll UhdofRimic G HAER!] B8 efRerth@l eS| T ed
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proceeds efficiently, or possibly, at all. 5 One such

endothermi c reaction is the catal yzed dehydrogenati on of ethyl benzene to
styren8. Thus, as Qresueh endathegmic reactiopiy theeatalyzed dehpdrogenasionofcat ed in- | ne
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upstream reactor 50. Typically in such ethylbenzene dehydrogenation, the

10 endothermic reaction is carried out in two or more single bed adiabatic reactors, with
effluent from an upstream reactor being reheated in an external shell and tube
exchanger before being fed to the downstream reactor. Performing the reheat step in
this manner results in additional pressure drop (due to high frictional losses in the
exchanger tubes), as well as an increase in void volume (empty space) because of the

15 additional piping required. Higher system pressure results in yield losses to low-
value byproducts, and lowers apparent catalyst activity (due to equilibrium and
coking effects). Larger void volume results in yield losses and formation of
undesirable product impurities via non-selective thermal reactions. Therefore, it is
highly advantageous to devise an economical way of circumventing these limitations

20 of the conventional process.

The utility of multi-stage catalytic reactor designs is therefore limited by a
variety of physical, economic, process, and thermodynamic factors. Because of
space considerations, more compact reactor designs are generally desirable. Some

25 catalyzed hydrocarbon reactions, such as ethylbenzene-to-styrene, benefit from
maintaining relatively low operating pressures. The ability to rapidly add relatively
large amounts of heat to the effluent between the reactor stages of the ethylbenzene-
to-styrene process is limited by economic, metallurgical, and thermodynamic
considerations. Thus, if superheated steam is used to reheat the effluent it may be

30 necessary to use steam at extremely high temperatures to provide sufficient thermal



effl uent froman upstreamreactor being reheated in an external shell and

t ube exchanger before being fed to the downstreamreactor. P rm.ng the
reheat step i%vr?'fof???snanner results in additional pressure HFﬁys%%gkgto hi gh
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ci rcunventi ng dehmeralebipms. t at i ons 20 of the conventional process. The
utility of multi-stage catalytic reactor designs is therefore limted by a
vari ety of physical, econom c, process, and thernodynam c factors. Because

of space consi der atyf{das typ of s6-0allea eddid] 8PS Mraditd ToGiBackir Aedgiivakal | y
desirable. Sonme 25 catal yzed hydrocarbon reactions, such as

et hyl benzene- t knoymyin theart forsvadipus applicatienscvherely at lagst p parsiof aIPgess #i9alper at i ng
Phe of f1 uent Epteed Hmt b otk RIElsF il ikl ey BRRLBIRNEE uBlea 2 1
procesg0i s | i motiaydiftier anapposed torthie addrefagiilian bxialoflow (i les endtbyenedhreactor
¢y Do 30 design. ResuRby- SO NG Cah . WRGH S HERORIGITSRBEr at ur o5
to provide suffdGéRBIdifctREsHtype o radial flow reactor involving a single reaction chamber.
This apparatus comprises an intercylinder chamber defined by a gas-permeable,
cylindrical outer catalyst retainer, which is disposed inside an outer shell, and a gas-
15 permeable, cylindrical inner catalyst retainer provided within the outer catalyst
retainer. A plurality of vertically extending heat-exchanging tubes are arranged in
the reaction chamber in circular groups which are concentric with the common
central axis of both of the catalyst retainers. A feed gas is supplied to either the outer
gas flow passage or the inner gas flow passage and is caused simultaneously and
20 uniformly to flow in all radial directions, either radially outwardly or radially
inwardly. That is, the gas makes one pass through the entire annular extent of the
cross section of the catalyst bed.

Another earlier patent, U.S. Patent No. 4,594,227, which is incorporated
25 herein by reference, discloses a reactor in which a feed gas is caused to flow radially
through a catalyst bed packed in an annular space defined by two coaxial cylinders
having different diameters. A vertically extending, annular, inter-cylinder space,
defined between an outer catalyst retainer cylinder and an inner catalyst retainer
cylinder, is divided into a plurality of chambers by radially extending vertical
30 partition walls. Heat exchanging tubes are disposed vertically in the chambers for



WO 00/ 02655
PCT/ US99/ 15139 energy in the limted mass of added steam That in turn may
require the use of nore expensive, thermally-resistant nmaterials in

connecti on Wd & reheater. Accordingly, it is desirabl gohRsff¥gbOP an
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opposed t o t handdepends ancénvectivaheatbradsfeww (i . e., end-to-end) reactor designs.
For exanple, U. S. Patent No. 4,321,234, which is incorporated herein by
refererice, discloses a type of radial flow reactor involving a single

reaction chamber. %, patail DRl 4905808 WHich feGfcoforitdl ki by Réeéncehanber def i ned
by a gas-perneable, cylindrical outer catalyst retainer, which is disposed

i nsi de an out &énpreyesion thexpastos degign of Pat. No. 4,594,224 by prayiding asteammepformer | nner

catal yst retaij E]EE.'” l: I%MI:IE' | s B% plurality
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chanmber in ci skapk.aRatherabgnausing ian bxternal heatingelavics o bring hottgasesdmtothen cent r al

axi s of, both of the, cat.al yst. refai ners. feed gas i.s .supplied to either
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si mul t aneous| wf tadylindrical structare. Thus, two different catalytic reactions are taking place:

one reaction common to catalytic reaction tubes of steam reformers, and a second
reaction for creating the heat required for the steam reformer. This internal
placement of the heat source and use of a catalytic combustor enhances heat transfer

15 by both radiation and convection. The improvement in these characteristics is
primarily due to the ability to control the heat flux (the amount of heat available from
the fuel on the outside of the reactor tube) so as to match the amount of heat required
by the reaction taking place inside the catalyst bed with the heat and temperature of
the combustion gas outside the reactor.

20

Another so-called radial flow catalytic reactor is shown in U.S. Patent No.

4,714,592, which is incorporated herein by reference. In this case because the
targeted catalytic reaction is exothermic, there is a need to remove excess heat from
the reaction environment. This is achieved by means of inlet and outlet pipes

25 containing a coolant which is circulated through a coolant passage structure that
penetrates the catalyst bed in order to absorb the heat of reaction. Other patents
showing at least partial radial flow feactor designs include U.S. Patent Nos.
4,230,669; 5,250,270; and 5,585,074, eaﬁh of which is also incorporated herein by
reference.

30
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10 OBJECTS OF THE INVENTION

Accordingly, a principal object of this invention is to provide a means of
integrated thermal energy exchange in a radial flow reactor design for single or
multi-stage catalytic bed processing of a hydrocarbon.

15

It is a general object of this invention to provide a compact, efficient and
economical approach to single or multi-stage catalytic bed processing ofa
hydrocarbon.

20 A specific object of this invention is to provide improved radial flow reactor
designs, and methods for using them, in connection with single or multi-stage
catalytic bed processing of a hydrocarbon integrated with a thermal energy exchange
system for either adding or withdrawing heat before, after, and/or between serial
catalyst beds, or adding and/or withdrawing heat upstream and/or downstream of a

25 single catalyst bed.

Still another specific object of this invention is to provide an improved radial
flow type reactor apparatus and methods for effecting single or multi-stage catalytic
bed dehydrogenation of an alkylaromatic hydrocarbon to a corresponding

30 alkenylaromatic hydrocarbon, specifically ethylbenzene to styrene.



| nproves on the reactor design of Pat. No. 4,594,227 by providing a steam
reformer contained within a cylindrical structure having a catalytic
react or tube of annul ar shape. Rather than using an external heating device
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out | et opi pes 25 containing a coolant which is circulated through a
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absorb the hegmm%wg%ﬂatents showi ng at | east partial radial
fl ow reactor designs rnclude U S Patent Nos.

In the present invention, one or more annular-shaped catalyst beds are

contained within the interior of a reactor shell, with heating or cooling being carried

15 out in the core region of the reactor interior and/or in annular regions between serial
catalyst beds or, alternatively, in front of and/or behind a single catalyst bed. Ina
representative embodiment, after leaving a first, inner catalyst bed, the process
stream passes substantially radially through a reheat (or cooling) annulus containing
heating (or cooling) means, such as one or more rows of heating (or cooling) tubes,

20 followed by a mixing element (such as a set of perforated or slotted plates), before
entering a second, outer annular catalyst bed. In a representative embodiment of the
invention, a heat transfer medium flowing inside the heating (or cooling) tubes
supplies heat to (or withdraws heat from) process gases. This scheme results in
negligible reheat pressure drop and a substantial reduction in void volume as

25 compared to the use of a more conventional external shell and tube heat exchanger.
'Consequently, process yield is improved and a significant reduction in equipment

cost is achieved by elimination of two or more vessels and their associated piping.

In general, the heating or cooling means of this invention comprises a thermal

30 heat exchange apparatus positioned relative to at least one annular catalyst bed such



4, 230, 669; 5, 250,270, and 5, 585,074, each of which is also incorporated
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OBJECTS OF THE | NVENTI ON Accordingly, a, principal object of this invention
is to provide @aﬁﬁah@sﬁwmmtbe!?@ﬁ@m%a@ﬂ@f&;ﬂ%ﬁ&ﬂ%«ﬁg@&wa radi al

L;g\r/\/ogg?ggﬁr Cllgﬁéi&fbffa%g&iaﬂﬁh& cafalyditlel! InbdndthRr GRbdiniént @ ASAndarkas! N9 of a
exchange apparatus may be located in the core region of the reactor and a second
thermal heat exchange appafatus may be located in the annular region surrounding
10 the outside of a single annular catélyst bed or in the annular region separating a first,
inner annular catalyst bed from a second, outer annular catalyst bed. In similar
fashion, additional radially-spaced concentric annular catalyst beds may be located

within the reactor and additional thermal heat exchange apparatuses may be located

——

between some or all of them, as well as in the annular region surrounding the
15 outermost of those catalyst beds.

BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1 is a schematic front sectional view of one embodiment of a multi-
20 annular bed, radial flow reactor according to this invention, employing integrated

inter-bed thermal energy exchange.

Fig. 2 is a schematic top sectional view of the reactor of Fig. 1 taken along

the line 2-2.
25
Fig. 3 is a schematic front sectional view of a second embodiment of a radial
flow reactor according to this invention employing a single annular catalyst bed and
integrated thermal energy exchange both in the reactor core and in the annular region
radially surrounding the catalyst bed.
30



It is a general object of this invention to provide a conpact, efficient
and econom cal approach to single or multi-stage catal ytic bed processing
of a hydrocarbon. 20 A specific object of this invention is to
provi de i nprwoegk2esadi al flow reactor designs, and methods pfpg; mlsﬁg t hem

I n connection with single or nulti-stage catal ytic bed processing of a
hydr ocar bon i nt eg em | for either
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beds, or addithgfingdef.or wit hdr awi ng heat upstream and/ or downstream of a 25
Si ngl e catal yst bed. Still another specific object of this inventionis to
provide an inproved radl al flow type reactor apparatus and net hods for
effecting si DERA DESCRIPTHON: RREDIFMBODIMVENggeENnat i on of an

al kyl a %orrat i C hydr ocarbon to a correspon| ng 30 al kenyl aromatic
hydr ocar bon, specifically ethyl benzene to styrene. WO 00/ 02655

PCT/ US99/ 15139 O h 0 ..on wi |l
in part be obvi ougﬂ %sﬂ%aﬁﬁnﬁ&g%aﬁygg%ggfﬁihﬁhgﬁg mt?'.g'%%aélbﬁ!lsg‘#ﬁli on
accordi ngly dlnmeaqmrslo iaxcordance svithithisrinventionoRedctur 10ebmpriies & geheratlyat ed

apparatus, inv ever al e and t vari ous conponen and the
rel ation and Xﬁ’baé}cglgﬁ“ °6§§ﬁ ﬁ iéﬂg‘i B%‘Ptgﬁam two a“nula"n‘l')atalys" beds
or reaction zones 14 and 16 spaced radially and substantially uniformly apart from

10 one another and separated by an annular reheating (or cooling) region or thermal

energy zone 18. The generally cylindrical and substantially concentric wall sections

which define the inner and outer walls (reference numerals 20 and 22 respectively) of

inner bed 14 and the inner and outer walls (reference numerals 24 and 26

respectively) of outer bed 16 (see Fig. 2) comprise a screen or porous material having
15 a mesh size large enough to pass a fluid flow stream without undue resistance or a

high pressure drop, yet small enough to retain the catalyst material therein.

It will be apparent that in Fig. 1 the outer wall 22 of inner bed 14 forms the

inner wall of reheating (or cooling) zone 18, and the inner wall 24 of outer bed 16

20 forms the outer wall of reheating (or cooling) zone 18. It will also be apparent to
those skilled in the art that, although Fig. 1 illustrates an embodiment of this
invention wherein two radially-spaced annular-shaped catalyst beds are separated by
a single annular-shaped reheating (or cooling) zone, additional radially-spaced
annular catalyst beds could be added, each separated from the next inward or outward

25 catalyst bed by another annular reheating (or cooling) zone. When only one catalyst
bed is used in the reactor, as discussed in connection with Figs. 3 and 4, the reheating
(or cooling) zone can be located either in front of or behind the catalyst bed, or,
alternatively, both in front of and behind the catalyst bed as shown in Figs. 3 and 4.
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procesgg gases. thé’bdt&nﬁdfhmrwsm ts in negligible reheat pressure drop and a
substantial reduction in void volune as 25 conpared to the use of a
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reactor 10, and product stream 64 being withdrawn from the outermost annular
region 28 of reactor 10, it will be understood that this arrangement can be reversed

15 without affecting the operation of this radial flow apparatus. Thus, it is also within
the scope of this invention to feed reaction stream 60 to the outermost annular region
28 of reactor 10 and to withdraw product stream 64 from the core region 30 of
. reactor 10.

20 For a styrene plant, for example, feed stream 60 may comprise a mixture of
ethylbenzene and steam. In the Fig. 1 embodiment of the present invention, fluid
displacement means 34, such as a displacement cylinder as illustrated in Fig. 1, of
suitable size and shape may optionally be positioned inside region 30. The purpose
of such a displacement cylinder 34 is to help direct incoming feed stream 60 in a

25 substantially radial direction into the first catalyst bed and to minimize residence
time of the feed stream in region 30 where undesirable chemical reactions might
occur. Arrows in Fig. 1 illustrate how cylinder 34 helps direct feed stream 60
substantially radially into catalyst bed 14. As shown by the process stream arrows in
Flg 1, in the portion of the catalyst bed 14 adjacent wall 20, there may be some

30 relatively small axial component to the process stream flow. Similarly, in the portion
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bed or of they} ﬁ’f&g b\é@ﬁ gﬁ&ﬂe | al | y-spaced

concentric ann cata y %% ualﬂ?%llgﬁot Eﬁcﬁ%‘égtm& 18 the ermal heat

exchange appasmansﬂomdardnaoﬂ xswa'tmtly compildtely eadialll This dm‘gngnmheuhrsomredtimg t he

outsid of a e annul ar, cata bed.. I n anoth J me a, first

Cher S heat DREERY D B At HEpHE BT s EEPERAR W RHEn Qs CBIABTEL | he

reactor and agp rhdiaf rSweee théredd ed in the
RGH0al ﬂWo oc®, ﬁu&@ﬂ@ﬁe%ﬂﬁo

annul ar regi on surroundlng 10 the outside of a S|ngle annul ar

catal yst bed &ethiimwardeandouiward radiab §pwias contrastest withythg unidireationalmedial flowhul ar
cat al yst bed E{&R&t@&ggp@wa&zg sm&r catal yst bed. In simlar fashion,
y-spaced concen

addi ti onal ric annul ar catal yst beds nmay be | ocated
wi thin the r eactor and additional thermal heat exchange apparatuses nay be
ocat ef’o As shown in Fig. 1, the hydrocarbon feed stream will pass substantially
radially through catalyst bed 14 resulting in at least partial conversion of the
hydrocarbon to the desired final product. The effluent product stream 62 emerging
substantially radially from bed 14 through wall 22 passes directly into annular
reheating zone 18. If the catalyzed reaction which occurred in bed 14 was
15 endothermic, such as an ethylbenzene-to-styrene conversion, effluent product stream
62 from bed 14 will be at a lower temperanxé than incoming feed stream 60, and will
require reheating in zone 18 to bring it back up to an optimal temperature before

passing it into the second catalyst bed 16.

20 A variety of approaches to and thermal heat exchange apparatus for
generating and transferring thermal energy can be advantageously adapted to supply
heat to reheating zone 18 of reactor 10. One approach, illustrated in Figs. 1 and 2, is
to run a set of axially-disposed, thermally-conductive thermal exchange (i.e., heating
or cooling) tubes 40 into, through, and back out of zone 18. The external surface of

25 the tubes 40, which inside contain a suitable heat transfer medium/fluid, can be either
bare or finned, the latter being preferable due to the fact that the number of tubes
required to perform the heat addition or removal, and thus the size of the annular

region 18 needed to contain the tubes, can be substantially reduced thereby.
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bet ween sonme or all of them as well as in the annul ar region surrounding

the 15 out ernost of those catal yst beds. BRI EF DESCRI PTI ON OF THE
DRAW NGS Fi gWO100{02655 schematic front sectional view of onePERNSWISBAt of a
mul ti- 20 annul ar bed, radial flow reactor according to this

i nvention, enpl oyi ngwﬁwsm@fdhqm@ﬁswééhamsmh@mw%WJTFi g. ﬁ
IS a schemati p&aﬁ, L Qi : OF o | n al ong the
line 2-2. 25 E‘.dg’%g istdg sC gmngtlc Ptreg%aéagfgﬁ%rﬁg 'vﬁ{ee\%\)xg téﬁﬁ%cond _
enbodi ment of tempaatimimdldistvibutionotilh depeod prinianily ob tubeispairigrand the nmmbengfl oyi ng a

si ngl e annul ar, cat al yst bed d inteqgr.ated thernal ener exchange both in
the reactor cdP®¥BRE ﬁﬁ“‘f“{?’é‘gg‘;}ﬁ&}’”&}“ﬁg’gg' c?@ﬁfag’fﬁﬁl?%faﬂ%ﬁndl ng the

cat al ys§ bed. méldistfibution, 0 a00¢ddPERcreasing the number of tubes. A preferred way of

PCT/ US99/ 15139 Fig. 4 is a schematic top sectional view of the reactor of

Fig. 3 taken dopaefingiike dipliemperature maldistribution is by use of single or multiple
mixing devices downstream of the heating tube bank. Preferably, these mixing plates

contain slots or vertical rows of holes aligned with tube centers. Results of rigorous
heat and mass transfer simulations have shown that such a design is capable of
10 reducing the extent of radial temperature maldistribution in this type of apparatus by

an order of magnitude without a significant increase in pressure drop.

Uneven heating tube wall temperatures along the length of a heating tube will

cause axial temperature maldistribution (i.e., temperature differences between the

15 process fluid at the top and bottom of the reactor), adversely affecting catalyst
performance. It is preferred, however, that the thermal heat exchange apparatus be of
suitable size and shape, and be suitably positioned relative to said first catalyst bed
14, so as to be capable of providing substantially axially uniform thermal energy
exchange. Since the temperature and flow of the process fluid leaving the first

20 catalyst bed 14 is generally axially uniform, it follows that the only way to achieve
substantial axial uniformity of thermal exchange is to somehow maintain the heating
tubes at a constant temperature from toi:o to bottom. This ideal axial temperature
distribution can be approached by a number of means, such as by circulating a
heating medium (usually a high heat capacity liquid) at a rate sufficiently high to

25 keep the tube side temperature drop very low.

For gaseous heating media (such as superheated steam) where circulation is
not practical, the occurrence of axial temperature gradients in the process fluid can be
minimized by use of multiple pass tubes. Similarly, heat can be supplied to the

30 process fluid via a circulating liquid, such as a highly stable heat transfer fluid or
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DETAI LED DESCRI PTI ON OF PREFERRED EMBCDI MENTS 5 The schematic front
sectional view of Fig. 1 shows a nulti-annular bed, radial flow reactor 10
in accordance with this invention. Reactor 10 conprises a generally
cylindrical wotesmessrel | or housing 12 and, contained ther qjcq.g,sw)gsl?gnnul ar
catal yst beds or reaction zones 14 and 16 spaced radi ally and substantially
uni formy apanéltenisa T liquid ci iR anpul ar
reheating (or cooling rqui ocrllrcgfmqtnﬁglrg%%@denergy@%ﬁ%%@ﬂﬁ%ﬁ Fal | y
cylindrical dftPaaeedionaleng the hegtingmbesi dn theselcases, dieatinsuppliédcid tekctieane t he

I nner and out ; 20.and .22 r ectivel of 1 nner
bed 14 and { Rens el e 6P AR 5Bl el 8 3enifitd

respect i vel y)foosupplyingrthempal ehérgy terehdating zodg 18, MBTEVe? Swill b GpHELEt &5 thBQY OUS
materi al havi‘{}%rdlig 1 tg gﬁsh size large enough to pass a fluid flow
stream wi t hou unaat%ﬂ?ég\ ¥3hte or a high pressure drop, yet snall enough
to retain the catalyst naterial therein. It will be apparent that in Fig. 1
the outer wall 22 of inner bed 14 forns the inner wall of reheating (or
cool i ng) zone 18, Feppartigar hydreearbom processingfoperations, Sope téchnig@es for forns t he

h
outer wall of | ' 18. 1t will also be apparent to
those skilled ﬂpﬁggﬂ%%ﬁgf%qg}}e?ﬁa&éﬁpﬁg%?sm%é‘ﬂ‘ea?a&" enbodi nent of
this inventi oynewiss sidforeffiziencics. alHuy,as prcexdmple/ vupplying he@ sl tedealngst beds are
separ ggped by L nal e annu -shaped reheating (or cooling) zone,
addi t?gnal ra ?@W“%@%ﬁé’&degﬁ%‘ﬂk‘hg&gﬁ Wb“ﬁgH@’E%WH?‘%Ed, each
separ at ed f r ciieatifyg isnsefhl ih EAR DhuBctuR Sr S e gf"cthylbenzené:&rh?&)ﬂ?énaﬁ&p by anot her

ys

annul ar reheatin or cooling) zone. en only one cata
among other processes. |

In the conventional ethylbenzene-to-styrene dehydrogenation process, steam,
15 which is co-fed with the hydrocarbon feed, is used both as a heating medium and as
diluent, for the purpose of lowering the partial pressure of the reactants, a
requirement necessary in order to overcome the equilibrium limitations and prevent
catalyst coking. Limitations with this type of system are the type of metallurgy
required and the physical size of the reheat exchanger. Likewise, these limitations
20 are present whether reheat is performed externally in a shell and tube exchanger, or
internaily in an annular space between two radially-spaced annular catalyst beds

contained in the same vessel.

With the advent of highly stable, active dehydrogenation catalysts, the
25 amount of steam required by the process is no longer strictly governed by the catalyst
constraints, but also by temperature limits of process heat exchanger equipment, in
particular the reheater exchanger. Older dehydrogenation catalysts required on the
order of 8 to 12 moles of steam per mole of hydrocarbon feed, while newer catalyst

products only require 5 to 7 moles of steam per mole of hydrocarbon feed.
30
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bed is used in the reactor, as discussed in connection with Figs. 3 and 4,

the reheati ngbt,)(ggl;mgsgol I ng) zone can be located either in front of or behind
the catal yst 'bed, of, alternatively, both in front of and BEHR{USP/ASHE

catal yst bed as sho ibn Figs. 3 and 4 WD, 00/ 02655 .

PCT/ US99/ 15139 Th “\f‘\ﬁﬁgﬁy‘%?%f’ “SoStgEns degdrogsagtiop process, Bepcestpeaminced from

t he comon cagﬁaaly p¥idedab tHeQaeh@f inkht Rp&auleRafbelor 18502P b Pe¥YPFCYL i ndri cal

core region 30. Areactor inlet feed or reaction stream 60, conprising the
hydr ocar bon tt%mperatures heley 1500°Fi30488 dsanscorgmic and pradtisak reatpnial of ur e and

pressure, is ' C o via a..eactor inlet 5 32.
Al t hough Fi g.éoil S g&%%%@%ﬁtﬂéébggemf@g ];bglf“ﬁ%vef’é‘gui Y B om of reactor
10, anfl pr oduetuisd ferdow Sartheo-hgdradaitimirativcatalys®(s Re7 ndfes SkarhAddd or 10, it

wi |l be understood. that this arrangenent can be reversed wthout affecting

t he operati _onhy&fm?‘I’?P_ » PXpERsAYe, \“SB\W"&?E?&‘F&?%‘E@“WG&S,’ sych as SOQHEH mpsthi n t he
scope of thi shd qpu@fidd. Qtehftitéy dnd :ﬂ?&hhﬁl’lteﬁﬁ%ﬁl@@n%&@gic?&ﬁbﬁ% %Fucr%ab eactor 10

and to wi thdraw product stream 64 from 10 eacttor 10.
Al t hough Fi g.ingressingAbe hestiransfenarss, butattifeGexpenserof Hightr equiprhent cost end egi on 30 of
reactor 10, apg.praduct stream 64.bei.ng W thdrawn f t he out er nost

annul ar regi o%&“%fpﬁé%%wp%fc‘p%y\m ‘peo ﬁ&’é?%‘éﬁ@ % this
arrangenent ceighdmgerspversed 15 wi t hout affecting the operation of

this radial flow apparatus. Thus, it is also within
hese limitations can be overcome by decoupling the role of the steamn stream

as both the heating medium and process diluent. This can be accomplished by
supplying heat directly to the process in the manner described above. Examples of
direct heating involve the circulation of a heating medium such as steam, flue gas, or

15 molten salt, electrical resistance heating or by combustion of a fuel inside a heat tube
itself.

One partially efficacious method of supplying heat directly inside a heat tube,

the outside of which is in contact with the process fluid, is by means of flameless

20 combustion of fuel gas (such as hydrogen or a hydrocarbon). One such flameless
combustion design is taught by U.S. Patent Nos. 5,255,742 and 5,404,952, which are
incorporated herein by reference. One of the advantages of this method is a
relatively uniform tube temperature distribution which can be achieved by proper
fuel distribution inside the tube. Thus, the application of the method of U.S. Patent

25 Nos. 5,255,742 and 5,404,952 is particularly advantageous to the process scheme of
the present invention wherein the reheat is carried out inside a single or multibed

radial flow reactor.

Another method of combusting fuel inside the heat tube involves the use of a

30 porous material such as sintered metal or micro-porous ceramics. In this alternative,



the scope of this invention to feed reaction stream 60 to the outernost
annul ar region 28 of reactor 10 and to w thdraw product stream 64 fromthe
core region 30 of reactor 10. 20 For a styrene plant, for

exanpl e, feqw slgg&aM 60 nmay conprise a mxture of ethyl be r st eam
In the Fig. 1 errogodi ment of the present invention, fluid gﬁ’%ﬁé@%ﬁ%nt means

34, such as ' | Jisisdy 9‘? A LAkE: i Dn of suitable
si ze and sha%gg{rlrbgél)b%%%ﬁgf‘%ﬂbe posi |6+14g§§%%1§%'src§gl o%te%éi.‘a The purpose
of such a di ppltonsmaeriil any thewnder pipeéladtsastacoinbistionl chamber. | Omoaltengtifeeed st ream
60 in a 25 substantially, radial direction.i.ntq the.first, catal yst bed
ond o n el D Bl st Broné B ekt porois pia and ife Fhe B SR B wher o

undesi rabl e Gheim Aewing BPHE tfus OF MBbuteLsipe,. Arrows in Fig. 1 illustrate how
cylinder 34 helps direct feed stream 60 substantially radially into

catal y5t bed 14. As shown by the process streamarrows in Fig. 1, in the

portion of the cangl sl rhgikekmai A6R st oo Aowibl SlbSrafiBiy bEgART 30

relatively small axial conmponent to e process streamflow. Simlarly, in
the portion -fiom rehedtiGy @mred83bén passes through wall 24 and enters the second catalyst

PCT/ US99/ 15139 atal yst _bed 16 adjacent wall 26..there al so be sone
relatively s }ﬁfl ﬁg &&F’&Mﬁhﬁﬁ@@?ﬂ%ﬁﬂ%&@@?@%ﬁ@? (t)%gg/ﬁlﬁ?eoagg hout
nmost of cat altysprobsifiredtt pasaes shbstantially radially through bed 16. Effluent product
10 stream 64 emerging from catalyst bed 16 passes through wall 26 into an outermost
annular collection region 28 defined by wall 26 on one side and, on the other, the

inner surface of the shell or housing member portion 12 of reactor 10. In collection

region 28, effluent product stream 64 flows in a generally axial direction to reactor
outlet 36, where effluent product stream 64 leaves reactor 10 through reactor outlet

15 36 and is sent downstream for further processing and separation of the components,
including recovery of the desired product. As previously noted, product stream 64
may alternatively be withdrawn from the bottom of reactor 10 instead of the top, and
may be withdrawn from core 30 instead of annulus 28.

20 Figs. 3 and 4 illustrate an alternative embodiment of the radial flow reactor of
this invention. In this alternative embodiment, radial flow reactor 110 comprises a
generally cylindrical outer shell or housing 112 and, contained therein, a single
annular catalyst bed or reaction zone 114 surrounding a reactor core zone 130
comprising a generally cylindrical region defined by the inner wall 120 of catalyst

25 bed 114. Also in this alternative embodiment, a thermal heat exchange apparatus
150 is located inside core zone 130 to heat (or cool) the reactor inlet feed or reaction
stream 160 which is fed to core zone 130 via a reactor inlet 132. In this embodiment,
thermal heat exchange apparatus 150, which may comprise any suitable heating (or

cooling) means such as those previously described in connection with Figs. 1 and 2,
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however, and through substantially all of thernal exchange zone 18, the

G ot nout shea s L Lo on s Y om many of the ear| PERUREHSIBnC

b the" pr ooostres SaRTIA HSTEH cxohen-da Reamink Srooapemetiarrerenil6 bevie | puard
(o1 thor " out uar 4" of UieToAS e i Sl Rty dudel SRl kS BB Beq 1P O 1 1"
Fig. 1, the hydrocarbon feed streamw || pass substantially radially

h h talyst b 4 t] Ln,.at | t partial conversion of the
Ly(r:l?ggar (t:)gnat gst hegg%oit?dr%’géﬁoﬁgﬁggﬁl:bg‘gﬁﬂt&%%@ ‘gﬂdﬂlu °“§]F B8 shayys; eam 62
emer gi 5y substeattionatrbam 160bei gﬁdﬁﬁm&ﬂ%&&nbhfea&&hlm%g%@%ﬂ&aﬁﬁc eg directly
|

into annul ar reheating zone 18. |f the catalyzed reacti bccurred in
bed 14 was 1518 also withiththe soope af the inyention sasfeedweactionstream E50cthtongls thertep e

conver sion, ebf Laent s ed 14 w || at a | owner
t enperature tfzui;ljﬁ | n(}éﬁqﬁlﬁgu‘?ze’ggé si rg}é%?dé{f,tgggﬁgrm‘fn%ﬂﬂil&gt"rtbﬁeati ng in
zone 18 to Dbroutgrmost dnaclar negioh d1&insteyal dfwmtoré oipaBat ure before passing it

into the second catal yst bed 16. 20 A variety of approaches to
and thermal heat exchange apparatus for generating and transferring thernal

ener gylocan be advam%ﬁaﬂ;sls,laxsmnmé.3,9n§9@%¥o§§§{r?3£§e&lf‘e§&foysﬂgmﬁone 18 of

reactor 10. One approach, illustrated in Frgs. run-a set of
axi al | y- di spo$@tmay ¢nmprise & yixsune of ethylbenzeneemdstieare x Eérslrstyeant il 6®is hedtedit i ng or

cool ing) tubeg AQ. Lo, -and k out of. ne .. The external
surface of 25§>a§?uthl§l{a e'tu eésjﬁ%ﬁf"%ﬁ gﬂ%lyrf&' V‘E}B@Fw%ag?ﬁ e heat
transfer medi oppafdtusi 130 andds then passtdisibstantially radially through inner wall 120 into

and through catalyst bed 114 resulting in at least partial conversion of the

15 hydrocarbon to the desired final product. The effluent product stream 162 emerging
substantially radially from bed 114 through outer wall 122 passes directly into
annular zone 118, which may be a collection zone, or a reheating (or cooling) zone,
or both. |

20 If reactor 110 comprises a single-i)cd reactor, as in fact illustrated in Figs. 3
and 4, zone 118 will be a collection or collection/heating (or cooling) zone in which
the effluent product stream 162 is flowed ina generally axial direction to reactor
outlet 136, where effluent product stream 164 leaves reactor 110 through reactor
outlet 136 and is sent downstream for further processing. It will be understood that,

25 as discussed above, it is also within the scope of this invention to, alternatively,
withdraw product stream 164 from the bottom of reactor 110 and/or from core zone
130. In a variation of this embodiment, as shown in Figs. 3 and 4, collection zone
118 may also serve as a reheating (or cooling) zone by locating a second thermal
energy exchange apparatus 140 in zone 118 to better prepare effluent product stream

30 164 for downstream processing.
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bare or finned, the latter being preferable due to the fact that the nunber
of tubes required to performthe heat addition or renoval, and thus the
size of the annular region 18 needed to contain the tubes, can be

subst anti al I‘§ roﬁtﬂzgged t hereby. -10- WD 00/ 02655

PCT/ US99/ 151%8 sterrperat ure of the process fluid | eavi RETUEY153% i ng
tube bank in zoneéS normally will not be evenly distributed in a radial
direction. The ex ﬁ{m&s\‘elx’m@Oﬂ@hmmnﬁf@nmbn%mmtbﬁ&mmmﬁm (notepend
primarily on g , feB@é6r ] E&Hh_ i.ng tube
spacing wl |l r_ggtﬁ}ce t&ﬁﬂen?ﬁgfhp‘gsﬁgﬂ%?@& %ﬁﬁﬁ%@%ﬁon, but at
a cost of i ndfighdiand2.t Inghis embedimert, anabemoreAdgitiodat careentrieynmlar estalysict i ng t he

radi al tenper L st butian LS use of .single.or multiple m xing
devi ces doms@%grgnmgél @%@ ‘{'%égﬁr'%@gﬁ%&)%)a‘wﬁePP%?‘anmsgﬁg “P‘ﬁ%éi& Wi ng

pl at esS cont ai this yhridtion,cnnwiar Zohe B8 suftudnditig iftRhRsst Béd DIAeRhyVirinthylngbe centers.
Resul ts of ri.g é us he mass transfer sinulations have shown that such

t
a designis ¢ aeseﬁq“gﬁ?%ggl energy gxrhangs gpraratusdd éoirchent (orzapl) pffluentper at ur e
mal di Stri but | it 63 MEpbes IRABRAI tpdtilly Aot S 15 BRRLIAAH Wi t hout

a significant_increase in pressure drop.” Uneven ating
t enper at ur es Hroygythe pesond(eg subsesfuent) ¢atalyst brg. t ube wi || cause axi al
tenperature maldistribution (i.e., tenperature differences between the

10 In this embodiment, an annular collection region surrounding the outermost
catalyst bed (comparable to region 28 in Figs. 1 and 2) will be utilized for collecting
the effluent product stream emerging from the outer wall of the outermost catalyst
bed and flowing that product stream in a generally axial direction to reactor outlet
136. The annular collection region of this multi-bed radial flow reactor may, in some

15 embodiments, include an additional thermal energy exchange apparatus to provide
heating (or cooling) to the effluent product stream on its way to reactor outlet 136.

It will be apparent to those skilled in the art that other changes and
modifications may be made in the above-described apparatus and process without
20 departing from the scope of the invention herein, and it is intended that all matter
contained in the above description shall be interpreted in an illustrative and not a

limiting sense.

25
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15 process fluid at the top and bottom of the reactor), adversely
affecting catal yst performance. It is preferred, however, that the thermal
heat exchangg é'é fgt us be of suitable size and shape, andPOHUBHISY,| y
positioned relative to said first catalyst bed 14, so as to be capabl e of
provi ding substantially axially unifok&M8 mal energy exchange. Since the
tenperature and flow of the process fluid [eaving the first 20

catal yst bed 14 is generally axially uniform it follows that the only way
t o achi kve subist antA mdiabfloveteacton dpparatus yonayirisinig ém cmhbmatmhamgpactbxshmx&ng onehow

mai ntai p the heat. tubes at, a.cq erature from ttom
This i doal ax.wn%%aawmtglmwﬁvﬁvwaciﬁcsm icenvett SBg ofsailr por of
neans, $uch asieliorCi febdibribediflleffol gﬂma%deﬁar(s@uﬁltb Yaid réabBPinkent;
capacity liquid) at a rate sufficiently high to keep the t'ube side

t enper ature dr mylan-@wedneswlgnd@tlm surfoun msngnmtar qoze, sid figst enplarheat ed
steam ghere CA r?é&n%nigﬁs AsHineR b ggﬁqsﬁﬂﬁagytcg\?cegtgx ‘fﬂt%@& ﬁmgxf 363)8{1%1-

terrpera ure gra € Process mnimze
mul ti pl @ pass wn&sap&bm ﬁmhalpfhﬁﬁblemﬁthtsmﬁhlaﬁsﬂbed bfnmab%t

?;gﬁgl‘SZ?f:‘FL?d’n@F\“ CI rcugﬁﬁ%%gunl 4 gqﬁlul ﬂow Chtl?rgug% g LXannu ar-lsl?apggat

PCT/ US98/ 1513%epish t43ihl1s hrkounding shid ﬁhlit ﬂe@u&abﬁeé@&treef& with@talihge
sufficiently high as to mnimze the terrperature ‘P al ong the heating
W

of

tubes. 9n th esﬂmé pEnduct stseam from said pesrtovinterior, sid flnidgroduct stream being
10 generated by flowing said fluid reaction stream substantially radially through at least
11 said first bed of catalyst material; and, thermal heat exchange means located in said
12 reactor core, in said second annular-shaped region, or in both.

2. A radial flow reactor apparatus according to claim 1 wherein said thermal

2 heat exchange means is located in said reactor core.

1 3. A radial flow reactor apparatus according to claim 1 wherein said thermal

2 heat exchange means is of suitable shape and size, and is suitably positioned relative

3 to said first bed of catalyst material, so as to be capable of providing substantially

4 axially uniform thermal energy exchange to said fluid reaction stream before it flows

5 into said first bed, after it flows out of said first bed, or both,

1 4, A radial flow reactor apparatus according to claim 1 wherein said thermal

2 heat exchange means comprises a plurality of axially-disposed thermal exchange
tubes.

1 5. A radial flow reactor apparatus according to claim 4 wherein at least some of

2 said thermal exchange tubes include fin members.

* c L M S *
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O e b e et L

transfer fluid externally by neans of a fired or an electric heater. O her
techni ques for supplying thernal energy to reheating zone 18, however, wl|
be apparent to those 5 of ordinary skill in this art. For particular
hydr ocar bonwerseetsssi ng operati ons, sone techni ques for supplhwysewgsisher mal
energy to reheating zone 18 will be seen to have particul ar synergies

and/ or 1ef fi ci @nci 66 radibliHisw réaStoPaliparated BitoRlingth BRInY 4 MheftfPdaid fbdshige heating 10
medium directly inside the tube, "such as by conmbustion or electrical

resi st dnce hespacedgpart end asranged in o generallyninenias configuration proyinaietospidditsty | benzene
dehydr Qgenat i . o) I e conventi onal

et hyl bgnzene-?%-@%@Pvg%’e&g%ﬁ&%ggéﬁoﬁ%?%&(%Pé@éss, steam 15 which is
co-fed with the hydrocarbon feed, is used both as a heating nedi um and as

di luent, for the purpose of |oweri ng the partial ressure,cﬁf t he reactants,
a requilr ement 7nec e Ssia) floy reaetgpappagtus geso oclaim d yyhereupsaid themali ¢ at j ons

and prevent c h}{lﬁm L 0 ' ' ' f m are the
type of netal ﬁ%rﬁgﬁfﬁénggg*lére gkgge[stﬁgwﬁﬂ s?%‘ahgdgg&g? t he reg ea @exchanger.
Li kewi Se, t hetbed damrying niflowingteat transfer medivan.pr esent whet her reheat is
perfornmed externally in a shell and tube exchanger, or internally in an
annul ar space between two radially-spaced annul ar catal yst beds contai ned

in the jsame vgssel A rithdl Bowviiachy g@ahnefac&'mﬁg t c%a? |Whered kdid thermal

dehydrogenation catal ysts, the _anount of steamrequired by the
proces€ i s noh¢adexphangemeans dompises @phudlity of thermaliy conidyetivecaxiallyrdispesed,  but

al'so by t enpepat i SxdhafPeltibed eatl Sbifitng s o HIGRA Sonthsitél BORRstioh Bt

4 a combustible material and means for feeding the combustible material and an

5 oxidant to the inside of said thermal exchange tubes.

1 9. A radial flow reactor apparatus according to claim 1 wherein said thermal
2 heat exchange means comprises a plurality of axially-disposed thermal exchange

3 tubes filled with a heat transfer medium and means for heating or cooling said heat
4 transfer medium.

—t

10. A radial flow reactor apparatus according to claim 1 wherein said means for

2 heating comprises an electrical resistance heater.

11. A radial flow reactor apparatus according to claim 1 further comprising a
third annular-shaped region in said reactor interior, said third region radially
surrounding said second annular-shaped region and radially-spaced from said first
bed of catalyst material, wherein said third annular-shaped region is defined by
substantially concentric second bed inner and outer walls of a porous material of
suitable mesh size to retain a second bed of catalyst material therein while permitting

fluid flow therethrough; and, a fourth annular-shaped region radially surrounding

said second bed.
* c L M s *
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particul ar the reheater exchanger. O der dehydrogenation catal ysts required
on the order of 8 to 12 noles of steam per nole of hydrocarbon feed, while
newer catal ypoop02s83icts only require 5 to 7 noles of steanPEEPSHAFBY of

hydr ocar bon feed. 30 -12- WO 00/ 02655

PCT/ US99/ 1513912.n tAeadisl Aywhenntoe appatatus atoprdimetoizin d i cgmprdingathemed es s,
process_steamjs typicall rovided.to the reheater, in the tenperature
range of 1450[@‘?‘#1”%é °N§'Ef[q%?aﬁdlﬂ.‘s s"F‘é‘ﬁ&&P‘ﬁﬁ#‘é&%‘% 1500[ err] F, 304SS
is an econom ¢ and practical material of construction. For tenperatures

above 1500[err]F, however, which are in general 5 required for |ow
st eam t &- hydr ot%r bohradial flewaeactor gnparatusgcqopding torslaim 12 farther pernerisingdfiwid ar bon) |

expensi ye, hi gh- rest st , such as 800H HT rnust be
specifiéd. Al t@? lgahgﬂlh\%{é%%gwgﬁ%ﬁ'is%?ﬁs gg‘%‘ng'si de tenperature can be reduced

by increasing the heat transfer area, but at the expense of higher
equi pnent cost _and addj ti onal pressure dro‘g Part,i Cl.i| arly .in_the case of

ext ernall shel | 1&nd ‘9 flgw reactor appapatns agear 5‘3( oglaiwd 1 comprisipg Gt be
overcomg by degoypkchathenitand BEAeddh sdil feadtbCRHR ﬁfdrsgﬁiﬁgige{lﬂﬂtﬂéatte%haﬂgét' ng

medi um and process diluent. This can be acconplishe
3 means located in said second annular-shaped region.

1 15. A radial flow reactor apparatus according to claim 11 comprising first thermal
heat exchange means located in said reactor core, second thermal heat exchange

means located in said second annular-shaped region, and third thermal heat exchange

HOWN

means located in said fourth annular-shaped region.

16. A radial flow reactor apparatus according to claim 1 comprising: a plurality
of radially-spaced annular-shaped catalyst beds, each said catalyst bed being defined
by substantially concentric inner and outer walls of a porous material of suitable
mesh size to retain the catalyst material therein while permitting fluid flow
therethrough; and, thermal heat exchange means axially disposed in at least one of
the annular-shaped regions separating adjacent catalyst beds.

(- SRV S RV I

17. A method for processing a fluid process stream by contact with a catalyst
material, in conjunction with integrated heating, cooling or both, in order to produce
a final fluid product stream, said method comprising the steps of: passing a fluid
reaction stream into the interior of a radial flow reactor apparatus comprising a
reactor core around a central axis of said reactor, at least a first annular-shaped
catalyst bed defined by concentric first bed inner and outer walls, said first bed inner
wall radially surrounding said reactor core, and a first annular region radially

* surrounding said first catalyst bed; flowing said fiuid reaction stream substantially

O 0 ~ O W B W N

radially into and through said first catalyst bed, whereby said fluid reaction stream

o RO R

THIS SHEET HAS BEEN This Sheet Has Been Replaced

REPLACE AWM




- schemgsof t he sy, villS5H

as steam flue gas, or 15 , -electrical resistance heating

or by conbugid d a fuel i be itself. One loAk1ay
ef fi caci ous net %ﬁgof supplying heat directly inside a he%‘lfoﬁ?%ge, t he

Csi £ uhi i . . : ¢
19 :Jafr{alqgsg 20 é&&c{s%éo% .%%E“SW‘%&%% ?sucﬂfgaéﬂg%ra %Mp%gﬂ& 0

hydr oddr bon) . stféam; andcfiowing said St baslgmiriuet stream sibstantinliygadiallyggut ofisaid ). S, Pat ent
Nos. §, 255,74 5. 404, 952 . whi ch i d in b f .
R A W

t enperiat ur e dfftherd doktiptising N8 isep o Aéhs o contdating/saill flid prooess strdauewithli st ri buti on

i nside the tube. Thus, the application of the nmethod . of U S. Patent 25
Nos. 54255, 748xiglydisposssitheymal qnergy sxehangeimgaps logaikrinsaid £Glr €9 Phe process

supplying heat directly to Lhe,pracess dn,.ihe manner described above.
Exanpl es of direct heating I Imﬁiﬂmﬁ ul ati on of a heating medi um such
il

'&fm“srpma titAalehGey SltRilge nafibbdt&n QM | nsi de a
eact or.

single or nultibed radial flow Anot’her net hod of conbusting fuel

i nsi del6t he he#itst anvilar fegion) ardotht he use of a 30 porous material such as
sintered metal or mcro-porous ceramcs. In this alternative, WO
00/ 02655 PCT/ US99/ 15139 a

doubl e 1pi pe ang.anggnmitiodiascoktdihg foZRiin Wi @hereih shid@hdradnelgyRRchiafigecONSt r uct ed
of a

2 means comprise a plurality of axially-oriented thermal exchange tubes.

1 19. A method according to claim 18 wherein at least some of said thermal

2 exchange tubes include fin members.

1 20. A method according to claim 18 wherein said thermal exchange tubes are
2 spaced apart and arranged in a generally circular configuration proximate to said
3 inner wall or said outer wall of said first catalyst bed, or both.

21. A method according to claim 20 wherein said thermal exchange tubes are

2 carrying a flowing heat transfer medium.

1 22. A method according to claim 20 wherein said thermal exchange tubes are

2 heated by internal controlled combustion of a combustible material.

1 23. A method according to claim 20 wherein said thermal exchange tubes

2 comprise electrical resistance heating elements.

1 24. A method according to claim 17 wherein said reactor interior additionally

2 comprises a second annular-shaped catalyst bed defined by concentric second bed

3 inner and outer walls radially surrounding said first annular region and a second

4 annular region radially surrounding said second catalyst bed, and further comprisixig

-
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porous material and the outer pipe acts as a conbustion chanber. One
alternative wuld be to feed fuel through the inner porous pipe and inject
the fuel intWCMP%5 streamflowing in the annulus of the P&ﬁf‘@?’”ﬂ:ﬁe 5 The
t hus reheated effluent product stream 62, flow ng. substanti al Iggrpr adially

from r heat i néheAtspeofi Jowingsaid Sidspracesy strsam Fubsiantiallyradialy inta andshropgh second

catal yst bed ] ' %"lggu

hydroczsr bon tésgégg%@gkygﬂsﬁﬁgt%%%%@gﬂ%t \e%% p Srgées%%lﬁeg#;bhﬁiﬁg%ﬁg radially
t hr ougl¥ bed 16ataligitfcbntained jnrsaidisedond Gatalyst bed totprastune $secemibeglipmodutt om cat al yst
bed 16 passes through wall 26 into.an outernost annul ar col |l ection region
26" def hed by ET 50 A e apnd Lprotiet yiram spRgmialy mialin 8 L fif ace. of
the shagl | or Redsnd batalfe BEEmtd e lof B8 adrulishdpRd fdofins AdjacehitoGRid!sBénion I €gi on
28, effluent product stream64 flows in a generally axial direction to
react ol out | eccatslystbgfher e ef f | uent product stream 64 | eaves reactor 10

t hrough reactor outlet 15 36 and is sent downstream for further

processi ng and separation of the conmponents, including recovery of the
desired produ@s. As metkod ascerding rodlaich 24peieceie saidfivid process steam il t er nati vel y

be withdrawn fromthe, bot, .of reactor 10 ingtead of the top,,and may be
Wi t hdr froﬂﬁ%?‘@;]wmél@g&é?"ﬁd‘g HEIBY §XC emeans}ocate msag e 3 and 4
illustrpte an r@%&grnat i ve enbodi nent of the radial flow reactor of this
invention. In this alternative enbodi nent, radial flow reactor 110
conprises a generally cylindrical outer shell or housing 112 and, contai ned

therein, a single gnnul ay catal yst, .b r, reacti.on zone 14 surroundi ng a
f eact opl core Zne %é'eéﬂlod’ accordmg¥o clauneg flther comprising fhe step otl contacting

2 said fluid process stream with axially-disposed thermal energy exchange means

3 located in said first annular region.

1 27. A method according to claim 26 further comprising the step of withdrawing
2 said fluid process stream from the interior of the reactor after it has flowed through

3 both said first and second catalyst beds as a final product stream.

1 28. A method according to claim 17 further comprising the steps of sequentially
2 flowing said fluid process stream substantially radially into and through a plurality of
3 additional annular-shaped, radially-spaced catalyst beds of increasing diameter, each
4 located in the interior of said reactor, wherein adjacent catalyst beds are separated by
5 annular regions, to yield a final product stream in the last catalyst bed of the

6 sequence.

po—t

29. A method according to claim 28 further comprising the steps of contacting
2 the radially flowing process stream with thermal energy exchange means in 2

plurality of the annular regions between catalyst beds.
A
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conprising a generally cylindrical region defined by the inner wall 120 of
catal yst 25 bed 114. Also in this alternative enbodi nent, a thernmal
heat exchange apparatus 150 is |ocated inside core zone 130 to heat (or
cool ) the reaoloniess! et feed or reaction stream 160 which is fed to core
zone 130 via a reactor inlet 132. In this enbodi ment, therffdVUSI¥EPxchange

appar atys 150.2qwhi | s€e.an i.tabl e heatjn or. cooling) neans
such aspt hose38°r ev%o%@%ﬁ%gﬁé#goecw 8 éﬁ‘f’?mmﬁid??ﬁ?ﬂg@ confacipgtne  _ 14.
WO 00/ 02655  radially flowing process stream with thermal energy exchange means in eac 6 thd S99/ 15139
serves {0 proviqﬁ thern%I exchagge to incomng feed or reaction stream 160
bef or e passi ném? & PR e ¢dS- a substanti al | y radial direction into
catal yst bed 114. As noted above for the enbodinent of Figs. 1 and 2,

al t hough Fig. 3 shows 5 reacti on stream 160 being fed through the
bottom of reactor 110 to core zone 130, it is also within the scope of the
invention to feed reaction stream 160 t hrough the top of reactor 110
instead of the bottom and/or to feed reaction stream 160 to the outernost
annul ar region 118 instead of to core zone 130. 10 For

exanple, as shown in Fig. 3, in a styrene operation, feed/reaction stream
160 may conprise a mxture of ethylbenzene and steam Feed stream 160 is

heated to a suitable tenperature in core zone 130 by contact with thermnal
heat exchange

* C L M S *
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apparatus 150 and is then passed substantially radially through inner wall
120 into and through catalyst bed 114 resulting in at |east partial
conver si on ofWQ $@2658 hydrocarbon to the desired fi nalPCBASEASI3® The
ef fl uent product stream 162 emergi ng substantially radially frombed 114
through outer wall 122 passes directly into annular zone 118, which nmay be
a collection zone, or a reheating (of/&oling) zone, or both. 20

I f reactor 110 conprises a single-bed reactor, as in fact illustrated in
Figs. 3 and 4, zone 118 will be a collection or collection/heating (or
cooling) zone in which the effluent product stream 162 is flowed in a
generally axial direction to reactor outlet 136, where effluent product
stream 164 | eaves reactor 110 through re d€t 136 and is sent
downstream for further processing. |t at, 25 as
di scussed above, it is also within th

64 fromthe bottom of reactor 110
ariation o ks enbodi nent, as shown in

a reheating (or

Nange apparatus 140 in

and/ or from core zone 130.
Figs. 3 and 4, collectio
cooling) zone by | ocatif

g”a second thernmal ergy ex

paAre effluent produg¢t stream 30

R A /.i
o | 2 i
| e § /§ ,‘, 2
L §/§ % G _'L
§§§§\£;;;;/§§\ m! 2222
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WO 00/ 02655

PCT/ US99/ 15139 Alternatively, in another variation of this enbodi nent of
the invention (not shown), reactor 110 nay conprise a nulti-bed reactor
simlar to illustrated in Figs. 1 and 2. In this enbodi nen ne or
nor e additigﬁiﬁmgﬁﬁcentric annul ar catal yst beds (conparaBFyuﬁghﬁg 16 in
Figs. 1 and 2) will be positioned inside reactor 110. In 5 this
vari ation, annular zone 118 surroun gp i nnernost bed 114 nay or may nhot

i nclude a second thermal energy exc ﬁge'apparatus 140 to reheat (or cool)
ef fluent product stream 162 as it passes substantially radially through
zone 118 and into and through the second (or subsequent) catal yst bed. 10
In this enbodi ment, an annul ar coll ection regi on surroundi ng the outernost
catal yst bed (conparable to region 28 in Figs. 1 and 2) will be utilized
for collecting the effluent product streamenerging fromthe outer wall of
t he outernost catal yst bed and flowi ng that product streamin a generally
axial direction to reactor outlet 136. The annul ar coll ection region of
this multi-bed radial flow reactor may, in some 15 enbodi nent s,

I nclude an additional thermal energy exchange apparatus to provide heating
(or cooling) to the effluent product streamon its way to reactor outl et
136. It will be apparent to thgse S _thesgrt that other changes and

nodi fications may be nade inA d.apparatus and process

O
C u'/a”v‘}/’ﬂ.‘/:.-"”

: . NN : ! _
w t hout 20 depart |Xg 4/4; e ) nvention herein, and it
is intended that all G -E)4%%?ﬁ%%ﬁééﬁ?ﬁfég%g%§%;; ptiop shal |l be
interpreted in an il 7 Vi aI /‘%,,, DR /-0
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25 -16- CLAIM5 1. Aradial flow reactor apparatus conprising in

conbi nati on: ubstantially cylindrical reactor housi '% ousi ng
defining a rgég%gﬁsfnterior i ncluding a reactor core regioﬁggv%%h 3£
central axis of said reactor, a reactor inlet region adjacent to a first
end of said reactor core region, and agggctor outlet region 5 adj acent
to a second end of said reactor core region; (b) a reactor feed inlet for
feeding a fluid reactant streamto said reactor inlet region; (c) a first
annul ar - shaped catal yst bed region of said reactor interior radially
surroundi ng sai.d reactor core region, said first annul ar-shaped region
bei ng defined by 10 substantially concentric first bed inner and outer
wal I s of a porous material of suitable nesh size t? %ftain a first bed of
catal yst material therein while permtting quide‘g' t her et hrough; (d) a
second annul ar-shaped region radially surfounding sard Ti1rst éﬁnular-shaped
regi on wherein the outer wall of said fi | ar - shaped regi on al so
defines the inner wall 15 of said s - shaped region;
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(e) a reactor product outlet for wwthdrawing a fluid reactor product stream
fromsaid reactor outlet region; (f) a plurality of axially-di sposed heat
exchange tubes | ocated outside of said catal yst bed region in said reactor
core regi on wbogapsssde said first bed inner wall, in said ;@rﬁﬁgﬂgﬁ,,
annul ar - shaped region alongside said first bed outer wall, or both; further
wherein said reactor interior defines a fluid streamflow path consisting
sequentially of: a first axial segnepyg unning substantially axially from
said reactor inlet region into the reactor core region w thout passing

t hrough any part of said catalyst bed region; a radial segnment running
substantially radially fromsaid reactor core region across -17- 25 any
heat exchange tubes al ongside said first bed inner wall, through said

catal yst bed region, across any heat exchange tubes al ongside said first
bed outer wall and into said second annul ar-shaped regi on; and a second
axi al segnent running substantially axially fromsaid second annul ar - shaped
region to said reactor outlet region. 2. A radial flow reactor apparatus
according to claim1l wherein said heat exchange tubes are |located in said
reactor core region. 3. Aradial flow reactor apparatus according to claim
1 wherein said heat exchange tubes are of su+t&fe shape, nunber and si ze,

and are suitably positioned rela

/1
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oo PLI/US 797104107
to said first catalyst bed region, so as to provid stanti ald y |
uni form thermal energy exchange to the fluid streaﬁ?ﬁ{oﬂ itefj cFvEg ?hhn
radially into said first catalyst bed 5 region, after it flows radially
out of said first catal yst bed region, or both. 4. A radial flow reactor

apparatus according to claim 1l wherein said heat exchange tubes are spaced
apart and arranged in a generally ciQIcAIM8 configuration proxinmate to said

first bed inner wall, or said first bed outer wall, or both. 5. A radial
flow reactor apparatus according to claim1 wherein said heat exchange
t ubes are spaced apart and arranged in a generally circular configuration

al ongsi de sai d- fA raskial flow reagter apparatus @mpsisingdn spmbIakion: eact or  appar at us
el ude 1 n iR Rbstaptaly clericel =GR PR i BpEITE GTRBIRE, 1o ol ai m
L aner ol sl plogh SEchnge, Luces comp | S8 BLUALLLL of DXLl sposec
o2k b BERCHPLYEFAFSRL B SRRl OHERLaRT Tl BB
:x_c gggge atd}éggtﬁ’to g%g&nﬁ%ﬂﬁ%E‘E’Jiﬁ'gea%?'&ﬁrefr‘ééioh{‘t gr nal controlled conmbustion of
(b) a reactor feed inlet for feeding a fluid reactant stream to said reactor inlet
region;
(c) a first annular-shaped catalyst bed region of said reactor interior radially
surrounding said reactor core region, said first annular-shaped region being defined by
10 substantially concentric first bed inner and outer walls of a porous material of suitable
mesh size to retain a first bed of catalyst material therein while permitting fluid flow
therethrough;
(d) a second annular-shaped region radially surrounding said first annular-shaped
region wherein the outer wall of said first annular-shaped region also defines the inner wall
15 of said second annular-shaped region,
(e) a reactor product outlet for withdrawing a fluid reactor product stream from
said reactor outlet region;
(f) a plurality of axially-disposed heat exchange tubes located outside of said
catalyst bed region in said reactor core region alongside said first bed inner wall, in said
20 second annular-shaped region alongside said first bed outer wall, or both,
further wherein said reactor interior defines a fluid stream flow path consisting
sequentially of. a first axial segment running substantially axially from said reactor inlet
region into the reactor core region without passing through any part of said catalyst bed

region; a radial segment running substantially radially from said reactor core region across
-17-
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.c'on-busti ble material and neans for feeding the co@usti@ﬁ%@i ?737'/@&30{]@5(‘

oxidant to the inside of said tubes. 9. Aradial flow rat us
according to claim1l wherein said heat exchange tubes conprise a plurality
of axially-di sposed heat exchange tubes filled wth a heat transfer nedium
and neans for heating or cooling said heat transfer nmedium 10. A radi al

f1 ow raSacamyrhegperehangedubssalangpide said first hedvingerwall, shroughisaid eatalyiss bedr heat i ng
conprises an electrical resjstance heater. 11. A radial f]ow.reactor

appar at usTe&ialeReTPsiany hieah exchange fubes plopgsidassid Hrshed-outer; wall andrintosaids haped
region in said reactor interior, said third region radially. surr.oundin
sai d seco?ﬁﬁ’oﬁ‘gﬁm -shapeddeeiPRng @ seeppd %ﬁ&"&ﬁ-%kﬁ%i’e@a subsiartelly iy 1 bed
of catalyst material, rein said third annul ar- shaped region is defined
by Subet ARPPLPIFe L anilEl Shaed Befort Bcseid SRR Mo RERE  cr ol 1 5 of
orous material qf | | L1 al cat al yst
Ir[:nt erial ther elbn%vﬁﬁweﬁ%g#%cﬁﬁpgﬁﬁgfﬁ{i@év@ ﬁ%&é? ﬁ&g%ghm(g%% a fou?/t h
annul ar - sg,gyggﬁlgertggésﬁﬂ? f&gﬂeélix{ ShiPraboH BoHeRebisAl d third annul ar-shaped

region. 12. ATadia ow react or apparatus according to claim 11l

conpri si ng hea8, @x@HRNEW redest apparatus deddiding sl clame PRivher slidheat haped
region. 13. Aradial flow reactor apparatus according to claim212 further

conpr i si ngxdhangectublésypé af auiiable shapeAurhing ahd dize, and ardlsuitabl pokitiendderelatige on.
14: A radial flow reactor apparatus according to claim1ll conprising a

first set topfaichficst catalystdred cegion) se a$ tocproeide isubstamtidily @dallyamifoom ¢hermafi on and a
second set of heat exchange tubes |ocated in said second annul ar-shaped
regi on. energy exchange to the fluid stream before it flows radially into said first catalyst bed
5  region, after it flows radially out of said first catalyst bed region, or both.
4. A radial flow reactor apparatus according to claim 1 wherein said heat
exchange tubes are spaced apart and arranged in a generally circular configuration
proximate to said first bed inner wall, or said first bed outer wall, or both.
5. A radial flow reactor apparatus according to claim 1 wherein said heat
exchange tubes are spaced apart and arranged in a generally circular configuration
alongside said first bed outer wall.
6. A radial flow reactor apparatus according to claim 1 wherein at least some of
said heat exchange tubes include fin members.
7. A radial flow reactor apparatus according to claim 1 wherein said heat
exchange tubes comprise a plurality of axially-disposed heat exchange tubes carrying a
flowing heat transfer medium.
8. A radial flow reactor apparatus according to claim 1 wherein said heat

exchange tubes comprise a plurality of thermally conductive, axially-disposed heat

exchange tubes, each containing means for internal controlled combustion of a

-18-



15. A radial flow reactor apparatus according to claim 1%%%?%9?/&15 1 3 ‘

first set of heat exchange tubes located in said reactdr egi(ﬁ
second set of heat exchange tubes |ocated in said second annul ar-shaped
region, and a third set of heat exchange tubes located in said fourth
annul ar-shaped region, -19-  16. A radial flow reactor apparatus
accor di ngce@bustiblermaterial apd menpsfor feeding thg ¢anybustible maiterial gndsammexidant to the
annul ar - shaped cat al yst beds, each said catal yst bed being defined by
subst ant | i51dg of sHE &Mes ¢ i nner and outer walls of a porous material of

suitable nmesh gize to.retain the catalyst paterjal therein while permtting
fluid flow the?eﬁm?‘éli‘b ?Wa{ﬁ%ﬁwfaﬁpe@ia“ﬁf“?@é’c“gészei?aﬂdé”ql%&alék%ﬂ |y di sposed

ode, 17 SheuRas fhes QuiREd oy B8 Sl i RER B SrantSnPel AlWEE Wi 1

cat al yst ' i 11 Rl . S l I pdrical reactor
conpri si nﬁ%{a@gﬂﬁ @?&{é@ragﬂ?%ég%%ﬁrgre%ﬁ% é’toggéé F&?A Heaaiwé“%% é;(ﬁ‘ngnr eactor, a
reator inlet regi A'raadli 866 Mact | L i Hok - 0L region, a
reactor outlet regi gn adj acent&tagpgﬁgugtggﬁdg&gggo g?inggivgéféggéatl%?{e%‘s fggr e

regi on, ahedtigTompribdsiantelethival AkisaiedRatdgat al yst bed radially surrounding
said reactor core region and defined by substantially concentric first bed

i nner and out en1wa fadiabfiow r@RtcrUpparatue rabédrdingmd cRinh 11 FigrtheR @6MpASing h ARRH
collection region radially surrounding said first
annular-shaped region in said reactor interior, said third region radially surrounding said

second annular-shaped region and radially-spaced from said first bed of catalyst material,
wherein said third annular-shaped region is defined by substahtially concentric second bed
5  inner and outer walls of a porous material of suitable mesh size to retain a second bed of
catalyst material therein while permitting fluid flow therethrough; and, a fourth
annular-shaped region radially surrounding said third annular-shaped region.

12. A radial flow reactor apparatus according to claim 11 comprising heat
exchange tubes located in said second annular-shaped region.

13. A radial flow reactor apparatus according to claim 12 further comprising fluid
displacement means located in said reactor core region.

14. A radial flow reactor apparatus according to claim 11 comprising a first set of
heat exchange tubes located in said reactor core region and a secoqd set of heat exchange
tubes located in said second annular-shaped region.

15. A radial flow reactor apparatus according to claim 11 comprising a first set of
heat exchange tubes located in said reactor core region, a second set of heat exchange
tubes located in said second annular-shaped region, and a third set of heat exchange tubes

located in said fourth annular-shaped region.
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’ catal yst bed, said reactor further conprising axiall ymeéi d t
(B SS LA ES

exchange tubes located in said reactor core region a sad’ first bed
inner wall, in said first annul ar-shaped 10 coll ection regi on al ongsi de
said first bed outer wall, or both, said nmethod conprising in sequence the

followng steps: (a) flowng a fluid reactant streamin a substantially

axi al directide. fA adial flow reactartapparatisaccordipg éo claint d compdsingas phwralisy of

regi on wi t hout passing through any part of said first catal yst bed; 15

(b) fl owiradiallyaspaced a;mular-emg eatalystrbedsncach said casalys bed heing dﬁéwﬂéxy di rection
fromsaid reactor core region across ﬁny heat exchang t,éges al opgsi de sai d
first bedubstantiallygoncentriginnenand euietowglls of #inereysmaterial of syjtablefagsh sighde e by

Stream | roginihe cqlaystanasci g gl pemigug i AR iecstfioug grdca setor & 01!
subst anti.al | adi al, dir.ecti.on out 20 saig, first catalyst bed across an
neat - oxcianigrohdis Boet sHaty fSPes tn 4 icef{ oy Tt il SfteR o 11 ror
col l ecti %g?*ﬁg{gﬁagcg@%ﬂe lbet,dsow' ng said first bed product streamin a

substanti ron fromsaid first collection region to said

reactor out | etyyt ghihodifol ProBestp ‘Rl feabtait sty HhaBHARE chelhyg @ second

adj acent catalys
material contained within a substantially cylindrical reactor comprising a reactor core

region around a central axis of said reactor, a reator inlet region adjacent to a first end of
said reactor core region, a reactor outlet region adjacent to a second e:nd of said reactor

5 core region, at least a first annular-shaped catalyst bed radially surrounding said reactor
core region and defined by substantially concentric first bed inner and outer walls of a
porous material, and a first annular-shaped collection region radially surrounding said first
catalyst bed, said reactox.' further comprising axially-disposed heat exchange tubes located
in said reactor core region alongside said first bed inner wall, in said first annular-shaped

10 collection region alongside said first bed outer wall, or both, said method comprising in
sequence the following steps:

(a) flowing a fluid reactant stream in a substantially gxial direction from said
reactor inlet region into said reactor core region without passing through any part of said
first catalyst bed, |

15 (b) flowing said fluid reactant stream in a substantially radial direction from said
reactor core region across any heat exchange tubes alongside said first bed inner wall, into
and through said first catalyst bed, whereby said fluid reactant stream contacts catalyst to

produce a first bed product stream;
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| 18i A met hod according to claim17 wherein said heat egcqgé §t%b%! 5 139

spaced apart and arranged in a generally circul ar corl | on ()J'Ef'oE tZQUU
to said first bed inner wall, said first bed outer wall, or both. 19. A

met hod according to claim 17 wherein said heat exchange tubes are spaced
apart and arranged in a gerneral |y circular configuration proximte to said
first bed out €¢) fleaving sad firshbed:productsstreamdin agubstantially radinl diggetioniont of | east
sonme of said heat exchange tubes include fin nenbers. 21. A method

accor # ngaid dirgt (catalystbed geEoss any Beat gxehenge whesalorgside spidfirstrhed ontargyally

flowi ng heat transfer mediym 22. A nethod according to claim 17 wherein

sai d heatntesgid firgfcolleption regien; @8 ed by internal controll ed conbustion of a

O o B T SR A R L
i i . i. i .S, 24. A

mot hod i bR 3o daREreBHBE bt Baide oL R UIGRRAR O S EAR g 7

conpri segsgc%ﬁ%oui%e&@aﬁﬁ%@aped catal yst bed defined by concentric second

bed i nner an r wall’s radially surrounding said first annul ar-shaped

col | ecti on regigom ARthod aSQSAMNE 18R 37 WHAREchi Rld BRAHaREE fuBEH 8B spadial | y
surroundi ng said second catal yst bed, and 5 further conprising the steps
of flow ngasandladradgsd ihe Gerdi 4l Wirculi ERPBUARHBA pPoXitatelty sdid Grsh bed innerl -
wall, said first bed outer wall, or both.
19. A method according to claim 17 wherein said heat exchange tubes are spaced
apart and arranged in a gernerally circular configuration proximate to said first bed outer
wall. |
20. A method according to claim 17 wherein at least some of said heat exchange
tubes include fin members.
21. A method according to claim 17 wherein said heat exchange tubes are
carrying a flowing heat transfer medium.
22. A method according to claim 17 wherein said heat exchange tubes are heated
by internal controlled combustion of a combustible material by feeding the combustible
material and an oxidant to the inside of said tubes.
23. A method according to claim 17 wherein said heat exchange tubes comprise
electrical resistance heating elements.
24. A method according to claim 17 wherein said reactor interior additionally
comprises a second annular-shaped catalyst bed defined by concentric second bed inner
and outer walls radially surroundiné said first annular-shaped collection region and a
second annular-shaped collection region radially surrounding said second catalyst bed, and

5  further comprising the steps of: flowing said first bed product stream substantially radially
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through said first collection region, into and through faq-g/ggognc?!a%jg
bed, whereby said first bed product stream contacts tllileMyst QOFIEB 0
in said second catal yst .bed to produce a second bed pro tream flow ng
sai d second bed product stream substantially radially out of said second

catal yst bed into said second collection region; 10 and, flow.ng said

second bthdoyghadiddirststollectioniregian,Sntosand thrioagh yaidisécahd datalystttiedywhereby sai d

second collection region to said reactor outlet region. 25. A nethod

accor di nspid first bed product \streara icantaets thef datalyst centainedhin 9idrseeond catalyshbedtoed wi t h
heat exchange tubes_ | ocated in said reactor core region. 26. A nethod

accor di nBrodice:? sgeand bed produgt stregniflawing, said secoad bed produetftrgami ng said first

bed d W, th heat, h b I di id fir,

ool | Bt s BPstaBgALb Al ou of st SEPold CORIYSt kP Ao SeR serord GOlPRIOG B Rpr i si ng
th t t actj ' d bed. t. Wi t.h t h

e SHEPu5h 059 Sl Sl PSR B SR A e R B S0
claim 17SJCP£& Q&fefﬁgﬁragrglgﬁlgggﬁhr}gac%reo%leplfe gquentially flowing said fluid

reactant Stream reactor core r€&gion substantially radially into

and through azp! Wrabthby aQord@ifislid di8Rrds FRHEINAhIdRAPRG ctahPiedinliy - SPaced

catal yst beds of 1 ncreasing dianeter, each located in the interior of said

react or, chigdted ﬂi@%&@sﬁmg@t@byﬁkatéd in ESFeadtor coRRagian.ed by annul ar-shaped
collection regions, to yield a final product streamin

26. A method according to claim 25 further comprising the step of contacting said

first bed product stream with heat exchange tubes located in said first collection region.

27. A method acéording to claim 26 further comprising the step of contacting said
second bed product stream with heat exchange tubes located in said second sollection
region.

28. A method according to claim 17 further comprising the steps of sequentially
flowing said fluid reactant stream from said reactor core region substantially radially into
and through a plurality of additional annular-shaped, radially-spaced catalyst beds of
increasing diameter, each located in the interior of said reactor, wherein adjacent catalyst

5 beds are separated by annular-shaped collection regions, to yield a final product stream in
the last catalyst bed of the sequence.

29. A method according to claim 28 further comprising the steps of contacting the
radially flowing stream with axially-disposed heat exchange tubes in a plurality of the
annular collection regions between catalyst beds.

30. A method according fo claim 28 further comprising the steps of contacting the

radially flowing stream with heat exchange tubes in each of the annular collection regions

between catalyst beds.
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(57) Abstract

Apparatus for a radial flow reactor and methods of using the reactor for catalytic hydrocarbon processing. The reactor (1 10), of
annular shaped housing (112), contains a core region (130) with a heat exchange means (150). The core region (130) is surrounded by a

catalyst bed (114) held by inner and outer walls (120 and 122 respectively). The core region (130) and radial catalyst bed (114) are further
surrounded by an annular zone (118) containing heat exchange means (140).




