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Invention 30 In nost, if not all, processes involving chemc conver si ons
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Wher e hl%@ Vexothermc reactions are <carried out in a flow reactor
)

cont ai ni gntioBdoeRaraio gemetes aceied| 3dapiec tempjntain during operation the
20  outer surface of each conduit predominantly in contact with a heat-transfer medium,

and having an inlet in flow communication with an outlet for the heat-transfer
medium. '
Another aspect of the invention includes chemical processes which use such
flow reactors comprising a piurality of zones such that each downstream zone has a
25  varying cross-section than the contiguous upstream zone. Such processes include,
for example, the continuous manufacture of maleic acid’s intramolecular anhydride,
commonly referred to as maleic anhydride wherein each downstream zone has a
larger cross-section than the contiguous upstream zone.

Background of the Invention

30 In most, if not all. processes involving chemical conversio_rfs the control of
temperature by means for transfer of energy is very important, because chemical
reactions either absorb or evolve energy. Where highly exothermic reactions are
carried out in a flow reactor containing a fixed heterogeneous catalyst, energy

evolved near the entrance of the reactants in contact with the catalyst is well-known
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evol ved near the" entrance of the reactants in contact with the catalyst is
wel | -known -1 WD 03/011449 PCT/ US02/ 22550 to cause non-i sot her mal

condi t i orwowhiochi4zan result in del eterious overheating of PCraSomadsad yst .
Furthernore, non-isothermal conditions of reaction are |likely to decrease
desired gconversions,, thr h d/or yiel val ue adde cts. In
a | arge t4 G@sesPeN ﬁ?fﬂ@ﬁ‘%é’i% BK'BE%?E@Q Ctaﬂéeilﬂﬂ\r/‘e#)ﬁl?%ﬂ%‘fs a\éegp%aﬂmﬁfo? ction

5 appar ataslystopFiugadrhforé Ohot i tHeimaRedndittths aft reB i Mreel@ihey dedregden cal
reactions uses an annul ar bundl e of vertical contact tubes which are

adapt ed £8SIEGIHORVEISIONE; thERHINREL @NEIGE gkl Of valug drded Y on gases are
di rect ed thr qugh drbe dadiesr FRARDbResddierRalaERoIUcklth GioRbchyp! ved as
the reaction proceéds is renmoved by a carrier i's circul ated

over fheapparalus saprigale Jor pise I8 rRMNg @Lﬂb@ghly 1@%0@@@%51 faagtiPieact or s
are ill Uﬁéésaérﬁslnﬁmaﬁs € oflvertldd ic6RbLMubSUG lcﬁ%"i‘étaeéﬁted39%9rﬁﬂa§1ea ax urality

of walled conduits eaLg‘Ld havi ng an outer surpace di spose contact with
a heat - thatﬁgzg@ne@wmmyshmﬁieaﬁt@mgéQeSdargtthet@tﬁzd tmommhtheoiubea@amawg or

flow corrmén&aqayétognaw;; nBallBWIRed Eé%égfé%{q% ShroddiisCR I8 4% Featini For M

cross- section’throughout e reac I'n such reactors, it
i s sonet Fanger whith |lS:<EII‘C1UlaISd Dtl)ertﬂaegzntee stffiecehefahe gentackiubes.duri ng the reaction

wi th Bhe heatCérﬁ/%PY&J\al cfl%%%b!:fo‘% &2 |l|Lfsnra é&emrﬁ&flret ??{Elgéllé(n?f' u@ﬁgt-grgsfl (r)ﬁsluLt

S that such hot
t he cat atymsprideed errehhm of waIEdexmdws rdach rresvatgi @m oem:remracetdn@dseatfor enoval

Cnberti craiget it Ade kel v SR S iRn et a8aRed fone
r eagt atnt ﬁomndmﬁ“ﬁhnma@bemn@nda powdstodasn ganifoldudheacopruitd 2@ erunifombusisst 0 non
produc

chem cal compou ds t her .of these oc urrences often ) eads to an
i rrevers?%q?'tgngwgw ’Eﬁ engﬁy%fﬁbwe%%d%sw fe7& Qfﬁt'g' e.g (ﬁ’#ﬂ i
drasticatd Nalér%@éﬁﬂéalﬁ@ehéﬁa@ec&ﬁdﬁr@ thePeaE N Rl mé)ﬁeéth@n%aélada‘;ﬁébmtles
Specifica t he cat al melt and/or fuse together; the catalyst
crystal H’éé‘?ﬁlﬁ"@\a erc@%%’b’&@%“f?&ﬁ' ah Py, EACoRN Py OPRFAtE Witk &n hehuse 25
the | OSSspﬁt’ aet ithd focadtrlirothesehtanti Med Whefeid e BRUALMSE rbLiBRefeEERd
products he @%% desi ng directed to an i nproved heat exchange arrangement

r t

for sucht EgWVapFaraR) Uéesaneth@nEﬁ%toer?r SuRAWAYe reaglians’ ppeaaiseNe!
3, 850, 23psifficieReheamenaCak@bitda kR ran dxydanR eMréh?étﬁW r%er%ﬁﬁﬂaﬁf%saﬁcﬁaCt' on
ype

apparatus which is a conpact structure of a closed
ext erhal PiS&TEd MS0dUsts GRMtRUG Ebrgridise qit é@WéUStar’t@ah@jénﬁ@ﬂU‘ﬁn@h@ﬂlcﬁg a punp
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physical damage of the catalyst and/or drastically reduces the life and/or
performance of the catalyst. Specifically, the catalyst may melt and/or fuse together:
the catalyst crystal structure or composition may be altered, any of which can cause

25  the loss of activity and/or selectivity of the catalyst to preferred products.
Many designs directed to an improved heat exchange arrangement for such
reaction apparatus are known.
For example, U.S. Patent No. 3,850,233 in the name of Oskar Wanka and
Jeno Mihaleyi describes reaction apparatus which is a compact structure of a closed
30 type. without external portions, but with a complex internal arrangement including é
pump which directs a flow of heat carrier medium along an inner tubular baffle toWard
the opposite end and then through an opening in the inner tubular baffle over the

contact tubes and then back toward the pump for return through an annular space
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the opposite end and then through an opening in the inner tubular baffle
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separate stages whi ch are arranged sequentially within the reaction vessel
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i ncl udesh@ waRaE@hehde medium. In one of these complex examples, several such
additional annular conduits are arranged at respective points of the shell intermediate
between the supply and discharge conduits. In another, dlaphragms or partitions
divide the shell side into separate compartments each of which has a respective heat

25 exchanger associated therewith.
More recently, U.S. Patent No. 3,871,445 in the name of Oskar Wanka,
_ Friedrich Gutlhuber and Cedomil Persic describes a multistage reaction apparatus for
carrying out exothermic or endothermic catalyst reactions comprising a plurality of
separate stages which are arranged sequentially within the reaction vessel and
30 consecutively passed through by the reaction gas. Each stage includes a separately
removable module filled with a catalyst, and a gas cooler in-the form of a heat
exchanger mounted downstream of the module. Each heat exchanger represents a

controllable partial cooling circuit and all of the exchangers are interconnected by a
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removabl e nmodule filled with a catalyst, and a gas cooler in the formof a
heat exchanger nounted downstream of the nodul e. Each heat exchanger
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Gut | huber a tubul ar rea tor for catal ytic gas-phase reactions is described

wi th synHaf f4nere @ crd@, |at95}'§§é’” 8nd rp@oM@lapt é%@@éﬁ@é‘ﬁfﬁfmﬁwm ¥R &t ream of
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according to the patent, undesirable severe |ocal” cooling in l e reacti on
ar ea2®f ClicHRtipaApddre pwt@a\ﬁlﬂb@dmaﬁéwtlons of at least one annuiar duct via

setting elements.
In U.S. Patent No. 5,161,605 in the name of Friedrich Guthuber a tubular
reactor for patalytic gas-phase reactions is described with symparallel (sic) guidance
| of the heat exchanger. A partial stream of the heat-exchanger medium, immediately

25  neighboring the inlet side of the tube plate, is introduced through a by-pass channel
arranged in the center of the bank of tubes, by-passing the bank of tubes, and at a
point downstream of the discharge area of the heat-exchanger. In this way,

~according to the patent, undesirable severe local cooling in the reaction area of
the,bank of tubes can be avoided.

30 All the above-described methods are essentially based on modifying the heat
transfer from the contact tubes which contain heterogeneous catalyst after this heat
has been produced by the chemical conversion reactions therein. In a paper titled,
"An Alternative Method to Control the Longitudinal Temperature Profilein Packed
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the axial inert body should, in theory at least, realize a constant longitudinal
temperature profile. Where a typical commercial reactor for a highly exothermic
conversion contains up to 20,000 or even 30,000 contact tubes which are long
25 relative, e.g., 100 to 250 times their diameter, there remain unsolved mechanical
problems involving fabrication and/or maintenance of a coaxial inert body in each
tube, as well as in loading catalyst into an annular space from the end with smallest
dimension.
Other methods of obtaining a predetermined temperature profile along the
30  axial co-ordinate of flow reactor containing a fixed heterogenéous catalyst is a -
quench-type reactor wherein cold fluid, such as fresh an/or recycled reactant, is
injected into the flow at a plurality of points along the axial co-ordinate or between a

plurality of catalyst beds. However, in a paper titled “Technology of Lurgi's Low
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O her nmethods of obtaining a predeterm ned tenperature profile along the
30 axial co-ordinate of flow reactor containing a fixed heterogeneous
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of f1I ow ?SHP ??{ﬁglpggc? r%%&';? Lﬁhambﬁgg'gﬁ%“ﬂ@ TRiBSY 'ﬁateaﬂgm%?@'sop BedPal equi r ed
for commlnmtonthd hezatgmiting beaeaﬂ-a[b’s,orMng tibie, amamarweniedmamwerfe&teﬁ@ted on

t he courtﬁe of a 15 reaction t%feprogosed nmet hanol %{1 aQeSI S re ctor, the

di amet er %fcrp%se 'R0t ¥ Ceczﬁﬁﬂb%fr s'S¢ P%&haméﬁf ISy M@ 19 SHithotet | ow of

thle rea](cmr:ce@gorﬁ biiisly sfithl rédikﬁtngtfhﬁd d@peﬁ@hglupém merm)anntmfawe@@r&;uaea forhavi ng a
val ue 0O r

m 15 to 25, nu flow rate per reaction tube
(R i yCoraist o8 chen Baeiorbor dhe. e tiieol et FRERSeg s ALES GhPO. 1210
0. 2215 Asepétasit | Fat arprbpsded hBMaheREritesis ReEs tnesmaméeerttﬁ tAE @Bdtlon 20 from

havi ng constant di aneter. ese Patent No.

2 to 5 sections of tubin n
61- 54229:%8?%'%@@”5 cﬂ‘é’?ﬂ dhg dirggliaro et flgw b dieneaastieg f@%\?é%ltb@fst"{eo form
met hanol gixikeh ( lheﬁﬁ? Qf aRBAstaht, ﬁaMﬁ@ta' vele bfERGH 18 & ?' Mm?i hdd bpthe Usth @

granul ated solid ca st mate3r|a Gases required for t e reaction are
i nt r odudow Taie get Fﬁ@ct'@fpt@éc(Nna)mrbfa!wetoﬁéadqower Oéﬁ@Ol@%iEabM\smgas valugownwar d

flow of A5 deacid enopgas A@b%‘éﬂ@altrﬁ&térnﬁg lle%Etl %%@%Q&e 8§ olf”aﬂi Heat

evol ved by the reaction 1is renoved fromthe co y vapori zati on
wat 0 sUfdrodrigiorgctioRs efdubing hawihp sanstast %i'@mgiﬁfuratl on tenperature. The

reaction col ygBaSaRSPsikht Rb. 8§35 RRELBAS Pbmical reactor for exothermic

conversions to form methanol which reactor has of a vertical reaction column filled

with a granulated solid catalyst material. Gases required for the reaction are

introduced into the top section of the reactor, and establishes a downward flow of

25  reaction gas through the interior of the reactor column. Heat evolved by the reaction

is removed from the column by vaporization of water surrounding the column, which

is at saturation temperature. The reaction column consists of several sections of

varying column diameter. In particular, the diameter of the upper part of the reaction

column, where a relatively large amount of reaction heat is produced, is

30 comparatively small; while the diameter of the lower portion of the column, where
less reaction heat is liberated, is larger.

There remains, therefore, a current need for improved flow reactor apparatus

for using a fixed heterogeneous catalyst which is effective in reducing the magnitude
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varying columm dianeter. In particular, the diameter of the upper part of
the reaction colum, where a relatively |arge anmount of reaction heat is
produced,wo9380i4¢onparati vely snmall; while the diameter offCrhesot/ossr
portion of the colum, where |ess reaction heat is |liberated, is larger.
There renpjl ns herefore, a current need for nproved flow reactor

appar at ugﬁhpoe%xo&gqr% r%&ﬁ'@@e@%@?'#@é@%i@ﬂﬁ&é?ﬁ%?Ft"(miq{}‘i’/qrsm%‘? @l ve in
reduci ngfsilie dragrlydi@appor® A0 tAseby 294i8inBFek/SPRInd3RBErvicRf the exotherm
reduci ng ther rr(gl eg%;)gdati on of cat al ﬁSt activity and/or nechani cal

d
failure of catQfAMRIEOUBYoUCh AAPTRVESr EBY HRAGHU WEYIANtYr MeBD$ ovis Nigheker vi ce.

Advant agequshity aplfd? domReRIRdof drgihik @JFIRUNMO Wkist BY iMiBa0Hg Fecdleanef
selectivity and/ or conversion of “organi ¢ conpounds, assist~in Inproving

r ecover yvalge agdepipsiugisded products. Sunmary of the Invention The invention

is inproved flow reactors forsﬁﬁ@%ﬂgéﬁhg !,;\}%@m)ﬁal conversions using a

fixed heterog{anepus cat al yst trol of the exotherm

Appar at us of thei vERliamisi iowroeds taw irastera far pxatbersyc whemital nohvetsisns

conver si 100 ' t.0: d [
%ﬁ%%rfpi@d ﬁ%%g%n%BUf%Ebﬁkﬁs&\ﬁltN %%‘%?saggreg,ﬂgtrr& S tﬂ?et Lé?(ﬁﬁ%rr%

sel ecti ve ogeneous ~ cata e asp Isinvention i's at | east
one f| owAprsretusr ofcthmpinvention s frirwssal int § prodessalvhied icdudhks tenveasitnshaf/i ng an

i st 19 bup PR SAPERES, LA e bRy BmiRha ot | S B et  oam

mani f ol dcdtdlystugh channel s fornmed by heterogeneous catalytic materi al

di sposed within eachctcg:t}rgui.t during ﬁgertati Otﬂ) in a sequence of zones for
catal yst hav? g eRet LIS GIveqtant 5 dieast dngt tPVa AT (908 ArisiRgia i
coor di natfewalfedvtendiitsderich hauith wh tdiitet Rafde ZNsHRsed Fentbrhtywithial REam
cross-section of the can

dui .t . neasured. i | ane_perpendi cul ar to the
| ongi t udVH erchS?'HW&Pé”?ﬁg'ﬁgﬁyﬁ%ﬂaﬁifﬂa a@ép%ﬁg‘;bf'g"t’ REMIBINSSHAN WatA@ t he
sequencedainsteaas meeifpKki HirdlghadhahRas tioféd BYMserbyéritdulaatfpe matépanst r eam
zone has_ a | ar or smaller cross-sectjion than the contiguous upstream

ger, . ,
zone. GeRERORSA,WIthIP RAChacRndyt UHEG GPEIHIGN'B & RBAYaFertfi zanes fiar edelystonpri se
a shel |l n tredsdrfe MGyl différeht BH@ﬂh%o?@ﬁﬂL@Fﬁn@ﬁu&ihﬁ @?@ﬁatééﬁfftﬁ@%oﬂ%iﬁ“h

condui t é)re ominantly in contact w eat-transfer nmedium and having
an i nl et NhWithip\GachANg eSEENEHY 25ifim Rrogs-seatioreef therconduit measuradanss er

medi um - Regd YerbdnaicdidiCtos BRIURMGRuBhal ZPGinate OfFd R Laettind §8Re! BF Bf2 ZONes.
Pref erably, each downstream zone has a | arger
20 zone, and the sequence of zones comprising at least two zones such that each
downstream zone has a larger or smaller cross-section than the contiguous upstream
zone. Generally, flow reactors according to the invention, further comprise a shell
adapted to maintain during operation the outer surface of each conduit predominantly
in contact with a heat-transfer medium, and having an inlet in flow communication
25 with an outlet for the heat-transfer medium. Preferably, the sequence of zones
comprises at least three zones. Preferably, each downstream zone has a larger
cross section than the contiguous upstream zone. Preferably, each downstream
zone has a larger volume than the contiguous upstream zone.
' Advantageously, in flow reactors according to invention; the cross-section of
30 the conduit in each zone has a substantially circular fo.rm with a diameter such that
the third power of the diameter is equal to the product of the volume and a geometric

factor having values in a range from about 0.01 to about 0.50. Preferably the



cross section than the contiguous upstream zone. Preferably, each
downstream zone has a | arger volune than the conti guous upstream zone.
Advant agewogBy114un fl ow reactors according to invention; POF/E02/225S6 section
of 30 the conduit in each zone has a substantially circular formwth a

di aneter_s c e third power al to.the product
of 't he veraITEnE Ao, Bati Py h he in iy TR e rtEls, 4@ era abou
0.01 to sdreuor &e&éfqué’tﬁﬁ efr zdvley cohwrising aV@a@BﬂwﬁéelﬁGlﬁesPCT/ UﬁOZ/ 22550

eonetric factor of each_downstream zone | n_t he cont.i guous
Dot ream 7o 6% cPRE L BANEREROBraCS BRI dnp MENTR Abe ro: ff el ones.

In once gA@ss t&hl léhgtwm@ag:mrlan mmadbmmn@té bEati |1BY&N meerst eeferimgs for
catal yst. have a total |ength along the |ongitudinal coordi nate of "at |east

4"t or sin PHBAENBRGIOrSINE FrassIPolIPR NE£OPGHE N FRINAOFENAS LT RSTGEI he
condui t iPueaGhin? AR o\ Asmeit 4heh B Al nfd o ofindl @BMcrtB cgudliatipd er such

that the third power of diameter is equal he product of the vol une
and a ge@r@ét}tati@fthadtotwmwrﬁggvgma@@ faﬁtoahmﬁge/atueénneaotame foro Bboto about

0. 100. ~ Nojks b Bl 00 { IRrIFFERI: theGhaieRlc RRED SO sGRBrBANE IS

| ar ger an t e conti guous upstream'zone for the sequence Ol zones
conpri si mneats llarget thair dee zpndguousn Uasiceaterzaneads bie seawenceach geres

accotdi NSorh on ﬁat‘d@é@%ﬂe@% Lhe zones for catalyst have a total length

al ong the Tnal 'coordinate of |ess than about 3 neters. Pref erably
in such flowlhr%‘w@leﬂr@%m@f dlows astars iaspordingt toe theomdention, ntheamines Zone has a

subst ant I at the h| r r of
the 15 ar AR ecH sBfal ol Hrd, PocioBRRLa) RESOUITe R ol

fact or horetang \/Fabteesblynm sach a‘tmg\erefactmrs aﬂtmutos@ skGtidro oablmeltcoﬁdtﬂt)m ddure
preferabl the onet.ric fa ea wnst e | ar ger than

t he cont‘|7‘ g@‘?ﬁi%rgtﬂ“y SH% {O”PHQ"“ asgl ﬁ %’%}%}té%qy WE ﬁg“ €at | east
t hrees zodlemeteé\nsbbml taspeptodmht bgths: uammﬁnﬁra g@n@etflb mwrefmtn‘q Va'ﬁ@ﬁgrl si ngd
20 (i) a plurali ndui avi ng an outer surface dispose
for confat{@ fIﬁa/rH W?O 1 atr‘?s";’)%or“lflr%gt ﬁor? P9 ergﬁly-’ ﬂ?eege%ﬁ’%tl”ﬁ TBEIPT Bh

mani f ol degstapiordstream§ Lowe QQmﬁbg”HrCﬁtiahOEhechhtlgiJouGOV)?ﬁPée@ﬁm 1gmnisdrokt t hrough
channel s forned het er ogeneou catalytic material disposed within each

condui t SRAYCAGS 8 iGAP ‘?5‘9(?t?‘?6)5t§"r§%6%§ce of zones conprising at |east
two zones, saArfbtEARPectCHTNRE iSichtos Al AfnatdRebredhirising: wherein :

20 () a plurality of walled conduits each having an outer surface disposed for
contact with a heat-transfer medium,

(ii) an inlet distribution manifold adapted for flow communication with a
downstream manifold through channeis formed by heterogeneous
catalytic material disposed within each conduit during operation,

25 (i)  a sequence of zones comprising at least two zones, said zones
comprising said walled conduits, wherein
(a) the walled conduits within each zone have the same or different
length measured along the longitudinal coordinate of the zone,
(b)  the walled conduits within each zone have essentially uniform
30 : cross-section measured in a plane perpendicular to thé

longitudinal coordinate thereby defining volume of the zone, and



(a) the walled conduits within each zone have the sane or different |ength
nmeasured al ong the |ongitudi nal coordinate of the zone, (b) the walled
condui t s wtohiom4gach zone have essentially uniform 30 cr oPETAS0L/22580
measured in a plane perpendicular to the |ongitudinal coordinate thereby

defining vol ure OE)C ¢ heintztﬁgestegggrlqce of 20ROt dBE /eéifo | 2f2P0r pleC) 10

t he sequence of zones, cross-sectional "are e conduits in
each downstream zone vamdess f inoreache dpwhsireanupsanee avarizendon( ithig atiol east
one crossover chanber | ntf l.ow communi cation with the plurality 5 of walled
conduits of a downstredm Z6HE“ANTd t he plurality of walled conduits of the
prior upstredv) zoaeiea$hvoneacrebsdvier aiapbedintfowngntrhanidatthty wilg trepsiuadityon t he

outer_ surface the |yurality of | L ed conduits of ch zope predoni nantly
"n contact with 2o Reled cPaduRer” AetRUNRTCARGZAE 20 )Nt HATEHYI ¢ WallRong an
inlet in flow conpphumalor e pidriupafte@ttiong, for flow of the heat-transfer
medi um Preferably, t uence of zones conprises at |east three zones.

e se :
Preferably, é¥ch 2@ sRYRRIRY ABn@aiiain Hyring gereraliens dhe duitgropuiassnthene

conti guous upstr egRitABNEF. wallRdefortad ¥ e RACnE PAETIhiRaRMZANRnRRS with l:ar ger
vol une than the contiguous 15 upstream zone. One aspect of this Invention

is a process whi che?tﬁaﬁfﬁén%f&%hé'ﬁ% c chenmical conversions of organic
conpunds to (ial useadds haRingHCinfet 48 oW cBmpRlnkStibN Svith et 8§t?égg&%woﬁat al yst

in at |east one flow reactol conprising a plurality of wa conduits
each havi ng an outherheatrireasier mespised for contact with a heat-transfer 20

medi um j ty.di WelU\ ! i i w [ cation with
a doms%géé%lzhtrqlgf%%éﬁr %ﬁ%ﬁ%‘%r@é’h@é‘gﬁég g@%e&ghf)é%r lzﬁger{eg'r Olg@%@g, %ga haI ytic
mat er i aldowlistpamezons has @ eegdh wosslsectictuthanghementigiaus Upsteessequeace of

zones hayi e [ t ngt 0, e, l_ongi t udi nal
coordi ng?lijeefég?ts'y he a?@nn}éou%s't%ﬁh{ \%rot% i Hgge%clﬁrﬁtn\mégetnr}aﬁa?m% ci?ﬁ'ﬂ&ﬁ?%
cr os$- saqpsireamofonehe conduit nmeasured in a plane 25 perpendicular to the

oo ol RSB A8 STl S0 i A
zone hascoavemiager oborgamid |mpouosds - e ediue naddeain ptduticto Nisirguauseldpdler eam
Z0ne. heterogeneous catalyst in at least one flow reactor comprising a plurality of walled
conduits each having an outer surface disposed for contact with a heat-transfer
20 medium, an inlet distribution manifold adapted for flow communication with a
downstream manifold through channels formed by heterogeneous catalytic material
disposed within each conduit during operation in a sequence of zones having the
same or different length along the longitudinal coordinate of the conduit and within
each zone essentially uniform cross-section of the conduit meaﬁsured in a plane
25  perpendicular to the longitudinal coordinate thereby defining volume of the zone, and
the sequence of zones comprising at least two zones such that each downstream
zone has a larger or smaller cross-section than the contiguous upstream zone.
Preferably, the sequence of zones comprises at least three zones. Preferably, each
downstream zone has a larger cross section than the contiguous upstream zone.
30  Preferably, each downstream zone has a larger volume than the contiguous
upstream zone. Typically, flow reactors according to the invention, further comprise

a shell adapted to maintain during operation the outer surface of each conduit



Preferably, the sequence of zones conprises at |east three zones.
Preferably, each downstream zone has a |arger cross section than the

cont i guouwoupdigam zone. 30 Preferably, each downstream Pemaishzag2sso | ar ger
vol une than the contiguous upstream zone. Typically, flow reactors
according to the. invention, further. c rise. a shell adapted to intain
dur ng. ofsearIntS SN el b B -ARERE FiELART RS S oY

PCT/ US02¢@abiticap® darianadttieyfor theCiostt-acis fair ifedgurheat - t r ansf ﬁr Lredi um an]g
having an inlet in flow conpunication w.th an gutlet for the heat-transfer
medi um A pr o PTEEITR £S0P! [HRESSERL oM HYSTHYRrTHUNE | e | BN i

exot her ntigemiehle HokdérsoPBY f Sdrgatic OforAp GaitisC t6 OVaNGe NStfieldo pYsduses actslesl
products which 5 conprises oxidation of benzene or a hydrocarbon sel ected
f r om ¥ heCYPBIFSCANAAION HPEBFENE: BLA ANECCRBOBREISEIRhiAoB IR ETRRCONESIRG m

mal ei ¢ aphydiglfe, Ene1ehRd HRthdigHL A8 SHBrAl malkk iaRMEINION CHRBFdiSSsd

oxi dation of n-butane to form naleic anhydride by <contacting n-butane at

| ow (| esBrocRsmOl ibedrvemtiameamiprises oxdaioamimabutane & formenalsiceanhydridsehy i n

air) concabllyl OB%AnR AR NARNMEANALN hAAnBRR LbibRAubgeds 63 glast 1o
conprising principally vanadl um phosphorus and “oxygen. vant ageously, the
cat al yst persentaimted) modcentratondn aduraxggemcantaininge gas omthalsolited368@(yst o about

530C I - . Of i i - ti h
donndh r oo Brrgpaly GR3HUE! SrephBHEChd bibih,c ARERAELED, Bhe hon
t he cr oseatglystis omintinedas teroperatiuies & aipEsigedom abow. 368HY ambboy e @BoPy, t he

vol une of ea e ls.f out_5.percent to ahout 125
per cent 1 ar gaf 4 Brteted Bt o Ryl SRt PESR e M

pr ef er abkgnet sefram camous &cperoentdd abach 185 \westane danyerzivan tidicedsshsstion lofir ger
cross-segtion.than the cross-section,. of contiguous upstream zone is |arger
by an an@’%&”&'égﬁ“% ﬁfggtr%ﬂpizr?ae'o Juniggeors aY{’}Pg@ %?e%ﬁb%%&gi%&m as
meas us edzaieorsgfrodéneamntferple'roeet & ebowt 128 @etd@&ﬂlaﬁ@f} tmiaghag Viohahe tcci)the 2? ]
heat -transfer nmediumtenperature. For nore conpl et e understandi ng of the
or esent VBTG HPSTRATE PBHE e \LHHE RTATe o Tk CTRSEePPn RcertbRRRe

i1l ustratet whidyr @ated |algbaictosandct®s ahahale hebsnsdryion Varyinef contruBles of
the invention. Brief Descg){ssti on o Drawing 25 Figures 1 through 5

f the ;
illustr a‘t’%s_trseé"\%fz%ﬂe (ARTO8E PYAR agrount 89\?%@&&9%(‘%%%‘?@?3” AP HESS qfitefir es t he
condui t Sexdthérm BEanéLrédBRAY 16O BBREHINRGEND bl thafli s0°0i rlﬂ?ﬁérot'ﬂan'mé“ fold
with the outlet manifold and typically packed with catal yst are represented
20 heat-transfer medium temperature.
For a more complete understanding of the present invention, reference should
now be made to the embodiments illustrated in greater detail and described below by
way of examples of the invention.

Brief Description of the Drawing

25 Figures 1 through 5 illustrate several variations of flow reactor design. In
these figures the conduits (i.e. reactor tubes) connecting the inlet distribution
manifold with the outlet manifold and typically packed with catalyst are represented
by the shaded areas on the figures. The unshaded area surrounding the reactor
tubes represent the area occupied by the heat transfer medium.

30 Figure 1 illustrates a conventional prior art multi-tubular flow reactor, wherein
the. conduits are of constant diameter.
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by the shaded areas on the figures. The unshaded area surrounding the
reactor tubes represent the area occupied by the heat transfer nmedium 30
Figure 1 wbhloastr4at es a conventional prior art nulti-tubul &TfUSom2256@ct or,
wherein the. conduits are of constant dianeter. | -10 WD 03/011449

PCT/ US02/ 225 ure 2 illustrates a I ti bul fl ow react wher ei n
each condui t5|9g r@ogrpw}‘@té%fefbfaamBﬁL}P%Hl?rt O¥f reza(gﬁgs V&”f?ﬂe'ﬁhé?‘%ﬂ ﬁoﬁiﬁfh ' one
from i nl esmpiosedudf @tplirdligf of kdreceani WHeRIrP8ECIS 26hé IR iIMEER: oltledW 6f 3
illustrates a nulti -tubulgr fl ow reactor, wherein each conduit is of 5

cont i nuolTST&ASING T e PFRYCRRIAE83sect i onal area frominlet to outlet. Figure 4
illustrates aanwets -ifluddatedy af OW-iB@GH fbw rféaaaafl%éreﬂi‘ e@ciddhahit 1Y oPf

zones wherejn all conduits in single zone are of constant cross
sect i dnaForEausly incjeasig ¢osyaectcgalahn demdalat & euletsubsequent zone by a

crossover Chaﬂ?ﬁé 4!1"*1!ILS-‘sl’t‘ra‘Yé!sI b mﬁﬁ’u'—th@%r tﬂ?\ﬁ lfeIaQerE%’rﬁPrtléb% BF %V%l H}?tyZB e and

redi stribute e flowto the conduits o zone, i) the
cross seé@nesnmrerained Qi‘fc@@@ﬁs dosiaalietzona &T%@f gonRiantarpesséational awe@ (ipne to

the next eaéﬂ %Heelsﬁ:dnhle%ﬁrtattﬁé s@b%@eautehfﬁ )a% Jr&%%ﬂvé?@ﬁ%r% r \/\Cﬂ?ggyllfsed of a

plurality o zones wherein (1 conduits are cons
sect i onaPOl@ﬁbf@eﬁ'ﬁWame Ao Q&VIC(LISA Zone @ad edistnibuiesthe dlonctotteel conduittef giegbsequent

zone I o. he, flow fram

o ooy R MR (BNAEEes ddidntharea by 80 SR IE BHerRER KR zone,
and (iiiYyne peneigribe nexlf condw ts in each zone varies such that the total
Cross- sectlo i ach_zone varie romone zone to
t he next. r)\ﬂ;\élfr? %@Il%frt]r 86ts oogﬁi%{)@ﬁl g%\ﬁ rﬁﬁﬂ%édcc?rﬂprﬁ?@sgg FE?H@H'W 95 the
dr awi ng z@esdulmyelan(lrbamemonﬁuns ey oi tmssarmfcrmuwm‘enél &d6hn ag zepagensers,
heat exc f dru colum reboilers vacuum punps,

t enper at %éraéep]ggd’n%slar é%ns&tgg LS{B e §gﬁ§‘?@|“§nt e RS 9§_§|O’Vgl? &{E{F%s""h'%m f "

val ves, ¢dllent thefibwatdratise plesitels zoaeraha@édn@mutehﬁédlbwgottﬁél@ndu‘it&% fze tanks
andthe | ber quired in a comrercia | ant. The

d
provi si o %fzogfrc?\”(g&'a} ﬁ'il E)rr‘l“.?{ﬂg‘?rt éfrrgorl?f“ BUUFBAR FPNS YRFES fHCh ﬁéﬁtttﬁ%fmt@'he

present ¢troyestdtionaledardaios all ﬁoﬁdlm@rndéﬁé?emﬂet\Fhrfégﬂr‘b@r%hé)ﬁérlme ehegedd 25
engi neering ﬁ{ g\ﬁtlbce Pré’he i ns invention relates to a catalytic reactor,
through whic 6r URBFIEtode }ft A% ssilled finothed atinihed andbe gdawEdeisot her i ¢

react i ongiagrachneaiey duishéritdras adf edmﬁént%hpw%ﬁ&enéeh@ Rédtalyhhfigdrgact or
corrprl Serseﬂﬁlx pérHrrn%l Iéo un?r]: Me%lolllgrg Cpourr]r(ljpusI tvsacﬁar% pumps, tem t
perature sensors,
pressure sensors, pressure relief valves, control valves, flow controliers, level
controllers, holding tanks, storage tanks, and the like, would additionally be required
in a commercial plant. The provision of such additional items of equipment forms no
part of the present invention and is in accordance with conventional chemical
25  engineering practice.

The instant invention relates to a catalytic reactor, through which one or more
reactants are flowed while undergoing exothermic reactions and conversion to at
least one product, the catalytic reactor comprises a plurality of walled conduits each
having an outer surface disposed for contact with a heat-transfer medium, and an

30 inlet distribution manifold adapted for flow communication with a downstream
manifold. Disposed within each conduit is a heterogeneous catalytic material which
is in contact with the flow of reactants and reaction products during operation. Each

conduit comprises a sequence of zones having the same or different length along the
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havi ng an outer surface disposed for contact with a heat-transfer medi um
and an 30 inlet distribution manifold adapted for flow comrunication with a
downst r eawo ogmni4fiol d. Di sposed within each conduit is a heCerusgpzseus
catalytic material which is in contact with the flow of reactants and

eact o oRREl oIS PRk, SR8 AL (SOIRELY ShdsT S
PCT/ US0258&km0 of Itbegccbndmtnaieasm@udiimeet elafe tpleqaemdrwlart to Iﬁ@@hoz@mﬂlma&; of
essentially uniformcr sec on f t he cond rreasured in a ne

oor pond, Eavaias, HefkS] BRfiing Sohie ol AP ot sERgeHE o riESy BRahe of

t he zonedoWRsttdifin FeARIGAS @ dlffeﬁéfnﬂeﬁ:ss%@@i’bn faweé rceammamdw@am £hrkef er ent
Cross- seg‘;tl on than the conti gbq())us %ESt ream zone. pi cal I%/ such reactors

conpr ? se | APICRINa sIUChWERBEIRNR sCOTRTisEe PA PGSt H’Y%e’-o%?regr fer;a,bg:fé 861 $°"&She cross

section ptefgr®ly, 2R6@rdst dertigfof ldagn Adne t§Q£§’géQHﬁH5th§p§dn'h§é‘@ﬂls apdtream
Pref erably, each downstream zone has a | arger vol une than the conti guous

upst rean?%%epr@éf?é’ﬂyalqa()h doweRirea cane Nasce draenpluree tthen ithey eentioaus f ur t her
conpri seyp ﬁreﬁh?&bn@dé%él%l% O JHRt A fr§ agé’cfrhl'ﬂg ?rﬂé%elﬁbé%nt hﬁ‘tr%rtcgﬁw%a face of

each conduit lo predom nantly in contact heat-trans um and
havi ng aﬁ shilleadapied | tovwnaidtatinAuregt perrativn Rheyroutant $wrfaceopf €heh m@adunt ransf er

medi y ﬁﬂir)égﬂ Wﬁ%n@%t WA th@}h%g{ {rQﬁ‘sfér?]n{eHuH?tJn@t r?éimlgjﬂ'ﬁﬁ 'u%g{ % W The

react ants an l"'uents are via o the
inlet di GQmelntqabnn withiahslugilepfor tEnkeatdmostentmedamd di | uent s pass t hrough a

plurality of éﬂé‘%mbtoalrg’erg?)fZ@éj%‘ogﬁtﬁjdrb@q}u]sﬁafé(al I;ﬁ idrgrﬁ rrﬁg et%l gawtsa%E ch

conduit conprises zones varyi ng <r 0ss | engt h.
The heat any diissings areeféd vim ¢ri€Th) menre &aest lmesdl iaio the adet cﬂst(xbut&:n inbeifoléizshaded

area) su ndj th nditvi line 10 and exit ine 11. The
react or ﬁ-é?%?%étaﬁs P‘?%‘fe ng\ H?W?@yfq?éﬂ?éu' ﬁéot?o eypgteam
connest i oglechen mﬂnﬁbld(ﬁ SEéd:rbubrhdIﬁt cdl‘ﬁf.liﬁsfe@z@n@é Ehet haney bebarfingicisd
contain catal yst, and atrh?gegr esent ed the shaded 20 areas in the figure.

Anot her 5981 aRgrengh W%’?ﬁf‘?brﬁei"ém (HTMrerdere @nnHlarisgace §.eates ei n t he
condui tSur%iﬁd@d@‘reﬂrs@%%éMg 'tﬁ@é&ﬂﬁlltrlﬁh fheO$E aﬁ@%%'tsoﬂarméslqr eﬂh f?topl ane

perpendicular to the gltudlna coordi nate, as opposed ep change
i n crossefflygrl Pits iz bfﬂﬁ fifie Ipthis figaen éhes Rerevits icoPheating the lmh‘edlgtrladnm ly

i ncreasi Fh%n%l@ﬁrﬁthztﬁ %%ﬂé’ﬂ R9ni?d) ng%d B ﬁwoggé’ggt'sarv;%r{e:'rgﬁrre%ﬁatredso#gtﬁg ﬁg#ilad 'y

eqU|vaIent to an |n infte nu zones of this
i nvedt i oareps imthel fighre.eact or corrprl si ng:

Another embodiment of this invention is illustrated in Figure 3 wherein the
conduits 3 are of gradually increasing cross section measured in a plane
perpendicular to the longitudinal coordinate, as opposed to the step change in cross
section from the prior zone shown in Figure 2. The gradually increasing cross

25  section of the conduits in Figure 2 is essentially equivalent to an infinite number of
zones.

Yet, another embodiment of this invention is a flow reactor comprising:

(i) a plurality of walled conduits each having an outer surface disposed for

' contact with a heat-transfer medium,

30 (i) an inlet distribution manifold adapted for flow communication with a
downstream manifold through channels formed by heterogeneous

catalytic material disposed within each conduit during operation,
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(i) a plurality of walled conduits each having an outer surface disposed
for contact with a heat-transfer nmedium 30 (ii) an inlet distribution
mani f ol d woapwwed4d or fl ow conmuni cation with a downstreamCrarsot/edsdo t hr ough
channel s forned by heterogeneous catalytic material disposed within each

condult dur pgh opE gl gy 4240 gﬁg@éﬁgg LABORIRIRR0, L JorResequence

of zones con'é) zones conprrsing sard wall
condui ts, wher ei ncdraprigihg sava watied comiurnsrwhweimr n each zone have t he sane or
different length rreas‘g‘r ed al onggw{% \Q tudr nal rdinate of. . the zone, 5

(b) the walled coffdui t BeWaIRH O a5l goBe Lat PIME; of Lffenen

cross-section neasur edeh@th&né&s@% él@ﬁ@&f&dbﬁgit@rnaﬂ Qodrdmatd eMPetzudke nal
coordi nate thereb defl ni nq vol une of the zone, and

t he s uence of
zoned, the total @osstheewdiegneAndyite VN €REN Z@Bﬁd’lﬁ"%s‘gﬁsﬁm@é‘dh‘J%B\%ﬁstream

zone varies fromthe pbed-seckdnUpsddsarsd zman% Mg ?érp‘eﬁ@r@hla@nﬁa cthessover
chanber in flow comrunication with the plurality | ed conduits of a

downst r eam zone and t hiengituginal P@@fdtﬁ‘?tﬁ\/ﬁﬁf@d dQﬁ'ﬁH’@lMOQ%“Q)Pf B&Opei B upst ream
zone, (v) a shell, \rjgetﬁ ;ﬁ%crrardét 8 %o “tl‘r‘%t&@leér%&é QBctioRgl aieesr i f ace

the 15 pl uralrty ondui ts of eath zone predom nantly in contact
with a heat- transfer easgiuiien inagach v ipwisteeash ek@nehaM@Fiag HeMi Ahet piier f 1 ow
co nication with an g r%arnoi nkl ow of  the heat-transfer nedium This
enbodi ment of the invention 1 illustrated in Fi gures 4 and 5. The

react ants andv) zoahheysmnawnss)var ehgrabenin dlownesnomumioationf widdthe pierality i nt o

the inlet distribyfiaedayalicZor o WirhaGhAM S GG L NGRS Papgefr ough a

plurality of catalyst ¢ontaining con rst zon i rst
crossover chanber cdndqueeafrtrwpricmmpstreaamyodel uents and any reactr on pr oduct s
fromthe prerouszn Lo Ss_from crossover hanber t hrough a
plurality of \Qat a?ygq %csﬂﬁ’?‘ﬁ%ﬂdné'{)‘ﬁadﬁio[“ﬁé ?%era %rbé%%c?u%n%u{fa& th§econd 25
crosgover chanber plralifhef walidtcntisits afgacti donepredamidaatyyinrogatict @ih pr oduct s
from second zone atss from ossov r chanber 6 through a plurality of

cat al yst contai ni Hg E%ﬁa‘ﬂr'f‘ YMi# % third zone to a third crossover

chamber 8. The) r eart ﬁiﬁ]l%av&@yardlhlelﬂﬁﬂﬂ@w communication with an cuuei for flow of
the heat-transfer medium.

This embodiment of the invention is illustrated in Figures 4 and 5. The reactants and

20 any diluents are fed via one or more feed lines 1 into the inlet distribution manual 2.
The reactants and diluents pass through a plurality of catalyst containing conduits 3

in a first zone to a first crossover chamber 4. The reactants, any diluents and any
reaction products from the previous zone flow pass from crossover chamber 4
through a plurality of catalyst containing conduits 5 in a second zone to a second

25  crossover chamber 6. The reactants, any diluents and any reaction products from
second zone pass from crossover chamber 6 through a plurality of catalyst containing
conduits 7 in a third zone to a third crossover chamber 8. The reactants, any diluents

and any reaction products from third zone pass from crossover chamber 8 through a
plurality of catalyst containing conduits 9 in a fourth zone to an outlet manifold 10.

30 The reactor effluent exits the reactor via line 11. The heat transfer medium enters
annular space 12 (i.e. the unshaded) surrounding the conduits in each zone via line

13 and exits via line 14. Optionally, additional reactants and/or diluents may be

introduced into one or more of the crossover chambers via lines 15, 16 or 17. In
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and any reaction products fromthird zone pass from crossover chanber 8
through a plurality of catalyst containing conduits 9 in a fourth zone to
an outltewormanifiad d 10. 30 The reactor effluent exits thePpCceasvwe2s9é a |ine
11. The heat transfer nediumenters annular space 12 (i.e. the unshaded)

surroundj h@ge tﬂggregoﬂ%u{:atﬁlg n%iginég%ﬁdw(saarle' resje?\te%n%l frel §r§ad¥€ arLine 14.

Optlonal i'tion dlluetsna |ntro uced into
one or rmmﬂweo‘fgulrdsﬂa crossover chanmbers via |lines 15, 16 or In -13 WO

Sf”eoﬁéﬁfisEﬁﬁ’aﬁfﬁf‘ﬁ%%(én&aﬂﬁs§P%§§“5ne%weo?f*ﬁf%tf?'gyn%“be?Eotf% AT LS

cont ai nstrancrespisection dile‘afcardbn‘dunﬂumsw@fmoemdLBUbSeqwerh zohbe It Figeise Sect i on
of each ondui t lncre i%?\l?l n ea h suﬁ glrent zone. i 5.the

5
ot oeas C o iRl oterecnst AT EalT pr e Costdt iy o' Fiasre BEarsam, Buh SuRier 3ttt e

number oforfine whis eea@szorit QRHNthEOMe totaf Brosh Jlectidifal apdanbf pEQRBJSGIRSt | ONal
area of the condw ts in each downstream zone jncreases fromthe prior

upst r eani"AH58 dOWRSEERRZOBR IRGIBRRASHOM NerProR&PPRAAEPBR may additional |y be

conducted i n THE |atef eMYORIMERLIRS iNBRHEH Mag HIARBHhEL be cBRAIRS inssted t hat
each reaction vessel "o comprises one or nbre zones. In this

confi gur t iR 1GFEURN 0S56%IEr CANERISEr Inc SAPRS s BUCh ﬁiéatcea%d@a%wnamsel
di st n} butéapridmnbhe! &s n%ret Eﬁneégfte ; @{T}rg@ndcotnﬂ urat.aﬁswtdre@over %aﬁaggﬁ I guous

reactl on vessels. Furth er, ves I's coul be oper ate
i ndi vi dué@mmseéoﬁ*ﬁﬁ)nCQilﬁé’fl@fhgamQ)o‘éﬁmPthlC@ mh@fmda)v@tpahm ledttanh eatk aliop,

transfer efgg‘%tggh Pf\eo%dﬂl Hrgn'rgﬁlalgﬁ%%aag %@O f gtﬁ90n§dteﬁ~°ve§séug W gasd for

the heat passes | one reaction vessel.
I n contragerated witle dngigidualool icagmasopooliognipeps dise. athel baw maattm of dine thieat heat

transfer ch p‘?r?tﬁﬁ A key
feature |$ﬁ§%}e 8@4% n 'zAi‘P\d @%@?W'O@ oa]?ﬁg%vsorggfadc gjgépéerel %ed herein
i s toscotiangdér trediune siidemgassesrghrofigh alyr ene traactoni nemth Iloa:wtrhyt varyi ng
bot h t he. r . sectional area nd t t zone (thereby
varyi ng 1 REMS] §3ArgobbC OB e 1R Ralf oCRE Hedl iR, ARRALWS X ne
exot her npasseedwbughn (wre Umrrei megclion vd38el. conduits in each zone does not
exceed t he anpunt . of hea abl e f be nsferred to and renmpved by
the heat tr a[&k@f fer?elﬁieu ‘%ﬁ%ﬂ an H'hgt? @'83 tb %Qﬂ’rrleﬁﬁtﬂfﬁ %%f'ﬁed E%rﬁﬂhl ts.
Fl ow r eaisttorconttess trgmm:t;caameotm aff etk renctdrits if @abh @Bn@ Hyess iy itk Yhe
"control” the extent of t ﬁ ea tllpnﬁpgccurr g%blé/n each zo}rgfg to the extent
that 28 neCP5T RETIPBA TS a0t 5BRd eERAY, Y26BS heaYRWBR of 8% or
i nst abi | zéne)eaeh bfat the heat generated during the exothermic reaction(s) occurring in the
conduits in each zone does not exceed the amount of heat capable of being
transferred to and removed by the heat transfer medium in the annular space
surrounding the conduits. Flow reactors designed and operated in this fashion
25  essentially "control” the extent of the reaction occurring in each zone to the extent
/
that the formation of "hot spots”, "runaway reactions”, and/or reactor instability can be
avoided.
As illustrated in the Figures, the total cross section of the conduits increases
from the prior upstream zone. However, this invention also contemplates reactor
30 designs wherein the total cross section of the conduits in a given zone decreases-
from the prior upstream zone.
Advantageously, in flow reactors according to invention, the cross-section of

the conduit in each zone has a substantially circular form with a diameter such that
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avoided. As illustrated in the Figures, the total cross section of the
conduits increases fromthe prior upstream zone. However, this invention
al so contwopBalegy reactor 30 designs wherein the total crPeTgSepesson of
the conduits in a given zone decreases fromthe prior upstream zone.

Advant ageous! vy, in fl.ow reactors accordi i i -section
o ha iRl ol LK SEREER IR B Be ot O e A SERE S
di anmet er faterhhévied valugd MGy G3nGe Troh® B0TE 0I0242 200t Otdte threfedatppwes of the
di aneter is eg.u | to ﬁhe roduct of the .vcrl une,and, a gegnetric factor
havi ng. vEEARETEARSOF 8heach CONNSEERT 2PM61S (HOED UL Hesth eI HRBISA T he

geonet ri gofdfdr te quensd oflLIMRSIdRNSAHRNR Iddst tRégbnddhan the conti guous
upstream zone for the sequence of zones conprising at |east three zones. 5

In ong class ¥Hiona gaps efaliaw raaciere scaPialats the dvenrliehth® gonehior £gkdst f or

cat al yst naia49ofd| feAb! albﬁd‘giehloﬁ{;mﬂﬂnél R8otdREe brgi Rabt & aiteisnaigrepipipt | east
4 meters. Preferably in such fTowreactors the cross-section of the

condui t imsushdliewsisABtofatieFrasfetdiRD ichtheycondiit §LEAGN ZAIERaG @ RURSIANtEEL er
such thagidig fbfth mhr%,omghe?ér stuﬁﬁ tHAAE 4G pwe B e Hi%gjfe][i@r isREAgUstHof the

vol ume and a geonetric factor having values In a range from about 10 0.015
t o about PBAUODOf Wisr wolyne fandablogomelie tpetardiaving Vaduasoin afrargecomoaest r eam

Zone s pangel, SRR o 11, CRLL QHOKSaMPSHE SAIBARAS b L'CasPaUSRaRAf ZONeS

conpri sing at | east e zon n 4ano r class O | OW r eactors
accor di ngone i$ Hargenukean itbe, cartigugemepsiream zertealfgrs then sequendeobalzohengt h

al ong th?orln?ﬂgééjgﬂliegﬁlthf\é%ofo%ifeg.ate of |less than about 3 15 neters.

Preferably ow reactors the cross-section of the conduit in each
zone has a sulbsérotbératlays of rfiowl agactars nmacbtdng tad ttzaririventisnicthet matest foe t hird

ower of I t i ual _tg t r ct _of. the volu an
geomet ri EétE&gE g%\%ﬁgvﬁ%&’é @'éﬁﬁeazonq ﬁ'\earaﬁgﬁﬁﬁ'%frcﬁﬂ %[B%tﬁt ofol.ei%)%a%q 389)@3 0. 30.
I\/Er e1pL efreterbl yPrefdrabligeanneichi fiow a@dfcmdsrsotﬁe w@sstso ebtish sifrth@ngonaoie in eattar ger
t han the_contiguous .upstream zope for the se nce of. zones conprisin
bt T enor 20t b3 atigee RN ETEN RO R il ¢ ARrmies SRR dhe dud Pods e
react i ngdgéset@as equblrougl prduct beBesvoluiklaida gedrhabicdateatialingoslegs medi um
or coolant on the outside of the tubgs renoves the heat of reaction. Tube
di ameter M & r%%‘?ﬁTﬁﬂWW&%‘%@u?b%‘tt% Abdinre prefe@nly. ek geemeRisciagioe ofr eat er
di amet er gsa¢A Hrwr@tre@mi Bené fik Ciaegdr 8aPA thdrcoRbliolse TRYREarS zd theake t 0

excegosi Vgeqhu(gncg%?tzorge%rz%%;?r}slijnrgeast I!aarl]sttt#r%eczggégr of ‘the tube. Typical tube

Generally in multi-tubular fixed-bed reactors, reacting gas pass through the

tubes, while a suitable heat transfer medium or coolant on the outside of the tubes

removes the heat of reaction. Tube diameter is commonly from about 3 to about 5

centimeters; because greater diameters might give insufficient are; for heat removal

25 and lead to excessive hot spot temperatures in the center of the tube. Typical tube

lengths range up to about 20 meters, however tube length may be limited to about 15
meters or less; because longer tubes may give unacceptably high-pressure drop.

With all multi-tubular fixed bed reactors, uniform flow through the tubes is

important in achieving optimum performance. Uniform flow is especially important for

30  exothermic reactors. If flow is slower through some tubes, heat removal is impaired,

and local temperature spikes can lead to excessive production of undesired side

products, e.g. oxides of carbon, in those tubes. If flow through some of the tubes is

faster than average, the reduced residence time leads to lower conversions of

-15.-



| engt hs range up to about 20 neters, however tube length may be limted to
about 15 neters or |ess; because | onger tubes may give unacceptably

hi gh- pr esworog/otiidep. Wth all nulti-tubular fixed bed reactargajsozedssor m fl ow
through the tubes is inportant in achieving optinmm performance. Uniform

flowis %%E%&@th}ﬂoé%g@(ega%ovs te. G%Beﬁa%%# nre%ﬁ&aeqacgéglrtr?e Qp%gix&ﬁ% LS slowver

t hr ough sone renmoval I'S’ I npal f e G & spi kes
can | eaddeterreineddaigely py‘ dloe raicked ofensurt;desnhrea«tataiyie Priceduetshave. BeerpXi des

Chan avereslobeh BBl thE Sardlist msils AN AL oG mitich o bR rat Ghet of - 15
WO 03/ 01fbAhStRCTELIH0 DpRRAGE usreqaetvamgrsed adshssat Ji-ﬂi’%t tﬁéwwnb@tcﬁwe%roends on
t he resi stan ar ge the packed

b det
density 9t et%eafugﬁeﬁst eqeﬂsr@‘@é?iﬁfgle E&QE‘%H@@‘}%‘OQSK\?@%@H OtJ@h lea 8l tlﬂf}f@e

cat al ystshwlld B¢ gaugud I8y mikls uriMgtthe fﬁréﬁs@%r@b%&éﬂﬁaﬁ&@rd%%rtroﬁé’r *T‘HtSé Some
operators use re wei gqréedgssts)@gs of catalyst that they enpty one by s one
e

into the Wﬁ?e Dresguigaf stiqally | l9wai Ry highendlan tthe avesige: Bhaudbecach
t ube srmﬂlbmacb@ch@tﬁg@ﬂ by neasuring the pressure drop under standard
condi tions. 'I_'l_ubes whose pressure drop is statistically |ower or higher
than the aver ENBUIOR LRISO eAPIPEBESANA PEFIESS e(fpr Tidizingv deniere abrso

conpfy sa@deodyr@é‘reseoﬁ@rm@'@BF'&%&?%&HE ch 1 dﬂ%@ﬁeﬁna @9%%? o ! A | “' ng

four carbon atons such ut ane, butene-
anhydri RtedienRy tat Mplein aphydrisiei dsing oat lashoner oxidationi sdactpracorpprisiay |at y of

i o iey SR EIG R X Bl Pl M o BB EPEs of

acid, and furrarlc acid, tran 10l c acl PEs of
unsat ur & angl waEssagid, draaofbdrgendmreraendaarbympommaammasdoi desalt@rawaoduced

by cat algitd g e t rdin th chem cal
equat i on: ; 0%&%@&2@%@9@ r@a'gbzl %ﬁﬁg rg%drgtaq%y a?’ﬂ'é‘ ?rjrgi‘ﬁ augqnyef

r eactsi om-btapa@cexdngtto dre slfnpiedﬂnﬂrarnel dquatia:bon oxi des: CH3 CH2 CH2 CH3 +
5.5 02 == 2 C2 + 2 CO at i ar bon nonoxi de to carbon
di oxide is shown as 1: 15,5; |ou Iéﬁ §E5 é@"?g‘t“iﬁ? @ebén‘&o on catal yst and
condi t i die ro@inrsadecteiaotion iBdhé oxidatidn ofvsbatage Y& LarblsR@Wiest 0 be hi ghly

exot herm c. Catal yst Sel €, @i, ABipersls Osevenial ©op ddvespat i cul ar

hyd tal yst hi ef | f
oy haoninte (B e Shrath'Seuble FERROT el Shebe ok T comamurte for

n- bLmaneatlcadera&rmsym catalyps arsd Behdi®rdl of rehiction. Both reactions are well known
to be highly exothermic.

Catalyst selection depends somewhat on the particular hydrocarbon feed. For

a feed of benzene, a catalyst comprising chiefly of molybdenum, vanadium and

oxygen is preferred for best results, but for n-butane. a catalyst comprising mainly of

25  phosphorus, vanadium, and oxygen; is preferred for best results. With a feed of

unsaturated hydrocarbon containing about four carbon atoms, a catalyst comprising
principally tungsten, phosphorus and oxygen is likely to show good results.

Generally contacting the hydrocarbon in the presence of oxygen with the

catalyst is conducted at temperatures in a range from about 360°C to about 530°C,

30 but preferably not over about 450°C.  The oxidation of n-butane to form maleic

anhydride may be accomplished by contacting n-butane in low concentration in

oxygen with the described catalyst. Air is entirely satisfactory as a source of oxygen,
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25 phosphorus, vanadium and oxygen, is preferred for best results. Wth a
feed of unsaturated hydrocarbon containing about four carbon atons, a

cat al yst wormpnigitng principally tungsten, phosphorus andPeTyisen23sso | i kel y
to show good results. Cenerally contacti ng t he hydrocarbon in the presence

of oxyg ] e I i af. i e from
about” Se0tCIh b AREE ! Do, SR8 THEN T ues' SERUSTANOGE, e

oxi dat i cempibyed. bAtrameichem With oxygehenay h@hyeﬁl de may be acconpli shed by
contacting n.ﬁ]ut ane in e descri bed

entratio e
Cotar st AT BARed B et SUBRETRL IR bOatdh s Wl hiiydlrec S g
03/ 01144hdPEbbUS0Z 20’25156ut h)u'lt rrﬁaaymbtplaraiemcr:lcnnmgI m&m@fbmyﬁag a&nlﬁlehr@ehélent
gases s rogen al so oye r enriched with oxygen may
be used. “?ﬂ ggg eg%g‘tepﬁam'&??u?n@ i‘? FRoHb! ge@@ieorp?r%”tlo fn8emal 1 y
cont ai n @idroczRpeh aéagmtsf&t&y tf@r &etim Yield rasvh%m@raﬁﬁmnd@ffok l&% Poeegcar bon
such as enzene but ene, or butadi ene. About 0.8 to about 1.5

mol e per Snbvet '°PheA|HWBB b RONGENtratipas a@tyoqeyemahomﬁ)ﬁwﬂﬁm RAZ3'EF mal eic

anhydr i d@af 0k driteutcPsE SSovdr cohbe@tre\ﬂahgrﬂf&mhyﬁbéé}@m Fod¥sBRR! less than
concentrations may be enpl oyed, explosive hazards nmay be encountered.

Lower co?ﬁ?é’ﬁﬂ”ﬁt@%ﬁ%moﬁ EPHESH i SBd Gsother total yield thau@gjsatt eftivalemidlow one
per cant , rafls SRItAGs, Ak !rot hEMNAR érﬁﬁo?@d ?Ar é@ofjbrglcotléfaé‘b&edTﬁé ﬂ‘éﬂWaYé“B\ent f1ow

|l o rates and, thus, are not nof mal Oor economn c reasons.
f1 ow r attBe gESepHe shaamAnoUgh rﬂ@%maqﬁqrdmgh bsn@rlséamthm ratagr \Mlée\}lmliSeduw t h| n

rat her %Q%réi‘el’ﬂeﬁ Sangibs %55??009"5% %drafea@lgé'}oo% {18 ?d'QthLﬁ’ 'l%ob %C%tf ddle rate

of about 1 to abou houtr "and nore
pr ef er akey C@bﬁmatal_m@et oodhang m@zmgreéerablw Fooet 10@Eto ahDLrb1246@t:alo;fs§Eeqoer

Catal yst2issuPl DSt PeRTg, owrl hATTaRs ARk I BLODSTS ol iFEpeT,co L.

cat al yst shou rve a | ow rates of abou
of hiadr ogrmcboomfaaéd Apeatalyst sfouddhbal effectipe st fiow rrate$hafraboat GZQ(attalajosmS whi ch

show go r ubj ect t.he hour | ace oGity.
desi gna?éehé’% g%veyﬁﬁé%w@i%e% ér < efg?a&@yslfﬂ?én‘é’ egfar\;ﬁqag ysgaa\ébcl" s about
1000 t o stbeugoodyrobdsepaut whpersuhs;éclted)lm foye wmugtntspeée t\ié&)d@&léuynafe@ed gas
stream he referred 20 a tl_of wat er added | %@ 88 bout
35, 000 pAY %‘é’r‘"’ ¥EYIROSR yg@%’\e BRtangun ¥ o e ubd Q7 &4
Resi denc4d CDG)Gmartefpdrhaull@asbySWE@atnoV\/ltthd réuvtdraieby 26 ét%%&a tmnpr@mwd four

and do rate

j\ﬁgsg)dlseaé'g é’\(’aafé%{ a%ij% 'ﬁtai%BHEE@&é? %?%t%gspoﬁ:ﬂ%nsgﬂ’%vmwg’ﬂje@ ‘é(ﬁ'éh'f esi dence
times anhe r@@dt@&lﬂe@ﬁ@és&tre@rhafﬂb%ﬁdén@@mﬁlésldmﬁe 8hs SR MIIPhorRAIG BEYednd at
0C. than about four seconds, more preferably less than about one second, and downtoa
. rate where less efficient operations are obtained. The flow rates and residence times
are calculated at standard conditions of 760 mm of mercury and at 0°C.
25 A variety of reactors will be found to be useful and multiple tube heat
exchanger-type reactors are quite satisfactory. The tubes of such reactors may vary
in diameter from about one-quarter inch to about three inches, and the length may be
varied from about three to about ten or more feet. The oxidation reaction is an
exothermic reaction and, therefore, relatively close control of the reaction
30 temperatures should be maintained. It is desirable to have the surface of the -
reactors at a relatively constant temperature and some medium is needed to conduct
heat from the reactors, such as lead and the like, but it has been found that eutectic

salt baths are completely satisfactory. One such salt bath is a sodium nitrate, sodium
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25 A variety of reactors will be found to be useful and nultiple tube heat
exchanger-type reactors are quite satisfactory. The tubes of such reactors
may vary wor3dismet er from about one-quarter inch to aboutcrhrsez2issches,
and the length may be varied fromabout three to about ten or nore feet.
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an i ner tVohbeof fie agive calyshareganli t er i nch A1203 (Al unduniT™) pellets, inert

ceram c 10 batHeSteniplefdible @%éc‘iion%#m DEri WithiR Soike Kignifd! Bﬁteﬁ'btrm%ily out
one-half to one-tenth the volume of the active catalyst present’ The

t enper at'§RelQSY Sheidd thepoponsgied eatva teraperaturhi withim @erathier arigicalbangeorrel |y t he
reactio i at re Whiikhi r e itical
range. ‘rlbhxzdmigbﬁggt&:dgﬁggég{g? ﬁglg alng %@gﬁ Eégﬁﬁclggﬁgé@ﬁgéﬁ‘reeﬁéﬁ [ dc’)%%s,se frc1der way,
t he tai thpsafidsash of oif®rimedignlis thaomdust heahawayrirdirutinei vealtsoofctba deadtorheat

opor at ] o P e o PERE A AR o bRl BB e B EBl oyed 1 s
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The r eachitam upay thesizendtretreactat armd hydrpbabbe fecispRk cohs@gRiigRi C or bel ow
at m)z%pheri C Ries action is conducted at

supeTat mospher | cr%%rﬁt?d&é%‘?L}b%g‘lbg%ﬁﬁge%f#eﬁmsph?ﬁ%%H?réamqspﬁ%réc at belewst
sl i ght| yatinogiiesrid pessstiiee  alypicelt, thpr @ABLEIE i$ QoRMSHES 22 RPshtinvEphdrRw from
the r eacptrgsrs'ure-:rhs% t?\ra?%l'?eure%t %];estsnree {Nﬂletget a??esaes? slightly higher than the ambient
pressure to ensure a positive flow from the reactor. The pressure of the inert gases
must be sufficiently higher to overcome the pressure drop through the reactor,
25 Maleic anhydride may be recovered by a number of ways well known to those
skilled in the art. For example, the recovery may be by direct condensation or by
. adsorption in suitable media, with specific operation and purification of the maleic
anhydride.
The following examples will serve to provide a fuller understanding of the
30 invention, but it is to be understood that these examples are given for illustrative
purposes only and should not be interpreted as limiting the invention in any way.
This invention includes processes for oxidation of o-xylene to phthalic

anhydride using at least one oxidation reactor comprising a plurality of walled
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must be sufficiently higher to overcone the pressure drop through the
reactor. 25 Mal eic anhydride nmay be recovered by a nunber of ways well
known to wbhaseii4skilled in the art. For exanple, the recorempusorysbe by
di rect condensation or by adsorption in suitable nedia, with specific
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oxidation reactions are well known to be highly exothefmc. Thi's invention
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at | east i i t bi ; i I duits
Yo aibor il tbiRl) IchRRC SRy Bens, Puti 6 drbadied B SPRIC L
cat al yt i eidationadt ethyignectwitnl silver wiupporded \oer assifigiar casderoaloag swith comecarri er

along w - : ] i - i t sinmple chem cal equation:
2 WZWZQQQE%O@%% gﬂdmpﬁ(é t%?'ﬁ‘(bgéquejénﬁﬁgalc%urgﬂg?'s t he conpl ete oxidation
of ethylene: 15 CH2CH2+3022X2¢RH2HAY, =BB{MCHapcti ons are wel |l known to be
hi ghly exat 1 Lil.e L : ' ion of ethylene to

et hyl ene oxﬁggml'(rd\]%Ir%%éémﬁ't'sté{rpr%ec(rag{bﬂért%89@(%95@%%%'?%' about 250C the heat of
reaction is usually renove@HbEH,B03 Dy g 2080er2d#H G he out si de of the tubes.

oL STk VA o DR BB SR SRR 2055, (TS oot ot
vapor | eaves Whie rteactarditiinel for aouidatmnest etmadney te ost@pse doxidd tsude
g?g? re?;iotg&p%ba gers' nollle%cjzlegdigé) %lagt?ttﬁogcrtﬁé Wegte gf rte%c%icg]neisrues%%h;? Fen‘sfcr)]vegdl by
boiling water on the outside of the tubes. At temperatures of reaction exceeding
20  about 250°C, the liquid coolant boiling on the outside of the tubes is a hydrocarbon.

As it forms, the vapor leaves the reactor shell and is externally condensed
(thus generating steam). Liquid coolant is returned to the reactor shell, preferably by
gravity, to avoid reliance on a pump that could fail. The main advantage of using a
refinery fraction boiling in the kerosene range is that the pressure on the shell side of

25 the reactor is less than about 3 bar. The disadvantage is that the coolant is
flammable.

The temperature in the reactor tubes is maintained at the desired level by
automatically adjusting the pressure of the boiling coolant on the outside of the
tubes. Turbulent mixing of the coolant is required to minimize radial_variations in the

30 reactor temperature and to provide a high heat-transfer coefficient. However, the
temperature is not uniform along the length of the tubes: Near the top of the tubes,
the temperature rises rapidly (the “hot spot”), then drops again to a nearly uniform
temperature for the last 60-65 percent of the tube length.
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gravity, to avoid reliance on a punp that could fail. The main advant age of
using a refinery fraction boiling in the kerosene range is that the
pressure wo wheldghel | side of 25 the reactor is |ess thanprayaisn2/Rsbar. The
di sadvantage is that the coolant is flamuable. The terrperature in the
reactor tubes is naintained at theg%gm red | eve

t t |
adj usti ng t héVpIdigs @ iengreraie Bzt iSnigo Jyen a?ﬂt%ﬁ h‘?h%oogﬁ? Q%BHC p?/?é’ t ubes.

Tur bul enfmBbxties Haubs foviereddtitivitystor dtiaiérie Bxitio b@b@usfé merd atthalethyadrieat i ons
in the 30 reactor tenperature and to provide a hi heat - transfer

coef fi ciigmurnedoipesasion gigxider aepWaISE.uMoreQyehdfe &P f"ﬁﬂc [8360PR gt h of
the t “beﬁnpsﬂ\'ﬂ@ﬁgr' '?@'r LaBoRTdidMige Feth@fon, ér{'&?cé@réﬁléééi Weeldcbﬁﬁéatrréﬁio%b’ (the

"hot spot ops again to a nearly uniform tenperature for the |ast
60- 655 petapanity of thEh@OQlalb’fe(a grgaway repgtion) o:mﬁlaq@enamg UsieR 29 beavoi di ng
a tenpergafire that is too high at the hot spot is inportant; high
terrperatures cause | oner selectivity to ethylene oxide because nore of the
ethyl ene is Reachmdpresswar tmrafigexirate abedt iateeebowbB@dyaer butt isetyeigalivher ni ¢

heat of aLth‘I%qn b%ut %Ctg]arh'ﬂr%hesgure | clpxggergm'rggar];clig{ r%é@,nha%q ,Can

exceed t%be eat renova ca aC| the co r unawa
reacti onéc)unprﬂ'énts aad ceher priaicticp! roeas:denahommsﬂlgner pressUdesd peRahthieouseppessur e

bout t. but_Jis typical bout
oo %Smaled PaBietitot e WnBEA iR eheucBl vels® PR Ik i Hiyh P oo
andI Iot hegnvetopet eﬁnds?m%dﬁfatatm@wer }ﬂr@wr?qonmny eedqﬂngﬁésngm?EUSIﬁ of 1g|
er ui prmen o handl e a ionr weve e amabl e
Pt oo B dat Qrera g mefin et i sRF SR tsfhub B WRNTREH otelfind o
desi gn o?bioans for selecting an operating point that is sufficiently
renoved from

f ti [ 1y th |
velocity is i Hpaar\éz%e88?R‘ngﬁ!tsgg%@ggﬁg’aﬁdﬂ%?Ir%a@e%foﬁ)bcﬁ‘l’t9285%0qour nbzgr)a;:/e

spaces Veyeun hy ( Gﬁ%&’)hd@lyt#ﬁacyﬁlewm%QGHSQ@ i wsuu&@ atga§(ra@aiawa at _
conditions) that passes thr ough each vol @ at alyg hour. This
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oxi dation of THiOmWNEN RSN Eortprisea St pr@@@s@%rdéﬂép@ﬂatlroﬂa@ﬂ aLrykOBBiti 5y Ng a
plurality of walled conduits according to the invention. Typically, the

cat al yt i exidatjgBrofppraBWen® UsiNodak e &t PrEpiANeieacios comiskg el Pho
stages, |afes cONAFRL LORLrAhgPIOME BRENTR. aGHRa NtRNEatdskiY | Vapo@phdse and
oxi dation of acrolein to acCrylic acid.
20 oxidation of propylene is carried out in two stages, i.e., oxidation of propylene to
acrolein and acrylic acid, and oxidation of acroiein to acrylic acid.
in the first stage of catalytic oxidation, propylene is reacted according to the
simple chemical equipments:

CH, CH CH3 + Oy => CH> CHCOH + H,O
25 and

2CH;CHCH3 +30,=>2CH; CHCOOH + 2 H,0
The main side reactions are oxidation of propylene to carbon oxides:
2CH,CHCH3;+750,=>3C0O+3CO0O;+6H,0
and formation of acetic acid:
30 CH,CH CH; + 2.5 O, => CH3; COOH + CO, + H,O
The main reaction in the second oxidation, acrolein to acrylic acid, is shown below:
2CH,CHCOH+550,=>3C0O+3CO0;+4H,0

These oxidation reactions are well known to be highly exothermic.
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In the first stage of catal ytic oxidation, propylene is reacted according
to the sinple chemcal equipnents: CH2 CH CH3 + 02 => CH2 CH COH + H2O 25
and 2CH2OMOH3/480Q29->2CH2CHOOOH+2H20 The mai n si de reacti omsTarse2/ss@at i on
of propyl ene to carbon oxides: 2CH2CHCH3+7.502=>3CO+3CO2+6H20 and

formation of _acetic acid 2CHCH3+2. 5 00H+ in
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i s absor wat er . e aqueous acrylic acid solution azeotropically
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Bene' the ''crude acrylic acid I's purli t1 nuous
t wo- col Lumntlmymsetvm{oolufmmymemhe rdémg‘VftthaﬁvghmlyeawwdsAccor ding to one

embodi ment of é&glnIgC t'&ﬂbeélgﬁbgop{h%ﬁ(\} ﬂgn Eﬁwdéﬁ @\é,epe"é@érﬂk/

propyl ene anéC by Wl propane ssure
vapori zeﬂb@mdprmspyledevmmm &@emeeswdwh@ht a:rmpan@eolvatmlreagemder yoresstueansat

el evat ed 15 ress u about 2 S|a il t, in the feed
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with a SO|I om? ation, cat enum bi snmut h-tungsten
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shell side acts as a coolant, which is used to generate medium pressure steam in salt
20 bath coolers. Typically, the pressure drop across the reactor tubes is less than about
20 psi. preferably less than about 10 psi. Effluents from each of the first-stage
oxidation reactors are mixed with additional compressed hot air and medium
pressure steam. The mixture is preheated to the reaction temperature before it
enters the second-stage oxidation reactors, where the acrolein is oxidized to acrylic
25  acid.
Preferably, the second-stage oxidation reactors are also shell-and-tube design
comprising a plurality of walied conduits according to the invention, with a
molybdenum-vanadium mixed oxide catalyst in the tubes and molten salt in the shell.
Again the molten salt is used to generate medium pressure steam in salt bath
30 coolers. Typically, the pressure drop across the reactor tubes is less than about 20
psi. preferably less than about 10 psi.
The gaseous product streams from each of the second-stage oxidation

reactors are fed to a quench absorber near the bottom of the absorber. Water is
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20 psi. preferably | ess than about 10 psi. Effluents from each of the
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catal ytic %\rlalacet Iatlon f ethylene at tenperatures of from about 150C to
about ~ 208RSiF R e SimeleReR)! Fq“§t{i’@h as a 15 silica support inpregnated

with palladium gop (:bﬁ;)gh@f)@la%:lom a@}ﬁgm@t@@@@q +Qq¢2(q;f di ng to the
sinpl e chem cal. equation: 2 (CH2)2 + CH3 COCH + COOCH + 2 H20
The mai nTh&ireRIN regR FeRMioNsiSt %QJHB'P@ axigationa of 6‘?\3“6@”tﬁea5'ﬂ%ﬁﬁ §XidgiRss e
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20 in yet another embodiment, this invention includes processes for the
oxychlorination of ethylene to produce ethylene dichloride (1,2-dichioroethane) using
at least one oxidation reactor comprising a plurality of walled conduits according to
the invention. Preferably, ethylene dichloride is produced by catalytic oxychlorination
of ethylene in the gas phase at from about 200°C to about 250°C with a solid

25 catalyst, for example, cupic chioride with or without other active ingredients,
impregnated on a porous support such as alumina, alumina-silica, or diatomaceous
earth, preferably alumina, according to the simple chemical equation:

2 (CHy)o + 4 HCI + O, => 2 CH,CI-CH,Cl + 2 H,O
Among the additives, alkaline metal chlorides are most useful preferably chlorides of

30 potassium, lithium or sodium (KCI, LiCl, or NaCl). The main side reaction is the

complete oxidation of reactants. These oxidation reactions are well known to be

highly exothermic.
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20 I n yet another enbodi ment, this invention includes processes for the
oxychl orination of ethylene to produce ethylene dichloride

(1, 2-di chworoaettaane) using at |east one oxidation react oPCTrarspr2zssmg a
plurality of walled conduits according to the invention. Preferably,

et hyl ene dich| or.i de uced by catalytic chl.orinatjon et hyl ene
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30 pob asé’ﬁ'ﬂﬁra fixe ﬁ‘?[ﬁﬁ?gﬁ”@&}alcé?ﬁ“(*éhe fellowing exanmieiRs 3re oYY mai n si de
reaction is the conplete oxidationxgfipiegactants. These oxidation reactions
are well known to be highly exothermc. -22 WO 03/011449 PCT/ US02/ 22550
In view of thENg éegturregraan¢vayaiast 8gefs FﬁCt@m@bﬁeﬁmlﬂUéﬂil@nai@pdhath!@w or
exot her f
ot oduct o SOt EAEBTUANSI AR, Qe B o FRIME SRR APSHBENYET.
r eact or sbptasei dughe examplpothediesms/ eamnversiroy selettivityt andr yieldfaredefisgdt her m
|n vapor ; 2PRARGProcesses 5 using a fixed heterogeneous catalyst, the

ol | owi ng exarrpl es are given. EXAMPLES The test program eval uated each
react or tube configuration for tMelehinghltgne eocsuhedni ¢ chemi cal conver si ons
in the maki ng of rnwersieN{)dride by oxidation of n-XbBO®ane. In the
exanpl e, the terns "conversion", Mcle$ ediutanetiy'feecand "yi el d* are defined |o
as follows: Ml es n-butane consuned Conversion (% = X 100 Ml es n-butane
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S maIF gréqe

n- but'ane cons lectivity (9] X
169 20 The f #&eﬁ% Eb%%g H&K—Wns—w-e%ﬂed—a—pr—ke 5§§| e flow reactor
containing a fixed heteroge MRS SESEBIEC ont | nuous vapor - phase
oxi dation of n-butane with air.
Yield (Wt. %) = [Conversion (%)] X [Selectivity (%)] X 169

20  The following demonstrations employed a pilot-scale flow reactor containing a fixed

heterogeneous catalyst for continuous vapor-phase oxidation of n-butane with air.
The pilot-scale system included a 48-inch reactor tube which was immersed in a heat
transfer medium comprising of molten salt. The reactor tube was equipped with a
1/8-inch axial thermowell which allowed determination of the temperature profile of
25 the catalyst bed along the axial co-ordinate. In each example a suitable amount of
fresh commercial catalyst, ie., a vanadium-phosphorus-molybdenum-oxygen
catalyst, was charged to the reactor tube.
Comparative Example A
In this example the test program described above was used to evaluate a
30  cylindrical reference reactor having a uniform cross-section of 5.07 cm? as measured
in a plane perpendicular to the centerline and a catalyst zone volume of about 618
cm®. Concentration of butane in the feed was 1.5 mole percent. At 2000 VHSV in -
the catalyst zone and a molten salt temperature of 419°C, the maleic anhydride yield
was 65 percent by weight after the catalyst was fully activated. The temperature

35  profile of the catalyst bed along the axial co-ordinate exhibited a maximum of 471°C.
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The pilot-scale systemincluded a 48-inch reactor tube which was i mrersed
in a heat transfer nmediumconprising of nolten salt. The reactor tube was
equi pped wintod/oa444/ 8-i nch axi al thernowel|l which all owed aetrarsoz/zasse on of
the tenperature profile of 25 the catal yst bed al ong the axial co-ordinate.
I n each exanpl e a suitabl e anmount fresh commercial catalyst, i.e., a
vanadi um phosphor us- nol ybdenum oxyg:',e’ﬁ mpls, ?al yst, was charged to the reactor

t ube. Conpar afhitdig dramipi theftebpriofisn exedrped dbbee WestusRHAYRM R Falk é)ed
above was used to evaluate_a 30 cylindrical resfﬁr ence reactﬁ?I havi ng

uni f or m (9365 -RAYEG BIYObIMS; fycaialystaef aroMd Grld £ Histlibyieshacqns B%ﬁﬂl“&%l ar to
the cent grbhitsh ifiodr @cﬂtt@w@é cﬂﬁh@ﬂcd%bH@?a@éhcﬂh@Mﬁaﬁﬂ@1 cnB. Concentration
of butane in the feed was 1. gercent At 2000 VHSV in the catalyst
zone and a nolten salt terrperature fble19C, the maleic anhydride yield was
65 per cephdpsivei gifpafter thgecat alrbé%tr%mes fpbroénagtioat edsedhic
tenperature '35 pro |Ie of the catal yst ed al ong t he axi al co ord| pate

exhi bi t edZenennaxi mienaf D ARic [ - 18

this exanple the t progr scri bovewa dto de tratea
react or havr ng a vgfﬁrre for@g]atﬂgl yst%o 1Zbout 612‘90% distri bu'?ed accordi ng
to the inWention i2ito four0.86iti guo@s2509I1 i ndri cdll®.G7ones as shddn in Tabl e
1. 5, abl Catal Tube . Fractyi of Per cept,pf Tot al tric
Zone' engtelrt l. }gqfnal Leng?ﬁﬁbat al 3t9s VoI unme F?ét%f x 102 1%‘4?713 0.81
in. 0.2917V19. 28 71BN 11 121, B.’mno 87 0120830. 2500 BI.IB/ 9. 23 16. 99|| 12 in.
0.98 in. Q.25 042 in. 3|n0

Concentrgpp q%ft'g ﬁfgﬁt n?r‘tn hl‘? éé”&swa%mf p%r’é" é%@@ﬂﬁ%%?mz 80 VHSV in
the cat ehtglyst zomeeanardmaltemstie terspdrature 6PEIACUTHe méleﬁ%{ﬁydhheyiéai \ﬁa§
anhydrid el d wa ent wei ght af. t was

Set T vat et Prie: B Beienf ofi BF Briahi Hhs Wl Bhistea, afc Emiedtis iaic u &

maxi AsIim tfe chidifst eyaxpibeed almakimut exarmeCe the test program descri bed above
was used to' deniurnstrate a reactﬂ% ha |ng a volunme for catal yst of about
620 cnB distributed according to tpgample2

In this example the test program described above was used to ceimonstrate a

reactor having a volume for catalyst of about 620 cm?® distributed according to the

invention into four contiguous cylindrical zones as shown in Table I1.

20 Table Il
Catalyst Tube Tube Fraction of Percentof Total Geometric
Zone Length L D. Axial Length _Catalyst Volume _ Factor x 10?
! 14 in. 0.81in. 0.2917 19.28 7.37
25 ] 14 1in. 0.87 in. 0.2917 22.01 7.91
i 14 in. 1.12in. 0.2917 36.74 10.22
i\ 6in. 1.33in. 0.1250 22.18 28.31

Concentration of butane in the feed was 1.5 mole percent. At 2000 VHSV in the
catalyst zone and a molten salt temperature of 389°C, the maleic anhydride yield was

30 90 percent by weight after the catalyst was fully activated. The temperature profile of
the catalyst bed exhibited a maximum of 426°C.
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invention into four contiguous cylindrical zones as shown in Table 11. 20

Table |1 Catal yst Tube Tube Fraction of Percent of Total Geonetric Zone
Length | .wD.o3lxi4a9 Length Catal yst Volume Factor x 1'02 PCcIAisom22580 81 in.
0.2917 19.28 7.37 25 1l 14 in. 0.87 in. 0.2917 22.01 7.91 11l 14 in. 1.12

in. 0.2917 36.74 10.22 1V 6 in. 1 33 iEeh 0.1250 22.18 28.31 Concentration
of butane in the feed was 1.5 nol eE&‘@WE $. At 2000 VHSV in the catal yst

zone and a nojhitRid example BERESFroGRNPHes2BBEd abde WEd Bédy RdBMbristatyvhel d was
30 90 percent by weight after the catalyst was fully activated. The

|1
t enper at (B3I MEVINgE Eume fer caiglyshyd @bpelP 1Sam istERuigdAscriding Bitha2ec. - 24
WO 03/ Olﬂr&éﬁtifﬁ{olﬁgﬁé%@t@gu% EXRRLS Bnbdab Bhowewerglie . he test program

descri bed above was used enonstrate a reactor having a volune for
catal §st of about 616 cnB di stributédPlgdbording to the invention into four

: Cndri n
conti guogg%él n rrl—g% onnesm@g sho

iBn §abl gedckh bl egbdhefit al yst
Tube Tub tion o rcent of Tota l%réorretr?g %%ﬁ%o-{%engt% ’re@e Axi al
Lengt h Cafcile dlenath Fact of.Dx_102Axial Lepathn. Catalyst Velune 25ecto11 164 7. 91 10
Il 12 in. 0.87 in. 0.2500 18.98 9.23 IIl 13 in. 1.12 in. 0.2708 26.19 9.62

IV 11 in. 1.33 in. 0.2292 40.19 15.44 Concentration of butane in the feed
was 1.5 nolle percem?in. At 20004WHSV i 0.25089 cat al yist64one and &%dol ten salt

tenp éaturﬁ of 384 inIThe rm(gglign anhyq)r'éb% yield 1JE),'S%S/\/as 89 peg cegnt by
87, . : .

wei g after the catalyst wa |1y activated. The tTenperature  profile of
t he catal ydit bed exdirbited a12axi num0i270855C. Exdfpi® 4 I n thvs2exanpl e the

volune. foratalyst 81 aboul 2630 cnd iR | but ed Dobbrdi ng tdotie 20~
i nvent i oGohedrirdtion of botahe dul thesfeey wasdr. b eddie pernsent. ast 2000WHEW inTael e | V.
Table | Vcatalyst zone and a molten salt temperature of 384°C, The maleic anhydride yield
15 was 89 percent by weight after the catalyst was fully activated. The temperature
profile of the catalyst bed exhibited a maximum of 455°C.
Exampie 4
In this example the test program described above was used to demonstrate a
reactor having a volume for catalyst of about 620 cm? distributed according to the

20  invention into four contiguous cylindrical zones as shown in Table V.

\ Table IV
Catalyst Tube Tube Fraction of  Percent of Total = Geometric
Zone Length 1. D. Axial Length Catalyst Volume _Factor x 10°
I 14 in. 0.81in 0.2917 19.08 7.37
25 I 14 in. 0.87 in. 0.2917 22.01 7.91
I 14 in. 1.12in. 0.2916 36.74 10.22
\Y 14 in. 1.33in. 0.1250 22.18 28.31

Concentration of butane in the feed was 2.0 mole percent. At 2000 VHSV in the
catalyst zone and a molten salt temperature of 383°C, the maleic anhydride yield was

30 81 percent by weight after the catalyst was fully activated. The temperature profile of
the catalyst bed exhibited a maximum of 446°C.
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Cat al yst Tube Tube Fraction of Percent of Total Ceonetric Zone Length I.

D. Axial Length Catalyst Volunme Factor x 102 1 14 in. 0.81 in 0.2917 19.08
7.37 25 IWOb4/0inre9 0.87 in. 0.2917 22.01 7.912 |11 14 in. Pcrasson2s8o 2916
36.74 10.22 IV 14 in. 1.33 in. 0.1250 22.18 28.31 Concentration of butane
in the feed was 2.0 nol e percent. 2000. VHSV in the catalyst zone and a
molten salt tenperature of 383C, tE@MRISY ¢ anhydride yield was 30 81
percent by weinghis exbirple thBeestairednast dewesibédibboveansd VL@ deMiehstiafgr at ur e
profile of the catal yst ?ed e%hl bi.ited a maxinmum of 446C. -25 WO 03/011449
PCT/ usozieffggd‘a\'@@a@wﬁ{lé“% PrEAY S GE BRI & /CRe diSERUIH BerOAANE4REYE bed above
Was USediﬁv@nﬁlﬁﬂﬁ[&ﬁohﬁ&&mtiﬁuoﬂ@é‘;ﬂﬁw@FicélQ}Sh@Qa@_sN&M}JfﬁerécldPéVCat al yst of about
617cnB distributed according to the_ invention into four contiguous
cylinélrical zones as shown in Tabl eT¥bles/ Tabl e V Catal yst Tube Tube
Fracti oncgfg\Rer centrygd Tot alt fggonet gl fLtiod8N€ el Fotdd- j engt h
Cat al yst S Eact S x 100 e T 0.98 n. LR b g%é‘ggedfg I 15
in. 0.87.4ape 0 _314®ngth 67 7 RO. 11Axial Lengthg ORalyat VOupeg2Facond197. 37 |V
16 in. 1.12 in. 0.3333 42.15 8.94 Concentration of butane in the feed was
1.5 nole percent. At 2000 VHSV in the catalyst zone and a nolten salt
tenperaturé of 3846 inthe ned.88 ¢.anhyd@ 2% yi el d M&D7 15 79 pebdEEnt by

wei ght aftgr the c | yst 1y iyated. T nper at ur rofile of

t he égt al yEt bed eﬁﬁbi tedvtg§7r'rLXi wm%8%12-§710. Thg%féglei oW ng dg nstrations
enpl oyed allnock- up1bdin. comed.@8al. fl oW.2288ct or c@2tHi ni ng' a1fiizved
het er ogengpus cata t for | nuou or - phase.,0xi dati on of .n- butane
with ai r.q%)[he mckﬁ%%'syste%??mzl ude '3\&% . 6- et e(ra2rf§actor t ube®hhi ch was 20
i mrer sedConcenttediat df rbartesfeein thedieem wasrd siolggpefcennl Berosal\tHSThe tegact or

t ube was ipped with an axjal therno shich all owed determn nation of
the t enp%?tgggfrg&‘ep?n\gﬁ W@ﬂS? Sﬁhgerg%e(rgwg\ﬁ?%%%&ghgﬂaalpweav}ﬁypﬁe ¥61%V8S nat e.

I n each 2% aopleat by smighabiter thamatast ofasffuigsdttiogene mak abmpatadlgSrofile o8-, @
vanadi uny pROSANG LY KMISH aGELAS ot 4710C.

The following demonstrations employed a mock-up of commerciai iiow reactor

containing a fixed heterogeneous catalyst for continuous vapor-phase oxidation of n-
butane with air. The mock-up system included a 4.6-meter reactor tube which was
20 immersed in a heat transfer medium comprising of moiten salt. The reactor tube was
equipped with an axial thermowell which allowed determination of the temperature
profile of the catalyst bed along the axial co-ordinate. In each example a suitable
amount of fresh commercial catalyst, i.e.. a vanadium-phosphorus oxygen catalyst,
was charged to the reactor tube.
25 Comparative Example B
In this example the test program described above was used to evaluate a
cylindrical reference reactor having a uniform cross-section in a plane perpendicular
to the centerline and a catalyst zone of about 2,012 cm®. Concentration of butane in
the feed was 1.7 mole percent. At 2000 VHSV in the catalyst zone and a molten salt
30 temperature of 413°C, the maleic anhydride yield was 77 percent by weight after the,-
catalyst was fully activated. The temperature profile of the catalyst bed along the

axial co-ordinate exhibited a maximum of 491°C.
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was charged to the reactor tube. 25 Conparative Exanple B In this exanple
the test program descri bed above was used to evaluate a cylindrical

ref erencewpaaoimn havi ng a uni form cross-section in a pl areTasopeasds cul ar
to the centerline and a catal yst zone of about 2,012 cnB. Concentration of
butane in the feed was 1.7 nole pg)[aﬁ‘g g At 2000 VHSV in the catalyst zone
and a nolten salt 30 tenperature o , the maleic anhydride yield was 77
percent by wém ¢tis eadrhple thdréest peagramyddscribad éb:b\leywa&:uisstatcedemmhMratteraper ature

profile of the catalyst be t he j

e mum'Brctib FaEnt USRS oy S3ENRS SBasplihD) sSe B Aot kel

exanpl e jhentibe $ito o wdoag RS wyiileitanbomes amOwsethbbledenDnst rate a react or
having a volune for catal yst of ab 7 cnB distributed according to the
i nvemtion into four contiguous cyli '9¢al zones as shown in Table V. 5
Tabl e ViCdtaysdl yst Tubee TubeTEpeact i ofiraofionRer c ePercatt offbitall Gdmoptetricc  Zone
Length I. > Axi al | ‘

0. 2486 : ' 0% ‘ :
in. 0.3094 38.16 2457”7 |V @Aﬁﬁ'ﬂ 1. 392@\5 0. 1326@1507 7. 49 2(ff(?ncentratl on

of butane jn the fgad was b.g7 iAol e pgreent . At 2098, VHSV in the catal yst
zone and a nol ten salt terrperature of 396C, the nmleic anhydr| de yield was

96 p¥rcent!' by wei @ftMafter tHeNcat al §SP° 4as ful | 848t i vat ed. 4THe
t enper at umne pr of| Igumf 15 1t3zencat al gg82@ed exhi b4.02d a maxi muae of 429C

For th t f f d
rore |t KRR ETorT bt bBREIEIAT ree GYRR, L Aol FERT BT R00R B DR g
with s ufdaltajy?][zbne fane gueolten salt ﬂampagatp{eem‘eﬁ%% the nedieip ran{o;mélrtdeqnsld a\aajt o}

r oper i at ed, conpaund. or
Cyatom drestetiny PRaRRRES S reBh STt by athettor T sraues PRIt ol ear
SUbS{santth@bhbalystS bé® eleibiteROANIRINAA o&hQQFtC ten percent or nore.

"Essentially defi ned a absolutely except that snpll variations which
have no nore Ftoﬁi?? BUTRERFS 9 tﬂ?é’r%?efrﬁé'f%BHo'?mB?eSQE‘Hﬁr@yp&sdjf?é'lnfaijé’§ MBPI& fi nal

out con®e tRae R fiffyederckdPi CEubYtaHBally® i3b&afine@Ngs RRCGAIMG: with sufficient
frequency or being present in such proportions as to measurably affect macroscopic

properties of an associated compound or system. Where the frequency or

20 proportions for such impact is not clear, substantially is to be regarded as about ten
percent or more. “Essentially” is defined as absolutely except that small variations
which have no more than a negligible effect on macroscopic properties and final
outcome are permitted, typically up to about one percent.
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-27 WD 03/011449 PCT/ US02/ 22550 That which is clainmed is: 1. A flow
reactor conprising a plurality of walled conduits each having an outer
surface dwepesed4d or contact with a heat-transfer nmedi um pam/uisSat/ets50
distribution nanifold adapted for flow comunication with a downstream

mani fold thr OHQR or med by heterogeneous catalytic materi al
di sposed within eaé‘ﬁﬂcon‘gﬁhg? ‘during operation in a sequence of zones for

catal yst having t heflesaneaaer chrffresirent pldrelﬂtgtdﬁmlledtgomdtetslemgi rtawﬁignat
coordi nate of the aondu it_an entia

cross- seBfEbRUGRCE HIEPRI T POH‘@&@WPE@ ﬁ%ﬁ%ﬁ&ﬁ%ﬁ@“iﬁ 'Beﬁﬂl"}% g'ts ”th{‘Ort he

I ongi t udm@atfmaoeta@bteatfer trioQr ebwﬂﬁtctationgwml arwoktreae aemifoldattotdte
sequence of one risin t two éo({tes such that each

downs? re%ﬁ‘ﬁ% abydt'I tPIQ08R OU%F%@S'%%&?@B '$RATE H’é‘”ﬁ’bﬁ@%tﬁ?ﬂ@u'hpst ream

zone. 2.4l Bbmb@waogeq@eﬁ@é@frzgné@ f6d @atalydt hdviid ey seeBDsd sfe@ng shel |
adapted to maintain during operation the outer surface of each condwt

pr edoni ni§AgIy alqng éfaﬁtt'%ﬁ'tuﬁ]n?h Rorfingtet phike GONAHIEi /N VIR RAFNNEORM i nl et
in flow é&@ﬁﬂ@l\)ﬁ@ﬁxfo‘?ﬂ crdsy-SckiBn %f‘ttféuédrﬁihltfn%ashré?i iHeabiahé EQFH ﬁBlcUE\‘fj't m 3.

The flow reactor of claim1l, wherein the cross section a | engt each
zone ar ethejlgrgitusinal kaerdingte Wééﬁngiﬁi@t@t\éxﬂJrﬂQnOf g zong, enotheesenuenceatt i ons

occurkin
et C camtlr e b ARG 2 fes R AR TG SRR o FRISE:
medi um Qf@ss-ae¢tmmdalm§16tmtlgommwn3§ream zdfiee fI ow react or according to Caim

1, wherein thf seqtﬁ%nﬁgwo,feé?f&pe clcopﬁhﬁ@rbsé at ifies Wwﬁs%@ S9%}1eThe

fl ow reactor ‘according to rein has a
| ar ger cadmﬁe@énmamtam ldaring bperabon trguauter stpﬁ‘ace@aaammdtﬂt@rédoﬁﬂmantﬂy ow

reactor ac %t ei n_each down am.zone rger
vol ume t &3 t E)hng hg&ngn%TSS g’%ﬁ‘z%@%a‘f'”gﬁ%’” ?&}vf'PtéVa%‘trB'P"“a'&éB?rai ng to
Claiml, meneneauttethDoﬂ*&-tmctraoﬁeomeﬁhaﬁ condwt in each zone has a
substantial |y, CI r ferm Wi tgt d|1a Ech that tthe vver of
t he di amet er 317!' M FRLOTPHAET Tor nvt Saffertign
factor heaumgommlauemed i) trmgae fwe@mg@hetatedeQﬁng enatw@théa...iorea%nor'ﬁte fl ow
react or accordi nr%éé o,d ai V\{tﬁbe n th eorret ric factor of each
downst r e&THZ8He "9 ar?egépnctLHtén LZBH‘FF&.? uBotupEErEaliez BMEURbPT thRat
capable of being transferred to and removed by the heat transfer medium
20  surrounding the conduits.
4. The flow reactor according to Claim 1, wherein the sequence of zones
comprises at least three zones.
5. The flow reactor according to Claim 1, wherein that each downstream
zone has a larger cross-section than the contiguous upstream zone.
25 6. The flow reactor according to Claim 1, wherein each downstream zone
has a larger volume than the contiguous upstream zone.
7. The flow reactor according to Claim 1, wherein cross-section of the
conduit in each zone has a substantially circular form with a diameter such that the
third power of the diameter is equal to the product of the volume and a geometric
30 factor having values in a range from about 0.01 to about 0.50.
8. The flow reactor according to Claim 7, wherein the geometric factor of
each downstream zone is larger than the contiguous upstream zone for the

sequence of zones comprising at least three zones.
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sequence of zones conprising at |east three zones. -28 WO 03/011449

PCT/ US02/ 22550 9. The flow reactor according to Caim1l, wherein the zones
for catalweto3ohewe a total |ength along the |ongitudinal eaandiozaiseo of at

| east 4 nmeters. 10. The flow reactor according to Claim?7, wherein the

cross: sect onoc! 1 oSTIy bOFRRY RIS BOAPHET ALY SRy 1

to the phadusatotafiehgth abmﬁgu‘he Ica@tudmgbmmdlnate offadtast 4 hstésg -val ues in a

range from ab t 01 out 0.100 fl ow react or accor ding to
Cl ai m 10, V\/ne i O‘E (?Ilat? PG, fo élla'm ga WS $a557PS IR 9fdhe ar ger
t han t heceanit lgtemw zmstrraeaerrs@mgntfamp diro@lar &ﬁﬁhusﬁl't‘rCQ dPAmERN8ECIE BMths| Ng at
| east th&w zZones. 2. Aflowreat}§ conprising 0) a plurality of

wal | edl cBTguRPeeTSfchefiRnagT & cButldP o6 Masust @ Shp ¥elimeoRnd dogRoaRdtii t h a

heat - t r apgt@haVRQi vales(ih brafde fromeibodt 8101k he'bbem vy, f ol d adapted for flow
conmmuni cat i on vmth a downstream nmani fol d through channels fornmed by

het er ogeneous’! 15 % #AW t9actaracepidng i Qlaivz da, W%rﬁinﬁh@aﬂ@ﬁ”@@mmﬁor@url ng
oper at i 0BacH iddwnse8RULERE Bs Olfargé?”ﬁ?ancwrdo‘ﬁ't@@m% ez%‘re§ sai d

zones conprising said walled conduits, where d conduits
wi thi n eBRHENSAST RANRS ¢aneprisigeatdeasiitireezenes. | engt h rreasur ed al ong the

| ongi;4 udi nal pporqiﬂ@‘;,ge&;mtcla%p;@m 20 (b) the walled conduits within each
zone have essentially unitorm "croSs-section neasured in a plane

per pendi cul ar(it o tehelurdliygfiwalied rrehdgitoeatimisaving are petey sdeddendinposaal forre  of
the zone, and (c) C'Oﬂtatchﬁltlzgm%gpﬁgnﬁgr AT the total cross-sectional area

of the conduits in each ream zone vdries fromthe prior 25 upstream
zone, (iv) at(i] eastn twed distosgivre mapifaibadapted fforoflow avmmitieaticonwihtd t he

luralit of wal | i a,d str.eam zone and,th lurality of
\R/al | ed %:londw ts g?%n%gg%ﬁi h‘r%nﬁé'g rér§\m'} q@nn?é Oémgﬂelby E%tgfﬁq?&e?
mai ntai n during opmatadutlccmatehm disftosed withfraeaht db@duiBuimdibgeration of wal | ed

condui ts of e(ﬁﬁh zon edon} nantly in conta t with a heat-transfer
medi um and uence of zones “comprising least two zones, said zones

comprising said walled conduits, wherein
(@)  the walled conduits within each zone have the same or different
length measured along the longitudinal coordinate of the zone,
20 (b)  the walled conduits within each zone have essentially uniform
cross-section measured in a plane perpendicular to the
longitudinal coordinate thereby defining volume of the zone, and
(c) in the sequence of zones, the total cross-sectional area of the
conduits in each downstream zone varies from the prior
25 upstream zone,

(iv)  at least one crossover chamber in flow communication with the plurality
of walled conduits of a downstream zone and the plurality of walled
conduits of the prior upstream zone,

(v) a shell adapted to maintain during operation the outer surface the

30 plurality of walled conduits of each zone predominantly in contact with a

heat-transfer medium, and

(Vi) the shell having an inlet in flow communication with an outlet for flow of
the heat-transfer medium.
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(vi) the shell having an inlet in flow communication with an outlet for
flow of the heat-transfer nmedium -29 WO 03/011449 PCT/ US02/ 22550 13. The
fl ow reacworosmii4ed ai m 12, wherein the cross section and | eagtusomd2se@ach zone
are sized so that the heat generated during any exotherm c reactions

occurring insjde e conduits of the.zone does not excee ampunt of

heat capabl e{%f tt;'hengow f%ﬁé re&r@%m} 8§’aW e?&hﬁ\%@"ﬁ@ s?ﬁéoqhgegqe let@n?% er

medi um  Ga@ukbmel e rizedhed amrdhe tieat bneréed fdhcmgl; raaacﬂmﬁheam&oreﬁdngnet o d ﬁi m
12, wherein the sequence of .zon -conprises at |east three zones. 15. The
f1 ow r eaBERYReE oY EEF {QNeYiLs Rf %182,2_0 e‘?%sn“&hﬁfc Ecwedaﬁmgm Qgiﬁea%ne has
a | ar ger c4y=p%s - e Geirgn tlaRgRrieh et dHd FeRdSedIPSy rea@nh@@nerandfer 1hedilie f1 ow
reactor according to Caim 12, wherein each downstream zone has a |arger

vol un® t BIFPUNNEHRtGePHdtFs upstream zone. 17. The flow reactor according to

Caiml2, whergin @ ﬂd@\ﬁ@acﬁ’)‘?‘%c%r@]cﬁt@QMlQ{lainFmWreiHQﬁe §quiJEch@tofiZBne§é ow
wa

comuni cation with the plurality o ed conduits of downst r eam zone.

15 18. TRRMpIisRE alderst dire@gemisding to Claim 12, further conprising, a shell
adapted to majft aifhedahy F&c&?%ﬁ@éﬂﬁg@t&r@aﬂ%Q,rwﬁée’rgfnatﬁﬁt Qé%fﬁmmﬁ%qw?

predom nantly in contact wth a -transfer um an ing an inlet
in flow coneniad @ daryercross-sactian than thetcohtiguausaipstreamizonast er nedi um 19. The

fl ow, reactor corgj i - 11 = i 0
condfflgt i n each ZJﬂ*gqﬁg@ﬁgggﬁég%%ﬁw‘ﬁ%ﬁ@ﬁ%&ﬁ%f@?%?%’# gm&f/ﬁgtéégﬁé?re er such
t hat t hehag &ilardepoigne dfantthe cdntignsuerupsseamuahet o t he product of the vol une

and a geonetr)j fract | S, | n fro 0.01 to about
0.50. 20, Thel T1 o Feon BRLR Bt o tefha oy el P e et i ¢
f act or othanetaerthadoawn sietem ffow aoenmgnitatiogewitht thenpltifatity od miallgd@oaduipséfraeam zone
for the 2 ence of zones conprising at |east three zones. 21. The fl ow
react or %%\@%ﬁige%z?%eu aim 12, wherein the zones for catalyst have a total

| ength al ong tde ITorgiivwdiencbr eosdingate Qdimat2] eather Lomgdrairg, 22helfhe flow
ESALIR o KRR MR G R S
30 t hi r dinpesmeactokitt benehtaamifer mewiAlahd havihgearPinRd e todf cdiR@uMrbiere and a
geometri v(\:/ith an outlet for the heat-transfer medium.
19.  The flow reactor according to Claim 18, wherein cross-section of the
20 conduit in each zone has a substantially circular form with a diameter such that the
third power of the diameter is equal to the product of the volume and a geometric
factor having values in a range from about 0.01 to about 0.50.
20.  The flow reactor according to Claim 18, wherein the geometric factor of
each downstream zone is larger than the contiguous upstream zone for the
25  sequence of zones comprising at least three zones.
21. The flow reactor according to Claim 12, wherein the zones for catalyst
have a total length along the longitudinal coordinate of at least 4 meters.
22, The flow reactor according to Claim 12, wherein the cross-section of the
conduit in each zone has a substantially circular form with a diameter such that the
30 third power of the diameter is equal to the product of the volume and a geometric
factor having values in a range from about 0.015 to about 0.100.
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factor having values in a range from about 0.015 to about 0.100. -30 WO
03/ 011449 PCT/ US02/ 22550 23. The flow reactor according to Caim 22,
wherein tweogeoretri c factor of each downstream zone is | &Cgarsor/bsso t he
contiguous upstream zone for the sequence of zones conprising at |east

t hree zones. %4. rpcess i ch includes. eégt hﬁrm' c,chem CZTI. fogover si ons
of organic 5%vonpbitfntdY {FRARAFEOLEE @PB’& t WNereImige 260818844 fagier of

het er ogege sdsistlerfit ZoAe a 1ar@aSthadnend | oMtigEAR AbsBOAMT EsidGop the ural ity
of walled conduits each having an outer surface disposed for contact with

a heat - t PARHSTEE Qr@aNemPorarrising dlleastdiierFePPon  mani fol d adapted for flow
comuni cat i oo t hp g ‘é@%kﬁ&fifﬁ}cm,@é eQb%g‘i’rmco icﬁ%ﬂ@@ﬂs?n&%frﬂ?&a ¥

f

het er ogeneous catal ytic material dispose thin each conduit 1o during
oper afi 0ROMACUNGRetfu¥FlE® adfled prAsiCRavsing at $RlecliimhetarogTdcaiscxstalyBrigtah al ong
the | ongidadflbAglioI8aeonBlfiofing BHIGANIYrlwad cBhdlis LA RN, BBReNt 1Al Y
uni form cross-section of the conduit asured 1h a plane perpendicular to
t he | ongBurRienalisposedr i reentact heitretsy heet-transfer vaddiure. @h il distriputiamd t he
sequence nphiANSSapea Y| i FofmUfbilont WhnZ@NGSu e NniGRC hhdgunst r eam
zone has a different cross- section than the contrguous upstream zone.
25. The phaveds ferowor by hgtetageBbaisncai)ytinireaterial dibpossdowitinio eeach codes i n

the flow,re i.S three zanes, 26. The process ,accordi ng
to cl1{%1i mdé%,?gc\%géerragﬁﬁ% ﬁeg%}]gé%é ggg%’ri‘eosnﬁﬁ\ﬂ?ig Ry oéﬂ'#geigﬁt '?89.@ 289 he 1 ow
react or #reelospitedinalocdondibate e the adongein@andtwithinl eacihn gond @saentialx intfermin ¢
reactions_ aoccurring.inside the condui.ts of the zone does not exceed the
anount o rOﬁ%-gg C%%{bgglt%e SP rﬂaawrgﬁé?earP@Hetwr%ﬂﬁ'@gﬁb@e@eH?W'H’éj”ﬁ‘éat

t r ansf er coorditiatem therebg udefinig tvorintoNHUtHeS zoRd,. amBiethpr 96QshcaCePBhag t O
Claim 24, wher.ein %ha{ each do sEr am éone in the flow I’E%_?Ct or has a

| arger cFURTIYEG A RS HRFA AR SY *13888%1% PRRIFRNFONEENaSHR st Ci9ss- pr ocess
acconsli ngedtionGhan tecontigheusaigstrieBai zopech downstream zone in the flow
react or has a%éar r volune than the cqnti‘guous upstream zone. 29. The
process according PIOSPTH 99FOUHRY &9 Flaime2b viigneinihe sealerRce’ zopgaver si ons

of or ganire fWTRREES SohRrived agcaddrdepbAgyCct S conprises oxidation of 3o
benzene or ad£1 drocar bon sel ect ed fromtheagroup consi sting of n-butane,

butene-1 and®but ddISeRECEED acePidingateidimnkgdwhaein the cross section and
length of each zone in the flow reactor are sized so that the heat generated during

20 any exothermic reactions occurring inside the conduits of the zone does not exceed
the amount of heat capable of being transferred to and removed by the heat transfer
medium surrounding the conduits.

27.  The process according to Claim 24, wherein that each downstream
zone in the flow reactor has a larger cross-section than the contiguous upstream

25  zone.

28.  The process according to Claim 24, wherein that each downstream
zone in the flow reactor has a larger volume than the contiguous upstream zone.

29.  The process according to Claim 24 wherein the exothermic chemical
conversions of organic compounds to value added products comprises oxidation of

30 benzene or a hydrocarbon selected from the group consisting of n-butane, butene-1
and butadiene, to form maleic anhydride.

30.  The process according to Claim 24 wherein the exothermic chemical

conversions of organic compounds to value added products comprises oxidation of
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30. The process according to Caim 24 wherein the exotherm c chem cal
conversions of organic conpounds to val ue added products conpri ses

oxi dat i orwof0o3/01329 WO 03/ 011449 PCT/ US02/ 22550 n- but ane t ecfrarsor/exsbei ¢
anhydri de by contacting n but ane at Iow concentrati on in an

Cungst ot bUpHBS o an i 2oy St sty BRERE )P eBieelS e tom, 24

wher ei n bkygeﬁéttoaukalmhgl gasaivith aandisted 5catatysa ¢empresira Usrincipallp tuanggient rom
about 360C to about 530C. 32. The process according to Caim 24 wherein the
cr 0ss- seREPPROBIS FHLAYI§Bwnst r eam zone which has a | arger cross-section

than the crosst, SeCItHeOﬁo@éssté&ord:ﬁ@ttd) wuszmmrmmmmmwaﬁ REgedingy an
anount such that during operation nperatures of the exotherm as neasured

al ongt hat & IamRaTBIusR Ineg EaN96 el ébw{a’-ﬁ @éo 8beit 3¥0efher than the
heat - t ransf erzyreditha pREPL 8dérd@ng 18<laim 24 wherein the cross-section of each

downstream zone which has a larger cross-section than the cross-section of the
contiguous upstream zone is larger by an amount such that during operation
temperatures of the exotherm as measured along the centerline are no more than

10 50°C higher than the heat-transfer medium temperature.
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