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COVPACT REFORM NG REACTOR FI ELD OF THE | NVENTI ON Thi s
invention relates to an integrated and conpact reform

woiznay/aveadét or for the production of hydrogen t®CHEPA®EH5680

in industrial applications such as in the

nmetal lurgical indus try, chem cal and pharnaceutica
i ndustry and fuel cell power phants. In particular the
invention relates to a conpact reformng reactor for
t he conversi on of hydrocarbon feedstocks to hydrogen
where the reforned gas of the reac tor_is further
enriched in hydrog%aMB§CEagggﬁﬁMFﬂgoﬁﬁﬁcgopressure
Adsorption Swing (PSA) unit, a Pd-alloy nmenbrane,

wat er-gas shift unit or by Preferential Oxidation
(PROX). More parti clI@aIDy QthaHENIANVENIHLQNe| ates to a
conpact re formng reactor for the conversion of

nmet hanol to a hydro gen gas suitable for use in fue

ORhis PI Y Sei SSPESI Ly vbhess thecheheeRedndasopbathie reform-
reactor is further enriched in hydrogen by passage

tm@ulgﬁhafatCPSAf omi the Theodnoehenodf f DyeResenntel Pesuged in

ess f reform e rogca i a _
R e SR R S S
|€%@3ﬂ&ﬁﬁhf&&ﬂ &ﬁ&lp@éﬁm§6eﬁegua1elnﬁhenryhenaumpby afell

hydr ogen as fuel source and according I¥ a reformng
rﬁﬁﬁﬁ%rp1%”%%fn%WI@a¥ﬁ%%@}%¥eHh?anM%P é@PIrSP§ﬁ€§ to a com-

(0] e d
feedst o&{ act|c‘?~|eﬁg58{09 Po¥eths éoﬁwekg%ﬁ BY B%@@BQ@}bon

g as energy carrier, such as nethane,
Ifenm$t¢mms(ﬁ@ﬂhw@asgegawbérﬁethdlesébrmﬁdneahanélthe reac-

052, B USHORED LASDCR8Y, AL Ch el BBV o0 R385 P rougn
Pressure Adsorption Swing (PSA) unit, a Pd-alloy membrane,
water-gas shift unit or by Preferential Oxidation (PROX).
More particularly the invention relates to a compact re-
forming reactor for the conversion of methanol to a hydro-
gen gas suitable for use in fuel cell plants, especially
where the reformed gas of the reactor is further enriched
in hydrogen by passage through a PSA unit. The invention
further involves a process for reforming the hydrocarbon

feedstock into a hydrogen gas using this reactor.

BACKGROUND OF THE INVENTION

Fuel cell plants require often the supply of hydrogen as
fuel source and accordingly a reforming reactor is normally
integrated in fuel cell plants. The reforming reactor con-
verts a suitable hydrocarbon feedstock acting as energy
carrier, such as methane, liquid petroleum gas, gasoline,
diesel or methanol, into a hydrogen rich gas, which then
may be passed through a hydrogen-enrichment unit before en-

tering a fuel cell assembly. Compact fuel cell power plants
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tering a fuel cell assenbly. Conpact fuel cell power
pl ant smay today provi de about 20 kW of power and even

woRo@00X4ér i nstance up to 50 kW thereby pronBCIHF2@6/005680

wi de range of ap plications. One such application is
the use of conpact fuel cell plants in the autonotive
i ndustry. For wi despread applisgation, methanol is
still regarded as the best hydrocarbon feedstock for
the production of hydro gen-rich gas not only in
connection with fuel cell @Iants but al so for

aw.fc%ﬁ%rpwv%wbwan% K% ot nRYWehdiRerfyupn more, for
ere t%é?qggmé’ SMW‘ant%efébﬁ%fbrﬁé‘{ﬁﬁéyaS\Ui&ébﬂrgnge of ap-

mand for hydrogen i's the range 50-
ctatwfns:h Orse tspilt adpp b caadh p$ abihs. U%rOQ compact fuel
h emand qf above 500 NnB/ dr ocar bon
%gi%t cH! d S Wr AT yass i %n%??%ﬁyhnre expedi ent .

Bel ow 50 Nm 3/ h el ectrolysis or bottled hydrogen is
nornal] more expedient. Reactors for the reform ng of
T Gyt taml%ﬁl‘%/l%'t Hegoranahdi fhsehl ar egaeded as

0 L O B R B BOAT B v
agerretﬂmaﬂolg&t aeon ret oy nit mecstlong withofinet eaefidr plants
tubes that are indjviduall) balaﬂﬁed Each. reac

tRide iR s WPHIRA S ntesT™] e@l%?F%nb%doE%ﬁE indus-
centdl cld YoM tHL G B YShe fhdhdD0i & gsawﬂsulayw 8(dtable

in which the heat needed for the endot herm c reactlon
ofhex avethearismaned efomilxydiregers b ow@leclarbge cbﬁdéﬁ@u Ng’/h,

SRR LB P46y 08P PEASEED bhe L Uhestollyl e or

fardves LB a\ﬁnamhetah&hym{oda&kﬁﬁd@edd)smlﬁlmlc&n as natural gas
exot herm c reaction, whereby the heat, generated by

4 CTERIMUE i< RRGETor BRCRn2dt WA @lectrolysis or

bottled hydrogen is normally more expedient.

Reactors for the reforming of fuel gases, particularly
methanol, and which are used in fuel cell plants are known
in the art. Disterwald et al. disclose in Chem. Eng. Tech-
nol. 20 (1997) 617-623 a methanol steam reformer consisting
of four reactor tubes that are individually balanced. Each
reactor tube consists of two stainless tubes arranged con-
centrically with catalyst filling the inner tube and in
which the heat needed for the endothermic reaction of a
methanol-water mixture is provided by condensing steam that
flows in the gap between the tubes. It is also known from
US Patent No. 4861347 to oxidise a raw fuel such as metha-
nol in order to obtain an exothermic reaction, whereby the
heat generated by this reaction is used for the endothermic
reforming reaction of the hydrocarbon feedstock, which is
normally a mixture of methanol and water. The heat is

transferred from the combustion section of the reactor to
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reform ng reaction of the hydrocarbon feedstock, which
is normally a m xture of nethanol and water. The heat

WOi2807008244f erred from t he conbusti on secti on oPCTHE2006/005680

reactor toits reform ng section by neans of heat tubes
t hrough which a hot flue gas fromthe conbustion
section is passed or as in JP-A-63248702 by neans of
heat pipes arranged in the re actor. As a result, the
heat generated in the conbustion system can be evenly

distributed to the rest of the reac tor, whereby a .
uh¢$o¥%¥@%%h%$a§%?%lﬂms?¥i%%?P%noﬁshﬁﬁttBPHEE.t%FP@ﬁh which

tQGh&@aflﬁéagiéefréMS£ﬁ@1&am$9§tis£ogategoﬁe§gtgas@%d or as

not rapid enough to achieve the desired operating
t empEPaA+ G324 8T Q2rbehaeges ¢h peatepipeondrrivgsdsdch the re-

as after_sud den | oad changes or _during start-ups_and, .
FotOdS o et L al § 5o TPERE sEPAr A EoHet phBebogaSt ion
P& Py SR0ca R Bdeev&h Dy i Bgrivactar toNengakbytaofurher reac-
of " nore or | ess sequential steps are required for the

start -wipe BEby he wei be Al ngcPRaEat BFer ds6EriiRYtipnais ob-
p{gfﬁggre that may be significantly te dious and
time-consumng. In the particular field of fuel cells,

t he advent of fuel cells with increased power, for
instance of up to 20 kWor even nore, for _instance

u .
(ST KPS esTd e h BYREEA FBr ChPoBFGPAGIAY fedctor is

PhF al it Yg ofn SRR YStabWPESe | Phe 8b89kedr BpERERIIAG tempera-
reactor. This in turn inposes nore demands in reac tor
desigrefret ermeneés i im. pronpast pesgdithensepuch as after sud-

t erature distribution. and éhe mal _effi.ci Vool _
S0 Bt L PR br ot ST BHTSr S5 i 18P Lenpar At Gry s, espe
disdTi Puthem Hypakhed bt cpipbyshreéupesvidstdent ke reform-
reactor are heated to the _

ing reactor. Normally a number of more or less sequential
steps are required for the start-up of the reforming reac-
tor resulting in a procedure that may be significantly te-

dious and time-consuming.

In the particular field of fuei cells, the advent of fuel
cells with increased power, for instance of up to 20 kW or
even more, for instance up to 50 kW has resulted in a need
for providing a plurality of catalyst tubes in a single re-
forming reactor. This in turn imposes more demands in reac-
tor design in terms of i.a. compactness, better temperature
distribution and thermal efficiency. In particular, the
provision of a uniform temperature distribution by which
all catalyst tubes inside the reactor are heated to the
same temperature becomes more difficult to achieve when the
heating required in reforming has to be provided by means

of a single burner in the reactor.
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same tenperature becones nore difficult to achieve
when the heating required in reformng has to be

woppsoedd by neans of a single burner in the PEEFPA0NH5680

addition, the catalyst within the catal yst tubes nay

of ten be not evenly distributed so that the catal yst

may for instance be better packed in some tubes than

others. This may create undesired variation in

tenperature conditions across the catal yst tubes.

SUMVARY OF THE INVENTION It is therefore an object of

the aqaentoon the pravatesh vitlbini Bgereabpdyshi thbes may of-
[ ve re. di [ [ S I t S
CIBLSE TS REELY 8 S LA L' OF PRECCERE kaF 1Tk hnay for
pirosst Slecd eflms it ¢ Ngpaeled ot n whomd tsbesnpheh amthefrrsee This
for nmechani cal neans for circulating a heat exchangj.n

RN P 93 Totn WIHES Tt 50 t BRT bRt 50%r ¥ sERIPBRAGPTEhEONTLITIONS
reactor ¢ the Jefof g section of the reactor. It is

a further object of the invention to provide a

reform ng reactor which is conpact whilst at the sane
time is able to ra%%@ngisiﬂ &M,ﬁ/&q or rmaintain
its operat ing tenperature aftér a change I n process
condi tions, such as a change in hydrocarbon feed fl ow

or tenperature or a change in burner conditions or

duf i hy EheteferepppePietbnol | EhesiarePRéPRobPeProyfide a re-
IS eI A0 4.0 PLOY! Prgp@o-&gé Of fhb0Ba £ BRE! A1 SPRliBRli%n

lI'ess sensitive to divergent catalyst packing across

tder et ad Ystcdtdegst | tulbss anot her obj ect of the

invention to provide a reforming reactor which is

simple in its construction, inexpensive and with | ower

hgat; d 0s854 ha dy conventtwealnv&hOidh to provide a reform-

ing reactor which is compact and free for mechanical means

for circulating a heat exchanging medium from the high tem-
perature section of the reactor to the reforming section of

the reactor.

It is a further object of the invention to provide a re-
forming reactor which is compact whilst at the same time is
able to rapidly and simply achieve or maintain its operat-
ing temperature after a change in process conditions, such
as a change in hydrocarbon feed flow or temperature or a

change in burner conditions or during a start-up operation.

It is another object of the invention to provide a reform-
ing reactor which is less sensitive to divergent catalyst

packing across the catalyst tubes.

It is another object of the invention to provide a reform-

ing reactor which is simple in its construction, inexpen-
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ing reactors . It is yet another object of the
invention to provide a reform ng reactor which is

WOceoPaex44 and suitable for use in fuel cell pl 8TAP2006/005680

particularly for fuel cell plants capable of producing
up to 20 kWof power or even nore for instance up to
50 kW These and other objectsgare achi eved by the
reactor and process of the invention. In a first
aspect of the invention we provide a reform ng reactor
for the conversion of a process fluid into hydrogen
c%hﬁ@i%mﬁgwl%hr%@%?ﬁih@ageé??éntaﬁﬂ aANpEPPEENSdOf g reform-
m@% hr%é@t??éh contai ned within a comon vol unme and a
stion section, in which said reform ng section
contains one or nore catalyst tubes filled with
reform ng catal yst, said boiler section.is provided
Wt hL BB br AR BT LBBECEar PYT RACT FULCGRLOr by PREvIde @ re-

CRIPHSAL OP- SEELE OPh 8P $31 BopABEShhANSEEERDOR if9r use in
provided wth at | east one burner, wherein the heat

ekedhnge hy phaintm regqotiedlastyt herr EépelntagloPleaite capable
process . fluid in the,gne. o at al t [ :

GREI P ER U Hi e b ot Pral S PECPPief apBs ity IBE® 20" instance
emsapsubat gwl. i nsi de sai d cormon vol unme containing said
reform ng and boiler sections. Accordingly, in the

invention a gas-liquid mxture circu lating outside

tﬁﬁe§§t§£%55tﬁ PeéngCEEeangQE?}QgeéeBQ!Qﬂea@@aqtor and

outside the tubes carrying the ue gas'in the boiler
secdcons podvillesifiventibarge heat sink that enables
the ac cumul ati on and supply of heat for the reformng
reaction sothat all netal parts within the reactor

pekthcel Akt YakPEct of the invention we provide a reforming
reactor for the conversion of a process fluid into hydrogen
comprising: a reforming section and a boiler section which
are both contained within a common volume and a combustion
section, in which said reforming section contains one or
more catalyst tubes filled with reforming catalyst, said
boiler section is provided with one or more tubes carrying
flue gas from the combustion section and said combustion
section is provided with at least one burner, wherein the
heat exchanging medium required for the reforming of said
process fluid in the one or more catalyst tubes is a gas-
liquid mixture that self-circulates and is encapsulated in-
side said common volume containing said reforming and

boiler sections.

Accordingly, in the invention a gas-liquid mixture circu-
lating outside the catalyst tubes in the reforming section
and outside the tubes carrying the flue gas in the boiler
section provides for a large heat sink that enables the ac-

cumulation and supply of heat for the reforming reaction so
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catal yst tubes, maintain or rapidly reach the sane
tenpera ture, and a robust operation of the reactor is

woaeh7diocd as it becones i.a. |l ess sensitive t®8CT/EP2006/005680

tenporary changes in process conditions, such as
changes in burner duty. By the term"self-circul ates”
it is meant that the gasliquidgm xture acting as heat
exchangi ng nmedi um noves in ternally in the reactor

wi t hout the need of any nechani cal neans. The gas
flows to surfaces or cataéﬁgt t ube wa

s, wh
COtforiat B2 BIRAT F dbEC P I ot NEVERBRECR! | VBRChGUERELY the

sdd Gt ¥ 1L s PrEsSsi £16T8AL f8p b1 hee¥6hUBRe same tempera-
reduction of the gas as it transforns into |iquid. _

Liwee d idws tdiemst copdeabbbn epf seleei spadiPyenshpbtained as
gravity forces. In the reactor of 't ' i '

oG dnproess Tee T ine: SaF 57 nbTRELEF e SRa g 4

tOr fee LONVEHd Beh o84 Ns @6h da b | GhaAges xinr pueheretibayo
and water, may extend inside said conmmon vol une of the
reactor. Accordingly, the at | east one process feed

t%«?%m@ytee %@eiﬁlgifl@eqwéé“ op iBshdensaiHacormRN gas-
V ere

ufre” contai ning t orm ng and boiler section,
forqexampl et ihe attieqsssoneapregessnfieed madéumaypoves in-
extend froma region at the the reactor_an

SOV L T o e FA CECE | ORC P FRE oTPERaph RRY Mechanical

SERCIAON Ple &YLH Fushberoi phprhbesbek!l ertse¢ktoBube walls,
arranged below. The at |east one process feed tube

ceneye ngonden protesstékes doiacpelnonvepyemens driven by the
(OHANEeT S0 f 8- L£80HET L DLPUGNLG, £0BYYEH ukE. EBBuGEion of

! react or an en exten into th
repst@ds f4om sat dagonduas antanyeduiid.t bégadtierf lwadsl .then to

Preferably said process feed tube exte?ds
substmil dF | SeEbaRR afif yven by gravity forces.

In the reactor of the invention at least one process feed
tube carrying the process fluid to be converted, such as a
liquid mixture of methanol and water, may extend inside
said common volume of the reactor. Accordingly, the at
least one process feed tube may extend into any location
inside said common volume containing the reforming and
boiler section, for example the at least one process feed
tube may extend from a region at the top of the reactor and
above the reforming section into this reforming section or
even further into the boiler section arranged below. The at
least one process feed tube carrying the process fluid to
be converted is introduced to the reactor through a conduct
in the outer wall of the reactor and may then extend into
the reactor from said conduct arranged in the outer wall.
Preferably said process feed tube extends substantially co-
axially of the reactor wall inside said common volume from

the reforming section of the reactor to the boiler section



10

15

20

25

30

of the reactor wall inside said common volune fromthe
reform ng section of the reactor to the boiler

wogewtioedéf the reactor. This enabl es the provPSTHER2W6/085680

conpact re actor as the at | east one process feed
tube, for exanple a single substantially straight tube
or a tube bundle, is ad vantageously integrated within
the reactor whereby the preheating or evaporation of
the process fluid can advanta geously be effected as

th as in the self-circulatin asliquid m xture
RSP TRCtobe bhHRSRsIcPeRRE PFOTLopsE Bbro ogPact re-
| ategrate the sequised eMappratees skadetipsidedh@xample a
reactor thus avoi ding the inexpedient provision of

sepag bt esevspor i a bhy nehrsiedtstubet RE Rehbber bupdliche is ad-

term " extends i al -axial Ly" Lt _
AR aSELFOL, PHPSLRLLAL Lychosathel biaclb RyTell e pro
theat th@topostapors0Oper ati thewptbcthe €dnddctainn atdveanta-
outer wall of the reactor, may extend i the center,

nt .
ofeenely Pactbierhed ﬂFrEE?iBﬂsmﬁpcﬁhﬁssﬁgﬁ§§ﬁ5F agring gas-
tPié@fdrﬁ?%{@felSﬁggbdéxtﬁe thsceabhaenbendi pgn2Q and ;s pos-

consequently ex tending vertically into the reformng
sethlentoriboeeatsetheoneheliond THMeparakeéeast strge inside
process feed tube may.extend vertically into a_ . .

DAt 7 5r0 EoaP t REHE O PBnt Ui CHCAPCralE BREvarde™ of
esSpd Hhee Cavdyb gt PhACASSngasut 9ibe ensveehedoext ends

ver tically upwards inside the comon vol unme of the

reactor and wherein the at |east one process tube
Eﬁ%ryﬁgg?éﬂﬁ péQggﬁasggﬁb%?aﬂQEgﬁggaéoaaggbpig" it is meant
referably, a Single process tube descends fromthe
comsiticd parthen ovf ethwaprovbhssefthd hybd; opartidculesdy the
for_exanple a liquid hgdrocarbon eed enters.,

inlet portion cooperating with the conduct in the outer
wall of the reactor, may extend into the center of the re-
actor in a direction which is perpendicular to the reactor
length axis, thereafter bending 90° and consequently ex-
tending vertically into the reforming section or boiler

section below.

The at least one process feed tube may extend vertically
into a transition compartment from which at least one proc-
ess tube carrying process gas to be converted extends ver-
tically upwards inside the common volume of the reactor and
wherein the at least one process tube carrying the process
gas is formed as a coil. Preferably, a single process tube
descends from the conduct in the outer wall where the hy-
drocarbon feed for example a liquid hydrocarbon feed enters
the reactor to the transition compartment. The transition
compartment is arranged as a box having inlet openings
adapted to accommodate the at least one process tube carry-

ing a process fluid present in substantially liquid form
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the reactor to the transition conpartnment. The
transition conpartnent is arranged as a box having

woe7@nodpeni ngs adapted to accommopdat e t he at PCEXPR0064365680

process tube carry ing a process fluid present in
substantially liquid formand outl et openi ngs adapted
to accommodate the at | east ong process tube carrying
a process fluid present in substan tially gas form
These tubes extend vertically upwards and are forned
as a coi|l or spiral. This ensures a better

t@%%s?%?l?%roﬁﬁ%l%g%h%%?PE% oFotﬁECBW@8Q§§eg§g Spfitorteast one
tOr 68 EOT NG 2Rf PLoYi desratebbersamg brBBeAtCeMPAbstan-

reactor de sign as” the sane heat transfer area as for
|nsabhyegassf@amghTh$abetubﬁsbexaeodnﬁﬁdanealﬂﬁ gpwards and
| owner Fur thfrnnre of a cail ar

s%¥?afo¥ %r?% % ©@h r?fu@%fr%ffeg 18netRE PRo phESEer heat

ftoané pas-ofuicl bherehyisgabEi ﬁgeprKEbéw gésawlor to re-
l'iquid nozyget evaporated and facilitating the upward
ff@v\mmgm REoyhdes pref BRapP§menbine RegSMPERE reactor de-

p%f&gg%er £ & ggﬁé?{fgms Langitionsceppat tapat, Jan 5

sec reactor to the reformng
sgttaiqhtrmmbdemamobensocemmhdhtehelpraclewergaelgbt Fur-
heated to the proper _reaction tenperature in

TSRO, Stt | bTE TR HEO! bkt PORERL FEPRFES @ centrifugal

POBBL ML ot O et Epel-Lhgs at fi@@s'(gQBel@E{Q§§§StE§%@btyUQ§1abl1ng
into a transition conpartrrent |ocated’in th

dmwbbél¢Mn0%e@myoh1Q®xdeaghpY@t|ﬂvappraéegaénﬁeéﬁ@nlltatlng
S undern hthe b S ion. In this
LSS PSR SRt (0P PoLEELs PEEL

ydr ocar bon feedstock” is used
|nterchangeably with the term"process fluid' or "feed
process f| uid" hbrnallg, the feed inlet to the
rRegferably the at least one process tube extends from a
transition compartment in the boiler section of the reactor
to the reforming section in order to ensure that the proc-
ess gas is heated to the proper reaction temperature in the

reforming section.

In the invention it is also possible to extend the at least
one process feed tube into a transition compartment located
in the combustion section for example in a flue gas region

just underneath the boiler section.

In this specification the term “hydrocarbon feedstock” is
used interchangeably with the term “process fluid” or “feed
process fluid”. Normally, the feed inlet to the reactor,
for example a mixture of methanol and water is present in
liguid form whereas when entering into the reforming sec-
tion it is present in gas form. When entering the reactor,
the hydrocarbon feed is also referred as process fluid and

after evaporation in the process tube the resulting fluid
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for exanple a m xture of nethanol and water is present
in liquid formwhereas when entering into the

wOoned70nl4ag section it is present in gas form POR&R2006/005680

entering the reactor, the hydrocarbon feed is also
referred as process fluid and after evaporation in the
process tube the resulting flupdis also referred as
process gas. The term "process feed tube" as used
herein refers to the at | east one tube carry ing the

process fluid and which enters theﬁ%ra sitiQn com
phf t ALRP . TTHRI FEBesS pPEPFEEP ng2Fr of'EhESE PanBFOCEFS feed

conpart gents@RdneaLtyi pgrthe eyappeabingedas bhat tibe carry-
directed to the reformng section are referred sinply

asng ptoeessocebesfluid andt weicknpotenenthef trhasition com-
invention the at | east _ope process fe tube_carryin

e TPoRbs s Fr o 4P e BESEERTY LS, Lholnebrs LERRSTEAG DR onpart-
theQtghna €oneyichgathangedpbhat hagoyker tnakl ief ditected to
reactor and said process fluid is pre heated by

i Hie r eeformhtacterrien aepossfarkedt SLPRAYS 8F SBIPAESS

m%&? exiting converted gas fromthe reform ng section

of ‘T he reactor, in which said exiting converted gas
preferably passes in the annul ar region of said

conduct . hbrna%lé,the PSA u it.domnftrea regﬁi&es a

r &P at PORRYE P O_f?%%ﬁ18? Fgarbﬁgﬁg reh 4§ &hd east one
gﬁggéggggkae&OQ&bggca§@9§n§ughea r8Be8kl £6Q9Heko be con-
ownstreamthe reactor 1s used. nce, this enmbodi nent

evabted ehecrefoheedegatofrbhrenghr eagppduct arranged in the
(hydrogen-ric ) c ed_fro I oyt _
) %E:’al i%g ?§3t§%$%g$r QRét%aiﬁ E%BBEQE %¥u§% Y's pre

for e refrormng
ned Hread! by oiwdDpécl50o0Rtactt ier ebyacedusi aghthe efrbecifer

required in the air cooler downstream and accordingly
a?%@f?%%UCWh@hi?éltlng converted gas from the reforming sec-
tion of the reactor, in which said exiting converted gas
preferably passes in the annular region of said conduct.
Normally the PSA unit downstream requires a relatively cold
stream of hydrogen-rich gas and accordingly cooling means
such as an air cooler downstream the reactor is used.
Hence, this embodiment enables the reformed gas from the
reactor (hydrogen-rich gas) to be cooled from normally
about 280°C, which is typical for the reforming of methanol
to about 150°C, thereby reducing the effect required in the
air cooler downstream and accordingly also reducing its
size. The portion of the at least one process tube carrying
the process fluid which is in contact with the exiting con-
verted gas from the reforming section may advantageously be
formed as a coil to ensure an even more compact reactor de-
sign without too noticeable protruding parts. Said conduct
is preferably located in the upper portion of the reactor,

e.g. near its top. In an alternative embodiment, an outlet
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si ze. The portion of the at |east one process tube
carrying the process fluid which is in contact with

woRhg/08%34¢i ng con verted gas fromthe reform n§CTEPLI06/05680

may advant ageously be forned as a coil to ensure an
even nore conpact reactor de sign wthout too

noti ceabl e protruding parts. §g d conduct is
preferably |ocated in the upper portion of the
reactor, e.g. near its top. In an alternative
embodi ment, an outlettube carries the exi

ComRreEr Hos Ehe ?ﬁhglaarapvg?raﬁﬁhg?ﬁeaﬁﬁogggé paggllel
t#%'még;g (?@ég cpogyct upk N hBeqe08hYgt EBAdSeEt.i on

arranged erably 1n the | ower portion of the
reactor and bel ow the boiler section, a suitable fue

such as nethanol is injected thro a nI

S TARTELoh okl PO E BB PR S M 20ves
abdrifoh Ner ainéepshcOHe BHENBELOKOLhEl BBigaseseattdon, a
produced by the exotherm c oxidation of nethanol and

asel talehe pé@%bd sachhaspBprbangéciFohnIFRECHUBESOUgh a fuel
Car % i ?@égstgax fﬁggg ﬁeaﬁkﬁakkﬁhfd% d combus-
USt I on se Ol

ron rnto t er section an
ti&bﬁ @yf|EﬁStH@yathEeaptobnadbufnen1Sabﬂ fdilkegases are
section towards an annul ar sec.tion %he r act
T%%O%%?$%rb%eE??oﬁxP§h€6ﬂﬁﬁlﬂéadﬁffﬁpn ﬂeﬁpd are

? nﬁ%?sgglﬂgeth@ M@iQgrasgé§ibthTﬂeSY§b§§1carrylng said
preferably a saturated gas-liquid mxture, such as a

sﬁiweagade&ﬁm@ysesaﬁnd1Xeutecaééfoépmcghaté@mbﬂﬂilon sec-

t t t
CBTBS! PR FEni 1Dt o4 URES . DLPMERMSD e

pessesudd herbat shidepbgasesupeptiien beatrte bheannular sec-
gas-liquid mxture thereby evaporating part of the

| £ o dotinehdr BABEFAE-its circul ati on upwar ds

The boiler section is contained within a compartment or
common volume in which a gas-liquid system, preferably a
saturated gas-liquid mixture, such as a saturated water-
steam mixture, self-circulates. The compartment contains
one or more tubes through which hot flue gas from a combus-
tion section arranged below passes. The hot flue gas sup-
plies heat to the gas-liquid mixture thereby evaporating
part of the liquid and promoting its circulation upwards
internally in the reactor. Part of the heat in the gas-
liguid mixture is also delivered to the at least one proc-
ess tube carrying the gas or liquid or gas-liquid mixture
to be converted, e.g. methanol-water. The process tubes ex-
tend away from the boiler section and upwardly through the
middle portion of the reactor and further up to the reform-
ing section inside which one or more vertical catalyst
tubes are disposed. The reforming section is also contained

within the same compartment or common volume as the boiler
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internally in the reactor. Part of the heat in the
gasliquid mxture is also delivered to the at | east

WOoane/0093¢ ess tube carrying the gas or |iqui dPGI/EP2006/005680

gas-liquid mxture to be converted, e.gqg.

met hanol -water . The process tubes ex tend away from

the boiler section and upmardlf t hrough the m ddle

portion of the reactor and fur her up to the reform ng
section inside which one or nore vertical catalyst

tubes are di sposed. The reform ng section is also

coataioed muthia phefeaablgoapaangedtsepaceﬁﬁdw Vgl e upper

the boi| t but ferab
CRPAFAPRI 9 | HOERESRRERF pUFEFB F {nBVAGHE BTe BETSEMINg

S@éét?@hl§£eaﬁgtﬁeéaﬁﬁhmgeae@&tamnaéecaﬁhbncaau@n@edThe term
W thin a common vol une. The term catal yst tube neans

thatalhetetubemeane thiteth@sehtybepdagst diyded with solid
I ab h
PRLILELSR S BB es" g LB IELatring LAk ¥Enor o given

angddyet&fbon PEkedstockef sughngs thaiptocessfgastthmrie and
refornmed | eaves the process tubes at a suitable

p8dF€¥on in the reformer section, preferably above the

one or nore catalyst tubes. The one or nore catal yst

tubes are normal ly arranged as a plurality of circunf
ePehbfatbyraﬁdrmadgaltyespa09686agaby§p bebesfo@integh leaves

e nunber of catal yst tubes |S ove or. 2
o??%anQE?S%Otﬁﬁaseggn aBB%g kéﬁ 8?5236°8e68n§Pﬁ§ tGformer
t bechy8h 008 Pe £@PABI1 {YaBbviheneeagkobr TBeepPc@EeIy FaAT ubes.
to be reformed enters the catal yst tubes and fl ows

dﬁhﬁman@sorhm@@ghC@ﬁélﬁéﬁaFy§?Spa¢?|@Pé@aééya§ﬂﬂ9QQ?d as a
OOV Yy B8 UPLL R LEND 413, PIRRTORAINNAL LR cacanyet
rﬁabésOnOfBeprﬁMedﬁdmbgrtbé catalyst tubes is over 5 or 20,
more often over 50 and even above 100 or 200 depending on
the hydrogen capacity of the reactor. The process gas to be
reformed enters the catalyst tubes and flows downwards
.through the catalyst particles so as to be gradually con-
verted along its passage through the catalyst tubes. The
heat required for the reforming reaction is provided by the
gas-liquid mixture which self-circulates outside said cata-
lyst tubes. As the gas-liquid mixture delivers heat to the
catalyst tubes, the gas condenses and via gravity is forced
to flow downwards to the boiler section. The gas-liqguid
mixture acting as heat exchanging medium moves therefore
inside the reactor in a self-circulating manner in a region
which is encapsulated inside said common volume containing
the boiler section and the reforming section. This enables
the continuous circulation of the gas-liquid mixture
through said boiler section and said reforming section in-

side the reactor.
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gas-liquid m xture which self-circul ates outside said
cata |l yst tubes. As the gas-liquid m xture delivers

WOReY000234t he cat al yst tubes, the gas condense®CaHR20H6/805680

gravity is forced to fl ow downwards to the boiler

section. The gas-liquid mxture acting as heat

exchangi ng nedi um noves therefare inside the reactor

in a self-circulating manner i a region which is

encapsul ated i nside said comon vol une cont ai ni ng the
boil er section and the reform ng section. This enabl es

t he eounldnuoesetoreubat hodeostohd @h@tltbaléam1MMQW§d mix-

rough i d. boi sect | on,and, sai eforn1 cti
oSt Se ReS Egb B o SubET s RaBars, d%s8E kDS, HiGse¥s feea
tb@bet heugasdéi gHedati Xeb ¥t eosel fore)icre@tsl atee @latr&iydelg the

the at |east one process feed tube, outside the at
I@H@@e%ﬁeg®$o%@s§etGBEV@ﬁF?Qrn@uFﬁédSr68§s§u&§§ G Peying the

conyer QH%SbQESEBS tHhesgay, yhegetast g%tg%%bes in a

and ou%s He e one or nore catalyst tubes
hiee ne¢t Ladl yy seas bddcooppathmaht . Tmeeggssoprlﬂqmuddlln the

the m xture, for instance stea the m xture is
SRUGTATed G LD St ORREnSRE AP PE CBE DRrfbekd ifod Stturated

of het r Put PoseRi RENeE thannge heat ikeansber ofpdirluMadoses
descri bed above. Preferably at least said reformn

anthépi teansestheat hrenafesngedivs- axi delsgrilkbecha@bove.
reactor so as to be able to fit into an outer

substantially cylindrical housing. Accord ingly, in

Opge £8HQEI eat §@é§tCQﬁbdstéﬁﬁrmﬁﬁboBﬁﬁn@oanérb@ddﬂions are
sections are arranged co-axially in the reactor.

amb¥ HRECenPoTR Fbht Yhénr*é\‘l%rﬁ?ﬁ@tsﬁdSBoPFeF%E& @6%1@ to fit

2%%%9ea§r59@@§dsﬁﬂs§§hﬁgéil cymgna%qegqrhow%uﬂatlx%cord-

ustion section may be a range normal to said
bohd ey, skot om@ sobadiment said combustion, reforming and

boiler sections are arranged co-axially in the reactor. In
another embodiment the reforming and boiler section may be
arranged co-axially in the reactor, while the combustion
section may be arranged normal to said boiler section so as
to form an L-shaped reactor. This enables a lower length in
the reactor and may facilitate its transport under circum-

stances where reactor length is a limiting factor.

Said reforming section is preferably arranged in series
with respect to the boiler section in which the at least
one process tube carrying the process gas and optionally
the at least one process feed tube carrying the process
fluid inlet are disposed co-axially. The boiler section 1is
preferably arranged in series with respect to a combustion
section, which apart from the one or more burners may also
comprise a fuel inlet for the introduction of a suitable
fuel, preferably methanol, and optionally a co-axially ar-

ranged fuel inlet for the introduction of another fuel,
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to forman L-shaped reactor. This enables a | ower
length in the reactor and may facilitate its transport

wozngénoBitr cum st ances where reactor |ength i sP&ET/EP2006/005680

l[imting factor. Said reform ng section is preferably
arranged in series with respect to the boiler section

in which the at | east one prog%ss tube carrying the

process gas and optionally the~at | east one process

feed tube carrying the process fluid inlet are

di sposed co-axially. The boiler section is preferably
aﬂtaﬂga&npmeﬁnn&bﬂywQﬁffesﬁeﬁtomotbecBﬁ%usnibnor any other

section, i ch t fromthe one or urn

et g b i o6 et e R Ene P BRG, EYPIgET Pokuring
S £ eo;iéhealtlm eb erabd yro®thappl thandrepyhonakby ahe PSA
co-axially ar ranged fuel inlet for the introduction

ofervrs s maioh | feEh vRepees crabhynetf S§aYCE 8/ FHEPOrting
P, n t or an e f
éﬁ?t | Ya ﬁ%@ L Q{% 3%$ fpma H¥PEQQSf that serves as

?ep pi ca ing nornmal operation of
tee frﬁ@i?rt ofuel heTioé fuga30f r ofif t Yes PSAomethesP88 pmiim and op-
fuel, whereas nethanol serve

t
ATl Ve Asta 9% | - e RAROF U habe by Gbabags bet-
@@ q@@é&iPP'?hé}ﬁhPS§f91c9éﬁcga§nfEQH1EﬁgtgﬁéeuﬁlEuel cell

op tionally the anode off-gas fromthe fuel cel
egsmatxhtescdzxmrimn@vsaadil rehetounl arfif baiénagcpmpppying PSA
|nstance a fuel cell plant conprising said reactor and
S H* acconpanyi ng PSA unit. The conbustion section of
the reactor is also provided with at |east one burner

Because of the requirement of reactor conpactness th
ﬁD@%e@OmbU%ﬂ#%@r%e¢§lﬁ%p?fa?h% ﬁ?ﬁFﬁﬂﬁrlPréﬁéPaBFQV&ded with

*y?lyréﬁg ﬁérﬁé?v'ggg uggrSprﬁEeE@Bth@méh@gb% reactor

ur ner provi ded. The catal ytic burner
compactness the number of burners is kept at a minimum.

Preferably a single burner is provided; more preferably a
single catalytic burner is provided. The catalytic burner
may be a ceramic hollow cylinder with oxidation catalyst on
its outer surface to which fuel gas premixed with air is
supplied internally. The catalytic burner is preferably a
burner arranged in a flow channel and provided as wire mesh
layers arranged in series which are coated with ceramic and
impregnated with an oxidation catalyst. The heat generated
in the combustion is transferred by a convection mechanism
to the self-circulating gas-liquid system via the generated
flue gas. Accordingly, in another embodiment of the inven-
tion, in the reactor said combustion section is provided
with a single catalytic burner and wherein said catalytic
burner is provided as wire mesh layers arranged in series
which are coated with ceramic and impregnated with an oxi-
dation catalyst, whereby the heat generated in the combus-
tion is transferred by a convection mechanism to the self-

circulating gas-liquid mixture via the generated flue gas.
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may be a ceram c hollow cylinder with oxidation
catal yst on its outer surface to which fuel gas

wOopRpEmossd with air is supplied internally. Th&CT/EP2006/005680

catal ytic burner is preferably a burner arranged in a

fl ow channel and provided as wire nesh | ayers arranged

in series which are coated vvltlg ceram c and

i npregnated with an oxidation-catal yst. The heat

generated in the conmbustion is transferred by a

convection nmechanismto the self-circul ating

gasi-d iandlsl sy st emetvier ttheamgefer avbdhé¢duetigas. in for instance

Accordi ngly, .in anot her_enbodi nent of the inven.tion
e oo B T SR Ton PE Brbofheaton mecha-
Witdh a @ind & catid yddike bmer e gaell abies etompatd reactor de-
catalytic burner is provided as wire nesh |ayers

arangehdan wery es swicke drereoat 8 WeR- cerani c and

i mpregnated with an oxidation catal yst, whereby the

heat generated in the conmbus tion is transferred by a
canvacd i gy reahedisent oof hehsel icénciubat sagd gasfbirgindg sec-
m xture via the generated flue gas. This inabl es a

Hetarerand T ofSHek" teh F1OF br" Fhat akcBUEFEBAET Py an
'fhgﬁﬂ%é%#mﬁgug{ﬁ%§fﬁﬁef@fﬁr§apa ant@thaEHORCNBERG is en-

ni'sm le at t same tine enables a conpact reactor
dea sedyrowi anclel st yaransl agl eedlomecaisyiBedilng gast had a

enbodi nent _of the invention said reformn t Q.
ARG | 9SG HS STHSY RN STy Sur Y SuRded By gnSables
| Nsubatiesh housd 9105 0 Whes esir seihfld i NGyl ai ke holsi hgticer parts
en cased by a first annular region carrying flue gas

anok el 15 el dnamub @y reli Be caPR TRy cohbashiBe 5?‘?. reform-

I8 SR 57, s e g Lo’ et poLpihnas pane cax-
COVH 18d N g ddee- ¥ edotdn $ gt secseoningoabuBeabnesebangnng me-
%ng%hfsCéggggggoéynFigg% an insulated housing, then a
sleeve through which flue gas is passed and finally a sec-
ond (outer) annular region carrying combustion air to be
used in the burner. This may also enable that combustion
gas and any other suitable fuel gas, such as off-gas from a
hydrogen-purification unit downstream, be preheated by in-
direct heat exchange with the flue gas, which preferably
runs counter-currently on its way out of the reactor. In a
preferred embodiment, the flue gas enters into said first
annular region directly from the boiler section via an an-
nular region outside said boiler section. This annular re-
gion is fed with flue gas by means of tubes carrying this
gas that protrude from the boiler section. The flue gas may
also enter into said first annular region directly from the

combustion section of the reactor, whereby a higher tem-

perature in the flue gas may be effected.
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rying the gas-liquid systemserving as heat exchanging
mediumis encased by first an insul ated housi ng, then

woaoxlogease t hr ough which flue gas is passed an#CTIER2006405680

a sec ond (outer) annular region carrying conbustion

air to be used in the burner. This may al so enabl e

t hat conbustion gas and any oéﬁﬁr sui tabl e fuel gas,

such as off-gas from a hydrogen-purification unit

downstream be preheated by in direct heat exchange

with the flue gas, which preferably runs

CByINt fee - cerm eN$ blys oant a1l Wayseurovhdefdebyeatt dpsulatgd hous-

f d di t,.the fl int '
preer e, snbodrerl. L Lye gge etherSolplasgohd che ro-

Vi @ &P Uh&¢ HEOLREu Dat sl dersal dnbobhee sectibopossible
This annular re gion is fed wwth flue gas by neans of

tibes Rart yo hgthai 5o fasmihat SPFbi PRJECPFORPEhECHYFEr 1nsula-
section., Th ent h At Edf kS —
éﬁﬁﬂParI?ebgo%i%$r§§§?£ﬁ¥?g%??ﬁegc%ﬁgggt?8ﬁegg8tan%gf e

t hermeagt oF , bohes ebyeat hoghes tehpenatroneded blyesklige insu-

gas may be effected.By the t "subst i al .
LR s S Y2 ant o Pl 3t BAChoUGPE nhRSHOShE RN iERdPA ey not

NBaNL - thal SONE, POLLE0HR OF tHE KEiaekOEeBBYoROL1BGest to
insulated. For iInstance it is possible that part of

t tiee redrobus ngosesecohodoes not require insulation. It

is also possible that a small portion of the re

formng or boiler section is not surrounded by said

i ise teaetohonaynge &deptadt bacecopRsatRshihbed Pressure

MO Q9 JBY 08 oGONEE ¢ Bk PYCLHRBA! LANLAE LAEBOLLE! nyaro-

S§tion section. € reactor
ngyn beuadaptedi bn ceoperatethet fuatReessueetBanngof the re-

Adsorption unit (PSA) , which is the preferred hydro

formed process gas leaving the reactor. As mentioned above,
the off-gas from the PSA unit may be utilised in the reac-
tor as fuel. Hence, in yet another embodiment of the inven-
tion an inlet is adapted to said second annular region car-
rying combustion air for the passage of PSA off-gas. This
enables the preheating of said off-gas prior to introduc-

tion into the at least one burner in the combustion sec-

tion.

Instead of a PSA-unit a Pd-alloy membrane may also be used
to enrich the reformed process gas. Normally a higher de-
gree of purity may be obtained by using Pd-alloy membranes
which may be incorporated into the reactor. Accordingly, in
the invention it is also possible that a hydrogen purifica-
tion unit, such as a Pd-alloy membrane is integrated within
the reactor. However, a PSA purification unit is still pre-
ferred as it is less sensitive and more inexpensive than
Pd-alloy membranes. Normally a Pd-alloy membrane requires

also a relatively high temperature in the reformed gas for
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gen-purification unit for the further treatnent of the
re formed process gas |eaving the reactor. A's

woneirtioeded above, the off-gas fromthe PSA unPCTHRYV06H605680

utilised in the reac tor as fuel. Hence, in yet

anot her enbodi nent of the inven tion an inlet is

adapted to said second annularegeglon car rying

conmbustion air for the passage of PSA off-gas. This

enabl es the preheating of said off-gas prior to
introduction into the at | east one burner in the
cbmbﬂsm¢©na@@@ttBbﬁ°ClnB@@QGr oinameshapailt rafpgmangoyhe re-

nf%%%%% %%% a S%g?FtnggeggtgpréghaEQSFr%Bebﬁeﬁlll requlre

er degree of purit

Obé@tﬂ@@ by ssdieg Pd- abhﬁyrmEﬁbraheSrmhuﬁhemEmtbeof a Ppd-
i ncorporated into the reactor. According Ig inth
gé

| AL EPY i BPPYaRe - aPEBeHOoRERBPBER WGP T ACRPEP ﬁlﬁﬁrFPF@aas
t&&ﬁ‘vé&%% nsHCha8Sraghd-ahipy BEABr apeqi s1bpt 8ghatedna the

wthin the reactor. wever, a PSA' purlflcatlon uni t
i sebectiveretsdaedonsoft casbbessosensiei vg ahdtmisealso re-
i pexpensi ve_t han Pd-a

PEEAPToy FeRbrRES bani r B AR boA FBRAR) vaty CREGRY monoxide,

tﬁﬂpG&@%&ﬁ@a¢@ouB§ rgiopsed gastieninstiagnca abeauecdi®n with
Hence, 1n net%anol reformng the re forned gas

Ié@@ln@elh% rBaet eatar-apsush8dd 8CdwPRPXr e§@Peecenable the
heatlngl oforgfboﬁo 88; 5 E?o&hghéeg EB?H@Btﬁ @Eo en-rich
PEAT T r s

oy NRHbF Ane. ogen enrichment uni
a@agonﬂ@ﬁélﬂ@@mlmatEh 3331shréasstep tbegefEmw1stM of elec-
and the sel ective oxidation of carbon nonoxid
M BreRe JrEM)

| srRFRYNF &2 F eFpRAT AN Pr &P ePEAEPAI SBKI'EAEFORCTPRA

CALDPN. f X'ancgaMa§g¥§n&@S§QH§EYaQ§OE§§Q in the Pt anode
partl cu I n connection with fuel The

mafeth@aBEthmelaﬂleREMtheps éhabdesshelatlon of hydrogen
to protons and electrons and consequently strongly reduces

the power output or performance of the PEM fuel cell.

The second annular region of the reactor carrying the com-
bustion air is preferably connected to the combustion sec-
tion. Accordingly, said second annular region may prefera-
bly extend into the combustion section in order to ensure
that the preheated combustion air enters into the burner
together with the inlet fuel, which preferably is methanol
and the other fuel, which preferably is off-gas from the
PSA unit. It would be understood that instead of air, any
other suitable oxidant, such as oxygen enriched air, may be

used.

The gas-liquid mixture is preferably a saturated steam-
water system that self-circulates at a pressure of about 55
to 110 bar g, preferably 65 to 110 bar g and a temperature
of 270°C to about 320°C, preferably 280°C to about 320°C.



renmoval of carbon nonoxide fromthe reforned

hydrogen-rich gas. This results in an increase in the
woeh7edBmcy of el ec trochenical reactions in PEBEBR06/005680

exchange nmenbrane (PEM fuel cells, since carbon

nonoxi de adsorbed in the Pt anode of the PEM fuel cel

i nhibits the dissociation of qurogen to protons and

el ectrons and consequently strongly reduces the power

out put or performance of the PEM fuel cell. The second

annul ar region of the reactor carrying the com bustion

alost spmpe B etaby ytronsetteated $heaBowbberi onssert seaf-

Accordj ngly, said second anpular gj, 0

5 TR 15 o (HeConEtet] ot daet | Brard 3, BEfbEgature of
ensan e, thatydhed psehest eds cosdbushaontBér tenperatuieois de-
the burner together with the inlet fuel, which

preafrekd oy stiet Srinorabe@ $HRABLAERSPUEP, 1jhfBR circulating
f% &l kﬂ%&{éﬁé@fé&?@ §§@ﬂ@tpﬁef§m%HQ'%regguf@ub@ Bee satu-

erst'oo instead of air, any other suitable
oxd ttkadht 5 t Sanctw adise Dxygeternt $ chedoarr g . nhgcbedasgdy, Thhde
gas-liquid mxture is preferab

I d .
Rt SAABTARST SEPTen Ty ales SelE piEsAse at a

r@09ute 55¢ 101 d 19 Pag Snd @rﬁéﬁ%@Péyu§5 be iabGuban29°c, or
and a tenperature of 270 0OC to about 320C, preferably

280C tpradoute 320 DT babsy pikher abepreratyaeupst &d0 C. The

steamwat er systemselfcircula a e f..6

D OO Bt ST arar oo Fonot fe Ble e e TP U sTorRe o
usster s¢ pech th@eing hey s esper atwii echstde tempeneduby tleeguired
saturated steam pressure in the circul ati ng system

in
t+n St%sﬁm@%@féc?h%npf‘%gsﬁ?% SPnYﬁ_§5§ PuCfafigfhancl to
?%gﬁPa erf§y3é§§%b§e6§8@aé,gis @QEQEQ'H@hYeva? The above

urat ed steamwater systemmay also Self-circulate
ahr@ssures and temperatures are particularly suitable when
the process gas to be reformed comprises methanol, for ex-
ample a mixture of methanol and water, since the reforming
of methanol normally occurs in the temperature range of
250-350°C. Accordingly, in another embodiment of the inven-
tion the process fluid entering the reactor is a mixture of
methanol and water and the gas-liquid mixture is a satu-
rated steam-water system circulating at a pressure of 55 to
110 bar g and a temperature of 270°C to about 320°C (more
specifically 318°C). The high heat capacity of the satu-
rated steam-water system enables therefore the provision of
a large heat sink in the reactor. Heat is accumulated and
ready to be used when the circumstances, e.g. changes in
reactor operation or burner duty, so require it. Heat is
distributed throughout the reactor by the self-circulating
steam-water system, in which water is vaporized by heat ex-
change with hot flue gas from the catalytic burner, while

steam condenses where heat is consumed.
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pressure of 110 bar g and a tenperature of about 320C,
or at a pressure of 55 bar g with a tenperature of 270

woQ®@7/004¢ sat urated st eam wat er syst em enabl e®CTHE2006/005680

provision of a self-circulating systemin which the
tenperature required in the reformng section for the
conversion of nethanol to hydrggen, for exanple 280 0C

, is easily achieved. The abo& pressures and
tenperatures are particularly suitable when the

process gas to be refornmed conprises nethanol, for ex
ahplyeta anodthee @ﬁbmm@mbltfaﬁdpmqi%iis §lweé epering the

ref orm ng of net hano ly oc i npfhe; _
e G e Sy boot Hef TPHEL Pl ys parmally ob

anetder wrbadi ey c@faﬁ_b@nl@ﬂe‘rﬂeth@ﬂolheTpéOpESSefSISUIfdiuld
entering the reactor is a mxture of nethanol and

vertteer argl thee RRABCTOPURRY ntResr eOTRT hS8aPgthapey, DME or a

ste n}mate te ng at a pressure of 55 to
I§ Iﬁ%%@%%#%?éiof 270 0C to about 320C

(nnre speC|f|caIIy 318C) . The hi gh heat capacity of

the satu rated steamwater s fﬂ] eaa@be therefor% £

theerprtbm%%ﬁP%fD“éEl%ﬁ gRr AEatS st nit Redpegupgpition o
tﬁ% igagﬁ“§¥b@@9d§EBQYat@w@esﬂéﬁdréﬁéﬁlbhe In a first

C|rcunB

ces, changes™ i n reactor operation or
kmnamnlmhnghes&ﬁm@qul$ehYdraF%dtt@smﬁtbﬁﬁp%ubédthe reaction:

thro out he re r self-circul ating

SQ%%. tér %ﬁ%teﬁ?éﬁ (%% gﬂFmater i's vaporized by

hedy Rxehange wddubed éhﬂ@n@aﬁyﬁraﬂnbheofaDHEyUBc1n a sec-
burner, while steam condenses where

RS UHERP | FEGRIPRFRE heP erbBan n‘éﬁ%d?ﬁeaBPOE¥§§ °BFli d
gﬁﬁthpg_gpe reaghor, cofyf aiips di met hyl ether (DME)

i'S nor fa ob’ talned by t he dehydration of
nedbhanol,. =The prﬁa@ss flui d3entering the reactor may
t hus conprise nmethanol, DME or a

Both reactions may take place in gas and liquid phase.

Reaction (1) proceeds in the presence of weak acids at a
very low reaction rate and the reaction is thermody-
namically unfavourable to methanol. Methanol decomposition
by the above reactions (2) and (3) is known to be catalyzed
by a solid catalyst, usually based on copper, zinc and alu-
minum oxides. Thermodynamically it is favoured by high tem-

perature, low pressure and high steam concentration.

The reaction rate during hydration of DME to methanol by
reaction (1) may be improved significantly by carrying out
the reaction in presence of a solid acid as described in US
Patent No.5,837,217. The overail reaction of DME to hydro-
gen rich gas by the reaction CH; OCH;+ 3H,0 =2CO, + 6H,

proceeds at reasonable reaction rates and at high product

yield and selectivity for the formation of hydrogen and
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m xture of DME and net hanol. Wen utilizing DVE as
process fluid the deconposition of DVE to hydrogen

woprueeeds by a two step reaction. In a first PERFPRWA/005680

the ether is hydrated to nethanol by the reaction: CH3

OCH 3 + H2 0 = 2CH3 OH (1) and net hanol produced

during hydration of DME is in sec ond step

deconposed to carbon oxi des an? hydrogen: CH3 OH + H2

0 =C®2 + 3H2 (2) OI-+H2=CD+I£O($ Bot h

reactions may take place in gas and |iquid phase.
Mamn¢mnp4ngeqwcnhﬁnupv¢w¢¢m4@me%%%c%qﬁflm@akuﬁc#aglaﬁtlons

t%%e[?%%l VG L 52 Ctlll of @Elo{?ng} hk‘; rféﬁ v 9R 'ﬁroduced methanol

arical 1 y un avour a ano Met hano
dﬁﬁqmpq%¢m§thwbm@m @W@VEeaeG£®mooﬁ weyhandl(sp hgdrogen

known to be catalyzed by a solid cat
(R P T TS % | HECAH AT U i ik Hiesreictiohs (2) and
Tg? J molynagg d%%%?}“étﬁérf§¥09ﬁ§9eﬁar@'ﬁbef@ﬂh@@&akéb%ted

W pressure an st eam concentrati on
rw&mn|wntefu1ncpu$mgn©gd¢éta@nebheEMEY@éahéPhaﬁéFaBySt se-

reacti ved, si,gni.fi,ca b

R Al TR PRown el g h OBt Lughty o BhefALRE e con-
deseii hed dax iﬁ?f@lﬁéin@barﬁang§87ln2ﬁ5y51$he aderiaithire
reacti on of ydrogen rich gas b¥Pthe reaction

OHBOCHS + 33 &2 DOEp ﬁu@?@ pRokReJsear éasénéﬁﬂéable cata-
EYCEIngréﬁ or@@ga@#o#'gg @iﬂg#ﬁglyé@hgraﬁg any of the

ect|V|ty ormati on of hydrogen andcarbon
oxd e, asvhed. oves fonainlyt hehegoydirbtiam t:atratlansrtommfrlses

DMVE hydration reaction (1) _by renoying produ

n%@h%h%lz%% %?e?orﬂ%s?hé6%5ﬁ¥?ﬂgy Zggt?oﬁnoﬁ ﬁe#hgﬁgp The
ﬁ@g@?&%ﬂ%§?1@@dc§@£p9§tOfédﬁﬁy@ﬁ@@lgyngdﬁQxbﬁeWQQ%VQhe
methanol decomposition catalyst of, preferably, Cu-iZn-

alumina in a weight ratio of between 1:5 and 5:1.

On the process fluid side, the pressure is kept at a lower
level, normally in the range of 3 to 30 bar g, such as 20
to 30 bar g. For instance the pressure of the process fluid
entering the reactor, here a liquid mixture of methanol and
water, may be about 22 bar g and its temperature in the
range 0°C to 50°C, while in the reformed gas leaving the
reactor the pressure may be slightly lower, for example 20
bar g and the temperature in the range 120°C to 270°C. The
hydrogen production from the reactor (exiting reformed gas)
is normally in the range 10-5000 Nm?*/h, often 15-1000

Nm®/h, preferably 25-1000 Nm®/h, more preferably 25-500
Nm®/h. Normally the composition of said reformed gas is
about 65% vol. H,, 11% vol. Hy0, 2.1% vol. CO, 23% vol.CO;
and 1.4% vol. methanol. The methanol conversion in the re-
actor is normally above 90%, often above 95%, for example

97 to 99%. For a reactor having a hydrogen capacity (pro-
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(3) . The dinethyl ether is therefore preferably
reacted with water in presence of an ether hydration

wWoea7ayst se | ected fromthe group of solid aBCHAEPA9E/065680

met hanol decom position catalyst being arranged in

physi cal adm xture within the catal yst tubes in the

reactor. A suitable catalyst f the hydration of

di met hyl ether is any of the solid acids. Preferably,

the hydration catal yst conprises acidic zeolites, nost
preferably ZSM5 in its Hform The DVE hydration ,

catat yon) | of phQ@i WalAly tdeninusmbey (9f (¢ A Hanbybes is nor-
dec osition catal yst,o pr r 3 - m [
0 B ot of STt ideh? PSP e Bk gTEEE R maty
fdus dcsi glen hheopgessdreitls keperatladismetelewdl 20 mm. The
normally in the range of 3 to 30 bar g , ﬁufh gs Zg to. th
J0CBRP L L UrEon | HRE aRBRCERE PrEQSHr ENBf CRhELYFGcLLYSS 10 the
fluj rd a , aPekeuni FbaMi debXt UK r0 ilhstance
n% %gﬁo?$§n%g%%%§$,iﬁa§é g %EoﬁtUZZ bar g and its
tetpes @t @y eanad thesr hegel 019Ciebesnioed, bwhthe isgtugated
reformed gas | eaving the.reactor the sut b
SFEGHE | BETORRRS 1 Br CBSanbFEu 2B AP GYARGTEhe" [ThS case 63
tepegat pse highde fangerd2Qr@Cappl2¢btibns, Thee self-

hydr ogen production fromthe reactor (exiting refaqrned

gasjcutahbreas Y§LEn TAE FARBEL30- 5000URy PEVROLESSdyM 1nstead

15-1000_ Nowvh f 25- 1000 NnWh, nore preferably
Z%fsﬁowiﬁ%@.sR%%ﬁaﬁggpkﬁg'conposition of said reforned
gas is about 65%vol. H2, 11%vol. H20, 2.1%vol. CO

2R Vol . 0P 8% 40l coppthanol. sTheqnekbard catalyst

HEE
conver si on |hﬂ$ge re actor 1s normally above 90% .
oht eAngbaveb8b&) shod exhapyet97ubes9o¥n Wbich sedct dfrixed bed

LG, 2o 0gen.eppachLy, (B QIHELIoBhgh S NTR e ion or
the reactor and wherein said fixed bed is adapted to re-
ceive the process gas to be converted prior to the passage
of said gas into said catalyst tubes. The fixed bed of
catalyst may surround the one or more process tubes carry-
ing the process gas to be converted. Accordingly, the fixed
bed is arranged upstream the one or more catalyst tubes of
the reforming section. The one or more process tubes carry-
ing the process gas extends through the fixed bed and may
protrude slightly away from the bed. The process tubes may
thus be provided with an outlet opening right above the
fixed bed to allow the passage of process gas through said
bed and subsequently through the catalyst beds inside the
one or more catalyst tubes. The fixed bed of catalyst cov-
ering substantially whole horizontal cross section of the
reactor serves as a poison guard catalyst layer and enables
often that the process gas flows into the catalyst tubes

downstream evenly and consequently better temperature dis-
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mally in the range 110-120. The catal yst tubes are
normally 2.5 to 3.0 mlong and with internal dianeter

WO0g@h072004#n The tenperature in the reactor acr 86F/EPR®@6/005680

catal yst tubes in the reform ng section is kept at a
uniformlevel, for instance at 280 0C, and this |evel

is determi ned by the saturatedsteam pressure in the
circulating system in this case 65 bar g . For higher
tenperature applications, the selfcirculating system

may conprise sodi umor potassiuminstead of a

Vil Hpu st @ m @F $ ir Bhe Ther i eertdt FRYSFUPEREICBORPr FEE reac-

I Xe : atal yst arranged above sai d catal yst
?ﬁ%gsfgiﬁﬁﬂh$£ 3Caid fixed bed covers substantially

t he whol e horizontal cross section of the reactor and
wherein said fixed bed. is adapte ore geive

d, h
pHoceaal e renderabavdr that p P%rI%Begﬁ@ Bgsgﬁée%SPpaCt re-

sghd, gasc it @i 5@l do cath@l Yabtehtbss. idbegthxed badaokingle
catalyst may sufround the one or nore process tubes ,
canily & nguniher ppbcesecgas toibe evnybepedwhich may otherwise

A di ng| he. fi xed bed. i
R oy e ndi g oS “PeBEE: hon [REEPERE, KB FEAETPER suen e

ThEs 1081es Of o FIDF 18 PP BERS St L Hhesndaevypbpgtiba pfotesshydrocar-
gas extends through the fixed bed and may protrude

PP hEegABiREk f rRReRRRE bRE. O TheopPBEESNt GhEs 2RFy OPidenally
r d&%&%ﬁ? SEEhy a0 ﬁP&ﬁeé PBENLAYL! i gbt wa8bevest Retalytic
fixe e o al | oW t

) e passage of process gas through
saichdes and shdsequeon | yol imeughcapheutatahygssaddgas-liquid
i nsi de thE one. or nare cgtaLyst t ubes. The gixedhbed. N
JrLEREERy ?a%o%l%V? oS EEbSTant PRV F)IWASI BERGr FESRELFINY me
CHPSH. SBed | At @f ot 8ok 8RO rE€HYES BReaupeli 5ENMPWANG parts
catal yst | ayer and enabl es
such as valves and pumps, for instance it is not necessary
to have a pump to provide for the internal circulation of
the gas-liquid mixture serving as heat exchanging medium

inside the reactor.

In a second aspect the invention encompasses also a process
for the production of hydrogen. Accordingly, we provide a
process for the production of hydrogen from a feed process
fluid in a reactor containing a combustion section, a
boiler section and a reforming section as described herein,
the process comprising:

- optionally preheating a feed process fluid by indirect
heat exchange with exiting reformed process gas from said
reforming section,

- optionally further heating and evaporating said feed
process fluid in the reactor to form a preheated process
gas by indirect heat exchange with a gas-liquid mixture

that self-circulates and is encapsulated inside a common
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often that the process gas flows into the catal yst
t ubes downstream evenly and consequently better

WOoReee2t ur e di stri bution across the hori zont 8CTEP2E/005680

section of the reac tor is achieved. It would be
understood that the integrated and conpact reactor
according to the invention intggrates in a single unit

a nunmber of process units or steps which may ot herw se
requi re stand-al one operation outside the reactor,

such as heaters for the preheati ng and evaporatiaon of

t nelwyer oenta bohng eedsBosRIOpMERBaEPRGIGR EBRbFSdooiler
air _and optionally preheating off-gas froma PSA unit,
a%eﬁgf?nas catal ytic burners and the comon vol une
encgpsyl ayi agpsahdagad- brquedsniyrsutbrogas- biadgdi deforming
system serving as heat exchanging nme dium The
reaetdPdoes not require the use of noving parts such

as ¥§£¥§§gagﬁep§€p§eagﬁrOEQSEQBQQyEE kS ROt NNEERS S¥ N6 rming
to have a punp to provide for the internal circulation

ofetheogasy| igdideat xhapt sschingeavikbad Srehddgivig mixture
medi um i nsi de_th eactor. .Ln_a pect .the
Feht FoRE ehebrpLebes ado 5 sPeAEsaTH Rl REs 1 a common
Produsti 880k iAydgogend AegorfliAgl gecteopr aviddeadid boiler
process for the production of hydrogen froma feed
peeeksanfluid in a reactor containing a conbustion

Sgc}éggi Q'Pgikgfo§ﬁghipgo@@gsa ngQEghn%ag%C@é¥6ﬁﬁing sec-
descrrbed he ern, the process conprising: - optionally
pt ebrakhdgont f erdl pyocesd ihbusdiby refidirmect phreatess gas by

exchange wth ex%ti?g r.ef or ned prgce s gas fromsaid
rBF8haf hirgeefi bhe L6081 PORGFFY faPtRer heating and
evapprabhfgisgi 8 €864 into the at least one burner in the

combustion section together with combustion air, in which
said combustion air is preheated by indirect heat exchange
with flue gas from the boiler section,

- retrieving flue gas from the burner and passing said flue
gas through a boiler section, and

- heating said gas-liquid mixture that self-circulates and
is encapsulated inside a common volume in the reactor con-
taining said reforming section and said boiler section by
indirect heat exchange with the flue gas passing through

said boiler section.

The process enables the production of reformed process gas
which is rich in hydrogen and which is particularly suit-
able for use in PSA-units. Alternatively, where a Pd-alloy
membrane or similar is used as hydrogen-purification unit
instead of a PSA, further heating of the reformed process
gas may advantageously be effected by means of indirect

heat exchange with flue gas. The hydrogen-purification unit
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process fluid in the reactor to forma preheated
process gas by indirect heat exchange with a

wWOoga/aopei d m xture that self-circul ates and PET/EP2006/005680

encapsul ated i nside a commonvol une contai ning said

reform ng section and said boiler section, - passing a

preheat ed process gas through ffid reform ng section

- heating the at | east one catalyst tube in the

reform ng section by indirect heat exchange with a

gas-liquid mxture that self-circulates and is o

emampthbat bd &nsegbraneowhdrhvBRymaleenbs Anfgagaited within

rg%orn@ggtgection and said boiler section, - _

retti eving ref ormed process gas from said refornming

sec tion and optionally cooling said reformed process

gas by preheating of the feed process fluid, - ,

iﬁb?oéﬁ@ingnhrPGQFeﬂnﬂBtPhéhﬁtaFeé§?56nQnﬁubM§nqﬁ1%qu¥he

aggyﬁﬁgtggnsgg £98ntQSEEQEErWME%hCe%ﬁ%ﬁ%h%%nab&m'déy be a
Ich said conbustion air is preheated by indirect

heaptirexehaogefweih Ehob gasmbtboemvhe baoitl es sddtemomnly off-

retrieving f as. fromthe burner .and passing said .

{58 CHOMCAr BUERTAT R PRPSEaERoNS=gnd . PRELPERy  Baird chment

gasttiquid mxture that self-circulates and is

encapsul ated i nside a common volune in the reactor con

taining said reform ng section and said boiler section

by, Lndj t X n ' L, iNg £.

e A e R R

progasting oherebolsvdrproermed gascelischaiss thirolughn an air

hydrogen and which is particularly suit

coolér,

- subsequently passing said cooled reformed process gas
through a hydrogen-purification unit to form a hydrogen-
enriched gas, and

- introducing off-gas from said hydrogen-purification unit

into the at least one burner of the reactor.

Where the hydrogen-purification unit is a PSA-unit, this
unit and the air cooler are preferably located outside the
reactor. The off-gas from the PSA unit may then be intro-
duced into the at least one burner, as described above. The
hydrogen-enriched gas from the hydrogen-purification unit
may then be used for any suitable industrial application,
such as in the metallurgical industry, electronics, chemi-
cal and pharmaceutical industry or as hydrogen source in

fuel cell plants.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention is further illustrated by the accompanying

drawing in which the sole figure shows a schematic of the



10

15

20

25

30

able for use in PSA-units. Alternatively, where a
Pd-al | oy nenbrane or simlar is used as

WOReIrwez- puri fication unit instead of a PSA, PCHEPR¢06/005680

heati ng of the reforned process gas may advant ageously

be effected by nmeans of indirect heat exchange wth

flue gas. The hydrogen-purifi%%tion unitmay thus be a
menbrane which may al so be int’egrated within the

reactor. The fuel introduced into the at |east one

burner in the conmbustion section together with .
coadttsst onc@ rdimy be endyembedibentfaél theuénvgation for

%@5@#3@@?3@’%@&@@% 3{# ﬂ@ﬁdn%%gf’e@uﬁg?rséd#%g&ith a PSA-

above, process nay further conprise the steps of: -
passing the cool ed reforned process gas through an air
cool er, - subsequently passing said cool ed reforned

proces [ Qg R | S Wdob PMENT
forn1aiﬁgg§%%@%g%rlgﬁé ggggﬁgﬁgﬂgzéntroducing of f - gas
fromsaid hydrogen-purification unit into the at |east

one burner of the reactor. Were the th ca-

hydr Blgent ba¥F¢i 2 afY bANGREE2i s 1RTPEAGGRAMAL FeRRFS Tudi ¢/t c@
LT € &bl Yoh 0Lat £0a obsbdStiBA sec-

?]g%%%?)?.g#h%@o -éha?fr@rﬁcﬁ% PSAOuni_t may then be

i pion Pucedilatosebeiab Beastl oméobuingr seasig@asdri dée cv-

above. The hydrogen:enriche as fr h :

Ny UROELAE puF ST EAET BnPofi £ gaihgﬁgg}a&ugéfd?’f)gr kgypnd s
sybbabl €. ndust ghal wappl kcat k@Bresughxaspitn folre the combus-
nmetal  urgi cal industry, electronics, chemi _cal and
phaeraseatienl PHdaBPRy Br 4a8-hYHFo§eRadoyPLEMey OF the reac-

tor is about 0.275 m® while the total catalyst volume is

0.020 m3.

The reforming section 4 encompasses also a fixed bed of re-
forming catalyst 5 arranged above the region of the reform-
ing section in which catalyst tubes are disposed. These

sections are arranged co-axially in the reactor so as to be

able to fit into an outer substantially cylindrical hous-

ing.

A mixture of methanol and water is introduced to reactor 1
through a conduct 6 in the outer wall of the reactor.
Through the conduct 6 runs a process feed tube 7 carrying
the process fluid (methanol and water mixture). The process

tube extends vertically downward to boiler section 3.

The boiler section is arranged in a compartment or common
volume 8 inside which a saturated water-steam mixture 9
self-circulates here illustrated by the hatched region. The

saturated water-steam mixture moves therefore inside the
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fuel cell plants. BRI EF DESCRI PTI ON OF THE DRAW NGS
The invention is further illustrated by the

wozewdamyi ng drawi ng in which the sol e fi gur @CSHBRN6H05680

schematic of thereactor according to one enbodi nent of

the invention for production of 25-1000 Nnvh of

hydrogen for use with a PSAuni{.. DETAILED DESCRI PTI ON

OF THE PREFERRED EMBODI MENT In ?he figure a

cylindrical integrated reactor 1 with ca pacity of 80
NnB/ h of hydrogen contains a conmbustion sec tion 2 , . ,
boeketosethi ans@léndirefdaiviing Féanesn iy a yegion which is

cylindrical _reactor, 1 h I i.ght qof ;
CeniaEhkTatebrRfbthie sATR Bolbh HIAE eOkoilR i AN ke
cppbusrt et s6at kad) thk abduvtrming wectThe.t @hal oomdpamEment

of the reac tor is _about 0.275 nB while the total
caraFygsmoyoV akE™es80CO2H2/BS PRE Péf@PﬁFn§U§§Eiﬁ6%'QPrough

eQﬁQQHaﬁggsfﬂhéoﬁsth%?@rgﬁdtﬁg OmbRsiRe el B ar-

arranged above the region of the reforming section in
webhobedaballyst peabes.afle dogposeédonTisess ioactd Gyradrged 1in
arranged co-axjally in_the reactor ,sq as.to be .able to ..
Hbe BueSnoBhtSpnLanerhn, Farry odyPRIGH dhf RGidYhg St ion
Asmi xt y €+ 9h1 8eElanokyand awaer hiasioilntilsodwged te@ through
reactor 1 through a conduct 6 in the outer wall of the

r aetoinlThr ddghhikl é6nadePtedr @ss 2a SPrades s%d&t Methanol

tggetgecagﬂ ngtggetergcgéﬁcigghd &%%t%%gwea'gﬁ\%gﬁﬁustion
n1xture? SUThe process tube extends vertically
dewawandek@novlier ingeti a8 3n. aTheénkdiel eatsdottiion hsrner 14
agggggﬁgihg Siggnggg%ggngm%&e%%gqgg with oxidation catalyst
and which is disposed in a flow channel co-axially of the
cylindrical reactor 1. Hot flue gases 1l are produced and
are then passed to boiler section 3. The tubes 10 carrying
said flue gases extend vertically from combustion section 2
into boiler section 3 and their outlets 15 protrude towards
an annular section 16 of the reactor.
In boiler section 3 within common volume 8 part of the heat
in the saturated water-steam mixture 9 is delivered to a
system of process tubes 17. The process tubes 17, here
formed as a coil or spiral extend away from a transition
compartment 18 in boiler section 3 and upwardly through the
middle portion of the reactor and further up to the reform-
ing section 4. The reforming section 4 inside which one or
more vertical catalyst tubes 19 are disposed is arranged in
the compartment or common volume 8 in the upper portion of
the reactor. The process gas to be reformed travelling in-
side process tubes 17 leaves above the fixed bed of cata-

lyst 5, passes through this bed and enters the catalyst

tubes 19. The reformed gas leaves the reforming section
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9 self-circulates here illustrated by the hatched

wonrewiooe44 The sat ur at ed wat er - st eam m xt ur e nDPEF/EP2006/005680

therefore inside thereactor in a self-circulating

manner in a region which is encapsul ated inside said

comon vol ume 8 containing the boiler section and the
reform ng section. The conpartment or conmon vol une 8
contains one or nore tubes 10 through which hot flue

gas 11 fromthe conbustion section 2 ar ranged bel ow
palssesgh | puecbebugiben@eat i bhe2baEFaiged RSt Retpdwst tubes

pogtion of the reac 0 h j Cte i _

EF L ab et et S B REnde kot T IPR-EpSa ERRD Bgind Erams

foert éal ehside Whichebs adapt edbas7aisprapdnozzibeat the outer
thanol is then subjected to a reaction with

prehbapEdtkonbe’d¢toh-air entering via inlet 13 in a

single catalytic burner 14 conprising wire neshes

i npregnated with oxidation catalyst and which is

dilsposeflormimg f ewt thanfel Scandxballgropechéon 3 are sur-

cylindrical reactor.1, . t flue se r -
a%ﬂu% %dtﬂ%na%aﬁgiﬂl?geggﬁ?g l%%c??bnﬁgi% ihgu 6%%?P%%us1ng
CA{ I yingnsasdafbyeagasest exhanlayerbytahl p2f camrying flue

conmbustion section 2 into boiler section 3 and their | _
out$ eaRd 18 peePRddeniBhaF dsedhCanAdl SRTE¥EPPHoROTRUS 1on alr

the. reactor. |p. boi segti 3 W bhkRi6amMRR val heated
SW%E?? %%Q?E% ﬂégtibgéthgéa?ﬂ?afgﬁ wat er - st eam vEeheate
byt UneiPets Wehtveredahgeawsybt eheoflprogess llubkegining

17. The process tubes 17, here forned coil, or

O A T I IS S P S RS I
bgééeéx§€cﬁhPnTﬁeaBQmHQ@@EQhYsEBEQQﬁthﬂ@ @ledl @urrounded by
portion of the reactor and further up to the reform

i agsepetaba iAnsThetedf beubhgdsedt i BAL2gpasitgeTWs AFA-Unit
Oggwggtream is also used as fuel and enters via inlet 26 to
the burner 14. The flue gas 11 enters into said first annu-
lar region 22 directly from the boiler section via an annu-
lar region 27 outside said boiler section. The second annu-
lar region 23 carrying the combustion air is connected to

the combustion section 2 via narrow passageway 28.
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nore vertical catalyst tubes 19 are disposed is
arranged in the conpartnent or common volunme 8 in the

wouppenoseérti on of the reactor. The process ga®8CTAEPREG6/005680

reformed travelling inside process tubes 17 | eaves
above the fixed bed of cata lyst 5, passes through
this bed and enters the catal yst tubes 19. The
reformed gas | eaves the reform ng sectionthrough

outl et pipe 20 at the bottom of the catal yst tubes 19
and is used to preheat the hydrocarbon feed being

t¢ i MPorted i nsi de process feed tube 7 in conduct 6
at the outer wall of the reactor. The reform ng
section 4 , 5 and boiler section 3 are sur rounded by
an. i nsul seetbhoirsi nge2dtoThf or | tisell adrde housnngf2a pgocess
encased by a first annular,region 22 carrying flue gas

st WhRISR tRBPbhS239¢car ryi ng conbustion air

V@.ﬁé&@ﬁ&fﬁ& Vi@ {oheind3a dbe16enbustion @hhchSare both
preheated by i1 ndirect heat exchange wth the flue gas

Idomtmimend) wotmtera copmpor | yolwnananflap sewbrskigp section,

t ds the fl It ; ' ti
e e O L

A §sasubpsonF a1 RSA-wnih donwsnieantasadlso, usaddavoiler sec-
fuel and enters via inlet 26 to the burner 14 . The

ftien ghs ANOEHERd sWihR 00RRI AL fNPEE LHRGS| SRTF¥4PGn 3pe gas
dff&&té%elfé&ﬁ%ﬁé‘&@ﬁ! ésgﬁgﬁt;ﬂ% ¥h24aBoABNYthidh section is
regi on outsi de said boiler section. The second annu

| @rov Bdgdnw 28h cat r yeagt t bee coubusti onhareinstbenheettedx—

to the conbustion section g Vi g_harrow passageway .
SRR o0 Bt BT WEST e5RE of N o T RENEBAY Brs T B P Z eSS
ar pragess fhalichénbp Myde0genatyspr tebag: i8 Bebermlnguid
section and a boiler section which are both o
mixture that self-circulates and is encapsulated inside
said common volume containing said reforming and boiler

sections.

2. Reactor according to claim 1, in which at least one
process feed tube carrying the process fluid to be con-

verted extends inside said common volume of the reactor.

3. Reactor according to claim 2, in which the at least
one process feed tube carrying the process fluid to be con-
verted enters the reactor through a conduct arranged in the
outer wall of the reactor and wherein said process fluid is
preheated by indirect contact with exiting converted gas

from the reforming section of the reactor.
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contained within a comon vol unme and a conbusti on
section, in which said reform ng section contains one

wWog@poesB4cat a | yst tubes filled with reform ngCI/EP2006/005680

catal yst, said boiler sec tion is provided with one or
nore tubes carrying flue gas fromthe conbustion

section and said conbustion s ion is provided with

at | east one burner, wherein the heat ex changi ng

medium required for the reform ng of said process

fluid in the one or nore catal yst tubes is_a |, , _
ghs- | i quiReas@uracePrding| ¥OcFt3iMat @sChnd i 40 which said
epeapsulat ede 1 sl dessakd 6o0TBE YotuRsCoRLRiRENG Sahfto
refo ng and Doiler SEctT ons . . Reactor according
torghei v1dn, compahtwénat fremswhonb ptodesstf ee@ tutpeess tube
carrying the process fluid to be convert%d xt e

tends . :
| T 86184 B CORRBNIT8 EREDBT CPRESF bAGY GFLo0° AEddigR1ly in-
agfgéd£ﬁge%%m§%§ggbgume!Bfm@hﬁhrEE%t@E beaskh@#Rin the at

process carrying the process fluid to be con
veeaed en¢ epsothesrtabeocarhydnghthecpnagessagesgnged formed
in the ouier wal | of the reactor and wherein said
pfBc@sS®ttuid is preheated by indirect contact with
exiting converted gas fromthe reform ng section of

the reactor.4 . Reactor according to clainms 2_or 3 , _

i B whi ch Reaetar 2e@a’¥dbne pPodB¥sPreefdiffeCdridnds which

VELLLCBLLNOL Y81 Bl BBFEL ABRGOURAK! HREL- LAY WG G and
| east one process tube carrying process gas to be
conveet edeexiendareestibsabhyibndiydeutriteundedop walrunnsulated

of the reactor and mhgrein ;h% gt | east one process b
t BPRSERFr yWRGTEHE PROGeiBSHASERE POPTER9ad 52 SCHASCE Y 2
Reactor ARG PAHI Pegt 8nab% rRyeagdifngeChaismang Whisdtond annular

region carrying combustion air.

6. Reactor according to any preceding claim wherein
the process fluid entering the reactor comprises methanol,

DME or a mixture of DME and methanol.

7. Reactor according to claim 6 wherein the process
fluid is a mixture of methanol and water and the gas-liquid
mixture is a saturated steam-water system circulating at a
pressure of 55 to 110 bar g and a temperature of 270°C to
about 320°C.
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sai d common vol ume containing said reformng section
and boiler section are substantially surrounded by an

woi2peloezded housi ng, wherein said insul ated hoBSTHF2006/005680

encased by a first annular region carrying flue gas

and a second annul ar region carrying conbustion air. 6
React or according to any preggeding claimwherein the

process fluid entering the reactor conprises nethanol,

DVME or a mixture of DVE and nethanol. 7 . Reactor

according to claim6 wherein the process fluid is a | ,

nBxt ur Beatt et Aapordand Wat eRYaRgeERE1REs L4l yherein said

m.xture is a t : tet t h LCWlLaty ;

eOREhE el dnreSEt HhE' FS DYEPRUPR, PE RV e BERSLEC et 1o

260rAErt anabwier820 BE&id8catRéactor bacoerdingptrovdmed as

precedi ng cl ai m wherei n sai d combustion,section is ,
pYb%?d@ﬂSQA%ﬁyﬁr§iﬁﬁF%n€§aaF9t?Srﬂﬁﬁngslgﬁda%ﬁeF&%¥ed with

sabfamatabyhi enprefgLtba REOMI dRdors dwiienmesh alayer,s whereby
arranged i n series which are coated with ceram c and

i fpeebeat edeneratad ori thei oambasalipst iswhepapferred by a

heat geperated in the co stign.s.transterre :
B
ORsxtihgei dig xhargeMbaatba generawed flue gas. 9 .
Reactor according to any preceding claimfurther

conprising a fixed bed of catal yst arranged above said

cagt al yst [ ' aj Lye o AVAC) b
R Tl
reampotsand ahéired baildofi xedabedti sradagedd above said

recei ve the pr b . ted Ori to th
pastalusti (ulFa gi8 TRLSMsaRa catkryspopubeyers subbtan-

tially the whole horizontal cross section of the reactor
and wherein said fixed bed is adapted to receive the proc-
ess gas to be converted prior to the passage of said gas

into said catalyst tubes.

10. Process for the production of hydrogen from a feed
process fluid in a reactor containing a combustion section,
a boiler section and a reforming section according to any
preceding claim, the process comprising:

- passing a preheated process gas through said reforming
section,

- heating the at least one catalyst tube in the reforming
section by indirect heat exchange with a gas-liquid mixture
that self-circulates and is encapsulated inside a common
volume containing said reforming section and said boiler
section,

- retrieving reformed process gas from said reforming sec-
tion and optionally cooling said reformed process gas by

preheating of the feed process fluid,
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10. Process for the production of hydrogen froma feed
process fluid in a reactor containing a conbustion

wozerooexd4 a boil er section and a reform ng seCiTaR2006/005680

according to any preceding claim the process

conprising: - passing a preheated process gas through

said reform ng section, - heatihg the at |east one

catal yst tube in the reform ng section by indirect

heat exchange with a gas-liquid m xture that

self-circulates and i s encapsul ated inside a common ,

vol UREreSWE RN B Agf9al d1PEPOERENG ts &ERSEN OBRdPEANGE 1n the
bol L BhsBE6hT O0ctiohCLhLEYHRY LELAr PBALRERESSS 2988 fifPMhich
sard rerormng section and optionally cooling said

r ehbdnedmpusciss gas by preheatiedgbyf inké regéd herdcesgrhange

fluid,-_introdu inﬁ ? fugl.hnto thg.at | east one
bt hRr £11et 8RS cbhBlst'6nPSaLEr oR S5 g& er wi t h
conpusti @hiAyr £108 YhkCchrsai @éheombuskiroand palssing said flue

pr eheat ed bg i ndi rect heat,exchan%e with flue gas from
t besbbhrengBeet Pohler pecEieRing™Al ue gas fromthe

bur per. an i said flue. h h Qid;
oU" 880, 8295 00, SRR TS EIEAUEN 2ah0ldCi ates ano
sekfestapuhdbesdandsiSeencapsubat edlunsi da dheomemttor con-
volune in the reactor con tainin said,re&gfﬁjng y b

skeinbRoapdidaraipePieg S8EEiOR BYY fairebPiné4t Section by

gggggggstmhégttQﬁcﬁgHse9@§taaﬁﬁen31h@r@@ghpaggiﬂgﬂdw¥ough

said boiler section.



