, €3e6223d4( $5< 666T6_e4;; VVO 03/111803-1 PCT/ GB02/Cs.12.1 ~' 1 PROCESS AN
APPARATUS FOR STEAM NETHANE REFORM NG This invention relates to a chenlcaw&)

process, wgdsbhmosy ant taI ytic reactors suitabpericHibsgsin S 7
performng the pr ocessl" m ’ s described in WO 01/51194 (Accentus

plc) in which nethane | th steam to generate carbon nonoxi de
and hydrogen in a first caﬁgﬁ?ilc 10 reactor; the resulting gas mxture is
then used to perform Fi sher-Tropsch synthe5|s in a second catalytic
reactor. The OWRGCESS ASARPARATUS EOR\STHAMWMETHANE REFQRMING bons of hi gher
nol ecul ar wei ght, which are usuall y | i qui d under anbient conditions. The

two stages 15 of the process, ste met hane refornl g and FlsherTropsch
synthesi s, requi réidi FRYERE QPaF§ﬁ€§@§ th® CReIAd e BRRRE St s ahd t

descri bed f@rlamcrinseua@angmet@atyajw iredearrsiiamille featudd he
transferred L m._the reacting gases, respectively, as the reactions
20 are ré%pghgivelﬁdé Eﬁh@ﬁﬁ%?%ﬁm exothermc; the heat required for
steam nmet hane reform ng is provided by conbustion of nethane. A pot enti al

problemw th thi % RRocess s WA StPard IS T, 00GHCd, O@elch or to

st eam net hane re reactor, either to generate carbo
generate coR& Wlhthhsffﬁt}@@é@té@ e tieide Wwidfhorgammyd MEIpETER e a

pl at i nunt r hediWanC HodlokSlde bh@ Ih%cirdg% hej ng faexrsftordaec%l%ltli’@oc The
suggested process relies on a stéan imethane ratio iIs close to 1:1, as

t he rhodifumrE€&CAOfst the ZESaldritidy oss Mdpdntre dscélheﬁ'g usgsl A9 i mproved way

of perform perithirs Wl@@%&ST&@%SMWs@%Q%efSQ%nQn AC EICHN d0:d1RR: iR esent
invention there _is pr rocesslfor rformn S%ﬁﬁngfthane

ol orm ng 1 §C88 SEer HE CHFBA nareNe Landoh AT & he gas

m xture i s tydsedatrbonlsowtt bhrigighr mod@mua\arf waigtitgnmdlich aMe 03/ 11~8f 13~ -
2 PCT/ G BURlltn4 LHeERATe! 2l UGE! scamuaLia0 Wi Thow shamel from

a source of heat %Eﬁegglow cﬁanne containing i dpernea
struct ul§, offe thespIOsesst | ﬁﬁaam/m%h@m@nrrelfomum lagss Rilsdre10. 5 second

and both | NA-BYRCA0s,AchemS Abkeg alond e ahamata gl d hei L

t enperature o the channel béin n the range
steam i s sugptiddytac reastors Eéﬂet dwcééﬂ?@éinsflorfg e s tagisouTHe om

combustion ehta1¢RTRUTERRSrgasnapiel ekalk! ¥ of YW theMG BIRANS or

from the reacting gases, respectively, as the reactions

20 are respectively endothermic and exothermic; the heat
required for steam/methane reforming is provided by
combustion of methane. A potential problem with this
process 1s that other reactions may occur in the
steam/methane reformer reactor, either to generate carbon

25 dioxide, or to generate coke. It is suggested that the
reformer may incorporate a platinum/rhodium catalyst, the
reaction being performed at 800°C. The suggested process
relies on a steam/methane ratio that is close to 1:1, as
the rhodium catalyst is apparently resistant to coking.

30 An improved way of performing this process has now been
found.

According to the present invention there is provided
a process for performing steam/methane reforming to
35 generate carbon monoxide and hydrogen, wherein the gas
mixture is caused to flow through a narrow flow channel
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10 The present invention also provides a plant for perform ng steani nethane
reformng that is particularly adapted for use on an oil rig, a floating

pl atform‘g{m%&}(]g‘p. Under such circunmstances space is |impEedpodiiéh2t he 15
wei ght of "The equi pnent nust be mnimzed. Preferably the residence tine is

less than 0.1 s, but preferably at least,0.02 s. It is presunmed that such
short reaction tines enable the process to operate under 20 non-equilibrium
conditions, so that only those reactions that have conparatively rapid

ki netics w lbetéeen. nggal ssheebs prePerabieathae fhewrahaonel Eremndto

met hane shoulgl,Bee | Br L hEaf aNPRe 1f Pod Ocane M0ESH P4 BH EAGDA YETuBqt0 1.6, nore
preferably about 1.4 or 1.5. Under these conditions 25 the proportion of

4 ;
net hane t hatPEBRR PR sCRBALYFBnSEEMC e ERedt BOW e ELEERE? nbt B t He BBEectivity

in formati oncipdngal beeineNoxssleckah hers t fedosd| band dboxh dens aavexgged 85%
. and even 90% 30 The cat tic reactor%g efgéabl conprises a plurality of
0 f

metal she®t sCHPPETYEYE ¢ o2 HRRY nERE i TR L oW chafner 3t U feot
channel s beitige achamged laéirgnit etlye t varems UT 20 goOodo t Heo "B wlostath bet ween

the fluids i h opriate I shou rovi 35 in each
channel , deﬁgﬁ%i%gé%ﬁp?%eg?éé%}?%gége%%%$%nrgT%§5€§%§e ?%ggg%ﬁﬁgred good
t hermal contwxter botpotthef Fomstombwgyr 031 1df ~B0Sembust i/ @&BO2/ OS-1 2~ and

the second Eéﬁ%ﬁg?%g?ﬁléo £: 9] qﬁépggn%gss than 5 nmmdeep in the

direction n e sheets. re preferably both the first and the
second f1®w channels are less than 3 nm deep. Corrugated or dinpled foils,

5 metal neshes, ofh&Opragahedi Qvedt £k esl Bt S0 £hés Shest snimyope used as
the substrate of the catal yst structure within the f|l ow channels to enhance

heat transfdPeY BPHEENGoBHEABATCERANR L EPENIRA IR E o} S BT BVSWARIYh CO
sel ectivity aidapt::\@?s_f@ﬁnwﬁtb@nﬁg refDrridng, a af po&f g eﬂ:}}é@f@m lusfuae
conprises a neta il with a thin coating conprising,the catalyst
rarori o AcTbRe | datet revel i S (R A e Y i e
performhy metihgine/ sf eane redoipmenyt et Ibe ahirimated channel s containing a
met hane/air mxture so that the exotherm c oxidation reaction provides the

necessary heat for the endotherm c reform ng reaction. For the oxidation
reaction several Er¢ferabplyctialysssdense belngeds ¥o$s exaapl @ batl adi um

pl atinum or W%e?%‘r%ltgg% SEr P S SHUPPOT ; THF LXQIPLEROPPELA O sRLRL T NUM

on an al um na suppo ilrsed wth I'anthanum ceriumor bariu or

pal | adi um onSBP¥ieoheact HP1 nbiBe HretAR D | SRPI REPFRIF Pl | ARETAF O

al um na 2t men Megad 11 vadhm dcohd abosis 10so byhaei gty (f1ebé | Méa d1oi dihe

alumna). Thig, 2% ol A YSta CorPosls ! ALid PIST el el il &8990 . of
also preferable that the ratio of steam to methane should
be in the range 1.2 to 2.0, more preferably 1.3 to 1.6,
more preferably about 1.4 or 1.5. Under these conditions

25 the proportion of methane that undergoes reaction can

exceed 90%. Furthermore the selectivity in formation of
carbon monoxide rather than carbon dioxide can exceed 85%

and even 90%.

30 The catalytic reactor preferably comprises a
plurality of metal sheets arranged to define first and
second flow channels, the channels being arranged
alternately to ensure good thermal contact between the
fluids in them. Appropriate catalysts should be provided

35 1in each channel, depending on the required reaction. To
ensure the required good thermal contact, both the first




» range Ot

t hi ckness .20 to 200 umon a surface in the channel, preferably on the foil.
For the reform ng reaction also several different catal ysts nay be used,

for examyg ohsssd . Pl atinum pall adi um ruthenium or rhoﬁb?ﬂhmﬂﬁ&&b 30 may
be used on ceramc coatings; the preferred catalyst for the reformng

reaction is platinumw th rhodiumas a_pronoter, on alumna or stabilised
alum na. Again the catalyst netal is preeerably about 10% by wei ght
conpared to the alumna, and is provided as a 10 - 200 um coating, 35
preferably 13ndotly® sesorfdef bvdakhavhret 8agreonrafigrbbly Wess3thsnlsa - 4

PCT/GBOZ/CSW%@Wﬂ&QﬁFiﬁdtﬂétdf%eéHPéﬁaﬂéfﬁéhYtétEﬁépgﬁéEFsPreﬁéyée’ whi | e
al t hough the rg%ornlng reacti on na e carried out at elevated pressure,

ti ay b

for exanpl e RAFLSraOWPLPoD Bheospher ed)d bperaerendaflavneipheeie pressure
is 5 preferrete Dssposisahly shigbépy etevatgdtpaessusempedexaipse in the

$ 200 kfa above at rms$heri c géessurﬁ. It will be_a greci ated t hat
the mater? al™ W WATEATI0 PheCPERRTIDFAr 8 nRdg25re LEbprecfeltt8haekBverel y
corrosi ve atmogpheresed asethé osusxanpte dhethenpatalyse seyubeuss high as
900C, altho € pEcal l 0 0C. _The reactor be nmade
of a nmetal suc ﬁl}é{s %ﬂé\é(a g(?\n”n%/%%}ﬁ%%g%%g eﬁérll??cgg?‘ée rapy f)’érting%ﬁ‘%? of 15
the type kn@grashdrirurangiér rasleneed&d Hbicachseviog migh Op to 20%
chrom um O. 2% 1 Qi tgl e i i ght
conprise | ro%ﬁ%%l%%%uc I?o%mge%% éﬁ?ﬂﬁﬁ%{%n#ég%mgﬁé%%%%ﬁﬁéﬁen this
metal i stheatetPGHI%ES rCPTPY b aMelbrEpil owi e @othimgceat btgal uni na

whi ch pr ot ecdsmpies hd oyh@gaa st ydtirhdes-pxi dation; this oxide |ayer also
protects the all oy against corrosion under conditions that prevail within

for exanple a nethane oxidation reactor or a steam nethane reform ng

reactor. Were tiis desatibed 2in usedo B B1 4] abysh SUbSiEBsE, mapPdds coat ed
wth a ceranic(iqygg intﬁ%mhich a ﬁ§tal st mater i S _incorporated, the

Lal
al uni na oxi d& TAyer” T HeE Mt M %?l%?/%%f"tBe%?ﬁ‘ng\?t h*®fe oxi de
coati ng,150 &itsrriate tdlzanze bd ot avat g ad  melthleses/ 4 Dr thextktal ssubst rat e.

30 For sone S 1 I e e.deposited directly
onto the adh%%lﬁ?agiié@é@%}g%%ﬁn% %ﬁﬁ%@onﬂ%?Q?%P?%oﬁfoa @e%e@éﬁ"ﬁ c |layer).
35 The gasedgrerifed 8at ot b enddtinermit oref ogninme cesscdisscr i bed

above are prferahl Yot Nk SUP) R &G &9 se VOB &1 £ Sk 3 catalysts

may be used, for example palladium, platinum or copper on
20 a ceramic support; for example copper or platinum on an

alumina support stabilised with lanthanum, cerium or

barium, or palladium on zirconia, or more preferably

platinum/palladium on gamma alumina with a metal loading

of about 10% by weight (relative to the alumina). This
25 catalyst composition is preferably in a coating of

thickness 20 to 200 pum on a surface in the channel,
preferably on the foil. For the reforming reaction also
several different catalysts may be used, for example
nickel, platinum, palladium, ruthenium or rhodium, which
30 may be used on ceramic coatings; the preferred catalyst
for the reforming reaction is platinum with rhodium as a
promoter, on alumina or stabilised alumina. Again the
catalyst metal is preferably about 10% by weight compared

to the alumina, and is provided as a 10 - 200 pm coating,

35 preferably 10 to 50 pum. The oxidation reaction may be



- 5 PCT/GB02/11s~2~ Fischer-Tropsch synthesis. This may be perfornmed using
a second such reactor, with a different catal yst. Were excess hydrogen

remai ns, wHheuishie Fi sher-Tropsch synthesis, this hydr ogepcig;gasgis8s abl y
separated fromthe 5 desired products, and fed back to the conbustion flow

channel s of the stean methane reform ng peactor. Conbustion of a m xture of
nmet hane and hydrogen with air in these channels has been found to give nmare
uniformtenperature, and al so enabl es_the conbustion reaction to 10 be

initiated notaTFEedi PYCwAknSuhatrBRERbIY | ateesBheThe Preestien whblenow be

further and mpfﬁo@@mttﬁelaéfarﬂfﬁgrraséﬁlgﬂ way 8t 2] @éé?@éa ?ﬂkyata”d with
reference to %he ac drawi ngs inh whic gure shows a fl ow

di agram of &S ChEHTT Ip ?5%B§g OFOFh ?%9%%t?%nt°a%dM?Pg&?8 2 shows a plan

view of a restchosplserréabl eoperalopest cdtihdgpResi €PpLEskigePpygcess shown in
ocess for convertlng

figure 1..T on_rel ates chenj cal . pr

met hane t3 | %%%%Préginoﬁyﬁ?%%h?%%ngﬁlé%éﬂ¥i?%g V3t agePFRSErERstOr

st eam net harexamegflz nimgthe haangs 0 ot@52G@ykPaeabeast homospROricCHA - ---> CO
+ 3 H2 This 420 is endothermc, and may be catal ysed 30 by a

pl ati numi rhodium catalyst in a first gas flow channel. The heat required to
cause this reaction may be provided by conbustion of nethane, that is to

say: CH4 + 2 02 Tt wild%d ZoplO-Bored WAL 13Ad 1R98:41318 of which

PCT/GB~2/US
e reactor are made are subjected to a severely

corrosive atmosphere in use, for example the temperature
may be as high as 900°C, although more typically around
800°C or 850°C. The reactor may be made of a metal such
as an aluminium-bearing ferritic steel, in particular of

15 the type known as Fecralloy (trade mark) which is iron
with up to 20% chromium, 0.5 - 12% aluminium, and 0.1 -
3% yttrium. For example it might comprise iron with 15%
chromium, 4% aluminium, and 0.3% yttrium. When this
metal is heated in air it forms an adherent oxide coating

20 of alumina which protects the alloy against further
oxidation; this oxide layer also protects the alloy
against corrosion under conditions that prevail within
for example a methane oxidation reactor or a
steam/methane reforming reactor. Where this metal is

25 used as a catalyst substrate, and is coated with a
ceramic layer into which a catalyst material is
incorporated, the alumina oxide layer on the metal is
believed to bind with the oxide coating, so ensuring the
catalytic material adheres to the metal substrate.

30

For some purposes the catalyst metal might instead

be deposited directly onto the adherent oxide coating of
the metal (without any ceramic layer). '

35 The gases produced by the steam/methane reforming
process described above are preferably then subjected to



which is an exotherm c reaction, and nmay be catal ysed by a

pl ati nuni pal | adi um catal yst in an adjacent second gas fl ow channel. Both

t hese reagbigimospy take place at atnospheric pressure, abpEhRuaNosss
alternatively the 5 reforming reaction mght take place at an el evated
pressure. The heat generated by the conbustion reaction would be conducted
through the netal sheet separating the adjacent channels. 10 The gas

m xture produced by the steam nmethane reform ng can then be used to perform
a Fi scher - TrobsereSyRrpRSFE synEaatiat e Bhisngay baaperfigdmedansing &hat is
to say: 15 Ned&drd 28udR reactotCHibhta ndi'@ﬁei“@hEhcé§a!F?s€X°tﬁﬁéPéc

reaction, occurring at an elevated tenperature, typicalfy betweén 200 and
4

350C, for ex@hpTe COIHY BAMRIRYat 2HEPF eSBer BiEhpT cBYPRSHRt Ween 2 MPa 20
ang I4t I\/Pa,ffsyntﬂmméﬁ_ 2hbs M_?t@brl]rd)@elﬁhfs E@ﬂéﬁ@ﬁ@bpﬁ @e?@f@té!étffi_ﬁrﬁhtﬁé itron,
- cobalt or.fused. netite. W r r such as pot assjium e exac

nat ur e ofstﬁgedyﬁgﬂi }%%%%B%hd§n$ofﬂigg% t he ?@%c? BAUSebhdEleW t he
t enper at ur e, chdrengl essiir ehe astdeahbmechaby stef@smivwed | reésc®5rt he rati o of
car bon nonoxd rogen. e | yst ;1.8 y-alumn as, a
coat i ng) ofx.ésur Jaé(}ei]%r?egglaom%gﬁ%/%ﬁ %&e@?&g%o%?dﬁx% ?lgﬂi‘&ﬁilgoﬁ‘lﬁobalt
Wi th a rutheit uhiess aahanmel gatos i peerm Hounderd umi pe onaterumhfbzm basi ci ty
pronoter su T e i 3 i t i.S: reaction may
be used to %oﬁd%%r?bgﬁ@pﬁ%%&o%{%%e%e r‘g%%%%f%ﬁ {I%%ééjtcge%%?ret hane
ref or mi kP o R%eddti it edrnexangad bl hadien rhe frepadten disregobd. used to
transfer the heat froma reactor in which the FischerTropsch synthesis is
occurring, also ensuring the 03/118U3-~ PCT/ GB112/US. ~2-L _ 7 _
tenperature in t e FiSORSrEHPBpstht MattR Fendieis atddestet he heat bei ng
used to prelpeattiatuladsy deecofbddie lgasys} reRMExSMPIRS | Qe ¢ 0 dhe wahpr m ng
reactor. 5 react.io woul d be particularly advantageous if they could
be perfor ne}fégftse seena(‘fie 57 %k%@?%owar@%rf%a ]fa}‘l"blr[vﬁ%d’dbt"l’w latformor an
oil rig,l@ms they would enabl e stranded gas resources to be exploited.
Stranded gas or sacl at r r g e an_.unt.apped 10 source of
fuel, but cannot ei:‘r'S'LZ_agfg‘:elay]"a.gse&z"ispIae(;i eécli‘?gjelca sag‘?tcggeya acrheenb]f(F%n RIS
renotely, amf tthe dayentovgn mandot be |arge enough to justify construction
of a pipeline or a plant to produce |iquefied natural gas. Currently such
gas is usually flared or_re-injected. Plant for 15 producing liquid
hydr ocar bon by stfedHbfethaHeemhany HEW Gled Bieanthauitagpscifor
synt hesizo opdrardniindkrowtePus anw g¥dcas dMam ifiPf i AUrpose is nuch
too large to conveniently be accommbdat ed on the deck of a floating
structure, and indeed sone of the processes enployed 20 woul d be vul nerabl e
to wave-induced mite dmveddvienere lat geetfooraralgmmiue] meddgnSaesi ng conpact
catalytic r rs,. for a i in PCT/ @B2002/ 004144, which
are typical Ieiy%_ﬁé%exfttlélrﬂoﬁnﬁ e volq:t?rré'oo %ré%%aennthlyddgr-laéca?rééa&sdr t he sane
duty, it is fl&sdi Btage i qareoraheadn/mepheces sedivrmimay drhat filsoaio ng
struct urg |dﬁ¥MtHe Re HyrLel ated fromthe equations given above that steam
nmust be provided to performthe steam nethane reform ng reaction, and
i ndeed to ensure 30 that the catalysts do not beconme coated with coke it is
necessary to proyjde nmol es of..ste han of nethane. Ideally all the
wat er provi ded tﬁbgeﬁgg$%1steaﬁ?né%ﬁingnbéforning could be recovered after
t he Fi scher-Tropsch synthesis, but in practice additional water is required

This reaction is endothermic, and may be catalysed
30 by a platinum/rhodium catalyst in a first gas flow
channel. The heat required to cause this reaction may be
provided by combustion of methane, that is to say:

CHgy + 2 O3 =----> COz + 2 Hy0
35 '



35 because of inefficiencies in each stage. For operation on arig or a
floating structure at sea, it will be WO U3/0-48U3 g _ PCT/ GBU2/ (I S~2~

appr eci at‘,@gog,ﬂﬁa“such wat er could in principle be provi degcepPspdaosss
distillation plant fed with sea water, but boiling sea water generates

salt, and tends to lead to corrosion proplens; it would be preferable if

t he stean15 coul d be provided by the chem cal process plant itself.
Referring now to figure 1, the plant and overall chem cal process is shown
as a flow divégirceimisrreel feyerk lygem e cmmisi@lprammay bt patabyeedwbyh a

smal | 10 per t 1- %ﬁ‘ﬂfs ntain
conpounds ofpgmé%%u t 1f%é %ﬁ etTinmenta to c%%% 32?%°@A§ ?%Qflrst
passed t hr ougiPva Q‘hémféﬁl: voﬁctl'eh( @@%b@@a%tiWW%ﬁ take | placeadial |y

i nward '”(“&HﬁdﬁﬁﬂgffﬁnpﬁébéﬁfﬁﬂE%ftﬁﬁuéhcgiéé%ﬂﬁ%ﬁﬁéﬁ%'@He"qU'd This 15

may for exaqguf conprise an aqueous solution of a chelated ferric salt that
reacts wilh &P S SFTpRMISI AN F3Ke RIBS FeditcBle b2 E8R ferrous

for mbbThe7I fesid:! ﬁuxﬁe reCIHélui@étﬁCbél'éeﬁattbtﬂTm}ﬁ # Hes legﬁb@stfi@mdrﬁa&?:té@x |
scr ubber in it e r enerate the ferric salt
ond to 1 o b &bt E G RSN e nAT PSRN S r i Cng e
punmp 9 backa:d)_]adﬁn‘c;(nhﬂﬂrml@~ The feed gas 4 is hence de- sul phuri sed. The
vortex scrubbers 5 and 7 are not vul nerable to wavei nduced notion. 25

Al ternatively the sul phur-contam nated natural gas nmay be reacted with
hydr ogentO at a t difjergasiml xfurePBodC ey &y a iy dstbealedne phame sat i on

catal yst, toréfg%ﬁrﬁ LA EDSod LS c NS SfS R Al # 16 be-PASSSE, t hr ough

a 30 bed of an adsorbent (such as Zn0 so the H2S reacts to give H20 and
ZnS). Some &WHMAFHS CudmeTaierrARIET Fhaky thydxperkkeng Bopt The
de-sul phuri sed d8ed gas 10 is passed through a

15 n CO + 2n Hy ----> (CHz)pn + n H0

which is an exothermic reaction, occurring at an elevated
temperature, typically between 200 and 350°C, for example
230°C, and an elevated pressure typically between 2 MPa
20 and 4 MPa, for example 2.5 MPa, in the presence of a
catalyst such as iron, cobalt or fused magnetite, with a
promotor such as potassium. The exact nature of the
organic compounds formed by the reaction depends on the
temperature, the pressure, and the catalyst, as well as
25 the ratio of carbon monoxide to hydrogen. A preferred

catalyst is y-alumina (as a coating) of surface area 140 -
230 mz/g, with about 35% by weight of cobalt with a
ruthenium, platinum, gadolinium or rhenium promotor and a
basicity promoter such as ThO;. The heat given out by

30 this synthesis reaction may be used to provide at least
part of the heat required by the steam/methane reforming
reaction, for example a heat transfer fluid may be used
to transfer the heat from a reactor in which the Fischer-
Tropsch synthesis is occurring, also ensuring the



WO 113/U~8U3-4 _ g _ PCI/ &BU2/11S~2. ~ heat exchanger 11 so it is at about
400C and is then supplied via a fluidic vortex mxer 12 to a first

catal yti Gyhea6lsnsy 14; in the mxer 12 the feed gas is m Xpgy\gh) tream
of steamt hat -Iksg al so at about 400C, 5 the streans enteri ng /‘tﬁhegﬁ‘gr 12

through tangential inlets and following g spiral path to an axial outlet so
t hey becone thoroughly m xed. Both streans nmay be at atnospheric pressure,
or for exanple at a pressure of say 100 kPa above atnospheric. The fl ows
are pref er abt §MREEALUE t Hat thé F Sscher - Feopstle netatorareénains t he

steanf met hang. ££hp! i SLA0%e 113 NEL 4R, ool Laf. 1 BREL CLADI ¥e L S, The
14 a 15 wth e

first part of the reactor Is a pre-reformer _ anic net hanati on
catal yst at P2 STWEIMS t TP bPdrtQl Kap ese FeEringi ¥pacherst eam to form
met hane (and 15 carbon nonoxide); extra steamis required to ensure the
desired steam nmethane ratio js achilgi/]gd after this preformng stage (this

pre-reforfrer 15 B NoTA Pt PRI R | e PR T Wl {atY 422 bARBRARAUS

subst anti al | ¥£ nohéy gheuldl kanss)foAnedl dersed | vieocaévdmslefon &he
pre-refor ner ¢ m . The second the reactor_14 is a

0.1s_platinunrhodi ri. of
Peformer 16 i vat nSIEh M Fhaet i 2ot 50 <an ShEviSh FRehEs nirldnd
st eam r eact emalhbe nstciarbdar rgD xf elsoEnce hydy dgerexgho ste@act $onandgdbe
erforned at o) 890G rj e
gndot herm c ?%%cetj?gans naya%éed ;5 ovi%@g%%gﬁ%ﬁ@oﬁgﬁe?%%%é%ver a
pal | adi Uk? orsPreEe riefm it bl Yot vFamnor agadieht Rpsexpbod cednpetaudd of the
reactor 14. dhe, catal yted'Bod 1o PURSEe By TBi (30 F@&gﬁﬁmg%%(such as

magnesi um hexaal um nate) or nore preferabl’y y-al um na; . % (say
109 by wei JMRT pof | REIMTFIMI R cHERE Yhox | comt it higr/ ok yyepipekinee nay

be supplied é® 4 helatanelsrddudd SiQaesi ed o dhel rgd£ngt Burténengure
conbustion occurs throughout thg%i 35 Ien%%a..The exhaust. gases fromthe

combust i on cHEMRETRS 1P H 1Ll 3D Ugh B sHE St eT = codIRE hERY exchanger
19 WO D8/ piEdidi ng 10l AT /IR e b owame/ méthaest refsimbigt he

t - i bei I dtoth
2t nosphor o 25 BYEARE I R TR P SR 2% b LR BTG Hter 24 ¢
fsregmbtelhgm? e].cb15t TeenRIt IAna lurpl aft daoh s ruximes ants yuelo gevo elerge Eger
i
o na&l&elvmawa;yﬁfs& tthd BoUINL A heal o eiehang

18 to provide the hot steam su e vortex mxer 12, an
t hrough t he SPrieEdreoxdhdgardeed ispumich the Imneesreg ewlowed eed gas.

The m xtag e vsuldese fuiideraieol s ¢, aboiiudlP mdvi assimavd e Lugh, a heat
exchanger 20 cogol ed, by water. An}/, wat er _vagour t hat condenses i s separated

from the gaPStredMihiducteH 1007 P aHHerfiohpressed
reactors, for example as described in PCT/GB2002/004144,

which are typically one-tenth the volume of a
conventional reactor for the same duty, it is feasible to
25 perform this process on a rig or a floating structure.

It will be appreciated from the equations given
above that steam must be provided to perform the
steam/methane reforming reaction, and indeed to ensure

30 that the catalysts do not become coated with coke it is
necessary to provide more moles of steam than of methane.
Ideally all the water provided to perform steam/methane
reforming could be recovered after the Fischer—Trdpsch
synthesis, but in practice additional water is required

35 because of inefficiencies in each stage. For operation
on a rig or a floating structure at sea, it will be '



15 through a conpressor 22 to a pressure in the range 1.0 MPa to 2.5 MPa
(10 to 25 atm). The streamof high pressure carbon nonoxi de and hydrogen
is then sygpbiedsf0 a catalytic reactor 26 in 20 which thecgm?mgﬁgct,
under goi ng Fi scher-Tropsch synthesis to forma paraffin or simlar
compound. This reaction is exothermc, preferably taking place at about
230C, "and the heat generated nay be used to preheat the steam supplied to
t he heat exchanger 18, using a heat 25 exchange fluid such as helium
circul ated REPRERRInead exahasgeh cahazl souihdt he peastopl@6band a steam
generator 2 y i e f e ses. The
GrHH by 159 S &yéltbfml&ﬁ Ja{:m?eﬁ %@ gaa éﬁégﬁéy 8¢

resulting gases. are then passed into a enser Xchange
heat with V\/aFt%Jl'l%"(’ﬁl%‘F%|‘é¢¢‘§‘/ra9312%€at¢ﬁesﬁl§he@ndl kﬁﬁ@g tsaje@s and above)

condense as doticwich @ﬁoﬂp@rﬁsthﬂtmﬁé@ld bai ré*féh%?eoif' LAY d8ebRi ng

passed to t ara 31; the separaied higher alkanes can then be
r enoved t‘%%a]cfisg?eﬁp NEo) tby3*5hefh%h€\rg%%‘?1fP6?r??%% RepaFatbpebl. | s
returned via the WO I 13/ (1~803.~ - 11 PCT/ @BU2/ Ca. ~2~ heat exchangers

28 and 18 to the The watgr fromth ducs24ad25| al so
combined with thlég‘f(ee{ lg%trroe"‘ém‘toTﬁle V\ﬁ?rq' 'feth %%’f)a‘-f‘% ?V%ﬁaijay al so
cont ai n al coHgmi dahi pYeerss bes fohoed an ahﬁlﬁwsdimgrél'mopsche Sfeeact or 26),
so the water, yu f i, P V, | e organic
conpounds begt;{)grie1 |ét6r|§§s %sf 33 ne@ Its%):[¥ h@’?%“ég?é’fgo ‘?Jf %I “Jt“ﬁgt cont ai ns

al cohol sLGQ s BEIGRHeBES ol 3316 18 Kerofl 2ot hawre atd ot cpani ¢ | bbtrredwrmhdot o

produce C0, L&Al ddmpchthd¥Yot OWeT pidh Kangst of r?t{%l
hydr ogen, pass thro r&%h the condenser 30 and areo%%%rlﬁé]ed to aretri gerat ed

condenser 3FARMHH tHey! Sirkl koI RRS $94 dERUTT. @ Thiu idke sverizex r enai n,

consi sting Erpmbearidg yerwahycﬂ{ Oe NF Wb %Mﬁ'%&'ﬁd fethane and
et hane, are passe thro#gj tpres ure-red c turb| ne 33 and fed via a
duct 34 int &% %St 4t WSRO 8 A Va9t 36 TSt he

conbust i1cﬁ1 cu‘raanrfejr ca‘xan’q:ele‘ mcmtpmaaalam |aﬂqut@w:§ CB‘Oljlﬂsld-IhQDﬁ:CH]densed

vapours, N y ropane, butane and water, are passed
to a graV| ty separ 4 %yga{oln% WHTH %qaec%%t"eﬁ Uc]rﬁr'hﬁlrfe‘bswth t he

recycl ed watc@mgaqungs rﬁe‘ldselrﬁartdtﬁrem rethided tthe tdik diwmsrars frc&mycl ed to the
feed |ine 1Gn0 1833t bg et ]nesr ]IE fﬁln cated by the
25 broken line, %Ieclt ricity gener at bfté{tgglmrbl ne y gtlel us to help
drive the cd@ﬁfrt@é%cﬁcw afhen Jdeeﬁlllcﬁl tii sl ahitactheae hweriat Ita esul t of
the progesseedendrbile MGG ¥it GUMETdRI £ UMY precipitate of

sulphur, and then through a filter 8 and a pump 9 back to
the scrubber 5. The feed gas 4 is hence de-sulphurised.
The vortex scrubbers 5 and 7 are not vulnerable to wave-
induced motion.
25

Alternatively the sulphur-contaminated natural gas
may be reacted with hydrogen, at a temperature of 200 -
500°C over a hydro-desulphurisation catalyst, to convert

mercaptans to HzS. The gas can then be passed through a
30 bed of an adsorbent (such as 2ZnO so the HyS reacts to
give H20 and ZnS). Some adsorbents can be regenerated in

situ, producing SO,.

The de-sulphurised feed gas 10 is passed through a



30 nol ecul-ar wei ght hydrocarbons which are typically liquids at anbient
tenperatures. The processes nmay be used at an oil or gas well to convert

met hane ok/Mis8s@ 11 quid hydrocarbon which is easier to p&ﬁ@ﬁ99“ﬁ2435 From
t he stea%?ﬁethane reform ng reaction given W O 03/0~803~ -

PCT/ GB02/ 05- 42- 4 above one woul d expect ftghat the appropriate ratlo bet ween
steam and net hane would be 1 to 1. Howevér, at that ratio there is a
significant risk of coking, and a risk that a significant proportion of the
met hane wi | Ihemt Sxcihargeo theseehlttionat| abrebs#ngeChangr dbpothenn of st eam

| ncreases e, ppoatyon ofc el deoevbaly RaLLE, 12Nfo dﬁcfﬁféés the risk of

coking, although i1f the proportion of steamis too en there is an
i ncreased | i5@&F3HooHC ofeReFPONL &I okit dehe oRHBEETY 0h2 Fhehﬁgeﬁe@ﬁslgsfound t hat

oper ating wikiked sbee &es dhadton rat | O @dmbehyeens 1aBsande laboupr gheeably 1.4
1.5, conblned Wi th short residence tinmes_that are preferably no nore

than 100 s, Qﬁv%%r?ﬁﬁ$l?ﬁiﬁ?%ﬁﬁe%??vm%§e¥o¥2c%PBBHgﬁnﬁﬁRgﬁ%t¥6Fnat|on and

al so a very mm@rmrfmpm@in@a hawerd b padnrgol 88 agogli edc1dbeghl ow
such that the residence tine

rates throu refor r pref er abl

isin the rqﬂb $F"40 ?ﬁPuikf% BHEF2r abPYLAnBEFERBS HR2Y TAE &ber age

t enper at ur e aimrgpleachc gheesmire n ohefoefexamplébat saaboeesubOCof psafer ably
bet ween 800Q 00 tor d t he_reactor
16 to operate undg é@lfga ear@hépﬂée éfﬁ%ngggﬁﬁlégg ﬁﬁ?g%ﬁ%biyoﬁuc he
conpet i kP r egeat o el vRAM: d@ﬁtdmﬂﬁfrml@ﬁerahdost(@anthg $oeam/het banant ed
product s carofshxd der 25 Ands hyspgen hag §ﬁ@w@rsk' f-éfé‘f%ﬁ]{:gn 1tge

st eam net hane refornmng reaction to form carbon nonoxi de_an drogen; and
in the reforfifigf YEetRPITL tHe T8 FeREEPBcEEsihad RTOWEPIRIPRY| 8 than t he

forward reaciitn.a ThecdDIMe RGeS ¢4 Rl pht ONE AaGed] i chephi bhmepor the
slower 30 r actlon o reach e UI|]€£I¢§% %%der t hese circunstances the
t

proportion HHdergadt FABxERetOTBome Hine heand
sel ectivigy cfambmrdnﬁrmxmumx; dextten exerdi 90Beq3br&X pes i @i@@hﬁé the

nmeasur ement s v e assing a prehe ted stea hane mixture
(rM|015)q &%ﬁ r@%ﬁﬁ S8 &84 LT pre

forming stage (this pre reformer 15 would not be required
if the feed gas 4 contained substantially no higher
alkanes). An alternative catalyst for the pre-reformer
20 is platinum/rhodium. The second part of the reactor 14
is a reformer 16 with a platinum/ rhodium catalyst, in
which the methane and steam react to form carbon monoxide
and hydrogen. This reaction may be performed at around
850°C, as described below.
25
The heat for the endothermic reactions may be
provided by combustion of methane over a palladium or
platinum catalyst within adjacent gas flow channels 17 of
the reactor 14. The catalyst may incorporate a metal

30 hexaaluminate (such as magnesium hexaaluminate) or more

preferably y-alumina, with 5 - 20% (say 10%) by weight
palladium/platinum catalyst. The methane/oxygen mixture
may be supplied to the channels 17 in stages along their
length, to ensure combustion occurs throughout their

35 length. The exhaust gases from the combustion channels 17
are passed through a sea water-cooled heat exchanger 19



PCT/ GB02/ (‘1 S-42-4 mul ti channel reactor simlar to that described below with
reference to Figure 2, with a residence tine of 50 ns. The tenperature was

measur ed yiagasdshs i nl et and near the exit froma channeI,P@P@Bgimg er
intermedi ate positions 5 to enable a nean value to be cal cu ated. esul ts

have been obtained as in the Table: InlejgExit Mean CO CH tenp./C tenp./C
tenp./C selectivity conversion /o / 0 726 853 810 92.5 93.8 731 866 815
93.0 94.2 Selectivity for CO production is enhanced by operating 10 with an
exit tenperat@r&2uBBvatadeest nBrEL pPEf ERELIRtaBOVaPEBBCEOTRENBeNEE, nance of

the reactor ths abs@ihenynpao¥ednbyng Petehkeat EBnEhehs%baghéPE fgactor to
about 850C in ﬁhe greﬁggce gf £¥dr0§en as this inEroves subsequent

catal yst act FOIERSC18PALS| RRecLiguidplebert k8 FadaFhryueBgehet duekr Ban
nonoxi de stoisdeopelowt.ratio to feed to the FischerTropsch synthesis
reactor would be about 2 noles hydrogen to 1 nole carbon nonoxide. This

ratio cannot readily be 20 obtained by steanf nethane reformng: as
di scussed above, Eheahetecaittwerdap carbonofionoRitibeandshytirogegas ni xture

has a hydr oggRet&i5&r XJ e} n | evat ed
st eam net hane réﬁ%%@h?ﬁg?nﬁﬁgtfggog oft%% %% %%%?dg%%ﬁ?%ggtﬁ% ¥yarogen to
car bon monoxFRECYSR | d heabsexpargar Hhdteuproeide hhghhat dteaml.

Consequent | ysugbl Bt 6 £h&CheFe I% ORSEEr SYAL Nesh St LEACE] spggeurr ed
there w]| Be.gﬁ excess of hydrogen that renains. Feedﬁﬁgg% |st9%s into the

conbust i th neFXTFARFRT r thctdrWRECHakt bEeFES oedt t b0 gihe Eeedraasni f or m

t enper at ur e Bfe dittwbelti®nhandf @t sheenebbBSAthe SOHRYSLHSC NeRetion to
WO 03/ 0~8113~ &4H£Kﬂ¥ﬁf§2 05-t.2. 1 be initiatef nor e r%adily when t he
reactor is cOITE (2 THATH 2 HHbUSIFHHIah 1 henPotedirPht Wat #enpi%t ure as

| ow as 15 orwasd) .vapeuovehat |conemeds efd | sepancytod fhemptipeesssi s

i nproved, t f 5 directly to the conbustion channels
is decreasetl}:eC ang %%@%nﬁé??r?bfﬁg%r%%éné%i%&%{dteh?% THPERFTOnnent is al so
r educed.lReflt¥oudh rovERR eIRAR 22 to regeressute (suitlxb| earide foro exanpl e

for stean mupwng, refOmBNIAS dSasd Y1) conprises a stack of Fecrall oy

steel plates 91, each plate being generally rectangular, 4S0 nm|ong and
150 mmwi de and 3 mmthick, these dinmensions being given only by way of

exanpl e. On the upperststdmcss ofi gaghrsHah- Pl @& ¥on monoxide and
hydrogen is then supplied to a catalytic reactor 26 in
20 which the gases react, undergoing Fischer-Tropsch
synthesis to form a paraffin or similar compound. This
reaction is exothermic, preferably taking place at about
230°C, and the heat generated may be used to preheat the
steam supplied to the heat exchanger 18, using a heat
25 exchange fluid such as helium circulated between heat
exchange channels in the reactor 26 and a steam generator
28. During this synthesis the volume of the gases
decreases. The resulting gases are then passed into a
condenser 30 in which they exchange heat with water
30 initially at 25°C. The higher alkanes (say C5 and above)
condense as a liquid, as does the water, this mixture of
liquids being passed to a gravity separator 31; the
separated higher alkanes can then be removed as the
desired product.
35
The water from the separator 31 is returned via the



15 41 are rectangul ar grooves 92 of depth 2 nm separated by | ands 43 (eight
such grooves being shown), but there are three different arrangenents of

t he gr oougs ¢$d4s03) the plate 41 shown in the drawi ng the gEpRMas 043 ext end
di agonal |y at an angle of 45 to the |longitudinal axis of 20 the plate 91,
fromtop left to bottomright as shown. in a second type of plate 41 the
grooves 42a (as indicated by broken lines) followa mrror inmge pattern,
extendi ng diagonally at 45 frombottomleft to top right as shown. In a
third type dtedl fxCangass gfdoved 4Ppteakhesmikgrch?ed Byecharardott ed

l'ines) extend-farahd ehutOsthe LeAgrs uds nal saxtempTheaPhat8St s affrer

. assenbled in a stack, with each of the third type of plate 41 (with the

yp
| ongi t udi nalSyi&les BRS 4985ehetRgthet WRRATALBFaft WAV haHPAgoPRFagRooves 42
and a lol ate a/u'éckhhdsrw romla(iangmaﬁi?QOﬂ%tmgaiﬁmeﬁhéZEis@ﬂ@lrafi?ps@lslserrbl i n%
- many plates 41 the stack is conpleted wth.a nk rectan ar ate. The
pl at es 4f?aﬁgﬁ¥8ﬁ%$e%§%ﬁ TgEthele af %?¥fE%F%%aB%nagﬁéméggfﬁ%gg%r%osealed
to each 35 cnémnveC@m¢Mgaobdeep®ag$@y;a¢¢mgoﬁndbsbaﬂoteniy owe i s shown)
50 um t hi Ck{.)f_egghfrﬂela“ 8 @h%%mlc goating Pfye W gf’égﬁ 8(4g.1 - 15

PCT/ GB112/ 0 ckness 15 umcontaining a catalyst naterial, of
appropri at e ahepesl ands wrehueoed ugat Foasmixam h? ghtheaaleehsl$dwihlio each

such groove 92, 42a and 42b. The corrugations.,extend parallel to the flow
direction i % EHH B e?o%ﬁaﬁ?c%héér‘erZ 4%”%r€2\/\el ded to the stack al ong

each sidg; each header 46 defining three conpartnents by virtue of two fins
47 that are also welded to the stack. 10 The fins 97 are one third of the
way al ong the | effth BPWehe2 E3RES fPHMRERAN@ndaNAnECRdiMERYe with a | and

93 (or a porHy@od¥n} heaPsatBsough htN® E50Q¥E3etN3GAERE PARE esidp M ddh

di agonal grooves 42_or 42a, ghs IOM/heaffrs 98 in the formof rectangul ar
caps are therP vl bPEEa R G8NdEARRT at < edRhWRAG! ERGYMLATREPAEi th the
| ongi t udi naltgratoves 31b. |Tha gosksi claat oneadh, sbome)stimgpl ace of each
t hr ee-coiwg)artn}antrh adoe€ }AfG }here “r,n ht én%t)ea(gibe.%hr ee %géacentd header
chanber s;° edth Bei hy a ec¥%n%%?%r FFKE°T net Aéader s 1459 % use of

t he reactor efthdroz, st eanpaesddnehrefign nd ngye assteantdet hagmeturkxing e33 s

supplied to 4 ng, e the.ti h dyas nd t he
resul ting nf%?%f@ﬁgg@%ﬁdgog%%ea%% gg?%o% %%%%%?%eéggsgge?gb§§?ﬁﬁ%%§ﬁ§the
header 48 atthipugh hervahde Rethake/Hie eembuseler chppreldof othde

conpart ment s¢ pf s ot de egdes srdbc@dr the, ofher cndehtbe voE4uhand end as

shown), and so exhaustégggméro t he conbusti on grocess energes through the

conpar t neht SHSBREH'H IHhY 2L FrOPRNF i ghE EARRPRAIYESEShOAE The flow
path for theddsddreo sapptaedcyoséperdopr| 87) headenh Conpetid eate f ass shown)

i's through the di | 92 | the bot t i ddl e head
corpar tment SAIETFEAT Yo% THTETHRE (FRECF abHal - GF ooveR 922 | ot her

plates in thehile the alkanes are recycled to the feed line 10 so as
to be fed into the pre-reformer 15, As indicated by the
25 broken line, electricity generated by the turbine 33 may

be used to help drive the compressor 22.

When used in this fashion the overall result of the
processes is that methane is converted to higher
30 molecular weight hydrocarbons which are typically liquids
at ambient temperatures. The processes may be used at an
0il or gas well to convert methane gas into a liquid

hydrocarbon which is easier to transport.

35 From the steam/methane reforming reaction given




35 stack into the top-right header conpartnment. Hence the gas flows are at

| east partially counter-current, so that WO 03/ 0~803~ PCT/ GB02/ O5~2~ - 16
t he hott &gdose@hn i n the combustion channels, which is npaf/caigedp] et to

t hose channels, is closest to the outlet for the steanm nethane reformng
reaction. 5 The headers 46 and 48 each gomrise a sinple rectangular cap
seal ed around its periphery to the outside of the stack so as to cover part
of one face of the stack. They may be wel ded onto the outside of the stack.
Al t er nat i velapovief oRel tWratl bfexnactyddidt die arprernila bt evat bol pressemes, it

my be adequatsant Qrfd aE AR headel whamess; 46,y 48. o0t 0 Lhe oyt side of the

stack. In either case it will be appreciated that a?ter a period of use, if

the catal ysttdt%itt¥fd® orS Both B i@ thanndt ©haebetomeapenttiszhen the
headlers 46 ad‘nﬁat9&f Iﬁﬁl)grbﬁiﬂ&srﬁerﬂl\@bd ?i@}o@ﬁ‘éh@_?_ﬂeﬁlﬂ@n%%f%%%‘ggng ]
catal ystcarryi oils renpve repl aced. e headers can then
be re-at tcgcﬁ%ﬂg%lgto Wwing rﬁ@%f@é?st?&tfﬁ%ﬁ?ﬂ%e“i?ﬁér%ﬁfﬂrqm%%s%t?ﬁm 20
cerani ¢ on timereasesgatted frigertdidbn ft e tfHaovwe cirennetsagtmy, hendli fferent in
successi ve iRt , hat. .the catalyst materials my
differ al soge%tgr%%ggtsrrﬁl@lg ﬁe%gofé;rﬁog&%gtgh%lctoh L%%%efél% r%r?pno%feorbf t he
gas fl ow chafnelteamand Aigxcdnigh ithamahetteeri gasn flrow s ehannel s. The

reactor 40 fl‘lrk@q.hforo@no_tfh%a%ﬁ:tne%i‘}%ﬁregeg{Foﬁdas%lé}f s%ggp%%egege{naperform ng

Fi scher-Tropsch synthesis. Because pl ates ormn ck are

bonded tdyetifend; Ké agaLHe 5\ idiartdils aarsd s’ ma tgang aperio fafom
conmmuni cat i getWicleh heademrs 46 @ ARreramd f he 8Qdimensi g idfed he g ates

41 and grooves 92 are such that pressures in the alternate gas flow

channel s may 58 L SRSIAETSR Y- dis ANSUAGFHSTRRL Y I F1%eh Wraat tern of
t he ?:orrugatL@d) frei, | @iﬁmmﬁmmg@l @@gde@t][iﬁﬁeiwrfd‘zhaimﬂjl orftdndridsaididlst
catalytic acgtivity, an ence 35 provide.for control over the tenperatures
or reacti on%ﬁoé:{n stsigtn (ﬁné]ggésrﬂ apé’!oeﬁtys hhgh fF pesign ZR)fe mﬁ%anew O

(13/ U-8(11B~ unde?goRGT @B@Et2/i08~2- Iheorfrilugatred «f<0itsr Adyhmeheaalrsf denaghaped,
for exanpl e w per.f i rant r m_xi f.the fluid wthin the
channel s 42.1\@FE:}teh§rrr$gegIa€g ts ol ?ﬁ%r{?})tﬁes %quqn’iaeécbeem &foi'd o' il yst. 5
It will be agpoeciZdt &@ & Mshe moirgt e effemabdy taudt &k memy The of a

different siazR rbigePicealdetdth i@ 1103398 2400 chakeR0 Ny ltcmag’rek_%% e £40% MM
wi de), and that the di agonal grooves 92 and 42a may have a di f'erent
is above 7507C, preferably between 800°C and 900°C.
20
Such a short residence time enables the reactor 16
to operate under what appears to be a non-equilibrium
condition. The competing reaction between carbon monoxide
and steam to form the unwanted products carbon dioxide
25 and hydrogen has slower kinetics than the steam/methane
reforming reaction to form carbon monoxide and hydrogen;
and in the reforming reaction the reverse process has
slower kinetics than the forward reaction. The short
residence time allows insufficient time for the slower
30 reactions to reach equilibrium. Under these
circumstances the proportion of methane undergoing
reaction may exceed 90%, and the selectivity for carbon
monoxide can exceed 90%.

35 Experimental measurements have been made, passing a
preheated steam/methane mixture (ratio 1.5) through a



10 orientation (typically between 30 and 90), for exanple the plates m ght
be 800 nm by 400 mm and the grooves be at about 56 to the |ongitudinal
axis (I'f WwHesssase three header conpartnents along each si about
63 (if there are four header conpartnents). In every casebgﬁ)ec@g('%tééders
ensure the fluid in those sets of chanpe{s follows a serpentine path along
the reactor. In a nodification to the reactor 40, the foils 44 are again of
Fecral loy material, but the catalyst 20 material is deposited directly onto
the oxide | dyettbfhapeekereartoy. shattorutarthathdesctheedenelion wOths to
be used for Fischencdrppsphgsypt besisent he g ngkssg2 for 25 that
reacti on may_decrease in mﬁ%th, and possibfygg?é%Q%;% ﬁ? §ko%g Their

|l ength, so ag'§ o-¥BPGTRRHRTE| URE PERSHEDRANERBNEhe ahule heahdatear biss

transfer coedtitci endm.auhangel heasyndhestBef eﬁﬁﬁéﬂﬂeébgtgaﬁoyﬂ:f&g
- decr eases qu q%ggﬁgroprlate tﬂpertng?of t he channels 42 the gas 0

vel ocity Tay- D& af nBE*AsVEheS rBACYT ofP protekdd: FuResietmdreayee pitch
or pattern diedrheolvoaingdtes foitlse 9Balmby: vary al ong a reactor channel 42
to adjust catalytic activity, and hence provide for control over the
tenperatures or reaction rates at different points in 35 the reactor 90.
WO (13111~803inletg PCT/ @Bl2/ Ca- 42- eWhen a reactor such as ghe reactor
40 is used foremreatiC ons teamwee’t gasesmphdf Cgenss bd et gasepus, products then
the orientation of the channels is not of concern. B%FbmeveFoﬁﬁfésdfﬁﬂuct
may be a liquid, it may be preferable to arrange the reactor 40°so that the
fl ow paths for kS reactio | ope do dly, to sure that y liquid
that is forned 3PFI drain o§?§of t he gﬂ%ﬁ%els 42. sﬁtﬁ t he gasggrgmﬁng
al ong the corru ions int 10 foils any liquid tends to _be
entrained, so n?%ﬁnising Iiggéd build-&ﬁﬁ%n t he sugﬁaee of the9éa?alyst. It
w Il be appreciated that the although the heat for the steam nethane
reform ng reaction may be provided 15 by catal ytic conbustion in adjacent
channel s (asedesdriibed dbove)Q modrctaldrerimatdntaridiel contypsddan gy take
pl ace i n ernal G S |.am o f 1 Qw burner), e very hot
exhaust qg(gsgg)ﬁglt arz;ﬁoeli{w%gtgém regrli%%)o% b%oﬁ% péa@;ecfd t"}?rroeué:ﬁeté?e‘%’ ond gas
f1 ow channele®o® &G ke r dra dqre i ofarkieyufe thd recauntrercaturalent Heo t he
met hane f | oWnpihve £ ti ot forner .16 .to
reach a final pE,errp,er ?u%%&ai%%@;té g%(?%alﬁ%z eth% sﬁé;%acgtg)ri tt%:ss?l br?c‘fltt
essential t &% Gvitde Wife HrE9eNGH ah & YEGRSIesHi &% didindmpreiviels cer ani ¢
coating or 2abeatmleyst cdrdl wichdridigyoul d neverthel ess enhance heat
transfeﬁﬁpetmeen t he second gas fl ow channel carrying the hot exhaust gas
and the Teactants in the pre-reforner and reforner channels, by
transferring hea®st dndieatephraiicdweg phat @sie4l. hlyidriddenc e@busiicen channel s
of the catalytigc: r t Qr. A alytic _conbuystion i s used to generate
t he heat (a@gﬁhgﬁggtéﬁggiﬁJé$%%ﬁ%ﬁ%%%%ﬁ°¥59aﬁé§p ytgﬁsgpﬁcggrEOated with
a thin porodigopaeht syateisd s apactogowas ldobeesboutt 2t me leanhagdiroatnt he gas
mxture W thot hempatalkshoanthor@xiGRL 1 &hikheat93CtEANEALE R30I gyl arly 35
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0 obtained by steam/methane reforming: as discussed above,

at a steam/methane ratio of 1.0 the resulting gas mixture
has a hydrogen to carbon monoxide ratio 3 to 1, and at
the elevated steam/methane ratios that must be adopted to

avoid coking the hydrogen to carbon monoxide ratio is

25 above 3, and may be as high as 4 to 1. Consequently,
after the Fischer-Tropsch synthesis reaction has occurred
there will be an excess of hydrogen that remains. Feeding
this gas into the combustion channel of the reactor 14
has been found to give a more uniform temperature

30 distribution, and also enables the combustion reaction to
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15 41 are rectangular grooves 42 of depth 2 mm separated by
lands 43 (eight such grooves being shown), but there are
three different arrangements of the grooves 42. 1In the
plate 41 shown in the drawing the grooves 42 extend
diagonally at an angle of 45° to the longitudinal axis of
20 the plate 41, from top left to bottom right as shown. 1In
a second type of plate 41 the grooves 42a (as indicated
by broken lines) follow a mirror image pattern, extending
diagonally at 45° from bottom left to top right as shown.
In a third type of plate 41 the grooves 42b (as
25 indicated by chain dotted lines) extend parallel to the

longitudinal axis.

The plates 41 are assembled in a stack, with each of
the third type of plate 41 (with the longitudinal grooves
30 42b) being between a plate with diagonal grooves 42 and a
plate with mirror image diagonal grooves 42a, and after
assembling many plates 41 the stack is completed with a
blank rectangular plate. The plates 41 are compressed
together and diffusion bonded, so they are sealed to each
35 other. Corrugated Fecralloy alloy foils 44 (only one is

shown) 50 um thick coated with a ceramic coating of
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process. a portion of the plates with no groove) in each plate 41
with diagonal grooves 42 or 42a. Gas flow headers 48 in
the form of rectangular caps are then welded onto the
15 stack at each end, communicating with the longitudinal
grooves 41b. In a modification (not shown), in place of
each three-compartment header 46 there might instead be
three adjacent header chambers, each being a rectangular
cap like the headers 48.
20
In use of the reactor 40 for steam/methane
reforming, a steam/methane mixture is supplied to the
header 48 at one end (the right hand end as shown), and
the resulting mixture of hydrogen and carbon monoxide
25 emerges through the header 48 at the other end.
Methane/air mixture is supplied to the compartments of
both headers 46 at the other end (the left hand end as
shown), and so exhaust gas from the combustion process
emerges through the compartments of both headers 46 at
30 the right hand end as shown. The flow path for the
mixture supplied to the top-left header compartment (as
shown) is through the diagonal grooves 42 into the
bottom-middle header compartment, and then to flow
through the diagonal grooves 42a in other plates in the
35 stack into the top-right header compartment. Hence the
gas flows are at least partially counter-current, so that
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20 ceramic on the corrugated foils 44 in the flow channels
may be different in successive plates 41 in the stack,
and that the catalyst materials may differ also. For
example the ceramic might comprise alumina in one of the
gas flow channels, and zirconia in the other gas flow
25 channels. The reactor 40 formed from the plates 41 might
also be suitable for performing Fischer-Tropsch
synthesis. Because the plates 41 forming the stack are
bonded together the gas flow channels are gas tight
(apart from communication with headers 46 or 48), and the
30 dimensions of the plates 41 and grooves 42 are such that
pressures in the alternate gas flow channels may be
considerably different. Furthermore the pitch or pattern
of the corrugated foils 44 may vary along a reactor
channel 42 to adjust catalytic activity, and hence
35 provide for control over the temperatures or reaction

rates at different points in the reactor 40. The
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It will be appreciated that the plates forming the

stack may be of a different size (typically in the range
400 - 1200 mm long, 150 - 600 mm wide), and that the
diagonal grooves 42 and 42a may have a different

10 orientation (typically between 30° and 90°), for example
the plates might be 800 mm by 400 mm, and the grooves be
at about 56° to the longitudinal axis (if there are three
header compartments along each side) or at about 63° (if
there are four header compartments). In every case the

15 headers ensure the fluid in those sets of channels

follows a serpentine path along the reactor.

In a modification to the reactor 40, the foils 44
are again of Fecralloy material, but the catalyst
20 material is deposited directly onto the oxide layer of
the Fecralloy.

Particularly where the reactor 40 is to be used for
Fischer-Tropsch synthesis, the gas flow channels 42 for
25 that reaction may decrease in width, and possibly also
depth, along their length, so as to vary the fluid flow
conditions, and the heat or mass transfer coefficients.
During the synthesis reaction the gas volume decreases,
and by appropriate tapering of the channels 42 the gas
30 velocity may be maintained as the reaction proceeds.
Furthermore the pitch or pattern of the corrugated foils
44 may vary along a reactor channel 42 to adjust
catalytic activity, and hence provide for control over
the temperatures or reaction rates at different points in
35 the reactor 40.



"W " v##z X9 PL
& 10%& ()-!9% 10%b& ()--!s! F'10%b&' () -y! S@10%b&' () - @&10%& ()-! Sy10%b&
'()-##e$$§§%§§#%g§2510%&'()- 10b 10b 10b  910%& ()- 710% &cticHnt/s439
"109BbBb& () -S'90 "109% } & () - S$P$URE' } [ <g\ =9
@ov& ()-!,93"10%& ()-@v '10% : & ()- l!ﬂQW@ﬁ&T()- 1's109%&' ()-Sy1l0%&' ()-""'(
))*+zX6g\=! "'Y@ '10% ()- !'Y@ '10% ()- TY@ ' 109%&' () -
TOFGT10%& () - '# 9FG' 109 () -: !, 9FG 109K () -: ++++*++ -oM=! Y@ ' 10%W D &
M10% " & ()-f!Dm& mM10% "& ()-f!:110% & ()-!*:110%" "& ()- 10 10
10-/0S002u2v2zX9/ 103 & redO¥B& Lheh'!dsS&he reactor 40 is used for
reactions between gases that generate gaseous products
then the orientation of the channels is not of concern.
5 However if a product may be a liquid, it may be
preferable to arrange the reactor 40 so that the flow
paths for this reaction slope downwardly, to ensure that
any liquid that is formed will drain out of the channels
42. With the gas flowing along the corrugations in the
10 foils 44, any liguid tends to be entrained, so minimising

liguid build-up on the surface of the catalyst.

It will be appreciated that the although the heat
for the steam/methane reforming reaction may be provided
15 by catalytic combustion in adjacent channels (as
described above), as an alternative the combustion may
take place in an external burner (such as a laminar flow
burner), the very hot exhaust gases at about 900 or
1000°C being passed through the second gas flow channels
20 of the reactor 14 of Figure 1 in counter-current to the
methane flow; this can enable the reacting gases in the
reformer 16 to reach a final temperature of as much as
900°C. In this case it is not essential to provide the
foils in the combustion channels with ceramic coating or
25 catalyst, but such foils would nevertheless enhance heat
transfer between the second gas flow channel carrying the
hot exhaust gas and the reactants in the pre-reformer and
reformer channels, by transferring heat to the separating
plates 41. 1In the combustion channels of the catalytic
30 reactor 14, if catalytic combustion is used to generate
the heat (as indicated), the combustion catalyst may
itself be coated with a thin porous inert ceramic layer,
so as to restrict the contact of the gas mixture with the
catalyst and so restrict the reaction rate particularly
35 at the start of the channel.
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say 400°C before supplying gases, to ensure catalytic
combustion occurs. Such electrical heating may also be
used during operation to adjust the reactor temperature.
Electrical heating may also be used in the vicinity of
the outlet from the reactor 14 to ensure that a
temperature of say 900°C is reached by the gases

undergoing the reforming reaction.

As mentioned above the reactor may differ in size or
shape from that shown in figure 2. A single such plate
might instead for example be 1.0 m by 0.5 m. The stack
forming a reactor might be 0.8 m thick. Several such
reactors may be combined into a reaction module, for
example ten such reactors might form a module provided
with pipes interconnected so the gas flows are in
parallel through all the reactors in the module. Such a
module may be small enough to be transported in an ISO
structural frame, and yet have sufficient capacity to
produce synthesis gas equivalent to 1000 barrels per day
of synthetic oil.

A practical plant may need to include several such
modules, all being operated with gas flows in parallel,
although it may not be necessary to replicate the other
features (e.g. heat exchangers 18, 11, 20 etc. and
separators 31 and 35) of the plant. Thus there might be
say six or ten modules made up of the reactors 14, and
the same number of modules of Fischer-Tropsch reactors
26. This has the benefit that if the catalysts in one
module need to be replaced, that module may be
disconnected and taken away for servicing, while allowing

1109 MBY () - s&&* 1
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permeable catalyst structure, the residence time in the

channel being less than 0.5 second, and both the average

10 temperature along the channel and the exit temperature of
the channel being in the range 750°C to 900°C, wherein
the steam is supplied at least in part by condensing

water vapour from combustion of a combustible gas.

15 2. A process as claimed in claim 1 wherein the
combustible gas from which at least part of the steam is

derived comprises methane.

3. A process as claimed in claim 1 or claim 2 wherein
20 the reforming reaction is carried out at atmospheric

pressure.

4, A process as claimed in any one of the preceding
claims wherein the ratio of steam to methane is in the
25 range 1.3 to 1.6.

5. A process as claimed in any one of the preceding
claims performed using a catalytic reactor defining
adjacent channels for the steam/methane reforming

30 reaction and for an exothermic reaction, arranged
alternately, the exothermic reaction being the combustion
of the combustible gas from which at least a part of the
steam is derived.

35 6. A process as claimed in any one of the preceding
claims wherein the combustible gases comprise both
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10 steam/methane reforming process to a subsequent Fischer-
Tropsch synthesis.

9. A process as claimed in any one of the preceding
claims wherein the steam is supplied in part by

15 condensing water vapour emerging from the steam/reforming
process.

10. A process as claimed in any one of the preceding
claims wherein the steam is supplied in part by water

20 generated by subjecting the carbon monoxide and hydrogen
from the steam/methane reforming process to a subsequent
Fischer-Tropsch synthesis.

11. A process as claimed in claim 10 wherein the stream

25 supplied from the Fischer-Tropsch synthesis to the
steam/methane reforming includes not only steam but
vapour of water-soluble organic compounds generated in
the said synthesis.

30 12. Plant for processing methane by a process as claimed
in any one of the preceding claims,



