HYDROGEN PURI FI CATI ON DEVI CES, COMPONENTS, AND FUEL
PROCESSI NG SYSTEMS CONTAI NI NG THE SAME Field of the
Di scl'osure The present disclosure is generally rel ated
to the purification of hydrogen gas, and nore
specifically to hydrogen purification devices,
conponents, and fuel processing and fuel cell systens
cont ai ni ng the sanme. Background of the Disclosure
Purified hydrogen is used in the manufacture of many
products including netals, edible fats and oils, and
sem CoNMOROGENPURIFICATRENESEVIORS CSOMPENENTS SAND

hydr ogen s PRoCESINGEYSTERE doretAIRONG TaiEfgAMETaNy
energy conversion devices. For exanple, fuel cells
use purified hydrogen and an oxidant to produce an

el ectrical potenti alEieldafitoeDisploecesses and devi ces
may be used to produce the hydrogen gas that is
consuned bie tphesehbelischslitesis Mameyalhy delagdnto Preopurifidabion of
processes, however, produce an inpure hydrogen stream
hwiioen gasg anslo ere esnecifigallyt otoashyalredere dpyifisation edayices,
t hat contai ns hydrogen gas and other gases. Prior to
CRIBPPRASS i dtfHelsPreegseig ang frek epd|syslems @ntajpiagkheramael
cells, the m xed gas stream may be purified, such as
to renove undesirable inpurities. Brief Description

of the Drawings Fig. 1 is q:%chen?tic view of a
hydr ogen purifica@ggﬁm@€¥L%é%§#¥§¥x%i$s a schematic
- i | Vi f hyd i fi '
devi ce 1 | TUSIPaYorgleR inedl RS raaPiieuis” d iy mragucts
intcm%ng' H%{alllsg Gdible I?Q/tg ra%ge ESS ghg %Erln}{cgng&??ﬂ’sa%}l\% mkrgélgctro%ics.
I'S a - schendti -sec vi'ew of ~a hydr ogen

C Cross-sectfona
Purified hydrogen also is an important fuel source for many energy conversion

devices. For example, fuel cells use purified hydrogen and an oxidant to
produce an electrical potential. Various processes and devices may be used to
produce the hydrogen gas that is consumed by the fuel cells. Many hydrogen-
production processes, however, produce an impure hydrogen stream, which
may also be referred to as a mixed gas stream that contains hydrogen gas and
other gases. Prior to delivering this stream to a fuel cell or stack of fuel cells,
the mixed gas strearm may be purified, such as to remove undesirable

impurities.

Brief Description of the Drawings

Fig. 1 is a schematic view of a hydrogen purification device.
Fig. 2 is a schematic cross-sectional view of a hydrogen
purification device illustrating examples of separation assemblies that include a

hydrogen-selective membrane.



purification device constructed according to the
present disclosure. Fig. 4 is a fragnentary
cross-sectional detail showi ng portions of the

hydr ogen- sel ecti ve nenbrane, the nmenbrane support, and
the perneate- side end plate of the device of Fig. 3.
Fig. 5is a schematic cross-sectional view of another
hydrogen purification device constructed according to
the present disclosure. Fig. 6 is a fragnentary
cross-sectional detail show ng the hydrogen-selective

menbr ane, righg FEMHIr AR FIRP Urbss-sBoRRMUAAN oD, hgdﬁ@lgen
the perneate-side end plate of the device of Fig. 5.

pliifiatidn idSvide E6RYNR MRS A oIS o SRGIrbadM disdRbald. show ng
a hydrogen purification device containing a variation
of the nmenrbrane apashroénthing croBs-s&tthnalb detsil shbwagnpattiany of
cross-sectional detail schematically illustrating a
theehydreg@r-sdedlvef membdartzy thendemigrahb esuppony and the peireeate-
encl osure of the hydrogen purification device. Fig. 9
siflg end plogg netiteateyiceraddig.skct i onal detail schematically
illustrating a seal formed by diffusion bonding the
menbr ane ki ¥ He @ sehersalic cbs-SErEONy dieyyeh another hydrogen
purification device. Fig. 10 is a fragnentary
PEHITgHoR deYir Frstyetesdi accaicignie thearesent discigseieat i ng a
seal forned by brazing the nenbrane to the encl osure
of the hy8r®gsn EbufngmegRai%ncwév.se@!onﬁl gletg] saowypg the
expl oded isonetric view of another hydrogen
BT SeeitiR Thebbsce i Pt te Suetur g Fesnrage ped, and
th@rp%%%ggteg%igg!a&?Hra.‘!?é of 1 -delz?c[e' o Fy Schemat i c
anot her

cross-sectional "view o iydrogen purification

devi ce Coﬁétfz%cg ?%g%%%rq' c@gsst—ge&ilaﬁaIpde%acﬁﬁgltlowing a hydrogen

di scl osure:
purification device containing a variation of the membrane pad of Fig. 6.

Fig. 8 is a fragmentary cross-sectional detail schematically
illustrating a perimeter seal formed by welding the membrane to the enclosure
of the hydrogen purification device.

Fig. 9 is a fragmentary cross-sectional detail schematically
ilustrating a seal formed by diffusion bonding the membrane to the enclosure of
the hydrogen purification device.

Fig. 10 is a fragmentary cross-sectional detail schematically
illustrating a seal formed by brazing the membrane to the enclosure of the
hydrogen purification device.

Fig. 11 is an exploded isometric view of another hydrogen
purification device constructed according to the present disclosure.

Fig. 12 is a schematic cross-sectional view of another hydrogen

purification device constructed according to the present disclosure.
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Fig. 13 is a schematic cross-sectional view of another
hydrogen purification device constructed according to
the present disclosure. Fig. 14 is an expl oded
isometric view of a hydrogen purification device
according to the present disclosure that includes an

i nsul ated heating assenbly. Fig. 15 is a schematic

di agram of a fuel processing systemthat includes a
fuel processor and a hydrogen purification device
constructed according to the present disclosure. Fig.

16 is a sghemdtii G diREA &Bs@sédﬂ%halp(/@ﬁfeéfsérﬁk@th§:y§§'&%ben
that includes a fuel processor integrated with a

plFHa88 8 Repids L:émgtatctéma&aw:ﬁgﬁto aeCitesdit@idcdste present
di sclosure. Fig. 17 is a schematic di agram of anot her

fuel procegsos it at expldtddudescait vietveor atigdrduedr o@Hitation
purification device constructed according to the
deuies entording cloother presémigdisdi8sure has ¢iundetsi an dhsagatadnhebiting
a fuel cell systemthat includes a hydrogen
aggemibfy.cati on devi ce constructed according to the
present disclosure. Detailed Description and Best
Mode of tHe- b delrosdhemapcidjagrament puief pogesstig exslemethat
is schematically illustrated in Fig. 1 and generally
inclydpe at dyehatPrasssee ?ne e@10YHREFUdRS T2l ydevife constructed
enclosure, 12 that defines an internal conpartnent 18
aGeprdjipg Ehthe HEpt S UBs senbl y 20 is  positioned. A

d 24 26
other gacEg 168 hescuarbe, dhstdmats o Jebatiesd Sigem tet
gL 1 TRBIASTRY ol RAF 2 3!5* 0 PRGBS device
< BB BORAILIRNL and [ nto contact wi th
Separation ‘a _

ssenbl Separation 3
Fig. 17 is a schematic diagram of another fuel processor that

fncludes an integrated hydrogen purification device constructed according to the

present disclosure.
Fig. 18 is a schematic diagram of a fuel cell system that includes a

hydrogen purification device constructed according to the present disclosure.

Detailed Description and Best Mode of the Disclosure

A hydrogen purification device is schematically illustrated in Fig. 1
and generally indicated at 10. Device 10 includes a body, or enclosure, 12 that
definas an internal compartment 18 in which a separation assembly 20 is
positioned. A mixed gas stream 24 containing hydrogen gas 26 and other gases
28 is delivered under pressure to the internal compa‘rtment. More specifically,
the mixed gas stream is delivered to a mixed gas region 30 of the internal

compartment and into contact with separation assembly 20. Separation
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assenbly 20 includes at |east one hydrogen-sel ective
and/ or hydrogen perneabl e nenbrane 46 and upon
recei pt of the m xed gas stredm under pressure is
adapted to produce therefroma perneate, or
hydrogen-rich, stream 34 containing hydrogen gas of
greater purity than in the m xed gas streamand a
byproduct stream 36 containing at |east a substantia
portion of the other gases. Stream 34 typically wll
contain pure, or at |east substantially pure,

add¥AbROE) OmeludEDWBY eleast! tond tHpiibgeRescReaPE 8hd/oPehydrogen
di sclosure that stream 34 nay at least initially also

perifdabe néerfiahé ©f6 288 SR PecefRSOfTC EHEDOMREY dawl dthednhainder
appropriate addition of at |east one input port in the

preesuread eddpegd o pfatuct hieereSvmed pgasgate) or bywrogen-rich, stream
illustrated exanple, the first portion of the m xed

34 asntasinmgeaydrobat gpassgeatdirmugh thére irsdpanaded @as stream and
assenbly enters a perneate region 32 of the interna

a dopprtcireiteamThe soptainineratofasthe seibxtedtiglagorsion ex{nthe other
forms hydrogen-rich perneate stream 34, and the

gasgg.ondtrpaint $briypcalvhwilhicgrigingagre, sarr dalfesh avbipriilopure,
pass through the separation assenbly forns a byproduct

hyshr PN P 3B, SYRF- ot Hlih $ha SCIReaslt ”ﬁ gﬁﬁigf"ﬁ'ﬁtﬁha stream 34
gortlon of the other gases. Illustrative exanp

m hé’%éeaSH’HB'?”Vg%\E%é“C"f P PHER WV PUBEPER, E° Q?B“Fioé'ef‘ﬁ IIth the

“HiYigF AR otlertioon Bt bk %ara%r'n*‘%%%ﬂ%@?aior the

ck fron1mh|ch the m xed gas stream was forned,
ﬂaﬁﬁgi%gnitrogen and met hane. The foregoi ng exanpl es

are not TRIHd lisubfed BxdinBRethe! ftsfdortil t"a'r%%‘# (A8%mixed gas

streans, as the compositi O

stRbafS 8t dR3s@& BRbLGIE 't“eageﬂgré(t% Q%nﬁ}l %ﬁf@rWal pl)ean%@ga tRion
vary according to such factors as the process by

32\BF €k (el ¥68 pSdmeht." el Pasichsm®ed, mixed dRaatad Sorms

fromwhich the m xed gas stream was forned, the
hyap&feat tidtg penehtt | oRBInTlgA] Agd thbeetoidrabitn of tHehmixed gas

m xed gas stream etc. Byproduct stream 36 wl |
stteppi dadtldoes not pass through the separation assembly forms a byproduct
stream 36, which contains at least a substantial portion of the other gases.
IHustrative examples of these “other gases” that individually or collectively may
be present in the byproduct stream include one or mere of carbon dioxide,
carbon monoxide, unreacted feedstock from which the mixed gas streanﬁ was
formed, water, nitrogen and methane. The foregoing examples are not required
to be present in all mixed gas streams, as the composition of the “other gases”
present in a particular mixed gas stream will tend to vary according to such
factors as the process by which the mixed gas stream was formed, the reactants

from which the mixed gas stream was formed, the operating conditions during

the formation of the mixed gas stream, etc. Byproduct stream 36 will typically
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4 contain a portion of the hydrogen gas present in the
m xed gas stream It is also within the scope of the
di scl bsure that the separation assenbly is adapted to
trap or otherwise retain at |east a substantia
portion of the other gases, which will be renoved as
a byproduct stream as the assenbly is replaced,
regenerated, or otherw se recharged. In Fig. 1,
streans 24, 34, and 36 are neant to schematically
represent that each of streans 24, 34, and 36 may
chit&inUg @oPBireof iRt hRi8gée YHd preseht ﬂﬁﬂﬁ:ef b gad Blréardl 1t is
out of device 10. For exanple, device 10 may receive
alRb Wigin tieedeopler Fame f<tiosarsthigltRe StpfativR 4sédnatly iisS adapted
divided into plural streans prior to contacting
ts epar at bhenass artdiy a20eagira Subgmbytial sortigh eofstheeathet lases,
is delivered into conpartnment 18. Simlarly, the
wpishneilt be arthorned et galsypsoduehmready aanithe38ssamply is replaced,
respectively be withdrawn as single streans or as two
regienemgted, ostotkeiwise Beldrged.10 typically is operated at
el evated tenperatures and/or pressures. For exanple,
devi ce 10IM#E-He Bisams éd. att E9El e tadd) MeFMp kY gt:l'mr@@cally
in the range of amnbi ent tenperatures up,to 7000 C or
reppesent F'Wtr‘r‘ﬁﬁ@/ of SWERIBF HBNEY, ANcheP 5’@|VéE‘E’%‘E‘F F@ﬁ%é’?ﬁé@@?@cwa'
will pbe in the rang f 200 C and 5000 C,
Sté%%cf{g’%‘?ﬁ §‘t°t%e°”§é§ecﬁet Vi tember &8 e\mdleP"CBelq Waty H’Sce“’e
ra 250 and 400 C._a
L e et dmS it L epdls ated e i Vit R @rurgpsigeams
t he v,
pr%r Q) {: lﬁggi n% égp%gat ne%se regsc,%l,?l‘e%z s!r%f) ylge) sqﬁfl %ﬁ‘e?m that is

pera In

déﬁ’/QF lhfga&?rl'lé’a he se ect ﬁaﬂ'Q'Rptfpes el‘?ﬁeaﬁ?%ﬁd rm!cé‘d ﬁé@éftreams

I ments, pressu eint

34 %HS%Sorﬁ’na?Qeﬁﬁe'ctz@é]? bedRhRawla 2 Hsdie st@a%hﬁ‘ras two or more
nbodi men the selected pressure w| | ess than

st¥hgpsi or less than 250 psi, and in st|II ot her
enbodi nents, the sel ected
Device 10 typically is operated at elevated temperatures and/or

pressures, For example, device 10 may be operated at (selected) temperatures
in the range of ambient temperatures up to 700°C or more. In many
embodiments, the selected temperature will be in the range of 2002 C and
5000 C, in other embodiments, the selected temperature will be in the range of
2500 C and 4000 C. and in still other embodiments, the selected temperature
will be 4000 C % either 252 C, 50° C, or 750 C. Device 10 may be operated at
{selected) pressures in the range of approximately 50 psi and 1000 psi or more,
In many embodiments, the selected pressure will be in the range of 50 psi and
250 or 500 psi, in other emboediments, the selected pressure wili be less than
300 psi or less than 250 psi, and in still other embodiments, the selected

pressure will be 175 psi £ either 25 psi, 50 psi, or 75 psi.
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pressure will be 175 psi either 25 psi, 50 psi, or 75
psi. 5 As a result, enclosure 12 typically is a
pressure vessel that is configured to withstand the
el evat ed tenperatures and/or pressures discussed
above. Additionally, the enclosure nust be
sufficiently sealed for proper operation of the
hydrogen purification device. It should be understood
that as used herein with reference to the enclosure,
the term"sealed" refers to the gas tightness or
integrityadfa theipretosuee12 aypichs abil preysiat ddieel that is
encl osure to contain gas streans and prevent those
c@fig usddr @aWRhaBad Qhe @ldvated) BSnSdroRaes ahd/mpressuerd digcussed
and/or exiting the encl osure except through intended
alpoet s, Addilddnallg, théieendysute musidbet suficidntby peel@dcfor proper
ports 64, 66, and 68 di scussed bel ow. Moreover, it
opstratidrd ob theuytrpgero pdrifidedion adevisse ditlsbpeidnbariindherstood that as
reference to operating paranmeters like tenperature or
ugpddiatainavith miereaeento dfed entlexirerbedesmt sealelet fefrrd tothe gas
predeterm ned threshold val ues or ranges of val ues, _
tightpessaevintag ity of HirienmigruassYcingt aRllity GhpbaeRtigsye|tAgontain
configured to operate at or within thes sel ect ed
93PaFiERIMS FRdsRre¥eTe s HrePuEI Y P AnBYEF FaTegi g5ens from
efined or redet erm ned accordi,ng to.such factors as
ertiand Pl PTG cHPT R Pt ERot iidd BEenandoas
structure is. bej e t he..C 1t]o f flLuj
g, Sk Pkl EnBRElls R BT B o liissebfien

mBleob B & OLHSRP YA AGe RN BratUSE useB RERIPIGES reference to
regul at Sars y tc.

ory and/or requi renents, etc a

ot dileha raHeE%QikgkérﬁﬂeraﬁJ R SFLLArORARE Mk Sselected” refers to

tenperature nmay be an operating tenperature above or

dBRLaWrdpradaeirhined ttBFIRAERAL WHISes ¥ EdNgBs df SARELS Wthr&NER 10
of tenperatures, or within a defined tolerance froma

arfP88) bidcla@PEsMboHcits HERR @wfigiicdi tb &Pératelft%r RitBIn thkse
a specific tenperature. In enbodi nents of the hydrogen

seiattéd ivaicson Ttheye celekCed mpakitioh parameters may be defined or
predetermined according to such factors as the particular application in which
the corresponding structure is being used, the composition of the fluid streams
present therein, the structure and components of the corresponding device, user
preferences, regulatory and/or safety requirements, etc. As a further
iflustration, a selected operating temperature may be an operating temperature
above or below a specific temperature, within a specific range of temperatures,
or within a defined tolerance from a specific temperature, such as within 5%,
10%, etc. of a specific temperature.

In embodiments of the hydrogen purification device 10 in which

the device is operated at an elevated operating temperature, heat needs to be

applied to the device to heat the device to the selected operating temperature
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the device is operated at an el evated operating
tenperature, heat needs to be applied to the device
to heat the device to the sel ected operating
tenperature 6 and/or to maintain the device at this
tenperature or within a selected range of this
tenperature. For exanple, this heat may be provided by

any suitable heating assenbly 42. Illustrative
exanpl es of heating assenbly 42 have been
schematically illustrated in Fig. 1. It should be

atd1gets hRadahndt RSReNR| thisdmpBtutake wiidh §4dbleaRbiGange of

form including mxed gas stream 24 itself.

thid karspdratirye FeXar@hpe, ehisohdrer mayi haabk&ideabl ghy suitable
assenblies include one or nore of a resistance

hdagiat edsse@blyus N el Gitraoily B exa o E3UST haatingegsemblyhed have been
produces a heated exhaust stream heat exchange with

schetmetitaly flustratestingdgn ot Hershbhldnberiuxederstasl that ressemig, 42
el ectric heaters (cartridge, band, etc.), etc. Wen a

mbyitaler aoy soitdide formunibalstingnmtedndssr stireanu Sdditsedf. f Likistrative
streamis consuned. Byproduct stream 36 nay form al

exgmples @f t ptAr luitehles heaiéng sispempliesFoicledeapredr there of a
hydrogen purification device may be_designed to

repissaGe deatahy B heatRt O setPea AP EBRItINMIeqPn Wat prefuses adipated
anmount of

PGSt i Tt SO A PaReH T St ARl DR Aiced fas
i fi i.on devi dj ti I | I i |
St%é%éé{: %tﬁétgr@thgg%%fgZﬁ?ﬁr'dﬁte'b%ﬁ%%& ! SURP LBk prgpther
co?rﬁufs{:igrl\ epim by 9Loge | Qﬁelts?reghoi’s' g)%s%rlﬂ%d r eBgfll}yrcga%%t tHelm 36
y [ he hydrogen

a burner asse 0O malntain

PRUIREDGHLPED i, B8P o0ttt e s

pl{;@iegtﬁﬁ‘ﬁaé\ﬂéé Ry HQUBSIBRED tdTBASRILLE 2 b%%rﬁ&%({t%&l%ahh@@nt%h@ﬂg

eating assenbl'y nay deliver the hea uird stream

aseXifiRflan SQ¥ERCoAHydRYER R M bBédbia, HRGK®) mididhizing the
surrounds or at least partially surrounds the

yi€ O QO @atified hbyroaes tgacamhehaidreydrepdsidatibn deliee @agitiossliyeor
or through passages in the enclosure, or by

alleendivetyl onmgy Secllesignad tth @rodelcectr bgproésditstiasma heabming

su?fircient hydrogen gas to provide the required fuel for a burner assembly to

maintain the hydrogen purification device at a desired operating temperatﬁre.

At 42" in Fig. 1, schefnatic representations have heen made to
illustrate that the heating assembly may defiver the heated fluid stream external
device 10, such as within a jacket that surrounds or at least partially surrounds
the enclosure, by a stream that extends into the enclosure or through passages
in the enclosure, or by conduction, such as with an electric resistance heater or
other device that radiates or cond.ucts electrically generated heat. The required

heating may be provided by a single heating assembly, or by a combination of

two or more heat sources.



ot her device that radiates or conducts electrically
generated heat. The required heating may be provided
by a single heating assenbly, or by a conbination of
two or nore heat sources. 7 As discussed, separation
assenbly 20 i ncludes one or nore hydrogen-perneabl e
and/ or hydrogen-sel ecti ve nenbranes 46. The nenbranes
may be formed of any material that is suitable for use
in the operating environnment and paranmeters in which
purification device 10 is operated and which permts
hydr ogen gasiidc@sfel, Medafath QEREHM S20 PRSRiIded NHHRUBA more
t he nenbrane whil e preventing other conmponents of the
hydrégth-g&sneadld eand fof OMyRIRGFInREI¢difvaughekibeae@nba@ne. The
In other words, the nmenbranes should be fornmed from
membedrieal siat hiad fane=dC lbe ranyahlayertal cdchthes maltbylesfoablse @t the
the operating tenperatures and pressures experienced
openatitey ieoeirdOmners padi abtagneibsn in exdpiols epurifeatibe dewieed 10 is
gas, product and byproduct streans and/or when cycl ed
ofseateg eanchedtie/eregs uidregeruies conpeyueatei onthermise pass
unheat ed/ depressuri zed non-use configurations.
thpughpthesmembsane e rreveTtingl sthepcompebeained U mixed gas
i nclude palladium and pall adium_all oys, and
stg@peEra] PYSSINg H“rf’ﬁ‘fl?h'rﬁheofneén&:’ﬁ”‘?retfal‘%h%rn\‘ifordﬁett% membranes

<rhlegie fogE=: '5%3'%5%%'%)? e ag BT ﬁﬁ%%ﬁ%(f&"wt%% © 4 e

arrenbaeta_tc

oG e e e B B BTE PGP it PPl when
bR (Pie AL %, ABRIOEHTHBl6 0 Qgéaaapcan oMby

| SC osur

beme‘é@lvq"{eatetdb‘ﬁrtesst,tngee e d;&gﬁ%ﬁgﬁ ol%z 51‘9:[ r[ﬁ%‘fi]egtrt-zgfﬂfz|:)ressurlzed

en- pernea n-sel ective
nolﬁaﬁ,s%rdoﬁhéurahgﬁé udi ng netal s and nmetal alloys other

than those di scussed above as well as non-netallic

mat er i al £x@Rfples of suitable materials for membranes 46 include
palladium and palladium alloys, and especially thin films of such metals and
metal alloys. Palladium alloys have proven particularly effective, especially
palladium with 35 wt% to 45 wt% copper, such as a membrane that contains 40
wt% copper. These membranes are typically formed from a thin foil that is
approximately 0.001 inches thick. It is within the scope of the present
disclosure, however, that the membranes may be formed from hydrogen-
permeable and/or hydrogen-selective materials, including metals and metal
alloys other than those discussed above as well as non-metallic materials and
compositions, and that the membranes may have thicknesses that are greater
or less than discussed above. For example, the membrane may be made

thinner, with commensurate increase in hydrogen flux. Examples of suitable

mechanisms for reducing the thickness of the membranes include rolling,
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conpositions, and that the nenbranes may have

t hi cknesses that are greater or |ess than di scussed
above. "For exanple, the nmenbrane may be nmade thinner,

wi th commensurate increase in hydrogen flux. Exanples

of suitable nechanisnms for reducing the thickness of
the nmenbranes include rolling, 8 sputtering, and
etching. A suitable etching process is disclosed in

U S. Patent No. 6,152,995, the conplete disclosure of
which is hereby incorporated by reference for al
sPUEEHRRS Snd BataiRg £ 5 @liitatAé le@dhSnd TBFREANRSIisdIBIEAIANGS. Patent
configurations, and nethods for preparing the sanme are
Nai sClsseds,i thadUcSmpRaed efdcloses .of 6yR2 ,id Iverand incorporated by
6, 319, 306, the conplete disclosures of which are

réferepby for nalorpopedesd bixangdles exfceadfiars ahémipanpysesmbrane
Fig. 2, illustrative exanples of suitable

coigiuratiomat énthmetivrds foeptapaned $he 48naree disohmsed isU.S. Patent
shown, nenbrane 46 includes a m xed-gas surface 48

Negi 42216l 13r anch 661 S H16, dbatenPlee discestresasl shicdapne2aereby
~and a perneate surface 50, which is generally opposed
incerreiRtea oy raterente fapall PUiRSR®Tane 46 is illustrated as

a foil or_film_At 46", the nenbrane is supported b

an under | )1 Hg9-shipplisiratve e@Eawles of muEblercoaiguntiens for
netal screen, or, a ceranic or_other porou teria

R TnS) GRS io P oAy GBS BB G Hed IREGH Gpixed-gss

smﬁrﬁah%r é%s\%higﬁmgegri%q%eg fgprc%%g’acgebnb%i[lixéc?éqalst st%lé]é) l 94 b%nd a

er st ood "t hat € nenbrane canfi gur ati ons di scussed

\iFe NAYARDE ,ekv'gé SH) %%.g%rag\zg%%'&%d Ga! byrrddd l’zﬂs.g- ” a6,

PANd af e not in t every possible

B RES 1Y AllsAEhicd o A SCARS. Alad NehdiRGIRSH R subBbrted
exanpl e, "al though menbrane 46 is illustrated in Fig. 2
b@%n M@Népp?ﬁasﬁlpanas:;,@ﬁﬁiaug MdsBor dtpah@edMnbdtbNsdrbéh, or a

scope o0 e disclosure that nenbrane 46 may have
cdramidbabiier OPdUsOMEBIriaQN At % " Wehé mdrithradX agRbsted tdreormed
onto or otherwise bonded to a porots member 56. It should be understood that
the membrane configurations discussed above have been illustrated
schematically in Fig. 2 and are not intended to represent every possible
configuration within the scope of the disclosure.

For example, although membrane 46 is illustrated in Fig. 2 as
having a planar configuration, it is within the scope of the disclosure that
membrane 46 may have non-planar configurations as well. For example, the
shape of the membrane may be defined at least in part by the shape of a
support 54 or member 56 upon which the membrane is supported and/or
formed. As such, membranes 46 may have concave, convex or other non-

planar configurations, especially when device 10 is operating at an elevated

pressure. As another example, membrane 46 may have a tubular configuration.
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shape of the nenbrane may be defined at |east in part

by the shape of a support 54 or nenber 56 upon which
the nenbrane is supported and/or forned. As such,

menbr anes 46 nmay have concave, convex or other non-

pl anar configurations, especially when device 10 is
operating at an elevated pressure. As another

exanpl e, menbrane 46 may have a tubul ar configuration.

9 As discussed, enclosure 12 defines an interna
conpartnent 18 in which separation assenbly 20 is

posi ti onefs disaudsee, endiediréantdefisBOWN intBrnaFc@npaitment 18 in
encl osure 12 includes a pair of end plates 60 that are
whizhn&ghabition agperibietoer isspeditio®d. b taboathbodi@ents shown in
under stood that device 10 has been schematically

Figl Pushrlated 1n iftlgdes? at pais hdverrde platse Bathat earexpimEde by a
of the general conponents of the device wthout
penTnetedi siplt@.be It | shoued b Weleratoed , thak hdgyise adifid heisz been
For exanple, end plates 60 typically are thicker than
sehiegnafighllys i”lﬁfmwiiiﬁreEiGrZsWﬁJeISIXO‘@ZfePb%ﬁentEI’fl@ examples of the
required. Simlarly, the thickness of the end plates
geRAyalbeONyABSH Sy Oft tlﬁ‘&rde"!cés‘g't'ﬂ%ri”teﬁﬂ'”ﬂﬁ@ %eah@ftsg tp jggometry,

di stance between the end pla

sf&?&nﬁv%sm?h@f R ERHES &nDPIAETED méi'é aﬁaéhis'éeérfha” the walls
t f il

oﬁeéé"%ﬁ%re%‘é gl@g%rpﬁﬁiﬁ"?i%a?@%ﬁer ;SR Pt desdar the

allage S‘{ ?Jgeﬁta&%rsﬁ%lﬁageas e?aaStorrgg‘?n %grats tﬁ4’dlstan g t%etween

SR8, LY Y98, 8 A1, T SIS $1rnp B! AL Becn
% A e Bandigety tih

t he o) freamis renove rom devi ce

@iggggﬁgygp gﬂ&m L oFRiStra rﬁroduct ports 68. The ports

own exten I ng throu various ones of the end

pl ates topi kihustikahke btefb@tentthgt PRl g4l Feah00atit @Bliviied to
encl osure 12 fromwhich the gas streams are delivered

cdr@patrdefteruadudi amiciani et 44, MRoded-bich (dr pemeatedtream
wWithin the scope of the di sclosure that one or nore of

34 hersstdvedmeorialevize 10 through one or more outlet or product ports 66,
and the byproduct stream is removed from device 10 through one or more
byproduct ports 68. The ports are shown extending through various ones of the
end plates to illustrate that the particular location on enclosure 12 from which
the gas streams are delivered to and removed from device 10 may vary. Itis
also within the scope of the disclosure that one or more of the streams rmay be
delivered or withdrawn through shell 62 and/or through a perimeter edge of the
end plates.

It is further within the scope of the disclosure that ports 64, 66,
and 68 may include or be associated with flow-regulating and/or coupling

structures. Examples of these structures include one or more of valves, flow

and pressure regulators, connectors or other fittings, and/or manifold

10



delivered or withdrawn through shell 62 and/or through

a perineter edge of the end plates. It is further

within the scope of the disclosure that ports 64, 66,

and 68 may include or be associated with

flowregulating and/or coupling structures. Exanples

of these structures include one or nore of valves,

flow and pressure regul ators, connectors or other

fittings, and/or manifold 10 assenblies that are

configured to permanently or selectively fluidly
adsBEBIEOR Ghe cSUPE ﬂé)pcwrﬁalhe%?torr SRRLARY HoMNShESaMnect

conponents. For purposes of ustration, these
ddvi@v1begithalipf@eANdoR doREeRG ShiYEheHteS o€ purposes of
generally indicated at 70 in Fig. 2. For purposes of
ibgteatidny , thebé ugdvHreéguldithdhaa/cotcobpiery stduktuséd adredgéerally
every enbodi nent. Instead, it should be understood
intlieatedsai® or Figapl Fob puh@spef Srdvoly, atrpaiutescTid anve not been
enbodi nent of device 10 may include any or all of
illtdtested ¢ pvay @ndmdinmbet battadpdrahodolelse noderstioed thak dvaveeor
the sane, if any, structure 70, and that two or nore
albof the mss fon aspaTHCWAboMPeEiMest Shapwcor0 oy insbudevasiyyor all
utilize structure 70, such as a common collection or
of dlbiepy SEIctuiemi that ¢achesisdees el need alhave e Eame. |16 @ny.
val ve, etc. Menbranes 46 na¥ be nount ed, supported
steuckye et ade*@F tWB R PPGHBY T %ﬂ%&mbﬁéﬁﬂe% share or
For, _exa Fi .
ot e ot CB‘érﬁr Q0TGN L 16 & 1ol BTy P c Lelgry
er meat, e~ si n ate 61, This illustrative
magf s RrBR BE A B Je0E MRVt es shown in Fi go
3-11, al tl@@lﬂﬁgne{; 465 ﬁ%s? t‘Ben rﬁrm.ﬁﬁtéé;oeg?&frtetdhe?e%%%engnd/or

dlsclosure he” encl osure ma

pogujfoﬁq@!?'vﬁﬁwrzp%aaﬁnenmgnﬂwytmttaw etel lF%?te'xéfﬁlp)é in Fig. 3

I ne t pressure vessel for the pressure-driven

de%?o%aﬁét inefidPs %ﬁ%ﬁ@%smﬂ%sﬁ L RRA hetsdBideAsnd NFh@ak8dahd a
Fig. 3, each end plate

permeate-side end plate 61. This illustrative construction is used in the

-~

examples shown in Figs. 3-11, although it is within the scope of the present
disclosure that the- enclosure may be formed from any suitable number of
components that collectively define the pressure vessel for the pressure-driven
separation processes described herein. As indicated in Fig. 3, each end plate
includes an inner perimeter 72, an outer perimeter 74, and a sealing region 76
that extends between the inner and outer perimeters. As iliustrated, tHe sealing
region extends linearly between the inner and outer perimeters. Other
configurations may be used without departing from the scope of the present
disclosure. Sealing regions 76 provide potential, or possible, locations for seals
between membrane 46 and end plates 59 and 61. It should be understood that

as used herein with reference to the enclosure, the term “seals” refers to
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includes an inner perinmeter 72, an outer perineter 74,
and a sealing region 76 that extends between the

i nner and outer perineters. As illustrated, the
sealing region extends linearly between the inner and
outer perineters. Oher configurations nmay be used

W t hout departing fromthe scope of the present

di scl osure. Sealing regions 76 provide potential, or
possi bl e, locations for seals between nmenbrane 46 and
end plates 59 and 61. It should be understood that as

st\@&greg%&' FreVeith pEERHANGR 184k b41R HRRGEQSIHe & onidRehi@dMthe
'seal s" refers to 11 structures that prevent a

e LRt had/cdBsti@aknhpathohabwRannt heeriBrpenent s of the
encl osure and/ or between the encl osure and the

menbr ane. efNgiapé aban&8ddsnmbutlpsrtigapsid pPprodtd mne 68, while
byproduct port 68, while end plate 61 includes

eUblaéd 510ancipdadogict, poptodatt, pst d6s cAssdiedsstdiethe illustrated
illustrated orientations and positions of the ports

orishtatbdnsr &gUposidorend’ tmeyporer i nettraquirdachend segyperpfwithie the
present disclosure. The illustrated end plate 59

sdope| ofdélse preggmintiecipswoe. r dbesilus@atednand dddtene8 mciygdss a
flow path that permts mxed gas stream 24 to be
chexpsedr trecesnd 8f| bat debnes i dasdiigmaatiithatc eengisomixed gas
menbrane 46, thereby pronoting greater exposure of

Stf%” r%“%@obeg%k@%ﬁ‘? safne 6'0%@0”9@?%?%%5 sidpaentfs of membrane

nore of the hydro th
4%t Ff&ﬁ?)gtqgmaggggtg{e@%y en ?@I&PBHX% rg@)ﬁ(ggcrgam to the

Iosure illustr

msT rife {5 LR DFeO?ﬂ%sX“gegwe@@am%ﬁﬁ g e
t%‘tll‘( gerﬁ'n ?‘r? ?%é ?h{ﬁ?g%lr ?)ES reS “RPt%tnuE?ra%(}Q e%odimfnt

I‘OVI € a gas portron o the

ergfgia% g‘ial'ﬁkﬁjt]@é aP&L e c rQE&Hglﬁstﬁgh@Qpﬁﬁd‘u@ed Edeceive

also my 1nc U second chanber

mERBRSIR sHPor@S4SARML pPodda §as WBIWCEhth Sfor Qﬁ’@fp'o&‘ﬂrﬁ‘gf the
to receive at |east one nenbrane pad 94, which

mixett IR stelaFe WRSE Per @l @Vihrblogte ted rﬁ&ﬁ&%néhaﬂ’&ﬁb&té %1 also
required to all enbodinents, although the
may include a second chamber, or recess, 90, as shown in Fig. 6, which is
configured to receive at least one membrane pad 94, which is further discussed
below. None of these chambers is required to all embodiments, although the
permeate region of the enclosure preferably defines or otherwise includes a
suitable support for the membrane and a suitable gas flow path through which
the permeated hydrogen gas may flow and be drawn away from the membrane.
Similarly, the mixed gas region of the enclosure preferably includes a suitable
gas flow path for the porticn of the mixed gas stream that permeates though

the membrane to be collected and removed from the enclosure, such as through

product port 66.
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perneate region of the enclosure preferably defines or
ot herwi se includes a suitable support for the
menbrarte and a suitable gas flow path through which

t he perneat ed hydrogen gas may fl ow and be drawn away
fromthe nenbrane. Simlarly, the m xed gas regi on of
the encl osure preferably includes a suitable gas flow
path for the portion of the m xed gas streamt hat
pernmeat es though the nenbrane to be coll ected and
renmoved fromthe enclosure, such as through product

port 66. #42hd f&lnﬁv £ P diQubdigh dbiGdissd B, iseAEd-PBEd %slgeing
is described as being forned fromend plates 59 and

fofrhed W eBaGIateE GoPd it €1,1 With WHENBnd pfl@Rfidifg a chamber or

gas-flow region that is spanned by nmenbrane 46. In

g®-Nek MRS thithes JFeAANS exdremdfe f4OM an gaiet I vgdhrls, the
seal with at |east one of the end plates or other

mRatHraen eaentd eroanal @stight tsealdivith ce |dd3e caa olf aselkead ipites or
the perneate and mxed gas regions. It is within the
othenpertifn theheeadentrediosdividsuhe ¢rfritsuteh énto gbe nEainea@nand
the m xed gas regions of the enclosure nay be forned
mbregng@n cegigrisat & i o/t e acapepelr tteepieseolr disdlosure that the
perimeter shell is joined and extends, with this
pesmsiate gad ithe mxest gpeEegions gfdheiepalosaret Hay @&g‘ofm@wmm end
region of the corresponding side of the enclosure.
PlpkaseRi Whigh arePaTaigY TREN¥h BFBRAHE SPPB I l‘-?r‘f&?dp?%ﬂ 8§tef‘ﬁ%t"‘”th

do not re a t t he t hat
(i NSO 4 Rl PRGBS of thRSBRT e Eadhat T o esPtis

en a uttlng

<if SIS AL o f*pB Ol r*d‘gwgmﬁseewé 3\‘7’%2&@ 45 pafiEHhae
I ﬁ% g%ll.l? beimeggpaDrF gl’ll%?ih %ﬂgll %‘ ha@qxe %cio%rge\glllfﬁa% fewer

enlcl

:n%&%’c@l(m&t%r@bﬂoﬁr@& E}elﬁ\ﬁeﬁ %%9& g Bc@'gl'bﬁé 'o?g:he enclosure) that

erdatures an pressures o Vi ce

n@e%i%%@'sééfe@\f@ bréfeat g@g%k@e@r&%u@ 13 ﬁﬁ@lu@n@/ afd Platdd 59
repeat ed heatlng and cooling off cycles. For exanpl e,
alNG 1Pl Ak e DeMBYRR BRRTREy f §dble material that is chemically and
thermally stable at the elevated operating temperatures and/or pressures of
device 10, especially over prolonged periods of time and/or with repeated
heating and cooling off cycles. For example, end plates may be formed from
stainless steel, a Monel™ alloy, an Incoloy™ alloy, etc. Other suitable materials
and configurations are disclosed in U.S. Patent No. 569,227, the complete

disclosure of which is hereby incorporated by reference for all purposes.

Untike conventional hydrogen purification devices in which the
membranes are located and supported entirely within an interior compartment
of the enclosure, devices 10 according to the present disclosure include at least

one membrane 46 that is permanently and directly mounted to the enclosure to

form a gas-tight seal therewith, such as by extending at least between end
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stainless steel, a Monel,Malloy, an IncoloyTM al | oy,
etc. Oher suitable materials and configurations are
di sclosed in U S. Patent No. 569, 227, the conplete

di scl osure of which is hereby incorporated by
reference for all purposes. Unlike conventiona

hydr ogen purification devices in which the nenbranes
are | ocated and supported entirely within an interior
conpartnment of the enclosure, devices 10 according to
the present disclosure include at |east one nenbrane

plafed Bbnk %1pe}3\rmﬂﬂ%%|:iye aRsmBier &Cthly cdpidiRBNtio st:t'i@ﬂat:caliy
enclosure to forma gas-tight seal therewith, such as

illQY¥r&oek QR Hidtd 38dnd §aStielBiaMeess atflided 3 @irﬁfaﬂﬁe@Sn @®0dand an
61. An illustrative exanple of this configuration is

oseh @it Fagior BRUStThatceftraiNrdgi®s may avdl te. rdferrbd aneas a
46 includes a central region 80 and an outer
hypdrbheeperméeapinorg 2. anthefaent thd ppaginost thayhyataenbelective
referred to as a hydrogen-perneation regi on and

meefhease timttdxeerpor intaynalodf theeinhgrdpertipetesebtid grd plates and
menbrane that extends internal of the inner perineters

whichtdepaates Peatnéernaheompditciens ep Hireacedositie intat kerARte and
conpartnment of the enclosure into perneate and m xed

mipeps] gasgiagians. Priefesplls pt least peudstantiglipaitignt ifarot all, of the
portion, if not all, of the central region of tH _

cqpdtah regien .Ogtf&wmare%*%ﬁ@tvﬁ?q(éfa%ea@'@dr%?nﬁtw yripg gse
of the h dro en purificati

o Al &ﬂgsﬁaaaﬁ s CRaes (S A R ftel By of
e ﬁ%égcséfﬁawnfgoyﬁrﬁ%r“ ot SR RPopu Grefher BTt
menbr ane frﬁea g;i»g 3&$ gﬂlm gg\s&m%mgme t4%eﬁéfgg<3§oerthe

perimeters di scussed

pcﬂ%Bh %?gl‘?e{)[r[aetﬁ‘gﬂrgrzho%tt %inaﬁ\dfs RO %r dxdHREI, PSS Inmek Egﬁm@fers

the en r perineter shéll) and toward
ofOHIeeén nE%Eés'TE‘h@ [fsBbsddN@neRAdd FdrRfetet megﬁém RktMaE dfom the

rane's cross-sectional area (taken at a pl ane
mﬁéllf @la}uelletére dfttfe elrRNpRt® {@NGEriMeted speBAbRd tbhad tHeeouter
perimeters of the end plates. In other words, the membrane’s cross-sectional
area (taken at a plane parallel to its elongate length) is greater than the
compartment’s cross-sectional area (taken along the same plane). In the
illustrated examples of Figs. 3 and 5, the outer perimeter region of membrane
46 extends to the outer perimeter of the end plates, with the membrane
including an oufer perimeter, or edge, that extends to the outer perimeters of
the end plates. The edge is perhaps best seen in Figs. 4 and 6, where it is
indicated at 83. It is within the scope of the disclosure that the outer perimeter
region of membrane 46 may extend only partway between the inner and outer

perimeters of the end plates (i.e., only partially across the sealing regions), or

that the outer perimeter region of the membrane may extend beyond the outer
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conpartnent's cross-sectional area (taken along the
sane plane). In the illustrated exanples of Figs. 3
and 5, the outer perineter region of nmenbrane 46
extends to the outer perineter of the end plates, wth
the nenbrane including an outer perineter, or edge,
that extends to the outer perineters of the end

pl ates. The edge is perhaps best seen in Figs. 4 and
6, where it is indicated at 83. It is within the
scope of the disclosure that the outer perineter

pdrRHLRR 8f (HEEBRY PNReS 6. dTRUXRYLERE tRO VBTN RRh ¥ RBrds,
the inner and outer perinmeters of the end pl ates

thel mBmbraal NasRAElobakbotiorsl %8 rhéus&Rin thg plaE 6MS) aloll the
that the outer perineter region of the nenbrane nmay

sierdceng, beyerehHrivee enitaixceddd therdrosd-esctiondl drbe ognble internal
plates (i.e., exterior of the enclosure). In other
conopatamentt dteogrbmiiciate mambaacr egendect i onal area
measured in the plane of, or along the surface of,
t he nenbrandischssedexediee sl hilizssowss sectdrenagmarargsofb to
the internal conpartnent across which the nenbrane

seprrasadbe migedigos wiree indewreduct @ndt prodist ghigame thongh a
menbranes 46 to separate the mxed gas streaminto

prﬁpwgarivangewlgplg@ BEQCEsF 1 égﬁgd},ﬁhgg@lﬁe% gas stream tends to be
pressure-driven separation process. As such, the m xe

deyysreghinaFAntad qyth BeRermgals 1aca of MOMEFHT ARSIt # higher
the perneate surface of the nepbrane(s) at hi gher

PPl ha AL SoIE: Sy el PBdoaber hafe dupBBlre ().
The menfyrane(s which tend to be very thin e

wiEE SR o0y Fitbaltyp o o Shaafial LAl A Pereare

nss. . pr e, C p .
sPREEEbab, D RfERlle Bl BY LB kP oAltratyg embrane

sulpbbHs FALAaRlucay 11 Eh@8 ot 328 FRfie sIENDr ane support

exte across a substanti portion, if not

al |, of the GRBMbAIn @dbpartObndlie BRIEHE aBE03dNda SEkShtial

be formed froma porous or otherw se gas-perneabl e
pottibACIF WOE all héoumgrewiral Pegddly 008 inBatbrane and should be formed
from a porous or otherwise gas-permeable structure through which any gas that
 passes through the membrane may flow, such as to product port 66.
Preferably, the gas may flow in both parallel and transverse directions through
the support. For example, support 54 may be formed from one or more mesh,
ceramic, or expanded metal materials. In experiments, supports that include a
screen assembly that includes two or more screens, such as may be (but are not
required to be) sintered or otherwise secured together, has proven effective.
For example, a fine mesh or expanded metal screen may be positioned to

directly contact the membrane, with this screen being itself supported by one or

maore coarser screens.
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passes through the nmenbrane may flow, such as to
product port 66. Preferably, the gas may flow in both
paral’l el and transverse directions through the
support. For exanple, support 54 may be forned from
one or nore nesh, ceramc, or expanded net al
materials. I n experinments, supports that include a
screen assenbly that includes two or nore screens,
such as may be (but are not required to be) sintered
or otherw se secured together, has proven effective.
For examptie i 3f if@nBRSE Ripp&XPRNELEhdRY BkingCreeeRedBito a
be positioned to directly contact the nenbrane, with
rdcBésS FCARABEBHDFidnaiehibteS BPPATHAEbNYSONEsIRE] toDEIVe and
coarser screens. 15 In Fig. 3, nenbrane support 54 is
PSRN tHEinB thbFBGesuppdrt fiich that theceaing e¢gichaafaéthe 86d pfate
end plate 61. Chanber 86 is sized to receive and
aipb ai memibrarece meghroasnefaappof tleuotentbrate tshepweare ggnerally
region 76 of the end plate and a nenbrane-engagi ng
caplarfesceitB7eagh other.neiihisarmnfigupmtiont isasehegeatisplly |ifustrated in
coplanar with each other. This configuration is
Figctenbtt Flearn,ythe|auiet pdaeederi rerinmgtgr, 88 ofshes Rwfpprang support
outer edge, or perineter, 88 of the nmenbrane support
fapag ke Pferi RATivetseri2net Bhe nd d?]a"@hét dhaVitimhe SF Pg &f the
within the scope of the disclosure that these
digepsiratthpt Ha@rS@. %?YE’“‘?FES/ PATHREL | mﬁv At éaa&Ht SRR OB OF

thag?b@tsﬂﬁ%ﬁggglﬁ? tpsg'?ﬁ%ﬁ%? PRy Fam heBusHl e grmeter of
ﬁg%dm a%é (gll’J regen?rk I%elﬁs cﬂ%éfc,‘g'r O$Lﬁ?r mkg%hﬁ{etﬁeil g-uﬁe dmeﬁml%rane
sdﬁgl'tgdlgégﬁﬁ@@gp%emé?tthé %né'pﬁ?tg :T&gdéseg%hyrﬁbémgﬂat is sized

menbr ane su osi tione

tof ééawé ifes ﬁﬂbﬁv@r{ﬂ@ m%mmaqé gﬁﬂﬁor?fwﬂlh?e %eghelsétr it Ghe
erefore t nbrane support 'l include an outer

.naﬁﬁalwedrﬁﬁarhh@ﬁt BPUAS eAkloSubERAS tlﬂé@%rféaih% r@nithgnd BOGSort
perinmeter of the end plate (or perineter shell) of the
wBN@kL8Yr#h outer perimeter that abuts or extends proximate to the inner

perimeter of the end plate (or perimeter shell) of the enclosure.

Because the sealing region 76 of end plate 61 and the membrane-
contacting surface 87 of membrane support 54 are preferably positioned in a
generally, or completely, coplanar relationship, it follows that there will be a
seam, gap, or other transition, or transition region 92, formed between the
outer perimeter of the membrane support and the inner perimeter of the end
plate. As shown in Fig. 4, the membrane extends across this transition region.
During operation of the hydrogen purification device, and perhaps more
significantly during thermal and pressure cycling of the device, the deflection

and/or engagement of these portions may cause leaks in the membrane, such

as by piercing, wrinkling, weakening or otherwise damaging the membrane. = It
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Because the sealing region 76 of end plate 61 and the
menbr ane- contacting surface 87 of nenbrane support 54
are preferably positioned in a generally, or

conpl etely, coplanar relationship, it follows that
there will be a seam gap, or other transition, or
transition region 92, fornmed between the outer
perimeter of the menbrane support and the inner
perinmeter of the end plate. As shown in Fig. 4, the
menbr ane extends across this transition region.

sHIdld BE @RRIALOPINST hblkS, Bydr Q@esthBURpéitGat 1 iANHdeMehfbrane
and perhaps nore significantly during thermal and

poURIESHEW Sates i thgofh tWiechdend Citheit RRseefh@®CtHasd than@hothe
engagenent of these portions may cause |leaks in the

mEBedreEn and sthefebyagedaye pher guritg, o pkodigt hyeadani sigeam.
or otherw se damagi ng the nmenbrane. It 16 should be
Aatnctngy Oiods preddrahlel fes this wtadisition regiberto dygesst smesthiamdt dneall
menbrane provide flow paths through which the other
agyasseblanwyregasstheikelipod dfelamegeiiodhe mamcbreher eby
reduce the purity of the product hydrogen stream
Accor di ngfigs. 5 and & grraerstegie dhatobyqragen prdhetionotevices 10
region to be as snooth and small as possible to
aqcerdiuagetq fiee |Preaent Kstpsyre G'a”rYa@%Ptthet’Ffé ipeHbedie) Inblyse at
5 and 6 denobnstrate that hy drog %grlflcatlon devi ces

58 o BT Po (B sl 0 GSErL bR aroon
| ud b d 9
reﬁwatar\d%é&ﬁﬁvbaﬂ?nﬁ (P e cOEBRap R SHEFOY Gpbasing the
dt t
gy Te;%pengagls:%ﬂ‘?r 209 a1 B BEHerbaf s ekl f gt

m%‘tﬂ@é{ r &r?éc@?%) S’fsth%)%grﬂgﬁgmg dn'a fﬁ&ﬁ&a&'&teﬂa\fﬂb t?n Egﬁtact

erneat e sur ace he nmenbrane and fur

w:axg@nﬂmé%eﬂqb?% @Gﬁporwaha tn@tslaambe rd RSP bR RS %HH}QQJtE side

e sealing region of the perneate-side end
erll plage. Poh &4 HRY HhedeReistd RRJeASn8Nh eAGbRT 22661988 & the

portion of the nenbrane support and across a portion
méhbidhe Seabitihdr KPbNa PbritdneofPier®alify region of the permeate-
side end plate.

Pad 94 may inciude any suitable structure that is configured to
span the transition region between the enclosure and the membrane support
and to prevent the permeate surface of the membrane from engaging the
transition region. For example, and as perhaps best seen in Fig. 6, pad 94 is
used to span or “soften” transition region 92 and to prevent membrane 46 from
engaging the transition region. Pad 94 may be formed from any suitable
material that is thermally and chemically stable in the operating environment to
which it will be exposed in the hydrogen purification device and which reduces

the likelihood of the membrane being wrinkled, punctured or otherwise

damaged by contact with the transition region.
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side end plate. Pad 94 may include any suitable
structure that is configured to span the transition
regi on between the enclosure and the nenbrane support
and to prevent the perneate surface of the nenbrane
fromengaging the transition region. For exanple, and
as perhaps best seen in Fig. 6, pad 94 is wused to
span or "soften" transition region 92 and to prevent
menbrane 46 from engaging the transition region. Pad
94 may be formed fromany suitable material that is
thermal I y,and £Bss-eal! |0Yhe$ts%1?llcﬁzré Rhdthe ug&ﬂra&an}Gntlonaf gas
environnent to "which it will be exposed in th
pONEHa0E8 NdOHEds! lagat Wdindey i ;@au@éui pehirgiin ré?dglz%i‘ﬁghtt her gas-
l'i keli hood of the nenbrane being winkled, punctured
irerfehBle\b&R betlddenofd riymbainkatld adjident b@uctttlr’:mé‘platll%ﬁs not
region. 17 Unlike a gasket or other structure that is
rageierdd ito faenyedit & gaall Iyafct, pbe iopecatoncr ddeice c@sstamitt not be
which is required to forma gas-tight, or gas-
afifegbed mibatiles, orsedl pdoeb4vdenmd hey rienmpohges-digdt adalapgween the
structure, pad 94 is not required to formsuch a
megdirand and st encidseropesuriodn Oferefevd, deismithimdhg scopstof the
be affected whether or not pad 94 forms any form of
Piggent: id@qtosw@awhqiett%d-‘r@dt H@es Mt ERAEe ah@asHerrerBedde real
or support. Therefore is within the scope of the
b‘iﬁ""@% ﬁ‘ﬂerﬁl‘i’@EP & %‘T?Qisufeh &2 ﬁéé“@%& >hotThupeBdh 94 need not

bl b
b%?i’} ST £oMare-S L BIET OF i & eSO £ SR SlE maperial
nde w§% er1%qur(§slggg material or, if formed from
%gﬁﬁf S P AP M5 ked not be under heavy
conpr essi on. Fé%n%lgxap'se'% RaJ g4 %Pﬁéeé’efré.%fgeﬁa{-EQm%bue

gas- per nea | & terial “or a’gas-1 nperneabl e
mabiaP8H a (AEL BB RedBY nfltefiBY FH ah:ethe effore M@y or may r not be
hydr ogen-sel ective or hydrogen- perneaB As’ anot

hRIFGHE]-SalediRe Rratldi®yen-permeable. As another example, the pad may
be formed from a gasket that is under only light compression, such as 20%
compression or less (typically compressible gaskets need at least 30%
compression, and preferably closer to 60% compression to create a gas-
impermeable seal). An illustrative, non-exclusive example of such a gasket
used for pad 94 is a graphite gasket, such as sold by Union Carbide under the
trade name GRAFOIL™, As a practical example, when a 5 mil GRAFOIL™ gasket
is used and compressed to 4 mil, the desired protection of the membrane is
provided even though this degree of compression should be insufficient to
provide a gas-tight seal. As a further example, pad 94 may be formed from
metal, from a rigid material, and/or from an incompressible material (i.e., a

material that is not reduced in thickness more than marginally, if any, when
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be formed froma gasket that is under only |ight

conpression, such as 20% conpression or |ess

(typically conpressible gaskets need at | east 30%

conpression, and preferably closer to 60% conpressi on

to create a gas- inperneable seal). An illustrative,

non- excl usi ve exanpl e of such a gasket used for pad

94 is a graphite gasket, such as sold by Union Carbide

under the trade name GRAFO LTM As a practica

exanpl e, when a 5 m| GRAFO LTM gasket is used and
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I
rane 1s provided even though this degree o
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gas-tight seal. As a further exanple, pad 94 may be

formed frmnrigngt gdd o iLeRET peHitoraatiard alcessvd/caambegrao
an inconpressible naterial (i.e., a material that is
thaDts seddiaedrecsivé indkpesisorTaie paiatd that gt ravdry, thief tramsytjon
when 18 assenbled into the device). If a netal pad is
regpednd pdsitsinsat imeentransneegading svddce ex afffieegadfn a coplanar
suitable materials include alum num copper, and/or
relatioaship withFihg, sedling arbi®n 76 ©f showarmeaietsidsned! platea In such
recess, or chanber, 90 that is sized to receive and
a podlourdien: esheatd Be upfierstqod thay Eyssinclysionrafibe prdnvill offset
regi on and positions a nmenbrane-engagi ng surface 95 of
the Heplsaar iDﬁS'BO%'awOJrFQP MeBPEANCOHARIR Y TrEH healpRgrane
region 76 of the perneate-side end plate. In su a
suea%'ftia@ar AING PP ET HeBeTRAS SIBoRe PAES t Red B4 dhayor
i nclusi on_of the, pad w of fset t copl.anar
coper e ¥ o6 "ehaemuis ina Tisser) st TR T, thepgresent
menbrane support and the sealing region of the
m%iswgﬁte-side end plate. Pad 94 and/or conpartnent 90

e o R ey AT oo o

iinfRRive Whakipht, 3 phicekaeShe thahsithd rebldnUsitr @es iRt extend
exanpl es, the pad covers the transition region but

alSREMBOLF 86t &Meral portion of the membrane. Because the membrane is
likely to be urged toward the membrane support during use of device 10 , it
follows that pad 94 should preferably be relatively thin so as not to provide a
steep edge around which the membrane will bend during use. The engagement
of the pad by the membrane may promote the use of a compressible pad even
though the pad is not compressed to form a gas-tight seal. As a further
example, the pad may include a tapered, or sloped, inner perimeter 96, such as
shown in Fig. 7. This tapered configuration may reduce the likelihood that the
membrane is creased or otherwise damaged by engaging (repeatedly) the pad,
such as during pressurization and depressurization of the device.

Membrane 46 may be secured to enclosure 12 by any suitabie

method and/or structure. For exampie, membrane 46 may be permanently and
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al ong nost of the central portion of the nenbrane.
Because the nenbrane is likely to be urged toward the
menbr ane support during use of dévice 10, it follows
that pad 94 should preferably be relatively thin so as
not to provide a steep edge around which the nenbrane
w Il bend during use. The engagenent of the pad by

t he nenbrane may pronote the use of a conpressible pad
even though the pad is not conpressed to forma
gas-tight seal. As a further exanple, the pad may
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as 'shown in Fig. This tapered configuration may
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ot herwi se damaged by engagi ng (repeatedly) the pad,
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t he device. Menbrane 46 may be secured to enclosure 12
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menbrane 46 may be permanently and 19 directly
meetuaed frometied Esaioeurk? reqlicsls astting, oreogingbgehians ehdor
plates 59 and 61. As used herein with reference to
otfileumse raprofginhétnientlr anegrtipheoft Eenmerpeianan@inthg enclosure.
refers to nmounting the nmenbrane to the encl osure u3|n%
AdditignallyaBp aisaethesrin i refamence §¢ ceoumBoninthednempgane, the
mount ed, di sengagi ng the nenbrane fron1the encl osu
terr@qlﬂ“ieé@,v [ﬁf?f"sg‘ﬁ MPRRERA HYE PSFareRs tythe SRCIOTR oY hjou the
east menbr ane or., th

U%%ﬁ fieiedee g e "ymg%{gmugesg cFer Y e SHclosure.
S SR HRBHE 1R IR R, A 4 S spvon
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nt erconne ane to't enc

AL RILRE Qpr‘gch Rt bR, P WREASHQRIyRahd Rt &hted

s |tself supported wthin the internal conpartnent
mehttiee eRehRAMY €0 | theNPreddint egkbiysirRUNiRddivRiet RBe internal

encl osure. As a nore direct exanple, a permanently and

cathpRerhbyt M®WhteRdiosure 12, which is the primary pressure vessel of the
hydrogen purification device, into the mixed gas region 30 and the permeate
region 32. As discussed in more detail herein, the membrane interfaces directly
with the enclosure to provide a gas-tight seal with the enclosure that does not
require the use of gaskets or other compressible seal members to form this seal.

Membrane(s) 46 are directly and permanently secured to the
enclosure through the formation of an interface with a gas-tight seal between
the membrane and the enclosure. The interface permanently and directly
mounts the membrane 46 to the enclosure and provides a gas-tight seal
between the membrane and the enclosure. By “gas-tight,” it is meant that the

mixed gas stream is prevented from passing from the mixed gas region of the

enclosure’s internal compartment to the exterior of the enclosure other than
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menbrane according to the present disclosure wll
divide the internal conpartnent 18 of enclosure 12,
which is the primary pressure vessel of the hydrogen
purification device, into the m xed gas region 30 and
the perneate region 32. As discussed in nore detai
herein, the nenbrane interfaces directly wth the
encl osure to provide a gas-tight seal with the
encl osure that does not require the use of gaskets or
ot her conpressible seal nenbers to formthis sea
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hydr ogen- sel ective nmenbrane itself. | n other wor
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dest uctrve I ng process in which portions of at

pHy%%%F aly8r chémRal chettlBristtds drhfe TREAPAME AdiHeNehciosure to

encl osure are consuned to formthe gas-tight sea
eR@sBEN skhe oMyEht anRradBnédic RBCHRGUfRmIRAS aHSabyhebei the

with reference
consumed portions of the membrane and/or the enclosure and/or mutually
diffusing atoms between the membrane and the enclosure. [lustrative
examples of destructive bonding processes include welding and diffusion
bonding. In another example of a suitable mounting method, the membrane
and the enclosure are permanently and directly secured together to form the
gas-tight seal by brazing. Each of these illustrative examples is discussea in
more detail below and schematically Hlustrated in Figs. 8-10, respectively.
Other illustrative suitable methods for permanently and directly mounting

membrane 46 to enclosure 12 include laser welding, soldering, low-temperature

brazing, and the like.
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to the gas-tight seal, the term"consuned" refers to
changi ng one or nore physical and/or chem ca
characteristics of the nmenbrane and the enclosure to
establish a seal or bond therebetween, including
formng an alloy fromthe consuned portions of the
menbr ane and/ or the encl osure and/or nutually

di ffusing atons between the nenbrane and the
enclosure. Illustrative exanples of destructive
bondi ng processes include wel ding and diffusion

bondi ng. JNFRNG NRter@¥@MI0CiOforRed Wy dRldhdTPMEHbRRe 46 to
met hod, the nenbrane and the enclosure are
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gas-tight seal by braZ|ng Each of these illustrative
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schematically illustrated in Figs. 8-10, respectively.

ofChbeibrarel 46 tndiconainsad padibas ot headst (feosf et prateanid ynd 61,
and directly nmounting nenbrane 46 to enclosure 12

ad mad krbe doaswyhabstitk magjcadplddpictadgip Hiove.t nfier welding process,
brazing, and the like. 21 In Fig. 8, interface 100 is

arf oo d0dys fermedniomethsrconeumed tRertiensadf g megiboie afd the
t he encl osure, such as the sealing regions of end

end plpkes. 91y @b velding m@wﬁﬁga»pb%@é%cgt%welét B§miranex46 to
108 between consuned portion 102 of nenbrane 46 and

SR TS e S e
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osure that the we process may 1ntroduce at
grb@@top%lda%ghi i onal DW@lth@rwéM RErpreedmonre LIJIUE;JH Bhase is
o

al l oy 109 r exanple, tungsten inert gas (
folBedirmen IRY Wi &%EGortlohstdfethe membrane and the enclosure. The
inclusion of the additional component promotes compatibility and stability of the
solidified mass of wire, membrane and enclosure, Although interface 100 is
illustrated as being proximate the outer perimeter regions of membrane 46 and
enclosure 12, i; is within the scope of the disclosure that the interface may
extend proximate the inner perimeter regions of membrane 46 and enclosure
12, along any one or more portions of sealing regions 76, and/or any other
suitable location to establish a seal or bond between the membrane and the
enclosure. In other words, the interface will typically extend at least partially

between the outer and inner perimeters of the welded portions of the enclosure,

such as end plates 59 and 61. Although not required, the interface established
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TI G process, wire (such as N chronme and/or Mnel wre)
is introduced into groove, or weld joint, 57. During
the wel di ng process, a liquidus phase is fornmed from
the wire and portions of the nenbrane and the

encl osure. The inclusion of the additional conponent
pronotes conpatibility and stability of the
solidified mass of wire, menbrane and encl osure.

Al though interface 100 is illustrated as being

proxi mte the outer perineter regions of nmenbrane 46

by?‘%dwe]%ﬂﬁl ORMES Prérerhbly! @rMnahlsNpfidletoSERPBNeS pélhr%eter of the
di sclosure that the interface may extend proxi mate
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seal i ng ragimgs 9f Ginténsteoriianys Goiesd IBUidifldien bonding of
| ocation to establish a seal or bond between the
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okt suitéle $QAkbAGo IREHNBE al Seal idr BowdVbdtivesn themBieape1adhind
the disclosure that the interface

enclosure 12, Both diffusion bonding and welding resuit in an alloy or other

composition that was not present prior to the destructive bonding process.

Fig. 10 illustrates the formation of a gas-tight seal between
membrane 46 and enclosure 12 through a brazing process. In the brazing
process, neither the enclosure nor the membrane is consumed. Instead, a
brazing material 126 forms a liquidus phase that upon solidifying forms a gas-
tight seal 128 between the membrane and the enclosure, such as between the
sealing regions of end plates 59 and 61. As used herein, the term “brazing”
refers to joining components by flowing a brazing material between those

components. Any suitable brazing material may be used, but preferably that

material turns liquidus at lower temperatures than the membrane and the end
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may be formed al ong any one or nore portions of
sealing regions 76, between the outer perineter
regi on of the nmenbrane and the encl osure, and/or any
ot her suitable location to establish a seal or bond
bet ween nmenbrane 46 and enclosure 12. Both diffusion
bondi ng and welding result in an alloy or other
conposition that was not present prior to the
destructive bonding process. Fig. 10 illustrates the
formation of a gas-tight seal between nenbrane 46 and
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process, neither the encloSure nor the nmenbrane is
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gas- t i ght TheedllustzgivpeexaserlesrettbFighe 3460 @AY ke dleprriieds as
59 and 61 (or other portion(s) of the enclosure).

pPravidisL Gageigs of 1mgmbsangsotip thal Msmsa YR Bies Portion of the

' [ f th nb d the encl -
< T R o TS ey SR e
te , [ fo...
o[l P 95 S W5 R R el
, t
SRl e S5EL PR R RS Ay or

dé}?’i?ﬁgt ﬁﬁgé%@gg%s? tmremp\fliwéjin%%ﬂg%ﬁﬁs Qf pmi?pgﬁncﬁé gas-

es forma portion of the seale
ti@ﬂ@e@ﬁbﬁt@ne sBYlel Ringioblrel S Meant that the pressure

vessel is partially defined by the nenbrane, instead

of the NepRFARS Sleays BRtNEes HBROE @8 hbivhite B€ontinuous
seals between membrane 46 (such as outer perimeter region 82} and enclosure
12, it is within the scope of the disclosure that two or more distinct or
noncontinuous seals may be used. For example, a first gas-tight seal may be
formed between membrane 46 and a first portion of the enclosure, such as a
first one of end plates 59 and 61. Thereafter, a second gas-tight seal may be
formed between the second one of end plates 59 and 61 and the membrane
and/or the first one of the end plates. For example, membrane 46 may be
permanently and directly mounted to a sealing region of one of the end plates
and/or to the internal surface of the enclosure, and thereafter the end plates or

other portions of the enclosure may be secured together to seal the pressure

vessel. Preferably, however, the gas-tight seal between the membrane and the
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i nternal conpartnent of the seal ed encl osure
(pressure-vessel). Another way of describing this
relationship is that the nenbrane forns a portion of
the gas- tight seal of the seal ed enclosure. Although
t he seal s di scussed above are shown to be continuous
seal s between nenbrane 46 (such as outer perineter
region 82) and enclosure 12, it is within the scope
of the disclosure that two or nore distinct or
nonconti nuous seals nmay be used. For exanple, a first
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the internal compartment and which is directly and permanently secured to the
enclosure to define a gas-tight seal therewith. Illustrative ones of the above-
described elements and subelements that may be present in devices 10
according to the present disclosure are also graphically illustrated in Fig. 11.
The embodiment shown in Fig. 11 may include any of the variations and/or
optional structure described herein without departing from the scope of the
disclosure.

The configurations of the hydrogen purification devices, and the
individual components thereof, discussed above and which have been

schematically illustrated herein are not intended to represent every possible

configuration within the scope of the disclosure. Similarly, the thicknesses and
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typically extending at |east partially toward the

interior of the enclosure. Fig. 11 illustrates a | ess

schemati c exanpl e of a hydrogen purification device

10 containing an enclosure 12 that fornms a pressure

vessel wth an internal conpartnment 18 that is

divided into m xed gas and perneate regions 30 and 32

by at | east one hydrogen-sel ective nenbrane 54 that

spans the internal conpartnment and which is directly

and permanently secured to the enclosure to define a
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ergk plgtesoSUErhas gredmaturealingiragicas [/, MehdettAPRIRA <Y s@igerwise
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r 1 he purpose ration
bﬂ? ussed in nore detail herein, the outer perineter
end pl ates, such as proxi mate sealing regions

76 may b@Jr%?reﬁgm%fescgfh%Y‘ég%% prRbESV HEHd01 P LeRRERted

a gas-tight seal or exanple, the end plates may
according to the present disclosure are shown in Figs. 12 and 13 and generally
indicated at 210. Uniess otherwise specified, device 210 may selectively include
any of the elements, subelements, and variations as the other devices
illustrated, described, and/or incorporated herein. Illustrative (non-exclusive)
examples of these previously discussed components are indicated in Figs. 12
and 13. Similar to the previously described examples, device 210 includes an
enclosure 12 that defines a pressure vessel with an internal compartment 18
that is divided into mixed gas and permeate regions 30 and 32 by at least one
hydrogen-selective membrane 46 that is permanently and directly mounted to
the enclosure to form a gas-tight seal therewith.

The illustrated example of enclosure 12 includes a pair of end

plates 59 and 61, as well as a perimeter shell, or perimeter shell portion, 214.
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i nclude a tapered region, or groove, such as
illustrated in Figs. 8-10. This optional region my
have any suitable shape that is configured to
facilitate strong seals when nenbrane 46 is secured
to enclosure 12 by welding or brazing. Further
exanpl es of hydrogen purification devices 10
constructed according to the present disclosure are
shown in Figs. 12 and 13 and generally indicated at
210. Unl ess otherw se specified, device 210 may
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previously déescri bed destructive and other processes
mb@ted to a permeate surface 216 of the perimeter shell, with the membrane
being supported on its permeate surface 50 by a membrane support 54. It is
within the scope of the present disclosure that a membrane 54 may be
permanently and directly secured to the mixed gas surface of the shell and/or to
ancther portion of the enclosure. It is also within the scope of the present
disclosure that two or more perimeter shells may be used. Perimeter shell 214
may be formed from any suitable material that is stable in the operating
environment in which the hydrogen purification device is used. Shell 214 may
be formed from the same material{s) as the rest of the enclosure, but this is not

required. Therefore, shell 214 may alternatively be formed from a different

composition than the end plates.
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form ng gas-tight seals may be used to secure the
menbrane to the perinmeter shell and the perineter
shell to the end plates. Accordingly, gas-tight seals
are fornmed, such as by the above-descri bed
destructive bondi ng processes, between the nenbrane
and the perineter shell and/or the end plates and
between the shell and the end plates. These seals are
i ndi cated generally at 218 in Fig. 12. In Figs. 12 and
13, menbrane 46 is permanently and directly nounted
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| ates. 27 Perineter shell portion 214 spaces the end
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[ustrative exanples, the i1nner perinmeter 222 of 1he
p&ﬁféaf@?@@o%’)?@ut'ﬁsoggpd\)l@és a construction in which there is not a
transition region between the enclosure and the membrane support that is
directly engaged by the membrane.

A potential benefit of utilizing a perimeter shell is that at least one
of the end plates may be (but is not required to be)} formed without a chamber
or recess for transverse flow of gas in the direction of the plane of the end plate.
Instead, the perimeter shell portion defines at least a substantial portion, if not
all, of the respective permeate or mixed gas region of the enclosure’s internal
compartment. Accordingly, it is within the scope of the present disclosure to
size or otherwise select perimeter shell 214 to have a thickness {measured as

the distance between the end plates) that provides a selected or desired gas

flow region, such as mixed gas region 30 or permeate region 32. Fig. 13
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than the outer perineter, or edge, 88 of the nenbrane
support. Expressed in different terns, the perineter
shell portion overlaps with nenbrane support 54. This
construction not only provi des another exanple of a
gasket -l ess hydrogen purification device (i.e., a
hydr ogen purification device that does not require a
conpressi ble, or other, gasket to forma seal between
the menbrane and the enclosure to divide the

encl osure's internal conpartnment into m xed gas and
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enclosure to be a durable pressure vessel that can withstand these forces, which
act to urge the components of the enclosure away from each other, typically
with several hundred pounds of force. The enclosure also must be abie to
withstand the thermal and pressure cycling that the enclosure experiences as it
is repeatedly heated and pressurized for use, then cooled and depressurized
when not in use.

As discussed, when it is desirable to heat the hydrogen
purification device to an elevated temperature, a variety of heating assemblies
may be used. It may also be desirable, though not required, to insulate the

device, such as to reduce the heating requirements and/or to protect adjacent

structure, operators, etc. from contacting the outer surface of the enclosure.
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fact that the inclusion of the perineter shell portion
i ncreases the nunber of external seals for the

encl osure. More particularly, the inclusion of the
perinmeter shell also requires two exterior seals, one
between the shell and a first one of the end plates,
and one between the shell and the second one of the
end plates. Since any seal provides a potential for a
gas | eak path, care should be taken to ensure that
the seals are free of |eaks. As discussed above,
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anpl e of an insul ated heating assenbly 300 that nay
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IllTustrated herern 1n conbination wth a heating

323 are formed from materials that are well-suited to conduct heat and are
adapted to receive a heat source 324, such as an electric heater 326 that is
received into a cavity 328 in the material. Other heat sources may be used in
place of or in addition to the illustrated electric heaters. The heated structures
distribute heat across the opposed exterior faces, or surfaces, 330 of the
hydrogen purification device’s enclosure 12. The heat conductive structures
may be made of any suitable heat-conductive material that is thermally and
chemically stable in the operating environment exterior enclosure 12, such as at
the elevated temperature used to heat the enclosure and its contents to a

desired operating temperature. An example of a suitable material is aluminum,

although others may be used.
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assenbly 42, such as, but not limted to, the

i nsul at ed heating assenbly 300 described and
illustrated with respect to Fig. 14. It is also within
the scope of the present disclosure that a hydrogen
purification device 10 and/or enclosure 12 may be

used wi thout the subsequently described insul ated
heati ng assenbly 300. As shown, a hydrogen
purification device 10 is positioned between an
illustrative pair of heating assenblies 42, which are
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conductive structures 323. Heat conductive structures
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plabesl owyr mcl@e Tthéeheaplaso el i SHikeble t moenty has pasitjorsethese
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and/or the exterior of the en

temperature (i.e., reduce heat loss) and to provide an exterior surface 352 that
is at a lower temperature, and preferably a temperature that is not likely to
damage objects that come into contact therewith. In the illustrated example,
housing 350 is formed in two halves 352 that include internai compartments
354 into which device 10 and assemblies 322 are received. Other configurations
may be used, such as configurations that include more than two components, a
monolithic structure that is cast or otherwise formed around the hydrogen
purification device, differently sized components, etc.

Fig. 14 also provides an illustrative example of an optional
retainer 360 that is adapted to urge the sealed hydrogen purification device,

heating assemblies 322 and housing 350 together. As shown, retainer 360

includes plates 362 that are urged together by any suitable connector, and
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pl ates may include or be coupled to a suitable nount
that positions these conponents relative to each

ot her and/or urges these structures together. Al so
shown in Fig. 14 is an insulating shroud, or housing,
350 that is sized to receive device 10 and heating
assenbl i es 322 (when present). Housing 350 may be
formed fromany suitable insulating material, such as
a refractory ceramc, and preferably encl oses the
hydrogen purification device and optionally at |east
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act to separate or otherw se open the enclosure, the
TVPRBNEChRIEgdre 584 WilRFRrmUs Ghaigritynes st Bhsus tsub&antial portion of
the mixed gas stream produced by a fuel processor.

A fuel processor may produce mixed gas stream 24 through a
variety of mechanisms. Examples of suitable mechanisms include steam
reforming and autothermal reforming, in which reforming catalysts are used to
produce hydrogen gas from a feed stream containing a carbon-containing
feedstock and water. Qther suitable mechanisms for producing hydrogen gas
include pyrolysis and catalytic partial oxidation of a carbon-containing feedstock,
in which case the feed stream contains a carbon-containing feedstock but does
not contain water. Still another suitable mechanism for producing hydrogen gas

is electrolysis, in which case the feedstock is water and does not include a

carbon-containing feedstock. Examples of suitable carbon-containing feedstocks
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i nto physical contact wth each other. A hydrogen
purification device 10 constructed according to the
present disclosure may be coupled to, or in fluid
conmuni cation with, any source of inpure hydrogen
gas. Exanples of these sources include gas storage
devi ces, such as hydride beds and pressurized tanks.
Anot her source is an apparatus that produces an
exhaust or waste stream from whi ch hydrogen gas nay
be recovered. Still another source is a fue
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that is adapted to produce a m xed gas stream
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reformng, in which reform ng catalysts are used to

gy eeem Ry dramen fuglsproeensra if sbawrtschampenlyainnfiggla: As
carbon-containing feedstock and water. O her suitable

shavthdhe dval Aresesperold meNRG ! My BHi6REA 8490, pRe thggombination of
pyrolysis and catal ytic partial oxidation OI a

a Eaf! RPRSERA A Od H@d'?oéé'aé’ﬁgﬁ‘ﬁ?t'o”i 4V TRY RETTR TP fue
stream cont ai carbon-cont ai ni.ng feedstock but doe

RGBT e AISEHEMD DrienEd 106k 55 & TaeHM, SRemEn.

0 r pduci ng hydr ogen, gas.....s, el LS, .| '
bl B R B PR BB o PRI By s,

s QM8 i@ugé&gaégﬁp%&?;&ra%aﬁ'@e . Qf.lels 6‘:@5?400 may
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_ include methane,” propane, natural gas,
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sui t abl e al cohol s i ncl ude nethanol, ethanol, and

gdObiredrs, 246 Bkl @8urces other than a fuel processor 400, a gas storage
device is schematically illustrated at 406 and an apparatus that produces mixed
gas stream 24 as a waste or byproduct stream in the course of producing a
different product stream 408 is shown at 410. It should be understood that the
schematic representation of fuel processor 400 is meant to include any
associated heating assemblies, feedstock delivery systems, air delivery systems,
feed stream sources or supplies, etc.

Fuel processors are often operated at elevated temperatures
and/or pressures. As a result, it may be desirable to integrate hydrogen
purification device 10 with fuel processor 400 at least partially, as opposed to

having device 10 and fuel processor 400 connected by external fluid

transportation conduits. An example of such a configuration is shown in Fig. 17,

33



et hyl ene gl ycol and propyl ene glycol. A hydrogen
purification device 10 that is adapted to receive
"m xed gas stream 24 froma fuel processor is shown
schematically in Fig. 15. As shown, the fue
processor is generally indicated at- 400, and the
conbi nation of a fuel processor and a hydrogen
purification device nay be referred to as a fue
processi ng system 402. Al so shown in dashed |ines at
42 is a heating assenbly, which as discussed provides
inNGAkch [ PedR¥l PRocOsIANGyERY iRHEI ¥ dheflor RbUSIQS MR2, which
such as those di scussed and/ or incorporated herein.
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412, which device 10 forms a portion of and/or
ad@¥tRn@Sreativt @aBhbd Rakbmakley contbMint alcrtdnedbnBaining feedstock
418 and water 420, as shown in Fig. 17. However, it is within the scope of the
disclosure that the fuel processor 400 may take other forms, as discussed
above, and that feed stream 416 may have other compositions, such as
containing only a carbon-containing feedstock or only water.

Feed stream 416 may be delivered to fuel processor 400 via any
suitable mechanism. A single feed stream 416 is shown in Fig. 17, but it should
be understood that more than one stream 416 may be used and that these
streams may contain the same or different components. When the carbon-
containing feedstock 418 is miscible with water, the feedstock is typically

delivered with the water component of feed stream 416, such as shown in

Fig. 17. When the carbon-containing feedstock is immiscible or only slightly
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configuration, fuel processor 400 may be descri bed as
i ncludi ng device 10. Integrating the fuel processor
or other source of mxed gas stream 24 with hydrogen
purification device 10 enables the devices to be nore
easily noved as a unit. It also enables the fue
processor's conponents, including device 10, to be
heated by a comon heating assenbly and/or for at
| east sonme if not all of the heating requirenents of
device 10 to be satisfied by heat generated by
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mebiewisnh Nddvii@®, ot comblibwatiue theredf that welivers thid et e nofo fuel
the disclosure that the fuel processor 400 may take
protémspr 400 s Forasxangleusse dicliedgveystamdnehancifidge gnstqremre
416 may have ot her conpositions, such as containing
pwnby that cletivemthe seraionenly dfebigsodké donb Al spprkt efddifenadly,
stream 416 may be delivered to fuel processor 400 via
orapiiernatiNehalsiyetemt ¢harmanincindsi myplse eerinly Aariedlte regulate
shown in Fig. 17, but it should be under tood t hat
thepiiaw chahe GABPSPEREATTUM & ﬁwswe&swp%d RatuPpligssmay be

nt ai n e sane or differe onent

OGRiER, KRS 0RO Rl &Y FIEF OF e P CRMF IS, SN OF Pfsent
'thﬁﬁ?ter, the feedstock is typically delivered with
er conponent of feed stream 416, such as shown

in Fig. A7 gre\é\égnyt mg.cgg{cf%@ el ﬁlﬂ ?L?QSB]%EEséo? 400

i mm sci bl'é n1sc e w th wa

InElpgéia @g%‘agﬁﬁ'}trédﬁrﬁg rte-\_ﬁmn |ﬁ|vlllycrgﬁ4l>ké(ﬁéfsdstl;é%ni Q@lis produced
from feed stream 416. As discussed, a variety of different processes may be
utilized in hydrogen-producing region 432. An example of such a process is
steam reforming, in which region 432 includes a steam reforming catalyst 434.
Alternatively, region 432 may produce stream 24 by autothermal reforming, in
which case region 432 includes a suitable autothermal reforming catalyst and
the fuel processor is operated at temperatures and pressures suitable for
autothermal reforming. In the context of a steam or autothermal reformer,
mixed gas stream 24 may also be referred to as a reformate stream.
Preferably, the fuel processor is adapted to produce substantially pure hydrogen
gas, and even more preferably, the fuel processor is adapted to produce pure

hydrogen gas. For the purposes of the present disclosure, substantially pure

hydrogen gas is greater than 90% pure, preferably greater than 95% pure,
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400 in separate streans, such as shown in dashed |ines
in Fig. 17. In solid lines in Fig. 17, feed stream
416 is shown being delivered to fuel* processor 400 by
a feed streamdelivery system417. Delivery system
417 includes any suitable nechanism device, or

conbi nation thereof that delivers the feed streamto
fuel processor 400. For exanple, the delivery system
may i nclude one or nore punps that deliver the
conponents of stream 416 froma supply. Additionally,

m8Fe ﬁjr?geﬁ'é Hgygé@c‘ey thaV 83 R 72 iBYvd eI Brefe r‘ﬁ Bly\Vfeater than

asse pted to regulate the flow of the

9§9¢%3F&%M Bxdrh 983 Bf BLi€AST Fihed Yo SHdBIs Yare HRRICHO M ILSS. PER¥Nt
be ocated external of the fuel cell system or may

N&Es contiaizNedniing i 8. Matad] AsAivstior BerislyRd.09/882,361, which
generally indicated at 432 in Fig. 17, fuel processor

wéDBiedi ¢t Mades 8a 2bydr age s pitiidcifugl Pegkeeori andwBysthms and
m xed gas stream 24 is produced fromfeed stream 416.

DAdcedi Gaimsidd, tha Saard, 'eand 0fS. GafeheNens, 3pp,308swbish may fib on
utilized in hydrogen-produci ng region 432. An exanpl e

Marth 48cROGHL, pnddesntitied “HytwaaniSefestivd Mgtal MembiarshMedidesornd
432 includes a steamreformng catal yst 434. o

Megthe@ oh fetinvieg fhe BPagiedreagB 2of veyictp isoiger@osited n reierefce in its
autot hermal reformng, in which case region 432

entiiely fees!! BUPIFeabl e aut ot hernal reformi ng catal yst and
t he fueléprocessor I s _operated at tenperat

d.
pressur ed el PIoSBFRT 0P May Ut HorRdet P@f‘???ﬂ'i%g&rﬁ%rt’%“de
2 SERbTA wlony/ M s0Eh 86 PRVEIY Bl B¢ HPIEFFErpiall 88 eBiVes
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regg{).g%g@eeﬁgﬁ%mrﬁ%ﬁ [)bg,e&“?émwl'@%féet? ted SoRfANLSTH tt rein. In

n gas. e purposes of

LE78% ALSERT SRy PR s Bl o T eBer R
prBYE®, hydd&®en stream or purified hydrogen stream. When fuel processor
400 does not include polishing region 448, hydrogen-rich stream 34 forms
product hydrogen stream 414. For example, when stream 34 is intended for
use in a fuel cell stack, compositions that may damage the fuel cell stack, such
as carbon monoxide and carbon dioxide, may be removed from the hydrogen-
rich stream, if necessary. The concentration of carbon monoxide should be less
than 10 ppm (parts per million) to prevent the control system from isolating the
fuel cell stack. Preferably, the system limits the concentration of carbon
monoxide to less than 5 ppm, and even more preferably, to less than 1 ppm.
The concentration of carbon dioxide may be greater than that of carbon

monoxide. For example, concentrations of less than 25% carbon dioxide may

be acceptable. Preferably, the concentration is less than 10%, and even more
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nore preferably greater than 99% pure, and even nore
preferably greater than 99.5% pure. Exanpl es of
suitabl e fuel processors are disclosed in U S. Patent
No. 6,221, 117, pending U. S. Patent Application Seri al
No. 09/802, 361, which was filed on March 8, 2001, and
is entitled "Fuel Processor and Systens and Devices
Cont ai ning the Sanme," and U.S. Patent No. 6,319, 306,
which was filed on March 19, 2001, and is entitled
"Hydr ogen- Sel ective Metal Menbrane Modul es and Met hod
pl%ff?r'azglé/mlégg th&® 159”%5?e<§38hpr%f’erm Edhckstrbiier %r@&@ﬂwaﬁy%

hce inits irety for all purposes. Fuel

Brﬁoc?ts§ﬁ<5uié% ﬁﬁ&ers%ﬁ 4R hBccBREBRS Afitiim fchddh@ations
I nclude a polishing region 448, such as shown in Fig.

preéent8| HeS&ih NiFe rM@tRIMIVE AN, 688 thBy de@eatratibeother than
stream 34 from device 10 and further purifies the

tHoké eRaddyed RENS iniy bbaisedreanireatition tak,scope LMD ipresent
sel ected conpositions therein. In Fig. 17, the

disgsslirel ngFet eganples partitdat edest ot 1dhaanthchmygrsbanay require
referred to as a product hydrogen stream or purified

mimjichuogen rsrimam ciientifatien lprale os songe4 ikt cryesdifigrent than
i ncl ude polishing region 448, hydrogen-rich stream 34

those ientipedleesin.-hydr ogen stream 414. For exanple, when
stream 34 is intended for wuse in a fuel cell stack,
conposi t i BeEON M348 Hagudesagy EWEREIR eFTYGEINE &TacRMOKIEhOT
as carbon nonoxi de and car bon di oxi de

ed
EHg e Fpseienn A che st cPRPREHEES 1t ﬁre?ﬁ'e 57 For

e%@“%%%f%at il P;E%ﬁ’ C%rﬁq%gﬁm nofﬁerbffeé@?’ﬁt”%e 'é‘k%of’ﬁ??’& Qfnge

mﬁﬁ'}f’%'?e tgl%m i‘une ))s%% $ ?rcﬁté%e{] ﬁ%cghnaitte‘ﬁ?ra dgmaged if the

sthéH) %n %réj%hérp de r&é?jaeoréenﬁﬁﬂlor%ngf EX8Bn Mbfoxide or
pretrer a |'ess t concentration o

cHB6PAR eoﬁ' A8y 'E@ydegﬁ"aﬁé Q@ﬁr%u&&ﬁnleéﬁaéne%e%hgﬂéh catalyst

nonoxi For exanpl e, concentrations of |less than 25%
b&AEBON %H%Od&n%bts BB oACHER::M 8nd RE@baIABLNe iHtBenethane

concentration is less than 10% and even nore

and water, both of which wili not damage a PEM fuel cell stack. Polishing region
448 may also include another hydrogen-producing region 452, such as another
reforming catalyst bed, to convert any unreacted feedstock into hydrogen gas.
In such an embodiment, it is preferable that the second reforming catalyst bed
is upstream from the methanation catalyst bed so as not to reintroduce carben
dioxide or carbon monoxide downstream of the methanation catalyst bed.

Steam reformers typically operate at temperatures in the range of
200° C and 700° C, and at pressures in the range of 50 psi and 1000 psi,
although temperatures outside of this range are within the scope of the

disclosure, such as depending upon the particular type and configuration of fuel

processor being used. Any suitable heating mechanism or device may be used
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36 preferably, less than 1% Especially preferred
concentrations are less than 50 ppm It should be
understood that the acceptabl e m ni num concentrations
presented herein are illustrative exanples, and that
concentrations other than those presented herein may
be used and are within the scope of the present

di scl osure. For exanple, particular users or

manuf acturers may require m ni mum or maxi mum
concentration |evels or ranges that are different than
td BRV&Id GRDRddt! SGgL Q'H'éatégegh%r4éc§n!5J§||oH@§§aI@ﬂ)/or the like.

suitabl e structure for renoving or reducing t
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. For  exanple, when the product streamis intended
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stack or other device that will be damaged if the

hsitirepaesembtyanBg betprevitiédiby died &rarpredsstanoefital atll sysserof by
carbon nonoxi de or carbon dioxide, it may be

aolesgiaradd|seutce, onicdthde at | east one net hanati on cat al yst
bed 450. Bed 450 converts carbon nonoxi de and car bon
di oxi de i ht GionB¥héusd pragrisater is isbewn dnclvgingp @hgll 412 in
not damage a PEM fuel cell stack. Polishing region

whit§ thgyabavsuieserétagldecraponanss ars §pigerdpr §E@Jbﬂﬁg T B
452, such as another reformng catalyst bed, to
magrirerafersed, tAs édlﬁ“étﬂ‘gf é@%@%&h@ ‘F‘HPBOWE& Bigiie fyskprocessor
such an enbodi ne erabl e that .the ond

tq; by &%eﬂgascawvtysit ?Jaa oot ToE BRonPam o7 106 e BCessor

anati on cat al bed, s as np t to_reintrodu

TREY QaNo0t Pl G0 carBIE I BE Fo NG FUURof Ty fgatng
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opera e at era ures In e range

b%gg%(eg as’aangn Flt ﬁﬂél?ﬁfi’rn‘?asy b0t HO& ﬁ@tﬂ%e%fanof, rpiudeairr‘xgulatmg

ough tenpérat ures outsi IS range
m%f&:a‘{‘M%B' Sudhhgs §%Qm§|r%tjlaftm§ mé&tessl, fHke: insUGRRGInaterial, or

dependi ng upon the particular type and configuration

aPhif Rl cavity. It is within the scope of the disclosure, however, that the
fuel processor may be formed without a housing or sheill. When fuel processor
400 includes insulating material 433, the insulating material may be internal the
shell, external the shell, or both. When the insulating material is external a
shell containing the above-described reforming, separation and/or polishing
regions, the fuel processor may further include an outer cover or jacket external
the insulation.

It is further within the scope of the disclosure that one or more of
the components of fuel processor 400 may either extend beyond the shell or be
located external at least shell 412. For example, device 10 may extend at least

partially beyond shell 412, as indicated in Fig. 16, As another example, and as

schematically illustrated in Fig. 17, polishing region 448 may be external shell
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processor being used. Any suitable heating nechani sm
or device may be used 37 to provide this heat, such
as a heater, burner, conbustion catalyst, or the Iike.
The heating assenbly nmay be external the fue

processor or may forma conbustion chanber that forns
part of the fuel processor. The fuel for the heating
assenbly may be provided by the fuel processing or
fuel cell system by an external source, or both. In
Fig. 17, fuel processor 400 is shown including a shel

43 2nd Rr a\g‘ﬂ)'rﬁﬂv Bf‘ﬁycﬁ'ggé/ %%Efn'g%&:oﬁ%o(@ﬁ&t 8s B{Bl%on? of one

cont ai ne 412 |ch al'so” may be referred

oPSofe RAYSHA cat%ﬂ)%plbg s trRSy CRRADRPSSI e Jriae. f uel
processor be noved as a unit. It also proteCtS t he

conponent gs ﬂfdldalféﬁ bEb®le, Plid1GR6&BE0r 400 MagiarmgRipbad to deliver
providing a protective enclosure and reduces the

hyteagémeich deaamdsafor tored o elydprgeeestsaim bieaanss fehst one fuel
conmponents of the fuel processor may be heated as a

cdlini dtackShedich4 IRodees but ettobsc noirreméc dsseafrody, iInckude a
insulating material 433, such as a solid insulating

cavdigeratiah, ths ﬁunketociemu lead ifuej aelitstadkanay oe refgrred to as a fuel
air-filled cavity. Is within the scope of the

cedli systams.ufe, emmm@frsuchrﬁawsmm is pelEmaticate dlysiratedyn - 18,
formed wi thout a housing or shell. \Wen fuel processor

inggbyich i Fugh sl istasl) ‘Etaangratt i@picatedsaz 24 nd hienfé’8| 5%'! Rigick is
material nmay be internal the shell, exter
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rocessor may elt er extend

AU oo A
have been schematically illustrated and that the fuel cell system may include
additional components that are not specifically illustrated in the Figures, such as
feed pumps, air delivery systems, heat exchangers, heating assemblies and the
like.

Fuel cell stack 422 contains at least one, and typically multiple,
fuel cells 424 that are adapted to produce an electric current from the portion of
the product hydrogen stream 414 delivered thereto. This electric current may
be used to satisfy the energy demands, or applied load, of at least one
associated energy-consuming device 425. lllustrative examples of devices 425
include, but should not be limited to, a motor vehicle, recreational vehicle, boat,

tools, lights or lighting assemblies, appliances (such as a household or other

appliance), household, office, business, signaling or communication equipment,

39



partially beyond shell 412, as indicated in Fig. 16.
As anot her exanple, and as schematically illustrated
in Fig. 17, polishing region 448 nay  be external shel
38 412 and/or a portion of hydrogen-producing region
432 (such as portions of one or nore reformng

catal yst beds) may extend beyond the shell. As

i ndi cat ed above, fuel processor 400 may be adapted to
deliver hydrogen-rich stream 34 or product hydrogen
stream 414 to at |east one fuel cell stack, which

etPf oﬂumlcﬁ%eebﬁd%trgtb(%d CtHEf fBbict hersefd odnerdRicSBME Miudtrated in
configuration, the fuel processor and fuel cell stack

FidBds BRd ILhREREE téhraserd driedr meRd HeBy&d enMtollREtieX afpbEces
of such a systemis schematically illustrated in Fig.
thdBare adbpiéd € deavi eRictretdrritaedm ithe gesl etell| dyytenn disctaee dell
at 422. The fuel cell stack is adapted to produce an
stedketybrcally tttudentmditipien fublecaiie jbdined tafetiperdthieee gdmoganend
stream 414 delivered thereto. In the illustrated
platebodBenwhicl senigine fluidl deliveodesrpoval 400nduitg nel rajlown).
fuel cell stack 422 are shown and descri bed, however,
Exiatnpddsonf] sritpbieneleredls dutuderRRM frisl selishant elisalings fugl ¢edler Fuel
or both of these conponents may be used. It shoul d
cell|ssaskit2 2 @u reeaivel all DA Prodist BYEBREB SERES 41‘fhv§'051§’e‘?f all of
schematically illustrated and that the fue
steeagy dAnEiRYi ALY Ha@a"Vao%r F|t%fﬂaF'V%mS>8nsﬁlt"§r%a¥faaﬁeSLH‘ab'e

ecificall illustrated in the Fggures

d
coaﬁ%sforavsre oty Rl e L REsia P et g o
h f ng Si qng th% i ke. Fuel cell stack 422 contains
qt VeV OR T At ypical Iy nultiple, fuel cells 424
that are adapted to produce an electric current from
the portion of the product hydrogen stream 414

delivered thereto. Eﬂh%n%h@&kﬁ&ﬁm&%rrent may be used
to satisfy the energy demands, or applied |oad, of at

| east onerheasgRirbgdred pBAREAHNC ONSHEsNY cgrﬂ)ébﬁ@%z%-nd fuel
IllTustrative exanpl es of devices 425

processing and fuel cell systems disclosed herein are applicable to the fuel

processing, fuel cell, and other industries in which hydrogen gas is produced
and/or utilized.

It is believed that the disclosure set forth above encompasses
multiple distinct inventions with independent utility. While each of these
inventions has been disclosed in its preferred form, the specific embodiments
thereof as disclosed and illustrated herein are not to be considered in a limiting
sense as numerous variations are possible. The subject matter of the inventiohs
includes all novel and non-obvious combinations and subcombinations of the
various elements, features, functions and/or properties disclosed herein.
Similarly, where the claims recite “a” or “a first” element or the equivalent

thereof, such claims should be understood to include incorporation of one or
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i ncl ude, but should not be limted to, a notor
vehicle, recreational vehicle, boat, tools, lights or
l'ighting assenblies, appliances (such as a househol d
or other appliance), household, office, business,
signaling or conmmunication equi pmrent, 39 etc. It
shoul d be understood that device 425 is schematically
illustrated in Fig. 18 and is neant to represent one
or nore devices or collection of devices that are
adapted to draw electric current fromthe fuel cel
m§y§tﬁ@h éefﬁéﬁts CRbikherStafiliridy Phdrakkyuding! veeSorMmdrePkech
elI's joi ned together between conmon end plates
@é%gmgwhlch contain fluid delivery/renoval conduits
(not shown). Exanples of suitable fuel cells include
PEM f uel meisl Bel@vdd athsal thaefdilu@ingceldiras paratulatel oint out
stack 422 may receive all of product hydrogen stream
cedibin cBemenational dndofsubaimisiaatichba thmyaeddirectedatd yne oof the
alternatively, be delivered, via a suitable conduit,
difaesedsieventicms oirfte prenpolved gevd- consbvipng grogdpss doubaskeft in
for fuel or heat, or stored for later use. Industria
othpiptdrekibatidnsyermirbagmbingeanpef feptured i fenctipadi elegients and/or
conmponents and fuel processing and fuel cell systens
prepeitiens@ay hee efldmade el campedpent vé tiheepresen claims - or
processin fuel cell, and other industries_ in ch
prﬁw@rg% §§W|°§a'ﬁ}so'6u‘if‘é‘5d°r anr&}as?d aPPiseran: ?Ltchl %mended or
bel i eved that the disclas a
e ey i et o et ersBh TV SRESH Pt firected to the

e R A A LT
or npaqdcleﬁr%gt 8re %IQ?rrgggrdgé a@' gah&%&a%@lﬂ# ]J?émls%@%%%ggﬁrsgf the

erein are no consi dere

.néghﬂyﬁg%Fp%§ﬂ%§éﬁgggémg§ﬁgre possi bl e. The subj ect

ter o e Inventions includes all novel and
non- obvi ous conbi nati ons and subconbi nati ons of the
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vari ous elenents, features, functions and/or

properties disclosed herein. Simlarly, where the

clainms recite "a" or "a first" elenent or the

equi val ent thereof, such clains should be understood

to include incorporation of one or 40 nore such

el ements, neither requiring nor excluding two or nore

such elements. It is believed that the follow ng

clainms particularly point out certain conbinations

and subconbi nations that are directed to one of the
cdiipe).osed inventions and are novel and non-obvi ous.

I nventions enbodied in other conbinations and

subconbi nati ons of features, functions, elenents

and/or properties may be clained through anendnent of

t he presentyétodenpudificatpihaeseibeatdraprishgnew cl ai nms in

this or a related application. Such anended or new

cl ai am envbheirhedefinirey a grreswlire eetsd with an dnfeeal eqvimpartment,

invention or directed to the sane invention, whether
whiérefrettenteviter sachefiguredr tooreseiverintegingl campasopd a oixerk gas

original clainms, are also regarded as included within
strégen sabjpesing rvedregencgast aed othey s Ndolo pleduss Hiasafrom a

di scl osure. 41 CLAIMS: 1. A hydrogen purification
hn%vg%rlc%@ﬁﬁw%tﬁﬁ&eaah%ﬁeqnwu@felea f fuhegtialp PuEs fydrogen

vessel with an internal conpartnent, wherein th
9feRI LR DY RrOBHFHSTFAML B HRIMECHi GRSt it stang e LRbaP b Okt otger

oS e RSB B YR A, pfe
t t _
e e P S OIAAL L0 P B UERLAO ! L,

sewﬁ%sdt & tﬁﬁb ?Jélgi aAnepgértlﬂn?fEroghetllh? qglt?ﬁra R3P¥Rerewith and
erein € encl osure udes Cf east one perineter
eﬁ@ﬁ'éhhg vﬁﬁ% the compartment to divide the compartment into at least one
mixed gas region and at least one permeate region, wherein the at least one
membrane includes a mixed gas surface configured to be contacted by the
mixed gas stream and a permeate surface generally opposed to the mixed gas
surface, wherein the at least one membrane is configured to selectively allow a
first portion of the mixed gas stream to pass through the at least one membrane
from the at least one mixed gas region to the at least one permeate region and
to restrict a second portion of the mixed gas stream from passing through the at
least one membrane from the at least one mixed gas region to the at least one
permeate region, and wherein the permeate stream is formed from the first
portion of the mixed gas stream, and the byproduct stream is formed from the
second portion of the mixed gas stream.

2. The device of claim 1, wherein the at least one hydrogen-selective

membrane is permanently and directly secured to the perimeter shell by a
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at | east one hydrogen-sel ective nenbrane permanently
and directly secured to the at |east one perineter
shell to forma seal therewith and extending within
the compartnment to divide the conmpartnment into at

| east one m xed gas region and at | east one perneate
regi on, wherein the at |east one nenbrane includes a
m xed gas surface configured to be contacted by the
m xed gas stream and a perneate surface generally
opposed to the m xed gas surface, wherein the at

dds%éttlveo HonAREP hbAResd SnCRARIhIBERBNE 0o @h& CinkeMBlahedlan@Wthe
first portion of the m xed gas streamto pass

petri?rﬁéwlgaqéu@e%bném toORemEIdgne fromthe at |east
one m xed gas region to the at | east one perneate
region and to restrict a second portion of the m xed
gas stream from passing through the at |[|east one
ment3.ane THeodvvidesofatailnensthevaie thieeetkagasne bygdropen-celehbiive
at | east one perneate region, and wherein the
mpebreetie veldedamths af ereond penimetee shélt.st  porti on of
the m xed gas stream and the byproduct streamis
formed fromthe second portion of the m xed gas
stream 2. The device of claim1, wherein the at | east
one ‘hydr ogerdeyigesfidaja 1 dirspiarbeiag leﬁéF Pr&%@h‘ﬂ'l‘)?e%ﬁﬂ'ecme
directly secured to_the perineter SHJ 5
MEBEaGCE AleRneih g ara&@es@d AfRioR PI5ER tsn%eo%t IRt one
menrane and the perineter shell are consunmed to form
PeReIfT 9F 3. The device of claim 1, wherein the at
| east one hydrogen-selective nenbrane is welded to
the at |east one perinmeter shell. 4. The device of

claim 1, mega ‘%egp%aﬁqt, i o@?{r)]epragmmﬁglga%cpl;eﬁﬁ 664 MErrace

merrbrane 'S ast one razed usi on

foﬁﬂ@djeﬁorﬁ"no cBFﬁ.lrﬁ%d | &ﬁ'ﬁbn g therhimbes shel hydregedBlective

Vice of claim1, further conprising at |east one
meRbeIneafR the at ]east one perimeter shell.

6. The device of claim 5, wherein the consumed portion of the at
least one hydrogen-selective membrane forms an alloy with the consumed

portion of the at least one perimeter sheil.

7. The device of claim 1, wherein the at least one perimeter shell is

separately formed from a portion of the enclosure.

8. The device of claim 7, wherein the at least one perimeter shell is

secured to a portion of the enclosure to form a gas-tight seal therewith.
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formed from consuned portions of the at |east one

hydr ogen-sel ective nenbrane and the at | east one
perimeter shell. 6. The device of claim5, wherein the
consuned portion of the at |east one

hydr ogen- sel ective menbrane fornms an alloy wth the
consuned portion of the at |east one perineter shell
7. The device of claim1l, wherein the at |east one
perimeter shell is separately formed froma portion
of the enclosure. 8. The device of claim?7, wherein

the qt | egrt gon& BEIAMBE 8 whb@lid thé gaseHt @dal B Rrmed by
portion of the enclosure to forma gas-tight sea

wdiBREHE bhieadBokh pditBetde¥h8Ptc0d peittdinof 8he BhasRire. t he
gas-tight seal is forned by welding the at |east one

perineter shell to a portion of the enclosure. 10. The

device of claim9, wherein the gas-tight seal is

formed byrhel asece welcttiimgot veemin lteasbs-aiobt Feal isefoemed by

shell to the portion of the enclosure. 11. The device
lagdr vedidingntlie af lepsthane moimetes sl W@tthe eagiorolidhe enelesuee

formed from consuned portions of the at |east one

perimeter shell and the portion of the enclosure. 12.

The device of claim1l, wherein the consuned portion

of tHe atThe gaMdee shelapar neftber SABIPIISING Fslegst ang yyferface

with the consumed portion of the portion of

t he
foRmed SEl conguned Rertiansi et ak|lggsh aie PRty shell and the

conprisin t | east one gasket disposed between the
p%ﬁg$8é§F‘%ﬁgsb§?ineter shell and the portion of the

encl osure and configured to formthe gas-tight seal.
14. The device of claim 13, wherein the portion of the

encl gsur [ . ud . DALl I AELEetHR at
t he 1%;3_ ﬁhgeh &Jss%aﬁls'f:lglr?grlhemg-reggﬂdchg c%k?ucme@'bg a
least one perimeter shell forms an alloy with the consumed portion of the

portion of the enclosure.

13. The device of claim 8, further comprising at least one gasket
disposed between the at least one perimeter shell and the portion of the

enclosure and configured to form the gas-tight seal.

14, The device of claim 13, wherein the portion of the enclosure
includes a pair of end plates, and wherein the gas-tight seal is formed by
compressing the at least one perimeter shell and the at least one gasket

between the pair of end plates.

15, The device of claim 1, wherein a first of the at least one

membrane is permanently and directly secured to a first of the at least one
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conpressing the at | east one perineter shell and the
at | east one gasket between the pair of end pl ates.
15. The device of claim1l, wherein a first of the at
| east one nenbrane is permanently and directly
secured to a first of the at |east one 44 perineter
shell, and a second of the at |east one nmenbrane is
permanently and directly secured to a second of the
at | east one perineter shell, and wherein the first
perineter shell is secured to the second perineter

pea'nﬁétler ERaf, %rnmaasél@ﬁd oF ot at 288 odBERMFIR isTRrmAREtly and

evice of claim 15, further conprising one or nore

d.%@b%&ure@u& ROeehd Bt et IbAR dhkpetinResd SRIICEnS MBktein the
d the second perineter shell. 17. A hydrogen

fn@ﬂbe#m@@tﬂsﬁen fhesdcimd aUmRIdesbitUperaict@Reheals t roled bas-nght
a pressure vessel with an internal conpartnent,

saaheHeeewithi.ne device is configured to receive into the
conpartment a m xed gas stream conprising hydrogen
gas and ot her gases, and to produce therefroma
hydrogen-rich perneate stream containing at | east
subst@ant i Bid gevica ef hiptn oigre rfurthers cemirisind ppe cduopre gaskets
stream contai ning at |east a substantial portion of
disppsed brbyeenghs disst parimeigs shedmndydeisaeanst Perinagrer shgll-
| east one hydrogen-sel ective nenbrane di sposed at
| east substantially wthin the internal conpartnent,
wherei n each of the '

hydr - | ect
enbHanesh ¥9aeTPHE ffaéloﬁ?d%wgggf?ora% 0 the at | east
i met { { to f
? e BnP PR g 0 R & FHOEs e P albanePiel cBiegfment
rI I %%Sde%flc&t ? CO%E?UF%?%% I%QSVQY&BQQS %Oﬁﬁﬁ?ﬁ*én\éea mixed gas
e ramne,

rane an east one I met

stmﬁ{ %&ﬂpﬁé\ﬁ& HbrddeR s ér?oaéttheprégsgy% Q%858 8L &CLH VG rom a
hydrogen-rich permeate stream containing at least substantially pure hydrogen
gas and a byproduct stream containing at least a substantial portion of the other
gases;

at least one perimeter frame;

at least one hydrogen-selective membrane disposed at least substantially
within the internal compartment, wherein each of the at least one hydrogen-
selective membranes is secured to at least one of the at least one perimeter
frames at an interface to form a seal therewith, wherein the interface includes
consumed portions of the at least one hydrogen-selective membrane and the at
least one perimeter frame, wherein each of the at least one hydrogen-selective
membranes includes a mixed gas surface configured to be contacted by the
mixed gas stream and a permeate surface generally opposed to the mixed gas

surface, wherein the permeate stream is formed from a portion of the mixed gas
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menbranes includes a m xed gas surface configured to
be contacted by the m xed gas stream and a perneate
surface generally opposed to the m xed gas surface,
wherein the perneate streamis formed froma portion
of the m xed gas 45 streamthat passes through the at
| east one hydrogen-sel ective nenbrane, and the
byproduct streamis formed froma portion of the m xed
gas streamthat does not pass through the at | east
one hydrogen-sel ective nenbrane. 18. The device of

st%a{% That/pashOEie by E}%H he atieb&aste WO%@HE’F&&@E rﬁérﬁﬂ%ne and

forms a portion the encl osure nmet hod of

tHeOPPRrBAu@ MBHPGEbrRIeH frbBiad IRRISHEY 6R niRMEaSERBam that
permanently and directly securing a hydrogen-sel ective

dS&MYLAes titoagh BRY dtTedlonkHadBogeint deldttide signtghhy.e
bondi ng process in which at |east a portion of the

menbrane is consuned to forma seal wth the perineter

frame; and form ng an encl osure containing the

peri bt er Tha dedce vhepien 17t beredmthosuleest and pedweten frame

i nternal conpartnment within which the secured

fonyd reogpetion sbthectriclosureenbr ane ext ends to divide the

internal conpartnent into a mxed gas region and a

perneate region. 20. The nethod of claim19, wherein

permanent|ly and directly securing the

hydr b%en- 8 E18eq oefondifs ahgdioaen RHELCaken deniyet ‘FPé'”p“S“"g

hydro en- | ective nbrane tq the perln?ter r ge
Qqaﬁl@pﬁ @nsfdlrce'c me(itgm% ygrcfgephsgle ive membrane to a

?‘Ii)/'ﬂ gg’%”ie:{"@gh é‘g‘—"'ﬁﬁﬁg? gﬁgglr{gﬁ%r?}(é?sﬁ ip Hﬂéh'%f"%begﬁ a portion
of e 16 oroGRTPEI R LSBT B G RSABOTALIY ;AR and

securing ste st a” secon

hydr l.e ei
P B S Tt 50 L MR8 o
eﬁJHs%F@ﬁJclu@@QEﬁﬁﬁt@ﬁ%tl MinbBithaMRivghirt RBich the secured hydrogen-

selective membrane extends to divide the internal compartment into a mixed

gas region and a permeate region.

20. The method of claim 19, wherein permanently and directly
securing the hydrogen-selective membrane includes welding the hydrogen-

selective membrane to the perimeter frame.

21, The method of claim 19, wherein the hydrogen-selective
membrane is a first hydrogen-selective membrane, wherein the method further
comprises repeating the permanently and directly securing step for at least a
second hydrogen-selective membrane, and further wherein the forming step

includes forming an enclosure with an internal compartment within which the
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46 first hydrogen-sel ective nmenbrane and the second
hydr ogen-sel ective nenbrane extend. 22. The nethod of
claim19, wherein the hydrogen-sel ective nenbrane is
a first hydrogen-sel ective nenbrane, wherein the
perinmeter frame is a first perineter frame, wherein
the nmethod further conprises repeating the
permanently and directly securing step for at |east a
second hydrogen-sel ective nenbrane and a second
perimeter frame, and further wherein the formng step
firkNChig8§eh-QEIRLINE ahePithAS ULAdCaREaiRia t Rgdiobesselective
perinmeter frame and the second perineter franme and in
méhbedhetdi@edd.r st hydrogen-sel ective nenbrane and the
second hydrogen-sel ective nenbrane extend within the
internal conpartnent. 23. The nethod of claim 19,
wherein the nmethod further includes formng a
gas-13.ghtTreeahethiotth cdneladm iy, e vditehain  ploe t hpdroged-selketive
enclosure to forma seal ed enclosure. 24. The nethod
mefmbodrai imaZBst rroasmseledivest bodrdnee Migesin s perimetey frame
one or nore gaskets between the perineter frame and
is Ehférsb perimetargramet Weereinplhier MgHwdofirhRe cemerisgaufegeating the
The nmethod of claim 19, wherein the encl osure includes
peamgaetopnd difectiy sacHENg kP for Bt ARast frRerenth hydrggen-selective

perinmeter frane extends between the‘fair of eqd _
m%rpwgfaé@_ang?a second perimeter frame, and furtheér wherein the forming step

includes forming an enclosure containing the first perimeter frame and the
second perimeter frame and in which the first hydrogen-selective membrane
and the second hydrogen-selective membrane extend within the internal

compartment.

23. The method of claim 19, wherein the method further includes
forming a gas-tight seal with one or more other portions of the enclosure to

form a sealed enclosure.

24. The method of claim 23, wherein the method includes installing
one or more gaskets between the perimeter frame and the one or more other

portions of the enclosure.

25. The method of claim 19, wherein the enclosure includes a pair of
end plates, and further wherein the perimeter frame extends between the pair

of end plates.
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