TUBULAR ELECTROCHEM CAL CELL | NTRODUCTI ON [ 0001]
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wEewpse128ensors and the |ike, generally offer PCT/US2007/023374

10

15

20

25

opportunities for an efficient conversion of chem cal
energy to electrical power with m niml pollution.

El ectrochem cal devices generally conprise an

el ectrochem cal cell, which is available in planar,

tubul ar, or nonolithic designs. The various designs
suffer from seVYUBULARBILBCTROCHEMIGADWELEBIt -up for

pl anar solid oxide fuel cells ("SOFCs") and | ower

vol unmetric power densi tINTRODUMDI@N SOFCs. [0002]
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ofubliResbwloyl ar cell can increase the volunmetric power
density of an el ectrochem cal cell stack containing
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teachings relate to an el ectrochem cal cell” conprising

am ssgedttien b plaear, orangratl o d elekmgaemicah cal. eOne of Wt drdvebyaeks of
in ionic or.protonic. communication Wwth one of the
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ounded by
reducing the size of the tubular cell can increase the volumetric power density of an

electrochemical cell stack containing many tubular cells. Unfortunately, too many

cells in a stack can complicate operation and increase manufacturing costs.

[0003] There is, therefore, a need for improving the power and voltage performance

of tubular electrochemical cell.

SUMMARY

[0004] In satisfaction of this need and others, the present teachings relate to an
electrochemical cell comprising an anode layer, a cathode layer, an electrolyte layer
in ionic or protonic communication with one of the anode layer and the cathode
layer, a fuel channel bounded by the anode layer, and oxidant channel bounded by
the cathode layer, wherein the anode layer, the electrolyte layer, and the cathode

layer together substantially form a closed Fermat spiral.
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Anot her enbodi ment of the present teachings relates to
an el ect rochern cal cell conprising an electrolyte
an anode | a er and a tfat hode
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associatmg a second layer with at least a portion of the first side of the first layer,

{

and associating a third layer with at least a portion of the second layer. In some
embodiments, the first layer can be pre-fired. In some embodiments, the first layer
and the second layer can be fired. In some embodiments, the entire electrochemical
cell can be fired. The first layer can be formed by extruding, gel-casting, 3-D
printing, or rolling a pre-form tape. The second layer can be associated with the first
layer by dip coating or gel-casting. The third layer can be associated with the
second layer by dip-coating or gel-casting. The second side of the first layer can be
masked to facilitate the application of the second layer and the third layer. In some

embodiments, the first layer and the third layer each can comprise an electrode



and the second | ayer can be fired. In sone
enbodi nents, the entire electrochem cal cell can be
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gel -casting, 3-D printing, or rolling a pre-formtape.
The second | ayer can be associated with the first
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[0010] In various embodiments, a method of operating an electrochemical cell
comprises directing a fluid through an electrochemical cell, wherein the
electrochemical cell Ais substantially cylindrical and has an axial length, and wherein
the fluid has a concentration, and varying the concentration of thé fluid radially

along at least part of the axial length of the electrochemical cell.

[0011] In certain embodiments, a method of operating a substantially cylindrical
electrochemical cell comprises directing a fuel stream into the electrochemical cell

approximately along an axis of the electrochemical cell, and exposing the fuel



opposite axial directions. In sone enbodi nents, the

first average fuel radius is smaller than the second
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| ow chart-of an enbodi nent of a nethod of- operating
[0018] FIG. 6 is a high-level flow chart of an embodiment of a method of operating

the electrochemical cell of the present teachings.

DETAILED DESCRIPTION OF THE PRESENT TEACHINGS

20 [0019] The present teachings can provide an electrochemical cell with improved

power and voltage performance, as well as fuel utilization, without an increase in the
outer dimensions of the electrochémical cell. For example, the present teachings

include a tubular electrochemical cell having an intemalb structure representative of a
Fermat spiral. In an embodiment, the internal structure is a substantially planar

25  multilayer member—comprising an anode, cathode and electrolyte—representative
of a closed Fermat spiral shape so that a fuel channel and an oxidant channel are
formed on either side of the multilayer member. The present teachings can be used
to design an electrochemical cell with a higher volumetric power density as

compared to a prior art tubular electrochemical cell of the same outer dimensions.
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& PN of OLE IO ACHE P RIBEF HTBEAP RO Eel-casting, or 3-
CBVHM&%Q atd'n& described herein. Those of ordinary skill in the art will recognize,

however, that these and other manufacturing techniques may be useful to create
complex shapes. A detailed discussion of such techniques is not provided because
such techniques are well known in the art and because they do not facilitate a better

understanding of the present teachings.

[0023] The use of the terms “include,” “includes,” “including,” “have,” “has,” or
“having” should be generally understood as open-ended and non-limiting unless

specifically stated otherwise.
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the figures and descriptions of the present invention
have been sinplified to illustrate elenments that are
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it 26 &}]\fig%gfgﬁlgerglﬁ ?;gitnd%&lrsﬁzlipe arn%faecrrg’sstsgct%nl:rg;grg?etnt;ff\)/le ro?la closed
Fermat spiral according to the present teachings. As shown, the electrochemical cell

10 includes a first end 32, a midpoint 34, and a second end 36.

[0028] The electrochemical cell can be any type of electrochemical cell known in
the art including, for example, a fuel cell or an electrolytic cell. The present
teachings encompass fuel cells that operate at a wide range of temperatures,
including high temperature cells (e.g., solid oxide fuel cells and molten carbonate
fuel cells) and low-temperature cells (e.g., phosphoric acid fuel cells and proton

exchange membrane fuel cells).

[0029] FIG. 4 is a cross-sectional view at 3A-3B of the embodiment illustrated in
FIG. 3. The electrochemical cell 10 can include an anode 12, an electrolyte 14, a
cathode 16, a fuel channel 18 (bounded by the anode 12), and an oxidant channel. 20
(bounded by the cathode 16). In the illustrated embodiment, the electrolyte 14 is
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closed. [0027] FIG 3 is schematic perspective view of
an exenplary el ectrochem cal cell 10 having a
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illustrated enbodi nent, the electrolyte 14

| fFI0BDETROSGSNS MG R, iH&nB8O%8n %gv@a[‘glb%ﬁﬁtiﬁﬁf @tgxgaq difension,

so that, together, the anode 12, the electr 14,
amithtaheiddatangite fiofn florunS aummtd abiohsy,800 pentEre el@trodlienical cell

mul til ayer nenber, .19, in turn, has substantjally
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I 8RRERSENEHahiXEl s,‘?xfengthcalrrgﬁl%%é: &{03B! the Pathéde, aftF e RMtolyte. In

the el ectrochem cal cell 10 also includes a radia

c anamde 28 ppertddanibodadéentsthg 8noderrdn havea ividth 30thelrange of about
uch Jows throu

operation, an oxidant, . .s air % h the
o PR O AR R EiiFe & SuFF 8hamPRIBLEgh tertqtilyte can have
chandglof 16oist 18 %o kbt BE AR Be @oaPBAShAWR A¥1dd of about 10
direction. Oxidant nol ecules in the oxidant channel 20
pemnteabeutt 9 oat hode 16 and contact the electrolyte 14
where, in the case of an ionic conductor, oxygen ions
af0®31 pComgosifibeallyx yrgemodocws tei rhidesfeom ahp sditsdle porous electrode
el ectr te 14 and migrate to the other side_of the
nmafqripg X wrhélrm% art. F org example, the anode can be mac?e from a ceramic
material or a cermet material. The ceramic material or the ceramic component in the
cermet material can include, for example, a zirconia-based material or a ceria-based
material. Exemplary materials include, but are not limited to, stabilized zirconia
(e.g., yttria-stabilized zirconia, particularly (ZrO3).92(Y203)0.08) and doped ceria
(e.g., gadolinium-doped ceria, particularly (Ceg99Gdo.10)O).95). In the case of cermet
materials, the metallic component can include one or more transition metals, their
alloys, and/or physical mixtures. The metallic component (e.g., Ni, Co, Cu, Ag, and
W) can be introduced in the form of an oxide or a salt (e.g., NiO, Ni(NO3),), and can
be present in a range from about 30.0 vol. % to about 80.0 vol. % based on the total
volume of the cermet material. For example, the anode can be a porous nickel

cermet with yttria-stabilized zirconia. Other suitable electrode materials include
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about 2,000 mm The el ectrochem cal cell can be
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aﬁgﬁgug@@n@ﬁggg the cathode, and the electrolyte. In
an anode- supported enbodi nent, the anode can have a
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C thode can have.a w %th of about 10 mmto about 100
rqf er@eqq lrcaﬁﬁragF&Yr divgreforming daygr sibciigin B @artilexifdaling
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gmretﬁe Pweg%ﬁ@er i %'alc;]% BhinsRagiaslagssriltided ig theprt yyill
C 5;5 rgmg’@stﬁﬁl ﬂz@lﬁ%rgﬁlllg lag%'ecqﬁ g gysogmeﬁr\*/ﬁ{ ?16 aHSJléJl‘Q%r e

not zed zirconl a
yt:llecur@:-hsma?daﬂ telk echettier dervied is qnmdmsopub(mekiyca(tlﬁd@sﬁ))p@te(dY

O nd doped ceria adol i ni um doped ceri a,
p%ﬁﬁ%&\eaﬁupg}o‘%@eoréggﬁi’ée WPP@TG‘% . In the case of
cernet materials, the netallic conponent can i ncl ude

o933} Thepathededaxsri(-oncatkqds) ean haveiarsubtamipdly phaney dymensnon

p r t I on

PPy Dt Wy 186 TP D SAE SRR IR Sl o o
otsé: d@h@tre saxppa;héd (For@. oatHNd@su;Nlo(‘t%@e&hrdcheﬁﬁ@hl caln thecathode
present in a range from about 30.0 vol. %to about

geamhayga, wighlhiadbeirapge pheboubt.4Immde abeut 3fmmhdn e sathede-
TR0l L R AP, A IRE oS0 05 Bl gy g

subdua b0 @ng laae tHdHiﬁdéTBérﬁlﬁavalaSvalﬁdﬂwead [inNa aBME/ 100 pm. The
titanium oxi de based ceram ¢s that may or may not

i prihedseag bﬁ@f‘éleleictflcé%ﬁ@frﬁjé‘ﬁ@ve PO@BQ}naF%Iab&W‘@U@ the art.
B g}? anggf’ fctntauéecaglggg ﬁlsac oseaallﬁeova(fﬁ)r&s dﬂEBEll%? é\?{‘é} zﬁ but not

co- pe
1EMB80 14, (Dﬁxthaﬂmncﬂnan@nhe pedonsldireccefamtmmﬂhdwnf fefrie pBIO®skite
inits entirety, The reformng | ayer can contain a
pSFRMIS, Ry2$e99y ingHn manganite perovskite Ceramics, and praseodynium ferrite

perovskite ceramics.

[0034] The electrolyte layer (i.e., electrolyte) can have a substantially planar
dimension, with a width ranging from about 5 pm to about 2,000 um. The
electrochemical cell can be electrolyte-supported. For an electrolyte-supported
electrochemical cell, the electrolyte can have a width in the range of about 0.1 mm
to about 2 mm. In the electrolyte-supported electrochemical cell, the anode can have
a width of about 5 um to about 100 um, and the cathode can have a width of about 5
pum to about 100 pum.
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sides of the anode |ayer, either in whole or in part.
Those skilled in the art will appreciate that the

r rLm ayer can be associated with the ode | ayer
oTOBE TR el SnedRTecdle cOPoIhE R Aot GrgroBtically
apaRcSUPRaretad, InGainR Ao R, RGlectrolyte can be made from

el ectrol yte-supported or substrate-supported. [0033]

Theramat drogenttayaerifls. e. , cat hode) can have a
substantially planar dinension, with a width rangi ng

f [a36pBa@Lbnid conductorgleatits the namsfEnef ishehitqughhlkneleatolyte layer.
cell can be cathode-supﬁgrted. For a cat hode-supported

eluds ssinelerscatr sele stateelestricat sppductesthaapeconduFiierbecause of
t nf'e rﬁ@%%n?gf 1%99 Hﬁ?&e)gngv agesaikHQHé %ﬁdﬂ%ﬁg @Qlétal lattice.

cat hodesupported e trochemcal c ectrolyte

Cc 8nitdtd nic sdindtitoomarbialstinGudenfliovitaboudturd@ elenirolgrd, tifv@nia-
anode can have a width_ of about 5 mmto about 100 nmm
Thesed gKKisden edKluptorsa Rsriashpased pxidanencanguetaes: perayskygrsyygtured

gg%ﬁ%ﬂg&s&ﬂ@ﬁgoggnﬁmgFg{t. Exanpl es of suitable

materials I nclude various perovskites such as,

b t, limted to, |anthanum mapgapi t Qvskij,t e
Lo oer Bl habiier 87 b AR OLRT bl BT e Stectolye
Pla3s€ 0Al pratuiic FBAGRIr Saele@Msiite Rick 8§ aBbliBele@Rslyte, in which

praseodynium ferrite perovskite ceramcs. [0034] The
emeyebleinydiogpmipas (protaas) are theqiringdry cbaree s#rrigesy &refon conductors

S I.al rdi ' i t.h i.dt.h r i n .
VERRE L BN TIRkEe SO o0 LRNEIP e
C @clude Bu(e€); Haset dodh plud s $p@);thackd dodipoands; CaZrO; based

el ectrol yte-supported el ectrochem cal cell, th

eFeBpwIdyy Ba FgRa ThOpidgped with Qﬁi:eBﬁBh@é’lamfosagb@@z@s.; and

bout 2 . e -
P bEGereBal b iR LEERE R SARYERE0, g figp o doped
aberbiinid) siah ds@ thodtid deask laver ctiddpddgircoaianode can have a
wi dt h of about 5 nmto about 100 nmm [ 0035] The

e{(RBB[ Thy hiRt] LRMRE] fdrm®ts thefde®OEdy A Y@ ko BRMNB&:. 8 fuel channel
ionically or protonically conductive material. In sonme

epdoltiveenwidth bdteea! aout Il yire teabouré namddefined iy dler spatiog

oEetgv%En te arrﬁ%&e? faiygrls,s as shown in FIG. 4. In this way, the fuel channel has an
inner boundary formed by the anode layer and an outer boundary formed by the
anode layer. Those skilled in the art will appreciate that the fuel channel can be

configured to receive fuel at either end of the electrochemical cell.

[0039] The oxidant channel permits the delivery of oxidant to the cathode. The
oxidant channel can have a width between about 0.1 mm to about 5 mm, defined by
the spacing between the cathode layers, as shown in FIG. 4. In this way, the oxidant
layer has an inner boundary formed by the cathode layer and an outer boundary
formed by the cathode layer. Those skilled in the art will appreciate that the oxidant
channel can be configured to receive oxidant at either end of the electrochemical

cell.
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because of the novenent of ions through void spaces in
the conductor's crystal lattice. Suitable ionic

c r terials include fluorite-stryctured, ...
cFUBAHE 5f o8 Pucih pelFcatiodiiiBee  SiphobiilRe Bragdition o the
CaiddR; BAsRE, sd dectioPie FBPREERARICAI support of the cell. Exemplary
perovskite-structured el ectrol ytes, and

Bsuppnrtinidtendls ean inflodag§rmatsp earamiss cfoc exanple il upmaniitenia, and

t t ransf er .of otons through the electrol yte |ayer.
AEBPBF%%F@D Wdﬂgi%FmEs an electrolyte, such as a
solid ﬁlectrolyte, i n_whi ch _novabl e hydrogen ions

( BB LRYS- *atepicing fpi diegrgm @hap Geerealpmipisod pPQplopanufacturing
cangiy f&@lgmf@l/c@?a&ef%t%qh@ re?er@%a?lgﬁ%sh gﬁrn l}%é)%ﬁﬁ%lﬁ)port

Sui t abl e protoni ¢ conduttor teria
Bstfie@8e bafiet layonjsdomakst in SheZshapd e Heramtpgirai dsing @GaBniqBes

R e e T e R T
e ' I I, :
dg%ggbﬁﬁ%%an ir{&%cﬁ%hfﬁﬁ{gf Rt iR 1dyay s t}é@eﬂ%brp;ﬁla'i'@fé:% O;;eFaQﬁPe Fo

ceramc, such as a thin and e |l ayer doped
zcereatonisalid pQ®8] The fuel channel pernmits the delivery
of fuel to the anode. The fuel channel can have a

WoduDd] Beirieenisabaatufiidringprbeesansydtto 2raarts olj&dtd efRdfilad cross-
t he spac“gq bet ween the anode | ayers, as shown in FIG

gsectipnal prefilpayhe firs laygesancdieamvsksd andéor siiawmHispugbadie af (he
L§&$ﬁgpgxngQ%P@qgggi#ﬁ%ggkgﬂgﬁ?g out er boundary forned

_ “anode Tayer’. ‘inthe art wll
SGRAFEELEub: LSk b RS SRR e
C&labes. [1AQR3RLastifg, LA ErathapORleP &Y d9ntbindd&itd & kbMBEY of

of oxjdant to the cathode. The oxi dant channel can
hengenia mendnierbatdietrndeded into @ moldmilhe catents obthamold can be

SRR oy S O Ry e il ol et rom
| pdiRus it chaiipBdedl ahd 8rdasichpateridiaper, v@d’kﬁ p8Rmer, and

outer boundary formed e¥ the cat hode | ayer. Thosée
sgiaphiggd). | Withtaa oaganicinpld, depelduigas eot tesessatyeaodh @aganic mold

gg% %?é%rﬁegdq %f? ggﬁgg%%égﬁ&rﬁer{t? neallc\{:gr a’ééed%ﬂf] tlﬁaet preesletnp er
teachings, the mold can be in the shape of a Fermat spiral.

[0044] Three dimensional printing (3-D printing) refers to building of a desired
shape in layers. Using a computer model of the shape or desired part, a slicing
algorithm generates detailed information for each layer. Each layer begins with a
thin distribution of powder spread over the surface of a powder bed. Using a
technology similar to ink-jet printing, a binder material selectively joins the powder
particles where the layer is to be formed. A piston, which supports the powder bed
and the part-in-progress, lowers so that the next powder layer can be spread and
selectively joined. This layer-by-layer process repeats until the part is completed.

After removing the unbound powder, a heat treatment may be necessary to burn the
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cell.[0040] The el ectrochem cal cell can also include
a support layer, in addition to the anode, cathode,
wapaebees rol yte, for mechani cal support of theCTYEE1007/023374

Exenpl ary support materials can include cernets,

ceramcs, for exanple alum na, zirconia, and

| at hani um chrom t e; nmetals. [0041] FIG 5 depicts
gwpsﬁwlr&r%?@? Hie, Raf Sy (g ceatredasisable sgucspre for the next
NBRER oW gpg an el ectrochem cal cell according to the

present teachings. In step 502, a support structure or

Lgﬂ%&] IE%%EISOg pr ! rt]f?edﬁ s{]lagf{lr%agg foFrpecP ar!:de rn{rﬁo I?boacflments

tec ues known hose S

i ﬂﬁ‘ddl,lﬁi bév@n@é Xdylet 84robe asgediatedithagleasira p’i)rtﬁbrpdsﬂ eﬂﬁﬂsﬂgde (i.e., the
Step 502 also can include firing the first |ayer

>t ARPAApDFgpie whishitbarséoraning Byeowey wwplied)pfdkn ﬁ@t @uprmfrthe entire
r| I
 PREPhe AR R RRL BELT BEIFS Bt PR
f taasing) @teastﬁgnop@hmﬂhﬂﬂnﬁwwmcﬂﬁrﬁmﬂ hr ough a die
of the desired profile shape, i.e., a closed Fernmat

Spi048| Dip 9&41% c@%r@@wmng% salufn@ﬁ ot 1 SQE&EQ%%r materials and
simlar to slirp casting for making conpl ex shapes. In

géippgghé figt layesintpthefsoligparroatipmid enedd witl dretseeed layer.
th .a solu on. of, or C nd..i nt roduced
10 thzxaaxg afeas 8% h?ﬁ’ stcl%etrg be gllanq{eﬁgeﬁfﬂ] gCO@HH %oecertam areas. The

PRIaYTBIT Heldpd, Qv 06 sthdrderidl bpﬁﬁtﬂddnéﬁswn% bH@BfJﬂ&H in the
The nol d can ‘be made fromvarious materials including

et ias penter tothg arskedhare @ freth sxpasues. to theasolutpol. yine exarapld, if the
SERRDAELs b laR Gy B Eap BB g Tt tyer, e

dsicondsidbof tRedirsttlaRa chik Bé makl&d%qwqamsn Will Bxpd3e only the first
present teachings, the nold can be in the shape of a

15 Feideraf the pir$talayer{ AGieniheFheand lww@nsb@na&ssqgraw Witk thedir side
_ b |
P B SR ot 64 Bl T b s RORP g g v

PRKEL can b‘é|ﬂr@di ng al gorithm generates detail ed
informati on for each layer. Each |ayer begins with a

t tUOQ7}jIr§§t5p 5’@’6 'aQle@fayE’PM% SRR WHR fhetsja@orﬁi%t;'@c Thethird
. Using a technology simlar to ink-jet
pfalymt aamg)e aasd@uaudbwnhat kenst alposteinexfitha/gicynd hiyersorttheentire
20 pgevglcj)r% layer. The third layer can be associated with the second layer in the same
manner as was described above for associating the second layer with the first layer:
dip coating, gel-casting, or other thin film application means. After the third layer

has been associated with the second layer, the entire electrochemical cell can be

fired.

25 [0048] If the first layer is a substantially planar anode layer having a first side and a
second side, a reforming layer can be applied to the second side of the anode in the

same manner as described above for associating the second layer with the first layer.

[0049] In various embodiments, the first and third layers can be an electrode and the
second layer can be an electrolyte. In some embodiments, the first layer can be an
30 anode, the third layer can be a cathode, and the second layer can be an electrolyte,

creating an anode-supported electrochemical cell. In some embodiments, the first

-11-
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can be spread and sel ectively joined. This
| ayer - by-1| ayer process repeats until the part is

c Iet d. Aﬁt t he unpound omder a he

© P e Al ArETBE LR S B PR HaB i he Frsfdlaer can
t B@a@@l’é&tr&&fee&@hﬁhg DO e-tpFH R URSob M iBalTlelIUTH theRathode-
for the next processing step. [0045] In step 504,

asupported, eleﬁtircw;-hﬁmllw eell, Iaasfomm laysr eeibarsgocintad sohe third
er can be aSSOC|ated

odi I
\/\th'ﬁr g%re élf)d%l’ab'gﬁs dd%%gﬁ‘%g ?‘?ér/st side (i.e., the

aﬁﬁﬁﬁthyesogéed?erﬂt%&rlﬁgétghthagw 3329 {S%Q frpi/ ?rfvdv?fif sgegpd and
THErdA8 G0 Grel Bt g‘bd@saﬁotlﬂeasﬁﬁ?a?eg V_@ftﬁﬁlevﬂrgﬂaw?ecrgﬁfr%t -

| ayer through p ¢oati ng, casting, or ot
f ellectrcﬁpipl-supmnt@imlcmmnlsem1[06)103@6] ThBe pecvndtidyeg ambiiprhiskayer can

p ari.ng.a.so ion of the second | material s .an
Fﬁ‘o%sa@at?ﬂ 3ifh thE fist Ly u3ing §IPLoRRU, Y TSNS, 6 attieh i A
aniRaibd Be&&eassé’&eﬂ"pedl AOHEE - If@?ert‘hﬁ'ﬂ Moyt Rake Qrflocfeh%'er a fourth

first layer can be masked to l'imt c ating to certain
aredasiing gy enemibecasodided wph thamawde.or any ot her
mat eri al or nethod known to one of skill in the art

t [051 pIotRus cinbedifralse thealadciontioal % eanbesauatratb%upponed,
solution. For exanple, if the first layer is to be
c%fa"fl@reﬁlw 2 FPLFWelaléeé@éWGlaI‘eély‘é'ﬁh #hrlcashe ppitiogtof sheghirdflayepeln

HeS¢ erh BA htﬁe a8 aosfubtst!Pz?te th §éco @X d fou l?}%rs
iRt B g e TR B i fph

expose on

Staiﬂ)e(ﬁledthﬁei ar[dSﬁhe hlﬁ;(élrayer/kfah b ah bEcselqwn drehﬁhy@i sutd&ate-
been associated with the first side of the first

| spperted plectherdrmifgl exh he subsiaiemay e compasedind cerapvisd
| g%ﬁ‘netsagﬁm'é%ﬁl fAdfcﬁltlorlaﬁ?éez[ fififtth IeCE{ 'l%:ea%c%ckaqgcﬁg/ th i d]“?l?er

ayer can-be associ a e secon
| agethe flidelaybd ¢atl Heayreformany lagerassootal with wh tfodetlayeeast
rtion of ihe sec nd | ayer or . the entire second

?é_\si@wonqi% whets of Ragiad refeHping gnateriadsanhed mplamentgsain the
7 SEADH 1LRY e LeGARETARRAGA of clitn RRFEIBRL ANy

ass atl ng t ayer W t Irst
d'rqﬁommdtalt lfh;g: re@ﬁinm@layerrigcat@hnmhdwmppbﬂuIIayef i Partial reforming
ans. After the has been

appl i cation third | aye
Rt Mgt @%n?%mewelag%réemeq Byag SUPPRE Taist PRl can reform part of
{h%%éo%ng Rt Arh€ RlnhaifR oPhe i incoming fuel could be, in some

embodiments, reformed on the anode of the fuel cell.

[0052] In some embodiments, the fuel channel and the oxidant channel can be
formed using the extrusion, gel-casting, or 3-D printing processes discussed above.
In some embodiments, the channels can be made using pore formers. Pore formers
are materials that can be destructively removed to create void channels in an object.
Exemplary pore formers include but are not limited to: carbon-based materials,
straws or textiles, including woven, knitted, knotted, tufted, tied or unwoven fiber,
or fabric materials. The carbon, graphite, or other materials can be destructively

removed through combustion, by dissolution with a solvent, or any other means
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side of the anode in the same manner as descri bed

above for associating the second |ayer with the first
ﬁ¥ [0049].In varloys enbadi nent s the first and

t KRQWD fogneria skl arhfoxremeyiga Parsformer & g%eaﬁarainayey cermet

C@ﬁth@@t datha %ln%%é bt oﬂd&rrﬁ&%u@tﬁ'@d' ments, the first
| ayer can De an anode, the third |ayer can be a
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an a TOC em ca

S elﬁ&r@ihibﬁh@damﬂt SThe rhethf)d cSthbaYs r<:a bﬁjeﬁtdls’iité}(m@fueﬁﬂﬁnnel
the third | ayer can be an anode, t he second | ayer

cahthpelegiocicatieal 6rl ped digeesiagian @xaiaetapma@ oxigppiothareg! of the
Fl@&%&c‘i’lg cgﬂl 6&. 'ﬁ%{ 1I}uel %ﬁrbtézlf'ﬁgfixrcﬁ%ég ?\91@31%9 %cga%ddoes not have a

rocnhem ca ayer can be

aggoeiing edev)idr fthd fuel ddhibethydfycatbon imlﬁturestthﬁ asedernled)oRrthe
as dlscussed above. [0050] In sone enbodi nents, the

f pnagie retgprame;layesn D@p@&%wyth@ tenecPfrpiorselcanpied ithe Bnods
| gaﬁygxp ﬁ]e%{ﬁafé i 3 g{%:?,tt{e gg%&m &f Cgageégﬂs t0 1509 HyFhrbons

I'ng an e

eh:&buhe byteonrbahs thet cta.n bEhﬁnxs@ O«(thllﬂ (@ymﬁl aidatidmerefoninirtg) or
| ayer can be asso with the first |ayer using dip
cﬁﬁ@?ﬁﬁ?mﬁérawﬁiﬁpﬂ reloFmiher thin filmapplication
means, as descri bed above. If the third | ayer is the

aH95d] FKy.ris adllgfbl?it’ﬁlrﬂq\’éﬁhﬁfh@frﬂgl qxalylelarx:mqtl@d 600 of operating

a d\Mtf] anode. [0

TRaHRoRabatteh OF sIPEER SIS, B A Rifforn FIG. 4 and FIG
Sgst FrRtRdBO0NREINS G stePBDZ hsfuBDerdert Ene dldttlodN@hical cell at, for
associated with at |east a portion of the third Iayer

| exantde dhefiisd andrdht She qubcefn. begtirertgg énto damfugkchannel 18

S r fo S ¢a e .

(0B Buirehfy RGN A RPN QupTElE o af ey cat. n
Cﬁmmér@mb@dmﬁtthafm vaPsy alaﬁteeil igetthoalkeshmatl eitlless than the
The substrate nmay be conposed of ceram cs, cernets, or

neRtHE §Tospgefition of éhq gjectrgchgrmicpl qeblysich easolply ingheodpiattpef the
K a%jpal CQIHEII#B (Lfe} el’ect‘i"(’)cﬁ]le{n1c(§1tl1 gel[ Ifntalglolh%y & rGa Cfi‘e tﬁ’e fuel can be

ormn er asso h an arno

Admdtecbmai thy ,eléMirO&}féerEal Rall tihi#drnil ¢ berveem gqerraalar ¢e@ke_$ 26@RAd the
be inmplenented in the support |ayer. Wole reform ng

i Af r3é'1§JSt2t$aPr Arfomsdhar RgIE iethe gaghal seosssapicataditye
electrochemical cell. Those skilled in the art will appreciate that directing the fuel at
less than the entire cross-section of the cell can cause the fuel to diffuse radially
outward as it passes longitudinally through the cell. For example, fuel introduced
between the radial center 26 and the half radius 28 at the first end 32 can diffuse
radially outward toward the radius 30 so that it exits the second end 36 at an average
fuel radius greater than that at the first end 32. Those skilled in the art will
appreciate that such radial diffusion can cause the concentration of fuel to vary along
the length of the electrochemical cell. Although step 602 has been described in
terms of fuel being introduced at the first end 32, those skilled in the art will

appreciate that fuel can be introduced at the second end 36.
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reformed at the reformng |ayer located in the support
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caxiksca a sgcrchdrawtlege oxidattirediusralley dxdlant cambdmtroduced into the

destruct |ve ed through conbusti on
dF@%‘P“ﬁI‘FW bl o gtaql%lartt € Gymegngnnst ﬁ%ﬁi%ﬁeé%amaw to

o Atk ithd flfep bhhfé'gﬁ:'éfl Ltl%hetﬂpggllagntachgﬁ{e? of Bl fmat spiral.

froma ceramc or amagi ng the ceramc

ol B2 T 65 Figenl BBk GPi B bt st g

ek:le@twdh@ﬁem eal oﬁ@'n'be difeetctret bypdsieOss iof & desudeRdnidal cell.
fuel to enter the fuel channel of the el ectrocheni ca

cEptl exaﬁwlfduthee@ﬂ ) t&rdu@szlied e thenfuel ¢haanad wf tﬂlﬁrﬁrst@md@ﬁ die
? V\% roch rlél(lecgaing 3F£]n soﬁlo r(let:qclgn beQIrFCt}f’J‘gm}ﬁ ﬁ”ln (%}lél?/? ﬁeel at the

t&@oﬁ@eﬁdcan be hydrocarbon m xtures that are reforned
on the anode reform ng | ayer. Depending on the type of

r ff0sB TR ceaﬁm éxﬁgocfu‘i’ieﬁtg eth@me%dl c%sépauﬁgsn Elilégt'f&@l@ﬁl%pcell

m xture may be any form of gaseouS or
hyeinprises doasingrediltid davipg acoaednoasornt thatugharsubstamiatiydylindrical

et RabmUBR R P bab Tt oty SR
| enégrochkveas bar, tth@cfon@éht%ﬁmaf ﬁfe)ﬂd"@t/am@ r@cQQll)Ofllon% at least part
operatlnglthe el ectrochem cal cell he priesen

t ebibhiangh lenéfadithd electrasheroichl eellGThe ﬂmdjcanl@fuel oxident, or

ng%ggq 600 begins in step 602 as fuel enters the

ef Yochenical cell at, for exanpl e, the first end

Sﬁ)'OSE]hﬁe;elflr?lllg to IPIGb(?i %losrees 11 eccii 1In rt]}tleoant \Ijvﬁl Ilp%?(lzcu?tlg ?hrli? Enlas%g the
fuel stream (i.e., fuel) toward the radial center 26, as described above, can expose
the fuel stream to an increasing anode surface area along at least a portion of the
longitudinal axis of cell. For example, if the fuel stream is directed into the radial
center of the Fermat spiral shaped electrochemical cell at the first end 32, the fuel
stream may diffuse radially along the longitudinal axis of the cell and encounter
more anode surface area with which to react. In that regard, those skilled in the art
may also appreciate that directing a fuel stream at the radial center 26 may flatten

the power profile of the cell.
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somewhat uniformy along the entire cross-section of
the el ectrochem cal cell. In another enbodi nent, the

wo pab/ociaM be directed into the fuel channel 18PGEE/UBTETE023374

10

15

20

25

30

than the entire cross-section of the el ectrocheni cal

cell, such as solely in the vici nity of the radial

cent 2 of the ectroc caI | n,anot

Rl ESeqtmors S L ST sl e et phbeRScal € can
ehﬁ)@hfa&cﬂﬂs RangdratGR! ds coRiphRUd ¥ sRRIME @ﬁbtﬁe{}%lercﬂgbl%mlcal cell of
center 26 and the half radius 28, or at sone ot

podudl size. Forexaapilalif be 6ised andbexidan aos dirdeeed into the electrochemlcal

| ect Th in.th t will
B oRERE™ Rretihs B PR L efit e et Sngatiaggn of fuel
eﬁﬁd 5B &t AR HRQE tHeQRAIRN cehled of Blelcel aﬁrh@msna J%dsm%utago be
diffuse radially outward as it passes |ongitudinally

t moaugrattaﬂmf@e VelociBoat tb&mdml eenténdithe eleetothemitabestMbamat the
|aI ent 26 | f..radi.us 28 at
i 358 BEIE" SRy RO i onf pyichl g ol e of
r ﬂﬂ'c@ﬂ &Qpﬁ@thteh?h ¢dnc@ittdtidnd, BBcASE BNthe 281813y BighaRlocities of
aver age fuel Tus greater than that at the first end

3the fT¢lowd thkoyifan. Thelteﬁee,athe likdlihbod pat theicanter 0%@ celliptil
radial dif.fu use e concentratio
B R Py s R RO M BAEEEE IR G qrdfma
Alsﬂdw @ thesi@roBein RaAcche AR tResERARAAd ifukl hivBBadillyf siflvard
bei ng i ntroduced at the first end 32, those skilled in

t plengihe S\mrlal t@prmewcavwlwatlesrdféreamnTPbedﬁ;qn@asgduv:@@lc@

 WErSRGARE sSREnr iur MaTMe o i By Rtk Ty Oanoce

K agnehtliceo nelddionally | ds thdflehgndedtidant @ispes@rmalAly, ée{éﬁ is exposed
fuel can be delivered into the el ectrochem cal

v foamerefaleatroghgmically axivaguiane aseacwislypichdatredch elihtw, thgirgaction
.t l:h? £tgﬁé céil?&to%ltﬂ] gell 1L )%85 §%1%1§§§191P/§19Ahe L ahl'é? } pcpg% o?Qhe cell.

€S causi ng

eBe@aturs@maeeacmh e hd diréstl@ rélhtad tdie @pe@lﬁﬁg teﬁfﬁe%tﬁre&if tiee
first average oxidant radius and exits at a second

avlestarsdemigadiant themapias tempseatygiperiHe of i elrstrophandetl el can be
' E](;n?e\;/lth? ﬂgjttgr thgu? ﬁ’lh eﬂbxﬁﬁ dd &%Lfar il S)ilg’cf E&Qitl hteBQp%r%\ Shape of the

inre eren

f ulebtrodhumlday bd:lbédrﬂ acdimodab ridisl e@par@mtonhamBWh@f ththe
Fermat spiral. LOOS?] The fuel and the oxi dant each

c s Eatenierof shesisIARCTeReS duRe GRERTON. t he el ect r ocheni cal

cell or can be directed at opposite ends of the

el(®él ]} bothedineents efeth¢ present teachings also can 51gmﬁcantly increase cell and

stack volumetric power density relative to a standard tubular cell of similar outer
dimensions. Because the fuel and the oxidant have an increased electrochemically
active surface over which to react when compared with cells of similar outer
dimensions, a larger percentage of fuel will react, thus producing more electricity
with the same outer dimensioned electrochemical cell. For example, depending on
the design, the electrochemical cell of the present teachings can generate an
increased power output in the range of about a 50% to about a 300% power increase
at the same operating conditions (i.e., fuel and oxidant flow rates, temperatures,

electrical loading, and pressure.)
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For exanple, the fuel can be directed into the fue

channel at the first end of the el ectrochem cal cel
Wa@e@nbeIbxi dant can be directed into the oxi deeit/US2007/023374

channel at the second end. [0058] In certain

enbodi nents, the nmethod of operating an

electr q&)nicgl cell conprises directing a fluid

hgﬁgﬁé%é—gg tration through a substantially

cylindrical electrochem cal cell of the present

t 66| MEs prBeiacteRingdt cihe shbathdédinetdr sh&gfic forms, not

el ectrochem cal cell’, the concentration of the fluid

v delinegted abpwd, Withahbirparing| fecas thepsairit opessentéal gharagteristics

I t he el e hem cal .,cell . . The flujd can,be

¢ T e Kt Pt S ERE e SREG1orrar B piafefss R espects
5 tlinsgatd fatheflthan linfiGn@bh the gréseAPRi@EhgtdRsdribal hBledsi St@pe of

the fuel stream (i.e., fuel) toward the radial center

2the paesegeigrentioads dwevedicaiethbyethp eprendad clained ragher drmbydhe

ag. | easi ng..an urface,area al t least a

o RE SR PRSP RS ol UG L P AR R meB G gl gomae of
| bquitdtedoyalf thd ¢laiad® dré irflérdee teBe émbacéddereadi al center
of the Fermat spiral shaped el ectrochenical cell at
the first end 32, the fuel streammay diffuse radially
along the longitudinal axis of the cell and encounter
nore anode surface area with which to react. In that
regard, those skilled in the art nmay al so appreciate
that directing a fuel streamat the radial center 26
may flatten the power profile of the cell.[0060]
Furthernore, the Fermat spiral design of the

el ectrochem cal cell can nodul ate the tenperature as
conpared to a standard tubul ar el ectrochem cal cell of
equal size. For exanple, if the fuel and oxidant are
directed into the electrochem cal cell at the radia

center of the electrochem cal cell, the highest
concentration of fuel and oxidant will be at the
radi al center of the cell. The fuel and oxi dant w ||

al so be nmoving at a higher velocity at the radia
center of the electrochemcal cell than at the radia
edge of the cell. Sonme of the fuel and oxidant wll

not react at the center of the cell, despite the high
concentrations, because of the relatively high
velocities of the fuel and the oxidant. Therefore, the
l'i kelihood that the center of the cell wll

-16-



reach excessive tenperatures decreases, thus, reducing
the |ikelihood of thermal shock to the el ectrochem ca

W@e00b/061834 t he oxi dant and fuel nove radially oRCINEHSZ007/023374

10

15

20

along the spiral, their respective velocities
decrease. This decrease in velocity increases the
resident time that the fuel and the oxidant have to
react with the anode and cathode. Additionally, as the
fuel and oxidant disperse radially, each is exposed to
nore el ectrochenical |y act GleABM®f ace area with which
to react. Thus, the reaction rate at the center of the
cel | i4$. notAmtlgetrdohemrnal ¢elhéagimaisinghan at outer edge of
the cell. Because the reaction rate is directly

rel ated to dnh@odpkRKyéati ng tenperature of the

el ectrochem cal cell, the radial tenperature profile
of the el egtiaclemesl cell can be sonmewhat flatter
than in a standard tubular cell. Additionally, the
spiral sha%%eef ok [‘?e Ell ectr elg m cal.. cel | ca{éwj . cati
acconmodat & a8 e Hgnlgi %fonflﬁ%lo@é‘f PT RIRERG Granmunication
tenperature of the cell increases during operation.

[ 0061] WERMRBaofEiftanods laypreandrthe eathodedayas; wharem the arads layer,
significantly increase cell and stack volunetric power
densi t thereddcaiol ye layor, and thervdthiode taybutogethersdubstafitiadiyrfotnan
out er di nmensions. Because the fuel and the oxidant

have ablokétcF&amseshiglectrochem cally active surface

over which to react when conpared with cells of

simlar ougﬁ@ﬁghﬁﬁagﬁg&&hdqwgﬁiggﬁgm%kﬁgggage of fue

will react, us produci ng ctricity with the
same outer dinepnsiaoned el ectrgchem cal ,cell. For
exanpl e, déﬁéﬁ&ﬂﬂbagwnﬂ @u8é§ﬁﬁﬂgefﬁgo%ﬁ@X?}ochenica
cell of the present teachings can generate an
i ncreaded powelectinshpmical eelk¢pmnrisinge of about a 50%t o
about a 300% power increase at the sanme operating
condi ti ons 6mamode liyee] and oxi dant flow rates,
tenperatures, electrical |oading, and pressure.)Q her
Embodi ment s, QB6&d 1ajiiead esent teachi ngs can be
enbodied in other specific fornms, not delineated
above, with (8] fromthe spirit or essentia
characteris?#%%gﬁﬁgﬁégqg’The foregoi ng enbodi nents are
therefore to be.considered in all res ts
1T ust rat | vERPEITEE Sesiralfs e eRorAEeprasadh anode layer
t eachi ngs descri bed herein. Scope of

and the cathode layer to form a multilayer member, and one of the anode

layer and the cathode layer is in at least one of ionic and protonic
communication with the electrolyte; and

wherein the multilayer member substantially forms a closed Fermat
spiral comprising a fuel channel and an oxidant channel, the fuel channel
comprising an inner boundary formed by the anode layer and an outer

boundary formed by the anode layer; and the oxidant channel comprising an

-17-



the present invention is thus indicated by the
appended cl ains rather than by the foregoing

waele®enénp4 on, and all changes that cone w t hi nP€HES2007/023374

10

15

meani ng and range of equival ency of the clains are
intended to be enbraced therein. CLAIMS 1. An

el ectrochem cal cell risin an anode | ayer; a

cat hodrPEpaitian oaneEBY Bespiofa parr i aoudfephdsiy fymed
ionic or protonic comunication with one of the anode

| ayer Anéhedsthodgdaisde | ayer, wherein the anode |ayer,

the electrolyte layer, and the cathode | ayer together
subst adt i alThe dextnockencicaset oFelimtl osplaiml2, whefeitethe anode
channel bounded by the anode | ayer; and an oxi dant

channelaybpfipfedcdipriea pabividg 1dyayer. 2. An

electrochen1cal cell conpri sing: an anode | ayer;

cat hodg | aygy.. el&%c%lg%lec% 1 O?la%); @n c?tyc?e{l Vi’hfrv%err] 1;1 lihe anode

el ectrolyte l'ayer 1S in he anoue

| ayer and the cathod Iayer to for ayer,
menber ﬁ‘YSh etV e frvenipnehe fay@.d gr ?%@ hasf gl between

layer is in at | east one of ionic and protonic
cormunplaut Somm and abaund,080eet.r ol yt e; and wherein the
mul til ayer nmenber substantially forns a cl osed Fernmat

spi r al 5conprhesdlgtgroahdniehl cehanagy) omsk cddim@Xid]aterein the
channel, the fuel channel conprising an inner boundary

for nedeliaytrsaﬁ%mw@al lsaax%o@eﬂg] ertml@ar&%ﬂ%r Yelf, QchBbde-
by the anode | ayer; ant channel conpr|3|ng

out o BERLE oot %s%l‘f’ % b%ﬁhtsr'?@%fﬁ gpBied o8 eEmica ce,

electrochen1cal cel | of claim1l or claim?2, wherein

t he andetal- supported electrochemlcal cell, or a substrate-supported
electrochemical cell.
6. The electrochemical cell of any one of claims 1-5, wherein the fuel
channel and the oxidant channel each have a width between about 0.1 mm
and about 5 mm.
7. The electrochemical cell of any one of claims 1-6, wherein the
electrolyte layer comprises an ionic conductor or a protonic conductor.

8. The electrochemical cell of any one of claims 1-7, wherein the

electrochemical cell is a solid oxide fuel cell.
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| ayer further conprises a reformng |ayer. 4. The
el ectrochem cal cell of any one of clains 1-3, wherein

W b@asiaeke | ayer, the electrolyte layer, and tP@r/US2007/023374

10

15

20

cat hode | ayer each has a wi dth between about 5 nm and
about 2,000 mm 5. The el ectrochem cal cell of any one

of clapns 1:4, wherein.the electrochemcal cell is an
anode- Suppds Hisid paking dsTgdrochelricar i Comprising:

cat hodesupported el ectrochenmical cell, an ) i
el ect r ol yt o8upESritredarsebstavisliniap ckased Fergat spiral, wherein
nmet al - supported el ectrochem cal cell, or a

subst r dtedirstlpporiaed fieftecterand hepiandlsideel | . 6. The

el ectrochem cal cell of any one of clainms 1-5, wherein

the fuel chagneltingRtetdil 19ydr At at GEAINNFIrtiBASNHRFUSR sile of the
wi dt h between about 0.1 mm and about 5 mm 7. The

electrgggﬁgkpgkdcell of any one of clains 1-6, wherein
the el ectrolyte |ayer conprises an ionic conductor or

a protonic conductor,. The. el ectrochem c cel

any one of %é%%?mgf.tb{rg o iR ot e G pbttaroe g ecand laver,
cell is a solid oxide fuel cell.9. A method of making
an el evhesiheds eranorgdeyercenmrissian glectroderinaigrial gndrage layer
| ayer substantially into a closed Fermat spiral,

wher ei borhpsekian stectralyer mh@siala first side and a second
side; associating a second layer with at |east a

portiompof tHenéthé$br Qhide9 AfriHePorh} I‘i§lti% bt%yﬁ?ﬂhi% @B %rst layer

associating a third layer with at |1east a portion of

the Se‘ff.”d dl‘h%yrﬁ{thod‘@f&%in{‘9 ghSa(nl 1 Rlrfhel @&Séﬁsiﬁgﬁ%é e first
an el ectrode materi al and” one Tayer conprises an
electrflyte terial. 10. The nmethod of claim?9
furthefWEbﬁﬁﬂ%%?ﬁ@“ﬁ#E@Firing the first layer 11. The
met hod of claim9 or claim10 further conprising
firingl2he The methodypéanyuak efrdaime dohldfurhgregomprises firing the
electrochemical cell.
13.  The method of any one of claims 9-12, wherein forming the first layer
comprises extruding, gel-casting, or 3-D printing.
14.  The method of any one of claims 9-13, wherein forming the first layer
comprises using pore formers to create voids in the electrochemical cell.
15. The method of claim 14 comprises removing the pore formers.
16. The method of any of one of claims 9-14, wherein associating the
second layer comprises dip coating or gel-casting.
17.  The method of claim 16, wherein associating the second layer further
comprises masking the second side of the first layer.

18.  The method of any one of claims 9-17, wherein associating the third

layer comprises dip-coating or gel-casting.
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12. The nmethod of any one of clains 9-1 1 further
conprises firing the electrochem cal cell. 13. The

woreaoboei2of any one of clains 9-12, wherein forPEHyS100E023374

10

15

20

‘met hod of any one of clains 9-17, wherein a

first layer conprises extruding, gel-casting, or 3-D
printing. 14. The nethod of any one of clainms 9-13,

wherein_ formn h irst layer c ri ses. usi ng pore

for nor 291 o TealibO§ of 4ty s of it SRy wheiein Bafirat BUEr and the
15. The nmethod of claim 14 conprises renoving the pore

f or mer ghirdllgyereaeh equmpros anfelestrpdomatsniel ofd the a¢oond tayey,
wherei n associ ating the second | ayer conprises dip

coat i ngoprigslanekstrolyg: matérialThe net hod of claim 16
wherei n associ ati ng the second | ayer further conprises

maski ngot heriparansu sf 4 ok JrkBihi 695 cb%ﬁﬁing%%o_cﬂ;hﬁ% a

9-17 soci ating
the third l.aver. conprises dip-coatd or .
gel - calt PRy "4 5 RER B TE AR SIHRPGhEREY layprgrihe xopged side
wherein_the first layer and the third | ayer each
conpri@%&ﬁﬁm§1g%?¢ode material and the second | ayer
conprises an electrolyte material. 20. The method of
any onél.of Teanetbodofinycmet ckimgy9-d8§souvipasinggssciating a fourth
reformng catalyst with the second side of the first

| ayer tiyet With axResagosticteofahe thivd 14 yur whdranahe figdlaydhe
nmet hod of any one of clainms 9-1 8 conpri sing

associ gl NGsed afsQHEdrD) tllnc?éé%rhdé‘é.r#drfo@ﬁh 'a eileo gﬁ@é b Ql@ctggde, and

the third I ayer, ereint i rst yer conprises
suppor he. second and f | ayers conprise an
bisah

ur t
el ectr H‘é(ef HARTHCY P Iglﬁg/té(pytforrpr i ses an
electrolyte. 22. A nethod of operating a substantially
cyl i ndff-cal Agpebed ot prsinting a wibstaniédlysyliading clegiashsmical cell
fuel to flow through the el ectrochem cal cell, wherein
the fuedmpmtieg:s the el ectrochenical cell at a first
average fuel radius and exits at a
causing a fuel to flow through the electrochemical cell, wherein the
fuel enters the electrochemical cell at a first average fuel radius and exits at a
second average fuel radius; and
causing an oxidant to flow through the electrochemical cell, wherein
the oxidant enters the electrochemical cell at a first average oxidant radius
and exits at a second average oxidant radius, wherein the first average fuel
radius and the first average oxidant radius is smaller than the second average
fuel radius and the second average fuel radius, respectively.
23.  The method of claim 22 wherein the fuel and the oxidant flow in the
same axial direction.

24.  The method of claim 22 wherein the fuel and the oxidant flow in

opposite axial directions.
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second average fuel radius; and causing an oxidant to
flow through the el ectrochem cal cell, wherein the

woziodasiRdent ers the el ectrochem cal cell at a PCT/ES2007/023374

10

average oxidant radius and exits at a second average

oxi dant radius, wherein the first average fuel radius
and the_fir ver gge oxi dant, radius.i 'l er.than

The secnd AUETRGE RRERIPAA tlet mewv@fgé%r% age
fuel radius, respectively. 23. The nethod of claim 22
wher ei n t helifegéng aAdid theugk aa alsetredhemiqah celhavhesate the

axial direction. 24. The nethod of claim 22 wherein

t he f uelectasuhetnieal oall danbstidtally icplimipjpabaidehadxh akial length, and
directions.25. A method of operating an

el ect r QhBRM GR!flus®hds ac&iﬁﬁédtfa'nﬁﬂ andi recting a fluid
t hrough an el ectrochem cal cell, wherein the

el ectroche
has an axi gf’&@k“r%qﬁ% oﬁc%gt?él\{ﬁerog’rtll# @HdBf?chl }Hg aégtqeas part of
concentrat| nd |ng t he centratlon of the

fluid PSR Iliﬁggl E Ctlr%“ééim‘iﬁ‘gi;g -of the axial |ength

of the electrochen1cal cell. 26. A method of operating

a subsant i & mythog bf aphratow a sibstentiaythindadal ekktrochemical cell
conprising: directing a fuel streaminto the

el ectr oehpndiagl cel |l approximately al ong an axis of

the el ectrochem cal cell; and exposing the fuel stream

Wi thin the alr@&ﬁ%%cﬂaaret&% ifit8!the L1€ctAEhk ftha @ar r(fmlggfély
surface area g at least a portion o Ia

I engt hal%;lg tarrl] gxn%'o?‘t:he e é:crt]r%rc]?lemlcal cell and

exposing the fuel stream within the electrochemical cell to an
increasing anode surface area along at least a portion of the axial length of

the electrochemical cell.
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