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Application Serial Nunber 60/377,257 filed May 2, 2002, titled "DEVI CE AND
METHOD FOR | NCREASI NG MASS TRANSPORT AT LI QUI D- SOLI D DI FFUSI ON BOUNDARY
LAYER', the contents of which are incorporated herein by reference in
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the mass transport rate and, hence, the reaction rate. 15 Therefore,
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processes between fluids and surfaces to reduce the boundary |ayer and
enhance the nass or energy transport rate. As the volume of the fluid

i ncreases, strong agitati oBACGKGROUNBIOFINVENTIONe | arge vol unes of
fluid across the solid surface. Since the diffusion boundary |ayer is

primarily 20.determ ned by the flow velocity. t f f t solid,
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flow, oRhigRieaY- As HR\WRfon Mam?;ﬁ&w dsdeddrmiddtBNne Hufevel ity nesaat kol or
i npossi ble due to other restricfion of particular processés. W 03/092891
PCT/ USO3nf#@] @ higher flow rate increases the mass transport rate and, hence, the reaction rate.
15  Therefore, agitation or circulation of the fluid is commonly used in chemical processes
between fluids and surfaces to reduce the boundary layer and enhance the mass or energy
transport rate.
As the volume of the fluid increases, strong agitation is required to circulate large
volumes of fluid across the solid surface. Since the diffusion boundary layer is primarily
20 determined by the flow velocity near the surface of the solid, the bulk of the fluid flow away
from the solid and fluid interface has little effect on the diffusion boundary layer. A great
percentage of the energy used for circulating the fluid is wasted. The need for a large flow
rate also increases the complexity of the design of such chemical reactor systems.
Furthermore, as a uniform diffusion boundary is critical for certain coating applications, such
25  as electroplating processes, elaborate equipment design results in high capital cost.
Other means for increasing the mass or energy transport rate to facilitate reactions
between fluids in contact with surfaces include vibration, impinging jet flow, or spray.

However, such methods are often either not practical or impossible due to other restriction of

particular processes.



2 For process consistency it is advantageous to provide a uniform mass or
energy transport rate across the solid surface. Menbranes are conmonly
used to swpasatmot he anode and cat hode conpartments in elpectusopi@te ng but
t hese nenbranes either inpede or accekerate ion transfer in the bulk fluid
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cell. The device includes a nmenbrane in close contact w surface of a
substrate or work piece, to separate the process cell into two chanbers, so
that the fluid velocity L | ol | ed separately from
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controlled and mnimzed by the rate that fluid is wthdrawm fromthe work
pi ece chanbelhepresértamghtion Bditected td Meappardtusdioe centroliingdne flafdbfwly aethe of t he

present invention is an apparatus that. _has a porous nmenbrane dapted to
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subst r afi@id velocity at the work piece is controlled separately from the main cell flow. The

diffusion boundary layer at the work piece is controlled and minimized by the rate that fluid is
withdrawn from the work piece chamber or through a port in the work piece.

25 One embodiment of the present invention is an apparatus that has a porous membrane
adapted to conform to a surface of a solid work piece or substrate. The porous membrane is
configured so as to separate the work piece from other process fluids or from a portion of the
flow of a larger process fluid flow. The separation of the fluid flow by the apparatus forms a
compartment and creates a gap between the porous membrane and the work piece or

30  substrate. The apparatus may also have a port or conduit being in fluid communication with
the compartment from outside the compartment. Fluid flow through the membrane is
controlled by withdrawing fluid through the flow port or conduit, which causes a flow of fluid
along the surface of the substrate or work piece. The fluid flow between the membrane and

the substrate creates a thin layer of fluid in the gap between the membrane and substrate.



WD 03/ 092891 PCT/ US03/ 14019 3 One enbodi nent of the present invention is
an apparatus that includes a porous nenbrane proximte to and covering a
subst r at ewoDheomppar at us has a port that is also coveredPoy/ush®14909 ous
menbrane. Fluid flow through the poroas nenbrane cause a thin [|ayer of
fluid to fl ow between the substrate and the porous nenbrane and through the
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t he porous nmenbrane. One enbodi nent of the invention includes a flexible
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20 One I ment o resent invention is I ncreasi ng nmass
or ener gyenctasedbptretpoatusimempbrdnsol i d di f fusi on boundary | ayer of a work

pi ece that has at, | east, one surface. in coptact with a liquid. T t hod
el udes: pr opparedRnL PR Fierat orledens Paatiespmiatud mstperscaled to Iy
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surface Dby segregating the surface liquid flowfromother liquid flows.

The 1hei ghintaifis thagomag meagehrent prexistd tadke subgatd datiegvldtiigeeand dhangasibr ane

and € he WoE ke Bl S GRS | ARSIl bEfeMyenfBN I AUBLREYSL SFPYLNY | 1 aui d
from t h&" RGP 28" OT 4 he Wor ¥ pirece in a manner at rnducés the “surface
liquid ttamage iaccriabbéiadeniiyg sabsitd ahdltheigorodintbrige fhremsihairtngthe pofdusi d i n
contact with a substrate. The nmethod includes formng a thin filmof fluid
on t he ZgmbrangpEopatetephegbstrale syriase and eontiolingshe thickngssfifiow ?ﬁﬂl&één

menbr angmﬁ&g uﬁﬁu{}ﬂ@%sﬁ?@ substrate and nenbrane. The fluid flow between the
menbrane and substrate keeps or maintains the porous nenbrane proxinmte to
t he2eubst r at One Embodiahtofthe preseritlinvedtidn Bva methbd fosemmedsing rash ot e@rgy and
menbr angarils?)orqgg {i(f]l.ilig-%olid diffusion boundary layer of a work piece that has at least one surface
in contact with a liquid. The method includes providing a fluid flow at the surface of the
work piece, and controlling the liquid-solid diffusion boundary layer at the work piece surface
by segregating the surface liquid flow from other liquid flows. The height of the segregated
25  surface liquid flow between the membrane and the work piece surface is controlled by
continuously removing liquid from the surface of the work piece in a manner that induces the
surface liquid flow.
The method may also include modifying the state of a fluid in contact with a substrate.
The method includes forming a thin film of fluid on the substrate by flowing a source of fluid
30  through the porous membrane and between the substrate and membrane. The fluid flow
between the membrane and substrate keeps or maintains the porous membrane proximate to
the substrate. The state of the fluid flowing between the substrate and membrane is modified
by transfer of mass or energy between the fluid and the substrate. The substrate may be an

electrode, a chemical reagent, a heat exchange element, a catalyst, or a combination of these.

35  After flowing across the substrate the fluid flows through a port in the apparatus which may



by transfer of mass or energy between the fluid and the substrate. The
substrate nay be an electrode, a chem cal reagent, a heat exchange

el emrent, womangdsyst, or a comnbi nation of these. 35 After ficonisosyi4cy oss the
substrate the fluid flows through a pert in the apparatus which my WO

03/ 092891 PCT/ US03/14019 4 be in the housing and or substrate, the port
bei ng s®pai ticdduing and besubstrdte, fthepatt bong sepatayed faem tipoudk Sluidessbreabg;thd he

port and substrate are encl gsed or covered . by the porous nenbrane.

DESCR PPPRI: Srorieas MR8 4n] Spaste 58 Farosd Shepiered Bathb polbos BIARrines and
advant ages of the enbodinents of the present invention will be apparent
with regard to the follow ng description, appended clainms and acconpanyi ng
drawi ngs where: FIGURE | A PESGRIEHEONIQE DRAWINGSf an enbodi nent of the
present invention illustrating a nmenbrane covering or enclosing a port in
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of tRe appar at 88" rating ionship o & porous

menbr angrdsenttiftensioh il dk appdrért iwithhegs b apthe @bl wing lefisiptiat,apparled changed;
FIGURE 2A is a schematic diagram of an enbodi nent of the present invention
i |1 ust r ahd AgFomnanyisg ravasy Wh@eencl osing a port in the substrate and a port

in the base %ﬁ*éuﬁf,l %ﬁ% E@&%ngﬁﬁﬁiggx%ﬁx JFANRImHRRINGR BE %@?ﬁe%m Vétignand the

por ous nenbrane; 2Bi's emati ¢ diagram o e substrate in
FI GURE Z2lustiatingé netribngnetdogeringdranclosisp i podfin thesupsrabtisndnaepdot amrtke basd; t he

| oose draina er_to the substrate after the. of . the substrate has
charbed: - Fi ooV RE B Kchinity Sohagedn s o TREPRE A HREREb ng
por ous NEHRSRRR of 20k SRYES MB™bRhe & GE 9ishateh iSH RlshAlcto faRdIsubM4ts had~| CURE 4
is a schematic diagram of a substrate illustrating a porous nenbrane

encl osi shangedubst rate and connected to a flexible convol uted nenber seal ed

to the porou ne r S X | . tic
di agr am of a%égggt%'?gs aa%ggrgg@g@ggﬁglﬁf%g%gibggir o?ﬁélpgissaﬁ ‘E\E‘% p@w encl osed
by a porusratiegrh padoas mehBrliNe enBlokiag a psr e thetsubstthitagidanp@f indhsbdssandb e

having nultiple ports for fluid flow, and FIQURE 5C is a schematic diagram
of d5subesedrainagglayen hetwegn the sybsirste angithe RBOFOREMEMOEANES connected to a

condui t and g&igigche }soav\éc?:lgﬂstﬁ@(hia M i he gllbgr%nplﬁf(ﬁj RE 3&NA0RL Gg gieag ram of

a substrate having nultiple connettions, ase having ports, and a porous
menbr aneelatnmsbipt efdhd poraus membiane andthe ddast dchimapebayer tdthe s@strereciftosths or

covers tsﬁgpepo?rtﬁessuibgtrgtg ﬁasbc%sagéed;
FIGURE 3 is a schematic diagram of the substrate illustrating a porous membrane
20  covering or enclosing a substrate and ports;

FIGURE 4 is a schematic diagram of a substrate illustrating a porous membrane
enclosing a substrate and connected to a flexible convoluted member sealed to the porous
membrane and apparatus base;

FIGURE 5A is a schematic diagram of a substrate and a base having a port for fluid

25  flow enclosed by a porous membrane; FIGURE 5B is a schematic diagram of a substrate
having multiple ports for fluid flow, and FIGURE 5C is a schematic diagram of a substrate
and base with a port where the port is connected to a conduit and a fluid flow control device;

FIGURE 6 is a schematic diagram of a substrate having multiple connections, a base
having ports, and a porous membrane connected to a flexible convoluted member that

30  encloses or covers the ports in the base;
FIGURE 7 is a schematic diagram of a porous membrane enclosing a substrate having

a port;



FIGURE 7 is a schematic diagramof a porous nenbrane encl osing a substrate
having a port; WD 03/092891 PCT/US03/14019 5 FIGURE 8A is a graph of the
fluid | aywo oBhoasbkness between the substrate and porous mealrEsng14id h t he
present invention; FIGURE 8B is a graph illustrating the stability of the
present invention over tinme wth a porous nenbrane present. FIGURE 9 is a
schemati ¢ di &YGHRERA B af greph afehé flanddaydr thiclanesebawtemttie sabrstrateanid paroms 5 of

t he present invention. DESCRIPTI .| NVENTI. Bef or e . present
conpos, FRGHGR i e RE NG Qo IR SPge F §2pg i raoe et REPE i s
I nvent | ?st!exﬁ intibh Bidr@thd With BRoRAL iriekibrafe predefcul s, conposi tions,

nmet hodol ogi es or 10 protocols described, as these may vary. It is also to

be under st oo&IGHRE % ke stleamatigaliaggym of a duel icell andewith gu elegrodandgngrabraphe
pur pgse ghjgd?sscrrliig{,r%?iot he particul ar versions or enbodinments only, and is
not P nt ShHEPTEE™ YO he scope of the present invention which will be
limted only by the appended clains. It nust also be noted that as used

herein and in the appended cl ai ns ular 15 fornms "a", "an", and
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ot herwi se. Unl ess defined otherwise, all technical and scientific terns

used herein e iiGres A Eon{RANIA0 I EheHOITREUYSHBAR TS A0 o BdcARGOHhat
ordinary skill in the art. Al though any nethods and materials simlar or

equi val ¢ms inventidiois eotd@sided toghe haticilar malecies, ygmpodinonshmethodelogies er or

testing of e dinents of the present .invention,. t referred nethods,
devi'les ,pr(ﬁﬁcoi% Sﬁ%?faegr ?Satﬁgsedp%y ﬁ% gé% a9 E)Ogbcf ‘“@F ﬁStoﬁgﬁ?ﬁé}éﬁ ERLOl8Y P Ehed
herei n af theldes@ipBon al fodthRYpurgosé 6f 8R6EbindleHd YaRgulte Metsions Or eMbEdin@earst r ued as
an adm ssion that the invention is not entitled to antedate such

di scl os@nb, Byd isinpt intended toylirait thesgapr oighe PrepeatmEvention which val e figtited ayagr am
of an a i nmbodi nent of the present invention. The cross
secti on%&%e:%):l%%deeﬂtcgyﬁngn shows a substrate or work piece 14a with 25
st andof f s 30 liandst azobe moiedghgr@s osesl hepsit aadhm th@afpetepedctl@ichshbthedaghlad or

broken |jines) proximate to and covering the substrate. or rk piece l4a
Bnibar ¢ et h lyygtatey
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22. The RRROMS TR @dthcl OMREWisE alRBGNRAE I Rfentifil RS A5&! RA¢In BRG: B NOT e
substrate port(s) 38 and base port(s) 20 and directs or causes mnenbrane

fluid flsame aganiogs dseanasordy nhdenstbadiydens/ofl cagisaryfskilhinghe att.uAdthowshizayween t he
0 S B g ATl I%, RO QUR B 806 2 BRMIHALN LAY Luld it 22 11 ove
practice or testing of embodiments of the present invention, the preferred methods, devices,
20  and materials are now described. All publications mentioned herein are incorporated by
reference. Nothing herein is to be construed as an admission that the invention is not entitled
to antedate such disclosure by virtue of prior invention.
FIGURE 1A is a schematic diagram of an apparatus in an embodiment of the present
invention. The cross sectional representation shows a substrate or work piece 14a with
25  standoffs 30 and conforming porous membrane 12 (depicted by dashed or broken lines)
proximate to and covering the substrate or work piece 14a thereby creating a compartment
defined by the boundary layer fluid flow 22. The porous membrane covers or encloses the
substrate and one or more substrate port(s) 38 and base port(s) 20 and directs or causes
membrane fluid flow 28 to flow as a thin boundary layer film of fluid 22 between the
30  substrate 14a and the porous membrane 12,
Boundary layer fluid 22 flows between the porous membrane 12 which and the
substrate 14a within a fluid cell or base 10. The source of fluid 16 above the membrane 12,
may be flowing or static, and may be the fluid in a conduit, fluid in a re-circulating fluid flow

system, or fluid from a bulk fluid source. The membrane fluid flow 28 through the



substrate 14a within a fluid cell or base 10. The source of fluid 16 above
the nmenbrane 12, my be flowng or static, and may be the fluid in a
condui t, Wwbwsmozsm a re-circulating fluid flow system or pClraisds/f4oom a bul k
fluid source. The nenbrane fluid fl ow28 through the WO 03/092891

PCT/ US03/ 14019 6 conform ng porous nenbrane 12 and is governed by the rate
at whic hoﬂfbﬁhﬂgipsmuis ntetlitaie [DBandfis gowertee Hyabergpoat wizich Andl it méthdiaosit rgat e

port 38.
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and or energy may be transferred between the fluid 22 and the substrate
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flow 22 alo t he surface t ubstr at FIGURE 1B is a schematic
di ag? anf‘g?StrP%é’et"%ﬁﬁélﬁer%{?@oéw tE‘? S‘i’sEﬂﬁﬁé% inits shape or thickness 34b
due to mass thaRSiEuLbLRSHVES) V\;}h&l mgfbégﬂaeétfdd@‘ @fzhécrﬂﬂélqlegg%maQ‘Heéthe

substrate 14a. The boundary | ayer ow 22 substantially maintains a
rel ati veksghangirf oeatalysti aknesebinationeif ghese B dnaniiebthicknessgidaonshape pboatee 12

and the substrate 14b. The r | exi bl e, so t hat the porous
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subst r akebseaRNABAfteNAERngd iEitCihapger thitkhéle 345 Hape MbssithesRrbaweat hehas been
idealized in FIGQUREs 1a and FI GURE 113. Consistent with 20 enbodi nents of

t he 1# nv &tin fibn of Haidsieand the subssats dhat The bourdyrydeyudlonaretstaptialvor a
b
substr ah?amt&%‘él rélal l)hﬁ‘ﬂ%o il 1 ?ﬁﬁ'&g '61]; he%q H}gt 2 %ﬁ%eﬂttﬁe é}%di‘;ﬁlug@%%]? Qr 12 Qﬁ&: one

concave, cONvex, ace o strate econe pitted
or rutt da subsivae e4b tTie panbrase magpibe dleeibleXo tha theipdrons mninlbyané kreawaibd € to

conformto . the syrface of  the substrate as the subs rat nges _shape.
The por BIRXIRRIKE? thesuaeren ke PibetkatFat e subsale Dapess SLie 1 ﬁﬁngéan Her age

separ at b%{é}e%% a8t atSRasHebh M afiediif FIGORESRA aJm@@ﬁEthat&n%&&nt withhown

| oosi ng however the substrate may al so gain nmass and increase in
hei ght cabedithents of érepmaéntion the shape afthn avhistriteonay bdwenchhnged, asrfdr deybstratei ng it
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enbodi Nerfacelof tHeaubiiediinap Be WHBEDBMRLpithRIAsH truthilic h6 WOV Elid f¥ous membrane 12
is sufficiently flexible to conform to the surface of the substrate as the substrate changes
shape. The porous membrane remains proximate to the substrate 14a at an average separation
25  height 32 during fluid flow 22. The substrate 14a is shown loosing mass, however the
substrate may also gain mass and increase in height caused by removal of a contaminant from
the fluid and depositing it on the substrate; the diagram is for illustrative purposes and is not
intended to limit the scope of the invention.
FIGURE 2A illustrates an embodiment of the invention where at least one connection
30 26 is made with the substrate 14a. The connection is preferably an electrical one made to a
suitable power supply for cases of heat exchange or electrochemical processes, but the
connection 26 may also provide a heat sink for the substrate 14a. Where the substrate is
comprised of pieces or ingots, a platinum mesh or other inert and electrically or thermally
conductive mesh(not shown) may be placed below the solid pieces as would be known to

35  those skilled in the art to provide electrical or thermal connection with the substrate pieces.



30 26 is made with the substrate 14a. The connection is preferably an
electrical one nmade to a suitable power supply for cases of heat exchange
or el ectrwolwmvzsal processes, but the connection 26 may alcyasps/owide a
heat sink for the substrate 14a. Were the substrate is conprised of
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t hr oughpart of a re-circulating fluid system or it may be part of a single flow through device. Fluid
source 56 may be flowing or static. In FIGURE 3 the membrane fluid flow 68 into and
through the membrane 52 creates a thin film or boundary layer flow 62 that is maintained
25 around the outside of the work piece or substrate 54. The boundary layer flow is directed
through a porous or multi-orifice ring 70 on which the substrate 54 is mounted, through
channel 72 and is withdrawn through the fluid conduit 60 as depicted by the schematic flow
line 58. A connection 66 is shown attached to the work piece 54.
FIGURE 4 is a schematic, cross sectional representation of a work piece 104 and
30 porous membrane 102 bonded with a flexible, convoluted member 128. The flexible
convoluted member 128 is connected to an attachment ring 126 connected to housing or work
piece holder 100. The porous membrane 102 is attached to the convoluted member 128
creating a compartment or gap between the substrate 102 and the porous membrane 102
formed by boundary layer fluid flow 112 between housing 100. The membrane 102, flexible

35  convoluted member 128 and attachment ring 126 are preferably of similar polymeric material



channel 72 and is withdrawn through the fluid conduit 60 as depicted by the
schematic flow line 58. A connection 66 is shown attached to the work
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mass or energy as the fluid passes over the substrate 144. A connection to the substrate 156 is
shown. FIGURE 5B illustrates an apparatus of where the fluid flow 152 between the
membrane 142 and substrate 144 is through multiple opening conduit or ports, as for example

25  base ports 130a, 130b, 130c that extends through the base and multiple openings or ports
168a, 168b, 168c¢ that extend through the substrate or work piece 144. The ports may be
connected to an external flow circuit through conduits (not shown) attached to the ports.
FIGURE 5C illustrates conduit 150 with opening 154 connected to port 130 of base 140 and
device 160 for regulating flow of fluid 148 and fluid flow 152 across the substrate 144. The

30  apparatus may be connected to an external flow circuit (not shown).

FIGURE 6 is a schematic illustration of an embodiment of the present invention. A
portion of membrane fluid flow 198 from source fluid 186 flows through the porous
membrane 182. The fluid creates a boundary layer flow 202 along the surface of the substrate
184. The porous membrane 182 encloses both the substrate 184 and ports 190a and 190b in

35  the apparatus base 180. The ports 190a and 190b in the apparatus base 180 and permit the



menbrane 142 and substrate 144 is through nultiple opening conduit or
ports, as for exanple 25 base ports 130a, 130b, 130c that extends through
t he base wpd3musvi pl e openings or ports 168a, 168b, 168cprhatsogxdoend

t hrough the substrate or work piece 144. The ports may be connected to an
external flow circuit through conduits (not shown) attached to the ports.
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menbrane 182 at an average separation fromthe substrate 184 such that it
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separat e porous or non-porou mw th a corrugate vol ut ed
shape; ftiked fihgrt tolthe Adusimedd @06 2B sinawn)b Enat glamkembrane ispriesenesb thandpeor
housi ng at 206 as_shown,.ln ane enbodi nent of .the present invention the
menbr an&CPOHG RIBEPrRS AR is ot mate tofﬂ?&%ﬁgwtﬁgswﬁw e hABERS ISR AT S¥66 ( not

shown) . ABRELA ARSI FEEndyPalR) BSESHIe® BlohB Alithithe mefre IR P RE RRePRAl | S
proxi mate to the SubStrat’e as the substrate changes shape or size. A loose

dr aizhager toethehoustnyg a11266 (b shownded al ong with the menbrane directly to the
fixed ring EPGGkEtﬂstahsc erllr?a %Iiﬁlg’str%ﬁor% gP an( enn%od?rrrll(e?r\ll{/n o)f the present invention. The

apparatus includes a porous membrane 222 proximate to and enclosing a substrate 224 and a
port 248 in the substrate 224 enclosed by the porous membrane. The porous membrane 222
may be secured by the substrate 224 at 236 by a retaining ring 242. The porous membrane
25 222 directs the membrane fluid flow 238 from a portion of the source of fluid 226 to flow as a
thin boundary layer fluid film 232 between the substrate 224 and the porous membrane 222
and through the substrate port 248. The flow of fluid 232 between the substrate 224and
membrane 222 modifying the state of the fluid film 232 and substantially maintaining the
porous membrane at an average separation proximate to the substrate 224. The modified fluid
30 228 may ‘exit through substrate port 248 with optional members 230 for securing a conduit
(not shown) for connection to a fluid flow circuit.
FIGURE 9 is a schematic diagram illustrating the use of the present invention in a fuel
cell. The fuel cell includes two electrodes; for example cathode 278 and anode 284. A source
of fuel 266, such as methanol or hydrogen, and an oxidant 268. The porous membrane 276

35  conforms to the surface of the anode 284 and boundary flow of fluid 282 between the porous



FIGURE 7 is a schematic illustration of an enbodi nent of the present
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membrane and substrate may vary in height across the substrate and membrane due to the
local fluid velocity, rate of fluid withdrawal through the apparatus port, membrane pore size,
and substrate contour. The porous membrane may physically touch the substrate, preferably

25  the porous membrane is separated from the substrate by the film of fluid or boundary layer
flow of fluid. The thickness, separation, or height of the thin fluid film between the porous
membrane and substrate will have an average value, preferably the thin film separation varies
by less than about 50% of the average separation between the membrane and substrate. Thin
fluid films may be but are not limited to an average height of less than about 2000 microns,

30  and preferably less than about 750 microns. By the membrane being maintained substantially
proximate to the solid work piece or substrate it is meant that the porous membrane and or the
loose drainage layer are separated from the surface of the solid substrate or work piece by the
height of the thin film including but not limited to any of the variation described above.

The porous membrane of the device may be a polymeric material, such as but not

35  limited to polyethylene, polypropylene, polytetrafluoroethylene (PTFE),
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m crons, andThé péBLaRkMbieR pReYALIP sifficiehPy fleniBleth o td hal ety ane
substantially proximate to the surface of the solid piece as it changes shape. The membrane
should remain integral and maintain a constant flow rate through the membrane during use.

25  The membrane may be fixed to a ring or housing to allow the membrane to conform to the
solid work piece surface. The membrane may be secured to the substrate by a retaining ring
as show in FIGURE 7. The membrane may be attached to a rigid ring, plate or cup with
enough excess membrane material to allow the membrane to conform to the surface of the
solid piece as it changes shape. The membrane may be attached between the substrate and the

30 ring. The membrane may be attached to a flexible convoluted member that allows the
flexible member and membrane to conform to the surface of the substrate as it changes shape.
The convoluted member is similar in construction and function to the surround portion of an
audio loudspeaker that connects the speaker cone to the basket. The convoluted member may
be formed from a thin flexible plastic material by molding or thermoforming. The convoluted

35  member can be made of a thin, solid plastic material, a thin porous foam, woven plastic or



15 shoul d be chemcally and thermally conpatible with the fluid and solid
substrate and should have a thickness that will provide strength to the
menbr ane we wwIweonforns to the substrate. The pressure dreop/usb3/idone d

t hrough the nmenbrane nay be nodified 2y the size of the porous nenbrane
pores as well as the nunber and distribution of pores in the nenbrane. The
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cone to the bas The convol uted nenber may be formed froma thin
f1 exi bl @ouastempranst ﬂmble dopvatuted megbsr anm@rtmﬂbertmlmgentm agopretsraileaf 35
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mat er i ako crlatt lah ﬁnteg;r@l sedl, Meagtactandrit ki @fin pofused toythe R@rk pxewmwe,frer red
enbodi nent  so that a fusion weld can be achieved. It is preferred that the
convd| umsghanigaliyaitaghed o allow foriapeniag pb thercogipartmsnt teaerlpsehe werk Mgcdrenbr ane

so that theyrqag ?at(xy&%ﬂldeg % Eﬁroﬁg&ignﬁﬁra-ﬁ@ ‘f)r#ngl)éfe% SndTELBRS grm%op&

separ at e porous non- porous thin corrugat ed or conv uted
shape ansdlid shxbsﬂreitexmcbhreomhatrbem of ﬁleappaaraﬂue tytle porbuskecnbiang The membrang and
t he nenbr t he convol uted ne r, and attached
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attached to the convoluted nenber io allows a conpartnent or gap between
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Flow pr&eenfrolsh ¥867 if B8 a3RArhfls SHRILhEY G AMfle RHsRHR, HETBIANE or BHR.
Preferably the membrane is porous to a liquid so that liquid is able to flow through the
membrane. Fluid through the apparatus port exits the apparatus and the fluid may be
connected to a fluid flow circuit. The state of the thin layer of fluid flowing between the
25  substrate and membrane is modified by contact with the substrate. In the practice of this
invention the membrane remains substantially proximate to the substrate during fluid flow
and changes in substrate shape. The boundary layer is a function of the fluid velocity at the
substrate surface. This is governed by the fluid flow through the porous membrane and
distance between the membrane and the substrate (which may also be maintained by the loose
30  drainage layer). The effect of a particular boundary layer thickness on a given process is
dependent on the process materials (liquid and solid substrate) and their concentration in
terms of mass transfer rate. The construction of materials affects the boundary layer. The use
of a hydrophilic membrane, a more open membrane, a thin support layer with good lateral

flow capabilities could enhance fluid flow rate, thus reducing the boundary layer.



porous nenbrane, flexible convoluted nmenber and optional attachnment ring
are preferably of simlar polynmeric material and fused together but could
al t er nat eWp obmyasechani cal |y cl anped to create an integralPcyambs/14Dine
attachnment ring can be fused to the werk piece holder or 15 nechanically
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reference in their entirety.

Fresh solution, from a bulk fluid source or flow, is introduced through the porous
membrane by withdrawing the fluid from the between the membrane and substrate via an
25  apparatus port or by withdrawing fluid from the work piece compartment. Optionally, a
drainage layer comprised of porous material (such as non-woven, melt blown or spunbond
HDPE, polypropylene, ECTFE,) between the membrane and the solid surface may be used to
provide consistent flow channels along the solid surface. As the fluid is forced to flow
between the membrane and the solid surface, it creates a thin diffusion boundary layer
30  conforming to the substrate surface. High chemical or electrochemical reaction rates can thus
be achieved. The fluid source may be static or flowing and may include gases, liquids, or
supercritical fluids.
In the present invention the solid substrate or solid work piece may be an electrode, a
chemical reagent, a heat exchange element, a catalyst, or a combination of these. The

35  apparatus may further include a base for supporting the substrate. The substrate or work
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in the case The fuidadtiiciepasentniugh theporalsanémbdae anditvaitatsahé sublsgatemyayal so be
made up of snaller pieces |]ke ingots whi ch are secured, fit, or
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t oget he?{({vg&e 3r r negplf%’lnl {ted substrate o worrnﬁLr Sggglﬁééléﬂ %%eg por ous nenbrane
conbor meetnbrare yshpswrendet endtarial hAqseous acletiads intledmg butinatiuhitedao tioss a f 1 ow
ngfS![ lrjggvét eatc1 sﬁ»r;lsést](e)r (‘.[171]sasrg?vre?ins(.aalltsa;l r(‘)?gefnpceliqsu? sI s(ljl'ch -2I1_Sh gthgl%rqp (gjlgllccgll, gcrétig Lcigi,he

photoresists may also be used with the apparatus and methods of the present invention.

In the apparatus, the membrane separates a bulk source of fluid from the substrate and

a port. The port may be located in the substrate, the base, or in both; the port is covered by

25 the membrane as shown in FIGURES 1-7. The port allows fluid that has exchanged mass or
energy with the substrate to leave the apparatus. The port may be connected to a fluid flow
control or metering device, the fluid flow circuit of a process tool, a conduit, or to another
fluid vessel. The substrate may have a single port as shown in FIGURE 1A, it may have
multiple ports as shown in FIGURE 5B, or the substrate may be a sintered material comprised

30  or a plurality of pores (not shown). In the case of a porous substrate, flow through the
substrate may be controlled by the size of ports in the base as shown for example in FIGURE
3. In the apparatus, the base may have one or more ports for fluid flow as shown in FIGURE
6; in this case the substrate may be a solid. Where the base and substrate or work piece have
ports or conduits, they are in fluid communication with each other so that fluid may be

35  removed from between the porous membrane and substrate thereby maintaining the porous



may include but is not limted to copper, nickel, various stainless steels,
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In the present 1nvent10n the state of the fluid is modified by a transport of mass or

energy between the substrate and the flowing fluid. The substrate may be an electrode, a
chemical reagent, a heat exchanger, a catalyst or a combination of these. Applications of the
25  invention include the solid electrode of electrochemical cells where the electrochemical
reactions take place at liquid and solid interface, such as, but not limited to electroplating
cells, electrolytic cells, batteries with recirculating fluids, fuel cells. It is also applicable to
electropolishing, electrochemical machining or chemical polishing processes. The substrate
may be heat exchange device such as a resistive heater or a Peltier cooler, alternatively the
30  substrate could be an electrode such as anode or a cathode. The state of a fluid in contact
with a substrate may be modified by flowing a source of fluid through a port where the
substrate and port are enclosed by a porous membrane. Flowing fluid through the membrane
forms a thin fluid film between the membrane and the substrate which modifies the state of

the fluid by transfer of mass or energy between the fluid and the substrate. The porous
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nodi2fi es the state of the fluid by transfer of nmass or energy between the
fluid and the substrate. The porouEx%Qtlpﬁ q92891 PCT/ US03/ 14019 16
menbrane renai ns proxinate to the substrate even if the shape and or the
size of the substrate

Control of the boundary layer thickness at a substrate using the present invention is

illustrated in FIGURE 8A. The thickness of the boundary layer at a substrate, such as the one
enclose by a membrane of the present invention may be determined by electrochemical

25  methods. In this example the porous membrane covering the substrate is 0.2 m UPE
membrane with a thickness of about 20-40 m. For example it is known that the limiting
current in an electrochemical cell is a function of the thickness of the fluid boundary layer at
given bulk concentration of ion in the fluid. The limiting current density may be determined
through the relationship i =[(nFD;(surface ion concentration —bulk ion

30  concentration))/(thickness of boundary layer)]; where n is the charge number for the ion of
interest, for example for a cation M™" (i.e. for Cu™ or Ni%*, n=2), F is the Faraday constant,
D; is diffusion coefficient of the ion. The surface ion concentration for M™" may be taken as

the concentration of the ion in a saturated solution.



changes. The housing or base of the apparatus nmay have one or nore ports
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FI GURE 8A. The thickness of boundary | ayer at a substrate, such as the

one en&im@tﬂoﬂe Hl whsym Ehe clh@trqﬂee’sléhﬁle iPATAIA membrmrb@nw& terth¢ ned by
el ectrocg

hod
he. suber e os P Thn Ysbon ol BTk i AL BFRCLRf Rl B, "

For examehfdrarde. iThe hbwéthat the potdiistnhdhgbragdandespparatus af pekeat inventieni cal
cell is a function of the thickness of the fluid boundary |ayer at given
bul kS comemraly keithin f@m qfélﬁlq dimgss fapsfer befyeen thasyhsigicn thRohsi ty may be
deternlgﬁgg) qirough the relationship iL=[(nFDj (surface ion concentration
“bul k ion 80 concentratlon))/(thlckness of boundary | ayer)]; where n is the
charge nunber for the ion of interest, for exanple for a cation Mn (i.e

for CU+2 or NN2+ , n=2), Fis th constant, D is diffusion
coefficient of the ion. The surfaﬁmﬁﬁcentratl on for Mrn may be taken
as the concentration of the ion in a saturated solution. WO 03/092891
PCT/ USO3/ 14048ass tdnsfer is a limiting factor in fuel cell efficiency. In order to maximize mass

20 transfer rates the anode-cathode gap is kept small and ion exchange materials are often used
in the electrolyte area. The ion exchange membranes have limits in ion transport rates and
temperature and are often deteriorated by oxygen.

A fuel cell with source of fuel 266, source of oxidant 268, and a conforming
membrane 276 adjacent to the anode 284 surface could be used to control the fluid boundary

25 layer 282 and maximize mass transfer as shown in FIGURE 9. In order to implement the
conforming membrane in a fuel cell, electrolyte re-circulation may be established using a
pump 280. Re-circulation of the electrolyte would provide electrolyte flow 274 that passes
through the membrane 276 and sweeps fluid 282 across the surface of the anode 284. As in
other applications a thin under drain layer between the membrane and electrode could be used

30 to improve flow rate and uniformity (not shown). Further, to implement such a solution it
may be necessary to treat the electrode surface to make it very phobic to reduce the chances
of “flooding” the anode media and thus reducing fuel (probably gaseous hydrogen) transfer

into the electrolyte (could be liquid phosphoric acid or potassium hydroxide).



The average thickness of the boundary |ayer of the fluid at the solid
substrate wi thout nenbrane 250, with the nenbrane 252, and w th drainage

| ayer andwownbymae 254, are each given as a function of Pcowsoai#eiof the
liquid through the nenbrane as shown i8n FI GURE 8A. The graph shows reduced
boundary | ayer thickness for the substrate covered with the 5 nenbrane 252
or menbrane FThelpdsait mmgatidranedncedBHe sipnpealr@ehplexityhd ehoipmeat reqhisgdeto

t hi ckness for .a solid substrate w thoyt .menbrane _250. The .presen
| vent | BRPBTOURAREFLR TS b RGeS bt S e e DR GD SBPERGMRe n
FI GURE 8Bnplkity b{aEbe3E b\ heRRES Bkiof BRams, WBerbdies EHaBERRGBr &icha cell with

an el ectrode ‘over tine with a flexible porous nmenbrane present proximte
to the efupnentdendxBeblgs thetfhematvnrod snifermmndiéfusiondourdary layets abihesubgtatode over

[ i i,h flexibl nb h I d
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electroegc&qﬂﬁ; préxsieem The el ectrode with the porous nmenbrane proximte
to the electrode has much less variation in cell resistance over tine
conpar ed to Aol the presens inventian hagchesp deseribadhin onsidprablegistaikwisth t he por ous
merbr a”‘?eéé&@f?cea@%@ﬁﬁh ?Fef@%edoén?@oedﬁk MO VRPoE Yiher v effitslafd Soskibfe. tfHePerggﬂe'tHa of
fluid and faas transfer between the substrate and the porous Menbrane.
EXAMPL EgpiriMasisscopeaniahe appended tlamas shogldfr@cbolimitad tauthe desriptied andcthency. I n
order to gaxinize mass .Zo.ﬁraﬁsfer. at.es the anode-cathode gap is kept
small? aREFISTE YeRins fqBtaHaY BRindhS spydic®iPRn used in the el ectrol yte area.
The i on exchange nenbranes have |imts in ion transport rates and
tenperature and are often deteriorated by oxygen. A fuel cell with source
of fuel 266, source of oxidant 268, and a conform ng nenbrane 276 adjacent
to the anode 284 surface could be used to control the fluid boundary 25

| ayer 282 and maxi m ze nmass transfer as shown in FIGURE 9. In order to

i npl enent the confori-ning nenbrane in a fuel cell, electrolyte
re-circulation may be established using a punp 280, Re-circulation of the
el ectrolyte would provide electrolyte flow 274 that passes through the
menbrane 276 and sweeps fluid 282 across the surface of the anode 284. As
in other applications a thin under drain |ayer between the nenbrane and

el ectrode could be used 30 to inprove flowrate and uniforinity (not
shown). Further, to inplenent such a solution it may be necessary to treat
the el ectrode surface to nmake it very phobic to reduce the chances of

"fl oodi ng" the anode nedia and thus reducing fuel (probably gaseous
hydrogen) transfer into the electrolyte (could be |iquid phosphoric acid
or potassi um hydroxi de). WO 03/092891 PCT/ US03/ 14019 18



The present invention reduces the size and Conplexity of equipnent required
to inprove the transfer of nmass or energy at a solid-fluid interface. This
greatly swopBiopises the conplexity of the design of chem ealr/useaciony
systens, decreases capital costs for ®uch equipnent, and enables the
formati on of uniformdiffusion boundary |ayers at the substrate 5 fluid
interface which is critical for cerdiaiM®ati ng applications, fuel cell
operation, and electroplating processes. Al though the present invention
has beenq descri_beg_in consi derable detail with reference to certain

pr ef er r e ind nts thereof, other versions are possible. Therefore the
spirit and scope of the appended clains should not be limted to the
description and\d siparkbisRiogirakined versions contain within this
specification. WD 03/092891 PCT/US03/14019 19 CLAIMS What is clained: 1.
An apparatus conprising: a porous nenbrane proximate to and covering a
substrate; and a @WPHEIS MeENGHIQPIRPIHTGY BB CRWGTHISFGUBHE G @R ane, the porous
menbrane directing a source of fluid to fl ow between the substrate and the
por ous nenbrane a 3356911% . i id flow
bet ween t he substrIa g&&%ﬁ rré)ﬁrlbgl‘r%g?ijzlg%&? ?ﬁsﬁg&%lﬁ?%tt%tge&%}@I?éhné&i‘aﬁti d and
subst ant i al | direetingtaaionioeftlail todlomubetwaemthe anlsstipreci it gorows mérebmobed at e.

2. The apparatus .of claiml further c r{sin base for su rting said
substrate, lePHg}bi‘g éutF‘?ggierP@rtas ‘2?8‘”6’33?“@9‘@ %8@"689 %ﬁ%@gﬁbﬁ%ﬁg‘f) nenbr ane,

sai d base pokfenitadd HbdifyifOMEYRKECH theFluitl dnld sibRarftially thabedine@Nnhd peossibstrat e
and nenbrane. 3. The apparatus of claiml| further conprising a |l oose

dr ai nage | ay@enjsangauaxinate todhhsbstsate and the porous nenbrane. 4. The
apparatus of claim1l1l, wherein the porous nenbrane is hydrophilic. 5. The

appar at us of 5clmai kL e . . ) cal
eagent . a RoateappaaiTSf Auth | AuRKAShEANY b BulToPUBRREE Said SuEREE, %6,
The appasidthase lodving abase bomkeveeedby the pbtoms/nodfmbrhne, chidhbssepert inleidor ous

menbrane and.the substrate.is controlled by. a flow neter, a punp, a valve,
or an ofPFUBiGaHoR pifh ghe @Wﬁﬁﬁtﬁﬁe@é{&f‘? L%fa[t‘ﬁa HBePPIENG bet ween the porous

menbrane and the substrate. 7. The apparatus of claim1l, further conprising

at | east onejsel@glppsiatus 6PORAET hither Bhp¥@ERg 8 Bode Sralaké Riyer Botdedh thOVer

supply.
substrate and the porous membrane.

4. The apparatus of claim 1, wherein the porous membrane is hydrophilic.

5. The apparatus of claim 1, wherein the substrate is an electrode, a chemical reagent,

a heater, a chiller, a catalyst, or a combination of these.

6. The apparatus of claim 1 wherein the flow of fluid between the porous membrane
and the substrate is controlled by a flow meter, a pump, a valve, or an orifice in fluid

communication with the fluid between the porous membrane and the substrate.

7. The apparatus of claim 1, further comprising at least one electrical connection

between said substrate and a power supply.

8. The apparatus of claim 2 including a flexible convoluted member sealed to the
porous membrane, said convoluted member forming a fluid tight seal with said base, said
porous membrane and flexible convoluted member maintaining the porous membrane

proximate to the substrate during fluid flow.

9. An apparatus for modifying the state of a fluid proximate a substrate; the apparatus

comprising:



8. The apparatus of claim2 including a flexible convol uted nenber seal ed
to the porous nenbrane, said convoluted nenber formng a fluid tight seal
wi t h sai dwbas®928sai d porous nmenbrane and fl exi bl e convol ecedSt®Moey

mai nt ai ni ng the porous nenbrane proxidmate to the substrate during fluid
flow. 9. An apparatus for nodifying the state of a fluid proximte a

substrate; the appps@usmembedaRipraiimgte tVehd3HRBASMHe TGIH4US03/ 14019 20 a
por ous nenbrane proximte to and covering the substrate; the porous

menbrane directing a source of fluid to fl ow petween the substrate and the
por ous nenbr ane \Aﬁ’QIP@WSt"PFén%‘f‘%Ft%r%fm% ﬁéo‘%r%?‘gﬁ‘?‘gt BW%eB’ﬁ‘fenéléfi %‘%?tf%?zv of

fluid subst ﬁﬂﬁ@g@%h%u | fthdd WisbrEBYEth O St RWT thEfE NRoBIHRY! HRL Bowl Of fikR

substrate; a ase for supporting the substrate, said base having a base
port in fl ui cubswotitinineiatdimng Wetporeusengnhtyaneprokimetel tof thownlistreigeand t he
substrate and the porous nenbrane, said base port covered by said porous

menbrane. 10. The at us of aj I neldydi a f i.bl e . vol ut ed
menber sealed to ?ﬁ%%aférosru@gg&%%er %lﬁ%et?atégglg%%(s)%@a&"ﬁﬁ ;Legégﬁg)ﬁﬁe"?ﬂp l(Sir mng a
fluid tight s@amuMichtiorSwithl tHeafev oSfuid flopdicdweendabutatetcand tid pxousl e

convol ut ed nenber mai nt ai ni ng theqcﬁor ous nenbrane proximte to the
substrate dumemgraneysaid basgportLovered By s ROTOUHBICBOIHCai m 9, wherei n sai d
menbrane is hydrophilic. 12. The apparatus of claim9 further conprising a

| oose drai nagg Ciﬁﬂgiabﬁ&mmiﬁ,@mcﬁai?@tar@x%lée&hv&)hﬁe@&eﬁua JERIRREAMe. 13.

The apparatus o m 9, wherein the substrate is an el ectrode, a cheni cal
r eagent pomubermbdraneasagh¢drivelutedamemberl fomming ofluad cghtiseal anithosaidbasetsaisle. 14. A

net hod for nodifyin e at e of fluid in contact with a substrate, the
Tethod PR Rttt B Rl iehudlnd shontbef iSRRG R DR

appar at pﬁ)xhﬁag@b fhgRabsatesduringGlidifleg. a porous nenbrane and a solid
substrate, said port and substrate covered by the porous nenbrane; the

fluid flowi ng through the port also flow ng betmeegnyf{ihe.,substrate and
menbrane wi t Al hBe anggptes ofidlaimd, pderaimsad mEmbre s hvsliePilithr ane  proxi mat e
to the substrate; and nodifying the state of the fluid by transfer of nmass

or energy b etlf‘@?@e é}ﬁ%r&&é@f@l@iﬁ&@ﬁﬁt’ﬂ& &%Hﬁfsfr@aeloo%eiiraiﬁgge aBihRev&h tikd ai m 14,

wherein the soli strate I's an el ectrode,” a chem ca
substrate and the porous membrane.

13. The apparatus of claim 9, wherein the substrate is an electrode, a chemical

reagent, a heater, a chiller, a catalyst, or a combination of these.

14. A method for modifying the state of a fluid in contact with a substrate, the method

comprising:

flowing a source of fluid through a port in an apparatus, said apparatus
including a porous membrane and a solid substrate, said port and substrate covered by
the porous membrane; the fluid flowing through the port also flowing between the
substrate and membrane with the flow of fluid maintaining the porous membrane

proximate to the substrate; and

modifying the state of the fluid by transfer of mass or energy between the fluid

and the substrate.

15. The method of claim 14, wherein the solid substrate is an electrode, a chemical

reagent, a heat exchanger, a catalyst, or a combination of these.



reagent, a heat exchanger, a catalyst, or a conbination of these. WO
03/092891 PCT/ US03/ 14019 21 16. An apparatus for increasing the mass

t ranspor tweto3mispgui d- sol i d di ffusi on boundary | ayer of @cyaisosi14eay k pi ece
exposed to a liquid environnment, the Apparatus conprising: a porous

pol yneric nmenbrane attached to a housing and adapted to confonn to a
surface of thé Aaldpgaramsforphaessimtiic owss fransped asaliqudisolid diffusmmne t he wor k
piece from a portign aof a process liquid.source to f a conpartment and
create aPQRABEENEER asq%wﬂrgrﬂﬁ?cﬁr?ép%ﬁ‘?a%? ﬁgq\?\'gre?v‘ﬁ?%"él?’qﬁﬁappfr hduit being
in fluidg, .cation wth the conpartnent from outside the conpartnent,
whereby liquid Tlow though the nmenbrane is controlled by w thdraw ng
liquid fromthe flow conduit and a lateral flow along the work piece

surface is creat edporps ppymgss msmbrensptiapked e ghousiag arbadaptedde corform t

pi ece surface, I LSNg: se

G i nage. | ay&rubkie ke RREVEL PRAPlnE ARG U8 1 Sha IR WEHE Rl LB o
The appar at ua poftiodl diaprddess lidiad sdurcd toefomo b compathyitand creatrdgaprietween

pol yet hyl ene, pol ypropyl ene, PTFE, PFA or PVDF. 19. The apparatus of claim
16, wherei n thseneBbrape st the prodepiers 28l el ectrode. 20. The apparatus of

claim 16, wherein the porous polyneric nenbrane is sufficiently flexible

to conformto the,spgididcsiff intfied s@hindnieMidn Wite§R BmphAdeAthkdd oiRide the ece
changes shape. 21. The apparatus of claim 16, wherein the gorous pol yneric

menbrane i s tompatmentawherghgligrid Rowsheughtthe miembranehecantioled he withdeaghfdr r n
to a surface,.of. the soldd work. piec r f | .
wherein t he 88?18 fpom %]eyﬂr‘?ew L%t BhE a?atergllzﬂoJ gﬁ)n%gl?fzayggk%zec%i Séll & 1g1c?eafled

us p ri’c nenpbrane is attac rrng, plate

or cup wth syifd giptetwesnniy ae@biae ahd e sblié€ warkpieessurface.conformto t he
surface of the solid piece as the solid work piece changes shape. 23. The

apparatus of claim2 1, wherein e nenbrane is attached to flexible
monber that 471 SHE TR SRC.Q BET RGeS ARG e Pt b DM SRS

pi ece asgnalvdic WRcK suffdRGRd laRdR6raadape and the flexible menber is a thin
fil mvvit% a convol uted shape and the flexible- nmenber is attached to the

housi ng. WD 03/092891 PCT/ US03/ 14019 22 )
18. The apparatus of claim 16, wherein the porous polymeric membrane is

polyethylene, polypropylene, PTFE, PFA or PVDF.
19. The apparatus of claim 16, wherein the solid work piece 1s an electrode.

20. The apparatus of claim 16, wherein the porous polymeric membrane is
sufficiently flexible to conform to the surface of the solid work piece as the solid work piece

changes shape.

21. The apparatus of claim 16, wherein the porous polymeric membrane is fixed to a

ring or housing to allow the membrane to conform to a surface of the solid work piece.

22. The apparatus of claim 21, wherein the porous polymeric membrane is attached to
arigid ring, plate or cup with sufficient membrane to allow the membrane to conform to the

surface of the solid piece as the solid work piece changes shape.

23. The apparatus of claim 21, wherein the membrane is attached to a flexible
member that allows the membrane to conform to the surface of the solid piece as solid work

piece changes shape and

the flexible member is a thin film with a convoluted shape and the flexible-

member is attached to the housing.



24. The apparatus of claim21, wherein the porous polyneric nenbrane is
attached to a collapsible housing and the collapsible housing is a

convol ut ewofoslomss1 25. The apparatus of claim 21, wherein waansos/®id | ow
conduit is a single or nultiple openi2ng conduit that extends through the
wor k pi ece. 26. The apparatus of claim 18, wherein the porous polyneric
menbrane is 2hyThepppardtas ofZTaimTe whpgear the psrouk polyaemic hsmbwhmer isiattadhleé td | ui d

is used to coa substrate. 28. A nmethod for incr ing mass transport at
a Iiquid@§HFW8%H3PP8§3Bﬂﬁgﬁéﬁﬁﬁpyﬂ?g&@F%‘BPCSH ?ngiﬂce havi ng at | east
one surface in contact with a liquid, the nmethod conprising: providing a

surface |iqubd frhoupptathd6r G AC Whefeid WRerdRR& 1M @68duitGo Blsin@ld drivgultipie
| i quid-solid diffusion boundary |ayer at the work piece surface by

segr egat dpeyingrenduit thatexteridgshraugh be warkpiese.source of liquid and linmting
the height of the segregated surface liquid flow along the work piece

f , d | | L1 G th k
pi oo 1 o maunapt SRR of SR Rt g TP AR RS OF e wor

pi ece. A9drophiticnet hod of claim 28, wherein the work piece is an el ectrode.
30, The nethod of claim28, wherein the work piece is connected to a power
zﬂggi ¥ at e3vvili2ﬂ'T ?’ﬁ%ggﬁa{r]%gq %f cle(l:llnaf gpw%%refinut%yh%gd {srh%elzcy t%l ot ;} shu st?z(i:t:[e. of coating a

28. A method for increasing mass transport at a liquid-solid diffusion boundary layer

of a work piece having at least one surface in contact with a liquid, the method comprising:
providing a surface liquid flow at the surface of the work piece;

controlling the liquid-solid diffusion boundary layer at the work piece surface
by segregating the surface liquid flow from a source of liquid and limiting the height

of the segregated surface liquid flow along the work piece surface; and

continuously removing liquid from the surface of the work piece in a manner

that induces the liquid flow at the surface of the work piece.
29. The method of claim 28, wherein the work piece is an electrode.
30. The method of claim 28, wherein the work piece is connected to a power supply.

31. The method of claim 28 further including the act of coating a substrate with the
liquid.



