FLOW DISTRIBUTORS FOR ELECTROCHEMICAL SEPARATION FIELD OF THE DISCLOSURE
5Aspects relate generally to electrochemical separation and, more patrticularly, to flow distributors for
electrochemical separation systems. SUMMARY In accordance with one or more aspects, a flow
distributor for electrochemical 10separation may comprise a plurality of vertical passages configured to
transport fluid to or from at least one compartment of an electrochemical separation device, a plurality
of horizontal passages in fluid communication with theguralit of vertical asslégfs and in fluid

communication WitH VAR ST EHRH QRS RGO T B AKMaP p%\ h%vice, and a

plurality of baffles arranged at junctions between the plurality of vertical passages and 15the plurality
of horizontal passages to define a Iali:yrinth flow path between the fluid manifold and the
electrochemical separation device. D6 AP R &Emore aspects, a modular flow

distriputor for elpgiiesh eanealsenarstion Rayenenmtseseptraticn A nesregrlinddtap ity dldy of vertical
passages configured to transport fluid to or from at least one compartment of an 20electrochemical

separatidt HEURErSAG eleSHOSREMUGAN SERRAL AR AVSHIMS plurality of horizontal passages and comprising

a plurality of baffles, the second component configured to mate with the first component such that the
baffles are arranged with the plurality of verticg“aassa es and the plurality of horizontal passages to
form a labyrinth flow path between the electro afiva \@paration device and a fluid manifold. 25In

accordance withroagerdaneesigpestssraniorcapecticatfiooheisiapl s faralienroctiemayicomprise a cell
e L N g e R S
facilitate flaieh Biowahrovgtothpacetieptasiarnnid ardomerdistilsotaratosidenrd, at paastipastally within the
Stack to PO GRALAARER WO SASTUEHON D FERLEL N G RUGAR GRS 200 S~ s
other aspzoisnenivaddimeintsa floil avdfshbes afittebaiex e platyradpenisahnshantigdimeots, are
discussed in detail belo Ef bodiment isclot?gr%%%{vevigerr]nt %bﬁ%?ﬁ"bé??,gr |cita °§?s%r gsmak%%diments in
ay el SR a A UF AT GRE St plirality passag
15  the plurality of horizontal passages to define a labyrinth flow path between the fluid manifold
and the electrochemical separation device.
In accordance with one or more aspects, a modular flow distributor for
electrochemical separation may comprise a first component defining a plurality of vertical
passages configured to transport fluid to or from at least one compartment of an
20  electrochemical separation device, and a second component defining a plurality of horizontal
passages and comprising a plurality of baffles, the second component configured to mate with
the first component such that the baffles are arranged with the plurality of vertical passages
and the plurality of horizontal passages to form a labyrinth flow path between the
electrochemical separation device and a fluid manifold.
25 In accordance with one or more aspects, a modular electrochemical separation unit
may comprise a cell stack defining a plurality of alternating ion depleting compartments and
ion concentrating compartments, a frame surrounding the cell stack and including a manifold
system configured to facilitate fluid flow through the cell stack, and a flow distributor
positioned at least partially within the frame, the flow distributor defining a labyrinth flow
30  path between the manifold system and the cell stack to promote uniform fluid flow
distribution and to reduce current loss within the cell stack.
Still other aspects, embodiments, and advantages of these exemplary aspects and
embodiments, are discussed in detail below. Embodiments disclosed herein may be

combined with other embodiments in any manner consistent with at least one of the
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principles disclosed herein, and references to "an embodiment,” "some embodiments," "an alternate
embodiment,” "various embodiments," "one embodiment” or the like are not necessarily mutually
exclusive and are intended to indicate that a particular feature, structure, or characteristic described
may be included in at least one embodiment. The appearances of 5such terms herein are not

necessanigrRiciTim iednesaT e e MRGdt& o BRIERHIERER !PT GHibbhikmRAWANGS

Various aspects of at least one embodiment are discussed below with reference to the accompanying

figures, Areemberitafted tEHeYS SMbrtirecalt. TRRergthedigRnin QUK ke Hr8Yide illustration

and a furtipesddnaRr stanNg SldsivaEAYsraspRAiRa NG inTbagiman paaid RierdarpED ofidid k) and
constitute a?ﬁart of this sgpecmcatlon but_ are not intended as a definjtion of the limits of the invention.

Where te¥hIBEAAELRIIG LR HREHigire 88 MRtiiRes datisabrns O IRIAN G L 1o BRI PErences

signs, theueiarememaiginsanaye: heessinclydaddesrthe) soledsaprserbiiaieasing the intelligibility of the
figures and description. In 15the figures, each identical or nearly identical component that is illustrated

in various figures is represented by a like numeral. For purposes of clarity, not every component may

be labeled in every figure. In tiERiGAPESCRIPIAONIDE TEERDRIONINEDGtION of a stack of cell pairs in
a frame of unltagaconstructlon in a cordance wﬂB one or mqre em ;Emments 20FIG. 2 is a\%‘sachematic

illustration of Se HH“,&%HRCE@%E ﬁaﬁ:%?c? W‘rﬂ%?{é IS HOTE %YWQH erencglt@ isa

schematl&bdbrﬁﬁratgﬂnq)fgmwpmm:hmmmqﬁmn@@ﬁ@ewawmm:ml@ncmmbmesem Metigled
diments; FIG.4isasc rEatlc |dustrat|0n 0] EFH arran ement of m ranes and cells in an

A0 RES Y HIRiEATIOn ARfh B HERe HRPErSiaTs 8"3”0 éspc??ésa?% A Stration of a
frame witingdredinesthoririddnaipe tomitatelamaet vitthisrpeificatiers ixadimeniaiendelf 143 .26 is a

Sehematie o of A R SR o I isa SRS e S s enaplates pyggordance with
description or any clalm are followed by references signs, the reference signs have been
included for the sole purpose of increasing the intelligibility of the figures and description. In

15  the figures, each identical or nearly identical component that is illustrated in various figures is
represented by a like numeral. For purposes of clarity, not every component may be labeled
in every figure. In the figures:

FIG. 1 is a schematic illustration of a stack of cell pairs in a frame of unitary
construction in accordance with one or more embodiments;

20 FIG. 2 is a schematic illustration of Section A-A in FIG. 1 in accordance with one or
more embodiments;

FIG. 3 is a schematic illustration of an exploded view of an ED device in accordance
with one or more embodiments;
FIG. 4 is a schematic illustration of an arrangement of membranes and cells in an ED

25  device in accordance with one or more embodiments;

FIG. 5 is a schematic illustration of a frame with cylindrical outer shape in accordance
with one or more embodiments;

FIG. 6 is a schematic illustration of an ED device in a cylindrical vessel with molded
endplates in accordance with one or more embodiments;

30 FIG. 7 is a schematic illustration of flow through a stack of cell pairs in accordance
with one or more embodiments;

FIG. 8 is a schematic illustration of a frame with an insert to be installed in

accordance with one or more embodiments;



30FIG. 7 is a schematic illustration of flow through a stack of cell pairs in accordance with one or more
embodiments; FIG. 8 is a schematic illustration of a frame with an insert to be installed in
accordance with one or more embodiments; FIGS. 9 and 10 present schematic illustrations of
flow through a modular frame manifold in accordance with one or more embodiments; FIG. 11

presents a scheppgtc @hadfnypesstrbsEnERant gMusHatpoft iotelavs ehalRMmOmidR. framenid accordance
with one or more embodiments; SFIG. 12 presents a schematic of a flow distributor configured to fit

into a mdOBMATRGHLARAET LaRCE A e IHE N T R TORHAMES Sith one or more embodiments;  FIG. 13
presents a schemgtig Dhiredtone distHbmERIgER NseyRdtahando RGeS aNBted BqQumarthree parts in

accordance with one ar more embodiments; FIG. 13A presents an alternative view of the flow

distributoMSABIRATANE I 26LHIANESWIEL QAR QL TRFE SAPSHIME S embodiments:  FIG. 13B presents a

closg-up schemgf. of thsrasevsshaetematitCofla A dvagicaidantecvitigans ab MiermenbAdeueNts;
FIG. 14 péesentstg front ex Io,dﬁd view of a flow distéibutor with internpaéb\l/ab rinth paths in accordance

with one BRTfoPEIBAEEHANBEHENEBHICACEARIAIER UL ARE QtAPLEGR1D ffe flow distributor shown

in FIG. 14 in accaGlangepvésbrene aicheaigtieniosin@ntslistriofiér. Wittbresents dasaite\wagid art 1 of
FIG. 14 in acc%tigﬁt?ce Wff‘th one or.more embodimen FIGS. 16, 17 and 17A present

ts; .
schemat®S G Papy PR H AP PN ALOLOTAEH LAV RREAS BT MOF e iBodiments;  FIG. 18
presents a frontriigwiGiXIprestistsiutartinsetitve iieangieths!fltsindagaordanskowithie Gr 13ore

em%dimzfc%sr;dance with one or more embodiments;
FIG. 13B presents a close-up schematic of the view shown in FIG. 13A in accordance
with one or more embodiments;
FIG. 14 presents a front exploded view of a flow distributor with internal labyrinth
paths in accordance with one or more embodiments;
15 FIG. 14A presents an alternative view of the flow distributor shown in FIG. 14 in
accordance with one or more embodiments;
FIG. 15 presents a rear view of Part 1 of FIG. 14 in accordance with one or more
embodiments;
FIGS. 16, 17 and 17A present schematics of a labyrinth flow path in accordance with
20  one or more embodiments;
FIG. 18 presents a front view of flow distributor insert with angled slots in accordance
with one or more embodiments;
FIG. 19 presents a schematic of transport processes in an ED device in accordance
one or more embodiments; and
25 FIG. 20 presents a circuit diagram of an ED device in accordance with one or more

embodiments.

DETAILED DESCRIPTION
In accordance with one or more embodiments, electrochemical separation systems
30 and methods may be characterized by enhanced efficiency and overall flexibility for
application in various treatment processes. The electrochemical separation systems may
generally be modular as described herein. In some embodiments, cross-flow electrochemical
separation devices, such as cross-flow electrodialysis (ED) devices, may be implemented as

an alternative to traditional plate-and-frame devices. In some embodiments, current
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FIG. 19 presents a schematic of transport processes in an ED device in accordance one or more
embodiments; and 25FIG. 20 presents a circuit diagram of an ED device in accordance with one or
more embodiments. DETAILED DESCRIPTION In accordance with one or more embodiments,
electrochemical separation systems 30and methods may be characterized by enhanced efficiency and

overall flexdpfitiefey anRlisatinpineuationdnfieinephRinse aeered R IRCHachemitabsaRaration
systems may generally be modular as described herein. In some embodiments, cross-flow

electrocheSHRiA SRS S ey, 1RG0 r SLE oY BRI PYARSR MECHED | B\ AYOHHEY, be
implemeniggiRFRMRNEID YRS aIHONS IAtaraRtbir antEeniavisare REIRMETNAIARBBeCUTent

inefficiencg/Fi in cross-flow electrochemical separation devices may he reduced. In at least certain

embodintEAtSedLRARRGhMHCRMAY Al dbl B TP 50 LS VI BLY APRISAURRF o RSP M&nifolds may be
addrgssesh BN EO RS AR BBNAREHTBRRb [ANR 86h Ry eatemayalsmberfrdpeeridoth of which

may affect life ¢ycle cost in various_applications. In_ some Sembodiments, at least 85% membrane
tiyationt MR HReRE S RS DSV AL SRS RSB R BT Y TR £
devices masphe sigtiirsaidmpiars thinesntieh spetidie grobiagiinansptngiefiipieoessef may be

electrochemical separation processes may be improved for desalination of brackish water, seawater
and brind DGR LOFAFUTAA G50 prBICNEHT FCAN S Aa0 NG B P A0S

competitiyeysest . HR anpadre dmppmestilidnts;anensiis eontpdR B etvehos EDdeRynRThipeivedlogy for
desalinatjon. Devices far purifying fluids using electrical fields are.commonly used to treat water
anc thel ERRREESTRAPRG WL Iog L SPbUTA) GHAEH HElle that tromt viater i this way
are electrodeiorizsticss snchetéfirmpfaligiudeayierstiithirihese cevicrsigressoncertaiagand diluting
compartments sepgarat d bﬁgion-sel ctive membranes. An]_ 15 electrqdjalysis q(fvice g/ icalli/q\ilccludes

alternatir?@g,\@t@% Al &8 ‘?ﬂ@ﬂ% 45 Va?lqibqpk?nsc?%%ﬁ%n é@(et%‘?ﬁeo e %ttéeﬁ een the
membranki argycoatitpatastitionieationigndetityaianzstiee s Withiihie thaadioutiedarén applied

lectric field i d via electrod issol i ttracted to thei [
Counter- UL AR G AL B SRR R Eath BReA B8 TIETIARBe AP generally
resufis inelbetlogliadyofstievitbtypicalycooipaetrakainat mpetizplestethef sonipantdbie haiod andhe

orocess AU GUBL b RUTHHRE e Uhe: BRRNSP Y ChaMBAEH o023 GG Wer using -
process , e , r er using
electricalyoactivenpascianaolidin ialestrndpaidotial Am indllésice domitréibRpionbobbe vkecleitedyeactive
media ty%i'ﬁjaslel 8%9(’)?\?eapions, attracted to their respective counter-electrodes, to migrate through the
anion and cation exchange membranes. This generally results in the liquid of the diluting
20  compartment being depleted of ions, and the liquid in the concentrating compartment being
enriched with the transferred ions.

Electrodeionization (EDI) is a process that removes, or at least reduces, one or more
ionized or ionizable species from water using electrically active media and an electric
potential to influence ion transport. The electrically active media typically serves to

25  alternately collect and discharge ionic and/or ionizable species and, in some cases, to
facilitate the transport of ions, which may be continuously, by ionic or electronic substitution
mechanisms. EDI devices can comprise electrochemically active media of permanent or
temporary charge, and may be operated batch-wise, intermittently, continuously, and/or even
in reversing polarity modes. EDI devices may be operated to promote one or more

30 electrochemical reactions specifically designed to achieve or enhance performance. Further,
such electrochemical devices may comprise electrically active membranes, such as semi-
permeable or selectively permeable ion exchange or bipolar membranes. Continuous
electrodeionization (CEDI) devices are EDI devices known to those skilled in the art that

operate in a manner in which water purification can proceed continuously, while ion
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25alternately collect and discharge ionic and/or ionizable species and, in some cases, to facilitate the
transport of ions, which may be continuously, by ionic or electronic substitution mechanisms. EDT
devices can comprise electrochemically active media of permanent or temporary charge, and may be
operated batch-wise, intermittently, continuously, and/or even in reversing polarity modes. EDT

devices mshhyepeiaed 19 iaimatRisNecenirge Stelrctgrigiaicall padtinaprresiécallyigsigned to
achieve or enhance performance, Further, such electrochemical devices may comprise electrically

active mé&RBIARS %‘%IEH'%&%‘Q@niiHS%%'&SECHPQ&}B/&RIQW%‘%H%?J@ﬁ%#&@ﬁaﬂ@@é}ﬁﬁipo|ar
membrangtiag@aivaustlestadeia)ireted (Gisidhéevicasmsr Rt eeviresplin@y getertiese skilled in

the art that og}erate in a manner in which water purification can %[ocee_d continuously, while ion
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salinity conditiorﬁ%%in CED] systems, water molecules caB be split to generate h drogRen, r hydronium
ions or sPRRTES LI SRR x g MG S &R BaEAted e ?ﬂbee%ma BHEREALREe media in
the deviogignslithepuiaipijieieniir etense PtbeitiapRethsperisin therefrom. In this manner, a water
stream to be treated c réfe_c ntinuously purified without requiring chemical recharging of ion
exchange resin EIECHOUESAAL Do AU HEOREE S SR A LTINS Bricilo SCEEBR ERept that
ED devicgs/iypiagicaitynis sontainaglesitaieaitie enaditalisineen thenmeaibliaireBeBegauseref the 10
lack of electroactive media, the operation of ED be h'ndr%reéj on feed waters oért w salinity
ecise B SRS HERNA A 08 RRE IS8 e R P DPRR AL P NPt Gty foed
waters caaliigisylidtagievsiter elrctdatduiresdisansempiometddRrpaisitiay efrenesafarghbeen most
effectiveg sed ]prégsource waters ?fjntirmediatgq‘?saling. In ED based Sé{]st S becausg there is no
electroactri SR Bl IV R R ele A e SRE YU ARt RO TS LR ri%}rﬁ@%r YRRy avoided.
In CEDI aecbfofdidehder snaspififediiyaly agiaaaniaals ancosyfarimenisiakesiipitglynseparaedl by
selectively permeable membranes that allow the passage of either positively or ne ative& charged
species, BRBCATHER BB DA G a5 Borr L e 2ris Etes) A peiadotifin
concentratictyoregimednt@tival lganpiddinents in such devices. In 20some embodiments, a cell pair
may refer to a pair jacent concentratin d diluting compartments. As water flows through the
Gepletion commuHEREE B DAY GEheh LA FEURCEr bS] BPEIA TR EMEGH ing
compartregpaisited digr sl ectinfkl g peenadabie efeotibcafiescthatighoas tadpastisid o eslibrglysitivelyect species
are drawn toward a athgﬂe typically located at one end of a stack of multiple depletion and
conc entrgﬁgﬁ'ggf}ﬁﬁg?{ e ?g,eé’l‘@s, 0 typlca‘?ﬁ/ Ao bt Bﬁutlon or l(<jeplg?|on Bompaﬁmen s are
typically interspaced with concentrating or concentration compartments in such devices. In
20  some embodiments, a cell pair may refer to a pair of adjacent concentrating and diluting
compartments. As water flows through the depletion compartments, ionic and other charged
species are typically drawn into concentrating compartments under the influence of an
electric field, such as a DC field. Positively charged species are drawn toward a cathode,
typically located at one end of a stack of multiple depletion and concentration compartments,
25  and negatively charged species are likewise drawn toward an anode of such devices, typically
located at the opposite end of the stack of compartments. The electrodes are typically housed
in electrolyte compartments that are usually partially isolated from fluid communication with
the depletion and/or concentration compartments. Once in a concentration compartment,
charged species are typically trapped by a barrier of selectively permeable membrane at least
30  partially defining the concentration compartment. For example, anions are typically
prevented from migrating further toward the cathode, out of the concentration compartment,
by a cation selective membrane. Once captured in the concentrating compartment, trapped

charged species can be removed in a concentrate stream.



25and negatively charged species are likewise drawn toward an anode of such devices, typically
located at the opposite end of the stack of compartments. The electrodes are typically housed in
electrolyte compartments that are usually partially isolated from fluid communication with the depletion
and/or concentration compartments. Once in a concentration compartment, charged species are

typically trapped by BOiadite EOf S&lesidy ey DEmeROteRRAINaNG IRdea SSenRy i dedinieg the

concentration compartment, For example, anions are typically prevented from migrating further toward

the cathdfe/ Vo8 PiLeleiEe SHHEBRPRHESHRIERIe6Y Aes {iIv de IR MR RIBTARES. BRte captured in
the concegffistin®CospRat BRIt SR PEReGRAERMABRREISSIEIDPERIBIRER dly 2 SONELSIppg Stream. In

CEDI and ED devices, the DC field is typically applied to the cells from a source of voltage and electric

current afliBe HSeH OVNEEEH AL YaRSHESMaLRivECE I B AR A BAWRAAUGE §F TP EeRirode). The
voltagie anshey@ircederprdopdarivily ivever sl poveanletiseléarmuensguny intvetedy, of means

such as an AC power source, or for example, a 5power source derjved from solar, wind, or wave
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facilitate thetighsie henbramErangboinpamermsamas srdifiedieatitaraiscdihespealithalectachemical
reactions that occur at the electrode/interfaces can be controlled to some extent by the concentration
Aot i e e A A e A
thed102n9§&ﬁ!mmdutfpaﬂmfm§m@(§1t&)uﬁ@&ﬁ@ hhigtrimlé@@belmmrdgrm wyitrignel ﬁﬁx@e{j@rt&t@ chlorine gas
an rogen 1on, while such a feed to the.cathode electrolyte com tment will tend t enerate

PO or B Sl PO GIRAHER RS T SHa SRV (h et DU ment
will assogiatanlittyarfigs aonmomsleciuas chiedicetiercadidaieskisteodtarganpaciriiandareae

hydrochlaric acid solution, and analogously, the hydroxide ion 1 ted at the cathod
compan REHL AT HELBRR S o el < GO o AL GEORERGE AU A B

create saginpartystoiviél asdutiare Witk scfeasioniaoslichtasadittoriedaoodepeeyemnartiaegds, such as
prposod SO TSR S R L P o SRR Wrposes.
20Riate-gpdeitasicatihe satativcorngariesegns/ Nbasduian wiecaifrey gadors typesotalactrochemical
covicos, BEWNGRIAH ACAHA B0 HEEodmn et o o RGO RAR TS devices
are availadetiodeaibmpaterants feanieaand epitat ahidigus ataenad Sudion Maheiod edmbents relate to
devices tﬂﬁﬁz”éé%" t rei rggécsiés e%lﬁg%%gl%'r disinfection purposes, for membrane cleaning and

defouling purposes, and for pH adjustment purposes.

20 Plate-and-frame and spiral wound designs have been used for various types of
electrochemical deionization devices including but not limited to electrodialysis (ED) and
electrodeionization (EDI) devices. Commercially available ED devices are typically of plate-
and-frame design, while EDI devices are available in both plate and frame and spiral
configurations. One or more embodiments relate to devices that may purify fluids electrically.

25  Liquids or other fluids to be purified enter the purification device and, under the influence of
an electric field, are treated to produce an ion-depleted liquid. Species from the entering
liquids are collected to produce an ion-concentrated liquid.

In accordance with one or more embodiments, an electrochemical separation system
or device may be modular. Each modular unit may generally function as a sub-block of an

30  overall electrochemical separation system. A modular unit may include any desired number
of cell pairs. In some embodiments, the number of cell pairs per modular unit may depend on
the total number of cell pairs and passes in the separation device. It may also depend on the
number of cell pairs that can be thermally bonded and potted in a frame with an acceptable

failure rate when tested for cross-leaks and other performance criteria. The number can be
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25Liquids or other fluids to be purified enter the purification device and, under the influence of an
electric field, are treated to produce an ion-depleted liquid. Species from the entering liquids are
collected to produce an ion-concentrated liquid. In accordance with one or more embodiments, an
electrochemical separation system or device may be modular. Each modular unit may generally

function agsacoRJeeickil anaBiie\Frie AlaRtRERMIEpIERBAERICTAS YS! R EreAsBAQB RSBt may
include any desired number of cell pairs. In some embodiments, the number of cell pairs per modular

unit may RPERIBIRIRL lASATIR ARP SRNB SMPSANEASs @dNAdHEr HHL PR N eledi 20U ey also
depend qritpirsinaeadbeaHipamayihatinalvidedhe ariviranges @ad hebsatdn esteameanit’ an

acceptable failure rate when tested for cross-leaks and other performance criteria. The number can be
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units may be |ndividyally assemple na quality control test such as for leakage, separation
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el bo

intended PR PRPOTHUA S| A ASEHER T A SLEPAFARb ATERES. T B &FHIS I Rnts, an
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a third modular unit.on the first and second 10 odﬁlar nits, and repeating to obtain a plyrality of
modHiar THELGF 4TIESAR8 F5RRAEE0 1 LR ARl RA R ROMIRR RIS £)7 OFSHER AN Holiar units
may be igsgideshinddimeiss shiassestal for inpiriatianniddltapasisionydaniiganatidns mayebipossible
with the place[gent of blocki rpembrages and/or %E{acers between ﬂfduji@mt or within fmodular
units. A NEaldP ABTERIAR may RIS H ARSI BlT Ry A BF RS S G BCE T ARGY
15Modulatiykingynalshfactitate/sy spaoerbonaranaedwaalewsg (oittie daytasisitsolation, removal
and replace int of int{jii%%dual modular units Iqqﬁiv'dﬁ I mgdular fnits may include. manifolding and flow
distributi(%ogyl 36 ARD HARFACTIE AN QG SRR Ea Sbﬁ} HIOK SIJLBE SN ARARB Nddular units may
be bfluidvamiarityi oatiosl svithcdiiataspiteen, rasimetaasesihatientiag foathtotitiog aiy] Btiaicystems
associated with an overall electrochemical separation 20 progess. Qne gr more.modules be
imced AR 2RSSOt LU HEL GO S it S oG A RE MeEsorme
embodimaatéfdiimganddiiee lgstrimhtmisataap avetioni ey ares cvttichemiylestparatapgureally. modular
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potential RoRESrrent'ie ka&e ey b araa}(essg CEUPreNE %?f%?én%y éy & 8%%%%5 8 the percentage
of currenatbardisneétfedtiveria onovong dothe divtenitshencshute strdsadi nmiotshievocmaanteate stream. Various

electrochemical separation devices, which may each be generally modular and which may

each have its own pair of electrodes, may be arranged in series or parallel as part of a larger

electrochemical separation system.

25 In accordance with one or more embodiments, the efficiency of electrochemical

separation systems may be improved. Current loss is one potential source of inefficiency. In

some embodiments, such as those involving a cross-flow design, the potential for current

leakage may be addressed. Current efficiency may be defined as the percentage of current

that is effective in moving ions out of the dilute stream into the concentrate stream. Various

30  sources of current inefficiency may exist in an electrochemical separation system. One

potential source of inefficiency may involve current that bypasses the cell pairs by flowing

through the dilute and concentrate inlet and outlet manifolds. Open inlet and outlet manifolds

may be in direct fluid communication with flow compartments and may reduce pressure drop

in each flow path. Part of the electrical current from one electrode to the other may bypass
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30sources of current inefficiency may exist in an electrochemical separation system. One potential
source of inefficiency may involve current that bypasses the cell pairs by flowing through the dilute and
concentrate inlet and outlet manifolds. Open inlet and outlet manifolds may be in direct fluid
communication with flow compartments and may reduce pressure drop in each flow path. Part of the

electricalirugiank tpoaIPpsiIBytFRAEg the aiRenapemirass The sk el rehaiisdey davéng through

the open areas. The bypass current reduces current efficiency and increases_energy consumption.

Another SHISHIGY B EEBRRTE RRIERE IHMRUBI ABRL I RO TR LR RS LIFHIP RGN e

concentrat@oiieithiiRe deek B aNEle stivily: Ffdantexebanafr sncak e esmdreome msakediments,
techniques associated with the sealing 5and potting of mempranes and screens within a device may

facilitate PECRRASHBROEMEMAEES LT SOMFESIROMARS: ERIDEHATATROCLAEIMEE ReheAlifigh a stack

may=e raadipstaigGiorerapriesciRaktpw \aItng BdRVRe rRalhfAbnmaerédoeti sitagiceaas to improve
current erlficiency. In some embodiments, an electrochemical separation device may be constructed 10

and arra %@gﬁ]ch that one or more bypass paths are more tortuous than a direct path through the cell

stack. In at leasfreeri@st soRadibedlineAR, &legiias N calaepaiatior deice Mayihdsensiructed and
arranged such that one gr molﬁgb%ssﬁ?at s present higher resistance.than a direct Path through the
TN

cell stack AN R Siha v TG B EHERRGR AR AR FBEYEFUERE may be

configuresifigiproynaie souniecshBbtipieaty, Metkdanchvisidd aale aoosiveied ansdoarsanasetto provide
a cngﬂrrent b passng%ih trﬁ@t will contribute o current efficieﬁ@/. In non-limitin embodim%nts, modular
lisE!

unit-thay 3 SR8 A PR DA HEARS TN U S BRI PLE PR B Rrrent

efficiencythéncall lask some lembostirianrinbadimaressurreleathsihentiet stackatioaelésiioahemical
separation modular unit maé/b constructed and arranged to provide a predetermined current bypass
A ATAdeE it i

20 path. ERSR"Y AUTARGGAHEY A PISO FrAINE PTRE) FOHNEF FERRIRR G bypass
as descriteethpaeinhiougprte estbaadkienisopte srtiog ragms irpaisnbaneeiiigusaion within an

electrochemical separatjon device may facilitate reduction of current Jeakage. In gt |east some

mon i AL THEHEL, SRS L SATACE g SSSTENS ML B FTHE 60 AAORMAA RO Bular units to
direkd diluteyabel onsoocedtiateastiagedsanmmiddtiptenpassoypisypabrtigivatiaesfioburepeoved current
efficiency. In s embodiments, current efficiency of at least aboyt 60% may be achieyed. In other
embodin LT ER AL BNy DY LD REEP AR ook W B hBeKd s SiFal Ahbociments,
a currentsgffieneanst/of afleastisiibutisn%ystery denfighiesteo ploravteasteatredfiehoginheatdeastcurrent
efficiency of at Ieaséﬁg{g%%? ma% be achieved. @cco d.in% to one o mare other %scpects, a current

30efficiend] 618 (t B0 HIPHEE R 8 Stk et LSS S PERE S hey of at least
about 958tathayrhes ik chag\ecc dnsgeoethindunnaint edfic pnoyi dec et eas thed fegdeniatigpassnductivity
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the feed twatess as described herein. In some embodiments, promoting a multi-pass flow
configuration within an electrochemical separation device may facilitate reduction of current
leakage. In at least some non-limiting embodiments, blocking membranes or spacers may be
inserted between modular units to direct dilute and/or concentrate streams into multiple-pass
25  flow configurations for improved current efficiency. In some embodiments, current
efficiency of at least about 60% may be achieved. In other embodiments, a current efficiency
of at least about 70% may be achieved. In still other embodiments, a current efficiency of at
least about 80% may be achieved. In at least some embodiments, a current efficiency of at
least about 85% may be achieved. According to one or more other aspects, a current
30 efficiency of at least about 90% may be achieved. In other aspects, a current efficiency of at
least about 95% may be achieved. In general, current efficiency increases as the feed water
conductivity decreases. In certain instances a system performing a desalination process may
exhibit a higher current efficiency when brackish water (i.e., water with a TDS of about
1000-10,000 ppm) is used as the feed water.



In accordance with one or more embodiments, a method for preparing a cell stack for an electrical
purification apparatus may comprise forming compartments. A first compartment may be formed by
securing ion exchange membranes to one another to provide a first spacer assembly having a first
spacer disposed between the ion exchange membranes. 5 For example, a first cation exchange

membrane may|he&efHiReetaRN6AE AR GHBOUMEMI NP AR GRT RfIFsERATHEA eéladpaiiphery of the
first cation exchange membrane and the first anion exchange membrane to provide a first spacer

assemblMhERHE P SiLaHoP GRPASERS BIRMRIAPRE ARSTURE SATBRRATISIE nfefifane and the first

anion exebaipaermempes e RHsesPhj KRR IHeBkdRaYgeeriarBedd S oaL HABtHRR ©{SdanEe
membranes to one 10 another to provide a second spacer assembly _havingc a second sllpacer disposed

between 38 SbiPASRATEB MK IAh AL IrEGPaReIROSe S BEBYRE B HiG g mBraR S may be
sechuaed tcbaes@«gma, @mig,nfm%mgam@wﬁmﬁaab mﬁsﬁb@%éam@@f@m%pMM@&mrwond cation
excnange membrane aj. the seco anion excna .membprane to provide a secon acer
o B TS a0 8,8 LB G A0, R G B TN AR AR B t5 and
the secondicAkorRKgbMMGROINREETY Brevide aAiiiisgaenBssmenhaaykefitaestiadnpssedhe first
compartment andrgljésecond coragartment securintg é?_e first.s assembly to the second spacer

asombl e B RS SR nge RG] (e ESLARIRR CHS0HIEE TIPS s cmbly may b
secured to the sacesshaneeiasaeNtpivabe foreedd pestion f itredrenangnneharfiysteation

exchange 20 membrane and at a portion of th riphery of the second anion exchange membrane to

vt UEIER GG PaCA R R SR ARSI TR BT LB G the <econd

spacer asgesxehyange ri@abrafdbe Fsstranlartniecsranghibe satrngeonamarinenamisy seeueemstructed

and arranged to provide a direction of fluid flow that is different from the direction of fluid flow 25 in the
A | i Hi e e iR

third co ! IS AABOEHDSASAtA et RAFHALAR SREHRM AL B SRR EAHPY direction
of a 0 axisxchaegluitkfibaire tiel tivstseoondaniverikohaydeentembiagetio3Noqind theedbrid $leavein the

second compartment.may be running at,the same angle as the first compartment (30) or at another
e RO e85 RAGER  E BeMEE L 5 e oL A e A B
housing. & thaceooudad ovikx o g mardenodiments, an electrochemical separation system may
include a cross-flow. design. A cross-flow design allow for. increased membrane utilization, lower
rassre rom LR e B Ao e I B SREOLAPATG Bl may be
reduced bynapartrasril by deaiiny thedfilstapasonassemiblgdimentecting speessasserabiig afcbshell and
endcaps may.be the only s Est nt{'al limitations on P ratijn pressure. A tlomati n of man {acturing
processdOg U sRAeh EiEheveq For SamplE TR Wik SArReh A BN TRE RS Wi flow
path andthesssoond $peckflasgguaibhyraicy deecsel poteidmofitheqdr pleby of alyediieqimmiershahtfee
peripheries of the 5ion exchange Wbrane that gre secured to one ﬁnother. U ing the first fluid flow
datPaRs o o :

path as & BITAcoR FlRAEPL SRS IEREROHI At HON AR A 96 R @Fefon of any
angle greateridbarstzekoasspnebshanthtessphaen GisPodeddestane e thbditstremate oidtentischosiLtre,

second spacer assembly.
Each of the first compartment and the second compartment may be constructed and
arranged to provide a direction of fluid flow that is different from the direction of fluid flow
25 inthe third compartment. For example, the fluid flow in the third compartment may be
running in a direction of a 0° axis. The fluid flow in the first compartment may be running at
30°, and the fluid flow in the second compartment may be running at the same angle as the
first compartment (30°) or at another angle, such as 120°. The method may further comprise
securing the assembled cell stack within a housing.
30 In accordance with one or more embodiments, an electrochemical separation system
may include a cross-flow design. A cross-flow design may allow for increased membrane
utilization, lower pressure drop and a reduction in external leaks. Additionally, limitations on

operating pressure may be reduced by a cross-flow design. In at least some embodiments, the



the second fluid flow path may run at a 90 angle, or perpendicular to the first fluid flow path. In other
embodiments, the second fluid flow path may run at a 180 angle to the first 10fluid flow path. If
additional ion exchange membranes are secured to the cell stack to provide additional compartments,
the fluid flow paths in these additional compartments may be the same or different from the first fluid

flow pathpped ifers@eg e dlshelflavd padtat’ ARIJAE BOBAYINBEEM IR iHithiions Balbpirameh of the

compartments alternates between a first fluid flow path and a second fluid flow path. For example, the

first fluid RGP P&t/ TR0y Of SHRVIRRIWARY RIQEESEET IR RIS RS AFUENEH of 0. The second fluid flow

path in the secomcheesrRMEENRTh dAY BEmaPOEMsbibdfhines ot i d anshtbertird BuistBaw path in the
third compartment may be running in a direction of 0. In certain exa_mrg%les, this ma%?b_e referred to as

cross-floW UiEERI PRI MR B RICDAERN O¥ Y Al PASIP RN RS RRTR Ydhfpartments
alterpatefR@serasittimdyrbeineanad diessdbuictd eyopatiharseceonihbuik fingt Aaib.rrvd gatiiaslfluid flow

path. For example, the first fluid flow path in the first compartment may he rupning in a direction of 0.
e SoC T UM A DA AL A A LA, TRy T e SO EERTRRO TP i o
path in thenrgregatnpsinens fegyebs di rﬁmrﬁ%@ao?hq ﬁ@@ﬁbiﬁ@;ﬁﬁmﬂ f}b of ﬂikt;}]d‘@urﬁbufre,
compartment may be running at 0. In another embodiment, the 25first fluid flow in the first
oot e S R S AUl PB. SIS e EAPROHAL Bite 1t P B sompartment
may be rgahingnhaithél, entodiembnis] fhieicetiomd pRitd iNdve doitr ehap mipet an €80 Naay b eorthaniigt at 120.

The @ourt%{iﬂf{low ath.in the fourth compartment may be runniPrA% at O.t(’;ln sogne egbodiments, one

or More f s, y & 91'15' t|8ﬂ)% I}%IHF.W ROALF SERTECE 08I ¢ 2 or more flow
paths may@dtrcididtéonshievingrantinestenetild driie pactis indHiswadelooitgyehisamibeintdheagystem.

recisrb B SR R A bR Al Lo A B AP S S O BYahe s faoes wihin
the compataiarimbbd pemyatathrit Mew batconstitictddrnb mpangedttalediatibbeesbed flow within
the compﬁ\ rré[mFurll(tj’ f-|_ch\e/ Sgtﬁ]gr?étgn seerc]'g)rr1ndaf\(uri]§1 ¥|%W path. For example, the first fluid flow path in the
15  first compartment may be running in a direction of 0°. The second fluid flow path in the
second compartment may be running in a direction of 90°, and the third fluid flow path in the
third compartment may be running in a direction of 0°. In certain examples, this may be
referred to as cross-flow electrical purification.
In other embodiments, the fluid flow path in each of the compartments alternates
20  sequentially between a first fluid flow path, a second fluid flow path, and a third fluid flow
path. For example, the first fluid flow path in the first compartment may be running in a
direction of 0°. The second fluid flow path in the second compartment may be running at
30°, and the third fluid flow path in the third compartment may be running at 90°. The fourth
fluid flow path in the fourth compartment may be running at 0°. In another embodiment, the
25  first fluid flow path in the first compartment may be running in a direction of 0°. The second
fluid flow path in the second compartment may be running at 60°, and the third fluid flow
path in the third compartment may be running at 120°. The fourth fluid flow path in the
fourth compartment may be running at 0°. In some embodiments, one or more flow paths
may be substantially non-radial. In at least some embodiments, one or more flow paths may
30 facilitate achieving a substantially uniform liquid flow velocity profile within the system.
In accordance with one or more embodiments, the flow within a compartment may be
adjusted, redistributed, or redirected to provide greater contact of the fluid with the
membrane surfaces within the compartment. The compartment may be constructed and

arranged to redistribute fluid flow within the compartment. The compartment may have
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obstructions, projections, protrusions, flanges, or baffles that may provide a structure to redistribute the
flow through the compartment, which will be discussed further below. In certain embodiments, the
obstructions, projections, protrusions flanges, or baffles may be referred to as a flow redistributor. A
flow redistributor may be present in one or more of the 5compartments of the cell stack. Each of

the compsudanions) phejeaibatagkdenans|aringal vnieRsOmanRa ks vy Seueanetisicted and
arranged to provide a predetermined percentage of surface area or membrane utilization for fluid

contact. REALRL A RS RRIOYRELTRT FRBIRHTIME LMSHOM I R AR SR ikt a8 OR!AMedn the

operationgtiheepeetiaring ific aton rapasap/sjcb i dhd Vierdirgsorefifaeieyipgmaraatanayambrane
utilization may include lower energy consumption, smaller footprint of the apparatus, less passes
through HRCH5EAPR58 L TeRNt el BUL BN IHR BAR RIESBBL R B EhBrane

utilizgtionphgianmene erineved dgmekeater than 65%. In other embodiments, the membrane utilization
that may be achieve%ﬁt%reater than 75%. In certain other embodiments, the membrane utilization that

15 may be achi&et MAJFHROGRAIRIE: N 48058k SERK H{tﬂ‘&%‘i}ﬂﬁ? RBHTHAYODABRILAINE MP¥art

dependept eoridirtieipdiangetbte proviieagiraftbeiniempsasesate oneuanet dasd the design of
the spacer. In order tg.obtain a predetermined membrane utilization, approprjate securing techniques
and comBURANETR Y BE 0N CIdIHIA G0BIEE, U ORRGEFA foa oL GiF el pe EBEA AN LABIRS optimal

operatiompajitieaiesitcalffivisficRiian arpp@tbviitbetREteigbputigitagdealspaetvsthin the
apparatus. Jn some embodiments, stack production processes maP/i volve thermal bonding
tecHHiqu A RIRAES A AR AREA R AT R B Y FF58E e of membrane

that may depsisegtionihenaleedsstprint bf arcapgdancss Wiks passey thirolgyietbagaeinis, anl eligpeical
purification aratuys comprisjng a cell stack is provided. The electrical purification apparatus may
Compr s A B DA ACEEH B AIRG U RS Gie gt AHBCSRE T B Bonatructed and
arrangedaish ieked degredite ehaluisb o inoeh §r sinthiceit tien toetiveaaentbeaipruekichtog ehmenaprianes. The
electrical pyrification apparatu y also comprise a secpnd compartment compyising i xchange
membrarfel SHE Ay B OOl R e YR RS SRRt S R IR B W 2828 cirecion.
Eadhs of thayitst ashiepadtmeypbantkther seao8sco Mpanierabiamaytbiz Rboonsirbetedeasdapmanged to
provide a predetermined percentage of surface area or membrane utilization for fluid contact. An
AR & ;

electrical AR dcg}ﬁﬁ?gg Sa(Q,QIP 8@‘%‘]%@%?88&%%[?%?1?&} gfi&qda aratus may
comprisedasigatafahtspdoeenticordprisingtaifirsesatax exoithmgenbremluthiieatiog apirsipéiaten exchange
membrane, the first campartment constructed gand rrrf\n ed t%l rovidﬁ.a direct.fl id flow in a first

; T Bl ey

direction HEHUBEHHI TS AHORCORN R HRY M PAITS BAL RETH4P AR BRJRHRYE AERErASe. The

apparatuseahalyadipesroptiiselaopectiod cbthpaltoianalqurificstitn dppéirstusnidthexchange membrane
and% second c?tion nge. membrane to proiide a direct fluid f:f second direction between

the A & R SR SR R R AR e of e v
processes may involve thermal bonding techniques to maximize membrane utilization, while
maintaining a large surface area of membrane that may be used in the process.

In accordance with one or more embodiments, an electrical purification apparatus
comprising a cell stack is provided. The electrical purification apparatus may comprise a first
25  compartment comprising ion exchange membranes and may be constructed and arranged to
provide a direct fluid flow in a first direction between the ion exchange membranes. The
electrical purification apparatus may also comprise a second compartment comprising ion
exchange membranes and may be constructed and arranged to provide a direct fluid flow in a
second direction. Each of the first compartment and the second compartment may be
30  constructed and arranged to provide a predetermined percentage of surface area or membrane
utilization for fluid contact.
An electrical purification apparatus may comprise a cell stack. The electrical
purification apparatus may comprise a first compartment comprising a first cation exchange

membrane and a first anion exchange membrane, the first compartment constructed and
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compartment and the second compartment may be constructed and arranged to provide a
predetermined membrane utilization, for example, a fluid contact of greater than 85% of the surface
area of the first cation exchange membrane, the first anion exchange membrane and the second
cation exchange membrane. At least one of the first compartment and the second 10 compartment

may Com@gR)AIBaste U UG retRYIBiR A AN RKINErs@ieestion bEhRRGOIEREE KM rPBRcRATOre

embodiments, the electrical purification apparatus comprising a cell stack may further comprise a

housing SMEBERNG M 4 ULl ANIQRAXSN RIS BETHRS of BEFRRIFEHS B IR AUPREIS  Bcured to the
housing. Adsameomparirenpatiames piveemiBithe dieiiRangadidiareNesing!a e aumyisiianfirst modular

unit in the housing. A flow 15redistributor may be present in one or more of the compartments of the

cell stackXK0FELE BRI RIAYLR A AN ES A AHOG IS E R 1P S AIRAEWEE RS e flow reversal

withie theygiompretiaie)etniensere anthediseents e4tioa eicelatie thenbrinstackdebatmelggirical
purification apparatus is pﬁ%vided. The cell stack ma)égrovide a‘%ura ity of alt rnatiné? ion depleting

and 20 idfPCBHEGPRRAARG BEMPRaRh e AELH b he Yo A ket HaRIREARHRAIFR Ve an inlet
and an optiafetenhiayidesirafisiteifizid diovoineadingl efisetiondraeh off dhatanieenesmisiing

compartments may have an inlet and an outlet that provides a concentrated fluid flow in a second

Cirection HHERE AR R D 620 AP PAEHE T GLAEed oy b IORRERESR BTEATEACR, The

spacer may sgenfdesiorciniagentcaeiiandhaliasropasmanransbnipatrian abmgesoniy assist

in djrecting fluid flow througoh the compartment. The s%ace r(ngkvy]be a blocking spacer which may be
Fe%d'EQﬁ 01204t

corstruc H RGBT R SPRCAL UHE L AYIBER :

al current through the cell

stack. As discugsegctiraableoking aracemara\erssbdimaitprerantaleciripatitidatat apptigiencies in the
electrical gpurification ag‘Para%s. SOgn ?]%me embodiments of th(i?discl sure, an electrical Eurification

apparatuSAT RS EFeHRLE A YEDRE G UBRNISA NS Ao YR BRSRY St MR TR Hiluting
compartmeotsiemdfiapadsiaepiviting cedinfekiseentsd katte abikiipnadiingmeyizastidotednay be

constructed and arranged to proyide a fluid flow in a first.direction. Each of the ion.concenjrating
compartENET i 16 BN ALALE Ch A SO BUIGE oA SR TS BEURG B AU that i
diffeent fegisttitrifnsindiyeretionsdriénadestoicalgoeinfi tadiconappraraits of ayealsld stackprise eadirst
electrode adjacent an anion exchange membrane at a first end of the. cell stack, and a second
clecttode O Lo ARG R A A o EOBDIP B A AL LTPLGEER A ratus
may furthenqemprse a blocking spacer positioned in the cell 5stack and constructed and arranged to
redirect at least one of a djlute fluid flgw and a concentrage fluid flow through the electrical purification
e e At e Pt iy

apparatus and tw SP&%SW e Pt 2}?. tfg'ig&ﬁ e &QHr L&E60 electrode.
As discusppdrajosveptbeitddcKihg sglhsrcknayybercoidstaysitad] and fealznyih o sr depkettecdridal current
ineglt?ienFA%%&%éQr(?tr%{?ncgtrj:%%;?aur%%ﬁ%?qz%a? %F%%Sibn depleting compartments may have an inlet
and an outlet that provides a dilute fluid flow in a first direction. Each of the ion
concentrating compartments may have an inlet and an outlet that provides a concentrated
fluid flow in a second direction that is different from the first direction. A spacer may be
positioned in the cell stack. The spacer may provide structure to and define the
25  compartments and, in certain examples, may assist in directing fluid flow through the
compartment. The spacer may be a blocking spacer which may be constructed and arrange
to redirect at least one of fluid flow and electrical current through the cell stack. As
discussed, the blocking spacer may reduce or prevent electrical current inefficiencies in the
electrical purification apparatus.
30 In some embodiments of the disclosure, an electrical purification apparatus is
provided. The apparatus may comprise a cell stack comprising alternating ion diluting
compartments and ion concentrating compartments. Each of the ion diluting compartments
may be constructed and arranged to provide a fluid flow in a first direction. Each of the ion

concentrating compartments may be constructed and arranged to provide a fluid flow in a
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10The cell stack for the electrical purification apparatus may be enclosed in a housing with at least a
portion of a periphery of the cell stack secured to the housing. A frame may be positioned between the
housing and the cell stack to provide first modular unit in the housing. A second modular unit may also
be secured within the housing. A blocking spacer may also be positioned between the first modular

unit and faesrcarstiRPARRNLBIARO YRR IRBiIRHbUIREMORY TadERSENEANIURRI A B EDBLrHies

compartments of the cell stack. At least one of the compartments may be constructed and arranged to

provide fIORYAFELANRIIHA ISt EPRBAARASACHIRA ARMHEXEIARN MEPHERAJHSHERERIER the

frame angeihgrdtRUsHDatSepoAMIERGHEROAH facthe Ntathdas exihank inaabriit ey nedHtpenngrwithin the
housing. The fluid flow_in the first direction may be a _diIutinP stream and the_ fluid flow in the 20second

direction WESEHSELOnERH ARRATBISE RN UANEL RARREFH B QTR Y, FREFAGABANGS iR B lirection

mayPe caniesiadenhaceneraitpingngte amaneddhe flsbst bawdn g weqnid tiaciianamay be
converted to a dilutirgjlﬂ_str am with the use o arity reversal where the applied electrical field is

f
ovorom R Igs S (TGS R HEGTRE RGlRHE Sl RABLE BS ERLRYER B Eficers may be

secured nERINGSH ttnaStacHKint etlbnalis anl thessnmitllasitoge!l taglscussed@®ledtsical
aratus of the C re ma rise a housing that encloses the cell

purification a resent disclos further com

Ciack ARG S TR SORF o A LB R Ty b B AL A SR R ISREC RotBime or

support stiselocericzhy lnéfieatsioaashiegliveen the housing and the cell stack to provide additional
tlet manifolds that

t to th | stack. The, f .also 30 ise inlet ifqlds and
ol the flow of i T AR 6L Br e LA Ao PRl P LR GBIy provide
an electriggthruriégatiqio apeoatuserotiilasinié. cEl e abkcisoaepudficationsimparattsrmayafusther
comprise a second modular urbit secured mﬁthin i[he a?usin% spacer, for example aglockin spacer,

may be pESHINEE BERE R AL HALIAR Grht SRk 0P RESR A RO AR it A ik d1L5HBEe may
be positignestan@metalafithie kst alvachdaecurisdhaitisnapp dsiteing endliockigspaoisation aldth the

s oppostts ARCLHI CSTARRMIESLEH RFHE MR RIALR PG ASIAEIAR LS MMIBt, may be postionec
betngen itbdistrdmaeoanchyie peassing robibe firsd @nod chd ao onpidy tihersse 0o trek rediktbak LA, leadeoth. The
bracket aosnsee 8??% ?o%p%??%gjn?ssrﬁgy %t constructed and arranged to provide flow reversal within the
compartment. A bracket assembly may be positioned between the frame and the housing to
provide support to the modular unit and to secure the modular unit within the housing.
The fluid flow in the first direction may be a diluting stream and the fluid flow in the
20  second direction may be a concentrating stream. In certain embodiments, the fluid flow in
the first direction may be converted to a concentrating stream and the fluid flow in the second
direction may be converted to a diluting stream with the use of polarity reversal where the
applied electrical field is reversed thus reversing the stream function. Multiple spacer
assemblies separated by spacers may be secured together to form a stack of cell pairs, or a
25  membrane cell stack.
The electrical purification apparatus of the present disclosure may further comprise a
housing that encloses the cell stack. At least a portion of the periphery of the cell stack may
be secured to the housing. A frame or support structure may be positioned between the
housing and the cell stack to provide additional support to the cell stack. The frame may also
30  comprise inlet manifolds and outlet manifolds that allow the flow of liquid in and out of the
cell stack. The frame and the cell stack together may provide an electrical purification
apparatus modular unit. The electrical purification apparatus may further comprise a second
modular unit secured within the housing. A spacer, for example, a blocking spacer, may be

positioned between the first modular unit and the second modular unit. A first electrode may
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to the modular units, and provide for a secure attachment to the housing. In one embodiment of the
disclosure, the electrical purification apparatus may be assembled by positioning a membrane cell
stack into a housing or vessel. Endplates may be provided at each end of the cell stack. Adhesive may
be applied to seal at least a portion of the periphery of the cell stack 10to the inside wall of the

housing. be péeiisrainEnRaAdigTeRéieéthR isal il eha s pstRalBUMICRAtrRRALLIHIS provided
that reduces or prevents inefficiencies resulting from greater electrical power consumption. The

electrical PGSO UP PR BRthe Hrecit lRIGSRMIMAS BroUaBebAAREIMAEL HaSEHReR

configurafigaurr adiH R0 suEestteca it inetitianaiesidhaimuliote st mdastkflowiconfiguration may
reduce the bypass of current through the flow manifolds, or Ieak%%e of current, by eliminati_?i% or
ion

reducing the dirEcPRGKRATHRIPHER¥AT BSIHABRR Rehy e Radiae HrdieedscthPplikrY

appa@atumdiutartain, enekechmentsouidhertiselassire the:flpxeietbiRcanePmpaytpretidnsypperadjusted,
redistributechqor redi%gcte,d t%g)é%vide g%r ater contact of the fluid with the membrane surfaces within
ERY! }51’15
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within the taeprdoars, Theetaiparienicairy hpyer aostnstipangssermitei oy aiatbisigas, flanges, or

baffles that may provjde a structure to redistribute the flow through the compartment. The obstructions,
ot B bl S TR B P HSIOT HES e FORAEAL bt PION ORLLTRE FIh A Bhee. the
spacer, afethatadle AvaskiNEanay seRpsliedsisuetlrg tbaltis poaidded wilperibieeRbotanepriimaok. In at

least one embodiment, mbrane or blocking spacer may be substantially non-conductive so as to
impatt cdfr {EWTWT@QS%%@MQTM spacers that may be positioned within the compartments

may provide strug¢isieain anddtifiratthss cantisvisnariiapibotn anbamfRsaoTPipparamy &ssist in
directing fluid,

R L e o e L L I
embodimemisuriipeiomaTeescioaibd ponfitatsacpntausasiaad peesenirdistlosueslmtyaurisy/ flgddiow within
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contact of the fluid with the membrane surfaces within the compartment. The compartment
20  may be constructed and arranged to redistribute fluid flow within the compartment. The
compartment may have obstructions, projections, protrusions, flanges, or baffles that may
provide a structure to redistribute the flow through the compartment. The obstructions,
projections, protrusions, flanges, or baffles may be formed as part of ion exchange
membranes, the spacer, or may be an additional separate structure that is provided within the
25  compartment. In at least one embodiment, a membrane or blocking spacer may be
substantially non-conductive so as to impact current flow within the system.
The spacers that may be positioned within the compartments may provide structure to
and define the compartments and, in certain examples, may assist in directing fluid flow
through the compartment. The spacers may be made of polymeric materials or other
30  materials that allow for a desired structure and fluid flow within the compartments. In certain
embodiments, the spacers may be constructed and arranged to redirect or redistribute fluid
flow within the compartments. In some examples, the spacer may comprise a mesh-like or
screen material to provide structure and allow for the desired fluid flow through the

compartment. The spacer may be constructed and arranged to redirect at least one of fluid
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apparatus. In some embodiments, a spacer may promote current flow through a cell stack and
generally deter current bypass with respect to the cell stack. A spacer comprising a solid portion may
be referred to as a blocking spacer. The blocking spacer may be positioned within a cell stack, or may
be positioned between a first cell stack, or first modular unit, and a 10second cell stack, or second

modular gBily and &les@Tosl enrkediManRToleeRigsadiBrRtioR EXTharpecaeRahrasepsecured to one
another may alternate between cation excha_nrﬂe membranes and anion exchange membranes to

provide £SBHBLCENRLAIARELIATENMEMERIAJIHA Honcpgesin G SIRpESAh HEr Aty eometry of

the mempppaesuRIayHee BiRAYNSY I ERRIRIRAMBINY pteibthatdtrresemitenes MayphieiRecured within a
cell stack. In certain embodiments, a particulay. number of corners or vertices on the cell stack may be

desired sY"8518"s 3% AP LA AOFH RSN PLIR ERA R R TBCHUFY TFRIERILIN BrAGHARS AL e iR ticular

mengrangd prayehaue déte i peorpairgsitivae aiter cneote angs drthecabp siticktidihe geometries of
the membranes m%be selected to assist in at least one of securing.the {H{embran?eﬁi‘to one another,

to securc®BPHRHS IRHIRMAEDRCUN LR FRRSHTY OB ALY SDRFAVSRLRNA StehCthodular unit,

to securexniegeRsRNBENIER 6L A SHIRPHSS U tiUESpéet 38 ChEa @ IKati O BpRBRRIMRS ButhasbAdcell stack
to a housing, and to secure %[:odulaéugg or modular Egitint .a housing. The membranes, spacers,
! '8 9

and spad¥ITHOBJRMRs" Laed IO0BARSH of P RACEHE PO FHINB anes,
spacers, witepegeslhsser) Diasapqeqitsiticica pefiaeary fingycbi aaeRNENfigdtSrHoRA-ukb eantinuous

Ieniﬁﬁ of the me Eran , spacer, or spacer assembly. The portion of the periphery that is selected to
secture tl"%crﬂ% ﬁtéc P c&Q sraéjgagiaégggmbly may provide a boundary or border to direct fluid

flow in a predetensinedegitsatinrnts, the pleealidaotfowikcnnsgemmeater aebsdiments oaeell stack as
discussed herein mag have any desired.number of ion %ﬁhan%%@;embranes cellﬁgair}s?{or flow

compartrﬂ% T |ay E%rr%aéee %%%“eﬁ‘i'&f‘&ﬁc LR ?B{Pdhe@E?é}%e 91 gmﬁeasingle
cell stackolprothes £sebiesiohénisiiRnity asritpanpaerey e imdonesris aivd) eleopachenicarseparation

system may include two or more cell stacks. In some embodiments, each cell stack may be included in
= separalE WSIONAY O OE PRCE BN & RS ETR Roy B A g ME G e e o
manb&facteabilined withiin acsldstihcd mwidrtaineeobodirscatszopanients; amelectybehverrical separation
system may include a first electrode, a second electrode, a first electrochemical separation modular
cnt havig I PR HERNAY BT GG CEENR B S R A
concentratingirpmpasnadmtsrigoiaded, pyrd dukt isemer dhesfirstyeiactr diffesncgésepaieditrad>modular
unit positigned betgeen the &i}rst ﬂeftr de[[ﬁnd the econfi Eﬁgct%e and a s%cor%fi §Lefg{rochemical
separatiol o aIaP GRS 1 ESopdl SRSH with HeoEt e el e R RTIIPAE A8 SHE UG Unit, having a
second cadbistankatietisiiogeobsealiiy gt ieemibizg adpletingnuinepadiseents spadaronvieitrakieng
co artme@ti%?&p ooré%-drb%{na N F%nd fraiﬁri]e, th% qcpngitelectroﬁ?rlepicgl Fe%arartion deuIar unit
positione St e frsl e crasheMicHl ia]sepua?aﬁ'on AR UMD g 56 el il&tode. The
first cell stattimassy e estrootudeddsecure a group of membranes such as a cell stack to a housing,
and to secure a modular unit or modular unit into a housing. The membranes, spacers, and
spacer assemblies may be secured at a portion of a periphery or edge of the membranes,
spacers, or spacer assemblies. A portion of a periphery may be a continuous or non-
25  continuous length of the membrane, spacer, or spacer assembly. The portion of the periphery
that is selected to secure the membrane, spacer, or spacer assembly may provide a boundary
or border to direct fluid flow in a predetermined direction.
In accordance with one or more embodiments, a cell stack as discussed herein may
have any desired number of ion exchange membranes, cell pairs or flow compartments. In
30 some embodiments, an electrochemical separation system may include a single cell stack. In
other embodiments, such as in modular embodiments, and electrochemical separation system
may include two or more cell stacks. In some embodiments, each cell stack may be included
in a separate modular unit as discussed herein. Modularity may offer design flexibility and

ease of manufacturability.
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the first frame, and the second cell stack may be surrounded by the second frame. In some
embodiments, the first and second electrochemical separation modular units are arranged fluidly in
parallel. The first and second electrochemical separation modular units may each be of unitary
construction or may themselves be constructed of sub-blocks. The first and 15second electrochemical

separation modyiaicebitRiitavie fREeVARIR dmbaiMa@mbadinetisHriieskiegsannesyaambe
positioned between the first and second electrochemical separation modular units. As discussed

below, e 20w dPeikef A HEL Hegy AraRIEE ORI EIEP LG stdirShAG RIS N Gl RRTAHAR BPAUA. The first
and seconsltelegiigehrriieal stk abfninodplaratinits MR REIMPYSHRANY aoresaeharshms with a

bracket assemkéy The system may include two, 20 three, four or more modular units depending on an

ly..
intended G5REHRBA% IR GPOERARY RS IA et Wit S6 SRR, SPRAF B Ruidly
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embodinfafitd 5P FEHSR IR BRHE H&ﬁ% YRGS RRYAOD Y B4 RE AL RIS RS L3 tments

comprisessgafiaisrientsliiiartent, naonge estondicarRtack e ARgn plucanfjaiieeanamthat a direction of
flow thro,ﬁ%ﬁ t‘%l'?] d}le Ietin%:ompar ments is different than a direction Fg{lflow throufﬁg flt&% (:Eﬁncentrating

compart FUSANBGONHNEAERG SOTRHMENSHERRRATHILPYE SELHD Fection of
flow throggtviae: Remeditanienparago ivcdinatamiadysiesnantiowiantehthirsidetiascéieal through
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electrochemical separatiop mo ar unif naving a first cell stack surrounded. a first frame In a vesse
betoan STGG EEToo M e ALLSESHA el EEUBHEURe SRORAng MCOHBh St RN soperaton
modular éloidhakingraligcane ¢iedt siatkesonelededchyraisgdcrparitionenodiierwessahbgkuern the first

I ical [ dul it.and th del de. Th h '
Cieposing & LRI AR R Ve CEAQR W SLALARLA Cep /RIS Adbular 5 uns
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modular units. As discussed below, each of the frames may include a manifold system and/or
a flow distributions system. The first and second electrochemical separation modular units
may be mounted in a vessel, such as with a bracket assembly. The system may include two,
20  three, four or more modular units depending on an intended application and various design
elements. A source of water to be treated may be fluidly connected to an inlet of the vessel.
The depleting compartments and concentrating compartments may each have an inlet in fluid
communication with the inlet of the vessel.
In some non-limiting embodiments, at least one of the depleting compartments and
25  concentrating compartments comprises a flow redistributor. In some embodiments, the
system is configured such that a direction of flow through the depleting compartments is
different than a direction of flow through the concentrating compartments. In at least one
embodiment, the system may be configured such that the direction of flow through the
depleting compartment is substantially perpendicular to the direction of flow through the
30  concentrating compartments. The first and second electrochemical separation modular units
may be configured to facilitate multi-pass flow within the system.
In accordance with one or more embodiments, a method of assembling a separation
system may include mounting a first electrochemical separation modular unit having a first

cell stack surrounded by a first frame in a vessel between a first electrode and a second
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In accordance with one or more embodiments, one, two or more modular units may be inserted
between a first electrode and a second electrode. In some embodiments, two 10modular units may be
substantially adjacent one another within the system. In other embodiments, a blocking spacer may be
positioned between two adjacent modular units. In at least certain embodiments, a modular unit in a

separatioflesyHignampsnbabtay 8 feindicpierabeielrsipearor TateaihriNtiR impPsséapits may be

positioned between a single pair of electrodes, 15In accordance with gne or more embodiments, an
P&Hﬁaﬁqﬁé}

electrocheiiar&Spy RSEFAMI AR HbHpNeEs beaeR K dHshRleSnchaiird) alternating
depletingseparnimestisl &nthRMGERE stithgeTappstaeTise AlthadHRPGUHEEsMprie support system

may be configured to majntain vertical aggnment of the cell stack. The sué)port system may be a frame

in some SHBAIH EROCKIA%LFRACHTRFUYGERA L6l FRLAR R E sHEcDr BisRkSqPREHER Sttidiments, 20
the frameiAngy SHbPaRtiaaNBe6PUAch bEGEliRlaatd Yecepmelanbesimralsepdiare meyiaelude a

manifold system configured to facilitate fluid flow through the cell séack. A manifold ysteng) may deliver
process NRITIORDEESAHBY QY MONIIELIR BF A8 ASEH R LI BhICRE! LB RAEDR manifold
system nfRidRcidracateinte M thed@reputiet manifold. A manifold system may comprise an inlet
manifold in fluid communication with 25an inlet f?iach depleting compartment and with an iplet of

each concentratfh g8 B%?ﬁﬁ‘éﬂl%ﬁé”nﬁ%mﬁc%‘?% @Wﬁﬁ?ﬂ?ﬁﬁ%% (1O UNB LHEE Ma¥iRSd in fluid
communiggasovisitinaeroa fiestaf @acidentiiseceninglactroent ansowidhensdiieihef, @aeh concentrating

compartment. The manifold system may be.configured to deliver.treated liquid downstream via the

o O sy Sy B R A B R e s Pl B SR me o i

structureseipauateiton theckiagspdteailepst seRigambbetimentayth el aanifod ayaiamimalbe

constructed and arran%?q%to i‘?Erlevent m%(@g of dilute and concentrate streams in a mlag(ilar udqit. The
fUTERD |

manifold Yy &EhFTHEY PES ZBACLLY LB APASEPARIAY B E AR AU JRE R g cate
compartrsetribelestosdatednyitady sialtipld meduier emibodapertpositiontoditsysieasingle pairdfame may
include allow distribution system. The flow distribution system may be a part of the manifold system or
a separaf“ e§§f 1. The flow distribution system may be in fluid communication with the manifold

system and mayrbscorfigugadito grooroterersfobotfnendisin i themniell sépakatiohhadtiular
distribution .system may. be in fluid communication with inlet of each depleting compartment and
it o B R e L R A AT e e e b e R SRR 3 o
distributicorsysiteanny aymeadntegial, tmthesiippoet dystiiner eaboshore vystenh ivagthe porfigaretithe flow

distribution system may. en e with the frame. In. some embodiments, at least ortion of the flow
di stributig% rgéérega}w 88@6%%@8%0& oP ﬁ1e cgﬁ stack. The support system’may be a frame in some

embodiments. A frame may at least partially surround the cell stack. In other embodiments,

20  the frame may substantially surround the cell stack. In some embodiments, a frame may
include a manifold system configured to facilitate fluid flow through the cell stack. A
manifold system may deliver process liquid from a central system manifold to an individual
modular unit that it services. A manifold system may include an inlet manifold and an outlet
manifold. A manifold system may comprise an inlet manifold in fluid communication with

25 aninlet of each depleting compartment and with an inlet of each concentrating compartment.
The manifold system may further comprise an outlet manifold in fluid communication with
an outlet of each depleting compartment and with an outlet of each concentrating
compartment. The manifold system may be configured to deliver treated liquid downstream
via the outlet manifold. At least a portion of the manifold system may be integral to the

30 frame or in a structure separate from the frame. In at least some embodiments, the manifold
system may be constructed and arranged to prevent mixing of dilute and concentrate streams
in a modular unit. The manifold system may fluidly isolate and keep separated outlets of

dilute and concentrate compartments associated with a stack.
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10distributor insert that is removably receivable by the frame. This may be for ease of
manufacturability of one or more features of the flow distribution system. One or more features of the
manifold and/or flow distribution system may be integrated into the frame such as via an insert
structure. In some embodiments, a flow distribution system may engage with each inlet and outlet of

the cell stack. Inseshe: embegimants aadppaie syasnnslslaanfidirsedyapeniatedowth at least one
side of the cell stack. In at least some embodiments, a frame may include an jnsert associated with

each sid&SHRBUQNISYERR: FdiediAmpisirbyHRiNGIAR) Pay B R4S RISl e e
manifold syysstiere apRedaT. fioMe gisivigisiapusisteRemaaRIPRNENM te tepimaicag aseeeiated with each

side of a cell stack. In accordance with one or more embodiments, a flow distribution sistem or an

insert 20 R38HRIZRYP AR AR S ORR SRS RI) BRIG SRERIBHAE P UIPHHGB A8 SelbPRFfquid to be

treated torigte\ ittt aom SRR MEAIS CRTTRAGYRIS AT AR Wiatkn THet v \wadistiébidinty system or
insert may be further constrﬁgted T%?{grranged to receive and quidI?]/ isolate outlet streams associated
#hda

with dilutEPHRRAEBIREL AR (AR B LU RO RA DR bi<HHEAMB ABHSRIME irilert may

keep diluteagindpeenice ot ete fivuletistieatioh soprratedy BoiMagrusctesigameor ianhdistributions
systems ca the intended function be implemented in accordance with one or

able of havin Jity. ma; a
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P et B o eTold
outlets m ositioned on all side the cell stack. The design.of the frame, inclyding manifo
g o R v Y T e L D S T o et
any or_ieni@rmmad ' ) hdﬂ@&bﬁﬂ@d}f@m@dﬁtml' y fﬂmvgy @g?eh‘ﬁohﬁﬁﬁtﬁddﬂtsf?&mg@ﬂegﬁém iﬁﬁarge _and bed ;
aSSOCIat% wit f:%\)?i side of t ce S?gé %II;SéI'e ibility. An insert or flow |Sg§t utor m%e Inserted an
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serve to %%Wfﬁﬁo l%efm?(ﬂ"tf(? SHEREEPW it éyéé‘?ﬂbgﬁ% hidpgr é%ﬁ?,tgg %s fluidly
isolate arddkespviepainserostilgitatecamsonidirenbetistants, kfildhedissisliionsssttmarain etigagasert or

flow distribytor may Isor}ae constructed and arranged to imprave current efficienc fgrghe overall
modular . T Ghant oL e isceai ek JbSpmeemaamR s SR ) e aRipuiated to
proptote msuientsmiarbngta aiteait pathsideamfghecekibtackisatdedst soprosatmdiabinty efficiency. In
some empodiments, an electtochemical separation (?aevi e be constructed and arranged such that
e or miTEH B R e e ORI PR i A b s G GLIER  at e
certain enebadyvkints| bstazle oteycine iz ae pasation Trevinenifely besteomatrdictetioandistribaged such
that one or more bypass pa resent higher resjstance tha adgir t path through the cell stack. In
some e HBMChESTROR G LY B SSer T RIDGRED St iy be configured o
promote currentleHtweniaycdboithlanaioitmonayinbotimsetitscteflaandistniaotied dgstern\ideraigsentent
bypass path that will.contribyte to cyrgent efficiency. In non-limiting embadiments, mogd lar unit may
inatlie SR Sy A BTk AR o AR SR T RS Bt BERE Briciency. n
at least sweatee tohiotnehts| el e eopgardraeicarpatthsttckfin el atackrothe fimaldsspiaraion 15
modular Yl may be sonstietsd and aranged do provide 8 predetstminer cuient fpass ach. I
some emBodiments; inserts associated wi € suppor s?/s em, such as components of a manifold or
flow distriretions aysieiatednaitibdioe figd o tonpraimaimpantraentsititteacyll stack. The flow

distribution system or insert may keep dilute and concentrate outlet streams separated.

25  Various designs for flow distributions systems capable of having the intended functionality

may be implemented in accordance with one or more embodiments. Based on the nature of

the cell stack, compartment inlets and outlets may be positioned on one or more sides of the

cell stack. In some embodiments, compartment inlets and outlets may be positioned on all

sides of the cell stack. The design of the frame, including manifold system and flow

30 distribution systems, may be configured such that it may receive the cell stack in any

orientation. Inserts or flow distributors may also be inserted into any side of the frame and be

associated with any side of the cell stack for flexibility. An insert or flow distributor may be

inserted and serve to both provide fluid to be treated to the multiple compartment of the stack,

as well as fluidly isolate and keep separate outlet streams of the cell stack. Further as
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In accordance with one or more embodiments, at least one of the manifold system and the flow
distribution system may be constructed and arranged to improve efficiency of a 20 modular unit. The
flow distribution system may comprise at least one bypass path configured to reduce current loss. The
flow distribution system may include a plurality of first fluid passages oriented in a first direction. The

flow distrifaseiRseamsarsim neayifdeiner ﬂ@mmiﬁﬁ@JRiHPﬁHWa@oS@@@@%ﬂUiﬂeﬂmgé@med in a second
direction and in fluid communication with the plurality of first fluid passages. In some embodiments, the

first and SDPENE fﬁHﬁ@Eﬁm%Wé@lﬂﬁ@f AR YaryBidicular. The flow distribution system may

comprise a flow|digtiduitaionsarbydieksit the jrane sefthesgH acesk ¢rajier ipdipirteive the insert.
The insert may define a tortuous flow %%th such as a Iabgglnth flow path, configured to promote

uniform fRERMEE AR HEWHRI Q0 A EARaC R KU RH AR AESH FIBEIRAGRLS. IMRIGNFECHBA S miting

em delmﬂtﬁeﬁw lﬂﬁ%ﬁrﬁé&%ﬁ%@wﬂ@ﬁ@taﬁ@%ﬂf@&ﬁ@mﬁ@mwﬂn@ﬂ stafde Mag BeserRittdside opposite
the first side. The insert Ey comprise a wrahty of ports on at least o Ofﬁ}:gj e first g%sec nd sides.

In some ERTHSERRASAEUCH B4R OF IR RSO S PE AR5 D FECtRE rent on
one side pkthd|iNgEK! VierstRaneteisiebdaigmme, @mbr@dtmelﬁémuea@@mah@n theibeshaideeof the

insert may be oriented substantially perpendicular to ion exchange membhranes of the cell stack, and
e por LT AOH  CDe ot 102D ) TOErE FARESH FeLB B oL R Aot Ange
membranieef jhe g%&@aqhelceﬁmekemb@@ihm@shoamehm mﬁelpmg emlrm][srrssmls IB fluid .
communication wijth two or more co artments the cell stac ralit S M e staggere
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5construnﬁeyl @m@bastmwaﬂdmamag@dablpﬁﬁna@auua‘é% tﬁUcpdss@atthwvtm nafmnbtmeaurface area of
ion exchan branes [ieflnln he cell SB?.&( in some odlments A%iegst one of the depleting

compartrig 'E‘Eta LERCENtEENY I'HBQr? AR 3%‘8 FBr“Fr'i‘P Pedistributor. In

some enyyetimanittoractdvedistitsudonfigerad soetiginat awtwemmte cirflew dffioiepbythéndepéating
compartments is differen tha a direction fflow Ethr ugh the conc ntratlr]rgEcor%Eartments In at

least one 8%%8@#198!{? %?8&9%&088 'ﬁlj’lﬁgﬁ ﬁﬂqeée&ﬁrg CHEM 'GPASR b%h the depleting

comaartmwmiaauhstaay@&wpmpeadwaiw dadhgeditepliovidy & pvedbraughdihewccmdryivasing
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In accordance with one or more embodiments, at least one of the manifold system and
the flow distribution system may be constructed and arranged to improve efficiency of a
20 modular unit. The flow distribution system may comprise at least one bypass path configured
to reduce current loss. The flow distribution system may include a plurality of first fluid
passages oriented in a first direction. The flow distribution system may further comprise a
plurality of second fluid passages oriented in a second direction and in fluid communication
with the plurality of first fluid passages. In some embodiments, the first and second
25  directions may be substantially perpendicular. The flow distribution system may comprise a
flow distributor insert, wherein the frame defines a recess configured to receive the insert.
The insert may define a tortuous flow path, such as a labyrinth flow path, configured to
promote uniform flow distribution to the cell stack in at least some embodiments.
In some non-limiting embodiments, the insert may have a first side proximate the cell
30  stack, and a second side opposite the first side. The insert may comprise a plurality of ports
on at least one of the first and second sides. In some embodiments, at least some of the ports
may be slots or grooves. Ports may be different on one side of the insert versus another side.
In some embodiments, each port on the first side of the insert may be oriented substantially

perpendicular to ion exchange membranes of the cell stack, and each port on the second side
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surrounding the cell stack. In other embodiments, at least a portion of the flow distributor may be
configured to engage with the frame or manifold. The flow distributor may comprise an insert
removably receivable by the frame. The modular unit can include one or more flow distributors. In
some embodiments, a flow distributor may be associated with one or more 20sides of the cell stack. In

at least spnigeeMBANREDESodelieay slistiknionyrydpelasseniaierands mashraiske of the &gll stack. Each
side of the cell stack may have a dedicated flow distributor. A flow distributor may be configured to be

removabRiA%Cella B S RHTEBIHahitest 8pAPLtAM e FIE S it 44 AR WaSAHRRMBA may be
possible withai$acPé blprkiREnRIREST BRas| PRbriacposiaaRs) Wit povReiy Do ktaggrbassnenisea flow

distributor for electrochemical separation may include a plurality of first passa%)(ss oriented in a first

direction Yl BISREure PR ARAY SETHIRE B9GP HEHI LRI fCRPBHL S A AT RN P rochemical
sepagatiafpAigrietdaiid arpdtRltoc{pesans Rassaema 8RR ecAith dispetion shedekirality of

second passages in fluid commupnication with thE plu[]alit of first passages and with an inlet
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to distrib@fb AEiH HEWPYS I bRt S ptitd B the! sl ATt (0 ARG Enes MR R iMone port
on the firdissiiritoay besonfluechbodimentisatidovwdibttilbator may &€ assratstenithafnelectracbemical
separation device. In e .embodiments, the plurality of pogts on.the first side or the second side may
beps?ggg élr(gé& rﬁe‘effbe\?lvog]%ﬁlﬁbﬁ?o%g |82&TS3me erﬁf)ode} m%n(fs, a Itow distibucor may be sesociared.

with each side of the cell stack. Each side of the cell stack may have a dedicated flow

distributor. A flow distributor may be configured to be removably received by the

electrochemical separation device. Multiple-pass flow configuration may be possible with

use of blocking membranes.

25 In accordance with one or more embodiments, a flow distributor for electrochemical

separation may include a plurality of first passages oriented in a first direction and configured

to deliver fluid to or from at least one compartment of an electrochemical separation device,

and a plurality of second passages oriented in a second direction, the plurality of second

passages in fluid communication with the plurality of first passages and with an inlet

30  manifold associated with the electrochemical separation device. In some embodiments, the

first direction is substantially vertical. In at least one embodiment, the second direction is

substantially horizontal. The plurality of first passages may be arranged in parallel. In at

least one embodiment, the plurality of second passages may be arranged in parallel. In some

embodiments, at least one first passage intersects at least one second passage. A blocking
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20 may be constructed and arranged to promote current flow to operating surfaces of the
electrochemical separation device. A port may be associated with the flow distributor. The port may
have various positions with respect to the flow distributor. The flow distributor may comprise a port
substantially centered with respect to the flow distributor to promote uniform flow distribution from the

inlet manifelder theycpenraitetiaciihsalectioahi itk PaseRpaiPR sdeviaepissafaerembodiments,

a port may be offset relative to the flow distributor. As discussed, an electrochemical separation

system Ay % ahEshRatRAIRs AN NePHEYE e e RATEaaRP iMA LR 8 eSO T eiGBule 100 may
include frament 16hrat oalhstaek 3R0wrbifFemi cesPataAGSTERECinpluigmydfTied wasddedllustrating

manifolding in frame 110 and fluid flow through cell stack 120, Multiple modules may be fluidly
connecte PrYREL WL R o PP TR RASERIED A0 S I ot R Y e B s A ir of

elecgodasor=Imifiriey espoidimerexploded view of a modular electrochemical separation system 300.

Modules 310 are stacked with bJocking spacers 320 inserted therebetween. The plurality of modules
310 o postion B GRANERE SPB Sl uge RDeaIERTS Sl L R 108

electrochsyniiiflreg pastionRRKsE IR dtisiatta Rerekiefadie i co@aremiclingoardich dioite.
compartments, Module frames may have any geometry, FIG. 5 j&ustr tes a substantially round module
frame 5161¢ AISGEUIRERIEG e BIUAINGPHRPUR QB U9t dON RSB RUGEEE modiies.
FIG. 6, faraesansgiend|sisl aiesngutinsbies| tvens €irs3fdeanitomeschiv da pser alitjtgfe srodul@w 6 10.
5Modularity may.faciljtate manufacture, installation, testing and. maintenance..Each module may be
i) corFSEILT nhGE B LK SyCteAn s R ARG SECH GRS RN KGR stack
mountedgridvesarfreont. ehiitsoiianestsndy Hcdadeoneaiioltstingeia itiefaas wii nveradrsystenthe
manifoldipg. The frame manifalding may inclyde a flow distributor insert. The inserts may be
coparatel) Sh A FEEIA S AR LAy B ok A A G T SRl A e PAROEUGHE 10 e
frame anth nwdpdetmanifoldingeatdstehcnanicabtbpavdisenae viciidusémpimrdénithe dowatisiepusor insert
may defi tortuous flow aa; tq prompte current efficiency. In at least some embodiments, the
e il e N R g
acctsdangiecwithendcal seicarttonlakdicte Thefdur disjrafigiots oratiéalesonbyidebneguse current bypass
in cross-flow. electrochemical separation devices. In some embodiments, tooling and part cost of
injection FRBF(B%LH?%EB gé{; %%ﬁdﬁﬁ%ﬁ?ﬁ%&%%ﬂ%@?@%{%9% eﬁﬁf)ﬁﬁ{é)ei'n‘ e%?g]ﬁom separately
molded santiodsndrits, selzasatmeeotionsthealirbiesicerathybt ia feducermmgsieatibeyeith iweod he
sections may be configured such that any resulting, internal void s ace%ﬂ)o not fill with stagnant water,
o ca TS5 A B BT B0 LI LR ASUFAA e 5 SR00: PR B e provided t
reduce cpleglitgyfassts on thechiosissitieve &b aacbRdDsj déaviebdbaglikridg Thel ftonatisthiatitg streams
rov%n directions erlPer%dcijcular to each other ar'{d the flq\q/ disttributio manifolds m]a%facilitate this
may be constructed and arranged to promote current Tlow to operating surfaces of the
electrochemical separation device. A port may be associated with the flow distributor. The
port may have various positions with respect to the flow distributor. The flow distributor
may comprise a port substantially centered with respect to the flow distributor to promote
uniform flow distribution from the inlet manifold to the compartments of the electrochemical
25  separation device. In other embodiments, a port may be offset relative to the flow distributor.
As discussed, an electrochemical separation system may be substantially modular. A
module is schematically illustrated in FIG. 1. Module 100 may include frame 110 and cell
stack 120. FIG. 2 presents a cross-sectional view of module 100 illustrating manifolding in
frame 110 and fluid flow through cell stack 120. Multiple modules may be fluidly connected
30  to provide a desired overall number of cell pairs or compartments between a pair of
electrodes. FIG. 3 presents an exploded view of a modular electrochemical separation system
300. Modules 310 are stacked with blocking spacers 320 inserted therebetween. The
plurality of modules 310 are positioned between a pair of electrodes. FIG. 4 presents a

schematic of a modular electrochemical separation system 400 illustrating alternating
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cross-flow pattern as illustrated in FIG. 7. Potential applications include desalination of seawater,
brackish water and brines from oil and gas production. ED and EDI systems 25applied to desalination
of highly conductive solutions such as seawater, have the potential disadvantage of low current
efficiency, defined as the percentage of current that is effective in moving ions out of the dilute stream

into the ceytrentrativGHeRAILGHE et fare%ABP IRIosRN Tnes g aallaaiisdeyiewming-tayosigh open
inlet and gutlet manifolds in_direct fluid communication with the dilute and concentrate compartments.

In some SHBGHHRADSPEHALY 58450 BAPAR ErAmE 0 ad e AENEE T NP6 ERIES AL inlet and

outlet maynfpldsrthabsed uenfigarodRasd @ tROmbiRNedistibusofs r5QrmplEluatigtatkén FIG. 8 and
discussed herein mag/ be received by the modular frame and cogperate with the manifolding to reduce

bypass cBHEIGI¢A! YERE S 3thePRBAHERSHHIRYRE MURIs/BPHIES 8LP of ports in direct communication
with 5h§ chlIIs in W@@d _ gilg:mw@G ﬁe?n@@?r%?@mmahg?nm@ﬁ%gtm aﬁﬁm&)lﬁimrtsethga‘@ﬁt set of
pOftS. S Hlustrated In . o, TIJId may TIow Trom entral manifolding to the cell stack vja a flow
oot FES TN BRI FORD R A B B ety AL BTGh ok AP BB that are
?Ilrrangedih@lnaéadleé_l |I%@§dk hﬁﬁimm%paﬁsamr:ﬁmtmmmmnfﬁdzumlam?nﬁﬂ?ﬂ@/vdmrfaa@ber ofh
ow compartments in the cell stack via vertical passa . At bthe outjet of the w compartments, the
roveron SNBSS BB O S SR A e s i DG A B K o the flow
to exit lthmselb.-bﬂh@lﬁn?ém oy d&iéb&@él@&ﬁamﬁd@fé?ﬁmtmw%}w ﬂyvm@hathhrm\'t@lphlmmherizo]cntal gnd
vertical passages to improve current efficiency, These flow distributors, whic also be referred to
O (e S Y e R T T e TR S el
contact witffit Ol pedvetackehmfignaiaerigrtizahpatimiy sefire aqortiniioenpaddingrisotd G. 10

t h tic of flow distributor 105 ived dule f 1010 ich, horizontal fl
paseage G DEIRERY Tk RES e G L e R oo SARREY BAIBF Dot o

the framgjmrmtgbrmyllﬁa)mﬁyﬂihm Ifwvipbmﬁlvﬁmtlrﬁammayrﬂgen flow through the sgries of horizontgl
i commun BAVER T MU, VB L LR 1P P QYO YRR dPBbrtal pacsages
areld fluiddiws oursicebipmessith each-itheeldetrduhentcallecfraratéoamdvicst Marsbatd. For simplicity, the
action I Bt VA AR BRI b LI S LR SRR IBES P e AR that
supply floedtedtieyapsant REdpoiterts ¢rms sspthetsipatolded brainard@hesepifatersectionsaray
embodiments, the flow distributor may haye a geametry that corresponds to the module frame. FIG. 11
strato A R 0 B LAy e ey AR e B fShaves a fow
distributored@fi@ignitternal void spaces do not fill with stagnant water, which can lead to biogrowth. In
20  at least some embodiments, a labyrinth flow path is provided to reduce current bypass.
In cross-flow ED and EDI, devices the diluting and concentrating streams flow in
directions perpendicular to each other and the flow distribution manifolds may facilitate this
cross-flow pattern as illustrated in FIG. 7. Potential applications include desalination of
seawater, brackish water and brines from oil and gas production. ED and EDI systems
25  applied to desalination of highly conductive solutions such as seawater, have the potential
disadvantage of low current efficiency, defined as the percentage of current that is effective
in moving ions out of the dilute stream into the concentrate stream. Current, for example, can
bypass the cell pairs by flowing through open inlet and outlet manifolds in direct fluid
communication with the dilute and concentrate compartments. In some embodiments, a stack
30  of cell pairs may be assembled in a modular frame with inlet and outlet manifolds that reduce
the bypass current. Flow distributors 850 as illustrated in FIG. 8 and discussed herein may be
received by the modular frame and cooperate with the manifolding to reduce bypass current.
In general, the flow distributors may have a first set of ports in direct communication with the

cells in a stack and a second set of ports that connect system manifolding to the first set of
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a partially round geometry. Both figures show the vertical slots on one face of the flow 25distributor
and the horizontal grooves on the other to form respectively the vertical and horizontal flow passages.
In some embodiments, flow distributors may be fabricated by machining solid plastic materials, for
example, or by rapid prototyping methods such as stereolithography (SLA). For high volume

manufacigitg AlslasiegbdMecioNNTRIdiNgEs Adwaterrestmmeinaghii BRFPH eherrdipstipr v dlow
distributor design may generally be conducive to injection molding. Select design parameters to

facilitate MBI 1AW FEpHH6 RS Dertitaye A [SHARHIGELG &I HTPE thapriri! and
thicknessgdstipdminiesial HepeenipwHrRsEaes hb ireadaresywimtGaitaA  IREAslIEeNts, the slots

may have a width in a ran%e of from about 0.5 mm to about 5 mm. Acc_ordint? to at least one

embodim@HHBEE SRS DRSS Uil S RHYBO B ESB IS PeHHIRSBI5a BAHAISD dab to 0.12").
In sgne erplegENGAiSe isuwslRim pRAMBAKCtA eI IR A iRRSEA ISy AD Ak oAl PaiRayRous 15 mm. In

various embodiments, the slots may have a height in a range of from about 4 mm to about 12 mm (O

16" to 0. G128 et RaEAIGosOHIE IPBb AR be e RS HPretiogingTFe fpundisis e mm to
about 80gaiyy i CRFIANLSBIRRAIRR ARSI SIRIL MG MU I SHI R AT PSRN A S about 60

mm (0 59" to 2.4"). In various embodiments, the material between the slots may have a thickness in a
range of GFAMAISHIEIENSYN TdeisoleWalistHPUiRiSo M to 2 At S EIBiFAe R HSeHR KRS §Df the wall

material g1ayR§1RERRBOWithiM A FraRes!t SISO TG B distr R SHNGSERPRIRGHER: flow

distributors may be manufactured at relative low cost with high dimensional precision while reducing

curiéht bifisealliptasesmavhave viidisal pors it SeEe: ReEEHILRREAeRtHS IR tHe RERSENFGnt) of the
flow distriytoradaseitiiipisiag et 69ddnics syrRbullisdpihedtiets whibeHipwaRApRUMents or

collect fluid from the outlets of the flow compartments. In a cross-flow device, one set of manifolds

15(includagsrerstteadisnvartisabhtespassroaula teraphLstrcktioNSsiteVIRe s HRAY Babnphidhts while
another sehisidtuif sRmEHRIRIICH YHIB RS CONGENHAS ARRRBEMARLP haifit it G g tRendicular

direction. In some embodiments, the ports may be slots. The slots may be oriented vertically or at an

angle so #HALTREPIEARMABLYPHIENRSETRLFSIIE A6 helb ik cAiNp BFRICTRBARYSHOMP B be
staggereg;zq HoptBREIANaSQRRIS FOIRE BRI UAGoRNh a nlihitllCaplaama SaRRgaiTENts.

horizontal channels on the face awa)‘ from the cell stack (back) connect the ports on the front to an

inlet or oRBE IelanedeVEReherzeHal RIesreRs w ¢Iind lbithtemAEALGH Wi BhARE R oftdNw of slots.
The wallgRiKe R A HBRI IR EYR Bl AHIS R FRaRPaRsiCHR Hackibyfirying girectly from

the slots at
transparent box. The flow distributor 1050 may also have additional slots on the top and
bottom that are in fluid communication with slots in the frame that supply flow to the top and
20  bottom ends of the stack.
In accordance with one or more embodiments, the flow distributor may have a
geometry that corresponds to the module frame. FIG. 11 illustrates a flow distributor 1150
with substantially rectangular geometry while FIG. 12 illustrates a flow distributor 1250 with
a partially round geometry. Both figures show the vertical slots on one face of the flow
25  distributor and the horizontal grooves on the other to form respectively the vertical and
horizontal flow passages.
In some embodiments, flow distributors may be fabricated by machining solid plastic
materials, for example, or by rapid prototyping methods such as stereolithography (SLA).
For high volume manufacturing at low cost, injection molding is a preferred method. In
30  some embodiments, flow distributor design may generally be conducive to injection molding.
Select design parameters to facilitate manufacture include the length of the vertical flow
passages relative to their width, and thickness of the material between flow passages. In

accordance with certain embodiments, the slots may have a width in a range of from about
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250ne level to slots at another level, either above or below. The horizontal slots are fluidly connected
at the inlet or outlet ports. The path length for bypass current to flow from a compartment at a first level
to another at a second level via: slot at first level =, horizontal channel at first level =, inlet or outlet port
=, horizontal channel at a second level =, slots at a second level must generally be long enough so

that the elerkigrlo apiries eenthradebrdigyrath RAdsdneberibbRmne MeRstRaat i RIVERaNitEh IRvel to the
second level through the stack. In the examples shown in FIGS. 1 and 2, this may be achieved by

specific &faRgRAIIMRY AU iaIRRabor AGRPIMAf chalndwiiGP RS MR LY me s ittents form
a labyrinthfipMaRaihelghsamer ampb ot imen s dhelliwie pRasaaesimihe fovacbsisibmisydincénee parallel

passages defined by the slots and. connected by the horizontal channels. In some embadiments, a

thicknesdhsr Hossalshing dbrisbiHLASTRRS SATENRARAIE ArRmde ARy iR €si80deiBiedd reduce the

totalgnasagbtiamaw sdisiibmisycnmedren sHes lomfaray bl 1apidtaasginenthissaomnateasbetmolten
plastic is injected into the mold cavity. In injection molding termjnolagy, this design step is referred to
e T A S ROt

as "corinf bt GaHAA F rﬂ’?ﬁférfﬁ?é 35 Y 0 iAot LA sult in

internal vigichiRaoe® thatcamn) benfilkgbustbnsiagmaerittiuick Wihiehatastieesh to oW .Havaecordance
with one e%rl FrJgore embodimer%t , a flow distributor @%a( be formed from 10separate molded parts

configurdd'foHE R FABREPTIENIhEY W e BITING BAHE Mlth SeCEP AR RN STRROHEI SR volumes

may neechtotiielsrabast thievahsaaaesmae) ik herflabopathemushbeusealed to.geeventigakage of fluid
into gwe spaces and accumulaglon o.sta}gjnant fluid, In so%%é{)ref rred embodiments, tg(?gﬁ is generally
hr I

flowtthrodig e FHRPRYIBE A WS R R NS AR HE D aHE S L SRENE S8 Hding and
ultrasoniglikmmsiohag ptacionediitdarnd e bodemenisaars mayflimamvigared to mate together

without need for bonding or welding, .such as by snappipg oy, tightl Jﬁ ting together. In some
embociments, A Ly ATRAABH: BERGHITIHEAD (8 R b A THILIAS ORGP B parts
upon asserntiyytatke sl paiessippBrfloaye lgrgiides vidib fie mplhemenghothalletadrsdecessary
in the mald totg])rm slots cgn be mechanically strong enpu H to. 20withstand the stresses during the
molcing STRELSE OUEES & 0 0 et A D AL AR AN 1985, PG . FIGS,
13A%nd (isButlirsiraleta toosdiseitticorsf ithie flond distibutdcatiepioitt theFditutiig. As shown, the flow
distributor ma)‘%i)e C%Snmcted E&ﬁind de. c?ieg-out cavities. and @goﬁusions tpatt.create a tortuous flow
path for SSANA REF A6 9R8Laher bl Pkl AW R ERppentratn
compartments with flow in a perpendicular direction. In some embodiments, the ports may
be slots. The slots may be oriented vertically or at an angle so that they are in fluid
communication with a number of cell pairs. The slots may also be staggered so that no cell
20  pair is blocked from fluid flow.
In at least some embodiments, horizontal channels on the face away from the cell
stack (back) connect the ports on the front to an inlet or outlet manifold. Each channel may
be in fluid communication with only a horizontal row of slots. The walls between the
channels may prevent current from bypassing the stack by flowing directly from the slots at
25  one level to slots at another level, either above or below. The horizontal slots are fluidly
connected at the inlet or outlet ports. The path length for bypass current to flow from a
compartment at a first level to another at a second level via: slot at first level = horizontal
channel at first level = inlet or outlet port = horizontal channel at a second level = slots at
a second level must generally be long enough so that the electrical resistance through the path
30 s higher than the resistance from the first level to the second level through the stack. In the
examples shown in FIGS. 1 and 2, this may be achieved by specific arrangements of vertical

slots and horizontal channels which may in some embodiments form a labyrinth flow path.
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25 may be assembled from multiple components, such as the three components as shown in FIG. 13A
(assembled) and FIGS. 14 and 14A (exploded view). As illustrated in FIG. 14A, various components
may be configured to mate with one another to define a tortuous flow path. A multi-part construction
may facilitate manufacture. Various potential geometries are within the scope of this disclosure.

Protrusiopssshnariaidiaidhs, edilr paydrcaniewed thstiibatimerer papandipaserad-out cavities

in an adjacent part of the module in some non-limiting embodiments. FIG. 15 shows the back side of

Part 1. BERNAEH MANeSlERBE GRBARA L RKitle SerrsALbLEARIERal if they were not cored out. Once
cored out, howgefndeneadiieshtousitickres o Pe NensrasRdi et dtownaathmnERealatier is

accomplished in this_design by using protrusions or baffles in Part 2 to creatin&; labyrinth flow paths.

p !
HorizontaSIBEE Bi3s Ettﬂw'%qaﬁ?/mﬁﬁ%%{tﬁ?% LA AR IEANT ENsHTE MOiARce with

one gr mpiie rapiPeduney threutavutigtebtio ot erie e micatarpasatiomalaariiidema plurality of
vertical passages configured to transport fluid to or from 5at least one compartment of an

electrochSRRESBL Meoly aDRIeSy, (Hhis A5 B HERi LoFar 190 S RGN EO PRI tion with the
plurality géygstieasdteasseaeamneytdigidecomenusationithastinid reanifoldnassaciaiepspitiz¢he

electrochemical separation device, and a pluraljty of paffles arranged at junctions between the plurality
of vertical Bg%gggﬁ«lﬁéi‘fﬂg‘ﬁmgﬂﬁwrﬁf’% ﬁba?%‘a@ é%"t%%@%mbalabyrinth flow path between
the fluid manifolph k0esddhe: eleptnehemicnd sepaitwnEeyitew Idistritutalingf vefieacndasages may
be arranged in parallel, and the plurality of horizontal passages may be arranged in parallel in some
or i A A R M R I L CORR ir e BEER e N EGER, Bhound the
baffles alpaguhetlabyrintmibvopptblimecorigasattoith akor mMe@driediments,theefldow distributor
may have a first 15side C%Hﬁ ured to qu dis oi%fdmoroxim te a cell stack of thf?electr chemical
[

separatio%@év’]w,t %Il t epﬂ%W'H P Br‘igté’st e[ﬁ?ﬁﬁ%qrgt)? E,%%Q‘H Hoo R ﬁt%’&@%\nd may
further haudc secone pidécaudbgdddinrosiiatie fygtailalywhereihrtheilaWidistriblipaceemprises a

B D R e RS g o e s
mayZompeising{ots doamhppeldrestl tralfvsinsedes mpastneay iented fylrstatitimidyere yeered nilaolyt to
crinted BEBUANAI a0 Ol S B IR RS BN THIE SO Silice. A loast one
port on tfwnﬁmtiBidﬂ@fatmmmkdfmm_mmemma)apeérfdhﬁdd:byrmmmtemmmwﬁ_h rhwaitirgy afiore
e S e s A e s
that blades necessary in the mold to form the slots can be mechanically strong enough to
20  withstand the stresses during the molding process.
FIG. 13 illustrates a flow distributor with an internal labyrinth flow path. FIGS. 13A
and 13B illustrates a cross-section of the flow distributor depicted in FIG. 13. As shown, the
flow distributor may be constructed to include cored-out cavities and protrusions that create a
tortuous flow path for both the fluid and bypassing electrical current. The flow distributor
25  may be assembled from multiple components, such as the three components as shown in FIG.
13A (assembled) and FIGS. 14 and 14A (exploded view). As illustrated in FIG. 14A, various
components may be configured to mate with one another to define a tortuous flow path. A
multi-part construction may facilitate manufacture. Various potential geometries are within
the scope of this disclosure. Protrusions in one part of the module may be configured to fit
30 into corresponding cored-out cavities in an adjacent part of the module in some non-limiting
embodiments. FIG. 15 shows the back side of Part 1. Between the slots there would be thick
sections of material if they were not cored out. Once cored out, however, the cavities must be

sealed or incorporated into the flow paths. The latter is accomplished in this design by using
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electrochemical separation may include a first component defining a plurality of vertical passages
configured to transport fluid to or from at least one compartment of an electrochemical separation
device, and a second component defining a plurality of horizontal 30 passages and comprising a
plurality of baffles, the second component configured to mate with the first component such that the

baffles arg@fangRbMHTAES RIPEAiIY e kyeiticgl ARFTREGRANSENS Phoimitntal Sletizpntatimssages to
form a labyrinth flow path between the electrochemical separation device and a fluid manifold. The

modular ABNRLENBIABY R PRIRSS I DIFE Y AHHE' IR ponent configured to connect the second
component to the Hetermmadoletn e BRI cplIdastherfont Siklamidhediene disiierinamay be

arrangedina definite_r%attern. In some embodiments, the(;alu_ralit of ports on the first side of the

flow 5disHABHYIRNARASHEIES RALAUE ©F YRURLARSSALES CORFILIER KL HRATRAAL HIE SR 86 T¥Pkin with

respgct tatthasionedstibutaicandrmedidarisyibeiegfapRmpieWepreseniesd intyur pogsesnediexample.
Other configurations and geometries Whictrrllgqay provide ghe desjred tortuosit _arFTHl tended to fall

within th@&TEE° 4f U LFOOTLIRCABR 4 tH EIRREHR P h YR AR IRANGISHB I or that connects

an inlet pgiri@dhratdhsiatka Thedflawn FsRCiisosived Wigemerakybschenataesefrirdtierogsigtenanifold.

FIG. 17 shows in detalil byrinth fl th f horizontal channel lof. F le, f
rom the PR BUHHIL) O OL e BE A RN TR TR 1A LEF e the puralty

of openings ﬂlv%radqfia}%rgbﬁz@m.pﬁbsla@l@/w@éhmwmmwﬁy@m@fthéﬁmnﬁmmldl )
passageways that include two complete U-turns._For example, the first U-turn may ipnclude a flow pat
ol o] IR AR S EORCEGM SSMIEE o L G 7 bLEEE BT SRS path of &
predetermningddenyiarding, fnig tiraslurake s BHoriaditih paesgjeningydieccaphager sesdiandafia straight

th to either the left or right, and th kes the same turn to eith left or right at the end of th
Chorter SEHEAOF B A GPEBAUEN uf 2% S0 FonCUIG St 5 TGP b, TRLCAL, th secont

U-turn mm\mwmdeddmﬁ_ﬁémﬂmng\mnabymm mmma'ql,straight path defined by the last straight
the fiow drctibulB AT 8 cEM BIERPOAIRL: e 1Ay e aEhg Ve 00 Rk imodate a
plutity efdd-tonfiyuiithes bertlisposdtopr pdthatebecelthincknef sooplafdbiedirtbsypaatitve dbiwlfles or
R T R AR SRR o
the tortuduasdlavepait .sEiéB_arlQWge'd amoskies treiref ﬂIE,Ia\bpﬂeiﬂntﬂeWmﬂﬁaﬂULﬂhmwhpﬁis(exsgdiscussed
B B S S0 R TS RS LR S e o
the ports on the second side via the labyrinth flow path.
20 The plurality of ports on the first and second sides may comprise slots. Each port on
the first side may be oriented substantially perpendicularly to compartments of the
electrochemical separation device, and each port on the second side may be oriented
substantially parallel to compartments of the electrochemical separation device. At least one
port on the first side of the flow distributor may be in fluid communication with two or more
25  compartments of the electrochemical separation device.
In accordance with one or more embodiments, a modular flow distributor for
electrochemical separation may include a first component defining a plurality of vertical
passages configured to transport fluid to or from at least one compartment of an
electrochemical separation device, and a second component defining a plurality of horizontal
30  passages and comprising a plurality of baffles, the second component configured to mate with
the first component such that the baffles are arranged with the plurality of vertical passages
and the plurality of horizontal passages to form a labyrinth flow path between the

electrochemical separation device and a fluid manifold. The modular flow distributor may
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As discussed above, in some embodiments the ports on the face of the flow distributor may be angled
as illustrated in FIG. 18. The open areas of the slots, and therefore the pressure drops at the flow
transition between the slots and the stack, may be the same as in an untangled version. The angle,
however, may be configured such that fewer cell pairs are in fluid communication with each slot, and

thereforerhithgsméiane a gritRmiAaAtbeIfigHentRCEMtBRAsaREhg BbMlnBa tedhcadid  In
accordance with one or more embodiments, the dimensions and spacing of the vertical and horizontal

flow paséH@’éigqlﬁay affect the flow distribution in the flow 5Scompartment in the stack and the overall

pressure drop inHeptalfijedpertSenne e sl e e i foPhapiwaresget e aised to

optimize the design. While a labyrinth flow Egth is one potential configuration, other embodiments

include otEPHBRALS gL} SRR HPOL: ARG ALY SRS BhtEn LT 1A 85 BE O so that the
maj@ity aidhiaiephes) G ernladouigtilevothraugbatisistack. 10In accordance with one or more

embodiments, the flow distributors are fabricated from materials with the requisite mechanical
oroperties anl o115 AELPEUHRIR DS 1E A SSERE BN HHy GRSEHER G SO Rtion. 1
applicationerspichramelesa inakarofeepyypbstPiistiamateraifars faiyied dreaiisgeohitaisy esistance
to corrosion.and low cost. Potential plastics include polyvinyl %ﬂoriqﬁ (Pvgf)r’ olyethylene (PE),
polyprop Bl (B P L RS R HHR AE A RO e LR e A PR SBS). polysulfone or
blends ofgidelsidasesuch as Noryl, which is a blend of polyphenylene oxide (PPO) and polystyrene (PS).
Reinforcing fillers such as glass f'EOers may .be dd?g. for enhancement of chemical resistance and
metHanica) ancFerA S RO P B AT Baok AT Eh 5 AR BLACHOR, pacsages
in the flowelR&rabitribhiéctonayireeticrn igouRbcien alidly bee wlectictrerisiaimeaioingdhe-passages to be
much higher than the. electrical resistance through the stack of membranes and spacers. This type of
contiguret A AL B T SR 1 TR RO AEK el BPbSpAe Bl .
The elecfiioal tiesiatanserohayfitd il phssagetheaodepanabiopariie sonceetivitceidbipadhuid and the
cross-sectional area gnd length of the passage. To_achieve a certain Ier@h assage may be
tortuous TR SN HgHpELUEsALaL AE R TR ey LR iToNa AL A28 FRein 8 85> Briuosiy
may g eneoaitgdi g etissadaagatfseiengidl efetheasapieedivideats b shexdingsit distafivee beatmeen the start
and end of the age. For example,.in FIG. 17A the toftuosity | roximately 2.7. A high value for
Fortuosity A S AR MRLE LIS SR Dre St el AL G e one
embodimgtongthatraithopishroby pesageermined length. The fluid then makes a turn at the beginning
of a shorter section of a straight path to either the left or right, and then makes the same turn
to either the left or right at the end of the shorter section of the straight path and then
20  proceeding along a straight path. Likewise, the second U-turn may be executed in a similar
manner, with the initial straight path defined by the last straight path of the first U-turn. As
will be appreciated by one of skill in the art, the flow path and construction of the flow
distributor is not limited to two complete U-turns, and may be configured to accommodate a
plurality of U-turns. Other tortuous flow paths are within the scope of the disclosure. The
25  baffles or protrusions may help define the tortuous flow path in that fluid may need to flow
around them. Further, as shown in FIG. 17, the walls of the slots may be angled, to further
guide the flowing fluid and define the tortuous flow path. FIG. 17A is another view of the
labyrinth flow path and illustrates (as discussed further below) how tortuosity is correlated to
the relationship between the length of the labyrinth flow path and the direct distance provided
30 by flow path (L).
As discussed above, in some embodiments the ports on the face of the flow distributor
may be angled as illustrated in FIG. 18. The open areas of the slots, and therefore the
pressure drops at the flow transition between the slots and the stack, may be the same as in an

untangled version. The angle, however, may be configured such that fewer cell pairs are in
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from about 2 to about 5. In other embodiments, the tortuosity may range from about 2.5 to about 3.5.

In accordance with other embodiments, the tortuous passageway may be configured to have a nearly
constant cross-sectional area. This particularly characteristic may enhance the uniformity of the flow

velocity of fluid in the passageway. In various embodiments, the flow velocity at any point in the

passagewigii mevianicassntiah alesint; APihdrernisypmbadimanial e elawtidnay vary less than
about +/- 10%. A uniform flow velocity may minimize or eliminate stagnant zones, thereby increasing

the efficiCRBIPETHE e rameSIRLPREREISENGRTh one or more embodiments, a frame may tightly

support sides ofjq glesi siceallifpiigetormaniain i rmest HRoimenai #OBNEsH0IaY dncheutlet
manifolds to the flow compartments. This may promote uniform flow distribution across a width of flow

compartreiteabarp-Refienal oy Rassagss ot ard M QITB IRIIRIAS MM brane at the ends of

a stk maynhperseatBrtanstaseiad teetbecianpresstieutripois, thetting sreather dompachrmam. A frame
may be assembled from muIt'BpIe sections or may be int_e&ral, such as molded a on%ﬁar . Each

modular G RS BB WEE SaURRUSENER @) SR LG BARE lar units.

Modular gaitsigient pendbleoksiguetion, seharatesbtivneticeinde compastnedifiduanenbranes and
may also be sealed, such as with o-ring or adhesive. A modular unit frame, or the manifold system of a
modular lﬁ%\‘t%%é?@éﬂﬁﬁi%%%ﬂﬁ iR ﬁ%@%%@%%%&%ﬁ&éhﬁb% W&ﬁ%#ﬁﬂ?&%‘% centrate
ports. Theuperis\moaiftoanheddrdhisndiaekirame or on a flow distributor insert. The modular unit frame

includ ifoldi d a flow distributi tem that includ | t fl
distbutors rembAFSY SR M1B 937 FeHRIR &AL iR ORI 9P A TRA onnected to

larger ovér@h aysttelsneitifendinguidie frraranmay pneedtes ardacharareal 20 ipressks sizediand shaped
to at least, partially receive a flow distriputar insert. The oyerall frame and modular unit design may be
configurelL1g FEBCE By Ees PR oA ) AL SEFAA Iy e eOGON AR D RO vEstance
than a diseaivaathpilastisghatbe stast.favorktl decandant eheiithesnauntentm e rspsioifiantolowinikng

embodi ts, a stack of cell pairs may be enclos fouy sides in me of unitary construction to
form mon T AP Z2 o R RSN ) IR R BT B REIRISHIGE B Ekaggerated
for charitypdlyaatidénipaifoldylionthadnaodtaéetondieppkesdhe (B optigsunehefohislehtistef
compartments via an ar f slots ariented perpendicularly to th rane syrfaces. e outlet of
o it U e A IEL TR REHh R TE Gty St BPCBHEE ( Sbcond set
of manifaRisnfottiadréifeessectian glakisefibght rahyhe figded. for sethnocpemeafdicelsicaloedibtafdnclude the
same arrarrll(%emint of man'@llds apd slots.for the concentrate compartments. The inlet and outlet to the

dilute an§EoRES %[Hfé“ M RERTAY Be isolated from each other by seals between the corners of
the stack and thia frecoeiahbesithlsneaor e acimehatinignts icefl dacpasspees suitle eswdhesives, thermal

bo or com inglrtions géererﬂi. o .Th?l fw%e olf Ehref Q ?'ralg desei%rll (rJI]e ﬁribed ab%vg May serve
se\r/@Sal f néflgH%. i r%ly mantdih gllg)n &Nt OF thé ct,eﬁaba?lss e s?aglj ER%?W%oksu%pHBn in an
ED deviceigieer thean the electrical resistance through the stack of membranes and spacers. This type
of configuration may force most of the current to flow through the stack instead of bypassing
around it.
The electrical resistance of a fluid filled passage may depend on the conductivity of
25  the fluid and the cross-sectional area and length of the passage. To achieve a certain length, a
passage may be tortuous if long straight passages are minimized or eliminated. As used
herein, the term “tortuosity”” may generally be defined as the length of the passage divided by
the direct distance between the start and end of the passage. For example, in FIG. 17A the
tortuosity is approximately 2.7. A high value for tortuosity may subsequently increase the
30  fluid pressure drop through the passage. In at least one embodiment, the tortuosity may range
from about 2 to about 5. In other embodiments, the tortuosity may range from about 2.5 to
about 3.5.
In accordance with other embodiments, the tortuous passageway may be configured to

have a nearly constant cross-sectional area. This particularly characteristic may enhance the
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reduced by decreasing the thickness of the flow compartments and the membranes. Flow
compartments (inter-membrane distance) in a current state of the art device can be as thin as 5 0.38
mm (0 015") while membrane thickness can be as low as 30 microns (0.0012"). A stack of 1200 cell
pairs, assembled from such thin and flexible components has very little rigidity and should be

supportedrimajesatishifinovdbesletritiaticanapat R imst andaslet snaidaisints, the flow

compartments, when properly designed, can ensure that flow is uniform#y distributed across the inlet of

each diIuY@IEBWﬁﬁ%H?.'ﬁtH@ OB RESHIBHRK AV G SEh D BRAY He 415G JOridBRments. There is

no need tnbRlivivtis slotewihyitainlels viddiditasd compestnentsnifhenstiia frdosie thayrea
available for current leakage from the stack into the inlet and outlet manifolds and thereby the fraction

of currenfWHIBH B §H5USUEHE AN LF MEMBEIRRY 'RAERINI E15-FEHESDPU L TR urrent efficiency
and increases emeseHoRRMBYMRIhBOF Hitty/etogi ARt AURERhely MgHIRLS EpRmBIayEceUrTent

15efficiency jnvolve the use of multi-pass modular unit configurations using plocking membranes or
pacors SR HORE B B 2 T O P R LA L TS 9 e

current |efpikagerapstheattnmventepeoiiett @fffeienslowithstieniaseriess oibtasks Nehin the slots.
From the inle%&}ort, fluid %Pa

fl into t | t ts in the st ia hori tal inlet ifold
e R TBTBE B SR S G LTS he oA QR R TR MO LA D PBFRTE GLLR amothor

set of vedinrl sletstancneaifiet seanitel dad Cdtadie she TRbsrwitionsiney Jetipgoedtirihe slots to force
the hypass current to tage a maore circuito th and thereby increase the electrical resjstance in the
pyrpitls pRHOAHGBrS A ARt e BT ZRER MU SHRUPB RSB BS BegTaLiGA e stots. In
some emhboisdentsnsysieNSaah otk dainaxstippadncasi@ckegiae hiairsHockingS sides by a
frame. The frame can b$ ajade@(? as ngclassareﬁ to'\zcaoymodate the nunb er of cell %airs in a stack.
The fram@?ﬂﬁw&?é%% {0 PR e L e AR ﬂtfﬁ}%ﬁ%ﬁ%gqg Uié %nd concentrate
streams t@heiteteBpacticetiogy compatineantsymibeistask. dmong the dsaeated batreisvafhsuch a
design is reduction of current b sb .eiiminatio of the.open areas at the inlets a 3outlets to the
stack. A SRS BCTSAR EhMBLTKhtaE 56 Wi mert HHT i f ool A AT block that
canibe cheskgehtoaltyaasHelakseomsalbnatilotp @dasaan oacnchpsessoriesdteie Muttipiehelpoks can be
stacked to form a modular. unit. Blocking membranes .can be inserted between the blocks to direct the
e andoY BB ECOISED 4 TS PR Pk 0 B8 MGt FaROSLTeE AT G nave
recessesiteligleatvanifsldibg and péow idismibuniiolcinge Mhtbansastsntiagdenmstatieckt iefors the stack is
potted to the frame. Each horizontal pass m@éﬁe in fluid communication wi number of vertical
paseage B G RN AT AR A e TP RD A ORI RS other via
the port rflaitfpicbriXetiatl tf thedfowrphsgsigasmhanviéolding. plaeciamdmeay ferhsddHoezontad grooves
cargpe Io%ageg iSn 'Ithe dfra%] s to ﬁP{O\égg athEe hr?riﬁontal RPW ;Plass%%grs W[F;}i!‘el r'%héar tve(-]tHcalvslrol? can be
locAted Nt hsars. OF 8&% on< At Spcpsas KleY S&eich e ét%lf SIRESnd 2 sign for a
cross-floframecuadmottlariLlbe aétegheddyybiheordigtiver consoliecdtlyygask costentf obypasspdatfabrication
and asserrr?atg/l)f)‘e tortuous and present higher resistance than a direct path through the stack.
In accordance with one or more specific non-limiting embodiments, a stack of cell
pairs may be enclosed on four sides in a frame of unitary construction to form modular unit.
25  The thicknesses of the flow compartments and the membranes are exaggerated for clarity. A

set of manifolds in the frame section supplies the feed to the inlet of the dilute compartments

via an array of slots oriented perpendicularly to the membrane surfaces. At the outlet of the

dilute compartments, product water flows through a second array of slots and enters a second

set of manifolds in the frame section at the right of the figure. A section perpendicular would

30 include the same arrangement of manifolds and slots for the concentrate compartments. The
inlet and outlet to the dilute and concentrate compartments may be isolated from each other
by seals between the corners of the stack and the frame. The seals can be achieved by

various techniques such as adhesives, thermal bonds or combinations thereof.
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10In accordance with one or more embodiments, methods may reduce current bypass in cross-flow
ED devices. In some embodiments, flow passages in a sub-block frame may reduce the fraction of
current that bypasses the stack and thereby increase current efficiency. The passages may connect
the inlet and outlet ports to the flow compartments in the stack of cell pairs. 15By proper sizing of the

passages, the efeeifeahsesigiancerall heippnuciriotdnaibriafahsRase U RpRtoAS. be mgde

significantly higher than the resistance of the direct path through the stack. The majority of the current

can therdPHEBE f1eRaeBt RSN E-Fell §AT R N JDEHARK 2 FRELEY SORSYBRISEHASHED SPYASREFDBS of the
current mayidewy Eeednihr) staakierektl eredar ¢l alvieasinahtEntOMCthEend affaiRacyFoay be

achieved. In at least some 20 embodiments, at.least 80% of the current may flow through the stack

and ther&INPARELE ST BOTPLNE B BRERNR MEEH S A RE NGRSV IR SREBRAS EMbBtiments,
at legst 9938 efiheursenimayHowbhruai khesstask g 1oarafore mideast @onit99Yncurent

efficiency may be achieved. The fl assages. adjacent to the stack are oriented vertically so that

cach 25 A e B s eSUnle T T s S O G A H A pattern o
that everyritosmsmpasipenttés iNoramarBtaniafamwithaotipirayeticrtparsrtasninridémensions and
spacing of the varticabg?f horizontal flow paﬁggmaflec the flow distributi(ggain the flow compartment

in the staOR 14RO S0 I FORALBRBIS iW SR QRTINS PR ISR BBLITAYNE, the internal
flow passagrsmgyikeifnmescios ek efonadenailltbednipsnatdlawnpassegagroayiedintegral to the

frame. In other embodiments, at least a portion_of the flow passages may be formed in a separate

Sochin OPSHRRAISHER PR T BeS PP AT BRS 1 A B o RBs s 55, YRR 018 W SR 8168 rtion of

the flow passaigétualdomsatimaat.iMokidetsiaiduen dlergroaveitiiiatarefabncrigdgefarmigly and then

installed in a frame. n ac oroﬁmce with onefgr mohe ehm?odimen(lf an inse t%]s discussed herein
% KR &

-
may be dEaTrBE HVRSI QBB RRARDI SR P PL SR Y A PYRESEembrane
5in a flowrbseaughohmeteistaneh endicall senarativhypesdcedives rilomicisticheriyraniay dredgegrevent

scaling in spacers and improve current efficiency, Inlet and outlet port location and an insert's opening
Sive may DB L AR AT DL B TR G PO SR P18 YR G of iow
distthutieffiziuhpydssole dnopst ofveuftigesyiactiolarronit adjaratlonsausngidoegirequirement.
Modular Lrjnrt]ai}n ?grt]erg% s%lgger%? \’ﬁ%lrjlgﬁ%ra tasrrmgcfprr?e%l,l%eu&i)tnfiguration of the slots can be
modified to further reduce current leakage and thus improve the current efficiency with the
placement of blocks within the slots. From the inlet port, fluid may flow into the flow
compartments in the stack via horizontal inlet manifolds in parallel followed by vertical slots.
20  From the stack, the fluid flows to the outlet port though another set of vertical slots and outlet
manifolds. Obstacles or obstructions may be placed in the slots to force the bypass current to
take a more circuitous path and thereby increase the electrical resistance in the bypass paths.
In some embodiments, blocks, such as horizontal blocks may be placed in the slots.
In some embodiments, systems and methods may support a stack of cell pairs on all
25  sides by a frame. The frame can be as deep as necessary to accommodate the number of cell
pairs in a stack. The frame may have ports which connect the inlet and outlet manifolds for
the dilute and concentrate streams to their respective flow compartments in the stack. Among
the expected benefits of such a design is reduction of current bypass by elimination of the
open areas at the inlets and outlets to the stack. A stack of cell pairs can be potted at the
30  corners in a frame to form a modular sub-block that can be checked for cross-leaks,
desalination performance and pressure drop. Multiple blocks can be stacked to form a
modular unit. Blocking membranes can be inserted between the blocks to direct the dilute

and/or concentrate stream into multiple-pass flow configurations.
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10 may be built with thinner material. Inserts may act as a flow distributor and improve current
efficiency. The size of ports or slots may be varied on the insert to vary flow distribution. In some
embodiments, the size of slots on the insert may be varied at different locations. In accordance
with one or more embodiments, a cell stack may be secured within a frame or support structure

comprising an intek Mandeithansanduiiek RarRieidthRay Bt pdTodmanirslding MosiasRit. This

modular unit may then be secured within a housing. The modular unit may further comprise a bracket

assembly Y &5 stal|sgRsiofis P eigrade BRIBIE MBRIffiaP e SR IR § 255346 BAY RS dBular unit

may be sggidresnivithinctiR haLginth (MR OsfIerecargitiss moshitarelaig Makaiserea secured within
the housing. In certain embodiments of the disclosure, a blocking spacer maﬁ/gbe positioned between

the first RFTPRAFSIZIAYAE ShEHHECQBUBHBIFABARIMAH FRCh OtRr sdatBe R mANHG Embatiat @hibestacks of
cell pairsfisiih fidsigeandeoncsn R EAMPRIHRL RS b AingieinRes Viswerhditaatens iy be sealed

in sections to form modular units. The units may be joined together wjth blocking spacers in between
o torm AT L A PR e LS LT R ot G i CoeATeH T adhosnve
at 2503rnﬂsirtihr?mléé%ﬁ@m@%@i@mg@mcgm b:etg@b@@d mmfamig@ewaﬁs:@m@mﬁw@ but are
instead sandwiched between modular units and sealed betyween the ends. In some non-limiting
o ST Ak AR R R0 T LS Pl R R L BERR et 1
between fdifldngesdagemelbolted together. The blocking spacer may be molded with a frame and

d between the f ith adhesi ts. 30 Alternatively, the f be molded of
theloplastc mAYGHAT P OEh 1 B RO R AR oG LV b

cc;]nnecteﬁcyyﬁhloiﬂm?ajev:jﬁesbarss&h@lalﬁsd%m@mhpfmm@gemﬁ m:a}bhftlfrr]f@am@mgjgccordingly.
This invention is nat limited jn use to electrodialysis equipment. Other electrochemical.deionization
dovice SJEHE Hie PR P O A Nt nE S S AR TRy Tk eh g e LT ke wsing a

cross-flowreopdigagasiomyiitnnedliipeipksaad osily goreodulas flesigompletiiatiémicakseraftion
systems in accordance with at least some embodiments may be used for desalination of seawater,
brackish Wat8#*5hd brines from oil and gas production. 5 The function and advantages of these and

othes embodimesyraiebeireyefully passayesotie bleoiribel fetiswing examptas/oliecpaiipies are
e e H YR B0 MBS R SRS SN 8 e SReeralie

embodim
through the stack. The majority of the current can therefore be forced to flow through the

stack. In at least some embodiments, at least 70% of the current may flow through the stack
and therefore at least about 70% current efficiency may be achieved. In at least some

20  embodiments, at least 80% of the current may flow through the stack and therefore at least
about 80% current efficiency may be achieved. In at least some embodiments, at least 90%
of the current may flow through the stack and therefore at least about 90% current efficiency
may be achieved.

The flow passages adjacent to the stack are oriented vertically so that each

25  communicates with several cell pairs. They may be staggered vertically in a definite pattern
so that every flow compartment is in communication with multiple vertical passages. The
dimensions and spacing of the vertical and horizontal flow passages affect the flow
distribution in the flow compartment in the stack and the overall pressure drop in the two
streams.

30 In some embodiments, the internal flow passages may be formed in a block of
material. The internal flow passages may be integral to the frame. In other embodiments, at
least a portion of the flow passages may be formed in a separate section of material and then

inserted into the frame. For example, an insert may include a portion of the flow passages.
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10EXAMPLE Flow Distributor with Tortuous Flow Path FIG. 19 presents a transport process flow
diagram of an ED device. In FIG. 19, the flow path for the diluting and concentrating streams is shown
as it is transported from the inlet to the outlet flow manifold. Also shown is the flow path of the current
bypass through 15the device, which may lead to system inefficiency. FIG. 20 presents a circuit

diagram pfrainde? fgyiRRl ddees B HiRIbH yoisete IHAG MW ARISEpARRE T oER RIgaNEh the
different components and flow paths of the device. FIG. 19 illustrates an ED apparatus with two
cell pairsasﬁéq\‘/?ng the movement of ions through the membranes and the current paths. A fraction of

the total current|fraaedheaRcofaote Breerthadeoiaenasariesit bsthR RRssaEesin ing few
distributors and the flow manifolds and bypass the stack of membranes and spacers. This fraction of

current dBENINGE ORI FYRBIAMEHELIRYHOR ARSI WATL PSR RIERSHTIE $0P @GHPehA FARRLTA%N ED

appd atufh cafloE RGN alect oy Rimperttpaltiveldb\ases N flolviGisZbulibe eigetitggl resistance
in the diluting and concentrating compartments, the Prc{?tion and aréon H;emlbranes, the flow passages
A8fopyt

25in the REVAILHGRIRG SR A ARLAYR R AL fHYENGY: a0 it Daridocatopart | a flow
distributosraimsiessiipesiandicharacterizethesepnaylovedermriene arnoisfeidnemisadvantages

discussed abpove. For exam a fl istributor with tortuous passageways and as illustrated in FIG.
e et b S i e St e e
concentratipg € piy eads iveaseAsSMDEd 40 nttsReALS At btoted diss @b/ e sadigls4TinR) of 35000

ppm, temperature of 25C and conductiyity of 53.1 gS/cm. 2, Each tortuous passage had a width of 2.5
i R S e S el e e G
had a resitfigiee\f TH elzeefipdriklvergorareyl Bepaasates dhaithyen pavalietlovedistrition. In

some embodiments, the size of slots on the insert may be varied at different locations.
In accordance with one or more embodiments, a cell stack may be secured within a
frame or support structure comprising an inlet manifold and an outlet manifold to provide a
15  modular unit or modular unit. This modular unit may then be secured within a housing. The
modular unit may further comprise a bracket assembly or corner support that may secure the
modular unit to the housing. A second modular unit may be secured within the housing. One
or more additional modular units may also be secured within the housing. In certain
embodiments of the disclosure, a blocking spacer may be positioned between the first
20  modular unit and the second modular unit.

In some non-limiting embodiments, stacks of cell pairs with dilute and concentrate
compartments in single-pass flow configurations may be sealed in sections to form modular
units. The units may be joined together with blocking spacers in between to form multiple
pass configurations. The stacks may be sealed to the housing section using adhesive at

25  corners. The blocking spacers do not have to be sealed to the inside wall of the housing but
are instead sandwiched between modular units and sealed between the ends. In some non-
limiting embodiments, two modular units with flanges at ends may be stacked with a
blocking spacer in between. The flanges may be bolted together. The blocking spacer may
be molded with a frame and sealed between the flanges with adhesives or gaskets.

30  Alternatively, the frame may be molded of a thermoplastic material or other fabrication
method. In some embodiments, modular units may be connected with clamps or tie bars.
The design of the blocking spacer may be modified accordingly.

This invention is not limited in use to electrodialysis equipment. Other

electrochemical deionization device such as electrodeionization or continuous
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3. The diluting and concentrating compartments were 0.25 mm (0 01") thick. 54. Each membrane is
305 mm (12") square with membrane utilization of 85% The resistances in the circuit diagram in FIG.
20 were calculated using simplified calculations that did not take into account, for example, the
"shadow effect" of screens in the diluting and concentrating compartments on the available membrane

area. TheRsuiRiviartRRPERX At e @mialews: ubthR A Brdss: fRAWEBNTi SLRAIER o RWtpRC = 0.00066

ohm RDc = Rcc = 632 ohm The results indicate that the resistances of the membranes and the diluting

and condeEENSOATPATHRE eSO /hIRSH FSRRIP I SRR FLQRIXFIERTS 1 ARSATHANCRBLALrs. The
15fractionegdttespcetiiiesdithat o YRas5e s1db€ Riagds sinpesnrpaesvand aisdiashanstaareeinaing

compartments is therefore negligible in this example. It is to be appreciated that embodiments of the
methods 8 8P 5AA3S QG R%ed herein are not limited in application to the details of construction
and the arrangement of 20components set forth in the description or illustrated in the accompanying

drawings. The methods and apparatuses are capable of implementation in other empgodiments and of
being practiced b AEH A b ARG B LIRSS AL S IER B ERouHL I B B Ktions are

provided ligigiided fusinatvelwpasesaaipleantarexagijicadadtode iobéndubiraartienlar, acts,
elements and features discussed in‘%onnectﬁon with anlg/ one aor more 25 embodiments are not
i ﬁﬁ%@

intended 1BHE AR AP HGRSCOMMFE TORS MBI BHHE PERB SR ANDOIIRRNSS HECHHERBBI®Gy and

terminology used herein is for the purpose of description and should not be regarded as limiting. Any
refe:gences to embodiments or elements or acts of %s stems and methods herein referred to in the
singular may also embrace embodiments incl ality of these elements, and any references in
plural to &yneDieeibmenivith 3G elemeRicay Rethherein may also embrace embodiments including only a

variatons therebioe 1ooBHRCED BACEAA b L B BL ML R Pl S LBt as wel as
additionaflgenpatRefarerditsiig 1 toaydper avngbetnadsshtgivessoithedrspyrtetnsceseribed using
‘o’ may |jrr1]l%lﬁ%t 8 %t?gt?lg\ifv leahWﬁH? tRFSB &”&r‘?‘ ?sdtﬁél ﬁc];\}vhgaﬂ]ecs)? H]%egurrent bypass through
15 the device, which may lead to system inefficiency. FIG. 20 presents a circuit diagram of an
ED device. The diagram illustrates the various resistances that correlate with the different
components and flow paths of the device.
FIG. 19 illustrates an ED apparatus with two cell pairs showing the movement of ions
through the membranes and the current paths. A fraction of the total current from the anode
20  to the cathode may pass through the passages in the flow distributors and the flow manifolds
and bypass the stack of membranes and spacers. This fraction of current does not result in
ion movement and is considered non-useful. The current paths in an ED apparatus can be
approximated by an electrical circuit, as shown in FIG. 20. The electrical resistance in the
diluting and concentrating compartments, the cation and anion membranes, the flow passages
25 in the flow distributors and the flow manifolds are modeled as resistors.

In various aspects, a flow distributor as described and characterized herein may overcome
one or more of the disadvantages discussed above. For example, a flow distributor with
tortuous passageways and as illustrated in FIG. 16 was shown to have resistances calculated
as follows:

30 1. The feed to both the diluting and concentrating compartments was assumed to be
seawater with total dissolved solids (TDS) of 35000 ppm, temperature of 25°C and
conductivity of 53.1 uS/cm.
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terms. Any references to front and back, left and right, top and bottom, upper and lower, and vertical
and horizontal are intended for convenience of description, not to limit the present systems and
methods or their components to any one positional or spatial orientation. Having described above
several aspects of at least one embodiment, it is to be 5 appreciated various alterations, modifications,

and improvemepighvitigadiyacess Kadhosrigkbied smihe@rt- SudHrialietatiome. odifigatiens, and
improvements are intended to be part of this disclosure and are intended to_be within the scope of the

invention. Accot@giyotiRa fBRR§hG YelhR e AXGHANIR AT aes Hpd i iFRFeRsRid )M TLAIMS

1. A flow distribgta? famelesterehnarpicshgermirtionn ¢aranEsiAGach réwplurality of vertical passages
configured tq transport fluid to or from at least one compartment of an electrochemical separation

device: 5a pRiralifif S HHAI G F PO G- CATIBREBRSATE MBS Witk R BIOk SKof vertical passages

and i fluid cpmpadRigRiMR M Hichmanfoldpesociatemumibrine @iticieshemesal separation device;
and a plurality of baffles arranged.at junctions hetween the plurality of vertical passages  and the
plurality of hOAS RS54 A6 Ll 9TRBY eI HE(R SAGHIAERA (R AMAHERold and the

electrochgrigatisapaiation deviere idtolavdlow eistibuiprotidaishabowharedn thesprasality ahevertical
passages, are arranged in parallel, and wherein th Iuralni%kgf horizontal passages are arranged in
parallel, PSP EHGGRRETRBUASY CAERAHEN Gt BN VS CRETBLAGS AecorrBre Gt har fluid
travels argipreiineatedyfiteSellong the labyrinth flow path. 4. The flow distributor of claim 1, wherein the
Iab)ignth Ileow path is de ”88? 6b(¥h?n tortuosity of from about 2 to about 5.

AEM = Rcem = U.
Rp = Rc = 0.00066 ohm
Rpc = Rcc = 632 ohm
The results indicate that the resistances of the membranes and the diluting and
concentrating compartments are much lower than the resistances in the flow distributors. The
15 fraction of total current that bypasses the stack of membranes and diluting and concentrating
compartments is therefore negligible in this example.

It is to be appreciated that embodiments of the methods and apparatuses discussed
herein are not limited in application to the details of construction and the arrangement of
20  components set forth in the description or illustrated in the accompanying drawings. The
methods and apparatuses are capable of implementation in other embodiments and of being
practiced or of being carried out in various ways. Examples of specific implementations are
provided herein for illustrative purposes only and are not intended to be limiting. In
particular, acts, elements and features discussed in connection with any one or more
25  embodiments are not intended to be excluded from a similar role in any other embodiment.
Also, the phraseology and terminology used herein is for the purpose of description
and should not be regarded as limiting. Any references to embodiments or elements or acts
of the systems and methods herein referred to in the singular may also embrace embodiments
including a plurality of these elements, and any references in plural to any embodiment or

30 element or act herein may also embrace embodiments including only a single element. The

29 ¢ 29 <¢ 99 Cey

use herein of “including,” “comprising,” “having,” “containing,” “involving,” and variations
thereof is meant to encompass the items listed thereafter and equivalents thereof as well as
additional items. References to “or” may be construed as inclusive so that any terms

described using “or” may indicate any of a single, more than one, and all of the described
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5. The flow distributor of claim 1, having a first side configured to be disposed proximate a cell stack of
the electrochemical separation device, wherein the flow distributor comprises a plurality of ports on the
first side, and further having a second side arranged opposite the first side, wherein the flow distributor
comprises a plurality of ports on the second side. 6. The flow distributor of claim 5, wherein the ports

on the firgiraide Arg fefishheenteriad iadhadaongamiheseaspdridaiihinelabmativiley aath. 7.

The flow distributor of claim 6, wherein the plurality of ports on the first and second sides 30comprise

slots. 8. YHTEGANiBRTHOIRLAE RNAeq FREr e BB AT ST SHEPHUL HAL IR IBRE ABS P &3BRtantially
perpendigydiystaneanpiRetn entacf tamplreiipcbemcaheppatRiiaN sleyaealdtbiiagsain each port on

the second side is qriented substantially parallel to compartments of the electrochemical separation
device. 9. The RANAILESHIRGH BPRY&iNT Al RSPERSATIBLEATRNp SRRRAIME Tt Kd8 ¥t the flow
Sdlisbuegsedrefiid anausuiRaa, kTR A6 TR APRVSMENE W hesibcixehesisakseparation
evice. 10, A modular flow distributor for electrochemical separation, comprising: a first component
et SN0 LI 9 AL BEse SR Ao Bl UG 076 PSP 2 B

compartraetiiotiroleleciranheriersRpRIAIO VBN GRE 806he of thearoattioaMAeESaigiNing a
plurality of horizontal passages and comprising a plurality of paffles, the second component configured
to mate VAIFEHOASEORIRNEH SURHISFR L) AMEC ERERPLRBRR with the pluraliy of vertial
passages and the plurality of horizontal passages to form a labyrinth flow path between the
electrochemical separation 15device and a fluid manifold. 11. The modular flow distributor of claim 10,

further comprising a third component configured to connect the second component to the fluid
manifold.
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2012. The modular flow distributor of claim 10, wherein the labyrinth flow path is defined by a tortuosity

of from about 2 to about 5. 13. A modular electrochemical separation unit, comprising: a cell
stack defining a plurality of alternating ion depleting compartments and ion 25concentrating
compartments; a frame surrounding the cell stack and including a manifold system configured to

facilitate fluid flow through the cell stack; and ¢ AIfl@sv distributor positioned at least partially within
the frame, the flow distributor defining a labyrinth flow, path between the manifold system and the cell

stack to prom&tRsaisHRAr Al AN Rl RN r SATRE B ent loss within the cell stack. 14.
The modular unit gt edaiti ok sertitareiss thgel @ ontigliby toePspensrsia toleratibnritieskiluis passages

oriented in a first direction. 15. The modular unit of claim 14, wherein the flow distributor further

comprise LT PRITRRRF OF 8B MR AChEBLcaL SR BIBAEYGR a second direction substantially

perpendicular ta thie gy dreriio@arpisshges GammaBinatumicativthe isturRliglealirsbf vigthassages.
516. The modular unit of claim 13, wherein th%\%o d'stribumhas afirs@ side proximate the cell stack,
and a sePBIRISHAWHRJLHY HoMPUPGARon MAA LU MRS IR FHRIAIHR M@HH%‘?ises a plurality of ports

on at leagicen@dshcthfcirsésnetivpcuviceidest 17. The modular unit of claim 13, wherein each port on

the first side of the flow distributor is 10oriented substantiall rpendicular fo ion exchange

membranes of (r8EEN LA HG ARG AN BATS LBt G AL e g D is

oriented ghésiapiathlipasfliel igoittal @sshajeg ondefinerangsyahth €l oalipstadietihemerestuidthe first side

fluidly connected to th rts on the second side vja the labyrinth flow path. 1518. The modular unit of
1 1 ardian e :

claim 14, W BRESBAY R RERA A REL F fluid

2. The flow distributor of claim 1, wherein the plurality of vertical passages are arranged in

parallel, and wherein the plurality of horizontal passages are arranged in parallel.

15 3. The flow distributor of claim 1, wherein the flow distributor is configured such that fluid

travels around the baffles along the labyrinth flow path.

4. The flow distributor of claim 1, wherein the labyrinth flow path is defined by a tortuosity

of from about 2 to about 5.

20
5. The flow distributor of claim 1, having a first side configured to be disposed proximate a
cell stack of the electrochemical separation device, wherein the flow distributor comprises a
plurality of ports on the first side, and further having a second side arranged opposite the first
side, wherein the flow distributor comprises a plurality of ports on the second side.

25

6. The flow distributor of claim 5, wherein the ports on the first side are fluidly connected to

the ports on the second side via the labyrinth flow path.

7. The flow distributor of claim 6, wherein the plurality of ports on the first and second sides

30  comprise slots.

8. The flow distributor of claim 7, wherein each port on the first side is oriented substantially

perpendicularly to compartments of the electrochemical separation device, and wherein each
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communication with two or more compartments of the cell stack. 19. The modular unit of claim 14,
wherein the plurality of ports on the first side of the flow distributor are arranged in a definite pattern.
20 20. The modular unit of claim 19, wherein the plurality of ports on the first side of the flow
distributor are angled relative to a vertical axis.

port on the second side is oriented substantially parallel to compartments of the

electrochemical separation device.

9. The flow distributor of claim 8, wherein at least one port on the first side of the flow
5  distributor is in fluid communication with two or more compartments of the electrochemical

separation device.

10. A modular flow distributor for electrochemical separation, comprising:
a first component defining a plurality of vertical passages configured to transport fluid
10  to or from at least one compartment of an electrochemical separation device; and
a second component defining a plurality of horizontal passages and comprising a
plurality of baffles, the second component configured to mate with the first component such
that the baffles are arranged with the plurality of vertical passages and the plurality of
horizontal passages to form a labyrinth flow path between the electrochemical separation

15 device and a fluid manifold.

11. The modular flow distributor of claim 10, further comprising a third component

configured to connect the second component to the fluid manifold.

20  12. The modular flow distributor of claim 10, wherein the labyrinth flow path is defined by a

tortuosity of from about 2 to about 5.

13. A modular electrochemical separation unit, comprising:
a cell stack defining a plurality of alternating ion depleting compartments and ion
25  concentrating compartments;
a frame surrounding the cell stack and including a manifold system configured to
facilitate fluid flow through the cell stack; and
a flow distributor positioned at least partially within the frame, the flow distributor
defining a labyrinth flow path between the manifold system and the cell stack to promote

30 uniform fluid flow distribution and to reduce current loss within the cell stack.

14. The modular unit of claim 13, wherein the flow distributor comprises a plurality of first

fluid passages oriented in a first direction.
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15. The modular unit of claim 14, wherein the flow distributor further comprises a plurality
of second fluid passages oriented in a second direction substantially perpendicular to the first

direction and in fluid communication with the plurality of first fluid passages.

16. The modular unit of claim 13, wherein the flow distributor has a first side proximate the
cell stack, and a second side opposite the first side, and wherein the flow distributor

comprises a plurality of ports on at least one of the first and second sides.

17. The modular unit of claim 13, wherein each port on the first side of the flow distributor is
oriented substantially perpendicular to ion exchange membranes of the cell stack, and
wherein each port on the second side of the flow distributor is oriented substantially parallel
to ion exchange membranes of the cell stack, the ports on the first side fluidly connected to

the ports on the second side via the labyrinth flow path.

18. The modular unit of claim 14, wherein at least one port on the first side is in fluid

communication with two or more compartments of the cell stack.

19. The modular unit of claim 14, wherein the plurality of ports on the first side of the flow

distributor are arranged in a definite pattern.

20. The modular unit of claim 19, wherein the plurality of ports on the first side of the flow

distributor are angled relative to a vertical axis.
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