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AT LEAST TWO FLUI DS" BACKGR(I JUND OF THE ]ICN\/EI\FI'I ON 5 [3001] The pres.elthgv 7““?

i nventi I to a novel apparatus for mxing and re ' east two
fluids. q?’ﬁeﬁggggﬁfat us conprises a mxing chanber, at | eagltg&t.'f{\%%n@%}r?aui ts to
supply fluids in both tangential and radial directions into the chanber, and
a mxing chaddaFPARATUSFOQR MIZINGaAND REACTANG AT LEAST TWOIRISIIDA" r eact i on
zone nmay be 10 incorporated either within the m xi ng chanber or separate
therefrom [0002] Wen mixing at |least two fluids, the objective is to
achieve a uniform distrihutd | ' . It is advant ageous
to yuse the static m xers g&%‘?@%@%ﬁﬁﬁ@emsseu H Lowe in

M croreactaors, New Technol ogy. for Modern Chemistry, W/l ey-VCH 2000, p.
41-85. KntdPIkt atfhe Dipseriigventiandelatesiia # Rgveli apparafus fon mixing ardisaBig sben

Tayer o of Enters SERET T dpdafS 2mpBes WHREARE RS 08! P RRER ' o
gases pr osdfpgg; fHAYEeh BOH Binbaiti Al afd }d0 dirkdtiiRMitbaRd chaAnBky A aGniXinger S, Wwhere

t ur bul ent ow conditions prevail, the predeterm ned geonetry of static
m xers al ¢hamdbepouthit sedischargaya stieaphef mixed dluidsayde reagtion kencamely bk f f usi on pat hs.

As result, a very.close distriputjion of mxing tines is 20 achieved. This

al i“gvvs nu%?faﬂ@tﬁﬁi)%@%w}tﬁ]ﬁ‘i%g IPENg § Wh‘?rﬂrﬁﬁpaé'ﬁtgﬁ]i‘?gg"%act ions with regard
to selectivity, yield, and even saf e_tdy. [0003] A further advantage of static
m xers i s[0802]edudVhemmixing aiipast ewie fluidscthe objective isgo geliaver unfum of

I nt ti W th adj oini Wi t, h heat 2d t .
Procese. ofirrhpish FoRBE AR e ttetle o it NeRe P qefitd "2 '
bet ween w0 ELHFRIE v PRRQN &Nt Swe inNrfar e&a?ﬁf, Wé@_ﬁ@ﬁﬁﬁog}sfa?w&ilem xers apply

to formng not only liquid/liquid and gas/gas m xtures,; "but al so

| i qui d/ | | Ghertisrey W HenVECHRPO0O0, Ip. 4LH80/ Easwdi stqiermixerssachivatmigingitives fothave al so
found use_ in_nultiphase and phase- transfer_ reactions. [0004] A static m xer
op&? at i ndiqudshetyveen ssverabmplisecopdnand | sespndh by generaing gliginate aaceplfligng has,

. i " . .
o ons. (205 o pRbREED R ibleRt, TN B SEANAGY Sorfantt ok Bicls Bloyra? 0, o
nul tipli cdvey ntfre s@matiAg f Itidcht@k 18 APBamid thikBBS heR thitalnpabwIcheditiamnd

alternately in opposite directions. Adjacent fluid streans are renoved
verti cal |revatatherprodateratined gaomesyrof alatic mixers allows precise fixing of the fluid

" layer widths and diffusion paths. As a result, a very close distribution of mixing times 1s

20 achieved. This allows numerous possibilities for optimizing chemical reactions with

regard to selectivity, yield, and even safety.

[0003] A further advantage of static mixers is a reduction in component size,
allowing greater ease of integration with adjoining equipment, such as heat exchangers
and reactors. Process optimization may also be enhanced due to forced interactions

25 between two or more components within a confined space. Static mixers apply to
forming not only liquid/liquid and gas/gas mixtures, but also liquid/liquid emulsions and
liquid/gas dispersions. Static mixers have also found use in multiphase and phase-

transfer reactions,

[0004] A static mixer operating using the principle of multilamination or fluid

30 layering has, in one plane, a structure of intermingled channels of a width of 25-
40) microns (i.d., pp. 64-73). The channels divide two fluids to be mixed into a
multiplicity of separate fluid streams, arranged to flow parallel and alternately in opposite

directions. Adjacent fluid streams are removed vertically upward out of a horizontal
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-1 - 4 NOV 2005 WD 02/089966 PCT/ US02/14383 plane and through a slot and .
are brought into contact with one another. Using structuring nethedsNQy 2005

sui t abl %ég#mggggﬁs production, however, the channel geonetl;(j%?gﬁsﬁag%?%herefore ‘

the flul ayer wi dths can be reduced to the submcron ra ly a
limted extent. [0005] A further reduction in the size of fluid |ayers using

the mul tipiane falthdugh aldtRat pehrotgiemb QuMECOYitS Oné adiRe. IRMPIticfurin@CUSi ng.
A static mxer usi ng this principle for reacting hazardous substances is
I

descri bedmpthods suigable| foy mass prafuction, Mwaever.dbzeliapnel gesotetiddsaggl therefaresthe i al

prospects; .groceedings of the Third |nternational nference o

M or or eactBFE SRIBE Sa 1 foReed o sinieap randg o e BBSRT SRR 171- 170

Al ternatelﬁ adj acent channels for the two fluids to be m xed open outward in
a 10 senil@PP2 e, A Buathsr redustiominithesigeofsfiuid layers using dgapptlamigatondi ng into a

f | shape.and b ng i ! ch . ayered fluid
ot roam ; PHGIF ety oy RE so-Ehlk dbab R ordiy A SBr e PR ping WG mlRS, |
channel , f3prdabirig kd¥@rdons kivtistinaks ik ldeictibb @Y @ T, MVEISTA dtal iR dMiERFeacBler these

| am nar flow conditions, mxing is purely diffusi'onal. Therefore, mxing
times in tedimohighy! indestoialiprasperds; receadingegiie Bhirdddteenatiprah€otference drayer 15

idth to th bm .th thi fi ' is that th
i ow  HATERETRIC B CRVHEER A Ty Chng Sergeh PBOR TRt L 1P mat & i ng.
Thi | I A0 M t | ' I :
[0006] 1 il o P R R R BB R B B B 0T et o

prigvi des samicifld)radially foflthe vetside kintvchaibel exteadingintb aduade] kigpstand wo fl ui ds
rapidly and uniformy, 20 while at the same tinme maintaining | ow pressure
drop charBergingiinto; acrareayy elongatesharned alhe lypered fluidrstesaps wsicombinednn shieng

provi ded | sed .J.n_combi.natd w th chem cal reacti.ons. i to reaction,
the feed c@%wggrnaéﬁttgerh&%nsﬁg rgééiotghe %%n . Nt 79 ‘Ih?flﬁ'ﬁ 121 \vltcﬂu@mgﬁayﬁ{ Xi ng

chanber tyiath RrQIHREESURASth&eQamiinst fIgw Wohdifbhs, ShidiMgfit panly ar@sspe | oss. O
particular interest are those reactions where extrenely ‘good di spersion of

r eact ant sThessforsymixingtimes in thefrhillsseornd range art indrieveddhyt tedugihg thedluidilayert i on may
be used in wi de variety of applications,, .it i articularly suited for
o'} o aratb e e aes, o8 BrivAck PR this en BRI e R | o
SUMVARY ﬂé’ﬁ;ﬂ g{\@\g} . oy Is S ' ctor
appar at us(,gﬁ or m x| ng ﬁer%g%tz‘#ﬁgg‘g?%gg&@%??%%‘ WUT%g%é@Jéﬁé{aE d of

m Xi ng t atctoweandprombtenirtlativebynhighfpréssgh lgwsessure drop and i nsufficient
di ffusion. Mxing is acconplished by injecting streans of individual

[0006] In contrast to these disclosures, the apparatus of present invention provides a

solution to the well-known problem of mixing at least two fluids rapidly and uniformly,
20 " while at the same time maintaining low pressure drop characteristics and an economical
design. The efficient mixing provided is used in combination with chemical reactions.
Prior to reaction, the feed components are mixed in a manner utilizing a vortex or mixing
chamber that promotes coxpplete mixing without significant pressure loss. Of particular
interest are those reactioné. where extremely good dispersion of reactants can overcome
25 diffusion limitations. Although the invention may be used in a wide variety of
applications, it is particularly suited for small-scale or micromixing operations that are

coupled with reaction.

SUMMARY OF THE INVENTION

[0007]  The present invention is a mixer/reactor apparatus for mixing and reacting at
30 least two fluids and method of mixing that overcome limitations of high pressure drop

and insufficient diffusion. Mixing is accomplished by injecting streams of individual
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WO 02/ 089966 -4NOV2005 PCT/US02/14383 fluids in both tangential and radial
d: rﬁct I ons about a m xing cBanberdto provi ge an overa:cl hel i cal f_Ipmmgp
Al t houg ' ntion may be used in a wide variety o Lcatiaons, the
i nventi rc}ylbiraglo%%}r{fi cularly suited for small-scale mxing op @sz‘]ﬁésg or

m crom xi ng. The invention may al so be coupled with reaction. 5 [0008] In a
first enbpgideBinbothttiezent ds@itradiAvV@iction dbsutdmiBaa cBAMBertlprévidé g a first
fluid stream and a second fluid stream The apparatus conprises a first
suppl y coeicerall helival flawy petli.i Ahoughphe inventindumey beusedvinagvidadafiely of ecei vi ng

the first fluid st d havi fi. duit disch d
opposi + o RS, IRl RYIon Shtnpchnrde il e SRl enfroriing aperdlam o « ner
COMPI i Sesft:8Reans. THORNENGANEHY bishBY kAT aRAEMsHpP! y conduit 10

receiving end for receiving the second fluid stream and havi ng a second

supply ¢ ' | schar end ite t.he ond suppl onduit receivin
end Tho HHSE . dh 3T Ao gRo PR B ul oG T AR, F i o 66 V' 1O
communi cafjii@Rtrvirh Rnf RSeéddduid Beahe CORaphd PRy consiMeY b Estapply'csidand second
supply conduit discharge ends. One of the first or second supply conduit

di schar gehaimgsa fissh sgppdy beridaittrecdi vipg tadfpe medeatihg therfirst fltid streathagd biranper 15
and the other of .the fi

I.rst . or segond supply conduit di scharge ends | eads
subst ant i &Sy Sunpévav%nc{tv Jlseharackad APRASifg @%ﬁ%@@ﬁ’m@%aﬁﬁmwg endyr Phfer

conpri se b X i EXpelly i il ' ' \ he central
regi on ofSa P?ﬁ%%@%ﬁ%lh‘é ran Sg? gl)'f()J %clro & é‘?@é g‘?ﬁg‘# Hg&gl%;yo%g@jfcpg{p:ﬁ@a%nh 009] In
anpp her - egbsding@nl for feeiPing 3R $ecbiy AOidi seBarn$ind havipparsatotsl supplytonduig and 20

reacting a first fluid streamand a second fluid stream The apparatus
conpr i seddischargesmdnpppsiie the serend sepply pepdyitireeeiving ap@dl Yhe appacatas vi ng end

for receiving.the first . fluid .stream and havi I rst.su condui t

i schar oe BIEpLHE hivebeip SR ERPORE ARG A oot Gha SEBRRRerpRE

appar at UscohMiiftd RiirSOARN se8GiR1 SipplsONauiP YR a¥gSAHMI U Onetd hd irstosRBORA  supply
conduit receiving end for receiving the second fluid stream and having a

second 25upplywondeio dsohargelemisHeads substahtiafip temigeetidllyentoethe niximgphmberondui t

recei ving end. The pparatus fyrther coppri.ses a m.xjng chanber having a
cafgl yst %ﬁéﬁ%&fgﬂf %@Fﬁﬁ.“ﬁf‘é’ngﬁ%ﬁﬁﬁo aeq Wpﬁheﬁgiﬂ%ﬁ?ﬁ%uﬁ ion with
the first_ a ?i‘fléjm?:H alﬁ&?d ' | ?d}gg xﬁi(%p&! ndui t

di schargeraglﬁggﬁﬂ@he 0 ?gléy |rs'tlﬂc])% ec%tirl\%lfuzﬁlgﬁ y %%gg?{ﬁ SC gglge ends

| eads submitlatini fidil yotrammécstion ish the tenttabeegivnxofithe aligimgehamber fohe ot her of 30
the first_or second supply conduit discharge ends | eads substantially

radi al | y dspharginga pradechgicaManber . The apparatus further conprises a m xi ng

chanber outlet in fluid
[0009]  In another embodiment, the present invention is an apparatus for mixing and

=

20 reacting a first fluid stream and a second fluid stream. The lapparams comprises a first
supply conduit having a first supply conduit receiving end for receiving the first fluid
stream and having a first supply conduit discharge cndlopposite the first supply conduit
receiving end. The apparatus further comprises a second supply. conduit having a second
supply conduit receiving end for receiving the second fluid stream and having a second

25 supply conduit discharge end opposite the second supply conduit receiving end. The
apparatus further comprises a mixing chamber having a catalyst disposed therein. The
mixing chamber in fluid communication with the first and second supply conduits at first
and second supply conduit discharge ends. One of the first or second supply conduit
discharge ends leads substantially tangentially into the mixing chamber and the other of

30 the first or second supply conduit discharge ends leads substantially radiaily into the
mixing chamber. The apparatus further comprises a mixing chamber outlet in fluid
communication with the central region of the mixing chamber for discharging a product
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communi cation with the central region of the m xing chanber for discharging
a prﬁduct WO 02/08996ﬁ stream - 4 NOY 2005 PCT/US02/ 14383 [00101-kWUV3W5
anot her .pent, the present invention is an apparatu . Xl.ng an
reactinéﬁgpﬁﬂ$s fluid streamand a second fluid strean1%¥ﬁgkﬁgh§?£tus
conprises a first supply conduit having a first supply conduit receiving
end for rgeeinving the first fluid 5 streamand having a first supply conduit
di scharge end opposite the first supply conduit receiving end. The

appar at uspphjt hefy Erggﬂc%ﬂ enfbodimeftChe ‘Brﬁb‘:ﬂ%%n?iﬁﬂ?ﬁ% %ﬂ]:g%lit@@fo? &%Qﬂd supply

conduit recerving e or recelrving-'the secon ream an aving a

second  siggying adancfluid steanhad geeend fhupaisdae THecappacatitcdiniaisey a espdui t
receiving end. The apparatus further conprises a mxing chanber in fluid
comuni caRPPlY canduit h3ieng a fisst supply condiéideeriviag gpd fordesriving sheofirst {leidt and

d | [ i sch ds ... f the fi d I
contiur ¢ et ang Bodink a hraCHRbBsBASR pisciFer ond cbBasiid B it BT RBneR
chanmber &5agki{ile ¢Rd."Ehe ipatdtis furthef cothprisd§ 8 Bbonl RBpPLy €ORIH RavilsSehabge ends

| eads substantially radially into the m xing chanber. The apparatus further
conpr i sesupplyicendujt recéixingenddot teetiving the second flumhsreaatandhavingha sebendcent r al
regi on of the m xing chanber for 15 discharging a mxed streamof the first

anfl secorfdPPly Gpaduit disehargsnd-anpesite the fesond sepply erduityeeeiviag spdndls ng an
and s et _ : _ 9 an
oact or (RPRpEY firRler BfhoSes audng R NP TR B R che IR |, ' G

[Of1] | %emtsbggtslye:ﬁﬁ&dtsrmmﬁst dnB 8edona Seply contuiv disvhate® calls.a0pabadhes for
m xing and reacting a first fluid streamand a second fluid stream The

appar at udirgarpesandsupplyicosduip disehangs snds dnads substeatiplhytangéntially intaphd v condui t
receiving .end for.recejyving the.first fl ui st.,ream an aving a, first

suppl y chﬂgtcfhaﬁn?% 68%8 B‘Sﬁ}ité’rﬁ?@ngispﬁwg?faﬂwﬂﬁ%ﬁﬁﬁ ds}e@%i vi ng
end. The samafnahg%dia{w hed ﬂﬁ%ﬂg%ﬁmﬁeé%'hﬁ»g%ﬁﬂ'fﬁﬂﬁ&%&ﬁgﬁs&@hﬂ&n@ second

supply conduit recelving end for Tecelving t second flulrd stream and
havi ng a chemberdutistinflyid comtinicados efithrthecantel] cygjomsifttbe thiveing ehanber foppl vy
conduit receiving end. The 25 apparatus further conprises a m xi ng chanber

i ¥ | ui d dsShergmecixed stipam of the st and sgpend fudy nHhesipparauclyfdei ts at first

d | 1 di ' '. .
5 O 0 B -
m xing c thbdadthieintet ieih Miid themihicatiorowith eomikisgpinbez oadeti t di schar ge

ends | eads substantially radially into the mxing chamber. The apparatus
further ¢eyfa} Sef dhofllet eRBodiment, the present invention is an apparatus for mixing and

reacting a first fluid stream and a second fluid stream. The apparatus comprises a first

20 supply conduit having a first supply conduit receiving end for receiving the first fluid
stream and having a first supply conduit discharge end opposite the first supply conduit
receiving end. The apparatus further comprises a second supply conduit having a second
supply conduit receiving end for receiving the second fluid strear;l and having a second
supply conduit discharge end opposite the second supply conduit receiving end. The “

25 apparatus further comprises a mixing chamber in fluid communication with the first and
second supply conduits at first and second supply conduit discharge ends, where one of
the first or second supply conduit discharge ends leads substantially tangentially into the
mixing chamber and the other of the first or second supply conduit discharge ends leads
substantially radially into the mixing chamber. The apparatus further comprises a mixing

30 chamber outlet for discharging a mixed stream of the first and second fluid streams from
the mixing chamber, the mixing chamber outlet in fluid communication with the central
region of the mixing chamber. The apparatus further comprises a reactor having an inlet
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30 chanber outlet for discharging a m xed streamof the first and second
fluid streans from the m xing chanber, the m xi ng chanber outl et -i[,rNg‘val]&:l
conmuni gadh ipdsedkd h the central region of the m xing char‘ris)@fmsdlihamgppar at us
further conprises a reactor having an inlet -4 W 02/089966 - 4 NOV 2005
PCT/ US02/ 14383 and an outlet and defining a catalyst retention space, where
the reactand anrusiet iud defiringp gatalysimeieniiomsnace, wharh thensastpxiny isindibér outl et .
[ 0012] In anot her..enb es invention is a | ayered assenbly
for mixi¥E F%té@wotaéhef’inlﬁl’&%gha’lgﬂ? @eérrbl y conprises a substantially

pl anar cover Iayer 5 having external and internal faces and defining first
and secon@0#2kd” dnanethprembpdiments tienresgnt inyertiondy aderessthassenblydor nto t he

or race e el A RORE ARE S ER AR RSB PR TS e

assenbl y Hdn&iﬂc*@crtexmrmfdl1§@§na@f@;@§>§ﬁ@aeﬂxﬁﬁd firsPhi@cond FdeBEhh@edy fopavi ng an
upper and a Iower face, where the miXi ng | ayer upper face is sealingly

di sposed roeeiving fire and\sexoﬂdaimds inte trensdentbly eThofigeand sfscanﬂ feedtchannels! y
channel havi rst s channel recejlving.en uid co nication
W Ehthe Sistrita e SHamI At frtema b 1 foRd e 2 %emlag@nd
it
opposite Jﬁd?ﬁ %%I oy rtH%:P Qﬁghsés%%ﬁb#ﬁ&uﬁ'iﬁ‘ana? Hﬁxﬁ@‘igyc 1 E"ﬁ xing

| ayers f secon uppl'y channel *havi hg a®s pIy channel

receivi ngxp@eﬂandwa waardadépwhbtﬁlth@hﬂﬂﬂa Wyehu;iﬂaﬁfaﬁ:ecis)saihﬁgl@cux@baeﬁw thand a
second supply 15 channel discharge end o pposite the second supply channel

r et®i vi nFovpdlayerriatesaal éacedn deting & firs sum})eﬂ@nfldrhawmg aifirst pepply ehariiglg chanber

£l uid di sch
ends. - wndPTOe <if i ABidorpbeferldalin A8 St AmRePRh ERRSPBY cnas | eaas
subst ant i bhiel AR kAl biipdshe thd fiey mpislyr&aﬁﬁa@&%ivﬁg gnd. h?h@éch@farﬁf the

first or second supply channel di scharge ends | eads Substantially radially
i nt o t he 1Aixing bayerg fetttraridefine T h@:ondwgplyiclthmebhavglg ageeosd Suppiyehanddf i ne a

m xi ng chanmher outl e channel, in fl, tion with the m xing
chanber fIBYC Y8 CH F'bhﬁﬁ[ cé’n?‘ﬁl‘%gﬂatg’t“r‘@ eé? nnag qaﬁ’[?fm%irﬂi’ daseeid stPR¥ds from

£5 m Xi r&gﬁ%@%@?mfgk@[?&%{;%dgg% %ﬁ%@ﬁ _ lreéeggwéﬁéeﬁie: CWERH On 1S a

Iayered as e asse conprises a

subst ant imixing laym Surtlosn\defind amxngahm@er:iﬁ fleid esnwalnizagon witk theefirsf Aagdes and
defining first and second feed channels for receiving first and second

f1uids ireerndiupplyshanng) dischage erdy whewg one ob the fisker ©ranthaipelsbessfdi ng from
the ext er&‘é’%msg% 86 feali@sdtdfanti WPlAR st (RS thel Rikif Mdnited bnf B caeEpd 10l et

ports.

the first or second supply channel discharge ends leads substantially radially into the
20 mixing chamber. The cover and mixing layers further define a mixing chamber outlet
channel in fluid communication with the mixing chamber for discharging a mixed stream

of the first and second fluids from the mixing chamber.

[0013] In another embodiment, the present invention is a layéred assembly for at
least two fluids. The assembly comprises a substantially planar cover layer having

25 external and internal faces and defining first and second feed channels for receiving first
and second fluids into the assembly, the first and second feed channels extending from
the external surface to the internal surface to form first and second inlet ports. The
layered assembly further comprises a substantially planar mixing layer having an upper
and a lower face, the mixing layer upper face sealingly disposed on the cover layer

30 internal face to define a first supply channel having a first supply channel receiving end
in fluid communication with the first feed channel and a first supply channel discharge
end opposite the first supply channel receiving end. The mixing layer and cover layer are
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| ayered assenbly further conprises a substantially planar m xing |ayer
havi ng an upper and a |lower face, the m xing |ayer upper face seal- Hify7005
di sposed over layer 30 internal face to define a fj

chaﬁnel ﬁ@@?%@ﬁgﬁ%irst sﬁpply channel receiving end in fﬁtﬁzﬁ%%ﬁgﬁkycation
with the first feed channel and a first supply channel discharge end
opposi te tsaslifdly sénreutef ky fiatien define 2eebnd suppgnchanidldaring @cbidqipphnd cover
| ayer are -5 -4NOV2005 WO 02/089966 PCT/ US02/ 14383 seal ingly connected to
further dehpngel ecsbiegendiafplg cemanniationvitidhasesend fredshpmne) and o sasaad

receiving end.in_flui Q ' i i ed. channel-and a
second s Lf’B B&}l C@ ﬁ%ﬂ?x g%c ( rg%%gdr g@‘;"é‘ﬁ% th\(% %%)sn hﬂgpﬁlﬁéﬂg%lg g) ﬁ%%_%vﬁﬁp}%ﬁ?nyf (%hgn nel

recei vi ng Bikthg 1AH& andlcsiétdayer Uiy sealifbls emelecteaXs furfife® dSmd aﬁﬂhﬁ%@wt ed to
further define a mxing chanber 5 having a catal yst disposed therein. The

m xiSng chawming a eatalyst disposeddbensimi Bwtmizmgrhamber isdn fluidcoramdnicettandits uppl vy
channel discharge ends, where one of the first or second. suppl hannel

di schar ge t@hggﬂ %%Beé’ogéwpg)h&?aé\“f? febates SnAs YheTs ?Heooﬁﬁﬁfﬁtﬁp E"d%’e amber and
t he ot her i o 1SGhAr S0
substanti asfif)};l&Q?gﬁe%ﬁ{sgﬁ#ﬁ%&%ﬁ%@#%%ﬁ%ﬂg%@g%nﬂlﬁrqnﬂt% tﬁg Egﬁggrgiér out | et
channel i aindmhd dthecofkRe fitsorisdcoad supplychannéldischinige Rgds Radbaibsiaatialti schar gi ng
a product streamfromthe m Xxing ch.a[rber;amgoom | n yet another enbodi nent,
t he presesediphiyinge thermixingchapbensd migimngrhamber owielchagpel isaaflnid r eacti ng, at
least two fluid.streang. .. The progcess conpri.ses. flow first luid stream
t hridugh a PP %‘88 wgﬁhtﬁﬁé?lx&%%gﬁggc@?ﬁﬁdméng iarp&"ﬂgf gﬁr%ar%frpgngﬁ? radi ally
into a 15 pkioNGagibesber. The process further conprises flow ng a second
fluid stream thorough a second feed channel, injecting the second fluid

streamta i al ' ] 3] . . A

wi v 0 o r s oSl iR, (R RCRRE AR08 Bttt Bnie,
portion Obpﬁb@lhy%mg, ditl€asptvas B8], streftnk. OTRE pivceds Ebidpeibe S DMk 2Rst I eact i ng
the mxed fluids in a reaction chanber. 20 [0015] These and other

enbodi mendBidsitcapbiheensh adinst fegd chanmelanddniseting thefirstifluid deean rasiallyastora pt i on
f the i ti . BRI DESCRI BTI,ON OF THE AW NGS 6] FIG_ 1 i |

Ui dior  aTRESeERE e BPCRS RUTCT FREPR f10) R FopS TR LSRRI RERR o | o

al t er nat i RQetRAGREY é}ﬁ;hnélﬂﬂxjéc%ﬂg?ﬁm%&]p&ﬁ?ﬂﬁiﬁ!%&earﬁMo&%ﬁiy iatdthe fnikdga Pl an

vi ew showi ng the pre-m xing of luids in a supply “conduit prror to
i nj ect i on chamberttheraaiod ygtexhambwithdrawing a stream of mixed first and second fluids

from the central portion of the vortex. The process, optionally, further comprises

reacting the mixed fluids in a reaction chamber.
20 [0015] These and other embodiments and objects will becorhe clearer after the
detailed description of the invention.
BRIEF DESCRIPTION OF THE DRAWINGS

[0016]  FIG. lis a plan view of a mixing chamber with multiple supply conduits

leading thereto in altemating tangential and radial directions.

25 [0017]1  FIG. 2is a plan view showing the pre-mixing of two fluids in & supply

conduit prior to injection into the mixing chamber.

[0018]  FIG. 3 is a plan view showing multiple supply conduits where two fluids are
mixed and where the supply conduits alternate between tangential and radial directions

about the mixing chamber.
30 [0019] FiG. 4 depicts a static mixer/reactor comprising a stacked plate arrangement
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[0018] FIG 3 is a plan view show ng nultiple supply conduits where two
fluids are m xed and where the supply conduits alternate between taRgeril al
and radi ' ions about the m xing chanber. 30 [0019 picts a
static n@?eog)/(é%g%t or conprising a stacked plate arrangenelr)l(fqﬂU?%ﬁg’S/ 089966
- 4 NOV 2005 PCT/US02/13383 with individual plates separated for clarity,
wher e a mwighringhividual pllefes separathe fapdaitg twhirt amdxergfla@ definenthe opemndiarctmet h

nmul ti pl e supply channels ] eading thereto in alternating. tangential and

radi al di PEemMiking chamber with multipie sypnlpclranely sading thereto iy dltegiativgi nes t he
open stru - : . | . [ ] [ reactor
conpri si ngﬁgérg%agéﬁgﬁzﬁgpgé%orrréghgg%rr%]ﬁ:tuléh%1 a}tﬁb?‘ﬁ& d\i‘ié gﬂg?é%?%tdggﬁagggér ated for
clarity, bbﬁfﬁnjchﬁ‘e@’fx%acwrate is configured to allow pre-mxing of two
fluids in a supply channel prior to injection into the m xing chanber and a

Al Len BOBRE priR S et TR R o R Sl A Bl BRUC T
rel at es t evitrindiviivalsldies piair-atd forfctirityiwtiengthentixef glartis eonfigedio aliome

fluids. The fluids_can_be broadly any gaseous or |i1quid substances or

m xt ures pfe-wixing ahewsiluits in 4 suppdschanpel Prios thakstion inig the mivng sbankirssol ved
or dispersed_therei Q. that sol uti.ons,of dissolved.solids and slurries,
For examprad &rear oriathe syt AfirgBeranthy £ onfe SFRAE L aeat®r al yot
particles, are also applicable to the present 15 invention. O her fluids
conprising nultiple pIPEEATED DECRPTIONIF GHE INVERIIOSarticl e- entrai ned
gases, and three-phase slurries are also pertinent. The m xi ng achi eved
pri;gar to tio a [ . . | ' ses the
knol\%n ope%o??](:)ns Igﬁm I%g,@?%{%@%@%ﬁi%h&%@@g aﬁ%@f@%‘%&%ﬁ equently,
the resul fdaamfﬁv@ o4 Bore Thlidkd €Fhe BuiiditdntiRsbrobdlg dhylfAseatd 6r BaUid sibstagcesand
gas/liquid and solid/liquid dispersions. The 20 m xer/reactor apparatus and
met hod aceontuigs obsubislangesy drieifbndsamay alay harespbidvomponemtg idiseel vehort or mi ng a

xi ng.cramareecbeat i e SO Gblven SR MRl Rot B B ©
11011 N eac AR i LSl bk Bl 1 86} b2

di spersion, or an enulsion. ]0022] e m xer/reactor according to the
pr d8ent i imvemtidnorOther fisidsl cémprising mpiltipje phiases 2Ehck @asighidrmxtures; particle-

especially those characterized as diffusion lLimted. As. described.in detail
Dol ovi. 1t hETUELENGS, 814 WEvmkDidy QEAaS S SR Btingitp HhscaRInE Hl Vel PRiSH R

chanber  Ofeaction, according to the present invention, also encompasses the known operations of

dissolving, emulsifying, and dispersing. Consequently, the resulting mixture includes
solutions, liquid/liquid emulsions, and gas/liquid and solid/liquid dispersions. The

- 20 mixer/reactor apparatus and method according to the invention are advantageously

| applied in forming a gas/liquid dispersion, in which case at least one fluid introduced into
a mixing chamber contains a gas or a gas mixture and at least one further fluid introduced

contains a liquid, a liquid mixture, a solution, a dispersion, or an emulsion.

[0022]  The mixer/reactor according to the present invention is used for carrying out
25 chemical reactions, especially those characterized as diffusion limited. As described in
detail below, the reactant streams may be introduced separately into a mixing chamber or
they may be pre-mixed in supply conduits leading to this chamber. The optimal choice
depends on the specific nature of the reaction. For example, reactions requiring long
residence times may be best effected using pre-mixing, while reactions where non-
30 selective by-products may be formed in the absence of a catalyst are best carried out by

avoiding contact between reactants upstream of the mixing chamber. Devices for
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they may be pre-m xed in supply conduits |eading to this chanber. The
opti mal choice depends on the specific nature of the reaction. For exanple,

reaction iring long residence tines may be best effe usi-npNov 2005
pre-m xii‘lé{%ﬁﬁ% reacti ons where non 30 sel ective by-pr oaﬁ%ﬁgoﬁbﬂ?%e formed -
In the absence of a catalyst are best carried out by avoiding contact
bet ween r eafit@lihg tHeRdefe@ilratidt)Sush Xd fog eLd1Apie empdraiCSpre@urd/onéizs,089966

PCT/ US02/ 14383 -4 NOV 2005 controlling the chemcal reaction, such as for
exanpl e t éopematers; Bealer gleraenisras heatrpxehangersf cvbaustegraied withitee el ement's, or

heat exchangers, .can be inteqgrate i th t m xer/reactor,.apparatus. |In one
embod nonERgR EHuSERpAr JF SpEeBbedinr bl Be PiiEe RGBT Bonpr i oot
an assenbby,pfius 8ehpAsksin GORAMY Bflsdafi¥ 8y TondRRIaFRY tEQE KR ePRapbr r anged

at a |ayer above or bel ow the m xi ng chamber and may be functionally

conbBect ed atrhegedtad a l#@r abovei apibelbw the miaimgychembehatdamaygbnfioutbyallyat al yzed

chem cal reactions, the m xer/yeactor a%par at us rrfy a%ditional_l contain

cat al yt i cCernegteddhereionds menpigned, ip FRFNLALLIRIETQgsReeusHEcadBrad et i ncl udi ng

R ons. Cpenar i . ds s desired it
mmy " be actniote R migfrealf Bobdrdh 1B S RShA, ncdg SacityHb St 070, 00!

1 XI h ) h | tal_fluids.includge, for . | e, chem cal
St abi i 7oL, BaenahBlonils reitranmiirinn oielidhs ciomien TroRBhdre .
Prira car i pRRa b Gt bARL K, 30600 2, P08y ORI Book R BSOSl 1
ded0r ed r flarkitobe iftfodocsd iney the Meixirel diatibert Bueh soppletsiemalificidadiohdienfyy al r eady

contain an adm xed.auxiliary substance. The 15 m xture formed in the m xing
chamber, okERMerchemiadstapilizarscemelsifiers soresiels inhibitoss, reacting PramsipiSg chanber

T ut - bonONPERb ol el e ind Forp e RIE B Y2  Bupb i s SORIRE colithorfly '
region. [69adodiRl iftodas MiRMEcRAMBECO caird But e dBGrddrBafidh. 0Ttk AR f OF
mxing at least two fluids prior to reaction includes a m xing chanber and

at | east fluids suppmixedoandutacted may 2lbeddyjcontaiman admixéd exiBaiystbstadve. dhanber
and_arranged about (Is, perineter.. The, s I condui ts. open into.the m xing
chiiber | ROSHA O i P T KGE Habr HBTEr P16 TFIAIPD AOLaes AR Meed 11 o
rates wil 4§ Q1 SRkina! ALk ' ' rtex
For mat | on B b Y ERgfnR cale BRI AR TR Hilig PRt chietin

consi der afiliid, conirhveriedrioni witht theimigiry chiamber; ipeafaablyrat $k cesral bsgiab| | shment  of
the desired helical and 25 inward liquid flow path is primarily a function
of both tpa2ang! erif mixeHddcion héREUAE kPiheiphdsent it fbNGhiGha BleAst apgl t he
fluid kinetic energy. Fluids introduced radially, or, in the case of a

cyl i ndri cBbidsprionty rehctivbdngluddsrasmixing clomehed and at leashtwe supply conduits fgsune a

heEb cal injecting the fluids into the chamber and arranged about its perimeter. The supply

conduits open into the mixing chamber in such a manner that particular fluids introduced
at defined flow rates will form a fluid spiral flowing concentrically inward. This vortex
formation extends the fluid residence time within the mixing ch:;unber considerably,
thereby improving mixing characteristics. Establishment of the desired helical and

25 inward liquid flow path is primarily a function of both the angle of fluid introduction into
the mixing chamber and the fluid kinetic energy. Fluids introduced radially, or, in the
case of a cylindrical mixing chamber, directly toward its center, will not assume a helical
flow path unless acted upon by another fluid with sufficient kinetic energy in the
tangential direction. The present invention achieves exceptional mixing by introducing

30 the first and second fluids to be mixed both tangentially and radially. It is preferred that
the tangential fluid kinetic energy components are adequate to bend the radial flow
components so that they assume the overall helical flow pattern with a sufficient number
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flow path unl ess acted upon by another fluid with sufficient kinetic energy
in the tangential direction. The present invention achieves exceptioNgl205

m Xi ng ) cing 30 the first and second fluids to b ' th

t angent it{épl"?&)éyﬁ%’ur adially. It is preferred that the tangg%%gﬁﬂf‘%ld

ki netic energy conponents are adequate to bend the radial flow conponents
so that tbéwimksgeme albw affeetiad mitiegi Salce bhe fujhis troduced tangeiallly iand ent
nunmber -8 WO 02/ 089966, - 4 2005 PCT/ US02/.14383 of wi ngi ngs to_all ow

ef f ect i ve 2RptRerTgdially it is rapfermed thay theatip of Haiddareticargest ¢fdhe {angemiallynot her
radially, gt .| r . j ; | i ' W f the

t angent i aﬂ°§"’ﬁ§ ﬂ%\%ﬁégﬁ# ﬁglﬂ‘%}}?%m{l g’? &@*g 1? ﬁ’ggart%étlﬂdadqé 't(?ﬁ%de\/;f %cgtﬂ?gg%rregat er than

0.5 to praviiceaadmveesflogcartbel. i cal and inward flow pattern. 5 [0025] Wen
proper conditions are established to formthe desired helical flow pattern,

onl ¥ t hat hd f ] e Faloll : ek ix..contacts
the$ | at elléiqzs;l nne%%?%&%gg%léﬂg a%?%ﬁé\%ﬁgi%%fg?dﬂ%eg%ﬁﬁ%ﬂ&%hpﬁe shape and
di mensi ongpatedrn, drihg that AuiRleviaghkng thdbatefrhost vinding ohthe Helix cantacgtief i cant
fraction of the pressure drop in the mxing chanber due to frictional

| osses. Flateral iapersuriarsgf the snixingehamberdiIrpsnding ondhe ghipe 48€ dimpensios ebnt act
bot h si,des. wi t tating fhuid only. TFhis fluid. ' ' d

subsequentiiaris chanfefhiiguia KeputE e alBein dirusl PPl Rsr B A", ho

pressure ypsaixaedEvidr Wid b filGoRdl 1ekéd. Fa6{aUonisiidehe HERE WindifRset i on s

| ower than that ~possible for a static mxer using nultilamnation only and
wi 1B a coromsnixlinmpniact ambothsides mgthpmatabing fiwid oily. Thisd]uid lgemptisdsds f | ow as
alternating |ayers in opposite directions. 15 Therefore, frictional effects
bet ween aB eéfh%‘ﬁtana PERsgqwnt @’é‘?@"gq @WW@ ) ISP ﬁﬁ’r Jl%*ﬁﬁ@&l“ﬁaé‘ienways
are | arge A6 i ] ' FaT= Tola) ?‘{3*& e

pr esent ihf/eésntﬂ)c%g%%{rlém X 1%18&??%}(312&%%?@%%?%%&1?%% ma?gt er é‘%ﬁgrdéﬁbe

realized possitd¢ for aGhaticanixenugingamltilemimtion aalyvunidlwidsa batrtspandiaglgdorgont act
area and long residence tine available for diffusive mxing wthin a small
st r uct ur emMipAE path: dn thigeeseothe finids fova ag dtgsaatingdaxaryin orposite diRRCtipRT m of a

m geom xe | at al yst tain therein 2_conveni ent |
fag§i cat engJfgﬁ%é’gﬁgé%[}#eﬁ%tseﬁ%%ﬁn 5‘? g entnlﬁfn e%ﬁi}gi“’g’g%ﬁ %PP%FI aghtioxt er medi at e
or even L@aWeepathwaiese 14rfe2 GiheAdlatthdte st IS udAs B pRft of ithd he
present invention isS the contact between one winding of the fluid spiral or
vort ex anpiresérd inveativn (e mixihgsilnidepaerto re@tinn mitiyrthereforohe rdalived imdenms afthe
di ffusive En'xi ng of the regctants. Preferabzln_g |cﬁm nar .él oW, .

a low pressure loss as well as both a large contact ared and long residence time available

for diffusive mixing within a small structure, prior to reaction. While a compact design

- 20 in the form of a micromixer, having catalyst contained therein, may be conveniently
fabricated, the present invention does not exclude operation at intermediate or even

larger scales.

[0026] A further advantage associated with the present invention is the contact
between one winding of the fluid spiral or vortex and the previous and subsequent

25 windings, contributing to the diffusive mixing of the reactants. Preferably, laminar flow
conditions prevail from the circular fluid motion in the interior of the mixing chamber.
However, it is also possible for localized turbulent flow conditions to result from the

overall inward flow of the fluid spiral or vortex.

[00627] To form an inward helical flow path, at Ieasf one of the supply conduits is
30 arranged to open at an acute angle or tangentially into the mixing chamber. Furthermore,
the fluids may be introduced either as their bulk composition entering the mixer/reactor

or as fluid boundary layers that have been pre-mixed to some extent before entering one
-9-



conditions prevail fromthe circular fluid notion in the interior of the
m xi ng chanber. However, it is also possible for |ocalized turbul enéNE]\L?h\ﬁé

conditio esult fromthe overall inward flow of the ' '

vort ex. ﬁlgb(%‘%sggfg forman inward helical flow path, at | eé‘&m&ﬂﬁ@?it he
supply conduits is 30 arranged to open at an acute angle or tangentially

i nto the rorxhdg sapgpblinnelsLGeneraliy) the tarfobsridliyudickstedd}oid endinthine tnges: ei t her
as their bulk conposition entering the m xer/reactor or as fluid boundary
| ayers t hdtovhauditensipgn entay jzdel thegmbans chambentinoedes te fam weidagreddid 9 WO

Che t angenPFi Nt PR ot Pt Wit melBi R R N RS ie Topon

entry int @lideofth&iaexchanber, in order to formthe desired fluid vortex
with a multiplicity of w ndings extending perpendicularly with respect to

the s pl a”?{o@isr]t heT’ﬁQEﬁp?rf% %cﬁlghﬁ.géﬁ]y bl%*bﬁmﬁgém'o%ﬁg a%@;%ﬁ%ﬁoﬁdrﬁé‘ged to

open out in ore plane comon®m Xi out” regard to

t he nunbercofimé&immptivg clnmebisr.t Wittt regard & thé MtAb& ofsupplpebiduitsated, aed, the
supply conduits are preferably distributed symetrically around the

ci r cunf er ewingmem af heo heins seguitednthe supply cerduits apt prefeoetdy distribugeth be used to
supply the sane.reactant. fluids, for exanpl.e the reactgnt A b 0

Subbl | ed SERERHETY iR shs Sttty SF B fuiking SRR o SIRBLY SGEER B | s
supplied i £ a8 sSomy aid ' | a

S TTer ont T DF Bt %‘%’érrpl 2 ecré%\%%i&\tﬂs'ﬁ@f’fcg?ﬁgl?ﬁgﬁgyz&ggﬁ%up 1y the fluids
A, 1B, C aupblied sepaptehitineedhyof sepplhyhmnduoite] and hevlklguehstanttBiissapplicidn be

arranged in a pluraljty of planes around the m xing chanber. The sanme or
di f for ont oPRdHite? waH- HtheRYiRG caela e AWt San RPDH idiffrrenidhtidrionsx ly 15

channel s BLEANAC! 515 Y I YERIDUANiaT IoeLoLE: ol bdlt ORY iRplaldgduced

into a conmon typeé m XI ng" ¢ I’ exanplre o iNg a circular

Cross sectheddupply ¢hanted$ tahdl dtanpédiifa plubdlidy ahplasdddryurd he ffkisgdhandBdr ous
axi al hei agts about the m xing chanber. Such a desi %n coul d achi eve an even

| onger f | Uhe sape oafiffesant fluisks oan ba dntrasducedingpthe meixi bef afsyPPlyt hi n t he

m Xi-ng ch er, 20 [0029] The m, xing.chanbeg .i.s preferab ubstantially

cyfiisndri 05_ aqrﬁlvs _ %ecgw(f]nytghvgpal%}eeg[a}eﬁggﬁa V’)‘l‘sﬁgg%g ‘gtﬁ?)‘i‘%éﬁ‘_i{qqgfl y circular

Cross SecCh@inon! thpd &f Bxik dHaGHeb)!fBr £Xlaiplé Bfe hAANSS cid@lhr @Bssisdetfdnlifial ar  but

that the circle dianmeter decreases or increases Wth axial height, so that

t he m xi nhorpentbleiaries thaoughasupplycbanneds atrvatibes axikldweighyd abealt theahixing shape.
chamber. Such a design could achieve an even longer fluid spiral, corresponding to

longer residence times within the mixing chamber.

20 [0029]  The mixing chamber is preferably substantially cylindrical in shape and
therefore preferably has a substantially circular cross section. It is also possible that the
cross section is circular but that the circle diameter decreases or increases with axial
height, so that the mixing chamber is actually conical rather thar; cylindrical in shape.
The mixing chamber cross section is advantageously fixed in a substantially horizontal

25 plane from which the mixing chamber outlet leads substantially perpendicularly orin a
general vertical direction. Of course, the mixing chamber may have another cross
sectional shape, particularly a rounded form such an oval or ellipse. Even forms such as
a triangle or other polygons may be acceptable if the corners normally formed at their
vertices are rounded. The rounded or curved form prevents “dead” zones (i.e. regions

30 without a constant flow) that could be problematic if corners or edges are present. In the
preferred case of a cylindrically shaped mixing chamber, the height of the supply
conduits, at least in the region where they open into the mixing chamber, is preferably

-10-



The m xi ng chanber cross section is advantageously fixed in a substantially
hori zontal 25 plane fromwhich the mixi ng chamber outlet |eads subgthN@Mt200l |y
perpendi‘gﬁlﬁfog%ﬁgr in a general vertical direction. O Cpu E@M/ﬁt}ﬁ m Xi ng
chanber may "have anot her cross sectional shape, particul arly a rounded form
such an oval or ellipse. Even fornms such as a triangle or other polygons
may be actmptianlos eghialtib ehedwmigt of thermixingctiaotberd at their vertices are
rounded. The rounded or curved form prevents "dead" zones (i.e. regions 30
wi t hout af(ﬁﬂ)ﬁt anfy J;%@F&reh%ﬁigﬁ,%b]ﬁpféesu pRhGRRS SltdrhatERf dpRR San@EntRgiges are
present. In the preferred case of a cylindrically shapéd m xi ng chanber,

t he hei ghtndfadidlly istothe mixingetarnber, This pastisitlai embddimenpoiche apperatut isey open
into the m xing ch r, is.preferahly. -10 - 4 NOV 2005 W) Q2/ 089966

T S0/ E3pSeRLl Gsstol s aresiciBi aas ig ¢ Hisgemiong st re Oike FiSHoh o ieRevBRY

[0030] In f : ' i : y I pen
tangent i aF ﬁ%grﬁf @ggﬁqgﬁﬁ;& ?Ir?tsgﬂ 'é‘ﬁinsﬁ?t‘ﬁgmc gﬁ%gr e |se%§t;%}?%%la§?@

enbodi nentngé tHahehexeITar tik@as btSean®s Pacd Rbbly, thes gdsitreboils aps brokel g gas/ | i qui d
di spersions. that are to be reacted. Here 5 channels for the liquid

cted. Here, supply
streanms oihdivYidnalygas pabblestothe swiding bqude-hﬁwéalgalw paefpsbly, sepplechaangfp e t han
those for_t as .streans. As.a.result, .th s_streans are_brokep into
i vi duafordi Ias peS Beenha it e it e Ot M FRC The ot B .
supply ch a4kae bﬁen xfaﬁfall?rhﬁto'thélﬂﬁﬂﬁ g EREfbdr 2N e Rerhifdenent ﬁfd?nét@sethé”f&ﬂ&ﬁoﬁ hanber,
and the sfipply channel's for the ~gases open radially into the m xi ng
chafber. dhgas/lauiddiypersiohs pithrsned], tlosely disthutedbuiliblofize and this proyides
di spersions with a small, closely distributed bubble size and thus provides
an essent PRESSEIEBIYRAERRESIROUSIIX @ PHRS (81348 0React i on. [ 0031] The

m xer/reactor apparatus conprises a mxing chanber outlet that supplies the
st ream of [003%kd fThe mixet/vractioapparatuscomppics eanixongschafber putidt tpt stpplicer

outlet is,in_ fluid.comunicatjon with, and withdraws .m xed fluid from the
Cent ral 1 BSiSBRABIO! FHESd o Fotlp vERLRAR APPUSRPRS. abie miing Clarber ofet ittt . For
exanpl e, hifid it AHnOATRAE Withardid ibdhire £38d ddiehghtgoRRF g i roul ar
cross section, the mxing chanber outlet wll extract m xe l'urd fromits
cefer. |mixingchimberepretoriidgdanindentdripeint Fongxanipmeriifthenisingehambatiant i al |y
circular cross section oriented horizontally and the m xi ng chanber outl et
| eads sub@dmdeiral angd theretossn s gieguiay cress secdipn haanigingchaehaiatiet Wither ef r om
The cross el r h .e t hat he
m xi ng ch%}ﬁ‘gaec'r?&g%émg f%rng%;gséggsnéécrt i?%gﬁéf%%ee%és%ﬂg i _CEE’ &ep%%ngéhaa%ﬁ%%&sop_eni ng
into it waklbskatigBy cirtiladrew s@éﬁdd&ieﬁ&@m&ksnmn¥un@meaﬂmﬁ§wmbef@nmt i es,
to allow the formation of the desired mwardlgl l owi ng fluid

leads substantially perpendicularly, either upward or downward, therefrom. The cross-

— v

-

20 sectional area of the outlet compared to that of both the mixing chamber and the cross-
sectional areas of the supply channels opening into it will be set, in view of the specific
fluids and their properties, to allow the formation of the desired i_nwardly flowing fluid
vortex with a multiplicity of windings. Preferably, the mixing chamber outlet conduit has
a circular cross section, as would be the case for a pipe or tube, and the ratio of the

25 diameters of the mixing chamber and mixing chamber outlet is greater than 5.

[0032]  Inthe case where catalyst used to carry out the reaction of the well-mixed
reactants is not disposed within the mixing chamber or introduced as a fluid stream, a
separate reactor is required downstream of the mixing chamber. In this case, the reactor
will then normally contain a catalyst within a catalyst retention space. It is also possible
30 that the catalyst is introduced continuously, for example, as a solid dispersed in a liquid

reactant slurry, into the reactor.
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vortex wwth a multiplicity of windings. Preferably, the m xing chanber

outlet conduit has a circular cross section, as would be the ca.spuﬁp“ pi pe
or tube, and the ratio of the 25 diameters of the m xing éh@%’er gnoﬂ I Xi ng
chanber B {2B7% greater than 5. .[0032] In the-case wheF& ¢ A4 used to-
carry out the reaction of the well-mxed reactants is not disposed wthin

the m xi ngoomnbeﬁfiefs fhﬂhé:q;adﬁeait@@ﬁarafé tHE tbatfibif podudt exS@RAhakeactoRAEIOr 1S
requi red downstream of the m xing chanber. In this case, the reactor wll

t hen nor nedl$opassibiedionncorperats! asspataridownatresm of thetreactare Mliesapapacio.thist | s

I i bl t hat .t | yst is introd d ti f | e,
255 ol 1t Wilkpaeiplenrar e on ot Sy elf A kst BVYY RIS e RREH O 1 Wo
02/ 089966 ANENRIY %E%b&@g@é&é&&%%g&t%ﬁleg dd th relhSvd %tzﬁilsrgﬁﬁy aa]ﬂ%k bfgr L O

separate the reaction product exitin reactor, I SO possible to
| nc@r por atpeogerseysfithd mactdnvfesds, egiction ptodacts.emdtprodibe, Reparadote desirdchi s
case wll have an_inlet for the reaction_ product, as well as at | east two
outl ets f 3P 1&aels either the betjeinp enaveshepdprodict bask withemixinpspaptndhen t he

relative volatility and/ or her, .5 erties of the r tant. fee

eacti on Frohtrerieh RS Sl lG R PheRE R be et FRRARbERIL i ( ner
the bott orgy rtfialfyditdeebupp R bentui 2 OkhdrRisk € isnilsd PbsibRABIRE-miX e reEREY/ Cl €
stream may be introduced into the m xi ng chanber either through a

t angent i alskigamovithr et oflthg/reditantstedms Lppl marmen describedbélomwpsies toit i s al so

possi bl e to e-mx the recycle streamwi th one of the reactant streans, in
5 rhner dBedduiRgshs A SHFRB O i e g f GEiﬁgoélﬁ%qué@éVés OIS to the
m Xi ng ch 08,087 R b [ id, or a
portion tﬁfeggr)%@?{ to L?ﬁ’eor%él ngﬁc “:I'.glér%l;’etr6 t%éaﬁ)g{ié(g#l%%eﬂ&?ﬂgg@%cggﬁﬂst%%ﬁ t he

cat al yst l€the datalgspbed eOf tharss ehasaphtitorThyy st ang Aumbenbdlitnosin depaation
separation techniques known in the art, including flash separation,
di sti || at itRFhniqussipemeintbp artatnchylingSiash separafion, disjilatien. meehraRe  and t he

li ke. 15 In. a he . men or nore additional fluids enter
into the %\Qg?al:%%lgo ’Sﬁ%%é?’ gﬁ?&%g?%lrgﬁ%wggl eparate supply conduit or through
a supply dui t ere the dditional fluid_ s pre-mxed with one of the
fldPds t o(fﬁ‘ff’#ﬁ xeﬁ]ar@ e@&&&@%aqnefor e additignal dlvids spieriintadhs mixng

subst ance -abi i t ' , : Iy f L

further sd %%?%%%@%n{g k@raeégﬁgﬂglﬁ gb&f BIE) yl ' suc éc’rﬁsa%g ? glr'yg éa&k ﬁé‘;’/re thd

advant ageadditiynalfeid 30re-amged it dng of tHedldiletoBednd@dc Sachedditioml flarks t here

is in each case one streamof the additional fluid between adjacent

wi ndi ngs @Rayaeatain g ey spbstandedhatistadilizes the mixiuge, for example an emulsifier.
If further supply channels are used to supply such a substance, they advantageously open

20 tangentially into the mixing chamber, so that there is in each case one stream of the

additional fluid between adjacent windings of the fluid spiral. Otherwise, if further
supply channels are used to supply a gaseous component into a fluid vortex which
contains at least one liquid in the mixing chamber, these supply'channcls for the gas
advantageously open into the mixing chamber radially or at an intermediate angle

25 between tangentially and radially. As a result, the gas that is supplied is broken up into
small gas bubbles by the fluid spiral and is finely dispersed.

[0035] As mentioned previously, surprisingly good mixing characteristics are
obtained when at least one of the supply conduits provides a substantially tangential
injection of fluid into the mixing chamber and at least one also provides a substantially
30 radial injection. Itis the tangential fluid motion that imparts a spiral or vortex formation
within the chamber, which breaks apart or finely divides the radially flowing fluid. By
radial flow is mz:at a fluid flow directed toward the center of the mixing chamber,
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supply channels are used to supply a gaseous conponent into a fluid vortex
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| eading alternately substanfially tangentially and substantially radially
i ntl® t he wnonduity, destgniated R, Tiieg iethm srddr IR TRimhtyitast ofieplane ebauhéhe t angential |y

directed supply conduits,, designated T, and the radial directed supply 10
Condui £ o, CHIBRHTRICEA! I TiRE e e T HOPLRPRaT Y ASAS A GRARY Fhe. about

the circ fﬁﬁﬁ%@f@ia{n{ﬁpﬁngﬁiﬁ th eoff&?hfﬂéﬁgﬁéﬁngpw e3s d?‘l so lie

alternately an one ane, for exanp ey nay be offset in the

manner of two dingaRidngabeutithe citouinfdidies andRigthlf e mbang chiante eBevagignd
| ength of the m xing chanber. By varying the positions, in both the
hor i zont afheegitipaptindgth ihe daszontalrand verticehplpnes, fromawhich fluidsdge Bdrode®d; nt o

t he -m xi ng . chanber. | t.i pl e helical flow paths may be romed, flow ng
co_ﬁéent ri %ﬁqﬁv%%&qﬁgﬂ%k Ibe_iiﬁwo_e‘? %‘% H5e b8¥°%eﬁlfmﬁ_8w8}g even triple
spi ral mayoleentREM @ Eiveed. THRSRr bkathpleSPiynabe dbidld 88 aFipleRpRena) Be and
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e iR the e indBaafe AEAAETIn Gig grofhgr < 1 rections abou

[0037]  Furthermore, not only are the supply conduits arranged in alternating

20 tangential and radial directions about the mixing chamber, but they are also preferably in
alternating fluid communication with respect to the first and second fluids to be mixed.
In the case of mixing a gas stream with a liquid stream, which may be desired, for
example, to effect a chemical reaction, exceptional results in terms of mixing have been
achieved where the gas and liquid streams are injected tangentially and radially,

25 respectively, into the mixing chamber. Without adherence to any particular mechanism
or theory, it is believed that the tangentially directed liquid breaks the radially flowing
gas stream into fine bubbles upon entry into the mixing chamber. As mentioned
previously, it is preferable that the kinetic energy of the tangentially introduced fluid is at
Ieast 0.5 times that of the radially introduced fluid. This ensures the overall formation of

30 an inwardly flowing spiral or vortex to provide a sufficient residence time for effective
mixing.

[0038] It is important to note that it is not necessary for entire supply conduits to be
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alternating fluid communication with respect to the first and second fl uids
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framits receiapesss famskls, dropssodiriaaplas.ge end. Particul ar design alternatives
for supply conduits that narrow in this manner include those having 15 the

shapes of els I | : : t :
enbodi ne nt[éoytyr]: e f Iinr %to EH%?\ gregéerééc(){\é t?lignst’ {r?ggégdeanr%gﬁg ﬂ;}?{lsolgaf é@%&lﬁr

i nj ect i on priot @ théie injectiongntoltherhexingichanbdri(ee. pre-etixed)! in this saseahe, the
apparatus may further conprise the necessary elenents to acconplish such
m xi ng wi BAPHALE Ay Sk FORRESH ediecessary slemangs omgeraplish seelymixing Jrthin oyt

this pre- [i.’ﬁexéuggly JInfineid! FEﬁ’clr%upply channels used to carry out this pre-mixing, the supply

20 channels should be sufficiently long to provide good pre-mixing without being so long as

to promote excessive pressure drop. One particular method involves the use of
distributing manifolds, so that the streams to be pre-mixed in the supply channels are first
divided among a plurality of smaller streams flowing through distribution conduits.
These smaller streams of the feed or starting fluids may then be directed at various

25 points, preferably in an arrangement of a repeating or interdigitated sequence, into the
supply conduit inlets. By a “repeating sequence” is meant, in the case of two fluids A,
B, that fluid streams lie next to one another in a recurring pattern at least one plane. An
alternating order of ABAB, for example, is a repeating sequence. Certainly, other
repeating sequences are possible, for example AABAAB. Furthermore, the same

30 principals may be used for pre-mixing more than two fluid streams. For example, in the
case of three fluids A, B, C, being mixed in a supply channel, the term "repeating

sequence” would also encompass many possible orders of individual fluid boundary
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significantly smaller cross sectional area than the sumof the cross

sect i onal thairdaysr thickniess, prafhoting the fafinstion ntheanixstg chambef ebati ingvatdler et o, t he
prz- m xed stream.can be referred to as . 'focused" prior to introduction into
t hé&S mi xi nidowing SRl With gy wany, windings asRosiblées the f1ow vel ocity of the
divided streans and reduces their |ayer thickness, pronoting the formation
in the mle0AY chdneferably, therratinwh thel spmof the exgshisectiphal areagiof theadistribwtyonni ndi ngs
as possible., ]00 Pref er.abl,y, t rati o of the sum.af .t he Cross secti onal
o ehs_of SRt B BE GiFEF R fiRA ant BneRe bl G i ey a0 EeEH 5 e
supply copdidkdivingleddrsh 1.58Y 560, SWHRE 896 offnore fluids are pre-mixed in this

manner, it is preferable that the manifold used for receiving the arranged fluid streams

20 and discharging them into a single conduit (i.e. a supply conduit) have a curved surface
where it connects with the supply conduit. To provide optimal mixing characteristics
with minimal pressure drop in cases where pre-mixing is used, it is preferred that, with
respect to the entire -supply conduits, the length to width ratio, assuming a constant cross-
sectional geometry, is from 1 to 30. Where the supply conduit cross section varies, for

25 example when the supply conduit narrows near the mixing chamber, this ratio applies
insofar as it relates to the width of the supply conduit discharge end in fluid

communication with the mixing chamber.

[0042]  As described previously, a fluid spiral is formed that flows concentrically

inward, and the resulting mixture is then removed from the center of the fluid vortex. In
30 a specific preferred embodiment where premixing is used, three fluids are mixed, prior to

reaction, using the mixer/reactor apparatus of the present invention, with the second and

third fluids being premixed upstream of the second supply conduit. In this embodiment,
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brdadl y difyemeFonppanple.ube hyersmdyche fobnodas plotep hpvieg retesics as eparinees

bstanti al | lLanar | ayers joined tpgether sealingly, or in . a fluid- tight
annor . | AOREsRe o sa) SRTDRLe Y R Ve PLavc GeR IGAGLREAin e 1 Ui o
ui di ng si r.er ' ] [ i shed
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the pl ates. V\henfj oi ned together in a fluid- i ' i
structures, for example the mixing chamber, may be defined completely by a sealing

20 connection between two or more plates, depending on the plate thickness and the
chamber height. If the mixing chamber is merely impressed into, but not completely cut
away from, one side or face of a single plate, then the mixing chamber outlet structure
may also be included in the same plate, extending from the mixing chamber to the
opposite face of the plate into which the mixing chamber is impressed. I the mixing

25 chamber is completely cut out of a plate, the mixing chamber outlet structure will require
the use of at least one other plate joined in a sealing connection. Some structures such as

feed conduits may pass completely through two or more plates.

[0044]  Regardless of the number of individual plates used for any given
configuration, the mixer/reactor apparatus in one embodiment of the present invention
30 comprises at least two discreet layers, characterized by their function. Specific functions
that occur at various substantially planar layers include distributing, channeling, and
mixing the feed components. In the specific case where plates are used to form the
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tight arrangenent, adjacent plates wll surround these recesses and
apertures to form structures, such a channels, capabl e of cort aN®y 2{@5“ ui d
streans r ssure. Some structures, for exanple the pixi nber,
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pl ates, depending on the plate thickness and the chanber height. If the
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t he opposjt.e f.the plate into which the m xing chanber is inpressed.
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streans t 6OV lviek nerpal fepre The Bridfehs corneeiionbetyecn Hie laysee Asfines a fisst

| tus, . i : def i
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t he assenigle/firstied ehdrineBindd st OGP chanaeidiisohanieend opybsfedhé fisikipgpdy ext er nal

surface to the internal surface to formfirst and second inlet ports. The

second | aybinnebregeiyingsndntilse fsfingddydhe saaledregnhedfion betweengheeoveoandper and a
| o face,. where the m xi I r upper. face i s sealingly,di sposed on the
covlr | aySIXRETRERS argrend shpplygnadl iying 2 SEramd EPBh Beplel BrebHE e o
defines ajf fihRlconRmpl é%ioﬁ%ﬂ?&k s@@dﬂdrﬁe@cﬂahﬁatana%eé%ﬁ;ﬂgﬂ Shaffefei ving end
in fluid conmunication wth the first feed channel an i rst supply
channel didschaggendogbosivpte seeoridsepplyrchtnmsl pgreivingdrad) i&drthee defined by thisd. Al so
defined by the seal ed connection hetween the cover and. 15 nixing layers is a

second sufpRiFCoMRIsTRIXIRg Fhagber dbHBid FosuppIsRtion tfeihe zsiandispepnd sapply

channel discharge ends, where one of the first or second supply channel discharge ends

20 leads substantially tangentially into the mixing chamber and the other of the first or
second supply channel discharge ends leads substantially radially into the mixin‘g
chamber. The connection between the two layers also defines a mixing chamber outlet
channel in fluid communication with the mixing chamber for discharging a mixed stream
of the first and second fluids from the mixing chamber. As mentioned previously, the

25 mixing chamber may have a catalyst disposed therein to effect a desired chemical
reaction. If catalyst is not included in the mixing chamber, the mixed feed components

are reacted in a separate structure.

[0046] In the layered configuration, structures are formed from connecting two or
more plates. Recesses, such as grooves or blind holes, are typical structures that are
30 - surrounded by material in one plane and perpendicularly to this plane. Structures
defining channels such as fluid supply channels may be formed as slots extending in
depth either partially or completely through a plate. Apertures, such as slots or holes,
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in fluid conmunication with the second feed channel and a second supply
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chanbers or feeds. A cover, | r.and/,or_base | ayer. .cl osin flf .the layered 5
assenbl y FFUTE 0T CKPOIFS (P G A RISGHSERE CHRGIHENS, RSP LY dFSThes 1 oed

h |'s, LE. . |t mi.xed
channel's, Whbehs rERYwhE WFAB i9 EofbtPONE Sre Je?e{?t%cfsl‘??rﬁthﬁ %%u% g%lggs] ALxe

and/ or at | east one outlet r the mxture whic or ned. Yhen t he

| ayer ed asseohimerc@pplastics sichakpolypinglchRride be polybihyletle)) enatdigiallofs, om a
material that is sufficiently inert with respect to the process fluids to be

m xXEd as BRSHEIURrigCeraRc, ASEMitPTgReanBRSTiRd L hepamS ofiifferens mprterads d
oL 01 O 3 L AR i, RSB by AN ANERUASERNE L
the flui defuifiae -RERERSEHNY OpfichallyOitdeasPmelevatiise, dhanhidl pldididesthiRitsr f rom
whi ch the apparatus is constructed are selected fromthe group consisting
plate, and mixer plate are formed from a transparent material, especially glass, quartz
glass, or light sensitive glass to allow convenient observation of the mixing operation.

20 For use of the mixer/reactor in small-scale operations, the plates preferably have a
thickness in the range from 10 microns to 5 millimeters. Of course, thicker plates may be
more appropriate for forming the mixing chamber. Otherwise two or more plates may be
used to form the chamber or an elongated channel. Suitable methods for connecting the
plates to one another in a fluid-tight manner include, for exampie, pressing, welding,

25 sealing, adhesive bonding, or anodic bonding. Suitable methods for structuring the plates
include known precision mechanics and micromechanics production methods, such as for
example laser ablation, spark erosion, injéction molding, stamping, or electrodeposition.

Other standard industrial methods, which comprise at least the steps of structuring using

high-energy radiation and electrodeposition, as well as, if appropriate, molding, are also

30 suitable.

[0048]  In the specific embodiment of the invention where the mixer/reactor apparatus
is formed as a stacked plate arrangement, the conduit structures are generally formed as
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of polymers (e.g. plastics such as polyvinylchloride or polyethyl ene),
netals, alloys, 15 glass, quartz, ceramc, and sem conductor matieN(iiVal§§. The
sanme or djf nt materials nay be used for the various p endi ng on
t he pr oa’gbtﬂﬁlgéﬁ%gesi red at different stages of m xing and&ﬁ/%sigé]g? on.
Optionally, at |east the cover plate, channel plate, distributor plate, and
m xer pl agrnadleir thepisted. rTB epenrsansads i the@ipply dhlanndds ped ihelthiting! ass, quartz

gl ass, or | ig%gt sensitive g][éass to al |l ow conveni ent observati on of the
m xi ng opdambenire definedpy gsleagfong plateserupg e astser plates FBEse epealsEugp@sat i ons,

t he pl ates ef |y, have t hi ss 4 n.the range from 10 mcrons to 5
i 111 mot e Cr B A o e oM FAPED s Al ersdf FRPRE RS R B Rrr g
the m xi nge haFpite dEHMRTUEBELaRNELs B rBR En R S SRR EASFFhrk Qoufrdsm t he
chanber or an elongated channel. Suitable fethods for connecting the plates

to Hne anupshream iofi thee mixgi/deactoghLileesvises opémstiugtizes defined bymatieys pthergdatag,

wel di ng, 25 seal.ing, adhesi ondi ng, . or anodi ¢ bondi ng, Sujtabl e nethods
for structesfiing leiReats 93@8@3 of R nga i FreRg YoRcHRICHERRE S eBe

m cr onec : [ £ ion,
cpar k or opgriRLREE 8. IRGHRESbie bl doPfecellary, FAAMEL AL 1 OB L

st andar d dhﬁﬂnb?x,.tﬁdn@élﬁ e ey chvilih iRl oGidtRhirgR], dbr dieciikgihd eheshbded floids.
structuring using i gh-energy radiation and el ectrodeposition, as well as,

i f appr ophiternatelynifl adidiitpnabplated peegised ghesgiplated, cath¢robargtheicovenateyoay f i c

di f the i t] .e. the nixer/ t t is f d
"B kediepa s ey BFER pROY FSing Alampr st e SPEEBhER y formed ac
-1s - 4 NeMnlits ¢ &ﬁ%ﬁ@nt‘i’ﬁa’b%&@é% sEhRRGinesd & dpfh, Bljgt €s. The

open structures of the supply channel's and the mxing chafhbér are defined

by at | easlvantageopk iff the sepply nganmslsandiox dre mixddgchahites defopealbystheseqllatees  are
closed off by a_cover pJate connected in a fluid-tight manner to the m xer

pl ate, wEs also phthesgpsdepliat e defines feed channels for receiving the fluids
to be m xed fromsources 5 upstream of the m xer/reactor. Likew se, open
st ruct ur d804Mf i néa rvjed/iarthogenemlhapparpiva tiessriptien,ahé bupply chamnelammydeafed of f

wh engaged in a sealing . connection with at |east. . one _other adjacent
1 o i e SEond B hestow b8 dliegior BRAIPRI WBRIng JABYED def | ne

a chann ﬁ@ﬂ% L, X1 »1;;11;@- };ﬁ@r{ td ,“f}fé ' ing the

m xed fl SIL%S. étfrel?e tcg}vg,}&ig]f addi t i%ﬁ’lg’w ﬁ"é‘?‘gg%gg& useg,'cgpﬁg%gﬁlgl at es,

rat her t hantehena e or mlanitsn sobstanti@lldednsmmt cioas Setidnglaenseit & poféred m xi ng

chanber outl et channel. Since the plates  thenselves are npst conveniently
y

f abri cat deptihe stieefdheavridth Rf tiersuBRly shannels: ps mpesurad at sbrinsrsprptive BOIES t he
SUPPY CNRBRGE tnBHE Rixihd Endhbd b RO WIRAof A" hATT Manttdf HPR B8 the

20 fluid spiral that forms during operation is advantageously less than or equal to 1:10.

Stated otherwise, for a mixing chamber that is substantially cylindrical in shape or
otherwise has a substantially circular cross section, the ratio of the diameter of the
mixing chamber to the width of each supply channel discharge end is greater than 10. In
the case of a conically shaped mixing chamber, this ratio applies to the average diameter

25 of the mixing chamber.

f0050] In accordance with the general description and function of the apparatus as set

forth previously, the mixer plate may also define the open structures of a plurality of

supply channels, each in alternate tangential/radial fluid communication with the mixing

chamber. In this particular case, the use of further plates, such as a channeling plate and
30 a distributor plate, can direct the first and second fluids alternately to the supply

channels. The channeling plate is connected to the mixer plate at one face and defines

open structures of a plurality of first and second distribution ports, each in fluid
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are also of the same depth. [0049] As noted in the general apparatus
description, the supply channels may be of 15 uniform cross sec%i ﬁE] @IEH t hey
may narrow in the direction | eading to the mxing chamber (i.e.” N 1 eir
respect i P P28 ng ends to their discharge ends). Wet h&EHHREZILED) v
channel s narrow or maintain substantially constant cross sectional areas, it
i s preferr@ghmididdticahe oh@bsd® ré@¥pebibRyivifief addRcontPili Ghaba@ls, as
nmeasured at their respective points ~ opening into the m xing chanber, to the
wi dt h of tstractwresi defined hyrtherdistributoe plstea riBheadistributor plate isiconagitedito thénface f or s

during operatiqn is,advantageously |ess,than or equal to, 1:10. ~Stated
ot her wi se,°ffatbfr§‘§“ s’ﬂg@:}m@ﬁ OE%HPeqtgd @Bg%F’é’Fﬁrip i Ang\Phe HE %ﬁec?’f‘f shape
or ot her v lkﬁ’ncg i cAheM L AonC ESERT WaR. ' the
di amet er \(I)Hfls?ntqhe %@ﬁgéiﬁg%@rﬂd{cg t he Wzﬁ{ﬁ){l hfegﬁ &eagﬁ’ L‘v&gﬁ? %ﬁ%ﬁgﬁégﬁoﬁ
di sghar ge fegdkhanngls.eThe endshudnhel irst hind sdched dizgibutibn potonocialfluyd shaped mi xi ng
chanber, this ratio applies to the average dianeter 25 of the m xing

cEanber. [COUBWni¢asioR KBy féaaﬁl@éi distibuting S@%ﬁé‘é‘iﬁ&w@dé%rﬁcbtspbﬁaf&hﬂnfﬂk‘s&; i on oL
open ot r uepiipulicdtish wifhh huby Shattd|slor b ll Hite B BbFielBedinge [0 ¢ 11

tang?ntia'aﬁtéﬁa@ﬁﬂéirﬁédﬂoﬂo?ﬂf@m{ﬁﬁiée@ﬂnd"ﬂﬁiﬂshtﬁtﬁﬁ%é@nﬂ@ng@l‘i@ﬁmf- In this
particul ar case, the use of further plates, such as a channeling plate and

30 a di st or . i L: hi Wi ds sal t tely
to the su&%#g} chg{ﬁ%%%gogé?ﬁtelgc Sggﬁré%lpﬁlqd 65.%12{3&8{&% @%%ﬁglg%ey& gtagat N alb%&%:r
pl ape at ghged A€ ethap typdebf MBStiondp For skimislk Uicesrdais @ the broaliiytdefiaéd first and
second distribution ports, each in fluid -19 WD 02/ 089966 - 4 NOV 2005

PCT/ US02/ Enp&3tus ahove e fliiststugams meaydiedpremespdupstigamyof agupplyfchasnel and second
fluid distributin structures defined by.the .distributor plate. .Th

di st 1 but GPLoEY ieapetoifbe Eeing comeoprish AZHY e, AR Rhat e 00  hac 1 s
NOt  CONNeGEEHnS £ Bellre thi%ed a!réfered 8616k thE Redontiahd Mt AGRSHe chinpbliddut i ng
structures are in fluid comunication, respectively, wth the first and
second 5 fpbatelwilh defived spen Blrectered ©f afplyrhbtyfaf sedondradd sleiobdidtrtbiugion pbmst inon ports

not, .in fly d comrunication wiith the flujd distributing structures are then
eadf sepa:ﬁam(gmnﬂnwmramtgmﬁne&mﬂ% qwf’ﬂfén%ﬂww%h pgibggion he

m xer pla r,Qvi ' ' L1 | ' and

second 1 80 Rl Rty Kiinl Yol Sy eh R CBla bl Figfastn

certai nl y tpbs supplied | withisshtdpertatedrie] pragsan dsstinetitd bug upplylchaphe ! Frsusf or

ot her types of functions. For exanple, according to the broadl é/ defi ned
in the case of pre-mixing described here, the apertures are each alternately used to supply

the second and third fluids, through a common supply channel, to the mixing chamber.

C

Lrs

20 [0052]  Additionally, the mixer plate will now further define the open structure of a
focusing chamber to accept alternating divided streams of the first and second fluids and
combine them into a single supply channel. In many respects, the focusing chamber
serves a function similar to that of the manifold described in the general apparatus of the
present invention. The first fluid may be introduced into the mixing chamber through a

25 separate supply channel used for the first fluid only, or it may also be mixed with either
of the other two fluids. Therefore, while the embodiments described above represent
preferred mixer/reactor apparatuses for carrying out reactions, there exist practically a
limitless number of variations where several or a large number of streams may be mixed
and reacted according to the present invention, with or without pre-mixing of the fluids

30 in the supply channels. Furthermore, the plates may be arranged in various orders to
promote different types of operations. For example, it is preferable to use a distributor
plate, as described above, when the mixing function incorporates multiple supply
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apparatus above, two fluid streans may be pre-m xed upstream of a supply
channel before introduction into the m xing chanber with a third4iNS&QM5HI n
this cas fluid streans to be pre-mxed are refe t he
second a 5)'{2(1 9'c?lgfl uids, the channeling plate will defi n{éég%gwgt%?zhct ures
of a plurality of second and third distribution ports in 15 fluid

comuni catchammelsidria prienikinmgesffeat Strﬂam‘sl Thit distsbutobplatampay be larhteddstweEhe
distribution ports may advant ag&s forma row of a, ertures for, each of

the secondheiRYer Rtechndimixgsplater TUSEL Plgier HMEQ o faar@av%ﬂ@ guiding
preciselyg Xi ng
descri bed ﬁ@g@gg% elgngg X Bg¥é eagﬁ%mP§£@%§¥gpygﬁ%g?“fo sugﬁ$£&ﬁy¢?
second andistrdutst flhti mthct:%@U@ﬁn&hﬁ@ﬁlﬁt&ﬁn@ﬁ]@@éiﬂh@h&@%nbdw tHge platesng
chanber. 20 [0052] Additionally, the mxer plate will now further define the
opef strueésdesiredf a focusing chamber to accept alternating divided streans
of the first and second fluids and conbine theminto a single supply
channel . [0033kny Ties¢glements of e preseusinventidndrave nowstkeeyn doscaibbdndthi on sim | ar
to that of the manifold described in the general apparatus of the present

i nvent i onrefqgace mrasmnxer/maatqmywétus aed progesdor effesting @ chemiqalreaptiiber t hr ough

f |
b i ved TEpeb R e BRRRR apiiioh g bRRes sontiioh e PRscry ilention BB ' °°
enmbodi menpgord %ﬁfbf HAmBERohRARHAL bf the RhemiLshd TeXBfdsRAGIHRA haRRAr at uses

for carrying o reactions, there exist practically a limtless nunber of
varlPat i onmﬂuhe&@psﬁmgrfmm the anmtzaar@acqpfmféhe nfveBMmaSp:cxfrwprbbnﬁdxed and
reacted acc he present .inve t|on r t hout pr mX| ng of
et ui demaptmeiRL e PO chiaHen B0 R bk depsibed Wil Eqrs@cgéo

arranged jpovard sé’érgﬁ&ﬁt&eﬁts e SH@I}@%%@@&R@& piRSiPar n i .%3%? For

exanple, It 1s"preferable to use ate above,
when the mmyximiye flisticitions oh teogemerailydsoadscdpedbdfcths um&hﬁon 29set fotthNoNbe2005 WO
02/ 089966 PCT/ USOZ/ 14,383 channels or a pre-mxing of feed streans. This

di stri but appea Aed dains, Aralpgougfi @ﬁu@épmhnvmﬁenwmreiﬂnmdénma OF IO} pI ate or

notSnecos ST BEae bR ke RpaREs: bkt BB AR SR ana the
bei ow 1 hell9sh &t 9C Boechagimeion g6 @gmmg%@%f%{ther ZSSXS >
| nvent i onhag: NoNaDERAIS pg@g%mg& cohERARES . orih t%zfeggéx Toons

appar atus a pr OCGSS chem cal reaction I'ng on t he

speci fic apluits 30 irapardadwirling ©s he]mmdiohb@ fsthelflvid thaeBaRrtedsity @ bitshlishay

adopt any of a nunmber of conbinations of the elements and features described
herei n  the proper residence time and mixing. The kinetic energy of the tangentially introduced

20 fluid should be great enough relative to that of the radially introduced fluid to convert the
path of the latter fluid from directly toward the mixing chamber outlet (not shown) at the
center of the mixing chamber 14 to a helical path. Preferably, in order to effect this
motion, the kinetic energy of the tangentially flowing fluid is at léast 0.5 times that of the
radially flowing fluid. Therefore, it is preferable that, when the embodiment of FIG 1 is

25 used for liquid/gas mixing, followed by reaction, the gas is introduced radially and the
liquid tangentially into the mixing chamber, since the kinetic energy of the flowing liquid

will normally be substantially greater than that of the gas,

{0055]  The initially radially directed fluid may or may not be bent into a path as

tightly wound as the tangentially directed fluid, depending on the relative kinetic energies
30 of the two fluids. That is, the initiallj/ radially directed fluid may have as many windings

along its path toward the mixing chamber outlet as the tangentially directed fluid or it

may have fewer windings.
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10 wi thout departing fromthe spirit and scope of the invention. Specific
preferred enbodinents of the present invention wll now be descr| dmwéth
reference to the draw ngs. These enbodi nents are to further cl ark g’

i nventi o QPYUBIN neant to pose any undue Iinitations on RGTAYREE |y
broad scope of the invention as set forth in the appended cl ains. Anal ogous

features qposdle | BYSREI QBes &@tm%hsﬁw\ai%étédb&m@uwnmé fesdRedi@WMmas, are
| abel ed using the same nunbers, but are al so designated with a prinme [0054]

FI G 1 depifluig and theandiallpdiredtedhcqndsitefar adeednd flwjd c Whedebore,1the filst Fiuiigwould
tangential 1 d radial 12 su conduj.t s, connected thereto. The
tangent i alqeygﬁ%{’]%tefl’éﬁm&%é&}[ﬁi‘&&ll%‘sf ﬂ‘b‘gl‘#tﬂb%‘quﬂﬂl%tn%éﬁ?%% tofaeh oh to

the f1uid hdipholialGLRR0RA kulfly EHIARS 1MLk fAREod PLASARE b4 T and

m xi ng. The etic”energy e tangentral Iy i ntroduce urd should be

greadt enouirib@ed s 4 plutalliay oftdecombfluid disadibytiondondaitc @@t shawr, toeadostver t
the path of the latter fluid fromdirectly toward the m xi ng chanber outl et
(not showthe rdiallyaliregied sepply fondyits h2x (Thg desismasion of 4 copduit pelapgetialinen.

Pr ef er abl . rder,to effect this .notion, the kinetic en of .the
tangent  aftdiely St fstai s ppRaud B8 porddf |iiBtesrentn b Rhge iy

flow ng flpd dyppl@agitREe, it is preferable that, when the enbodi ment of FIG
1 is 25 used for Iiquid/gas mxing, followed by reaction, the gas is

i nt roduce i al the .. Li guli ngential Ly khnt h hiXi,0 anber,
ince t ne 9L BB oy Yielish SEPHY bRl ab b8 shd shafRy g

suhgt ant i ghpply 96RAHiRM 2l deiftad aPhaiktecloas endd RDBE pldevibwl thas, lihe Mads al |y
directed fluid may or may not be bent" into a path as tightly wound as the
t angent i alf¢eding thesst sugphyl condyitsda pleaidiespective tdeel virg exids \L6 chten eithar aboneragi es 30
of the tm uids. That.is, the initially radi &I d'rect?d fluid may have
as many VHIBE crogs Sesiondepistedh 1t iy REcqUiSRePass entéa & PR SRRAUYS 2585 ” t he

tangenti a ' ; ' | f | s. -21 WD 02/ 089966
- 4 NOV 25%%}'%!:"{&? /%Ugg%}él%@g??%%a&%e] ﬂ%e @ggv?llcag\gggsfa‘ﬁ%cﬁgh@gngent ially directed
condui ts be rved for first | uid and the radi all I rected
condul t5 1981”c EERE s o exhorisndh of efuferPl g ¢ Bighially Sphigd

di g5ri but %pl?ééﬂ&iﬂ@'iﬂeﬁ'thlbﬁ%@fwé feed bohduils 2602 $ 1 thBWhme plme ikt s (ot
shown), to each of the tangentially directed supply conduits 10. Likew se,

t he secondhikingicamber ' bds5n FIGtl; thembiscr/reastongpparathuccahprisgs efadsadlyond f | ui d

di stributi,on conduits (not own), to each of the radially, directed supply
condui ts $ISCITh#IRRhSE {ti18?1gﬂflseﬁlﬁ9dﬁéh‘?ffc%f§mﬂaﬁ§%ﬁ’ﬂ}” I Wm%mfnjaery

di rect ed i3 DS eAlboblHfer!theRidalilyretleaifpl5 QBRI 159 SEPBY S84 ENGipT,S

| eading into
a first fluid A to the mixing chamber, while the tangentially directed supply conduit 10’

20 may be used to supply a mixed stream of second B and third C fluids. The second B and
third C fluid streams are each distributed into a number of smaller streams using a
plurality of second 20 and third 22 fluid distribution conduits. These distribution
conduits are interdigitated at the inlet of a manifold 24 to provi de pre-mixing of the
second B and third C fluids upstream of their respective, tangentially directed supply

25 conduit 10°. While the inlet of the manifold 24 is in fluid communication with the
second 20 and third 22 distribution conduits, the outlet is in fluid communication with
only the supply conduit 10’ at its receiving end 16°, which is the end not in fluid
communication with the mixing chamber 14’. A mixing chamber outlet 19 extends
either above or below the plane of the cross section of the mixing chamber 14’ to

30 withdraw a streamn of the mixed fluids.

f0059]  According to FIG 2, the supply conduit 10° for supplying the mixed fluid

stream to the mixing chamber 14’ is narrower than either of the conduits 26, 28 used for
22



the supply chanmber. [0057] Both the tangentially directed supply conduits 10
and the radially directed 10 supply conduits 12 are depicted as h ﬁkﬁﬁﬁ
closed ends in the plan view. Thus, the fluids feeding these su B&? uits
at thei rWOLMEEf ve receiving ends 16 enter either above BfT/US % he cross
section depicted. It is, of course, possible that the supply conduits are

f ed t hr oughpplying thd second Biand thied Sdhedplodeanikad. Widd depsctédin Hain®ispd at e) .
[0058] FIG 2 depjcts an enmbodi ment of the inyvention where a tangentially
directed tangeriialy dgree@aémly sonduis1q’ dhatinsrallpy in wodthdbep beswmiafdbos, 28" in

Lhe same glafeoss e Bloth eSS Mo 8 ufbGrlne LAY Geact o

apparatus conprises ara ecte y con that 7's also in
fluid conmpuuiree,ahd GidVeldtityRBteRing iROmOhagRBieimbet 4 inyeRelybréprtindtamdet , the
radially directed supply conduit 12' may be used to supply a first fluid A
to Bhe m ricagf reasiipply condik at thp poiné afimircian teretor é&mwagppbbnduit 10" 20
may be used to, supply a m.,xed stream.of second. B.and third C flujids, The
Sevond B e TRreNing s SepPlsRRtuFin BE BRCGR FMEns BbF misg Shiber o
smal | er syye | | SRkit40: ' £l Ly s

di stri but ?%r’\a%ghndjﬁ[} {bg.ﬂ?e'lﬁg%gs’ glkz’g%tgcll gﬁLﬁq‘i )g% cgﬁl u{adt}gelg}rhgés?%%é?lg |‘}gé|!dt$éttty ed at
the inl et imd the mixing cHatnbed 14 candr gevienitly pmprovexmiging thidaeteristikeond B and third
C fluids upstream of their respective, tangentially directed supply 25
condui t 1fp60Y\i |G HehdviY £fur®br diBodiBRhS, ¥hlreZtuill Sntefink i MixG Rt i on
with the "second 20 and third 22 distribution conduits,” the o et 1sin
f1d0d conmidinhoaishdire sadialy direttpd cohmdusu]) Ihps beancpretnixed in atsimilar mamet to ng end

16", which js the end not in fluid comunication with the m xing chanber
14' . A m EF WEW%DQW&@“&YQHE@%@?’@H&N% Bissasg @Il Feetp) ane of

t he crossgs k- : L X 14 . .- of the
mved §1 oiRERER ol B0t e hAThRAio it foutlh Hhila1s b S, BbiAy

suppl yi ngof distributied cddduitd 32 $i fleRBontmbkiCativne ity a Gifmried Elde eich viad t@wer t han
either of the conduits 26, 28 used for -2,2, WD 02/089966 - 4 NOV 2005

PCT/ US02/ divB®3hesgdpiigy amgongwmalles sfmepnss. afhese streams@re thendlistribntpdimarked. Al so

depi d i El [ i. gl di d dui 10,. .t h [ '
oS er i terettateg iR ol i b e € yioind SonRORR afERe Hishe riietitna £ s
20, 22 | eagicien §L@p1)h§‘onhﬁft QQ’.Oiﬁéiﬂ,easriﬁM(ﬁ_Ql, fhedAlocites of Y Bfids, b Sedn! febrd

vel ocity entering tthe m xi ng chanber is inyersely proportional to the 5 area
of the sufelrgiatwelynatrowttangentigihi amd redialiy fieeti¢supphecaeidoits 1§ b2 cvanpased suppl y

to their respective feed conduits 26°, 28°, 36, 38, are increased prior to their introduction

into the mixing chamber 14’. Again, a mixing chamber outlet 19” extends either above
20 or below the cross section of the mixing chamber 14’ to withdraw a stream of mixed
fluids.

[0061]  FIG 4 illustrates a stacked plate apparatus for mixing and reacting fluids in a
manner consistent with the apparatus of FIG 1. A plurality of both tangentially 10" and
radially 12’ directed conduits are in alternating fluid communication with both the
25 mixing chamber 14’ and with two separate fluid streams, so that one fluid is introduced
exclusively tangentially and the other exclusively radially into the mixing chamber 14°.
FIG 4 illustrates a specific type of mixer/reactor comprising a fluid tight plate stack,
where the plates are shown separately for ease of understanding. In this arrangement, a
cover plate 40 or layer defines the open siructures of feed channels 42, 44 for receiving
30 each fluid individually. The channels in this case are in the form of holes extending
through the cover plate 40 and providing fluid communication of the individual fluids
with the plate below, namely the distributor plate 46.
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channel s, or narrowing the supply conduit in the direction leading to the

m xi ng chanber 14', as shown for the radially directed supply Qopﬂm b D?LZ
accel erates the fluid vel oci ty into the m xing chanber 14' and genera

i mpr oves WO R#0§%¢har acteri stics. [0060] FIG 3 shows a furtIMEVUERESHnent
where fluid enter| ng the m xi ng chanber 10 14" through the radially
directed c [ﬁ;ﬁ | e entering
t hrough thlfe0 tangent I a b@%?gl cfgﬁgeﬁldgﬁ%%@c’ éﬁ]s*n S caégfﬁgﬁh?hﬁal ity of
di stri but mnombmiﬂu‘n‘dsdlaﬁbumng ktmotmres)mﬁmlmatelfhﬁdmmm&nmmbh “flthxheir D and al so
a plurality of distribution conduits 32 in fluid communication with a fifth

fluid E ar@spestye {eedghanpelsyt dde Hhptesiiuid Idlﬁt%%u%ﬁﬁ%w% 4% PUsKicad thioughese

Thi et of g SRy eie 46 58 o8 timidd RISl b8 GRS bond
condyii t 1 |uidé\ataistretd poidls Witk azpzuﬂahﬁy ofoftCfifst §3 apfd séda’ﬁdfsuwsﬂﬁbutm peeen from

the relatively narrow tangentially and radially directed supply conduits
10', 12 c’H'rqxazeecstruct@retshéuthesc Eupbdisiributibe ports Sy are defined 198t chagaglings, are

%nﬁfﬁgsgﬁaﬁ%%afﬁ?n}s? bis GRPHL e VS e BB PR AGs T hact | on
of e m 118 GEARARGR ks SposHiabhLAY 18 il URASAGr, Mo les Lhillss BB I C

4 illustrates a stac pl-at e "appar atus m XI ng an reac sin a

manner conhe sliznneling platd 36 Busamellisd distfbutod pofs 5P Lﬂzlairebycmh detniating
tangentially 10 and radially 12' directed conduits are in al ternati ng
f1ulll comfimd eampramiagtion Wi the fisg 4§andnss<qqn§ 501l distribptingstrugiuras at oRe

separate flui d.str t _on qu | tr ed e.xcLu5|
tangentialelné a&ﬂ’aattﬂne n@?ﬂ?@ﬁe %I’ "iﬂgﬁl'{lé} [fﬁ{cg R Pf'ic ’z{ﬁan‘oer 14
FIG 4 il yaddeatifiby PO'SRRAGhAIRGY EZ’D&I&ESd%iSﬁI‘S/ChE&TélQ@;YC@ﬁR@H?'tﬁélﬂﬁldf| uid tight
plate stack,” where the plates are shown Separately for ease of

under st andilmgbuticm parissS2a 54 aregierflnid commuoivation plithtthe sulppdy chapels 1f6fli2hats t he
open structures of. feed. channels 642, 44 for receiving 30 each fluid
i ndi vi dual§ TFPRSUVR ZFHELYIES ERASHY's case are in the formof hol es extending

through the cover plate 40 and provi d@,\f fluid comunication of the
i ndidvi duaI[Wﬂ]l dsAS\Aﬁlfﬁthhﬁlerﬂlﬁﬂ?léfwéﬂ 8’ redities tangensially end rasialby dipsciede 46

-23 - 4 NOV WO, 02/(,089966. 1,US02/ 14 Q062] .The rigutor plate 46
of | ayer  QUPPMASATRIS Bhohd JFT FOHUIHSmGHTHHOR YA AT g CLBRRPreg 1o ui o -

di stribut ijpgodiice Hﬁééiﬁ@& the ﬁ?@f“ah&§é66%dffluEHsC{h&€fHWfHeCﬁﬁbﬁﬂes‘Mfttfi'e fnlfbﬁhé
respective feed channels 42, 44. These fluid distributing structures 48, 50
extend t hrcbangbcr J &g candltlmplutalltsoof guipplyechdnedn D’ p il D\eadk having mmetedvifig endl

communi cat IGQ c? a dxscharge 25& 1@”%5&%3&? by a mixer plate 58, connected at its upper face

20 to the lower face of the channeling plate 56, The discharge ends 18’ of the supply

channels 10°, 12 lead alternately tangentially and radially into the mixing chamber 14’
Finally, a mixing chamber outlet 19’ is in fluid communication with the central region of
the mixing chamber 14’ and extends perpendicularly from the mixer plate 58 to allow
discharge of the mixed fluid stream. The mixing chamber outlet 19 in this embodiment
25 is a hole extending through a further plate, namely a transfer plate 60, that is connected at
its top face with the bottom face of the mixer plate 58. The feed channels 42, 44 as well
as the mixing chamber outlet 19° may be threaded to allow connection between further
conduits and equipment within an overall processing scheme. They may also be
otherwise adapted for use with various fittings or attached thereto by bonding, brazing, or

30 other known means.

{0064] FIG 4 illustrates the use of both a mixer plate 58 and a transfer plate 60, for
the case where the mixing chamber 14’ and supply channels 10°, 12° extend completely
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5 fluids at discrete points with a plurality of both first 52 and second 54
distribution ports. The open structures of these fluid distributi,dgydelsts
52, 54 loned by a channeling plate 56 or |ayer thap-4 ted at
one face g.‘gg@t% bel ow the distributor plate 46. The fl EF@&?@P& buti on
ports 52, 54, according to this illustration, are holes extending through

t he channdhrongh theatiges@ateTiudf istalse Hdssiblt tdicsnstivgtithe @nsepuhly of BIG 4$2 are each

in alternating .10 fluj.d conmunijcati wi.th the first 48 an econd 50 fluid
'stri bu ARBRSFEEr HFuas S DHEtRe e tndhikine chrabe Ssiaepab it al 5o
each in alipe 1 Wi ayreiel i AN ng(?{g' 1 j hal |y
12" di rectlgd{ngﬁ%jglryxggﬁ%%l S. é’g‘g’f:‘ih? :ﬁgglﬂtgr} ,hm'ﬁnﬁe fl?lk gb éclﬁté?jrsitg@tq %%ﬁptggr ts
52, 54 ar eppssitelsidecofciosmminer phits $8 Thérbfokd)éf theppkyedplaenetangdifént isl2'  at
their respective receiving ends 16'. , 1 in FIG-1, the discharge

6 5 [0063] As
end§ 18' eensidpsed inbyasder rmg ag Adayesd %W?b]gliwiﬁbéaéh laygy ghargctenizeddias 100, 12

are in fluid go nicati on..w a nm.,xin er._14' iLntrodu r eams
o Cthe 11 Patrp et e AR IeR ol oAt TIOH Emdien b bl Htpe 38
chamber 14ng aRdranSfer Platd 60.1 Hywefer SWPRAPteERAMRE hitxihQ chathBer RAGHd BAHINI 2
receiving end 16' and a discharge 'end 18, are def’i ned by a m xer plate 58,
connect ed channelsst O0pkP2 inth doempP@r plate H%; it iswertaifilyqessibletthat the amixiag laygr pl at e 56.

The di sch ds 18 of th . ch ls 10", 12' lepd alt, t el

{angent | AP Comres BRAIANIEIFPatE HakEiieh o dianblero for other Rger JSing OFf xi g

ch er o o ' ' ] ; ' of the
m )a'<[ Pﬁg chg%r%jg%e él%tes,:i(%é; lvg?(%'!g}r? S ngér ge n%? %?R ar| éﬂflﬁbgt%ﬁfﬁg&%%@lfm Bﬁ%{a&&% to
allow di e of the mxed.fluid stream T m xi ng chanber putlet 19" in
Thi o erbolUbahe 285 menSoRh e dne PEfaTon oh e st goR can BHsedl y o

t ransfer LS a | M om face
of the m @e@%f g'? lé‘eﬁsﬂs}?’tr?h"} gg C an?]%{:hsanl}lﬁze? 1529%2%1& Bg%th? ﬁtetﬁ%{% ng
chanber oQthestvistOteaction teewtdr tha flaitistmaysbd maincaimsbinpleteyedep@ate ffont theer

condui ts and equi prent _within an overall processing schene. They ma¥ al so be
ot her wi se THEASCBYMPeFUsSINg HFYNCE faaction, Blatg 43 defigang the gpem steciure 196 p &eastasy

b i ng, i 6 4 i)l th

of ot 2 CHEUHE an Her af o bkFGr 1APEMEETATIGn RTEY old g i AL ARBS 1 7o

i Xi ng chaieeéndl 4ThiMile $eHRMIr 646 d@Bpicted eknds dampRilEEowNRE Blablioh plagd - 4
NOV 2005 WO 02/089966 PCT/USC2/ 143831 through the m xer plate 58. It is
al so possPBl €he reagtoninletiein fliid camseyni¢ajion fwith the miking chambesaitley19r At chi ng

the struct ft i Xi mber. 58 .and hannel s_ 10’ 2' int
Lhe m xer "HERTAE OF o B BRENT e iy BRI RePEEe gt hr ough

to the  channel 68 for directing reaction product out of the layered assembly or to additional

20 structures (e.g. a separator) within the assembly. The reactor effluent channel 68 is in

fluid communication with the reactor outlet.

[0066] The reactor 64, which is formed by the sealing connection between the
reaction plate 62 and the transfer plate 60, may have a means, fof example a screen or
other porous medium, for retaining catalyst therein. Generally, catalyst is retained within

25 the reactor 64 by placing such medium at the bottom of the reactor 64. The medium is
supported by the ringed surface of the upper face of the support plate 66 that is formed
within the reactor when the smaller reactant effluent channel 68 is aligned with the outlet
opening of the reactor 64. Otherwise, rather than using a separate reaction plate 62 and
support plate 66 to comprise a reaction layer, it is also poSsib]e that the function of the

30 reaction layer is carried out using a single plate sealingly disposed below the transfer
plate 60. In this case, the reactor does not extend completely through a single plate, but
rather it is impressed into a plate to a desired depth that is less than the plate thickness.
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opposite side of the mxer plate 58. Therefore, if the stacked plate
arrangenment is 5 considered in broader terns as a |ayered assenbly wth each
| ayer characterized by a separate function, the m xing | ayer as ShAX 006 FI G
4 conpri ¥ he i xer plate 58 and the transfer plattST602%ibfdver, by
i npressing the mxing chamber 14' and supply channels 10", 12' into the

m xer pl atghedBactdr odtfet ERinhal MY c:ROSE fodi8 thdWittonb 8f ﬂﬁb&ea{w)ﬂtﬁmsh 1Y conprise
only a single plate. Likewise, it is possible to form other Iayers usi ng one
10 or nor eoppbateessde off the piate. has shaws itivegtiransfir plate fa@,rth@rmummamﬁﬁ aghtheof nore

t han one Ia 5 ntio revi ousl e, appar at us

present i rﬂ'} fFEﬁ ecéﬁ a{')ee%gtgcwqté 18’2‘?%&{0 %PE'W&#’E Xl,ngggg rB*f‘?thﬂ%f“ﬁfe‘o?ﬁ’xi ng
chanber 1 y t ween
the fluid ro@ﬁegcﬁtﬁgﬁn{égelnﬁog%%&'e ?{edtftlél yé‘§§g§? 15%@ om tﬂuﬂCﬁgnﬁ%oﬁg)tc anber
using a dlp@tsmletdomﬁéammmhame(eﬁgfﬂafsapaﬂgohhe open structure of a reactor
15 64 having an inlet at one end or face of the reaction plate 62 and having

an out| et rpemhe FRtisau@hifhs ahbidr shiRaphAS biic AtdRoflah! Mpfdnixt ends

corrpletelythroug he reaction plate The reactor 1nl s in fluid
communi catcpnsistentt with e manden o whizhiflsidscans tritedl@cording outhe apargthaofFIG6 i s
positioned below the reaction plate 62 to provide a_reactor effluent

channel 68 flangertiadlytioh gnd ediallyds’ Elfr%ﬁ‘éﬁuﬂﬂﬁ chennelp lead dptortmiziagnbl y or to

addi ti onal t e reactor
ef fl uent CH%% grtféjBéolﬁElﬁlﬁm{:g”%th e@%ﬂﬁé@%@ﬁhe&ée&a{kﬁ B ﬁe O?CIFé %/upgy]l et.

[0066] Thehagris Wy, 62, IWAGH, aﬁrsi‘t@lhf&?fée@yhatdﬂelzﬁziaéixf‘@uxﬂ%ﬁﬂﬁﬁﬂx@&ﬁoﬁ%ﬂ@en the
reaction plate 62 and the transfer pl ate 60, may have a neans, for exanple a

screen or thmmeh@mqgcnnddé néﬂhﬂaﬂdlaﬁbdwm@unp}yg:hamdIlilstwludenmaws iadher al |y,

tal yst i hin 25 th t 64 b t th
bot £ om of RREERdiGE e mhxEs b 16 AergopruiideRe it bplibe B Ece of
the upper g fr@ift BreQf tﬁﬂ%r&fgéﬁ)@anﬂélaltze,lﬁ@afsﬁﬁat stJc%?’Q rﬁh’hﬁﬂ’ist areactor
when the smal |l er 68 1s aligne

reactant effluent channel w th the outl et
openi ng ofkhahrelyfeasdceivifilsecOdmrdihizd flnidstth de niiked ’Disnwtg/eaphapmcadéineeact i on
plate 62 and suppart plate 66 to conprise a reaction |ayer, Is al so

poslssl bl e thefeagtpeciiypptchapned 081 (denshing papendicularly and ypwas fﬁoiféﬁlecplﬁ“eum ng a
110l o ol o Aagad naly. Ohsposed uhel v e GRNSISE e ) GG Sy b S CRe

t he reactor ﬁﬁés not extend co ha 'singlep ate r at her

it is inpdasaeddcib® pro dﬂbtadtﬁofﬂxeaayt@éﬂ dseénbl ?m&h’o hdtﬁﬁoﬂass&mebt@glat he plate
t hi ckness. -25 WD 02/089966 -4NOV2005 PCT/ US02/ 14383 The reactor outl et

channel t Bepraeperidyn theoassarnledybdhe sracter effiugnt chaonel6&inimilgid to t he

communication with the reactor outlet.

20 ' [0068] In the embodiment of FIG 5, the reactor is separated from the mixing chamber
using a distinct reaction plate 62’ defining the open structure of a reactor 64’ having an
inlet at one end or face of the reaction plate 62’ and having an outlet at the other end.
Thus, the reactor 64 as depicted extends completely through the reaction plate 62. The
reaction plate 62’ in this case is disposed below the cover plate 40°, and the reactor inlet

25 at the bottom face of the reaction plate 62’ is in fluid communication with the mixing
chamber outlet 19°, extending upward from the mixing chamber 14°. A transfer plate 60’
is positioned below the reaction plate 62 to provide the mixing chamber outlet 19’ that is
in fluid communication with the inlet of the reactor 64. The mixing chamber outlet 15°
is in fluid communication with the central region of the mixing chamber to discharge a

30 mixed stream of fluids.

[0069] Connected directly below the cover plate 40’ at its lower face is a mixer plate

58’ defining the open structures of the mixing chamber 14°, the tangentially directed
-26- .



opposite side of the plate. As shown, the transfer plate 60, the reaction
plate 62, and the support plate 66, are of sufficient thickness &&V%Bffarate

the m xi reaction functions, provide a catalyst re | space, and
further @gp@@g?gggt he reaction function from other 5 possi %'Eg}d&g&hggfeam

functions (e.g. flash separation). [0067] FIGS5 illustrates another stacked
pl at e st asepplpckannel ¥¥censt a mslidlvaditested soppiyicbennel 13 tlachiod thasesepply n whi ch

fluids are_m x accordi.ng t he aratus of. FIG 2. Tangentially 10" and
Fad ai 1y Songfs e AEEBRPYS LAt SR S PRSI dlSnber 14
communi Cabﬁ@&aﬁ&%@a‘l‘b&ﬂcﬁlﬁf Q.H@Ty éﬁhﬂnﬂ'cﬁ&ﬂﬂgg%n@i@% wiifich Rfinttligg suppl y 10
channels 10", 12'. Ih FIGS5, 'afirst fluid feed channel 42" 1s in fluid
conmuni catommunidation heéthrtbe mixingghemberl B, deterntimesralithdr thatdiupplytcbanretijzpl y

S G KON W e T
feed ch . t - - . | |
o0, e Rk bl G5O e Y g sl AR

defines 1h fihid cogagiméatRhWidebéthasmaily G8eceid Madidgribeidredhdhsdld 207 y and
upward fromthe plane defining the cross section of the m xing chanber 64.

The react and aphuraliyiof dtiedfhad degributiindhgnnrls B2 orrapgedimatuinterdigitatod t he
ey SRS e o S LA 2o b SRR bbbl 1 e
reggt or OHﬂh%ttan &ié]lﬂtﬂ&%led's’ﬁg%ﬂéfchﬁﬂﬁ@%ﬁem of FIG S5, the reactor is

separated fromthe m™xing cha using a distinct reaction plate 62

defi ni ng pen~structur e of react or 64’ ving.an inlet at one end or
face of Ut IT0ERCHRaet el ety ook TREHRes late 38 41d8 18Per ER fra Bmiilie" " T
the react?[rat&% @eﬁixﬁ‘x@%ﬁz ﬁhﬁit?éf Srdad ARILR [portk Bﬂ%&?i‘al&&‘ﬁlu&ﬁﬁfbf fiyapl ate |62-

The reaction plate his case is disposed bel ow the cover plate 40",

and t he r éiatrtbation pbes 5250at endof bavhtod thef secenddisttbmtior potts 64" islimfleids2' is in
fluid communi cati on W ] chanber out ext endi war d

h th ' . 9",
fromthe FRWB‘C'&%%B’QL aftﬁc‘?en ‘*)E(lhglgﬁé‘f‘@%mﬁl S&?‘E“B‘bj‘sg’t-i eﬂ?&Pﬁ‘Fﬁﬁ’é‘cPr}%é‘F w t he

reggtion | m‘x‘ﬂﬁ]ﬁ% W P VO in fluid
co%sruni caﬁ%&ga%ﬁ%@%ng@r%lg g%rﬂﬂ&lpggct or : ?‘bn%ﬁe}l %%)?%%gn dcdliughn%ﬁet?onout | et
19" i s i chdnhels @0tkadingite tiei focusing thantber 24ntlikewisepnerendiofeheh of the thgrdchanber

to discharge_a 30 m xed streamof f|uids. [0069] Connected directly bel ow
t he coverdigtrihudongortyds jsiig flusdepmmupication withjadaird fluid distrtigrting sfFugipigs 1t he

open str | X 214t epnt.i.g| I - 26-
open St URRULESSBE cer dHckiBE SRAENRG i on Jo sSI0RPHkUobtmlibsieh ol
the third distribution channels 22’ leading to the focusing chamber 24°, This
20 arrangement allows pre-mixing of the second and third fluids prior to introduction into
the mixing chamber 14’, as well as an increase in the fluid velocity of the second and

third fluids after mixing.

[0071]  Finally, the mixer/reactor comprises a base plate 61° aefining the open
structures of the second and third fluid distributing structures 50°, 51 in fluid

25 communication with the second and third fluid feed channels 26°, 28’, respectively.
These feed channels 26°, 28’, in contrast to those of FIG 4, extend through more than a
single plate, and in fact they penetrate the mixer plate 58° and channeling plate 56’ in
addition to the cover plate 40°. The upper face of the base plate 61’ is sealingly
connected to the lower face of the channeling plate 56°. Although the embodiment of

30 FIG 5 includes a plurality of second 20’ and third 22’ distribution channels, it is also
possible that the second 54’ and third 55 distribution ports are directly in communication
with the inlet of the focusing chamber 24°, without the need for distribution channels.
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From these results, the desired spiral flow formation was obtained with a kinetic

energy ratio of liquid/gas of 0.66 and higher. The lower bound of the kinetic energy ratio

of the tangentially/radially flowing fluids is estimated at 0.5. It should be noted that

much higher throughputs of tangentially flowing fluids may prevent cyclone formation if

the flow regime is changed from laminar to turbulent. In this case, however, thorough

mixing will still take place.



WO 02/ 089966 PCTI US02/ 14383 [0072] The foll owi ng exanples are provided to
illustrate certain aspects of the invention, without limting itzeﬁvﬁﬂer
scope as set forth in the clains. EXAMPLES 1-5 [0073] A static ni

conprising an arrangenent of stacked plates and using the 5 principle of
cycl one m xing as described previously was constructed of glass to observe
cyclone formation under various conditions. Water and air were injected into
the m xing chanber in tangential and radial directions, respectively, with
respect theLAIMS: A high speed canera with digital inmage processing was used
to observe et her a helical £l ..0f the flow l. i quid s _established.

Thi o v bl IPRRLPRmERE ¢ Pl Tarur iy 3 werrersid ey A5l o v t ni n
t he wat er &inpeiaiae: The results of these experinents are sunmmarized in Table
1. TABLE 1 Water FlowAi r Fl owKi netic EnergyCycl one Exanple

#(m / hr) (m / hr )aRastisofpdy mﬁﬁionhvv‘@taﬁtrétahm(ly(éowuiﬂ.rb@ﬁﬁngﬁ:ﬁﬂfoﬂﬁbéiﬁfig)m&2, gOOO. 66Y
390012, 000]. 49Y, 46003, 6007. 41Y 59003, 60016, 7Y From these results, the

desi red spitiug ?tﬁ\ﬁnﬁﬁﬁ?ﬁﬁ'ﬂ‘?&frﬁ\ﬁﬁé‘pﬂﬁf%ﬂd% Isehares eﬁ‘san?ﬂﬁ’é‘fq the E@h’é‘i’w rati o of

| i qui d/ gascofiuilre&Bvidéhdhi gher. The | ower bound of the kinetic energy ratio
15 of the tangentially/radially flowwng fluids is estimated at 0.5. It

shoul d be not ed skddall supFlCBndliiHahg b RELHIAPPI SoRfuitréRBp dnalidry f1 owing fluids
may prevent cyclone formation if the flow reginme is changed fromlamnar to

t ur bul ent . Tefsivinmihe seeprdelluigigemend hpvieg Hisgtnd supply sRpdui fischatgeicnd t ake pl ace. -
4 NOV 2005, LE A MR secohd s@ip1PRRaNiflbviiPEndM Xing a first fluid streamand a

second flurd stream the dpparatus conprising: a first supply conduit

haviggg a fi1St asiRR Yb B! duid &nEhiidGerPRh hOfirk SEAUIHGuide S first fluid
stream and having a first supply conduit discharge end opposite the first

supply cowddits ay &steing seegnasugply conduit discharge ends, where one of the first or
second supply conduit discharge ends leads substantially tangentially into the mixing

chamber and the other of the first and second supply conduit discharge ends leads
substantially radially into the mixing chamber, and where the height of the mixing
15 chamber is less than or equal to 5 mm.; and
a mixing chamber outlet for discharging a mixed stream of the first and second
fluid streams from the mixing chamber, the mixing chamber outlet in fluid

communication with the central region of the mixing chamber.
2. The apparatus of claim 1 defined by a layered assembly, the assembly comprising;

0 a substantially planar cover layer having external and internal faces and defining
first and second feed channels for receiving the first and second fluids into the assembly,
the first and second feed channels extending from the external surface to the internal

surface to form first and second inlet ports;

a substantially planar mixing layer having an upper and a lower face, the mixing
25 layer upper face sealingly disposed on the cover layer intemal face to define a first supply
channel that provides the first supply conduit, a second supply channel that provides the
second supply conduit and the mixing chamber in fluid communication with the first and
second supply discharge ends, and
a mixing chamber outlet channel defined by a substantially planar layer and in

30 fluid communication with the mixing chamber to provide the mixing chamber outlet.

-~ 20 .



a second supply conduit having a second supply conduit receiving end for
receiving the second fluid stream and having a second supply coh§oV 2005

di scharge end opposite the second supply conduit receiving end; 10 a m Xxing
chanber Y HEP®ecomuni cation with the first and second ggﬁﬂisﬁ}zmé%dui ts at
first and second supply conduit discharge ends, where one of the first or
second supply conduit discharge ends | eads substantially tangentially into

the mxin chanber and the other of the first and second supply conduit
di schar ge end§¢ | WRaatussof laihs iLlapnd, 2, whersin {he 6Tl n3ud Hg BRERBARYET and

uner e e chiel gl o o LG WLOR MAERAIDGECS kSRgAdRn O edual to 5 mi;

and a m xi'ng er outl sclrarging a mXed streamof the first and
second fluid streans fromthe m xi ng chanber, the m xing chanber outlet in
fluid comunication with the central region of the mxing chanber. 2. The

appar at us4of Toeasnpatatese bf redaimgyl do| hywheseinatheeplstop, havgea viremwndh i si ng:

a substanti.al | | anar .cover |ayer having external and internal faces and
defi ni ng @?@#@ﬁ%i@g’ﬂﬁeﬁr&ed channel s for receiving the first and second
fluids into the assenbly, the first and second feed channel s extending from
the external surface to the internal surface to formfirst and second inl et

ports; a gulkstantiall | ana b Xh0ga. | r..havin n.upper and _a | ower face,
Phe mixing- 196 aphris By Ll ShaRin B SriaPR ol PRE ey o
internal EagQstd@spdRéd heredn.first supply channel that provides the first
supply conduit, a second supply channel that provides the second supply

copguit and the m xing chanber in fluid comrunication with the first and
second supply discharge ends, and a m xi ng chanber outl et channel defined by

a substangi gl | | anar . l.ayer. and_i 30 fluid communication wth the m xing
chamber 16 i%sép&ﬁ%efﬂﬁ%sn’g%&ﬁ%wmmsarezgw.r gﬁ“ﬂ_@ﬁ“é‘é 02/ 089966
PCTI US02/ ki dnd defliiRg 3RRAIAI Mienfibn Shade[Bhdrofif o ReabhiF ilbNs iiifpOVer | ayer

and the mxing layer ~conprise one ofr nore plates 1n a urd-tight stacked
ar r ange nmeadmmanitatidihwith pieeaniting clefmber attlet. 1 to 3 wherein the plates have a
thickness from10 mcroneters to 5 mllineters. 5. The apparatus of clains

i to 4 wherein the m xing chanber further conprises a catalyst disposed
therein. 10

15 7. The apparatus of claims 1 to 6 wherein the mixing chamber is substantially cylindrical
in shape and the ratio of the diameter of the mixing chamber to the diameter of the '

mixing chamber outlet is greater than 5.

8. The apparatus of claims 1 to 7 wherein the mixing chamber has a substantially
20 circular cross section in a substantially horizontal plane from which the mixing chamber

outiet leads substantially perpendicularly.

9. The apparatus of claims 2 to 8 wherein the mixing chamber outlet extends
substantially perpendicularly from the mixer plate to the cover layer external face to form
25 an outlet port for discharging a mixed stream of the first and second fluids from the

assembly.

10. The apparatus of claims 1 to 9 further comprising:
a plurality of first fluid distribution conduits for distributing the first fluid stream;

30 a plurality of second fluid distribution conduits for distributing the second fluid
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6. The apparatus of clainms 1 to 4 further conprising a reactor having an
inlet and an outlet and defining a catal yst retention space, . vem the
react or _j nl éﬁ—" in fluid comunication with the m xing chamber outlet. 15
7. The é&)‘g&’? E‘iﬁ of clainms 1 to 6 wherein the nixing charfifdfU§02/14383
substantially cylindrical in shape and the ratio of the dianeter of the

m Xxi ng cletuehmys andh t he di aneter of the m xing chanber outlet is greater than

5. 8. The apparatus. of .clajns to 7 wherein_ the mxing chanber has.
substantial ly a&@”i‘iw 9@‘?’8?’%5@8&@%"@&3? yicandpits, jith ﬁwg‘sﬂlwg R84S lﬁgﬁ’ﬂ‘gl pl ane
from whi clanthénid -ggiﬁﬁ- t ¥ ' arly.
9. The ag%ar at dggtfgbqglﬂg?ﬁslﬁ}%ratng%gémf}%?n t %H%%x%ﬁgﬁl&%gn%egrﬁcgg’% g’ft H%axt ends
subst ant ididchyrgeengeiedd alitraately substemtidly tanhgeanialdly andsibetantiall cadially istper
external face to form25 an outlet port for discharging a m xed stream of
the firstthemixisgebambar ui ds fromthe assenmbly. 10. The apparatus of clains

1 to 9 further conprising: a plurality of first fluid distribution conduits
for distributing the first fluid stream 30 a plurality of second fluid

di stri butijonTkORsHARAtes bPEIafhS Y 'tb 10 WhsteinN® 1886 QA€ JFlthéd Sirst3 sWEI%PERO66 - 4
NOV 2005 PCT/ US0Z/ 14383 stream and a plurality of the first and second
suppl y cenddiitssnagiaws inhtherdireetion digpre mis supply comdiiit mpoeiving et tootheviuphiyt he
first and second fluid distribution copduits res tively, and th

di schar gé%‘ﬁﬂ% sghagee pR P‘ngfh@l f;?“%&%é‘ﬂ%%ﬂ]ﬂ%’iw Féﬁgé‘nﬁ’i o @chlﬁﬁﬁes%g%t%fnt ially
regh al ly 4 ng h Xl . . apparatus of clainms 1 to 10
vmalgjrei n ﬂéﬁggé&%ﬁgﬂ%%ﬂ% |[rﬁ§t§{sofrraréelct§n “supply conduits narrows in the
direction fromthe supply conduit receiving end to the supply conduit

di scharge end and the ratio of the length to the width, at the discharge
ends, of 121Fhepparpiusof glaims bépR duhessPppEsiRgui ts is from 1 to 30. 12. The
apparatus of clains 1 to 9 further conprising: a plurality of second fluid
di stri buti on @agidalitysoffsecord fhiid idimnti butgpntdoedsiecion distihuting the saond flGida
plurality of third fluid distribution conduits for distributing a third
fluid stream SY&H®, a manifold having an inlet and an outlét, the manifold

inlet in fluid comunication
15 a plurality of third fluid distribution conduits for distributing a third fluid stream;

and, a manifold having an inlet and an outlet, the manifold inlet in fluid communication
with the second and third distribution conduits arranged in a repeating sequence, and the

manifold outlet in fluid communication with the second supply conduit receiving end.

20 13. The apparatus of claims 2 to 9 wherein the mixing chamber is in fluid
communication with a plurality of supply channels, each having a receivingend and a
discharge end and the supply discharge ends lead alternately substantially tangentially
and substantially radially into the mixing chamber, the layered assembly further
comprising a substantially planar distribution layer having an upper face and a lower

25 face, the distribution layer upper face sealingly disposed on the cover layer internal face
and the distribution layer lower face sealingly disposed on the mixing layer upper face,

the distribution layer interposed between the cover layer and the mixing layer to define:

a plurality of first distribution ports, each in fluid communication at one end with
a first fluid distributing structure and separately in fluid communication at the opposite
30 end with alternating receiving ends of the fluid supply channels; and
a plurality of second distribution ports, each in fluid communication at one end
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with the second and third distribution conduits arranged in a repeating
sequence, and the manifold outlet in fluid comunication with the second
supply conduit receiving end. 20 13. The apparatus of clains 2 LNV 900dher ei n
the mxi NP WEM8r is in fluid comunication with a pl ur ZCTHEBYFI438Hppl y
channel s, each having a receiving end and a discharge end and the supply

di schar ge vaiitissdcond flald distridtishy steutdat and separatellyan flait ¢cahinyinicanish at the
substantially radially into the m xing chanber, the |ayered assenbly further

conpri si n@PROSiGaE it aliergatinepeniving §6ds of the Brid supply qhaweﬂg ngfrindlgiger f ace

the cover cPEpRPIRBR i lfnf SRk Sib RS CH PRl AR INET Beslibe g oo "
seal i ngl y s#h&BRSeth AfdiddeFnitdtibnl viiethe fRRISEeed dt@ncl, IRGe6bMd fidiBUL i on | ayer

i nterposed between the cover |ayer and the mxing Iayer to define: a
pl ubal i t y distriffitingtstmictatre isbo flushcqromuicatécacwith thef Jeodntl eodwhaninehindtheat one

end with g first fluid distribu st ruct.ur d.separately_in fluid
conmmuni calni'%’r?oa]@ye?ﬂgp‘if% tg%ah“é)‘/@g%o S\ﬁqf’ﬂﬂéﬁ ‘f‘%tf’ﬁﬁg‘?% YF@@ eéf"ﬁ@“énds of the
fluid sup h @ plurality of second distribution ports, each in
Fluid congbine@BaBerendlfiss Bl Ul o oasoat - 4 NOV 2008 PO LSh2! 14385
with a second fluid distributing structure and separately in fluid

comuni cation at the opposite end with alternating receiving ends of the

fluid supply channels not in fluid conmunication with the first
di st ri but ilén The apraraigh ef dpigns ko 9 wherein thgicgverilayer fyther dgfines 3 thivddged i s i n

ai 07 but PHgoEFteh BebaPiie's i i aeo SR RRRT e Re RO exlhitnd o

channel, mﬂl thBRovdH e @xleAM® burfiRes tHeaoRer Bysiaaleridl biifale3p 96:a¢: Bikdt he
di stributi on | ayer | ower face to define the supply channels. 14. The

appar at-us indét pﬂh‘fathﬁslaﬁercd)a@enmlefrf@rﬂ!eltmmma subyiantialiy plhear d;!lsiﬂbm athird

feed 10 channpel. for receivin t hi nt.o e asse third
feed chanfFr LRt WP Frsharna teugdAcs drei ek trm s e EeealoRd cover
| ayer intgy ngaéea%wtﬁ@e@v E‘Pa[yEan'iE althécréhd m@hﬁb&%ﬁ ,Iafe?w@fsé & bl y
further conprising a su antially planar distributi’on ayer having an

uppér f acedispotdanl thevmixihg tayer tpyeer dacef the Wistdioridndyyer intprpesed berwearnthki ngl y

di sposed on the cover |ayer .int ern | face and the distribution |ayer |ower
face seal FRGERYeraRy hesugmedayer kR AeHBE ng | ayer upper face, the distribution
| ayer interposed between the cover layer and the mixing |layer to define: a
plurality of sepbumaliftiofsedopdudistmbysinntportsesach having ageeondatistribiui@inspart but i on
port inlet end in fluid communication with a second fluid distributing structure and having a

second distribution port outlet end; and

20 a plurality of third distribution ports, each having a third distribution port inlet
end in fluid communication with a third fluid distributing structure and having a third
distribution port outlet end, where the second fluid distributing structure is in fluid
communication with the second feed channel, the third fluid distributing structure is in
fluid communication with the third feed channel, and the mixing layer upper face is

25 sealingly disposed on the distribution layer lower face to define a focusing chamber
having an inlet and an outlet, the focusing ¢chamber inlet in fluid communication with the
second and third distribution port outlet ends arranged in a repeating sequence and the
focusing chamber outlet in fluid communication with the second supply channel
receiving end.

30

15. A process for mixing at lcast two fluid streams, the process comprising:
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inlet end in fluid communication with a second fluid distributing structure
and having a second distribution port outlet end; and 20 a pl-uZﬁhPtQﬁSOf
third digtribution ports, each having a third distribution port’i g end
in flui dYOHMIMation with a third fluid distributing stPﬁgmﬁPﬂlﬁ% havi ng
athird distribution port outlet end, where the second fluid distributing
structure is i tlofing a firstdhmd streaat thooughi 4 first feed shaowrtaddimjecthg trdirst fidié t hird
fluid distributing structure_ is.in_ fluid ¢comrunication with the third feed
channel , &FeADR HEa sHbsfanballyiadial digselion ke mixing cBaBPetgl y di sposed on t he
distribution layer |lower face to define a focusing chanber having an inlet
and an out | et , flowéng »saeond fluddhstrear thraighta seporfd feed coanmeliaridciajecomg thet h t he

second and third. distribution port outlet ends arranged.i.n repeating
sequence. St i el CRubgaly GhksrBal Efrchofitd Biminine ShABRT R « n-t he
secgnd su L£hapre receiving end. 30 15. A process for mxing at |east
two fl ui de’ls&tla?éearrs, fh%d process conprising: -32 WO 02/ 089966 - 4 NOV 2005
PCT/ US02/ 14383 flawing a first .fluid.streamthrough.a fjrst feed channel and
i eoting ¢ he Mol R skeiosmitdrst iEROR AR R e R pEefRIR e o
m Xi ng chgEbgypexf! ow ng a second fluid streamthrough a second feed channel
and injecting the second fluid streamin a substantially tangenti al
direction into the m xing chanber to 5 create a vortex; and wi thdrawi ng a
stream of mxed first and second fluids fromthe central portion of the
vortex. 1 e process. of cJaim 15 wherein the ratio of the kinetic energy
of the sei@nﬁ? phopEssad claim ﬁq\ylfeerem it o dpe Kineicenegngt the sesong id g yi el d
a uid v et ey s 1% . : clLal 15 to 16
ahilei n ¢+ Bt SR E il R Tl 05 oF DRIPPHpic voreel SRR ARSRBAR o™ 25
The process of clainms 15 to 17 further conprising flowng a plurality of
fluid streans through a plurality of feed channels and injecting the fluid

streans in_alternati g)g t_ang}enti al and radial directions into_the m xing
chanber. 1. Timprogessod slaims 18 1ol drivherin the mgixing-qhamber isdgbsiantigyaccel erati ng

the first S6C fluid streans through feed channels in the direction
of the m %ﬁﬁ@*ﬂ?ﬁaﬁ%@%&

15 18. The process of claims 15 to 17 further comprising flowing a plurality of fluid
streams through a plurality of feed channels and injecting the fluid streams in alternating

tangential and radial directions into the mixing chamber.

19. The process of claims 15 to 18 further comprising accelerating the first and second

-0 fluid streams through feed channels in the direction of the mixing chamber.

20. The process of claims 15 to 19 further comprising:

distributing the second feed channel among a plurality of second distribution

streams;

25 distributing a third fluid stream among a plurality of third fluid distribution

streams; and

arranging the second and third distribution streams in a repeating sequence in the

second feed channel prior to injection into the mixing chamber.

-33-



20. The process of clains 15 to 19 further conprising: distributing the
second feed channel anong a plurality of second distribution streans;
distributing a third fluid streamanong a plurality of third fl mﬁNUVZﬂﬂS
distri buYViOo‘% 108%%6peans; and arrangi ng the second and t hi r d PET&ISORbAIBE on
streans in a repeating sequence in the second feed channel prior to
injection into the m xing chanber. -33 WO 02/ 089966 - 4 NOV 2005

PCT/ US02/ 14383 21. The process of clainms 15 to 20 wherein the first fluid

[ d . i S. 2 h
of ol ai s 215 8 PERCR Py g ALY e B il e i e Prll as i
a reacti ofue QG is a liquid.

5 22. The process of claims 15 to 21 further comprising reacting the mixture of the fluids

in a reaction chamber.
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