, €3eTXD6FTsLWO 02/ 072251 PCT/ US02/ 05361 METHCDS AND APPARATUS FOR MATERI ALS
PROCESSI NG Field of Invention 5 to 15 20 [0001 ] The invention is concern{eqﬁ'
wi t h et ivoale2/emesiappar at us for material s processi ng i nvol PCRgSa2/¢336ti cal -
and/ or a physical actions) or reactions) of a conponent or between
conponents. Exanples of processes that are enconpassed by the invention are
heating, cooling, agi MEIHODS ANDAPPARATUS RFORVIATERIALSIPROCESSINGSt at e

i ncl udi ng solution and emul sification, oxidation, reduction, blending,
neutralization, change of shape, of d i | ecul ar wei ght, of
viscosity orpfd &tihe fvaBfiofxanpl es thmﬂm@mmmwm Imgpeci fically chem cal
reactions are halogéenation, nitration, F'ON," eyanation, hydrolysis,
*dehydr oxati on, epoxidation, ozonation di ad28sation, al kyl ati on,

esterification, condensatjon, Mnni gh, nd Frjedel -Crafts reactjons and

pol yneri Zat i G901 ReTheiRventiondzcanerrmed i HE%MJE mg\ﬁefmm@r POgferiRSPEQGesing
‘processing c i st : i al I 1 one
ot hor - abouvg e d\heficet BRYor pt Ml OBO o} ot Fhachtbfts] aofithohtied bfreb, ©
the annul ar sRasshehil BramMpled 6f fivkeddeethat ardeficdnisisted Hyahe Bivantitrtare biéatilaf ent

No. 5,370,999, issued 6 Decenber 1994 to Colorado State University Research
Foundat i on déandings exgitpliars expsetson;, odispérsioni ghangeeaf gatocimsbiding spludioni padbus

bi omass by injecting a sl,urry theteof.into a t bul ent Couette flaow created
Phn T hi b f PaaeaYor gRgHE R syt G blending, sl aton Changaof Hisber i ar
chanber nt a¢ 0 ] : i d o4 ' e

cooper at Fhg ol B L o o T e Pt AR M e AOTeAY
US Pat ent NochemiddOré&d8fions asuddlogdnatiogy Siitrd8d tedlubligapocyanatiod, Bydrolylsisd. 30
di scl oses processes for continuous enul sion polynerization in which a

sol ution contehiydrargtiohe qRoKidation.z Qroeatien ediazgetisation.e qlidatione gstrfcatoRpace
bet ween coaxj al at ivel v i : r LE:lons such that
Tayl or vorti é(3:0ensd e{és?agl%b’ol}dﬁ}e%‘?ﬁ %@E@%ﬁ?ﬁé@%%ﬁe% ¢ %ﬁgﬁ’é’%@%ﬁ%ﬁg condition is
obtai ned. [0003] My US Patents Nos. 5,279,463 (issued 18 January, 1994) and

5,538,191 (issued 23 July 1996) disclos apparatus for
hi gh- she&§ nBewewf the Briomdnt . one typeﬁ“ﬂ@m m ﬂﬂmm .1 WD 02/072251
PCT/ US02/ 05361 of the apparatus consi st a rotor rotating within a

stator to provide an annular flow passage cIiPi si ng a flow path containing
a hi gh-shear ‘;dob??t ”Rﬂéaréﬁ@%ﬂ &aﬁ&ﬂa&%%@@ssﬁ?&%ﬁﬁ@ti&%@f? bOkidl eyRH8drS fhat tpan 1 n
the remai nder of”" the zone to provide a subsidiary higher-shéar treatnent

zone i n whi clotitedeelstiverta okoamuige abbit acwdiresn awis, temnptersks édbSprdoessedbgiag sage

of the material therethrough. [0004] Coyette devel oped an a us r
measuri ng th@d\m@éﬁ%m{aﬁﬁpaae P?%F@Il"&&ﬁgﬁl‘iqﬂf:ﬁﬁ wg. EQF SRS DA
the liquid c K | L i i . j | :hei ng
roasur od”by TRLCar s PAS DERAbL oo MbS Sl B ersiy M POIMOE 0
It was founddistlakesaprotasssr for @letliiph shbirproassiapiofiantitolebionrss biénjedtiposi ty
measurenent and the angul ar velocity of the rotor surface up to a certain

val ue beyondsliy dherepkintg adurbuleat Sobetes HPY Beard itiawhishTFERICRISREHYAT was

i ti gated by G .l-. . Tayl.or. who showed. t hat . ' pumb
wns oxcoodeddPHies piHis AR it S AR Lo ARGt £ T SR E GRS T
cylindrical gepfasia80thEEARE chsielaitotvilNgn dpposed tbeA 1GRRQBARScoupRM RN as

Tayl or vortices, whose axes are | ocated along the
25 rotor. US Patent No. 5,430,891, issued 23 August 1994 to Nippon Paint Co., Ltd.

discloses processes for continuous emulsion polymerization in which a solution
containing the polymerizable material is fed to the annular space between coaxial
relatively rotatable cylinders under conditions such that Taylor vortices are formed,
whereby a desired compl;:te mixing condition is obtained.

30
[0003] My US Patents Nos. 5,279,463 (issued 18 January, 1994) and 5,538,191 (issued
23 July 1996) disclose methods and apparatus for high-shear material treatment, one type
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circunference of the rotor parallel to its axis of rotation and which
rotate in alternately opposite directions. The conditions for the flowto
be beconw@oxmd7atfie in this nmanner can be expressed w th tRETAISR/eNB6E
characteristic nunmber known as the Tayl or nunber, dependi ng upon the radial
wi dth of the annular gap, the radius of the rotor and its 20 peripheral

vel ocity. Al Qffibeapparatis ¢onsisting pbe rofer 1otating Sathip 3 ststora pravids atanpuips Flogy
vortices to i : ' t he
{ypes of prdhseResnithiing BYS fidh St LR Sk Peqen ARRIThiEn 1

uni form m crgusgdo¥ispacih® i Salldr@Ban inhe RERERAECOPThetA08e YO PEdvidSa isibdifliakys t he
action or reaction desired since the material to be treated becones

ent rai ned i rhiglhes-sheart treadentredbnd do ovhich prge tstipiatKolomgoraffieddies Brej supprgssed
vorti ces whefeupon m'xif becones i% Lete and nust be relied upon by
much sl over PEFBEC B g@ég%t%%. r{% of the Invention 30 [0005] It is a

“principal object of the invention to provide new net hods and apparatus for

mat eri al s processi ng wherein such nmethods can be carried out, and the

appar atus 2 [0004) 020dvRs5 HevdpedSAR hPfaaths €op nmpadinpathebeisaity adfedl ligpid hout
the presence of Taylor vortices so as to facilitate any mxing that is

required. [ cwosipting of scylindsyimmgysed injthe lis)id sentpinedinasotpting xhndricahvessel, and

to provide ara far rrving out 1he t hod i n i.ch _fl.ow, of. the
mat or 8l 51 e iRa B et ef Rl ol el R bR dpat P i pkljfh S e
vorti cesjowi tdylinBay. It GRASRARE Mat iaNiMeat tdlaTbrihip™vdd Htainkd YehlechthésiRbsiRNCE
with the present invention there is provided a new nethod for processing

mat eri al s conpasusmat ped tiermggulae velatitr ofthe raobsurface op s adeitain yalue baypat h | 0
t hrough an annpu] ar processing passage between two cl osely spaced, sngoth
surf aces prowﬂa@ﬁ %g%@&ngmaabe%q Srar- SQBE)%‘?‘%?’\&@WP@&%‘%%%@E&(%-
relative to AR . =Y | '

surfaces is g Gal t%gﬁwﬁd\ﬁg vf?rhe;aﬁnEI %ﬁtgfnggéﬁo%c%_ Eac%gF@SF%&%?%%@E R}eégg%lglyof
the two boungarified Ageria thd addutusbetvedenahe Bgateylizidrichigufases betdme amstatda ahdl 5
wherein the snmpot hness of the surfaces is such that formation of Tayl or

vorti cestSi n YaiHcasrappearsd.np vy kaewpersi Faylorhyastieesd whospaggs ap deratad alerdtatance
with the inventi e ' V] . [ s_far..orocessin ials
e G SRIEC Sl ol AL [ENGRBERBL P AT SR
rel ative to @pRsitd\@rdttions.aTHe BorlitichsTor theFlow RSK] becoRRaREtabIFIA s ShHninde eS
providi ng an annul ar processing passage constituting a flow path for the
mat eri al ; can be expressed with the aid of a characteristic number known as the Taylor number,
depending upon the radial width of the annular gap, the radius of the rotor and its
20  peripheral velocity. Although for their special purpose Nippon Paint wishes Taylor
vortices to be present, I have found that when using such apparatus for the types of
process given above as examples, especially where thorough and uniform micro-mixing
is required, the presence of the vortices inhibi;cs the action or reaction desired since the
material to be treated becomes entrained in the vortices and becomes partially segregated

25  inthe vortices whereupon mixing becomes incomplete and must be relied upon by much

slower diffusion processes.

Summary of the Invention

30 [0005] Itis a principal object of the invention to provide new methods and apparatus

for materials processing wherein such methods can be carried out, and the apparatus
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wherein the radial spacing between the two surfaces is equal to or |ess
than the back-to-back radial thicknesses of the two boundary | ayers of the
mat er i al waged/emaesit he two surfaces that is to pass in the pCoaSszIzIg
passage; and 2s wherein the snoothness of the surfaces is such that
formati on of Taylor vortices in the processing passage is inhibited. [0009J
The cyl i ndr i emplogebeandieloperaterd) svithonethe presenvaof &dyloovortiotssoias to febilisate any
comon axi s, or. be mounted for rotation about respective axes so that

t he nenbers W‘Pgﬁé’féﬂéﬂ% rically and the required spacing is confined to
respective sectors of the surfaces. The foregoing, as well as other

obj ects, features . and advantages of the 3 WO 02/ 072251 PCT/ US02/ 05361

i nvention w [0006F Rdpamsort specific dbjectito providewich asathiods] ammitotpadedde apparatus
connection with the acconpanyi ng draw nﬁé‘fv 5 Descrj Ft,i on of the Draw ngs

[0010] Pax t i ©caryipgane thecmehndsdn marehs af ke matesials igrolypd rambgetiected
d i bed, by. f Dl ith ref t.0 th i .
oo novt VbR e G168 VRS SR TP Ao REE SRR B,

part |ongitudinal cross section through a conplete nmaterial processing

system [0012] Figure 2 is a simlar part elevation, part |ongitudinal
cross sect i of900f@} oliykcdbdance Wity the pgskrtt inverdtoarthere ippoyaledi angve methed fon

whi ch external energy can be applied to ttgee s¥st mﬁ?o enhance anﬂ/or
facilitate tl’i‘é’cfﬁsﬁ’@e@éﬁeﬁél,s JORPISINEPRHRe Fnoa%a(lflt% §\Pé?°§ése§r‘Bsas g\ydiai".}bn
t hr ough oc i . ' L aur

eyl nari P CERACR AR HDcASnD sk bl "D Aol stackl RN bilficey |
cooperating priovidraey refectiee @Qmdeital Wpplratid hddnylsdrs fotatbiphelioc &néliednother;

facilitate the process; [0014] Figure 4 is a cross section simlar to
Fi gure 3 though awbaremthsradiaﬂ/m eing thetwaenilg twaisurtacesisequafto optess thandghe and

rotor are di ced to,giye.an annul a ssage .t hat vari.es in di al
Wah ar oundbRkaS ERek AL HEciSs 2Rtk b BREAS 1 ofafe taleiEaethsl 6 bk
cross secti ogyhlle9ugh an apparatus to show the ' formation of Taylor

vortices in the annul ar passage when conditions are appropriate for such
formati om 30 wherein the smoothness of the surfaces is such that formation of Taylor vortices

in the processing passage is inhibited.

[0008] Also in accordance with the invention there is provided new apparatus for
processing materials comprising two cylindrical apparatus members mounted for rotation
20 relative to one another, and providing two closely spaced smooth surfaces providing an
annular processing passage constituting a flow path for the material;
wherein the radial spacing between the two surfaces is equal to or less than the
back-to-back radial thicknesses of the two bour;dary layers of the material against the two
surfaces that is to pass in the processing passage; and
25 wherein the smoothness of the surfaces is such that formation of Taylor vortices

in the processing passage is inhibited.

[0009]' The cylindrical apparatus members may be mounted for rotation about a
common axis, or may be mounted for rotation about respective axes so that the members
30 rotate eccentrically and the required spacing is confined to respective sectors of the

surfaces. The foregoing, as well as other objects, features and advantages of the
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4 WD 02/072251 PCT/ US02/ 05361 [0016] Simlar or equivalent parts are
given the sane reference nunber in all of the figures of the draw ngs,
wher ever wooyene|ant . The spaci ngs between certain surfacesCasogosagyger at ed
for clarity of illustration. 5 Description of the Preferred Enbodi nents
[0017] In the systemillustrated by Figure |, a first reactant (Reactant A)
is fed fromiaventjonl wilk erdppa®nt/ framahenfolinwing deseniption taken imtemedtion with e a
second reactant (Reactant _Bg@ is fed froma supply tank 16 via a netering
punp 18 to tH&° W‘P&&’@t"“‘i > If required, an 10 optional catalyst or
reactant gas is fed froma supply tank 20 to the inlet 14. If separate
inlets 14 are used then they nust be in close tangential proximty to one
anot her. The processi ng apparatus conprises a baseplate 22 on which is
nount ed rotor bearing supports 24, stator supports 26 and a vari abl e speed
electricrive notor 28. A cylindrical tube 30 conprising the apparatus

‘stator is nt ed.on § rtsn24, and in turn supports 15 al ong the mgjor
portion of %@H&?—#—ﬁmﬁ%ﬁﬁéw indrical tube 32 constituting .the outer

casing of a heat exchanger through which gas or liquid can be passed to
control the tenperature in the processing chanber. The annul ar passage 34
bet ween t he [©OPL0hd®Pasticalir prafer3@ embodiments|df ¢ invention will nesbe dassaibedyhyhange
nmedi um such as wre sh aor the specjial heat exchange strugctures that, are
known by t heWay ar@rarRle, Vafhierragetp the accpppanyipg, mati, dreings, TS o | f
approprigte) entering through inlets 36 and discharging through exits 38. A
rotor shaft 40 extends between the supports 24 and is supported thereby,

one end of tje1shafigueel ith pR¢lewdRE, pat longitudihallcrads sectivn thdagh a camplets a
cylindrical rotor 42g, which in this enbodinment is solid and has its axis of
rotation coi metedighprogessingtsygtemongi t udi nal axis of the stator cylinder 30.
An annul ar cross section 25 processing chanber 44 is forned between the
inner cylindrical surface 46 of stator 30 and outer cylindrical surface 46

of rotor 42 idaf ackiBRdY iSd sintile ARcse@iohN\Gart RABRGLNA Qo6 @8Ash AFGNIP!

| eakage by e seal s 50 that surround the shaft 40. The reacted material is
di schar gesl t otheylconmplaembateriabfrocdSing GPteh inshidhextramal enery bai bgppplied s sed
flows in the processing passage §4,a respective boundary |ayer forms on
each of the @‘)?ISV?FSN%’&P}‘%F%@@% a&é“%‘ﬁdﬁﬁﬁﬁo"?sﬁ’é‘gt hi ckness of which is
determ ned by the viscosity and other factors of the material being
processed S WO 02/072251

[0013] Figure 3 is a transverse cross section through processing apparétus as shown in
Figures 1 and 2 to show the cylindrical members and their relation to one another and in
20  which the cooperating surfaces may be coated with catalyst to enhance and/or facilitate

the process;

[0014] Figure 4 is a cross section similar to Figure 3 though apparatus in which the
longitudinal axes of the stator and rotor are displaced to give an annular passage that

25  varies in radial width around its circumference; and

[0015] TFigure 5 is a longitudinal cross section through an apparatus to show the
formation of Taylor vortices in the annular passage when conditions are appropriate for
such formation.

30



PCT/ US02/ 05361 and the relative flow velocity of the material over the
surface. The | am nar boundary layer for a fluid flowng over a flat surface
along a mavedeegth x , which in the invention is taken aBCoOAIS02/05361
circunferential flow |l ength around the rotor surface, nay be determ ned by
the equation: 5 s » 4.91 Nn where NRx is the product of length x and the

f1 ow vel oci t[pOH6)vi Sanildryortelquivialentparts are givendhe same teferemceanunabes i ki of ithe we
take the rotor ci r\(iﬁnargrence ﬁ\s X = 0.2394 ,&1& rot,ati.ons é)er m nute 2, 000
and the ki ndigeToffnedawings. whessysepnyepreat: e HRFLETPIEPON HHANTIERIRSSE of a
single | am YolaitQ-o 5 t hat of a back-to-back | am nar
boundary Ia;r}azi%,gggyt-gg?%cl?rnrﬁo?@%%ternal di aneter of the stator surface
46 and the external dianeter of the rotor surface 48 are such that the
radi al di nmension of the processing passage 44 is approximately equal to the
conbi ned 3t hilR&serplen Dieferrodh Embedimgntyoundary | ayers back-t o-back, so
"that there is no room between themfor an intervening bulk layer to turn 20
turbul ent and would permt Taylor vortices to be forned and di srupt the
thorough andopyjf OBk fdién MustadbyHighrah o fikdh AeStant (Reabiaft APisTed fbmi) t he
two contacting boundary | ayers. ThuS, as expl ai ned above, the Tayl or
vortices 57 supply tariie}0 vieamaeringgmmnghiino inletlph whik bedond Feagtane(Reaatiant Blise
capabl e of keeping the different conponents be m xed .in artially
segregat ed siedfon a SypRlY fankelo vp awq%@%&%lgg@eé@n? il 14 o sxspret A ¢y

for 25 mxi ng,ang datdly nié)?% atralll fdss f@dﬁ&&slﬁ gis ?ﬁlﬁgé 20 B thé ifict 190 TPAcBh Y

i nhi bited, nécessi e very nuc we ecular d usi On process

to conpl et e jnlegs teadenedd deaahéomast Beintchsse adipentisl pectifnity t60asahethetM The an
apparatus in which the rotor 42 was of 0.0762 m external dianeter 48, a gap

of 1.7 nm i rPIpeessiagsanparatesseemaprisea 4 baseplgte 22 @nt whishsigrmouried zofoe hearing any
bul k | ayer betwe he boundary, |l ayers. .If th LS I ncreaseqd t S

et e 3o, ao P24 REPaUmore oG o E Rl oS Re el PERER D cyfindiiea
strong Tayl ofbé B batiphiking ﬂ(@éppmméq,ﬁtbﬁ@ﬁw%ﬁaedwshp%&% 242 g4 in ﬁlhﬁéufb&%s
different streans from supply containers 10,16 and WD 02/ 07225

PCT/ US02150534dng the rdajpr portidniof itilergth anathet Flindrichl friber n¢onstitudiag thebriteh i x
nearly instant aneousLy with the snmall eﬁipgap of the invention, do no

uni form y mSasingizh hept sxchanggnihzough which eap or lighid eanobs gasp?#croea%@,ﬁ thes

depicted in Fa?lﬁje ]ﬁ\?\/ﬁ" OFthb GEifu | I f4f :
striations a %ﬁ’g eq?ro ?ﬁ&gﬁg%%ﬁ%égsﬁhg palglg%dgghg%g‘l g i%%q@%lc%%rs
Measur erment s3(yndI32 &ayiee fillell with & suitati@heat aschaagomedim such b cds: méshadithdat i ¢
diabetic fluid flowin an annulus with inner rotating cylinder. " Trans.

ASME 80, 7S3wesial hem gxchange sireqiutes thad pxe knoamy by the tiademaiks SphpreMatex”, thg

surtaces| oRgR o BERRGe o Rt nlelill fiffoeh Sl Y6 aha BicRbidith
than about lih/EBbhf&iitst3se Reyidekkist 10 eRehdabstwidn thef sdppédie24 and & supbbged | ow

will be lamnar and streaniine. Wth |low to noderate Reynol ds nunber, and
Tayl or nunbethetebywers ead of thenshaiobeing) cotinegtedite the impqtor 26+ rithe, shefitcamiasta a

system of Tayl.or, vaortice Jth.l arge values af t Tayl or, nunbe bove 150
and b gher | RYRIAAE TRy whieh in ¥ ot o O ah® s it of sfanes
still relatiygh¥deRWABI th¥ longfihiliihaPaxis of the stator cylinder 30. An annular cross section

25  processing chamber 44 is formed between the inner cylindrical surface 46 of stator 30 and

[hEN

outer cylindrical surface 46 of rotor 42 and face body 51; the ends of the chamber are
closed against leakage by end seals 50 that surround the shaft 40. The reacted material
is discharged through an outlet 52.

30 [0018] As the material being processed flows in the processing passage 44 a respective
boundary layer forms on each of the cylindrical surfaces 46 and 48, the thickness of

which is determined by the viscosity and other factors of the material being processed



15 noderate Tayl or nunber below 1 SO and a | arge Reynol ds nunber above 100
the flowis now fully turbulent. The values at which Taylor instability is
obt ai ned v e2/47a28aver sonmewhat inconsistent, as is shown byCawsezjeidval ent
set of figures developed by F. Schultz-Gunow and H. Hein, as reported in
"Boundary-|ayer Theory" by Dr. Hermann Schlichting, published by MG aw
Hll, Inc. Fndytheredatin fldwvelacithofitheayaietial ovauhgesuriace. ofholaminagnbouwndgay | or
nunber of 41.3 the flqw was |amnar, hut with the onset aof. vortex .

For i on. - Vs ey e diovine e e i B alfredastnishios: kg Rihe fventinmo
nunbers of 1 T ' L b ¢ ; i ned
vortices. w]‘gﬁﬂgéé?ﬁ‘és nﬁ%gg‘{%@%%%@ eg(r)]d Tagl?(?)t?p%]ﬁdfﬁ%‘%’rrﬁaf ei%%rﬁﬁ]?
"vortex flow byethe eggition: t ur bul ent. Unfortunately, the above authors did not
indicate the finishing condition of the 25 respective stator and rotor
surfaces.’ Therefore, the above observations are inconclusive and cannot be
‘used as a basis for determ ning the conditi,Qqs necessary for achieving

m cro- and macro-m xi ng through el i m nagio4d: Tayl or vortices. [0020]

Al t hough in the enbodi nent so far described/Npe central body is the rotor
42, and 30 this is nechanically the nost conveni ent construction,
theoretically it is also possible to rotate the exterior cylindrical
menber, or boih the central ,and.exterior ers..lt has.been found .
cosental t OVpgEaNe: fuiBeropdiit OF fenelh 5 Aoa RE ik plesiy S BY e iitosti
stator a 7 iW@sfig/ 072251 PCT/ US02/ 05361 mi ni mum peripheral velocity, in
order to maintain the boundary layers. In the presently depicted preferred
enbodi nert, this differential, tangential velocity should not be | ess than

1.2 meters per second, preferentially abgve 2.0 nlggr [?econd. It al so has
been found uWessEampls: if wetake thegotorsise ce s 702394 We EALADS PRHMMAILG 5 5

critical fac J "l . t] f : {1 i hei r
consequent i OISR e BEARERERL 0 DBIOTY HOK o ol KR m BARERDASE 12,
The normal NRGHHAHREn®yt e 0B5InMdhd Gl of 8 bAdCRSbdcR lirhidat Bdwatagdgrer/ 2qui r ed
for the paraneters indicated above (e.g. a radial gap of 1-1 %2 mmfor a
rotor 7.5 cnrdi.Amener) is insufficient and the resultant roughness of the
surface, although not nornmally regarded as "roughness” is still sufficient
1 o for *I5ayl or vortices to be produced. For the presently preferred

embodi ment, {he WRGMACHAM RS GTIEASthtdk REFEEONE ah® thetkietnBP dfabctdd F tHO BBECE ed
step of polishing these surfaces to a socalled mrror finish, or better.
The only exphafuati4th atdraticle ahatbthepradiad ndiensibnt &f she iprecessihg passgige 144dds not

intend to be bound by it, is that the inperfectiqgns in, syrface snoqt hness
produced by mwama&%x gawal g ,theaq’qlﬁlaﬁ%thgﬁ“ﬁﬁjﬁ of the wg,lmpgmigppé%ry gmerq 0
cause the on i )i , i i is :

vortices. Thggcl(ftéﬁ) gégb%?%# fg%&ﬁ({%%f[b g%égﬁiﬂge%gl n?ﬁéétéﬁseh{lggu%gﬁeg&%d a

honed fi pg shtupgilérant Weoul® peiingit Thylohesrtices todierfdred anddidruphthefthomagh amd of
any flowinstability;, it is believed at this tine that an upper :hiemt of 10

ni croi nches Weiforaymioreanixingthatitakes plase withthe ategial in the twie enircting

t hese nunbers_are .subject tq i fi } j j tors
vl ved. 20682 1 ricewndl dovy. Bt TRNGEFER0N SRRtk fndf Y ik 8
Figure 1. Heéﬁphﬁaﬂ%ﬁi‘l%u&fi Anduns SpaBle B Réepiicthd iféraiadoniponidhts todelmtined h of
the rotor 30, and tl)g naterldaéwf[OQnM| c&lgg grotgﬁrgs ‘lﬂs gciei, or at _tlyefast

t he portion irepatallpsigresite ¢ i tin sahter @ grocpssed,podhat 1isoppertunity 1or
transparent as ,Ross' ble to the ener% which is errittledlb ] ﬂe transl_dgﬁers.
1 the. dehuwi RS Aad espasialy e Talvintis areeti e vencamplig bt BRESIRUSE

kl'ystrons, V"me%q%mgf?gll%%r ﬁﬁ)l&k%%?ﬁ@ﬁiﬁ?{%{)%?f&cqﬁﬁﬂ%m&h&@r&cti&lsm 50

cn) el ectromagneti ¢ radiation. Ice Is at they can be |ight
‘'sour ces of whrigboeé sperifid exaiple,(with an hppatatap fxi whichathe rétor 42 kvas pf 0562 m
X-ray sources, gamma ray sources, or they can be transducers Er oduci ng
| ongi t udi nal e¥saal digmetsk 48, 2,.8ap-0f11y7 M iy ATPeESSIRE PasSRgR i erquired tmensureihe

Rl 1 it e Ry R Rl MR TRl A e U SR IR Y, O

catal yst 3§ 0 £@§idrh!t8é fesulting intervening bulk layer clearly shows strong Taylor instability (as

in vortices 57) with the result that the different streams from supply containers 10, 16 and
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a chemcal reaction that constitutes the processing step. The coatings
applied nust still 8 WO 02/ 072251 PCT/ US02/ 05361 neet the criteria of the
i nvent i oW@e2/@7e29noot hness in order to obtain the superi oPCHIUSDIES36hat
results. The enbodi nent of Figure 4 is intended for a fernmentation process,
and the axis of rotation of the rotor 42 is no _|onger coincident with the
cor r espondi iy, depigied inFigsl 1 and 3 indifferant shages which mixneaskyt ingtandaneyslywith
processi ng chanbe a differs in di sion 5 circ iall und
Phe rotor. ABRSRaleERR ek brrTish I EnRamEonPdas. RATHEeEH I ealidh s
and heat excliangs idRicRiak&, a34epiiddCia FTHERsiAE PASREE B4 WS UWdrioks 376n UFERRI M C
and surplus heat nust be renoved for opti num operative conditions for the

m cr oor gani scodored\siatipesalohg theyftyon irf the grocebsigspdssagerdd. ar r anged al ong t he
| ength of the stator and the oxygen fed therein is pronptly enulsified into
the brot®, providing uni formy dispersed, 1 o mcron-fine bubbles instead

the br ! persed. ne bubbl es i nst ead
26 it h condOur o h A peReltiey a5t o8 B b o PGt NEASiof fiafaic ©F

produced is gightRdlid A6 inQinpRETus P infér rolEng cPlivds NTraps. SSSME 80)763gh a
vent 56. The fernmentor according to Fig. 4 is des;ﬁg}ned to operate

cont i nuous| y768r(d 9p%)o shawe thas these atenfour maimpossibilitinsforlewriarmmaanular pesgagehe

ootk bt uni PR v rtinclictefalivel rshe aaces, $645h B Redlafand TS 1
i nventiofy i sy § Llse%bvye.gbre@@ﬁ{aaraboamﬂm fRand RE%&Q&bShﬁhﬁer%th% peee! s

used to produce desired products by physical or chem cal neans, and is
frequent |y tTayldrethetfloof will medammirac amd strpamdine. sWiih lpwdomodérate Reynblidgjommbérpns,
operating 2o characteristics, and_underlying engineering principles
constitute r@&’c'f%’llort@@?h%bﬁwméiéiad’é§09tﬂéﬁ g‘l’l‘i"éﬁwﬁqﬁmﬁ?ﬂ’ B'i‘tr“é1 geystenpglt or
t echnol ogy i - [ 20Kk rel j i and
pr oduct s subBif BR R WiRF AR e gor LTSk biBeAhe ESTIIIGREVATS 0

material tranghiedrsthe TOWI REb@édtl Witk Vortkes)t Ritis Roll asRiigelyc@ededlyt’s , Wathch
provi ding for catal yst repl eni shnment or regenerati on. These issues 25 are

t aken i nto amoderate Raytor number below| 140 and a darge Reynaldsmunbes abene 198thhflewas e
data into the desj d facture of. effecti.v i.l ot nl ant nd
thereafter st& %”ﬁ?gggﬁ@ﬁnmﬁ? ¥§1P P f‘ta?’élﬁﬁ lrsa?'g’édnﬁﬁﬁl{éy, 154 cﬁalﬂ?cf ORYSyer
desi gns and gperdleInASRRAE a8lis BAGVM By afRaURARhA ket RTRRES &A%iogedwda.use

30 [0024] Most reactors have evol ved from concentrated efforts focused on
one type of Semdtzabrundwfand HHedwss espdntad in EBengledy-tayenT heary] HydDr. Hermann

devel opnent s_usj mar kedl y. 9 072251 PCT/ US02/ 05361 _differen

react or typegaﬁl"g&%%ﬁé‘gﬁé@' M‘ﬁﬁg?” fﬂc P%g%@%f ?Wﬁb%?%xrwﬁ@@ff@ay has
becone t r 664 C4 Al SRR

Wil favgﬁra exteh%)??lagxt Y}s&?g%ﬁnoi oglyjf ﬁﬁ%&?ﬁ%%ﬁéﬂ@som@%&ﬁ%ﬁ?ﬁ‘%ﬁy

i npor t ant peformatient With Reymokizmmmbersb302iand 86& atdcaraspendivgaTaylbl mumbsers

several recent texts. The foll ow na are 5 illustrative exanples of_reactor
usages, clasef 14leanchd®bihy Howtwas gilklagpngriyg with clearly defined vortices. With a

Reynolds number of 3960 and Taylor number of 1715 the vortex flow was highly
turbulent. Unfortunately, the above authors did not indicate the finishing condition of the
25  respective stator and rotor surfaces. Therefore, the above observations are inconclusive
and cannot be used as a basis for determining the conditions necessary for achieving

micro- and macro-mixing through elimination of Taylor vortices.

[0020] Although in the embodiment so far described the central body is the rotor 42, and
30 this is mechanically the most convenient construction, theoretically it is also possible to
rotate the exterior cylindrical member, or both the central and exterior members. It has

been found essential to rotate the rotor, or to produce between the rotor and the stator a



[ 0025] Batch Reactors. The batch reactor is the preferred configuration for
manuf acturing plastic resins. Such reactors generally are 6-40-n8 (ca

200- 1400Wa@ 8)972p%if f | ed t anks, in which m xing bl ades or i RE&US82/853at e

provi ded driven from above by 10 I ong notor shafts. Heat is transferred to
and fromthe contents_either through jacketed walls or by internal cojls.

Fi nger - shapeuitiaif pesipherat velpeity, ipordertouaintainibe bewendsry kapers) brihe praseathy es.
Al'l resins, jncludin | yesters he iC | kyds ea- formal dehydes,
acrylics, anifPGFLRE er%dgp%u@%&%regﬁgle?ﬂqgéﬁ@ V}Fjl;?gﬁsg 5%@’%9&%8%
material s art?xaﬂ?.b%@t&rstpﬁf%&?& gfe?&eﬁﬁallglabé% 20 rfpdrQEcoRdIIt aRRBHE beleh fORM S,
until the polyerm zed Iiquid becone$ sufficiently viscous. One plant has
‘been desi gneghexpeqediguhat esmbdihiresenf thy sefacesdégamtid8 isfa ajtivahdadtar mesi ns

in three 18-nB (ca 640-{t3) .reactors. The cost _savings of |arge-scale
oper ati orfs aPTEVEISE; Bectoration of nlgyinry KeItires, Withn their gaosequegt instabiliy sy

“capacity of rj [ S0 th Lyr no
conti nuous p‘?ag)é%%@] )raégéc%%"lg rrhﬁgg( g%f-%% eﬁbsegee%?éo%?/ee oggg ]xﬁ)gﬁrfl alé%%cfgé%ﬁ ue ;ﬂE)en.
However, conggindiiodl saffabat6 thexbRRMBEd RfnitatRP e éters igditdta@abona¢d.gre of
200-nB (ca 7060-ft3) volume, 5.5 mdianeter, and 10-m hi gh have been

devel oped. [B0i2bRasoid-B%anpl fos agbtor Fat tinodiapetseissasufiipignt aunthsgesiighbyed
in inplenmentation of .the present i.nvention, are thpse inyol vjng.,. .

or ganonet al I’i'°(‘:‘g€‘?f'é§r?§‘§’? §‘,1r??°8 thppghingt normally tagasde ngf‘esﬁa’lsgﬂlé Sufficisht .
nitratiofy Fg{ | 1 i il : { ons
(up to 2By o e P B,y B S S B e
di azot i sat i ofecessaksythadeforess talesthe firftiee aliéxpacted siasief odishiap thesemirfacesto alsbnni ch

reactions; and benzene chem stry 30 [0027]. A paper by G 1. Taylaor in 1923
entitled " Seadlsdmirspr Sinish, o betlshisThe oply explanationibat ¢sabrauesenizd at hintimgg

cxper ment auThoyeRt abpd{iptsfo Ry dad phRCs A TAMEARA R IESTRC: S RRARL | )
as 10 WO ngo@ﬁc?eaﬁay Mdﬁ@@ﬁ%ﬁ;ﬂm&gowﬁign gaality, iphEfEitieatto cAmethe onset

anal ysis of flow between concentric cylinders yielded a well-defined
criti cal 1% al ofnstabidityliwhictsingnifestsitselfias Taylop vediges. ebhe standaxstiiigvofidbeut4thy| or

nber", at which the b fl b table t |1, di,
R A R R A Rl e ey
stacked in tﬂlﬁs ; ﬁlon%fraﬁgﬁlloﬁpigst?biﬁ%)ﬁ 0k beRRAHGE Bk GRE Blddhn SRS 1inlESE o t hat

agreed with eory w ew percent for a wde range of paraneters,
t hus denonst madroingh¢siareduired af Taytlartintabilityaisad he evoidedh Hewevaythede rvanbeve
predictions of patterns. O her pattern fqQrmation phenqnena {o which Tayl or
made pi oneer ?ﬁ‘?@“@ﬁﬁftﬁoi%‘éﬁlﬁﬁg’rﬁ‘ﬁﬁw orythe Rlysica) fgﬁﬁgs IPWWV%‘{)i dly rotating

f1uid i t - i i onal )
Ryl i gheiray [092Y] 1 dfe bbbfiical BEPIERE: 2 MABHAR B for Rtk FTHeROA phimplehBr,
accel er at i ngtrmsdubes §4 arepirovidedrlonigthe timpaesf the totet;30; fiel t6afrfaraial ffaylvdtich

fingering instability of a fluid interface that is advanci ng towards the
nor e vi scousthelrotodis made, grat lpashtedortion therepfbeiwagn the ansiugers prdtheirelpg is The

enornous i nfluence of . Tayl or'.s.contributiong to t.he t andi

batterns 1o RomPRns f HRTR 46 B renl WAl GoithEq YD 460 BpARLEY. 1 ghe
above, the apphiif@iheRaRRliuddieart MiRAtddA bbRgMANSESROr kIysHBREWhlchiof ch@sdeat ,
cool, agitate, react, change state, oxidize, reduce, blend, neutralize,

change stmpeprodhenyerycbors vtayelengthiige. 2wineG0ican) elwsinghtagneticpdiation. Ahathge
\S{ Iu z ﬁ © FS)Ir EZ é S g glgoqgegiss %!;aé tl%‘&sqglﬁ ﬁqgiiggtn%ég&re(s) 8F \gvila/te\(/?efr \x%vglgggsél?goﬁgr) 'isnap?)ro\i)%%?eef]of and
the process, X-ray sources, gamma ray sources, or they can be transducers producing

longitudinal oscillations, usually of ultrasonic frequencies.

30 [0022] Fig. 3 represents a cross section through the stator and rotor assembly of Fig.
1. If the cooperating surfaces 46 and 48 in Fig. 3 are coated with a catalyst to facilitate

a chemical reaction that constitutes the processing step. The coatings applied must still



-

20 chem cal reactor technology. It is a constant endeavor to provide new
technol ogy that can give nore efficient production of products. For
exanpl e, weet/omzsiand cool i ng cycle i nprovenments can reducRCBUSHUEBEION

ti mes, whether running continuous or batch processes. The materials of

construction and approaches.to fabrication have cha .and contribute
o oni 11 cant 1o e RERT ARG g iedS ShopRaciE oRBERI-iaHE YRoaniang
technol ogy. tﬁaraérg@s' W@%b&&irdeﬁ%ct%"i ﬂqgixﬁéﬂﬁ%@d%m&ﬂétidﬁ%o%ﬁ'aﬁ&%' Y,

W th processes apparat us t nodi fy materials or conpounds i'n solution
or suspensi axisdfirotatibn éfithe potdrddris nd lomgen coincidenit with thecbersspoading danpitudinalvhose
rate can be controlled hy the introduction or renpval of energy .jn the form
of heat, vi M Qef,thwt@toa@%ofﬁ%ﬂﬂat e radial prpeessing ghamber gap it dafderp i dinpensiona

Vany ohorh ot BBy Ao B Sror o i Bl P iing s il

I'iqui d/ gas Qiasihp 9 afld Bk bedhaRS rtsfiNg4sdthdedch protedstisRaAlSrs bitheritiOflde s

of non 11 WO 02/072251 5 10 15 20 25 PCT/ US02/ 05361 uniformty of
t enper at ur e suipeshdatimusthe namevedhifof optnty aperative conditionisdor the mieraenganisss. and

et oL RS 5 bs BEP P 1074 ol B T e SHE e
recipitati i On: i i | : | :
o yiror i at joyeE iR bty Aed ] BoL O HobRI ukiBfinly dispersed,

Such pr ofol emgicedn-fine bubbléoinsicay ofrbeitgi dpargedsthereirediithank sieabtlsbles of nbad ar
reactors, gas-liquid contactors, etc, A further problemw th the above

reactor procufors distribuiign, asiveth consensipnalfenmentationsystems Theparbon diexids tat abl e

ti to b | ed . f { { i t n i_al duct.i whi ch
can take any SREREetTisoB U IR e et G oL e oS SRR hRisfe BLABNE IS T
consi der abl eTRO fdrniAthr ta@&rﬂﬁlglefo }Fﬁg. EY dBE g R SHSherutdBottRuoRP ahd privideshi ch

prevailed at the tinme when t iTst expéerinments started, but may have

di sappear ed @htisnoushendpars firmgCO% remoival yadengs thefuppen porigngf théeotoewhiclotess.
[ 0030] A specific exanples. of_an l.ication of, the invention.is the
so-cal | elf soqonété{‘ﬂb?’vﬁggig’?ﬂ“ﬁﬁlg‘ %@%B@a‘t‘f?ﬂb‘ggpﬁ%m Rjess gﬁﬁf’é‘ﬂf’gl‘?‘?&'ecul ar

starting materials, which are sinply mxed in solution. Polynerization
reactions taking place between the precursors then |lead to a solid matrix.
For i nst ance00p3gt alheapparatakast tissinvationiapafepicaliyh teattor,and demctde consists of
hydr ol ysis and condensation. These nmaterials are jncreasingly inportant,

t echnol ogi cahe yesselidnseq te mseduse desireds produess hynphysisal af ehamiral eansepayd is

t hodes f i el i |
and the 1| ket EnRe BERLbEs EBhterdBRbb PRSP BEMARRRAS, oS
current apsesghatdRuitics, iafd iuhdedfEng \enBieériiy Pithdipleb cOASHMAE résforabclioledy.

wi ndows by providing an antireflective deposited coating thereon of
deposi t ed SiBisidesGtoicitioneatryaaed ddnasics reagiparieehneiogyoinchides apprirsmeants Hex

The st { urdameidiss SAT aYing defEais and AREoRs st leing, A Sitbda i BE by
standard sol jdoShRidatigy _@»lhaﬁet banBBY lﬂ@dil%naté%ﬁ{l "R Rk e@zﬂrﬂlgt SRR ebﬁtaa%;g be

produced relatively easily at fairly | ow tenperatures. al so has the
added benef i amarfg rehdtants agd providing forcataty st yeplenishimeatiorfregamestibnt Thess issaecher

than requiring inconveni ent and ti ne-consum,ng, .poowder ,yeacti gng. Bot

gl assesq%d ‘trg faken Lo gegouphy e’lfé’e&aﬁéllﬁ@éli?aﬁfl?‘g‘efe?t}“ﬂ% @g‘rsﬁi%?aﬂt.a ‘Wﬁr%he
addi tion, be i v, | ut | i j i NS
have been abfegr@?“ﬁgﬁgﬁ’g%@%ﬁ?ie@{% rfgﬁ)tt ﬁ%ﬁ%)&%{‘g}e{éa OP%Qctﬁlws@t %&glp;%}&vé ﬁwm

to coat ot hefarggntieed ahigs, whd Altindtely idesighs drd sperdtbedonmnerciabplansl | y st abl e
even above 400 C, despite their nolecular origins. It is ideal for

‘preparing hybrid materials containing both organic and inorgani c speci es.

Such conposi PCT/ US02/ 05361 t henselves in a

category bet¥

s and have sone intriguing properties.

A few hayg already found comercial application. The main properties of

hybrids are for "sol-gel optics". They can, for exanple, be used to trap

or gani ¢ dyes[0024F oMagtteasiolrs havetewolvep frmwecorventrgted effbripfoopsedtanamedype he
dyes for applicationg in lasers, non 5 |inear optical. devices, and f

phot ochr omi cTea@ipr-i éa?q%ﬁ@cesﬁﬁ%iéﬁ g@%‘lge%Hﬂ’%gﬂ?ﬂﬂs&ﬁﬁ@ﬁp}?ﬁtsﬁl%wa\r}feﬂyas to
synthesis allow ng products with conbined properties to be prepared as
never before. Corriu and his coll eagues have reported the preparation of

m xed ceram cs, such as interpenetrating networks of silicon carbide.

Stanl ey Whitti ngham a scientist with the9 State Uni versity of New York at

Bi nghanton, and his 1 o team have prepared oxide ceram cs from water

sol utions (hydrothermal processing) at



tenperatures (100-300 C) usually the preserve of conventional synthesis

rat her than solid-state chem stry, so highlighting once agai n the advant age
of a sof meoongpeszach. [0031 ] Sol - Gel nethods can al so beP(FAF0HOSIGhe
border with biology, where enzynes 15 and living cells can be trapped
inside a materjal such as sol-gel silica and held, in biqactive state. The
i nredi at e ap‘g‘ﬁ:e@é‘f TRASLOr FEgpesa nipt QshEaAsFH dhe trqz?g{orcsg};cgeggfﬁg:qubogmog i
iving cell BBl dietoholo? iR dsdd BOARRAGANS P RVERGHBAS unIB ilf ASor

mat eri al hel ps provides a protective or supportive environnment “for the
active conpofigéidindhis feckivtyge , DéscviptignLefl donte indudigallsivgsoreaat petlfvehérnical
comercial applications of biogels are in 20 the encapsul ation of |ipases
‘(enzynes) bypmoresses dnsk theiraangtong ase gvailableoinssqverahpeent pbuudhe fellowing arg an
be carefu)ly..controlled. . Biasensors based | ucgse .0xi d trapped within
sol -gel o1 11 ESEDE xFeBls sl R PR sRE o atiog deoadie RircRidnsen
"commercialized. [0032] The invention is able to solve the above probl ens by
provi ding a continuous 25 nmethod of passing the reactants, one of which is
a liquid, thoodgh a BawheReactors afibe patbsteactor dstthelprefidrred aontigyration vibi ch a

bsi di hi gher - sh t r.eat nent 44 bet t h I I d
passage sur [ BEBHAEHEBHBHENE e SH FcarFERnaral A 6-HH 8y (R0 BLIULED. « ne
t 42 : ' . '
or obi ems. - Fufey o n3tiosPhine blade® o IR fe el AR Il ol by,

t hrough Rackphg ristekshafts bPeada tdndfaed tof dnavfre ke itlenté Eikhen diradgt jacketed or

per f or mance eg&Joyi ng thin-walled tubes. Enhanced thermal control is

obt ai nabl e t walsigthbejnterpali esilal [Finger-ghaned\hafflessnear the toplasmesed intiead afrfallsf er

i st . thi i hi eved, t.h h pal . b | aye VO
057 072955 Bl A e e st AR P AR e Rl Rydesry ade
mark) en hancé‘é}ylﬁnﬁ%ﬂd%raﬁﬁ, chitBe ProdBEdTH biRRBalB thé SnsSWa. Ravdhitcliaklard IRidack

boundary | ayer”high shear flow at the inner surface of the stator. Further,
it can provi atetempbmtresiofjap to i2G51C forecmg.t dbomt 1A houcsh vetilithei folyemnized lisfuidjas

i n back-to-back boundary |ayer flogw. The state of the art process use
stirred isankb@orr@a@pg’mntkymaﬁméné}ﬁe Pl heen desienedeio-rrp o 00, ditfprent
reactors, et ri ' il .3 S5 i form
mixing of ¢nuPredRARRECERAAL Eah A RRTKGS B bablt 1Bkt OB O Ty
Sur pri si ngl yof Rfg-dcale®PBiations arapbisibl forbatdhgiolyrneriatbnarWetdwitetoduatige gap
sizes 1 o that allow a bulk |ayer to exist between the boundary |ayers, a

near i nstant eapaeils ofi pplygiyichierdeoPH@nis greatemian d Sobd &) tite bilh R COMBURES hods

d t f the. i L begi Onj int [
i xba com iR A Al w bee VAP RPR Pico BBty YaRNehlesimtrlfy ,
back- t 0- Back baek Skpensidrype PVCpatymerizatioh Fealldes GPADOLET (08 7060-87) voluine), Sper sed

bulk layer. A mninumtangential velocity of approximtely 1.2 mper 15
second i s nevedigmeter,tand Ji0ed bigh haviedeemdsysdonedd| y perfect degree of mixing
between inlet and outlet, which typically in the apparatus are spaced apart
a length of about 24 inches. For exanple, if the annular gap was set at
about 5 mm i : ' i

Tayers, otri R e R B e o LoV P i RiRaoH

duri ng t hei r ofthepresentinvention asrthédednyd ping organometaplérchamistyt rehetioms inllagplidr 20
vortices with their segregating effect on conponents to pe m xed can now be
avoi ded &bovamania; halogmaions; nHrFHon; Erigdel Crafbrepetionsgductions; PPFIRENE o

vortices, nmaking. ldeal fl i a - .scal e.
The annul ar géé‘ﬁg%%sr @gctggi can’ Bg%gft] 2%1%8@% @"F‘é‘?@?’ %@g’g%atlﬁgbﬁggﬂé{@%h be
made to refl grkoatichalGRGNSRS] ctetiEi¢ation; E6NTRRERI0ATEactioAs] Mdtinichatattions; and
essentially avoided in the very thin annul ar gaps. Sharply 25 reduced

'surface foul bergeaeichamistryng is | eading to precision thermal control in the

30 [0027] A paperby G. . Taylorin 1923 entitled ** Stability of a viscous liquid contained
between two rotating cylinders" was the first to make a direct comparison between a

laboratory experiment and a prediction for the formation of a pattern of instability as

10



I nvention. [0034] The invention has particular application to Bi o-Reactor
Systens in which adequate m xing of a mcrobial culture is essential for
many asp&wod e2/en2da fernentation, 30 including assuring an adegser/@3supply of
nutrients to the cells and renoving any toxic materials fromtheir
vicinity. Mxing also affects the supply of oxygen by breaking |arge

bubbl es i nt ocpemintesed inrnsactigad Taylopeanalysis efftaw mmrycenmtcmgndqramehiedo

t hat- t hei 14 2/ 072251 .PCT/ US02/ OS361 id ti i t d t
T ohseda IARERE] SHET ahe at a Rien S R RTR Ry Ay il R L
for oxygen tLapst® I at WhicHtBd BadeSTRE B@édﬁﬁéﬁ_lﬁ@ﬁbl’eQB Nt (ﬁgttlfﬁ?ihé‘éﬁ ré@ﬁﬁfng_in_

transfer also require good mxing for efficient heat transfer. Good m Xi ng
i s essenti al “Taylomvortiees’ thattenoing e thednaeraylindereand arertacked tif ¢hecaed eliertibdn. ons
of specific netabolites can 5 be accurately nmonitored. M xing i? al so

i npor t ant 3t o Eaydencendyed careful expepimentsifatrerepdywithhis dheosy withaya feypercens

‘aci d, base, L0 t ' | . i

bui 1 dup. [ 0030 Wik e pRRmaE e Bofioheishfe 1 E eal WAMERAEERE Bh ke
subj ect of cQusitHahdPr&liétionsbf pitdniha e patiendbsdtaiphtnorkéiat@ivhlch Tdyle
greatest need for good |iquid-phase nmixing and gas-liquid mass transfer is

the provi si omagf pionseringxanafibwions inclidet Taylencolutarpinrepidiyaatating fluisieywhiel
However, mechani cal .m xi ng causes turhbul ence and.eddies.wiihin the, ...
ot a1 o B Doyl O B aR ieGrern Bis-Hogh e et i Kb Xallor Bitapility
solutes t,R t 'lggtt,,géle = I nsh.da: i 6, 3.
di f fusi or%gl i %??Iggl?&gi%r ocesgtﬁ%ﬁ?@ﬁa?g%ggggﬂﬁ 3%@8%8{%%%\??5@%&6?%% ldt’he
medi um As athieSaffhareTayloefsperinginsaibility sf a fluidinet flcsthatis adiesating towardyihde

the culture with as nuch  m xi ng as_possi bl e, However, an increase in m xing
causes a cond@fff visgeus Aeide a8¢ gan babklesoiet A with an eleaigc figld,aThe epermausut ed

to shear), whigch can verel y inpinge onth Labi L.ity of .1 .
m cr oor gani srlr%f.?ue?ﬁ? S fgﬁ@ﬁ%rrﬁeﬁ%rﬁgﬁ%&gegont ee}%“n%%g%‘irlﬁ% hof p%%t'e?)'gsl ¢ n?‘WeweH
rheol ogi cal pReEPEIHed @stHeke tiklds.20 nedi um al so have an effect on the m xing,

because as the viscosity increases so does the power input required for the
sane degriée of m xing; this places very real nechanical and costs

traint ' tructure of the bio-reactor. Ho N
oract | cal pultAes &t feel oo¥s th heiEathp dific ShPaliSy i Pope R Hissreal Bupe
SO It 1S quifgaC itrg‘f%, Ré&Et, %Hﬁiéelsfa%é,%k)difzéspe[rdﬁé&tb@érﬁl, WO\RFizE RBasdZhapd, t e

m xer notor is up 25% the 'vessel si'ze. IS gives an efficiency of

m Xi ng whi ch chanpealendity, eltamge modedulay weeght,idispérse chiagewdscobity change @il or alter
Overall, for effective scale-up, it is essential to approxinate fhe final
ferment ati on 8% PIAPSRY i A5 syhstanre i aesseheandosich RIpcestd MaAY OF dosignatedasge.

0036] F . . ; . . ; ol

et or mi net nS S8 ShORERThRNCEF el SRR EhIQR AN ROUE bBfithnblopy tot

bot h mi croscegn gi\@rmbraeﬁl@aﬁ@mdimﬁsmbﬁgod@maﬁ‘oranmpresh@singaﬁd &dolingeycle
|

mani f estations of the forner, and it directly affects both heat and_nass
transfer. Al limpfovements, eass faducy psedietinn thnes, fwheshearyrupning eantiaoug o, betek 15

processes. The materials of constructionand approaches to fabrication have changed and

contribute significantly to understanding state of the art reactor design and technology.
25  The invention is concerned especially, but not exclusively, with processes and apparatus
that modify materials or compounds in solution or suspension through the action of
mixing and/or a chemical reaction whose rate can be controlled by the introduction or
removal of energy in the form of heat, visible, ultraviolet, or infrared light as well as
longitudinal pressure oscillations, microwave, X-ray and gamma irradiations.
30
[0029] Many chemical reaction processes involving liquid/liquid, liquid/solid,

liquid/gas or liquid/solid/gas mixing suffer from the persistent problems of non-
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acconpl i shed idthatthey b tatlprodesses ahdieqage taisifesablsititle tobaxcalet updrort bénch

reflect conprom ses. Conventional inpellers used in fernentation are
typical |y cl demstestingito gpmamergial prosivetions ayhaeh ¢andaks ampavhers Bome to hgeasy apd

i npel |l er geonetries.,the six-blade disk inpeller 't.I’kg S_spar.gi bel qw
the | el er CPaserBgiy s asiodidt it it it et ook R B RS it
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Scaba 6SRGT Miisappdaeerhafthnthe paseitgand thanyyears @f sqading apribenewv pfockss: nent at i on
processes has been reported with such alternative designs. Because of the
relatively | ow oxygen transfer efficiency of stirred tank reactors with
respect to p in : f‘a‘iﬂﬁ i f L i | S\ : for
a sufficient Cig%oéen&'? {’%{’ﬁ@‘f ér ra%seé,;EI %p ?Egéiisofnioﬁégﬁﬁﬁélgﬁﬂg?h% %e&gllgggégééit he
reactor. 25 Phasesd.oMbis dppeodth Hegihs avide suifabliemblaeutad uethdoinatehialss which 49 i n
| arge (>500 nB) stirred tank reactors is difficult or inpossible to reduce
in the rdact simplymnixpdmsphations Polysnerizatien wactigns aking plaee hpdwean the presisersand

m xi ng efficign stirrers are .extrenely, l.ow. . Therefore .it i.s .
Ceohnical |y i e logtclig i Bt st 4 8adLah B daftolmedif qriges

| owper f or mManGRroRER ARARAFsié And - conBér3hiaEH. C Athe¥d sifaeall £ bre!l InRASBBLy) indfUirfkit,ar e
carried out in 30 large reactors at |ow specific power input. I'n sone
cases, bi ol ogedhablagicallyfinding themsedves as compaieniswifelectsic batetyspthodgudor ase in
reactors other than sili rred tanks. éb 02/ 072%@: CT/ US(hZ/ 05361 | 0038]
A few papers %IFHC $ G%Bﬁceﬂl?gﬁs?ﬂ BergRRA! SRFOR 2p¢ e @a PG BrFeor RS e
reactors 2})0r Jr'3enddi Qyictd, 0 or Bd ARVl BREORAALY, T8 ARGl IRSHE Y orical
“bacteria (e.g., Streptonyces), yeasts, or tungl in highly viscous culture
medi a, wher e priertiéssf] ghapg wifiddwebymodviding/ar antisefiketive depositepeanting theoetm afue
to the change, of the mediumyviscosity and 5 cell nprphol ogy. W

Wth
i ncreasi ng vidseesitedSiQund iPeathes atpelieral adyantagesiaithis pprrogcivthat ave led o dts

conposition i. Ve G 1N i
posei bl e to Abebeindf S Sl BfuMlonin AERATRE AL TRL mddh pleBaiGntu AR
li qui d phase;it & dconbricallid exehy bs BHpAred avith fariied solidy@ieadynthiedic amdliodsf t he
| ack of experinental data, no structured reactor nodels exist at present

for the ®&scrReftactory exideunatenals canbenrodecsd aelatively easils at fairdy lyve tempgeateresr e,
in this review, ,only.l ume ar, ter and si.nple axi.al. dispersiaon nodel s
can' be cons! atiel sk ARer pERERAT btyBER 0L Euls ol yetd BRS SBatPither
m xed fer mentpss rdgaifSiaténveiRnt ¥ieimbR8YsuifiYig powdet HALHGHE BN osBaldnd T O
provide light to faacilitate the reaction. Altéernatively, an external |acket

(annul us) nayeksnips can thesibd prodhedtdireethyfrain salution! Igdditpmobeadesk the appodvhl | ow

shaft or inserted finger. . L. L. .
, involves solutions, industrial scientists have been able to develop applications that exploit

30 thisto all‘ow them to coat other materials with functional films that are thermally stable
even above 400 C, despite their molecular origins. It is ideal for preparing hybrid

materials containing both organic and inorganic species. Such composites find
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15 Several commercial bioreactors with internal illumnation are avail abl e.
The second type is an annul ar design with internal geonetry that results in
gener at i w0 af/0722811 or vortices. An enhancenent in phot osynPegise2/05d6l been
noted for this type of ordered m xi ng conpared with turbul ent m xi ng.

Hol low light-transm tting baff]es provided with fluorescent tubes haye been
suggest ed f dhemselyast inod catgeeryabetweem glassesr andapplymass, apd |have, seme anigigyimg

illumnation_is ovj I ! 308 SRS ' I ct,
t he easi est qrgpgrﬁesatA g‘ﬁgﬁ%‘%{ %]{e?l@%%&aﬁ%éi%%&gf@p%gg%@ an n{ljllgﬂglrFJ r(rg%eé{pl oétai S
that of Al gajybfls arbfaflesolgBRiptickN THYyah,CRE tRimple, B ksad & @ap ofghhi\dyss fel d
against the internal wall of a rotating cylinder by centrifugal force. The
| ght sour cesobgel stlizalto improye Hstaptical peopestidsyof theodyes farapplications intlasers ape-ur e
annul us; In addition falling.film photabiorgactor s been, suggest ed.
Al gae 25 5ar d106AT BOfcHL tdgVI"ﬁﬁﬂla“Ir‘lnfoé Pk‘ﬂﬁoﬁ 358 th'OE@I? splgst Pféﬁ?%ﬂlspanel
"and are eve r : : kd Wi ' & ORa5S
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of bi ol ogi carepurédasmener befong Comiwimdihis eblledguss Bavd rponed thequreparation of

bi oconversions entails a nunber of steps. Starting at,the researcher's

| abor at ory bBixed ¢eramicsi shethtas ointespensitating Inetwerks sofy siligpp  cazhide.c - Sfpnley

conti nues t ustrial scale .with r . Or ' S
capaci ty. soupdtiiiag dpebffy Sl b SRUEOhGH B8 orolSY TRACH SBhetbBbE ABEVELS
stage i syl MRE4h &Ale pRRPhred VRTcaetamics fibm Wikey sdiifortsAhy ddiRPmbIOprob&singy sE st
unit which is critical. This is because in nbst cases there is econony of
scal e and pltemperatused ¢10§e30biCGgmuallnthelprespeve of convensional synthésis rathes ithgn
limtati ons dependent on a variety. .of factors, the nost J rtant being

vol une/ sur f a’i?i‘ﬁﬁFaé%\glPeé’E“?EY’ @%P@gk%‘}mﬂ' ARCE agai the agyarntage ‘?ﬂ%ﬁtﬂ’ YPMGvi des a
nethod to permt a w dest possible variety of continuous reactions by using
boundary layer filmshear as the fluid dynamc principle of uniform macro-
as wel |l as ni0o3 - nSol-Gel meiodd ¢am alstt bengsed dtithedoedey withybielogyl whéreregzymes al
tenperature gradients, by greatly facilitating scaling up or down of the 1
o systemSsi rind livieg eelis cin be gappagdhingide gempigsinks “ﬁeﬁﬂhﬁfh%ﬂ Beld igiaor

spinning insji.de a t I s . nd..c ' I 0 i ngs
e possi bl e e, he it AGATARGHY Ky BRI Haf cBEWpeR (03
in tanks or dyReek tei deNare KRES 36 BE iihiagens6si aat deradtdts SivBére EhainktR¥is]

Preci sion m cro-m xing combined with axially zoned tenperature control, .
for exanpl e, hajpssprovides approteetéve dresupportive anviconnednt fontha petivescataporgnt, dgdt i ons

|1 th ti f | | ar . wei ght ..di stributi [
ol yrer | zat | SREATBAAL SyothersPRa. TSt s ehial St ghser itelae "
I nventi o | SI&E eﬁcagaasﬁ&?oﬂfpaé,e@véﬂzpﬂle@tbfytmcaqw&%&@ﬂg&%&g&%@g@mﬁ%@w

easy is the eaning of the Interior "of the reactor, which is acconplished
by quickly pprofilesgan becdrefully aomtrdled. Biasemiordbasedon glubdse oxidasemapped sathin y
requiring Iesi tpa, 10 se org:ls t.0 co%lretﬁ‘.] The flow 20 characteristic of
the i nvent i o%pliesl sikiea haye cg 4pmonsieaiqd, e oL yeteshePmsrea e dum
backm xi ng and no channeling. 18 WO 02/ 072251 PCT/ US02/ 05361

[0032] The invention is able to solve the above problems by providing a continuous
25 method of paésing the reactants, one of which is a liquid, through a temperature and
pressure controlled reactor, in which a subsidiary higher-shear treatment zone 44 between
the closely spaced passage surfaces encompasses the entire annular space provided
between the rotor 42 and stator 30 surfaces. It is also able to remove scale up problems.
Further, it is able to provide exceptional temperature control through back-to-back
30  boundary layer flow combined with adiabatic rotor performance employing thin-walled
tubes. Enhanced thermal control is obtainable through exceptionally high U-values with
balanced heat transfer resistances, this being achieved through balanced boundary layer
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WE CLAIM 1. A nethod for processing materials, conprising: passing
materials to be processed in a flow path through an annul ar processing 5
passage e oEen231wo cl osel y spaced snooth surfaces provi deGTRB02/@SpEeCti ve
cylindrical apparatus nenbers at |east one rotating relative to the
anot her; wherein the material fornms material boundary |ayers agai nst both

t he surf acesthidknesssontreload epplying SpheareMairinirademark) enhapsedenoling atsthe qutggual
to or less than the, back-tosbha nadi al thi cknesses.of the_ tiwo. b dar

| ayers: - and Seet AEmERGh81 BRESerRRk B B KR M e im0
formation of ofiay b@forV Plnfthéi & cA proVide BAIRGESSEA3diRaEadifon throupémikHkatign A
nmethod as clainmed in claiml, wherein the cylindrical apparatus nenbers
rotate rel atofigasinbaskgodnack bemdatydaper flewp dbe istate dfdheyart prdcerses vas siiredtank ar e

coaxial 15 with one gnother so that._.t radi.al ,spaci ng, of the .surf.aces
o honst At | ERMeTRER BRIt FSRoior PR At ey TR oS S e iR d i e

‘wherein the gppar gﬁjgﬁﬁ@ Ak rmﬁﬁ atd : ity
bet ween their op’e@g#%e sur o}c%gfore a?‘?n\ﬁz%tgégéﬁgta%sc%ggﬁ ﬂ?#%’?ﬁg(gdlﬁggg{ 1.2
meter per see@iteinglof Mattet hod as clained in claim1, wherein the snoothness

of the surfaces is 10 nmicroinches or less. 25 5. A nethod as claimed in
claim4, wherein the snoothness of the surfaces is 5 m croi nches or |ess.

ener gy t ot hOU3F boSuarintepa BT e s i fuscoGRfos P elS sidreBef 5% Lo
o e b oce T D O e et e B T v
frequency, | amhtonskant awixinggsnottainadlividth the swathods tand sapparatusoofgihe Lidierdion,
vibrations. ‘%egginnix\éoatotﬁé 831%%311 enFt)rc}:'-Igf ltJhSeoazc{nr?l)S(g)ciS gomponent, this being achieved when the
annular gap allowed only back-to-back boundary layers to exist with the exclusion of an
interspersed bulk layer. A minimum tangential velocity of approximately 1.2 m per
15  second is necessary to produce this unexpectedly perfect degree of mixing between inlet
and outlet, which typically in the apparatus are spaced apart a length of about 24 inches.
For example, if the annular gap was set at about 5 mm, allowing a bulk layer to exist
between the laminar boundary layers, striations of the components to be mixed were
starkly visible during their entire travel down the gap,' in an experimental test. Taylor
20 vortices with their segregating effect on components to be mixed can now be avoided
| above critical Taylor numbers that would produce such detrimental vortices, making ideal
plug-flow mixing possible on a sub-Kolmogoroffscale. The annular gap surfaces can be
coated with a layer of catalyst and can be made to reflect electromagnetic waves.
Temperature gradients are essentially avoided in the very thin annular gaps. Sharply

25 reduced surface fouling and scaling is leading to precision thermal control in the

invention.

[0034] The invention has particular application to Bio-Reactor Systems in which
adequate mixing of a microbial culture is essential for many aspects of a fermentation,
30 including assuring an adequate supply of nutrients to the cells and removing any toxic
materials from their vicinity. Mixing also affects the supply of oxygen by breaking large

bubbles into smaller ones and dispersing them uniformly in the liquid so that their
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$. Anethod as claimed in claim 1, wherein one or both of the surfaces is
coated with catalytic material that enhances at |east one of chem cal,

bi o- cheniw@b2/émelibi oci dal reactions in the processi ng pas®&daS0B0361 An
apparatus for processing materials conprising: two cylindrical apparatus
menbers nmounted for rotation relafive to one another, and defipin

closel y spacigidepgsdime i the seastoris msregsery thesebynbrnging M%Eqaﬁff{]%g@;é&

constituting, I th f EF;er* X | r.agi : l,Ng
bet ween theg‘["\?&g%agfé‘gv ae%e@r io_ggl%e‘é]l{}g 0 o‘é‘ u@%é Q?‘ﬁgeﬁgﬁegc#aa? ll<-aﬁlg-e %cééﬁﬁ-gehfal
thi cknesses @instdralsowequifBodaimikRigToRE ficlel Riabrsfér GobBhikinglis agantisto t he
two surfaces that is to pass through the processing passage; and wherein

t he snoot hnemsitainh hphwgenaoiscdtiramewkich thet doacerftetinnt afspeafic meiabelitesean i ces
in the processin ssage i s inhibi.ted. .15 10. An a rat.us.as claipged in
olai m o haberdttil B Mtz Ehaiosorki st Bt R iR oR oBRSK o
relative to - u | ve. | hisugj RS | xi al
so that the ?de;t%flai stggi(’?i %%HO%S %ﬁgpﬁ%é’sﬁrr 1Pgtg§islfsl' gbg%htst ant LR }ﬁé}i-i

ci r cunf er ent ¢@ickptratioartedlidup20 11. An Apparatus as clained in claim9,

wherein the apparatus nmenbers are noved so as to produce a linear velocity
between their operative surfaces relative to one another of at least 1.2

t 12, | ai nBd i LM '
aroot hhess oi0ank SifiFiRin Dr@RRR AR fimlelugiits biaiheyBick: R EBERIHL S
claimed {0 ciRbdghBon Wfiﬁ&&sﬂ:ﬁ?@ff@ﬁlﬁ RRSEreatbstinBed ﬁi#@ﬁ@&ﬁéuiﬂg)hﬁse mixing -

m croi nches or |ess. 30 An apparatus as clainmed in claim wherein the
snoot hnessesamf gasHéqnad miass éensferisitbe pravigpom ofi @ gnisrobiad eyltuzowith an adequate

amount of oxygen. However, mechanical mixing causes turbulence and eddies within

the fermentation medium, approximately 50-300 pum in size. The transfer of solutes to

the approximately 1-2 pm long cells inside these eddies is diffusion limited, a process

15 that is dependent on the viscosity of the medium. As a result of these limitations, it
would seem ideal to provide the culture with as much mixing as possible. However, an
increase in mixing causes a concomitant increase in hydromechanical stress (usually
attributed to shear), which can severely impinge on the viability of the microorganisms.

This phenomenon has been termed turbohypobiosis. The theological properties of the

20  medium also have an effect on the mixing, because as the viscosity increases so does the
power input required for the same degree of mixing; this places very real mechanical and

costs constraints on the size and structure of the bio-reactor. However, for all practical
purposes, these limitations do not exist for small bioreactors, so it is quite common to see
small (1-2L) bioreactors where the size of the mixer motor is up 25% of the vessel size.

25  This gives an efficiency of mixing which cannot be economically realized in larger
bioreactors. Overall, for' effective scale-up, it is essential to approximate the final

fermentation as closely as possible at the research and pilot plant stage.

[0036] For a given bioreactor design, viscosity and power input will determine the flow
30 patterns, which affect the reactor performance on both microscopic and macroscopic
scales. Shear appears as one of the manifestations of the former, and it directly affects

both heat and mass transfer. All of the transfer phenomena are finally integrated with the
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WO 02/ 072251 PCT/ US02/ 05361 15. An apparatus as clained in claim 12,
wherei n the snoot hnesses of the surfaces are 5 mcroinches or less. 5 16.
An appar sveie2/erazs1l ai med in claim9 wherein the apparatus RETUSIZIK6E
coaxially nounted and at | east one rotates relative to the other. 17. An

apparatus as clainmed in claim?9, further conprisi ng ans f ap
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109& () - s&M Eérsuffieiehtsoyfgen transfer rate, whlch is independent of the size of the reactor.

dE- L@Llo%& &0! 109&' ( &53710%&1( 09& ()-!!109& ()-,4100& §1}l ' 109&' ()
W hi | R&xnilbereioredhe hishgleeres of het H_redwgby RITTING v 3500y ) %fb%(

0,
8 10% () -x }(eactors is difficult or impossible to reduce in the reactor. Furthermore at low stirrer

speeds, the gas dispersion and mixing efﬁc1ency of stirrers are extremely low. Therefore,
it is technically and economically inappropriate to use stirred reactors for low-
performance processes (e.g., biological wastewater treatment) which are carried out in
30  large reactors at low specific power input. In some cases, biological factors (e.g., shear

sensitivity of cells) require reactors other than stirred tanks.

16



dEnDCL@10% | ! 10% & ()-f!10% & ()-y! 10% & ()-10% & ()-S9! 109 & ()-!910% & (
)- ]

eaBThCL GROyYR10% & ()-! DI@10% " & ()-f @ 10% & ()-f! 10% BCE)USH2/D8E & () - 9&
@10% & () - equanL@lO%)GS#lO% & ()-y3 10% & ()-y&0Z

10% & ()-& f#10% & ()-f':110% & Sl) &8F #10% & (3 SUVWWKet bCL@&10%! 10%& ()-!9
109&’ () - sL10B¥38) - ew| papers that have been published deal with the application of these

10°1>10% & (- BLA0M 6 STATRS GAOUALE LB Lo NUB, o (e,

109%& ()-f110
109 § 3 #%/g% 3’? “32‘2 ég aE%%ﬁ_o@ﬁflo%}g}n Pighlpvissous cume(r?edla ST s Theolegy 0 ()

1109 ( ) - | the @iy vbﬂ&b@@lﬁ?@&?ﬂmﬁmftﬁd dtﬁh%é gi)that(n)bdﬁcﬂlia’ll gl)i%ds?)&hﬂ%/% (1 )0
109 +I 10 bCL, 0% , 10% 1910% S 0
10>g#00/& X § )4 %&QE gy%lgg_w@ﬁsct f‘ ) r(gluw ¢ nonuniformity of the

: {18%5 C(L )@Ll (1)0‘{%506%‘)_,?* éﬁp@gﬁﬁ%%/&ﬂ ?S}é):{%%ﬁ@fs giaéi%u;z becomes dominant. It is no longer

6" #10%@& () - gossible#t0aply lumbpdd Prameter or'akial 'di@BFsiBn models for the liquid phase;
10y>t 10Y& () - SF710%& ()~ f 5100 ()~ 131 (10V& ()- . T0U& ()- +

109& ()-1111 $tpgch1rec}w@gp,@0@ Is gre geeripg: Howe vqrob&a@&of the lack of experimental data,
- 0, o4 | 0,
; ?(i/qg‘(yé) (; gigcy% (r)g/q% i‘%}a%l %exisﬁ #}tﬁgeb%?o{ T s%r?p 1on1c(>)f {:q%lt{\)atlon processes

41006 8-&% 109%; %é)i: ))?g/ liorRe B i€ delovl, Ghl h%%“’%di 008 (é? ahd S}N’ipf%%% .34

109& () - 1! 106&&@10@0!1de® be considered. Many dlfferent types have been suggested
Y+[ A\ +] #hvkrgs DCIOO6 100& () -1 100 () -! &10%& S9100& 0 10
10y>s109%& () Mechanicallymuinee dermsiors sepiasanmpe (csjnea «spfm vumtfq extemaldye’ ()

Lnd L e P, B gy o

$8- #10%&' () - B¢ poVileq fo¥hedd rétd &k with-light provided via a hollow shaft or inserted finger.

15 Several commercial bioreactors with internal illumination are available. The second type

is an annular design with internal geometry that results in generation of Taylor vortices.

An enhancement in photosynthesis has been noted for this type of ordered mixing
compared with turbulent mixing. Hollow light-transmitting baffles provided with
fluorescent tubes h_ave been suggested for insertion into a rectangular tank. Usually, one-

20  sided illuminationis provided for rectangular tanks. Such geometry is, in fact, the easiest
to treat quantitatively. A special type of annular reactor is that of Algatron (Trade name).

In this reaétor, a thin algal film is held against the internal wall of a rotating cylinder by
centrifugal force. The light source can be located both internally and externally of the

- culture annulus. In addition, a falling film photobioreactor has been suggested. Algae

25  are allowed to fall in a thin film down through a corrugated panel and are eventually

recycled.

[0039] In common with the chemical process industries, the development of
manufacturing processes utilizing materials of biological origin or using microbial strains
30 to carry out bioconversions entails a number of steps. Starting at the researcher’s
laboratory bench in equipment of a few milliliters volume, scale-up continues to

industrial scale with hundreds or thousands of cubic meters capacity. Scale-up of design
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system since there is all but only one basic geometry (a tubular rotor spinning inside a

‘tubular stator) necessary and considerable power savings are possible as there is no need

15

for re-circulating bulk volumes of liquids in tanks or to overcome the excessive drag
resistance in static mixers. Precision micro-mixing combined with axially zoned
temperature control,. for example, greatly improves the elimination of unwanted side-

reactions or allows the production of very narrow molecular weight distributions in

_ polymerization reactions. A further unexpected characteristic of the invention is the

20

absence of fouling at the processing surfaces. Equally easy is the cleaning of the interior
of the reactor, which is accomplished by quickly purging the fine annular gap wifch a
suitable solvent, usually requiring less than 10 seconds to complete. The flow
characteristic of the invention is that of an ideally well-mixed plug-flow with minimum

backmixing and no channeling.
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back-to-back radial thicknesses of the two boundary layers: and

10 - wherein the smoothnesses of the surfaces are such that formation of Taylor

vortices in the processing passage is inhibited.

2. A method as claimed in claim 1, wherein the cylindrical apparatus
members rotate relative to one another about respective longitudinal axes that are coaxial
15 with one another so that the radial spacing of the two surfaces is constant

circumferentially thereof.

3. A method as claimed in claim 1, wherein the apparatus members are
moved so as to produce a linear velocity between their operative surfaces relative to one

20 another of at least 1.2 meter per second.

4, A method as claimed in claim 1, wherein the smoothness of the surfaces

is 10 microinches or less.

25 5. A method as claimed in claim 4, wherein the smoothness of the surfaces

is 5 microinches or less.

6. A method as claimed in claim 1, further comprising applying processing

energy to the processing passage through the wall of the outer of the two members.
30 7. A method as claimed in claim 6, wherein the energy applied to the
processing passage is any one of electromagnetic energy of microwave frequency, light,

X-rays, gamma radiation and ultrasonic longitudinal vibrations.
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two cylindrical apparatus members mounted for rotation relative to one another,
and defining two closely spaced smooth surfaces providing an annular processing passage

constituting a flow path for the material;

10 wherein the radial spacing between the two surfaces is equal to or less than the
back-to-back radial thicknesses of the two laminar boundary layers of the material against
the two surfaces that is to pass through the processing passage; and

wherein the smoothnesses of the surfaces are such that formation of Taylor
vortices in the processing passage is inhibited.

15

10.  An apparatus as claimed in claim 9, wherein the cylindrical apparatus
members are mounted to rotate relative to one another about respective longitudinal axes
that are coaxial so that the radial spacing of the two surfaces is constant circumferentially
thereof.

20

11.  An Apparatus as claimed in claim 9, wherein the apparatus members are
moved so as to produce a linear velocity between their operative surfaces relative to one

another of at least 1.2 meter per second.

25 12.  An apparatus as claimed in claim 9, wherein the smoothness of the

surfaces is 10 microinches or less.

13.  An apparatus as claimed in claim 12, wherein the smoothness of the
surfaces is 5 microinches or less.
30
14.  An apparatus as claimed in claim 9, wherein the smoothnesses of the

surfaces are 10 microinches or less.

20

10



10 10S>10%&' ()-' 10%& () - WPdEbCO- #109% yl s109%& () - S10%&' ()- S109%& () -
yS109&' ()-F"10% ()- S 109&' ()- P?ZdEbCY- #1098 Y10%&' () - #10%& () -
1098 () - WO0UBI203r y109& () - &#109%& () - Z&PAEDCO- #1098 " | . , # POYRIS)/05361
+109%& ()-yS) 109%&' () - & 109%& () - L$! 10%& () - : .
y" 109&' () - <. ndEbCO- #1098 Y: 10%& ()-8 109%& () - ,
fsla- #10%55) ()- @L0%&' ()-310%& () - &09109& () - nqr st 2bCY- #1098 10%&' () -
109%& ()-"10%& ():&109& ()- 10 10 . .. .. .
10f >10%' () -2 b?j {rconns Pglaimed 1 gpip) 12 whegein she smoothnesses of the
f @-0?/&' () - 10%8c€d are 5 microinches or less.
109%&' () - j ~dEDCO- #1096 s10%&' () - y10%&' ()-f &LO%&' ()-s10%& ()-! 109%& () - S#10%&' (
") -" 4dEbCO- #10% ' 109%& () - S&L0%& () - L$10%& ()-"!110%& ()- 10%&()-
109%&' () - 4% dEbCO- #10% , 5" 109& () - 310%&' ()- 01Q%&' (). SF. - #10%&' () -
*109&' ()-@ 109& t9- xnﬁ%&@ﬁ)@sw@ﬂmmﬁe} Qlamgl %@Sﬁgmm‘a(ﬂ)m%&)zmbefs are
10%: () V810U AN, rounted and ot fonst one rotateselatiye fa th
7109%& ()-1] d y moted Anshat lspst ons rofataselative 1o the plen o (). L
10%| & ()-y10%| & ()-"&10%1| & () -} dBnbCO- #10% s#10%!| 4| & () - FS10%}| & f >10%1
| & ()-1F 10%| 4| & ()-Zs10%| & ()-! & 10%}| 4] & ()-m Normal " "Headi ng 13]c"
"Headi ng 23] c" " HeAdi ndn3gimetatiHaadilaigned 3incelaintda furthers groprising antiang f8] ¢

"Headi ng 73]c" "Heading.83]c" "Heading 93]c"A "Defau Par. h
Font )} W10 RS AIRSFSSISAGHEHRYLP CRA Ry AeT P pespageRrovigh the VIS 8 Sutr of the
1" 99 Y+, . ?434@50:19@9 L QARVXZ[ ~* eeeupsvyz} [ " 5| XxZn2j 46Ti mes New
RomanAr i al Cour1 er wW'h Root EntryWr dDocunent
" #$UR' ()*+,-./0123456789: ;
<=>? @GABCDEFGHI JKLMNOPQRSTUVWKYZ[ \ ]~ " abcdef ghi | k] mopqr st uvwxyz ~
18. QQAn apparatus[ as]clﬁimed in cla?m 117, whereanme energy %pélke}d to the

processing passage is any one of electromagnetic energy of microwave frequency, light,-
X-rays, gamma radiation and ultrasonic longitudinal vibrations.
15
19.  Anapparatus as claimed in claim 9, wherein one or both of the surfaces
is coated with catalytic material that enhances at least one of chemical, bio-chemical and

biocidal reactions in the processing passage.
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