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5 August 2005 WO 02/072251 PCT/ US02/ 05361 METHODS AND APPARATUS FOR
MATERI ALS PROCESSI NG Field of the Invention 5 [0001] The invention is

concerned with nmethods and apparatus for materials processin i nvolving a
cheni cal V¥A#/GR254 physi cal action(s) or reaction(s) ofp(é"”&%%éﬂent or

between conponents. Exanples of processes that are enconpassed by the
Q

i nvention are heati ng 00l
state including sol utior aid TS - =—oxtda —t educti on,

bl endi ng, neutralization, change of shape, of density, to of nolecul ar

wei ght, of viscosity or of pH Oher exanples that are nore specifically
cheni cal reyﬁﬂéaﬁgﬁimgh@] ogenation, nitration, reduction, cyanation,
hydrol ysis, dehydroxation, epoxidation, ozonation diazotisation,

al kyl ation, esterification, condensation, Mannich and Friedel-Crafts
reactions arfdoqag! heinvéaioh BRonckmelReith Sihols dnbl GprfRFdr@torMdierlalPbébssiippar at us
for materials processing consisting of coaxial cylinders that are rotated
relative to %Yfé‘ﬂ%&%@h@@ﬂcab@diﬁaﬂlYé@%an@)p@?aoﬂh@S)@ﬁ@mmgﬁpbbeb@epr ocessed

being fed ingt he.a | ar ce b en the cyl.inder.s re known. For
ex arrgl e, UsPa é’%ﬁ%ﬁo %%}E © ?@’%F%?@%W%%%&%F‘%”%&i’%ﬂﬁémﬁ%ﬁ lbea%’or ado
State Uni vercabling, Res@tains edctibm daisp@sion]i 8ahes @F d@d’t@qﬁ(ﬁﬁﬁl%fsglﬁ:ﬁﬁﬂ"%nbi gh shear

- 201 At oRy . react i,on dimsersion, change of

processing of a fibrous biomass by injecting a slurry thereof into a

t ur bul ent Cotasificatipny oridationsredyction, bleﬂc{mggmaleﬂqmdwgmfdmpgtoéd@sity,devi ce",
this devjce Vi n n _.ann [ chanber ai ni n fixed stato ui pped
wth o e o el R BB oSBT o, P eRiie Sl ElroR sietin i ot hed
ring coupl edhémickln @ecadfons 040 halddenAtidh e Ritralibn, Rddetdn8LPanaiids UsMradykifugust
1994 to N ppon Paint Co., Ltd. discloses processes tor continuous enulsion
pol yner i zat idehydrexalipi, c ispexidationt j aganation ndiszetisaiion halkpletigmeestarifishiéonyat er i al

is fed to t nnul ar ace £. oaxial relatively rotatable cylinders
under condi?ﬁ%%%agﬁgﬁﬂiﬁ%%a?gﬁp%ﬁi§6 f%%@mgﬁggP@¥Wﬂﬁ?¥mhhereby a desired
conplete m xing condition is obtained. 30 [0003] My US Patents Nos.

5,279, 463 (issued 18 January, 1994) and 5,538,191 (issued 23 July 1996)

di scl oseldne E tus for high-shear material treatnent, one type
1 5 August 2005

[0002]  Apparatus for materials processing consisting of coaxial cylinders that are
rotated relative to one another about Ia common axis, the materials to be processed being
fed into the annular space between the cylinders, are known. For example, US Patent No.

20 5,370,999, issﬁed 6 December 1994 to Colorado State University Research Foundation
discloses processes for the high shear processing of a fibrous biomass by injectiﬁg a
shurry thereof into a turbulent Couectic f_low created in a “high-frequency rotor-stator
device”, this device having an annular chamber containing a fixed stator equipped with
a coaxial toothed ring cooperating with an opposed coaxial toothed ring coupled to the

25  rotor. US Patent No. 5,430,891, issuved 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 complete 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 freatment, one type
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WO 02/ 072251 PCT/ US02/ 05361 of the apparatus consisting of a rotor rotating
within a stator to provide an annular flow passage conprising a flow path
cont ai ni %a h:,z]z%h-shear treatnment zone in which the passage spacing is
smal | er APt he remai nder of the zone to provi de FEHEIHBHry
hi gher-shear treatnent zone in which free supra Kol nogoroff eddies are
suppr essed b i@@ﬁ f ! t Couette
devel oped anol}etl%lﬁggk)at uga%(ﬁ)r dggaéﬁgﬁra%g%t@%gg%ﬁr%%}?%gg%aqnm ﬁl():V(gnsi sting
of a cyli ndemssageresnseitingra fidve phth gomtdinihg nt lghhsldad Beatmém tzade ingvidet thedr i cal
vessel, the viscosity, being neasured by peasuring the tqQrque that was thus
applied to tﬂﬁégaﬁ%)sﬁ?ﬁmg h%%?’%ﬂ%!‘ thap s the gerpginder of the 2on6ioprovids asuRsHURY p was
obtai ned betyaen dbeqy bidV; . ﬁ% I jty of the
rotor surface ugsy%o %gdé‘%%%’%%&la‘f}ﬁ?g‘%@o X3 |§hgﬁ1€daggr?gegsr%§}g?%?i onship
br oke down. dikihg pssbezeofithn amtenaktherothasiph.gated by G 1. Tayl or who showed
that when a certain Reynol ds nunber was exceeded the previously stratified
flowin the annulus between the two cylindrical surfaces becane unstable
and 15 vortirg®f] aPRERAL a@aﬁus-r I Lt are
| ocated al o g@jtEL e.@ﬁﬁﬁ?@?’é{?\%%{)\éﬁpt e %t%éﬁ%%fgatflfgﬁc?%{pﬁﬁgg |§ of
rotation ancomdistingof tydinderimmedsédin tiztlighid conpinedintagotdingaylihdiral veddal
conditions for the, fthW to be pecone ynstable in this manne can be

i

expressed wilithVEHEINA S meSE %mealr%gﬂ@tﬁm%ébatmmﬁpﬁwm@w or
nunber, lodngﬁﬁHeﬂgItL\%rfo Cthdt Ma@B&hﬁJA}v{aﬂc&%ﬁéﬁ%& e visOSi a?' us of

the rotor and its 20 peripheral velocity. for thelr specia
pur pose N pmpoasiranet and thé egulbaytlodity of dretrooe surface yetoarcedn valud béyaué f ound

t hat when usi.n uch apparatus for the_types of process given above as
exanpl es, eé’ﬁ’é%itg? %%&@%ﬁ%ﬁ@nﬁﬁﬁ?&%ﬁ@?ﬁﬂﬁsﬁgﬁﬂbﬁ G-k equired,
the presence; he ' hdn W HeRki Sq@}d' Fonk LAGEH ¢ ed since
the materi al a@or%'e %%gge{lgﬁﬁﬁeconggh%%e%ﬁ%e |b%%éex§/ortltlé§§re§§gﬁ ecomnes
partial |y segatdgdfled in 5 anmtddtetween thetws cylingrieal pafaces betange disiablevsd

i nconpl ete and, nust be_ relied upoin, by nmuch sl|lower diffusiaon, pr otﬁesses.

Sunmary 19f VRECeAPRRETG Rowdmopn @8 laylor vartigesy Feiei a¥el argiipaated almethe

i nvention tg; J : k essi ng
wher e ' ouc AR AT ik bl A ARRAIHIR and AhicRARE YRR T 00
WO 02/ 07225 bpiRGifé digeas35 Iha conditions for the flow to be become unstable in this manner

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 speciai 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 inhibits the action or reaction desired since the
material to be treated becomes entrained in the vortices and becomes partially segregated
25  in the vortices whereupon mixing becomes incomplete and must be relied upon by much

slower diffusion processes.

Summary of the Invention

36 J0005] 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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enpl oyed can be operated, w thout the presence of Taylor vortices so as to
facilitate any mxing that is required. [0006] It is a nore specific
obj ect to provide such nethods, and to provide apparatus 5 for carrying
out the MA®BAISL in which flow of the materials invol YEHUERASHE ef f ect ed
W t hout the generation of Taylor vortices with their consequent inhibition

of mxing. [0007],]n_ accordanc ifh the present. inventi t.here is

b ovi ded a (FUBHES bR RRme b bsioneBF RS voBfhEr o Ryt ne
material to RinBheeaseREedn a flow path 10 through an annul ar processing
passage between two cl osely spaced snooth surfaces provided by respective
cylindrical apparatus nmenbers rotating relative to one another; wherein

h di al ing.b L. . f. i | | h h
back.  o- bacROREH; 1% F R RELLe ity HEvER BebBRmaa o0 paPlieaBben mmt or a

agai nst tshe fsMQrryiig lobAhE Hetidas id WA FIo® df thd WRatSiROINNOR S clbeldiRctedlr f aces s
such that formation of Taylor vortices 1in the processing passage is

i nhi bited. [ithogfthengeneration efckaylod serticeswrithitheiheonsagquent iribihitienhafmeixing. pr ovi ded
new apparatus for processing materials conprising two cylindrical

apparatus nenbers nounted for rotation 20 relative to one another, and
provi di ng t\goo7| 0% hdtoRIRRESAHSHD Bicbend HvERRR el B'\phdlided 238w AL Rf -
processi ng passage constituting a flow path for the material; wherein the
radi al spaciprgessmguaiierialheomprising passingetbe matediglial betpwoasssel és g flomapath he
back-to-hack radial thi cknesses of the two bouR)delr% Ia‘gers fg[g‘he mat eri al
agai nst ¥he "FRET W AYNALROPGEINS PasSpRs OFRESEN THO ClOCIY SPACR Wﬂ%}gﬁ E5he; and 25
wher ei n t he pismRl B espechilve EMRASH hRfaRusnenbe&Rothitdl refafd B loh®Mndder; Tay | OF
vortices in the processing passage is inhibited.., [0009] The cylindrical
appar at us nmenber whereip theeradial spacing basweandbetmiosnifatenistequal teoressihamihs, or may
be nmounted for rotati about r ctive.axes so.that the nenpers 30 rotate
cccentr1 cal Py andsatl driRrset ERREFH e Birs Rube Boepd Sl IS ' cct or s o
the surfacegracddignd Or egoi ng, as well as ot her obj ects, features and

advant ages of the 3 5 August 2005 WO 02/072251 PCT/ 1JS02105361 i nvention

wi | | be l&ppar ent whereimthetssnobihingss of thg serbasesis pich 81t forrationiof Tedemyediceon wi t h

the  accompaiiyl no. AN AdSye is iniited

[0008] Also in accordance with the invention there is provided new apparatus for
processing materials comprising two cylindrical apparatus members mounted for rotation
20 relafive to oneanother, 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 bom}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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5 Description of the Draw ngs [0010] Particul ar preferred enbodi nents of
the invention will now be described, by way of exanple, with reference to
t he acconpanyi ng di agrammati ¢ draw ngs, wherein: 10 [0011] Figure 1 is
apart el NA¥GERSL part | ongitudi nal cross section throR§IBIHEHI et e
mat eri al processing system [0012] Figure 2 is a simlar part elevation,
part longitudinal cross section {hr h 5 anoth ete terial
processi ng SYEPER WPB?{CIE;&OE}'&? "‘E‘Q @E%Pp‘BICP ®systemto
enhance and/@LorhR6ii %&%ggl gkhe proceSS|ng, [0013] Figure 3 |s a transverse
cross section through processing apparatus as shown in Figures 1 and 2 to
show the cylindrical nenbers and their relation to one another and in 20
whi ch the cooperating surfaces may be coated with catal yst to enhance
and/or facilitate the process; [0014] Figure 4 is a cross section simlar
to Figure 3 though apparatus in which the |ongitudinal axes of the stator
and rotor are dlsplaced to give an annul ar passage that 25 varies in
radi al wi genpimonl of the Drawingmnf er ence; and [ 0015] Figure 5is a
| ongi t udi nal cross section through an apparatus to show the formation of
Tayl or vortices in the annul ar passage when conditions are appropriate for
such f or mat irgyko) 3@aflichiafbiditRbd S80RIME:D! Y RIBHiORGAH hewE2 4R, bPO16]
Simlar or eqU|vaIent parts are given the sane reference nunber in all of
the fi gur esvayfof txample, sith meferensatie thevacsonpanyimgdisgrammatiedrawiags, wherelnet ween
certain surfaces are exaggerated for clarity of illustration. 5
Descrlptlon of the preferred Enbodi nents [0017] In the systemillustrated
by Figure 1,o@1fi F@h&ﬁ@ﬁbﬁ@&h@%ﬁ%%ﬂg&m clo8sebtic ugtsd dRiptetd ank 10
via a neterlng punp 12 to'inlet 14" while a second reactant (Reéactant B)is
fed froma mmmﬁ@mm@mkmaﬁmVna a neterlng punp 18 to the sane inlet 14. |f
required, an 10 optional catalyst or reactant gas is fed froma supply tank
20 to the inlet 14. If separate

[0012] Figure 2 is a similar part elevation, part longitudinal cross section through

15  another complete material processing system in which external energy can be applied o

the system to enhance and/or facilitate the processing;

[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] Figure4isa 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]  Figure 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
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inlets 14 are used then they nmust be in close tangential proximty to one
anot her. The processing apparatus conprises a baseplate 22 on which is
nount ed rotor bearing supports 24, stator supports 26 and a vari abl e speed
el ectric V@ P¥E2%btor 28. A cylindrical tube 30 conpriBIABYBEélappar at us
stator is nounted on supports 24, and in turn supports 15 along the major

portion of i engt b anot her. lindrical ,tube 32 constituti e outer
asi ng-of - a M2 S St e SR 1 S5 eforcidr et i APpL B0 6
control the fighRiBEa itivings WHeReRbARARS. Tle ShRGTRMeiwebhSr@iiifRks #a@Ssage 34
between the cylinders 30 and 32 can.be filled with a suitable heat
exchange nedikeggertedHonsaniy pEillnhomr t he special heat exchange structures
that are known by the trademark "SphereMatrix", the 20 coolant. (or
heating fluid if appropriate) entering through inlets 36 and di schargi ng

t hr ough qxiqﬁmégﬁoﬁof@kQ@g&ﬂﬂﬁﬁmﬁﬁm@%gends bet ween the supports 24 and is
supported thereby, one end of the shaft being connected to the notor 28.
The shaft carries a cylindrical rotor 42, which in this enbodinent is
solid and h It S s of rotati.on..coincident w.th the |ongitudi nal axis
of the ot at 10U} T Byl Rk Pl PG 5 o Baghe RessBL LG Bt A0 e
44 is for meguhdf MRIET0 iR 8 nicRARE puadt 1216 Trled 34, wikle h 3&BndBactint Headtat BRY and
outer cylindrical surface 46 of rotor 42 and face body 51; the enhds of the

chanber ar e fe:frors 8 quprdniank 16 vie alaetsing pusnd$ scthe sansonleh bt ISagrisasdaan t he shaft

40. Th t ed bal is, di dth tl 5Z. 30 [0018] As
the mat el aPPReERg e Bt Bt BT anpy sl B a4 o 01
respective jflew Nl adelustBher the it Hefin 618 nfid] Broxithitydlon€ atotised! TREes 46 and
48, the. thickness of which is determ ned by the viscosity and ot her

factors of phsesyREapbaratup spmprijss aclhesepiate 2 Hnhjcls is powsed \Rigeaien 51
PCT/ US02105361 the relatiye flow.velocity. of.the rial,. qver the
cur face. - ThaPH aia PaRE e Spds BaHE RS e B AT ob Byl o
surface al omghe3d0RakPridiR @b Mophratus\Wlatos iy rhduntel @n kwippeis 24 Bnd inSurh SlHBrtas one

circunferential flow length around the rotor surface, nmay be determ ned by
t he equali oalong the moajorgportiqnRy its length another cylindrical tube 32 constituting the outer

casing of a heat exchanger through which gas or liquid can be passed to control the
temperature in the processing chamber. The annular passage 34 between the cylinders
30 and 32 can be filled with a suitable heat exchange medium such as wire mesh or the
special heat exchange structures that are known by the trademark “SphereMatrix”, the
20 coolant. (or heating fluid if appropriate) entering through inlets 36 and dischargir}g
through exits 38. A rotor shaft 40 extends between the supports 24 and is supported
thereby, one end of the shaft being connected to the motor 28. The shaft carries a
cylindﬁéal rotor 42, which in fhis embodiment is solid and has its axis of rotation
coincident with the longitudinal axis of the stator cylinder 30. An annular cross section
25  processing chamber 44 is formed between the inver cylindrical surface 46 of stator 30 and
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 ouﬂet 52. |

30 [0018] Asthe 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
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where N is the product of length x and the flow velocity divided by the
kinematic viscosity. 10 In an exanple, if we take the rotor circunference
as X = 0.2394 in, rotations per mnute 2,000 and the kinematic viscosity
0. 000001 W@#207228& obtain for the thickness of a singl LCTEANEHL boundary =
0.85 mm and that of a back-to-back | am nar boundary layer, 2 = 1.7 nm 15

The internal di,anmeter of the.stator surface_.46 d e,external .di aneter of
the rotor 5319&#53 aﬂ‘é‘“’_@? v‘gﬁcﬁtﬁo o ?‘éﬁﬁiﬂ%ﬁs_“%?"f?e W RHBIAY 5cessi ng
passage 44 iigyer f R TR WS Weliild kurte A1BAs £ pHIcAH x| Whitk BABSMSer@ibn t he two

| am nar boundary | ayers back-to-back, so that there is no room between

t hem f or an i wkerasone sigeumiérrntiabijey lepgrh prpund the retor sefesnmayberleloniogd per i t
Tayl or vortic%ﬁ to be formed and di srupt the thorough and uniform

m cro-m xi ng?tHat 4 ®%es place with the material in the two contacting
boundary 5 | ayers. Thus, as expl ained above, the Taylor vertices 57 when
they formare as shown graphically in Figure 5 and are capabl e of keeping"
the different conmponents to be m xed 8i_ﬂi.%lpartially segregated state in
the nmaterial to be processed, so that” itgpopportunity for 25 mxing and
especially mcro-nixing is largely or ev&n®conpletely inhibited,
necessitating the very nuch slower nolecul ar diffusion process to conplete
the desired reactions. In_the above specific exanple, with _an apparatus in
whi ch the rothse Me. dibe prodactof dength » and the Aaw velogibedixided by ths kipepaié 1. 7 nm
in processiqgmﬁﬁisage 44 is required to ensure the absence of any bul k

| ayer betweenthe”boundary layers. If the gap is increased to as little 30
as 5 mmiothe resulting intervening bulk |layer clearly shows strong Tayl or
instability (as in_ vortices 57) with the result that the different streans
from suppl y & amexamples  wedake the rafepcipumierancs as =454 werasationsypey synute

PCTI US02/ 053000 291  SERLGLR MR Ahoonby B9 2 dsifihehealrdsgye vhi ch m x

nearly instahtaneous er dap o e Inventlon, not

uni form y mlamindrdoaidasn acQestnah hed @xtofabackuiodiack liinafbimd sy lageg 2ased, as
depicted in processing passage 44 as vortices 57 in different colored
striations a dA§m®mhe flow in the processing passage 44. 5

15
~ The internal diameter of the stator surface 46 and the external diameter of the rotor
surface 48 are such that the radial dimension of the processing passage 44 is
approximately equal to the combined thicknesses of the two laminar boundary layers
back-to-back, so that there is no room between them for an intervening bulk layer to turn
20  turbulent and would permit Taylor vortices to be formed and disrupt the thorough and
uniform micro-mixing that takes place with the material in the two contacting bbundary
layers. Thus, as explained above, the Taylor vortices 57 when they form are as shown
graphically in Figure 5 and are capable of keeping the different components to be mixed
in a partially segregated state in the material to be processed, so that its opportunity for
25 mixingand especialiy micro-mixing is largely or even completely inhibited, necessitating
the very much slower molecular diffusion process to complete the desired reactions. In
the above specific example, with an apparatus in which the rotor 42 was of 0.0762 m
external diameter 48, a gap of 1.7 mm in processing passage 44 is required to ensure the
absence of any bulk layer between the boundary layers. Ifthe gap is increased to as little
30 as5 mm, the resulting 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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[ 00191 Measurenents by J. Kaye and E. C. Edgar, as reported in "Mdes of
adi abatic diabatic fluid flowin an annulus with inner rotating cylinder."
Trans. ASME 80, 753- 765 (1958), show that there are four main
possi bi | WQ®H7228t flow in an annul ar passage bet ween PCREISEYIS3dr i cal
relatively rotating surfaces. If both the Reynolds and Tayl or 10 nunbers

are |low, e. ess t.han about, .1...200 r .t he .Reynol ds n er and 41.3 for
the Tayl or %Ot é}e@l‘?ﬁiddwa‘ %‘51811 a“ggqlg'%%ﬁﬁ&ﬁﬁeﬁ"g@& I}GP@.’ ‘“%%?P%W noder at e
Reynol ds nurhedmallefd of B limentidhiehiot REFMBS ¥kl tohndsbcgRibld dx@enf, den i s stil |

| am nar, but with a systemof Taylor vortices. Wth |arge values of the
Tayl or nunbdhe gapdy éncreeda atidapiciiddn precpssisiedrassag kb 8y vartiess P gpvditferantir bul ent
with vortice .1.s still,relatively "orderly".. Wth a 15 noderate Tayl or
nunber bl owtipEg isiBa e b Aaf M ¥EbeeribePiais 14 100 the f1ow | o now

fully tursbul ent. The values at which Taylor instability is obtained are
however sonewhat inconsistent, as is shown by an equival ent set of figures

devel oped by0HI] Measgrmentsbyhdayennt B C. Bdear, asagpariep it {Nerles af adibaticlar y- | ayer
Theory" b . He n..Schili ing.. pbublished. , i1 | c. The
Chowen 1t gbetERRRAG il WA et Rids R0 Bl MR M Sbk 0, 03 TSV

the flow wag6h @rusBREhowRikat there Rrel 106 AR Pbssifilitied Térdlow QA& s h

Reynol ds nunbers of 322 and 868 and correspondi ng Tayl or nunbers of 141
and 387 t he bptweer Wepscydingitical relatively rotpiing amfms-clfetw%l the deynoldscind deylptes. Wth

i oty oy BORERS ey o dse R g0 700K mefonls bt BLY R e Y 12

finishing cqagof, theflo®fwill Belatnar &ASEEAling EWith &ivto nidderateRePHiol BHEBEES -
Therefore, the above observati ons are inconclusive and cannot be used as a

basi s for désdTaileinymbertetwesadi 8iaahi00ibeBew irsiilldaningcbpt aithagystem ef o- and

emboai ment - S P s CWIGLAERRR: & e BV B S s el 95, [ o

i s mechani calhpertthe lbWSE nebulde Wit orG@sShut U slDrlativilgcoeilgal Withid s al so
possible to rotate the exterior cylindrical nenber, or both the central and
ext er i orl3nemagerste Taylopppambepbalow { adargeRevnalds pembesabave 100Ee flowdy , or to

produce bet WS Rl B0 TRDUG: SARCE B Bsfiiitols APARIAR 021072251

PCT/ US02/ 05 m-ni num peri1pheral veée I'n order to naintaln the

boundary | aysh@vhat thebidestddt, & édhoyn teeRi cghivalemrsef ef figteksQidtdshcd®RtE, this
differential, tangential velocity should not be less than 1.2 neters per
second, pr eﬁ@h@ﬁﬁmquanal%\}@wmemrﬁéﬂn SRevadrdy-layer Bheery” hy Br-dteamantound

unexpect ed! bk, ifSERS) NRRSAY All, R TR haRERnAS AN ReHRoibsnAnes 1 11 cal

factor in
20 of 94.5 and a Taylor number of 41.3 the flow was laminar, but with the onset of vortex

formation. With Reynolds numbers of 322 and 868 and corresponding Taylor numbers

. of 141 and 387 the flow was still laminar but 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.

[06020] 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




5 August 2005
5 preventing the formation of Taylor vortices with their consequent
instability and capability to keep m xi ng conponents segregated. The
normal machining of the cylindrical surfaces to the tol erances required
for the pEP8E228ts i ndi cated above (e.g. a radial ga@@@fUseE3y2 mm for a
rotor 7.5 cmdianeter) is insufficient and the resultant roughness of the

surface, although not_ no '] y.regarded, as _roughness" i till sufficient
10 for Tayl JRN{gFR pEFmier g@@‘%ﬂ‘bﬁfﬁ@éﬂ@lﬂéﬂm@ﬁ&%ﬂ%iﬁﬂsy BPIE§ep
enbodi nment, 4.}; :

e %t@g r%gﬁpgﬁb%&%ﬁé&ydﬁ&%@ggﬁngg&%&s A tgflfﬂ& bt B felss

unexpected st ng these sur . ed mrror finish,
or better. Tivn Ichigtemypelsecvad.iposfertinily dmme 2.6 nppee sceorde dt o hndbesn found,

al though | do not, intend to be bound by it, is that the inperfections in
Ut f ace s modPAHELE FE s, SHOTyeR e Weeite (P S 1B SIOUUID R S qual |y,
is suffiGi enfreveRtidpPtis SolMioR DTeEaylr %ﬁide@%ﬁgﬂhkii' tcﬁnsé%ﬂg@ bhslBilif 8 s i tself

as Taylor vortices. The standard ™ finish of about 40 roinchés is too
coar se, and capdbdifedo fkieey silixidge tomponehia sedregnitaly ol hamal matiduing of dhaavoi d  t he

pper 11 ¢ cgfidtgal Steseg o ahielerntés ey B eparRT B LRI € 15 Lo be
avol ded. - o8Iz oRe510: BTESi0RYS Gl iaiEler!i0 iFldcichCakd ARrAARENTI N9 O

t he physical factors involved. 20 e ‘enbodi nent of Figure 2 is
simlar to trbughnetofthgurece]althbiagherot sormaliyregarded as frowghnehstie stil Sifficient provi ded

along the length of the rotor, 3Q, .and the pmateri frgmwhjch .the rotor is
made. oridat IO YORCRS b PGl F R BEABGH P A e S ES THRE t he
rotor, 1s ‘i‘l@ce&%ﬁﬂﬁ&@fﬁﬁ%iaﬁ&h@ﬂﬂﬁé@n@ﬂfe&e&ﬂ%&g&fﬁﬁﬁﬂ%gﬂrﬁc@s%@sﬁ ed by the
transducers. In the draw ng, the transducers are indicated as being

magnet r ons oalledimisbr Himsh, ombetteh Tfe ontyumplangionphad dande presested atahis timay el engt h
(e.g. 2 M 50 c | ectro netic.radiatign. Anpother. choice is that they
Canhe | | gnatusEn gl i RRRons 0 ey B e s s BRI 1 or | he
B: ocess ,ngX- XGRS G fnal SANHRNE AhOBH bFBS qlityt RBUFHERA t5Eauss MBSAE €T S

ongi tudi nal oscillations, .ustually of ultrasonic frequencies. 30
[ 0022] Ri5g. oBinstebilitys which manifastsdtsel EaciaylonvorticasuGhe standamsitfmisbof sbwdt 400t or

oat od i ¢ NETHREIE PO OB 40N RO S bRy T ESoRSH ToAte BBRG  t ut os
021/ 072251 PFTCE o7 BEa] ToRnitily APR befelolhitis ik tut . ipp 1 SHRL P05 YO
snoot hness imicroinckes is requitet & Tayloh snstabibiéyr is o bavivrided) However, thesemumbersThe
enbodi ment g}ce sﬁlgjgc% ‘o mgdihgatiioﬂ hgpréggigg for? Ehe%h;];/selé aggo%tili:n(f)oqv rocess, an d the
20 [0021] The embodiment of Figure 2 is similar to that of Figure 1. Here, a number of
transducers 54 are provided along the length of the rdtor 30, and the material from which
the rotor is made, or at least the portion thereof between the transducers and the rotor, is
as transparent as possible to the energy which is emitted by the transducers. In the
drawing, the transducers are indicated as being magnetrons or klystrons, which of course
25  produce very short wavelength (e.g. 2 mm-50 cm) electromagnetic radiation. Another
choice is that they can be light sources of whatever wavelength (color) is appropriate for
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 cataly‘st to facilitate
a chemical reaction that constitutes the processing step. The coatings applied must still
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axis of rotation of the rotor 42 is no |onger coincident with the
corresponding longitudinal axis of the stator 30, so that the radial
processi ng chanber gap 44 differs in dinmension 5 circunferentially around
the rot oWOR/MPAt exchange structure is provided havi R§TARVNEEr casing 32
and heat exchange material 34, since such processes usually are exothernmc
and surplu st Pé}g];r for the
m cr oor gani ?ﬁ%ﬁﬁgi ser?fgﬁs\e 0 ozg%etgr’l%c’&@{ekgqfets g"Eadlirn\efﬁeas(rﬁ angeé gong t he
| engt h of t Hiet msuitsoﬂhaclﬂbddneento'ﬁ@glumissdtendedfm-larfemnqaﬁmmmdeys, amithsi fi ed

into the broth un| di sper sed, m cron-f|ne_bubples

i nst ead of ﬁé‘isﬂ %I W‘i’é? SHO BH © Ig?ni‘é”ﬂb&’ﬁ ”é‘@l"{ﬁ‘amﬁk?ﬁ‘ orm

di stri bUt'Or&msﬁﬁth\éﬂstta{&r@@%%ﬂﬁ%’dmﬂ)ﬁfc% ?%Bén?&r YP4€difers H\Ginfeasipn di oxi de
that is produced is vented fromtheé upper part t he processi ng passage
through a v encunf&entm’ﬂm arofuet therotonr Adeat axdiam stnetiEe § providedhavag agloetdr to
operate conti nu g hand rovi des g? conti nuous and nlfor noval

al ong the ufpEte-pst e@hexg angeymaterigl 3t sipfe Wb piocesses ulg "W@F“E dwith a
film of brOfsﬁlpﬁéhéa@mil%méma@@m%ﬁuﬂhaﬂératﬂveeanafﬂoﬁ%ﬁme é bR, apparat us
of the invention is generically a reactor, and a reactor conSists of the

vessel s usedA swicpobdxpgen dediinletd I@lamchntangndtn]oqgltheslength of thecitpdori apd thereans, and

f t t of i
conf | gur at 1 GRECt SRS PP brERRH-G e R Lt Ay P B neer | ng
principligs GR&OSH- ﬂhé’Bﬁabﬂ&.%&e% (If%@fﬂ%%&@éﬁ meéﬁswﬂ?m&ﬁé GRS - 2Nnd

ki netics, reactor technol ogy includes requirenents for i1ntroducing and
renmoving r eamf(mmdssirdmdorp ab'dlﬂmosyelmmpaﬂ)feymmhamsyswmh’ﬂhmbng dioride that

acconmmodat i ng S mat er i transfers surjn ef ficient
contacting Elﬁ‘ggfﬁ ‘fé %Fﬁﬁ%m%?ﬁiﬁpﬂrpﬁql ghﬁé’rchu’@ﬁﬁ% opgh? Xt Shment  or
regener at i orphe THRR Mol ﬁmg%éxv % i @Ki3fled 1BloPerde cORHuoIPIhdGREVildANS| at es

reaction kinetics and bench -scge data into'the design and manufacture of
effective pmrmnuqs!samd siifend COh eanmwviik dongstha lupparpogticehofghardier which isar ger

sized units | t t.el nd. o rates conner ci.al._pl ants.
Com*rermq E@ﬁ%{‘ ﬁtega ﬁl%ﬂ %&g‘ﬁl@ﬁf’é}(@?ﬁ E C uu‘%“ﬂﬁrve evol ved from
concentrated efforts focused on one type of reactor A few processes have
energed from parallel devel opnments using markedly 9 5 August 2005 WD

02/ 072251 POPR3)SOEhe@pmeatusifilfednesntionie gereticallyppesstor, and amssttomrassiss oft he

' ealct or sel (e:tvgscsltelg %E:edl ‘c%bp% t}cg a sn‘ea lﬁgc}(iuas %y physical or chemical means, and is

frequently the heart of a commercial processing plant. Its configurations, operating
20  characteristics, and underlying engineering principles constitute reactor technology.
Besides stoichiometry and kinetics, reactor technology includes requirements for
introducing and removing reactants and products, supplying and withdrawing heat,
accommodating phase changes and material transfers, assuring efficient contacting
among reactants, and providing for catalyst replenishment or regeneration. These issues
25  are taken into account when one translates reaction kinetics and bench-scale data into the
design and manufacture of effective pilot plants, and thereafter scale up such plants to

larger sized units, and ultimately designs and operates commercial plants.

Commercial Reactor Design and Use
30
[0024} Most reactors have evolved from concentrated efforts focused on one type of

reactor. A few processes have emerged from parallel developments using markedly
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beconme the reactor type used commercially. Further devel opnents usually
w Il favor extending this technology. Descriptions of sone industrially
i mportant petrochem cal processes and their reactors are available in
several MREMN2PBbxts. The following are 5 illustrati PETARANPAs of reactor
usages, classified according to reactor type. [0025] Batch Reactors. The

bat ch react ofel St r IR o] ' I astic
resins. Sucﬁ({lfrféerg'gtrgar%goqéggﬁg'r eIiII§J %9912%&6&%%%#8&(5%%&%8@ ?%gaﬁ&#,smga}%&l ed

t anks, in whecdmanhx reagtobtypd ased @dmingigdllye Fartherelepd@pnietadisehlly well fivopm above
by 10 long notor, shafts. Heat is transferred to and fromthe contents

ei t her throlfiFnfing kit teshnolpgyy Dessriptigps ohsespsinfustiglly dmperfagipsirodisaiedd paffl es

near the t Ogir@cregseyélﬁfjthb %éa%?:fg &t gié#l{&(d))}g ih SO r3hef oS - Th koll'b%ﬁigga??/ lics, and

i ncl udi ng polyesters, phenolics, S, urea-tfornaldehydes,

furans, can istrpivecsemples of rexse nsdged, chssified asenrdingereadRatypent eri al s are hel d
at tenperatures of up to 275C for e.g. about 12 hours, until the

pol yerm zed liquid 15 becomes sufficiently viscous. One plant has been

desi gned to [?(52‘3?“‘393%?1?)@5&5@ it bélt%qg?e%c@f‘qs %e?ﬂ%iéen@% fcﬁ?ﬂg\%ﬁﬁfoh%f esins in

three 18-n8B "(ca 640- reactors. cost savi fge-scal e
oper ati ons anaaufacesindplastfcaesilat Sich pedctoregdnzally aress-404r’ (V@00 4p0-Gehict i on

capacity of _p vipyl.chloride (PVC) is greater than 15 x 106 tlyr, but no
cont i nuous bﬁﬁ%@@@ﬂ%&f@% W%E@ge%m%@ﬁ%m@wgﬁ%@%ﬁomom uction.
However , ;,CORIEBI LA ' P 2 ' k actors of
200- 15 (e JOBG LS hell; HEAF LBHRRAT) Bl Aokl bhe RO LMIP I Gh | BRE T

devel oped. [MaD26] bySateenabxailsp Fagenshapeidatiics meqribe mpaesused akteadiof falk- enpl oyed
in inplementatiqn_. of . {he present invention are those inyolving ,

or ganoret al h‘? { sﬁhﬁ?suge‘ﬁélfg%gﬁyfﬁteﬁ H]_Eﬁnﬂfwf's : pasformaldebydesat | ons;

ni tration: Bl adeld@hald cahse a%&ﬁ.}ﬁg%m m&hagh%%%@éa&mm react i ons

(up to 260C); "cyanation reactions; SI'Ss; epoxli dat i ons;
di azoti sat i entemptratpreatafapdo 288 Cdir €.gcatiouioi? hews) dmtistht ipolyemezsdt liquis; Manni sh

reactions; and benzene chem st 30 [0027] A paper by G 1. . lor in 1923
Cril L] o oDRbmer SURey e, Oht Pl s Dy, elact OIS A0 GEREE at | ng

cyl i nders” ' Stlsyik ' e L[ . L.aboratory
experinment a ds%ﬁ%&éﬁ{ cti ot%t orﬁltsﬁletgl:‘e(&)?% ?%n@g?)z&gﬁyﬁ%@?ﬁgﬁm lity
as 10 5 Auguﬁlarg_ﬁeezﬁe m@iﬁh@%@ﬂ&ﬁbﬁﬁ/&ﬁﬁ@bl@%ﬁﬂaﬁpm deﬂcb&_riMrd)dncmlact i ce.
Taylor’s angl yShS ool virylehbeide I CS B o o 15/ '16‘5dt‘?r,sbu¥ g wous |

process reactor has as yet been developed for PVC production. However, commercial

20  batch suspension-type PVC polymerizationreactors of 200-m’ (ca 7060-ft’) volume, 5.5-
- m diameter, and 10-m high have been developed.

[0026] Some examples of reaction processes that can be employed in implementation
of the present invention are those involving organometallic chemistry; reactions in liquid
25 ammonia; halogenations; nitration; Friedel Craft reactions; reductions; high temperature
reactions (up to 260C); cyanation reactions; hydrolysis; dehydrations; -epoxidations;
diazotisation; alkylations; esterification; condensation reactions; Mannich reactions; and

benzene chemistry
30 [0027] A paperby G. 1. 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
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a well-defined critical value of a dinensionless control paraneter, now
called the "Taylor nunber”, at which the base fl ow becones unstable to
smal | di sturbances, resulti ng in "Taylor vortices" that encircle the inner
cyl i nder Y4h¥/0Z281 st acked in the axial direction. 5 TaJfHUS@@R#lct ed careful
experinments that agreed W|th hIS theory within a few percent for a wide

f ’c o] !
ke, quant | CRvcpeltles AR GAbHPRAO s SRR MgaRig = "

phenonena t oa wéli-gdfint@stitiosl valiladﬁ dﬁneﬁsaﬁfdsmne&@ma&t h@:@&aubmk UHglor Tayl or
colums in‘rapidly rotating fluids (which by the Tayl or-Proudman theorem

are two- di meHEntsHaph whiehthe Rase flavgbecpags wstablede sl disgubaocesfreslfinginer f ace
bet ween two ‘féll V];pg%rh b alse Saehenatd Eﬁﬁmflé;r&}l{i' %{aﬁ e(dtlﬁ &xéﬁkt%g genser

fluid; the aylor |nger| ng rn Ftace that

i s advanci Ng Thylvdodductddearefid epeyin Ao Uit iér@ﬂddnﬂx&ﬁﬁih@ﬁﬁ whuﬁlalfe& pérdert 1 ui d
with an electric _field. The enornmous influence of Taylor's contributions

to the underfefempwgequ@w%w @emmﬁanemhaﬂegqra@blhmﬁysehcqnm@ fields.
15 [0028] As, ghal p?e‘af%iﬂﬁnsok 5 eﬁ»gpbth%@ O et Dok Al e%{o%lué Orﬁio(r’cesses 'n
b heat t, ep S &1

general is t chan e, oxl reduce,

bl end, neut Fxﬁéde;nﬁmeﬁh@&m‘ﬁﬁtﬁﬁﬁmclu&éﬂ‘ﬁﬁ& déﬁmﬁjsiryrapialym&agrmh@qwhﬁh wei ght,
dlsperse chan e viscosity, change ggs or alter % property of a
subst ance i P WE%’é@rPfOWMWHW% eegnmmyl)ﬁbe ¢ighatder igsabiy cheni cal

reactor fec QQVe n ol ogy
that can gpggﬁnnrgwééph%neﬁfﬁgg% §b%8% ro uc%%%ﬁgﬁmggmg%p Q? heat i ng
and cool i ng thySdffnant TayloPREIBEINE ﬁlstﬁlﬁ’il'ityroﬁﬁlﬂﬁle ifErQ@enhbi iOfIvindiRSowakiethber
runni ng conti'nuous or_batch processes. The materials of construction and
appr oaches 80re yiseousfiuids sd ges bubhiss dnia Anid widhan eleeie Seldi Jhefenemousy to
under st andi Ie f d he

I nvention |gg%%%ger%g%ﬂbnﬁuﬁumrﬁSﬁg%ﬁ?“hﬁikexc&ﬁg(&éﬁﬁgggq?ﬁbgfgggsses and
apparat us tebmablishedlinfthesefiélds.i al s or conpounds in solution or suspension

t hrough the action of mxing and/or a chem cal reaction whose rate can be
control 1¥d by the introduction or renoval of energy in the form of heat,
visible, ult olet r t essure
osci 1 at i ond0 28 CASselanisly B GRpube i Wilion e SOGM B80S 10

chemical r e&e.itj aml REIGLE SREIS change):itaate regtididepradibe) hl@ﬂd; sbutrblizg) heAgeashiys,

| i qui d/ gas or ui d/ solid/gas m xi (g suffer. fromthe persistent problens
of non 11 ensity, change molecular weight, disperse, change viscosity, change pH, or alter

any property of a substance in a vessel, and such processes may be designated as
20  chemical reactor technology. It is a constant endeavor to provide new technology that
can give more efficient productien of products, For example, heating and cooling cycle
improvements can reduce production times, whether running continuous or baich
processes. The materials of construction and approaches to fabrication have changed and
contribute significantly to understanding state of the art reactor design and technology. -
25 Theinvention 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 reactien 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 irtadiations.
30
[0029] Many chemical reaction processes involviﬁg liquid/liquid, liquid/solid,
liquid/gas or liquid/solid/gas mixing suffer from the persistent problems of non-

11
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5 August 2005 WD 02/ 072251 PCT/ US02105361 uniformty of tenperature
distribution, non-uniformty of distribution of reactants, and creation of
unwant ed side products due to said non-uniformties. Such chem cal reaction
processeVQPIE3l |y invol ve crystallization, precipit&CTER20E3| si on

pol ymeri zation, netallocene catalyzed polynerization, polynerization,
enzyne react|j . -ael 5. i . -uniformty
prevail in SPII%?)?%H(}? tggtﬁ Bérg%%tdéﬁw@g’bq{éhggﬂ orru?gc%? %@Bg(g{s@r?%ﬁ%}%paggnt actors,
etc. A furt heeatjphoblvevanwidiside ploducidaiie @ saiob-ahifaidiasSeh chensicd] kaatiichhey are
bat ch processes and require considerable tinpe to be scal ed up.from bench
top testing POCSHIMEPENE 1yplg FEstaliration. neesinitaiion. felsion pplzmetizatignn 2 to 5

years, and I i at L.Lh: consioderahl.e cast..apd the risk
0 havi ng. m TeAiRaHE RholyecR pEARSARR, iRl Bo e Bl A ot "

t he firstsexmeduativnt Such molilads ofnoh-utifyrmiigveevatliis sthpdaakdeadtdrg tuiibe passi ng
of many years of scaling up the new process, [0030] A specific exanples of
an appl i cat i BRSNS §aFrliauf GeHRciR cics A lyghar groblgm with tig pboysreacior BROESES Thi s
approach begj ] | .ar ' ' [ are 15
sinmply m xedis-:a%ﬂgfg# %te ?%{F\ﬁﬁg%ﬁ%?%dﬁgwgﬂ&%%g%ﬁﬂ%ﬁgg Peg{??% ?é\@lg lét ween t he
precursors tohestihe@dommercid ptdddetival whikh cdnaskel angwhne fromPetb 8l yeads kemdi des can

be transforned intg oxides through hydrolysis and gondensatjon._ These
materi al s ar@nﬁm?@iéﬁeﬁ@?oﬁat?‘irﬁﬁli? ralﬂ #@gﬁsléaﬁchaymz%¢ ke msel ves

a5 COMORENt Spbilyoi hip‘few}afl‘édta‘?ﬂﬁ!tigx@;whﬁgﬁiﬁ]?E%s?éxggﬁﬁm}t{btagﬁhﬁﬁftﬁﬁfh&@rS’ hear t

pacemakers a onal “stereos an we s certaln types 20
of sensor dedisappsared@fier thé pishing ofinmnCyenrsefitcalisesy the hewplocess.s i n i nprovi ng
the optical properties of glass wi ndows by providing an antireflective
deposited coating thereon of deposited SiQ2 Ti 2. There are several

advant ages t@oi i%%ﬁ?ﬁ’[ﬁ@% il Is + 1 sugcessf ul
application [19n drlﬁt erials g%%%%z&%@cﬁgt&%gﬁ%‘%ﬁ%dﬁgpﬁﬁg ct g%é()ls t is
economi cal iproeser This agprowhibagieswith tshitableamdlaevdar sterfingt- imbteriads, syhidhhat | C

met hods. 25 Refract oy, xi.de_materials can be produced relatively easily at
fairly | 8w t%%‘a!elaﬁslrlééoﬁuﬂ% ?fo@@%@n{woaﬂ@@ag% eMteeBheRICBRI Ry a sol i d
to be synt hagbrieg bt OMRAtk! IR nsfaBldBlbiat dNEHRIdoB Sl bk hBRAIREARYNFRIGRT and

ti me-consum ng powder reactions. Both glasses an ceram cs can thus be
produced di rtbwugly hiydrolysis Gind tcomdensation.a dhiete materidie amuimercadivgly rpparaot)

I nvol ves sol %ons" strial scientists ha been able to devel op

appl i cat i ondeRaPeisy gpmsplves a8 GOmpengHis ¢ AHSE LQAREIOT REGHR | ol s

W th functi iaridfddsBeatt B@tiie?ﬁk&s &nggg{zaédl Yterebsl the IRY.GS “éﬁgy&néﬂqyp@s despite

t heir nol ecul ar origins. IS | or preparing hybri

20  of sensor devices. One of the main current uses, though, is in improving the optical

properties of glass windows by providing an antireflective deposited coating thereon of
deposited 8i0,~Ti0,. There are several advantages to this approach that have led to its
increasingly successful application in materials science. The most fundamental is that

it is economical in energy as compared with standard solid-state synthetic methods.
25  Refractory oxide materials can be produced relatively easily at fairly low temperatures.
It also has the added benefit of allowing a solid to be synthesized from solutions rather
than requiring inconvenient and fime-consuming powder reactions. Both glasses and
ceramics can thus be produced directly from solution. In addition, because the approach
. involves solutions, industrial scientists have been able to develop applications that exploit
30 thisto all;)w 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

12
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mat eri al s containing both organic and inorganic species. Such conposites
find 12 5 August 2005 WD 02/ 072251 PCTI US02/ 05361 t hensel ves in a category
bet ween gl asses and pol ynmers and have sone intriguing properties. A few
have al r 8Q92/78¥8hd commerci al application. The mai n pPEBESEHESIof hybrids
are for "sol-gel optics". They can, for exanple, be used to trap organic
dyes in sol-qgel, silica . to inmprove the qptical propearti [ dyes for
applicati onsEh CII"%SslélraS?atﬁ%orygg "He frassgsbtaﬁ%gfﬁa gr'\@?iaélggl,av%%%n?(%& Gt ochroni ¢
appl i cat i ongropdiiies. SA fevgBive AREHIP dsiid icSmmeRED hptlicatidn N e Mbidtpaspetties 6§ Nt hesi s
all owm ng products with conbined properties to be prepared as_never before.
Corriu and rhvblm@rqfea‘&ebgelﬁm”-rﬁmm@r@ﬁ@nméw@ﬂp AD organigdlYes it cer ani cs,

such as int : ng J g ) | I ittingham
sci ont 1 ot SHFRR30 Lot R oRles Bl G EIop it RoayBh B Bes L ' (T,
team have pliggaloptcdd devitess aidafor @hototiRamiscdpplicatiohsd.t T sol{gblysippdaole isTal
processing) at tenperatures (100-300 C) usually the preserve of

convent i onaloPenjng ypsve vistag ipasynthesallowing productsvatheenaphined pyopesiss #1 Bl i ght i ng
once again th Iy.: [ |, - . ods can
al so be usehreg?rg?ﬁsgﬂ%%g%ﬁéwﬁtoﬁﬁ{ﬁngl%sg@eg\@gé]%av%%%?&%%fgg‘g}ﬁaﬁwi ng cells
can be trappgtkd eFhdies,asught Br infdrpepeieding Snehdrk g silidoh Cartaded IBthudeyi n a

bi oactive state. The i medi ate aggl i cations for any technol ogy that can

support an Venbipshanyp seipnpishwitcibe StateUnivarsity|of New Yonsk atPinghaatansddissn g

bi oreact.grs el | : ' ' pportive
environ rrlg nt t%%&ﬁg&ﬁ%%f@ég%ég%%ﬁﬁ%n? a%{eg ?@iﬁ&gl% 9@ ﬁ‘% 'il%ﬂ-rlﬁ%lfp'rr]c}éc%%sé&fg? ﬁtg r ot her
speci es. Thenipefafiresq@00W300 PR usafiy the plebeprsSoffontintigeil SyrfliesisirfthétQhdnhe

encapsul ation_of |ipases (enzynes) by Fluka for creating bioreactors in

whi ch pr oduéelid-siateehemisirye sobiglilightinesange agpintha advgntagal aaog%r@ﬂgr@a@l based on

gl ucose oxi dase trapped within sol-gel silica have al so been denonstrated,
but have not yet been commercialized. [0032] The invention is able to solve
t he above p{mBijenSolie! piethodsiianglsa be asudianthe berdePwitlirbiblogyl werqpasgimey t he
reactants, one_of which is a liquid, thrqugh a tenperature and pressure

control 11&6d pebidtieg cellscapfe dapred Jugidg aimateyialsughay sl peksilisacnd ek inZone 44

bet ween t he: C. [re annul ar
opate br ovi SIGBHRE Slale, SRCRIMAICAMAGRIN, R Sy SRSRTRASAech Wil 4 © P07
abl e to renmev®emsoalidup cgly ablilesis to behnl blob@wors hiid bisreadidrg, wirrdgtheatieial

exceptional  tenperature control through back-to-back_ 30 boundary. |l ayer flow
conbi ned wi PEIPSRIPYife 3 RIOEEHYE 0T SEPPBIVASRYOImTR) 197 1hs getive campamen e it

enzyme, living cell or other species. The first commercial applications of biogels are in

20  the encapsulation of lipases (enzymes) by Fluka for creating bioreactors in which product
profiles can be carefully controlled. Biosensors based on glucose oxidase trapped within

sol-gel silica have also been demonstrated, but have not yet been commercialized.

[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 excei:tionally high U-values with
balanced heat transfer resistances, this being achieved through balanced boundary layer
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t ubes. Enhanced thermal control is obtainable through exceptionally high
U-values with bal anced heat transfer resistances, this being achieved
t hrough bal anced boundary | ayer 13 5 August 2005 WD 021072251
PCT/ US02MB®#1226hi ckness control and appl yi ng Spher e MRCT{URY05364de nmar k)
enhanced cooling at the outer surface of the stator and

back-t o- bac ndary. l.ayer. hi. h flow. at e.inner surface L of the
otator . Far tREHRSRoke XS ol ke et Pl Shork S e oot Rues o1
emul si fi cat isgfface@f thg astot dhdbaskiotaclkkdRPlia lch shawy f6w bl tBdnnet bafizs at e of
the art processes use stirred tank 5 reactors, inpingenent reactors,

i n-1ine " st &fthe stpioreFurthen Hcamprovideenhanced gasdigyidhrpastion througlenailsificatipove, al |

suffer from - L] X r nt-s.-and_non-uni f. ddi ng and
renovi ng of oﬁﬁ%gﬂﬂzic%%%%cﬂé@x%ﬁyﬁ%@& glﬁg{aﬁotf@lgﬁﬂlpéos??ﬁ%uﬁ Re8t t uati on
that ari ses rdctols, infigien@aftestors h-linkCsthiiahixal’ riotons, &bl 46 deyiBéd ih QetgiKi St
between the boundary |ayers, a near instantaneous uniform and constant

m xing i s olsbevenelbsulier fiom pen-prifamnaixiag of the rractantsandgiontunifornyaddingand |

begi nni ng atm{l&n &ih@llt. of entry of the adm xed conponent, this being

achi eved whén th annul ar gap all owed only back-to-back boundary | ayers to
exist with the exclusion of an interspersed bulk layer. A m ninmm
tangential velocity of approximately 1.2 mper 15 second is necessary to

produce t hi $0Q38bxSptidngly, 49d in eontras wifh dhe sifpatipnithat grises ik dasgq sapsizes and

outl et, [ | | r;Aal r [ | th of about
24 nhel bR £ tydeh S ARAR RS A RREE B BB B 21 S0P
a bul k | ayeand oottt inixile is\sigsinéd @ith dlid Mathofd el aindrah3YE e invértioaf i ons of

t he conponents to be m xed were starkly visible during their entire travel

down the gapeginpng# thegeiyt phenty of the admix poneighis being achisved whendhei r

: . ; b
Criti cal Tagf i bn SonRERoBER S th sty R A e ARl e ©
maki ng i dealintergengd buliviayer X An@inhoGs itdigenthl véloStDof bR iaikpf Il.acml?er. The

annul ar gap surfaces can be coated wth a |ayer of catalyst and can be
nmade t o 1P ef FeeRd is pecessaryita grodusedhigunexpectedynepest degrpeolgniziag betveendnlet

essentially ' ' : r ' ) . reduced
surface fouﬁ@tgﬁg'ﬂggglyﬂ&%yl&sd? aéogér?tﬁgﬁ{égﬂ 2%%%%%@%&%11 _efB %tgc%lﬁ eg'ol in the
i nvention. [Fo9adHmpld)ef thavmentar gip WasSse abowk §lnh, ARplihCabillohyédo Bkigt React or

Systens in i ch _adequate m xing of a mcrobial culture is_essential for
many aspect Setiypengthe laoppariboundgry layers, striations of the components to be mixed were

starkly visible during their entire travel down the gap,l 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-flowmixing possible on a sub-Kolmogoroffscale. The annular gap surfaces can be
coated with a layer of cétalyst 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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30 including assuring an adequate supply of nutrients to the cells and-
renoving any toxic materials fromtheir vicinity. Mxing also affects the
supply of oxygen by breaking |arge bubbles into smaller ones and
di spersi P & uniformy in the liquid so that their PEFUS2R58Lst 2005 WO
02/ 072251 PCTI USO02/ 05361 residence tinme in the reactor is increased,
t her eby bri ngi ' - | r oxygen
transfer. AE%%?%fﬂﬂﬁﬂ%ﬁ%ﬁ%%%ﬁﬁggﬁﬁéigﬂﬂgﬁﬁﬂgFgﬂ%%é%ﬁgkgéﬁﬁ- rgﬁglér al so
requi re goodntsafacial greh dor @dyhérctrenfer. hadturite adiSictiture Coehl B effigientsheassent i al
to maintain a honogeneous culture in which the concentrations_of specific
met abol i t es tens{eralsg seqyire goodmaixing fasificinnbleat Kangien (iqod mixiag isiegssatialime ¢ o
ensure the quic \ ' : e | J | base, or
i i ont o, finPbGRGLRbAR e AR A oS iR BB Bl PB55:
M xing i3 bibeagackaly Sonisorade Mixagigiimpmthnh@enhieethe fiek disperstomtof aiy
considerable_ 10 investigation and discussion. Certainly, the greatest need
for good |i @dded- yoldions sish Ay aeifhdbIsas of yiieatsnees &hat there i o jleca Hislpr ovi si on
of a m crobi : v W th an adequate anount of oxygen. However,
mechani cal ﬁ?&?ﬁ%h%ghggﬁbturbulence and eddies wwthin the fernentation
medi um approxi mately 50-300 jimin size. The transfer of solutes to the
appr oxi mat el % cells . inside these eddies is_ diffusion |limted, a

1-2 m.l ong. )
Drocess 15 {30351 | MbHREBHIRHEIORS YHRECARRIGTERE ben LR SIbIRELRLSARSIGREDI [ esul 1 of

these i t‘fﬁvle&% 'oﬂahgdmgign.semg% a%éa?espﬁ&a k&%o&ﬂ?quufd"ééﬁaﬁglﬁix‘m h as much
m xi ng as possi bl e. wever, an incredse in mxlig caus a concomit ant

i ncrease i naiyghsdiseicihamss eahsfatis €Rprowsiomnol  micablislicoltire dvithansdde@rale, Whi ch
can severely inpinge on the viability of .the m croorganisns, This
phenomenon ARSI EROEER HHEWEVEh MsraniBl Biying cayses turbience gndedriep oty t | es of
the 20 nedi i@‘;n% A 1841, Xs FUSE, | scosity

i ncreases sgﬁ] oes taﬁgﬁl Bom%ﬁ%&fﬁﬁaéggs?%%gz%Elgﬂ%saneﬁg’zaélggs%f m Xi ng;

t hi s pl acestheapproxientelyrb2hanloagtelBrinkideahat sddieyis tiffasioh Emdted, talpeocsssze and
structure of the biqg-reacior. However, for all practical , purposes, these
li mi t at i'éns tabisslgpendsyt on the,yiscosigy of the gledmay opg a resplt p thess ligwitatiens drmon t o
see small - ' r ' i LA HIRE | S up 25%
of the vessgvlqm@ i%ézeg? id%?%r}o@idé@é@@ﬁ%ﬁr@?#ﬂgﬁ%ﬂ%&m EPE ?né%(flﬁra?g whi g‘{{’ E{(I:Iannot be
econom cal | increesl in 2@iding wadsas geoncolitan dadéase in hyidvenahdnjcal sirese{usedlyi ve
scale-up, it I s essential .to approximate the final fernentation as closely
as possi bl ea%'tb“feﬁéo %@%@W%Eﬂﬁ‘l‘e YOPBISE AR 08¢ ity 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, fo1: effective scale-ﬁp, it is essential fo 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 phenomenaare finally integrated with the
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[ 0036] For a given bioreactor design, viscosity and power input wll
determne the flow 30 patterns, which affect the reactor performance on
both m croscopi ¢ and macroscopi ¢ scal es. Shear appears as one of the
mani f est W@ ®5225t the former, and it directly affects POABSHR/NMEEt and nass
transfer. Al of the transferphenonena are finally integrated with the 15 5
August 2005 . 2 ' i -he yield
bi omass gr ov gﬁﬁerp%%% ttg{{g@g%éa%%& g@%@%ﬁo&ﬁ%&‘%&zﬁ%ﬂ Lﬁ{&%?’ﬁ%@%aﬁni form
hydr odynanm aoekse ihifeihytinditmivdaditosiin the eihblebOihtirRolune dnd eifdiges it
makes sense to define regi ons wi thin them according to velocity and

t ur bul ence. itmalps s@gpefo regigfisyidin:hem agcordingdo selopityrad wrhuleass ibaghnent |
whi ch nmay h | f.f g and._nro ' i fferent
pH, differ e?lot\f(algg‘lﬁf §1 ?%Sﬁ%}eln r gstsal %]ﬁ%rg%i%ﬂ%’r en ’g@g%éfg%?}eﬁsegng%ﬁ%ﬁf er ent
shear corxdi tandn@odudd a@ndehirstions, digkicne M, tdifferegiuedll onsceinteyivRs diffetang t he.
system can be witten, because _ the kinetics of the reactions and the

transfer ratt@8padpenangfitiredteshoa qoagitiens: Oyog G ¥ defived. sthe epeationank
ferment er '%‘eﬁr&%n e N EAe Qéca@eq}gleeﬁﬁétﬁg 0% e rlszf?:ﬂ tz{n'dadle
producti on processes. e agitator of agitators are required to performa
W de range afansfértaes depasd odlegwaisdlesonent um heat and nmass transfer, and

m xi ng as well as honogeni zation of suspensions. Optim zation of the

i ndi vidual tasks would result in different design of the inpellers. Because
all thesg r 7t RIS ST £l | tanttvilof bi Shne.  the

agi tatorfs:O uzg%wlf n@%ractel ce %ai\;\ean?éé%re gszpﬁg)orrpr mogé@ga%%ﬁ@e%%%#al

i mpel | er s ugesiuttivnfpréceses. THe@pitadsror kyiRitaait Yequirebs®ipkifeth 4 wide rage af and
radial flow inpellers. O the many inpeller geonetries, the six-blade disk

i npel | er wi HFCHaRs: AdedugiengoBentum, h%/aﬁénrin%ﬂsﬂéanﬁ% Ysmxng 8% WRdkd i n the

standard confi s slai_gyég , J: ks ls (s S} | :

| ow power - n%&%gggn%%l@?for sﬁ% a tﬁ%&lgﬁ g(f;fng %Hﬁl‘gglrﬂt e ra%;eésﬁ\gvnn%s 20
| nterm g; Lidifferenit deshiakibthe BfipelloasrBbeaafd aivhde rayntlehadransbbiRistomplishedeen
devel oped and i nproved pe,rforrra(ﬁge of fernmentation processes has_ been
repor t edSwi @hhe sams ting, the pgitgiorspsciip sTaghes alvayeisflect commpromises, Spageptienal, | ow

oxygen tran | 4G/ ] ' ; £AG1P : to power
Il nput, a rat E{ueﬁ%ﬁ%ggg%ﬁg@%n%%&R@Ec%%%s%ﬁ?%ﬁnecesé@rr%&é bg‘?%gpeg% ficient
oxygen tr ans®fthe mahyeimpalierghomariesnthe pizrideistdiskiimpdiler with gassbarping beloact or . 25
Therefore, the hiﬁ;h_degre of heat produced by theﬁtirring,in | ar ge (>500
mB) sti rred tHedmpelier isfaesh plen usedjrythe sgpdardgonfigiraiion Jloweve, ABENRERSt it he

reactor. Fu h&iﬂfﬁjgﬂ-%w, B%v—ﬂo%—ﬁﬁxﬁﬂe‘i Sitators such as those sold under the Trade names
20 Intermig; Lightnin A315; Prochem Maxflow T; and Scaba 6SRGT have been developed

1O

and improved performance of fermentation processes has been reported with such
alternative designs. Because of the relatively low oxygen transfer efficiency of stirred
tank reactors with respect to power input, a rather high specific power input is necessary

for a sufficient oxygen transfer rate, which is independent of the size of the reactor.
25  Therefore, the high degree of heat produced by the stirring in large (>500 m’) stirred tank
‘reactors is difficult or impossible to reduce in the reactor. Furthennbre, at low stirrer
speeds, the gas dispersion and mixing efﬁcienéy '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)‘Wbich are carried out in
30 large réactors at low specific power input. In some cases, biological factors (e.g., shear

sensitivity of cells) require reactors other than stirred tanks.
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speeds, the gas dispersion and m xing efficiency of stirrers are extrenely
| ow. Therefore, it is technically and econom cally inappropriate to use
stirred reactors for | ow perfornmance processes (e.g., biological
wast ewat Y0 ¢/0325hent ), which are carried out in 30 | aP§@/UsedBi®@drs at | ow
specific power input. In sone cases, biological factors (e.g., shear

Itivit |1 ' { t ' d t 16 5
August 2005 §8585) 0ot s behanbiDeha Aidhe ket dbeFave been
publ i shed deghetth Fdt thé BrodfdtonCatrRibrPhnd RRsRiary ARGHALS §yPbadidi@ @oduction

of primary and secondary netabolites by bacteria (e.g., ~ Streptomnyces),
yeasts, or fYiregiomypeshivgtstsy onfungidnbighlyvisgees crlsere sedishehere theaheolagylofgy of

th di i es during th f] to t h .of th di
i scosi ty i e B VRS R bRk R s < P B e Bt or
vol unme t e nenuidkfhelog .t WithinckdaSing ViBsbkitfAng SABRSYIithé RodulBort el @E S

gradual |y becones domnpant. It is no longer possible to apply |unped
par aret er ormesyms cogpesgionsinghe mageletsseradially heconeswiominahtais &;is netlongsr ur ed

reactor nod -areneeded. wever. becayse of.the f .experinental
data, no sﬁjrogséﬁafoe%p%?yeglﬁpg PRZHEIEE Lt td?sg{ersﬁpégoedﬁg%ﬂﬁ‘etlﬂgﬁﬂiﬁr! ption of
cul tivation spu@eeseedorkibdel aleRediRd.r BaGSver, Becarkt 6 Bé REEoS dkperinfnfal 4BV i ew, only
| unped paraneter and sinple axial dispersion nodels can be consi dered.

Many di f f er dWstrasiadrepdoaneslelsexistia pessens dor thevisedriptipref dultivetionsodessesrent or s

represent. o . I he be ill|um nated, externall tp.provide light to
facili tfa{Oe ?ﬁéa&@’egrg%%té 'nﬁ%?%léel’ hna{hfvg T gﬂpgg ﬁgﬁam]etégﬁréfsﬁa ffH%s) may

be provi ded dispérsidf afiodelroa dk cohdiderdd. IManP dFRekAE Gyped Bavd theh stestbaf t or
inserted finger. 15 Several conmercial bioreactors with internal

i |1 uni nat i oAMeshenically piixed) fermetors rapressatbneyirs; theymanbeilnminated dxtsingtly wi t h

I nternal ge M1 sults in.gengration of Taylar .vortices. An
enhancenent ?ﬁ&%ﬁ%{%@ ion%%és Ustﬁ%rg%"'_“ e ety yfagre.x@ﬁﬁa@a g@“%ﬁusz%r ed

m xing conpaparidel ot heatr@tb Rt Tixhtt@oviddd viDaholiodhihak bARSHel inpa. baf f | es
provided with fluorescent tubes have been suggested for insertion into a
rect angulSar Sexemrl commgesial hioreagiers swith internal illumingtipmare fvsilatle The sscondps or

rectangul ar ; try IS, .| act.. .the easie to t.reat
quantitati véﬁt @%ﬁm%rég%ig%ﬂﬁﬁ%%n%géo%e% Iﬂ’gi e %fglgt aneFai‘i%P Hf:i‘ay !ﬂr V%%&%?t ron
(Trade name)An etlandeftieit Iephotodymthedist ik bedd Bitéd for |t igpehdT! dlded@iPiniahg t he
internal wall of a rotating cylinder by centrifugal force. The |1 ght
source can BempauawEl twbhleny mixing aHojlow JightRensmifiing peffies pravided yvithur e

annul us. 1AL e bl fleh el 01 RASK ARG} 85 Gl BSSRy RIS o0

20  sided lluminationis 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 reac'tor, 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 supgested. Algae

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

recycled.

[0039] Im coﬁmon with the chemical process industries, the development of
manufacturing processes utilizing materials of biclogical 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 foew milliliters volume, scale-up continues to

industrial scale with bundreds or thousands of cubic meters capacity. Scale-up of design
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25 are allowed to fall in a thin filmdown through a corrugated panel and
are eventually recycled. [0039] In comon with the chem cal process
i ndustries, the devel opment of nmanufacturing processes utilizing materials
of bi ol ogv@@lo7nEi gi n or using mcrobial strains 30 toPEEUSRRO5
bi oconversions entails a nunber of steps. Starting at the researcher’'s

| abor at h i i t f il it | -
cant] st SRk Siies B amnortat bR 2erl Lisionly & Rt SepiiEe SRR P ot or o
capaci ty. SGaHi@riyRrifdal Kk WbebAuse il o4 Theed Q3R MELAWSAY d 38ale HdTHIAKD2/ 05361

bet ween each stage is inportant, but generally it is only the last step to
t he | ar gest vemld get biggertand biggeriif it wete notTfor desigo lipdiehensaepanderton agaiids there is

econony of scale and plants ul d get bigager and bigger if it were not for
design Iini t@?%%ﬁsﬁt&é%?ﬂﬁm? e‘é'g\yglﬂng}tgv%%%?m?]éa%tobr s, the nost inportant
bei ng volsune/ surface area ratio. 5 [0040] The reactor of the invention

provides a nethod to permt a w dest possible variety of continuous
reacti ons by0W§] nJTheaeasthaof thedyeantion providesenmethed thpermiit A Widess pasitie

i nciple of unifprm. - L. as. .M Cr-- i i.mi.nat i.ng edd
fecay, by *arifY Rt eaions B pindlupenyiud i fber nhlppaies ed
faci i tati ngrgGple MAnHEnPMadONS il AshBicbOmBit! Byvehidatind &idy etay, B | but

only one basic geometry (a tubular rotor spinning inside a tubular stator)
necessary artiminatisgrddinkbhperguegradicatsi bygaeatly facilitnsing soakingup o Hewofthe no need

for re-circulating bul k.volunmes, of liguids in tanks or ve t he
excessi vl dFfEgD F'g%q @frﬁﬁﬁcagf fu 0@?' E\at has grapelty qf"rt@:(’:ullf irgtﬁr ‘%ﬁ%é]?n(% l{ﬁﬁ‘)g()elrgra]g
conbi ned Wi tilhude¥ bigdol MhededBFhnd CONRREDIPoFersavihgsire postible aethaid i negtd eat | y
i nproves the elimnation of unwanted side 15 reactions or allows the

product i on dér resirqulatingrboll yadimesifdiquide ingtanksdir 4 pyasenmeths exqessiysoitggrer i zat i on
reactions. A further unexpected characteristic of..t LAV i.on L& the
absence of F@Eﬁ%nﬁ% “étsgf‘ﬁ ?rg.cgrscgﬁqa WHYEEES %%%%bleyngaag{ilﬁ L&sﬂ? hcg cl eani ng
of the intefifferat@b chiRL!BAGERIDle, YRAEH iniptoRS tReiimies obynvimtedlside- pur gi ng

the fine annul'ar gap with a suitable solvent, usually requiring |ess than
10 secontds teactenspirellows Wieeprodustiomof e nareave iokeepler weighh@stihgiost fton i s t hat
21;1 aﬁg e: idﬁ:;l. Ip ]gfvmveclrilza_tl%ln)§v§"a((j:ti(§)nls.u %X l 3 %e%&ec@d%h%&éﬁs%@%% Eﬂeﬁh%gti&{]g lincy

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 w1th a
suitable solvent, usually requiring less than 10 seconds to complete. The flow
20  characteristic of the invention is that of an ideally well-mixed plug-flow with minimum

backmixing and no channeling,
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5 August 2005 WD 02/ 072251 PCT/ US02/ 05361 WE CLAIM 1. A nethod for
processing materials, conprising: passing materials to be processed in a
fl ow path through an annul ar processing 5 passage between two cl osely
spaced sNUV7RBBY f aces provided by respective cylindr PERUSO2Q84r at us
menbers at | east one rotating relative to the another; wherein the materi al
forns nateriv@ﬁcggwdary | ayers against both the surfaces; wherein the
radi al spaci ng between the two surfaces is equal to or less than the
back-t o-back radial thicknesses of the two boundary |ayers: and 10 .
wherein the snoot hnesses of the surfaces, are such that fonnation of Tayl or
vortices in the proced&chydierasocgisingdngterigisprqmaising: A net hod as clained in
claim1l, wherein L:adt | ] QLA Live to one
anot her about regépsgg%?’é{gh?g#giﬁfﬂﬁﬁsgﬁ%@wpﬁg{mg‘é%a?:loam%Ip&%g Wt h one
anot her so phwhgetbhsveenticedlosslyapicadsmdotli fiefatespravidell bg ASpdciveagtindrivalt
circunferentially thereof. 3. A nethod as clained in claim1l1, wherein the

appar at us mEPRSEINS mgrabers g least opp rofding gelaivg i the 2BothSThear vel ocity bet ween

their operative : q]%sm L At : %%{ t..1.2 neter
per second. 4. AaHrréer% 0 aét%#gér%gﬁl%%ﬁ&&%%%ﬁ%@% el fr)lgotﬂﬂﬁewélslr%%fsl’]ness of
the surfaces i swhdeinitieradinichasngbiethees the tR0 shrfacds et @dessttaned in claim
4, wherein the snoqt hness. of the surfaces. is 5 mcroinches or less. 6. A
net hod as c}’%fﬁ(ﬁ@ﬂa&rfa@ QSSGFGﬁPﬁBYOaI{QB‘ﬁ?ﬂ‘Y #& #Mbl yi ng processi ng

energy t,9 the pr i mﬁ : the two
rrenbers.1830 7. A%rfeg?%&g&%s C a%@ﬁh??%%g%%ﬁg“@%g%gﬁ&tﬁ ‘gméﬁ}g?’gér applied
to the  procatisdsigihepssagmgipassageyis vhibited. el ect romagnetic energy of

m crowave frequency, light, X-rays, gamm radiation and ultrasonic
| ongi tudi nal vibrations. 19 5 August 2005 WO 02/072251 PCT/US02105361 8. A

met hod as’ cl ai megl in £laimgles WBEETD RRE 10WHRRED 18! cyliRicl L ARRS 1 S

members rotaie 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 I, 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 3. 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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coated with catalytic material that enhances at |east one of chem cal,

bi o-chem cal and biocidal reactions in the processing passage. 5 9. An
apparatus for processing nmaterials conprising: two cylindrical apparatus
menbers WRWHERSfor rotation relative to one anot her, PCAAJOS34Ini ng t wo

cl osely spaced snooth surfaces providing an annul ar processi ng passage
constituting a flow path for the material; 10" wherein the radial spacing
between the two surfaces is equal to or |ess than the back-to-back radi al

thi cknesses of tige twa dhetihidnallabAdd e dlain 1 2WRErSin @he bitiNBBE huidfackdali NSt the
two surfaces that is to pass through the processing passage; and wherein

t he snpot hneveedwish cathlpticmatesal deat ess eHleashame dfgherpical orio-shermyea) pag

vortices in . the, processi assage is inhibited. 15 10. An apparatus as
claimed in chl%%ﬂc}?f’ée?&m%%qﬁ%ﬁ?ﬁeésﬁ%?ﬁaé?-i cal apparatus nembers are nounted
to rotatg relative to one another about respective |ongitudinal axes that

are coaxial so that the radial spacing of the two surfaces is constant
circunferential |l §. thAnepifarahg forprooessiggypateralsieonmisiigai med in claim 9,

wherein th : d : | | oci
et ween thei 1 opErbbn ARy pRels femPRy Fruns B3 iR gRNET GelpeR, o7 10
neter per seg@ddinindawd dosefyspadel Sihédihisurses Bro¥idftn fihuldr BiloBaséing phipei n t he

smoot hness of the “surfaces is 10 microinches or less. 13. An apparatus as
cl ai med in codtinting a {lawvaati far thamagnelot hness of the surfaces is 5

m croi nches or | ess.. 14. . An .a r at clained in.clai erein the
snoot hne@s es of erstllgrems%g? péx@]esg)agpgg 5 'L{ﬁef %fons %eggsreqpéé%?ﬁﬁg%"&\égust 2005
WO 02/ 07225 b BGHldS03 4108 Bknedsas of ik t@H Riddidd Ysurdsry tdyars 6Pttle nftefidl agatnst 2,

wherein the snoot hnesses of the .
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
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surfaces are 5 mcroinches or less. 5 16. An apparatus as clained in claim
9 wherein the apparatus nenbers are coaxially nmounted and at | east one
rotates relative to the other. 17. An apparatus as clained in claim9,
further ®Wga7e2shg neans for appl yi ng processing ene®§f/Use/a5pd processi ng
passage through the wall of the outer of the to two nenbers. 18. An
apparatus as clained in claim17, wherein the energy applied to the
processi ng passage is anyone of el ectromagnetic energy of m crowave

frequency, 1ight s X ARYSparA@BRIABEH RAldAR ﬁnc%héflaﬁlrtﬁesmo&nbﬁemﬁml nal
vi brations. 15 19. An apparatus as clainmed in claim9, wherein one or both

of the surf sodaces irs Scwapihesior lessat al yti ¢ material that enhances at | east
one of chem cal, bio-chem cal and biocidal reactions in the processing
passage. 21 '

5 16.  An apparatus as claimed in claim 9 wherein the apparatus members are

coaxially mounted and at least one rotates relative to the other.

17.  An apparatus as claimed in claim 9, further comprising means for
applying processing energy to the processing passage through the wall of the outer of the

10 two members.

18.  Anapparatus as claimed in claim 17, 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.

15

19.  An apparatus as claimed in claim 9, wherein one or both of the surfaces

is coated with catalytic material that enhances at least one of chemical, bie-chemical and

biocidal reactions in the processing passage.

21




