WD 03/ 048054 PCT/ US02/ 32862 1 METHOD AND APPARATUS FOR HOMOGEN ZI NG MOLTEN
GLASS BY STIRRING FIELD OF THE | NVENTI ON [ 0001] This invention relates to
t he honogwoiozamtsosn of nolten glass and, in particul ar, tectrhso2/32862
honogeni zati on of nolten glass which wll be used to produce high quality
finished products having low |l evels of defects. A particularly inportant
application of the invention is in the ymanufacture of glass substrates for
liquid crystal displays, such as the substrates used in the production of
AMLCDs. BACKGROUND OF THE | NVENTI ON [ 0002] Chem cal and thermal honpgeneity
in glass is a crucial part of good form ng operations. The function of a
glass nelter is generally to produce glass with acceptable |evels of
gaseous or solid inclusions, but this glass usually has cord (or striae or
rean) of chemcally dissimlar phases. These non-honbgeneous conponents of
the parent glass result froma variety of normal occurrences during the
melting process including refractory dissolution, nelting stratification,

gl ass surface volatilization, and tenperature differences. The resulting
cords are visible in the parent glass because of col or and/or i ndex

di f f er enceMETHODOSYD @RP ARATUSHOR HOMOGENIZING 1 QLTENGLASS BY $HRBMNG| ass i s
to pass the nolten glass through a vertically-oriented stir chanber

| ocated downstream of the nelter. Such stir chanbers are equi pped with a
WD 03/ 048054 PCT/ US02/ 32862 2 stirrer having a central shaft which is
rotated by a suitable nmotor. A plurality of blades extend fromthe shaft
and serve to mx the nolten glass as it passes fromthe top to the bottom
of the stir chanber. The present invention is concerned with the operation
of such stir chanbers and, inFpBLDI OFl'BHE WVBN@tGNevi ng hi gh t hr oughput
and hi gh

[0001] This invention relates to the homogenization of molten
glass and, in particular, to the homogenization of molten glass which
will be used to produce high quality finished products having low levels
of defects. A particularly important application of the invention is in

the manufacture of glass substrates for liquid crystal displays, such as

the substrates used in the production of AMLCDs.

BACKGROUND OF THE INVENTION
[0002] Chemical and thermal homogeneity in glass is a crucial
part of good forming operations. The function of a glass melter is
generally to produce glass with acceptable levels of gaseous or solid
inclusions, but this glass usually has cord (or striae or ream) of
chemically dissimilar phases. These non-homogeneous components of
the parent glass result from a variety of normal occurrences during the
melting process including refractory dissolution, melting stratification,
glass surface volatilization, and temperature differences. The resulting
cords are visible in the parent glass because of color and/or index
differences.
[0003] One approach for improving the homogeneity of glass is to
pass the molten glass through a vertically-oriented stir chamber located

downstream of the melter. Such stir chambers are equipped with a



m xing efficiency (m xing effectiveness) fromsuch a chanber w thout

I ntroduci ng defects into the resulting glass, specifically, defects arising
from t he woasioasvsof the wall of the stir chanber and/or tmreTais0b/32365 Of

the stirrer as a result of the m xing process. [0004] A sinple way of
picturing what a stirrer does under |amgnar flow conditions is to think of
the cord as lunps of off-conposition gl“ass surrounded by gl ass of desired,

or parent, sm@ﬁvﬁﬁgn%dcﬁcg& Qﬁgﬁ%ﬁ{cwgrfbtgeéa% 4@9;%1(3 alotds, aving an

i nterface between 1t parent glass. A neasure of the total
i nhonogenei plyirality bé bidessextenidhrototiae shafteahdceale somhacthanedtaf the

cord. The m_ni mum.j nterfa%i al surface g{eg occuroi ﬁ/nen. all of the,cord 1is
in one sphe#lAealas ifRssas B thenee to B Pakem oh essrﬁﬁlcfké?mﬁ?gﬁ (sgrheand are
stretched ' . Dl ' ' HhfAC8, is 1increased
despite th EE%?R?RE%E%RQlggﬁéﬁghggi?gpgﬁég%%?k%ﬁ?ﬁe saé§?§§T measur e of

t he ef fici esteymblers ind, iingpdraicsbar, ek ghrachitvirigehintlaoudiputedhddtigheness

of stirring) .is the ratio of .the_jncreaseq interfacial, area after stirring
to that bef%ngtfff?w%y ([r@mef%ca&e%?ffﬁéjf@%w Anch eﬁ@ﬁlﬁ%ﬂﬂbenei ty,

a stirring : . -0l | ox ' ridi®@06] (1)
Tt S shoul ds P e e QR %
streaks. Thirenf tine erasionesfuihreesall d thapgiin cladindrer eindhmathessudases of t he
glass. [0007] (2) It should %&t the streaks into short segnents. This

]
function caiiSetiEERiasRACTRY _ JhermEHngiPIATESHol ten glass in a di rection
normal to ts@?)dﬂa“e OA 1§We{yf &f %f:.tﬁh?%e@ha[tgogﬂref@oegtuﬁawl d disperse
gne here Is ndr

t he short ts such that ecogni zabl e pattern. This
function caanbigaadiowe\wethdifibAs/i946@hPCT hS@Rt328a21mBstdir ough t he

sel ection of blade shapes that push glass nornmgl to the direction of bulk
flow, i.e. ,of&c&a&pgwale@sglﬁﬁat%rwné@dity glags ol dsired, or parent,

composition. Each piece of cord can be thought of as having an
interface between it and the parent glass. A measure of the total
inhomogeneity of the glass is the total interfacial surface area of the
cord. The minimum interfacial surface area occurs when all of the cord
is in one spherical lump. As the lumps are broken into smaller parts
and are stretched out into flat planes, the interfacial surface area is
increased despite the fact that the volume of cord remains the same. A
measure of the efficiency of stirring (also referred to herein as the
effectiveness of stirring) is the ratio of the increased interfacial area
after stirring to that before stirring.

[0005] To be effective in increasing homogeneity, a stirring system
should perform the following three functions:

[0006] (1) It should stretch the individual lumps of
inhomogeneous glass into thin streaks. This function requires the
application of shear stress to the glass.

[0007] (2) It should cut the streaks into short segments. This
function can be achieved through flow of the molten glass in a direction
normal to the plane of the stirrer's blades.

[0008] (3) It should disperse the short segments such that

there is no recognizable pattern. This function can be achieved



radial flow of the glass. [0009] Making the streaks thin and cutting them

makes them individually difficult to see on a mcroscopic scale.

Di sper si ngotoemsosel i m nates the possibility that a visibl ecpatsoeszseni | | be
|l eft on a macroscopic scale. [0010] In a process where the flow of glass is
continuous, these three functions nust jake place in a discrete tine

interval determ ned by the residence ti of the glass in the stir
chanber. Aﬁ% éé‘ﬁe@tlo fof%l?&% §hsa AciRa &h@ﬁﬁak‘?& thess tine
in the cha ese ree functi ns to ta ce The usual

engi neeri ngdnreetpon&ﬂ‘ hutikaﬂoxd;aser,d:ﬂadacs&mms uhratfpmvstucs arlennCsene i n
stirrer speed, This increases the shear stress, the cutting frequency, and
potenti al | yraé11§bﬂf’ﬁ’e° &sBes8i on rate. [0011] Traditionally, glass stirring

systens havdiggy desi@neds e AN NAMANSSyplo®ens theres BRSS! bl e

consi st ent reasona stirrer , systens are normal ly
desi gned t cinplividiucely dilffjhu]fttteasreesd)m essienecopiescalperRisperaing dwmpeeds.

The intent |sto get the irrin fromthes |l est stirring system
because of § H’élmh'ietjht}@oE?S% ttﬁé; EcYisiklepatied wil &’e le%)q A iBum al | oys)
fromwhich the  sti eF; Eigsystemis fabricated. In general terms, shear
stress is 1ncreas J by 1 ncreasing blade speed and/or reducing the

cl earance [0@V@jen thi atprocess svHiradee fiow dffpgaseid caftinheust thesshanber .

[0012] For nany gl ass products (e.g.,.archjtectural glass onI derate
honogenei t yt¥ r@&dg mash take plges & a @tsﬁé‘?teg‘tl%’sesl%t (;& rreet

stringent gg;ﬂ?ﬂg'}gor . @dtlr?ﬁ%ﬁﬂ*th%ughhéltgotrﬁﬁaﬁﬂaéﬂé He@ﬁé@ﬁéﬂ %vt th' S

| atter cat ass and |n usli ons nee
mnim zed asfiglasseak IIITC]I’E&iSEd th®@l3s ]has decotidanoe the chamnhleern foreﬂhtelsen, it

was di scovered that in the pr ocess gl ass, precious netal
i ncl usi ons {tgeg.functiogs; o taks Pl Hﬁg%nﬂ&%@q{&%r@?’ $%e8t han 50

m crons wer g WA 934948 4nRt ltjsc‘oc@( r’%t?&ggse in stirrer speed. This increases

the shear stress, the cutting frequency, and potentially also the
dispersion rate.

[0011] Traditionally, glass stirring systems have been designed to
have the highest shear stress possible consistent with reasonable
stirrer life. Indeed, such systems are normally designed to produce
high shear stress even when operated at low speeds. The intent is to
get the most stirring from the smallest stirring system because of the
high cost of the precious metals (e.g., platinum alloys) from which the
stirring system is fabricated. In general terms, shear stress is
increased by increasing blade speed and/or reducing the clearance
between the stirrer's blades and the wall of the stir chamber.

[0012] For many glass products (e.g., architectural glass), only
moderate homogeneity requirements apply. However, other glass
products must meet stringent homogeneity and other quality
standards. LCD glass is in this latter category. For this glass, both
cord and inclusions need to be minimized and/or eliminated.

[0013] In accordance with the invention, it was discovered that in
the process of making LCD glass, precious metal inclusions (e.g.,

platinum alloy inclusions) having a size less than 50 microns were



4 being introduced into the LCD glass during its manufacture. These

i nclusions were traced to the stir chanber and, in particular, to erosion
of the stwormen4sand the stir chanber wall as a result of vipsraiss2/sisenr
stresses created by the notion of the stirrer through the viscous nolten
gl ass. [0014] One of the objects of the present invention is thus to
mnimze the creation of precious netal "inclusions during the stirring of

nol ten gl ass,. thj i i i Y’ obj ect s
of: (1) e Rl Bt o sto e e B, s hurkig SORIBIRAL Bk Thige 0
stirring efihchisibay Weregtrack@uwoltbeddtir ciambed)and hespattidular, herstienand
the primary object pull in opgosite di rect.i ons, e.y?., one can_reduce
stirrer speddhecstinggneand Haeptischagabemyalliagadicseilonf VIsSGous s858Ed  stirrer
speed neans effici tirrl : r . ] As
di scussed b%k%gvs,sest%fgagécgggn@% I?f\?ﬁ%?‘l %géésjgg ]l%gutt%gguglhrru ta%géﬁglréggc i eve
these seenidigky. contradictory goals by neans of relationships between

stirrer speed, stirrer/ stir chanber geonetry, .and %I ass gljy;cosity whi ch
al | ow sheerl0834ss t dPpe dfdbghicds YuihenereseasdnveREre 1§1888d abi e | evel s

of inclusia f.or g ' L teer and
the otir chamey Bedfe Bhat Briopitfuly SRl MRt m Ml g SERSREITT e
sanme tine sholtehrgaesf iKoweesr, ahth ptifmatgbiect as supplearhannet batthleevel s
previously only achieved with high _sheer stirrjing. SUWARY OF THE

UNVENTI ON [@0g8)s 0 GdcBatARing pighoslessrthroyhapbcasd (haairiamingn

provi des a h i zin C | St R0 : 7 a)
provi di ng a}{%%}l %%Jﬁﬁégmémgﬁgéé ;,Qg%fsekgﬁt ?ﬂa@)_ \?Iﬁfgéleclgll%%g-oo%?g%stie &sti r
chanber whittle safRiryseisieat pailll imeypagit@direchioershalg.doaerier rdditdd ; [ 0018]
(b) providing a stirrer within the stir chanber, said stirrer conprising a
subst ant i al$tirree sPEedItpyredricerithesT ShEgss aind thus erosion, but reduced

stirrer speed means less efficient stirring and/or reduced throughput.
[0015] As discussed below, the present invention is able to
simultaneously achieve these seemingly contradictory goals by means
of relationships between stirrer speed, stirrer/stir chamber geometry,
and glass viscosity which allow sheer stress to be reduced below the
level where unacceptable levels of inclusions are formed (e.g., the sheer
stress acting on the stirrer and the stir chamber wall can be made less
than 3.5 x 10-3 N/m?2) while at the same time stirring efficiency and
throughput are maintained at levels previously only achieved with high

sheer stirring.

SUMMARY OF THE INVENTION
[0016] In accordance with one of its aspects, the invention
provides a method for homogenizing molten glass comprising:
[0017] (@)  providing a cylindrically-shéped, substantially
vertically-oriented stir chamber which comprises a wall having an
internal diameter Dwai;
[0018] (b)  providing a stirrer within the stir chamber, said
stirrer comprising a substantially vertically-oriented shaft and a

plurality of blades which extend outward from the shaft towards the



plurality of blades which extend outward fromthe shaft towards the WO
03/ 048054 PCT/US02/ 32862 5 wall of the stir chanber, the maxi num di aneter
of the blwdes/osesng Dbl ade; [0019] (c) flow ng nolten gl ass/ushz/sasgh t he
stir chanber (e.g., at a rate of at |east 0.05 kil ograns/second), said
nolten glass having a viscosity t; and J0020] (d) applying a torque T to
the shaft of the stirrer to rotate thestirrer within the stir chanber at

a speed N ag.f %tﬁglﬁgﬁcré HfARE, t%gwlmﬁw&aﬁﬂa&m rmaa?g%ea?gat' on of

the stirrer ®thin t ng a swept v wher ei n
N, T, V, DD@LJC, Dbl ade, and t are selected to satisfy the relationships:

(I\FI'V/) 5> ki | ograns/ second, and (27t NDblade) / Dbl ade) <_
3.5 x 10- S—IPM%]ns/ melckr 2, 11 mequnsglzaﬁsrtgtbwasg stgreggﬁauber FSin

newt on- net al h r I \)H neters,
and is in ?1{<ts7 rXt% éf hgcla%%gﬁf OF%%(%MI né/aécec?gr g&%ﬁ\,ﬂo}]@g n : ect t he
i nvention p;ng(g@geﬁu, applar atus for practicing the above met hod [0023] I n
accordance with a third aspect, the invention provid apparatus for

homogeni zi 1902 en idhss RPRFINSAIgrapedzig tl}%lfhéftc% fhedPHESL 119 - shaped,
substant i al |, ¥erid CAHl Y wALLEThE L Il RRRTRET WALER NCATRAL $hSIBn Vel | 5 and
[0025] (b) § Frerw stir anbe irrer ~conprising a

subst anti al gls{sy €loh < ehiotgh tientRdniiad saad ﬂo‘@itiﬂru bakhé ytieter withdeshehi ch
extend outward fromthe shaft towards the wall of the stir chanber; [0026]

wher ei n t hechampet dlefisdng GoRpePL¥8IUMSie exit port such that glass
exiting t he[O?)ti f] Chanbﬁerem rQO%sD'%” hﬁblade, Ia?ldf;!l%\ll've %'e[eec%a 8 satisfy

the relationships:

(NTV/w)o5 > 5.0 kilograms/second, and

(2npuNDbiade) / (Dwan - Dbiade) < 3.5 x 10-3 newtons/meter?,
where N is in radians per second, T is in newton-meters, V is in
meters3, Dwan 1S in meters, Dulade 1S in meters, and p is in
kg/meter-second.
[0022] In accordance with a second aspect, the invention provides
apparatus for practicing the above method.
[0023] In accordance with a third aspect, the invention provides
apparatus for homogenizing molten glass comprising;:
[0024] (a) a cylindrically-shaped, substantially vertically-
oriented stir chamber which comprises a wall; and
[0025] (b)  a stirrer within the stir chamber, said stirrer
comprising a substantially vertically-oriented shaft and a plurality of
blades which extend outward from the shaft towards the wall of the stir
chamber;
[0026] wherein the stir chamber comprises a side exit port such
that glass exiting the stir chamber undergoes a change in flow direction
and the stirrer comprises at least one member for stirring the glass in
the region of the change in flow direction, said at least one member
having a longitudinal axis that is substantially parallel to, but not

colinear with, the stirrer's shaft.



and the stirrer conprises at | east one nenber for stirring the glass in
the region of the change in flow direction, said at | east one nenber

havi ng a wongiisesd nal axis that is substantially parall el pcojusbus2semt
colinear with, the stirrer's shaft. W 03/048054 PCT/US02/ 32862 6 [0027]
Preferably, the third aspect of the invention is used wwth the first
and/ or second aspects of the invention. 6[0028] A preferred application for

each of th e thr t : [ L oR_J Nt cture of

liquid cr ygpgt?)éi spl a%%é%%@?’ ﬁ"ﬁlginlr%%%é) epﬁgp ng%a}l%%?ﬂllgrétl?gln@?ﬁgﬁnunber of
preci ous nmednel fitst s dinsecorrl gspediisalfi thenngentiainni ng i ncl usi ons) of a size
greater than 10 mcrons 1is preferably |Iess than 20 per kil ogram of

fini shed gl[9928]BRI EFA PESCRI o RERLCRtIPREODRAAMNES T0BRAYe Fhksier @SPEG(E
e s SRR hbids Ak O XAL ROl b figuRd AR d3opiby IaL0C!

di mensi ons di SCUSse erel erspecti v rew of a

stirrer whiwhegadsé®in thedapplithgon| de¢ ncenbér bherédiventineral ine0Xxipnki gur e
3is aside view, partially I1n section, showing the stirrer of Figure 2
instal | ed i(6-8, platnemgaesfaiging meclusipnsil ehsisrensater than il TAFoBSact i ce
of the invent]j i 4 |8 r i ially in section, of
the stirrer /ﬂrg?éirra L%ﬂﬁ%e@%%@i Il)ﬁ%.ljt ?%ﬁg{)afrﬂl@ltfgﬁlﬁlgwgd?%%ﬁ] Figure 5is a

schematic drawing illustrating in stylized form the flow of nolten gl ass

t hrough the stir chanber_of Fiﬁures 3 and 4. 0034] Fi aure 6 is a plot of
shear stress versus t hSBHBARESERIPHIGQNOF p ¢S i ng

ffecti d Fi % : [ [k Lo th
Fini shed ol 908F0r sudTEkfe b e BRla diddidet hOrRaREe g BUE, ¢

chanber waldtirrkf/ 10t bhahase dingitisions disanased Hateinpoi nt's represent
hi storical glass stirring systens and _square data, points represent systens
enpl oyi ng tl qg]esentFlgm;@,% isoa perspective view of a stirrer which can be

used in the practice of the invention.

[0031] Figure 3 is a side view, partially in section, showing the
stirrer of Figure 2 installed in a stir chamber of the type which can be
used in the practice of the invention.

[0032] Figure 4 is a front view, partially in section, of the
stirrer/stir chamber combination of Figure 3.

[0033] Figure 5 is a schematic drawing illustrating in stylized form
the flow of molten glass through the stir chamber of Figures 3 and 4.
[0034] Figure 6 is a plot of shear stress versus the product of
glass flow times stirring effectiveness, and Figure 7 is a plot of
inclusions per kilogram in the finished glass versus calculated shear
stress on the stirrer and stir chamber wall. In both these figures,
diamond data points represent historical glass stirring systems and
square data points represent systems employing the present invention.
[0035] The foregoing drawings, which are incorporated in and
constitute part of the specification, illustrate various embodiments of
the invention, and together with the description, serve to explain the
principles of the invention. It is to be understood, of course, that both
the drawings and the description are explanatory only and are not

restrictive of the invention.



[ 0035] The foregoing drawi ngs, which are incorporated in and constitute
part of the specification, illustrate various enbodi nents of the

i nvent i onwoasd4sneget her with the description, serve to expCaiusol/sese2
principles of the invention. It is to be understood, of course, that both
the drawi ngs and the description are exp] anatory only and are not
restrictive of the invention. WO 03/048054 PCT/ US02/ 32862 7 [0036] The

reference s usefhl Pﬁ%?@né‘é ﬁ%ﬂggrasgggéq;ﬂ%e clr%wih%@ éo%éisgyeér{wto 11

stir chanb 13 stirrer stirrer stirrer shaft stirrer
wal I 21 endheafotiewings 23 exit port 25 stirring menber (finger) 27
optional sunp 29 notor 31 drain tube 33 flow direction indicators
i ncl udi ng 1 ow ab¥ owsStif ¢@mhbesnt ours, and flow t ubes DETAI LED DESCRI PTI ON
OF THE INVENTICN“§00§%LT@§ di scussed above, prior to the present invention,
the philosophy underlying stirrer/ stir chanber design was to generate
high I|evels of Bhearstiatreeddad® as to achieve high levels of stirring
ef fecti veness. Shear stress i§ created near the wall 19 of a stir chanber
11 by cl ose-cl eatancestHeedBAlt he stirrer bl ades 15 and the wall and by
bl ade speed. In ner t he shear stress T acting on the surfaces
of the stirrer ag% th%kl}r%ﬁg?aﬁlsurface of the stir chanber wall can be

21 entrance port

23  exit port

25  stirring member (finger)

27  optional sump

29  motor

31  drain tube

33 flow direction indicators including flow arrows, flow

contours, and flow tubes

DETAILED DESCRIPTION OF THE INVENTION
[0037] As discussed above, prior to the present invention, the
philosophy underlying stirrer/stir chamber design was to generate high
levels of shear stress so as to achieve high levels of stirring
effectiveness. Shear stress is created near the wall 19 of a stir chamber
11 by close-clearance between the stirrer blades 15 and the wall and by
blade speed. In general terms, the shear stress t acting on the surfaces
of the stirrer and the inner surface of the stir chamber wall can be
expressed as: '

|t| = wdv/dx (1)

where p is the viscosity of the molten glass, v is fluid velocity, and x is
in a direction normal to the surface which experiences the shear stress.
[0038] Applying equation (1) to a cylindrically-shaped stir
chamber and a circularly symmetric stirrer having one or more blades
of a common diameter Dylage One obtains:

| 7] = unNDplade/C (2)



expressed as: | T 1 = dv/dx (1) where is the viscosity of the nolten
glass, v is fluid velocity, and x is in a direction normal to the surface
whi ch expwoiosiesess t he shear stress. [0038] Applying equatcarusfiy2stn a
cylindrically-shaped stir chanber and a circularly symetric stirrer
havi ng one or nore bl ades of a common dj aneter Dbl ade one obtains: | | =
7t NDbl ade/ C (2) WD 03/048054 PCT/ US02/ 32862 8 where Nis the stirrer speed

in radi ans/ : -' ' | t e ti
and the ot iV AEFERGE Py SpeeATiRAdIns hidRF anli B e ORIAES 1 D)
For in kildgtamd boavresn slee biade Np andrthei stivs¢sandred, wal di.©hiaddgane C in
nmeters, ,r is in newtons/neters_ squared (N/mZ). {#039} di,scussed above
and nore full§ 5 (PustrRoed) /R)- e LR dHNLE I /EBEHT P8I W) 1fn accor dance

with the invention, it ha di dthat .l.i | kept
el ow 3.5 XAL0R8S KIS hah B BB RIS So 4* P HET S B Evel 5 of
erosion of dhey gl (Ngh2@and the stirrer wall which produce levels of

inclusions (e.g., inclusions having a size greater than 10 m crons) which
are unaccedO89] hi gMs (isapsseHaatede andimere fulindlwsiiratedh by teeat er t han,

f I 20 Ki | f finish I ... 00 [
¢ can be soemPliR PeearG RIS ThOERe R i Ul e p i N 2
and/ or red%éé}ﬂd@@o%@!?ecfp%pqrf REEEATbNEE kEpt BRWRY &5 5108l Y/ fediied ng shear

stress is not commercially acceptable since in the end, stirring nust
produce suipmitnablydebgen.2ed 1Hassawtid levelkst dfceriostdronf the stirrgwanddi ngl vy,
for a practical , syst

expense of th& ?tr“frleﬁdvéin f"’é{,ig @ﬁ&%&%g?%g‘gﬁ%&fé&gfs‘gdghﬁoy ’Iégplﬁgi?ﬁ’geo? the

physi cal mgelilBo ssRegehtGAan 19 hiBRAR) WAdich are unacceptably high
(e.g., levels of inclusions which are greater than, for example, 20 per
kilogram of finished glass).
[0040] From equation (2), it can be seen that shear stress levels
can be reduced by reducing N and/or reducing Dyiade and/or increasing
C. However, simply reducing shear stress is not commercially
acceptable since in the end, stirring must produce suitably
homogenized glass at practical flow rates. Accordingly, for a practical
system, reductions in shear stress should not be at the expense of
stirring effectiveness or flow rate.
[0041] By means of physical modeling, specifically, oil-modeling,
of a variety of stirring systems, the following equation was developed for
stirring effectiveness E (a dimensionless quantity):

E ~ (kBDbiade?NV | T| /Q?)0> (3)
where k is a constant which depends on stirrer/stir chamber geometry,
Q is flow rate, B is the number of blade tips, and V is the swept volume
of the stirrer. In particular, laboratory experiments were performed
employing a variety of full scale stirring systems filled with a non-
flowing, viscous oil whose viscosity was chosen to be that of the glass
whose stirring behavior was to be studied. Viscous oils having different
viscosities were employed to represent different glasses or the same

glass being stirred at different temperatures. The quantity E obtained



of a variety of stirring systens, the follow ng equati on was devel oped for
stirring effectiveness E (a dinensionless quantity): E zt~ (kBDbl ade2Nv 1r
I/ @Q@).5w03p0480bere k is a constant whi ch depends on sti PCeUSo®si862 chanber
geonetry, Qis flowrate, B is the nunber of blade tips, and Vis the
swept volune of the stirrer. In particzgar, | aborat ory experinments were
performed enploying a variety of full stale stirring systens filled with a

non- fl ow n&ro‘&gﬁcﬁﬂg ng}ﬂk W3R MAGRSH bYa¥RBe ?588% éo‘%dtl%vélr@ﬁte?fné he

gl ass whose stirrin ehavior was to0 be studied. Viscous oils having

di fferent thesstisiihggsovesete it oped l¢elrexptingeht mhoctss.enet., dliglsses or t he
sane glass heing stirred at different tenperatyres,. The quantity E

obt ai ned V@%EFG@@ECP@PFU%??%‘Z‘@ atéﬁ?m’@aﬁh%?gr%w O5AS%He t hought of
as the ratiggfaercord AsYehsSat& it e 1SV i £§FaR6RG8F8ahbd he cord |evel
exiting the[%pr ozc:]ess, i.e. ,Stﬁlag er \} 1Ilues’ of1 E (?Lg%r esce(n ?ess cord at the
end of the &dlcutdted g8 VeeafDoade PRRR] wAserelll issthiabeeralhlerigihrad the V in

equation (3) can be calculated as V = 7t(Dbl ade/2)2L, where L is the
overal | | endfirresframeaheston eleits furparimest pladsito) the bolerngiitshl ade to the

bott om of i r : I I QUL : Lacl ude
the length lbg‘ferg%/ﬁn@r%g%r ls)‘t‘L %gﬁmhéﬁ%ﬁ}gxpegﬁg%&vy ltrﬁégﬁg\?/}e}?%%%ﬁﬁl ade
and whi ch sfdng niembedsCS which infay ketdridibshed the dsweremst bladge fndm a

change in direction of the nolten gl ass .in the region of exit port 23 (see
bel ow). Th&hickpervroturgducarerd Hpthaljshed ghass femHtingdropepahangs une

of the sti. i S L.N.E t nce
port 21 tolrne%}t% Hﬁ%bt%&%@%ggﬁéw}ﬁen&%ﬁ %Tf Fgﬁrlgﬁmt %f%v?e%%lb\%l une
can over| a@phaistlept vedaineow willl hbemeXytbetyss. thlimihaobgralbvolmnghfnhe shown
in Figure 1, the swept volunme can over|lap with a portion of the entrance

port. Wen SficRhaidaraphicly ascehewn inEigirer heixi§nep{ped GRITRNSE PRbupl ed
Wth the sthy tS:é?z’gigSBrt"@é.' APERYIL QPhYnA R Hh 28, Ble 82Dt VoA Gl i n the

area of the ove
overlap with a portion of the exit port. Similarly, although not shown in

Figure 1, the swept volume can overlap with a portion of the entrance
port. When such overlapping occurs, the stirrer's blades will be
coupled with the stir chamber wall through only a portion of each
rotation in the area of the overlap.

[0043] From equation (3), it can be seen that to reduce |t| while
keeping E substantially the same (or increasing it), one can: (1) reduce
viscosity, (2) increase swept volume, and/or (3) use a larger stirrer. In
this equation, this can take the form of offsetting a decrease in N and
|| with an increase in V and D. |t| is decreased when viscosity and
speed are decreased. When diameter is increased, V is also increased,
so the strong benefit of increased stirrer diameter offsets the reduction
in shear stress.

[0044] Looked at another way, for a given flow rate (Q), keeping
stirring effectiveness constant with reduced shear stress will in general
require an increase in stirrer diameter (D) or stirred volume (V). These
two variables are related since an increase in D for a constant L results
in an increase in V. Therefore, in accordance with the invention, one

moves away from the concept of a small stirring system with high shear



[0043] From equation (3), it can be seen that to reduce | i while keeping
E substantially the same (or increasing it), one can: (1) reduce

Vi scosi t ywo(03p4808cr ease swept vol une, and/or (3) use a | argerusst/sasser. In
this equation, this can take the formof offsetting a decrease in N and i |
with an increase inVand D. I Tl is digreased when viscosity and speed
are decreased. When dianeter is increased, Vis also increased, so the
strong benedd.tso i“&éﬁ@%ﬁ%ﬁ&-}ééﬁé A5 AL 86 rOAHEE4 Wit e, [FPHCE SR i N
shear stress. fo%%f] Looked at anot%er way, fror a gi vlen%f{ao% rate an),
keepi ng sttilrati mgirfdinststiremaessifednsrmss. vint ¢ffeddthesdmsdaesr thsttrtbes will in
general require an increase in stirrer diameter (D) or stirred volune (V).
These two &mlameegu%%ﬂ@rseé sP téﬁ\_erfhe% Blat B AopHORmOWH Rt ant L
results inggpgid Cf}?@g Jslkht igqf%fcgéé’é@ td Pr@&ﬁ@é g%&%dihb%eﬁé]?%'e%’ﬁ”“ on,
one noves away from the concept of a small stirrifng systemw t'h hi gh shear
WD 03/ 04805hdrR(@l o0 3ti32A613 gdidgstlowss. tAdtanpos te pichidver eediivealr sls¢aress i s
reduced with a | arger stem that maintaips stirri effectiyeness. In
effect, thiSrrssi Salen wetems Pt isine isalsnaratsed ac NS there | s
time to do thg,@eount of work on the glass that is necessary to produce
good honogeneity even though the stirrer is going slower. Attenpts to
achi eve red0O©4b]shearEveh masse urefsriahber E anstteamactanizinges ausemErdisl al so

reduced wherl N is. reduced. goo}iég Eyen rTE e useful than E in
char act er i Z3/A§S STEHAREPETEM IHHRGERradnet éog’y@t&ﬁr@sﬁgr%duct of flow
rate tines A ti i £.r tion (3) is given
by: QE (kB %cg:f g%sﬁij.gﬁ, %}ﬁg&g%ﬁ)ﬁ%ﬁ% @nlgaﬁg%lﬁﬁ%ﬁ to the above
expression for stirring ef@i.EwPQa/[,)bl drevphbygijeal nodeling (oil-ngdeling)
also revealed the followng relati onshi p for the torque T that neegs to be
appli ed to [Q046]rrer hadditiamte thawrbove exprassipader stiuingeffisieneyi,ng:

the physical modeling (oil-modeling) also revealed the following

relationship for the torque T that needs to be applied to a stirrer shaft

to rotate it at a speed N during stirring:

T = P/N ~ aukNBDplade3/C (5)
where P is the power applied to the stirrer. '
[0047] This equation allows the constant k, which depends on the
stirrer/stir chamber geometry, to be eliminated from equations (3) and
(4):

E ~ (CTV| 1| /(nQ?u?Dblade))*-> (6)

QeE ~ (CTV | 1| / (npu2Dblade))°-> (7)
[0048] Substituting equation (1) further simplifies these equations
to:

E ~ (NTV/Q?2p)0> (8)

QeE ~ (NTV /)05 9)
[0049] These equations have the advantage that E and QeE are

only functions of torque, system dimensions, stirrer speed, flow rate
and viscosity, all of which are readily measured using conventional
techniques. In particular, torque can be measured with a calibrated

direct-drive electric motor having a built-in torque measuring system or



T = PIN 7t kNBDblade3 / C (5) where P is the power applied to the stirrer.
[0047] This equation allows the constant k, which depends on the stirrer/
stir chamverisgesosetry, to be elimnated from equations (3pcant$oz2/§252 E (CTV
i |/ (7tQJ.12Dblade)).5 (6) QE: (CTv 1l | [/ (7t2Dblade))o.5 (7)
[0048] Substituting equation (1) further sinplifies these equations to: E
(NTVI@2).5 (8) QE (NTV/)o.5 (9) [0049?1These equati ons have the advant age

that E and (B1af €or ¥r§d§?ﬁlée@ﬂé.§?{at§]‘£¥%¥?%%g%i%&%ﬂﬂ 1$HPREanShIL! I er

speed, flow rate and viscosity re readi |y neasured using
convent i onathe tecpler hasgweehnthpastitrevksashaft df7qaed che dierirensysteth'si th a

calibrated ,direct-drive electric notor having a built-in tarque neasuring
syst em or V@%@P@Q%Sélé/Péﬂ eiPm%éneaﬂumﬁnfaC%rb&u@ art er (e.g., a

strain gageduﬁh?%l?%@tﬁ&ﬁ glb@5 ﬁéﬁﬁ%ﬁuriﬁé‘ r6 QLY &F uBRi 3:5}%§§?€a13ti rrer's

shaft 17 and t irring systens rive tor 29. Suc or que
measur enentmode! (e gnede odi vele]) afuthienpranesactMabt ghasstamdiyy feagtaiidnsy

e ot A7 PRSP o B B Lo B
geometry of, 0 Bengl fHeRE io@gré ggﬁgﬁa@gflégﬁgé%ﬂeoﬂbss@{r%r %ggﬁ‘érﬁU y

applicable to stirrer systens avi geonetries. [0050] In
practice, Bhasingrafar@by pfgeeatedriecshan 80, nore preferably greater than

100, 20 Mlodic!° A Y S o han 130, ML Le LA, O LU L
Z'egoﬁldl. O?;%ﬁ%ﬁgﬁﬁ@;%ﬁ ﬁ'lﬁjoesg,rpﬁj_ia%r%%lly gr@ét%?ttﬁﬁnt i@@, Jv@nl@ ﬂﬂej QgEam;/
product is preferably greater than 5.0 kilograms/second, more
preferably greater than 7.5 kilograms/second, and most preferably
greater than 10.0 kilograms/second. In achieving these values, T
needs to be kept below a value where the stirrer's shaft will exhibit
substantial creep as a result of torsional stress at the operating
temperatures employed (e.g., operating temperatures between ~1350°C
and ~1500°C). For a solid shaft of diameter Dsnaft, the torsional stress o
is given by:

6 = 16T/nDshatt?, (10)
while for a hollow shaft having an inside diameter D; and an outside
diameter Do, it is given by:

o = 16TD,/ (n(Do* - Di#), (11)
where in both cases, ¢ is in pascals, T is in newton-meters, and Dshaft,
Do, ana Di are each in meters. For a stirrer made of platinum or a
platinum alloy, T is preferably less than 75 newton-meters.

[0051] The above equations for |1], E, QeE, and T assume that
stirring is taking place under laminar flow conditions. Such conditions
exist when the mixing Reynolds number (Ren) is less than 10, where
Ren is given by:
Ren = Dulade?Np/ L,
(12)



needs to be kept bel ow a value where the stirrer's shaft will exhibit
substantial creep as a result of torsional stress at the operating

t emrper at uwespupsoyed (e.g., operating tenperatures betweeeTA36DE86aNd
1500C). For a solid shaft of dianeter Dshaft, the torsional stress a is
given by: a = 16T/ 7tDshaft3, (10) whi lmi for a hoI | ow shaft having an

i nsi de diameter D; and an outside dia Do, Is given by: a =

16TDo/ (7t (Dong N »ﬁﬂé&%%y ggﬁég]%%f}ngasle a.ﬁnesommgc%ﬁmeﬁ I's in

newt on- net ers, eeac in neters. For a stirrer
made of pl aﬂ@ww“arobems}smmdlwhai thy gldss ﬁspoeﬂtyrialgwaﬂee&hahhmo Poise.
newt on- net ers. $]0051] The above equations fo and T assune

that stirri0Qp2ks t akiigyrpsZce sthfﬁ’élonleaffﬁatﬁp{q PBW Bfms( %ﬁ@rreSuch

wnere. | Ron T WD IgR The e R AR DR s B bsa B U021 32862

12 and p i SFigmecmrt:knetsfuﬁfertchﬁ io¢ a$ shé Igghaﬁal type distldsedoin ¢dmrionlyan nar
fl ow can be assunmed_when gl%aass viscosity is greater than 500 poi se.

[0052] Fi gu%%glze@léﬁo\ﬁaéﬁ@t FpP@I G199 ke G yipd3€ dfoss thercamteriselems wit h
whi ch the fﬁﬁ%@l{‘ﬁré ??ﬁyﬂé?ﬂc rQ?e&‘B?%fé%%n%QOV@tHé} stjfllrgvrc% énépé‘&s“ rrer

can be of e genera sed 7 n comonl y- "assi gned at ent No.

2,569, 459 teof éburse, Be \vag] iri Inlee gratdot sf ohe mhe:m:ﬂioar él‘lln@sabgerl ncor por at ed
by reference. Q her stirrer des gns_can, of cqurse, be used in the
practice ofPreferably alnesgrot qi&@lf%@amhépu%p dherglppy thraaghdhe stni fi cant 1 y

pu e 91 35aSHE QU LB AL b BN SUNEE AcDEANIER B 0PI ng e cc

general ly réquires unacc ear The stirrer
and the st Iunacceptably high levels of shear stress. The stirrer and the stir

chamber wall are preferably composed of platinum, a platinum alloy or
a dispersion strengthened platinum or platinum alloy (e.g., a zirconia
strengthened platinum alloy).

[00S3] As shown in the figures, stirrer 13 is preferably equipped
with members (fingers) 25 which have a longitudinal axis (long
dimension) that is substantially parallel to, but not colinear with, .the
stirrer's shaft 17. The number of members 25 used can vary between,
for example, 1 and 7, and depending on the particular system, their
length can be between, for example, 1 and 4 inches. In practice, three
members each having a working length of ~2.2 inches have been found
to work successfully for an exit port whose height is 6 inches. For
comparison, the height of stirring blades 15 can be 2.5 inches.

[0054] The members preferably extend below the bottom of shaft
17 and preferably are composed of the same material as the stirrer's
blades and shaft. All of the members preferably have the same height,
although members having different heights can be used if desired. The
circumferential width of the members can vary depending on location
relative to the stirrer's shaft 17, e.g., for the stirrer of Figure 2, the
width of the member closest to the shaft can be 2.0 inches, while those

at the outer periphery of the stirrer can have a width of 1.5 inches.



chanber wall are preferably conposed of platinum a platinumalloy or a

di spersion strengthened platinumor platinumalloy (e.g., a zirconia

st r engt hewedsphstsi num al | oy). [0053] As shown in the figuresjussr/srseer 13 is
preferably equipped wth nmenbers (fingers) 25 which have a | ongitudi nal
axis (long di rrensi on) that is substanti gl |y parallel to, but not colinear
with, the stirrer's shaft 17. The nunb of nmenbers 25 used can vary

bet ween, anpl n I ystem
| eng@L S8 eMetn B J5 itk G&Hﬁﬁ% Pk (HLreBge DR losillevels

their et ween, or exa and 4 1nches. In practice,
three nenbehiclehalve ﬁmﬂm@)md\m Iresngltlfecngt(ﬂ) ¢he sio@er notedsoried\apeleden f ound

to work successf ul for.an exit port. whose hei IS 6. s. For
conpari son, U§ “Pléi"@kﬁtl%m%ﬂ’?ttemg @F%&V%l% *-Be r?tgtlpﬂéﬂégee{so%ﬂ The

menbers pr eﬁﬁv@é@ry 381N %?‘ﬂnﬁh(‘%gl?ﬁ& ke 1§1h@i‘rtectlélz ﬁ%&%l@ham y are

conposed of e sane materi‘al "as t stirrer's des and shaft. of

t he menber sogpnefseasabheg ghesseen ters sxmepoi Zjhfromathehmugdn bmiyb@frishdmtrr ng

di fferent heights can be used if desired. 52} m‘er tial width of the
menber s cancw@aea dpEnd® FGA8ES B ¥Egion of ?vé)I G er's shaft 17,

e.g., for tctj'fasiﬁ]gd; %fg%d ?f‘orﬁ' A taﬁl’estf?of Wnﬂtsﬁrﬁsfr M&é@fﬁ@h&h@&%&ot o the

shaft can be ose at the outer periphery of the stirrer
can have a mbdtieaé shtfstantﬂaésadiéﬂ)fw eﬂmsglmpma/gmeaghme[msm

Menbers 25 serve to m nim i.ncreases in c | evel s which have been
found to reSham %FFW'(]‘?L)tQFﬁgagF%ﬂQrchéf%ﬁPSﬁﬁo"%peed used in the stirring
systens of [‘dtﬁsﬂ”ve”tAQ'%hQ)%vrgm Fflgu?elté @'Ba'stﬁp@t?gﬁlbe?eltﬂ\%sﬁ 1%cﬁ£t"}% 45 rpm

and (2) the ¢ ge in direction o ow wWhi ch occurs as the glass enters
exit port 28rdinamiteh®l rfar nehmdyngglassefreii the shardheamber gu,rlrsg,dbange in

Stirrer in PRATPIHSTBEre dotiadis erbans A6ALPRNPT ACFRBISFIH 6 of (e
gl ass passi ogr LRAAHAY ddIP intiuide £RAMRS DML SROWIP LY ARSI WS iR BuRECh
1.
[0057] In practice, it has been found that members 25 preferably
should extend below the top of exit port 23 but should not reach all the
way to the bottom of the stir chamber. In particular, the ratio of the
distance d between the bottom end of member 25 and the bottom of the
stir chamber (which is the top of the sump in those cases where a
sump is used, i.e., the bottom of the chamber is functionally the top of
the sump) is preferably in the range:
0.2h <d <0.7h (e.g., d = 0.4h),
(13)
where h is the height of the exit port (see Figure 1). When in this
range, members 25 effectively cut through the molten glass' flow
pattern in the region of the stir chamber's exit port (see flow contours
33 of Figures 3-4). By this cutting action, the level of cord in the
finished glass is reduced without an increase in the level of inclusions
in the glass.
[0058] Without intending to limit it in any manner, the present
invention will be more fully described by the following examples.

Example 1



[ 0056] As shown in Figures 3-5, stir chanber 11 can include a drain tube
31 for renoving glass fromthe stir chanber during, for exanple, shut down
of the sywopegm4doss addition (or alternatively), the stir ehamdser/3msan

i nclude a sunp 27 as shown by dotted lines in Figure 1. [0057] In
practice, it has been found that nenberf 25 preferably should extend bel ow
the top of exit port 23 but should not fach all the way to the bottom of

the stir c . In i L | . i -E@gwthe
bottom endh@p%%rrber %égn%&trﬁél%%¢?béma%PH%%20ﬁ2{? itP gc 5%@’3 s?h Ich is the
top of the s, Tablhaseompaess wherstiraing sygteirss, thedjrst.leingt he bott om of
the chanber is functionally the top of .the su E)é_ni S preferably in the

7 K

range: 0. 2HF€pgesentaive of preyiqusgdy Aked stinry B (€t ASHETEht of the

exit port ' ; ; ] ' . : f el
Chrough t neSagsrLaifigd pigleRidielat ot o iALHEs, JBIRE BisgBsfl WFHAOE Y Lot o

exit port (ssisefhow Lontreudta3Bonil speed of 38-rhm),Bynd hhe seabhdraneact i on,
the level of cord in the finished . glass is reduced w thout an increase in

the | evel dreingdepsewsativg alifeSHrEBE SYPtDeIeRRd IR aGeOEAaNGY Wb 1 i mit it

I n any manner, : esent . ik i N YofIf§ ¢ }?&d y the
fol |l ow ng g%a%ﬂkggtgﬁagfpﬁeét?{-%88%%6{3&3}?%%6%%%8062 %é 005%] As an
exanpl e of dihes agddstgtaforn0Od polise idendd betiiacrsasirdg thieceenpdraltiee bf
conpares two stirring systens, the first bei, tative, of

pr gei ousl y tipse@odteary g é@y%@@%a{@léz ;PHY%’%l?ng%tF%gE)gégtnaé'?A %l%ﬁra bl ade
di anet er of I S lL.scosity of 3000 poise, and a stirrer
rotational ré’g%{elgﬁgfg%%@?%h)%,ééﬁgﬁf he second one being representative of a
stirring sy@os0]desi giedahrbaseat dianhés wislb, the shear stress on the stirrer

can be reduced almost by an order of magnitude by increasing the
stirrer diameter from 6” to 10” and reducing the stirred glass viscosity
from 3000 to 1000 poise. These changes allow a stirrer speed
reduction by a factor of four. A useful byproduct is that the torsional
stress on the shaft is also reduced, roughly by 25%, which helps extend
stirrer life.

Example 2

[0061] Figures 6 and 7 show comparisons between historical
stirring (diamond data points) and stirring performed in accordance
with the present invention (square data points). The data was obtained
using actual production equipment. In all cases, stirring was
performed using a substantially vertically-oriented stir chamber and a
substantially non-pumping stirrer having a substantially vertically-
oriented shalft.

[0062] The straight line of Figure 6, which is a fit to the historical
data, shows that prior to the present invention, high QeE products were
only achieved through the use of high levels of shear stress.

Conversely, low levels of shear stress were only achieved with low QeE
products. In contrast, stirring in accordance with the concepts of the
present invention simultaneously achieves low shear stress and high

QeE products.



the invention (e.g., a stirring systemhaving a dianmeter of 10 inches, a

gl ass viscosity of 1000 poise (achieved by increasing the tenperature of

t he nol t emogBassesdy, for exanpl e, approxi mately 80C), andPaTAlSNZ/52862
rotational speed of 6.3 rpm. [0060] As can be seen in this table, the
shear stress on the stirrer can be reduced al nost by an order of magnitude
by increasing the stirrer dianmeter fron6"” to 10" and reducing the stirred

gl ass vi scqgg fro 0 i : irrer
dpecd 'reddlles] by o aRRpbPa e i thedt ShesE AN AR o ¢
torsional IstDeglasens ilhestshedd in Fighso7r edsishdwr thagklry, byad&Stdanitech hel ps

extend stirrer life. Exanple 2 [0061] Figures 6 and,_ 7 show conparisons

bet ween hi s‘ﬂihi"é&l 1nV§f1|t1|0|ﬁ:r?&e(lél’féln‘ifrf@caé%l&nﬁdﬁﬂ?%l icgly. Bf ‘_?(PIPPHSREE‘\Jf or med
I'n accor daqg%luﬂohg Hilﬁngra%ﬁ@fﬁjﬂegi’&“&ia%_1(351%@0%2% ? 1BQLAY fincldif oflat 2
was obt ai ne usi'ng ‘actual production equipnent. In all cases, stirring was
perfornmed ushdur stresd)siiastd shéyr ks dalchjcudatehtisthgtquatioanf2r Aand a

bstanti al | - [ ti havi b tiall tically-
or'1 ant o < SURGUEAneT R o FrgRtn? TNHTES GheRRgiRBog) KINEERM KART 1t to the
or i ent ed _ o8/ ECRT &
product s wdeeer B PE el Bhe BRAE shfisvd® e TRk, LRFADLP R . ITuer

stress. Conygtasel FigureWw helwsedistadhed hadng ehuessentvehosd yesalhiievieid with | ow
QE products. In contrast, stirring in accordance with the concepts of the
present i nvidmiteshtosinalpsignsoiayingae sizsvgsatemtianRd0 Bueets-aHdishi gh  QE

products. ‘@e1?e3/e94§1%§%h§%v%’§%%§§1%§%Bd;o]%e[sQﬂé%v%lh@f InPQELHARGELBEE | oW

shear stress in tThe pro ass Is Illustrated in Figure 7. As
shown t her edipe i$ feacteirdancgicnoinish t he i nvention, the |level of inclusions
(specifical on ‘Pr eci ous net al i ) _ )

[0064] Although specific embodiments of the invention have been

described and illustrated, it is to be understood that modifications can

be made without departing from the invention's spirit and scope as

defined by the following claims.

TABLE 1
Stirrer 6" 10"
Diameter (D — inches) 6 10
Number of Blades (B) 24 24
Glass Viscosity (u -- poise) 3000 | 1000
Stirrer Rotational Speed (N -- rpm) 30 6.3
Stirring Effectiveness (E) 125 125
Shear Stress (t -- psi) 1.148 | 0.142




i nclusions having a size greater than 10 mcrons) is a linear function of
shear stress, where shear stress is calcul ated using equation (2). As the
strai ght wore/oisos4 of Figure 7 shows, the inclusion/ kil ogramusat/sese2 r eaches
zero when the shear stress is less than 1.1 x 10-3 N n2. The data of
Figure 7 was obtai ned using equi pnent whose resolutionis Ilimted to

i ncl usi ons having a size greater than 1¥Pmicrons. It is believed that the

i nvention I Ges- {‘ge | evel of inclusions whose size is |less than 10
[%E‘gf 1%?#1}1 :

m crons. ough specific enbodi ments of the invention have been
descri bed and i IA usdthadefdr Hdmbgehizite mislden $lasdcoimatrisingdi fi cati ons can
be made wi thout departing fromthe invention's spirit algﬁ scog_e ﬁs defi ned
by the followi ndakl ainrevidinglacylingrically-grapasl, subsiaptiaily(isrlicli¥nes) 6 10
Nunber of Bl ades (B) 24 24 . S j - i firrer
Rot ati onal Speed (N -- rp%n%gé.%}g (Zlﬁ??frblte)rf\gv(’gcp eg(?ﬂln@)?nseegg?%lpfll %1 5
Shear Stress (ti -- psi) hnl#BetndBAidthe{3/045054 PCT/ US02/ 32862 16 Wat
is clained is: 1 A nethod for hanogenjzing nolten gl ass co,gpri.si ng: (a)
providing a cyl i(Bbri dapwgﬂlgaa@péarr%dﬁstb&hghﬁlﬁty RATPPER) $A YiiTEAt ed st r

charer i ch Comrses s bl BSu L AS Wh PhaI Dl (0)
substantially vertical |l y- ariceatgidraliaf bf bRatksawhlich akidnd otitiwhaddsomhi ch
extend outward from the SPall ar fowards the Wall of thé Sir chamber the ' 1"
maximum diameter of the blades being Dhuiade;
(c) flowing molten glass through the stir chamber, said molten
glass having a viscosity p; and
(d)  applying a torque T to the shaft of the stirrer to rotate the
stirrer within the stir chamber at a speed N as the
molten glass flows through the chamber, said
rotation of the stirrer within the chamber defining a
swept volume V;
wherein N, T, V, Dwan, Duiade, and p are selected to satisfy the
relationships:
(NTV/u)0-5 > 5.0 kilograms/second, and
(2nuNDblade) / (Dwall - Dblade) < 3.5 x 10-3 newtons/meter?,
where N is in radians per second, T is in newton-meters, V is in

meters3, Dwan is in meters, Dulade iS in meters, and p is in

kg/meter-second.

2. The method of Claim 1 wherein:
(NTV/p)05 > 10.0 kilograms/second.

3. The method of Claim 1 wherein:

(2nuNDbiade) / (Dwa - Dblade) £ 1.5 x 10-3 newtons/meter?.



maxi mrum di aneter of the bl ades being Dblade; (c) flow ng nolten glass
through the stir chanber, said nolten glass having a viscosity ; and (d)
appl yi ng wotooneges4 T to the shaft of the stirrer to rotatePCraS0%B8is62 er
within the stir chanber at a speed N as the nolten glass flows through the
chanber, said rotation of the stirrer wwthin the chanber defining a swept
volume V; wherein N, T, V, Dwau, Dblade;’and t are selected to satisfy the
rel ati onshigps: NV > ) il 5/ , ade) /
(Dwal I - Db'ade)%_ﬁ%egggg %Oélﬁqﬂﬁ&ﬁvgﬁé%ti%&gg\%%? g()l(l\l&lzptéléiI ﬁp?iasdi ans per
second, T irewtornavdters.neters, Vis in neters3, Dwau is in neters, Dblade
isin meters, andt is in kg/ neter-second. 2. The nethod of daim1l
wherein: (NTV/.i)-5 ? 10.0 kil ograns/ second. 3. The nethod of Claim1l

wherein: (z/t.1 {[@% ) z er2. WO
03/ 048054 %CT/ U /grgeg%)lgé 4 7 %T%ﬁr%lﬁﬁg&hgfégﬁgﬁﬁ%gmﬂg% ﬁﬁ?‘{%{ | ess

t han or equak dtir dhamientan retecoBSat kastieOFdtiluptants /Seabmdl wherein the
nolten glass flows through the stir chanber at a rate of at |east 0.05
kil ograns/ second. 6. The nethod of Claim1 wherein the stirrer and the
stir chanb ﬁ?ect QURE] | 6 & A : [ ; e

nmet hod of ‘ai Wg{e ergloﬁ thefagﬁagsvalltl% I|&§Fd&ér%§thgputgilfgllg§ha§f%%2 and

t he nunmber vadll ghahi counpeisatdatinomgn iorcd ptatdmanoéllaysi ze greater than 10
mcrons is |ess than 20 per kilogram of finished glass. 8. The nethod of
Claim1l1 wherein glass exiting the stir chanber

7. The method of Claim 6 wherein the glass is liquid crystal display

glass and the number of platinum-containing inclusions of a size

greater than 10 microns is less than 20 per kilogram of finished glass.

8. The method of Claim 1 wherein glass exiting the stir chamber
undergoes a change in flow direction and the stirrer comprises at least
one member for stirring the glass in the region of the change in flow
direction, said at least one member having a longitudinal axis that is

substantially parallel to, but not colinear with, the stirrer's shaft. -

9. The method of Claim 8 wherein the at least one member extends
below the bottom of the stirrer's shaft.
10. The method of Claim 8 wherein:

(1) the stir chamber has a bottom and a side exit port in the
region of the bottom, said exit port having a vertical
height h, and

(i1) said at least one member has a bottom end which is spaced
from the bottom of the stir chamber by a distance d,

where d satisfies the relationship:

0.2h £d <0.7h.

11. The method of Claim 10 wherein d ~ 0.4h.



undergoes a change in flow direction and the stirrer conprises at |east
one nenber for stirring the glass in the region of the change in flow

di recti omwvogaiogsoat | east one nmenber having a | ongitudi nal paxiEs0/bEss2 i S
substantially parallel to, but not colinear with, the stirrer's shaft. 9.
The method of Claim8 wherein the at | east one nenber extends below the
bottom of the stirrer's shaft. 10. The thod of Caim8 wherein: (i) the

stir chanbe has on of the
bottom sal eX| S%%%&%?\??%%rgo rggugﬁdﬁqghd& éd}ﬁﬁdls?gg) said at | east
one nenber has gapot taoaylendrmhlly#shaq)espaamm:ktaﬁtlattymeubaﬂymn@itedmlxsti r
chanber by a distance d, where d sfies the rel ationshi

0.2h<_d<_0.7h. 11. The rréth«?éa &f la rﬁ%pveﬁé?éiwaﬁ RpviRE %@@Fﬁﬁhom
PCT/ US02/ 32862 18 12. Ap eg 8y o1 homogeni zi ng nol ten gl ass conpri sing:
(a) a cylindrically-shaped, su §t anfival | y vertically-oriented stir chanber
whi ch conpri ses (B) wald shmsrnglthm ithé etitadhamibanesaid ddakt cofmprisingg arrer

within the stir chanber, said stir corrplsmga ubta i al .
vertical ly-oriented shaft St anﬁlai}ya‘{firf§a Igromifnigdss %Qt@]‘%aldﬁ‘t war d

from the shaft tovards t hewahicolkin n%%t%@d&é}ﬁ%ﬁﬁdﬁr&ﬂ?tﬁ@’éhw di aret er

of the bl ades bei ng Dbl ade; applies atorque T to the
shaft of the stirrer to reteatrdstthe whllrofehevdtirhecimambersthe nodvamoem at a
speed N as nolten glass flows through the chanber said rotation of the
stirrer within the chanberdiagstenp gh‘é@%\@?ﬁ 818 Petase; said nolten gl ass

(c) a motor which applies a torque T to the shaft of the stirrer
to rotate the stirrer within the stir chamber at a
speed N és molten glass flows through the chamber,
said rotation of the stirrer within the chamber
defining a swept volume V and said molten glass
having a viscosity W;

wherein N, T, V, Dwa, Dblade, and p are selected to satisfy the

relationships:
(NTV/u)0-5 > 5.0 kilograms/second, and
(2nuNDylade) / (Dwall - Dolade) < 3.5 x 10-3 newtons/meter?,
where N is in radians per second, T is in newton-meters, V is in
meters3, Dwan 1S in meters, Duiade is in meters, and p is in

kilograms/meter-second.

13. The apparatus of Claim 12 wherein:
(NTV/p)0-5 > 10.0 kilograms/second.

14. The apparatus of Claim 12 wherein:

(2npuNDblade) / (Dwan - Dblade) € 1.5 x 10-3 newtons/meter?.

15. The apparatus of Claim 12 wherein the motor applies a torque to

the shaft that is less than or equal to 75 newton-meters.



having a viscosity t; wherein N, T, V, Dwall, Dblade, and are selected to
satisfy the relationships: (NTV/)0.5 > 5.0 kil ograns/second, and

(21t NDbl avie)osxead | - Dbl ade) < 3.5 x 10-3 newt ons/ et er PCT/US0Z816N i S i n
radi ans per second, T is in nemon-neters, Vis in neters3, Dnall is in
neters, Dblade is in neters, andt is igg kil ograns / neter-second. 13. The
apparatus of Claim 12 wherein: (NTV/ )0’5 > 10.0 kil ogranms/ second. 14.
The apparatus of Claim 12 wherein: (27t NDblade)/(Dwall - Dblade) < 1.5 x
10-3 newtons/ neter2. 15. The apparatus of Caim 12 wherein the notor

appl i es a t bbqueThe appeeatimbf Glajan i whesein Hamstirrescaad the sty

newt on- net er.s. 03/048054 PCT/.US02/ 32862 19 6t The @ aratus of Caim
12 wherein ?lﬂ%lng‘girr‘? €afig ARPESE P2ERYBEF RIGHEAEHh2 gfrpri se platinum or
a platinumalloy. 17. The apparatus of Claim 12 wherein the stir chanber

conprises a side exit port such that glass exiting the stir chanber
under goes al7chahige aipparativs df Cdeimdi? wingreinetle stir ehagoher cepriges @ast

one nenber for stirring { |l ass in the.regi.on, of the change in flow

directton. deeihportaleh el emerarink i SiF RGO HARCERSS That I's

substanti al (I:Hange?'i@'ﬂ!o‘%&l' dir@ctiBul af@tthe Atird@AEoMigribe st Aeledist @ menshaf t . 18.

The apparatus of Claim 17 wherein the at |east one nenber extends bel ow

t he bott om fofr stiring the gldss ightiia region oftbeappangs us flow dirgctipny saitkr ei n:
hanmber has a botto i de i.n.the region

he bot tom on dt 5 1l :
5 the bot t8hfeas creomam G R iEE 5 iondictlhal s Hibd i3 fpstantidine [ re
member has gaRAld138) 808 Nt DhirlearSPRRCEhe stirrer's shaft.

18. The apparatus of Claim 17 wherein the at least one member

extends below the bottom of the stirrer's shaft.

19. The apparatus of Claim 17 wherein:
(1) the stir chamber has a bottom,
(i)  the side exit port is in the region of the bottom and has a
vertical height h, and
(iii) said at least one member has a bottom end which is spaced
from the bottom of the stir chamber by a distance d,
where d satisfies the relationship:

0.2h £d £0.7h.
20. The apparatus of Claim 19 wherein d = 0.4h.

21. Apparatus for homogenizing molten glass comprising:
(@) a cylindrically-shaped, substantially vertically-oriented stir
chamber which comprises a wall; and
(b)  a stirrer within the stir chamber, said stirrer comprising a
substantially vertically-oriented shaft and a plurality
of blades which extend outward from the shaft

towards the wall of the stir chamber;



fromthe bottomof the stir chanber by a distance d, where d satisfies the
relati onship: 0.2h_d< 0.7h. 20. The apparatus of Caim19 wherein d 0. 4h.
21. Apparwpus/oisess honogeni zi ng nol ten gl ass conpri sing: ( @CTAIS02/32862
cylindrically-shaped, substantially vertically-oriented stir chanber which
conprises a wall; and (b) a stirrer vvitg'pn the stir chanber, said stirrer
conprising a substantially vertically-0riented shaft and a plurality of

bl ades whi ch ext gndreu wad gtif CARNMBE- habtrisckAsidisetii§orisuichftHdte stir
chanber; WO 03/048054 PCT/US02/ 32862 20 wherein the stir chanber conprises
a side exit port suchglasatexighgsheestin ¢hambies undergeparbenange on dloss a
change in flow di recai ont.and tcﬂﬁasti.rrer conpri ses lat east_on rlnatnber for
stirring the glass in Fh& 1nga[rb ‘Fspﬁgerc%%{%’ ISER §4°6@°" QPP ERETHIT 'hid at

| east one member havi §Griang RLidIAEH fRkhe gD HRthd ehaHbstialdwal |y parall el
to, but not colinear with,  the stirrer's Shaft. 22. The apparatus of Claim
21 wherein the at | eadircotienyreaiskat lasst emsmisahloor hhawirgba tlongidtidimal
stirrer's shaft. 23. The arat us_ of ..Cl.ai m 2 erein; i). the stir
chanber has a bot t om &0 JatHS Suiraeshurly satel b S aor bglinhaE ilthe
bottom and has a verfi<atirde@isOdtiafg, and (iii) said at |east one nenber has
a bottomend which is spaced fromthe bottomof the stir chanber by a

di stance d, where d satisfies the relationship: 0.2h< d< 0.7h. 24. The

appar at us O&Q.CI ik %%p%g‘rc&é of %lgirrdf rbl wherein the at least one member

extends below the bottom of the stirrer's shaft.

23. The apparatus of Claim 21 wherein:
(i) the stir chamber has a bottom,
(ii) the side exit port is in the region of the bottom and has a
vertical height h, and
(iii) said at least one member has a bottom end which is spaced
from the bottom of the stir chamber by a distance d,
where d satisfies the relationship:

0.2h <£d <£0.7h.

24. The apparatus of Claim 23 wherein d » 0.4h.



