; MNe3eNnKLb6Tn36 -1 METHOD FOR CONTROLLI NG FUSI ON PI PE SAG FI ELD OF THE

IN\/EI\FI'I O\I t| on relates to fusion pipes used in the production of
sheet g MW m particular, to techniques for controll whi ch
such p| during use. BACKGROUND OF THE | NVENTI O\I”Hm# ﬁmﬁg /ﬁ
process |s dﬁ@mbf t he basic techniques used in the glass nmakin

produce sheet glass. See, for exanple, Vgrshneya, Aran K., "Fl P15y ass, "
Fundanmental s of Inorganic G asses, Acadenic Press, Inc. Boston 1994,
Chapter 20, Section 4.2., 534-540. Conpared to ot her pr ocesses knovvn in the
art, e.g., the float and slot draw processes, the fusion process produces
gl ass sheets whose surfaces have superior flatness and snoot hness. As a
result, the fusion process has becone of particular inportance in the
production of the glass substrates used in the manufacture of |iquid
crystal displays (LCDs). The fusion process, specifically, the overflow
downdr aw fusi on process, is the subject of commnly assigned U. S. Patents

Nos 3,338,696 and 3,682,609, to Stuart t he contents of which
are incorporated her eMmODeF@&ﬁéEW@\OMNH&%F IR S¥C t he process of
t hese patents is shown In FIG 1. As illustrated therein, the system

i ncl udes a supply pipe 9 which provides nolten glass to a collection trough
1 1 forned irFIELDeOFaEEIErM\HDNTIOH known as an overfl ow downdraw fusion

pi pe or, nore si .a "fusi on Once.steady, state operat.ion has been
achi eved, ol tennﬁ § inypaion oy ek %%&l%%@l@%}lﬁéd% theron AYGHARAG ¢ hen
S?’:;fsl ?‘r’]";t t Pl%élte@f:) g(%i.fsstet}?d UROMSRiRNaP Ao ket hlRfues! ¥ Toh@rdlling thedagheet s of

which such pipes exhibit during use.
BACKGROUND OF THE INVENTION

The fusion process is one of the basic techniques used in the
glass making art to produce sheet glass. See, for example, Varshneya,
Arun K., "Flat Glass," Fundamentals of Inorganic Glasses, Academic
Press, Inc., Boston, 1994, Chapter 20, Section 4.2., 534-540.

Compared to other processes known in the art, e.g., the float and slot
draw processes, the fusion process produces glass sheets whose
surfaces have superior flatness and smoothness. As a result, the
fusion process has become of particular importance in the production
of the glass substrates used in the manufacture of liquid crystal
displays (LCDs).

The fusion process, specifically, the overflow downdraw fusion
process, is the subject of commonly assigned U.S. Patents Nos.
3,338,696 and 3,682,609, to Stuart M. Dockerty, the contents of which
are incorporated herein by reference. A schematic drawing of the
process of these patents is shown In FIG. 1. As illustrated therein, the
system includes a supply pipe 9 which provides molten glass to a
collection trough 11 formed in a refractory body 13 known as an
overflow downdraw fusion pipe or, more simply, a "fusion pipe."

Once steady state operation has been achieved, molten glass
passes from the supply pipe to the trough and then overflows the top of
the trough on both sides, thus forming two sheets of glass that flow



downward anal then inward along the outer surfaces of the fusion pipe. The
two sheets neet at the bottomor root 15 of the pipe, where they fuse
together into a single sheet. The single sheet is then fed to draw ng

equi pnment (represented schematically by arrows 17J, which controls the

t hi ckness of the sheet by the rate at which the sheet is drawn away from
the root. The drawi ng equi pnent is | ocated well downstream of the root so
that the single sheet has cool ed and becoffe rigid before comng into
contact with the equipnment. As can be seen in FIG 1, the outer surfaces of
the final gl f ut sitdec Sk e, of the
fusion pipe gﬁ%ﬁgggﬁyag%a??é%w ?&]g&%%%%ggéé g%}hséiﬁg%ﬁ%eéiﬁ%uﬁﬁ%%?%eﬁ ly see
t he anmbi ent aThesyherttectd hedtmigheswtt@anes afottiteof i hald, valraetthewhi ch

formthe final sheet do .contact th ip but 't hose inner surfaces fuse
toget her at tHSCHGBELE IORE SpTIPEIcaTRESl S RRADRRIFPER FriteRaddy of the
nal sheet. 'nd&iwi%gvmmph%ﬁk%@semﬁ Qﬁ%rhhaé%]ﬁ{{ bs,%r%em,swﬁi@ﬁes of

the final sheet are achieve is evident fro he foregoi ng, fusion pipe
13 is criti catontyolshidnestioclessssodf thresherdi lontips ostesat. whitclhpting sbhedtais, t he

di i | bilit t he fusi ipe is of t ] t i
e Tl o hEh ot Fod 4 0B Bl ChasGtint FRELERERALL ™"
Unf or t unat el yjo&h8etreandbt tt%‘%dtr%iﬁfhélﬂkﬁﬁsith%ﬁa NS L PERST el b BEcdTRKE it

suscepti bl e to dinmensional changes. Thus, e fusion.pipe nust operate at

el evat ed t enpegit belese saming intaeenictivwidotharrduapaeat. Moreover, in the
case of the overfl pw downdraw fusiQn,ptoce t.h i pe Sk _operate at
t hese el evat ed ten%sefg?weeéee%%r} le&'@u%p trlffx P?%Séfi ?%g%%so%e%%{ingjs)glaméﬂ as the
wei ght of t hest@dttdngt asatarteddy paitnf thieSowstistthss@ifdcé Bf theBgkiohlpipand at

| east some tensional force that is transferred back to the pipe through the
fused gl ass aduringianpepHgeheprocospe ffthgr.omeshsuMfases Wilytses theass
sheets that a . d, i .engt h
15 metors or Mg uREAERT The BBl R DA T BRI BT, O,
pi pes 13 havefdvaetheriinual shtetr @6l cbnomtvidiel mips, bugbhesy imierenndacss figet ory
materials. For exanple, fusio i pes have been de, fromisostatically
pressed bl ock©8sEh¢eRt the §3f #ﬁf?‘@rﬂlﬁP aéﬁga{enﬂéusggér@ﬁlr@t%]é’o?}épém%d to as
"i so-pipes”. kf,panddiculRinid 395! Ald cabbMoPpESSEHicS JrEAR RAEF AGIRIEEDrhave
been used to }fiorm I Sopi pes %or he fusFonopPocessl.e Even vvitthglc%dﬁlggﬁ
per f or mance n#tefinal shedtrargradtices]. f usi on pi pes exhi bit di nensi onal

changes which Iimt thei.r, useful Jife. in ticular, such pi hi bi t
Shg Suen"that the As PUIGHE Fiein she (Fissiofed skt At 15 W <ptiBTIo e
relative to ifscuber thUANSIdEIroRAS. Th rc%ﬁntthierm&ms%héﬁstggn&g ned
with controlling such sag. DESCRI PTI ON THE PRI OR ART Overnman, U.S.

Patent No. 3,daBthesfpmionpses ssekgat uginontanigsesingg ichgnges onghipadepalaty

ext endi ng ape fO i i A4 . port
bar. The supp%#[%&gtgre %‘}cz?gﬂasgl C%Q%e@gﬂqlﬁ\:/ﬂ—%&%%éR&ﬁ@ré‘glﬁ%%gg%}ée@(ﬁggég
upward force andet hédioh hre fepdnspipe B! maeMobusddigtisSleppadiimdiasiosaint act s
t he upper wall of the aperture around the m ddle of the fusion pipe and

t hrough such €#RE&S, applies an upward force to the pipe. Japanese Patent
Publication No. 1 L atl ere
again a | ongitudi ﬁ%’%‘#?f@%@% I n‘S?%épl)g’ﬁ%r%&?%P% %{r Qn@é’%/eﬁf@gpg‘gé&@?%? }gﬁhe
fusi on pipe fthe orbeiofi FTPE GappatiovbarMotaoveh; is1 dasey set diettsuppoflbwbar i s

not pivoted, hut rather engages and applies an upward force to the upper
wal | of the ape¥hgravdrsiny Eg%q?ﬁisi qu %"t g‘%ﬂﬂegaqee%tg‘ﬁl}?seﬁﬂﬁﬁtﬁ ng to this

patent publ i Cﬂatrhgé‘pat{ﬁ‘@s %@l@%ﬂpﬁ?ﬁf‘ﬁ %”oq/nb@e@ﬂeaso&/eﬂ ar@@r?erin@igﬁmse ,
Young's nodul us and flexural strengthh are greater than that of the nmaterial
used to produte tiwdteruglasn oyepkowiBg its sidashmsd impprugic hés asdfdteleat om t he
basi ¢ problemthat an. aperture.in.a fusion pi.pe ens. th i pe,..which
makes it mor eSYPGHENEY 6(§;Wcﬁgth§‘ﬁds %ﬁf‘égﬁgtt%c&m.ﬁg;}‘ep}?l@ﬁl u@ﬁt S, crack
formation, ungdefedt flassdarBnéi PO YA MEM RGP Sht thengidth shirehglhysi on

pi pes are

of

sheets that are to be produced, the pipe can have an unsupported

length of 1.5 meters or more.



-4 used. As discussed in detail below, the present invention achieves sag
control through the application of external forces and thus does not
require conpromsing the integrity of the pipe. SUMVARY OF THE | NVENTI ON I n
view of the foregoing, it is an object of this invention to provide nethods
for controlling the sag of fusion pipes. Mre specifically, the invention
provi des nmethods for reducing the sag ran of a fusion pipe and, in
particular, the sag rate in the region of"the niddle of the pipe where the
| ar gest anount of sag is normally observed. To achi eve the above objects,

the invention provilganauid badsd Ak ik RantlfoRadusRP pifes1  than pi pe

( 13) conprising applylng equa opposTte axial forces (F} to portions
of the end r duieonmap2Bictafreti feomi peicus higthperfohmasceaieffactems generate a

bendi t in.the niddl i f the,pipe wh ' h t
oppose gr avi tARFSIRIF- ERSGPERBIE Rt RIBES HEvBrieet TRGF MORbIDSFANHY of
the end regi giesadd MR dthefadtaly hii6Qal ah8 tARR! 41RkcthetiARIseEi&deay

identifying a neutral axis or surface for the pipe (e.g., by conputer
nmodel i ng of ttheascoadipipesit i anparfticuler pispelaticatly presaed aiyconagfmatonies bel ow

that axis or ,surface. In Eertai n gref ereed e odinents_of the invention,

t he axi al forka: Y ?ﬁr} 886? chﬂlémelﬁ PHSt ﬂ%gtb? E‘ES‘PE RIP°58% ve force (e.qg.,
froman air cylingslen @t@ ShiciPigh pRHoREHNcRmatdTidial irdprasese, Fusion

conbi nati ons of devices) and the axial force applied to other end is a
reactive forqapes eghibipdimensionsd gheinggs rrlohtlaiti theit noefddifendn end). In
practice, the_jnv I : i - r ¥ i f HSi 0 ipe's sag rate
of at |east () (?g]?n%ﬂar%glg?&aﬁlp%%%‘l%éﬁ%sgghgﬁdfge?%o@eﬁt&&?%e&i tEl\‘/aenti on. As a

consequence aindsporeed tatkthiags tHehpipeatroipsareldtive af itk eitpr pappantede
increased by at_least a third (33% .. Additional features and advant ages of
t he inventi orf4S-| The Psesentonrntian: ifcogse b it serirplling sWRh &3ef ol | ows,

and in part %EBCQSP‘TR@Q'CF)E BRRPENR Wit hose skilled in the art fromthat

description or recogni zed by practicing the invention as described herein.
It is to be -5 Wndensgdd.S.HadtehoNo. 337 @76 alisgogenearfakiadepigre pti on and

Lhe foll o g, detol] 4 Sestr UL Lo TS Lol Sxemp ey of e fuent ion,
nature and Cf}ﬁb@Q&ﬁfe_:&fivihgea Eﬂﬁﬁﬂ?ﬂ P& aPhelstipiRe: bARacRC89APRIYH QetHlr awi ngs
are included to0 provide a further
one end being subject to an upward force and the other end serving as
a pivot. The support bar contacts the upper wall of the aperture
around the middle of the fusion pipe and through such contact, applies
an upward force to the pipe.
Japanese Patent Publication No. 11-246230 shows a variation of
the Overman patent where again a longitudinally extending aperture is
formed in the body of the fusion pipe for receiving a support bar. In
this case, the support bar is not pivoted, but rather engages and
applies an upward force to the upper wall of the aperture along
essentially its entire length. According to this patent publication, the
support bar should be made of a material whose Young's modulus and
flexural strength are greater than that of the material used to produce
the fusion pipe.
Both of these approaches suffer from the basic problem that an
aperture in a fusion pipe weakens the pipe, which makes it more prone
to sagging and can lead to other problems, e.g., crack formation, under

the demanding environmental conditions in which fusion pipes are



under standi ng of the invention, and are incorporated in and constitute a
part of this specification. The drawings illustrate various aspects of the
i nvention, and together with the description serve to explain the
principles and operation of the invention. BRI EF DESCRI PTI ON OF THE

DRAWNGS FIG 1 is a schematic drawing illustrating a representative
construction for a fusion pipe for use in an overflow downdraw fusion
process for making flat glass sheets. Fl 2 is a schematic draw ng

illustrating the off-center axial forces used to control sag in accordance

i Lh e T IV Siclions REEASER RIERER TEIARL BF THEINENTA G At aalisged

above, in the overflow process for naking Ss et, hot glass f into
a trough 1 i doatrmddhrough theiapplichpen| & extdriddnrddsomsd dhies ddes natp of t he

trough (the top of the weirs nd.down. t h i des of the pipe to the root 15
of the pipe \Eﬁg’rlbreictoni‘%rod?'é\’/g‘g §1! tsﬁgg‘f%é)?%Fé’ég‘?' Because of the high

t enper at ur es AIMMARY AP THIE PROSNTEPN ates, the material of the pipe is
susceptible to creep. Hence, the pipe sags steadily under gravity.

Eventual |y the sadnmicew loésha fprsigningtieieanhabjqotadf this amd¢rdnon tie pabvidesi ons
of the finished.qgl ass _are,. nq.longer w thn.specificagtions al he, .pi pe

nceds to be taREBPr SPRLRinE A8 bl it FRoLE SReBTalY BT abi o
to reduce thansagtisRipRodidet ifeRidie fornddliBRiE e ges%e@& ot & fusiehupipei fe. The
present invention achieves reduction in sag throu t he use of axjial forces

whi ch apply feavbriahastishianthe sagtrese éndhe segoneoiihsemigidlerolr tdgupieet he sag

of the pipe 0.1 Qr@avi ty. i ?8@ i i ng of the applied
axi al forcesqgﬁ%}et%-%lr%}el@e%aar{{%lg?%éféé ?r%?l(ray w&&%@#ﬂu s figure, pipe 13
is supported at i T suldsvdyhésdppos bbjetts atlit lingndionepitovade pAirfettbd e

neutral axis is that axis which does not, el onigate or .contract as pipe 13
under goes berf§HH§INEAEEIS#h ratesofm BasignRiped 8] epmprising appdringraial

di stribution, ' fy i r ' 1,00 rature. Put
anot her way, at‘ﬂcpegHE%%t a axiﬂgrlcleg' (t? Ea?é bggﬁ %ﬁaho?é%g%gl%%hogis mgat?l e or
contract if pipe siBhvidrag the axialeiogoehgnkimde | @ behdirghaementin akeal forces
F of Figure 2 bcﬁg Wi t'hfigtlgij ot her conditions.the same. The neutral axis is
actual |y a nd9dUf regiPPRidhedupe wiapsesamst & Sarhy 880ePPRPSE  Engi neeri ng
Mechani cs: Stabigatiahdl SAgHERYLR tRht Midighi al s, MGraw-Hi |1, New York, 1973,
349- 350. However, because tusion pipe 13 is typically and preferably
symetri ¢ about a Hrefegablydithalpovepns odithplecaseragivmugh wiooh ths axhel ei naft er
referred to the "fronta | ane” nd.because the sag-controlling axial
for ces of ¢ nadrterr HPithal S08RedhBY iR e o AP0 ERS A S ha
pl ane, for easethé pRseRe! By @mplbd nddelhpdT the @nfigussgenhdri@len in terns
of a neutral axis located in the frontal plane. It is to be understood, of

course, that RR8)@esklocptingrthsfpamionsivdaw dratiaxis pesertasens i s not
intended to and s t ' . Lt . WY S04 L. any
mariner. As shomhﬁ;gegf%ﬂ pi{g?ea&x?%%h%ﬁg%r@gféﬁgtﬁwﬁ%gfb{%us| on?(%icge 13
at a di st anceappliel moneshdalf theisipd s afcactivs fugby (c.phdraxi @b afior ces

produce end nonents of magnitude FH at the engs .of the pipe. The sense of
t hese nonent sSHIQASHCANE REMPKeSPTBENCY $iNldAGURES ObFOTHENAHRBSIY sag

under the fOfg8ls) OF AV ax AN frER BRI APIOGRE Yot APl 0 oo, Wi ! |

not elimnate al ormati1 on of the pipe, as Illustrated by the
conpar ati ve exfmpkeepnkgenfrech bed Gwatiansfithalbleedghoi ce of F and H wi | |
significantly prol life of th i ticular values for F

ong t he ugef ul . pi pe., Par
and H will depend IBri%taﬁE‘Cgp ’fr}vc?ntf;'é’éln%él‘? ?Cgfg’_terfgdjrlﬁgﬂ}ﬁ 1B!Eb£‘,151{3ﬁe t her mmal
di stribution ghelshePidie of e IR B deadoRpARET! td 8ipéE WHIEHLRE Ast dsé unction
of tenperature, the glass load carried by the pipe, and the forces
transmtted bdekinventins. pipe dopseqegence of the reduced sag, the service life of
the pipe can be increased by at least a third (33%).
Additional features and advantages of the invention will be set
forth in the detailed description which follows, and in part will be
readily apparent to those skilled in the art from that description or

recognized by practicing the invention as described herein. it is to be



_7_drawing of the glass sheet, as well as on the locations 21 at which the
pi pe i's supported and the portions of end regions 23 at which the axial
forces axe applied. In practice, candidate values for F and H are
preferably found by performng finite el enment conmputer nodeling of the
fusi on pi pe when subject to these forces and the tenperatures the pipe is
expected to experience during use. Such deling can be perforned using,
for exanple, the comercially avail abl e ANSYS software sold by ANSYS Inc.,
27S Technol ogy Drive, Canonsburg, PA 15317, USA. (The ANSYS software can
al so be used ”ﬁl—%ﬂ b 98 -@f ¥ conpl ex
fusion pipe sLLrgjpéggf.‘:&)Irdn oi%ggﬁt%ﬁ%ggln%n%% eag%éee ué’fgta?c{) f;the mat eri al
maki ng up t hdoliasingndgiapled (deseriptjcer afe matEljdéxempény of the istveationand t i s

time) is preferably. represented by a power. | aw gxpression of the follow ng
form ~=A6n é’%ﬁﬁémgg%‘i?‘é pfolvg%t EPEFRYEF ST fg _“fcfﬁi{ lfrg’ﬁpl ied stress, and
A n, and Q aiidmtAldiAk tHeReNERBlarfdBRLAILEF oSBge MRIRION 85 cMimed Pl astic

Def ormation, Viscous Flow, and Creep," Introduction to Ceram cs, 2nd

edi tion, John W | dhegacsonzpamawgybrawings zg¢ igodegl7toapehvide aparthaul ar
equation 14.9. |n addi.tio Q .nodel.ing _the sag of th usi_on, pi Lt is
a's6 | npor ¢ anind stk b8 PRFRUEHT Pt RsProardted 1 eCv B imte | o
creep that wd phaftasiihis EpdlfitAEoAPPIhE ArARThe ilker8806R11d 2bpddrg opXi al
forces. Such axial contraction also represents a change in the geonetry of
t he fusion pitpe iaventiensardhogether avnibribe destaptynosevhdoqualdinythend/ or t he
di nensi ons of i.ni . i.ce, the sag-controlling axial
force needs tpgﬁtgcglpgegrég:({lgge?%@%?g\giltggq{ig%gt:l%ﬁbe bet ween reduci ng sag

W t hout causiBRIEXDESCRIPHRONMDIRTHE BRAWINGYpon conpl etion of the

nodel i ng process, candidate F and H values can be tested on actual fusion
pi pes under use c&hbr dilgssaremabig Geprngiilusbintineaderteseaidiri at e based
on t he obsery RR : i i Wbﬁ lied
usi ng vari ousC%ngElSI_Jt&{)r ce%gg‘%‘e‘?g‘&ﬁﬁg f?ﬁ?ﬁﬁ%ﬁgu@?@?f{%’%ggﬁ’%}?ﬁ ec Sﬁtﬁgue

bei ng t hr oughprobessufor mbkarg fiat ghadsi stotson one end of the pipe wth the

ot her end being held fixed. One or re springs,. either_.alone or, [n
conbi nation with iﬁga?rlsc?yﬁf#ﬁ%r@a}ﬂc avwngg Ihatgbing #lt?rofifmegt%ru%%e.

Al though comyt&ls 1RRld BchRb] 9hg i REbEINTL BRH MMERARRIL O practice is
preferred, the magnitude and | ocations of axial forces suitable for

reduci ng sag INETAHUED dHASCRIPRIONXQE I NBEMNITMdNt r act i on can be

determ ned entirel irical i f. desired., Wthout i.ntendi.n olimt it
e e e 1 s SEBLEL S btee i i STetpe¥ a1, SRRUBE A8 by ¢ e
fol | owi ng exaieke, hSERRARATWE relAMRbba gBv eI fthaved eMnofaibh hON 3pimes

conposed of isostatically pressed zircon were tested under service

condi ti ons withendlwvswydotite tdieohppt foaghotheftor £f-theeiss) ang dawingthe
forces. Int i S fusi i i

frontal pl anreg?gﬁsd%ﬁg{g g[‘ﬁ&)trl]ﬁ g(ﬁtl %%O?%lgggﬁ%%é%rg?{go?&s@nﬁ%{%?lp%g Sﬁgﬁt t hat
pl ane. Speci fdlegd.| y, the sag-controlling forces were applied substantially

uniformy to correspondin as_at the ends of theh &ibepe, the centers of

ar

which were at the qucaﬁtsapgﬁhs ghtrmpgpbaanal whi PEOGTE GKd2ES: t he
pi pe using a i | i:t.R ; d i ry:

magni t ude of rt%l%erh? o&?{{i:démggﬁg\r%épgdg %31 St9 hgﬁg}e‘ra%gﬁéi%hde}?é%és’qg%pé >€<:i rrg‘f' ely
33, 000 newt orsteadhidly waslec gnaeited Faenduply nhe apgroachet elpoih? wdentithet er s

bel ow the neutral axis. The f.ixati.on of. the opposite end of .the pipe was
centered t he Gty G andBelrRES Rshe T taka Plepre home e pERa o
the ends of tHr MIRIOMREnd IHE BPEMRRR Hd Bk ot O0REW gRqMet ers. The
magni tude of the force applied to the pipe was nonitored using a | oad cell.

Al t er nat i vel yeplanedt dit de acaprdiaghpdéesioalkeld toyreduserthermggaragpraf ihe glip&nown

spring constant,i,n the force-applying.train and using a LVDT {linear
vari abl e di f f&t h}t‘?rg ytefcg‘?‘&‘séesnlé?%/ﬂutlg‘f%‘eterm ne the length of the spring

and thus the forceampptdsedt igvditeoRiakRieves reduction in sag through the use
of axial forces which apply favorable moments at the ends of the pipe

which reduce the sag of the pipe due to gravity. FIG. 2 is a schematic

drawing of the applied axial forces and the relevant pipe geometry. In



_g_ The use of the sag-controlling forces was found to result in a
reduction in the rate of sag at the m ddle of the pipe of approximately
80% Sone axial contraction of the pipe was observed as a result of the
application of the axial forces, but the contraction did not significantly
conprom se the service |life of the pipe. Rather, the use of the
sagcontrolling forces was found to i ncregse service |life by approximtely
400% Al t hough specific enbodi nents of the invention have been descri bed
and illustrated, it is to be understood that nodifications can be nade

wi t hout depa_rthwﬁg&f@,fpigeqs WERbHORed IAtd LhdARY AHREts BArafx AnBlL,
although it is preferred that the fusion pipe does not include an aperture
for an inter mautsalppdstlharTHe seutrad axtaietiatNgis vhigh dors notkelgngatitese

Patent Publicatio . 11-246230 di scussed .above), ,fusion pipes with such
an aperture \ﬂrlqor{;ﬁefﬁ%ﬁ p*ﬂeoﬁgs%‘??(gﬂﬁg’feflfihrbg é?’%é’ﬂ OPOIF%&EE)Sgnd thus the
i nvention canyibgite@én Mtk ResipehafifResisthibdash] add il mdtarihy prébdrities @iy t he
i nvention has been discussed and illustrated in terns of unitary fusion

pi pes havi ng aBrigtinn af tampeturfe Rjenerether yyy, dheweutralaxss isthad FI G 2,
the invention _can.h i f usi i i [ f er
configurati onag{l%r‘fg}lgrrll{‘z(%%ﬁl&%{&elg %rarlg?gptcﬁgﬁra%ﬁg @%gﬁleéln'?{elrﬁltt%ﬁlglqeﬁése sane

| i nes, althoughhdifg ihuenibsehceasd beenfodcscRssegrd Dt withmll ety of
fusion pipes and sag-controlling forces which exhibit symmetry about a
frontal pl an€ongitipgs the SgiiSici pl es di scussed herein, the invention can be
practiced with pi S0 L I 4 i

symetry. A vari e??/&o?&gérajer o |$%?L odngg%%%ﬁg%\e%bfék éggll;% #Prag}ﬁ’t he
scope and spiSmydafettdie Engiewrerionp Mcchahiesevbideits diod Seresgtls off or di nary
skill in the art fromighe di osur e_her ej The faollowng clains are

i ntended to Il el\'{acﬁjé@i“f‘?ﬁhe S’d}(ﬁéﬁt@s%t?“‘%@gﬁ'th@fgﬁe% “eéHfCas such
modi fi cati onsp,Y@f bild P8%s tfPafGUn@bedtiably syidBetidbNBula A Method for
reduci ng thes%lg’g rgfge of Sat)?lgsi 02 pI pg, sal dyr;sl pe ﬁavi ng a Iaongi t udi nal

axi s, a m ddliengggdom! wrticehplareyttunsighsaiod Iethesdinedrepretirned séupporti ng
the pipe at its end regions, and .applyi equal and,, 0pposi axial.,forces to
portions of tth@ i’ﬁﬁlt?ggla&%) a’é‘gi ‘aﬁo‘%&#{%ﬁs&‘&?%@%ﬁf‘%@?@ Eogc?%gk hfe axi al
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sense i s such as to oppose gravitational sagging of that region. 2. The
nmet hod of O aaselcliepentatidiv therinivensiopfistdhiecusigdriegyiconn sgensef act ed by

i dentifying A AGHAT RisABES e irSHLd ?r%%tg_f)ﬁlayae IPiiQ?o be understood, of

course, that the description of the invention in these terms is not

intended to and should not be interpreted as limiting the invention in
any manner.

As shown in FIG. 2, axial forces F are applied to fusion pipe 13 at
a distance H below neutral axis 19. Accordingly, the axial forces
produce end moments of magnitude FH at the ends of the pipe. The
sense of these moments is such that they reduce the tendency of the
pipe to sag under the force of gravity. The moments produced by the
axial forces will not eliminate all deformation of the pipe, but as
illustrated by the comparative example presented below, a suitable
choice of F and H will significantly prolong the useful life of the pipe.

Particular values for F and H will depend on the specific geometry
of the fusion pipe, the thermal distribution of the pipe, the material
properties of the pipe as a function of temperature, the glass load

carried by the pipe, and the forces transmitted back to the pipe by the



and |l ocating the portions below that axis or surface. 3. The nethod of
Claim2 wherein the neutral axis or surface is identified by conputer
nodel i ng of the pipe. 4. The nethod of any one of the preceding clains
wherei n candi date axial forces and candi date | ocations for the portions of
the end regions are identified by conputer nodeling. 5. , The nmethod of
Claim3 or 4 wherein the conputer nodeling is finite el ement conputer
nodeling. 6. The method of any one of the preceding clainms wherein the
axial force applied to the portion of one end region is an active force and

the axial f Orcﬁ%vFlHB'deHetg?’aéé‘Qhé&r bisQRelPhis ettt ReLtIBAY JEaE Yhikls the

reactive force. 7. The net hod of Clal.m6 wher ei n_the active force Is
gener at ed by pipeas suppbriedeand bt pmrtione afrendoragiops RAge wBichTte axiphod of

any one of the preceding.clainms wherein t magni tude of t equal and
opposi te axi Qpr(ﬁe&r%rgsa@glﬁ(i'eh‘tpgSa'ftr’l‘ée'p(faﬂéﬂ&ten%ﬁW%_%rd?_ami]ﬁ a’% The et hod
of any one ofplehg-aBleERthd ByGhaidrin Mpehiitd eldife RPEd mpRite ®hdfelindeoakieal
forces reduces the sag rate of the pipe by at |east 25% 10. The nethod of

any one of tHusprepa wheal siibiscivbretlesss forecsappd ithadempesttures the pipe

is expected to experience during use. Such modeling can be performed
using, for example, the commercially available ANSYS software sold by -
ANSYS Inc., 275 Technology Drive, Canonsburg, PA 15317, USA. (The
ANSYS software can also be used to determine the location of the
neutral axis for complex fusion pipe shapes.)

In doing this modeling, the creep rate of the material making up
the fusion pipe (i.e.,£ = deg/dt, where ¢ is strain and t is time) is
preferably represented by a power law expression of the following form:

é=Ao" exp(Q/T),
where T is temperature, ¢ is the applied stress, and A, n, and Q are

material dependent constants. See Kingery et al., “Plastic Deformation,

Viscous Flow, and Creep," Introduction to Ceramics, 2nd edition, John
Wiley & Sons, New York, 1976, 704-767 and, in particular, equation
14.9.

In addition to modeling the sag of the fusion pipe, it is also
important to model the axial contraction of the pipe due to material
creep that will result from the application of the sag-controlling axial
forces. Such axial contraction also represents a change in the
geometry of the fusion pipe and thus can have adverse effects on the
quality and/or the dimensions of the finished glass. In practice, the
sag-controlling axial force needs to be selected to provide a balance
between reducing sag without causing excessive axial contraction.

Upon completion of the modeling process, candidate F and H
values can be tested on actual fusion pipes under use conditions with
adjustments being made as appropriate based on the observed

performance of the pipe. The axial forces can be applied using various
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Although computer modeling prior to putting the invention into
practice is preferred, the magnitude and locations of axial forces
suitable for reducing sag without generating excessive axial contraction
can be determined entirely empirically if desired.

Without intending to limit it in any manner, the present
invention will be more fully described by the following example.

COMPARATIVE EXAMPLE

Overflow downdraw fusion pipes composed of isostatically
pressed zircon were tested under service conditions with and without
the application of sag-controlling axial forces.

In these experiments, the fusion pipe was symmetric about the
frontal plane and the sag-controlling forces were also symmetric about
that plane. Specifically, the sag-controlling forces were applied
substantially uniformly to corresponding areas at the ends of the pipe,
the centers of which were at the frontal plane.

The force was applied to one end of the pipe using an air cylinder
with the other end held stationary. The magnitude of the force
generated by the air cylinder was approximately 33,000 newtons and
was centered at a point approximately 12 centimeters below the neutral
axis. The fixation of the opposite end of the pipe was centered the same
distance below the neutral axis. The moments applied to the ends of
the pipe were thus each approximately 4,000 newton-meters. The
magnitude of the force applied to the pipe was monitored using a load
cell. Alternatively, the force can be monitored by inserting a spring of
known spring constant in the force-applying train and using a LVDT
(Linear variable differential transformer} to determine the length of the

spring and thus the force applied to the pipe.
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application of the axial forces, but the contraction did not significantly
compromise the service life of the pipe. Rather, the use of the sag-
controlling forces was found to increase service life by approximately
400%.

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. For
example, although it is preferred that the fusion pipe does not include

“an aperture for an internal support bar (see U.S. Patent No. 3,437,470
and Japanese Patent Publication No. 11-246230 discussed above),
fusion pipes with such an aperture will benefit from sag-controlling
axial forces and thus the invention can be used with such pipes if
desired.

Similarly, although the invention has been discussed and
illustrated in terms of unitary fusion pipes having configurations of the
general type shown in FIG. 1 and FIG. Q, the invention can be used
with fusion pipes having a variety of other configurations and/or
composed of more than one element. Along these same lines, although
the invention has been discussed primarily in terms of fusion pipes and
sag-controlling forces which exhibit symmetry about a frontal plane,
using the principles discussed herein, the invention can be practiced
with pipes and/or sag-controlling forces which lack such symmetry.

A variety of other modifications which do not depart from the
scope and spirit of the invention will be evident to persons of ordinary
skill in the art from the disclosure herein. The following claims are
intended to cover the specific embodiments set forth herein as well as

such modifications, variations, and equivalents.
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1. A method for reducing the sag rate of a fusion pipe, said
pipe having a longitudinal axis, a middle region, and end regions, said
method comprising supporting the pipe at its end regions and applying
equal and opposite axial forces to portions of the end regions, said
portions being selected so that the axial forces generate a bending
moment in the middle region of the pipe whose sense is such as to

oppose gravitational sagging of that region.

2. The method of Claim 1 wherein the portions of the end
regions are selected by identifying a neutral axis or surface for the pipe

and locating the portions below that axis or surface.

3. The method of Claim 2 wherein the neutral axis or surface

is identified by computer modeling of the pipe.

4, The method of any one of the preceding claims wherein candidate axial
forces and candidate locations for the portions of the end regions are identified by

computer modeling,

5. . The method of Claim 3 or 4 wherein the computer modeling is finite

element computer modeling.

6. The method of any one of the preceding claims wherein the axial force
applied to the portion of one end region is an active force and the axial force applied to

the portion of the other end region is a reactive force.

7. The method of Claim 6 wherein the active force is

generated by an air cylinder and/or one or more springs.

8. The method of any one of the preceding claims wherein the magnitude of

the equal and opposite axial forces applied to the pipe is monitored.
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9. The method of any one of the preceding claims wherein the application of

the axial forces reduces the sag rate of the pipe by at least 25%.

10. The method of any one of the preceding claims wherein the application of

the axial forces increases the service life of the pipe by at least a third.



