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viscosity elf€cts in comPuter modelin8 ol fiber sPinning ftom
crystauizin8 polymer ńelts

sunmfiy _ Rolc o' 1oo1 vis.osity in thc dynłmiś .I nell sPinning d
a Polyna .ryśaniziĘ und€r te'Bik ślss are inv*tigated u!q8 ńilhcnati
.al mod.linB methods lrre visosity is asumed tÓ b€ dę.ldcnt o| lo.il
temperature and deBree of dystallinity alońg the spinnmg axis' Rol. of ihc
Pol)dd vścGity i5 sfudĘd io! PET in thc iżngc frcm ]ow io ltĘlt spinnilE
sPceds' sbon8 elleft of shs Ęduc.d clystallmtion on local polymer vi9
cosjv lcsułĘg iń crGsllnlEg of chai jr ńolc.u l.s by łrhi ng dystallites, lea d
to limŃition of lh. spinninB sPecd' and a mrxinum of thĆ lakE uP sPc.d is
prcdi.tcd Elfc.b of ihe spinning{pe.d aflcded viscGiry einalyscdusin8
simplifiPd models of melt spinni'\3 łnd .omFr€d Lvith thc complctc dynimi.

inlm oI tałelP spccd Prldid€tl for hiBh
sPinniĘ speedŚ iś a &nseqlońce of sbong rhcologi..l eifeds o1onlfu ori
enbd crysallizałiÓn l.adinE lo gÓlatiÓn of rh! sFUn Polymo by ay*aniles
playi 

''g 
a nl. of Phys iĆal Ćloslinks Teńpelafo Ę cIfc.b on polynei vis.osi ly

ns of the takcuP lcloĆity
Key *d!d5: ńathmitica]nodclin8 ofncLt sPńnin8' Iibł sPinńins fron
oystallizing Polyncr mdl, moleulłI oricntłtion' orienEd qyśanĘadon,
vś.Gity of ayśalLiŻing Polymm.

Rśgarth and drveloPmont Pfuje's on libs sPńnń!
Itom pÓlymer ńexs t.nd to usc cofrPutcr modchn!
mcthods.ońblncd wfth cxPoimcnia] invc*Ęations'
Thc ninr aibnlion il ihe researh k paid io śtu.ture
dcvclopmcnt in rhp spinninE ln e and b its r nl by
tl'e proe$ Palańelcb

hculal oic|bhon ind cryśallinny comPutłtionłl
ńethods offs norc (onońic rnd f.ś ńrcśigation tool.
Nev-thcles, .onPlcxiiy of mclt sPńning with onlirc
ayśalljzrtion, involvinE sevelal interclated pheno
ncna, lcquircs thorouSh nrvc iSaiions on modeling or

In this paper w€ lorE on the mle o{ Polyńel viŚ<,
sily .oupled sirh onlino śles indJod ÓyśalljŻation in
ihe modeling Óf ńelr sPinńiń8 RhfuloE]' o' thc sPun
PolyndńcłEaffmhdbythcnrl.ol]diiioBalonBihc
sPl.ning hnc' 

'].' 
.ooling oI modifi.aiioB oa the cooliĘ

by onlinczonc hcatnrg appli.d beror. d,e hke up poi' .

spin|iĘ wiih high tak+np speeds

duced .'y*allizaiion lvhiĆh onśiderably iffeds lhcol
ogy o' thespunńcltl],2l, fo!cxanPlc jnpoly(cth]'hnc
lcrcPhńalate) (PET) ThcńajnrhcoloEicil cftcdof oys
rallization n sbons rcduction in the ndr nuidiiy doni
mtin8 efe6 of lh..ryśalliz ion he and' final]J,, sc
ljdiIicahonollhepolynłb.fÓleth. Ela$ tanŚition

In marhemati.al noddnrs, thc rcnFcrarurc ind
aystillinity-dependenr viscolry,n
gjcal cquition ĆolPl.d wnh rhc Io
cquaiions, as we as Niih krnchccquatior of thc oftiir.
śres indlccd aFbll[ ion 13 ]' Thc dystallizaiion i}
tnduceŚ *([3 nonlineariiy to ihe sy em of spinninB
e]Ułions causilr8 sP.cifi. pmblems in lhe compuh

I nblclr tion b€tw€en kin.ti.s o1 dres+ ii dU ed Ćly!
blljzrtion łnd n.ł hardeńins by a]'
ambiSn rties b.rwccn rhc finitind rnriit boundiry .oF
ditionswhensolvinE drcinitialvalucproblcm lorihcsct
oI spinnins crlurHons. The probkn m rifcsbnratr ap

Pearane ol i naxinln on th. p1o6 ÓI tho takelp v+

lł]' Thc 
'mbiguity 

.on..ns relaii
ńent velo.il-v ihe take_up poiŃ a



ro(e in modehB or PET neli spinning wirh typicil
.oolinB, as well as wiih l'eiii'rg zone. Hp ingrcne, rp.
Pli€d nexi tr .mli$ one in the spinning, modili.s .rys
ralli2ation in rhĆ sPun filan.nt' ln lhis paPd w. take

Wth dżsnJ oolEg bv ooń tcń
of ai! below thc spinnsd ou det Iń
wcw 1dś.us in i scp c lłrpg

we inalyze the sou(s or rh. naxi
.Up velmit-v Us' iniiial te'Tion ploh Lcs ornonobŃ.ity

Panies łl.Śs ind!..d
oystalliŻition at highcr hke !P.P.!ds, ińtodlG bj

so!'ces of ihc mod.l bifurcanon ]s imPońant for ihc
prcpu modcling and solvin! thc spinninS equaiions.
Eximplc ompuiatio,B irc psrormcd ror PET

we onsdm i snrd*Iirancni, s..dy*taic nodcl ol
ndi spinninE,vrh prcdctc.mjncd rcmpsarurc ind ve-
lo.ily of thc .oolin8 air oNłlow il ihc .ooliĘ zonc.
Thin lihntnl iPpmximation łllows us to n$let ladial
vłiarion oI eial v.lmiiy rd hńperatr're' and to re
dle lh. Problom lo on! dińcnsion rh.aij'ldnbn..
. {!on rh.sFinEdoudct|5] hr andłdspin|ingcon_
dłions, radńl 8ridicntoi'xjalvclo.ity aI bcncghdc,l
16, 7l R'dFl tcmPcrafurc g.łdi.nt c r bc ncgl.dcd
Nhcn ihc filamcnr n vcry thin or in thc modck rnside!
i|g thc tcmPołtul? a]qigcd ov.r thc filłnenl d'os_

Thc nodel considcs vdo.tv prorircs v(tasconrol
led by the lmalspinning $reŚś' rnd lomlPolyńel vjs
Ćosity d.PĆndlŃ on łral t!ńPd.fure d dyś'llinn]'

Kńdi.s of oyśalLiŻaiion o' thc

Polyng is .onbollcd by local t.mPcrłfor. and lmal t.n-
sile sh6s. Thc axial Forilps ol ihe lilament temperature

Poinl by Fońl cońPutahon of indjvjdual dynin(
e1fed i5 Fclforńed along thc sPlnnnr8 dn z lo! vdmty'
VG), eńPłablq ]'G)' teisilc lorc, .(:)' and 

'cnsilcśbś5 d'JG)] sjmuhanously wth onlinc sbcsrndu.cd
.rv*alliŻabonrsulhn! ń a crvstalLlnity prcIilc x(:)'

ln ihc conPutahons PcłorDrcd lor PET w! aŚumc
Purcly Yiscorc śre$ nr ihc spinninE lin.' lollowilB all
enginee ng modeh 01 d'e pro.oŚ 1or thn PolynĆi T}c
sinples rheologi.łl nÓdel of New
wi th variablc loGI is.osjĘ l e) n u{d Axiil.h rgcs
df vi$Ó$ty arc adńitcd d!. to th]nJ aBcnl isunrp.
ńon ind ncglcdcd EdR] v.iation of lcmPcnŃc'

Thc non'Ncwtonirn bch.vior of thc sPun meli ś usu-
,rry ncElcdcd beiusc ihc scnsiiiv
dcfomalion raie is much smłller ih

lo.al sPmnin8 lin. hńPłafure o! ayshllinity l3l AP
plkability ol th. NĆlv ro nian !h colo
spinnin8 o1 PET was deńoBbit.d by sano l3l an,l L]n

Intodudion o' vis.oel.sticily to rhe dynamics oI thĆ
prÓĆrsŚ ńodjfi s lhcspinnjnE lincprofiles lr0 r2]' Viy

nins of high mole.lrar wEisht poly
nin8 of aliphł|. Polycsts o' PoLvaNdc cin bc łP.
prcxinat.J by apurclyvś.ousnodck 13,9, 11l

ThĆ axial vclociiy gmdicni of a N
lh. sPĘnln3 ProeŚ js ÓntollĆd by th! lÓĆal sPinnil8

!r= L,,,, ,

whł.:nłz) Iad1sltrl !kt6!y o| I spw fuij.
Th. spinniry stss is thc lo..1knsilc rorcc pcr lool

Iilam.trt dos'sdion which .łn bP cxPrcscd by tl[
Ii]ańent lclocily y(z) from the following mas .Ónśłva

lvhrtcw łrsołPtrl,mŃłtrl/Jrłledy{iil.pltr6s'
R(ż) |i] ll diE, p(:) kdl t'ihłLr rLEł!.

U9ng Eq'(2),thesPinńingsh$ ls cxprsscd by h|.
sion rO,aid rhcfilamcntvclocit_v v(J

Aria]va.iation of$€ pol},mel vis.G y js

olaińlll varjible filament bmpeiatun md

Ą(:)=!lT(:),xc)l
I'' drc absc|.e of.ryśauilrity' x = 0' bmpenhł.d!

Peńdcn.c of ńe m€li vis.osity .an b. aPPr.linabd for
PET by ihe Anhcnils 1olDuri vl
adnniioi enrrsy Ei urdcpcndcnr on Drolcolir t.iahr

ą" Jll] = c<'P(.il|r]
hde c m'':i.trl d?P.ld,]3 otr Jk ntłry |jrlhlar

Eq (5) pmvidś good aPPloximatiÓn iń the cńPEa

Analicmliv.aPPloxińatjońforrhckńpcrifurcdc
pend€n.! of thc mch viscosiiy E ployidcd bv ihc WLF
cquatiÓn, wth ihe glaŚ hinsiiion Empł [. T! łn]
shcar visosity rlDror) rt the glass tansition bmpera

Thc Anhcnius and wLF approxiharioN ar. .om
Partd ń Fl8 l for PET melt. Tlre wLF lormula signili

s d€P€ndeN. Iouful
ĆiPenńcntilly fol PET al the lanperłiures Lelo('the



;{

.x'..|Ę -)

!!!ddlLż,k l h"dś tr nn iłi1r. Ehu\t, l). dpa ., !
lrlek nnł! Jal lDb l,dballt uishl r d 3'a |al hiŚh Dlah\l

At.ritical ayshllinity' dl€ p.lymel visolity sh.ws
łep incrdsc lo iŃiniiy and thr FÓlyńcr n'idińcs In

r0is a$uńed lor th.
sitj.al(yd linity x', and uniĘ for thc cxPoncnt d'

PiÓ8tess in oyślllizaiion a]ong ihe spinńing lilt
leads tÓ an axEl 8radi€nt oI thr ĆtyŚbllinily deEEc,
dxldż, which .łn b€ eipreŚ.d by ih
bllizatjonrłie, ł, ańd ]o.al lclocjly V

;:i
crysbllialionof ih.PolymeralÓns rhcsPińńing l]nc

rions ind uuciefs
bńŚile sbes' Kin€tiś o1 th. Ćrydalliżadon E dśsibcd
iń a qlag{hli. aPpr.iińation by thc followlng 

^vranityPc tomula plÓPuscd fo! non_isothonml, śres}in
du.cdcry alliżłionn3,r9l

\=,,r \{,,r \l' /'1 114

fł' r R.ł(ł' s/trtr 
'is.Bi'! 

(nhl h1r i1łjłllistńł!
Ti = 573 k) a ld1Płnhft łT) f,.dn .d hv lht AłlBnE

fiasld ]nt) łnn aLF ulŚkdnolkd lit) |all l hl PET
łIIt. s'l ]n1Ł lrPńIixali'1nad kl pLl np a

ńclting poini' on the oiter hand, WLFFredi.b ńuch
c.pPr in.reas. in vi$dsiry nea!

Poini d'en rhr Afh.ńius lo!ńula,lcs Physi.alin thn

In the modclinE for PET, we a,lopr the A hEnirsap
Poxjmihon of m€lt vkmsity fol th! fumPchblcs ibovc

hon Poini, is indi.ai€d by wLF fol
iiniic s.osity for ih. t€mPeraforc !a!gc bclow Ti_. Thc
t.nPłłtute dep.nden.e of ńek visresily adoptcd for
computaiio,x isSivrnbytl.sorid riic in fis t.

sigńifj.ani cffc.b ń Polymer vnÓsit}' are asign.d
ro sy*illinity dcvclopmcni, if pr.setrr. In several
nithcm iol models orr.]t spin
feb ol.ry*allinity have be.tr a(dlntcd for by,nro,
duciĘ polymer visc.śny deFcndent on ihc dc8lc of
clyśallinity Usually, lo.al Yiscosity r](?) oI ihe spnn
Polyńcl is cxPrcscd as i Pmdu.l o' t.nplratrrc de
Pcndc|t local visGity oI non Ćryslallin! ńclt, l/i!'(T),
and i lunction lxoo Icpresentin8 eIfeĆL\ oI dy*al

r(i= q, tTl:)hYlx(.)l

In Pl.scnt ol.uhlio|s w. aŚunc lor lhe I nĆtio|
tprtsenriń! thc clfml ol on]in€ aystalliZtioĄ a nY

ub plopscd bv ziłbicki|17|'nE f.rn!la i5 delivcd

'oń 
a 3cnc'ł1 .mŚlinki$ dtory

lhŃlo3iciI elfeds 01gglation by clystall]zrhon. The
s in thc spun ndi,

form physiĆal Ćloss llnks vhi.h intc(onned po]ymet

!.''-":;;

whqc x'damtr n .n'l'a, Lsru ł dlsfo i.it!, -ti,h!Nl1
,a fu in l)t ftnr? LLh!łn a. rnd a 1a' d dli:lr ,żhlbl bv

lherc: _ A,mni bpDndł, njńll)l
fun lnły ad Jot, Kd t ftnleliń cl]rrudłżnl! lln
kit ics o| lndrkfu, rrińt d ł!!r ?dirĄ r! klrpnnft

ln thn .onpuiatiols tvc .sun€ th
*poneni I = 2 dchmincd cxperimeftally b), Bn8ar.
and cianÓtń l20l lol dyśall'atiÓn
Iles of the amoĘhons otientłiion fłdoi The 

'uthochavc found that Avlani cxponcnt r.duccs lrom n - 4 ai
lowimoryhous.lienbhon,lł'<0'l3,bn-2 IĘh
orienlłtio\ Iłł > 013, nr PlmIientcd amoĘhous PET

The ratc fundion Ąlł dp) has been PruPosd b}'

r , lLJa l,.r vrb ) ,!,
/,i.

whcrc (-., ł"i', Dł2 ixinI hn o| tr k J1at
Iion' hnlPm n rl ,t n,r!!n|łl, rń lh tludh| kt
tith nl żłr i.nsfu lrrs,ńl[di,r]1]
IŁ kn !fJi.;!nl,l lli1rlns]rrhś rPłicrl Frr d. uhirl!
tkndłiz\ .'.||tdi!i\" oI rż 4rt$
fullialiÓl: |Ó ' nt1alPhrus rli!Ąkli,| |rdrr frlnalld1 bl|

ForPETlveasumcx".'=oolós],T,,"'=5ó3K,ónd
Drl:= 32de8 l2l l' ExPłimental va
ń, estimat€d f{' PET, rrc in the rang.200 1000 l22, 23l
HĘh valles of,4 i]rdi.ah stonE effs of t.Bilg stessc\
on ih. kinetis of olicnicd dyslłllizłtion

Thr anolPhous orjenhlion {ador I! iń.r.as6 1ńń
Żeto 60 lnily wiih ind€asing itr k



b infinily' ThPn' ń should be a ńon
apP]ied st€Ś' 1lle mn.lincirily should bc 

'(ounbdfor in modeling Óf n€]i spinnin8 Proescs which in
volve hish sEss$, in pani.ular in hi8h+peed mcli

^ 
.orc.hon to the ljrear sb*sjrieńbtion ]łw is Pro

Posed by i serj6 cxPansion fońlla, dedv.d for non
cauŚjan .hains with inreEc Langevln sbtistid la, 2a]

Hhłż cĘ !rtŚ apliul a4|1!j!nl. 
^:] 

_ ndńń
bnł.n1glnd of iful]u tidltl .Ąains'

The heat balance cquation a@un

sufioundinEs (dry an' and for the heł of dy*al
lizahon !t yiclds thc Iollowing elPrssiÓn {d axial8ra
dicni of thc filamcnt tcmpelatule

,.,f,= f-. ' -."f

Locłl value of d'ś .f'd.d by lhc lodl filańcnt v..
loĆity y and ih€ an doŚ.blow velo.ily Ę' ]t dcPcnds

well m on hcat.on.
du.tivjiy Ą and ki'Em*i. vis.BiB, vl of lhc ai. FoI dly

it rcom bmperrtuNd itnospheri!Fc$ureir.=
libo r0!l lmr deA iL vt=0.1i0.m/i I rhc.od.

. ,^ .#l.t:ll"
whłg o'iś łprAvd li{ / d11l1!s1 Ś1,Rh dn,v ,1v!

The folce balane eqladon a.olnts fol ań inetb, air
dras, and gnvity. It lca& to thc axial Eladicnt or rhc
icnsilc fo(e in thp followins tom 13. 101

{=w{- :cłr ,,,.
whłe: W '6s o[i/'.l, J d@ldż,nnlt t sń!ny'R ladl ,1n6 af,tt |iln'tĄl, p!_ hdlłldl drcs n,lht
fi]Mół suląe lILłB ftm E nn hilbn kps bns,t

Fmm ihe boundary layd uEot' t]E friction slreŚl

.i """ '
wheE] p' .- d.'n]lv of lł. nł c' npnijl nt)tili
depe d,nt a| thżfikfr.nl dir'n lł R dnd,ćhtil'! v I27,23l

., .1+l^
,= 0 r5o rlI]"ńr

Ś'' for aii at rooń tńpe.afurcwehavc

SPINNINC EA!ATIONS AND ME BO!NDAW

Sjn8lełilam.nt, *eady śtat. nelt sPinńin8 wirh otr
li're stsŚindled .ryŃanżańon jś describcd by lhe fol-
lowing sel Óf fou! ńt!o!dc! diłc!.nhal cquahos fol
v€]o.iiy yG' 

'emPmabre 
lG), ..yśalllnlty xc), and

r--'+i;l 1+f(l'"1''i+ll i' "'++

ii'"'.rł''l" - ę*|.. "'+*]-01'

fi€ la.br' is defin.d by IollowiĘ equation

, =!4". :l!ol,,,, rlar]lrT,,.,. o"'' 
^i]* ?Ly}ł ] 'l',}" ]

Th. sPinnin8 e']uatiÓns are deliv
logi. e9uation (l), Ćonsedatioń €quatios (', o3), oó)'
.rystallizatiÓń equatiońs (9), 00), a
.ienb giv.n by equations (r1), (ra), (13).

sleadyśtate melt sPinning rcqunes fi\cd boundary
Ćonditions. ln rcal prc.Ścs thc fi\cd bou!da!], .o!dl
tiońs oń.cm injiial veIocjiy. inihal tcmPc.afurc' Żcro
oysblliniry (pure nclt) ai thc spinnmct ouĘu!, z = 0

'- s" il3'i ,ls"l ,

"'1+1"|'.1+ll'"

wherc]cr,_s]t.iń.łeJoIIl'.'Dlylng, n' hdl furnłt
ftł|nł,' btlw.l lh. ||rlfu rńd lhe r'6e6 ś!fu!źń'3ś
d knĘnnft T", R _ ruda' o| łlE |t!nln!ł' Ah - t@, o|

Heal produĆ€d h drc bulk by vn.ous ń'i.tion is ne'
31e.bd due tÓ thi&filament apploxinaiion t3l

ddived by Kase and Mabuo l5 26] łom €mPiri.al r!
rclahon bcfucn theNusellańd Reynolds n!ńheĘ

+ - + r!"" 1:l 
'1! "" '



and rixed takc-up velo.ity ai the end ol the spinning line

rL=L)=vL tu)

N\{e: dr dk|n kl dJ lhl ą,;anł., olłir, pl nrnbl

We do nor have any dired .onrml of ilE re'xion rorc
l on either bouMary TI. rmPutłiionłI Proeduie ap
plird fol the s.r Ó1sPinńi$ eqJatiÓns (20) (23) al
sUń6anarbjtary v'lucof lh.initial t.nson

r v.lÓ.ity, bnp.ra
fure and 2ło dyśalliniry' .lJation (25), rńtibuteŚ to
the itial value probl.n. The iniiia
ad]ustcd i'1 rhe Pfuedlle to t}e iakeuP velmity ł. at

To solvc thc spinning cquario's, rcmpoatore ol rhe
sunoundnrg łir T., as wcIl 6 lhP iir wlo.iiy yv should
bc spccified ror the .oo]tug zone. Th
bclmat.dncxttofiespinneretonrpur,w h therange
0 < : < ł' and it js lrllowed by the zonĆ with qliesĆ.Ń
air fÓrż <ż <Ł. RoohtfrPclafoleoftheai!ta$umcd

7 =l)rri Y r|);ł (5)

',,(/,)=:6.:'l ('.., r"!)

!.! (r( )=q r. \ I =L (.": )

EquatioN (20) {23) wirh the i' ria
by equaiioB (2i), (27) and zonc
cquaiion (23) Pmvide an initial !al!. Probleń wh(h .an
bP sohed by ŚfuP by 9tP onPlhtions along thc sPi'}

closcd Mlytiol solution 01L\e ne]t sPińnins .qu'
tjons .an bc obtain.d Ior sone sińplified .aś$ w h the
.iI drig and gravły Iort* negtectd. W..onsids fuo

simPli1ied Ćases lńdiĘ b thc.nalyhcil solution of t]].
dynańiĆ.quahon(ł) Tnc sinPle* one k thc case with
ńegleded ilrmtia fo(ą in addition to neglRbd air draE
and srrvity. and the se.ond one w

ole n nĘbdcd to.

SerhE lvirh air d.ag and sraviry foRcs, ihc axirl gn.
di.nt of thc sPinŃĘ line leNiol is zero an'l .qualiol

,i*

n'. se.ond.ase l(ounb lor incń
negleEd if dra3 and gtłvily forĆs, and rh. dymnic

!t = wlr
In ńr fn osc, willrout ihc ine i

t€ńsiÓn alon! the entjr. spinning line is obtaiNd

Then eqlation (20) for thc vclo.ity $idicnr simpli

"=*'"and axial pe*ilc oI thc ńlamcni vclooIy for initial V.lo

""'*l+t*+l
Froń the abov. Ćl]u^tiÓń {eobbin lhc fdlowi'rs rc'

lition b.tu@n dE initiar frc..r and thc inur bk*up

, .'("+"1

we sum.rkardensirlpandspRifrcheir
polymerdependenton local hmpcrature

p('=po-pLtnt r4l
q (' = cd + cr']lł' ' 27Jl

wh{.:pr'p],c}A,cal, t łfuI n! łś
SMPLTIED DYNAMIC'AUATON5

Nhłe| p!,ń! d."il! rl rt sPiłt , dlPll, Ż = a
The intcgnl ł is.onfuned by th! axial Pńfilc ofth.

polyrrr viscosity rlTc), xc)l, sbonsly afr.crcd by rlr!
Plofllcs of iempłatlr. ańd dcsrcc of sysęl]nnt|
Chan8es in dr vis.6ity duc to.hanscs nr tcnpcntu.
and .Iyśallinity alon! lhc splnninE lilc doFinłh b]
ortlcs of ma8ńifudc chłngś in dcnsi:Ę, p(r' ]hen, łs
suningpc)/p0= r forcquiiiol (40), ł c bc vca \tll'
aPptoximaEd by thc ink8nl ol the inveFe lisĆ.siiy bc
Fveen z = 0 rdthelinalpoirr.:r

whnh chanchrizB nridity oI th. polymo {rhil rhc

In dE .as. with incnił lore ac.ounicd loi, inlefin
iion or ih. dtnam( cquation (35) w
rion given by cquaiion (27) lcads b
ii.n hetwecn local teBion f(Ż) and \rcIo.iiy y(:)



]llen €qlation (20) fol lhe velociiy gmdieni rcads

f=ffiti''u" łl' (43)

Fis.2.Tak |P!?]ati\|NitŚ i1ith] forcr (Fi) P di:l.d fol
PEr ftan lfu snPlit'ied hodEl ułhdl
- Qnplltl |al ,. ądladł d1 ąj ll IItt'L1.ł ml)14 of A.
dnslń lirs - futP|kn tilh thr Bsnu|lir, \ . u|a. \1|

- ntitirt 
"kBit! 

r, Ta = 573 K

Ę

Ę

Tne dation betueen ri',al vrlmity V/ akt the initial

t*,

."'|+'i"1ł:,.l * *

",t
whĆfu ih. effe6 of lis.sily arc i]so rPrGenled by lhc
inteslal ł, sinilatly lik! ilr tlr..ase without the ineńił
fomc When thc podud wvo 1{MtiÓnŚ (1{) d (45)

is replł.cd by zcro' thcn 
'h.y 

r.durc io cquatiońs (33)

and (39) deriv?d for thenodclwithoul inc ń.
ilia, a\ial velmity

PrÓfiles 
yG) are Ćontoued by the inlqral of invłse vk-

.ciry betue.n the ii'iiial poi't , =
pÓint Ż 1']l. ilb8ml repr€senb fluid ily oi the polymet in
thar Płt of the sPun filłment'

Eqlations (39) and (45) indi.ab, tlmr dre ielarionbe
fuccn iina| laLFuP lclocity Vl' and thc initial fote Ą] is
contollcd by tńc jntc8lal fluidty l thc Polyńei ł,
wiihin thc cntirc spinniirs lirc Valu. ot thcint.srilis
Iimihd by thc ntio of thcposiiion oIth. solidification

Point Ź!"l io dle initial meh vk.osily Iłtio nł

Relations bdwen br!-!P v!]oĆi!v yl' and th. initial
fo.Će Ąj obtajncd lioń thc ańPlińcd dynańic ńodcls
ar uscd lo disoEs an inPid oI spiMil€ .onditions on
the lilimenr rheology and spimirg dyMnic. This con-
.eins in pańićllil hi8h tłkelp speRls whiĆh ńay l.ad
ro online sbes indlc.d dyŚallization of thc Folyńł.

Fjglrcs2 and 3 j]lustab ł !5
1roń cquatioN (39) and (1') fo! lhc
with the i,rcrhi Jo.cc .BpNhvdy ShaFs of thc plob
a!. sc6jhYc lo thc chaódc! of thc,l.p.ndcnc of thc

Ffu.3 Trk(lp !daci||N) tŚ i)ilil] Fn (Ft Prc.ti:tl Fl
IET ftar lt sihp|ifra nadtl uł]n

"=;l"M;
Equiiion (4ó) is obhincd frcnr cquiiion (,I0) ł$uft

inE infiile Ykcosiiy of the polymcl in thc filimcŃ te.
lolv the solidilioliol poiln, : > ł'' Th€ in?9ualily ap_

P€łE be.luse vis.osity of the polynd iny poi' oI
I visos r rlG) > rlo

inĘnl ł on thcĘj' Ifwc asumc ih thc int$nlł is
{ired, indePcndent on Ą]' lhen VJ i
6lly roirfinity wiih incrasing Fl
8UG 2 and 3 by dP dah€d hes rmPubd lor di'fercnl
y.lus ol ł ' ]1le aŚUnPtirn 01 lixrd ł.' iltj€p€nd.nr on
Ą]' is unphysnal for PrÓ.E*cŚ i'NÓ
ayslilliz.łiÓn whelean incrasein
dms 16l orieńtd .lyśallntion which stongly aficds
the vis.city prcfile lt(:t. Lo. temperature and loc.l
dcErŃ of oyslalliniry ol $e poly
i.om the equatioB c]) and (22), Ćonsidrr g apProPri

c .oo]inB cońditiofu 6PRified lÓ. the P.o.e$
W. will dś.uŚ ihc clfRh oI thc vis.sity prolilc on

hvo proĆsses which di'fel jn igmpemturc tciimc|(

'lon8 
ihc spun iilament 1lre fiŃÓ

,ns in the vi.inity or th. spinnerer
Lrelow in rhis PaFei The second o
heatin! by a highł.nPłafurt Ćhańbd with hÓi łir po

nd befor. thr rake F
poi't,villbedis.!$cdinascParateplbli.arion'



d'e air Ćrcs blow githin a linihd zolc lo.ahd ne* b
the spinns.r, usinE both simplilicd
lrłh an insija' as wcll m full dynamiĆ mode] reprĆ
s.dcd by cquations (201-(23) wi$ appopriate bound
a'y ondihons.'Ihe ÓmPutatiÓns are Perfomld fo! PET
asumilE i'ritial he]t teńPcratlre Tlr = 573 (, inbiEi.
vjs.sily of rhe Polyńe! lll = 0 6' dumeto ol lhe sPin_
nelet oiifi.e 4 : 0 03 ń' and ńXcd mms ouiP wiit' the
valle w = 0 04 E/s fol each pm.es cms blÓw veleity
of the cooling .iI y 

/ = 4ł n/s, and t
T. = 293 K . hkd The 9ńe leńPĆmlurc oI an is

doŚ blÓlv Leńglhof thczonc{ith the.t dcŚblowis
asuned lobc r00 m' and lcĘth o' lhe entire spinnins

'T}e ońPutatioN indicat. lhłi lhe flUidity inr.gBl ł
is signilicantly rffNtcd tr], the ilitialfote' rd it.annÓr
bc śumcd łs nrdependent on Ąj. Th
ind 5iIn'sbalcł 

"s 
Fl r.lłti.$ ĆÓnPutcd fo' both sim.

plilicd nodors ainSeqlarioa (2r) rnd (22) ir diucrenr
values or ur. orienkd dysbrliaho! .odfi.icnt,4 = 0,
]50, 31]0 łnd 50o stp by shP .onPuhlioN oI ih_. tem

Płat!re and ay Jllinily Plofil.s have ben P*Iomed
values of ł in thc fi8nrs iier€du€d by thc injhal Ęch
nuidlq at lhe sPiNeiorÓuipli r /I!

Thc Ploś in Figur* 4 ald 5 shÓ$ lhł thc intcgnl ł
dcasscs wi$ ind€asin8 fi. Iń the ransc of sniIl viluG
oI Ą] ihc dea€łse is rathet nodeńb and mulb fmm
nore inteBiv! Ćoolin8 faśm f|ow of thc polymer al
hiEhcr lcnsio N ' At a Ćliti6l vż luc of Ą]' sharP tłlE itjon
to muó śeprr r.Iatioń, Włh norc ncg ivc slop., is
Predi.bd. Th. binstror is nor s@
dilnEd qydallization is swikh€d off, and it3PPe 5a'
hish.nouEh values or dr colilicienr1. we find rh thc
valuc ofń should be abÓv. ]00lo}avc su.h bansjiion,
.nd ihe łansjiion shifb io lowc! valuc ol fi with in'

rł!' 4' Rłnnd fllirły nn4nl ł|!l]) |s hilk! bld (F
ańplkd lal PET |tńt I]t si tłłid

]xr0.lhlrr,nojr$!Lr]
/i,,N

FĘ' 5 Ranc]d fllinłt! nłęnl łfuI) tŚ i1i k]
r"|plltd ln PET |rc lhsilplifudrń.lŻIuilhrr

2hLo' łd]o' 6e 3hrc' h|o' hm'
/i.N

Fii' 6' cr!łn]]i|il! (x!) of sPl ftbt !s. i1łkl |arc et
r"|pufud |al PET ksi13 ŚinPlłtn n!11żBn dd Inhall l

:eo.rnro]]hlo]3s]0.1str
/iN

F|'. 7 cl!!dlr\ł! dn ł B:rlr ||ił ls' ilłal Fltl (Ft
Plkd |al PEr ó1ś sinPlłbd ą

FiEUles 6 d 7 shÓt' 6Ml dcglc. ol oysłlliniiv xl
of the rihmcnr at the bkeup porni !5. i'litiit i.nsion fi,
cońPuhdforih.sińPlificdmodckwithoutłndwiihatr



inotił, rcśPeńvcly Fi n d.are Ó1 .ryst'llinily, a.hiEv-
able in illc P.ocs' is lińitod iń olr ofiputltioB lo the
valJg ol 0 35' we ńnd lh the shaĘ haŃllloN of thc ł
ż. ą plÓl9lo nk} noE n€łtive slopg a illusbal.d in
riEuc ł .nd 5, coeac wilh an od ol ffimled {fy}
buizton of thc Polyń( at a dti@l vabc of Fo'

catg. of lhe sud'jen chanBc b much ńol..egańlc
sloPcof ihcł Us'lotclalio|shouldbeasi8ńcd bon!n_
ted oy alll2atio! ióduc.d in lhe pro.ss6 wilh jnjiial
fd.e.x.stlin8 ńe aitical value Tnis iMiet.fiet ol
in'ti'l foR on &€ in&3d nuidity ł, uil ońenEd.rF
blliż.ion' has signiIi.'nl inP.d on ńc sPinning prc.

A coMeq!.n.. of th. olline śr€s$ilduccd .ryśal-
lizatioń nnd ils eff<tś on Polyn€r vis.oliry is an ap-

Fallń.c or a nainlh of th! r€l'lioBhiP bdłm yr
and r[ suĆh 

' 
fuinln L pędid€d by t thJnfiUcl

fomul.g' $uahons (3' lld ({5' ddircd fo. rłkeuP
vclo.iiy VJ flom tńc aińPliaicd dyńani. mod.ls' !1'o

fird rinF th$c noncls ih Y.is
itjłl fortc fland nuidily ińtc8.al ł whl.h ls a function

v.lu6 oI bL.uP v.leity and ińIlial fores corrolPond_
iĘ lothenaxlńuńarmuchńiEhcrihan inlhc.rscof
nor. r6lisłĆ ńodcl with an inc ia' Nev. hcles'
ndińm of bkcuP vel@i9 opp..B in bÓih dyomi.
ńodels, rnd ils v'he i. rhc low, dE hishcr G lh€

In d'e casc ol no ońcni€d .ry*.lliahon' ,4 = 0, thc yt
us a0 Ploś iń tńc FĘu6 2 and 3
They do$ nor show any naiinum, aldbllh rhcy de
vift fron ślŃP dashedlinc Plob.Mpulcd Iot 

'ir€dv!l!6 o' ł' T}c ,4 = 0 PloB ÓtEFnl lo n Pre
w(hout sllt*indu..d .rysbllizżlion' Jnd illBb.c thc
.llŃ of vi5.6ily rcultjn8 1rń łhc ooliĘ ibclf' on.
.onĆludcs ihłl lhc cffee of.ooling, isoIai.d lmń thc
.{'eb of orignlcd cry*allizłlion' lr. not shon3 cnouEh
ro disb'b ronoronicity or ih. Vr d. r0 pbb ind inbc
d!.e t m.xih!m. Tnc,4 = 0 plob in FiBUE 2 nnd l
tiv(N mEthclcs tne d'sh.dłinc plob Pftdidłl fol
ljx.d valus of ł,' fbm highd to low.ł with indQsin8
F{ as the @nśqu.n@ of .Óolin8

The r.Iincmo.t o1individułl Ó''Eb ln lhc dyMmi.
oa n.lt sinnlń& Peń.m€d le 

'he 
nmph'icd ńodek,

ind'rb th.ł tńc m.xinM o/ tńc bk-uP sPc.tl v' 6'
Ąj ś a sreequc(c of sbon3 cffśb of ÓrienH .ry łl-
liahoninthcpolyservncity,Ou!.mp!tationst i
.łlc thłt thc mMińum of Vl. ł'tsPonds b ihc.Pin
nina pro.ś Pod!.in8 fiIafuńLt wth finil d€8!e of
.ryŚbnjni' ol nhou! ]_2 y. al thc ll*eup Pinl' Tłc
ć'fŃ dins€d 

'rc 
nd Flabd b łh€ het of.tyshl-

lizario!, wti.h o.bibub rarhq r

the Polyńer fllidii' bul io ass_linkinR of ihc .hai[
ńadomol€.ulca by lhe ayślillite in early śtises ÓI

Th€ ffPldC dyMnic mojcl oa nclt sPińń'ng tvith
onlim Óńeńhd c.Fblliation, cqu ions (20)'_.{23), fuo
Predj6thcń.iimum of$. y/ u' roplob, as ŚhoM in
riglre 3 for aiifcrent vallcś o{ th. ońeńtĆd Ćlydal
liz'tion oeIli.icnl ,4 h€ŃRń żcm łnd 500 Thc Plob
GcmbL o'ośc Plodidd f'oń lhcsnPlili.d ńond lńth

l']lc ncccsJ'I .onditn'n fol lhc ńirińun oI Vl

'Irl. hlximun łpPcffi whcn va.j.tio of ńe nuidjty
inleEral ł ' Lviih incl&sin[ Ąj' $ljsfies rh. rclalion

ń' łr'n
ĘUalioŃ (39) .Ń (ł' indiah tńat PóńaldEiva_

tives in.1urhon (.19) am Posiiive, avl / 
'Ą 

> 0 and
ayl / aLJ > 0' Tncn, b onsquencą lhc derivativc
dłldĄ] llDuld be ncEóljvc it the fuxińum,andhiEh
.rclah lo ońFnsltc M ieEe in t.keuP vdmjv
with ićfua9ina fo .l liid valu. ol ł' Rdliafion of
śuó snonf ondińon is pbvided Ę dcntd stnl
Iiżańon indu.ed in thc lilańcńr al hi8h inihal forc.
whi.h śl'on8ly a'fc.b sloPc of rhe ł *' a| ElahoNhiP'
6 illwkłtod in Figs. 4 .nd 5

Thc v, 
'j' 'o 

plob cońPu'cd nom lhc Śinpljfi€d
ńodch, gqla.jons (39 .id (ł5)' Usi$ inĘnl fluidity
r. alf{kd by f. (due b drcs9indu(n cryllłlli2'.jon
łndcmlin8)aresnownh Fi8Jęs2ańd 3by r}9solid-
.line plolś'ThepIÓts ilhEtrite that Iol3 Edudion in
the flutdIty lntc8rJlł, cdBed by stPs}intluccd crys
tallizntiÓn' dEforbs nonoionr.heactł or th€ .)lan.-
bistiG nńd lca'js to a mirimun' T}e PlÓk 'F rlc!'la|ed at dilfgcnł values ol o.icnl€d ..y9lallization Ćo_

The miximunrf Vl' ipP.łB in both nodeh,with.
oulan'l wilh imńia' but !. difIetnl inithl 

'orc 
h

lhe ..s. of lhe nodel wilhÓuł an i
Fig' a' TakF,P v.ltil! łvL) ls' n1i]lb)l |te (Ft K | .d |t
',Er 

hM nE.Mrldl nł@Iic ,|olLl,| l14tc4n, ńhts ą A



ihc inctja fff.c iaounlcd Ioł shown in FĘs' 2 d 3 by
ihe solid lines. Positions of the ma

v.ry.lÓ*' valu$ of rhc bkc'uF vclmily it ihc nui.
ńuń prcdrtcd in thc comPl?tc dynami. model ar.
hiEhcl Thc diYlcpłn.y jn thc na
lited to łhe at draB fo(s, not arto
pliried model lvhi.I ind!.e oricnkd .!y allizarion ir
higher łak. !PsP*ds in rhc casc of conplctc modcl

Thc plob in FiB 3 indicate a8ain t
crysrrllizaiion intodueslinihtio
.ity' Th c naximu m vłlu€ of y, d€Prnds Ón s.nsitiviry Óf

sbcss, PPleRni€d by the.oeffi.ie ń. ThĆ hĘher i5
thc ocfficienr, iho lowei k rhr nax

,4c(NoWŁEDCaMENT
T is lńp rtlnkd ftrfl lb B4rh jlppt,,1 Ą] R.

łrrch cmn| PB 7 mqE 025 13 |nll Ih. Palnh sbl. ca
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"1rtu|

Figurc 9 shows th. P1o6 ÓI ihc nnńal vc]ocity 8ta
dient ii the sPinn.rcr ouĘut l(dvld:),rl.s' iak*lp
sPe€d VJ .omPlbd 1or di'forent valnes o1,4' Thc ińińl
v.rociiy giadicnr is d.tcrnincd to

!L =_1t!,

Thc Plob sholv bifurłtion Óf rhe ńih']gmdient ÓI
velo.iry at hiFher values of thc takc up vclo.ity ai which
sbcs.i'duc.d dystalliŻżdon tikś Plł.e' fie bifuĆa
honappe.na ow6bkc upspccdstorhiSh.rvatr$ot
thc.ocIficient l Thc lowm v.lo.iiy 8radi.nś in thc bi
futration lcad to amoĘhous libeN' while ihc hlgh?r
on.e Ęslk u ystalline fibeĘ' The blfurcation pr.
di.bd in thc model k a .oMqueń.c of śmnE imt.as.
in Folyno visccity d!! b *rcsŚindu.ed cry*łl
lization ind 8elatiÓń of lhc sbuciure by Ćryltalljnc

ziibi.ki A' ,,Fundimc|hh oI Fibd Formłiioi",

chcn z" PapamJa5iou A c:ł a'y,ł łm, 1937'

n4./ r$1,54,3s.
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