View metadata, citation and similar papers at core.ac.uk brought to you bnyORE

provided by CONICET Digital

MODELING MELT SPINNING WITH STRESSINDUCED
CRYSTALLIZATION AT HIGH TAKE UP VELOCITIES.
NUMERICAL RESULTSFOR THE PET MELT

Mariel L. Ottone, Marta B. Perotti and Julio A. Delber

Ingtituto de Desarrollo Tecnolégico parala Industria Quimica
(INTEC-UNL-CONICET)
Guemes 3450, 3000 Santa Fe, Argentina
e-mal: treoflu@ceride.gov.ar

Key words: Mdt spinning, dress induced cryddlization, filament necking, polyethylene
therephtaate filament, high take up velocity.

Abstract. The purpose of this work is to present a 2D thermo-rheological model for high
take up velocities that can predict numerically in the filament domain, the axial velocity
profile together with the radial and axial resolutions of stresses, temperature and degree of
crystallization. The rheology of the filament is described through a constitutive equation that
results from the combination of the Phan-Thien and Tanner viscoelastic model for the
amorphous phase and the kinetic model of the rigid dumbbell for the crystalline phase
immersed in the melt. The modée is thus able to predict the thermal and mechanical coupling
between both phases through the degree of transformation (relative degree of crystallization)
when the balances of mass, momentum and energy are invoked. The effects of stress induced
crystallization, viscoelasticity, friction of cooling air, filament inertia, gravity and surface
tension are all considered together with the temperature dependency of polymer and cooling
air thermo-physical properties. The rate of crystallization is evaluated through the non
isothermal Avrami-Nakamura equation. Also, the relaxation times of both phases are function
of temperature and degree of transformation. Numerical predictions of the model compare
well with experimental data reported in the literature for a PET melt at a take up velocity of
5490 mymin. Also, consistently with experimental observations reported in the literature, the
“skin-core” structure is predicted. It is relevant to indicate that the model analyzed here can
be evaluated from low to high take up velocities, and when the degree of crystallization
becomes negligible, the onephase model is recovered continuoudly .
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1 INTRODUCTION

The conventiond mdt spinning operation for synthetic polymers is caried out a rddively
low take up veodities (less than 3500 mymin). Therefore, the fiber thus obtaned requires
further mechanicd (cold drawing) and thermd (heat anneding) treetments to achieve the find
properties required for commercid uses. At present, high take up velodties are being used in
the spinneret to reduce these trestments and dso to improve certan fiber mechanica
reponses. Nevethdess, to be successful in this sense, severd physical  aspects and
chdlenging basc problems must be ill consdered and solved in the production of fibers, for
indance, agppropridle quantification of phydcd agpects like molecular orientation of the
amorphous phase due to the dongaiiond flow imposed, norHisothemd  cryddlization
induced by dresses, changes in the polymer rheologicd properties due to the evolutions of the
anorphous and cryddline phases among other reevant phenomena associated to this
complex operation of the polymer processng.

One of the consequences of the high vdues of take up veocity required (typicdly higher
than 4500 mymin) is the neck formation (sudden reduction of filament radius) a a given
podtion of the filament (Figure 1), where dress induced cyddlization manly occurs
Therefore, in this context of andyss, the purpose of this work is to present a 2-D thermo-
rheologicd modd for high teke up veodties that can predict, in the filament domain, the
axid veocty profile together with the radid and axid resolutions of dresses, temperature and
degree of cryddlizaion. The rheology of the filament is described through a conditutive
equation that results from the combination of the PhanThien and Tanner viscodadic modd
for the amorphous phase and the kingic modd of the rigid dumbbel for the cryddline phase
immersed in the mdt, by following in part the previous works of Doufes e d.! The modd is
thus able to predict the thema and mechanicad coupling between both phases through the
degree of trandformation (relative degree of cryddlization) when the bdances of mass
momentum and energy ae invoked. The effects of dress induced cryddlization,
viscodadticity, friction of cooling ar, filament inetia, gravity and surface tenson ae 4l
conddered together with the temperaiure dependency of polymer thermo-physical properties.
The rae of oyddlizaion is evduated through the nonrisotherma  Avrami-Nakamura
equation. Also, the relaxaion times of both phases are function of temperaiure and degree of
crysdlization.

The second task is to generate a finite differences numericad dgorithm based on the
perturbation analysis proposed by Henson et d? within the filament flov doman, which is
here extended to the case of dress induced crysdlization. In addition, the numerica scheme
proposed by Ottone and Deber® conddering the interplay between average and locd
equations of the modd is extended to this problem to obtan a high radid resolution of
temperature, degree of cryddlization and dress profiles Condgently with  experimenta
obsarvations reported in the literature, the “skin-core’ dructure is predicted. It is rdevant to
indicate here that the modd proposed can be evduaed from low to high teke up veocities
and as the degree of cayddlization becomes negligible the onephase modd is recovered
continuoudy.



It is then dear that this work concentrates efforts on predicting rdevant phenomena of the
microdructure  (mainly macromolecular  conformation) associated to the smdl  radid
temperature change in the filament. Thus, to be able to quantify, for indance, the skin-core
generdion in both phases one must work inevitably in the 2D doman. Having these
conditions in our badc framework, we do not introduce the dasscd numericd
gpproximetions in the averaging process of nonlinear therma and mechanicd terms used to
reduce the mdt spinning modd to the 1-D doman (see ds0 a discusson on this aspect in
Ottone and Deiber?).
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Figure 1: Scheme of the melt spinning operation involving one filament.

2 BASIC EQUATIONS

2.1 Extensional Zone

In this section we presat the mdt spinning modd for the Seady date regime in the
extensond zone, which comprises the part of the filament placed from the extruson capillary
to the dlidification point (the axid velocity is assumed near condant a this point; see dso
below). Since the polymer is consdered incompressible, the mass baance implies,

(R>v)=0 @
wherev isthe veocity vector. The balance of momentum in thefilament is expressed,
rvlv=-Np+Nx +rg @
where r is the polymer densty, p is the pressure field, g is the gravity vector and t is the
extra dress tensor consdered symmetric throughout this work. This tensor includes the dress
contributions of the amorphous §p+t=sg and cryddline t=c phases (see Eq.(14) beow).



The retarded dadtic response is conddered in the amorphous phase through the term
t =2h,D.%*
=S =
The energy baance in thefilament is,
rcv\_/ﬁT:-ﬂ>Q+2:t_+rD-lff¥(y>ﬂx) )

where f, is the maximum degree of cryddlization of the amorphous phese assumed
congant. In Eq. (3) the heat capacity is expressed as a function of temperaiure T and degree of
transformation x through the following expression’:

Cy =CgXxfy +Cl(1- Xf¥) (4)

where cgis the heat capacity of the semi-crydtdline phase and c;is the heat capecity of the
amorphous phase. Also, ¢ and ¢ are functions of the temperature T expressed in °C, as
follows

Cs(T)=cg+Cep T ©
a(T)=cu+cpT ©)
The heat of fuson DH; (T) isasoafunction of temperature’,

2
DHf(T):DHf(O)"'(O_Ll'Csl)T+(C12'C52)T7 )

where DH ; (0) is the vaue a the reference temperature®. In Eq. (3), q=-kXNT is the
heat flux vector, ks is the themd conductivity and D :t is the mechanicd power. This term

invlves the rate of deformation tensor D=+ Rv" )/ 2 which is a fundion of the fluid
kinematics v(r,z)=v,e, +v, €, , where v, ad v, are the axid and radid components of the

r=r?
velocity vector, respectivdy, in the cylindricd coordinate sysem. Hee the angular
component of the vedocty vector is null because no perturbaion in the flow fidd is
consdered
In addition the degree of trandformation x is evauated through the Avrami-Nakamura rete
of crystalization, which is expressed;!®

N v — _ _ (ml)/m _ Q
vl x=mK,, (- InL- x)) (1 x)exp? U ®
In Eq. (8 K, is the Avrami kinetic parameter evauated under null sress and m is an
exponent considered unity as suggested by Doufas et d.* Parameter z is independent from

temperaiure and determines the degree of coupling between the rate of cryddlization and the
dress tensor.



We use here the Phan-Thien and Tanner model (PTTM) to determine the stress t ) for the

amorphous phase and the rigid dumbbel for the orientation sress tensor S of the cryddline

phase immersed in the melt.

The gopropriate formulation of the mdt spinning modd with dress induced cryddlization
requires the conditutive equations for the sress tensors associated to the cryddline and
amorphous phases. These models are discussed below.

The viscodadtic stress t_p, which is a part of the amorphous dress tensor t. :t_p +t s
expressed,

d
t +l,—t =21 .G
=p adt=p 2l a 2 ©

for the Phan Thien and Tanner model (PTTM)? In Eq. (9),
dy =Dy g ot aT-p DRIT
dt=p Dt=p = =p =p= =p Dt

(10)

is the GordonSchowdter’® non-affine time-convective derivative, where the effect of the
thermdl hitory is added through the tem DInT /Dt .* Also L=Rxv- ¢ D is the effective

velodty gradient tensor, h, =1 ,G ad hg=h,(l-a)/a. The ingantaneous elastic
response of this model can be obtained for a =1.° Here, G s the rdaxation modulus of the
amorphous phase.

Snce the mdt rheologicd modd gets the linear viscodadic response a the asymptotic
limit of small shear rates, the amorphous relaxation time can be expressed | ,(x,T)» 1, with

| o =1 o0 €xpl- 11.9755 + 6802 /(T + 273)J1- f yx)* as reported by Doufas and McHugh.®
The exponettid term in this expresson was provided by Gregory and Watson. ™ In particular,
the PTTM condders a relaxation time that is dso a function of the sress tensor expressed
5 =1 0/K(I’,trt_) where K =exp[x trt / GJ, which is reevant for nonlinear responses. In

this context of andyss the rdaxaion modulus is dso dlowed to change with temperature
accordingto G= G, (T/T, ) where T, isthe reference temperature.

A rheometric characterization of this rheologicd modd was caried out by following the
same procedure described by Ottone and Deber® to evaluate the rheological parameters of the
PET mdt with expeimentd data reported by Gregory and Watson'® when x=0. These data
involved the shear rate flow of a sample that had the Smilar intringc viscodty as the PET
ussd by Vasslatos et d.™ (zero shear rate viscosity h, » 1049 Pa's). The results obtained for
the PTTM arereported in Table 1.

We congder here that the cryddline phase may be modded as rigid dumbbels immersed
in the mdt, the number of which incresses with the contribution of chains captured from the
amorphous phase (see dso references™ for other stuations). The conformationd dtate of the



crystalline phase is represented by the orientation stress tensor - S© (uu) - %o_l, where u isthe

unit vector dong the dumbbdl axis and d is the identity tensor. Here the bracket (uu) in the
defintion of S involves the average carried out with the conformationd densty distribution
function of the crystalline phase The equation giving the evolution™” of S for the quadratic
dlosure gpproximation (uuuu) » (uu)uu),is
d ._2 ST - 1.0
§+ICE§'§ICB'ZIC(M _§)§§+§ga (1)

where the relaxation time of the semi-arydtaline phese | ((x T) is a function of temperature
and degree of tranformation. Thus?,

| o(xT)@cl o(xT)exp(Ff « x) (12

In our numerical calculdions, we adso used the hybrid closure approximation®® for (uuuu)

yieding sSmilar results From the theory of the rigid dumbbel dynamics®, one dso shows
that the stress tensor of the crystdline phaseis,

Ge, [qoT - 1,0
t, @6, 5+ o (W s+ 20 13
where G, isthe corregponding relaxation modulus

Therefore, the total extra stress tensor of the semi-crystdline phase is expressed according
to the mixture theory of two phases as follows:

t=:(1-f¥x)§p+t=sg+f¥xt=C (14)

Equation (14) is different from that proposed by Doufes e d.! in the sense that when
X® 0 the onephase modd for the low take up veocity range is recovered systemdicaly.
This asymptotic behavior is dso vaidated through the comparison with experimentd data®
On the other hand, for x® 1 the sem-cryddline phase looses the dretching ability (sysem
locking') reeching then the solidification point a T » T.

In the formulation of dress tensors aove, we have used the meen fidd goproximation
concerning the velocity gradient and concentration effectsin Eq, (14) are neglected.*®

2.2 Cooling Zone

After the solidification point is obtaned & T »T,>T,, which is defined from the

mechanicd point of view discussed by Doufas and McHugh®, the filament remains under heat
exchange with the cooling ar. This point is obtained a a temperaiure grester than the glassy



temperature T, of the polymer due to the increase of the crystdline phase with a high

rdaxaion modulus The codling zone dlows rdaxaions of the amorphous and cryddline
phases changing the mechanica properties of the find product. Thus in the context of the
modd, the filament is gill under rdaxation and codling in this zone, while the veocity is

approximately condant and equa to the teke up velocity v, . Thus, v, »v, ad ™z 0 for

Iz
T<T,.
Under these kinematic and therma conditions, the stress tensor of the amorphous phase is,
d
+ =
to*a at_ ;=0 (15)

S+l .—S=0 (16)
axj!
t=c =3GC§ (17)
The energy baance in the cooling zone is expressed,
r o, VAT =- Rog+r DH¢ fy (vxRix) (18)

The las teem on the right hand Sde of Eg. (18) is negligible because the degree of
transformation is around unity. Also, the mechanica power is nearly null dueto ﬂ%lz » 0.
z

It should be pointed out here that the evduation of the filament cooling for temperatures
ner and below the glassy temperdure (T <T,) requires further thermodynamic

condderations asociated to the phase change from a semi-crydtdline mdt to an dadic solid.
The experimenta dala andlyzed in this work do not cover this part of the cooling process We
desgnate L, the maximum filament length conddered in the experimentd deta, and L <L, is

the length from the capillary to the podtion where the mdt reaches the solidification point at
the temperature Tg.

3 BOUNDARY CONDITIONS

In this modd the postion z=0 is placed a the outlet of the extruson, where the boundary
conditions are expressed as follows



(19)

=r t%=tZ, Rel =—, x=0

(0] c? tz

where ry(z) is the fiber radius as function of the axid direction z, v, is the mdt veoaty a
the cepillary with redius r., and T, is the extruson mdt temperaiure Also the stress ratio

Rel can be varied in the range - %< Rel <0 for viscodadtic fluids. This result has been fully

discussed in the literature™* where it was reported that numericd solutions were not
sengtive for vaues of Rel within this spedific range, and that the condition Rel » O is a good
approximation”.

Boundary conditions involving the symmetry of fidds are imposed a the centeline r =0
for any postion z Thus,

ys4 rr ys4
‘ITszo E:o It -0 It -0 1S -0 ‘|T_x=
qr qir

0 (20)

Tr Tr Tr "o

while a the filament free surface for r =r,(z) and any postion z, dynamics and kinematics
congraints are,

(L=, «)x (1)
[C0)n=-sAn+(r_ ) )
vxn=0 (23
VA =Vg X (24
for the mechanical variables, and
Qo=hD (25)

for the temperature fidd. In these equetions n and t are the unit vectors norma and

tangentid to the free surface, respectively, A is the curvature of the free surface and s is the
polymer-air surface tenson. In addition, the totd stress tensor T =- pd+t in the filament

involves the extra stress tensor t and the pressure p, where d is the unit tensor. It is assumed
that 'Lajr »- Py d for the coding ar. In Eq. (25), DT =T - Ty, is the thermdl jump between
the average ar temperature T, and the polymer temperature T evauated at the free surface



and hg is the externd coefficient of heat trandfer. Also, v, is the velocity vector of the

coding ar. Here, we ae ds0 assuming that the modd for the mdt spinning operdion is
uncoupled from the modd of the cooling ar, which may be an appropriate gpproximation
when amonofilament spinning is considered,

Corrdaions required to evduae the friction and externd heat trandfer coefficients are
taken from Ottone and Deiber’. In addition, in this work we consider that the thermo-physicd

properties of ar ae function of tempeaure. Thus, r g, U1/ T, My K TCCO'7 and
Kar 1 My, for ar densty, viscosty and therma conductivity, respectively, when vaues a a
reference temperature T, ae known. The vaue T, is the aithmetic mean between the
cooling ar and filament tenperatures.

4 NUMERICAL METHOD

The numericd dgorithm proposed by Ottone and Deiber® to study the low teke up
velocity range has been extended here to condder the phenomenon of dress induced
cayddlization a high teke up vedodties. Thus the bdance egudions associagied to the
description of the cryddline phase coupled to the amorphous phase described above were
induded in this dgorithm.

It is gppropricte to point out here tha this iterative agorithm dlows us to account for the
most rdlevant phenomena associated to a 2D description of temperaure, degree  of
tranformation and dress fidds. With this specific target, we use the andytica coupling
between the perturbed average modd resulting from the rigorous radid average of the
perturted 2-D modef® and the associated point-wise energy bdance, rate of crystalization
and condtitutive equations for stresses.

The peturbed average modd is solved with the Runge-Kutta method and the 2D
differentid equations are s0lved through finite dfferences, which are coupled dso iteraively
a each axid sep, where convergence criteria are imposed. The finite difference equations
involve the impliat tridiagond dgorithm for the temperaiure fidd and the explict-impliat
backward differences for the Sresses and degree of transformation. Fine meshes can be
generated; for insance, 100 radid nodes and axid step sizes of 10° m, depending these
agpects on the precison required to describe the details of the filament microstructure.

It should be dso pointed out here that the numericd method uses a cylindricd coordinate
sysgem (z,r,q) placing the z-axis dong the filament from the extruson capillary to the teke
up roll (Fgure 1). In addition, a coordinete transformation defining new vaiadles (Z,z q)
with Z =z and z =r / r,, isconsdered to achieve a2D rectangular computational domain.

Table 1 presents the vadues concerning the thermo-physca properties and rheologicd
parameters of the PET mdt as well as the modd congants used in the numericd runs. Also,
Table 2 indicates the processng conditions of the mdt spinning operaion Smulated in this
work. Therefore, in the section below, the numerica predictions of the modd ae compared
with the experimental data reported by Vassilatos et a1t



It should be pointed out here that the numericd method dso uses an outer iterdtive loop
through a shooting method based on trid initid vadues of the axid dress and it must
converge to the take up vedocity and solidification temperature. This numerica aspect places
emphegs in that the mdt spinning operaion generates a two points boundary vaue problem
(TPBVP) from the mathematicd point of view (see dso below).

5 RESULTSAND DISCUSSION

Figure 2 shows tha the numerica prediction of the filament radius compares wel with
expaimentd data reported by Vasslatos et d.! for a teke up veodity of 5490 m/min. It is
adso found that the appropriate friction coefficient is obtaned for b =0.3. From this figure it

is clear that the filament necking stars when the filament radius decreases sharply to become
then congant a the onsat of the cooling zone, i.e. for 0.7<Z < 0.83 m, goproximatey. For the
same dtuation, Figure 3 compares the numericd prediction of the average temperature profile
with experimenta data It is obsarved here that the smdl plateau presented by experimenta
data a aound Z=0.75 m (see ds0 the smdl pesk in full line described by numerical results a
the same place) can be associated to the hedting of the filament due to the necking
phenomenon. This phenomenon increeses the heat generdtion in the filament, which is
coming from the heat of cryddlization (cryddlization occurs manly in filament necking) and
the mechanica power devel oped due to the sharp increase of stresses (see Figure 9).

In rela@ion to the necking phenomenon, it is ds0 rdevant to andyze the evolution of the
amorphous and cayddline reaxations times (sse Figure 4). For ingance, the cryddline
rdaxation time is dmost null until Z »0.83 where the cooling zone sars. The evolution of the
amorphous relaxation time increases for low Z to reach a maximum value, then decreases as a
consequence of the sudden increment of the degree of trandformation and sresses in the
necking zone. Findly in the cooling zone, both rdaxation times increase sharply because the
filament temperature fdlsto low vaues.

Fgures 5 to 7 depict the sendtivity of modd responses when changes of parameters are
introduced to enhance the coupling between dress and cryddlization (paameter z ) and

filament and ar (parameter b ). Mogt of our results are Smilar to those reported by Doufes et

d.! in the 1-D filament doman. These authors consdered the 2-D domain for low teke up
veoditiesonly.

In redion to the importance of solving the mdt spinning problem in the 2-D domain,
Figue 8 to 11 show the 2D caculations obtaned for the temperature T(z,Z) and stress
difforence Dt =t ,,(z,Z)-t, (z,Z) fidds and the following microstructure variables of
practicd interest derived from them:

E,z.2)=4—2 (26)

designated relaive amorphous chain extenson, and



Fe(z,2)= ggzs @7

which is the orientation fector. Thus, F. =1 for pefect dignment and F. =0 for totd
isotropy. In these figures one can observe that a amdl radid change in temperaiure generates
the skin-core phenomenon of both the amorphous and carystdline phases Thus E,(z,Z) ad
F.(z,Z) incresse toward the filamentar interface after the necking is developed (black
regionsin Figures 10 and 11 indicating steep variaions when 100 parametric lines are potted).

There are seveard agpects of the mdt spinning modd that may deserve condderations in
future researches. For ingance, refinements in the caculations can be introduced by modding
further the different transitions dong the filament. For instance, Kannan et d.'” have recently
modded the mdt spinning operdtion a low take up veodties (cryddlization is neglected and
a 1-D filament domain is usad) through a thermo-mechanica theory to be able to predict the
podtion where the trangtion from mdt to dadic solid initigtes, having as thermodynamic
data the glassy temperature. Therefore, in the shooting method only the take up vedocity (the
true boundary condition) must be stisfied. The results show that this zone is rather amdl (the
initigtion zone is doxe to the <olidification point) and the associaed veocty profiles are
snoother than in previous cdculdions’. Neverthdess the results dso show a rather
Newtonian like behavior as that found for the gpproximations of George'® One concludes
here that further efforts should be placed to model the transtions zones invalving T and T,

with kinematics and therma matching conditions to get a genuine TPBVP in the high take up
veocity range.



Table 1:Thermo-physical properties and rheological parameters of the PET mdit.

Parameters Vdue Reference
Cy 0.2502 cal/gr °C Doufas and McHugh®
Co 710" calgr °C* Doufas and McHugh?
o 04243 calgr °C Doufas and McHugI?
C1z 5.65 10" cal/gr °C° Doufas and McHugh?
DH ; (0) 0 calgr Doufas and McHugh?
fy 0.42 Vasslaoset d.™”
m 1 Doufaset d.
F 5 Thiswork
z 1310° This work
c 0005 Doufaset d.
| oo 00125s? Deiber and Ottone®
G, 8400Pa Deiber and Ottone”
Ks 0.2W/m°C Doufas and McHugl?
K ay 0016 This work
S 0.027 Pam Hensond d.?
r 1200 kg/nt Zigbicki and Kawai>
a 0999 Thiswork
C 410° Deiber and Ottone”
X 9.2510° Deiber and Ottone”

Table 2: Processing conditions for the melt spinning operation. Experimenta dataare from Vasslatos et d 1

Processing parameter Value
Teke up veodity, v 5490 m/min
Capillary tuberadius, r. 019 mm
Mass flow rate, p rév, 28 gr/min
Temperature a exit of capillary, T, 310°C
Initid velodty, v, 0.302 m/s
Vedoaty of cooling ar, Vyr 0.1m/s
Cooling ar temperature, T, 24°C
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Figure 2: Numerica prediction of the filament radius aong the spinline. - refersto experimental dataof
Vassilatos et d.™ for atake up velocity of 5490 m/min, Tg =165 °Cand b =0.3.
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Figure 3: Numerica prediction of the average temperature profile along the spinline. = refersto experimental
data of Vassilatos et a.™ for atake up velocity of 5490 m/min, T =165 °Cand b =0.3.
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Figure 4: Numericd predictions of amorphous and crystdline relaxation times for atake up velocity of 5490
mmin, Tg =165 °Cand b =03.
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Figure 5: Numericd predictions of the effect of parameter Z  on the degree of transformation. Input parameters
and processing conditions areincluded in Tables1and 2. Also, T4 =180°Cand b = 0.33.
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Figure 6: Numerical predictions of the effect of parameterb on the average temperature profile. Input parameters
and processing conditionsareincluded in Tables 1 and 2.

——b=0.3 T=165C
- ----b=0.35 T=150C
-0 b=0.37 T=120C

Filament Radius (m)

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Z (m)

Figure 7: Numerical predictions of the effect of parameter b on the filament radius. Input parameters and
processing conditions areincluded in Tables 1 and 2.



Figure 8: Numerica prediction of the temperature field T (Z , Z) for the experimental Stuation of Vassilatos et
al ™ at atake up velocity of 5490 mvmin.

Figure 9: Numerical prediction of the stress difference field Dt =t ZZ(Z ,Z)- t,, (Z ,Z) for the experimental
Situation of Vassilatoset al.™* a atake up velocity of 5490 m/min. The maximum valueis 10 Pa



Figure 10: Numerica prediction of the relative amorphous chain extenson field Ea (Z ,Z) for the experimentd
situation of Vassilatoset al.™ a atake up velocity of 5490 m/min. Themaximumvalueis34a Z = L. .

0 e 1

Figure 11: Numericd prediction of the orientation factor field Fa (Z Z ) for the experimental Stuation of

Vassilatos et a M a atake up velocity of 5490 m/min. The maximum valueis0.92a Z = L andtheminimum
is610™a Z =0.



6 CONCLUSONS

More precise cdculaions than those reported previoudy with 1-D modds are reguired in
the modding of mdt fiber soinning a high take up veodities in order to explore ddails of the
filament microgructure. For this purpose, the perturbed 2D modd described in this work
must be solved. A numericd agorithm based on finite differences that dlows one to obtain
precise radid resolution of temperature, degree of trandformation and dress fidds is proposed
here. It is ds0 shown that the rheology of the filament can be approximatdy described
through a conditutive eguaion that results from the combingtion of the PhanThien and
Tanner vicodadic modd for the amorphous phese and the kingic modd of the rigid
dumbbdl for the cryddline phase immersed in the mdt. Numericd predictions of the modd
compare wel with experimentd data published in the literature. Also, the deveopments of
skin-core structures of crystaline and amorphous phases are obtained.
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