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SYNOPSIS 

An interactive computer simulation of the steady-state melt spinning of poly(ethy1ene 
terephthalate) was developed based upon a combination of physical laws and empirical 
relationships. The simulation incorporates crystallization effects which makes it valid for 
a wide range of take-up speeds. Modifications to the conventional threadline that allow 
judicious control over the threadline dynamics were modeled and included in the simulation 
for exploration of the effects of these perturbations. The modifications include quenching 
and on-line zone heating. The simulation was verified using experimental measurements 
of threadline diameter, velocity, and temperature at 3000, 4000, 5000, and 6000 m/min 
take-up. Off-line measurements of crystallinity and birefringence were also compared with 
the values calculated by the simulation at these speeds. 0 1995 John Wiley & Sons, Inc. 

THEORETICAL CONSIDERATIONS 

Three major equations govern the melt spinning 
process. They follow from the general conservation 
laws of physics. These are the mass balance, the 
force balance, and the energy balance. 

The mass balance, or the continuity equation, 
follows from the conservation of mass. Therefore, 
the mass per unit time of the fiber is constant along 
the threadline. Mathematically, this is 

W = pAu 

where W = mass throughput, p = fiber density, A 
= fiber cross-sectional area, and u = fiber velocity. 
This equation is essential in deriving the equations 
that follow and will be extensively substituted for 
undefined variables. For a given throughput, the fi- 
ber velocity or the cross-sectional area can be cal- 
culated from the mass balance, provided the other 
two variables are known. 

The development of the equations necessary to 
model the melt spinning process begins with a force 
balance along the threadline. The force balance on 
the threadline is as follows2: 
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These terms describe the contributions of the rheo- 
logical force, aerodynamical drag, inertia, surface 
tension, external force from the take-up device, and 
gravity, respectively. 

The rheological force, Frheo, is the force that acts 
to deform the polymer. It is a measure of the ma- 
terial’s resistance to flow. A t  the spinneret face, this 
is the only source of tension. To analyze Frheo should 
consider a differential slice of the threadline, where 
two normal stresses are revealed. One acts normal 
to the threadline cross section, designated zz ,  and 
the other acts normal to the surface of the fiber, x x .  
zz is created when a force is applied in the z direction. 
x x  is associated with the decrease in diameter when 
an object is placed in tension (assuming constant 
volume). Thus x x  is a result of axial force. Die swell 
effects are ignored, and the initial diameter of the 
filament is assumed to be the diameter of the orifice. 
Therefore, mathematically, the tensile stress on a 
cylindrical body in these coordinates is given by 

and the force associated with this tensile stress is 
given by 
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where D is the fiber diameter. 
Faero is the frictional air drag on the fiber. This 

force is cumulative over the length of the threadline 
so it appears as the integral 

where Ddz = fiber surface area increment, C, 
= coefficient of friction, pa = density of air, ureI 
= u - u,cos 6, u, = velocity of air, and 6 = angle 
of air flow on the threadline. The drag coefficient, 
C,, is a function of fiber velocity and has been re- 
ported as an empirical function by several sources. 
The equation used for this simulation is presented 
by Matsui3: 

C, = 0.347 

Red is the Reynolds number of the air relative to the 
fiber diameter, d ,  defined as 

where D is the diameter of the fiber, u, is the air 
velocity, and va is the kinematic viscosity of the air, 
defined as 

t a  
Y, = - 

Pa 

where 7, is the dynamic air viscosity and pa is the 
density of the air. The properties of air, thermal 
conductivity, density, and viscosity, are reported by 
Gagon4 as functions derived from data published by 
Krieth5: 
thermal conductivity, 

K, = 4.134 X 3.79 X To.’ + 0.013) 
density, 

560 
(460 + T) pa = 1.1383 X 

and viscosity, 

qa = 1.49 1.7 lop3 T - 1 T4 + 1.11) 

where T i n  each case is temperature in OF. 
It has been observed2 that normally for long ex- 

posed sections of the threadline, air drag force is 
higher that any other force contributing to the spin- 

ning tension. Thus, practically all tension at the end 
of the filament is controlled by air drag. This is im- 
portant especially in high-speed spinning where the 
take-up speeds, on which the air drag is dependent, 
exceed 3000 m/min. The transition from low-speed 
spinning to high-speed spinning is a transition from 
a process in which the spinning tension is controlled 
by the material in the form of rheological force to 
one where the threadline tension is controlled me- 
chanically by air drag and inertial effects. 

Inertia contributes to the total tension in a region 
in the threadline above the point where air drag 
dominates. It is represented as 

where uo is the initial fiber velocity. 
The forces due to gravity and surface tension are 

generally small compared with the contributions 
from the others. Therefore these forces will be dis- 
regarded in the force balance. 

The external force placed on the threadline is a 
constant depending upon the method of take-up. 
External force is supplied by the take-up device op- 
erating at a constant speed. The external force is a 
resultant force, decided by the other forces along 
the threadline. 

The accumulation of energy along the threadline 
has major influences from two sources, convective 
heat loss and heat gained from crystallization. Ra- 
diation and conductive heat loss are small compared 
to convective and crystallization effects and will be 
ignored in this simulation. 

Convection is the process by which heat is trans- 
ferred through a fluid between objects of different 
temperatures. In fiber spinning, the two objects are 
the fiber and the ambient air, and the convective 
fluid is the air surrounding the fiber. The heat loss 
due to convection is described as 

where D = fiber diameter, h = heat transfer coefi- 
cient, C, = polymer specific heat, T = fiber temper- 
ature at a point z along the threadline, and T, = am- 
bient air temperature. The heat gained by the fiber 
due to the crystallization of the polymer along the 
threadline during the spinning process is described 
as 

AH dX,  
C, dz 
-- 
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where A H  is the polymer heat of fusion. So the en- 
ergy balance takes the form13 

d T  -?rDh AH dX,  
dz WC, C, dz 

(T- T,) +--. - 

Kase and Matsuo6 reported a correlation combining 
the effects of cross-flow and parallel flow of air on 
the cooling process. Breaking the correlation into 
its vector components, for parallel flow, the rela- 
tionship is given by 

Nu = 0.42 

and, for cross-flow, the relationship is given by 

Nu = 0.746 

where Nu = Nusselt number, Nu = hD/K,,  and K, 
= thermal conductivity. Kase and Matsuo7 later ex- 
panded their relationship to combine cross- and 
parallel flow into a function in terms of the fiber 
velocity and the cross-flow air velocity: 

Nu = 0.42 [ 1 + ( 8 u. vyr67 
where u, is the velocity of the cross-flow air. 

The physical visualization of the rheological be- 
havior of a fluid is made by considering the material 
to be mechanical elements that represent the ob- 
served behavior of the material. Four different mod- 
els for the behavior of the polymer are to be included 
in the simulation. These are the Newtonian model, 
the Maxwell model, the Phan-Thien model, and the 
power-law model. 

A Newtonian liquid is represented by a dashpot 
consisting of a container filled with a viscous liquid. 
A piston is placed in the container and is acted upon 
by a stress. All turbulence, gravitational, inertial, 
and end effects are considered negligible. The force 
applied to the piston exerts a stress on the fluid that 
shears a t  a constant rate. Therefore if the force is 
doubled then the shearing rate and the rate at which 
the piston rises in the fluid is doubled. The piston 
has no tendency to return to its original position if 
the force is removed. This system exhibits pure 
Newtonian behavior: the relationship between the 
shear stress and the shear rate is linear and the sys- 
tem has no “memory” or preferred form. Mathe- 
matically this is written* 

dv  
r = q -  

dz 

where d v / d z  is the velocity gradient, or shear rate, 
in the z direction, r is the stress and the propor- 
tionality constant, 7, is the viscosity of the material. 

The Maxwell model consists of an ideal spring in 
series with a dashpot. When a force is applied, the 
spring immediately elongates and the same stress is 
carried to the dashpot, within which the piston 
moves at  a constant rate if the applied stress is con- 
stant. Therefore the total deformation is the sum of 
the deformation of the components, and the rate of 
deformation is equal to the sum of the individual 
rates: 

where G is the modulus of the spring. 
The Phan-Thien modelg is a nonlinear consti- 

tutive equation for polymer melts and concentrated 
solutions based on a Lodge-Yamamoto type of 
network theory. Network junctions are assumed to 
behave nonaffinely in a well-defined manner. Good 
agreement is shown between the theory and all data 
examined, including melt spinning. 

Assuming only axial (zz) and radial (rr) stresses, 
and restricting the analysis to one relaxation time, 
the Phan-Thien constitutive equations are9 

dr,, dv ( dz dz 
Kr,  + X u - + - 7 ,  

and 

dv ( :J dv dz ) dz 
Kr,,+X v - + 2 - r Z z  =2GX- 

where K = exp[E/G(Zr,, + rzZ)] ,  X = relaxation time, 
and E = a fitting parameter, 0.015. The comparison 
of experimental data to the Newtonian model led 
researchers to develop the power-law model. Al- 
though the Newtonian assumption qualitatively 
predicts the behavior of some fluids, a more quan- 
titative fit was sought. Slight deviations from New- 
tonian behavior are described by the following mod- 
ification: 

r = K($)” 
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where K is known as the consistency index and n is 
the flow behavior index. In spite of its simplicity, 
the power-law equation gives surprisingly good re- 
sults, describing non-Newtonian behavior in the 
simplest mathematical form. 

The crystallization process may be divided into 
two processes, namely nucleation and crystal growth. 
Nucleation is the initiation of a small amount of 
crystalline material. There are three different types 
of nucleation that can occur in polymer melts. Het- 
erogeneous nucleation occurs when there is a second 
phase present in the polymer melt. This second 
phase could be an impurity or a nucleating agent 

’ which has been added to the melt to instigate crys- 
tallization. Nucleation occurs at the interface be- 
tween the two phases. Homogeneous nucleation is 
the spontaneous aggregation of the polymer mole- 
cules into an ordered array. This aggregation is con- 
sidered to be reversible by thermal motion. Without 
the influence of external stresses, however, this type 
of nucleation seldom actually occurs. Nucleation can 
also be influenced by molecular orientation. This 
follows from the homogeneous nucleation because 
nucleation is enhanced by molecular alignment. 
These regions of orientation can easily be converted 
into nuclei. Such orientation can be achieved 
through shear stress or tensile stress. This type of 
initiation is known as stress-induced crystallization. 

The driving force behind nucleation is provided 
by the Gibbs’ free energy of the transformation of 
kinetics elements into a crystalline ~1uster. l~ The 
bulk free energy is a function of temperature, en- 
thalpy, and entropy. Usually a linear approximation 
is assumed 

T,,, - T 
A f =  Ah-TAs= Ah- 

Tm 

where f = free energy, h = enthalpy, s = entropy, T 
= temperature, and T,  = critical transition tem- 
perature. The free energy is negative only when the 
temperature lies below the critical transition tem- 
perature. Thus, in the case of homogeneous nucle- 
ation, the amount of supercooling is the controlling 
factor. Molecular orientation, however, due to the 
levels of stress in the spinning threadline, affects 
the entropy of the system. Orientation of the melt 
decreases its entropy as compared with the un- 
oriented melt and the entropy change corresponding 
to the transition from the melt to a crystal is de- 
creased. Therefore, at a given degree of supercooling, 
the free energy associated with the transition is de- 
creased. In physical terms, the orientation of the 
chains in the melt brings them close to the alignment 

eventually found in the crystalline state and thus 
makes crystallization easier.16 

The advent of high-speed take-up capabilities re- 
sulted in the ability to form semicrystalline, highly 
oriented PET fibers without the need for the post- 
drawing process. At speeds above 4000 m/min there 
is apparently sufficient orientation in the molecules 
to induce crystallization. Some supercooling, how- 
ever, is still required to drive this process. The 
structure of the crystalline regions in fibers is still 
not generally agreed upon. X-ray evidence indicates 
that the molecules are aligned and that a long pe- 
riodicity is present. This would suggest a lamellar 
structure with disordered phases can be found be- 
tween the crystalline regions, but the width of the 
lamellae is uncertain. However, evidence has been 
pre~ented’~-~’ indicating that the crystals are in fact 
fibrillar in nature, with the fibrils and the polymer 
chains collinear with the macroscopic axis. The 
stress in a high-speed threadline asserts itself to a 
narrow zone of instability not far from the spinneret. 
This transition zone resembles “necking” commonly 
seen in plastic deformation of solids, such as in the 
postdrawing process. It is this necking phenomena 
that holds the key to the transition from an essen- 
tially completely amorphous fiber to one with sem- 
icrystalline fibrillar structure. 

It is still not certain what role the neck formation 
plays in the onset of crystallization. One theory is 
that the formation of the neck, and therefore the 
decrease in diameter, increase in local stress, and 
the stress-induced orientation of the molecules trig- 
gers the crystallization process.21,22 Also possible is 
the opposite effect.23 Crystallization results in a 
denser, more ordered, and stable system; therefore 
the diameter is capable of attenuating between the 
crystallized region and the uncrystallized, upstream 
region. Also the heat produced by the crystallization 
process can result in a lowering of the viscosity of 
the fiber, facilitating drawing and diameter reduction 
over a short range. 

The crystallization within the spinning threadline 
is described using the relationship proposed by 
Nakamura, et al.24 In its differential form, the equa- 
tion is 

The energy equation uses the crystallization position 
gradient whereas the equation from Nakamura et 
al. describes crystallization with the time gradient. 
Using the chain rule the time gradient is converted 
to the position gradient: 
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d X  - d X d t  
d t  d t  d z  

and 

d z  
d t  

u - =  

Making this substitution the crystallization equation 
is obtained 

Katayama and Y 0 0 n ~ ~  postulated the following 
expressions for the crystallization rate constant: 

kao 1.2 lo6 
- = exp[ 
ka (T + 273)(300 - T )  

1 
1 + 160(Ar~)~ T + 273)] 

300 - T 

and 

1 -  682 4.53 lo5 
ka = exp 9.34 - ~ - [ T - 43 (T + 273)(300 - T )  

Birefringence is reported as a function of tem- 
perature and stress from Katayama and Y 0 0 n ~ ~  as 

-1.65 1 0 - 6 ~  
An = 0.2 1 - exp ( [ T - 2 7 3  1)’ 

who found that the stress-optical law26 did not hold 
well for the high levels of stress found in the high- 
speed threadline. 

EXPERIMENTAL 

Poly (ethylene terephthalate) (PET)  used in this 
study was supplied in chip form by Goodyear Tire 
and Rubber Company. The chips are approximately 
4 X 2 mm in size and intrinsic viscosities (IV) of 
0.57 and 0.95 were available. The number average 
molecular weights of these resins are 17,286 for the 
low IV chip, and 36,615 for the high IV chip. 

The polymer chips are typically dried overnight 
in a vacuum oven at  a temperature of 140°C. Before 
transferring the chip to the hopper the extruder is 
heated. Extrusion begins with specially formulated 

thermally stable polypropylene that flushes the ex- 
truder before and after all spinning operations. Be- 
fore experimental runs, the extruder is typically 
heated for approximately 3 h to the desired tem- 
perature profile. Once the extruder has reached the 
desired temperature, and the temperature has sta- 
bilized, the vacuum oven is purged with nitrogen. 
The chips are transferred to the chip hopper, where 
they remain blanketed by nitrogen throughout op- 
eration of the extruder. After approximately 45 min 
of operation, the extruder will be completely depleted 
of the polypropylene and the resulting PET filament 
is ready to be taken up on the godet roll (Fig. 1). 

A hand aspirator collects the extruder filament 
and helps place it on the spinning godet. String-up 
is achieved by manually wrapping the fiber around 
the godet using the aspirator. Often it is necessary 
to wind up the filament a t  a low speed and then 
increase the speed of the roll to the desired take-up 
speed. Once a stable threadline is established, on- 
line measurements can commence. 

Although there are several variables in the melt 
spinning simulation that could be compared with 
experimental data, limitations exist in the avail- 
ability of instruments to measure these variables. 
Also care must be exercised in the manner that these 
data are obtained. Experimental measurement must 
not disturb the threadline. Any disturbance can alter 

a 

e 
I 

Take-Vp 

3’ 
Figure 1 Melt spinning system. 
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the physical properties of the spinning fiber and thus 
skew the results. Noncontact measurement of 
threadline variables is essential to obtain data that 
would be suitable for comparison with data from the 
simulation. 

Three noncontact devices are available for the 
measurement of threadline properties: the Zimmer 
diameter monitor, for threadline diameter measure- 
ment; a laser Doppler anemometer (LDA), loaned 
from an industrial source for threadline velocity 
measurement; and an infrared temperature mea- 
suring device, also lent for experimentation from an 
industrial source. 

The Zimmer diameter monitor (Model 460A/2, 
Zimmer OHG, Germany) was originally developed 
for monitoring and controlling diameters in the wire 
extrusion process. The system consists of a sensing 
head connected to a digital readout. The device can 
measure diameters up to 2 mm. Measurement of the 
diameter of the target is obtained using a backlight- 
ing technique where the sensor in the head returns 
the amount of light detected from the source as a 
percentage of the total. While this technique works 
well for opaque targets, problems exist when mea- 
suring a fiber, which can be translucent. 

A calibration curve was developed by first setting 
the instrument gain at  a little less than full gain to 
avoid any noise that might be incurred due to am- 
plifier saturation. Then, for eacb fiber in the Cali- 
bration wheel, the measured diameter was compared 
with the actual diameter, as measured by micros- 
copy. The result is a curve from which an equation 
can be obtained to calculate the actual diameter of 
a fiber. The equation was generated using a least- 
squares best-fit statistical approach. 

Because the axial movement of the fiber as it is 
spinning is a t  times large, direct measurement of 
the diameter was difficult. Therefore, the device was 
coupled with a computer to facilitate large sampling 
of the filament diameter. One thousand samples 
could be obtained in a relatively short time and the 
actual diameter was assumed to be the most fre- 
quently occurring because there was an obvious 
modal value. The calibration equation was incor- 
porated within the software to calculate the actual 
fiber diameter from the data collected. 

Threadline velocity profiles can be measured us- 
ing the LDA. This device consists of a laser mounted 
in parallel with a photomultiplier tube and is con- 
trolled by a processor that performs counting func- 
tions during velocity measurements. Through 
mathematical manipulation, a velocity can be cal- 
culated. 

The device was interfaced with a computer to aid 
in the acquisition and analysis of the data. Large 

data sets could be collected and subsequently ana- 
lyzed statistically for the mean weighted value. The 
velocity was measured at various points along the 
threadline, usually every 10 cm, and the mean value 
of the collected data was assumed to be the velocity 
at each point. 

The software allows for complete control of the 
experiment, including adjustment in the total num- 
ber of samples to be collected, the time frame within 
which the samples were to be collected, and provides 
statistical analysis of the samples, as well as graph- 
ical indication of the sample sets. Both weighted 
and unweighted mean values can be determined, and 
the software will calculate standard deviation and 
skewness of the sampled data. The weighted average 
of the samples is assumed to be the velocity of the 
fiber assuming the standard deviation was within 
acceptable values. 

No specific details are available concerning the 
internal operation of the infrared temperature mea- 
suring device, for it is still considered proprietary 
by the company that loaned it. The device is an in- 
frared-based system, using a background target 
heated to a specific temperature. The sensing head 
was mounted on a stand that provided manipulation 
of the device in all directions. The temperature of 
the target was measured by thermocouple. The con- 
trol panel of the device included a small monochrome 
monitor on which a trace of the target area was dis- 
played. On this display a flat plateau indicated the 
target block, and, when the fiber was in position in 
front of the target block, it was evident as a peak or 
dip, indicating that the temperature of the fiber was 
hotter or colder, respectively, than that of the target 
block. By adjusting the temperature of the block 
appropriately, the peak or dip could be eliminated. 
When no peak or dip could be distinguished it was 
assumed that the block temperature and the fiber 
temperature were the same. The device was limited 
in the range of temperatures that could be measured 
with confidence. The cooler the fiber, the less ac- 
curate the indicated temperature became. The in- 
frared sensors were cooled with liquid nitrogen. Thus 
the device operated best when the greatest temper- 
ature difference between the target and the sensing 
head was maintained. 

Verification 

A simulation is useless if it cannot be used with a 
degree of confidence obtained only from verifying 
the results of the simulation with experimental data 
taken from the actual process. Validity of the sim- 
ulation is more important than any theoretical con- 
siderations that might be used in developing the 
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12 
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- 
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5000 
6000 
4000 
5000 
6000 
5000 
5000 
6000 
5000 

Various 

B m * o ~  1 
200.0 

0.0 

295 
295 
295 
295 
295 
295 
295 
295 
300 
295 

- 

5 
5 
7.5 
5 
5 
5 
5 
5 
5 
5 

0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.95 
0.95 

None 
None 
200 fpm, 25°C 
None 
None 
None 
None 
None 
None 
None 

None 
None 
None 
5 cm, 250°C 
5 cm, 250°C 
None 
5 cm, 250°C 
5 cm, 250°C 
shroud @295"C 
None 

mathematical relationships that form the simula- 
tion. Without it, the success of the model cannot be 
determined. Diameter measurements were made on 
several threadlines of various take-up speeds and, 
unless otherwise indicated, each was a five-denier 
filament spun at  295°C. Early experimentation con- 
firmed that the assumption of Newtonian behavior 
would be sufficient in describing the behavior of the 
PET threadline. Thus all subsequent data from the 
simulation were calculated using the Newtonian 
model. The parameters for each spinning trial are 
presented in Table I. Figure 2 shows the comparison 
of experimentally measured threadline diameters 
with those calculated by the simulation at 5000 m/ 
min take-up speed. The experimental points fit 
closely with the calculated curve for this threadline. 
At 6000 m/min (Fig. 3) the simulation reaches its 

final diameter at approximately 30 cm closer to the 
spinneret face than do the measured values. 

To establish the validity of the quench model in- 
corporated by the program, diameter measurements 
were taken at  various quench air speeds. Figure 4 
shows the effect of 200 ft/min quenching on a 4000 
m/min threadline. Because the area being quenched 
by the chamber lies well above the area where the 
measurements were made the trend is similar to the 
previous figure. 

One of the interesting aspects of modifying the 
threadline dynamics is the apparent improvement 
in operability in the spinning operation when using 
the heated chamber close to the spinneret (Fig. 5). 
Thus the verification of the model for the heating 
chamber is important. At 5000 m/min take-up (Fig. 
6) the experimental data begin to indicate a slight 
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Figure 4 Comparison of measured and calculated 
threadline diameters a t  4000 m/min, 7.5 denier, 200 ft/ 
min quench. 

necking in the threadline, while the simulation fails 
to do so. Again there is a discrepancy of about 30 
cm between the measured and calculated values, but 
the overall profiles are the same. The same discus- 

a 

E 
I 6 

Figure 5 Melt spinning system with radial quench. 
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Figure 6 Comparison of measured and calculated 
threadline diameters at 5000 m/min take-up with OLZH 
a t  5 cm, 250°C. 

sion applies at 6000 m/min take-up (Fig. 7) where 
the rapid stress and velocity development as pre- 
dicted by the simulation force the diameter profile 
to reach its final value well before the experimentally 
observed profile. 

Velocity measurements were made on several 
threadlines of various take-up speeds for comparison 
with the simulation. Each threadline was a five- 
denier filament, spun at a melt temperature of 
295"C, unless otherwise indicated. 
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Figure 8 Comparison of measured and calculated 
threadline diameters at 6000 m/min with OLZH at 5 cm, 
250°C. 

At 5000 m/min take-up (Fig. 8), the inflection 
point is not as evident and the predicted values fall 
close to the measured velocities. Velocity measure- 
ments were made in conjunction with the diameter 
measurements using the heated quench chamber 
near the spinneret face. At  5000 m/min (Fig. 9), the 
measured velocities are generally higher than the 
predicted at a given position on the threadline, re- 
versing the expected trend. However, the values are 
very close to one another. An inflection point ap- 
parent in the measured data is not indicated by the 
simulation for this particular situation. At  6000 m/ 
min take-up (Fig. lo), the predicted velocities are 
quite close to those measured, but again the simu- 
lation reaches its final value before the experimental 
termination point. 

At 5000 m/min take-up, with the 0.95 IV polymer, 
the simulation predicts the occurrence of crystalli- 
zation within the threadline, as evident by the large 
jump in temperature a t  a distance of about 25 cm 
from the spinneret face (Fig. 11). Because of the 
position of the heated shroud, no measurements 
could be made above 30 cm. The measured temper- 
atures are higher than the calculated temperatures 
at each position. For comparative purposes, the 
simulated temperature profile with no heated sleeve 
is plotted as well. The curves are very similar, with 
the exception being an apparent delay in the onset 
of crystallization when the heated shroud is in place. 

In an attempt to validate the two major empirical 
relationships found in the simulation, namely the 
crystallinity equation and the birefringence equa- 

4000.0 -'Or---- 

0.0 - 
Distance from splnneret. m. 

Figure 9 Comparison of measured and calculated 
threarlline velnpitiec at 5nnn m /min take-iin 

tion, data from LinZ7 was used to compare the pre- 
dicted crystallinity levels and the predicted bire- 
fringence levels with data measured from fiber sam- 
ples collected in the laboratory. The predicted values 
were taken from the output data file generated by 
the program. Samples of low IV and high IV PET 
are compared, each taken at various take-up speeds, 
ranging from 3000 to 6000 m/min. 

The simulation does not predict birefringence 
well. The values are much lower than those mea- 
sured exDerimentallv. A t  0.6 IV. the simulation 
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Figure 10 Comparison of measured and calculated 
threadline velocities at  6000 m/min take-up with OLZH 
at 5 cm, 250°C. 
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Figure 11 Temperature profile, showing the effects of 
the heated shroud, 5000 m/min, 0.95 IV polymer, shroud 
at 295"C, 13-cm length. 

does not predict the occurrence of crystallization 
at  any take-up speed. Experimentally PET fibers 
exhibit significant crystallinity a t  take-up speeds 
exceeding 4000 m/min. Figure 12 compares the 
predicted and measured level of crystallinity in 
the fiber for 0.9 IV polymer. The simulation pre- 
dicts a level of crystallinity higher than that mea- 
sured experimentally. The relationship describing 
crystallization is functional, but the accuracy is 
not sufficient without adjustment of the parame- 
ters in the equation. 

Good agreement between the predicted and the 
measured values of diameter, velocity, and tem- 
perature is demonstrated. The diameter profiles 
are not as good as the velocity and temperature 
profiles, but overall the calculated profiles compare 
well with the experimental. Comparison with 
crystallinity and birefringence measurements 
made off-line on collected samples, however, point 
out deficiencies of the program in the prediction 
of these properties. Because the calculations are 
based on empirical relationships adapted from 
other work, this was somewhat expected. The great 
disparity between the program and the experi- 
mentally measured data a t  low IVs was not ex- 
pected. Thus exploration of these relationships is 
warranted and caution is advised if the simulation 
is to be used for the prediction of these properties 
under the circumstances where the preceding 
analysis has shown it to  be questionable. 

Computer Experimentation 

Initial experimentation with the simulation gener- 
ated simple illustrative threadlines. An understand- 
ing of the dynamics of these typical threadlines is 
needed before delving into the more complicated is- 
sues of modifying the dynamics in such a way to 
improve or enhance the process. Historically the re- 
gions of interest when discussing threadline dynam- 
ics revolve around the increasing of the take-up 
speed, because it is with increasing take-up speed 
that most of the phenomena surrounding the spin- 
ning of PET are greatly increased in magnitude. 

Threadline profiles for a high-speed take-up 
threadline are all quite similar in that each displays 
a dramatic increase in each parameter, almost in a 
step-function manner. Figure 13 illustrates this 
point. This figure shows the stress profile for a 6000 
m/min threadline for a 0.6 IV polymer. The stress 
is negligible until a point in the threadline is reached 
where the stress increases rapidly to its final value. 
The final value is reached at less than 50 cm away 
from the spinneret face. 

A gradual increase in the threadline velocity in 
the upper region of the threadline is shown in Figure 
14, but again the velocity increases to its final value 
almost immediately. The simulation does not indi- 
cate any crystallization at this take-up speed and 
IV, which is a shortcoming because some crystalli- 
zation is known to occur under these conditions. 

The threadline temperature profile (Fig. 15) is 
the only profile at this speed to demonstrate the 
gradual exponential decay that would be expected. 
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1 30*0 a 20.0 
0 

10.0 

0.0 
3ooo.o 4Ooo.o 5Ooo.o 6ooo.o 

TakeUp Speed, dmin 

Figure 12 Comparison of crystallization, measured off- 
line vs. simulated, for 0.95 IV polymer at various take-up 
speeds. 
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Figure 13 
threadline, 0.6 IV polymer. 

Stress profile for a 6000 m/min take-up 

The curve is smooth, again an indication that no 
crystallization occurs under these conditions. Had 
the fiber crystallized, a bump in the profile at the 
point of occurrence would have been apparent. 
While the simulation determined that no crystalli- 
zation would occur, thus eliminating the possibility 
of necking, the diameter profile (Fig. 16) does in- 
dicate that the final diameter of the fiber is reached 
abruptly, in contrast to the profiles shown earlier 
for the lower take-up speeds. Although the difference 
is minimal, the profile does support the observed 
experimental threadline behavior at the higher take- 
up speeds. The diameter does not gradually reach 
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Figure 15 Temperature profile for a 6000 m/min 
threadline, 0.6 IV polymer. 

its final value; in contrast, the value is reached sud- 
denly at  the freeze point in the threadline. 

Figure 17, the birefringence profile, demonstrates 
the rapid structure development occurring in the 
high take-up speed threadline. Almost no orientation 
is indicated until the stress level begins to climb. 
Once this breakpoint is reached, the birefringence 
quickly increases to its final value. 

At 6000 m/min take-up, there is little difference 
indicated for the incorporation of quench air in the 
stress profile. Evidently the stress levels are so dom- 
inated by the increased take-up speed that the slight 
cooling in the threadline afforded by the quench adds 
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Figure 16 
threadline, 0.6 IV polymer. 

Diameter profile for a 6000 m/min take-up 
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Figure 17 
up threadline, 0.6 IV polymer. 

Birefringence profile for a 6000 m/min take- 

very little. Thus the stress profile (Fig. 18) indicates 
that only a small increase in the overall threadline 
stress is gained through the use of quench air. 

The program does indicate the presence of some 
crystallization in the threadlines where quenching 
is present. No crystallization is predicted when the 
threadline is not quenched, however, indicating that 
while the stress levels are increased only slightly 
when quenched externally, the amount is apparently 
sufficient to initiate the crystallization process. 

Quench air effects are apparent in the tempera- 
ture profile (Fig. 19) calculated for these conditions. 
The fiber cools more rapidly under the influence of 
the quenching air, due to the increased convective 
energy loss from the flow of air around the fiber. 
Once the filament is free from the influence of the 
chamber, the profile resumes an exponential decay, 
the difference being the shift in the profile to a lower 
temperature throughout the remaining threadline, 
as compared with the threadline where no quench 
is employed. 

Another important parameter in the quenching 
of the threadline is the length of the quenching de- 
vice. This parameter was explored by generating 
threadline profiles with a quench chamber of lengths 
10 and 20 cm. In all experiments, the quench air 
temperature was held at a constant 25°C and at  200 
ft/min flow rate. 

At 6000 m/min, the longer quench chamber 
slightly increased the stress level. Figure 20 shows 
the effect to be only slight, but still with the quench 
chamber, the stress level was increased, regardless 
of length. The freeze point was also closer to the 
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Figure 18 Stress profiles comparing the effects of 
quench air temperature at 6000 m/min take-up, 0.6 IV 
polymer. 

spinneret with the quench chambers, so the dynam- 
ics of the threadline are accelerated with the 
quenching device. 

SUMMARY 

A computer simulation must always be treated as a 
simulation, and the user must realize that the in- 
formation generated by the computer is just an es- 
timation of a physical process. The simulation is a 
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Figure 19 Temperature profiles comparing the effects 
of quench air temperature at 6000 m/min take-up, 0.6 IV 
polymer. 
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Figure 20 Stress profiles comparing the effects of 
quench chamber length at 6000 m/min take-up, 0.6 IV 
polymer. 

research tool to be used to supplement laboratory 
experimentation, not replace it. Such a tool can be 
very useful in exploring situations that may not be 
feasible in a laboratory, whether limitations lie with 
the equipment or with safety reasons. More impor- 
tantly, the simulation can be used to conduct time- 
consuming optimization experiments, a major factor 
when incorporating threadline modifications into 
the traditional threadline. 

Verification of the simulation with experimental 
data has led to several conclusions concerning the 
validity of the data generated by the computer. Di- 
ameter, velocity, and temperature compare favorably 
between the predicted and the measured values. The 
diameter profiles are not as good as the velocity and 
temperature profiles, but overall the calculated pro- 
files agree closely with the experimental. Compari- 
son with crystallinity and birefringence measure- 
ments made off-line on collected samples, however, 
point out deficiencies of the program in the predic- 
tion of these properties. Because the calculations 
are based on empirical relationships adapted from 
other work, this was somewhat expected. The great 
disparity between the program and the experimen- 
tally measured data a t  low IVs was not expected. 
Thus exploration of these relationships is warranted 
and caution is advised if the simulation is to be used 
for the prediction of crystallinity and birefringence 
under the circumstances where the preceding anal- 
ysis has shown it to be questionable. 
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