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ABSTRACT

RHEOLOGICAL CHARACTERIZATION OF UNMODIFIED AND
CHEMICALLY MODIFIED POLY(ETHYLENE TEREPHTHALATE) RESINS

by
Jorge Quintans

Intrinsic viscosity (IV) has often been misused for estimating both melt viscosity
and elasticity of poly(ethylene terephthalate) (PET). A rheological study was conducted
to determine the vanations between a virgin unmodified PET and a recycled and
chemically modified PET, both having a reported nominal IV of 0.95.

The modified material had a larger melt viscosity (capillary and dynamic) than
the virgin material (by an average of 61%). The extrudate swell, a better indicator of melt
elasticity, of the modified was more than 110% greater than that of the unmodified
material. Activation energies for melt viscosity and extrudate swell were found to be
approximately 20 kJ/mol and 3 kJ/mol respectively, for the unmodified material at high
shear rates. The melt viscosity for both materials was found to be best fitted by the Cross

Model using a least-squares fit.
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CHAPTER 1

INTRODUCTION

1.1 Prelude

Recycling has grown in popularity in recent times not only because of public concern but
also due to political pressure. Plastics recycling has also grown and, as a result, the need
to use recycled plastics for alternative applications. Following their market growth, the
recycling of polyethylene terephthalate (PET) containers has also increased. Recent
research and development projects have begun to explore the area of new applications of
recycled PET.

Extrusion foaming is a new technology that is now starting to be applied to
recycled polymers. It produces material with lower density leading to a decrease in
material use while providing a useful structure. Most foaming is done with chemical
blowing agents (CBA), but polymers are also foamed using VOC's, HCFC's, and gases
such as CO,, N,, Ar, and air. In attempting to foam, the plastic used must be able to hold
bubbles within the melt until the material cools and the foam structure is "frozen".
Therefore, materials that have high melt strength or melt elasticity are required for good
foaming, otherwise most of the gas will not be trapped in the melt and few bubbles will
be formed. When dealing with polymers, the melt viscosity is often measured or
quantified as an intrinsic viscosity (IV), which is a solution viscosity that is independent
of the influence of entanglements [1]. When a polymer is processed, the material may be

degraded and its melt viscosity, which is directly related to IV, may be reduced leading
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to the problem of recycled material being "inferior” to unused or virgin material. There
have been many publications involving chemical modification with multifunctional
reactants of recycled material in order to increase I'V and its melt strength, such as recent
work by Al Ghatta, Cobror, and Severini on PET [2]. The process used by Al Ghatta is a
low temperature (to minimize degradation) solid-state polyaddition that increases [V
from an average of 0.6 to 0.8 or higher over 24 hours. Along with publications, there are
also numerous patents which involve claims of increasing IV to specific values [3, 4, 5].
Unfortunately, since IV does not include the influence of entanglements, it is not a good
measure or comparable quantity when dealing with foaming. The more entanglements
present, the higher the melt strength and thus the more bubbles or gas the material can
hold.

In a recent study by Xanthos et al. [6], chemically modified and unmodified PET
were compared in extrusion foaming using a rod die. Melt elasticity has been shown to
be a parameter of practical importance which could not only be related to extrudate
swell, but also normal stress, recoverable strain, extensional viscosity, and storage
modulus [7]. Low melt viscosity and low melt elasticity were found to lead to poor cell
expansion, high density, and overall poor foaming. When CO, was used in foaming,
recycled unmodified PET could not be foamed, virgin PET foamed poorly with large
bubbles and high density (low density being desired), while the modified recycled PET
foamed very well with low density (high swell) and fine and uniform cells. The
unfoamable recycled PET was reported to have a nominal IV of 0.7, the virgin PET was

0.95, and the modified recycled PET was 0.95.



1.2 Objective

This study was conducted to perform a rheological characterization on a virgin PET and
a recycled PET that has been chemically modified such that it has the same IV as the
virgin. Even though the two materials have the same nominal 1V, they can differ greatly
in melt viscosity and melt strength. A more appropriate measure of melt strength is the
extrudate swell or "die swell" of a material as it exits a die. This phenomenon is the result
of the tendency of the polymer molecules to return to their original entangled position
after being stretched through flowing [8]. Extrudate swell would have to be measured at
steady flow, isotherma! condition without sagging caused by gravity acting on the
material already out of the die to provide accurate and reproducible results.

The extrudate swell is dependent on several factors, but under the same
conditions materials with similar [Vs can have different degrees of swelling (measured as
swell ratio: the extrudate diameter divided by the die diameter). By suitable
characterization techniques, one can determine the factors affecting extrudate swell (melt
strength) and perhaps the quantities one can use to classify or compare these properties to
those of other materials. As foaming increases in popularity and industry use, these
quantities will gain importance in order to classify potential materials for products from
recycled waste streams. The measurement of these quantities could also lead to further
study and commercialization of instruments such as the die swell tester from C.W.
Brabender Instruments Inc., based on work by I. Pliskin [9] and P. van Buskirk [10].
Besides Brabender Instruments, others have proposed a new quantity to measure melt

elasticity such as Maxwell who proposed a Melt Elasticity Index (MEI), similar to the



Melt Flow Index (MFI) or just Melt Index (MI) [11]. He did not use extrudate swell as
measure for melt elasticity, but instead used the amount of recoverable strain that takes
place within the first 20 seconds of recovery. The importance of measuring melt
elasticity was discussed, especially within quality control areas. The quantities of IV and

MI, that are currently used very frequently, do not represent melt strength sufficiently.



CHAPTER 2

EXPERIMENTAL

2.1 Apparatus for Capillary Rheometry

The viscosity and extrudate swell data were determined using a Kayeness capillary
rheometer with a die radius of 0.523 mm and 15 length/diameter (L/D), along with barrel
diameter of 4.75 mm. Measurements were taken from 270 °C to 290 °C (£ 0.3 °C) within
the shear rate of 134 s to 13340 s™', which include industrial processing ranges. The
unmodified PET was Shell 9506 with a nominal L.V. of 0.95 and the modified recycled
PET was PET rex15/F from Sinco Ricerche S.p.A. (referred to as Sinco B) with a
nominal I.V. of 0.95 (0.7 I.V. before the chain extending modification using solid state
method). The extrudate swell measurements were taken using a CCD camera / recorder /
TV setup, shown in Fig. 2.1, at a distance of 9 mm from the die exit. The die swell was
recorded and then analyzed using an on screen scale provided by a scaled recticle within

the microscope (showing 15 mm for 0.2 mm actual length).

2.2 Procedure for Capillary Rheometry

The material (in the form of pellets) had to first be dried, usually over night or for one
day at 200 °F to 250 °F, because of the degradation of PET during processing in the
presence of water [12]. The rheometer used needed to be programmed with the die

dimensions and the process conditions desired, including plunger rate (which determines
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the shear rate). After the barrel reached the desired temperature, the dried material was
packed into the barrel and the plunger was lowered immediately to provide the least

amount of contact with the atmosphere as possible.
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Figure 2.1 Rheometer Schematic

The material was then allowed to melt and reach a constant temperature (usually for a
few minutes). The plunger was then lowered to the starting height and the rheometer
program staned.‘ The program contains a melt time countdown (60 s) after which the
plunger 1s lowered at the programmed speed, forcing the material through the barrel.
Once the exiting material became uniform, the video system was started to record the
extrudate swell. The material then deposited into the reservoir (a large water bath in our
case) so that it no longer affected the material exiting the die or the swelling. Many

studies have measured the swell from within the reservoir which is kept at a constant



temperature [7]. Our reservoir served only to neglect the effect of gravity on the sample
exiting the die, the only place where measurements were made. When the plunger
reached the programmed termination point, it retracted to the park position, the results
(viscosity, shear rate, shear stress, and force) were printed, and the process could be
repeated. The first run was used to clear the barrel of any possible material and then
subsequent runs were recorded. For this study, each run was repeated four times, in order

to average out deviations and provide reproducible results.

2.3 Dynamic Mechanical Data

The complex viscosity data (including G, G", and tan &) was collected using a
Rheometrics Mechanical Spectrometer RMS-800 at the Polymer Processing Institute in
Hoboken, NJ. Once again the material was dried and then compressed into disks with
radius 12.5 mm (to match the radius of the spectrometer plates) and height of 1 mm (%
0.1 mm). The system was programmed to perform frequency sweeps within the range of
0.1 rad/s to 100 rad/s at a temperature of 290 °C and 280 °C. The material was then
loaded between parallel plates as shown in Fig. 2.2, and the system was enclosed within a
nitrogen atmosphere to minimize material degradation. Once the material and plates
reached the desired temperature, the program was started and data was collected using an
IBM compatible PC. The bottom plate was rotated at a given frequency yielding a
sinusoidal strain and the top plate recorded the torque produced by the material. The data
collected was frequency, storage and loss modulus, complex viscosity, and torque for

both materials.
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2.4 Modeling

Data handling and manipulation was done using Microsoft Excel 7.0 except for viscosity
and extrudate swell modeling. The viscosity data was modeled on Matlab 4.2 by The
Mathworks, Inc. using several models, including the Carreau and Cross models. The
power-law index was calculated from the slope of the viscosity-shear rate curve and then
used in the models. A least squares fit to minimize the error was performed on the data
and fitted to yield a zero shear rate viscosity and characteristic time constant (computer
code can be foun;i in Appendix E). The viscosity data was then fitted to the Arrhenius
expression to provide an activation energy as a measure of the temperature dependence.
An activation energy was also calculated for the extrudate swell but no further modeling

was done due to the lack of exit pressure drop data.



CHAPTER 3

THEORY

The theory described hereafter assumes a basic understanding of rheology. Concepts such

as shear rate, and shear stress can be found in any rheology or polymer text.

3.1 Capillary Data

Because this study deals with two types of viscosity, we first define viscosity as shear
stress divided by shear rate. Since both properties change depending on where the
measurement 1s taken, we define our viscosity as the shear stress at the wall divided by

the shear rate at the wall.

or n==* 0

B
il

The capillary rheometer measures the force used to calculate the shear stress experienced
by the material. The shear rate is set and can be calculated using Equation 2. But this
shear rate is the apparent shear rate measured at the wall which assumes a Newtonian

fluid.

40

- R’

Va (2)
To account for the pseudoplastic fluid behavior, the Rabinowitsch correction factor must

be applied to the capillary data, which is the bracket term in Equation 3. This now gives

us the true shear rate at the wall, used later to find the true viscosity.
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The Rabinowitsch correction factor accounts for the fact that the shear rate at the wall is

greater for pseudoplastic fluids than for Newtonian fluids for a given volumetric flow

rate [13].

3.2 Dynamic Mechanical Data

Assume a sinusoidal strain 1s applied to a material, the resulting stress would then also be
sinusoidal. For a purelyv elastic material the stress would be in phase with the strain, but
for a purely viscous materials, the stress would be 90° out of phase. Polymeric materials
exhibit intermediate behavior and thus are described as viscoelastic [14]. One can then
define a storage modulus which is the shear stress divided by the shear strain of the in-
phase components (Equation 4) and a loss modulus with the out-of-phase components
(Equation 5). Note: The term after the second = sign in the following equations is how

the property was measured and will be described later.

=2~ K|Real M/ 4)

}/I

G"= :—:: = K{Imaginaty A%} (5)

G' and G" are thought of as projections of a vector G that rotate in the complex plane,
representing the in-phase and out-of-phase parts of G'. G can then be defined in

complex notation as:

G =G +iG" =G +G" (6)
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One can then define complex viscosity such as the one for capillary flow, but in terms of

the in-phase and out-of-phase properties [15]:

r]. = f7' “i’?” — \!f]r: + T}ll: — Gé) (7)
Back calculating, we can then define the real and imaginary part of our complex

viscosity, as shown in Equation 8.

t:______ d r!:
1 w an n

GII G!
— (8)
1)

The apparatus used to apply a sinusoidal strain was discussed in the experimental
chapter, and how it calculated the values will be discussed here. Torque (M) and the
shearing angle (6) are measured while the frequency (w) is set. As shown in Equation 4,
the storage modulus is found by taking the in-phase part of torque divided by shearing

angle and multiplying it by a correction factor K. K, shown in Equation 9, depends on

the height (distance between the 2 plates), and on the radius of the plate.

_ 980.7(2H) o)

‘0”(’%0)4

The loss modulus is found the same way as the storage modulus, but using the out-of-
phase part. The complex modulus is calculated by squaring both terms and taking the
square root, shown in Equation 6. The complex viscosity is just the complex modulus
divided by the frequency at which the readings were taken at (Equation 7).

Although the complex viscosity 1s a measure of the resistance to flow, it is not the
same as the viscosity measured by the capillary rheometer. One is measured as a function
of shear rate while the other is with frequency. To be able to compare and utilize both,

we can invoke the Cox-Merz Rule [16]:
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(@) =y n'() +nw) = r7<y')iy:m (10)

Simply stated, the Cox-Merz rule predicts that the magnitude of the two data sets should

be compared at equal values of the frequency and shear rate.

3.3 Data Analysis

Non-Newtonian behavior is described by the left side of Equation 11, known as the
power law [17]. By dividing by the shear rate, we define viscosity as a function of shear
rate, shown on the right. Therefore, if one were to plot shear rate versus viscosity on a
log-log plot, the slope would be equal to 1-n. The power law index, n, is used in

modeling viscosity (described later) and to compare degrees of non-Newtonian behavior.

n-i

o=K(7)" » n=kKy (11)

Since viscosity is temperature dependent, one can assume that the dependence can

be modeled using an Arrhenius type equation, shown in Equation 12 [18].

=) :
n= Aexp I (12)

By taking the natural log of Equation 12, we get Equation 13, which appears to be of the
form y = mx +b. By plotting 1/T vs. In 1 the slope of the resulting curve is the activation
energy divided by R,, the gas constant.

| E; 1
=lnAd+——
Inn=InA+ R T (13)

The activation energy is just a means by which one can compare the temperature

dependence of a property of one material or condition to another. In this case, we use
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viscosity to determine the activation energy of viscous flow. Because the extrudate swell
is also temperature dependent, one should also be able to determine an activation energy
of melt elasticity or extrudate swell. Therefore the same principles can also be applied to
extrudate swell as applied to viscosity.

Although there has been some work in modeling and predicting die swell, no
models were found that could accurately fit the experimental data and did not require
pressure data and extensive calculations. Khalik, Hassager, and Bird [19] developed an
extrudate model based on the normal stress function, calculated from viscosity data.
Although the model displayed the general trend of die swell (Figure 3.1 [20]), it did

model the experimental data very poorly.

Extrudate Swell

Shear Rate

Figure 3.1 General Extrudate Swell Curve

Other equations, such as those developed by J. Z. Liang [21, 22], require pressure data

that is unavailable in this study. Although Liang's study modeled the extrudate swell very
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well, it could only be used for short dies (he used D = 0.78 mm and L/D = 0.256) where
as our die was D = 1.046 mm and L/D = 5.

None of the models included predictions for critical shear or melt fracture, which
played an important part in our study. The critical shear is the point of the onset of
visible mvelt fracture. This critical shear introduces a discontinuity in the flow curves and
various irregularities (spiraling, ripples, and bambooing) in the exiting extrudate. The
instability is believed to be caused by the die entrance zone, where the flow lines are
disturbed [23]. The perturbation and stagnation zones increase in importance as the shear
rate increases until such time the stress imposed on the material exceeds its resistance and
the material "ruptures”. Although it is believed that the critical shear rate occurs just after
reaching the maximum extrudate swell, this study found that it occurred just before
reaching the maximum extrudate swell. But many factors are involved in the value of the
ériticai shear rate, including die dimensions, entrance geometry, temperature, and

material.

3.4 Modeling

Although there are many functions developed for viscosity modeling, for this study six
were chosen: Bueche-Harding, Eyring, Carreau, Cross, Sutterby, and Vinogradqv. All
the models include a limiting viscosity, 1., at high shear rate which has been set to 0
resulting in the following models [24]:

-1

‘ : . inh™ {7y .
S/ {1 + (W,)ms} (Bueche-Harding) ;77“ =" (W)/T?’ (Eyring)
770 0



TR N
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n RES R no | Al A |

-I;: 1+(ry) (Carreau) —={I+a(zy) - +(z’y) } (Vinogradov)
0 ) ’7()

They were chosen to cover a wide range of function types and their simplicity (no
iterations required as with other systems). The first two are two parameter systems, while
the Carreau, Cross, and Sutterby are three parameter models. The Vinogradov is the only
four parameter model studied because it did not involve large computation time. Because
the power-law index (n) was found using the method described earlier, only the zero-
shear rate viscosity (n,), the characteristic time constant (t), and in the case of
Vinogradov, the non-dimensional constant (a) needed to be calculated. The code used
shown in Appendix E, with comments entered after any % symbol. The program starts
by entering the experimental data, power-law index, type of model used, temperature
desired, etc. and initializing a vector containing the initial guesses for the variables
desired (n,, T, and a). The vector is sent to a function called "fmins", along with all the
data, which then returns the vector with the desired parameters. The function "fmins"
minimizes an equation (written in a separate file called "fit", also found in Appendix E)
using the data sent to it by changing the variables in the initial vector. The entire process
performs a least-squares fit [25] on the data to match the model desired. In least-squares,
the data is entered into the equation (as shown in Equation 14 using y = mx + b) and for
each data set an error is calculated. The square of the errors are added together and this

value is minimized by changing the parameter.
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d =y, —(mx, + b)
. w (14)
s=d} +d; +d+-+d’ = Z():, —mx, —b)

i=1
The values returned are then used in plotting the fitted line over the data and performing

a regression on the data to find the coefficient of determination, R*[26].



CHAPTER 4

RESULTS

4.1 Viscosity

The raw data received from the rheometer can be found in Appendix A for the Shell
9506 PET and in Appendix B for the Sinco B PET. Data were taken at 270 °C, 280 °C,
and 290 °C at varying shear rates from 134 s to 13340 s”'. For each shear rate at a given
temperature, there are four tables of values representing the force, shear stress, viscosity,
and extrudate swell. There are four runs listed vertically, each divided into five zones,
which correspond to the zones measured by the rheometer during testing. All the
numbers have been averaged, except those that are highlighted because of their deviation
from the norm. The extrudate swell calculations contain several measurements that were
averaged for a single run and in the end combined with the other three runs.

Because the data collected is the apparent shear rate at the wall, the Rabinowitsch
correction was calculated and applied. Since the apparent shear rate is determined using
the properties of Newtonian fluids a large error can occur, especially at higher shear
rates. Tables C-1 to C-3 in Appendix C show the Rabinowitsch calculations for Shell
9506 and Tables C-7 and C-§ contain the Sinco B calculations. Figure C-1 shows the
shear rate-shear stress curves used in finding the correction factor for both materials. The
shear stress is plotted on the x-axis because of the form of the Rabinowitsch Correction
used requires the slope of the shear stress-shear rate curve. The data were fitted and the

equations derived from the curves are found in Tables C-4 and C-9 for Shell 9506 and
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Sinco B, respectively. From the curve equations, the slope of the shear rate-shear stress
can be determined, as shown in the correction tables, and thus the Rabinowitsch
correction factor. The apparent shear rate was increased by an average of 50% for the
Shell 9506 and 25% for the Sinco B, with values ranging from 12% to 98% depending
on the shear rate selected. The Sinco B average is lower since the material was not tested
at higher shear rates because of melt flow instability. The Rabinowitsch Correction is a
measure of how much a material deviates from Newtonian behavior. Once the shear rate
was corrected, a new viscosity was calculated from the corrected shear rate. The
viscosity/shear rate curve is therefore shifted to the right and down, corresponding to an

increase in shear rate and decrease in viscosity (Fig. 4.1).
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Figure 4.1 Viscosity vs. Shear Rate for Shell 9506 at 290 °C
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The complete and corrected data is listed in Table C-5 for Shell 9506 and C-6 for Sinco
B. The corrected shear rate/shear stress curves are found i Figures C-2 and C-3 for Shell
9506 and Sinco B respectively. At lower shear rates the shear stress values began to
deviate from the previous trend and were therefore not included in the fitting. This was
probably caused by the die of L/D of 15 which should be replaced by one with a smaller
L/D in order to achieve the correct value. Since less material is being pushed through the
die, a smaller die can be used so the measurements are not skewed by incorrect pressure
drop readings.

As expected, the corrected viscosity of the Sinco B was also greater than the Shell

9506 as shown in Figure 4.2.
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Figure 4.2 Viscosity vs. Shear Rate at 290 °C
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Although not easy to see on a log-log scale, the Sinco B viscosity is 60% greater than the
Shell 9506 at 290 °C and 40% at 280 °C, on average. Both curves seem to flatten out or
tend toward Newtonian behavior near 100 s and the power-law region within 2000 s to
20000 s'. The capillary viscosity, including the complex viscosity, of both materials

were fitted using viscosity models described in the modeling section.

4.2 Extrudate Swell

The extrudate swell measurements can also be found in Appendix A (Shell 9506) and
Appendix B (Sinco B) for all shear rates and temperatures, except 134 s™* at 270 °C. The
extrudate swell is reported as both the swell ratio and swell % but most calculations were
done using the swell ratio. The results are plotted in Figures C-4 and C-5 for Shell 9506
and Sinco B, respectively. The extrudate swell increases linearly for the Shell 9506 until
reaching a plateau above 20,000 s'. At 290 °C the maximum swell ratio seems to be
around 1.43 which is reached around 8,000 s while at 270 °C the maximum swell ratio
is near 1.5, but is not achieved until well over 20,000 s'. Therefore, not only does the
maximum extrudate swell increase with a decrease in temperature, but the critical shear
rate increases. The die swell of Sinco B also increases with lower temperature but the
critical shear rate decreases because of flow instability (see Figure C-5). In 1960,
Beynon and Glyde [27] found that low density polyethylene had a maximum swell ratio
that increased with temperature, the opposite that was found for PET. The fact that Shell

9506 is not branched could be one reason for this difference, but the Sinco B, which is

presumably branched, also exhibits this difference.
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The dashed line in Figure C-5 represents the approximate onset of melt fracture
for Sinco B. Melt fracture was first determined visually, when fractures such as ripples
and spirals appeared. Since one reading involved fracture while the one before it did not,
the melt fracture is approximate because the exact point of melt fracture initiation is
unknown. Almost no data was taken for Sinco B at 270 °C because of the immediate
presence of melt fracture around 150 s”'. The apparent branching increases the extrudate
swell because the chains connecting the linear molecule expand, but they can also limit
the maximum extrudate swell. The maximum swell would be limited to the size of the
extended chains (due to disentanglement at high shear rates), showing why the extrudate
swell seems to converge at higher shear rates for 290 °C and 280 °C. This could also
explain the deviation from the results obtained by Beynon and Glyde [25] mentioned
earlier.

Comparing the scales of Figures C-4 and C-5, one can see that the Sinco B
material has a significantly larger extrudate swell than the Shell 9506. The maximum
swell experienced by the Shell 9506 was 1.5 while the die swell of Sinco B passed 3.3,
resulting in swell % of 50% and 232% respectively. The Shell 9506 also experienced no
melt fracture except for a few readings at the highest shear rate at 270 °C. The Sinco
experiences melt fracture quickly and doesn't show the linear swell-shear rate
relationship at shear rates above 150 s at the temperatures used in this study. Figure 4.3
shows the extrudate swell for both materials at 290 °C, and illustrates the difference in
swell ratios. On average, the extrudate swell of the Sinco is 2 times that of the Shell 9506

at 290 °C and 2.2 at 280 °C, ranging from 1.8 to 2.3.
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Figure 4.3 Extrudate Swell Ratio vs. Shear Rate at 290 °C

4.3 Activation Energy

The data used in the determination of the activation energy for viscous flow was taken
from Table C-5, but the temperature was inverted and the logarithm of the viscosity was
found. The calculated values allow Figure 4.4 to be plotted and the activation energy to
be found from the slope of the lines, for a given shear rate. Except for the lines
corresponding to the uncorrected shear rates 134 s™' and 268 s, they all have a similar
slope or activation energy. The activation energy for each shear rate is listed in Table C-
10a and shown in graphical form in Figure 4.5. At high shear rates the activation energy
seems to be relatively constant, while at low shear rates the trend appears to be linearly
decreasing. Therefore, viscous flow is more dependent on temperature at low shear rates.

One can then compare the importance of temperature not only between two shear rates,

but also other materials at constant shear rates.
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Figure 4.4 Determination of E; of Melt Viscosity for Shell 9506
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Figure 4.5 Activation Energy of Melt Viscosity vs. Shear Rate for Shell 9506

The concept of activation energy was also applied to the extrudate swell in order

to measure the temperature dependence of melt elasticity. As before, the data used in the
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calculations can be found in Table C-5 and the resulting values can be found in Table C-
10b. Although the wvalues found for the extrudate swell were lower than those found for
viscosity, the trends of the data are alike. The extrudate swell behavior as a function of
temperature i1s shown in Figure 4.6, similar to Figure 4.4 except for the magnitude of the
y-axis (that is due to difference in properties measure, but the same trend applies). The
activation energy of melt elasticity can then be shown as a function of shear rate in
Figure 4.7, the same way it was shown for viscosity. The Arrhenius equation constant

was not calculated for either property or material since it was not needed in this study.
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Figure 4.6 Determination of E; of Melt Elasticity for Shell 9506



7.
6. ¢
L 4
= 5:
=] :
E <
E; 3 : A4 ® e © ®
uf 2 é ®
T
0 : ,
100 1000 10000 100000

?3(54)

Figure 4.7 Activation Energy of Melt Elasticity vs. Shear Rate for Shell 9506

The trend shown in Figure 4.6 is the same as in Figure 4.4, except that the
extrudate swell increases with respect to shear rate while the viscosity decreaseé,lBut as
shown in Figures 4.5 and 4.7, both activation energies decrease linearly at low shear rates
and eventually become constant at higher shear rates. The activation energy shown at
13340 s' was neglected because of trend deviation, probably due to measurement error at
very high shear rates and the possibility of the onset of melt flow instability. No
activation energy was calculated for the Sinco B because of lack of data at 270 °C. The
data collected at 290 °C and 280 °C are plotted versus the Shell 9506 at the same shear

rates in Figures 4.8 and 4.9.
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Figure 4.9 Comparison of E; of Melt Elasticity for Shell 9506 and Sinco B

The Sinco B matenal doesn't have the same scale values as the Shell 9506 but the trend is
very similar. Thus the activation energies should be relatively close (they seem to be a
little higher for the Sinco B, but without further analysis one cannot be sure) but the

dependence on shear rate is unknown.



4.4 Complex Viscosity Determination
The complex viscosity was calculated as a supplement to the capillary viscosity
measurements. Since the lower shear rates had larger errors due to material degradation

within the barrel, complex viscosity data was used for the lower shear rate range. The

data was then combined to produce Figures 4.10 (Shell 9506) and Figure 4.11 (Sinco B).
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Figure 4.10 Complete Viscosity Curve for Shell 9506
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Figure 4.11 Complete Viscosity Curve for Sinco B
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The complex viscosity data are in good agreement with the capillary viscosity data
except around the 100 s area. This is most likely due to the degradation of the capillary
material at low shear rates as mentioned earlier. Degradation in the complex viscosity
measurements was kept to a minimum because of the N, atmosphere used. The data from
the four complex viscosity runs can be found in Tables C-11 and C-12, including G', G",
and torque measurements. Upon comparing the complete viscosity data for Shell 9506
and Sinco B (Figure 4.12), one notices that the complex viscosity of the materials cross
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Figure 4.12 Viscosity vs. Shear Rate at 290 °C (Complete Curve)

The Sinco B viscosity is greater than the Shell 9506, except within the region of
205" to 100 s, Since the Sinco B viscosity before and after the region is above the Shell
9506, one can speculate that the Sinco B viscosity remains above the Shell 9506

throughout (the reason of material degradation also aids in this assumption). The Shell
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9506 data is Newtonian for shear rates smaller than 20 s and then behaves as a power-
law fluid at all shear rates above that. On the other hand, the Sinco B seems to behave
entirely as a power-law fluid and never really reaches a Newtonian behavior. This broad
power-law region is presumably caused by the branching present within the polymer and
broad molecular weight distribution, typical of recycled material. At low shear rates the
polymer becomes very entangled and as the shear rate increases the polymer disentangles
eventually aligning and giving little resistance to flow [28]. The Sinco B material already
has a high degree of entanglement and when it attempts aligns, it is hindered to align
completely by branching. Thus, resulting in an almost totally pseudoplastic behavior
until it eventually begins to degrade at extremely high shear rates.

Another measure of melt elasticity is G', the storage modulus or the in-phase
component discussed earlier. Comparing G' of both matenals, as shown in Figure 4.13,
leads to the same conclusion as with extrudate swell. The G' of Sinco B is larger than
Shell 9506 by a factor of 10 at low frequencies and begin to converge as frequency
increases. At low shear rates, there are more entanglements and chain interactions play a
more important role in melt strength (giving rise to higher storage modulus). Since the
Sinco B material 1s branched, it stands to reason that its melt elasticity would be larger
than the linear Shell 9506. As frequency increases, entanglements decrease and thus both
materials converge showing the decrease in entanglement importance. One will also
notice that the Shell 9506 G' has a relatively constant slope while the Sinco B slope
decreases with increasing frequency. This behavior is due to the branching that attempts
aligns itself at higher frequencies for the Sinco B. The Shell 9506 is a linear polymer that

doesn't experience transition from severe entanglements to aligned structures.
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Figure 4.13 G' and G" for Shell 9506 and Sinco B at 290 °C

4.5 Modeling

The first parameter that was determined was n, the power-law index using the average
slope of the fully developed non-Newtonian capillary data . Figures D-1 to D-3 show the
determination of n for Shell 9506 and Figure D-4 shows the data for Sinco B using
Equation 11. The values were averaged over the temperature ranges and resulted in n
being 0.29 for Shell 9506 and 0.49 for Sinco B. The data was then fitted using the six
models and the power-law index using a least-squares fit procedure.

All the models used fitted the complete (capillary and complex) viscosity data
well, but had a small problem describing the power-law region (Figures D-5 and D-6).
The Newtonian region was modeled almost perfectly but the shape of the power-law
region was modeled well but with some error (Figure 4.14). The error involved 1s small,
but appears to be large due to the log-log scale used. Tables C-13 and C-14 list the

coefficient of deterrmination (R?) for the models' fitting of both materials at 280 °C and
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290 °C. The Shell 9506 is modeled best by the Cross, even though the Sutterby,
Vinogradov, and Bueche-Harding models have higher R*. The last 3 models mentioned
model the Newtonian data extremely well but appear to only model the power-law region
shape and not the region. The Cross model models both regions very well and models the

pseudoplastic region better than the rest, at the expense of the Newtonian region.
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Figure 4.14 Cross Model of Shell 9506 at 280 °C

The data for Sinco B proved to be a more difficult because of the lack of a clear
Newtonian region, which some models tried to plot (Figures D-6a to D-6f). Most models
have been designed to include the power-law region, transition zone, and the Newtonian
region. Models such as the Eyring and the Carreau tried to fit the data and included a
transition zone and Newtonian region (Figures D-6b and D-6¢), causing a drop in the

quality of the fit, as shown by the R’ values in Table C-14. The Cross and the Sutterby
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were able to handle this change and model the Sinco B viscosity better then the Shell
9506 (Figures D-6d and D-6e). All the models experienced problems due to the
discontinuity of the data caused by having 2 different types of viscosity. Neglecting the
points with degradation error and the discontinuity, most of the models would have fitted
the pseudoplastic region very well. The Vinogradov model experienced some problems
involving the fourth parameter, a, which became negative for some of the data sets. Since
this parameter should be positive, the Vinogradov model did not fit this data accurately.
Similar results were obtained by Elbirli and Shaw in modeling LDPE and HDPE using
similar models and methods [29]. They found that the best two parameter model was the
Eyring, the Cross was the best three parameter model, and that the four parameter models

did not increase precision in fitting.



CHAPTER S

CONCLUSIONS

This study showed that materials with similar nominal IVs can rheologically differ
significantly, leading to property misinterpretation. The melt viscosity, determined by
capillary and dynamic rheometry, differ by an average of 61 % while the extrudate swell
differ by 110%. Using melt viscosity as a guide for melt elasticity would clearly lead to
miscalculations. Some other measure for melt strength should be included with nominal
IV for polymer users to be able to correctly gauge the polymer's ability to foam during
extrusion. As mentioned earlier, properties such as extrudate swell and storage modulus,
among others, provide a more accurate measure of melt elasticity.

Activation energy, a property not frequently used in polymer processing, was
used to measure and correlate the temperature dependence of viscous flow and melt
elasticity. The data from the Shell 9506 showed that temperature became more
significant as shear rate decreased into the range used in most applications. The
importance of temperature increases dramatically (by more than 300%) with decreasing
shear rate. Because of thermal degradation, temperature dependence is usually monitored
closely during polymer processing. Activation energy could be used as a representative

quantity to compare several materials and their response to temperature ranges within a

process.
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In modeling the melt viscosity data, the Cross model was found to fit the data the
best for both systems. The Bueche-Harding and Eyring models did fairly well
considering they were just two-parameter models. The Bueche-Harding modeled the
Shell 9506 data very well because it assumes a power-law index of 0.25 and the
parameter n of Shell 9506 was 0.29. The n for the Sinco B material was found to be 0.49
and thus was fitted poorly by the Bueche-Harding model (the Ferry model, which
assumes an n of 0.5, could be used if one were interested in fitting the Sinco B melt
viscosity only). Considering that the Vinogradov model was a four-parameter system, it
modeled the data poorly for a more complex system. The increase in parameters and
complexity by the Vinogradov model outweighs the little increase in data modeling
accuracy provided.

Further study should be made in this area to provide more detail and information
on the melt elasticity phenomenon of PET. In conjunction with this study, an analysis of
unmodified recycled PET and modified virgin PET could provide further melt strength
correlation. Foaming experiments, currently being investigated, should also provide
valuable information on the processing aspects of melt elasticity and rheological

properties that need to be quantified.



APPENDIX A

EXPERIMENTAL CAPILLARY DATA FOR SHELL 9506 PET

ID#= S19
Speed= 0.5 in/min
SRate= 134 ¢’
Temp= 290 °C

Extrudate Swell (mm)

Screen Actual Ratio %
Run 1 90.0 120 115 14.7%
Run 2 90.2 .20 115 149%
Run 3 93.0 1.2 118 18.5%
Run 4 93.6 1.2 119 192%
Average 91.7 122 1.17 16.8%

Force (ib)

Zone 1 245 4.8 10.6 3.6
Zone 2 a2 275 385 384
Zone 3 30.8 355 36.7 369
Zone 4 375 383 358 348
Zone 5 61.0 587 574 483
ID#= S11
Speed = 1 in/min
SRate= 268 g
Temp= 290 °C

Extrudate Swell {(mm)

Screen Actual Ratio %
Run | 98.3 1.31 .25 253%
Run 2 92.3 1.23 1.18  17.6%
Run 3 94.8 1.26 1.21 20.7%
Run 4 94.0 1.25 1.20 19.8%
Average 94.9 1.26 121 20.9%

Force (Ibg

Zone | 69.4 845 750 436
Zone 2 609 458 3561 432
Zone 3 50.4 521 60.0 41.8
Zone 4 56.6 482 569 463
Zone 5 5.6 478 569 525

Average

35.9

35

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

Zone 1
Zone 2
Zone 3
Zone 4
Zone 5

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

Viscosity (Pass}

190.6 373
1730 2140
238.1 246.2
261.8 268.0
474.6 456.7

82.4
269.6
255.5
248.5
446.6

28.0
268.8
257.1
240.8
3758

252.8

Shear Stress (kilodynes/cm*)

256.2
2332
319.9 3712
342.1 400.5
637.9 613.8

50.1
287.5

Viscosity (Pa-s)

270.0
236.4
196.1
220.2
200.7

3287
178.2
202.7
187.5
185.9

110.8
462.6
383.1
3743
600.2

291.8

218.2
2334

221.3

2213

37.6
4G1.5
385.8
3639
505.0

378.0

1774
168.0
162.6
180.1
204.2

201.1

Shear Stress (kilodvnes/cm?)

883.6
478.9
544.8
504.0
499.8

725.7
636.8
527.0
591.8
539.6

784.3
586.6
627.4
595.0
595.0

797.9
538.5
534.1
543.7
545.9
540.5

1768
451.7
437.1
484.1
549.0



ID#=
Speed =

S Rate =

Temp =

Run 1
Run2
Run 3
Run 4
Average

Zone |
Zone 2
Zone 3
Zone 4
Zone S

ID#=
Speed =
S Rate =

Temp =

Run |
Run 2
Run 3
Run 4
Average

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

St2
4
1072

290

in/min
S-I
°C

Extrudate Swell (mm)

Screen Actual

Ratio

101.0
101.8
101.3
1015

135 1.29
1.36 1
135 1
.35 L

1

%
28.7%
29.6%
29.0%
29.3%

101.4

130.9
126.7
142.2
150.9
1593

S13
10
2681

290

1.35

193.4
171.4 2372
185.8
188.6
210.7 276.5

in/min
S-l

°C

Extrudate Swell (mm)
Screen Actual

Ratio

104.0
104.3
105.0
103.4

1.33
1.33
1.34
1.32

1.39
1.39
1.40
1.38

29.2%

Average
175.2
198.3
196.5
191.2
192.4

191.3

%
32.5%
32.8%
33.8%
31.7%

104.2

296.6
306.5
3445
3393
3125

139 133

Force (Ibg
2754 223
331.2 281.6
369.8 2954
499.6 4027
334.1 283.3

32.7%

Average

306.5

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

Viscosity (Pass)

1273 188.1 2483 170.4
123.2 166.7 230.7 192.8
138.3 180.7 2594 191.1
146.7 1834 3825 1859
154.9 2049 2689 187.1

186.0

Shear Stress (kilodynes/cm?)

136.8 202.2 266.9 183.2
1324 1792 248.0 207.3
148.7 1942 2788 205.9
157.8 1972 411.2 199.9
166.5 220.3 289.1 201.2
200.0
Viscosity (Pass)
1154 107.1 867.6 344
119.2 1288 1095 186.7
134.0 143.8 114.9 104.8
132.0 1943 136.6 117.6
1215 1299 110.2 104.1

119.2

Shear Stress (kilodynes/cm?)

310.1 287.9 2331 i4.6
320.5 3463 2944 501
360.2 3867 308.9 281.7
3548 3224 4210 316.1

326.7 3493 296.2 2798

320.4



ID#=

Speed =
S Rate =
Temp =

Run |
Run 2
Run 3
Run 4
Average

Zone 1
Zone 2
Zone 3
Zone 4
Zone S

ID#=
Speed =
S Rate =

Temp =

Run 1
Run 2
Run 3
Run 4
Average

Zone 1
Zone 2
Zone 3
Zone 4
Zone 5

SI3

20 mm/min
5362 5!
290 °C

Extrudate Swell (mm)

Screen Actual Ratic %
110.,0 147 140 40.2%
1097 146 140 39.7%
109.3 146 139 39.3%
109.7 146 140 39.7%
109.7 146 140 39.7%
Force (Ibg Average
377.7 1.2 4146 395.0
386.6 1093 407.3 401.0
431.4 3827 431.1 431.7
475.1 3027 £19.2 527.0
4529 3875 410.1 4073
412.2
Si6
30  in/min
8043 s
290 °C
Extrudate Swell {(mm)
Screen Actual Ratio %
110.7 148 141 41.0%
113 148 142 41.9%
111.0 148 1.41 41.4%
111.3 1.48 1.42 41.9%
11,1 1.48 142 41.5%
Force (Ibg Average
437.7 0.6 4379 446.7
447.6 6.3 4454 4386
4592 4104 456.4 4527
4859 4698 4955 481.2
489.3 451.0 461.7 4555

451.3

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

Zone 1
Zone 2
Zone 3
Zone 4
Zone 5

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

37

Viscosity (Pass)

734 233 806 76.8
752 212 792 780
839 744 E3.8 839
924 785 101.0 104.2
88.1 735 797 792

80.2

Shear Stress (kilodynes/cm®)

3949 125 4335 413.0
404.2 1142 4359 4193
451.1 400.2 450.8 4514
496.8 4211 5429 560.5
473.6 4032 428.8 4259 .
431.9
Viscosity (Pars)
567 7.7 567 579
580 &1.7 577 567
59.5 552 5901 587
630 609 642 624
634 584 598 590

Shear Stress (kilodynes/cm?)

4577 6.2 4579 467.1
4680 638 4657 458.6
480.2 4291 477.2 4734
508.1 491.2 518.1 503.2
511.6 471.6 482.8 476.3

471.9



ID#=
Speed =
S Rate =

S17
40  in/min
10672 s

Temp= 290 °C

Extrudate Swell (mm)

Screen Actual Ratio %
Run | 111.7 149 142 423%
Run 2 1123 1.50 143 43.1%
Run 3 1125 1.50 143 43.3%
Run 4 IM1.S 149 142 42.1%
Average 1120 149 143 42.7%

Force (1bg) Average
Zone 1 4235 423.7 4189 4256
Zone2 428.6 440.3 436.1 4353
Zone3 4458 459.0 460.8 466.0
Zone 4 4743 490.5 485.3 4924
Zone 5 459.7 4557 4443 4594
466.1

ID#= S18
Speed= 50 in/min
S Rate = 13340 s
Temp= 290 °C

Extrudate Swell (mm)

Screen Actual Ratio %
Run I 1127 150 1.44 43.6%
Run 2 1120 149 143 42.7%
Run 3 1123 1.50 143 43.1%
Run 4 11,7 1.49 142 423%
Average 1122 1.50 143 42.9%

Force (Iby Average

Zone l 4956 4854 4233 470.1
Zone 2 495.6 4944 491.9 4804
Zone3 510.8 502.7 518.2 4883
Zoned4  529.8 529.2 340.8 510.1
Zone 5 35144 487.0 491.5 492.]

497.3

38

Viscosity (Pass)

Zone l 41.1 41.2 407 413
Zone2 416 428 424 423
Zone3 433 446 448 453
Zoned 461 477 472 478
Zone5 447 443 432 446

453

Shear Stress (kilodynes/cm?)

4428 493.0 4380 4450
448.2 5604 456.0 455.2
466.1 479.9 481.0 487.3
4959 5129 507.4 514.9
480.7 476.5 464.6 480.4

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

487.3

Viscosity (Pass)
38.5 377 330 36.5
38.5 384 382 373
39.7 391 403 379
41.2 41,1 420 397
40.0 379 382 382

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

386

Shear Stress (kilodynes/em?)

518.2 507.6 4447 491.6
518.2 517.0 5144 5023
534.1 525.6 541.9 5106
554.0 553.4 3055 5339
5379 5094 5139 514.6

Zone |
Zone 2
Zone 3
Zone 4
Zone 5




ID# =
Speed =

S Rate =

Temp =

Run |
Run 2
Run 3
Run 4
Average

Zone 1
Zone 2
Zone 3
Zone 4
Zone 5

ID#=
Speed =
S Rate =

Temp =

Run 1
Run 2
Run 3
Run 4
Average

Zone 1
Zone 2
Zone 3
Zone 4
Zone 5

529
0.5
134

280

in/min
-1
s

°C

Extrudate Swell (mm)

Screen Actual Ratio %
97.0 1.29 124 23.6%
97.2 1.30 1.24 23.8%
97.1 130 1.24 23.8%
973  1.30 1.24 23.9%
97.1 130 1.24 23.8%
Force (ib) Average
44.1 5.1 34 5.2
438 517 527 355
473 559 538 56.6
490 521 531 36.7
741 70,0 70.7 813
57.3
S27
i in/min
268 s
280 °C
Extrudate Swell (mm)
Screen Actual Ratio %
101.0 135 1.29 287%
101.8 136 1.30 29.6%
100.5 1.34 1.28 28.0%
100.7 1.34 128 28.3%
101.0 1.35 129 28.7%
Force (ibg Average
NA NA NA NA
NA NA NA NA
NA NA NA NA
NA NA NA NA
NA NA NA NA

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

Zone 1
Zone 2
Zone 3
Zone 4
Zone 5

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

Zone 1
Zone 2
Zone 3
Zone 4
Zone 5

343.1
390.8
3996
401.3
576.6

39.6
402.3
435.0
405.4
544.7

26.4
410.1
418.6
413.2
550.1

40.4
276.2
4404
441.2
632.6

451.2

Shear Stress (kilodvnes/cm?)

461.]
438.0
496.7
512.4
774.8

338.1
281.3
350.1
346.6
413.2

53.3
540.6
584.5
544.8
732.0

355
5511
562.6
555.2
739.3

54.0
371.2
591.8
592.9
350.1

599.1

Viscosity (Pass)

324.1
367.3
391.0
435.0
477.8

467.3
442.7
418.2
436.9
485.5

NA
NA
NA
NA
NA

415.2

Shear Stress (kilodvnes/cm?)

NA
NA
NA
NA
NA

NA  NA
NA  NA
NA  NA
NA  NA
NA  NA

NA
NA
NA
NA
NA

39



ID#= S26
Speed = 4 in/min
SRate= 1072 &'
Temp= 280 °C

Extrudate Swell (mm)

Screen Actual Ratic %
Run 1 1043 139  1.33 32.9%
Run 2 1043 139 133 32.9%
Run 3 1040 139 1.33 325%
Run 4 1040 1.39 133 32.5%
Average 1042 1.39 133 32.7%

Force (Ibg Average
Zonel 2673 2682 2632 246
Zone2 2340 2094 2470 2946
Zone3 2894 2542 2714 2799
Zoned 3248 307.8 3177 3414
Zone 5 319.3 260.2 2647 24756
258.5

ID#= S21
Speed= 10 in/min
S Rate = 2681 s
Temp= 280 °C

Extrudate Swell (mm)

Screen Actual Ratio %
Run | 106.5 142 136 357%
Run 2 106.7 142 136 359%
Run 3 1073 143  1.37 36.8%
Run 4 107.0 143 136 363%
Average 1069 143 136 36.2%

Force (Ib)

Zonel 1979 310.0 5157
Zone 2 227.0 317.2 307.8
Zone 3 251.0 3564 336.7
Zoned 2923 4823 5396
Zone5 2990 3775 30038

Zone 1
Zone 2
Zone 3
Zone 4
Zone 5

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

260.0
227.6
281.5
325.6
310.5

Viscosity (Pass)
260.8 256.0 239.2

203.6 240.2 2865
2472 2639 272.2
299.4 309.0 332.0
2531 2574 2408

2514

Shear Stress (kilodynes/cm?)

279.5
2447
302.6
350.1
3339

77.0
88.3
97.6
3.7
116.3

280.4
218.9
265.8
321.8
272.1

2752
258.2
283.8

3322

276.8

257.2
308.0
292.7
357.0
258.9

270.3

Viscosity (Pa-s)

120.6 1220 1265
1234 119.7 1198
138.6 131.0 134.7
187.6 1399 156.6
146.8 117.0 1249

141.5

Shear Stress (kilodynes/em?)

206.9
237.3
262.4
305.6
3126

324.1
3317
372.7
3043
394.7

340,10
322.0
362.1
421.0
335.8

328.0
321.8
352.1
376.0
314.5

3475

40



ID#=
Speed =
S Rate =

Temp =

Run |
Run 2
Run 3
Run 4
Average

Zone 1
Zone 2
Zone 3
Zone 4
Zone 5

ID#=
Speed =
S Rate =

Temp =

Run 1
Run 2
Run 3
Run 4
Average

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

S22

20 in/min
5362 s
280 °C

Extrudate Swell (mm)

Screen Actual Ratio %

113.8  1.52 145 44.9%

110.7 148 141 41.0%

109.5 146 1.40 39.5%

1123 1.50 143 43.0%

LS 149 142 42.1%

Force (1bg Average

425.1 363.0 509.6 557.7

4496 3336 530.6 543.0

541.8 366.5 548.0 560.1

5929 631.2 587.9 3596.5

696.0 677.6 623.1 553.5

560.8
S23
30  in/min

8043 s’

280 °C
Extrudate Swell (mm)

Screen Actual Ratio %

1145 1.53 146 459%

114.7 1.53 146 46.1%

1147 153 1.46 46.1%

1143 1.52 146 456%

1145 1.53 146 45.9%

Force (1bg Average

579.8 3943 5806 591.7

562.3 3864 573.6 581.8

578.1 600.7 592.2 5854

614.5 677.3 632.1 633.6

594.1 600.8 592.9 586.9

587.5

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

Zone 1
Zone 2
Zone 3
Zone 4
Zone 5

Zone 1
Zone 2
Zone 3
Zone 4
Zone 5

Zone |
Lone 2
Zone 3
Zone 4
Zone 5

82.7
87.4
106.4
115.3
135.4

Viscosity (Pass)

1065
1041
F10.1

|27

I51.8

99.1

103.2
104.6
114.3
121.2

104.8
105.6
105.9
116.0
107.6

105.2

Shear Stress (kilodynes/cm?®)

443.5
470.1
566.5
620.0
727.8

75.1
72.9
74.9
79.6
77.0

3887
760.0
3922
660.0
708.5

332.9
554.8
573.0
614.7
651.6

583.2
567.8
585.7
623.7
578.8

586.0
561.3
575.1
619.3
696.0

574.1

Viscosity (Pass)

77.1
76.0
75.9
87.8
77.9

753
74.3
76.8
81.9
76.8

76.7
75.4
75.9
84.7
76.1

Shear Stress (kilodynes/cm?)

606.3
588.0
604.5
642.6
621.2

621.6
613.2
623.1
708.2
628.2

607.1

618.71 606.7

599.8 608.4 | 607.1
619.2 612.1]611.9
661.0 683416623

620.0 613.7

620.8

608.6



ID#= S24
Speed = 40 in/min
S Rate = 10672 s’
Temp= 280 °C
Extrudate Swell (mm) Viscosity (Pass)
Screen Actual Ratic % Zonel 56.7 574 558 543
Run 1 1150 1.53 147 46.5% Zone2 56.5 57.1 546 557
Run 2 1153 1.54 147 46.8% Zone3 573 578 542 563
Run 3 1155 1.54 147 47.2% Zoned 615 61.5 581 582
Run 4 1157 1.54 1.47 47.4% Zone5 568 583 566 542
Average 1154 154 147 47.0% 56.7
Force (Ibg Average Shear Stress (kilodynes/em?)
Zone 1 583.9 390.7 574.0 561 Zonel 610.6 617.7 600.2 586.6! 609.5
Zone2 5814 587.6 S561.5 5727 Zone2 6079 6144 587.1 598.8) 6070
Zone3 5892 5949 557.7 5789 Zone3 6161 622.1 5832 605.3)]6145
Zoned4 6323 633.1 5974 598.9 Zone 4 661.2 662.0 624.7 626.2 | 643.5
Zone 5 581.2 600.0 5822 557.6 Zone5 6109 627.4 608.8 583.1|615.7
582.8 611.7
ID#= S25
Speed= 50 in/min
S Rate = 13340 s’
Temp= 280 °C
Extrudate Swell (mm) Viscosity (Pa-s)
Screen Actual Ratio % Zonel 445 443 1370 436
Run 1 1155 1.54 147 472% Zone2 445 444 4935 430
Run 2 1160 1.55 148 47.8% Zone3 459 457 437 44.1
Run 3 1155 1.54 147 47.2% Zoned 487 432 490 469
Run 4 1153 1.54 147 46.9% Zone5 456 43.2 446 437
Average 1156 154 147 47.3%
Force (Ibg) Average Shear Stress (kilodynes/cm?)
Zonel 572.0 570.0 486 561.2|5367.7 Zone 1 598.1 596.0 3082 586.8393.6
Zone2 573.0 5714 5340 552.61565.7 Zone2 5992 597.5 5584 577813915
Zone3 5904 571.5 5626 5669 ]367.0 Zone3 6174 597.6 5883 592.8} 599.0
Zoned 626.8 5976 6414 603.0(617.2 Zone 4 6554 6144 6707 63056322
Zone 5 5864 3564 574.0 562.81569.9 Zone 5 613.2 581.8 600.2 588.5)| 5959

567.6

595.0



ID#= S39

Speed= 0.5 in/min
SRate= 134 s’
Temp= 270 °C

Extrudate Swell (mm) Viscosity (Pass)

Screen Actual Ratio % Zone I NA NA NA NA NA
Run | NA NA NA NA Zone 2 NA NA NA NA NA
Run 2 NA NA NA NA Zone 3 NA NA NA NA NA
Run 3 NA NA NA NA Zoned NA NA NA NA NA
Run 4 NA NA NA NA Zone 5 NA NA NA NA NA
Average NA NA NA  NA NA

Force glb;) Average Shear Stress (kilodynes/cm?)
Zone 1 NA NA NA NA NA Zonel NA NA NA NA NA
Zone 2 NA NA NA NA NA Zone 2 NA NA NA NA NA
Zone 3 NA NA NA NA | NA Zone 3 NA NA NA NA NA
Zone 4 NA NA NA NA | NA Zoned NA NA NA NA NA
Zone NA NA NA NA NA Zone 5 NA NA NA NA NA
NA NA

ID#= S37
Speed = 1 in/min

SRate= 268 '
Temp= 270 °C

Extrudate Swell (mm) Viscosity (Pa<s)

Screen Actual Ratio % Zone 1 613.5 621.7 592.1 NA | 6091
Run 1 1047 140 1.33 33.4% Zone 2 588.6 599.5 589.4 NA |594.5
Run 2 105.7 141  1.35 34.6% Zone 3 610.8 6233 613.5 NA | 6184
Run 3 105.3 140 1.34 34.2% Zoned 643.5 681.3 6237 NA | 652.5
Run 4 1050 140 1.34 33.8% Zone 3 6513 671.5 6252 NA | 6484
Average 105.2 1.40 134 34.0% 621.8

Force (lb;) Average Shear Stress (kilodynes/cm?)

Zone 1 NA NA NA NA NA Zone | NA NA NA NA
Zone 2 NA NA NA NA NA Zone 2 NA NA NA NA
Zone 3 NA NA NA NA NA Zone3 NA NA NA NA
Zone 4 NA NA NA NA NA Zoned4 NA NA NA NA
Zone 5 NA NA NA NA NA Zone 5 NA NA NA NA

NA



ID#=
Speed =

S Rate =

Temp =

Run 1
Run 2
Run 3
Run 4
Average

Zone !
Zone 2
Zone 3
Zone 4
Zone S

ID#=
Speed =
S Rate =

Temp =

Run 1
Run 2
Run 3
Run 4
Average

Zone 1
Zone 2
Zone 3
Zone 4
Zone 5

S36

4 in/min
1072 s
270 °C

Extrudate Swell {(mm)
Screen Actual Ratio
107.3 143 1.37
107.0 143 1.36
106.7 142 136
107.0  1.43 136

%
36.8%
36.3%
35.9%
36.3%

107.0 143  1.36

Force (1b,)

305.1 327.6
298.8 3151
3284 3357
404.6

3654
323.2 3533

209.7
300.2
288.1
326.7
2779

S31

10  i/min
2681 s
270 °C

Extrudate Swell (mm)
Screen Actual Ratio
109.7 146 1.40
110.7 148 1.41
108.7 145 1.38
109.3 1.46 1.39

36.3%

Average
325.8
301.4
337.5
369.5
396.9

344.7

%
39.7%
41.0%
38.5%
39.3%

109.6 146 1.40

Force (Ibg
5062 2.8
492.0 485.9
5054 4848
3414 30353
5425 5028

440.8
497.8
533.1
593.2
629.3

39.6%

Average

440.2
474

478.9

518.5

512.2

507.2

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

Zone 1
Zone 2
Zone 3
Zone 4
Zone 5

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

Zone 1
Zone 2
Zone 3
Zone 4
Zone 5

Viscosity (Pass)
296.7 318.6 3169

290.6 306.5 293.1
3194 326.5 328.2
393.5 3334 3594
314.3 343.6 386.0

203.9
292.0
280.2
317.7
2703

335.2

Shear Stress {kilodvnes/cm?)

2192 319.0 3425 3407
3129 3124 3295 315.1
301.2 3434 351.0 3529
341.6 4231 3821 386.4
290.6 337.9 3694 415.0

360.4

Viscosity (Pass)
196.9 1084 1712
i91.4 189.0 1844
196.6 190.6 1864
2106 1966 2017
211.0 1956 199.2

190.9
193.1
207.4
230.8
2448

192.9

Shear Stress (kilodvnes/cm?)

513.2 5293 460.3
520.5 514.5 49356
557.4 5285 500.8
620.3 5661 424.2
658.0 5673 535.6

292
508.1
512.2
3286
525.7

526.7



ID#= S32
Speed= 20 in/min
S Rate= 5362 s
Temp= 270 °C

Extrudate Swell (mm)

Screen Actual Ratio %
Run | 1143 152 146 45.7%
Run 2 115.0 1.53 147 46.5%
Run 3 1145 1.53 146 45.9%
Run 4 114.0 1.52 145 452%
Average 1145 1.53 146 458%

Force (Ibg Average
Zone | 331 3239 1.9 2331
Zone2 637.3 6899 639.8 6550
Zone3 646.2 6882 632.7 6674
Zoned4 677.1 7406 6722 700.1
Zone 5 6873 7188 699.7 692.0
668.8

ID#= S33
Speed= 30 in/min
S Rate = 8043 s’
Temp= 270 °C

Extrudate Swell (mm)

Screen Actual Ratio %
Run 1 1165 1.55 148 484%
Run 2 1170 156 149 49.1%
Run 3 116.7 1.56 1.49 48.6%
Run 4 1167 1.56 1.49 48.6%
Average 1167 1.56 149 48.7%

Force (Ibd Average

Zonel 5341 103 6124 520
Zone2 686.5 60645 6754 703.1
Zone 3 689.3 639.0 670.8 6794
Zoned 731.2 677.4 7086 7153
Zone3 741.0 6714 700.8 673

679.6

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

Zone 1
Zone 2

Zone 3

Zone 4
Zone 5

Zone |
Zone 2
Zone 3
Zone 4

Zone 5

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

643.9
123.9
125.7
131.7
133.7

Viscosity {Pass)

6300 369
134.2 1244
135.8 1230
1440 130.7
F30.8 136.1

453

127.4
129.8
136.2
134.6

130.1

Shear Stress (kilodynes/cm?)

346.1
666.4
675.7
708.0
7187

69.2
84.0
89.4
94.0
96.1

3387 19.8
7214 669.0
719.6 661.6
7744 7029
731.6 731.7

243.7
684.9
697.9
732.1
723.6

688.7

Viscosity (Pa»s)

15375 794
86.1 875
854 870
87.8 91.9
87.0 90.8

67.4
91.1
88.1
92.7
87.2

B8.2

Shear Stress (kilodynes/cm?)

558.5
717.9
720.8
764.6
774.8

107.7

689.1 701.4

708.3 741.0

702.1 732.8

640.4
6948 706.2

593.7
735.2
710.4
748.0
703.7

710.6



46

ID#= S34

Speed= 40 in/min
SRate= 10672 s
Temp= 270 °C

Extrudate Swell (mm) Viscosity (Pass)
Screen Actual Ratio % Zonel 569 243 3064 447
Run | 1173 1.56 149 49.4% Zone2 1572 559 71.0 749
Run 2 118.0 1.57 1.50 50.3% Zone3 642 625 697 733
Run 3 1180 1.57 150 50.3% Zoned 755 755 723 787
Run 4 117.7  1.57  1.50 49.9% Zone S 743 715 747 784
Average 117.7 1.57 1.50 50.0% 74 .4
Force ( lb;) Average Shear Stress (kilodynes/cm?)
Zonel 5852 25 315 46 3.6 Zonel 611.9 261.0 329.4 48.1
Zone?2 588.9 5753 730.1 770.81666.3 Zone 2 6158 601.6 763.4 806.0
Zone3 660.7 643.4 716.8 754.1 | 693.8 Zone 3 6909 672.8 749.5 788.3
Zoned4 777.0 776.2 743.4 809.7 {776.6 Zone 4 8125 811.7 777.4 846.7
Zone S 7639 7352 7689 807 |768.8 Zone 5 798.8 768.8 804.0 8439
746.4 759.5

ID#= S35

Speed= 50 in/min
S Rate = 13340 s’
Temp= 270 °C

Extrudate Swell (mm) Viscosity (Pass)
Screen Actual Ratio % Zonel 124 11.8 147 249
Run 1 1187 1.58 1.51 51.2% Zone2 54.1 551 539 583
Run 2 119.0 159 1.52 51.6% Zonel 341 555 537 5438
Run 3 119.0 1.59 1.52 51.6% Zoned4 550 602 338 563
Run 4 1185 1.58 1.51 51.0% Zone5 3569 569 574 613
Average 1188 1.58 1.51 51.4% 54.9
Force (Ib,) Shear Stress (kilodynes/cm?)

Zone 1 1.6 151.9 19

Zone2 6954 708.6 693.7
Zone3 6963 714.3 690.7
Zoned 7074 7746 T17.6
Zone 5  732.1 7321 7385

Zonel 167 1588 198 334
Zone2 7672 771.0 7754 7835
Zone 3 768.1 7769 772.2 767.5
Zoned 7697 B10.0 7704 776.5
Zone 5 775.5 775.5 772.2 824.1

772.2




ID#=
Speed =
S Rate =

Temp =

Run |
Run 2
Run 3
Run 4
Average

Zone 1
Zone 2
Zone 3
Zone 4
Zone 5

ID#=
Speed =
S Rate =

Temp =

Run 1
Run 2
Run 3
Run 4
Average

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

APPENDIX B

EXPERIMENTAL CAPILLARY DATA FOR REXIS5/F PET

I8
0.5
134

290

in/min
S.t

°C

Extrudate Swell (mm)

Screen Actual Ratio Y%
1653 220 211 110.7%
1673 223 213 113.1%
1653 220 211 110.5%
1662 222 212 111.8%
166.0 221 212 111.5%
Force (Ib) Average
19.1 357 340 164
246 307 392 455
383 37.6 453 453
495 143 526 572
432 526 567 588
50.3
117
i in/min
268 s
290 °C
Extrudate Swell {(mm)
Screen Actual Ratio %
2157 288 275 174.8%
211.0 2.81 269 168.8%
2147 286 274 173.5%
2143 286 273 173.1%
2139 285 273 172.6%
Force (Ib) Average
464 862 856 -
61.3 945 769 -
845 875 935 -
945 97.7 959 -
98.0 972 996 -

92.0

47

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

Viscosity (Pass)

148.6
191.4
298.0
385.2

53361

277.8
238.9
292.5
344.7
4093

264.5
382.8
3525
409.3
4412

127.6
354.0
3525
445.1
457.5

374.6

Shear Stress (kilodynes/cm?)

199.7
257.2
400.5
517.6
451.7

3733
321.0
393.1
463.2
550.0

355.5
514.5
473.7
550.0
592.9

171.4
475.8
473.7
598.1
614.8

503.4

Viscosity (Pass)

188.3
2385
328.7
367.6
381.3

335.3
367.6
3404
380.1
378.1

333.0
299.2
363.8
373.1
387.5

357.6

Shear Stress (kilodynes/cm?)

306.1 901.4 895.1
641.0 988.2 304.1
883.6 915.0 977.7
988.2 1021 1002
1024 1016 1041

960.9



ID#=

Speed =
S Rate =
Temp =

Run 1
Run 2
Run 3
Run 4
Average

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

ID#=
Speed =
S Rate =

Temp =

Run 1
Run 2
Run 3
Run 4
Average

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

I
4
072

!
290

in/min

S~l

°C

Extrudate Swell (mm)

Screen Actual Ratio %
2293 306 292 1922%
2233 298 285 184.6%
2285 305 291 191.1%
2253  3.00 287 187.0%
2266 3.02 2.89 188.7%
Force (Ib) Average
2158 947 B85S 1974
202.6 237.4 227.8 2009
205.7 236.1 2333 203.2
2286 286.5 2615 2322
2186 2599 262.2 2284
229.9
112
10 in/min
2681 s
290 °C
Extrudate Swell (mm)
Screen Actual Ratio %
2243 299 286 1857%
2213 295 282 182.0%
223.0 297 284 184.1%
225.0 300 287 186.7%
2234 298 285 184.6%
Force (1bJ Average
147 142.8 113.6 199.5 | 132.0
342.0 376.8 3659 371.7 {3715
366.6 364.0 3433 3654 [ 3653
459.9 421.2 4034 4353.7 | 4449
393.8 431.9 3783 4389 4215

400.8

Zone 1
Zone 2
Zone 3
Zone 4
Zone 5

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

Zone 1
Zone 2
Zone 3
Zone 4
Zone 5

Zone 1
Zone 2
Zone 3
Zone 4
Zone S

709.9
197.0
200.0
2223
212.6

Viscosity (Pass)

92.1 86.0 192.0
2309 221.5 1954
229.6 2269 197.6
278.6 2543 2258
252.8 255.0 222.1

223.6

Shear Stress (kilodynes/cm?)

225.6
211.8
215.1
239.0
228.5

1.9

990.3
248.2
246.8
299.6
271.7

9254
238.2
243.9
2734
274.1

206.4
210.0
212.4
2428
238.8

240.4

Viscosity {Pass)

55.5

146.6
141.6
163.8
168.0

442

142.3
133.6
136.9
147.2

77.6

144.6
142.1
176.5
170.7

148.8

Shear Stress (kilodynes/cm?)

153.7
357.6
3833
480.9
411.8

142.8
376.8
364.0
421.2
431.9

118.7
382.6
359.2
421.8
395.8

208.6
388.7
382.1
474.4
458.9

409.7



ID#=
Speed =
S Rate =

Temp =

Run 1
Run 2

Run 3
Run 4
Average

Zone 1
Zone 2
Zone 3
Zone 4
Zone 3

ID#=
Speed =
S Rate =

Temp =

Run |
Run 2

Run 3
Run 4
Average

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

13
20
5362
290

in/min
S~1

°C

Extrudate Swell (mm)

Screen Actual Ratio %

208.3 278 265 1654%

206.5 275 263 163.1%

221.0 295 282 181.6%

2133 284 272 171.8%

2123 283 270 170.5%

Force (1bd Average

1548 178.1 263 377

366.0 536.6 5024 5085

377.8  556.1 487.5 5140

617.7 5105 542.6 636.7

5799 6354 582.8 448.1

548.3
114
30 in/min
8043 s
290 °C
Extrudate Swell (mm)

Screen Actual Ratio %

217.5 290 277 177.1%

207.5 277 264 164.4%

211.5  2.82  2.69 169.5%

2115 282 2,69 169.5%

2120 283 270 170.1%

Force (1bg Average

122 934 4599 277

5414 697.0 6955 5584

6649 689.0 759.2 3623

707.8 761.5 7429 6011

3038 6589 7317 5699

679.6

49

Viscosity (Pass)
30.1 346 3o
110.1 104.3 97~
1124 108.1 94.8

1201 993 1055
112.8 1275 1133

972"
100.9
99.6

101.8
114.8

Zone |
Zone 2
Zone 3

Zone 4
Zone 5

106.2

Shear Stress (kilodynes/cm®)

161.8 186.2 275.0 394.2
591.8 s561.1 5253 531.7
604.2 581.5 509.7 5375
6459 533.8 567.4 665.8
6064 6853 609.4 468.5

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

576.6

Viscosity (Pa»s)
158.2 12.1 596
70.2 90.3 90.2
86.2 89.3 98.4

92.0 987 963
65.6 854 943

359.2
72.4
72.9
77.9
73.9

Zone |
Zone 2
Zone 3

Zone 4
Zone 5

88.1

Shear Stress (kilodynes/em?)

1275 976.7 480.9 289.6
566.1 728.8 727.3 5839
695.3 720.5 793.9 388.0
7422 796.3 776.8 628.5
3289 689.0 765.1 5959

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

710.8



ID # = 115

Speed = 40 in/min
S Rate = 10672 s
Temp= 290 °C

Extrudate Swell (mm) Viscosity (Pa«s)
Screen Actual Ratio % Zone 1 331 3346 327 11.0
Run 1 226.0 3.0t 288 187.9% Zone2 629 627 723 350.2
Run 2 2145 286 273 173.3% Zone3 589 61.9 664 502
Run 3 208.5 278 266 165.7% Zoned 739 T1.7 769 0660
Run 4 2160 2.88 275 175.2% Zone5 657 688 67.1 028
Average 2163 288 276 175.5% 67.4
Force {lb) Shear Stress (kilodynes/cm®)

Zone 1 3408 344 3362
Zone2 6467 644.6 7441
Zone3 606.2 636.5 6829
Zoned4  760.7 737.1 7915
Zone 3 676.0 7079 690.7

Zone 1 3563 359.7 3515 118.3
Zone 2 676.2 674.0 778.1 604.3
Zone 3 633.9 665.6 714.1 6043
Zoned4 7654 770.8 B27.7 7096
Zone 5 7069 740.2 7222 6733

714.3

ID#= 116

Speed = 50 in/min
S Rate= 13340 s
Temp= 290 °C

Extrudate Swell (mm) Viscosity (Pa®s)

Screen Actual Ratio Y% Zone ! 147 104 293 13.0
Run 1 225.0 3.00 287 186.7% Zone2 482 489 48B3 436
Run 2 2220 296 2.83 1829% Zone3 46.0 47.5 476 483
Run 3 2267 3.02 289 188.8% Zoned4 51.1 514 3580 512
Run 4 2225 297 283 183.5% Zone 5 48.2 313 482 488
Average 2240 299 285 1855% 48.9

Force (ibg) Average Shear Stress (kilodynes/cm?)

Zone | 189.7 1340 3774 168.0
Zone2  582.1 589.9 5826 3609

Zone3 5913 611.0 5868 5825
Zoned  657.1 6614 7465 6585
Zone 5  620.6 6399 6206 6274

Zone 1 1983 140.1 3996 175.6[171.3
Zone 2 608.7 616.8 604.2 386.51609.9
Zone 3 618.3 6389 613.6 609.11620.0
Zone 4 687.1 691.6 780.6 688.6|689.1
Zone 5 648.9 690.0 648.9 656.01651.3
614.9 642.6




ID#=
Speed =
S Rate =

Temp =

Run |
Run 2
Run 3
Run 4
Average

Zone |
Zone 2
Zone 3
Zone 4
Zone S

ID#=
Speed =
S Rate =

Temp =

Run |
Run 2
Run 3
Run 4
Average

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

in‘min

!

°C

Extrudate Swell (mm)

Screen Actual Ratio %

208.6 278  2.66 165.7%
2493 332 318 217.7%
2174 290 277 177.0%

213,17 2.84 272 171.6%

2221 296  2.83 183.0%

Force (1b) Average

75.1 77.5 644 16.3

86.0 745 628 475

80.8 82.0 65.] 65.0

829 805 735 795

97.00 964 848 979

75.2
124
1 in/min
268 s
280 °C
Extrudate Swell (mm)

Screen Actual Ratio %

230.0 3.07 293 193.0%
227.0 3.03 2.89 189.2%

221.0 295 282 181.6%
225.0 3.00 287 186.7%
225.8 3.01 2.88 187.6%

Force (Ibg Average

177.4 483 1622 1604

151.8 109.1 166.5 1344

151.5 1010 151.8 1302

164.5 1224 1668 134.1

170.5 130.7 1662 136.6

153.9

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

Viscosity (Pa+s)
584.4 603.0 551.1
009.2 579.7 488.7
628.7 638.1 546.5
645.1 0264 571.9
7348 750.1 659.9

126.8
369.6
5458
618.6
761.8

594.6

Shear Stress (kilodynes/cm?)

785.3 810.4 673.4 1704
899.3 779.0 656.7 496.7
8449 857.5 680.7 679.7
866.9 841.8 768.6 831.3
101.4 100.8 886.7 1023

786.8

Viscosity (Pass)
690.2 187.9 631.1

590.6 426.8 647.8
589.4 3929 590.6
630.0 476.2 639.0
633.4 5085 636.6

629.1
522.9
506.5
521.7
531.5

593.6

Shear Stress (kilodynes/cm?)

1853 505.0 169.6 167.7
158.7 1147 174.1 1405
158.4 1056 1587 136.1
172.0 128 174 140.2
178 137 174 1428

w4

160.9



ID#=
Speed =
S Rate =

Temp =

Run |
Run 2
Run 3
Run 4
Average

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

ID#=
Speed =
S Rate =

Temp =

Run !
Run 2
Run 3
Run 4
Average

Zone 1
Zone 2
Zone 3
Zone 4
Zone S

121
4
072

I
280

in/min
-1
3

°C

Extrudate Swell (mm)

Screen Actual Ratio %
2452 327 312 212.4%
236,66 3.15  3.01 201.5%
2425 323 3.09 209.0%
241.0 321 307 207.1%
2413 322 3.07 207.5%
Force (Ibg Average
S5 2229 2515 2177
270.5 2993 2704 2909
319.1  308.5 303.1 259.1
3214 3366 3509 3139
298.2 331.7 3243 3057
3183
[22
10 i/min
2681 s
280 °C
Extrudate Swell (mm)
Screen Actual Ratio %
226.0 3.01 288 187.9%
2220 296 2.83 182.9%
2225 297 283 183.5%
2273 3.03 290 189.6%
2245 299 286 186.0%
Force (I1bg Average
301.6 932 367.1 320.5 | 3297
4170 4252 451.0 604.0 | 431.1
6150 4208 3624 5202 |5659
520.2 488.5 6184 6497 |596.1
570.2 4196 6349 661.1 6221

39

B

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

Viscosity (Pas)

569 216.8
263.1 291.1
310.3 300.0
313.6 3274

290.0 3226

244.6

294.8
3413
3154

207
282.9
252.0
305.2
297.2

263.0

309.6

Shear Stress {kilodynes/cm®)

611.7 2350
2828 3129
333.6 322.6
336.1 3319
311.8 346.8

282.7
316.9
366.9
339.1

263.0 227.6
304.2
270.9
328.2

319.6

3328

Viscosity (Pa®s)

117.3
162.2
239.2
202.4
221.8

36.2

165.4
163.7
190.0
163.2

143.6
174.4
218.8
240.6
247.0

124.7
235.0
202.4
252.742
257.2

Shear Stress (kilodynes/cm?)

3153 974.6
436.0 444.6
643.1 440.0
543.9 510.8
596.2 438.7

385.9 335.1
471.6 631.6
588.1 543.9
646.6 679.4
6639 691.3

621.8



ID#=

Speed =
S Rate =
Temp =

Run |
Run 2

Run 3
Run 4
Average

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

ID#=

Speed =
S Rate =
Temp =

Run |
Run 2
Run 3
Run 4
Average

Zone 1

Zone 2
Zone 3
Zone 4
Zone 5

123
20
3362
280

in'min

5!

°C

Extrudate Swell (mm)

Screen Actual Ratio %
2180 291 278 177.8%
2163 288 276 175.6%
2165 289 276 175.8%
215.0 287 274 173.9%
216.5 289 276 173.8%
Force (1b) Average
100.9 38l.1 278.6 3048
640.7  790.2 736.8 6474
741.8 6909 628.8 621.5
766.0 799.6 752.2 6859
797.6 7909 744.6 6341
731.2
132
0.5 in/min
134 s-1
270 ¢
Extrudate Swell (mm)
Screen Actual Ratio Yo
2458 3.28  3.13 213.1%
2483 331 316 216.4%
251.5  3.35 320 2204%
2440 325 311 210.5%
2474 330 3.5 2152%
Force (1bg Average
103.9 362 860 47.1
87.4 123 964 925
923 126.1 1022 96.0
96.8 i1t4 1062 1065
121,53 1523 1251 1268

106.5

Zone |
Zone 2
Zone 3

Zone 4
Zone 5

Zone |
Zone 2
Zone 3
Zone 4
Zone §

Zone |
Zone 2
Zone 3
Zone 4

Zone 5

Zone |

Zone 2
Zone 3
Zone 4
Zone 5

Viscosity (Paes)

196 741 M2 592
124.6 1537 1455 1259
1443 1344 1223 1209
1490 155.5 1463 133.4
[S5.1 1538 1448 127.2

Shear Stress (kilodvnes/cm?)

1055 3985 291.3 3187
670.0 826.3 770.5 677.0
775.7 722.5 657.5 6499
801.0 836.1 786.6 7172
834.0 827.0 778.6 684.0

764.6

Viscosity (Pa»s)
437.3 6692
718.2 750.1
981.2 7953
866.8 826.4

1011.8 973.5

808.5
680.1
718.2
753.2

§43.9

366.5
719.8
747.0
828.7

986.7

491.0
T17.1
753.5
840.6

979.0
8225

Shear Stress (kilodynes/cm2)

108.6 587.7 8493 992.5

9139 9652 100.8 967.3
965.2 131.8 106.8 100.3
1012 1le4 1110 1113
126.8 159.2 130.8 1326

809.8

948.8
113.0
110.0
130.1

7.7



ID#=
Speed =
S Rate =

Temp =

Run 1
Run 2
Run 3
Run 4
Average

Zone |
Zone 2
Zone 3
Zone 4
Zone 5

151

] in/min
268 s
270 °C

Extrudate Swell (mm}
Screen Actual Ratio
2550 3.40 3.25
2547 340 3.24
2665 3.55 340
2655 3.54 3.38

%
224.9%
224.5%
239.6%
238.3%

2604 347 332

Force (Ib)

176 1199 1426
2329 1877 1493
260.3 177.0 147.1
259.7 217.0 185.1
196.2 2236 186.5

231.8%

124.4
163.8
181.7
218.3
200.7

Average

184.2

Viscosity (Pass)
Zone 1l 4575 466.5 554.8 484.0
Zone 2 9061 730.3 580.9 637.3
Zone 3 1010.1 688.6 3572.3 706.9
Zone 4 1010.1 8443 720.2 849.3
Zone 5 763.3 870.0 725.6 780.9
716.7

Shear Stress (kilodvnes/cm?)

Zonel 1229 1253 149.1 1300
Zone2 2435 1962 156.1 171.2
Zone 3 2722 1850 153.8 190.0
Zoned4 2715 227 194 228.2
Zone 5 205 234 195 2098

192.6

54



APPENDIX C

CORRECTED DATA AND CALCULATION RESULTS

Table C - 1 Rabinowitsch Correction (R..) for Shell 9506 at 290 °C

Iny (s Ino(kdsc) n,(Pass) diny,/dinc R, 71,(s) n(Pas)
4.90 5.9 252.8 . - 1340 2528
5.59 6.3 201.1 - - 2680  201.1
6.98 5.3 186.0 1.48 11212002 166.7
7.89 5.8 119.2 1.98 1.25 33402 959
8.59 6.1 80.2 2.68 1.42 76074  56.8
8.99 6.2 60.6 3.36 1.59 12788.8 369
9.28 6.2 45.3 4.09 1.77 18919.2 258
9.50 6.3 38.6 4.94 1.98 264759 197

?

Table C - 2 Rabinowitsch Correction (R¢) for Shell 9506 at 280 °C

Iny,(s)) Ino(kdsc) n,(Pass) diny,/dinc R, 1.(s") n(Pass)
4.90 6.4 451.2 - - 134.0 451.2
5.59 NA 415.2 - - 268.0 415.2
6.98 5.6 251.4 1.52 .13 12103 2234
7.89 5.9 141.5 1.94 1.24 3312.1 104.9
8.59 6.4 105.2 2.47 1.37 7326.0 78.4
8.99 6.4 75.6 2.93 1.48 11917.2 511
9.28 6.4 56.7 3.37 1.59 169858 36.0
9.50 6.4 44.3 3.82 1.70 227421 26.2

Table C - 3 Rabinowitsch Correction (R.) for Shell 9506 at 270 °C

In7,(s") Ino(kdsc) n,(Pass) dinf,/dine R, 1.{(s) n(Pas)
4.90 NA NA - - 134.0 NA
5.59 NA 621.8 - - 268.0 621.8
6.98 5.9 335.2 1.64 1.16 12426  290.0
7.89 6.3 192.9 2.16 1.29 3460.0 152.2
8.59 6.5 130.1 2.86 1.46 78494 87.7
8.99 6.6 88.2 3.51 1.63 130998 54.2
9.28 6.6 74.4 4.19 1.80 19181.7 39.6
9.50 6.6 54.9 4.94 1.98 264709 29.2

Table C - 4 R Curve Equations for Shell

T=290°C
y=-0.0974x2 + 1.9828x - 3.7959

T=280°C
y=-0.0798x2 + 1.6707x - 2.2145

T=270°C
v=-0.0865x2 + 1.7313x - 1.9846

55



Table C - 5 Corrected Data for Shell PET 9506

T(°C) v.(s) o(kdsc) n(Pass) Ratio E.S %| (°C) radss Pa Pa  Pass geem
290 134 .378.0 2528 1.17 168% |Temp Freq G G" n* Torque
290 268 540.5 201.1 121 209% | 290  0.100 1.047 96.99 970.0 3.017
290 1200 200.0 166.7 1.29 292% | 290 0.2154 2294 198.6 922.0 6.177
290 3340 320.4 95.9 1.33 32.7% | 290 04642 5493 4221 9094 13.12
290 7607  431.9 56.8 1.40 39.7% | 290 1.00  18.08 900.2 9004 27.99
290 12789 4719 369 1.42 41.5% | 290 2.154 6229 1918 890.7 59.66
290 18919 4873 258 1.43 42.7% | 290 4.642 21.89 4058 875.7 1263
290 26476  522.6 19.7 143 429% 1 290 10.00 7290 8443 8475 2633
280 134 599.1 451.2  1.24 238% | 290 21.54 2196 16730 7833 5233
280 268 NA 4152 129 28.7% 290 464 571.5 29380 649.1 924.0
280 1210 270.3 2234 133 32.7% 290 160.0 1784 35530 3976 1155
280 3312 347.5 1049 136 36.2% | 280 0.100 4.555 170.0 1701 4.224
280 7326 574.1 78.4 142 42.1% | 280 0.2154 5.010 322.2 1496 8.005
280 11917  608.6 51.1 146 459% | 280 04642 1561 666.0 1435 16.54
280 16986 611.7 36.0 1.47 47.0% | 280 1.00 44.00 1397 1397 34.70
280 22742 5950 26.2 1.47 473% | 280 2.154 138.2 2938 1365 73.05
270 134 NA NA NA NA 280 4.642 4482 6119 1322 1524
270 268 NA 621.8 134 34.0% | 280 10.00 1395 12460 1254 311.3
270 1243 360.4 290.0 136 36.3% | 280 21.54 3990 24160 1137 606.2
270 3460 526.7 1522 140 39.6% | 280 46.410 10140 42510 941.7 1070
270 7849 688.7 87.7 1.46 458% | 280 100.00 20190 59510 628.4 1466
270 13100 710.6 54.2 149 48.7%

270 19182  759.5 39.6 1.50 50.0%
270 26471 7722 29.2 1.51 51.4%
Table C - 6 Corrected Data for Sinco B PET

T(°C) y.(s") o(kdsc) n(Pass) Ratio ES.% ]| (°C) rad/s Pa Pa Pass gecm
290 i34 5034 3746 2.12 112% |Temp Freq G  G" n* Torque
290 268 960.9 357.6 273 173% | 290 0.100 19.74 3214 3220 8.013
290 1247 240.4 192.8 2.89 189% | 290 0.2154 62.22 563.3 2631 14.1
290 3249 4097 126.1 2.85 185% | 290 0.4642 1984 1066 2336 26.97
290 6738 576.6 856 270 170% | 290 100 536.0 1954 2026 50.40
290 10353 7108 68.7 2.70 170% | 290  2.154 1232 3433 1693 90.71
290 13988 7143 51.1 276 176% | 290 4.642 2513 5767 1355 1563
290 17754 6426 36.2 285 185% | 290 10.00 4670 9261 1037 2574
280 134 786.8 594.6 283 183% | 290 21.54 7927 14060 749.3 399.3
280 310.2 160.9 518.6 2.88 188% | 290 46.410 12620 20390 516.7 5857
280 1298 332.8 2564 3.07 207% | 290 100.00 18390 27130 327.7 7614
280 3364 621.8 184.9 286 186% | 280 0.100 51.71 4439 4469 B8.329
280 6937 764.6 110.2 276 176% | 280 0.2154 160.9 B849.7 4014 16.12
270 134 117.7 822.5 3.15 215% | 280 0.4642 4523 1579 3540 30.61
270 268 192.6 716.7 332 232% | 280 1.00 1054 2748 2943 54.81

280 2,154 2159 4606 2361 947
280  4.642 4048 7462 1829 1379
280  10.00 7129 11740 1374 255
280  21.54 11920 17940 9996 398.3
280 46.410 19080 26660 7064 598.2
280  100.00 28950 37620 4747 823.5
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Table C - 7 Rabinowitsch Correction (R.) for Sinco B at 290 °C

n? (s) Ino(kdse) m.(Pass) dlny./dlnc R, 7v.(s) n(Pass)
4.90 6.2 374.6 . - 1340 374.6
5.59 6.9 357.6 - - 2680 357.6
6.98 55 223.6 1.65 116 12471 1928
7.89 6.0 148.8 1.85 1.21 32487  126.1
8.59 6.4 106.2 2.03 1.26 6738.0  85.6
8.99 6.6 88.1 2.15 1.29 10352.6  68.7
9.28 6.6 67.4 2.24 .31 13988.2 S1.1
9.50 6.5 48.9 2.32 1.33 17753.6  36.2

Table C - 8 Rabinowitsch Correction (R¢) for Sinco B at 280 °C

Iny. (s") Ino(kdsc) n,(Pass) diny,/dinc R, {.(s)) n(Pass)
4.90 6.7 594.6 - - 1340 5946
5.59 5.1 593.6 1.63 1.16 3102 5186
6.98 5.8 309.6 1.84 1.21 1298.0 256.4
7.89 6.4 231.3 2.02 1.25 3363.8 184.9
8.59 6.6 142.2 2.18 1.29 6937.4 110.2

Table C - 9 R, Curve Equations for Sinco B

T=290C
y =-0.0346x2 + 1.0877x - 0.4193

T=280C
y =-0.0257x2 + 0.9011x + 0.831

Shell PET 9506

70 - #alian B PET
65 1
60 1
55 1
50 : ( v :

85 75 8.5 a5 5 8 7 28 9

In{;) {(kdynesicmn?) in{g) (kdynesicm?)

Figure C - 1 Rabinowitsch Correction Curves for Shell 9506 and Sinco B
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Figure C - 2 Corrected Shear Rate vs. Shear Stress for Shell 9506 PET
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Figure C - 3 Corrected Shear Rate vs. Shear Stress for Sinco B PET
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Figure C - 4 Swell ratio and Swell % vs. Shear Rate for Shell 9506
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Table C - 10 Activation Energy Dependence on Shear Rate for Shell 9506

a) Viscosity

Averagey, E;/R,

Ei(kllmol)

12601

134.0 =~ 7831.2
268.0 7481.3
1217.7 2976.9
3370.8 2421.6
7594.3 2196.9
9 20113
18362.3 2092.6
25229.7 1818.9

65.1
62.2
24.7
20.1
18.3
16.7
17.4
15.1

Temperature = 280 °C

b) Die Swell
Averagey, E:/R,  E;{kJ/mol)
134.0 781.4 6.5
268.0 682.5 5.7
1217.7 358.4 3.0
3370.8 3374 2.8
7594.3 284.2 2.4
12601.9 327.4 2.7
18362.3 330.8 2.8
25229.7 380.8 3.2

Table C - 11 Complex Viscosity Data for Shell 9506

Temperature = 290 °C

rad/s
Freq
0.100
0.2154
0.4642
1.00
2.154
4.642
10.00
21.54
46.410
100.00

Pa
¢

4.555 170.0 1701 4.224
5.010 3222 1496 8.005
15.61 666.0 1435  16.54
1397 1397  34.70
138.2 2938 1365 73.05
448.2 6119 1322 1524
1395 12460 1254  311.3
3990 24160 1137 606.2
10140 42510 942 1070
20190 59310 628 1466

44.00

Pa Pass  gecm
G" n*  Torgue

rad/s
Freg
0.100
0.2154
0.4642
1.00
2.154
4.642
10.00
21.54
46.410
100.00

Pa
(&3
1.047
2.294
5.493
18.08
62.29
21.89
72.90
219.6
571.5
178.4

Pa
G
96.99
198.6
422.1
900.2
1918
4058
8443
16730
29580
35530

Pass
n*
970.0
922.0
909
900
891
876
848
783
649
398

geem
Torgue
3.017
6.177
13.12
27.99
59.66
126.3
263.3
5233
924.0
1155




Table C - 12 Complex Viscosity Data for Sinco B

Temperature = 280 °C

rad/s
Freq
0.100
0.2154
0.4642
1.00
2.154
4.642
10.00
21.54
46.410
100.00

Temperature = 290 °C

Pa Pa Pass  gecm rad/s Pa Pa Pass  gecm
g a" n*  Torque Freq G a” n* Torque
5171 4439 4469  8.329 0.100 1974 3214 3220 8.013
160.9 8497 4014 16.12 0.2154 6222 5633 2631 14.1
452.3 1579 3540  30.61 0.4642 1984 1066 2336  26.97
1054 2748 2943 5481 .00 536.0 1954 2026 50.40
2159 4606 2361 94.7 2.154 1232 3433 1693  90.71
4048 7462 1829 1579 4.642 2513 5767 1355 1563
7129 11740 1374 255 10.00 4670 9261 1037 2574
11920 17940 999.6 3983 21.54 7927 14060 749 3993
19080 26660 706.4 598.2 46.410 12620 20390 517  585.7
28950 37620 4747 8235 100.00 18390 27130 328 7614
Table C - 13 R’ Values for Shell 9506 Viscosity Fitting
B.H, Eyring Carreau Cross Sutterby Vino.
280 °C 0.9939 0.9886 0.9878 0.9940 0.9915 0.9941
290 °C 0.9902 0.9936 0.9944 0.9894 0.9938 0.9924
Average 0.9921 0.9911 0.9911 0.9917 0.9927 0.9933
Table C - 14 R? Values for Sinco B Viscosity Fitting
B.H, Eyring Carreau Cross Sutterby Vino.
280 °C 0.9902 0.9747 0.9881 0.9985 0.9978 0.9894
290 °C 0.9884 0.9721 0.9831 0.9974 0.9940 0.9923
Average 0.9893 0.9734 0.9856 0.9980 0.9959 0.9909
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APPENDIX D

MODELING RESULTS
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Figure D - 1 Determination of n for Shell 9506 at 270 °C
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Figure D - 2 Determination of n for Shell 9506 at 280 °C

55
501
S 453
£ 403 y=-06942¢+10.132
351 R?=0.9892
3.0 i ——— — S . gy ———
65 75 8.5 9.5 105

Ins,

Figure D - 3 Determination of n for Shell 9506 at 290 °C
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Figure D - 4 Determination of n for Sinco B
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Figure D - 5 Modeling of Shell 9506 at 290 °C
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APPENDIX E

MATLAB MODELING FUNCTIONS AND COMPUTER CODE

Viscosity Modeling Code (visfit.m function):
globaln fxy

% Experimental Data

Shell290x = [0.100 0.2154 0.4642 1.00 2.154 4.642 10.00 21.54 46.4 100.0 134 268
1200 3340 7607 12788 18919 26475];

Shell290y = [970.0 922.0 909.4 900.4 890.7 875.7 847.5 783.3 649.1 397.6 253 201 167
96 57 37 26 20];

Sinco290x =[0.100 0.2154 0.4642 1.00 2.154 4.642 10.00 21.54 46.410 100.00 134 268
1247 3249 6738 10353 13988 17754];

Sinco290y =[3220 2631 2336 2026 1693 1355 1037 749.3 516.7 327.7 375 358 193 126
86 69 51 36]; .
Shell280x = [0.100 0.2154 0.4642 1.00 2.154 4.642 10.00 21.54 46.4 100.0 134 268
1210 3312 7326 11917 16986 22742];

Shell280y = [1701 1496 1435 1397 1365 1322 1254 1137 941.7 628.4 451 415 223 105
78 51 36 26];

Sinco280x =[0.100 0.2154 0.4642 1.00 2.154 4.642 10.00 21.54 46.410 100.00 134 310
1298 3364 69371;

Sinco280y = [4469 4014 3540 2943 2361 1829 1374 999.6 706.4 474.7 595 519 256 185
110};

% Initial Variables

n= 0.29; % Shell 9506 at 290 C Power-Law Index

d=1; % 1=Shell 290 C, 2=Shell 280 C, 3=Sinco 290 C, 4=Sinco 280 C

f=1; % 1=Bueche-Harding, 2=Eyring, 3=Carreau, 4=Cross, 5=Sutterby,
6=Vinogradov

% Initialize Data Set

ifd=1

x = Shell290x; % Shear Rate Data

y = Shell290y; % Viscosity Data

P ='Shell PET 9506,

T="290C,

elseifd==2
x = Shell280x; % Shear Rate Data
y = Shell280y; % Viscosity Data

P ='Shell PET 9506';
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T="280C"

else 1f d ==
x = Sinco290x; % Shear Rate Data
y = Sinco290y; % Viscosity Data
P ='Sinco B PET";
T ="290C";
else
X = Sinco280x; % Shear Rate Data
y = Sinco280y; % Viscosity Data
P ="Sinco B PET";
T="280C"
end
end
end

% Least-Square Solution
lam ={.0001 y(1) 0.5 1];
lambda = fmins('fit',]lam);

¢ = lambda(1); % Characteristic Time Constant

Vo = lambda(2); % Zero Shear Rate Viscosity
%n = lambda(3); % Power Law Index (not used)
a = lambda(4);

% Determine fitted line and R’
iff==1 % Bueche-Harding
m = 'Bueche-Harding';
X = logspace(-1,5);
Y = Vo./(1+(c.*X).”~0.75);

% Coefficient of Determination
y2 = Vo./(1+(c.*x).”0.75);
resid = y-y2;
SSE = sum(resid.”2);
SSyy = sum((y-mean(y))."2);
R2 = sqrt(1-SSE/SSyy)

end

iff==2 % Eyring
m = 'Eyring’;
X = logspace(-1,5);
Y = Vo.*asinh(c.*X)./(c.*X);

% Coefficient of Determination
y2 = Vo.*asinh(c.*x)./(c.*x);
resid = y-y2;



SSE = sum(resid.*2);
SSyy = sum((y-mean(y))."2);
R2 =sqrt(1-SSE/SSyy)

end

iff==3 % Carreau
m = 'Carreau’;
X = logspace(-1,5);
Y = Vo *(1+(c.*X).72).N(n-1)/2);

% Coefficient of Determination
y2 = Vo *(1+(c.*x)."2).N(n-1)/2);
resid = y-y2,;
SSE = sum(resid.”2);
SSyy = sum((y-mean(y)).”2);
R2 = sqrt(1-SSE/SSyy)

end

iff=4 % Cross
m = 'Cross’;
X = logspace(-1,5);
Y = Vo./(1+(c.*X).~(1-n));

% Coefficient of Determination
y2 = Vo./(1+(c.*x).N(1-n));
resid = y-y2;
SSE = sum(resid."2);
SSyy = sum((y-mean(y))."2);
R2 = sqrt(1-SSE/SSyy)

end

iff=>35 % Sutterby
m = 'Sutterby’;
X = logspace(-1,5);
Y = Vo *(asinh(c.*X)./(c.*X))."(1-n)

% Coefficient of Determination
y2 = Vo.*(asinh(c.*x)./(c.*x)).~(1-n),
resid = y-y2;
SSE = sum(resid.”2);
SSyy = sum((y-mean(y))."2);
R2 = sqrt(1-SSE/SSyy)
end

iff==26 % Vinogradov

b
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m = 'Vinogradov’;
X = logspace(-1,5);

Y = Vo./(1+a.*(c.*X).A((1-n)/2)+(c.* X).A(1-n)),

% Coefficient of Determination
y2 =Vo/(1+a*(c.*x).N(1-n)/2)+Hc.*x).~(1-n));
resid = y-y2;
SSE = sum(resid."2);
SSvyy = sum((y-mean(y)).”2);
R2 = sqrt(1-SSE/SSyy)
end

% Plot results
loglog(x,y.' b+, X,Y,');

axis([.1 100000 10 10000]);

- = sprintf('%s at %s (%s),P,T,m);
1tle(r);

<label('Shear Rate (1/s}');

/label(' Viscosity (pa-s)');

‘o Display Parameters on plot
= sprintf("tau= %1.2¢',c);

= sprintf("Vis(0)= %5.1f,Vo);
= sprintf('n = %1.2f n);

= sprintf('r2 = %1.3f,R2);

v = sprintf('a = %4.3f,a);

:xt( 1000,7000,s);

:xt( 1000,4500,t),
=1
iff ~=2
text(1000,3000,u);
text(1000,2000,v);
else
text(1000,3000,v);
end
se
xt(1000,3000,v);
id
f==6

text( 1000, 1000,w);
d
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6

Viscosity Model Equations (vit.m function):
function err = fit{lambda)
global xyn f

if f=1 % Bueche-Harding
err = sum((y-(lambda(2)./(1+(lambda(1).*x).70.75)))."2);
end

if f==2 % Eyring
err = sum((y-(lambda(2).*asinh(lambda(1).*x)./(lambda(1).¥x)))."2);
end

iff==3 % Carreau

err = sum((y-(lambda(2).*(1+(lambda(1).*x)."2).~((n-1)/2))).”2);

Yerr = sum((y-(lambda(2).*(1+(lambda(1).*x).”2).”((lambda(3)-1)/2))).”2); Not Used
end

iff=4 % Cross

err = sum((y-(lambda(2)./(1+(lambda(1).*x).”(1-n))))."2);

Y%err = sum((y-(lambda(2)./(1+(lambda(1).*x).”(1-lambda(3))))).*2); Not Used
end

iff=5 % Sutterby

err = sum((y-(lambda(2).*(asinh(lambda(1).*x)./(lambda(1).*x)).*(1-n))).”2);

%err = sum((y-(lambda(2).*(asinh(lambda(1).*x)./(lambda(1).*x)).~(1-  Not Used
lambda(3)))).”2);

end

iff==6 % Vinogradov

err = sum{(y-(lambda(2)./(1+lambda(4).*(lambda(1).*x).~((1-
n)/2)+(lambda(1).*x).”~(1-n))))."2);

%err = sum((y-(lambda(2)./(1+lambda(4).*(lambda(l).*x).~((1- Not Used
lambda(3))/2)+(lambda(1).*x).”(1-lambda(3)))))."2);

end
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