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ABSTRACT

This research is focused on modeling the manufacturing process for DuPont
Teflon® Film. In particular, the design of the manufacturing die with respect to
the die lip opening is most important. Therefore, the equation for the die lip
opening of an end-fed plastic extrusion die was derived, using Newtonian fluid
and Power-Law fluid assumptions. This equation was compared to the lip
opening of an actual manufacturing die used for commercial production of
DuPont Teflon® Film. The theoretical results were consistent to the actual lip

opening range.

To extend the usefulness of this equation, it was derived using two approaches,
one that includes pressure and flow rate terms and one that only includes
geometric and material parameters. The first is useful for process design while
the later is useful for setting the die lip opening. The later version of the equation
illustrated the relationship between the minimum die lip opening and the
maximum die lip opening which is only dependent on geometric parameters and

the power law index.
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As an example of the use of the equation, the maximum lip opening versus the
minimum lip opening was plotted for varying power law indexes. From this chart,

the die lip opening can be quickly determined.

il



ACKNOWLEGEMENTS

| would like to first thank my Heavenly Father, God Almighty, for without Him,

nothing is possible.

| would like to thank my advisor, Dr. Jose M. Castro, for his persistent
encouragement and undying support. His commitment to this research and his

belief in me is what led to the completion of this thesis.

Special thanks to Mauricio Cabrera Rios for providing assistance with the
rheological analysis and the sensitivity analysis. Most importantly, thanks for

giving of your personal time on so many occasions.

| would like to thank all my managers at DuPont for approving the financial

support and flexible work schedule needed to complete this degree.

Thanks to all my family and friends who have encouraged me along this journey.

v



VITA

September 16, 1975................. Born — Chicago, IL
1998. .. B.S. Mathematics, Spelman College, Atlanta GA
1998, B.S. Mechanical Engineering, Georgia Institute

of Technology, Atlanta GA
2001-2003....ccoiiieiiiieeee Process Engineering, DuPont Fluoroproducts,

Circleville, OH

PUBLICATIONS

None

FIELD OF STUDY

Major Field: Industrial and Systems Engineering



TABLE OF CONTENTS

Chapters

1.

Introduction

1.1. Background

1.2. Materials

1.3. Die Forming Process
1.4. Die Design Goals
1.5. Objective

Die Design for a Newtonian Fluid

2.1. Pressure and Flow rate Equation

2.2. Other Approach: Flow rate and pressure independent
equation

Die Design for a Powerlaw Fluid

3.1. Pressure and Flow Rate Equation

3.2. Other Approach: Flow Rate and Pressure Independent
equation

3.3. Experimental Verification

Effect of Material Parameters on the Die Opening

. Conclusion and Recommendations

. Appendix

vi

List of Tables
List of Figures
List of Symbols, Abbreviations, and Special Nomenclature

S~ OUIW—= 2

16
24

28
29
35
39
41
44

46



7. References

vii

51



LIST OF TABLES

Table Page
1.1 Types and Gauges of DuPont FEP Fluorocarbon Film 2
3.1 Comparison of die lip opening as determined by derived
equation and the current manufacturing die 39

A.1 Table of data obtained from Rheometrics ARES Rheometer 47.48

viii



TABLE OF FIGURES

Figures

1.1
1.2

1.3

1.4

Schematic cross-section of typical film processing die
Assembled Die Machine used for film manufacturing
at DuPont Circleville, OH

Lips of the Die used for film manufacturing at
DuPont Circleville, OH

Die Manifold used for film manufacturing at DuPont
Circleville, OH

Extruded Film Profile

Geometric representation of the die with coordinates
and variables identified

Geometric representation of the die manifold
Geometric representation of the die land

Differential element of extruder/die schematic

Land portion of the die (slit flow)

Geometry of die illustrating the pressure from the manifold
Die Lip Opening profile for power law fluid, at processing

Temperatures

Comparison of experimental data and predicted data for Eta
Natural log of Eta vs. Natural log of Eta (actual and predicted)

Natural log of m vs. temperature

X

Page

12
13
13
19
21
32

34
48
49
50



TABLE OF SYMBOLS, ABBREVIATIONS, AND SPECIAL NOMENCLATURE

Hmax: Maximum opening in the lips of the die
Hmin: Minimum opening in the lips of the die

n: power law index



CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

DuPont is a leader in the production of fluoropolymer resins. Teflon® is a
registered trademark of DuPont and is used in relation to products manufactured

with DuPont’s fluoropolymer resins.

DuPont™ Teflon® FEP film is a transparent, thermoplastic film that can be heat
sealed, thermoformed, vacuum formed, heat bonded, welded, metalized,
laminated-combined with dozens of other materials, and can also be used as an
excellent hot-melt adhesive. This film is used in various applications such as
chemical tank liners, food belt covers, blood bags, rupture disk liners, electrical
circuit boards, etc. The wide variety of fabrication possibilities augmented with
inert properties, offer a unique balance of capabilities not available in any other

plastic film [2,4].

DuPont makes available a wide choice of dimensions for industrial use, as shown

in Table 1.1. Three dies are used to make the array of film thicknesses. A 60”
1



die is used to produce film 60mil and thicker. A 67” die is used to produce film

between 10mil and 20mil. A 78” die is used to produce film .5mil to 10mil thick.

Gauge 50 | 100 [ 200 | 300 | 500 | 750 | 1000 | 1500 | 2000 | 2000 | 6000 | 9000 | 12500 ( 19000
Thickness, mil 051 2 3 5 |75 ] 10 15 20 30 &0 90 125 | 190
Thickness, pm 125 | 25 | 50 | 75 | 125 |190 | 250 | 375 | 500 750 | 1800 | 2300 | 3125 | 4750

Approximate area factor, fiz/lb 180 | 90 | 45 | 30 | 18 |12 9 6.0 4.5 3 15 1 072 | 0.47
Approximate area factor, méfkg w189 B 4 |25 2 1.2 1 0.6 03 0.2 014 | 008

Availability

Type A—FEP, general-purpose X | X | X | X X | X X — X — — — — —
Type C—FEP, one side

cementable X | X | X | X X |- — — — — — = —_ —
Type C-20—FEP, both sides

cementable XK | X | X |—=] X |—]|— — — — — = —_ —

Type L—FEP, high stress crack
resistance in extreme — | =] == X |—=] X X X X X X X X
environments

o ) . FEP 500 C
Note: Each roll of DuPaont film is clearly identified as )
to resin type, film thickness, and film type. Resin type
Film thickness,
500 gauge, 5 mil
Film type cementable one side

Table 1.1: Types and Gauges of DuPont FEP Fluorocarbon Film

One of the concerns of the customer and a challenge for DuPont is to provide
film with uniform thickness and no defects. Achieving uniform thickness is highly

dependent on the design of the die.



1.2 MATERIALS

Fluoropolymers

The chemical structure of fluoropolymers (also called fluoroplastics) primarily
consists of carbon and fluorine. The particular combination of these two chemical
elements arranged along the molecular chain imparts a unique set of properties

to these types of carbon - fluorine based polymers.

Fluoropolymers are among the most chemically inert of all polymers and remain
stable in almost all chemical environments. These high performance properties
are a direct result of the unique chemical structure of fluoropolymers, which
differs significantly from the structure of traditional polymers such as

polyethylene.

Understanding the chemical structure gives a better understanding of why the
fluoropolymers have such outstanding chemical resistance (and other

properties).



Fluorinated Ethylene Propylene (FEP)

FEP is a copolymer of tetrafluoroethylene and hexafluoropropylene of the form

[3]:

F F F F Folymenzaion ll= ||= ': ': '|=
A
c=C + c=C = C-C-C-C-C
rd ™, , I 11 1 1
F F CF; F FFCRF F |
Tatraflsoroetylene Healuorogropyleng FEP

FEP has a low coefficient of friction, excellent insulating properties, and is
chemically inert to most substances. It also can withstand high heat applications
and it is well know for its anti-stick properties. FEP is highly resistant to stress-
cracks and has a maximum recommended use temperature of nearly 400

degrees F (204 degrees C) [1].



1.3DIE FORMING PROCESS

Dies are metal flow channels or restrictions that serve the purpose of imparting a
specific cross-sectional shape to a stream of polymer melt that flows through
them [6]. Dies are primarily used in extrusion processes to continuously form
products such as profiles, tubes, films, sheets, and fibers. A schematic of a

typical film processing die is shown in Figure 1.1.

The die used to produce Teflon® film, shown in Figures 1.2 to 1.4, is an end fed

die and is composed of the following elements:

e Manifold: evenly distributes the melt to the land region.
e Land: streamlines melt into final opening
e Die lips: designed to give proper cross-sectional shape of product and

allow melt to forget non-uniform flow experience
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Figure 1.1: Schematic cross-section of typical film processing die



Figure 1.2: Assembled Die Machine used for film manufacturing at DuPont-Circleville,
OH



Figure 1.4: Die manifold of film manufacturing die used at DuPont — Circleville, OH
8



1.4 DIE DESIGN GOALS

The goal of the die design is to distribute the melt and deliver it to the die lips so
that a uniform flow rate out of the die is obtained. To accomplish this, the shape
of the manifold and approach channel (Land) must vary in the cross-die direction,
see for example Figures 1.5 and 1.6. The dies used in actual manufacturing,
usually have the ability to make fine adjustments to correct for temperature

gradients, bending, and other factors.

The engineering objectives of a die design are achieving the desired shape
within limits of dimensional uniformity and doing this at the highest possible
production rates. Intrinsic upper limit in throughput are set by the phenomenon

of melt fracture of the polymer

To generate a uniform extrudate at the die lips, the geometry at the manifold

must be specified appropriately [6, 7].

The machine direction of the die is the main direction of polymer flow. In this
direction, non-uniformities originate from time variation in the inlet stream

(volumetric flow rate-Q, temperature - T, pressure - P).



Fine and regular variations

Figure 1.5: Extruded film profile

The cross machine direction (direction perpendicular to the machine direction)
will also have sources of non-uniformity. These sources are most often improper
die design, temperature non-uniformity, deflection due to pressure, periodic

instabilities in downstream equipment.

10



1.5 OBJECTIVE

The objective of this work is to determine an equation for the die lip opening
(h(z)) so that the flow rate out of the die is constant in the cross machine
direction in order for the film thickness to be uniform. This will be done for
Newtonian fluid and Power Law fluid, using standard equations for slit flow and

pipe flow. The problem’s generic geometry is shown in Figure 1.6 below.

11



Manifold

h(z)

Figure 1.6: Geometric representation of the die with coordinates and variables

identified.

The die geometry is divided into two sections, as shown in Figures 1.7 and 1.8

below:

12



3

Figure 1.7: Geometric representation of the die manifold

I

Figure 1.8: Geometric representation of the die land

13



ASSUMPTIONS:

General

Newtonian fluid with constant density and viscosity (Part 1)
Power Law fluid (Part 2)
Isothermal

Steady State

The methodology to be followed is:

1.

Assuming Newtonian Flow, use analytical solutions for flow between
parallel plates and tubular flow, then based on known parameters,

determine equation for lip opening.
Assume Power law flow and use appropriate analytical solutions to
determine the equation for the die lip opening. Compare results to actual

manufacturing parameters.

Develop practical uses of the equation to aid manufacturing processes

reduce machine downtime.

14



CHAPTER 2

DIE DESIGN FOR A NEWTONIAN FLUID

For simplicity, we first derive the die lip equation for a Newtonian fluid. The die
manifold will be represented by pipe flow and the die lips will be represented by

parallel plates (slit flow).

15



2.1 PRESSURE AND FLOW RATE EQUATIONS

For clarity, we first develop the equation for the die lip opening (h(z)); using the
flow rate and pressure drop equations. Thus, the equation first derived will
contain flow rate and pressure values. This equation is useful if we want to
combine it with the extrusion screw design equation in order to establish the
operating point. However, for the purposes of die design an equation without the
flow rate and pressure terms would be more useful and will be developed in the

second part.

The following assumptions are made:

¢ incompressible fluid: density is constant

¢ Isothermal: no change in temperature

e Fully developed fluid: the velocity profile and pressure gradient are
independent of the flow direction.

e Steady state: variables do not change with respect to time.

¢ Negligible body forces

We first consider the manifold portion of the problem, which is best represented
by flow through a pipe.

16



Any fluid flow solution must satisfy the mass-balance (continuity) equation, so we
start there.

2

li(r‘/’)+l%+ aV
ror rofd d

z

To find V., we will need to use the equation of motion (momentum balance
equation). Again, since V, and Vg equal zero, the z component of the momentum

balance equation in cylindrical coordinates is used:

L4y =4 +V.
ot "or r 96 © 0z

p(av v, _V, v, avzj_ —dp (11[ avzj+iazvz V.

= — - + + pb
oz “\rar\"or )T 00" af]pz

On the left-hand side, aa‘? =0 because the flow is steady, the second and third

terms are zero because V, and Vg equal zero, and the continuity equation tells us
that the last term is zero. On the right-hand side, the last three terms are zero
since there is no change in the 8-directions, the continuity equations indicates
that there is no change in V; in the z-direction, and the body forces are assumed

to be negligible.,

Thus, after integration we obtain:

2

V r—g—p+clr+C2,

z_4lu 7

17



where C1 and C; are integration constants. We find their values using the
boundary conditions, which come from the requirement that the fluid’s velocity
gradient must be zero at the center of the pipe and fluid velocity must equal the
velocity of the pipe where the fluid touches the pipe (no slip condition). The

boundary conditions are:

_ p2
LA/ 0=¢C¢=0,V| =0=>C,= —Ra—p, so the velocity distribution is
or|,_, = 4u oz
= La_p( _Rz)
° 4u oz

Let’s consider the volume flowrate (Q) through the pipe:

R
0= 27[_[ rV_or, since the velocity term has been developed, the flowrate can be
0

rewritten as

—7R* dp
= — 2.1
0 8 o (2.1)

Equation 2.1 provides a relationship between the flow rate and the pressure

gradient.

Considering a small element in the manifold, we can make a mass balance which

for constant density is equivalent to a volume balance:

18



Q(z + dz)

/.

Az

/

Q@)

Figure 2.1: Differential element of extruder/die schematic

. 0(2)-0(z+092) _
Iim =q

A0 Az

%:q:constant SO, %:q
therefore,

0=-Cz+C, (2.2)

To determine the two integration constants, we must use boundary conditions:

Q|z=0 = QT Q| =Ly = O

(Qr, the total flowrate into the die manifold from the extruder)

Substituting the boundary conditions in to equation (2.2), we get.

19



Q(z=0) = C, = Qr

Q(Z=LD) =0= -C1(LD) + QT

C1 = Qrllo
0(z) = _LQT z+0, (2.3a),thus ¢ = % (2.3b)

Substituting equation (2.3a) into equation (2.1) we get:

oz _—7zR4ap
QT(l LDJ_ 810z

Integrating with respect to z and using boundary conditions we obtain the

pressure profile of the fluid within the die manifold.

2
S0, 80, ()
7R w* 2L,

considering the pressure at the entrance to the manifold that is:

P(z=0)=P, (P, inlet pressure into the manifold)

we get:

20



and thus:

We now look at the land portion of the die whose geometry is best represented

as slit flow, as shown in Figure 2.2:

"~ Slit (plate) Flow

-Z
| -« >’\

Figure 2.2: Land portion of the die (slit flow)

Assumptions:

. ai =V_ =0 (Lubrication Approximation)
Z
° Vy = 0

Negligible body forces

Steady State
21



The continuity equation, in Cartesian coordinates,

op 9 0 0
L2 (pv.)+—(pV, )+ —(pV

0

Which gives aaVX =0.

X

The equation of motion, in Cartesian coordinates,

_ 2 2 2
P aV)‘+anv"+VyaV"+VZaV)‘ = 8p+ a‘zx+Vva‘2"+Vza‘Z" + pb,
ot ox dy 0z ox ox Y dy oz

After applying the appropriate assumptions and integrating we get:

_1P(2)y’

V. = —+Cy+0C,.
gL 2 1y T

X

To determine the two integration constants, we use the no slip boundary

condition at the two die surfaces.

_ 1P,
V. = L, (y h(z)y) (2.5)

Further analyzing the flow between the plates, we consider the flowrate per unit

width:

22



h(z)
q= ijay, substituting equation 2.5,

0

_ P’ (2) .
12uL, P(z
The flow out of the die lips, q (see figure 2.1), must be constant to produce a
uniform film thickness. The flow rate out of the die lips equals the flow rate
coming into the extruder, along the z-direction. Therefore, we substitute 2.3b into

2.6 to get:

I’ (z) =———22%  since we determined P(z) earlier in equation 2.4, the die

el

design equation becomes:

23



2.2 OTHER APPROACH: FLOW RATE AND PRESSURE INDEPENDENT

EQUATION

We will now derive an equation without flow rate and pressure terms. This
equation will be more useful for die design purposes. However it is important to

note that they are both equivalent.

Let h(z) = K, therefore, for slit flow, the flow rate per unit width is:

KP

= = constant
12uL

q

We now take the derivative with respect to z, to relate the flow rate per unit width

to the pressure gradient and we get:

dg_ 1 {PSKZd—K+K3d—P}:O
dz \12uL dz dz

We want the flow rate per unit width to be independent of z, to make sure we get

a film of uniform thickness out of the die. Thus the pressure gradient needs to be:

24



—dP _ 36quL dK
dz K* dz

(2.9)

Now we look at the flow in the manifold,

R (—dP
= 5u (d—z)

Also we know that:
Q=qW-2)

Thus we get:

qW —z)= 7;124 (%)

And the pressure gradient becomes:

—dP _ 8ug(W -z)
dz 7R*

Substituting (2.9) into the above equation we get:

8uq(W —z) _ 36quL dK
R* K* dz

And thus the die equation becomes:

25



-1

K={M+C}3 (2.10)
37R°L

Rewriting equation 2.10 in terms of the variables used in the previous section we
get:

-1

h(z) ={—(LD _Zz +C} 3
3L, 7R

Now using as boundary condition to evaluate the integration constant, the die

thickness at the entrance which should be its minimum value:
z=0, h=nho=hnin
And we get for the die design equation:

RN S

= —~ 2.11
h® 3LaR* h). 3L AR’ @11

Atz = Lp, h = hmax

Now, a relationship between the largest and smallest die thickness can be

obtained:

1 1 b

= — 2.12
hiax hinn 3l’LﬂR ! ( )

26



Note that equation 2.10 is equivalent to equation 2.8. If we substitute in equation

2.8 the value of the pressure at the entrance of the manifold where h=hmin:

P = o, 12uL,
’ Who

We can show that equation 2.8 becomes 2.11. Note that equations 2.10 and 2.11
don’t contain any material or process parameters. It contains only die geometric
parameters. We will see that for the power law case in the next section, the only

material parameter that remains is the power law exponent.

27



CHAPTER 3
DIE DESIGN FOR A POWER LAW FLUID

Here we develop the die design equation for the power law fluid and compare it
to experimental results of die opening. For clarity, as in the case of the
Newtonian fluid, we first develop an equation containing flow rate and pressure
terms and in the second part we develop the equation without flow rate and

pressure terms.

28



3.1 PRESSURE AND FLOW RATE EQUATION

As we did in chapter 2, we begin by representing the manifold section of the die
with pressure flow through a tube. The velocity field for the flow of a power law

fluid in a tube is given by:

RAP r
— 2 s+l 1
V.(r) (—zml)[l (R) } (3.1)

The equation above can be integrated to obtain an expression for the flow rate:

R

3 P
Q_(s+3

)(L)S(—a—)s, where s=1/n  (3.2)
2m 07

To determine the pressure profile, we consider the flow balance in the differential

element, figure 2.1. As obtained earlier,

0(2) =%z+QT (3.3)

D

Therefore, substituting (3.3) into (3.2) we get:

z |_ R (R)(-9PY
QT(l_L_DJ_s+3(2mJ( oz j

29



Thus the pressure gradient in the manifold becomes:

<

1-=
—oP QT( LD] 2_m

0z R? R
s+3

z
—oP Lo )| 2m  where p=""

0z B R s+3

—oP :(K_—TZ j(z—mj where k= -9 _
0z L,B" \ R B"

— 2 n
—oP =AK-Dz7", whereA= n , -9
0z R L,B"

[op =[(Dz" - AK o

P(z)=

b " -~ AKz+C
n+1

To determine the integration constant, we know that the pressure at the end of

the extruder (z=0) is equal to Py, therefore, C=P,.

30



The pressure profile in the manifold is represented by:

_0i(s+3)' . 2mQ(s+3)

P
(2) LD(rch)"Z 2 (ﬂRz)” F4

+ P, (3.4)

We will now consider flow between two parallel plates (slit flow) for a power law

fluid:

_wnt [ hap |
0= 2(s+2)[2mL ] (3:5)

However, the flow rate changes in the z-direction and what needs to be kept
constant is the flow rate per width g. So if we divide equation 3.5 by the width of

the die, Lp, q can be represented as:

(3.5)

_Q _ K@ (h2arP)
L, 2(s+2)

L 2mL,

The differential element analysis performed in chapter 2, gave us:

900 (34
oz L,

31



Patm

Figure 3.1: Geometry of die illustrating the pressure in the manifold

From figure 3.1, we see that

AP _P()=PR, _ PQ)
L L L

Therefore, (3.5) becomes

_F@E (h(z)P(z)

2s+2)\ 2mL, J (3.72)

1 n

(2mL, Jons1 (2g(s +2))2ns1
1

h(z) = (3.7b) where s = 1/n
P(Z)2n+1
Substituting (3.6) into (3.7b)
(o, )z,fﬂ(z%(s+ 2)}2"“
h(z)= & (3.8)

P(Z)2n+l

32



Substituting (3.4) into (3.8) we get the die design equation:

2n+l1

h(z) =

(3.9)

Equation 3.9 describes the die lip opening in terms of process variables.

If equation 3.9 is independent of flow rate and material variables like the
Newtonian case, we should get the same values independent of temperature.
This is done below, where we used the values for the material given in appendix
A. To develop a pressure versus flow rate, we used equation (3.7a), and applied
it at the beginning of the slit (z=0). This is similar of what we did in the Newtonian
case to demonstrate that both equations were the same. We will check its
dependence on temperature using typical processing temperatures ranging

between 355C and 390C.

33



Die Lip Opening - Power Law

195
190
. A vyy)')')"‘O
e ae ot
185 ,,n"';y'L' v
n';'}o”
180 --_l.
I...
]
175 .-—.."
. -
mils -’-"'. |« h(z) Power Law (@355C)
= |m
. o h(z) Power Law (@370C)
-
-t h(z) Power Law (@390C)
160
155
150
145
1.3 5 7 91113 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61 63 65
inches

Figure 3.2: Die Lip Opening profile for power law fluid, at processing

temperatures, using equation 3.9.

As shown in figure 3.2, there is very little difference in the die lip opening profiles
at different temperatures; therefore, we will assume there is no temperature

dependence.
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3.2 OTHER APPROACH: FLOW RATE AND PRESSURE INDEPENDENT

EQUATION

Again, starting with equation 3.5, the flow rate per area in power law slit flow we

get:

_ 0 _ M@ (h(AP)
w

2(s+2)\ 2mL,

And thus the pressure gradient is given by:

~0 g (s 2) L, i) O

3.10
0z 0z ( )

At this point, let’s revisit some equations derived earlier.

The differential element analysis, in chapter 2, led to

0(2) =%Z+QT :%(LD —) @41

D D

From this analysis, we know

__9%0_o

= , substituting into (3.11) we get:
dz L,

35



0=4(L,-z)

Further, from the pipe flow analysis (representing flow through the manifold)

R r ., 0P,
Q—(S+3)(%) ( aZ)
Therefore,

qn(LD _Z) — _ap (312)

&R \'( R 0z
s+3 (ij
—dp

Now having two expressions for = (equations 3.10 and 3.12), setting them
z

equal to one another will eliminate the pressure term.

s 3 s
Let A= ! ! and B = L [ij
2(s+2)\ 2mL, s+3 \2m

Setting 3.10 equal to 3.12

q" a1 Oh(z) _ q" (L, —2)'
Qn+nAnw@» e =B

Integrating with respect to dz

36



-1

n _ \ntl 2n+l
h(z) = ALp= e , where C=C, +C,
B" n+l1

The boundary condition used to determine the integration constant

2=0, h(z)=h(z),,

-1

An LVH—l ﬁ
W0)=n(z). = {Bn L5 +c}

B" n+1

n n+l
e :[A_ L +c}

n+l

oy A" L
C = h(z) 2" -2 therefore
B" n+1

1

_ n n+l n _ n+1 m
h(z){ o +hm(z)‘“”“)+A—M (3.13)

B" n+1 ' B" n+1

Therefore, equation 3.13 describes the die lip opening for a die assuming the
fluid to be a power law fluid. Equation 3.13 doesn’t have pressure or flow rate
terms. The only material term that appears is the power law exponent (n). Since
this n does not depend of temperature in our case, this is why the equation for h
was not affected by temperature. Recall than for the Newtonian case, no material

parameter appears.
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Equation 3.13 can then be applied to relate the hmax to hmin, just as we did for

the power law case:

1 (s+3)Ly
R R (12 (s+2) LR @1

38



3.3 EXPERIMENTAL VERIFICATION

To further ensure that the derived equation is applicable to processing conditions
and manufacturing requirements, the maximum die lip opening (Hmax), as
determined by equation 3.9, and the maximum lip opening on the current
manufacturing die were compared. The Hmi, used in equation 3.9 to calculate
the theoretical Hnax were .077, .15”, and .22” for the 78” die, 67” die, and 60” die,

respectively.

Maximum lip opening (Hmax)

Actual Manufacturing

Theory (in) (in)
78" die .073 .074
67" die .161 .160
60" die .235 234

Table 3.1: Comparison of die lip opening as determined by the derived equation

(equation 3.9, at 355C) and the current manufacturing die.

For all three of the dies used at DuPont to manufacture FEP® film, the
experimental die lip opening and the one predicted by the derived equation are

very close. This is a positive result for the derived equation. The minimum lip
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opening used in actual production was used in equation 3.9 to determine the

practical maximum lip opening.
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CHAPTER 4

EFFECT OF MATERIAL PARAMETERS ON THE DIE OPENING

In the last chapter we derived an equation, to predict how the die thickness
should be adjusted as a function of the die width, to make sure that the flow rate
per unit width out of the die is constant. This will provide us with a uniform film
thickness out of the die. The analysis showed that the die profile was
independent of temperature. As seen in the derived equation, the only material
parameter that appears in the die design equation is the power law index. Thus
as long as the plastic under consideration can be represented by the power law
equation and the power law index can be considered independent of

temperature, the above result will hold.

Thus for a power law plastic, in order to determine the effect of material on the
die thickness, we need only to evaluate what is the effect of the power law index
on the value of the die thickness. Figures 4.1, 4.2 and 4.3, show how Hmax
varies as a function of Hmin for the three dies discussed in the previous chapter.
Figure 4.1 is for the 60” die, figure 4.2 for the 67” die and finally figure 4.3 for the
78” die.
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Hmax vs. Hmin for varying "n"
values - 60" die

0.4
T 03 ‘4:4 ——0.62
% 0.2 —=—0.81
E 1
T 0.1

0

0.198 0.22 0.242
Hmin (in)

Figure 4.1: the range between Hmax and Hmin for varying powerlaw index for

the 60” die variables for equation 3.9

Hmax vs. Hmin for varying "n"
values - 67" die

0.4
T 037 —e—0.62
] 0.2 — | —=—0.81
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T 0.1
0
0.135 0.15 0.165
Hmin (in)

Figure 4.2: the range between Hmax and Hmin for varying powerlaw index for

the 67” die variables in equation 3.9
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Hmax vs. Hmin for varying "n"
values - 78" die
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Figure 4.3: the range between Hmax and Hmin for varying powerlaw index for

the 78” die variables in equation 3.9
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

In this work, the equation for the die lip opening of a polymer film manufacturing

die, in order to obtain a uniform film thickness was derived. Parameters for three
different size dies (60”, 67” and 78”) were used to test the validity of the equation
for the manufacturing conditions using in DuPont Teflon® Films business. It was
determined that the die opening was independent of temperature as long as the

plastic can be represented by the power law and the power law exponent can be
assumed to be independent of temperature. This is not a bad assumption for

most plastic materials at the processing conditions.

The charts presented in Section 4 show the effect of the value of the power law

index on the die opening.

Future work can include optimizing the factors that affect the die opening. One
criterion could be to find out what values minimize the difference between Hmax
and Hmin. A possible way to perform this evaluation is through the use of

response surface methodology (RSM). RSM is a collection of statistical and
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mathematical techniques useful for developing, improving, and optimizing

processes.

The work in this thesis, assumed isothermal conditions, and a natural extension
would be to relax this assumption which would require combining the balance of
linear momentum with the energy balance. Also, combining the extruder equation
with the die equation to establish the operating point would be useful in

optimizing the process.

45



APPENDIX
RHEOLOGICAL PARAMETERS

Using DuPont® manufactured FEP100 grade resin, the rheology was measured
on Rheometrics ARES Rheometer at DuPont’s Experimental Station Laboratory
by Liz Wolf, Oct 2002 [9]. The measurements were done using dynamic testing
from which the values of G’ and G” for several frequencies were measured. The
absolute value of the complex viscosity was then calculated [8]. We then
assumed that the absolute value of the complex viscosity versus the frequency in
radians/sec was equivalent to the steady shear viscosity versus shear rate in
1/sec [8]. This was done fro three temperatures (360C, 340C, and 320C) as

shown in table 2.

Based on this experimental data, the power-law model was used to determine
the rheological parameters used in the calculations described in this report as

shown below.

n—1 n-1

Power law model: 7=my , where the consistency index,m=m_e™" y

Thus, the viscosity becomes:
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.n—1
n=mye"" y ,where gamma dot = shear rate (1/s), and T is Temperature

(Kelvin) (A.1).

Table A.1 shows the values of the viscosity predicted by the equation developed.

Temperature | Frequency G' G" Eta* Predicted Eta*
Kelvins rad/s Pa Pa Pa-s
633.15 100.00 | 1.23E+05] 1.29E+05 | 1.79E+03 2.21E+03
633.15 63.10 8.86E+04 | 1.09E+05 | 2.22E+03 2.40E+03
633.15 39.81 6.12E+04 | 8.79E+04 | 2.69E+03 2.62E+03
633.15 25.12 4.05E+04 | 6.86E+04 | 3.17E+03 2.85E+03
633.15 15.85 2.58E+04 | 5.18E+04 | 3.65E+03 3.10E+03
T=360C 633.15 10.00 1.57E+04 | 3.80E+04 | 4.11E+03 3.38E+03
633.15 6.31 9.22E+03 | 2.71E+04 | 4.54E+03 3.68E+03
633.15 3.98 5.22E+03 | 1.88E+04 | 4.91E+03 4.01E+03
633.15 2.51 2.86E+03 | 1.28E+04 | 5.22E+03 4.37E+03
633.15 1.58 1.52E+03 | 8.56E+03 | 5.48E+03 4.76E+03
633.15 1.00 7.43E+02 | 5.63E+03 | 5.67E+03 5.18E+03
633.15 0.63 3.75E+02 | 3.66E+03 | 5.83E+03 5.64E+03
633.15 0.40 1.86E+02 | 2.36E+03 | 5.95E+03 6.14E+03
633.15 0.25 9.16E+01 | 1.51E+03 | 6.03E+03 6.69E+03
633.15 0.16 4.51E+01 | 9.62E+02 | 6.08E+03 7.29E+03
633.15 0.10 2.19E+01 | 6.08E+02 | 6.09E+03 7.94E+03
613.15 100.00 | 1.41E+05] 1.36E+05 | 1.96E+03 2.73E+03
613.15 63.10 1.03E+05 | 1.16E+05 | 2.47E+03 2.98E+03
613.15 39.81 7.28E+04 | 9.58E+04 | 3.02E+03 3.24E+03
613.15 25.12 4.92E+04 | 7.62E+04 | 3.61E+03 3.53E+03
613.15 15.85 3.19E+04 | 5.86E+04 | 4.21E+03 3.84E+03
T=340C 613.15 10.00 1.99E+04 | 4.37E+04 | 4.80E+03 4.19E+03
613.15 6.31 1.19E+04 | 3.17E+04 | 5.36E+03 4.56E+03
613.15 3.98 6.88E+03 | 2.23E+04 | 5.87E+03 4.97E+03
613.15 2.51 3.84E+03 | 1.54E+04 | 6.30E+03 5.41E+03
613.15 1.58 2.08E+03 | 1.04E+04 | 6.67E+03 5.89E+03
613.15 1.00 1.04E+03 | 6.86E+03 | 6.94E+03 6.42E+03
613.15 0.63 5.33E+02 | 4.49E+03 | 7.16E+03 6.99E+03
613.15 0.40 2.69E+02 | 2.91E+03 | 7.35E+03 7.61E+03
613.15 0.25 1.35E+02 | 1.88E+03 | 7.50E+03 8.29E+03
613.15 0.16 6.71E+01 | 1.20E+03 | 7.61E+03 9.03E+03
613.15 0.10 3.29E+01 | 7.69E+02 | 7.69E+03 9.83E+03

Table A.1: Table of data obtained from Rheometrics ARES Rheometer
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Table A.1 (continues)

Temperature | Frequency| G G" Eta* | Predicted Eta*
Kelvins rad/s Pa Pa Pa-s
593.15 100.00 | 1.65E+05 [ 1.45E+05] 2.20E+03|  3.38E+03
593.15 63.10 | 1.24E+05] 1.26E+05 [ 2.81E+03|  3.69E+03
593.15 39.81 | 8.94E+04 | 1.06E+05 | 3.49E+03| 4.01E+03
T=320C[ 593.15 2512 | 6.20E+04 | 8.65E+04 | 4.24E+03|  4.37E+03
593.15 15.85 | 4.12E+04 [ 6.79E+04 | 5.01E+03|  4.76E+03
593.15 10.00 | 2.63E+04 [ 5.16E+04 | 5.79E+03|  5.19E+03
593.15 6.31 | 1.61E+04 | 3.81E+04 [ 6.55E+03|  5.65E+03
593.15 3.98 | 9.50E+03] 2.73E+04 [ 7.26E+03|  6.15E+03
593.15 251 | 5.40E+03| 1.90E+04 | 7.88E+03|  6.70E+03
593.15 158 | 2.97E+03| 1.30E+04 | 8.41E+03| 7.30E+03
593.15 1.00 [ 1.59E+03 | 8.71E+03 | 8.86E+03 |  7.95E+03
593.15 063 |7.96E+02]|5.74E+03 [ 9.18E+03|  8.65E+03
593.15 040 | 4.05E+02]| 3.74E+03 [ 9.45E+03|  9.42E+03
593.15 025 | 2.06E+02|2.42E+03 | 9.69E+03| 1.03E+04
593.15 016 | 1.04E+02| 1.56E+03 | 9.87E+03| 1.12E+04
593.15 010 | 5.28E+01| 1.00E+03 | 1.00E+04| 1.22E+04

Table A.1: Table of data obtained from Rheometrics ARES Rheometer
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Figure A.1: Comparison of experimental data and predicted data for Eta
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The power law index, n, was determined by taking the natural log of equation A.1

and A.2, plotting the natural log of the shear rate against the natural log of Eta*.

n-1

Inp=Inme y ) =  Inp=—bT+Inm,+(n—-1)Iny (A.2)

[uiy
D
n)
(@p)
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Ln (frequency)

¢ Ln(Eta*)
— Ln(Pred Eta*)
— Linear (Ln(Eta*))

y =-0.1853x + 8.7664
R’0.7589 =

Ln (Eta*)

Figure A.2: Natural log of Eta vs. Natural log of Eta (actual and predicted)
The slope of the best fit line linear (In(Eta*)), in figure A.2, is equal to n-1.

Therefore,

n-1=-.19 and n=0.81

ndifwelet m=me" .9), then Inm =-bT +1nm (A.3), then the y-intercept o
And if I e""(A.5), then 1 bT +1nm, (A.3), then the y-i f

the best fit line, in figure A.2, represents In(m). Therefore,
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Using equation A.3, if we plot In m verses T, the slope represents “b” and the

intercept represents “In m,.

9.05
9.00 -
8.95 -
8.90 -
8.85 -
8.80 -
8.75 -
8.70 -
8.65 -
8.60 -

Ln (m)

y =-0.0107x + 15.326
8.55 - R® = 0.9976

8.50 ‘
590 600

610
Temperature (kelvins)

620

630 640

¢ Ln(m)
— Linear (Ln (m))

Figure A.3: Natural log of m vs. Temperature

Therefore, the power law parameters are:

Power Law Parameters

my b

Pa- s" 1/kelvin
4 53E+06 1.07E-02

0.81

SSE

3.67E+07

Average Error

13.98%
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