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Introduction

Extrusion is by far the most important and probably the oldest
transformation and shaping process of thermoplastic polymers. After
synthesis (polymerization) up until the formulation and production of the
finished or semi-finished product, this process is almost entirely concerned
with synthetic polymers as well as elastomers or food products. However, it
is important to specify from the beginning that different applications and
processes exist.

The development of the single-screw extrusion, which is directly derived
from the Archimedean screw principle, began during the 1880s, initially
with rubber and then with polymers around 1940. Nowadays, it is primarily
used to make finished or semi-finished products that will undergo a second
transformation (e.g. the extrusion of sheets that will then be thermoformed
for use in packaging). This process essentially involves the melting
and homogenization of the raw materials before pumping the molten
polymer through a die (continuous process) or into a mold (in the case of
injection, a cyclic process). Globally, more than 90 million tons of
thermoplastics are transformed in this way each year.

Table 1.1 provides an insight into the main processes involving a single-
screw extruder, as well as examples of manufactured products. This process
will be clarified and explained in more detail in Chapter 3.
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Process Examples of products
Profile extrusion Tubes, pipes, window frames
and exterior cladding

Extrusion — Wall and floor coverings and
calendering tablecloths
Film blowing Films for packaging, bags,

agricultural mulch, etc.

Extrusion — blow Water and soda bottles,
molding (of hollow | gasoline containers and tanks.
bodies)

Injection molding Buckets, buttons, containers,
syringes, electronic and car
parts and pens.

Table 1.1. Examples of manufactured products from injection and extrusion processes

Twin-screw extrusion, as the name suggests, is a process involving two
screws rotating inside a barrel whose cross section has a figure-eight shape.
Also, counter-rotating systems are distinguished from co-rotating systems
according to the direction in which the screws rotate with respect to each
other.

Counter-rotating extruders are primarily used in polyvinyl chloride
(PVC) extrusion, for the manufacture of pipes or profiles. They are not
described in this work. A significant development has been seen in co-
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rotating extruders, due to their great versatility and diverse uses. First and
foremost, by being used as a mixing tool or as continuous chemical reactors,
they allow specific materials to be produced. It is with this type of machine
that polymer alloys, thermoplastic elastomers, filled polymers and
nanocomposites are produced as well as all other materials made by reactive
extrusion (chemical modifications, grafting, controlled degradation, etc.).
This process, shown in Figure 1.1, will be reviewed in Chapter 4.

ENTRY POINT
‘ Motor — Reduction gear

(B-C)
Feed hopper

Heated modular barrel
(A)

Die & pelletizer

A
\\\ ‘ \
‘ »4 il‘h i |‘)\

‘9 ’

Control unit (F)
EXIT Fluted shafts

supporting the
e & screws

Figure 1.1. Diagram of a co-rotating twin screw extruder (Source: Clextral)

Manufacturing of a finished product using extrusion is carried out by
pushing the molten polymer through a tool called a die, which will give the
final shape to the product.

Figure 1.2 shows the conventional setup of an extrusion line, with the
extruder, the die and the cooling system required to generate an end product.

The die must be designed in a way that allows a product of controlled
dimensions to be obtained at a uniform rate and temperature. This poses
serious challenges that will be discussed in Chapters 5 (profiles and pipes),
6 (films and sheets) and 7 (cables).
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drawing

saw system copling tank die extruder
: pipe : :
e ———
— | |
calibrator

Figure 1.2. Example of a pipe extrusion line

For each of the points mentioned above, this book first presents the
physics of the mechanisms involved and then suggests some models of
various sophistication to describe these mechanisms, interpret the results and
gain an in-depth understanding of the flow conditions. To help readers with
this, some essential reminders about continuum mechanics, rheology and
heat transfer are presented in Chapter 1. Chapter 2 includes a short
description of the most commonly used calculation methods.



Chapter 1

Continuum Mechanics, Rheology
and Heat Transfer Overview

The aim of this chapter is to provide the readers with the basics of
continuum mechanics, rheology and heat transfer, which will be of
fundamental importance throughout the remainder of this book. We will
keep this presentation as concise as possible by avoiding unnecessarily
detailed mathematical manipulations, and referring interested readers to
other pertinent references in the literature.

1.1. Continuum mechanics

1.1.1. Strain

Let us consider the deformation of a continuous medium defined by the
displacement vector field of components: U(x,y,z), V(x,y,z), W(x,y,z).
The corresponding strain (provided that it is small) can be described by a
symmetric tensor ¢ as follows [SAL 88, AGA 14]:
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Hereafter, a symmetric tensor will be considered as a square matrix,
involving six independent terms:

— the diagonal terms (£_,&

traction or compression;

— the symmetric terms (€, =¢€

deformations.

1.1.2. Strain rate

w2

E =&

T yz zy?

£_,) correspond to uniaxial deformations of

£ =€) correspond to shear

We will now consider the velocity field u(x,y,z), v(x,y,z), w(x,y,z)

which is associated with the aforementioned strain. Just like the strain tensor,
the strain rate tensor can be defined by:

du
ox

au ov
+
ay ox

Iltn.
Il

au v ( ou awj
—+— +—
ay ox dz Ox

v v I ow ow
dy 20 0z ady

o) o)
oz odx) 2\ dz 9y 0z

[1.2]

Unlike the strain tensor, defined by relation [1.1] for small deformations,
the strain rate tensor is defined in a general manner. It is, therefore, well
adapted to the description of fluid flows, for which the deformations are
always very large. Just like &, the terms for the strain-rate tensor have a

particular meaning:
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— the diagonal terms are elongation rates, often referred to, below, as ¢ ;

— the symmetric terms are shear rates, often referred to, below, as 7.

EXAMPLE 1.1.— Let us consider two elementary flows, which we will come
across often in the remainder of this book. The first flow is a planar shear
flow between two plates (see Figure 1.1.(a)). The bottom plate is immobile,
whereas the top plate is mobile with a velocity V. The velocity field is, a
priori, in the following form: u=u(y), v=0 and w=0. The strain rate

tensor is reduced to:

tdu
2 dy
é= [1.3]
= |Llau 0 0
2 dy
L 0 0 0]

The second flow occurs between two immobile plates under a pressure
drop (Figure 1.1(b)). This is called a Poiseuille flow. The velocity field has
the same form as above, i.e. u =u(y), v=0 and w=0.

14
@ @ NN N\ NN N N NN
P, Py Py +AP Py
yT J’T
0b—r 0b—»

Figure 1.1. Flow between parallel plates: a) simple shear flow and b) Poiseuille flow

Consequently, the strain rate tensor will also have the same expression.
All flows which give rise to this type of tensor (a single symmetric non-zero
term) are called simple shear flows. In the corresponding Cartesian
coordinate system, Ox is the shear direction, Oxy is the shear plane and

du/dy is the shear rate.
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1.1.3. Stress

Let us consider a small surface ds upon which a force dF is exerted
(Figure 1.2). By definition, the stress vector 7' at point O of this surface is
the limit dF / ds as ds tends toward zero. This vector is projected:

—on the normal n to the surface at point O: o, =T.n is the normal
stress, traction or compression;

— on the tangent plane: o, is the shear stress.

Figure 1.2. Stress applied on a surface

The stress vector cannot define a general state of stress, since it is
associated with the orientation of the surface on which it is exerted. It is the
stress tensor which will define this general state. As with the tensors
mentioned above, it is a symmetric tensor written as:

O-xx xy Xz
o=\o, 0O, O, [1.4]
O-‘CZ O-yz O-zz

As with the previous tensors, there are six terms involved:

—the diagonal terms, corresponding to normal stresses (along axes x, y
and z), of traction or compression;

— the symmetric terms, corresponding to the shear stresses (in the planes
xy, xz and yz).
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From the stress tensor, the stress vector at any normal point n can be
calculated using the following equation:

T=

IS}

n [1.5]

For any stress state, the hydrostatic pressure can be defined by the
following equation:

p= —%tr(g) [1.6]

where tr(o) is the trace of the stress tensor, i.e. the sum of the diagonal

terms: tr(0)=0,+0,, +0_.

This allows the stress tensor to be broken down into the sum of the
hydrostatic pressure and the traceless tensor, called the deviator:

o=-pl+s [1.7]

where [ is the identity tensor. It is the deviator s that allows us, in section

1.2.2, to define the constitutive laws.

1.1.4. General equations in continuum mechanics

From the above concepts, we can now establish the basic equations that
will be used to solve a flow problem.

1.1.4.1. Continuity equation

The continuity equation expresses the conservation of mass in a flow. It
is generally written as:

dp ..
——+div(pu)=0 1.8
4 (pu) [1.8]
where p is the density, u is the velocity vector and “div” is the divergence
operator.
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In the case of an incompressible medium, as in the case of molten
polymers, this equation is simplified to:

div(u)=0 [1.9]

. ) ) du Jdv Iw
1.e. in Cartesian coordinates: — +—+—=0.

ox dy oz
Using the definition of the trace of a tensor, this can also be written as:
tr(g’)zO [1.10]

1.1.4.2. Equilibrium equation

The equilibrium equation expresses the equilibrium of forces being
exerted upon an element of material. If F' represents the forces of mass (e.g.
gravity) and py the forces of inertia, the equilibrium equation is written as:

div(o)+F - py=0 [1.11]

The divergence of a tensor is a vector whose components are the
divergence of each row of the tensor.

do, 0d0,  do,
+ L+
ox ay oz
div(o) = 99, + 99, + 99, [1.12]

In the case of an incompressible medium, the unknowns of the problem
are the three components of the velocity vector and the six components of
the stress tensor. The continuity equation [1.8] and the equilibrium equation
[1.11] give us four equations. The five missing equations will be supplied by
the constitutive equation, i.e. a relation between the stress tensor (or its
deviator) and the strain rate tensor. The definition of these laws is the
purpose of rtheology, which is presented in the next section.
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1.2. Rheology

The molten polymers discussed in this book are naturally viscoelastic. In
fact, in the majority of flows encountered in extrusion, it is the viscous
characteristic that will predominate and we will limit ourselves solely to the
discussion of this behavior. We refer readers who are interested in
viscoelasticity to more specialized sources [FER 70, BIR 77, DEA 90].

1.2.1. Newtonian behavior

Let us consider the flow between parallel plates presented in
Figure 1.1(a). Viscosity is, by definition, the ratio of the stress exerted upon
the top plate to the shear rate:

T
n=— [1.13]
Y
This viscosity is constant and does not depend on pressure or
temperature. The overall equation of Newtonian behavior can be written in
terms of the stress and strain rate tensors:

o =-pl+2né [1.14]

By applying this ratio to the case of shearing between plates, we obtain a
shear stress equal to 777 and three identical normal stresses:

-r ny 0
= 1.15
=y -p 0 [1-13]
0 0 -—p

The latter is characteristic of inelastic behavior.

The average viscosity of a molten polymer is approximately 10* to 10*
Pa.s; this is very significant compared to the viscosity of conventional fluids
such as water (10 Pa.s) and oil (10 to 1 Pa.s).

This has many important consequences for flow, especially since, in the
majority of cases, the mass and inertia forces are negligible in comparison to
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viscous forces. Therefore, in extrusion, even at high rates, the flow will
always be laminar, well below turbulent regimes. Mixing operations will
certainly become much more difficult.

By introducing the equation for Newtonian behavior [1.14] into the
equilibrium equation [1.11], and after deeming the body forces and inertia
forces to be negligible, we obtain the Stokes equations:

gradp =nAdu [1.16]

linking the pressure gradient to the Laplacian of the velocity field. For
simple shear flows between plates, which have already been mentioned, this
is reduced to:

o _,du op

dp
_pdt P _y P 1.17
ox ndyz dy 0z L1171

From this, we deduce that the pressure gradient is constant. For the shear
flow (Figure 1.1(a)), this means that the pressure between the two planes is
uniform. From this, we can deduce that the velocity profile is linear and
independent of viscosity:

u(y)=%y [1.18]

For the Poiseuille flow (Figure 1.1(b)), by considering the velocities to be
zero on the upper and lower planes, we obtain:

1 4p

u(yy=——(h- 1.19
() L (h=y)y [1.19]
where L is the flow length. The velocity profile is parabolic. The average
velocity is obtained from equation [1.20]. It is proportional to the pressure

gradient and inversely proportional to the viscosity.

2
I7=h_A_p [1.20]
12n L
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1.2.2. General viscous behavior

It is well known that molten polymers are not Newtonian, and their
viscosity depends on shear rate: 17 =77(y). For the most part, we are dealing

with shear thinning behavior, which means that the viscosity decreases when
the shear rate increases (Figure 1.3).

A certain number of semi-empirical laws have been proposed to describe
this behavior. The laws most commonly used are:

— the power law (or Ostwald-de Waele law):
n=Ky"" [1.21]

where K is the consistency of the material (expressed in Pa.s™) and m is the
flow index. The index m has a value of 1 for a Newtonian fluid (thus, we
find that K = 17 = constant) and 0 for a rigid plastic body. The index m is
generally between 0.2 and 0.5 for the majority of conventional polymers.

— Carreau’s law:

m—1

n=n.=@-n) 1+AN’] > [1.22]

where 77, is the viscosity at low shear rates (Newtonian plateau), 77, is the
viscosity at very high (or theoretically “infinite”) shear rates and A is the
characteristic time of the material. In practice, for molten polymers, 77 =0.

For high shear rates, this law is equivalent to the power law. By contrast, it
allows the Newtonian plateau observed at low shear rates to be introduced.

A more general form is the Carreau—Yasuda law:
m—1

n=n,[ 1+ ]« [1.23]

The parameter a allows the transition between the Newtonian plateau
and the power-law zone to be accurately adjusted.

All of these one-dimensional (1D) laws can be generalized as a tensorial
equation:
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a=-pl+2f(})E [1.24]

where f(¥) is the 1D law, as defined above, and ¥ is the generalized shear
rate, defined by:

y= /225; [1.25]

10°

Newtonian plateau

Viscosity (Pa.s)

102-4 I3 ‘2 1 IO ‘1 ‘2 3
0% 10° 107 107 10° 10" 10 10

Shear rate (s)

Figure 1.3. Example of the viscosity curve of a molten polymer

1.2.3. Effects on pressure and temperature

Temperature has a great impact on viscosity. Thermorheologically simple
polymers follow the time—temperature superposition principle [FER 70], i.e.
we can express the viscosity at temperature 7 as a function of both its value
at a reference temperature 7 and the shift factor ar:

ny.T)=a;n(ya;,T;) [1.26]

The latter is often expressed by the Arrhenius equation:

a, = exp{bl;“ [% _TLH [1.27]
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where E is the activation energy and R is the ideal gas constant. £ varies

between 20 and 100 kJ/mole for the majority of polymers, which means that
a change of 10°C will cause the viscosity to change by 10—70%.

The viscosity also depends on pressure and is expressed as:
n(p)=1,exp(¥p) [1.28]

The compressibility coefficient y is approximately 10 Pa™', which
means that the effect of pressure becomes apparent beyond several dozen

MPa only. This effect will often, therefore, be negligible in extrusion.
1.3. Heat transfer [CAR 59, BIR 60, AGA 14]
1.3.1. The thermal balance equation

The variation in temperature over time is controlled by the thermal
balance equation, which — in the simplest thermodynamic example, used
frequently hereafter — is written as follows:

P

pC %:—divgm’/ [1.29]

where:
— C, is the specific heat capacity;
-q is the heat flux;

— W is the power dissipated per unit volume;

— dT / dt is the material derivative, which is expressed as:

d—T:a—T+ggradT [1.30]
dt ot

where 9T /dt is the variation in temperature over time at a fixed point and
ugrad7 is the amount of heat “induced” by movement, i.e. convection.

Obviously, this term is zero if the material is at rest.
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The heat flux g is most commonly described by Fourier’s law:
q=—kgradT [1.31]
where £ is the thermal conductivity. Therefore, conduction is written as:
—divg =k AT [1.32]
where A is the Laplace operator.
The power dissipated by deformation is expressed by:
W=0cé=)0,¢ [1.33]
ij

From the constitutive law used, we can deduce different expressions, for
example:

— W =ny* for a Newtonian fluid;

— W =Ky™" for a power-law fluid.

Thus, for a stationary flow of a Newtonian fluid (see Figure 1.1(a)), the
thermal balance equation is written as:

oT T 9T 8%
pCpua—x:l{ S - jm(ﬁj [1.34]

To calculate the temperature field, it is necessary to add the boundary
conditions to this equation, both at the entry and at the wall. At the entry, we
generally use an isothermal condition: 7(0) = 7y. The boundary conditions
can be:

— either an imposed temperature: 7(0) = T(h) = T;

—or an imposed heat flux: ¢ = —kg—T =h(T,-T.).
- n

where T, is the wall temperature, %, is the heat transfer coefficient and 7,

is an infinite temperature of the surrounding environment.
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In the remainder of this book, heat transfer is mainly considered in two
cases:

— the case of a flow inside an extruder or a die;

— the case where a material is cooled at the die exit.

1.3.2. Heat transfer during flow

When a molten polymer flows through a piece of equipment, its
temperature increases according to the power dissipated by deformation and
heat transfer by conduction through the walls. Depending on the respective
weights of these different terms, different thermal situations can be
observed, which we will review using Poiseuille’s flow between parallel
plates (Figure 1.1(b)). In most cases, for a simple shear flow, the thermal
balance equation in a stationary regime for a Newtonian fluid will be written
as follows:

or (T °T) (duY
Cu—-==k +—|+n| — 1.35
P ox [axz GyZJ n(dy} [1.33]

We can show that in the x-direction, the conduction (in terms of
kd’T /ox*) is negligible compared to the convection (in terms of
pC,udT /ox). Equation [1.35] can thus be simplified into:

or ,0°T du
Cu—=k—- — 1.36
PE ox -H](dyj 1-36]

1.3.2.1. The equilibrium regime

Temperature is, a priori, a function of both x and y: there is a temperature
profile along the thickness of the flow which will evolve with the latter.
After a certain amount of time, equilibrium should be reached, which then
does not alter throughout the rest of the flow. An ideal scenario of thermal
equilibrium would be when the dissipated power is entirely compensated for
by heat transfer through the walls. Using the velocity field equation of this
flow (equation [1.19]), we can, therefore, write:
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T 3617
ayz =-1 X

k (h—2y) [1.37]

By supposing that the temperature imposed on the walls is equal to 7,

the integration of equation [1.37] gives:

T(y):Tp+%m72 {1—( —2—yj } [1.38]

k h

We obtain a quadratic temperature profile, with a maximum at the center
of the flow, characterized by:

[1.39]

In practice, this equilibrium state is hardly ever found in molten polymer
flows. In fact, given the weak thermal diffusivity of these products, the time
or distance needed to achieve equilibrium would be very high compared to
actual processing times or distances.

1.3.2.2. The adiabatic flow

Let us now consider the case where conduction is negligible compared to
the dissipated power. The thermal balance equation is, therefore, reduced to:

dr 36V

pCpuE—n e (h—2y) [1.40]

In this case, the temperature profile will evolve with the flow, without
any limitations, since heat exchange with the exterior is excluded. Equation
[1.40] can no longer be solved analytically. We can, however, propose an
approximate solution in the form of an average temperature. For this, we will
consider a slab with thickness dx, whose average temperature is defined by:

T == [ a0 dy [1.41]
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The thermal balance equation in terms of average temperature is therefore
written as:

—dT V2 e 5
pcphVE_%n?L (h—2y)*dy [1.42]
thatis:d—T:IZn r > [1.43]
dx pC,h

Supposing that the viscosity remains constant and using the average
velocity [1.20], by integrating equation [1.43] we obtain:

= A
T(x)=T, +—L-= [1.44]
pC, L
where 7 is the initial temperature and L is the flow length. We found that
the average temperature increases linearly. After a given length L, the
increase in temperature is:

AT =T(L)—T, =22 [1.45]
pC

P

In this form, we found that the increase in temperature in an adiabatic
system is directly proportional to the pressure drop and is independent of
viscosity. This value, which is easy to calculate, is overestimated, since heat
exchange limits the increase in temperature. We can show that equation
[1.45] is valid for any Poiseuille flow, independent of the rheological
behavior and the geometry.

1.3.2.3. Transitory regime

In fact, in most cases, the terms “conduction” and “dissipation” will be
taken into account. We are, therefore, left with the most general form of the
thermal balance equation [1.36]. Also, with regard to the numerical solutions
of this equation, it is often useful to propose an approximate solution for the
average temperature. As in the previous section, by taking into account a
slab of material with a thickness of dx, we can write:

_dT V2 oen 5
pC,h Vg_—2q+36nh—4jo (h—2y) dy [1.46]
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where ¢ is the heat flux exchanged via the surface. This is generally
expressed using heat transfer coefficient:
q=h.(T-T,) [1.47]

h, can also be defined as an internal Nusselt number:

_ kNu

h, p

[1.48]

The thermal balance equation for average temperature is written as
follows:

ar _, m L,-T, v

— — 12 1.49
dx  pCV h anphz 149

which allows the local evolution of temperature in the section of material dx
to be calculated. Later on, we will see many examples where these
calculation methods are used to estimate temperature fields.

1.3.3. Cooling temperature

Let us consider a film with a thickness of 2e and a uniform velocity u
exiting a flat die (Figure 1.4).

VA

Figure 1.4. Cooling of a film exiting the die

If we assume that it is not subjected to stretching, the power dissipated by
deformation is negligible. The thermal balance equation is written as:
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pCu—=kl 5+

oT o’T o°T
ox (axz ay_zj L1-50]

As discussed in section 1.3.2, the conduction according to x is negligible
compared to the corresponding term “convection”. This is then reduced to:

oT 0T
Cu—-=k
P ox oy

[1.51]

By introducing the thermal diffusivity a (a = k/(p C,)), this equation is
written as:
or_ o

ua_x_a8y2 [1.52]

Solving this equation will give us the temperature evolution of the film
on exiting the die. This will be strongly dependent on the boundary
conditions determining it. Here, we will assume that the cooling occurs on
contact with air, with a heat transfer coefficient /4, . The boundary conditions

are:
— a uniform temperature exiting the die: 7=7 atx=0;

— a heat flux on the upper and bottom surfaces:

ka—T:ihT[T(x)—Tf] in y=te

dy
where 7 is the room temperature.

Equation [1.52] can be solved by using numerical methods or series
expansion [CAR 59]. We can show that if the thickness e is small and the
amount of transferred heat is low, the temperature is uniform and its
evolution in the heat direction is, therefore, expressed by:

T(x)-T,
Lzexp _h_Ti [1.53]
I,-T, pC, eu
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The major challenge here is to accurately determine the heat transfer
coefficient. For more information, we advise readers to refer to more
specialized references [CAR 59, BIR 60, AGA 14].

Now let us take the thermal balance equation and apply it to the cooling
of a stationary semi-infinite medium. Then we obtain:

or 9T
C Z—=fk— 1.54
Por o T o [1.54]
which can also be written as:
2
a7 :aaf [1.55]
ot ox

This equation is similar to equation [1.52]. Two important concepts can
be derived from this. The first one is the penetration depth: assuming ¢ = 0,
we set a temperature 7, on the surface of the semi-infinite solid, with an

initial temperature 7 .

The evolution of temperature over time at a distance x of the surface is
given by:

T(x)-T, [ x_

0o s
where “erf” is the error function defined by:

erf(x) = exp(—u’) du [1.57]

2 x
=h
Expression [1.56] links the time and depth to which the difference in
temperature is felt on the surface. If we consider an order of magnitude of
50% of this difference, then we will obtain a very simple expression,
allowing the order of magnitude for a cooling time to be quickly determined
for a given thickness:

2

=2 [1.58]

a



Continuum Mechanics, Rheology and Heat Transfer Overview 19

With the diffusivity of a molten polymer having an average value of
107 m>s™", we can estimate that the time required to cool a 100 pm film and

a 10 mm thick plate is 0.1 s and 17 min, respectively. From this simple
example, we can understand why the extruded products are generally very
thin, a few millimeters only.

The second important concept is the interface temperature. If we put two
semi-infinite solids of temperatures 7, and 7,, respectively, in direct

contact, the interface temperature will be determined from these
temperatures and the thermal effusivity of both media:

T +b,T,

];:
b +b,

[1.59]

where b; is the thermal effusivity defined by:

b =JkpC, [1.60]

Expression [1.59] shows that the body with the highest effusivity controls
the interface temperature. Thus, on contact with air, the interface
temperature of a polymer will be very close to that of the polymer itself.

However, for polymer/steel or polymer/water contacts, the interface
temperature will be controlled by that of the water or steel. This is why
extrusion is carried out in air when it is necessary to continue deforming the
polymer after exiting the die (e.g. for the stretching of films or filaments)
and in water (or in a calibrator) when wanting to quickly fix the shape of an
extruded product (e.g. tubes or profiles).
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Chapter 2

Calculation Methods

2.1. Introduction

The aim of this chapter is to provide the basics of the methods used to
calculate the polymer melt flows in extruders and extrusion dies. The main
flow parameters can be calculated by solving the set of equations consisting
of:

— conservation of mass;
— conservation of momentum,;
— conservation of energy;

— a constitutive equation.

Although three-dimensional (3D) models increase the accuracy of
calculating the flow parameters, it is often advantageous to simplify the
analysis and restrict it to only 1- or 2D models [VER 86]. Therefore, at first,
we present calculations of one-directional isothermal flows in simple
geometries. We then discuss a 2D finite difference method, which allows
flow equations in more complex geometries to be quickly solved.

For more sophisticated methods and 3D calculations often associated
with finite element methods, we refer readers to more specialized sources
[LUC 96, FOR 01, DON 03, CHA 04, DHA 05, ZIE 05].
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2.2. 1D solutions
2.2.1. Isothermal calculation

For simple geometries (flow between parallel plates, flow in a circular
tube, radial flow between two parallel disks and flow in an annular tube), the
solution to the Poiseuille flow equations for a Newtonian fluid and a power-
law non-Newtonian fluid is presented in Tables 2.1 and 2.2. In these tables,
the velocity profile and the flow rate are presented as a function of the
pressure drop.

For a shear flow between parallel plates with width W, separated by
height H (bottom plate is stationary; top plate moving at velocity V), the
velocity field and the flow rate are defined by:

v.(») =% [2.1]

_VHW

: [2.2]

0

These solutions were obtained for a flow complying with the following
assumptions:

—isothermal flow: the temperature of the fluid and walls are equal and
constant;

— steady-state regime: the flow is independent of time;

— laminar flow: low Reynolds number (standard assumption in the case of
molten polymers);

— incompressible fluid: the density is constant;

—no-slip boundary condition: the velocity is zero at the boundary.

When the behavior of a fluid is more complex (e.g. Carreau’s law), a
simple analytical solution does not always exist. One way to implement the
pressure drop/flow rate relation is to use the characteristic value method
[MIC 84]. This technique is based on the existence of a point in the flow for
which, at a fixed volumetric flow rate, the shear rate value for a power-law
fluid and for a Newtonian fluid are identical (Figure 2.1).
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Geometry Solution
Parallel plates Newtonian
y 2 2
: no) =20 (2]
&nL H
L 5
0= WH’AP
« 12nL
L
W: width
Power law

v( )_ " |:HAP:|1/m . M 14+1/m
S0 1my| 2k H

wH®  [HAPT'™
0= 2(2+1/m)[ 2KL }
Circular tube Newtonian
r 2 2
: Vz(r)=RAP{1_(rj}
! 4nL R
z 2R 4
1 0- TR AP
8nL
L
Power law
1/m 1+1/m
o2 1)
(1+1/m)| 2KL R
0- zR* [RaP|™
3+1/m| 2KL

Table 2.1. 1D solution of Poiseuille flow equations

Geometry Solution
Parallel disks Newtonian
(radial flow)
H>AP (22 jz
v(r,z)=———| 1—
87rLn(R,/R,) H
rH® AP
Q =

R;: internal radius
R,: external radius

617 Ln(R,/R))




24 Polymer Extrusion

Power law

2z 1+1/m
v(r,z)=v,__ |1-|—
’( ) mﬂx[ (H)
o _[a=mar 1T H
e RIS RTT2K | [ 2r( 1 m)

o] (=mar H T gH?
R_R™2K| | @+lUm)

Annular tube Newtonian

v,(r) = RAp [I—EVJ +( 1-«* ]Lnr}
4L ) \In/m)) "R

_zRAP| . (1-K)
< > 0= 8nL {(l ) Ln(l//()}

R: internal radius
KkR: external radius

Power law
No simple analytical solution

Table 2.2. 1D solution of Poiseuille flow equations

Y vy

Stress distribution Shear rate
distribution:

Newtonian case

—————— power law case

Figure 2.1. Determination of the shear rate [MIC 84]
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Let us consider the flow of a fluid between two parallel plates. In the case
of a Newtonian fluid, the shear rate is given by equation [2.3]:

d"z(y)‘zﬁy [2.3]

y(y) = dy oL

In the case of a power-law fluid, this expression becomes:

o (aP
=) 2.4

Thus, there is a characteristic value y;, defined by:

1/m
AP (AP U ) s
e I 2.1

by using the pressure drop/flow-rate relationship from Table 2.1:
m

Vs ( 3 Jl—m [2.6]

Hi2 \(241/m

This ratio is called the characteristic value and is denoted as e. Table 2.3
gives the values of e for a power-law fluid flowing in simple geometries.

Geometry Characteristic value
Parallel plates m
o ¥, _ 3 1-m
H/2 2+1/m

Circular tube

7, 4 1-m
e=-"2=
R 3+1/m

oo Ve (3
Hi2 \(2+1/m

Table 2.3. The characteristic value in different geometries
for a power-law fluid

Radial flow between two discs

For more complex fluids (e.g. Carreau-Yasuda fluids), the value of e can
be calculated numerically. For a conventional range of m values, this value is
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approximately equal to 0.640 for flow between two parallel plates and 0.785
for flow in a circular tube.

Once the value of e has been determined, the shear rate can be calculated
at this characteristic position. The viscosity, estimated from the constitutive
equation for this particular shear rate, can then be inserted into the
Newtonian solution for this problem. Therefore, this method allows
the relationship between the pressure drop and the non-Newtonian flow rate
to be easily estimated.

2.2.2. Non-isothermal calculations

The temperature evolution is an important part of the flow
characterization. In fact, during polymer extrusion, thermal phenomena
associated with the flow can be significant:

—the high viscosity of molten polymers leads to significant energy
dissipation;

— the high thermodependence of the viscosity, on the other hand, tends to
reduce this energy dissipation;

— finally, the low thermal conductivity of polymers limits heat transfer to
the external environment.

Calculating the temperature within the flow is carried out by solving the
energy equation (Chapter 1). Agassant ef al. [AGA 14] designed a simple
method that allows the average temperature in a transient regime to be
determined for a 1D flow. For a Newtonian flow in a cylindrical pipe, and in
the case where the viscosity is not thermodependent, they suggest calculating
the average temperature at a longitudinal position z using the following
equation:

_ 5 72 6 48 |z
T =Ty+—-n—~1V1+—— || 1- R — 2.7
) o+677k(+53rj{ exp sC“LH 2.7]

For flows between parallel plates, this becomes:

772
T(z)=T, +ﬂ§—k(l+%j{l—exp(—l2 Ca%ﬂ [2.8]
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In equations [2.7] and [2.8], T(z) represents the average temperature at
position z, T represents the initial temperature at position z = 0, 5 represents
the viscosity, /' represents the average velocity in the direction of the flow,
k represents the thermal conductivity, Ca represents the Cameron number,
Br represents the Brinkman number and L represents the flow length.

The Cameron number primarily reflects the type of thermal regime. It is
defined by:

Ca= ’é L [2.9]
pC, VH

This number represents the ratio of the residence time to the heat
diffusion time. When small (usually less than 107%), the thermal regime is
adiabatic and the average temperature evolves linearly along the flow. For
high Ca values (usually higher than 1), however, thermal equilibrium is
reached: the temperature remains constant and can be partially controlled by
the temperature of the walls. Between these two extremes, the thermal
regime is transient.

Meanwhile, the Brinkman number characterizes the relative importance
of viscous dissipation and heat conduction. It is defined by:

=2
po W [2.10]
KT, ~T)

where T), is the wall temperature.

Of course, if the viscosity depends on temperature, equations [2.7] and
[2.8] can no longer be directly applied. The slab method is, therefore, used
[VER 85] where the flow is split into successive slabs of thickness Az,
and where the increase in temperature between two slabs (for a cylindrical
geometry) is defined by:

AT _8p(TyV 48 ca T(2)-T,
Az ,OCpR2 5 L

[2.11]

The viscosity is calculated at a given slab, and the new temperature at the
location z + Az is used to calculate the flow at the next adjacent slab.
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2.3. 2D solutions
2.3.1. Network method (or FAN method)

2.3.1.1. Isothermal calculations

Tadmor et al. [TAD 74] developed a method that provides a solution to
2D flow in more complex geometries. This method, called the flow
analysis network (FAN) method, applies to confined flows of variable
thickness, and is based on the Hele-Shaw approximation. This means that
we can neglect the transverse velocity component in comparison to the
components in the flow plane [TAD 79]. For example, in Figure 2.2, v, is
negligible compared to v, and v,. Vergnes et al. [VER 84] and then Arpin
et al. [ARP 92] applied this method to the particular case of flat coat-
hanger dies (see Chapter 6). They showed that this method was valid
and gave good results. Sornberger et al. [SOR 86] extended this method
to include two-layer coextrusion in coat-hanger dies. In this case the
obtained numerical results were also consistent with the experimental
observations.

The basics of this method are presented below. The total width of the
die is denoted by W and the length by L. The proposed method uses a
conventional finite-difference mesh, subdividing the flow into N, elements
of dimension J, along the length, and N, elements of dimension J, along
the width. Each mesh is located by its coordinates (i, j) and possesses a
height H(i, j). The pressure nodes P(i, j), situated in the center of each cell,
are connected by “resistivities” R,(i, j) in the longitudinal direction and
R,(i, j) in the transverse direction (Figure 2.2).

For each cell (i, j), the flow rates O\(i, j) and Q,(i, j) are given by:

[P(l_laj)_P(l’])]

0u (=" [2.12]
PG, H-PG, j+D)]
0, ))= R, G0J) [2.13]

where R.(i, j) and R,(i, j) are the longitudinal and transverse resistivities,
respectively.



Calculation Methods 29

SSEZT
/ /W/

'

j

1

PO,1) P(0.2)
entry ® 9
R(1,1) Ry(1,2)
P(1,1) P(1,2)
L
Ry(L,1) Ry(1,2)
L R(2,1) R(2.2)
P2.1) P(2,2)
 J
Ry(2,1) Ry(22)
R(3.D) R,(32)
exit P@3,1) P(3,2)
[ @ L

P(0,3)

Ry(1.3)

P(1,3)

R«(2,3)

P(2,3)

R«(3.3)
P(3,3)

b)

Figure 2.2. a) Flow geometry and b) mesh for a FAN-type network model

In the case of a Newtonian fluid, the longitudinal and transverse

resitivities are simply expressed by:

12n6
Ry(ij) =T
6, H(, j)
1217 0.
R, (i, )= -

[2.14]

[2.15]
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In the case of a power-law fluid, these resistivities depend on the flow
rate and are written as follows:

1 m
. 2K 5, 2(2+Z)
x(l7j)_H .. )

(@) o, H(i, ))

0, (i, )" [2.16]

L

2K, | G

R, (i, ))=— )
H(i, )| 6, H(, j)

0, (i, )" [2.17]

1.€.

1 1
22+) 7 1., m—1

2KO, |m m-1
R, (i, /)= ’" PG, )= PG, )] m [2.18]

8, H(i, j)* LH G J) |

2040 T 2K, T m-1
R, G, j)= m (PG, j)— PG, j+1)]

2.19
5. HG, j)* | HG. ) | [219]

m
m

Taking Figure 2.2 into account, the continuity equation can be
transformed in a macroscopic mass balance as follows:

O G N+0, 6 j =D =0+ )+0, G, )) [2.20]

By replacing each of the flow rates by its equivalent in terms of pressure
(equations [2.12] and [2.13]), we obtain the following equation for each cell

(@ J)):
[PGi-1, /)= PG, j)] . (PG, j—1)—P(, j)]
Rx(lsf) Ry(la]_l)
(PG H-PGHL D] [PGH-PG+D]
R.(i+1,)) R, (i, j)

[2.21]
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Thus, for a flow field subdivided into N cells, it is possible to write a set
of N equations with N unknown values of pressure, which will be linear for a
Newtonian fluid. Such a system can be easily solved using a conventional
Gaussian elimination method. For non-Newtonian cases, a nonlinear system
is obtained, and it can be solved, for example, by an under-relaxation method
[VER 85].

2.3.1.2. Non-isothermal calculations

The calculation of the temperature field inside simple geometries can be
easily integrated into the algorithm for solving the flow calculation, in order
to account for the non-isothermal conditions. This requires the thermal
balance equation to be solved in terms of the local temperature 7(, ),

averaged over the thickness of the flow [VER 84]:

O )| (=0 o e 4 1
%|:(T(1,])—T(l—l,]))+ »C

x p

Oy D (7 w7y o 1
+—5y {(T(z,]) T(i,j 1))+pcp

(P@i, j)—P(@i, j— 1))} [2.22]

h = . .
zzpép (Tp—T(z,]))

The evolution of temperature within the flow affects the rheological
parameters (Chapter 1). For a power-law fluid, it is common practice to
consider that the consistency K varies with temperature according to the
Arrhenius equation:

— E
K(T)=K, exp{?a[%—%ﬂ [2.23]
0

where K is the consistency at the reference temperature 7, and E, is the
activation energy of the polymer.

The evolution of the temperature within the die can be easily estimated
using the algorithm given in Figure 2.3.
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Figure 2.3. Algorithm for solving coupled thermomechanical problems

2.3.2. Finite element method

Network methods, solved by finite difference schemes, have been very
popular for over 20 years as they are relatively easy to implement, without
the need for large computational resources. Nowadays, they are increasingly
replaced with finite element methods which, coupled with CAD software,
allow a much more precise description of the geometry. However, these
methods remain difficult for the non-specialist despite the rapid development
of user-friendly commercial codes. Here, we provide just a brief overview of
the finite element technique, and we refer the interested reader to more
specialized publications [FOR 01, CHA 04, DHA 05, ZIE 05].



Calculation Methods 33

A flow calculation generally involves a set of partial differential
equations (e.g. Stokes equations, see section 1.2.1), which result from a
modeling of the physical problem.

This set of partial differential equations is formally expressed as follows:

Aw) = f [2.24]

where u refers to the unknowns, 4 is a partial differential operator and f'is a
given function.

To discuss this problem, it is convenient to use a variational formulation.
Many different formulations can correspond to the same problem: conform,
mixed, hybrid, etc. Under certain conditions, the problem defined by
equation [2.24] is written in the variational form as follows:

Find u that satisfies the boundary conditions such as:

a(u,v)=1(v),YveV [2.25]

where V is the space of admissible functions, a is the bilinear form
associated with operator 4 and / is the linear form associated with f. This
variational formulation is the starting point for a solution using the finite
element method.

The finite element method involves looking for an approximate solution
to the problem defined by equation [2.25], by discretizing the finite-
dimensional space V. The solution is obtained in several steps:

— mathematical analysis of the problem, written in the variational form,
starting by studying the existence and uniqueness of the solution;

— implementation:
- creating the mesh M), for the field being studied;

- definition of the finite element(s), i.e. construction of the finite-
dimensional space V, ;

- creating elementary tables corresponding to the contribution of each
element M of M,, to the matrix, to the second member of the system and to
the constraints;
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- creating the system to be solved (or assembly);

- taking the boundary conditions into account in the solution of the
system, i.e. the calculation of the field similar to the desired solution.

In the following chapters, we will occasionally present results from finite
element simulations, without going into the often complex details of the
methods used.
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Chapter 3

Single-Screw Extrusion

3.1. Introduction

The main components of a single-screw extruder are illustrated in
Figure 3.1. The main part of the system involves an Archimedes’ screw
rotating inside a barrel.

Polymer  Barrel
Screw ./ Band heaters

Extrudate

B L T T r—y—pay A

Figure 3.1. Components of a single-screw extruder
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The screw-barrel system is at the heart of the extrusion process and
determines its performance. The flow of the material results from the action
of the screw flights on the polymer in contact with the inner wall of the
barrel. If the polymer sticks to the screw, the extrusion does not proceed. On
the other hand, the flow improves if the polymer sticks to the barrel.

The screw types currently available on the market are not very diverse.
To better meet the requirements of processing companies, much progress
remains to be made in the field of screw design. Nowadays, the majority of
screws used are conventional screws, with the screw pitch being equal to the
diameter (Figure 3.2).

Figure 3.2. Conventional screw

A number of modifications, described below, have been incorporated into
the conventional screw to improve its performance. Table 3.1 summarizes
the main developments carried out since the 1960s, including grooved
barrels, barrier screws and mixing heads.

The overall aim of this chapter is to analyze, understand and model the
single-screw extrusion process using semi-analytical tools, in order to
improve the screw design or, quite simply, to improve the processing
conditions.

Numerous authors have taken an interest in studying the extrusion
process [TAD 70, STE 95, CHU 00, RAU 01]. In general, a screw is divided
into four distinct, yet interconnected, sections. These four sections, in order,
are: solids conveying zone, melting delay zone, melting zone and metering
zone. These different functional zones of the extruder will be analyzed
individually. Integrating mathematical descriptions of each of these zones, a
general model, simulating the behavior of the screw unit, is presented.
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Innovation

Objective

Mechanism

Grooved barrel

-

SIS
= A

- —
I

A

To increase the
conveying capacity of
the solid particles.

To increase the
adherence of particles to
the barrel wall.

Barrier screw

an ‘_\‘:‘ T "‘_:'_%’t_'%." 0
SER IR RRS =

To increase the melting
capacity.

To increase surface
contact between the
solid phase and the

barrel.

Multiflighted barrier screw

R

To increase the melting
capacity.

To decrease the
thickness of the molten
polymer film between

- x.;%‘“ the solid phase and the
barrel.
Mixing heads To improve mixing To divide and

performance.

recombine the flow.
To increase shear.

Table 3.1. Improvements in the conventional screw-barrel system

3.2. Geometry and approximations

Before analyzing the functional zones, it is useful to define the main
geometrical characteristics of the screw-barrel system. Figure 3.3 shows the
functional zones found in a screw extruder.

It is important to distinguish the functional zones, which are characteristic
of the state of the material (Figure 3.3(a)), from the sections of the screw
extruder, which are strictly linked to the geometry of the screw
(Figure 3.3(b)). In general, the functional zones coincide well with the
geometric sections, but large discrepancies can, sometimes, occur in the case

of a bad design.
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Band heaters Barrel

a)

Channel

S KA
77 % /%WW WM W

Solid conveying

Melting zone Metermg zone
Screw zone (coexistence of solid ~ (molten material)
(solid state) and molten material)

Feed zone Compression zone or Metering zone
transition zone

Figure 3.3. Description of functional zones a) and geometric sections
b) of a conventional screw

The functional zones, from back to front, of the screw are:

—the solid conveying zone, where all the material is in the solid state,
either in powder or pellet form;

— the melting zone, where the polymer is, progressively, converted from
the solid state to the molten state;

— the metering zone, where the entire polymer is molten.
In parallel, the geometric sections for a conventional screw are:
— the feed zone, where the channel depth is constant;

—the compression zone, where the channel depth progressively gets
shallower;

—the metering zone, where the channel depth is again constant, but
shallower than that of the feed zone.
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The channel geometry can be characterized by five independent
parameters, shown in Figure 3.4:

— the screw pitch (B);

— the nominal barrel diameter (DF);

— the channel depth (%);

— the clearance between the flights and the barrel (9);

— the flight width, which may be constant (e) or a function of the radial
position r.

61 Barrcl

Figure 3.4. Geometry of the screw-barrel system

The pitch angle (6), the channel width (/) and the screw body diameter
(D,) are other frequently used parameters, which can be calculated from the
independent parameters. For the screw-body diameter (D,), the following
relation must be observed:

Dr=D s 3.1]

The helical geometry, inevitably, causes the flight angle and the channel
width to depend on the radius. Thus, there are different flight angles, at the
screw (6,) and at the barrel (6r) and also different channel widths, at the
screw (W,) and the barrel (Wp).
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To simplify the mathematical analysis of the material behavior, it is
convenient to work with a reference frame attached to a stationary screw.
From this perspective, the barrel rotates in the opposite direction to the
screw, with the same angular velocity.

This hypothesis is best suited when the 4/W ratio is small. However, for
larger A/W ratios, it is essential to use a reference frame attached to a
stationary barrel, which better reflects reality [CAM 01]. In fact, the velocity
profiles in both systems are not identical. This assumption may cause errors
when calculating the viscosity of the polymer or the flow lines.

The validity of the reference frame attached to a stationary screw, also
depends on centrifugal forces. Indeed, the distribution of these forces can be
very different depending on the reference frame chosen. For molten polymer
flows, it is possible to show that the high viscosity of the fluid renders the
centrifugal forces negligible [AGA 14]. As a result, it is appropriate to use a
reference frame fixed to the screw for any operating condition. In fact, a
rotation speed of tens of thousands per minute is necessary before the
centrifugal forces become significant.

Even with the aforementioned approximation, the helical geometry of the
channel is difficult to model. This problem can be solved by unrolling the
channel through which the material is flowing, ending up with a long
parallelepipedic channel. As the flight angle varies from the screw body to
the barrel, the sides of the channel are unequal. The channel depth, however,
is generally considered to be small in comparison with the screw diameter,
and this distortion can be ignored. The screw geometry, generally used in
modeling, is shown in Figure 3.5. We will use this particular geometry for
the remainder of this chapter.

From Figure 3.5, it is easy to define the screw dimensions from the
independent parameters. Thus, the angle 6 and the channel width W are
given as a function of the radius by:

6(r) = arctan (ij [3.2]

2rr

W (r) = Bcos(8(r)) —e(r) [3.3]
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Screw front
Zh (die)

Flight

Circumferential cross-section
of the screw (points a and a’ are
indentical)

Flow direction

1 screw turn (b/sinB)

s

A
Screw back
(hopper)

h

X

w e
Figure 3.5. Unrolling of the screw channel
To facilitate the modeling, these parameters are usually considered to

be constant and are calculated at the barrel level (» = Dg/2), which is
perfectly justified if / is small compared to Dr.
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The barrel velocity (Vr) can be decomposed as a function of the system
axes:

Vi = Viesing [3.4]

V. = V.cos@ [3.5]
with:

V.=zD, N [3.6]

where N is the rotation speed (in revolution/s).

On the other hand, it is common to convert the axial distance along the
screw into the length of the unrolled channel (z coordinate). In this case, the
following relation applies:

L axial Fhs_tance 3.7]
sin @

where 0 is the average angle.
The main dimensions of a conventional screw, approximately expressed

in terms of the screw nominal diameter (D or simply D), are presented in
Table 3.2.

Dimensions
Total length 20-30 D
Length of feed zone 4-8D
Length of metering zone 6-10D
Screw pitch(B) 1D
Flight width (e) 0.1D
Depth of feed zone (/) 0.1-0.15 D
Barrel-flight clearance (J) 0.0025 D
Compression ratio (Agea Aimerering) 2-4

Table 3.2. Dimensions of a common extrusion screw
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3.3. Solid conveying zone

The solid conveying zone (or feed zone) refers to the first few turns of the
screw, during which most of the material is in the solid state. Densification
takes place along this zone, and the material is progressively heated,
ultimately leading to the formation of a molten polymer film at the interface
between the solid phase and the inner surface of the barrel. The formation of
this film marks the beginning of the melting zone.

The solid conveying zone is not easy to describe mathematically; even
nowadays, a huge amount of work must still be done to analyze and model
this zone. There are several reasons for this. First, the sensors traditionally
used in extrusion, such as thermocouples and pressure transducers, cannot be
used when dealing with solids. In fact, a non-compacted solid does not
generate hydrostatic pressure and the temperature is incredibly difficult to
measure due to the presence of air inbetween the pellets or powder particles.
Secondly, unlike the case for the zone where melting begins, it is not
possible to visually observe the movement of the particles. This makes it
difficult to verify any model attempting to describe this zone.

Another important issue to consider is the difficulty in obtaining
accurate data for the polymer—metal friction coefficients for the range of
temperatures present in the solid conveying zone. These tribological data
are in fact necessary in order to accurately describe particle behavior. The
relevance of the obtained values is, however, difficult to assess, since these
measurements can vary depending on the type of measuring device and
protocol used.

Proper modeling of the feed zone involves being able to predict:
— the extrusion volumetric flow rate;
— the pressure along the screw channel;

—the temperature profile in the material (necessary to calculate the
friction coefficients);

— the point at which the feed zone ends and the melting process begins.
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These parameters are particularly influenced by the following factors:

—the nature of the material (friction coefficients, density curves and
lateral compaction coefficients);

— the processing conditions (barrel temperature, rotation speed and back
pressure);

— the geometry of the barrel and of the screw.

3.3.1. Phenomenological description

A phenomenological description of the feed zone can be found in
manuals by Chung [CHU 00] and Rauwendaal [RAU 01].

A natural way to deal with the feed zone involves dividing it into three
different sections (Figure 3.6):

— the compaction zone (sections 1-5);

— the plug flow zone with frictional driving forces (sections 6—8);

b

— the plug flow zone with viscous driving forces (sections 9—10).

\4

WA\ 1T LA\ Y A\ 7 A\ >

I Solid phase
[ Molten polymer

Figure 3.6. Subzones in the feed zone

3.3.1.1. Compaction zone

Immediately at the entry of the screw, under the hopper, a mixture of air
and polymer pellets, of low apparent density, enters the extruder and
becomes gradually denser as it flows. The degree of densification varies
according to the granulometry of the used material (pellets, flakes, powder,
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etc.) and the cohesion between the particles. Taking polyvinyl chloride
(PVC) as an example, the value of the density can, often, double between the
hopper and a few lengths further down the extrusion path.

Often responsible for low volumetric flow rates, the compaction zone is
of a major industrial significance. However, its analysis is highly complex
due to the three dimensional (3D) relative movements between particles, and
the need to have detailed information about the material (tribological data,
rigidity, elasticity of the particles, etc.). The experimental intricacies present
in the compaction zone, combined with the mathematical challenges
associated with finding a solution, make the modeling of this zone very
difficult.

3.3.1.2. Plug flow zone with frictional driving forces

Once the material is compressed, a plug flow develops in the screw
extruder. The friction on the barrel is the driving force behind the transport
of the raw material. In this type of regime, pressure and temperature at the
interface between the polymer and the barrel rapidly increase. When the
interface temperature reaches the melting temperature, the plug flow zone
with viscous driving forces begins. Since analyzing a plug flow is much
simpler than analyzing the compaction zone, the plug flow zone with friction
forces is, by far, the most documented and most frequently modeled subzone
of the feed zone.

3.3.1.3. Plug flow zone with viscous driving forces

When the solid-barrel interface reaches the melting temperature, a thin
layer of molten polymer forms. A velocity gradient then develops across this
film, creating a shear stress on the solid bed, which, in turn, causes the raw
material to advance through the extruder. The thickness of the film gradually
increases up until the melting process commences. This zone is also called
the delay zone or melting delay zone, according to the terminology used by
Tadmor and Klein [TAD 70].

3.3.2. Modeling

To better understand the mechanisms involved in the solid conveying
zone, we begin by describing the behavior of the solid in plug flows with
both friction and viscous forces. Afterward, we will describe the compaction
zone.
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3.3.2.1. Plug flow with friction forces
3.3.2.1.1. Darnell and Mol model [DAR 56]

The first complete method for modeling the solid conveying zone was
described by Darnell and Mol [DAR 56], who studied the plug flow with
friction forces.

The general assumptions were as follows:

— the solid polymer behaves like a continuous medium,;

— the solid is in contact with the barrel, the screw and the flights;

— the depth of the channel is constant;

— the clearance above the flights is negligible;

— the regime is steady-state;

— the pressure only increases in the direction of the flow;

— the force of gravity is negligible;

— the density of the material is constant.

This model assumes that the barrel is rotating at velocity V5 around a
stationary screw. The polymer is considered as a continuous solid moving in
the direction of the channel at velocity V.. The relative angle of the barrel

velocity, viewed by an observer situated on the solid bed, is denoted ®. A
diagram of velocity vectors for this problem is shown in Figure 3.7.

V((\-’elncily of the solid in the axial direction)
~

Axial direction

Channel direction

Tangential direction

V"[vciucit)-' of the barrel)

Figure 3.7. Velocity diagram
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The first stage of this model involves calculating the volumetric flow rate
of the solid polymer. This flow rate, denoted 0, is given by:

sin @

0, =E(Dé -D?)- eh—}é P, [3.8]

where V; is the velocity of the solid bed in the axial direction. It can be
expressed in terms of the angle @, as follows:

tanCI)zL [3.9]
V.=V, /tan@,
ie.
V.=V, tan®tany [3.10]

" tan® + tan o,

The barrel velocity Vris defined by equation [3.6].

We can also write:

2 2 __ _
D2 =D’ =4h(D, —h) Gu11]

and the average width of the channel can be written as:

W =7zD,sinf —e 3.12]

By combining equations [3.8], [3.10], [3.6], [3.11] and [3.12], the flow
rate of the solid is expressed as follows:

tan ® tan @ W
=n’NhD.(D, —h L — 3.13
0 r (Dr )tan(l)+tan6?F{W+e}p‘Y [ ]

We find that the flow rate of the solid depends on the geometry of the
feed zone and the friction coefficients (via the angle @, which is explained
later) and is proportional to the rotation speed of the screw.
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The second step involves calculating the angle ®. To do this, let us
consider a section of the solid bed perpendicular to the flow direction
through the channel.

F

Figure 3.8. Forces acting upon a section of the solid bed

As shown in Figure 3.8, this section is subjected to eight forces:

— Fis the driving force due to friction on the barrel;

— Fsis the force due to friction on the screw body;

— (Fs— F») is the force resulting from the pressure gradient in direction z;

— F7and Fgare normal forces exerted by the flights;

— F5 and F} are the forces due to friction on the screw flights.

These forces can be, simply, expressed in terms of the geometric
parameters of the screw, the friction coefficients between the polymer and
the screw (f,), as well as between the polymer and the barrel (fr), the

pressure P and the position z, along the flow channel (Table 3.3). Here, it is
assumed that the friction stresses 7 follow Coulomb’s law, i.e. 7= fP.
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Expression Longitudinal component Transverse component
F F = f.PW,dz, F,=f.PW,dz,sin® Fy=fz PW,dz, cos®
Fs F,=f, PW, dz, F,=f,PW, dz, sin@, F,, = f,PW,dz, cos@,
(Fo—Fy) | Fo-F=hWdP | (F,—FE) =hWdPsn@ | (F,—F,),=hWdPcosf
F, Fy=Phdz+F" | E =(Phd+F")sinf FE,,=(Phdz +F")cos@
Fy F,=Phdz F, =Phdzsin@ E,,=Phdz cosf
Fs E=Ff, E,=F, f sinf E,=F, f,cos6
Fyu Fy,=Ff, F,=F, f,sin@ F,,=F, f.cos@

Table 3.3. Expression of forces acting upon the solid bed

With the balance of forces and moments, it is possible to obtain the
following implicit equation for ®:

cos® :E(M}m@

D, | cos@ - f,sin@

F F F

+2Wi /. sin@, (K +£cotan§]

[3.14]

w. : D
+—= Lsm 0. (K + DV cotanij

F F a

+K£Lsin§[K +£cotant§}ln£
Wez, fr D, 0

where P, and P denote the pressure at the start of the solid conveying zone
(z=0), and at a distance z, from this starting point.

Equation [3.14] can be written in a simplified form as follows:

cos®=Ksin®+ M [3‘15]
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with:

k=D [snb+],cos6 [3.16]
D, cos@ — f sin@

M =2i ), sin @, [K+D£cotan§J

rJF F

W, 1

F F
+K£Lsin§(K +£cotan§]ln£
We z, fr Dy £y

D
+ sin@,. [K + D” cotanevJ [3.17]

F

The solution is written as:

2_ 2 _
sin @ = “”Kl ]I‘gz M [3.18]
+

Equation [3.19] allows the pressure P at a flow distance z, to be
calculated:

£:exp B-4K z, [3.19]
P, B, + 4,K

with:
A =f. W,.sin®+2h f,sinb, +W, f,sin6, [3.20]
A, =hWsin@ (3.21]
. ~ D
B = f,. W,cos®—2h f,siné, cotan(ﬁ D_J
g [3.22]

. D
—W, f, sin@, cotan (Hv D" j

F

B, :thos(éﬂJ [3.23]
DF
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The expression [3.19] shows an exponential increase in pressure with
distance along the channel. This increase in pressure is strongly linked to the
ratio between the friction coefficients on the barrel and the screw body
(Figure 3.9).
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10°
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0 0.5 1 1.5 2 25

Number of screw turns (-)

Figure 3.9. Evolution of the pressure along the screw channel
in the solid conveying zone for different fr/f, values

To calculate this pressure, the initial value must be positive at the
beginning of the solid conveying zone. As we will see in the following
sections, this conclusion is subject to discussion. The effect of the channel
depth and the flight angle on the flow rate of the solid can be calculated from
this analysis, for fixed friction coefficients (Figures 3.10 and 3.11).

Figure 3.10 shows that the flow rate is sensitive to increases in pressure.
If the pressure is low, the flow rate is proportional to the channel depth. By
contrast, in the case where the pressure increases significantly, there is an
optimal depth that allows the highest flow rate.

Finally, Figure 3.11 shows one of the most significant findings to come
from the Darnell and Mol model [DAR 56]. If the friction coefficients on the
barrel and the screw are identical, a maximum flow rate can be reached with
a flight angle of approximately 20°. The same occurs when the screw pitch is
equal to the diameter (here, an angle of 17°); this is a very widespread
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configuration in single-screw extrusion. However, when the coefficients are
different, higher on the barrel, the potential flow rate is greater, but the
optimal flight angle must be increased. This explains the increasingly
frequent use of grooved cylinders (see section 3.7.1).

1400
60rpm LY Y

1200 |7A,=15 B
=
1000 o
&
3
© 800 | P1/P0=1OQ_
z
=2
= 600 - o
—
2 400
g - P /P, = 5001
S

200 P/P,=1000 -

0 1 1 1 1 1 1

0 5 10 15 20 25 30 35
Channel depth (mm)

Figure 3.10. Evolution of flow rate with screw channel depth, for
different pressure values at the end of the solids conveying zone
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Figure 3.11. Evolution of flow rate with flight angle for different fr/ f, values
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3.3.2.1.2. The Broyer and Tadmor isothermal model [BRO 72]

The Darnell and Mol model [DAR 56] is useful for a channel with a
constant depth; however, in the solid conveying zone, the channel depth can
decrease. It is for this reason that Broyer and Tadmor [BRO 72] developed a
model very similar to that of Darnell and Mol [DAR 56]. Their model,
however, incorporates the case where the channel depth varies linearly along
the solid conveying zone:

h(z)=h,—ztanx [3.24]

where A is the initial channel depth, ¢ is the angle between the screw body
and the barrel. In this case, it is appropriate to include the normal force in the
balance of forces and moments exerted by the screw body upon the solid
polymer; also, the components following the axial and tangential directions
are no longer negligible (Figure 3.12).

Normal force exerted by the screw
ho ho-zp.tana
- e
..... T v«ar/«r(/(/////////////////.
.
|
Zp
Figure 3.12. Normal force exerted by the screw
This force is denoted by Fy and is expressed as follows:
Fy=PW sinadz, [3.25]

The axial and tangential components are:

Fy,, =PW, sinadz, sing, [3.26]
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F,y = PW, sinadz, cos@, [3.27]

Moreover, Broyer and Tadmor [BRO 72] included the effect of pressure
anisotropy, building on the work by Schneider [SCH 69]. The pressures P,
P, and Py at the level of the flights, the screw body and the barrel can be
obtained from the pressure P, which is calculated in the channel, using the
following relations:

P=K,P [3.28]
P,=K,P 3.29]
Poe Ko P [3.30]

where K; K, and K are the lateral pressure coefficients, valid at the level of
the flights, screw and barrel, respectively.

Taking the variable depth of the channel and the pressure anisotropy into
account, the expression [3.31] can be written:

P = B - AK
L e HoAR 4 331
g p{j } .

=0 4 K+B,
A=fW.K,.sin®—-Wtanc sin49+2}7fv K, sin6,
sina} [3.32]

v

with:

+W, . K, sin@. (cosa+

A, =hWsiné 13.33]

— — D — . D —
B =f.W.K, cosd)+Wtan0(cos(9D—]—2h S K, s1n£6?F D—Jcotane
F

F

sinx

D
W, f. K, (cosa+ jsin 0, cotan[é?v DV ] [3.34]

v F
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Bzthbm{gé?J [3.35]

F

For a given flow rate, integrating equation [3.31] requires the use of
numerical methods because of the variations in the local geometry and the
physical properties used.

Note that, with a polymer of constant density, flowing in a channel of
uniform depth, and under isotropic pressure conditions (K; = K, = K = 1),
equation [3.31] reduces to the Darnell and Mol model [DAR 56].

3.3.2.1.3. The Broyer and Tadmor non-isothermal model [BRO 72]

The analysis presented below was developed by Broyer and Tadmor
[BRO 72] in order to take the thermal phenomena in the solid conveying
process into account.

In the feed zone, as the solid polymer comes into contact with different
metallic surfaces, friction is produced, which significantly heats up the solid
polymer. The physical properties of the material vary as a function of
temperature. This phenomenon can significantly affect how the pressure
evolves.

Therefore, the solid conveying zone cannot be considered as being
isothermal. It is for this reason that Broyer and Tadmor [BRO 72] decided to
couple fluid mechanics and heat transfer in the solid conveying zone.

The heat generated per unit area at the barrel level is:

sin@,.

P f ND, S0
g=tifr 7 " sin(6, +0)

[3.36]

Thermal analysis is carried out on a section of the solid polymer
perpendicular to the flights, as shown in Figure 3.13.

It is possible to show that the heat flux at the level of the flights and the
screw body are negligible. Therefore, the heat transfer problem presented in
this section becomes a 1D conduction problem. The variations in the
temperature 7 of the solid polymer over time are described by the energy
equation:
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- s s

2
T, kT, 337

where k; and C,, are the thermal conductivity and the specific heat capacity
of the solid polymer, respectively.

- D .
A B 1
vl ¢ arre
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h| Flight] —» = | Flight
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TScrew
” Wy o

Figure 3.13. Section used for Broyer and Tadmor thermal analysis [BRO 72]

Equation [3.37] is solved using the following boundary conditions:
— the temperature is constant at the interface between the solid polymer
bed and the barrel;

— the heat generated by friction at the level of the barrel is dissipated in
two fluxes:

oT, a7,
g=—k || 4k ( Fj [3.38]
( ay ]y:O " ay y=0

The solution to this problem can be obtained numerically. If we know the
velocity of the solid bed, the evolution of temperature at a given distance
along the channel can be calculated.

The complete calculation of the solid conveying parameters (temperature
and pressure profiles) involves an iterative process.
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The Broyer and Tadmor non-isothermal method [BRO 72] can account
for variations in the physical parameters of the material with temperature and
pressure, and produces a rather realistic pressure profile (Figure 3.14).
Moreover, it enables the calculation of the distance at which the surface
temperature of the solid reaches the melting temperature, i.e. this method
allows us to determine the length of the solid conveying zone.

10° 10°
pr' fv: 1.5
60 rpm gl

10° _
o f o fv = constants

.p.‘

Pressure (kPa)
(Do) dmieradwa ],

1 | 10’
0 05 1 1.5

Number of screw turns (-)

Figure 3.14. Calculated pressure (full lines) and temperature
profiles (dotted lines)

3.3.2.2. Plug flow with viscous forces

From the previous examples, Kacir and Tadmor [KAC 72] developed a
model applicable to the flow observed in the melting delay zone. In this
model, the friction produced by the barrel in contact with the solid bed is
replaced by the shear stress 7 exerted by the liquid film upon the solid bed.

For a film with a viscosity 7 and thickness ¢, this stress is calculated as
follows:

[3.39]

V,.sin@,

with: = —£—7F
4 osin(6, + @)

[3.40]
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Taking the pressure anisotropy into account, the Kacir and Tadmor
method [KAC 72] leads to the following pressure profile:

A = B —A K A
R=|B+—" fexp| [ S |- 2 [3.41]
B —AK =2 A, K + B, B —AK

with:

A =-Wtanasin6+2h f, K, sin6, + W, f, K, sin6, (cosa+wj [3.42]

v

4, =hWsin@ .
A, =TW, (cos®@—Ksin®) [3.44]
B = W tan & cos 52— 2}7fv K, sing, cotangﬂ
D, : D,
. [3.45]
W, f, K, sin 6, cotané, D, (cosa+ smaj
D, f,
B, = hW cos 9_2 [3.46]
DF

In equation [3.41], Py and P, are the pressures for z = z, (start of the
melting delay zone) and z = z;, respectively.

The thickness of the film plays a major role in determining the shear
stress. However, determining this parameter is complex, given the
nonlinearity of the temperature and pressure profiles. The calculation used to
determine the film thickness will be described in detail during the analysis of
the melting zone.

Also, note that a method similar to that of Kacir and Tadmor [KAC 72]
was proposed by Chung [CHU 75], for the case of power-law fluids.
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3.3.2.3. Flow in the compaction zone

Unlike the plug flow zones, there is no widely accepted model used on a
routine basis to describe the compaction zone. This zone is often analyzed in
a similar way to a piston flow, by using the appropriate apparent densities.
However, this method is still a long way from physical reality.

Attala and Podio-Guidugli [ATT 80] modeled particle behavior in the
compaction zone as a planar flow of an incompressible viscous fluid in a
steady-state regime with undeformable spheres.

Zhang and Sernas [ZHA 02] introduced a velocity component in a
direction perpendicular to the channel, in order to account for the two-
directional helical flow. The solid particles (in powder form) are treated as
an incompressible fluid whose viscosity is calculated from the parameters of
a Bingham solid. The model also includes an analysis of the heat transfer in
the flow. This approach fits well with the rheological modeling of a molten
polymer in the metering zone. However, it proves to be particularly
applicable to powder flows, whose behavior is closest to that of a continuous
medium.

Figure 3.15. The solid conveying model proposed by Fang et al. [FAN 91]

A rather interesting approach is that of Fang et al. [FAN 91]; from
experiments carried out on an extruder equipped with a transparent barrel,
they provided evidence for the existence of relative movements between
particles and built a model capable of explaining this phenomenon. This
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model studies the one-directional flow of polymer pellets. Particle size can
be modeled from the mesh dimension used. The velocity of the solid varies
in the x and the y directions, as shown in Figure 3.15. The model is based on
a 3D analysis of the stresses. For element (i, j), the stress state is shown in
Figure 3.16.
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Figure 3.16. The stress state of an element in the Fang et al. [FAN 91] model

The relationship between the normal stress o and the shear stress 7 is
given by Coulomb’s law of friction:

T=fo [3.47]

For each element position (i, j), the friction coefficient f depends on
friction on the barrel (f), friction on the screw (f;) or on internal friction (f)),
due to relative movement between the solid particles.

The stress and velocity profiles are determined from the theory of linear
elasticity and the virtual power principle [TED 71], using a finite element
method.

Huang [HUA 02] developed a similar model to that of Fang et al
[FAN 91], based on a 2D analysis of stresses in the solid bed. The model
takes the compaction behavior of the polymer and the dynamic friction into
account.
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3.3.3. Synthesis

The majority of models devoted to solid conveying are based on a plug
flow. The initial model, proposed by Darnell and Mol [DAR 56], has
undergone successive improvements. In particular, Broyer and Tadmor
[TAD 72] accounted for the non-uniformity in the pressure distribution and
incorporated an analysis of heat transfer.

Previously, we highlighted that, for this type of model, the calculation of
the pressure profile along the channel requires an initial pressure P, that is
positive. For a long time, this value has been calculated using the hydrostatic
pressure produced by the material in the hopper.

However, Lovegrove and Williams [LOV 74] showed experimentally that
a significant change in the level of the material in the hopper did not affect
the buildup of pressure. Taking the gravitational forces into consideration,
they proposed a model capable of predicting the pressure profile in the screw
for a polymer of a negligible height in the hopper. The simulation carried out
predicted a behavior similar to that observed experimentally, for a low filled
hopper.

Recently, models proposing different approaches to that of Darnell and
Mol [DAR 56] have been developed. In particular, the work by Fang et al.
[FAN 91], led to lower flow rates and pressures than those predicted by rigid
block models, and seem to be closer to reality. For instance, Tables 3.4
and 3.5 compare the experimental and numerical results obtained by Darnell
and Mol [DAR 56], Tedder [TED 71] and Fang ef al. [FAN 91] models.

N (rpm) Volumetric flow rate Q; (kg/h)
Experimental Darnell and Tedder model Fang et al.
Mol model model
31 9.45 20.79 19.68 9.41
41 12.48 27.45 26.01 12.39
51 15.90 34.17 32.26 15.68
61 19.56 40.89 38.71 19.24
71 22.03 47.57 45.05 21.52
82 26.86 54.94 52.03 26.45
102 33.03 68.38 64.74 32.69
122 39.36 81.73 77.42 38.99

Table 3.4. Comparison between the calculated and measured volumetric flow rates
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N (rpm) Pressure (MPa)
Experimental Darnell and Tedder model Fang et al.

Mol model model

31 13.8 2.13%x10° 5.44 % 10% 15.63

41 14.1 1.92x10° 1.07 x 10%7 13.28

51 14.1 1.83x10° 1.94 x 10° 13.07

71 14.1 2.02x10° 7.88 x 10% 15.49

82 13.2 230%10° 1.32x 10% 19.92

102 13.8 1.77x 10° 5.92 x 10% 12.55

122 13.8 1.58x 10° 1.34x10* 10.67

Table 3.5. Comparison between the calculated and measured pressures (p, = 595 kg/m’)

The comparison was done using an LDPE resin, and an extruder with a
diameter of Dr= 45 mm, an L/Drratio of 5.5 and a channel depth of 4 =7
mm. The friction coefficients between the polymer and the screw, and

between the polymer and the barrel, were f, = 0.25 and fr =

0.35,

respectively. The results provided by the Fang et al. [FAN 91] model for
flow rate appear to be much more realistic than the others (Figure 3.17).
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Figure 3.17. Comparison of different model predictions with experimental results (®)
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Moreover, with regard to pressure, Table 3.5 shows that the only values
with a realistic order of magnitude come from the Fang ef al. [FAN 91]
model. The unrealistic values given by the other models are very likely due
to the flow length (5.5 D).

A different approach to analyze the solid bed was proposed by Potente
and Pohl [POT 02], who used the discrete element method to represent the
behavior of granular materials. This method was used by Moysey and
Thompson [MOY 04] and Michelangelli et al. [MIC 11] to study, in 3D, the
flow of solids in the transport zone of an extruder. This approach allows us
to determine the relative particle movement and the shape of the solid bed.
However, this kind of model involves the use of extensive computing
resources and is particularly affected by the quality of tribological data.

3.3.4. Determination of physical parameters

Describing the flow inside a single-screw extruder using models requires
the physical parameters to be previously determined. The friction,
compaction and densification properties are particularly critical when
modeling the behavior of a material in the solid conveying and melting
zones. That is why, in the next section, we will clarify the measuring
procedures used to determine these parameters.

3.3.4.1. Friction coefficients

The friction coefficient is generally given by the ratio between the
friction force F on a body and the normal force F,, exerted at the surface A4,
of this body at equilibrium (Figure 3.18):

i

= 3.48
A F [3.48]
The previous relation can also be expressed in the following form:
F /4,

5 3.49
f= 54 [3.49]
ie: f=2 [3.50]

.e. » .

a

where 7; is the shear stress at the interface and P, is the apparent pressure on
the sample.
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Figure 3.18. Calculation of the friction coefficient

When the contact surfaces are stationary, we mention the static friction
coefficient (f;) to which the friction force F; corresponds when the body
begins to move. When the body is mobile, the friction force F; decreases
until the velocity is uniform: the friction coefficient, in this case, is referred
to as dynamic (f;). When modeling single-screw extrusion in a steady-state
regime, only the dynamic friction coefficient is important. This coefficient is
affected, in a rather complex manner, by the chemical structure of the
polymer, the pressure, the temperature, the nature of the interface and the
velocity.

There are several types of devices that can be used to measure the friction
coefficient. Chung et al. [CHU 77] developed a device to simulate the setup
of a rotating cylinder and a stationary screw. This device, called the
extrusion simulator, is shown in Figure 3.19. The solid sample (in the form
of a rigid block, powder or pellets) is inserted into a chamber and pressed
against a rotating steel cylinder. A maximum normal force of 5,600 kg can
be applied. The friction coefficient is determined by measuring the friction
force corresponding to the applied load at the chosen rotation speed and
temperature conditions.

The advantage of this device is that it can accurately represent the
behavior, associated with the friction of the material, for plug flows, in the
feed zone. Moreover, in the case where temperature at the interface is greater
than the melting temperature, a film of molten polymer forms on the steel
cylinder. The measured force is, therefore, a shear force and, as a result, it
becomes possible to characterize the viscous plug flows observed in the
melting delay zone.
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Figure 3.19. Schematic representation of the tribometer by Chung et al. [CHU 77]

A much more refined tribometer was developed by Hwang and
McKelvey [HWA 89] to study friction in the case where the solid polymer is
not completely compacted. This device, shown in Figure 3.20, allows the
friction coefficient to be determined by measuring the torque, corresponding
to the applied load, exerted on the stationary part of the assembly, under
given rotation speed and temperature conditions. The operating range allows
conditions typically found in the compaction zone of the extruder to be
reproduced. Note that, with such a device, the more the material is
compacted, the harder the radial pressure is to measure and interpret. For this
type of regime, it is therefore appropriate to refer to the Chung et al.
tribometer [CHU 77].

A third kind of tribometer was developed by Liu and O’Brien [LIU 91] to
measure the interparticle friction coefficient (coefficient of internal friction)
within the solid bed. This tribometer is shown in Figure 3.21. The internal
friction coefficient is determined by measuring the force needed for the
lateral movement of the top ring, depending on the applied load, and the
temperature of the system.
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Figure 3.21. Schematic representation of the tribometer by
Liu and O’Brien [LIU 91]
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However, note that irrespective of the measuring device used, the main
experimental difficulty resides in determining the temperature at the
interface between the sample and the friction surface. In practice, it is
impossible to directly measure this temperature, due to the heat generated by
friction or viscous dissipation. One way to obtain a reasonable estimate of
the actual temperature involves combining experimental temperature
readings with a numerical analysis of the temperature field, as proposed by
Spalding and Hyun [SPA 95] and by Gamache et al. [GAM 99].

Table 3.6 compares the friction coefficient measured by certain authors
for four polymer families.

Polymers [SPA 95] [SCH 69] [GAM 99]
HDPE 0.15-0.25 0.10-0.20 0.15-0.19
PP 0.25-0.40 0.13-0.17
PVC 0.40 0.18-0.21
LDPE 0.20-0.50 0.40 0.37-0.41

Table 3.6. Friction coefficients of four commodity polymers

3.3.4.2. Density

The density of continuous solid media (or solid density) essentially
depends on the nature of the monomer and the molecular structure of the
polymer (branched or linear). However, before entering the extruder, the
material is in a granular form and consists of a mixture of air and matter.
This gives rise to the concept of apparent density (bulk density).

The compaction of the material in the screw channel depends on
temperature and pressure: obviously, an increase in pressure further
compacts the material and an increase in temperature also enhances
compaction. When the pressure is high enough, the maximum compaction
density tends toward the solid density.

The apparent density in the solid state is usually measured using a closed
vessel under pressure (Figure 3.22). The sample is inserted into a chamber
situated between the base and the piston. The entire box is placed in a
convection oven, which allows the temperature to be controlled. The piston
is moved down toward the base using a hydraulic machine. Gradually
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compressing the sample in the solid state allows force-displacement curves
to be obtained.
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Figure 3.22. Schematic diagram of a compression box
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The density can be deduced, for a given temperature and pressure, just by
knowing the cross-section of the cell base as well as the sample mass. A
typical compaction curve obtained for rigid PVC is shown in Figure 3.23.
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Figure 3.23. Compaction of rigid PVC as a function of pressure and temperature
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Hyun and Spalding [HY U 90] described densification using the following
formula:

M:exp(_}rp) [3.51]
p,s min psmwc

with:
F=c¢+c¢,T+c, T [3.52]

where ¢y, ¢, and ¢; depend on the nature of the polymer as well as the shape
and arrangement of the particles.

Potente and Schoppner [POT 95] calculated the effective density of
spherical particles of diameter d for a face-centered cubic (FCC)
arrangement in a finite volume of width W and height 4, resembling the
channel in the extruder screw. The smaller the volume in relation to
the diameter of the constituent spheres, the more the boundary effects are
present and they tend to decrease the maximum compaction for this kind of
structure. Figure 3.24 shows this result. This study shows that the volume
available for the material in the screw channel can significantly affect the
apparent density. However, this reasoning is only valid for spherical
particles not undergoing a significant strain (in the case of low pressure
combined with a temperature lower than the glass transition temperature).
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Figure 3.24. Apparent density (FCC arrangement of spherical particles) as a
function of channel geometry (h, height; W, width, d, particle diameter)



72 Polymer Extrusion

Using densification curves to calculate the density in the extruder is valid,
only, when the material is subjected to compaction and density increases.
Any calculation of density in the case of decompaction of a material should
be interpreted cautiously. In fact, during a transition from a region of high
pressure to a region of low pressure, the particles subjected to high pressure
can deform and even interpenetrate, thus, significantly affecting the density
obtained as the pressure decreases.

3.3.4.3. Lateral pressure coefficients

The lateral pressure coefficient K; is defined in Figure 3.25, as the o, /0y
ratio. This coefficient allows the anisotropy of a solid medium of particles to
be calculated in a rather simple way. The closer the K; value is to 1, the more
isotropic the behavior becomes, and the more it resembles that of a liquid.
The anisotropy of a particulate medium is related to the internal resistance to
strain, and depends on the granulometry, the type of packing, and the
internal friction coefficient.

4—0: |dh

Tﬂ'w-dﬂ'

Figure 3.25. Lateral pressure coefficient

Spalding et al. [SPA 97] developed a simple apparatus shown in
Figure 3.26, which allows the lateral pressure coefficients to be measured for
polymer particles, as a function of pressure and temperature.

Let Py be the radial pressure measured by the pressure sensor and P, be
the axial pressure applied at the level of the sensor. The lateral pressure
coefficient is given by:

K z% [3.53]

z

The pressure P, is obtained from averaging the pressures P; (the pressure
measured by the top load cell) and P, (the pressure measured by the bottom
load cell). A major disadvantage of this device is how the radial pressure is
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measured. In fact, this pressure is measured by means of a diaphragm
pressure sensor, whose surface can be small compared to that of solid pellets
when the material is not in powder form. This makes the results difficult to
interpret, since the lateral pressure is only deduced from the force transfer of
a very small number of pellets, or even a single one. An average reading
over the entire lateral surface would be much more realistic. This device,
however, has the advantage of being very versatile, since it is also capable of
measuring the density and the static friction coefficient.

Applied force &
Load cell

Ram
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Sample
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Thermocouple =T p————t— Pressure sensor

Load cell

Figure 3.26. Device for measuring the lateral pressure coefficient [SPA 97]

3.4. Melting zone
3.4.1. Phenomenological description

Polymers, generally, have low thermal conductivity. Therefore, during
the extrusion process, the solid bed melts very slowly. Two mechanisms of
heat transfer are involved at this stage: a dissipative mechanism and a
conduction mechanism.

3.4.1.1. Melting by dissipation

The melting mechanism in a single-screw extruder was first observed by
Maddock [MAD 59] in the late 1950s. When the temperature of the screw or
the barrel surpasses the melting temperature of the polymer, the surface of
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the solid bed melts immediately upon contact with the metal surfaces. This is
usually accompanied by a significant decrease in pressure (Figure 3.27). The
solid bed starts to melt and a thin film is formed at the interface with the
metal surfaces. At the level of the barrel surface, this liquid film is subjected
to significant shear stress. Due to the high viscosity of polymers, this shear
generates significant heat by viscous dissipation. This heat is conducted from
the liquid film to the solid bed, causing melting at the film-solid interface.
Thus, the liquid film gradually thickens, until a melt pool is formed at the
rear of the channel (Figure 3.28).
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Figure 3.27. Evolution of pressure and temperature at the start of the melting zone
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Figure 3.28. Progressive melting of the solid bed by viscous dissipation
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The creation of the melt pool is due to the pressurizing mechanism of the
molten polymer as it passes over the trailing flight. We can show [AGA 14]
that the creation of this melt pool is even faster when the screw-barrel
clearance 9 is low. In practice, the pool formation, generally, starts as soon
as the thickness of the molten polymer film reaches 5 um [TAD 70]. The
transition between the formation of the molten polymer film at the interface
and that of the molten polymer pool corresponds to the delay zone.

Viscous dissipation is the most important mechanism involved during the
melting of the polymer. This mechanism is primarily controlled by the
viscosity of the molten polymer, being only slightly influenced by the size of
the particles making up the solid bed.

3.4.1.2. Melting by conduction

As the melting proceeds, the cross-sectional area of the solid bed
decreases as the melt pool enlarges. Below a certain critical size, the solid
bed can no longer maintain its integrity and the different forces to which it is
subjected cause it to rupture. It is, generally, accepted that this occurs at the
distance where the value of L/D is, approximately, equal to 20 [CHU 00].
The minimum particle size as a result of this rupture is that of the material
introduced at the feed zone entrance.

The subsequent melting occurs as heat is conducted from the surrounding
molten polymer to the solid particles (Figure 3.29). Due to the low thermal
conductivity of polymers, this mechanism is slow and depends on the size
and shape of the particles: the time needed to melt a solid particle immersed
in a molten bed increases exponentially with the particle size.

Barrel
o O
Trailing flight —— — Leading flight
Molten polymer
poly @ 2
Screw

Figure 3.29. Melting of solid particles by heat conduction
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3.4.2. Modeling

3.4.2.1. Summary of the problem

Tadmor and Klein [TAD 70] were the first to propose a melting model
based on the experimental observations of Maddock [MAD 59]. This
approach makes it possible to understand the basic mechanisms involved in
the melting zone, and forms the basis of more sophisticated models.

Let o be the thickness of the liquid film formed between the solid bed
and the barrel, let T be the barrel temperature and let 7 be the temperature
of the solid bed far from the interface. Assume that the solid bed has two
velocity components: V. in the direction of the channel and V, in the
direction of the solid-liquid interface. The barrel velocity Vr also has two
components, Vg and Vp. At the interface between the solid bed and the
liquid film, the temperature is equal to the melting temperature 7. The
unknowns, outlined in Figure 3.30, are dand V..

Barrel /4—-;/ 7 6:]/

: 63 Ty
Molten film Tor a TA
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\

Figure 3.30. 4 representation of the melting problem

3.4.2.2. Newtonian fluid

Let us consider a Newtonian fluid with a constant viscosity 7. At a given
time ¢, the position of the solid—liquid interface is indicated by y and the
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movement of the liquid film can be considered as a flow between two
parallel plates: the bottom plate is the solid-liquid interface and the top plate
is the barrel surface. With regard to the solid—liquid interface, the bottom
plate is stationary, whereas the top plate is moving at a speed ¥ such as:

V,=V,~V, [3.54]

The liquid film flows in the j direction, defined by the angle ¢ (angle
between V;and the channel direction z), such that:

tan o, =L [3.55]
Fz _Vsz
ie.:
tang, = — &S00 [3.56]

! V.cos6, -V,

The velocity profile in the liquid film is linear. From the stated velocity
boundary conditions, we obtain:

_ V./ 3 57
v‘,-(y)—gy [3.57]

In the liquid film, assuming the thermal regime is in equilibrium, the
energy equation takes the form:

2 dv. 2
kld—fm(lJ 0 3.58]
dy dy

By solving the set of equations [3.57] and [3.58], it is possible to obtain a
temperature profile in the liquid film:

T-T y2
s y[l—l}rl [3.59]
T.-T, 2k(T.-T,)6\ &) &

The heat flux from the liquid at the interface (per unit area) is:

o=k (?] [3.60]
_ v ),

_qy
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i.e. according to equation [3.59]:

2

k, nv,
- T.-T, 3.61
0|, =5 =T )+ 5 [3.61]
In the solid bed, the energy equation becomes:
dr . d’T
p,Co Wy =k, = [3.62]
dy ~dy
Integrating this equation leads to the following temperature profile:
T-T, V, [3.63]
T, T k /p,C, '
The heat flux from the solid at the interface (per unit area) is:
dT
~q,|_, =k (d—j [3.64]
Y ) =0
i.e. according to equation [3.63]:
~4,|,,=p.C,V, (T, -T) [3.65]

At the interface, the energy balance gives the following relationship
between o and Vj,:

k, 77V2
{5(T )+ 25} [/’ C, Vo (T, - )]=ps o AH [3.66]

where AH;is the enthalpy of melting. The right side represents the melting
rate at the interface per unit area.

Let X be the width of the solid bed in direction x. A second relationship
between the unknowns can be obtained from a mass balance on the liquid
film in the channel direction:

Ve +V, d(Xa‘) Vi
i \p, X-—Lp, 6=0 3.67
( > jp, pa Ve P 5 Pr [3.67]
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In this equation, the first term represents the mass flow in the z direction,
the second term represents the mass flow rate crossing the solid—liquid
interface and the third term represents the mass flow rate moving toward the
melt pool. We can show that the first term is negligible compared to the
other two. Thus, equation [3.67] becomes:

v
VP X ==Ep, =0 [3.68]

Solving equation [3.68] and replacing ¥, in equation [3.66], it is possible
to determine the thickness of the film:

2k (1, =T, )+ | X

[3.69]
Vee Py [Cps (7, _TS)+AHf:|
The melting rate per unit length of the channel is:
o=V, p X [3.70]
ie.:
@ =g X [3.71]
with:
Vi [k (1,-T )+77V2}
Fx P f ] F f 2 J
p= [3.72]

2[Cps(T/'_Ts)+AH.f}

The parameter ¢ characterizes the overall melting efficiency under the
given thermo-mechanical conditions. The numerator includes the terms
corresponding to the heat sources, i.e. heat conduction and viscous
dissipation. The denominator includes the terms corresponding to heat
consumption, that is to say, the specific heat of melting.

One solution to increase the melting rate, for a polymer of a given
viscosity, is to raise its temperature. Increasing the barrel temperature within
the thermal stability limit of the polymer, greatly favors melting. Increasing
the rotation speed of the screw, however, should be considered carefully.
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Indeed, an increase in V- also leads to an increase in the feed rate (equation
[3.13]). As a result, it is not certain whether the melting is improved in this
case.

Another solution includes lowering the denominator. For example, by
preheating the pellets, it is possible to reduce the gap between the melting
temperature 7y and the temperature of the solid bed 7, thus, increasing the
value of the parameter ¢.

Now, we are left with determining the evolution of the solid bed profile
inside the channel, that is to say, the change in the width X as a function of z.
This relation can be obtained by performing a mass balance on the solid bed
in the z direction. The depth of the solid bed is equal to the difference
between the depth of the channel and the thickness of the melted film. As
the thickness of the film varies slowly with z, the depth % of the solid can be
considered as the difference between the channel depth and a certain constant
value, which can be reasonably considered as the flight depth. We obtain:

_dY)_ @ 3.73)
z  pV.

Assuming that the depth of the channel is constant and that when z = 0
the solid bed occupies the whole width W of the channel, equation [3.73] can
be integrated to obtain:

X ¢ ’
il | D S 3.74
w [ Zﬂﬂﬁﬁ;% =7

According to the above equation, the width of the solid polymer bed
decreases in a parabolic fashion along the channel. Complete melting is
achieved when X = 0, i.e. for a length z; such as:

2p,V, W
2y :T
The velocity component V;, of the solid polymer is assumed to be

constant throughout the extruder and can be deduced from the solid mass
flow rate Q;:

O =p V. hWw [3.76]

[3.75]
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Equations [3.74] and [3.75] can be expressed in the following form:

£ {-4E
20,

/4

[3.77]

' 3.78
N7 [3.78]

Equation [3.78] shows that, if the rotation speed is increased to speed up
melting (via the parameter @), the flow rate Q; also increases (equation
[3.13]). The value of the Q;/¢ ratio ultimately defines whether this operation
is efficient or not.

Now, assuming that the channel depth varies linearly (Figure 3.12), the
depth 4 of the solid is expressed as follows:

Consider the dimensionless number y:

T:[p V¢\/Wj [3.80]

For boundary conditions identical to those used in the case of a channel
with a constant height, the solution to equation [3.73] is:

2
X_| ¥ _( ¥ _1j hy [3.81]
W | tana \tanc hy—ztano
The total length of the melting zone is expressed by:
hy tan o
=02 3.82
:, = ta2- ) 3.82)

which can also be written as:

tgo
zZ, =zf(a0)(l—4—hozf(ao)j [3.83]
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This shows that compression reduces the length required for melting,
especially when ¢ is large. We cannot, however, go beyond the limit set by:

4h,

=0 [3.84]

tgar=

since under stronger compression beyond this limit, the mechanism
proposed, up to this point, can no longer be applied.

3.4.2.3. Non-Newtonian fluid

The previous model applies to a Newtonian fluid; however, the majority
of polymers have a non-Newtonian behavior. As viscosity is one of the main
parameters affecting the dissipative melting mechanism, the Newtonian
hypothesis is the main source of deviation of model predictions from
experimental results.

For this reason, Tadmor and Klein [TAD 70] built a specific model for
power-law fluids. The adopted approach is identical to that for a Newtonian
fluid. This model, however, has no simple analytical solution. The
temperature and pressure profiles must, therefore, be solved, independently,
and the solution to the system is obtained using an iterative process.

The full development of this model can be found in books by Tadmor and
Klein [TAD 70] and Chung [CHU 00].

3.4.2.4. Other models

Tadmor and Klein’s model [TAD 70] is the best known for melting in
single-screw extrusion. It is based on the experimental observations of
Maddock [MAD 59]. It served as the basis for more sophisticated models,
such as that developed by Lindt [ELB 84, LIN 85]. This model accounts for
the polymer melt pool, a film of molten polymer between the barrel and the
solid, and molten polymer films between the solid bed and the screw.
Figure 3.31 shows the solid bed profiles obtained using the Lindt model
under various conditions. The rigid solid bed with recirculation seems to be
the most realistic.
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N
T

- A Experimental data
(a) Rigid bed (no recirculation)
(b) Rigid bed (with recirculation)

(¢) Deformable bed (no recirculation)
(d) Deformable bed (with recirculation)

[=]
T

=
[= ]
T

o
£
T

(a)

<o
™
e

Dimensionless width of solid bed ws/w
o
o
L

Al 1 1

g 0 1 12 13

Number of screw turns

o

o
-
4 <]

Figure 3.31. Evolution of the width of the solid bed along the screw.
Comparison of experimental results (4) and results from
the Lindt model, under various conditions [LIN 85]

There are other models that do not consider the melt pool on the trailing
flight. The most recent is a 3D finite element model, by Altinkaynak et al.
[ALT 11], that considers a biphasic flow in the solid conveying zone of an
extruder. The viscosity is represented by a Cross-WLF model, with a solid
phase with a very large viscosity. A series of screw extraction experiments
enables us to visualize the solid bed profile and to compare it with model
predictions. Although the model is more descriptive in nature, a melting
behavior, similar to that obtained by the Maddock model, can be observed
(Figure 3.32). In addition, the melting behavior calculated by this 3D model
gives results comparable to both the experimental results and those from the
traditional Tadmor model (Figure 3.33). We can, therefore, consider that,
despite its simplicity, the Tadmor analytical model yields satisfactory
qualitative results taking into account the required physical parameters and
properties.
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Figure 3.32. The temperature field in different sections of the extruder, obtained by 3D
finite element calculation of melting [ALT 11] (for a color version of this figure,
see www.iste.co.uk/lafleur/polymer.zip)
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Figure 3.33. 4 comparison of experimental results with predictions of the
models of Tadmor and Altinkaynac et al. [ALT 11]
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3.5. Metering zone
3.5.1. Phenomenological description

In the metering zone, the entire polymer is usually in the molten state.
This zone provides the polymer with the pressure required to ensure flow
through the die at a desired flow rate. As emphasized by Agassant et al.
[AGA 14], the metering zone only makes sense if it is associated with a die.

3.5.2. Modeling

Analysis of the flow inside the metering zone is much simpler than
modeling the solid conveying or melting zones. The modeling of this zone
can be simplified by assuming that the barrel is rotating around a stationary
screw.

In this section, we discuss an isothermal 1D flow in the metering zone for
a Newtonian fluid and a power-law fluid. In the case of a Newtonian fluid,
the more realistic 2D flow will also be discussed.

3.5.2.1. Isothermal flow of a Newtonian fluid

Let us consider the isothermal flow of a Newtonian fluid within a channel
of constant geometry. The regime is assumed to be steady state and
established along the z axis, and the fluid to be incompressible. The
clearance between the barrel and the flights, as well as the curvature of the
channel, are negligible.

According to these assumptions, the flow equation in the z direction of
the channel is written as:

v v oP v, v
Sy, — | =+ =+ — 3.85
Pr [vx n ay} oz 77{ o’ oy’ } [385]

The left-hand side represents the inertial forces. For a fluid of high
viscosity, which is the case for the majority of molten polymers, this term is
negligible compared to the viscous forces. The previous equation, therefore,
becomes:

oP v, 9’
gzn{ axV; + ayv;} [3.86]
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In the same way, along the x and y directions we, respectively, obtain:

oP [0, 9% |
== axV; + ayV; [3.87]

oP _Bzvy azvy_
ot et [3.88]

The flow in the metering zone is a 3D flow. In the case of a Newtonian
fluid, however, it is possible to split it into a longitudinal flow, described by
equation [3.86], and a transverse flow, described by equations [3.87] and
[3.88].

3.5.2.1.1. Longitudinal flow

The simplest way of considering the flow problem within the metering
zone is to consider a channel with a parallel plate geometry. In this case, the
velocity of the fluid along the z axis is a function of y only.

Using this assumption, the flow equation in the z direction is written as:

dp  d’
E:nﬁ [3.89]

Assuming a no-slip condition at the barrel and screw walls, and
integrating this equation leads to the following velocity profile:

yv(h—-y)dP
v.(») =V, %_%Z [3.90]

The mass flow rate is obtained by integrating the velocity profile:

1 Wh dp

=—V, . Wh- =
© 2 " 121 dz

[3.91]

1.€.:

0=0.-0, [3.92]
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with:
1
0. =5VFZ Wh [3.93]
Wh* dp
-2 A 3.94
9, 12n dz [ ]

The first term on the right-hand side represents the shear flow (Q,),
induced by the movement of the barrel relative to the screw. The second
term represents the pressure flow (Q,). The shear flow is proportional to the
width and depth of the channel, as well as to the rotation speed of the screw.
The pressure flow is identical to that calculated for a 1D flow between two
parallel plates. It is proportional to the channel width and to the pressure
gradient, and inversely proportional to viscosity. It also depends on the
depth of the channel.

Using equations [3.93] and [3.94], the longitudinal velocity component
can also be written:

h

)=V 1{1——” Loy %} 3.95]

This expression shows that the velocity is highly influenced by the
pressure flow, along the metering zone.

Equation [3.91] shows that the maximum flow rate is obtained if there is
no die and that the maximum pressure corresponds to a die of infinite
resistance. The operating curve — also called the characteristic curve (the
flow rate Q versus the pressure drop AP) depends on the screw rotation
speed (Figure 3.34).

Characteristic curves for dies can also be calculated. They are of the form
O = kAP, where k only depends on the viscosity of the material, and on the
geometry of the die. As shown in Figure 3.34, the intersection of the screw
and the die characteristics curves define the operating condition of the
extruder, i.e. the actual flow rate, and the pressure required. The use of
characteristic curves is important, whether it is about understanding how a
machine operates, or how to optimize performance.
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Figure 3.34. Characteristic curves of the metering zone

3.5.2.1.2. Transverse flow

In this case, we consider the flow in the transverse plane. The velocity
field components along the x and y axes can be obtained from equations
[3.87] and [3.88].

For a flow channel of a low aspect ratio:

2 2
9 9, [3.96]
ox ay

Equation [3.87] is reduced to:

oP_ 9’
o ayvzx [3.97]

Assuming a no-slip condition at the walls, this equation can be integrated
into:

h—y)opP
v, (¥) =V %_y(2_77)g [3.98]
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As the net flow in the transverse direction x is zero, the component v,
must satisfy the following relation:

y=H

[ v.Hdy=0 [3.99]
y=0

Le.:
P _6nVy, [3.100]
ox h?
By substituting equation [3.100] in equation [3.98], we obtain:
YizxY
=V, =|3==-2 3.101

vx (y) Fx h |: h :l [ ]

3.5.2.1.3. Coupled flow

To have a more precise idea about the flow in the metering zone, the two
previous flows must be coupled. This results in helical trajectories, such as
those shown in Figure 3.35. We find that, according to the starting position
of the particle in the transverse plane, these trajectories will vary in length;
their residence times can, thus, be significantly different.

— y = 095 Hp
emm= y=075H,

Figure 3.35. Helical trajectories in the metering zone for two
different starting positions [AGA 14]

In the case where the existence of lateral walls is taken into account, the
flow rate can be written as:

O=F,0.-F,0, [3.102]
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where Q. and Q, are given by equations [3.93] and [3.94]. F,;and F), are shape
factors associated with shear flow and pressure flow, respectively. These
factors have been calculated by Squires [SQU 58]:

F, = h/W Z?,ls ( h/W)] [3.103]

192(WW) & :
/ il ] [3.104]

1
F = =
’ le ’ ( 2(h/w)
F, and F), are presented graphically in Figure 3.36.

For the majority of screws used in industry, the aspect ratio #/W is set
between 0.05 and 0.1. As a result, the values of F; and F), are, as a general
rule, always higher than 0.94 and 0.93, respectively.
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Figure 3.36. Shape factors Fyand F,,

3.5.2.2. Isothermal flow of a power-law fluid

Strictly speaking, it is no longer possible in this case to separate the
longitudinal and transverse flows. However, it can be useful to calculate the
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longitudinal flow disregarding the transverse components, by using the
assumptions previously made for a Newtonian and isothermal fluid. The
component of the flow equation in the z direction, in the case of a power-law
fluid, reduces to the following expression:

@ B dz'yz
dz dy

[3.105]

For a power-law fluid, the shear stress 7, acting in the z direction on the
plane perpendicular to the direction y is given by the constitutive equation:

m—

l dv,
dy

dv,
dy

T_=K

yz

[3.106]

The boundary conditions are identical to those used for a Newtonian and
isothermal fluid (no-slip boundary conditions).

The solution to the flow equation can be simplified by using the
following dimensionless parameters:

& :% [3.107]
. FVI; [3.108]
Fz
1
r zi(ﬁd_PJ”‘ [3.109]
Ve \K dz

where & is the dimensionless position in the y direction, ¢ is the
dimensionless velocity in the flow channel direction and I is the normalized
pressure. By introducing these parameters, equation [3.105] becomes:

A ||de
dg\ldg| dg

m—1
d—‘/’] =1 [3.110]
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Depending on the value of I, two cases must be distinguished

(Figure 3.37).

Ly 0

Figure 3.37. Velocity profiles in the metering zone: a) I" <

1+m

Ifr< , equation [3.110] becomes:

m

i ﬂ m _1
dg\dg
The solution to this equation is:
1 s
p(&)=-|(£+C) -G ]
N

with:

_1+m

N
m

1+m

m

a)

b)

Sy s

[3.111]

[3.112]

[3.113]
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The constants of integration C; and C, are obtained from the boundary
conditions. In particular, C; is obtained using an iterative calculation. The
solution to the flow equation is therefore:

1+ C I+s _ C I+s
Q=V,.WH— {( ) 1 —Cl“'] [3.114]
Ky 1+s
If T >——, two cases must be considered:

m

For 0<E<E | equation [3.110] becomes:

d(_dpY' _
dé‘[ dfj 1 [3.115]

The solution to this equation is:
1T/ o s o\
(p(é)—;[(f -&) -(¢ )} [3.116]

For & < £<1, equation [3.110] becomes:

d(dp) _
dﬁf[dfj =1 [3.117]

The solution to this equation is:
1 o\ ] 1
p(&)=1{ (=€) -(-¢) [+ 3118)

For £ =&, the expressions [3.116] and [3.118] have the same value. As a
result, & ‘must satisfy the following equation:

Fz(l_g*)‘ (&) [3.119]

The value of & "is obtained from equation [3.119], by iteration.
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It can be shown that the mass flow rate, obtained by integration of the
velocity profile, is given by:

Q=V WH£ (5*)l+s _(1_5*)1“
= s I+s

(&Y

[3.120]

In this case, we see that the overall flow rate is no longer simply the sum
of the shear and pressure flows, although it depends both on the pressure
gradient (via I') and on the barrel velocity V..

3.5.2.3. Numerical 3D models

Several numerical models including a non-isothermal 3D analysis by
finite volumes or finite elements have been developed over the past few
years [LAW 94, KWA 02]. The majority are based on the unrolled geometry
and on a reference frame fixed on a stationary screw, with a rotating barrel.
Table 3.7 shows a comparison of the results from an unrolled geometry
model with these obtained in a helical geometry, along with some
experimental results [GHO 04]. From the table, we can see that the helical
geometry better represents the experimental results.

Rotation speed Experimental flow Helical geometry Unrolled geometry
(rpm) rate (g/s) flow rate (g/s) flow rate (g/s)
20 0.168 0.166 0.159
40 0.333 0.330 0.317
60 0.487 0.484 0.464

Table 3.7. A comparison between experimental data and
results from 3D models [GHO 04]

It is now possible to solve the actual problem of a 3D non-isothermal and
non-Newtonian flow in a complex helical geometry, with a rotating screw,
by using the immersed boundary method. This was made possible by using
parallelization calculation techniques [VAL 09, ILI 10]. These techniques,
however, are limited to the flow section where the entire polymer is molten,
they are not easy to use, and, usually, require significant calculation time and
computer resources.
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3.6. Overall model

The function of a single-screw extruder is to melt the solid polymer and
pump the molten polymer across a die, which shapes it to produce a profile,
a sheet or a film.

We can define an overall model by connecting the models, presented here
so far, for each of the functional zones; this will allow us to describe the
complete single-screw extrusion process, from the moment the pellets enter
the hopper until the polymer exits the die.

A number of commercial software packages are available to analyze
single-screw extrusion. They differ in their ease of use and the assumptions
made to represent each zone in the extruder. Without giving a full
description, the main softwares used to date are as follows:

— EXTRUD, SPR, United States;

— SSD, Stevens Institute, United States;

— REX, University of Paderborn, Germany;

— VEL Extruder Module, Compuplast, Czech Republic.

To illustrate the behavior of a screw extruder under various processing
conditions, we are going to use a model, developed by Amellal et al
[AME 91], which allows each zone of the extruder to be simulated, both for
barrier and conventional screws.

The first two results, presented in Figure 3.38, show that the pressure
gradient in the metering zone can be positive or negative depending on the
flow rate imposed through the die by changing the rotation speed.

To verify that the model can simulate extreme extrusion conditions, a die
with a very low resistance to flow was used. Figure 3.39 shows a low
pressure at the exit and a strongly negative pressure gradient in the metering
zone.

Figure 3.40 shows the results for extrusion of linear low-density
polyethylene (LLDPE), with a Barr barrier screw (see section 3.7.2), with a
rotation speed of 15 rpm.
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Rotation speed: 40 RPM
Barrel temperature: 145-175-210°C
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Figure 3.38. Evolution of temperature, width of solid bed and pressure along
the screw for two rotation speeds: a) 40 rpm, b) 100 rpm.
The symbols (®, A) are experimental points [AME 91]
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Rotation speed of the screw: 45 RPM
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Figure 3.39. Evolution of temperature, width of the solid bed and pressure
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Figure 3.41 shows the same screw but with a different polymer, whose
properties are poorly suitable to the barrier screw geometry; since the
melting of the polymer is slower, the channel is not filled as quickly.

As mentioned earlier, accounting for the effect of temperature and
pressure on the physical properties of the material can influence the quality
of a model’s predictions. Figure 3.42 shows that, for the same barrier screw,
the obtained pressure profile is different when the effect of temperature and
pressure on the molten polymer is taken into account.

The models presented above are very useful in understanding how the
process works; in practice, these models also have other uses.

For example, a challenge in extrusion is the scale-up from laboratory size
(process development) to industrial size (industrial production): if the
geometry and processing conditions are defined for a 15 mm diameter screw,
producing 5 kg/h, how can we estimate the proper flow rate to obtain a
product of the same quality, if a 30 mm screw is to be used?

Rotation speed of the screw: 15 RPM
Barrel temperature: 145-175-190°C
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Figure 3.41. Evolution of temperature and pressure along the screw

for a barrier screw with a misfit polymer. The symbols (®, A)
are experimental points [AME 91]
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Rotation speed of the screw: 90 RPM
Barrel temperature: 145-175-190°C
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Figure 3.42. Evolution of pressure along the screw for a barrier screw
with density constant or varying with temperature and pressure,
where (®) are experimental points [AME 91]

The scale-up criteria will vary according to the parameter, i.e. the specific
energy does not obey the same rules as the shear rate. Furthermore, only a
simulation device enables the rapid testing of different solutions, keeping
only the most relevant ones.

Similarly, the optimization of an existing process can be done by trial and
error, which is always long and costly. Alternatively, this can be achieved by
coupling a simulation tool with some optimization algorithms, thereby
enabling us to obtain, not only the optimal processing conditions for a given
screw geometry, but also the optimal screw design itself, according to the
criteria set by the user [GAS 01, COV 09].

3.7. Technological improvements

Two main limitations of the single-screw extruder, compared to a twin-
screw extruder, are a relatively low flow rate and a limited mixing capacity.
To improve these two limitations, different modifications and/or
improvements of conventional screws have been suggested.
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3.7.1. Grooved barrels

In the solid conveying section, we discussed the effects of the friction
coefficient on the screw and the barrel. The movement of the solid polymer
along the screw depends on these friction coefficients. The flow rate
increases with the fr /f, ratio. The majority of extruders have a section
containing a smooth barrel underneath the hopper. This section is as deep as
possible so that the pellets can be compacted and the screw can be fed
properly. In grooved barrels, several grooves are carved into the inside of the
barrel, beneath the hopper and along part of the solid conveying zone
(Figure 3.43).

Thermal insulator
Seal

Grooves  Cooling channels
solnga E Heated barrel

a) b)

Figure 3.43. A cross-section a) and a photo b) of a longitudinally grooved barrel

These grooves can be either longitudinal or spiralled, with a pitch
opposite to that of the screw flights. The operating principle is that certain
pellets are captured by the grooves, and rather than circulating along the
flight angle, they circulate within the grooves, pushed by the flights. This
considerably increases friction and the transport of solids [VER 02]. A
cooling system is implemented in this section to evacuate the heat produced
and to prevent melting. The grooves have a depth that decreases along the
solid conveying zone and can reach a length of 6D. The literature suggests
[GOF 90] using a number of grooves equal to D/10 (D expressed in mm),
with a depth varying from 0.5 to 1 cm and an angle of 3° (the angle
determining the decreasing depth of the grooves).
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In a conventional extruder, the pressure increases steadily, reaching its
maximum at the level of the die. The pressure drop in the die is, thus,
generated by the metering zone of the extruder. For a given screw, with a
fixed rotation speed, the flow rate decreases as the restriction of the die
increases (characteristic curve, Figure 3.44(a)). For an extruder with a
grooved barrel, due to the high friction forces, the maximum pressure is
reached in the solid conveying zone, thereby allowing a constant flow rate
even in the case of an increase in die pressure. Figure 3.44(b) shows this
behavior [DAV 98].

|
60 |—N185 P s“l ’ﬂ j‘ j 185 pm
N-'WWT\I — &0 ! !] !] ] I
E 40 N-!EOrplm gA ] / [ / =
& N=80 rpm o _| € ; i el
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% 100 200 300 400 500 o 10 200 200 400 500
AP (bar) AP (bar)
a) b)

Figure 3.44. Characteristic curves of an extruder with a) a smooth barrel
and b) a grooved barrel [DAV 98]

Another advantage of grooved barrels is the significant lowering of
temperature at the extruder exit, due to a much lower rotation speed for a
given flow rate. One of the disadvantages, however, is the premature wear of
the barrel, which is caused by the increased friction and pressure. This
problem can be minimized by implementing a decompression zone at the
end of the grooved section.

For very viscous polymers with very low friction coefficients, the
grooved barrels increase the productivity and stability of the process.
However, to ensure that melting takes place under optimal conditions, it is
recommended to use barrier screws, as we will see in the next section. In
addition, as screws with grooved barrels require a lower compression rate
than conventional screws, the mixing capacity is reduced and it is often
necessary to use mixing heads at the extruder exit.
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3.7.2. Barrier screws

The operating principle of barrier screws involves introducing a second
flight (barrier flight) at the start of the melting zone, which separates the
solid and molten polymer. The first patent for such a screw was filed by
Maillefer in 1959 [MAI 59] (Figure 3.45). The gap (clearance) between the
barrier flight and the barrel must be larger than the gap between the main
flight and the barrel (five to six times). The gap must be large enough to
allow the molten polymer, but not the solid, to flow through, thereby
separating the two. It is possible to independently vary the geometric
parameters of the section containing the molten polymer and that containing

the solid. This allows the optimization of the melting process by varying the
depth and width of the channel.
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Figure 3.45. a) Diagram of a Maillefer screw; b) top view (left), and cross-section (right) of
the channel in the zone with two flights

There are many types of barrier screws, based on the number of
secondary flights, flight angle and depth of the channels [RAU 01]. Two
classic examples are the Maillefer screw, already mentioned, and the Barr
screw. For the Maillefer screw, the secondary flight angle is greater than the

primary angle, thereby rapidly reducing the width of the solid bed. However,
the depth of these two channels is identical.

In the case of the Barr screw (Figure 3.46), the initial part is identical to
that of the Maillefer screw. However, when the section containing the
molten polymer is large enough, the barrier flight becomes parallel to the
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main flight; the depth of the channel containing the solid polymer decreases,
whereas that containing the molten polymer increases. In the case of the Barr
screw, there is a reduction of approximately 72% in the length needed for
melting compared to a conventional screw.
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Figure 3.46. a) Diagram of a Barr screw; b) top view (left), and cross-section (right)
of the channel in the zone with two flights

3.7.3. Mixing heads

Due to its geometry and mode of operation, the single-screw extruder
does not always ensure good homogeneity of the polymer at the end of the
metering zone, and even more so if fillers or additives are present. Moreover,
using a grooved barrel and a barrier screw increases the flow rate and, thus,
accentuates the mixing quality problem.

One technique used to increase the mixing action in a single-screw
extruder is to put a mixing head at the end of the screw. Depending on the
intended application, distributive or dispersive mixing may be desired.

Both mixing types are obtained by creating high stresses and strains in
the molten polymer. Dispersive mixing favors the rupture of components,
whereas distributive mixing ensures uniform distribution of constituents.
Figure 3.47 illustrates both mixing types [MAN 09a].
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Figure 3.47. Examples of a) dispersive mixing and b) distributive mixing

Figure 3.48 illustrates four types of mixing heads that favor distributive
mixing [RAU 09]. In this case, we aim to separate and recombine the flow,
which is the most efficient way to homogenize the filler distribution. The
mixing heads are composed of pins or channels designed for this purpose.
These tools generally cause limited pressure drops and temperature
increases.
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Figure 3.48. Mixing heads used for distributive mixing [RAU 09]

Figure 3.49 shows four types of mixing heads that ensure the dispersion
of the components. For this aspect of the problem, the component must be
subjected to a large enough stress so that it ruptures [MAN 09b]. Thus, the
material is forced to pass through a narrow gap. The Maddock mixing
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elements are certainly the most common for dispersive mixing, and unlike
distributive elements, they cause additional pressure drops, and significant
increases in temperature, at the end of the screw.
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Figure 3.49. Mixing heads used for dispersive mixing [RAU 09]

3.8. Conclusion

Single-screw extrusion is still the primary method for processing and
shaping polymers. Because of the studies carried out for over 60 years, it is
now well understood and the main mechanisms involved have been
identified and modeled. Technological improvements including grooved
barrels, barrier screws or mixing heads have significantly improved
performance of the screw-barrel system. Comprehensive models for
calculating and predicting the parameters involved in the process are
commercially available. They allow the user, not only to better understand
the process, but also to solve the production problems and optimize the
screw geometry and the processing conditions.
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Chapter 4

Co-rotating Twin-Screw Extrusion

4.1. Twin-screw extrusion

The twin-screw extrusion process was developed in the beginning of the
20th Century alongside the single-screw extrusion process. It has, however,
experienced rapid growth over the past 30 years, especially with regard to
co-rotating extrusion, with specific applications in plastic compounding, and
in the manufacture of complex materials [WHI 10]. Before detailing its
different forms, let us begin by providing some basic information about
twin-screw extrusion: a twin-screw extruder includes, by definition, two
parallel screws, rotating inside a barrel with a figure-eight cross-section.
Unlike the single-screw extruder, the twin-screw extruder comes in many
different types. Therefore, it is essential to classify them.

4.1.1. The different types of extruders

The two main criteria used for classifying twin-screw extruders are
illustrated in Figure 4.1:

— The screw rotation direction: the extruders are referred to as co-rotating
if both screws rotate in the same direction, and counter-rotating if they rotate
in opposite directions.

— Interpenetration: the screws are said to be interpenetrated if the flight
of one screw penetrates into the channel of the other. This interpenetration
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can be partial or complete. Tangential and non-interpenetrated
configurations are also possible.

Interpenetrated screws Non-Interpenetrated screws

Figure 4.1. Classification of twin-screw systems [VER 0la]

Other differentiation criteria play a less important role in defining the
flow conditions. For example, the screws can be tapered or parallel and
the design can be conjugated (self-cleaning), or not. A design is said to be
conjugated when the surface of one screw fits perfectly on the surface of the
other. In this case, the flow of the material between both screws, from one
side of a plane passing through the axes to the other, is very limited. Unlike
the case in a single-screw extruder, the screws in co-rotating twin-screw
extruders often have several flights. Screws with two flights are most
common.

Numerous combinations of these different criteria are possible, and the
chosen configuration wusually depends on the desired application.
Interpenetrated screws are used to convey and pressurize, whereas tangential
or non-interpenetrated screws are used to mix fluids of low viscosity. In our
area of interest, i.e. the extrusion of polymers, the main applications include
the extrusion of polyvinyl chloride (PVC), (manufacture of profiles and pipes),
for which we mainly use counter-rotating twin-screw extruders, and the
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manufacture of complex materials (filled products, polymer blends, reactive
extrusion, etc.), for which the most efficient system is interpenetrated co-
rotating twin-screw extrusion, which will be the focus of this chapter.

4.1.2. Different flow types

Depending on the geometry of the studied twin-screw extruder, the flow
characteristics vary. Indeed, the path from one screw to the other through the
interpenetration zone is more or less open depending on the configuration.

In the case of very closed geometries (for example, a completely
interpenetrated counter-rotating profile), we find “C-chamber”-type flows,
which were studied by Janssen in 1978 [JAN 78]. In each screw, the material
fills a C-shaped area, within which it recirculates. Exchanges with
neighboring chambers, in the same screw, or in the adjacent screw, are
limited. The material flows downstream in the machine as the screw rotates,
acting, here, as a positive displacement pump (Figure 4.2(a)).

C-chamber

Continuous channel

N7\
) )

b)

®©®

Figure 4.2. Different flow types: a) C-chamber, b) continuous flow and
¢) intermediate case [VER 0la]
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For geometries with a large opening in the interpenetration zone (for
example, an interpenetrated co-rotating conjugate profile), we encounter
“continuous channel” flows, where the material easily passes from one screw
to the other in a figure-eight trajectory, along the machine (Figure 4.2b).
This type of flow is similar to that discussed in Chapter 3, in the metering
zone of a single-screw extruder.

Of course, apart from these two extreme cases, any intermediate situation
is possible: for example, the interpenetration zone may allow the material to
pass from one screw to the other, but by significantly restricting the flow
(Figure 4.2(c)). In practice, each flow type, depending on the assumed
simplifications, requires a different theoretical approach. This explains why
the different twin-screw systems must correctly be classified, and shows how
complex a conventional approach, such as the one developed for single-
screw extrusion, can become.

In this chapter, we will study the co-rotating extruders in detail, which are
currently the most commonly used extruders. We advise the readers to refer
to more detailed references on counter-rotating extruders [JAN 78, WHI 01,
RAU 01, WHI 10]. Table 4.1 compares the general characteristics of both
types [RAU 01].

Type of extruder
Interpenetrated Interpenetrated Tangential
co-rotating counter-rotating counter-rotating

Flow rate ++ + ++
Conveying 0 ++ -
Rotation speed ++ 0 ++
Pumping capacity 0 ++ -
Self-cleaning capacity ++ + -
Width of the residence 0 ++ 0
time distribution

Distributive mixing ++ + ++
Dispersive mixing ++ 0 -

Notes: ++ very good, + good, 0 average, — poor.

Table 4.1. Main functional characteristics of twin-screw extruders [RAU 01]
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4.2. General overview of co-rotating twin-screw extruders

In this section, we only discuss fully interpenetrated systems. We refer
readers to the literature for tangential and partially interpenetrated systems
[RAU 01, WHI 10], which are rarely used in the processing of molten
polymers.

4.2.1. Characteristic features of co-rotating twin-screw extruders

Between the entry and the exit of the machine, aside from some
differences, the functional zones are the same as those in single-screw
extruders: that is to say, the conveying of solid pellets, the melting zone and
the molten flow zone. Figure 4.3 illustrates this situation, obtained once the
machine has stopped, the material has cooled and the barrel has been removed.

Molten flow Melting Solid conveying

RIS B

Kneadind discs Left-handed screw element

Figure 4.3. State of the material inside a twin-screw extruder

The first difference between twin-screw extruders and single-screw
extruders is their more complex geometry. In fact, most twin-screw
extruders are modular, that is to say, they are composed of small parts of a
given length, which can be arranged on a fluted shaft to obtain a given
profile. These elements are primarily of two types:

— screw elements, with right- or left-handed flights;

— kneading elements (see Figure 4.4).

The kneading elements are non-helical elements of a certain thickness
and have a cross-section identical to that of the screw elements. They are
mounted onto the shafts, one staggered by a certain angle in relation to the
other, which produces complex flows during the rotation and allows efficient
mixing. This staggering is said to be direct (or right-handed) if the tips create
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a pseudo-channel and are analogous to that of a screw element with a direct
flight. Otherwise, we refer to an inverse (or left-handed) staggering. The
mixing elements and the left-handed screw elements are restrictive elements,
which tend to hinder the “natural” flow of the polymer towards the die. Of
course, flow characteristics differ depending on the type of geometric
elements, and each requires a specific theoretical approach.

The second point of interest is the melting zone. Unlike with single-screw
extrusion (Chapter 3, section 3.4), melting seems to occur quickly. We will
see in section 4.4 that the melting mechanisms in twin-screw extrusion are
rather particular.

Nominal diameter

Thickness

a)

Figure 4.4. a) Two-tips kneading discs, b) block composed of two-tips kneading discs at 90°
and ¢) block composed of three-tips kneading discs at 30° [VER 01a]

Figure 4.3 shows that the extruder is not completely filled. In fact, the
conveying of the solid material occurs due to the positive displacement of
the interpenetrated screws, rather than due to the effect of friction forces, as
is the case in single-screw extrusion. The feed zone, and more generally the
conveying zones, along the screws (except for restrictive elements), can only
be slightly filled, which decouples the two processing parameters, namely
the feed rate O, and the rotation speed N. As a result, the twin-screw
extrusion process is incredibly versatile in terms of processing conditions.
The local filling ratio is another parameter that must be taken into account
during the modeling. In practice, the Q,6 /N ratio is often used to

characterize the overall filling ratio of twin-screw extruders.
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4.2.2. Geometry of the screws and barrel

The geometry of conjugated interpenetrated co-rotating twin-screw
extruders was studied in detail by Booy [BOO 78]. It should be noted that
the geometric analysis presented here is valid for both screw elements, as
well as, for kneading elements, which, in fact, are screw elements without
helicity.

The geometric analysis by Booy is made by assuming that there is no
leakage gap between the two screws, or between the screws and the barrel.
The screw cross-section, in a plane perpendicular to the axes, is obtained
assuming that the screws are in contact while one slides on top of the other.
This suggests the following relation between the centerline distance E, the
channel depth H, the internal diameter D; and the external diameter D, of the
SCrew:

E=D+H=D,—-H [4.1]

The cross-section of the screw can be described using three parameters:
— the screw diameter D,;

— the centerline distance E;

— the number of flights 7.

In fact, the shape of the cross-section in a plane perpendicular to the
screw axis is directly dependent on the number of flights (Figure 4.4).

Figure 4.5. Cross-sections of a screw with one, two and three flights [BOO 78]

Booy [BOO 78] showed that this cross-section is defined by arcs of a
circle, of the respective radii D, /2, E, and D; /2. These arcs are limited by
two angles ¥ and «:
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— y defines the interpenetration zone (Figure 4.6). It is given by:

E
cos\y =— 4.2
V=0 [4.2]

e

Figure 4.6. Interpenetration zone (section perpendicular to the screw axis)
and definition of angle ¥

— o defines the flight thickness in the section perpendicular to the screw
axis (Figure 4.7). It is given by:

nQa+dy) =27 ie. a=2-2y [4.3]
n

a) b)

Figure 4.7. Geometric parameters in the plane perpendicular to the screw axis.
For a screw with a) one and b) two flights [Boo 78]

We can see that when the centerline distance and diameter are identical, a
two-flighted screw has a thinner flight, and, therefore, the cross-section of
the channel is less obstructed in the interpenetration zone, which allows the
material to flow more freely between the screws.
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For & to be positive, it must comply with certain conditions regarding the
centerline distance, the screw diameter and the number of flights:

— for a single flight screw, the E/D, ratio can be of any value;
— it must be greater than V2 /2 for screws with two flights;
— it must be greater than V3 /2 for screws with three flights.

From this analysis, we can calculate the main geometric parameters. For
example, the open cross-section of the barrel is:

2

D :
S, = (x—y)—=—+ED,"2¥ [4.4]
2 2
The cross-section of the screw is defined by:
5, =nif yE-Lesing |+ 19| P2 (g Do) [4.5]
’ AT RN 2 '

We can show that, since £ and D, are fixed, this cross-sectional area
decreases as the number of flights n increases. The cross-section filled by

the material and defined by S, =S5, —2S, will, therefore, be much larger
when there are a large number of flights.

Just like in single-screw extrusion, the angle of the flight &with a plane
perpendicular to the screw axes is defined by:

tan@(r) = 21 [4.6]
r

where r is the radial position.

For screws with fairly shallow channels, tan @=B/7zD, is a good

approximation (note that, in general, the channels are often deeper than in
single-screw extrusion).

We can then calculate the flight thickness e in a plane perpendicular to
the screw channel:

e

e=a

sin@ [4.7]
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The channel depth along a section perpendicular to the axis is constant
and at its maximum between points B and C (Figure 4.8), where it equals:
H=D,—E.Itis negligible, by definition, between D and E. Between B and

A, for angle y varying between 0 and 2y, it is equal to:

2
H(}/):IZ" (1+cosy)—1/E2—DTesin2}/ [4.8]

a) I b)

Figure 4.8. Evolution of channel depth: a) cross-section and b) axial section [BOO 78]

This depth does not depend on the number of flights. However, the
number of flights will determine the width and the number of “independent”
channels in an interpenetrated configuration. In fact, the material flows along
the screws through different parallel channels, whose number depends on the
number of flights. Figure 4.9 shows the cross-section of a screw with two
flights. It shows that the surface of the screws defines three channels: one on
screw 1 (channel 1), one on screw 2 (channel 2) and the last one straddling
both screws and the interpenetration zone (channel 3). There are, therefore,
three imbricated independent channels, along which the flow conditions will
be considered to be identical. More specifically, we can show that the
theoretical number of independent channels is:

m=2m—-1+%" [4.9]
T

When ¢« is small, we can consider 2n — 1 independent channels, i.e. 1 for
a single-flighted screw, 3 for a two-flighted screw and 5 for a three-flighted
screw, which is the maximum encountered in practice. For modeling, we
may, thus, limit ourselves to the study of a single channel with a flow rate of

0,=0/m.
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Cross-section
Channel 1 Channel 2 Unrolled view
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Figure 4.9. Geometry of two-flighted screws: a) cross-section and
b) top view after channel unrolling

Screw 1

Of course, the channel width of the screw depends on the number of
flights. At the barrel level, it is defined, just like in single-screw extrusion,

by:

W= Bcos@ 3
n

e [4.10]

4.2.3. Conventional approximations

One of the challenges when modeling flows in a twin-screw extruder is
that the geometry cyclically varies with time and that there is no simple
reference frame for considering flow as an independent of time. By fixing a
reference frame onto one of the two screws, just like in single-screw
extrusion, the barrel will turn around the stationary screw and cause the
second screw to rotate around the first, whose channel will be regularly
swept by the flight of the neighboring screw [TAY 92]. Nevertheless, to
obtain a stationary geometry, most authors consider both screws as fixed,
with a rotating barrel. The major drawback of this hypothesis is that it
disregards the relative movement of the two screws and, therefore, does not
account for the flow in the interpenetration zone. However, this is the only
straightforward approach.

Another approximation, which is common in single-screw extrusion,
includes unrolling the channels to form a planar configuration
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(Figure 4.9(b)). It should be noted that the channel-width to screw-diameter
ratio is often greater in twin-screw extrusion, which decreases the validity of
this assumption.

In fact, the degree of simplification required depends on the type of
approach desired. If we seek to fundamentally understand some specific
flow mechanisms in a limited part of a system, then we require
sophisticated numerical techniques. 3D, time-dependent flow approaches
were developed to study, in detail, the conveying zone, the interpenetrating
zone and the mixing effects in a kneading block [YAN 92, KAJ 96, MAN
98, BRA 00, YOS 00, MOU 00, ISH 00, ISH 01, FUN 02, KAL 07]. On the
contrary, if we aim to establish an overall model for this process, taking into
account the different functional zones, a simplified approach needs to be
used.

4.3. Solid conveying zone

In the previous chapter, we saw that in single-screw extrusion the
conveying of pellets in the feed zone occurs due to the friction forces
between the compacted solid, the screw and the barrel (Chapter 3,
section 3.3). In twin-screw extrusion, the rotation of two interpenetrated
screws works as a positive displacement pump, which pushes the solid
downstream, regardless of the boundary friction conditions. This is
particularly the case for “C-chamber” configurations (Figure 4.2(a)), that is
to say, with a restricted passage from one screw to the other. It is therefore
possible to starve feed the screws without affecting the process, and to
efficiently convey materials that would pose problems in single-screw
extrusion (e.g. formulation of highly lubricated PVC and PVC in powdered
form which are extruded, almost exclusively, using counter-rotating
twin-screw extrusion). For this reason, twin-screw extruders are generally
fed by a volume or weight metering system, which allows a given feed rate
to be set.

The solid material usually remains in the interpenetration zone, or falls
into the lower part of the channel due to gravity, where it is pushed by the
trailing flights and moves in the axial direction at a speed equal to the
translation of the screw flights, i.e. NB (where N is the rotation speed per
second), as shown in Figure 4.10.
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If the material sticks to the screws, it will only move forward with each
rotation, as it is passed from one screw to the other. The speed is, therefore,

slower and can be calculated with: N B(l -1/ 2n).

In fact, the solids conveying zone does not pose practical problems and
hence does not need to be studied in detail. This is why few publications
have been dedicated to this zone [CAR 93, POT 96a].

e

Figure 4.10. The two conveying styles observed in the conveying zone

The only challenge is to calculate the maximum feed rate of the machine
under certain given conditions. Indeed, flow rate and rotation speed are
independent of each other, but there are limiting parameters, for example,
related to the overfilling of the hopper or the torque limits of the machine
(leading to blocking).

For a given profile, at a fixed speed N, the feed rate can, generally, be
increased up to a maximum value, Q,..,, before reaching the machine limits
(torque or power). Experimentally, we found that the flow rate, Q.
increases with the pitch of the screw elements [NOE 92]. This is why screw
elements with a large pitch are chosen in the feed zone. Q,,.,/N represents the
overall maximum filling ratio of the machine. It is expressed in g/rpm and
also reflects the intake capacity of the feed zone. To increase the maximum
feed rate of a given machine, the screws must rotate as quickly as possible.
This is why the maximum rotation speeds have increased from 300 to 600
and now to 1,200 rpm over the last 10 years.

4.4. Melting zone

Unlike in single-screw extrusion, studies on the melting mechanisms in
co-rotating twin-screw extrusion are both recent and more limited. Most of
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the models are still under development and, unlike with single-screw
extrusion, there is no consensus on these models.

4.4.1. Experimental studies

All the studies show that the melting mechanism in twin-screw extrusion
is completely different from that observed in single-screw extrusion. Instead
of the formation of a liquid film upon contact with the barrel, and the
development of a melt pool at the rear of the channel, which is clearly
separated from the solid phase, in twin-screw extrusion there is usually a
succession of the following stages [GOG 98, VER 01b]:

— It all begins with the surface melting of pellets in contact with the barrel
and the aggregation of these pellets, wetted by the molten polymer. At this
point, the channel is not full, the pressure is zero and the pellets still have
their initial shape.

—The complete filling of the channel occurs several C-chambers
upstream of the restrictive element causing melting. This involves
pressurization of the pellets, as well as significant plastic deformation. The
space between the pellets is then occupied by the molten polymer.

— During the subsequent stages, we see a gradual decrease in the size of
the solid pellets, which are randomly distributed within the molten polymer.
A clear separation of solid and liquid is never observed, but rather there is a
transition from an initially concentrated solid suspension to an increasingly
more dilute suspension until the solid completely disappears.

DOWNSTREAM

Figure 4.11. Melting zone in a left-handed screw element

Figure 4.12 illustrates this melting process inside a left-handed screw
element. This process depends on the geometry of the elements where the
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melting takes place (right- and left-handed screw elements, kneading
elements) and the operating conditions (filling ratio, rotation speed and flow
rate). Figure 4.13 illustrates the melting in a block of kneading elements and
shows the general characteristics of the mechanisms described above.

v

I8 cm |"Lm
-6em - 18 em -30 em

Figure 4.12. Evolution of the solid/molten mixture during melting inside a left-handed screw
element; the solid is in white, the liquid is in black; the distances are given according to the
unrolled channel, the positive values correspond to the right-handed element preceding the

left-handed one and the negative values correspond to the left-handed element [VER 01b]

S
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Figure 4.13. Evolution of the solid/molten mixture during melting within the block of
kneading discs, the solid is in white, the liquid is in black; the sections are from all discs,
numbered from 1 to 8 from upstream to downstream [VER 01b]

The melting mechanism can be quantified from the above-mentioned
observations by analyzing the images and monitoring the evolution of the
solid portion along the flow. Figure 4.14 shows this evolution for both cases
presented above. We found that, under certain conditions, melting does not
end, neither at the exit of a left-handed element (20% unmelted) nor at that
of the block of eight kneading discs, staggered by 90° (35% unmelted). This
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quantification reveals that the different processing parameters affect the
melting mechanisms.
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Figure 4.14. Evolution of the solid fraction: a) along a left-handed screw element
and b) along a block of kneading discs [VER 01b]

A systematic study performed on a pilot scale machine revealed the
following results [VER 01b]:

— A decrease in the feed rate at a constant rotation speed causes quicker
melting. The same goes for an increase in screw speed at a constant flow rate
[ZHU 99]. In both cases, this result can be attributed to a noticeable increase
in the specific energy supplied to the material.

— The staggering angle of the kneading discs does not seem to greatly
influence the melting speed. However, by modifying the filled length
upstream of the block, it allows an advanced startup and thus more efficient
melting. The literature states that a neutral staggering (90°) is most effective
[CHA 95].

— The size of the pellets, or more specifically the size of the pellets
relative to that of the channel, may play a role [TOD 93, GOG 98]. Indeed,
our results show that the melting initiation mechanism can be different; but
once the solid/liquid dispersion stage is reached, their evolution becomes
similar.

— The size of the machine is an important parameter. From experiments
on a laboratory machine, and an industrial-size machine, we have shown
that, for a similar screw profile, the melting conditions were also similar.
Thus, it seems that the mechanism mentioned so far can be generalized to all
conditions of the co-rotating twin-screw extrusion process.
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4.4.2. Theoretical models

The first theoretical approach to melting in twin-screw extrusion was
derived by adapting the Tadmor model, developed for single-screw extrusion
(Chapter 3, section 3.4) [POT 96b, BAW 98]. The derived models
considered a preferential solid/liquid arrangement, which, as we have seen,
was not observed experimentally. More realistic mechanisms, dispersion of
solids in a molten medium, were also presented [HUA 93, ZHU 01, LIU 01,
GUO 03], but with unrealistic theoretical basis. Gogos et al. [GOG 98] and
Quian and Gogos [QUI 00] proposed to incorporate the interparticular
friction, and the plastic deformation energy into the melting model; however,
understanding of these phenomena is still incomplete and, therefore, difficult

to apply.

To explain the experimental observations, first Noé¢ [NOE 92] and then
Todd [TOD 93] proposed to consider the mixture of solid and molten
polymers as a highly filled medium, with a very high equivalent viscosity.
This idea, which we present below [VER 01b], was developed further by
Bleiman et al. [BLE 02].

A 1D model was applied to screw elements and kneading elements in a
similar way (see Figure 4.15). We do not consider the initial instants of
melting, but we start when the highly concentrated solid/liquid suspension
has already formed. We start with an initial solid fraction ®,; and assume that
the solid particles are undeformable spheres, as shown below. At this point,
we have to be cautious of the fact that it is a rough estimate.

H

Figure 4.15. 4 schematic description of the solid/liquid mixture:
a) in the screw channel and b) in a kneading disc [VER 01b]
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The equivalent viscosity of this medium is given by the Maron—Pierce or
Krieger—Dougherty equation, in the general form [AGA 14]:

n=n,(1-ao) [4.11]

where 77, is the matrix viscosity, « is the inverse of the maximum solid
fraction, corresponding to the maximum compaction in the solid phase, and
[ is a negative parameter, which depends on the particles’ geometry and
their interactions. By modifying & and /3, it is possible to adjust the viscosity
of the suspension.

From the 1D flow equations of a viscous fluid in a screw channel (section
4.5.1.1), or around a kneading disc (section 4.5.2.1), the model aims at
calculating the power dissipated by deformation in this very viscous
medium. This calculated power is then introduced into a local thermal
balance equation, which enables the increase in temperature of the medium
to be evaluated, in conjunction with heat transfer calculations involving the
barrel and the solid particles:

p,C, QAT =W + hy (T, =T,)S + nh (T, ~T))47R’ [4.12]

where p; is the density of the molten polymer, C, is the specific heat
capacity, 7y is the barrel temperature, 7, is the temperature of solid particles
of radius R, S is the exchange surface with the barrel, 4rand /4, are the heat
transfer coefficients between the molten polymer and barrel and solid
particles, respectively, and # is the number of particles in the given volume.

Next, we calculate the decrease in the radius of the solid particles,
assuming that at each time step Af heat transfer from the surrounding liquid
causes the melting of a peripheral layer with a thickness of AR:

AR _ h(T,-T)
A p (C (T, -T)+A4H)

[4.13]

Finally, we assume that the internal temperature of the solid particles
increases due to heat transfer from the surface at temperature 7,,. If T} is the
starting temperature of the pellets, the temperature at instant ¢ is given by
[CAR 59]:
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T -T at 3at < JjR
T =T,+2—*|6,]————+12vat ) ierfc —] [4.14]
R \z R 12 («/at

where a is the heat diffusivity and “ierfc” is the function defined below:
ierfo(x) = ——exp(—x’) x(l _z [ xexp(—uz)duJ [4.15]
N Jz

The solution of equations [4.12—4.14], coupled with those for flow,
allows the evolution in the pressure, the temperature of the solid, the
temperature of the liquid and the radii of the pellets (the solid fraction) over
time to be calculated along the length of the screw. Melting is considered to
have been completed when the temperature of the solid is equal to 7, or
when the solid fraction is equal to zero.

Figure 4.16 shows an example of the results. The values of different
parameters are consistent with those obtained from experimental
measurements, within an order of magnitude.

Pressure (bar) Temperature of molten polymer (°C)

Lefi-handed clement  Kneading Right-handed clement Left-handed clement  Kneading Right-handed clement
dises discs

r 150 r 240

L 220
L 100 \'\ .

\ L 200
L 50
. - 180

L Y L 0 L ] ‘-“T\ 160
300 200 100 0 -100 -200 300 200 100 0 -100 -200
Channel and kneading discs length (mm) Channel and kneading discs length (mm)

Temperature of solid (°C) Solid fraction (%)
Left-handed element Km."ading Right-handed clement Left-handed clement  Kneading  Right-handed element
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80 . 04
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L ' 'l 20 —_— '] I
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Figure 4.16. Calculation of melting in a right-handed screw/block of
kneading discs/left-handed screw configuration. The symbols (®) and the dotted
line correspond to the experimental values [VER 01b]
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4.5. Flow in the molten state

Modeling flow in the molten state will vary according to the considered
element and can be addressed in a simplified way depending on the
objectives.

4.5.1. Right- and left-handed screw element

Let us consider the geometry in Figure 4.17, where, as in Figure 4.9b,
the portions of the channel corresponding to the C-chambers have been
unrolled.

Screw 1 X

z

Figure 4.17. The unrolled geometry of the screw channel and
the reference frame used

For a viscous fluid, the flow is governed by the following equations,
which leads to Stokes equations if the behavior is Newtonian and isothermal:

dx ox\ dx) dy| \dy dx)| oz 0z ox

a—p:i n a—u+i +2i 77& +i n @+8_w [4.17]
dy odx| \dy odx)| dy\ dy) 9dz| (dz Iy

a—p:i n(a—”+a—w) +i n @+a—w +21(na—wj [4.18]
dz ox| \dz ox dy| \dz 9y dz\ " 0z

8u+8v+8w:0

kA i 4.19
ox dy oz [4.19]
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4.5.1.1. One-dimensional analysis

The simplest analyses, such as those in the metering zone of a single-
screw extruder, involve considering a 1D flow along the z-direction, with a
unique velocity component w(x) [WYM 75, BOO 80, MEI 88a, TAY &9,
POT 90]. We, therefore, obtain a relation of the following type:

0,=0.-0, [4.20]

where the flow rate along a channel results from the superposition of a shear
flow rate O, and a pressure flow rate O, .

This analysis applies to right- and left-handed screw elements. In fact, as
shown in Figure 4.18, the only difference between these elements is the
direction of the velocity component V_ at the barrel level.

1z

Left-handed element I Right-handed element

Downstream Upstream

VE VE
/'—1__( P s, - ‘\\
/‘/ s s ~
.-~ Qcn Qch N
\\ - ' f— fp————— \
Right-handed Left-handed

Figure 4.18. Difference in flow between right- and lefi-handed screw elements [VER 0la]

In the case of a right-handed element, the relative movement of the barrel
drags the flow in the downstream direction, and the pressure gradient can be
either positive or negative, similar to that in the metering zone of a single-
screw extruder. In the case of a left-handed element, the moving barrel
pushes the material upstream and the pressure gradient must be negative, and
has to reach a critical value for the polymer to flow downstream.
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Let us consider a C-chamber of length L, width W and depth H. For a
right-handed element, the volumetric flow rate is expressed as the sum of the
shear flow and the pressure flow (isothermal Newtonian behavior):

3
A
Qch =W Vlz H— WH pd
2 12n L.

[4.21]

This C-chamber, once filled, is capable of creating a pressure increase
Ap, equal to:

12nL,. (WHV,
Ap, = WTf(T] =0 j [4.22]

If it is not filled, the pressure is zero and the material only occupies a part
of the channel width, defined by:

pre = 2er [4.23]
V.H

NOTE 4.1. — If the actual flow rate Q. is greater than the shear flow rate, this

C-chamber, although the element is right-handed, will only operate by
consuming a pressure drop as follows:

12nL WHYV:
Ap, = ’“(Qa,— j [4.24]

- WH® 2
For a left-handed element with the same geometry, we obtain:

3
Ap,
0, =-whep JH AP
2 1277 L.

[4.25]

The flow rate Q,, in this left-handed element requires a pressure drop

Ap, equal to:

_12n7L, [WHVIZ

pi = WH3 T+ QChj [426]
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where Ap, is greater than Ap, : for a length Lc of the left-handed element,

the length of the upstream right-handed element must be much greater to
generate the pressure required to flow through the left-handed element
(Figure 4.19). This length L’ is:

L v:L VIZWH+2QCh
C

427
“V.WH =20, 271

So far, the interpenetration zone between the two screws has not been
taken into account. In this zone, the local geometry and the kinematics are
complex (the screw walls move in opposite directions). Generally, this is
simplified by considering the flow as a simple Poiseuille flow (therefore,
requiring a pressure drop Ap_, ) in a geometry with reduced width W, and
length L, :

_W.H Ap,

Qch 1 2 77 in

[4.28]

with W, =W —e and L, =vyD.,.
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Right-handed Left-handed
element element

without
interpenetration zone /

20 |

15 |
[ with interpenetration
| zone

10 \/
v/

/ Element 2 Element 1

Pressure (MPa)

ol ;
0 10 20 30 40 50 60
Length (cm)

Figure 4.19. Right- and left-handed elements in series, with and
without considering the interpenetration zone

NOTE 4.2. — By changing the sign, we found that the calculation for a left-
handed element (equation [4.26]) is exactly the same as that for a right-
handed element (equation [4.22]), except that the pressure gradient has to be
positive and the flow rate has to be negative.
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This simple approach is then used to construct, for a given type of
element, the characteristic curves, describing the evolution of flow rate Q,,
as a function of the pressure gradient Ap / L . Figure 4.20 shows this type of
curve for different rotation speeds. The sign agreement, mentioned above, is
adopted, which allows the right- and left-handed elements to be plotted on
the same graph. We found that a left-handed element always operates by
decreasing the pressure, and that the pressure drop is always much greater
when the flow rate and the screw speed are high. A right-handed element
will usually generate an increase in pressure, which is much greater at high
speeds. A drop in pressure (negative pressure gradient) is necessary beyond
the limit shear flow rate, at which the Y-axis is intersected.

60 L e L e e e
Right-handed element
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Channel flow rate (kg/h)
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220 . | |
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Figure 4.20. Characteristic curves

The specific shape of the screw channel can be taken into account, just
like in single-screw extrusion, by using the shape factors F, and F),
[BOO 80]. In general, for a non-Newtonian behavior, we assume an
equivalent Newtonian viscosity, calculated using the generalized shear rate,
taking into account the transverse flow component.

4.5.1.2. Two-dimensional analysis

The general set of equations [4.16—4.19] can be simplified by ignoring
the velocity dependence in the z-direction:

ox ox\  dx) dy dy ox
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»_9 a” @ 22 [4.30]
dy ax ay ax By dy

P _29 ( j n [4.31]
oz ay

UL [4.32]
ox dy

This system is identical to that obtained for the metering zone of a single-
screw extruder. We have already seen that with Newtonian fluids, equations
[4.29], [4.30] and [4.32], on the one hand, and [4.31], on the other hand, can
be solved separately when addressing 2D transverse and longitudinal flows,
respectively [DEN 80, WAN 89]. For example, the results presented below
were obtained by solving uncoupled longitudinal and transverse flows using
the finite element method in a C-chamber geometry [NOE 92]. Figure 4.21
shows the isovelocity plots in the screw channel (longitudinal flow) for a
right-handed (a) and a left-handed element (b), under the same flow
conditions. We found that the velocity profiles are very different: in the
right-handed element, the velocity evolves gradually between the bottom of
the channel and the barrel, whereas in the left-handed element the flow is
split into two parts: one part flowing upstream and the other part flowing
downstream. The vertical cross-section of the channel axis (Figure 4.22)
shows the velocity profiles very similar to those obtained using the 1D
approach, which was presented previously (see Figure 4.18).

Figure 4.21. Isovelocities in the screw channel: a) right-handed element and
b) lefi-handed element. Isovalues regularly spaced between —0.1 and 0.4 m/s
a) and between —0.4 and 0.4 m/s b)
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Figure 4.22. Velocity profiles in the median plane of the screw channel
for a right- and a lefi-handed element

These calculations allow the characteristic curves to be plotted by linking
the pressure gradient to the flow rate. Generally, these curves are
dimensionless to remove the impact of velocity [WAN 89]:

N 40
== 4.33
0 7D’ Ncos@ 14.33]
grad P’ = ! —gradP [4.34]
K (27 Ncos8)

Therefore, only two parameters will intervene in the plotting of these
curves: the power-law index m (for a power-law behavior) and the pitch
(linked to the angle 6). Figure 4.23 provides an example of a dimensionless
curve, showing the influence of the pitch. With regard to Figure 4.20,
nonlinear evolutions are obtained due to the non-Newtonian behavior of the
material.

In the case of non-Newtonian fluids, the longitudinal and transverse flow
equations are coupled by means of viscosity, which depends on the
generalized shear rate:

2 2 2 2 2
72:(8_”j + Q +l (a—wj + a—w +l a—u+i [4.35]
ox dy 2|\ ox dy 2 dy ox



Co-rotating Twin-Screw Extrusion 135

0.08 T T T T
25 e A3 mm T 50— T

0.06 |- N i
; 0.04 AL
£
é 0.02 | L
% Right-handed element
= 0
=
; Lift-handed element
2 L
< o i
E 0.02
a v -

-0.04 |

,0‘06 1 1 1 1

-60 -40 -20 0 20 40 60

Dimensionless pressure (-)

Figure 4.23. Dimensionless characteristic curves for different pitches

In this case, an iterative method can be used [KAL 88; WAN 89]:

— First, we solve the longitudinal flow (equation [4.31]), only considering
the terms in w in expression [4.35].

— We then solve the transverse flow (equations [4.29], [4.30] and [4.32])
with the terms in w calculated previously.

— We then solve, the longitudinal flow again, using the new value for ¥
calculated with all the components and so on.

4.5.1.3. Three-dimensional analysis

Alongside the simplified approach we have just discussed, 3D models
were developed in the late 1990s. The main purpose of these models is to
study the actual geometry and the kinematics (two screws rotating in a
stationary barrel). Of course, these models are complex from a numerical
point of view and require significant computing resources. Despite the
progress made in solving meshing problems, and improving the numerical
techniques to calculate flows, they are still the privilege of specialists.

The main challenge is the absence of symmetry, already mentioned
above, which requires a special treatment of the moving screws. Early
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methods [KAJ 96, MAN 98, BRA 00] involved choosing a certain number
of relative positions of the screws and the barrel (for example, every 30°),
and meshing the space occupied by the polymer. This thus implied as many
meshes as the number of considered positions. A different approach, called
the fictitious domain method, was introduced by Avalosse [AVA 96] and
Bertrand et al. [BER 97]. It involves using a unique global mesh, on which
the position and movement of the screws are set [GAL 02, ALS 04]. In our
case, we have used an immersed domain method, where the mesh of the
surface of the screws is introduced into a global mesh representing the
internal volume of the barrel [VAL 07]. The flow equations are solved for
the whole domain (polymer and metal) using a multiphasic approach
[VAL 09]. Figure 4.24 illustrates this immersion technique.

Figure 4.25 provides an example of the results obtained by the Ximex®
software, marketed in France by SCC (www.scconsultants.com), in the case
of an extruder with a diameter of 50 mm. The area under study was
composed of a left-handed element 50 mm in length with a 25 mm pitch,
preceded by right-handed screw elements of an identical geometry. The
study included the pressure field, and the completely filled zone, as the flow
rate was increased from 10 to 40 kg/h, at a constant screw speed (200 rpm).
It was found that the pressure at the left-handed/right-handed junction
increases and, as a result, the filled length also increases.

a) b)

Figure 4.24. a) Immersion of a screw element into the cylinder mesh and
b) final geometry of the studied configuration
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When the screw speed was increased from 100 to 300 rpm at a constant
flow rate (20 kg/h), we found that the pressure increases and the filled length
decreases more significantly (Figure 4.26).

i\ NN W
LAY LAY SR

Figure 4.25. Example of a 3D calculation obtained by the Ximex® software. Influence
of flow rate at 200 rpm, from left to right: 10, 20 and 40 kg/h. Top: pressure fields
from 0 (in blue) to 10 MPa (in red),; Bottom: filled length [DUR 12]. For a color
version of this figure, see www.iste.co.uk/lafleur/polymer.zip

I
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Figure 4.26. Example of a 3D calculation obtained by the Ximex® software. Influence of
screw speed at 20 kg/h, from left to right: 100, 200 and 300 rpm. Top: pressure fields from 0
(in blue) to 10 MPa (in red),; Bottom: filled lengths [DUR 12]. For a color version of this
figure, see www.iste.co.uk/lafleur/polymer.zip
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4.5.2. Mixing elements

In the majority of industrial applications, particular elements are
incorporated into the screw profile that favor mixing or dispersion. These
elements can be of different types:

— kneading elements, with two or three tips (Figure 4.4);

— eccentric discs (staggered relative to each other, similar to the kneading
elements);

— left-handed elements whose sides are pierced with axial openings
(Figure 4.27);

— mixing discs (cogwheels, used to separate and recombine the flow).

Originally, left-handed elements with axial opening were, essentially,
used for food applications [TAY 88, BAR 92]. Nowadays, they are being
increasingly used for thermoplastic polymers, with axial openings of varied
shapes and sizes. In the following, we will only discuss the most frequently
used elements for compounding applications, that is to say, the kneading
elements (with two or three tips). Just as for flows in the screw elements,
different approaches are encountered, 1D or 2D flows in unrolled geometries
and 3D flows in real geometries.

Axial
opening

Figure 4.27. Example of a left-handed element with axial
opening (single flight) [VER 01a]

A study by Werner [WER 76] was the first to shed light on how material
flowed in a block of mixing elements. In these elements without helicity, the
conveying is rather peculiar: first, the circumferential flow about an isolated
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element creates a peripheral pressure profile, characterized by a peak located
just upstream of the tip (Figure 4.28). Since the elements are staggered by a
certain angle relative to each other, this causes a shift in tips locations and,
as a result, a shift in pressure peaks, which will create an axial pressure
gradient in the direction perpendicular to the disc. It is this axial pressure
gradient that causes the axial flow.

Pressure peak

-
-
’
P

't Disc 3
/ Disc 2
/ Disc 1

Figure 4.28. Conveying of material in a block of kneading discs [WER 76]

Axial directio’n/

4.5.2.1. One-dimensional analysis

If we consider a fixed and isolated kneading disc, with the barrel rotating
around it, the circumferential flow is equivalent to that of a hydrodynamic
bearing (Figure 4.29). If we apply the lubrication approximation [AGA 14],
we can consider, in a cylindrical coordinate system, only one velocity vector
component v(r) in the @ direction. For an isothermal Newtonian fluid, the
momentum equations lead to:

ldp _ ri(l d ”(r)) [4.36]
nde dr\r or

By integrating this equation into the conventional non-slip boundary
conditions V(R,)=QR, and v(R,(6))=0, where R =R, —H(6), with H(6)
being defined by equation [4.8], we obtain the circumferential velocity profile:
QR r-R’ 1ldp 1

v(r)= .
) R’-R’> r 2ndO R’ -R’

R, R’R’ R
r| R® In— + R’ln—2-—12|p2
R, r r R,

[4.37]
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Figure 4.29. a) Circumferential flow about a kneader and
b) corresponding pressure profile [VER 0la]

Integrating equation [4.37] from R, to R, leads to a circumferential flow
rate per unit width O,/ E (where E is the thickness of the kneading disc),
which gives the following pressure gradient expression:

dp_ E 30 (438]
a6 1| 4r?r? ( R Y '
1 2 2 2 2
a2 |~ (R -R?)
sn| RZ-R*| R

Now, to obtain the pressure profile p(8), equation [4.38] is numerically

integrated along the kneading disc, by imposing, for reasons of symmetry,
that the pressure at points A and C is the same.

0, 8 )

This provides the value of the flow rate, O,, around the kneading disc.

This flow rate is independent of the pressure in the block and the flow rate in
the extruder, which crosses the kneading disc in the axial flow direction. The
pressure profile is shown in Figure 4.29(b).

As indicated in the analysis by Werner [WER 76], the maximum pressure
is located just upstream of the tip of the disc. We can show that this pressure
profile is not sensitive to the flow rate, but it strongly depends on the
clearance d between the tip of the disc and the barrel.



Co-rotating Twin-Screw Extrusion 141

4.5.2.2. Two-dimensional analysis

For a more realistic approach, we can use the finite volume method
by considering the lubrication approximation in a flat geometry [SZY 87,
SZY 88] or a cylindrical geometry [NOE 92]. These methods, which are
simple to implement, already provide an adequate description of the flows.

Figure 4.30 shows the division of a block of four kneading discs into finite
volumes. The kneading discs are considered to be fixed, the barrel as mobile
and the interpenetration zone has been disregarded. It is assumed that the flow
is isothermal and the polymer has an equivalent Newtonian behavior.

Figure 4.30. Division of the kneading block into finite volumes

If we apply the lubrication approximation, we consider only two velocity
components v and w, both of which depend on z. Solving the Stokes
equations allows us to obtain, for each elementary volume in the plane
(6,z), referenced by the node (i, j), the expressions of local flow rates

according to @ and z:
0,(i,j)=a(, j)+ B, )Ap, (i, j) [4.39]
0., /)=06(, j)+A4p.(, J) [4.40]
with:

R*(i,j) In %, :
Rl(lv])

a(,j))=EV,_R,| ——
( j) 1z7%2 2 R22_R12(l.,j)

[4.41]

2

R

R’(i, /)R, | In——2

o E  R*-RXj) 7| RG)

Bl p=—r = ) ey [4.42]
nA6Ga, j) 4 R —R(i,))
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2
L. A9 -, ] L. Rz_Rz(i,j)
‘5(””:%51) R kG- i ) [4.43]
In
Rl(l,])

where Ap. and Ap, are the differences in pressure between neighboring

nodes, according to the respective directions z and & E is the thickness of
the element, R (7,j) is the radius of the kneading disc for a given volume
element and A46(i, j) is the angle associated with this volume element. For
each volume element, we obtain a mass balance:

Qy(i=LN+Q.(0,j =D =0, (0, )+ Q.(0, /) [4.44]

By substituting O, and Q. by their expressions [4.39] and [4.40] in

equation [4.44], we obtain a set of equations with the pressure as the
unknown; by solving this, the pressure field in the kneading block is
obtained. Figure 4.31 gives an example of pressure fields, calculated for the
two kneading blocks, staggered by 55° in the direct direction
(Figure 4.31(a)) and in the inverse direction (Figure 4.31(b)).

Under identical processing conditions (200 rpm and 30 kg/h), the
pressure between the entry and exit of the block increases by approximately
1.2 MPa for the direct staggering, whereas it decreases by 2.2 MPa for the
inverse staggering. The shape of the isobars shows that the material flows
through a pseudo-channel, defined by the tips of the kneading discs. The
change in the staggering direction of the tips is equivalent to the change in
the sign of the pseudo-channel pitch. It can be concluded that a direct
kneading block behaves like a right-handed screw element, whereas an
inverse kneading bloc shows a behavior like that of a left-handed element.

This behavior is explained more clearly in Figure 4.32, where the
evolution of the pressure gradient is plotted in dimensionless quantities
(equations [4.33] and [4.34], withcos@=1), as a function of the staggering
angle, for various flow rates. Except for the case where the flow rate O* = 0
(no flow across the kneading block), we see that the curves are not
symmetrical: the pressure drop created by an inverse block is always greater
than the increase in pressure created by the same block with direct
staggering. This pressurization capacity increases with the staggering angle
up to a value of approximately 45°, then decreases due to increasingly
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significant leakage flows between the disc tips. It becomes zero for a much
smaller staggering angle when the flow rate increases (up to 60° for a flow
rate of 94 kg/h at 200 rpm shown in Figure 4.32). Beyond this value and
regardless of the staggering, the kneading block consumes the pressure, the
maximum being when the staggering angle is approximately 45°.
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Figure 4.31. The pressure field for two types of staggering:
a) direct and b) inverse (four two-tips kneading discs) [VER 0la]

Inverse staggering

> N

Dimensionless pressure gradient (-)

50 Q*=0.05 —
Direct staggering
-100 |- .
0 40 80 120 160
Staggering angle (degree)

Figure 4.32. Evolution of the dimensionless pressure
gradient with the staggering angle
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The thickness of the kneading disc £ and the clearance & between the tip
and the barrel are also important parameters that influence the flow
conditions; in general, a decrease in these parameters tends to increase the
pressure gradients.

4.5.2.3. Three-dimensional analysis

With regard to kneading elements, 3D models [YAN 92, CHE 97,
ALS 04, BRA 04], based on the methods described in section 4.5.1.3, were
also developed. These methods generally validate the previous
simplifications (main peripheral flow, similar velocity and pressure fields),
but allow the local mixing mechanisms to be treated in greater detail, posing
a significant calculation challenge. As we have previously done for flows in
screw elements, here we present some examples obtained using the
immersed domains method and the Ximex® software [VAL 09].

Figure 4.33 shows pressure fields obtained for four different
configurations of a block of kneading elements. We consider a section of an
extruder, composed of a left-handed screw element preceded by a block of
kneading discs and a right-handed screw element. The staggering angles are
0°, 30°, 60° and 90°, respectively. We have chosen a flow rate of 20 kg/h
and a screw speed of 200 rpm as the processing conditions. Figure 4.33
shows that the pressure field varies depending on the configuration. In all
cases, in the block of kneading discs, the pressure in a plane perpendicular to
the screw axes reaches a maximum before the tip of the discs, as shown earlier
with the 1D and 2D methods.

For a zero staggering angle (Figure 4.33(a)), the pressure varies
substantially in the plane perpendicular to the screw axes. With an angle of
30° (Figure 4.33(b)), the tips of the discs create a well-defined pseudo-
channel and the maximum pressure in the block is reached at the entry of the
left-handed screw element. The staggering angles of 60° and particularly 90°
generate a much more uniform pressure field, with the pressure only slightly
varying within the block.

Now, if we consider the kneading discs staggered by 30°, but narrower,
we will find that, by comparing Figures 4.34(a) and 4.33(b), this essentially
modifies the angle of the pseudo-channel defined by the tips of the discs,
that is to say the pitch of this pseudo-channel. As stated above, the decrease
in thickness also leads to an increase in the pressure gradient. However, if
the staggering direction is modified from 30° to —30°, then we will find that,
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by comparing Figures 4.34(b) and 4.33(b), this radically changes the flow
conditions. As already seen for 2D models (Figure 4.32), the kneading block
behaves like a left-handed element: it consumes the pressure drop, and the
maximum pressure is now reached at the block entry.

Figure 4.33. 3D pressure fields obtained by the Ximex® software
from 0 (in blue) to 10 MPa (in red). Influence of the staggering angle a) 0, b) 30°, ¢) 60° and
d) 90° (200 rpm, 20 kg/h) [DUR 12]. For a color version of this figure, see
www.iste.co.uk/lafleur/polymer.zip

Figure 4.34. Examples of 3D pressure fields obtained by the Ximex® software
from 0 (in blue) to 10 MPa (in red: a) influence of thickness of kneading discs and b)
influence of the staggering direction (200 rpm, 20 kg/h) [DUR 12]. For a color version of this
figure, see www.iste.co.uk/lafleur/polymer.zip
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The 3D calculation, despite challenges during implementation, provides
interesting data, particularly for quantifying the mixing capacity of different
configurations of kneading elements.

4.5.3. Heat transfer

So far, we have only considered isothermal flows. Heat transfer is also
very important in twin-screw extrusion, and it must be considered. However,
just like in single-screw extrusion, a realistic method must either be limited
to a 1D estimate of the average temperature or follow the evolution of the
local temperature along the current trajectories, that is to say it must use a
true 3D method.

As shown previously for single-screw extrusion, the evolution in average
temperature is directly linked to the heat transfer coefficient between the
barrel and the polymer. The heat transfer condition on the screws is
generally adiabatic, except for the case where they are thermally regulated,
which is the case for large machines. However, the choice of the heat
transfer coefficient between the barrel and the polymer is always
challenging. In the literature, we find values from 360 W.m~.K-' [FUK 94]
to 20,000 W.m~.K-' [WHI 94], most of which are poorly justified. It would
appear that the experimental values are between 300 and 900 W.m—.K-' and
are much greater for screws with large diameters [LAR 88]. Based on the
study of co-rotating twin-screw extruders, Todd [TOD 88] proposed an
equation similar to those used in forced convection, where the polymer acts
as the fluid.

The Niisselt number Nu (which is a dimensionless transfer coefficient) is
given by:

h D D ZN 0.28 c 0.33 0.14
Nu === :o.94( e 2P J [P—"j A [4.45]
k n k 1,

where D, is the screw diameter, N is the rotation speed (expressed in rad/s),
n is the average viscosity and 7, is the viscosity at the wall, which is
calculated for the maximum shear rate.
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This expression typically involves the dimensionless Reynolds
(Re=D’Np/n) and Prandtl (Pr=c,n/k)numbers. It allows a local

transfer coefficient to be defined, which evolves along the screws, depending
on the changing values of 7 and 77,. However, in the majority of the

cases we have considered, experimental results suggest that the transfer
coefficient determined from the Todd equation tends to underestimate the
actual value.

Domschke and Justus [DOM 93] also proposed a theoretical approach for
heat transfer in twin-screw extrusion, based on the existence of a “boundary
layer” in the clearance between the screws and the barrel, similar to that used
by Barres et al. [BAR 91] to deal with heat flow in the solid conveying zone.
The result is that the heat transfer coefficient depends on this clearance (a
small value significantly increases heat transfer), the rotation speed
(particularly with large diameters) and the screw diameter (mainly at high
velocities). Industrial machines, between 50 and 160 mm in diameter, would
have heat transfer coefficients from 100 to 1,200 W.m>K-".

4.5.4. Residence time distribution

The residence time distribution (RTD) is essential in twin-screw
extrusion, where in most cases, and especially in reactive extrusion
(section 4.7.2), the product quality directly depends on the time spent in the
machine. Therefore, it is important to know how this RTD depends on the
processing parameters and screw profile, and if possible, how to estimate it,
as simply as possible.

In flows as complex as those found in twin-screw extrusion, not all
particles follow the same trajectory, nor do they spend the same amount of
time in the machine. Therefore, there is an RTD, a concept introduced by
Danckwerts in 1953 [DAN 53]. By definition, E(¢) = f(¢) dt is the number of
particles residing in the machine for the period of time between ¢ and ¢ + dt.
We also define a cumulative RTD by:

Foy = [ £ty [4.46]



148  Polymer Extrusion

where F(t) is the number of particles with a residence time less than or equal
to t. By definition, F(¢) tends toward 1 when ¢ tends toward infinity. The
average residence time 7 is given by the first moment of the distribution:

7= jf t f(t)dt [4.47]

nnnnn

where t,,;, 1s the minimum residence time.

If the velocity field of a flow is known, we can calculate the
corresponding RTD. For example, the RTD of the Poiseuille flow of a
Newtonian fluid in a pipe is expressed by:

Aty = in [4.48]

2
t3

where ¢,,, in this case, is the residence time on the axis where the velocity is

at its maximum.

The bibliography provides numerous studies regarding RTD
measurements in twin-screw extrusion. This includes measurement of
electrical conductivity [TOD 75], v radiation [WOL 86], ultraviolet (UV)
fluorescence [CHE 93], colorimetry [ALT 86], techniques such as Raman
spectroscopy [WAR 96] and infrared or UV [CAS 91] spectroscopy. We
used the last technique mentioned above to obtain the results presented
below [POU 03b].

Figure 4.35 shows the general shape of an RTD (function E(¢)) for
different flow rates and screw rotation speeds. When the flow rate increases
at a constant screw speed (Figure 4.35(a)), the RTD moves toward shorter
times and becomes narrower. When the speed increases at a constant flow
rate (Figure 4.35b), we essentially observe a shift in the curves toward even
shorter times, without any noticeable change in the shape of the distribution
curve. This effect is increasingly reduced as the speed increases, with almost
no difference between 300 and 600 rpm, in this case. Of course, the average
residence time follows these general trends, that is to say it decreases when
the flow rate or the screw speed increases.
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Figure 4.35. Influence of a) flow rate and b) rotation speed
on the residence time distribution [POU 03a]

To interpret these results, it is necessary to understand where and how the
material spends time in the extruder. As mentioned previously, and as shown
in Figure 4.3, there is a succession of completely and partially filled zones
along the screw profile.

In the completely filled zones, the average residence time ¢ is defined
by:

7= [4.49]

v
0
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where 7/ is the volume occupied by the polymer and Q is the mass flow rate.
%/ can easily be calculated using the expressions presented in section 4.2.2.

In the partially filled zones (essentially the conveying screw elements),
the pressure is equal to the atmospheric pressure, and the flow is a simple
shear flow between the screw and the barrel. The average residence time is,
therefore, equal to the distance covered, divided by the average speed, i.e.
[POU 03a]:

— 120 L
t

= 4.50
" NBcos’ 8 14.50]
where L is the axial length of the element considered, B is its pitch and & is
the thread angle.

To obtain the average residence time, we simply need to add up
expressions [4.49] and [4.50] for all zones, i.e.:

= > Y > _120L, [4.51]

2
restrictive elements conveying elements N Bi COS 01

We found that the average time 7 depends on both the rotation speed N
and the flow rate Q, as shown in Figure 4.35. More specifically, ¢ is
inversely proportional to these two parameters. Since the average time spent
in the filled elements is much longer than the time spent in the conveying
elements, the effect of a variation in the flow rate is stronger than a variation
in speed, which can be clearly seen in Figure 4.35. Finally, in equation
[4.51], we found that the viscosity of the polymer does not affect the average
residence time: at a constant flow rate and screw speed, a very fluid polymer
has the same average residence time as a very viscous one, which is far from
being intuitive.

From equation [4.51], we can also calculate the overall filling ratio of the
extruder, which can be considered as the filled volume divided by the free
volume, i.e.:

Sl [4.52]

X,

elements
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By substituting 7 with its expression, we obtain:

120 L,
ve ¥ 2 ©
T = restrictive elements conveying elements Bi cos 0, N [453]

’ > v

elements

For a given screw geometry, the obtained filling ratio is a linear function
of the Q/N ratio, which can always be experimentally verified in twin-screw
extrusion.

4.6. An overall model of twin-screw extrusion

Just like in the case of single-screw extrusion, overall models of twin-
screw extrusion were developed by connecting the flows in the conveying
and mixing zones in series. Among the softwares currently sold are Akroco-
Twin Screw, which was developed from studies undertaken at the University
of Akron by Professor White and his team [WHI 87, WAN 89, WHI 94,
CHE 94], and Sigma, which was developed at the University of Paderborn
by Professor Potente and his team [POT 94]. Here, we describe the
LUDOVIC® software in detail (Logiciel pour I’Utilisation des DOubles VIs
Corotatives) [VER 98], which was developed by CEMEF and INRA, from
initial studies on the extrusion cooking of cereal products [TAY 92,
DEL 93].

4.6.1. General description

The initial aim was to obtain a global model of the twin-screw extrusion
process that is predictive, and to rapidly calculate the main flow parameters
(pressure, temperature, residence time, shear rate, strain, etc.), in an
industrial configuration. For this purpose, we have developed a simplified
method, using 1D slab approximation and -calculating mean values.
Obviously, this method has been validated by many sets of experimental
results [CAR 00] and, as we will see later, through comparisons with the
results from 3D calculations. LUDOVIC® is organized into modules, with
each module corresponding to a particular type of element: filled right-
handed screw element under pressure, partially-filled right-handed screw
element at atmospheric pressure, left-handed screw element, kneading
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elements (with one, two or three tips), left-handed screw element with axial
opening, etc.

The calculation may include a melting model, such as the one presented
in section 4.4.2, but most of the time it is only concerned with the molten
state. We must, therefore, form hypotheses about where and how melting
occurs. We will base this on the experimental study in section 4.4.1,
assuming that the melting occurs in the first restrictive element (left-handed
screw element or block of kneading discs) encountered by the pellets along
the screw axis. This melting, which in reality occurs very rapidly, is assumed
to be instantaneous. We also assume that, at the point where the pressure
begins to increase, upstream of this first restrictive element, the temperature
of the polymer is equal to its melting temperature (or glass transition
temperature for an amorphous product).

In right- and left-handed screw elements, we employ a 1D approach,
taking into account the shape factors F; and F),, which are functions of the
channel width/height ratio (see section 3.5.2, Chapter 3). To validate this
approach, we have compared the results obtained with the results from 3D
calculations, presented above. In the case of a right/left-handed sequence, we
have compared the maximum pressure at the left-handed element entry, the
total specific mechanical energy (SME) and the completely filled upstream
length for different processing conditions. Figure 4.36 shows that the results
are, overall, very satisfactory. The conclusion is that a 1D model is capable
of taking into account the general flow characteristics along the screw
elements.

For a block of kneading elements, we compared the 2D analysis
presented in section 4.5.2.2 to the 3D approach in the case of a right-handed
screw/kneading block/left-handed screw configuration. Here we will
compare the maximum pressure and the specific energy, as a function of the
staggering angle of the elements.

As explained before, the pressure value is maximal at the entry of the
left-handed screw element when the discs are staggered in a direct direction.
However, this occurs at the block entry when the discs are neutral or
staggered in an inverse direction. Figure 4.37 shows that the maximum
pressure is correctly estimated by the 2D calculation, both in absolute values
and depending on staggering. The 2D calculation, however, does not foresee
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the effect of the angle when the staggering is direct: the pressure is, in fact,
directly linked to the flow in the left-handed element, which does not alter
with a change in angle of the discs preceding it. Here, the 3D calculation is
more accurate, and the differences are relatively small (around 15%).

For the specific energy, the simplified calculation gives a constant value,
regardless of the staggering angle, whereas the 3D calculation shows a very
distinct effect. This is explained by the fact that, in the simplified model, the
peripheral flow around the kneading disc is dominant. However, the order of
magnitude is correctly estimated (47 kWh/t in 2D; from 36 to 51 kWh/t in
3D). In summary, the simplified approach is capable of providing highly
relevant results, despite some understandable differences considering the
flow complexity.
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Figure 4.36. Comparison between 1D (Ludovic©) and 3D (Ximex©) methods for
a) maximum pressure, b) specific energy and c) filled length
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Figure 4.37. Comparison between 2D (Ludovic©) and 3D (Ximex©) methods for
a) maximum pressure and b) specific energy

The evolution of temperature between two successive elements is
calculated using the thermal balance equation (section 1.3, Chapter 1), and is
presented in terms of the average temperature:

pe,0,AT =h (T, =T )+h,(T,-T)+W [4.54]

where /2, and &, are the heat transfer coefficients between the polymer and
the barrel at temperature 7, and between the polymer and the screws at

temperature 7, respectively. W is the power dissipated by the longitudinal
and transverse flows.

The challenge lies in estimating the transfer coefficients. When the
screws are not thermally regulated, the conditions are adiabatic (4, =0). To

estimate heat transfer between the polymer and the barrel, Todd’s equation
can be used as a first approximation (equation [4.44]).

4.6.2. Calculation algorithm

As the screw is only partially filled, we cannot know a priori the point
where pressurization begins. It is therefore necessary to start from the die
and go back upstream step by step. However, since the final temperature is
an unknown of the problem, an iterative procedure must be performed:
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— A starting product temperature is chosen at the exit of the die. This
choice is arbitrary and, once the calculation has converged, the final result
will not depend on this initial choice. However, the number of iterations will
be much lower when this value is close to the solution.

— We then calculate the pressure drop corresponding to the flow in the
die, which gives us the value for the pressure to be created upstream.

— The evolution in pressure and temperature is calculated, element by
element, working back upstream until the pressure becomes zero. This
means that the filling of the screw becomes incomplete.

— We then verify whether there is a restrictive element (left-handed screw
element or block of kneading elements) upstream on the screw axis.

—If yes, the calculation is continued upstream, taking into account that
the screw is now only partially filled (zero pressure).

— Otherwise, we compare the temperature calculated at the point where
we compare the local temperature, calculated at the point where the pressure
becomes zero, and the melting temperature 7, . If they are identical, the

calculation is considered complete. If not, the final temperature is adjusted
according to the difference at the point of convergence and the calculation is
reiterated until convergence. Usually, a few dozen iterations are sufficient to
obtain a solution.

4.6.3. Residence time distribution

To calculate the RTD in a twin-screw extruder, most authors use a
“chemical engineering” approach, where they describe the extruder as an
assembly of ideal reactors whose RTD is known [OBE 94, GAO 99]. This
type of approach is implemented in LUDOVIC® [POU 03a].

As shown in section 4.5.4, it is easy to calculate the average residence
times in the different sections of the extruder. The idea is to replace particular
geometric configurations (for example, a filled and an unfilled conveying
element, a block of kneading elements, etc.) with ideal chemical reactors, for
which we can calculate the RTD E(¢) from the simple average residence time
t . For example, for a plug flow reactor:

E@)=08(-17) [4.55]
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where 0 is the Dirac function; for a continuous stirred-tank reactor (CSTR):
1 t
E@)==exp| —= [4.56]
t t

If we consider n-cascaded CSTRs, the RTD is written as:

nt
e
E(t) = (t:j tni] W [457]

For a tubular reactor (Poiseuille flow in a tube), with a power law fluid,
we obtain:

m—1
2m m+17 |m7? m+1
1- — —3fort>t0=
3m+1 3m+1t¢ m+1

E(t)= 7 [4.58]

where £, is the minimum residence time and m is the power-law index.

Then, using numerous experimental results, the sections of the machine
are associated with types of ideal reactors. For example, the conveying zones
are associated with plug flow reactors, mixing zones with cascaded CSTRs,
whose number depends on the number of discs, and the die is associated
with a tubular reactor [POU 0la, POU 03b]. For each zone, once the mean
residence time is calculated using equation [4.49] or [4.50], we calculate the
local RTD E() according to the type of reactor utilized (equations [4.55]-
[4.58]). The total RTD is then calculated as a convolution product of the
local RTD:

E(t)=E,()® E,(1)...® E, (1) [4.59]

For example, Figure 4.38 shows that this technique, which does not
require any adjustable parameter, accurately describes the RTD in twin-
screw extrusion, as well as the effect of the processing parameters such as
the rotation speed and flow rate.
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4.6.4. Example of results using the LUDOVIC® software

To illustrate the use of LUDOVIC®, we will study a polypropylene flow
in the extruder whose profile is given in Figure 4.39. This extruder has a
diameter of 50 mm.
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Figure 4.38. A comparison of experimental and calculated RTDs:
a) effect of flow rate and b) effect of rotation speed [POU 03b]

mixing 1 mixing 2 mixing 3 melting

Figure 4.39. Extruder screw profile



158  Polymer Extrusion

The profile includes a melting zone, composed of kneading elements at
90° followed by a left-handed screw element, and three mixing zones, one of

them including a left-handed screw element. The total length of the extruder
1s 1,200 mm.

Figure 4.40 shows the evolution of pressure and temperature along the
screws for a flow rate of 60 kg/h and a screw speed of 200 rpm. We observe
that the screw is only partially filled. The pressurized zones correspond to
the restrictive elements (melting and mixing zones), and to the die. The
highest pressure (11 MPa) is found after the melting zone, where the
polymer is the coolest and, therefore, the most viscous.
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Figure 4.40. Evolution of pressure and temperature along the screws (Nu = 40)

We found that the temperature increases rapidly due to viscous
dissipation in this zone. Afterward, as the shear rate is low along the unfilled
conveying zones, the heat transfer tends to bring the temperature back to the
regulation temperature value (here, 200°C). Figure 4.40 shows an increase in

temperature from 10°C to 20°C in each high-shear zone, followed by a fairly
rapid return to equilibrium temperature.

This calculation was performed using a Niisselt number of 40,
corresponding to a relatively high heat transfer coefficient, of approximately
1,600 W/m?*/°C. Figure 4.41 shows the impact of the heat transfer coefficient
on temperature evolution: when it increases from 20 to 60 (i.e. the
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coefficient 4, from 800 to 2,400 W/m’/°C), the final temperature decreases
from 240°C to 216°C and the maximum temperatures reached (in the second
mixing zone where the left-handed screw element is situated) drop from
248°C to 223°C.
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Figure 4.41. Temperature evolution along the screws
for three different Niisselt numbers

Figure 4.42(a) shows the pressure evolution when the flow rate is
increased, maintaining a constant speed (Nu = 40): when it increases from 60
to 80 kg/h, the maximum pressure increases only slightly (from 11 to 12
MPa), whereas the zones situated upstream of the restrictive elements are
filled more. When the flow rate increases to 90 kg/h, the maximum pressure
becomes 13 MPa, but as a result, the filling ratio is considerably increased,
and pushes the melting zone upstream. This is where the machine limits
are, and without increasing the speed, any further increase in the flow rate
would cause a blockage. However, in Figure 4.42(b), we clearly see that
these changes barely influence the temperature profile. Under the chosen
heat transfer conditions, we see a slight decrease in the final temperature
along the screws (only 1.2°C), when the flow rate is increased from
60 to 90 kg/h.
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Figure 4.42. Influence of the flow rate at 200 rpm on a) the pressure
profile and b) the temperature profile

Let us now study the effect of rotation speed at a constant flow rate. In
Figure 4.43(a), we see that the pressure is hardly affected and only the filling
ratio increases when the rotation speed decreases. However, the effect on the
temperature profile is large (Figure 4.43b). In fact, due to the viscous
dissipation, which cannot be completely compensated for by controlling the
barrel temperature, the temperature is much greater at high speed. In this
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case, for a barrel temperature of 200°C, the final temperature of the polymer
increases from 215 to 223 and then to 238°C, when the speed increases from
150 to 200 and then to 300 rpm. Therefore it is practically possible for some
materials to have a temperature 40°C greater than the barrel temperature; this
can undoubtedly lead to degradation.
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Figure 4.43. Effect of screw speed at 60 kg/h on
a) the pressure profile and b) the temperature profile
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4.7. Compounding application and production of complex materials

In this section, we will present some more realistic examples of twin-
screw extrusion applications, including compounding, reactive extrusion or
the preparation of polymer blends and nanocomposites. For each example,
after introducing the theoretical concepts and their challenges, we will show
how the use of simulation software allows us to better understand the
process and to optimize both the screw profile and the processing conditions.

4.7.1. Compounding and mixing

One of the main applications of twin-screw extrusion is compounding,
which is the mixing of a solid phase with a molten phase, and it is used to
obtain a filled material or composite with enhanced properties (mechanical
properties, impact resistance, heat or electrical conductivity, fire resistance,
etc.). We will see how mixing is defined and how it can be implemented in
an extrusion process.

4.7.1.1. Different mixing types

There are different types of mixing [MAN 09]. As shown in Figure 4.44,
it is conventional to distinguish between two types of mixing:

— distributive mixing, which homogenizes the spatial distribution of the
particles within the matrix;

— dispersive mixing, which reduces the size of the particles.

< <

d

Figure 4.44. Mixing examples: from left to right, distributive mixing; from top to bottom,
dispersive mixing: a) poorly dispersed, poorly distributed; b) poorly dispersed, well
distributed; c) well dispersed, poorly distributed; and d) well dispersed, well distributed
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Distributive mixing is controlled by the flow kinematics. The complex
trajectories followed by the particles allow them to be distributed
homogenously within the matrix. Dispersive mixing is associated with the
stresses applied to the particles, which break them and reduce their size. In
an industrial compounding operation, these two types of mixing generally
occur sequentially: first, the agglomerates or aggregates are reduced in size
and become as fine as possible, and then these particles are homogenized
within the polymer matrix. It is therefore important to understand how
different screw or kneading block configurations can contribute to these
actions, and what their best positions along the screw axis are.

4.7.1.2. Distributive mixing

One way for theoretically characterizing the distributive mixing is to
perform particle tracking, that is to say following a certain number of
material points during the flow calculation. From their successive positions,
we can define mixing indices, which represent the ability of the flow to
correctly distribute these particles. Of course, this type of characterization
can only be implemented using an accurate 3D calculation [AVA 96, MAN
98, ALS 04, BRA 04]. The results that we present, hereafter, were obtained
using the code Ximex“, developed at CEMEF and described above
[DUR 12].

Let us consider, for example, a configuration made up of right-handed
screw element/kneading discs at 90°/left-handed screw element. The 3D
calculation (pressure field example in Figure 4.45(a)) allows us to obtain the
velocity field at any position and for all time steps. Next, we introduce many
fictitious particles at the beginning of the flow (here 20,000), which do not
interact with the fluid, and we follow their trajectories over time. Figure
4.45(b) shows these particles at different times.

By knowing the positions at each time ¢, we can calculate the mixing
indices. There are many of these indices mentioned in the literature. One of
the simplest is the length stretch [AVA 96]. If two particles are separated by
dX at time ¢ and by dx at time ¢ + df, then the length stretch A is the ratio of
dx/dX. Averaged over all the particles, the greater this value is, the more
efficient distributive mixing becomes. We can also define the Lyapounov
exponent [AGA 09], which characterizes the limit of length stretch at infinite
time for initially close particles:
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[4.60]

Figure 4.45. a) 3D pressure field in the studied configuration and b) position of the
20,000 particles at varying successive time steps [DUR 12].
For a color version of this figure, see www.iste.co.uk/lafleur/polymer.zip

If this exponent is positive, both particles will exponentially separate
from each other, which guarantees efficient mixing. Otherwise, they will
diverge linearly and mixing will be poor.

This characterization of distributive mixing can be used to compare the
mixing ability of various screw configurations. However, it is important to
note that these calculations are time-consuming and complex, they do not
always converge and often lack the accuracy needed [DUR 12]. They must,
therefore, be carefully considered. Nevertheless, we will provide an
illustrative example where we compare the length stretch evolution over
time, under identical conditions, of two blocks of kneading discs at 30°,
differing only by their width (see Figure 4.46). This figure shows that the
largest elements are the most efficient. However, it is worth noting that this
observation is made for a certain rotation speed and flow rate; it can be
different under different conditions.
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Figure 4.46. Evolution of length stretch over time
for kneading discs at 30°, with thicknesses of 5 and 10 mm

Particle tracking requires a 3D flow calculation. For a 1D approach, such
as that used with the LUDOVIC® software, it is no longer possible to apply
the same technique. To comparatively estimate the distributive mixing, the
cumulative strain is usually considered, i.e. the integral of 7# along the screw
axis. The variance in RTD, calculated as shown in section 4.6.3, may also be
of interest. The greater the cumulative strain or variance is, the better the
distributive mixing becomes.

4.7.1.3. Dispersive mixing

Distributive mixing can be approached in a very general way, but
dispersive mixing requires a specific approach for each type of particle. It is
understandable that a black carbon aggregate, lamellar clay or a bundle of
glass fibers will not equally dissociate. Generally speaking, to break up an
agglomerate we must apply a force higher than the internal cohesion force
holding it together, which depends on the organization, the structure and the
bonding forces of the constituent elementary particles. For most mineral
particles including calcium carbonate, silica, carbon black, etc., there are two
main mechanisms [RWE 90, RWE 92]:

— if the hydrodynamic stress is high, the agglomerate usually breaks into
large fragments;
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— if the hydrodynamic stress is low, we observe an erosion phenomenon,
where the elementary particles are pulled one by one from the agglomerate
surface.

Therefore, it is necessary to define the laws of size evolution, describing
the rupture and erosion mechanisms. Numerous publications related to these
phenomena are available in the literature. Here, we present a model as an
example, which was successfully applied to the dispersive mixing of calcium
carbonate in a polypropylene matrix [LOZ 03].

Let us define f(v, ) = v n(v), where n(v) is the distribution function of the
particles of volume v. The time evolution of f{v) is given by:

g%ﬁ:iUWWWJ»+iUMW@ﬂ) [4.61]
4 v v

The term V(v, f) represents the contribution from erosion and W(v, f)
represents that from the breakage and agglomeration processes. Note that
equation [4.61] is a continuity equation corresponding to:

%:Otl Vv, ) +o, W(v, 1) [4.62]

where ¢ and o, are the normalized weights.

Equation [4.61] implies that j ™ f(v)dv, which represents the total

volume of the particles, remains constant over time.

The quantity vf&

memnw

volume v, where vy is the volume of the elementary particle and v,,,, is the
volume of the particle composed of all the elementary particles.

is the volume fraction of particles with the

The algorithm to calculate the time evolution of f{v) is as follows:
— we assume that f{v, 7) is known;

—we calculate dv/dr (by evaluating the functions of the differential
equation 4.62);
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— we choose the values vo<v;<y,<ms<....<...Vn. and solve the differential
equation [4.62] at time Ar for the initial conditions vy, v, vs,... etc.,
obtaining: vi(t + Af), vo(t + Af), v3(t + At), etc.;

— the distribution function is updated:

—(4)
S, )= e, DLV ) [4.63]
av(f (v,1);v)
where v is the initial volume which, after A¢, moves toward v;

—we go back to the first step, replacing f{v, £) by f(v, t + A?);
— by repeating the following stages, we successively calculate f{v, ¢ +
2A1), f(v, t + 3Af), etc.

The erosion term V (v, f)is given by [LOZ 02]:

v(w)

Vv.f)= U(V)—— mf (w)—— [4.64]

AQM

where o»(v) is the expression proposed by Bohin et al. [BOH 96a,
BOH 96b]. For dense agglomerates:

4/3 4/3
3k,

U(V) = —W [465]
and for loosely compacted agglomerates:
34/3 ke v4/3 32/3 ke V2/3
V) == ) [4.66]
where k.1, k., and k. are given by:
5 .
ki=KGaupf=r) [4.67]

5 .
k,=K ST 144 [4.68]
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k., =KkK [4.69]

where K is a parameter of the model.

The rupture term W (v, f) is given by [LOZ 02]:

1
W, f)= mg(") [4.70]
with:
)= dw wo( W) dg [4.71]
VO =y—cw [4.72]
W =v+(1=¢)w [4.73]
_ _ m 1 —(v—w)’
(v, w) =(v/ Wik (w/v,) [(2”0‘5 )O_(W)][eXP( 200m)° S (w)  [4.74]
oW [4.75]
24+ k,(w/vy)”
ow)=kw(w/v,)* [4.76]

where ki, k», k3, m, p and ¢ are the parameters introduced by Pandya and
Spielman [PAN 82].

NOTE 4.3. — To implement this model, the different coefficients must first be
identified. This was accomplished by conducting experiments in
simple flows [LOZ 02]. Then, as shown in Figure 4.47, samples were taken
along the extruder and the size distributions of the agglomerates were
measured.

To simulate this, the results for local shear rate and residence time
obtained by the LUDOVIC® software are used. Using this information,
we can calculate the evolution of the size distribution by solving
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equation [4.62], as explained above. Figure 4.48 compares the calculated and
measured distributions, at one point along the extruder with identical weights

for erosion and rupture (¢4 = & = 0.4). We found that there is a satisfactory
agreement between the two.

Figure 4.47. Evolution of the dispersion of calcium carbonate along
the extruder (scale: 500 um) [LOZ 03]
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Figure 4.48. A comparison between the experimental (®) and calculated (o)
size distributions at point D of the extruder (see Figure 4.47) [LOZ 03]
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We have just seen one application of the LUDOVIC® software in the case
of the dispersion of micro-scale mineral particles. It was also used in the
compounding of glass fiber composites. Again, by combining the flow
calculation with a model of rigid fiber breakage, it was possible to predict
the evolution of the distribution of fiber lengths during the extrusion process
[INC 11, VIL 13, DUR 13].

4.7.2. Reactive extrusion

Another important application of twin-screw extrusion involves using the
extruder as a continuous chemical reactor. This is called reactive extrusion.
Polymerization (or polycondensation), chemical modifications (e.g. maleic
anhydride  grafting), controlled degradation (in particular for
polypropylenes), dynamic vulcanization (production of thermoplastic
elastomers), etc., can be performed [XAN 92, BER 03]. Compared with a
conventional batch reactor, its main aim is to have a continuous and very
flexible process (modular geometry, independence of processing parameters,
sequence of operations, etc.), to work without a solvent, and to be able to use
very viscous components. However, the residence times are limited, the
cooling capacities are lower and it is often difficult to disperse a reactive
liquid in a very viscous medium. Therefore, not all reactions are likely to be
used in reactive extrusion, since they should be fast and only slightly
exothermic.

4.7.2.1. Modeling principles

The development and optimization of a reactive extrusion process can be
greatly facilitated by modeling [VER 06]. However, this approach is
complicated by the many interactions involved in the process. For example,
as shown in Figure 4.49, modifying a single process parameter (e.g. rotation
speed) affects all the other parameters. It is therefore almost impossible for
the operator to predict what these mutual effects are. Only a theoretical
model can help us to understand this process.

Implementing such a model requires three modules:

— a thermomechanical calculation of the flow along the screws: here, we
will use the LUDOVIC® software;

— a kinetic module, which calculates the reaction rate as a function of
time and temperature;
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— a rheokinetic module, where necessary, which describes the effect of
the reaction rate on the rheological properties.
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Figure 4.49. 4 diagram showing the interactions between the parameters
in the case of PMMA polymerization in a twin-screw extruder; the signs + or — indicate an
increase or a decrease in the considered parameter [JON 95]

The last module is only necessary when the studied reaction significantly
modifies the rheological behavior. For example, during polymerization, we
change from the viscosity of a monomer (=107 Pa.s) to that of a polymer
(= 10’ Pa.s) over a short length. This is also the case for controlled
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degradation of polypropylene, as we will see later. However, a grafting
operation or an exchange reaction, which only slightly modifies the structure
of the chain, will not require the use of such a module.

The complexity of the kinetic module depends on the studied reaction.
For example, if we consider the polymerization of e-caprolactone, the
conversion rate C is simply given by an analytical expression [GIM 00]:

C=1—exp(—K0 exp(— 5}} [1,]* tj [4.77]

where K| is the kinetic parameter, E, is the activation energy of the reaction,
[lo] is the initiator concentration and ¢, is the partial order of the reaction
with regard to the initiator. On the other hand, if we study the degradation of
polypropylene by peroxide, the kinetic scheme must take into account
several reactions, such as the dissociation of the peroxide, P-scission,
intermolecular transfer, heat degradation and termination [TZO 88]. A
balance of chemical species (peroxides, free radicals, macroradical polymers
and polymer chains) leads us to a complex system of eight equations of
partial derivatives, which must be solved at each time step using a numerical
method, for example the Runge—Kutta method [KRE 94].

For the rheokinetic module, the laws can also be rather complicated. In
the controlled degradation of polypropylene, the Carreau—Yasuda law is
used (Chapter 1, section 1.2.2), whose parameters (7, a, A, m and E,) all
depend on the average molecular weight of the polymer [BER 00, BER 01].
In the polymerization of e-caprolactone, Gimenez et al. [GIM 00] have
shown the need to consider two regimes:

—below a critical molecular weight, a Rouse regime with a Newtonian
behavior:

n=Ka,M,>C [4.78]
where C is the conversion rate defined by equation [4.77];

—above this critical molecular weight, an entangled regime, with a
viscosity obeying the Carreau—Yasuda law where 7, and A depend on the
average molecular weight.
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4.7.2.2. Example of an uncoupled calculation

We begin with the simplest case, when the rheological behavior does not
evolve with chemical kinetics. In this case, an a priori calculation is
performed using LUDOVIC® to obtain the evolution of local residence time
and temperature along the screws. Then the kinetic module is used to
calculate the reaction rate.

Figure 4.50 shows the transesterification reaction of an ethylene vinyl
acetate (EVA) copolymer, which results in the substitution of the vinyl acetate
groups with OH groups [BER 98b]. Under these conditions, we obtain a
conversion rate of 38% at the machine exit (it is a maximum of 65% at
equilibrium). We found that it mainly evolves along the mixing zones, where
the residence time is large and the temperature is high due to viscous heating.
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Figure 4.50. Esterification of EVA; evolution of temperature,
cumulative residence time and conversion rate along the screws [BER 98b]

If the feed rate is modified, we find that this barely changes the
temperature  profile (Figure 4.42(b)), but significantly decreases
the residence time (Figure 4.35(a)). Therefore, a decrease in the conversion
rate is expected. However, if the rotation speed is increased, the residence
time decreases (Figure 4.34b), but the temperature increases
(Figure 4.43(b)). Both parameters controlling the reaction vary in opposite
ways and, without a model, it is not possible to know which one
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predominates. A calculation provides this answer and shows that, in this
case, an increase in speed from 50 to 150 rpm allows the conversion to
increase from 27 to 37% (Figure 4.51). Therefore, the increase in
temperature takes precedence over the decrease in residence time, but this is
by no means generalizable. The opposite effect could be seen with different
screw profiles or processing conditions.

40 n T T ] T T A ]
35 —l
Jf )
30 F - / — ]
§ N =150 rpm / ’// B K
= [/ i ]
g 25 N=100mpm — | i
5 20 - / /’ N=50rpm |
5 [/
z I5F i ]
8 ) __,_’_jJ
10 f :(,,;,? ]
i
5 L / Screw | Die
0 i s \‘é// TS SN W [ S | I "
0 02 04 06 08 1 1.2 14 1.6

Axial position (m)

Figure 4.51. Esterification of EVA: evolution of the conversion rates with
screw speed. Symbols (®) indicate the experimental points and lines
(—) indicate the theoretical model [BER 98b]

Figure 4.51 also demonstrates that the comparison of the model to
experimental measurements, performed using infrared spectrometry, shows
excellent agreement, without any adjustable parameters. This is, thus, a
predictive and reliable tool, which can subsequently be used to optimize the
process, or to extrapolate it to an industrial scale.

4.7.2.3. Examples of a coupled calculation

The cases that involve a modification in the rheological behavior as the
reaction progresses are somewhat more complex. The coupled calculation is
carried out as follows [BER 98a]:

— A calculation is performed by the LUDOVIC® software using the
initial rheological behavior (zero conversion rate). This gives the first
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estimates of the filled zones, the local residence times and the temperatures.
This calculation is carried out from downstream to upstream.

— From these estimated parameters, and now starting upstream (at the
introduction of the reactants), we calculate the coupling between the flow,
the reaction and the viscosity step by step.

— The time ¢ and the temperature 7; are known in element i:

- using the kinetic equation, the increment in the conversion in element
i is calculated;

- using the rheokinetic module and the new conversion rate, the
corresponding viscosity is calculated;

- with this new viscosity, the flow conditions in element i + 1 are
calculated along with the new residence time and temperature.

Thus, we progress element by element until the end of the flow. In
Figure 4.52, we have shown the continuous polymerization of e-caprolactone
[POU 01b]. We found that the model is capable of following the evolution of
the viscosity from the monomer (10 Pa.s) to the polymer (10° Pa.s), an
increase of seven decades. Under tested conditions, the conversion rate is
almost 100% at the die exit.
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Figure 4.52. Polymerization of &-caprolactone:
evolution of the conversion rate and viscosity along the screws [POU 01b]



176  Polymer Extrusion

Another interesting case is that of the controlled degradation of
polypropylene (PP) using peroxides. At the exit of the polymerization
reactor, PP has a high molar mass, with viscous and elastic properties that
make it poorly suitable for processing. This is why it is necessary to reduce
the molar mass and adjust the viscosity to make it easy to use in processes
such as extrusion or injection. This operation is carried out in a twin-screw
extruder, using peroxides to break the long PP chains. These peroxides are
generally introduced after the melting zone and they decompose with heat.
As a result, they give rise to free radicals, which then attack and cut the
chains by hydrogen abstraction and [-scission. Using the kinetic and
rheokinetic relationships, presented previously, we can calculate the
evolution of the molar mass along the screws as a function of the amount of
peroxide (Figure 4.53). In this model, we have only one adjustable
parameter, which is the efficiency of the peroxide, that is to say, the number
of radicals out of the total radicals which actually lead to B-scission.
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Figure 4.53. Controlled degradation of polypropylene: evolution of mass average molecular
weight along the screws as a function of the peroxide content [BER 00]

This efficiency was experimentally estimated and it mainly varies with
peroxide content [BER 00]. To validate the theoretical model, we took
samples along the screws [BER 06]. Their analysis confirmed that the rapid
decrease in molar mass when the peroxide is introduced (Figure 4.53) is real
(Figure 4.54). In addition, we found that the model correctly takes account of
the effects of the screw rotation speed and the barrel temperature.
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Figure 4.54. Controlled degradation of polypropylene: evolution of mass
average molecular weight along the screws for a) various rotation speeds
and b) temperatures of the barrel. Symbols (®, o) are experimental points and
lines (—) are the theoretical model [BER 06]

Besides the examples we have just presented, we have successfully
applied this modeling approach to other reactions, such as the extension of
polyamide 12 chains with a coupling agent [CHA 02], starch cationization
[BER 07a, BER 07b] and the synthesis of nanoparticles using the sol-gel
method [BAH 11]. By considering the breakage and erosion mechanisms
discussed in the previous section as kinetic equations, it was even possible to
address the dispersive mixing of particles, using these reactive extrusion
models [BER 02].

4.7.3. Polymer blends

A particular type of compounding in twin-screw extrusion, which was
developed in the 1990s, involved producing polymer blends. Instead of a
particle—polymer mixture, here we focus on a polymer—polymer mixture.
Just like in coextrusion, this allows us to combine the properties of the
different polymers mixed together and even, in some cases, achieve synergy,
that is to say, better properties than those predicted by a simple mixing rule
[UTR 02]. For immiscible polymers, this process induces a particular
morphology, which will then define the properties. Depending on
the proportions, and the rheological and interfacial properties of each
phase, the blend of both polymers A and B may give the following
morphologies:
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— phase A nodules dispersed in matrix B;
— often complex co-continuous morphology;

— phase B nodules dispersed in matrix A.

Here, we will only focus on the simplest nodular morphology without
mentioning the use of a compatibilizer, which, in practice, greatly reduces
the size of the nodules and improves the properties. First, we present the
basic mechanisms controlling the evolution of this nodular morphology and
then show how these evolutions can be calculated along a twin-screw
extruder.

4.7.3.1. Basic mechanisms

Let us consider polymer A dispersed as nodules within polymer B. The
two basic mechanisms that will cause the morphology to evolve are breakup,
which decreases the size of the nodules, and coalescence, which has the
opposite effect.

Deformation and breakup mechanisms of an isolated Newtonian drop,
sheared within a Newtonian matrix, were studied by Taylor in 1932
[TAY 32]. It was shown that the deformation of the drop depends on the
shear forces, which tend to deform it, and the surface tension forces, which
tend to restore its spherical shape. The ratio of these two forces is called the
capillary number or the Weber number:

_ nm 7R
O-AB

Ca

[4.79]

where 77,, is the matrix viscosity, R is the nodule radius and oy is the surface
tension. Different scenarios of deformation and rupture of the drop are
therefore established, depending on the value of the critical capillary number
Ca*, which is experimentally defined [MEI 88b, HUN 95, DEL 96]:

—if Ca < Ca*, the drop is deformed, but does not break,

—if Ca* < Ca < 2 Ca¥*, the drop can be split into two identical drops,
provided that the shear time is greater than the rupture time, defined by:

4 =C—.af {n—"] [4.80]
v o\,
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where f(n,/1,)is the function of the ratio between the viscosity of the
dispersed phase and that of the matrix [GRA 82].

—1If Ca > 2 Ca*, the drop follows the affine deformation of the matrix
and is converted into a fiber. For an initial diameter equal to D, the fiber

: . D, . :
will have a diameter of D(¢) = \/i and a length L(¢) =D, yt. This fiber can
vt

then be further broken up by two mechanisms:

—when the diameter reaches a critical value d*, unique to each system
and defined from experimental observations;

— after the shear terminates, by Rayleigh instability [LOR 92].

This instability, the development of which is shown in Figure 4.55,
causes the fiber to break into main and satellite drops, by amplification of a
small variation in diameter over time. The equation of this mechanism was
proposed by Tomotika [TOM 35, TOM 36].

) 0-0

Figure 4.55. Breakage of the fiber by Rayleigh instability

The value of the critical capillary number is the underlying factor in these
rupture mechanisms because it determines the evolution in size. All the
estimates, found in the literature, are based on observations from laboratory
experiments, or industrial mixing systems. In all the cases, Ca* is a simple
function of the viscosity ratio 77,/7,. In Figure 4.56, the curves for simple
shear and uniaxial elongation were determined [GRA 82]. In simple shear,
the rupture is no longer possible when 77,/7,, is greater than 4. However, for
clongation, breakage is always possible, regardless of the viscosity ratio.
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Moreover, the Ca* values are smaller, which means that the drops break
more easily with elongation than with shear.
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Figure 4.56. Evolution of the critical capillary number with viscosity ratio [GRA 82]

Another common definition of the critical capillary number Ca* is based
on observations made at the twin-screw extruder exit, where the flows
involve both shear and elongation [WU 87]. In this case, Ca* is defined by
(Figure 4.57):

+0,84
Ca* :4[”-6’} [4.81]
77”1

The sign of the exponent is positive if the viscosity ratio is greater than 1
and it is negative in the opposite case. As with uniaxial elongation, rupture is
possible regardless of the viscosity ratio, but it is easier if this ratio is
equal to 1.

The other basic mechanism of morphology evolution is coalescence,
when two nodules collide to create a single nodule of a larger size. In order
to make this possible, the two nodules must remain in contact for the time
required to remove the thin matrix film that separates them (Figure 4.58).
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Figure 4.57. Evolution of the critical capillary number with the viscosity ratio [WU 87]

Figure 4.58. Coalescence mechanism of two nodules

We can model the coalescence of two spherical nodules of radius R by
successively calculating [ELM 86, CHE 91] the following:

— the collision frequency:

c=82 [4.82]
T

where @ is the mass fraction of the dispersed phase;

— the collision probability:

P, = exp[—g 7_(; j [4.83]
loc
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where ¢, 1s the local residence time;

— the probability of removing the liquid film, which depends on the
“mobility” of this film, linked to the viscosity ratio [CHE 91]. For example,
for mobile interfaces (77,/1,, << 1):

exp

P = exp[—%Caln%} [4.84]

where /#* is the minimum thickness of the film, below which it will rupture.
h* is defined by:

1
-20 3
h*z[lo RJ [4.85]

8o,

— the coalescence probability is defined as the product of the collision
(equation [4.83]) and removal (equation [4.84]) probabilities. If coalescence
is possible, the new radius of the nodule is calculated by conservation of
volume.

4.7.3.2. Modeling along the twin-screw extruder and an example of the
results

To calculate the morphology of nodules in a blend of incompatible
polymers along a twin-screw extruder, we must define the scenarios that
describe the potential mechanisms according to the local flow conditions
[DEL 95].

In many situations, the most significant reduction in size in the dispersed
phase occurs in the melting zone, where we move from a size of several
millimeters (that of pellets) to a size of several microns. However, as we
have seen previously, melting mechanisms are still poorly understood, even
for a single polymer. We start the morphology calculation after this zone by
introducing a parameter which is the initial diameter of the nodules, D,. We
will then consider “strong” and “weak” flow zones. The “strong” flow zones
correspond to the filled zones under pressure. In these zones, depending on
the local conditions, rupture or fibrillation of the drop, as well as
coalescence, may occur. In the “weak” zones, which are the partially filled
conveying zones, rupture by Rayleigh instability of fibers, which were
previously formed in “strong” zones, and coalescence occur.
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An example of the results is presented in Figure 4.59. It shows the
evolution along the screws of the average diameter of the dispersed phase,
which varies from 0.53 to 0.1 um, depending on the local flow conditions.
This variation is controlled by the ratio of the local capillary number to the
critical capillary number (Figure 4.59(b)), the ratio of rupture time to local
residence time (Figure 4.59(c)) and the coalescence probability
(Figure 4.59(d)). Just after melting, the diameter remains constant, since it is
in a “weak” zone, and the coalescence probability is zero. In the pressurized
zone upstream of the kneading block, fibrillation and immediate rupture
occur, since the critical diameter is very quickly reached. These nodules are
then too small to be fibrillated again. They do not coalesce, since the
probability is still close to zero, and they can only be split into two when the
rupture time is reached. Thus, the diameter progressively decreases until
stabilizing in a second “weak” zone (before the pressure increases upstream
of the die). When the pressure starts to increase, there is, once again, a
possibility of rupture into two, after which the capillary number is too small
to induce new modifications. The only mechanism that is still possible is
coalescence, with a probability of approximately 50%, which can be seen as
an increase in size toward the end of the flow.

This type of model allows us to follow and understand the evolutions of
the average size of a nodule depending on the geometry of the extruder and
the processing conditions. For example, Figure 4.60 shows that the
process conditions can be chosen to control the final morphology,
characterized by particle size reduction as the screw speed increases, or as
the flow rate decreases. However, note that the speed and the flow
rate influence the melting mechanism and, therefore, could affect the initial
size of the dispersed phase, which we have considered in this case to be
constant.

The previous examples illustrated the calculation of the mean diameter. It
is relatively simple to generalize this calculation to a size distribution, by
considering different size categories with different evolution regimes. In the
same machine, at the same location, some categories may break into two
whereas others fibrillate or coalesce. We, thus, obtain an evolution of the
size distribution along the extruder, which allows us a more realistic
description of the morphology.
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Figure 4.59. An example of calculation of the morphology of a polymer blend along a
twin-screw extruder [DEL 95]. Evolutions of a) average diameter,
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Figure 4.60. An example of calculation of the morphology of a polymer blend
along a twin-screw extruder: a) influence of flow rate and b) influence
of rotation speed [DEL 96]

4.7.4. Production of clay-based nanocomposites

In this section, we will discuss the production of nanocomposites based
on polypropylene and lamellar clay [LER 06a, DOM 12a]. These materials
were developed at the beginning of the 1980s by a research group at Toyota,
who showed that by dispersing a lamellar clay in polyamide, it is possible to
significantly improve the mechanical properties, with very low filler content,
approximately 5% [OKA 87, FUK 87].

The ability to significantly reduce the required filler content is mainly due
to the large specific surface area of these clays. These clays are composed of
1 nm thick layers, stacked in tactoids of several dozen layers, associated as
aggregates, and agglomerates of several dozen microns (see Figure 4.61).
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Figure 4.61. The different structural levels of lamellar clay [DOM 12a]

When mixed with a molten matrix, it is essential to separate the
agglomerates present in the initial clay into individual sheets in order to
obtain adequate properties. This is relatively easy in the case of polar
polymers such as polyamide, which has a high affinity for clay, but it is
much more difficult for non-polar polymers, such as polyolefins. In this case
considered in this section, there are different structures (Figure 4.62). If the
clay remains in the form of agglomerates or even tactoids (Figure 4.62(a)),
we obtain a microcomposite, which does not have enhanced properties due
to the low filler content. Improvements in the properties start to become
visible when the matrix chains intercalate between the clay layers
(Figure 4. 62(b)), thereby increasing the interlamellar distance. This is called
an intercalated structure. Finally, if all the layers are individually dispersed
(Figure 4.62(c)), the structure is said to be exfoliated. It is this structure that
gives the best properties. In reality, for polyolefins, this rarely occurs and the
most common structure obtained is a mixed one, intercalated and partially
exfoliated.

Nanocomposites can be prepared by in sifu polymerization or solution
blending, but the most industrial and commonly used method is melt
blending by twin-screw extrusion [VER 08]. The flow conditions along the
machine allow the agglomerates to disperse and the tactoids, subsequently,
to intercalate, and progressively exfoliate. However, to facilitate the
dispersion of clay in a non-polar matrix, it is essential to use organomodified
clays and add a coupling agent, also known as a compatibilizer.
Organomodified clays are natural clays (usually from montmorillonite),
which have been modified by surfactants to make them more compatible
with polymers. Coupling agents, typically maleic anhydride grafted
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polymers, are required to intercalate and exfoliate clay in non-polar matrices
[LER 05].

Figure 4.62. The main structures of lamellar clay-based nanocomposites [KRI 01]

As there are many levels of dispersion, ranging from agglomerates of
several micrometers to exfoliated sheets, it is necessary to quantify these
different levels and use complementary techniques, which provide us with
different information:

— scanning electron microscopy (SEM) allows the large agglomerates to
be visualized and to quantify them using, for example, the area ratio (area of
the agglomerates divided by the total area analyzed);

— X-ray diffraction allows us to measure the interlamellar distance
(distance between the sheets in a tactoid), and to quantify the level of
intercalation;

— transmission electron microscopy (TEM) allows the structure to be
viewed at the nanoscale. This can confirm or invalidate the exfoliated nature
of the nanocomposite;
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—small amplitude oscillatory shear rheometry allows us to identify the
interactions between the exfoliated sheets. In fact, these interactions, which
are much greater when there are more sheets, result in the appearance of a
plateau on the elastic modulus G’ at low frequencies, or, by a significant
increase in viscosity (Figure 4.63). We have shown that this behavior can be
described by the Carreau—Yasuda law, which incorporates a yield stress:

m—1

7=, (1 (1) [4.86]

The yield stress value oy allows the level of exfoliation to be quantified
[LER 05, VER 11].
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Figure 4.63. Viscosity curves of polypropylene/clay nanocomposites at
different dispersion levels. The continuous lines represent the Carreau—Yasuda
model with a yield stress [LER 05]

As with the preparation of blends or compounds, the extrusion conditions
improve and determine the structure of a nanocomposite. In the following
examples, we will focus on the dispersion of an organomodified clay in a
polypropylene matrix, compatibilized with maleic anhydride grafted
polypropylene (PP-g-MA).
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Figure 4.64. SEM images of nanocomposites prepared at
a) 100 and b) 700 rpm [DOM 12b]

Figure 4.64 shows the effect of the screw rotation speed on the micro-
sized agglomerates. We see a significant decrease in the number and size of
these agglomerates with screw speed.

Under the same conditions, the melt yield stress, and, therefore, the level
of exfoliation, increases up to 500 rpm before stabilizing (Figure 4.65). This
improvement in exfoliation with screw speed is confirmed by TEM
observations (Figure 4.66).
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Figure 4.65. Evolution of yield stress with rotation speed [DOM 12b]



190  Polymer Extrusion

Figure 4.66. TEM images of nanocomposites prepared at
a) 100 and b) 700 rpm [DOM 12b]

An increase in feed rate or barrel regulation temperature leads to a poorer
dispersion, with larger and much more numerous agglomerates and reduced
exfoliation [DOM 12b].

Therefore, the processing conditions have a significant impact on
different structural levels of nanocomposites. These results can be
summarized by plotting descriptive parameters of the structure (area ratio for
agglomerates and yield stress for exfoliation) as a function of the SME
(Figure 4.67). This allows master curves to be obtained, confirming that the
dispersion at different scales is controlled by an energetic parameter
[DOM 12b].

The screw profile has an important role [LER 06b, LER 07, VER 08].
However, its actual influence is still not well understood, since the structure
obtained, in addition to SME, seems to also depend on the thermomechanical
history, which can vary considerably from one profile to another. To better
understand the role played by the geometry, we have taken samples along
the screw axis: once the extruder in the steady-state regime is stopped, it is
rapidly cooled, the barrel is opened and samples are taken, which are
then analyzed as described above (rheometry, image analysis, X-ray
diffraction, etc.).
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Figure 4.67. a) Evolution of the area ratio and b) evolution of yield stress
with specific mechanical energy [DOM 12b]
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Figure 4.68 shows that the area ratio, and therefore the size of the
agglomerates, decreases rapidly during the melting, as we have already seen,
for example, for incompatible polymer blends. The subsequent changes are
more limited. However, the yield stress, and, therefore, the level of
exfoliation, progressively increases after melting up until the die, with a
significant effect of the rotation speed.

If we now plot the yield stress as a function of the area ratio for the
samples in Figure 4.68, we are able to distinguish the two different zones
along the extruder (Figure 4.69):

—in zones A and B (see position of points in Figure 4.68), there is a
significant decrease in the area ratio, accompanied by a slight increase in the
yield stress, which indicates the predominance of agglomerate rupture and
erosion mechanisms over exfoliation;

— from zone B until the die exit, there is simultaneously a large increase
in the yield stress and a slight decrease in the area ratio, which means that
the clay is predominantly dispersed by the progressive exfoliation of sheets
along this section of the screw profile.
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Figure 4.69. Evolution of the yield stress versus the area ratio
along the screw profile for different rotation speeds [DOM 13]

From the results in Figure 4.67, it is possible to establish correlations
between the area ratio, the yield stress and the SME. Introducing these
correlations into the LUDOVIC® software was sufficient to enable us to
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predict the theoretical evolution of the nanocomposite structure, all along the
screw axis. As shown in Figure 4.70, the general trend is correctly described
for the different tested rotation speeds [DOM 13].
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(— and experimental results (o, o, m) [DOM 13]
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4.7.5. Optimization and scale-up

For complex issues, such as those frequently found in industrial twin-
screw extrusion applications, modeling is a great help because it allows us to
simultaneously understand what is happening during the process and suggest
improvements. A recurring issue is scale-up, that is to say, moving from a
laboratory extruder, where the flow rate is only several kg/h, to an industrial
extruder, with a diameter 10 times greater, and a flow rate that can reach
several tons/h. This scale-up can be accomplished by trial-and-error.
However, this technique is very time-consuming and costly in terms of
machine and personnel resources, as well as raw material consumption. It is,
thus, quite beneficial to use a modeling approach. In the following section,
we give some examples of using software such as LUDOVIC® to solve these
optimization and scale-up problems.

First, the computer code can be used to directly optimize a process by
trial-and-error, as we would do experimentally, but in a much faster and less
expensive way. If the numerical solution can be obtained quickly enough,
then more sophisticated optimization techniques can be used. For example,
we have already used genetic algorithms to optimize extrusion conditions in
the case of a predefined screw profile [GAS 02]. These algorithms imitate
the natural evolution processes, with an initial population of individuals that
evolves with different operations (selection, hybridization, mutation, etc.)
over successive generations. To run this optimization process, three modules
are required:

—an objective function, which quantifies the performance of each
individual (i.e. each calculated extrusion condition) compared to the desired
performance;

— a calculation module, here LUDOVIC®, which estimates the value of
the objective function for each individual in a population;

— an optimization algorithm, which controls the evolution of a population
and leads it toward the objective. The initial population is randomly chosen
(e.g. by varying the rotation speed, flow rate and barrel temperature). For
each new generation, the algorithm selects the best individuals and
reproduces them.

We can define an overall objective function, including several different
and ultimately conflicting objectives with assigned weights, as follows:
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Fo=Yw, f; [4.87]
i

where w; are the weights (Zw[ =1) and f; are the functions which maximize,

minimize or maintain a parameter in a certain range. Let us consider, as an
example, the polymerization of eg-caprolactone by reactive extrusion,
presented in section 4.7.2.3. Let us assume that we require a maximum flow
rate, a conversion of 100%, the maximum temperature of the material along
the screw to remain below 220°C and the consumed power to be less than
9.2 kW. Figure 4.71 shows the conversion rate obtained at 150 rpm,
according to the respective values of Q/Q,. and Ty/Tppa (maximum flow
rate O,..x = 30 kg/h and maximum barrel temperature 7,,,, = 210°C).

Figure 4.71. Polymerization of &-caprolactone: evolution of the conversion rate
with flow rate and barrel temperature [GAS 02]

We obtain a plateau of conversion rate at 100%, which indicates that
several possible combinations of flow rate and barrel temperature lead us
to the same result. The best objective function value is obtained here at
200 rpm and 26 kg/h, which gives a consumed power of 6.4 kW and a
residence time of 32 s.

Utilizing more advanced optimization techniques (multi-objective
evolutionary algorithms), we then studied the optimization of the screw
design [GAS 05, GAS 1, TEI 11]. In this case, the optimizations carried out
often resulted in many similar solutions; it was difficult to choose the best
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one among them. It is possible that some simplifications of the LUDOVIC®
software, in particular the lack of an efficient melting model, prevent us
from following through with these sophisticated techniques.

We are going to end this section with an example of optimization and
scale-up in the case of starch cationization. Cationic starches are often used
in the paper-making industry. Cationization involves substituting, on a starch
chain, a hydroxyl group by quaternary ammonium. This modification can be
made by reactive extrusion and the result is quantified in terms of efficiency
(ratio of the obtained degree of substitution and the theoretical degree of
substitution) [TAR 04]. First, we calculated on a laboratory machine
(Clextral BC21, diameter 25 mm) the flow conditions for different screw
designs, whose complexity increases from design 1 to design 5, by varying
the feed rate from 2.5 to 40 kg/h at a screw speed of 400 rpm. Figure 4.72
shows the evolution of the efficiency of the reaction versus the screw design
for different flow rates.
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Figure 4.72. Laboratory machine; variation in efficiency
with screw profile and flow rate [BER 07b]

We found that the efficiency is much higher when the flow rate is low
(long residence time) and the design is restrictive (high temperature). If we
want the temperature to remain below 165°C to prevent degradation, and the
torque to remain less than C,,, = 50 mN, the processability window is
reduced. Depending on whether we are focusing on efficiency or flow rate,
we can choose various points on the upper boundary: an efficiency of 64% at
5.5 kg/h with profile 1, 63% at 8.5 kg/h with profile 2, 62% at 11 kg/h with
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profile 3, 55% at 18 kg/h with profile 4 or, finally, 52% at 25 kg/h with
profile 5. Here, it is up to the users to make a choice according to their
priorities.

Now let us assume that we want to predict the processing conditions for
this material using a much larger machine (Clextral BC72, diameter 82 mm).
First, we will define profiles similar to those of the laboratory extruder,
which is to say, with the same number of restrictive elements and identical
length ratios. Then the flows in these new profiles are simulated in the same
way, for a range of flow rates adapted to the size of the industrial machine, at
its maximum speed, i.e., here, 360 rpm. The results are shown in Figure
4.73, with a torque limit C,,, = 1,500 mN. We observed results similar to
those for the laboratory extruder. As mentioned above, the temperature and
the torque restrictions reduce the processability window, leading to the
establishment of the optimal conditions:

— an efficiency of 60% at 155 kg/h with profile 1;

—or 58% at 225 kg/h with profile 2;

—or 58% at 310 kg/h with profile 3;

—or 49% at 560 kg/h with profile 4.

Again, the final choice is left to the users. However the calculation

provides a realistic estimate of accessible flow rates and, therefore, helps
predict the potential profitability of the industrial process.
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4.8. Conclusion

The twin-screw extrusion process is a very interesting process, which,
due to its high versatility, can deal with a variety of challenges to develop
increasingly complex materials. Except for the melting process, whose
mechanisms are still not completely understood, this process can be modeled
both locally, with 3D models, and globally, with a software such as
LUDOVIC®. This software can define the optimal processing conditions for
a given screw design. It can also define a design adapted to the desired
application and material. It also can help us to solve the complicated task of
scale-up, similar to the case in single-screw extrusion.

We have shown through numerous examples that this software is an
excellent starting point to address issues regarding the production of filled
products, polymer blends, (nano)composites, reactive systems, etc. We have
also had the opportunity to use it for specific developments in related fields,
for example the extrusion-cooking of cereals [DEL 93, DEL 11], the
development of gluten-based materials [RED 99] and, more recently, the
dispersion of radioactive waste in bitumen [MOU 11].
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Chapter 5

Profile Extrusion

Profile-shaped products manufactured by extrusion are grouped into the
following two main categories:

—complex profiles: intended for applications in construction and
automotive industries, etc.;

— tubular products: this includes tubes and pipes.

In this chapter, we will study both types of products, by reviewing the
problems encountered and the theoretical approach for calculating the flows
in the corresponding production tools.

5.1. Profile extrusion

5.1.1. Different types of profile dies
There are essentially two types of profile dies.

Plate dies, Figure 5.1(a), are composed of a cylindrical plate fixed to the
extruder outlet where the desired shape is machined. These dies are simple
and can be easily manufactured and modified. The abrupt decrease in flow
section, however, causes two major drawbacks. On the one hand, the abrupt
change of geometry can lead to stagnation of the material in the die, limiting
the use of plate dies to thermally stable polymers. On the other hand, this
design limits the extrusion flow rate and causes significant dimensional
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variations. Plate dies are generally used with rubber or plasticized PVC.
They can, also, be used in the extrusion of rigid PVC in short productions.

Streamlined dies, Figure 5.1(b), allow a gradual section evolution from
the extruder outlet to the shape of the desired product. In this type of die, the
polymer is accelerated toward the end of the die until it arrives at
the terminal zone of a constant cross-section, establishing a steady-state
flow. The absence of abrupt contraction prevents certain inherent problems
such as the stagnation of the material. Despite being more expensive,
streamlined dies are more economical for mass production.

L s
e

i
wr?
i

a) b)

Figure 5.1. The different types of dies: a) plate die and b) streamlined die

In addition to these two extremes, there are many intermediate designs of
dies, especially multi-plate dies, which are made up of a connecting plate,
one or more transition plates and a terminal plate of a constant cross-section
(Figure 5.2). The multi-plate dies are an excellent compromise between plate
dies and streamlined dies, and this type of die is currently the most
commonly used in the plastics industry.

Figure 5.2. Example of a multi-plate die (source: Saint-Gobain Seva)
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5.1.2. Flow calculation inside profile dies

Based on the FAN method (see Chapter 2), Huneault [HUN 92]
developed a network model to predict flow inside a profile die with a
varying geometry. The total width of the die is denoted by w and the length
by L. This technique uses a conventional finite-difference mesh, which
subdivides flow into N, elements of dimension o, along the length and N,
elements of dimension ¢, along the width. Each element is identified by its
coordinates (i, j) and has a depth A(i, ). The pressure nodes P(i, j), situated at
the center of each element, are connected by resistivities R(i, j) in the
longitudinal direction and R, (i, j) in the transverse direction (Figure 5.3).
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Figure 5.3. a) Flow geometry and b) mesh representation
for the network model
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In the case of a power-law fluid, these resitivities depend on the

longitudinal flow:
1 m
2| 2+ —
.. 2K0, ( m)
R.(i,))=

h(i, j)| 8,h(i, j)’

o, H"" [5.1]

1.€.:

Rx(iaj) =

1 m
2KJ, 2(2 * m) [[P(i ~1,/) - PG, j)] J’“
h(i, j)| 6,h(, j)’ R (i, ))

The transverse resistivity is estimated using the relation:

Ry(z',j){ : 5

X

Rx(i,j)+Rx(z‘+1,f)+Rx(i’j+1)+R“'(Hl’jH)J(ijz [5.3]

This method allows us to calculate the pressure field, and the average
temperature in the die. Subsequently, the flow distribution and the balancing
of the flow in the die are calculated.

5.1.3. Evaluation of post-extrusion phenomena

5.1.3.1. Post-extrusion dimensional changes

At the die exit, many post-extrusion phenomena are capable of modifying
the shape and dimensions of the extrudate, particularly extrudate swell,
stretching and shrinkage, as shown in Figure 5.4.

5.1.3.1.1. Extrudate swell

Immediately upon exiting the die, the extrudate swells. This phenomenon
is also known as the Barus effect and its physical interpretation is related to
the balancing of the velocity profile and the viscoelasticity of the polymer.
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In the case of a Newtonian fluid, there is always a swelling of 12% if
extrusion occurs in a capillary die and 19% between the flat parallel plates.
This phenomenon can be explained by the change from a parabolic velocity
profile inside the die to a uniform one outside the die (flattening of the
velocity profile).

D [ (]

cooling
bath

v v

Figure 5.4. Post-extrusion changes in extrudate shape:
extrudate swell (2), stretching (3) and shrinkage (4)

In the case of viscoelastic fluids, the velocity profile redistribution alone
does not explain the significant extrudate swell observed (up to 300%).
Since it was observed that the extrudate swell decreases with die length for a
particular diameter (L/d ratio), and with flow rate, the concept of viscoelastic
memory was introduced to account for this phenomenon. According to this,
upon exiting, the polymer tends to recover the dimensions of the reservoir.
In particular, in the case of short extrusion dies, most of the extrudate swell
is explained by the viscoelastic memory effect.

In the case of long extrusion dies, the viscoelastic memory effect
disappears. Swelling at the die exit is mainly due to deformation recovery. In
fact, inside the die, the fluid is subjected to stress. At the die exit, the stresses
decrease and the shear and extensional strains recover. Recovery of the shear
strain does not result in a change of shape, since it involves the parallel
sliding of liquid layers in the flow direction. However, recovery of the
extensional strain in the flow direction causes extrudate swell in the
transverse direction.
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Therefore, extrudate swell at the die exit seems to be caused by a
combination of the three phenomena mentioned above: Newtonian
contribution, viscoelastic memory effect and strain recovery.

The quantitative prediction of extrudate swell is particularly interesting
both at a fundamental level and in practice. For this reason, several models
have been suggested in the literature.

Tanner [TAN 70] proposed an analytical calculation of extrudate swell
caused by strain recovery induced by normal stresses for a capillary of an
infinite length:

=

2
Do 1%(&} 54

P

where D is the diameter of the extrudate, d is the diameter of the die, NV is
the first normal stress difference and 7, is the wall shear stress. The first term
on the right section of the equation accounts for the Newtonian contribution.

Mendelson et al. [MEN 71] proposed several models based on the theory
of rubber elasticity. In particular, considering that the recoverable energy is
accumulated by shear in the die, and that it is recovered at the die exit by
elongational contraction, they proposed the following relation:

In equations [5.4] and [5.5], the N,/27, ratio is referred to as the
Weissenberg number, which characterizes the elastic to viscous stress ratio.
We have plotted, in Figure 5.5, the evolution of extrudate swell as a function
of the Weissenberg number for both proposed expressions. We find that the
differences are very significant, which shows that none of these theories is
actually satisfactory, especially since determining normal stress difference is
often difficult at high shear rates.
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Figure 5.5. Evolution of extrudate swell with the Weissenberg number for
Tanner [TAN 70] and Mendelson et al. [MEN 71] models

5.1.3.1.2. Stretching

To keep the extrudate horizontal as it passes through a cooling tank, and
is then coiled, it is mechanically pulled at a constant velocity or stretching
rate. This stretching causes a reduction in the extrudate cross-section and
tends to preferentially reduce the thickness.

5.1.3.1.3. Shrinkage

The final post-extrusion phenomenon capable of affecting the extrudate
dimensions is shrinkage. The cooling, and subsequent solidification of the
profile, causes an isotropic reduction in the cross-section of the extrudate.

5.1.3.2. Practical determination of post-extrusion dimensional changes

An alternative to the theoretical modeling of post-extrusion phenomena
involves evaluating the changes in shape in a semi-empirical manner.
Huneault [HUN 92] proposed an experimental method to decouple the
effects of the velocity profile redistribution, relaxation of normal stresses,
mechanical stretching and shrinkage, upon solidification. This method is
based on calculating the velocity profile inside the die, and analyzing the
extrudates, obtained at points 2 and 4 in Figure 5.4. From simple mass
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balances, it is possible to assess the different factors affecting dimensional
changes.

Flattening (thickness ratio), caused by redistribution of the velocity
profile at the die exit, can be locally calculated by the following expression:

V.i=N,J)
V(i=N,)

J.()= [5.6]

Extrudate swell, caused by deformation recovery, can be determined by
analyzing the extrudates obtained at point 2. These samples are placed on a
lubricated flat plate at a 45° angle and slowly cooled in air. The relaxation of
stresses during slow cooling causes the extrudate to swell and then to shrink.
In a capillary geometry, the swell factor can be calculated by:

4 (p,) ML
= 2| B [5.7]

where py and p, are the respective densities in the molten and solid states,
and M and L are the mass and length of the sample. The index refers to the
sampling points in Figure 5.4 and the asterisk indicates that the measurement
was taken in the solid state after shrinkage.

The samples taken at point 4 underwent dimensional changes due to
swelling, stretching and shrinkage caused by immersion in a water tray. It is
possible to isolate the effect of mechanical stretching and assess the
associated shape change factor by the relation:

1
po A (] ML [5.8]
N4 e ) \ML, '

Finally, shrinkage caused by solidification upon immersion of the
extrudate in the water tray is isotropic and is equal to:

Jo= [5.9]
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In the case of rectangular geometries, shape changes caused by swelling
and stretching are not isotropic. Stevenson [STE 85] suggested using
different dimensional variations for depth and width, and introduced the
coefficients f, and /., which are defined by:

@ —

W, \[ Py
—| Do || £ 5.10
A (Wz P, 3:10]
1
w,\( Py
ﬁf( == [5.11]
W, ) p,

We will later see how these shape change factors f;, fe, fo, B, 5. and f, can
be used to calculate the final dimensions of the product.

Using the previous expressions, Beaumier [BEA 11] measured the
extrudate swell of PVC for different processing conditions and different die
geometries. In a capillary geometry, he showed that it was possible to
precisely model the extrudate swell of PVC as a function of temperature 7,
apparent shear rate 7, and residence time ¢, by the following relationship:

f,=A+BT+Cy,+Dlnt, [5.12]
with:
%k %
t = h% [5.13]

where A, B, C and D are the constants specific to the polymer under
consideration and are assessed by a statistical analysis of the experimental
results (Table 5.1).

Value Uncertainty
A +0.07 -
B +0.0067 0.0005
C —0.00055 0.00004
D -0.24 0.01

Table 5.1. Modeling the parameters for the extrudate swell of rigid PVC
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Figure 5.6. Capillary extrudate swell of rigid PVC at 190°C as a function
of residence time for two shear rates

For rigid PVC at 190°C, Figure 5.6 shows the evolution of capillary
extrudate swell as a function of the average shear rate, and residence time.

5.1.3.3. Estimating the final dimensions of the shaped product

The final dimensions of the shaped product can be calculated locally from
the dimensions of the terminal zone in the die, the swelling, stretching and
shrinkage factors. Thus, we obtain the following, for the depth and width:

T =L DBV DA L] [5.14)
W) _| [ LG) (fe(j)J 5.15
W) {f“[ﬁm] A.0) f’} o

where W, H are the dimensions of the profile and w, & are the dimensions of
the die.

The complete flow calculation algorithm inside, and outside the die is
shown in Figure 5.7.
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Figure 5.7. Complete algorithm of the flow calculation

5.1.4. Design of extrusion dies

Designing an extrusion die for the production of a profile of given
dimensions is generally left to the experience of the designer. Considering
the required dimensional accuracy and the physical phenomena occurring
during the extrusion process, this task can prove to be difficult. Typically, a
trial and error approach is adopted. Apart from the financial cost, such a
process can significantly alter the production time. For these reasons, a
reduction in trial and error cycles, even a modest one, is desirable.

5.1.4.1. General design rules
5.1.4.1.1. Profile design

Before an extrusion die is designed, the design of the profile itself must
be assessed. Minor changes in geometry can in fact significantly affect the
feasibility of the profile. In particular, the designer must respect the
following considerations:
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— use of the simplest design permitted by the final use;

— observation of uniformity of the wall thickness (the finest parts
thickness should not be less than 20%—30% of the greatest thickness);

— use of rounded corners where possible (radius >0.5 mm).

Figure 5.8 illustrates some of the above listed suggestions for a complex

i

b) [ 3
A

v d

Figure 5.8. Examples of product design: a) bad design and b) better design

a)

5.1.4.1.2. Design of extrusion dies

The design of extrusion dies complies with several general rules. One of
the basic rules, in particular, involves avoiding abrupt changes in the
geometry of the flow channel. Such changes can in fact lead to extrusion
defects. For example, sudden contractions can create recirculation zones,
capable of creating instabilities and degradation. Abrupt changes in the
direction of flow, for example T-shaped geometries, can, also, lead to
polymer degradation.

On the other hand, it is preferable that the polymer velocity increases
gradually along the flow channel. This can occur by, gradually, reducing the
cross-section of the die. In addition, a good design always requires a
terminal zone with a constant cross-section along a length, enough to
stabilize the velocity profile and to reduce the contribution of the viscoelastic
memory effect to extrudate swell.

Finally, it is important for the die to be easily assembled and
disassembled.
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5.1.4.2. Dimensioning of extrusion dies
5.1.4.2.1. Dimensioning of the cross-section

The first problem associated with the design of extrusion dies involves
optimizing the cross-section of the terminal plate depending on the
dimensions of the profile to be produced. This problem, called the inverse
problem, can be solved numerically using an iterative process [LEG 93].

In the case of the network model developed by Huneault [HUN 92],
Figure 5.9 illustrates how the inverse problem can be solved. In this figure, H,
and W, are the required dimensions of the profile, // and W are the calculated
dimensions of the profile, and /4 and w are the dimensions of the die.

Huneault [HUN 92] and Beaumier [BEA 11] took a two-dimensional
(2D) approach, which essentially applies to full profiles. In the case of more
complex shapes, this method is more difficult to implement. For this reason,
we, here, present a dimensioning technique that can be used for complex
products. This technique is based on a 1D calculation of flow parameters and
requires that the variation of extrudate swell with the shear rate be evaluated
a priori.

Let us study the product in Figure 5.10. This product can be divided into
a circular section and two simple rectangular sections. Let 7 be the radius of
the circular section (1), 4, and w, be the height and width of the rectangular
section (2), and /3 and ws be the height and width of the rectangular section
(3). The extrusion volumetric flow rate is Q.

The method used is identical to that described in Figure 5.9. First, the
dimensions of the die are assumed to be equal to those of the profile.
Knowing the dimensions of each section, it is possible to calculate the local
flow rate and thereby deduce the apparent shear rate. The associated
extrudate swell is determined from the experimental data, and the swelling
factors f, can be calculated according to the geometry. The stretching and
shrinkage factors are calculated in the same way as in section 5.1.3.2, and
have the same value for the three sections.

For a rectangular geometry:

H D
fg(h)—z—ﬂ(g) [5.16]
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Figure 5.10. Division of a complex product into simple sections
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[5.17]

with:

B= h [5.18]

The dimensions of the die are recalculated using equations [5.14]
and [5.15].

The equations related to the calculation of the flow parameters and shape
change factors are given in Table 5.2.

Section 1 Section 2 Section 3
Surface area (S;) rt w, h, w; b,
Volumetric flow rate (Q,) oS, oS, oS,
S, +8,+S, S, +8S,+8, S, +8,+S,
Apparent shear rate 40, 60, 60,
zr W, i122 W, hs2
Extrudate swell [ Dj ( Dj ( Dj
d), d), d s
Coefficient 8 - 5 B
Swelling factor f,(%) - D D
¢ ﬂz [*j ﬂz (*j
d), d )
Swelling factor fy(w) - 1 [ Dj 1 ( Dj
p\d), B\d ),
Table 5.2. Calculation of local flow parameters
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According to the iterative diagram in Figure 5.9, the cross-section
dimensions of the die adapted for producing a specific profile can then be
estimated.

5.1.4.2.2. Flow balancing

The second problem encountered in the dimensioning of extrusion dies
involves optimizing the topology of the flow pathway, that is to say, flow
balancing. To solve this problem, two main strategies are used:

— minimizing the differences between local and mean velocities;

— minimizing the differences between the local mass flow rate and the
intended local mass flow rate.

The method of minimizing the differences between the local velocity and
the mean velocity is the most commonly used. It can be applied either by
modifying the flow pathway upstream of the terminal plate [HUN 92], or by
modifying the sections of the terminal plate [HUR 96] (Figure 5.11).

a) b)

Figure 5.11. Balancing techniques for extrusion dies: a) modification of the connecting plate
situated upstream; b) modification of the terminal plate

Let us study, for example, the die in Figure 5.12.

H,

Figure 5.12. Example of a profile cross-section
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For a 1D power-law fluid, the average velocity in section i is given by:

wh’ h.AP
_ | 2(1/m+2) || 2KL,
V.= [5.19]

i
wh,

If the terminal plate is modified, then flow balancing by minimizing the
differences in local velocities yields:

V=, [5.20]

AP, = AP, [5.21]
1.e.:

L H 1+m

2o 2 [5.22]

Ll Hl

The process of minimizing the difference between the local mass flow
rate and the intended local mass flow rate, although similar in principle to
the method above, is however significantly different. First, it does not
involve uniformity of the velocity profile. Therefore, a consecutive distortion
of the velocity redistribution can occur at the die exit. Then, since the
calculation of the local mass flow rate is an integral on a given area, only
average balancing is feasible.

Note that both presented techniques provide good results only for dies
with separate channels. In the absence of separate channels, the transverse
flows and the fluid redistribution significantly affect overall flow. Therefore,
other balancing criteria might be needed. In particular, cross flow
minimization allows the optimal design of transition sections. This criterion
was used, alongside the uniformization of velocity profiles by Koziey et al.
[KOZ 96]. Minimizing the residence time can also be considered as a design
criterion, especially in the case where materials are susceptible to thermal
degradation.
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5.1.4.3. Commercial software for the design of extrusion dies

Numerical methods for calculating the flow are a precious resource when
designing extrusion dies. The conventional trial and error process is replaced
by a series of numerical tests. It is, therefore, possible to design an initial
geometry, such that only a small number of changes will be needed to obtain
an optimal geometry [PIT 11, ETT 13].

Currently, many commercial software packages offer simulations of the
flow within complex shaped dies, for example, CompuPlast® (CompuPlast
Inc.), PolyDynamics® (PolyDynamics Inc.), developed in association with
McMaster University (Canada), Ximex© (Sciences Computers Consultants)
and Rem3D® (Transvalor), developed by CEMEF (MINES ParisTech),
SPR® (Scientific Research Progress Inc.) and PolyFlow® (Fluent Inc.). These
software packages use a 3D approach to the problem and the numerical
solution is based on a finite element code. In Figure 5.13, we provide an
example of flow balancing, in a profile die, performed using Rem3D®
software. Although most codes are limited to the calculation of flow
parameters inside the machine, some include free surface calculations or
specialized sub-routines dedicated to the inverse problem: this is particularly
the case for PROFILECAD® (PolyDynamics Inc.) and DIEDES® (Scientific
Research Progress Inc.).

0.000562343

a) b) c)

Figure 5.13. Example of a 3D calculation inside a plate die; balancing of the velocity field by
geometric modification of upstream zones, a) initial geometry, b) first trial and c) second trial
[ABB 03] (for a color version of this figure, see www.iste.co.uk/lafleur/polymer.zip)
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However, not many commercial software packages integrate the
calculation of dimensional changes caused by extrudate swell, shrinkage and
stretching. For this reason, the network model possesses a considerable
advantage.

Using numerical methods to design dies requires that the physical
properties of the extruded material are previously determined, including
viscosity, density, thermal conductivity and specific heat capacity.
Moreover, calculating post-extrusion dimensional changes requires the
accurate analysis of extrudates obtained from different die geometries.
Therefore, the accuracy of the results generated by the computer-aided die
design software will always be limited by the accuracy of the measurements
of the physical properties of the material.

5.2. Pipe extrusion
5.2.1. Introduction

The manufacture of pipes is usually carried out as shown in Figure 5.14:
an extruder continuously feeds an axisymmetric die, which shapes the pipe.
At the exit, the pipe passes through a calibrator, which cools the surface and
sets the external dimensions. It then passes through several cooling tanks
before being cut at the end of the line.

Saw Haul off Cooling tanks Die Extruder

Cali brétor

Figure 5.14. An extrusion line for pipe manufacture

Different types of dies can be used [RAU 01, MIC 03, CAR 12], although
the most widespread is the spider die, shown in Figure 5.15.
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Figure 5.15. Geometry of a spider die

This is an axisymmetric tool composed of a mandrel fixed to the outer
housing by a number of spider legs, regularly spaced around the mandrel.
The molten polymer arriving from the extruder is first distributed around the
mandrel and then flows around the spider legs, before entering the final zone
with a constant gap that will give the dimensions to the pipe. With this type
of die, a large variety of pipes can be produced, from medical catheters of
several millimeters to water pipes of 2 m diameter [PUI 09].

5.2.2. Flow calculation

5.2.2.1. Different approaches from 1D to 3D

Although the geometry of a pipe is 3D, different hypotheses can be used
to simplify the flow calculation. First, inside the die, the flow is confined,
without a free surface or an abrupt change in cross-section (Figure 5.15). It is
dominated by shear, with elongation playing only a minor role. We can,
therefore, consider the behavior to be purely viscous, described by a power-
law model or a Carreau model. However, heat transfer plays an important

role and thermo-mechanical coupling is required for a good description of
the flow.

Because pipes are generally extruded horizontally (Figure 5.14), the
effects of gravity are negligible, at least in the die. In addition, as the flow
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cross-section changes slowly, the lubrication approximation can be applied
[AGA 14] to simplify the flow equations. Consequently, three approaches
are possible to characterize the flow conditions in a pipe die:

—a very simple 1D approach, which, already, allows us to obtain orders
of magnitude values of pressure and temperature along the die;

—a 2D approach, based on the Hele-Shaw approximation, using finite
volume or finite element methods;

—a 3D approach, to better quantify, such flows as, the flow around the
spider legs.

5.2.2.2. 1D models

Let us study the die in Figure 5.15, used to produce PVC pipes at a flow
rate of 300 kg/h. These pipes have an internal diameter of 10 ¢cm and a
thickness of 5 mm. If we do not include the zone around the spider legs, the
flow is axisymmetric. Applying the lubrication approximation allows us to
neglect the radial velocity component #, compared with the component in
the flow direction w. Moreover, component w only locally depends on
the radial position r. If we assume that the polymer obeys the power law, the
momentum equations (Stokes equations [AGA 14]) are reduced to a single
expression, linking the pressure gradient dp/dz to the volumetric flow rate Q:

dp _ =2K(Q/2m)"
dz o (R Lim w2 \!m " [5.23]
{J.R V_[ (R—MJ clualerJ.]i2 FIRZ [u—Rj duer
R R u R r u

where K is the consistency index, m is the pseudoplasticity index, R; and R,
are the respective radii of the mandrel and the housing, and R* is the location
of the maximum velocity (Figure 5.16). This equation is a local equation,
which means that the radii R, R, and R* vary as a function of z. Therefore,
the pressure gradient, also, evolves with z.

The mean temperature 7 across the flow thickness can be calculated by
solving the thermal balance equation [AGA 14]:

—T)—— [5.24]

d_T=271'a Nu Rz (T —) 1 d_p
dz Q R -R‘"’ pc, dz
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where a is the thermal diffusivity, 7, is the housing temperature (assumed to
be constant), pc, is the specific heat capacity and Nu is a Nusselt number,
which describes the heat transfer between the polymer and the housing
[BIR 07].

Ra(2)

: =

Ri(z) Ra(2)

Figure 5.16. Local geometry of a pipe die

In this approach, we assume that the mandrel, which is, normally, not
thermally regulated, is adiabatic. Equations [5.23] and [5.24] are coupled via
the consistency index K. According to the Arrhenius equation, K depends on
the temperature:

K=K, exp{% (%—TLH [5.25]

where K| is the consistency index at the reference temperature 7y, E, is the
activation energy and R is the ideal gas constant.

Solving equations [5.23] and [5.24], step by step along the die using a
slab method, allows the coupled evolution of pressure and temperature to be
calculated (Figure 5.17). We find that, under the chosen conditions
(300 kg/h), the pressure drop is 21 MPa, mainly occurring in the final section
with the smallest thickness. It is, also, in this zone that we observe a
significant increase in the mean temperature, from 186°C to 192°C (here the
housing temperature 7, was set at 185°C).

These results clearly show that the final section of the die imparts the
most effect, and it is the site of potential problems. In the case of PVC, an
excessively high local temperature would lead to degradation. To better



Profile Extrusion 233

understand the flow conditions in the final section, we can, therefore,
develop a 2D model for heat transfer, while keeping a 1D approach for the
flow (equation [5.23]).

30
-193

Pressure (MPa)

~191

-189

Mean temperature (°C)

-187

185

Position (cm)

Figure 5.17. Evolution of the pressure and mean temperature along the pipe die [VER 86]

5.2.2.3. Temperature profile

If we want to calculate the temperature profile across the flow thickness
and no longer the mean temperature, the following equation must be solved:

8T_Ei[ E)T}LK

cf’wa_z_ ror ra_r

n+l

dw

— [5.26]

where £ is the thermal conductivity.

In this case, we can show that the adiabatic condition, on the mandrel,
previously used, is no longer valid [SAI 82]. We are now forced to assume
that the mandrel is in thermal equilibrium: on the one hand, heat is
transferred from the flowing polymer, and on the other hand, some heat is
lost toward the housing, by conduction, via the spider legs. After some time,
the mandrel reaches an equilibrium temperature, which cannot be known a
priori, and depends directly on the flow conditions.
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Under the same conditions as above (flow rate of 300 kg/h, initial
temperature of 7, = 185°C, housing temperature of 7, = 185°C), we obtain
the results shown in Figure 5.18. Three temperature profiles calculated at
three different positions along the die, at points A, B and C, indicated in
Figure 5.17, are shown in Figure 5.18.
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Figure 5.18. Temperature profiles at different positions along the die
(the dimensionless radius is defined by (r-R;)/R»-R;)) [SAI 82]

We find that the temperature reached at the mandrel is 198°C, which is
much higher than the temperature of 185°C imposed on the housing. The
profiles are heterogeneous, with hot spots near the walls, where the shear rate
is very important. The longer the polymer flows, the more it heats up: the
maximum temperature is attained at the die exit, close to the mandrel, with a
value of 201°C, i.e. an increase of 16°C, caused by viscous heating. In the case
of PVC, this can lead to a localized degradation. Moreover, a heterogeneous
profile with a temperature difference of 15°C in the transverse flow direction
can also cause post-extrusion problems: difficult conformation, heterogeneous
cooling, creation of residual stresses, etc. [HAU 12].

Now if we want to increase the flow rate, we can see, in Figure 5.19, that
the problems will only get worse (here, the housing temperature was set at
195°C). At the die exit, the profile always has the same appearance, but the
temperature is much higher when the flow rate is increased. The equilibrium
temperature of the mandrel increases from 204°C to 210°C and the



Profile Extrusion 235

maximum temperature increases from 207°C to 214°C when the flow rate
increases from 340 to 420 kg/h. At high flow rates, the risk of degradation is
significantly increased. We can show that a decrease in the regulation
temperature of the housing only causes a slight decrease in temperature in
the immediate vicinity of the outer wall. Therefore, the only solution to
better control the temperature would be to thermally regulate the mandrel.
This is feasible on large enough tools, with the cooling fluid entering and
exiting the mandrel through the spider legs.

220

215 + g

210

205

Temperature (°C)

200 420 kg/h
195 |
340 kg/h
190 S S RS S Rt L
0 0.2 0.4 0.6 0.8 1

Dimensionless radius (-)

Figure 5.19. Temperature profiles at the die exit for different flow
rates (the dimensionless radius is defined by (r-R;)/R,-R;)) [SAI 82]

5.2.2.4. An example of a non-axisymmetric flow

In the previous examples, the flow was considered to be completely
axisymmetric. In fact, although this is true for the die, it is not necessarily
always the case. To illustrate this point, we will consider a thickness defect
of the pipe, encountered during industrial production, and using the previous
die [SAI 84].

As seen in Figure 5.20, the defect involves the presence of two
symmetrical regions where the thickness is significantly larger than the
average, situated in a horizontal plane, and two regions where the thickness
is significantly smaller, also symmetrical, situated in the vertical plane.
Consequently, the tube has local thicknesses of 4.7 and 5.3 mm, instead of
the intended 5 mm.
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e=5mm

a)

Figure 5.20. a) Example of the correct tube cross-section b) and with a
symmetrical thickness defect

Due to its symmetry, this defect is not due to the poor centering of the
mandrel with regard to the housing. In fact, it is caused by a temperature
heterogeneity, similar to that we have just seen, but this time due to the flow
in the extruder feeding the die. Most of the time, PVC is plasticized and
pressurized in a counter-rotating twin-screw extruder. However, temperature
measurements in the connecting channel between the extruder and the die
reveal a very heterogeneous profile, in the flow cross-section, with two hot
spots situated in a horizontal plane in the axis of each screw, Figure 5.21.

10°C

Figure 5.21. Temperature profile in the connecting section between the
extruder and the die (dark zones are the hottest)
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These zones are approximately 10°C hotter than the rest of the polymer.
Therefore, we can imagine that, on reaching the mandrel, these two points
will separate and flow on each side of the mandrel in the horizontal plane.
Since the viscosity is lower, it leads to a greater flow rate, for the same
pressure drop, and therefore an increased thickness.

To validate this hypothesis and calculate the flow, it is no longer possible
to consider an axisymmetric flow. Therefore, we will perform a 2D
calculation, based on the lubrication approximation.

In addition, for further simplification, we will focus on the final zone
after the spider legs, which we identified above, as the one that will impart
the most effect, and we will unfold and flatten it, as shown in Figure 5.22.
This is possible because the flow thickness, 5 mm, is much smaller than the
pipe diameter, 100 mm.

G
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Figure 5.22. Unrolling and flattening of the final zone of the die
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To calculate the pressure and temperature fields in the flattened
geometry, we must solve the following equations [VER 86]:

pap 2[00 0h 30 i [0 3K 00 0]
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where # and Vv are the mean velocities according to x and y, defined by:
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where p(x, y) is the pressure, A(x, y) is the local thickness and T (x, y) is the
mean temperature. The consistency index K depends on the mean
temperature via the Arrhenius equation [5.25].

Equations [5.27]-[5.30] are solved using an iterative finite difference
method. The results are shown in Figure 5.23. From top to bottom, we
have plotted the regulation temperature profile, the mean temperature field
and the flow distribution at the die exit (the ratio of the local flow rate ¢, by

the mean flow rate, 0 ).
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Let us consider the case where the regulation temperature is
homogeneous, 185°C all around the housing (Figure 5.23(a)). At the flow
entrance, we impose different polymer temperatures at different positions on
the y-axis, corresponding to experimental observations, varying from 192°C
(hot zone) to 180°C (cold zone).
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Figure 5.23. Regulation temperature (1), temperature field in the die (2) and distribution of
final flow (3): a) homogeneous regulation; b) heterogeneous regulation [VER 08]

In this case, we find that the mean temperature increases along the flow,
from 2°C to 7°C depending on the position, due to the heat transfer from the
walls, and due to viscous heating. At the die exit, even though the difference
is reduced, the temperature is still heterogeneous, ranging between 187°C
and 194°C. Consequently, we see that the flow rate is also heterogeneous,
with an overflow of approximately 10% corresponding to the hot zones, and
an underflow of the same amount in the cold zones. This confirms that the
temperature heterogeneity, at the die entrance, is responsible for the
thickness defect.
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In addition to the analysis, modeling can be used to find solutions to the
above-mentioned problem. Assuming that we now control the temperature of
the housing, by further heating the cold zones (7, = 200°C), and lowering the
temperature in the hot zones (7, = 180°C) (Figure 5.23(b)). Under the same
initial conditions, there is a significant modification in the temperature field,
leading to a final temperature of around 191°C. At the same time, the flow
distribution at the die exit is greatly improved, with variations of only +2%,
producing a tube whose thickness is now uniform. Such heterogeneous
regulation systems are, nowadays, widespread in industrial facilities.

5.3. Calibrators

In the extrusion of pipes and profiles, the final adjustment of extrudate
dimensions to the required specifications is often carried out using a
calibrator, situated just after the die exit. The calibrator, in contact with the
molten polymer, cools the extrudate. As the product leaves the calibrator, it
is rigid enough to withstand the stresses imposed by the subsequent
operations, while maintaining specific limits. The aim of this section is to
briefly describe the different types of calibrators currently used.

5.3.1. Friction calibrators

The dimensions of simple rectangular profiles are generally ensured using
friction calibrators. These calibrators are composed of two horizontal plates
between which the profile is drawn. The plates are equipped with a water
cooling system, usually with a Teflon coating, favoring a sliding contact.
This coating is subjected to significant wear and must be frequently
renewed. With these calibrators, the velocities reached are approximately
from 1 to 4.5 m/min, depending on the thickness of the profile.

5.3.2. External compressed air calibrators

External compressed air calibrators are often used in the extrusion of
pipes to impose limits on the external diameter. In fact, numerous tubular
products are standardized by the external diameter. Compressed air is
injected into the pipe through the mandrel. The generated internal pressure
flattens the extrudate against the calibrator. This process is generally used
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for pipes with a large diameter (>90 mm in the case of polyethylene and
350 mm in the case of polyvinyl chloride).

5.3.3. External vacuum calibrators

In this process, small circular openings or thin slots are machined into the
metal of the calibrator. Vacuum is applied, through these openings, to
establish contact between the extrudate and the calibrator. This process is
also used to set the dimensions of simple and complex profiles. However, for
complex profiles, it is necessary to use several calibrators, connected in
series, to achieve the specified dimensions.

5.3.4. Internal calibrators

Internal calibrators are often used in the extrusion of pipes. In this
process, the die mandrel is coupled to an external mandrel to set the internal
diameter dimensions of the pipe. The extruded pipe slides over the external
mandrel, where it cools. Using a shaped external mandrel, this process can
also be used to modify the shape of a molten pipe.

5.4. Conclusion

As for other extrusion processes, the production of pipes and profiles has
greatly benefitted from flow models, which are now widely used to design
tools, and to optimize processing conditions. Currently, a better
understanding of the, often complex, rheological behavior of the used
materials is required. In fact, PVC compounds, which form a large portion of
the materials used, often manifest wall slip phenomena, which can radically
modify the flow conditions. So far, the physics of these materials is still
poorly understood, and, therefore, difficult to implement in numerical
models.
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Chapter 6

Production of Films and Sheets

6.1. Introduction

Flexible packaging has been used since the beginning of mankind. Some
of the first examples were sheets, used to transport food, and stomachs of
sheep and goats to store water. The first flexible thermoplastic packaging,
cellophane, was invented by the textile engineer Jacques Brandenberger in
1908. He was sitting in a restaurant when a client spilled wine on the
tablecloth. Watching the waiter try to deal with the damage, he decided to
invent a flexible and transparent film that could be applied to fabric to
waterproof it. After having experimented with many materials, he found that
by extruding an alkaline cellulose solution, viscose, through an acid bath, it
was possible to obtain a transparent film. Originally, cellophane was used to
produce gas masks. However, it found its real success in 1927, when
William Charch, a researcher at DuPont de Nemours, developed a
completely impermeable cellophane film to package food products.

Today, synthetic thermoplastic materials have replaced cellophane to
produce protective films, self-supporting bags, agricultural films and
packaging bags. Flexible packaging has many advantages. First, the ratio of
transported weight to weight of the packaging is very high. For example, it is
possible to store 25 kg of bulk material, such as flour or sugar, in a
polyethylene sack weighing less than 140 g. Second, storing flexible
packaging does not require a lot of space, and bagging operations can be
carried out quickly and easily, which allows the costs to remain relatively low.
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The main qualities to consider when developing flexible packaging are
mechanical strength, adhesion, shine, transparency, impermeability, food
compatibility and resistance to ageing. However, flexible packaging has
some minor drawbacks including the lack of resistance to puncture, low
modulus and breaking stress, as well as being difficult to open. Moreover,
once opened, flexible packaging is almost impossible to close. This
drawback has been bypassed by using a sealing system similar to a zip
fastener, which increases production costs. In some cases, spouts are added
to facilitate the pouring of liquids.

Until recently, flexible packaging was used less often than rigid
packaging, but the innovations outlined above have greatly increased the
production of flexible packaging over the past 5 years. According to
Hernandez et al. [HER 00], flexible packaging accounts for 47% of the
packaging produced worldwide, which corresponds to 19% weight of the
total amount of thermoplastic resins produced. This growth has been
sustained by the development of multilayered packaging, which allows
different materials to be combined by coextrusion to produce a multilayer
film that optimizes performance, while minimizing cost. In most cases, this
type of film is made up of an inexpensive resin, acting as a mechanical
structure, and an expensive layer providing, for example, barrier properties.

Initially dedicated to the extrusion of low-density polyethylene (LDPE)
for the manufacture of shopping bags, different processes to manufacture
flexible packaging were adapted to newly developed polyolefins. In fact,
more than 80% of the produced films are now made up of high-density
polyethylene (HDPE), linear low-density polyethylene (LLDPE), and
polyethylene obtained using a metallocene catalyst (i.e. metallocene
polyethylene (mPE)), allowing the molecular weight of the resin to be
accurately controlled. Table 6.1 shows that polyolefin resins are primarily
used to produce flexible packaging. LDPE, combined with many other
materials, is used to produce protective films for food and agriculture as well
as vapor barriers for building applications. This material is easily processed;
it is flexible, has a good heat sealing capacity, has a good impact resistance
and is inexpensive.

LDPE can be combined with LLDPE, HDPE and mPE to produce films
with good heat sealing capacities and better mechanical properties. However,
polyolefins are highly permeable to gases, which is a major disadvantage. To
tackle this problem, we often combine polyolefins with materials that offer
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excellent gas barrier properties, such as polyethylene terephthalate (PET),
polyvinylidene chloride (PVDC) and polyamides, producing multilayer
films.

Low-density Linear low-density High-density

polyethylene polyethylene polyethylene
Injection 199 85 672
Extrusion of which 4129 1653 1764
Films 3319 1571 630
Pipes 78 35 765
Wire coating 224 35 63
Coating 508 12 30
Containers 46 12 1638
Rotomolding 5 125 12
Others 259 48 114
Total 4638 1923 4200

Table 6.1. The polyethylene market in Western Europe in 2000,
in thousands of tons (source: ARKEMA)

PET, which is a fairly expensive material, has a high permeability to
oxygen and carbon dioxide. PET films are transparent, form an effective
barrier against odors, and are resistant to fats and oils. It is also possible to
significantly improve the properties of these films by orienting them
biaxially. The main downfall of PET is that, when molten, it has a low
viscosity, which causes the production line start-up to be very difficult.

PVDC, used as packaging since 1946, is marketed under the name Saran,
by Dow Chemical. This material is very flexible and transparent and has
excellent barrier properties with regard to gas and humidity. However, it is
three times more expensive than other transparent films. Its high strength,
however, means that it can be used as a very thin film, which offsets the high
cost. This material has a high tendency to self-adhere, which makes it
desirable for the final application as packaging, but causes problems during
production. It allows the taste and smell of food to be conserved very
efficiently. PVDC has a high resistance to acids and alkalines, but is very
sensitive to halogens.
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Polyamide (nylon) was introduced onto the market in 1938, by DuPont de
Nemours. Polyamide 6 (PA6) is the most frequently used polymer resin for
film production. It is often considered as being three times more resistant to
abrasion than polyethylene. It is resistant to weak acids and alkalines. It has
a high permeability to gases, but it is a very hydrophilic material. Despite
being relatively expensive, polyamide is often used since its strength and
properties at high temperature are quite important in the sterile packaging
market.

Among the other materials often used in the development of multilayered
systems are functionalized grafted polyethylene, ethylene vinyl alcohol
(EVOH), polyvinyl chloride (PVC), and more recently, polyvinylidene
difluoride (PVDF). It is also possible to include a layer of a recycled
material between two layers of the virgin resin to decrease losses and reduce
the cost of raw materials. The main applications of thermoplastic films are
shown in Figure 6.1.

Outer
packaging

Industrial bags

Waste bags

Bags
Small bags

Automatic
packaging
Industrial films

Agricultural films

“Building films
B Buildingfilms W Agricultural films Dindustrial films
0O Automatic packaging W Quter packaging Bindustrial bags
B Waste bags O5mall bags

Figure 6.1. Plastic film market in Europe in 2000 (source: Plasteurofilm)

To produce flexible packaging, two main techniques are used: cast film
extrusion and film blowing; these techniques will be the focus of the
following two sections.
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6.2. Cast film extrusion
6.2.1. Processing

Producing films by cast film extrusion involves using an extruder to feed
a polymer through a die with a rectangular final cross-section. The size of
these dies can range from several centimeters to several meters in width and
from 0.2 to 25 mm in thickness. Despite thermal insulation, these
dimensions result in significant heat loss that causes high energy costs. The
flow channel leading to the die exit is usually coat-hanger shaped, as shown
in Figure 6.2. This shape ensures a uniform distribution of the polymer and,
therefore, guarantees a uniform film thickness at the die exit. In fact, because
the die is very wide and the polymer is fed in the center, the polymer flowing
through the center of the die is subjected to a pressure gradient different
from that at the side walls, which causes variations in the local flow rates.
Using coat-hanger geometry can reduce this effect. It is also necessary to
mention that temperature control is extremely important to maintain a
regular flow rate, through the whole die width. Modern systems are equipped
with flexible metal lips, located at the die exit. These lips can be adjusted
using servomotors, to accurately increase or decrease the die opening,
thereby controlling the thickness of the molten polymer near the micrometer.

Coat-hanger
distribution channel
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Figure 6.2. Coat-hanger die used in cast film extrusion [VER 08]

At the die exit, the film is axially stretched and then brought into contact
with a chill roll. Typically, the distance between the die exit and the chill roll
is approximately 10 cm. Rapid cooling is required to prevent the formation
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of crystals which can turn the film translucent. Afterwards, the film is rolled
using a winder. To minimize the surface defects, the rolls involved in the
cooling and stretching are polished. A diagram of the process is shown in
Figure 6.3. The main advantage of this technique is that it is possible to
produce transparent hard-wearing films with low turbidity, at very high
production rates. However, only the film surface is cooled. To maximize this
cooling, it is possible to use a second roll. For some specific applications,
which require a completely transparent film, it is possible to cool the film in
a water bath. However, this greatly reduces the production rate.

Extruder

!

Winder

chill roll _
-0

Figure 6.3. 4 cast film extrusion line

It is also necessary to cut the film edges, since they can differ greatly in
thickness from the rest of the film. Typically, for a die with a width of 2.6 m,
it is necessary to remove 5 cm off each side of the film. The thickness varies
by approximately 3% over the width of the film. The dimensions and
properties of the film are controlled by the dimensions of the die, the cooling
efficiency and the stretching and extrusion rates.

6.2.2. Designing the flat die

The polymer exits the extruder and flows into a distribution channel with
a decreasing cross-section. A straining bar followed by a relaxation channel
enables a better distribution across the die width. The die design must ensure
that, for a uniform die opening, the molten polymer flows at a constant
temperature and local flow rates, across the width. The first flow models
included analytical approaches, based on an isothermal analysis, with
Newtonian or power-law behavior [TAD 79, MAT 79, VER 80]. For
example, the geometry used by Tadmor and Gogos [TAD 79] is shown in
Figure 6.4. It assumes that the cross-section of the distribution channel is
cylindrical and that the radius varies with the / position. The curvature of the
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feed channel is small and forms an angle o with the horizontal. The lip
opening H is constant and ¢ is the flow rate per unit width at the die exit. If
the pressure at the entry of the feed channel is constant, then the flow rate is
also constant. Our aim is to uniformly distribute this flow over the final
cross-section of the die. Assuming that the lip opening is constant, we can
write:

d—P = a = constant [6.1]
Z

Rix)

A Lix)

A J

w >

Figure 6.4. A diagram showing the different zones of a coat-hanger die [TAD 79]

By integrating equation [6.1], we obtain:
[L(0)~ L(x)la = B, — P'(]) [6.2]

where P'([) is the pressure in the distribution channel at position / and Py is
the pressure at the entry of the distribution channel. The relationship
between x and / is given by the die geometry. By differentiating equation
[6.2] with respect to /, we obtain a relationship between the pressure gradient
in the distribution channel, the pressure gradient in the flat section and the
shape of the distribution channel.

Pl

_ L 6.3
a al [6.3]
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The objectives set for designing the die are represented by this equation,
which applies to all types of fluids. We will differentiate the equations for a
power-law fluid. Considering that in the flat region of the die, the flow
passes between two parallel plates, the momentum equation is written as:

=0 [6.4]

For a power-law fluid, the momentum equation can be integrated by
using the following boundary conditions:

v, =0 aty=0and V(z)=0aty=+ H/2
dy
We obtain:
l m+l 2| | Wl+l
m 1dP\n(HY m y "
V(y)=——| —Z | | = — -1 6.5
o=l 5 63
If s = 1/m and & = 2y/H, then the equation becomes:
m (1dPY(H\"
V.(y)= — | | = R 6.6
-0 m+s(Kdzj[2j [5 ] [6.6]

This expression for velocity as a function of y can be integrated over the
cross-section to obtain the relationship between the flow rate per unit width
and the pressure drop:

0= 045y k4
dz

2m+1

[6.7]

To study the flow within the distribution channel, we assume a steady-
state local flow inside a tube. This hypothesis ignores the curvature of the
channel as well as the flow within the die lips. After rearrangement, we
obtain:

_ﬁz[ﬂ)m i 20" [6.8]
a4z R(x)"™
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The flow rate in the distribution channel, O(/), feeds the flat die:

() = 0) = q (W—-x) [6.9]

By combining equations [6.8] and [6.9], we obtain:

_ﬁz(ﬂjm 5[4V = )] [6.10]

dl T R(x)™"

Using equations [6.3] and [6.7], equation [6.10] takes the following form
for a power-law fluid:

zm(2+s)'”d_L+(3+sjm2K[q(W—X)]m _ [6.11]

H2m+l dl T R(x)3m+]

Using equation [6.11], we can calculate the geometry of the distribution
channel (dZ/d! or R(x)), for a given die width, and a power-law fluid. In
practice, the factor dL/d/ is constant and the radius of the distribution
channel is calculated to ensure a constant flow.

The model that we have just developed has several significant limitations
(isothermal and unidirectional). Vergnes et al. [VER 80, VER 84] and then
Arpin ef al. [ARP 92, ARP 94] presented 2D models for non-isothermal flow
of a power-law fluid in a flat die. In these models, flow is defined by using
the lubrication theory and the equations are solved using the finite difference
method. Figure 6.5 shows the flow lines and the pressure field.

Pex = 100 bars

90.1 bars 80.2bars 70.3 bars

Figure 6.5. The pressure field (--) and flow lines (——) within a flat die [VER 80]
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Figure 6.6 shows the temperature field and the flow distribution in the
final section, for different die control temperature. We find that the
temperature is an important factor in the flow distribution, at the die exit.
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Figure 6.6. a) Variations in temperature inside the flat die; b) effect of
control temperature on flow distribution [VER 80]

3D flow models using the finite volume or finite element methods have
also been developed [WAN 91, WU 06a, WU 06b, MAH 08]. Their main
purpose is to set correct boundary conditions at the die walls (no-slip
boundary condition) and provide information about the temperature profiles.
Figure 6.7 shows that the maximum temperature is not reached at the die lips
but in the distribution channel [WU 06b]. This result is particularly
important for materials sensitive to heat.

Maximum temperature: 224°C

x(mm)

0 10 20 30 40
y(mm)

Figure 6.7. Temperature distribution on the x-y surface of the upper quarter of the
coat-hanger die at 473 K (200°C), at the entry and at the boundaries [WU 06b]
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As shown by Meng et al. [MEN 09] and Lebaal et al. [LEB 09], it is
possible to couple an optimization technique with a 3D simulation algorithm
employing finite elements to optimize the dimensions of the die. Meng et al.
[MEN 09] used genetic algorithms based on two parameters: the lip gap and
the angle of the flow channel. Figure 6.8 shows an optimum result obtained
after 22 iterations.
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Figure 6.8. Velocity distribution at the coat-hanger die exit. Comparison
between the initial result (o) and the optimized result (8) [MEN 09]

Using a different optimization algorithm, Lebaal et al. [LEB 09]
optimized the flow distribution at the exit while keeping the pressure
gradient to a minimum (Figure 6.9).
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Figure 6.9. Velocity a) and pressure b) distribution for the original die (4) and the
optimized dies (B and C) [LEB 09] (for a color version of this figure,
see www.iste.co.uk/lafleur/polymer.zip.)
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6.3. Film blowing
6.3.1. Process overview

6.3.1.1. Introduction

The use of the film blowing technique started at the beginning of the
1940s. The first films were made up of polyethylene to develop water-tight
packaging with high durability at low temperature. Visking Corporation is
known as being one of the first companies to have developed this type of
process. A general diagram of the process is given in Figure 6.10: a single-
screw extruder feeds molten polymer to a vertical die, which will be
described in detail in section 6.3.1.2.

Frozen line

Extruder Winder

f/_1Cooling air

i

\

Blowing air

Figure 6.10. Production line of films by film blowing

At the die exit, the formed bubble is then stretched using nip rolls. On an
industrial production line, the nip rolls may be located several meters away
from the die. At the same time while axially stretched, air is blown into the
bubble through an opening in the center of the die. This generates an excess
of pressure that inflates the bubble. Actually, the polymer undergoes biaxial
stretching. It is stretched longitudinally using the nip rollers and
transversally by inflation. Alongside the stretching operations, the bubble is
cooled by the system described in section 6.3.1.4.
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Dimensions of film blowing lines can vary greatly according to the type
of machine (laboratory or industrial), the intended products and applications.
The diameter of the die may vary from 50 mm to 2 m, the gap from 0.5 to
3 mm, the flow rate from 5 to 500 kg/h. In some cases, the obtained films
can have thicknesses ranging from 8 to 300 um. The bubble diameter can
vary between 10 cm and 6 m. Contemporary coextrusion dies produce films
with up to 11 layers. This large number is required for high-performing
barrier films. In fact, some of the used resins, such as PA and EVOH, must
be protected from humidity by a protective layer. Moreover, it is often
necessary to use an adhesive layer between different materials to ensure
cohesion of the multilayered film.

The take-up ratio (TUR), also called draw ratio (DR), defines the
longitudinal stretching of the film induced by the nip rollers:

v,
TUR=-L [6.12]
0

where V; 1is the speed of the nip rolls and V is the initial speed at the die
exit.

The blow-up ratio (BUR), defines the transverse stretching of the film
induced by film blowing:

R,
BUR=—L [6.13]
RO

where R is the final radius of the bubble and R, is the initial ratio.

It is possible to evaluate the draw down ratio (DDR), by using the
conservation of mass flow rate, 0, between the die exit and the freeze line,
using the following relation:

2RV, :
DDR =50 — O, Premiy v, :p—-fTUR BUR [6.14]
€r Po2m RV 0, Po

where py is the density at the die exit and py is the density at the frost line.

It is, therefore, possible to control the thickness of the film by
appropriately adjusting the flow rate, the TUR and the BUR.
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Film blowing has many advantages. It is characterized by the fact that a
bi-axial stress is imposed on the film. The impact properties of the films
obtained using this technique are superior, at equal widths, to those of films
obtained using cast film extrusion. The mechanical and optical properties of
the film can also be controlled, to some extent, by adjusting the cooling, the
TUR and the BUR. Another advantage of this manufacturing technique,
compared to the previous one, is the small size of the die. In fact, to produce a
film with a width of 2.5 m using cast film extrusion, a die of 2.6 m must be
used. However, using the film blowing technique, with a BUR of 3, a die
diameter of 0.265 m is sufficient. This process is, therefore, the only one
which produces large-sized films, while using less energy, which reduces
costs. Finally, it is possible to produce films of different widths using a single
machine, without changing the die. This process is, therefore, highly versatile.

On the other hand, as a result of this flexibility, films produced using this
technique are generally of a poorer quality compared to those produced by
cast film extrusion. Usually, cooling by forced convection at ambient
temperature is not so efficient and can cause significant variations in
thickness (approximately 7%). In addition, the low cooling rates produce
films with a high degree of crystallinity, causing the film to be less
transparent. Higher crystallinity, however, improves the barrier properties
and the tensile mechanical properties. It should also be noted that the start-up
of this type of equipment is trickier than in cast film extrusion and results in
more losses. As soon as a steady-state regime is established, however, there
are very few losses, since it is not necessary to cut the edges. As a whole,
this method loses little material. Film blowing is, therefore, more desirable
for high volume manufacturing than for operations requiring frequent
stoppages and start-ups.

6.3.1.2. Film blowing dies

As for cast film extrusion, film blowing requires a molten polymer to be
fed through a die. In this case, an annular die. There are four types of dies
used in film blowing: spider dies, dies with a distribution channel, stack dies
and helical dies. The latter, due to their design, can be stationary, oscillating
or rotating. Helical and stack dies can be used in simple extrusion or in
coextrusion.

Using spider dies was very common several years ago. Nowadays, they
are mainly used to shape heat-sensitive materials to avoid the risk of
degradation, such as PVC or PVDC. The polymer is fed through the center
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of the housing and flows along the internal mandrel, which is composed of
an inverted cone supported by spider legs, similar to that described for pipes
manufacture, in section 5.2.1. The flow is disturbed by these spider legs,
causing weld lines, which can, in turn, give rise to defects. This type of die is
limited by the force that the spider legs are able to withstand. Usually, a
diameter up to 750 mm can be reached.

Dies with a distribution channel, Figure 6.11, are similar to wire coating
dies, which are described in more detail in section 7.3.1.4. A distribution
channel distributes the material leaving the extruder around the central
mandrel, like a kind of flat coat-hanger die rolled around itself.
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Figure 6.11. 4 die with a distribution channel for film blowing [TAD 06]

Stack dies appeared fairly recently. They are mainly used to produce
multilayer films with small diameters. This type of die is composed of a
series of plates fed from the sides, stacked one by one on top of each other
(Figure 6.12).

In a coextrusion die, each layer possesses its own plate. An advantage of
this type of equipment is that it is possible to include thermal insulation
layers between the plates, thus allowing the plates to remain at different
temperatures. Moreover, the system is extremely compact, compared with
other types of dies. Finally, another advantage of using this die is its
flexibility: in fact, it is possible to easily replace, add or remove the plates to
alter the number of layers produced.
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Figure 6.12. 4 stack die for the coextrusion of multilayer films [TAD 06]

Helical dies are currently the most used and they allow high flow rates to
be obtained, for films of constant dimensions (Figure 6.13). We must also
note that this type of die can accommodate a large variety of materials.
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Figure 6.13. 4 helical die [TAD 06]

The molten polymer is introduced into the interconnected helical
channels, which circumferentially distribute the molten polymer as
uniformly as possible. The helical channels are followed by a relaxation

zone which reduces the memory effect, common among viscoelastic
materials.
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This type of die can be used to produce multilayer films, but in this case,
each resin must have its own system of helical channels and its own
relaxation zone. The materials are then grouped in sections, situated above
the relaxation zones, just before the die exit. As a result, the dies are
extremely bulky.

6.3.1.3. Die design and flow modeling

Modeling flows in dies used in film blowing is complex and requires the
use of numerical models. However, in all types of dies, an annular zone can
be considered to represent the final portion of the flow.

For a Newtonian fluid in this type of flow, the relationship between the
flow rate and the pressure drop is as follows:

4 _ 2
Q:ﬂR AP 1_’(4_(1 Kll) [6.15]

8L 2In—

K

where « is the inner to outer radius ratio and is equal to 1/5.
For a power-law fluid, we obtain:
s 2+s
7R, ( R AP ( B-1

= F(m, 6.16
o285 e w

where Ry is the inner radius of the die, s = 1/m, and F(m, ) is a function that
depends on the power-law index m and the geometry of the die [FRE 58].
For annular dies used in film blowing, the geometric factor x is always
within the range 0.5 < x < 1. For example, let us take a die with an inner
diameter of 20 mm and a gap of 0.5 mm: x = 20/21 = 0.952. For x values in
the range 0.5-1, the function F(m, f) only depends on the geometry of the
die (Figure 6.14). By substituting F(f) by a simple function in the flow rate
expression, we obtain:

QZI[RS(ROAP](ﬂ—lj 1+ 4 6.17]
s+2\2KkL ) B 28
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Figure 6.14. Function F(m, ) for the flow rate of power-law
Sfluids in the annular region [FRE 58]

Alongside these basic approaches for calculating the flow in the helical
die, we also have 2D finite volume models [SAI 84, VLC 88, HUA 98] and,
of course, 3D finite element models [COY 91]. For example, in Figure 6.15
we present an example of the results obtained using a 2D model, based on
the lubrication approximation [SAI 84]. It shows how altering the geometric
parameters affect the circumferential flow distribution at the die exit. By
systematically using this type of analysis for different geometric parameters,
we can define the best possible compromise, thereby obtaining a satisfactory
distribution of the material.

0 120 240 ot {degrees)

Figure 6.15. Influence of initial channel height H, on the distribution
of the material (local/mean flow rate) at the die exit [VER 08]
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6.3.1.4. The cooling process

At the die exit, the bubble is cooled by a high velocity air stream, which
is blown uniformly onto the external wall, by means of a cooling ring
situated directly above the die. In older machines, the air is blown using a
simple cooling ring, which propels the stream axially along the bubble.
Modern production lines use a double cooling ring, which feeds 20% of the
total airflow across a lower lip, to propel the air in the flow direction of the
molten polymer. Sidiroupoulos et al. [SID 96, SID 99, SID 00a, SID 00b,
SID 01] carried out numerical finite element simulations, which predicted
the air flow pattern around a rigid bubble, at the exit of two types of cooling
rings (simple and double flow). The results indicated that there were
significant differences between the two types of rings. Feeding through a
simple flow ring creates a local acceleration of the air between the cooling
ring and the bubble, thereby generating a negative relative pressure in the
cooling ring. This phenomenon is not observed with double flow rings.
Double flow rings create a local overpressure. This explains why using a
simple flow ring attracts the bubble towards the ring, whereas the opposite
phenomenon is observed when a double flow ring is used. In the case of a
simple flow ring, cooling mainly occurs at the ring level. For a double flow
cooling ring, the authors state that maximum cooling occurs a dozen
centimeters above the cooling ring. They attribute this phenomenon to the
increased turbulence in these regions (Figure 6.16).
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Figure 6.16. Modeling of the flow lines of the cooling air blown by a double flow ring
around a bubble of LLDPE: a) moderate cooling and b) strong cooling [SID 00a]
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It is possible, on some coolings rings, to adjust the geometry to vary the
airflow relative to the two lips. By using air cooled between 8°C and 18°C, it
is possible to increase the production rate by up to 30%. Below 8°C, water
vapor in the air tends to condense on the cooling ring. Other advantages of
using cooled air are that there is less variability caused by climatic
conditions and better optical properties due to finer crystal size. With regard
to the air that is trapped inside the bubble, it rapidly heats up and its
contribution to the cooling process is almost negligible. However, it is
possible to use an internal bubble cooling (IBC) system, which recycles the
air inside the bubble. The diameter of the bubble and the internal pressure
are kept constant, by controlling the entry and exit of air inside the bubble.
This increases heat transfer between the internal wall of the bubble and the
inflation air. Moreover, internal cooling stabilizes the bubble, allowing a
greater external airflow for cooling.

Upon cooling, the semi-crystalline polymer reaches its crystallization
temperature and solidifies. The orientation of the film is, therefore, fixed.
The appearance of the crystalline phase is characterized by a significant
increase in the turbidity of the film. The position at which this turbidity is
manifested is referred to as the frost line height (FLH). Above this position,
the bubble forms a tube with a constant thickness and diameter. When the
film is sufficiently cooled, the bubble is, gradually, folded back on itself
through an inverted V-shaped cage, made up of guide rollers. Then, the film
is coiled by a complex rolling system, which assures its uniformity and
minimizes local variations in thickness. The flat tube can be directly coiled,
axially cut to obtain a film twice as wide or axially cut twice to obtain two
coils of equal widths.

6.3.1.5. Instability problems

Film blowing, just as in cast film extrusion, is particularly subject to
instabilities, arising frequently due to the shaping process. In many cases,
these instabilities can be lessened by using more efficient dies or calibrators.
However, as in the case of fibre spinning, the final dimensions of the film
are obtained by stretching in air. The molten polymer has a free surface that
can move easily. It is, therefore, highly sensitive to many disturbances which
can generate instabilities. These instabilities give rise to variations in the
film dimensions (bubble thickness and width), which make conditioning the
film very tricky, as well as significant variations in the final properties,
incompatible with the market requirements. Instabilities are, therefore,
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responsible for reduced productivity and hence profits. Thus, it is not
surprising that these instabilities were one of the first topics tackled in film
blowing studies.

Han and Park [HAN 75] reported draw resonance instability, which may
also be encountered in fibre spinning. This type of instability corresponds to
a periodic variation in the diameter of the bubble during one-directional
stretching. This instability depends on the critical DR, which depends on the
polymer resin and the processing conditions. The amplitude and frequency
of the resonance, progressively, increase until the bubble ruptures. Works by
Minoshiwa and White [MIN 86] and Ghaneh-Fard et al [GHA 96]
qualitatively identified two other types of instabilities. Metastable
instabilities are characterized by a periodic variation in the frost line position
and helical instabilities are characterized by the rotation of the bubble around
the die axis. Figure 6.17 illustrates these three types of instabilities.
Although Minoshiwa and White [MIN 86] attribute helical instability to an
aerodynamic effect caused by air cooling, Laffargue et al. [LAF 02]
suggested that this instability is caused by the significant inflation of the
bubble, which induces transverse resonance causing the bubble to loose
axisymmetry.

| ] 1 | I | |

Draw Resonance Metastable Helical

Figure 6.17. Different types of instabilities

Minoshiwa and White [MIN 86] and Kanai and White [KAN 84] created
maps illustrating regions of stability and instability for HDPE, LDPE and
LLDPE, depending on the TUR and the BUR. They suggested that a narrow
molecular weight distribution would decrease the stability zone. This
explains why the production of mPE films is particularly problematic. LDPE
has a wider stability zone than the other two materials. This confirms a
common practice in industry. In fact, HDPE and LLDPE films are frequently
produced by adding a small amount of LDPE to each blend. The stabilizing
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effect of this type of blend was formally demonstrated by Fleissner
[FLE 88], who attributed the increased stability of LDPE to strain-hardening.
It appears that the resins with a marked strain-hardening behavior always
have a higher stability. Finally, all the encountered studies showed that a
greater cooling rate widened the stability zone.

6.3.1.6. Post processing

Generally speaking, despite the variety of available materials, films do
not possess all of the properties required to be directly used as packaging. In
fact, plastic films usually have an inert surface which does not allow
adhesion of printing ink to the film surface. It is, therefore, necessary for the
film surface to be treated. For packaging requiring complete impermeability
to gases, humidity and light, it is necessary to laminate or even metallize the
film surface by aluminum vacuum evaporation. This allows a completely
hermetically sealed packaging to be obtained. Some applications require the
presence of microperforations in the film, to allow air to escape from the
packaging.

One of the most frequently used techniques to improve the adhesion
capacity of the film is to carry out a Corona surface treatment. By applying a
high voltage electrostatic discharge close to the film surface, ionized gas
(plasma) forms. This causes the free radicals present in the plasma and
on the film surface to interact, thereby causing local oxidation which
generates fine irregularities on the film surface. This increase in surface
roughness improves printability and adhesion in laminating operations. A
less widespread technique involves oxidizing the film with a flame.
However, this technique is hardly ever used due to the flammability of some
thermoplastic materials. It is also possible to apply a very thin layer of a
polar substance onto the film, which facilitates printing. The most frequently
used materials are polyesters, polyurethanes and colloidal silica.

To facilitate printing, special inks were developed especially for plastic
films. These inks allow attractive films to be obtained by using the
appropriate printing method. Flexography is the most widespread printing
technique. It involves using inexpensive flexible rubber plates fixed to a
rotating roll that is supplied with fast-drying liquid ink. When the film comes
into contact with the plate, the desired pattern is printed. The second
technique, heliogravure, involves engraving the desired pattern onto a metal
roll. This process is more expensive and better quality printing is achieved.
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In both cases, the desired pattern is printed on the film in color, through the
successive printing of the primary colors.

6.3.2. Film blowing models

6.3.2.1. Membrane approach: Newtonian models

The first studies aiming at mathematically describing the axisymmetric
flow of a tubular liquid film with a variable radius were done by Pearson and
Petrie [PEA 70a, PEA 70b]. To make solving this problem easier, the
authors assume that the bubble is axisymmetric and isothermal, and that the
fluid used is Newtonian. Moreover, they treat the bubble as a thin
membrane, since the film is relatively thin. Therefore, the velocity profile
and the stress tensor must be considered as independent from the thickness
of the film. The coordinate system used by Pearson and Petrie [PEA 70a,
PEA 70b] is shown in Figure 6.18. We observe that the reference point used
is oriented towards the tangents and normal to the film (&, & &). Since this
reference point is located on the film surface, and given that the position and
orientation of this boundary vary with the axial position, this reference point
is mobile.

&

&

Figure 6.18. The coordinate system used by Pearson and Petrie [PEA 70a, PEA 70b]

It is possible to describe the evolution of the bubble along the axial
position according to the evolution of the meridian curve R(z). The variation
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in this curve representing the swelling angle 8 can be described locally by
the following relation:

dR(z) _

z

tan @ [6.18]

Moreover, it is possible to describe the radii of curvatures R, and R,
according to directions & and & with the following relations:

2 % 2 -1
Rm:{u(@” [wj 619
dz dz
R =£E2=R@)1+(ﬂﬁﬁ) [6.20]
P cos@ dz

As the problem is axisymmetric, the flow is only in the plane (&, &). The
membrane approximation allows us to disregard the velocity component in
the thickness direction. The velocity vector, therefore, becomes equal to:

V=r¢ [6.21]

This membrane formula allows us to describe the problem, by expressing
the different conventional equations of fluid mechanics:

— mass conservation is given by the following relation:

0 =21 R(z) e(z) v(z) = constant [6.22]

—dynamic equilibrium: by neglecting the forces of friction with air,
inertia, surface tension and mass with regard to the extensional viscosity
forces and by neglecting the shear terms, we obtain a diagonal stress tensor.
The membrane approximation also allows us to neglect the stress in the
thickness direction. The stress tensor ¢ becomes:

S O

[6.23]

S O O

I
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The dynamic equilibrium equations projected along the directions & and
& are written as:

— in the & direction:

F, =27R(z)e(2)0, cos6 + 7 (R} — R(z)’ ) AP [6.24]

— in the & direction:

AP o, O,
—_—
e(z) R, R

m V4

[6.25]

where Fy and AP are the pulling force at the frost line and the internal
pressurization inside the bubble with regard to atmospheric pressure,
respectively.

Assuming a Newtonian behavior, Pearson and Petrie [PEA 70a,
PEA 70b] obtain a set of equations which can be solved by arbitrarily fixing
the frost line. The numerical solution is performed from the frost line to the
die exit, by employing a two-parameter shooting method. The pulling force
and the pressurization inside the bubble are modified until the calculated
values for the bubble radius and its thickness at the die exit are equal to those
of the die. At the frost line, the swelling angle of the bubble is assumed to be
zero, and the radius and velocity are known, from TUR and BUR,
respectively.

An alternative solution involves applying the shooting method from the
die exit to the axial position. Cain and Denn [CAI 88] and André et al
[AND 98, AND 99] solved the equations of Pearson and Petrie by using this
approach. It is necessary to use the initial swelling angle at the die exit as the
shooting parameter. However, depending on the initial angle, the calculated
bubble may tend to an infinite radius or even shrink to a radius of zero.
Studies by André [AND 99] also show that there are multiple solutions. In
fact, the initial value chosen for the swelling angle directly affects the
convergence of the equations towards a solution, with a swelling rate greater
or less than one.

An example of solution multiplicity is shown in Figure 6.19. For a TUR
of 10 and a dimensionless pressurization of 0.6, a bubble with a BUR of 0.5
or 4.5 can be obtained. To avoid these problems, André [AND 99] proposed
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to use a top-down calculation, originally proposed by Pearson and Petrie
[PEA 70a, PEA 70b]. Despite the fact that heat transfer phenomena have
been neglected, the results obtained appear to be qualitatively reliable and
allow the effect of different processing parameters on the shape of the
bubble to be identified. Nevertheless, many authors seek to improve this
initial model to make it more representative of the physical reality of the
process.

&

Take-up ratio Bur
I
| |

=]

|
0 5 10 15 20
Blow-up ratio Dr

Figure 6.19. Multiple Newtonian fluid solutions for a take-up
force F and a bubble pressure B [AND 99]

Petrie modified the model developed in 1970 to include the effects of
gravity and inertia [PET 75a, PET 75b]. It still seemed evident to the author
that the equations used to evaluate the heat transfer behavior would be
needed to quantitatively describe the film blowing process. He therefore
used experimental values for the temperature profiles obtained by Ast
[AST 74] and Farber and Dealy [FAR 74] to, empirically, include the effect
of temperature in the model, by linking the viscosity to temperature using the
Arrhenius equation. Petrie showed that the effects of inertia and the variation
in density due to the non-isothermal characteristics of the process are very
weak. However, the effect of gravity, although small, is significant. The
geometry and velocity profile of the bubble are affected by this phenomena.
The author compared his calculated results to the experimental results of Ast
[AST 74] and Farber and Dealy [FAR 74]. This revealed that the shape of
the bubble is controlled by a behavior between the one corresponding to a
purely elastic model and one corresponding to a purely viscous model. This
is hardly surprising given the viscoelastic nature of polymers. However, the
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velocity profiles and the strain rate obtained with elastic and viscous
calculations do not overlap with the experimental results.

Han and Park [HAN 75] presented a model that accounted for heat
transfer between the cooling air and the bubble. The thermal balance
equation is simplified, assuming that the temperature of the film is
independent of the thickness. It is written as follows:

of _ 9q.

332 [6.26]

pCy

where p is the density, C, is the specific heat capacity of the polymer, v is
the velocity and ¢ is the flux term. The boundary conditions used are as
follows:

— at the internal wall: ¢ =0 [6.27]
— at the external wall: g = hr (T - T..) [6.28]

where Ar is the heat transfer coefficient by forced convection, T, is the
temperature far from the bubble and T is the temperature of the film.

The temperature and the velocity gradient are given by:

oT 0T 9z OT

= cosf 6.29

0 0z 9E o [6.29]
0 v,

y= = [6.30]
27Re cos@

By substituting relations [6.29] and [6.30] in equation [6.26], we obtain:

ar_k(I-1.) [6.31]
dz  pC,v.e

In this first approach to calculating the heat balance, the heat transfer

coefficient sy was considered to be constant. Its value was arbitrarily set to

adequately describe the experimental results. This thermal balance equation

has since been used by many authors [KAN 84, LUO 85, SID 01], without

the initial assumption of temperature uniformity throughout the thickness of
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the film being formally validated. Also, note that the convection coefficient
used in all cases was adjusted accordingly in order to adequately correspond
to the experimental results. This explains the strong correlation observed
between the calculated and experimental results.

Using a constant convection coefficient is not always representative of
the conditions occurring during the production of films. In fact, the velocity
of the air blown onto the surface of the bubble using single and double flow
cooling rings is much greater in the zone close to the die than in the frost line
zone. To carry out applicable calculations, a realistic representation of the
evolution of the convection coefficient must be obtained. It turns out that,
among the publications on film blowing, some authors [ZIP 71, MEN 72,
PET 74, KAN 84] were able to connect the convection coefficient to the
velocity of the cooling air by coupling air velocity and bubble temperature
measurements by infrared. By knowing the temperature profile and the
bubble geometry, it is possible to deduce the local value of the convection
coefficient, due to the heat balance we have just presented. The empirical
relations presented in Table 6.2 were obtained by the authors previously
mentioned. They linked the maximum velocity of the cooling air to the
convection coefficient.

Authors Relations

Petrie [PET 74] hr=4 (Vya)"

Menges and Predohl [MEN 72] hr=33 (V,,W)l‘5
Zippenfeld [ZIP 71] hy=T11 (V)™
Kanai and White [KAN 84] hy=0.043 kT (Re)"™

Table 6.2. Relations describing the evolution of the convection
coefficient as a function of the cooling air velocity

Although these relations are useful, they do not allow us to obtain the
evolution of the convection coefficient as a function of the axial position, in
the case where the velocity of air is unknown. Nagarajan and Campbell
[NAG 95] used the air velocity distribution model, developed by Cao and
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Campbell [CAO 89], to determine the evolution of the convection coefficient
with axial position, using the relations obtained by the previous authors.
Figure 6.20 illustrates the results obtained by Nagarajan and Campbell
[NAG 95] as well as the correlations describing the evolution of the
convection coefficient for each case.

70

® Petrie

2 Menges
v  Zippenfeld
v White et al

60

(Convection cocfficient (W (m*'FE))

0.0 0.1 0.2 0.3 0.4 Q.5 0.6

Axgial position (m)

Figure 6.20. Convection coefficients obtained by Nagarajan and
Campbell with different models and fitting relations [NAG 95]

First, in this figure, we observe that the four curves possess the same
general shape. This is not surprising since all the tests were carried out using
laboratory extrusion lines. The cooling rings used had a height ranging
between 8 and 12 cm. This explains why the convection coefficients initially
see a sharp decrease (cooling ring zone), and then decrease more gradually at
a distance of approximately 15 cm from the die exit.

In Figure 6.20, we observe that the convection coefficient, resulting from
the Kanai and White relation [KAN 84], is much lower than that from the
data of Menges and Predohl [MEN 72], Petrie [PET 74] and Zippenfeld
[ZIP 71]. This is explained by the fact that Kanai and White [KAN 84] did
not consider an overall heat transfer coefficient, including both radiation and
convection, which was the case for the other three authors. In fact, Kanai and
White [KAN 84, KAN 87] modified the thermal balance equation of Han
and Park [HAN 75] to include the heat radiation term and the crystallization
temperature. In this case, the thermal balance equation is written as:
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Zﬂ-Rext [h(, (Z)(T - T:/ziriout) + EO-((T + 273)4 - (T;ziriout + 273)4 ):I
- [6.32]
+pQAH , cos Hd—l =—pC | Ocos Ha—T
dz ’ 0z

where ¢ is the emissivity of the film, o is the Stefan-Boltzmann constant,
AH; is the latent heat of crystallization of the material and y is the
crystallinity.

The authors hypothesize that the flow behavior of the molten polymer is
dominated by the temperature dependence of the rheological properties
rather than by the rheological model used to represent it. The viscosity is
estimated using a modified Arrhenius equation, which takes into account the
temperature and the effect of the presence of crystals:

E(1 1
=7n,€ Ll ——— || expG 6.33
n=n, XI{R(T %ﬂ xpGy [6.33]

where 77, is the viscosity of the non-crystallized material at the reference
temperature 7, E, is the activation energy, R is the ideal gas constant and G
is a constant deduced from experimental data.

Kanai and White [KAN 84, KAN 87] were the first to completely model
the film blowing process, from the rheology of the studied materials to the
final crystallinity of the films produced, by studying the evolution of internal
pressure within the bubble for different TURs. The rates at which the radius
and thickness of the bubble reach their final size depend, primarily, on the
activation energy. These studies help illustrate the importance of taking
temperature into account to adequately model the process.

Figure 6.21(a) illustrates the importance of carrying out
thermomechanical calculations using the appropriate cooling coefficient. In
fact, although using a constant cooling coefficient, just like in the initial
method by Petrie [PET 75a], did not seem to affect the geometry of the
bubble, compared to a variable cooling coefficient as in the relation by
Menges and Predohl [MEN 72], it is possible to observe that the temperature
profile is different. However, in Figure 6.21(b) we find that the temperature
history plays an important role in the development of stresses inside the film.
The axial stresses in the bubble, calculated using a constant cooling ratio, are
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20% lower than those using a variable cooling ratio. Incorporating an
appropriate cooling function is, therefore, crucial if a thermomechanical
calculation, representative of reality, is desired.
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Figure 6.21. A multilayer single material film blowing. Comparison between
constant cooling rate and a calculated convection coefficient: a) radius and
temperature profile and b) stress in the flow direction [GAM 04]
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By using the equations of Pearson and Petrie [PEA 70a, PEA 70b],
combined with the thermal balance equation developed by Han and Park
[HAN 75], it is possible to carry out calculations that reveal the effect of the
material properties on the bubble temperature and geometric profiles. For
example, in Figure 6.22 we find that an increase in activation energy caused
the bubble to inflate very quickly. This corresponds to the experimental
results. In fact, an increase in activation energy results in an increased
viscosity at the frost line. It is therefore necessary to apply a greater force to
deform the bubble at this position. This increase in force at the frost line is
transported in the film until the die exit.

However, at this position, the viscosity is identical in all the three studied
cases. The increase in force results in deformation, and therefore swelling,
which is much faster when the activation energy is small. The rapid swelling
results in heat loss caused by an increase in exchange surface area, and also
results in a rapid decrease in temperature, which can be seen in Figure 6.22.
A similar effect, although of a lesser magnitude, can be observed when the
specific heat capacity is decreased. These calculations were carried out by
using the data of Menges and Predohl [MEN 72].

3.0 240
—— E=2650K

E=5300K | 220
254 ——— E=7950K

r 200

r 180

r 160

Radius (R(z)/Ro)

r 140

Temperature (Celsius)

r 120

r 100

0.0 T T T T T 80
0.00 0.05 0.10 0.15 0.20 025 0.30

Axial position (m)

Figure 6.22. Temperature profile and bubble shape for different
activation energies (C, = 2200 J/kg/K) [GAM 04]

Finally, some authors have tried to take into account the effects of
varying local pressure generated by the cooling ring. Cao and Campbell
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[CAO 89], and then Campbell et al. [CAM 92], used a rigid setup,
replicating several bubble shapes, to measure the distribution of pressure and
velocity profiles and the axial force exerted on that rigid setup. They then
carried out a macroscopic balance of the amount of motion to develop an
analytical solution for the pressure exerted upon the external surface of the
bubble, by the cooling air according to the axial position. The analytical
solution is, then, used to alter the overpressure inside the bubble. This
correction of overpressure reveals that the shape of the bubble at the die exit,
the strain rate and the stress in the film can be greatly influenced by the
external pressure. This confirms the experimental results. Therefore,
according to these authors, it is necessary to include aerodynamic
phenomena, for modeling the film blowing process, in order to accurately
predict the physical properties of the films obtained. A similar approach was
successfully used by André [AND 99] to illustrate the effect of single- and
double-lip cooling rings on the bubble geometry.

6.3.2.2. Membrane approach: viscoelastic models
6.3.2.2.1. Conventional models

The first studies that introduced viscoelasticity into the isothermal film
blowing calculation were carried out by Petrie [PET 73]. He studied the
effect of employing the Maxwell and Oldroyd models, and experienced
numerical instabilities. Petrie attributed these problems to the fact that the
calculation began at the frost line, the value of which was assumed to be
known, and ended at the die exit. Luo and Tanner [LUO 85] developed a
non-isothermal model using the Maxwell and the Leonov models. The
equations are solved from the die exit to the frost line, the initial angle of the
bubble, thereby, becoming an additional shooting parameter. The authors
demonstrate the importance of taking the viscoelasticity into account, which
limits the swelling of the bubble through the prescribed draw force and
overpressure, compared to the results obtained using the Newtonian model.
The simulations tend to create slight differences in the shape of the bubble
when the Maxwell and the Leonov models are used. However, it appears that
the wvariation in the rheological properties with temperature is what,
primarily, affects the shape of the bubble. Taking heat transfer into account
is, therefore, more important than taking the viscoelastic effects into account
when modeling the film blowing process. The results obtained using the
Leonov model do not seem to describe purely elongational flows. The results
obtained using the Maxwell model, with a mean relaxation time, are
comparable to the experimental results obtained by Gupta and Metzner
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[GUP 82]. Unfortunately, solving this problem numerically is, once again,
an arduous task. The authors faced convergence problems and obtained
multiple solutions under certain conditions.

The anisothermal model developed by André [AND 99] shows, in the
case of the Maxwell model with a single relaxation time, that the numerical
instabilities, observed by Luo and Tanner [LUO 85], actually correspond to
the disappearance of a solution when the Deborah number is increased. In
fact, when the Deborah number increases, we move away from a Newtonian
case, where it has a value of zero. The Deborah number quantifies the
significance of viscoelastic effects compared to flow time. At a critical
Deborah number, >0.04, the calculated force and overpressure diverge,
making the bubble calculation impossible. It is possible to calculate the
Deborah number at the die exit using the following relation:

V, 0
Dey=A =3 —2 6.34
% %RO ﬂ"zzzHOR; 1634

where A, is the mean relaxation time at the die exit.

Figure 6.23 illustrates the effect of viscoelasticity on the radius and
velocity profiles. We find that, for a low Deborah number (0.04), the
viscoelastic solutions obtained remain very close to those for a Newtonian
model.
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Figure 6.23. Comparison of model and experiment; BUR = 2; DR = 10.6; FLH = 300 mm;
(—): Newtonian model, (- -): viscoelastic model Dey= 107, (0): experimental results: the
bubble shape r(z) and velocity v(z) [GAM 04]
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6.3.2.2.2. Two-phase models

Campbell and Cao [CAM 87] and Ashok and Campbell [ASH 92]
introduced a two-phase model to take crystallization into account. This
hypothesis appears to be supported by the fact that the experimental results,
previously obtained, reveal a temperature difference of 15-20°C between the
internal and external bubble walls. It was, therefore, possible for the external
wall of the film to crystallize before the internal wall. The value and
evolution of the crystallization rate are determined assuming that the
temperature profile and the heat transfer coefficient are known. Crystallinity
along the radial direction, the bubble wall thickness, leads to an evolution in
the rheological behavior. The authors, therefore, used a rheological model
that takes into consideration the transition from molten to a semi-crystalline
state. In this approach, the crystallization is considered to be independent of
the stresses and the strain rate. Recently, Doufas et al. [DOU 00a, DOU 00b]
and McHugh and Doufas [MCH 01] presented a much more complex
thermodynamic model, which takes into account these effects on the
formation of crystallization nuclei and on the evolution of the crystalline
structure.

Muslet and Kamal [MUS 04] also developed a two-phase model. The
constitutive equation of Phan-Thien and Tanner was used to describe the
behavior during stretching of the molten film, whereas the neo-Hookean
equation was used to describe the solid behavior of the film during the
crystallization process. An interesting aspect of this model is that, when the
swelling angle of the film reaches zero, the neo-Hookean model is used,
which allows the film to become thinner, while the diameter remains
unchanged. This approach is particularly interesting because it tries to
include, in a single model, the effects of the temperature, the crystallization
process and the stress-induced crystallization. In fact, the local convection
coefficient is determined using the Sidiroupoulos and Vlachopoulos
approach [SID 00a], whereas the crystallization kinematics is determined by
the non-isothermal model of Nakamura, coupled with the Ziabicki equation
[ZIA 67], to account for the stress-induced crystallization. The results of this
calculation compare favorably to the experimental results obtained by
several other authors.

6.3.2.3. Non-orthogonal approach: Newtonian model

So far, all the models consider the bubble to be axisymmetric. In 2003,
Laffargue [LAF 03] developed a Newtonian model for single-layer film
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blowing, able to accommodate axisymmetric and non-axisymmetric cases.
This model is based on the work by Housiadas and Tsamopoulos [HOU 00a,
HOU 00b] who, unlike Pearson and Petrie [PEA 70a, PEA 70b], obtained a
set of equations using a fixed cylindrical reference point rather than a mobile
one. The coordinate system used is shown in Figure 6.24.

This approach has the major advantage of being able to deal with non-
axisymmetric bubbles. This approach can also obtain non-stationary
equations, which are no longer bound to the bubble area. It is, therefore,
possible to analyze the instabilities encountered during film production.
However, this approach gives rise to a system of equations that is much
more difficult to process than the original equations of Pearson and Petrie
[PEA 70a, PEA 70b]. The temperature decrease is assumed to be linear and
is imposed from the frost line position, which is experimentally determined.

P4

Figure 6.24. The used coordinate system

To illustrate the Laffargue model [LAF 03], we present the simplified
axisymmetric treatment. The variables of the equations do not depend on the
angle @. The area occupied by the polymer is confined between:

0<z<L and R(z,/)Sr<(R(z,t)+H(z,1)) [6.35]
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The two normals at the bubble walls are defined by the following vectors:

-1
n(z0)=| 0 [6.36]
OR(z,1)
oz
1
n,(z,t)= 0 [6.37]
d(R(z,t)+ H(z,1))
- 0z

6.3.2.3.1. Bubble kinematics and incompressibility

Given the assumption of axial symmetry, we can consider that at any
point of the fluid, the velocity vector v can be written in the general form:

v, (r,z,t)
0 [6.38]
v, (r,z,t)

|<
1]

As we only study the flow of the molten polymer, we neglect the density
variations of the material induced by cooling. The incompressibility equation
is written as follows:

v v

o r oz

LA [6.39]

6.3.2.3.2. Behavior law and dynamic equilibrium

Laffargue [LAF 03] used a Newtonian model to describe the rheological
behavior of the polymer. Under this condition, the stress tensor g is linked
to the strain rate tensor by: ¢ =-pl+2né. Moreover, if we disregard the

forces of mass, inertia, drag and surface tension, compared to the viscosity
forces, the dynamic equilibrium equation is written as div & = 0. All of the
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relations that we have just described should be solved using appropriate
boundary conditions.

6.3.2.3.3. Boundary conditions on the surface

If we consider the internal and external surfaces of the bubble to be two
fluid—air interfaces, we can express two types of non-stationary velocity
boundary conditions using the following relations:

—atr=R(zf), vn; =0,1.e.
v,,(R(z,t),z,t)—(%]vz(R(Z),z,t)—(%JzO [6.40]

—atr=R(z,t) + H(z{), vn,=0,1i.e.

v ((R(

(R(
[a( zta-;-H zt))]vz((R(Z,t)+H(Z’t))’z,t)_[a(R(z,t)a-lt-H(z,t))]:0

z, t +H(z t)),z,t)

[6.41]

6.3.2.3.4. Stress conditions at the interface

The stress conditions at the interface are expressed by carrying out a
balance of forces at a given axial position for each surface:

—at r = R(z, f), the overpressure exerted by the air acting to inflate the
bubble AP is applied to the internal wall of the bubble in the normal #;
direction. The balance of forces, therefore, gives:

on, =-A4Pn, [6.42]

1.e.:
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—atr=R(z, t) + H(z t), an equivalent balance to that above is also carried
out on the external surface, according to the normal n,. At this boundary,

the overpressure does not play a role and we simply obtain:

on, =0 [6.45]

1.€.:

o ((R(z)+H(z)),z,t):O

rz

o, ((R(Z,t)+H(Z,t)),z,t)_(a(R(Z,t)+H(z,t))]

oz

[6.46]

o, ((R(z)+H(z)),z,z)—{a(R(Z”)a:H(Z”))Jaﬂ (R(z0)+ H(2,1)),2,¢) =0

[6.47]

6.3.2.3.5. Non-dimensionalization

Now we have a complete system of equations and boundary conditions.
To solve this system, we move onto non-dimensionalization. This allows us
to express the equations according to different powers of the parameter that
Laffargue [LAF 03] denoted as & This parameter is the ratio between the die
gap and its internal diameter:

e=To [6.48]

This parameter is very small, with the initial thickness being many orders
of magnitude smaller than the radius, in this type of process. In general, this
ratio has an approximate value of 102, In the previous relation and those that
follow, the index 0 is used to identify the value at the die exit. The relations
that allow non-dimensionalization are:

R(z,)=RR(z,1)  H(zt)=H,H(z,7) n(z.t)=n7(z.7)

r=RR(Z,0)+H,H(Z,1)r, z=R,Z, t:%t_, v, (r,z,t)=V, [6.49]
0

o [/

v,(r,z,t), vz(r,z,t)—Vov (r,z,t), o=—V,0, p=—7V,
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With these relations, the variable » is made dimensionless using the non-
orthogonal mapping technique, developed by Housiadas and Tsamopoulos
[HOU 98, HOU 00c] to model the extrusion of tubes. As shown in Figure
6.25, this allows the complex geometry of the bubble to be changed to a
cylindrical geometry. The bubble will, therefore, be confined between 0 and
L/Ry in the dimensionless axial position z, and between 0 and 1 in the
dimensionless radial position 7 .

A

3
N
>

r=RENHHED [

A\ 4
1

N
>
r

Figure 6.25. Non-orthogonal mapping [HOU 00c]

Rewriting dimensionless equations reveals the terms in increasing powers
of & thereby defining each equation as the sum of several equations at
different orders of magnitude. For example, here we illustrate the
incompressibility equation and the velocity boundary conditions after the
non-dimensionalization and non-orthogonalization stages:

o oz o
HEZD) _ . - _v.(FZ,1) 0H(ZT)W.(F.2,7)_
= H - .
+‘{R(E,?) V(D) H () oz oz P [6.50]
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when 7 =0:
7070 -LE5 (070 - K ED [6.51]
oz ot
when 7 =1:
_ . _— OR(z,7)_ _ OR(z,7) |-, _\0H(Z) oH(z,7)|_
V,.(LZJ)— = vz(,,)— 5 - v.(,2) = + o —0[6‘52]

6.3.2.3.6. Solving the set of equations

To solve the set of equations, we aim to approximate the value of
different non-geometric dimensionless variables by series expansion with
regard to the small geometric parameter € Thus, the strain and velocity field
variables can be written in the following general form:

v (F.2,0)=v(7.2,1)+&v (72,1 )+ €V (F. 2,1 ) +..
v (7.z2,0) =V (7.2,1 )+ &V, (F. 2,0 )+ €V (F, 2,1 ) +.. [6.53]
G (7,2,t)=06,(7,z,{ )+ €5, (F,z, )+ €6 (F,Z,1 ) +

By introducing these expressions into different equations, it is possible to
obtain equations at several distinct orders of magnitude, thereby connecting
the different variables.

Analyzing these equations is the main challenge of the Laffargue
approach [LAF 03]. In fact, it is necessary to express different equations at
different orders of magnitude, and the associated surface conditions in the
appropriate order, in order to deduce a complete set of equations, which will
allow the stationary or non-stationary calculation to be, subsequently, carried
out. For example, by analyzing the incompressibility equation at the minimal
order (0), it is possible to obtain a relation that can be used to analyze the
incompressibility equation at a higher order (1):

— at order 0, the incompressibility equation is:

2wmn- 2Dz |-o 654
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and the free surface velocity conditions are equal to:

_. OR(z,7 _. OR(z,7
v (0,7, )—%@O(O,E,t)—¥=0 [6.55]
v’ (1,2,‘)——8R£;_’t )vj (1,2,7)——8R$_’t ) =0 [6.56]

It is, therefore, possible to conclude that:
oR(z,T _
R 50 (77,7 =
0z

OR(zZ,7)
ot

v (F.zZ,1)- [6.57]
In doing so, Laffargue [LAF 03] obtained a complete set of equations
describing the evolution of the bubble shape in the axial position and as a
function of time. It is now possible to carry out a stability analysis, which
identifies the processing conditions that will lead to the formation of
unstable bubbles. The Laffargue model can also be applied to the stationary
case, by considering that the equations are independent of time. Under these
conditions, the system of equations obtained, despite being more complex, is
equivalent to the model by Pearson and Petrie [PEA 70a, PEA 70b]. In fact,
one of the results of the Laffargue model is that, in a first approximation (i.e.
at the order of magnitude of 0), the mechanical variables can be considered
to be constant in the thickness direction. This is the main assumption of the
local membrane model. The dimensional analysis can, therefore, be used to
justify such a hypothesis. For a steady-state regime, Laffargue obtained a
differential system involving 11 unknowns that depend only on the axial
position z :
v _, v _

== (2). == (2).R(2).H(2). 7" (2).0,(2).5,,(3).%(2).5.(2)

v, (%), (%)

These 11 unknowns are linked by a system of 11 differential relations,
which can be broken down into subsets:
— the kinematic equations resulting from the incompressibility relation:

- at order O:

v'(z)= v (2) [6.58]
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and:
%(ﬁ(z)ﬁ(z)vj(z)):o [6.59]
- at order 1:
. RE L AE) @E)
= (z) = o (z)+vr (Z)E(E)+ = H(z)—O [6.60]

— the stress equations resulting from the dynamic equilibrium:

- at order O:
o, (z)- de(Z_E) g.(z)=0 [6.61]
and:
& (7)- de(;) 5 (2)=0 [6.62]
- at order 1:
d(Z) o 2 dTh(2) A(Z) , . dR(Z)—
= o.(z)+H(2) = +E(E) o.(z) = AP =0 [6.63]
and:
dH(Z) . —,..do2(Z) H(Z),_y, v —o v\ —
dZE) ) (Z)+H(Z) O-dg( )+E((E))(O-’"(Z)_O-W(Z))+AP=O [6.64]

— the equations resulting from the rheological behavior:

- at order 0:
& (z)=2 g((?) 88_773(3) _5'(2) [6.65]
& (2) =5 (5)+2 1) 50 5) [6.66]

H(z)"
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o201 (o) B ) O ) s

To take into account the variation in temperature in the axial direction,
Laffargue [LAF 03] arbitrarily fixed the evolution of the mean temperature
in the thickness 7(z), along the stretching length, from experimental data.
The variation in the viscosity of the material as a function of this mean
temperature is considered to obey the Arrhenius equation. However, it is
possible to use relation [6.31], which includes heat transfer. To solve the
system of mechanical equations, the boundary conditions must be known, in
the dimensionless form, at the die exit and at the frost line. These conditions
can be written as follows:

— at the die exit:
z=0, R(0)=1, H(0)=1, [Z|=¥"(0)+%"(0)=1 [6.69]

— at the frost line:

dR(L/R,)

R(L/R,)=BUR,
A

=0, |7]|=v"(£/R,)=DR  [6.70]

It then comes down to calculating the solution of a semi-implicit
differential system, from the boundary conditions at the frost line

(z=L/R,). The two parameters Fpu,,mg (the pulling force) and AP (the

overpressure) are adjusted to find out the boundary conditions at the die exit,
at the end of the calculation. Initially, these two values are arbitrarily fixed.
This allows the different variables to be calculated at z = L/ R,. Then, the

differential system at each discretization step of z position must be solved,
in order to obtain the increments in the different variables. It is then possible
to calculate the values of the different variables at each step until we reach
z =0. If the values at this position are not equal to the boundary conditions

at the die exit, we must modify the ﬁp and APvalues using an

ulling
optimization method. The solution is reached when the values calculated at
the frost line are equal to the boundary conditions at this position.
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According to the boundary conditions, at time ¢ = 0 we obtain:

_ R(L/R _
R(L/R,)=BUR, w:o, |7 (L/R)|=%"(L/R,))=DR [6.71]
Z

Using relation [6.59] (conservation of flow rate), it is possible to calculate
the final thickness of the film:

1 1
(L/R,)v’(L/R,) BURDR

P_I(L/RO):E [6.72]

In addition, the force F,

uing » Which 1s initially chosen at random, allows

us to calculate the stress at the frost line, using the following relation:

F —
GO (L/R))=—= pullg =F .
O-zz( 0) R(L/RO)H(L/RO) pulling

DR [6.73]

Knowing the values of these five variables at time ¢ = 0 allowed
Laffargue [LAF 03] to completely solve the system.

Equations [6.58], [6.61] and [6.62] at the frost line give:

dR(L/R
v (L/R))= Mvﬁ (L/R,)) [6.74]
Z
OR(L/R
o_'fZ(L/RO)—M&ZOZ(L/RO):O [6.75]
Z
R(L/R
o_'fr(L/RO)—L_O)&fZ(L/RO):O [6.76]
Z

The second stage involves considering the differential terms in the
remaining equations as unknowns in z . If we count the unknowns still to be
calculated under these conditions, we find that there are six derived from the

variables and four additional variables:

OH (L/R,) ov.(L/R,) v’ (L/R,) 0°R(L/R,) 9% (L/R,) G, (L/R,)
oz oz ’ oz S ’ oz ’ oz ’
—1 —1
(LR, 2 (L/R,). 5 (L/R,).5°, (L/R,)
or or 7
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To solve this step by step, we simply use equations [6.59], [6.60] and
[6.63]-[6.68], and the derivatives of equations [6.58] and [6.61]. Then, a
linear system of 10 equations must be formed which, taking into account the
variables that have already been calculated, becomes a linear system of the
10 unknowns mentioned above.

Figure 6.26 shows the evolution of the radius of LDPE bubbles obtained
by keeping the cooling air flow constant. When the BUR increases, the frost
line decreases. This is explained by the fact that an increase in the bubble
diameter causes greater heat transfer, which directly translates as a decrease
in the FLH.

3.5

Radius (R(z)/Ro)

1.0 9 BUR =2.04 TUR = 6.5
0.5 o Radius
— Model
0.0 T T T T T
0.0 0.1 0.2 03 04 05 06

Axial position (m)

Figure 6.26. Comparison of calculations (—) and experimental
results (0) for LDPE bubbles [LAF 03]

The simulations, carried out using the Laffargue methodology [LAF 03],
adequately represent the shape of the bubble. They also revealed (not shown
here) that the increase in BUR leads to an increase in axial and transverse
stresses generated in the film during processing. This illustrates once more
how useful these calculations are, since, as we have mentioned earlier, many
studies have helped to identify links between the film properties and the
stresses, developed during processing. Therefore, this calculation could,
potentially, enable the design of films that meet specific customer
specifications.
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6.3.2.3.7. Non-stationary results

We are now going to present some of Laffargue’s experimental results
[LAF 03], which will allow us to better understand the parameters affecting
the stability of the process.

Many LLDPE bubbles have been made with different dies at different
cooling rates, by gradually increasing the TUR, for a given BUR, to obtain
the stability map illustrated in Figure 6.27. This figure shows that a greater
cooling delays the onset of instabilities. Under these conditions, the range of
the TUR that produces a stable bubble is greatly increased when bubbles
have a BUR between 2.5 and 3. A further increase in the TUR causes draw
resonance instabilities to appear, which are typical in processes involving
longitudinal stretching. When the BUR is greater than 3, an increase in the
TUR causes helical instabilities to appear. The critical TUR required to
cause this type of instability to appear is much lower when the BUR is high.
According to Laffargue [LAF 03], the helical instability also appears to be
enhanced by non-axisymmetric disturbances in the air blown around the
bubble, during the helical movement. The flow rate of the blown air, and the
type of cooling ring used, can affect the behavior of the bubble. Finally,
Figure 6.27 reveals that a low cooling rate causes a flattening and reduction
in the stability zone.
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Figure 6.27. A comparison of stable zones observed for LLDPE using different
tools: (0) CRASP-1, dT/d z =~—12.6°C; (o) CRASP-2, dT/d z =—15.8°C; (V)
KAUFMAN-1, dT/d z = -23.4°C [LAS 99]; () KAUFMAN-2, dT/d z =-33.5°C
[LAS 99]; (®) COLLIN I; (M) COLLIN 2
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The most interesting part of Laffargue’s work [LAF 03] was that, using
the system of non-stationary equations, developed above, the onset of
instabilities can be qualitatively predicted through calculation. In fact, Figure
6.28 illustrates the stability map obtained via calculation.

Take-up ratio TUR
] &
P ey

\\\ Numerical
p!’obJIEm

R e

N S \\\\\\\\w% |
e
(“9 @‘
Oo/ﬂ 7\ \

2
\\ — - .

4 \ ) 20 25

’ B\ow-up rat

Figure 6.28. Evolution of the critical take-up ratio as a function
of the blow-up ratio and the cooling rate [LAF 03]

Generally speaking, similar to the experimental observations, the critical
TURs increase with the cooling rate. Here, it is also possible to see that the
stability window becomes smaller when the cooling rate decreases. The
calculated stability map is very similar to the experimental stability map,
with the exception of cases with very low cooling rates. Under these
conditions, it is possible to observe an increase in the critical TUR that
Laffargue [LAF 03] associates with convergence difficulties, which probably
leads to the wrong solutions.

6.3.3. Multilayer films

The production of multilayer films revealed new problems, when
compared to the production of monolayer films. For example, the processing
temperature and the rheological properties can vary greatly from one
material to another. Moreover, it is sometimes necessary to use tie layers
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with certain combinations of materials, to ensure that they adhere to each
other. Combining several resins also has a significant effect on film
properties. In fact, Beagan et al. [BEA 99] studied the effect of mixing rather
than coextrusion, on mPE with a LDPE. They clearly showed that multilayer
films have better rupture properties than films produced by mixing. In
addition, multilayer films are, usually, more stable than monolayer mPE
films. This shows how important the coextrusion process, applied to film
blowing, will be in the future. Moreover, for economical reasons, it is
important to find the optimal quantity of each material used, in order to
obtain the desired properties.

One problem encountered during the production of multilayer films is the
existence of interfacial instabilities between the different materials.
Perdikoulias and Tzoganakis [PER 95, PER 96] showed that the onset of
interfacial instabilities was strongly delayed when the resins used had a
narrow molecular weight distribution. Adhesion between the different layers
is vital for highly incompatible systems, such as packaging made up of PA6
and LLDPE. To improve the structural cohesion of films, manufacturers
frequently add a small amount of PE-g-MAH (maleic anhydride grafted
polyethylene) to LLDPE, to favor the polymer/polymer diffusion at the
interface, which, according to Sanchez-Valdes et al. [SAN 97] forms
covalent bonds at the PA6/PE-g-MAH interface. This ensures a better
adhesion between the two materials. Another problem, encountered when
using multilayer packaging, is when this packaging is reused or recycled.
Mendez-Prieto and Sanchez-Valdes [MEN 98] studied the effect of using
recycled films on the physical properties of the packaging. They evaluated
the rheological properties of a film made up of the following five layers:
LLDPE/tie layer/PA6/tie layer/LLDPE, which is melted and mixed. Then,
they used this mixture to produce films made up of recycled mixture/PA6
and LLDPE/recycled mixture/LLDPE, and they also evaluated the adhesion
properties and permeability to oxygen and water. They concluded that using
the recycled mixture in two-layer films did not significantly improve
adhesion. However, increasing the amount of the recycled mixture in the
three-layer films worsened the mechanical properties and the permeability to
oxygen. These studies illustrate the problems associated with recycling
multilayer films and highlight the importance of tie layers in the production
of multilayer films. It is interesting to note that studies concerned with
recycling, are relatively recent, and still seldom applied to multilayer film
production.
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There are, still, few studies that model the film blowing process of
multilayer films. Yoon and Park [YOO 91] tackled the problem by using the
membrane approach, by considering a Newtonian isothermal behavior for
the internal layer and a Maxwell isothermal one for the external layer. The
authors focus on the profile and evolution of the bubble thickness.
According to the developed model, if the relaxation time of the viscoelastic
layer is significant, it will dominate the flow in both layers, even though the
flow rate is much lower than that in the Newtonian layer. The shape of the
bubble is, therefore, described by the equilibrium between the viscous and
viscoelastic forces. Unfortunately, the simulation was not compared to
experimental results. Recently, Gamache [GAM 04] developed a non-
isothermal Newtonian mechanical model that described the film blowing of
a multilayer structure, which was based on the non-orthogonal approach by
Laffargue [LAF 03]. The model was validated using experimental tests
carried out by producing monolayer and multilayer films, using two different
extrusion lines and four materials. The die dimensions and the properties of
the materials used are presented in Tables 6.3 and 6.4, respectively.

Die External diameter of | Clearance Total flow Shaping temperature
the die (mm) (mm) rate (kg/h) (°O)
1 101.6 1.1 7.2 230
2 51.6 1.2 5 220
Table 6.3. Dimensions of the dies
Material Crystallization Specific heat Activation
temperature (°C) capacity energy
(kg '°C'™h (kJ/mol)
Lacqtene LDPE 103 2,300 50
1003FE23
Finacene mMDPE 114 1,800 33
M3410EP
Dow 609a LDPE 102 2,300 44
Dow 4201 ULDPE 103 2,300 26

Table 6.4. Properties of the used materials
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In Figure 6.29, we find that, depending on the materials and extrusion
lines used, two different behaviors can be identified. First, Figure 6.29(a),
illustrating the bubbles produced using die 1 by combining LDPE and ultra-
low-density polyethylene (ULDPE), shows that the multilayer bubble is
located in the center of the envelope, in-between the two monolayer bubbles.
On the other hand, in Figure 6.29(b), which illustrates the bubbles produced
using die 1 by combining LDPE and mMDPE, we find that the multilayer
film blowing is faster than that for monolayers, made up of these two
materials. Multilayer bubbles are, therefore, not necessarily the mean of the
monolayer bubbles. Unfortunately, these experimental results did not
identify whether this divergence was caused by the dies, the cooling ring or
the different combinations of the materials used. The calculations carried out
by Gamache [GAM 04] explain this difference in behavior.
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Figure 6.29. Evolution of the bubble radius with die 1: a) LDPE and ULDPE;
b) LDPE and mHDPE [GAM 04]
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Gamache [GAM 04] used a two-material model, with activation energies
of 22,000 and 44,000 J/mol and an identical specific heat capacity of
2,200 J kg ' K''. By comparing the monolayer and multilayer bubbles made
up of these materials, he found that the position of the materials, internal or
external layer, does not affect the calculated temperature and geometry
profiles (Figure 6.30). He also found that the multilayer films are located in
the envelope formed by both monolayer films. The obtained curve shows
good agreement with the experimental results, as illustrated in Figure
6.29(a), which were obtained using materials with different activation
energies and an identical specific heat capacity (Table 6.4).
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Figure 6.30. Effect of activation energy on bubble shape and temperature [GAM 04]

What happens when we consider the combined effect of materials with
different activation energies and specific heat capacities? In Figure 6.31(a),
we find that, despite a very similar geometric profile, two monolayer bubbles
(E, = 66,000 J/mol, Cp, = 2,400 J kg' K'; E, = 22,000 J/mol, Cp, =
2,000 J kg ' K™') have the same FLH. This is caused by the opposing effects
of the activation energy and the specific heat capacity.

In fact, as we have illustrated above, a high activation energy will
cause the bubble to swell rapidly, whereas, a high specific heat capacity will
have the opposite effect. The multilayer bubble made up of these two
materials has a geometric profile similar to the monolayer bubble, obtained
with a high activation energy, and it reaches its solidification temperature
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1.5 cm below monolayer bubbles. By combining the two materials, the mean
specific heat capacity of the multilayer film is 2,200 J kg"' K", which means
that the amount of heat lost from this film is lower than the amount of heat
lost from the monolayer film with an activation energy of 66,000 J/mol.
This, therefore, causes rapid swelling. A similar phenomenon, although more
pronounced, was observed during the production of multilayer bubbles of
LDPE/mMDPE.
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Figure 6.31. Effect of activation energy and specific heat capacity on
bubble shape: a) case 1 and b) case 2 [GAM 04]
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Note that Figure 6.31(b) assumes that, in all cases, the crystallization
temperature is 103°C. We can imagine that, if the crystallization temperature
of the fluid, with an activation energy of 22,000 J/mol, was 110°C, the
multilayer films would reach this temperature much faster and the difference
between monolayered and multilayer films would be much greater. Finally,
in Figure 6.31(b) we see that, when the activation energies and specific heat
capacities are different (£, = 22,000 J/mol, Cp, = 2,000 J kg’1 K E, =
66,000 J/mol, Cp, = 2,400 J kg’1 K’l), the multilayer film is situated between
the two monolayers.

6.4. Conclusion

The production of films or sheets, either by cast film extrusion or by film
blowing, in monolayer or multilayer form, is currently well controlled. As
was presented, efficient theoretical approaches allow us to better understand
and optimize the different processes, both in terms of tool design and
processing conditions. Further important work needs to be done to calculate
and predict the orientation and structures during biaxial stretching with
cooling and crystallization in order to ultimately predict the final properties
of the extruded films.
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Chapter 7

Wire Coating and Cable Insulation

Some of the main applications of the extrusion process include metal wire
coating and cable insulation. The term “wire” refers to a single strand of
metal, normally copper, varying between 0.1 and 10 mm in diameter. A
cable is usually two or more wires, normally coated, wrapped together and
then insulated. Wire coating and cable insulation are used in the production
of telephone, electrical and submarine communication cables, etc. The
diversity of the polymers available for coating and insulating makes it
possible for a wide range of products with different properties to be
produced by extrusion. In Figure 7.1, we can see a telephone wire (Figure
7.1(a) copper conductor of 0.4 mm diameter, insulated with a polymer layer
of a few tenths of a mm, extruded at up to 3,000 m/min) and energy transfer
cables (Figure 7.1(b): metallic conductor of a few centimeters in diameter,
surrounded by insulating layers of several centimeters, extruded at several
m/min [PUI 06]; Figure 7.1(c): energy cable with three conductors).

Figure 7.1. Examples of cables produced by extrusion: a) telephone wire, b) energy transfer
cables and c) an energy cable with three conductors [PUI 06]



306 Polymer Extrusion

7.1. General process
7.1.1. Production line

A typical wire coating production line is presented in Figure 7.2. First,
the reel unrolls the conductor and feeds the cross-head die (i.e. perpendicular
to the extruder) via a winch, whose role is to tighten the wire. The wire must
be preheated before entering the die in order to better adhere to the polymer
and also to remove any moisture from the conductor. Once inside the die, the
wire is coated by the molten polymer coming from a connected extruder.

Entry Extruder Spark Eccentricity Voltage
winch & die detector gauge control

Folymer .
' Diameter
Coil Pre-heating gauge Exit winch Winder
i
\

! k | |

Figure 7.2. Wire coating production line

In wire production, extrusion screws have a diameter that varies between
35 and 250 mm, with a flow rate of between 100 and 160 kg/h. The length to
diameter ratio is typically 20:1, with the molten material in the die having a
pressure of approximately 55 MPa [POD 88]. At the die exit, the coated
conductor, a term used interchangeably with wire here, enters the cooling
tanks, whose length is determined by the diameter of the wire, the thickness
of the polymer layer and the process speed. In some cases, the length can
reach up to 100 m. It is important to detect any defects (lack of polymer,
weak points) along the coated surface. For this reason, the conductor passes
through a spark detector, where a high voltage is applied. If there is a small
defect or if the coating (insulation) is inadequate, a discharge is observed and
recorded. Generally, different parameters such as wire diameter, eccentricity
of the conductor and the presence of air bubbles are measured and quantified
using a variety of instruments installed on the production line. Finally, a
winch draws the coated wire wound around a coil, automatically substituting
a full coil for an empty coil to prevent production stoppages or slowdowns.

The production line must be adapted to the desired finished product. The
elements of a wire coating line and those of cable insulation differ slightly:
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the feeding and winding coils must account for the size of the cables.
Similarly, coating metal rods (Figure 7.3) requires a specific hopper that is
capable of feeding the die, as well as an adapted cooling system.

Air jet cooling
Automatic hopper

Rods - \ Draw
// Spraying of water\‘ \ / vlliis
i’ I 1
oRroRTews ,q/\;jﬂ.u_&%]t
O O/0 O O -
X 2}' ——— >("_/'\.\_
Feed rollers \"-\I f Extruder Ijie

Finished element

\
Heating by radiation
collector

—
Cutting system

Figure 7.3. An extrusion line for coating solid rods [LEV 78]

It is also possible to coat a wire or insulate a cable with foam (expanded
polymer). In fact, its low thermal conductivity, good ability to maintain a
fixed shape and good resistance to moisture make an expanded thermoplastic
a very attractive material for cable insulation. Blowing agents are then
incorporated into the molten polymer and remain in the solution for the
whole time spent in the extruder, as long as high pressure is applied. As soon
as the material exits the die, the foam forms instantly due to the pressure
drop [WIL 02]. This technique is, therefore, quite adaptable to wire coating
and cable insulation.

7.1.2. Wire coating dies

7.1.2.1. The different assemblies

The cross-head die is the main element in insulation and coating by
extrusion. Both pressure and tube assemblies are frequently used geometries,
according to the type of the product manufactured (Figure 7.4).
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Figure 7.4. Wire coating die: a) pressure assembly and b) tube assembly
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Typically, the wire or cable to be coated passes through the guide-wire
(or mandrel) and is coated by molten polymer near the die exit. In the case of
a pressure assembly, the molten polymer is pressurized before exiting the
die. At the outlet, the wire is already coated, unlike in the tube assembly
where a polymer tube is extruded around the conductor. In this case, the tube
is pressed against the conductor outside of the die, by applying a vacuum in
the guide-wire. The concentricity and thickness uniformity of the polymer
covering the wire or cable can be adjusted by altering the bolts centering the
die with regard to the guide-wire [RAU 01].

The pressure assembly, whose production rates can reach up to
3,000 m/min in the case of telephone wire coating, is also used for cable
insulation. The tube assembly is essentially used for cable insulation, where
the diameters are large (up to 10 cm) and the production rates are relatively
low (approximately 5-10 m/min). The most fragile wires are also insulated
using the tube assembly, since the tensile stress to draw the conductor
through the molten polymer is lower than that in the pressure assembly.

The die is usually composed of two zones (Figure 7.5). The first zone is
the feed zone, whose role is to distribute the molten polymer from the
extruder around the conductor, with a 90° bend (hence the name cross-head).
The second zone is the axisymmetric zone, which is composed of two
sections: first, the Poiseuille zone where the polymer flows between two
fixed boundaries, the mandrel and the housing; second, the shear zone where
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the polymer is only in contact with the conductor [VER 08]. In the case of a
tube assembly, only the Poiseuille zone is present.

7 Poiseuille Shear
i zone ‘ zone
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Figure 7.5. Main zones of a wire coating die [VER 81]

7.1.2.2. Coextrusion

It is also possible to adapt coextrusion to wire coating. One of the first
studies on this topic was done by LeNir [LEN 74], who adapted the
technique of Fenner and Williams [FEN 67] to coextrusion. This allowed
two (or more) layers to be simultaneously extruded on the same support. The
two molten polymers are extruded from different extruders and come into
contact in the pressure-assembly die (Figure 7.6). The coextrusion line is
identical to that used for simple extrusion, except for the die, and the
presence of additional extruders [HAN 80, BAS 81]. The coextrusion
process is often used because it is economical.

Polymer A

V7

AT AI AP 11777,

Polymer A

Figure 7.6. Pressure assembly coextrusion die [HAN 80]
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7.2. Commonly encountered problems

Some problems encountered during wire coating and film production
with a flat die (see Chapter 6) are quite similar. In fact, the geometry of the
feed zone in the coating die looks like the one in the flat die. Therefore,
problems with flow distribution, temperature, stagnant points, etc., may
occur.

However, a variety of new challenges arise in the axisymmetric zone and
particularly in the shear zone, mainly, in applications where the wire speed is
high. They are associated with the high shear rates occurring in this zone.
Damage to the conductor is a serious and recurrent problem: the polymer
exerts a force on the wire, which depends on several factors including the
geometry, the speed of the wire, etc. If the tensile strength on the wire
increases beyond its limit, the conductor will break. Even if no breakage
occurs, the conductor may undergo an irreversible deformation, which might
degrade its electrical and other properties.

High shear rates can also lead to very significant local viscous heating
[CAR 79], polymer degradation, as well as deterioration in the surface
quality of the finished product (e.g. roughness). Flow instability can also
cause surface defects when the wall stresses become excessive.

Sometimes, the converging geometry of the wire coating dies results in a
significant elongational flow. This may create stresses that do not have time
to relax inside the die, which leads to defects [EVE 74].

Finally, it is worth mentioning the centering of the conductor: a poorly
centered conductor will have a non-uniform polymer coating. This can lead
to a deterioration of the properties of the finished product.

There are also some peculiar problems associated with coextrusion, such
as interfacial instability and migration, as well as poor adhesion between the
polymer layers [HAN 80].

7.3. Analyses and solutions

Since the late 1960s, wire coating has been widely studied, both
theoretically and experimentally.
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7.3.1. Theoretical studies

Theoretical analyses mainly involve the axisymmetric zone of the
pressure assembly die. In fact, problems are more rare in a tube assembly
die, since the conductor velocity is low, and the flow is fairly standard
(pressure flow only). In addition, unlike in the axisymmetric zone, there is
no excessive temperature rise in the feed zone, where the polymer is evenly
distributed around the conductor. Recent studies are, therefore, concentrating
more on the shear zone, where the stresses are greatest.

7.3.1.1. Analytical approach

One of the first fundamental studies of wire coating dies was done by
Fenner and Williams [FEN 67]. It involves a non-Newtonian fluid and
applies the lubrication theory. It is based on the following assumptions:

— laminar flow;

— incompressible fluid;
— isothermal flow;
—no-slip at the walls;

—no elastic effects.

The die used for this analysis is shown in Figure 7.7, and it has become a
reference die for many authors.

1mmbe | W5mm 14-5mm

- >

Annular zone Shear zone

Figure 7.7. Wire coating die of Fenner and Williams [FEN 67]
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Solving the flow equation gives the pressure gradient P, in direction z for
a given flow rate Q [FEN 67]. The flow equation, under the conditions listed
above, is written in the axial direction:

1d dp
——(rt)=—=P 7.1
rdr(r ) dz ° 7-1]

where p is the pressure and 7 is the shear stress.

We assume that the shear stress follows the power law:

dW m—1
gy

dw

— 7.2
dr [7:2]

where 7 is the reference viscosity, m is the power-law index and w(r) is the
fluid velocity in the z-direction.

The mean shear stress7, calculated for a mean shear rate V/H, is
given by:

_ 8%
T=n, (ﬁj [7.3]

where V is the conductor velocity and H is the radial gap between the
conductor and the die wall.

Fenner and Williams [FEN 67] defined the annular flow parameter 7, as:

T,= g—ﬂ [7.4]
CH"(-P)
where C is the mean circumference, such as C :L, where D and d
2(D+d)

are the diameters of the die and the conductor, respectively. The negative
sign is added for convenience, since the axial pressure gradient term P, is
usually negative. The mean viscosity of the polymer 77 is defined by:
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_ g m—1
ren(2)

with 4 being the flow section: A4 = 1 (D*-d")/4. Usually, 1, is a function of m
and x= D/d, but it becomes independent of xwhen this value is small. When
k=1, it becomes:

2m Y"1
72 = — 7.6
8 (2m+1j pmH [7.6]

The mass flow rate of the polymer is constant and is written as follows:

0. :pV%[(d+2h)2 —dz] [7.7]

where /1 is the final thickness of the coating after cooling to room
temperature and p is the density of the polymer at this temperature. For an
incompressible isothermal flow, the volumetric flow rate is constant and it is
expressed as:

[7.8]
with p, being the density of the molten polymer at the processing
temperature.

Thus, by defining z = 0 as the beginning of the annular zone, the initial
pressure p is expressed by:

=L T dz+ [T [7.9]
7,”"CH I H

where my, and Q are calculated from the polymer properties and the
geometry, using the previous equations, with all the other variables being
known functions of z.

For example, Figure 7.8 shows the evolution of pressure, calculated by
Fenner and Williams [FEN 67], for a polymer with a power-law index of
m = 0.48. We observe a slight decrease in the Poiseuille zone, followed by a
sharp increase in the shear zone, and a rapid decrease just before exiting
the die.
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Figure 7.8. Pressure profile in the wire coating die at a wire speed of 300 m/min [FEN 67]

Two types of flow are in competition during wire coating: the shear flow
(or drag flow), due to the velocity of the conductor passing through the die,
which draws the polymer, and the flow exerted by the pressure gradient
(pressure-driven flow) (Figure 7.9). Tiu [TIU 86] proposed a simplified
approach for the geometry presented in Figure 7.10, based on the
combination of both basic flows.

wall External wall
LLLLLLLLL, L

Figure 7.9. A diagram of the velocity profile: a) shear flow,
b) pressure flow and c¢) combined shear and pressure flow [HAN 78]

Polymer

!

Figure 7.10. Flow in a pressure assembly wire coating die [TIU 86]



Wire Coating and Cable Insulation 315

7.3.1.1.1. Shear flow

When a fluid flows between two coaxial cylinders in the z-direction, with
the interior cylinder having a velocity V,, the z component of the flow
equations is written as:

d
—(r7.)=0 [7.10]
dr
where 7, is the shear stress. After integration, we obtain:
=4 [7.11]
r

The integration constant C; can be deduced using the boundary conditions:
r=Ri=kRy, 7.=7 orr=Ro, 7.:= 7
where 7 is the shear stress at the boundary. Thus:
Ci=%Ry = TGR; [7.12]

At this point, the values of 7o and t; are unknown and need to be
determined. For a fluid whose properties are independent of time, the model
generally used is:

dv .

Trz:n(_ ijm’ [7.13]
dr

where the viscosity # can either depend on the shear stress 7_ or the shear

rate 7_ . By combining [7.11] and [7.13], and by integrating from r to Ry, the

velocity due to shear is expressed by:

v =[S [7.14]
r 77}/'
Using equation [7.12], the velocity as a function of z,, is as follows:
5 1
y. =—1, R, j Edr [7.15]

So, the volumetric flow rate O, due to shear is written as:
0, =["v.2mrdr =27R: [ v.Ed¢ 7.16]

where k is the R/R, ratio and ¢ is the dimensionless radial position 7/Ry.
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Integration by parts, after changing the variable, gives:

. Qd . k2 TgRO 7o 1

= = —dt
Qi TRV, 2 2V, Yupe

[7.17]

Once the process parameters are known, the shear flow rate can be
calculated according to the chosen rheological model.

7.3.1.1.2. Pressure flow

Similarly, the pressure flow rate can be determined for a uniform,
isothermal laminar flow of an incompressible non-Newtonian fluid. The
method involves obtaining two geometric parameters, a and b, which depend
on the £k = R/Ry ratio and whose values were calculated by Kozicki et al.
[KOZ 66], for an annular section (Figure 7.11).
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Figure 7.11. Geometric parameters for an annular flow [KOZ 66]

This method is based on the Rabinowitsch equation, which is written as:

z B 1 J'Tw Tb/a

bla

= dr [7.18]
ry, at, "% n

where V' is the mean velocity, ry is the hydraulic radius and 7, is the wall
shear stress. Generally, the b/a ratio, which is equal to 3 for a circular pipe
and 2 for parallel plates, is denoted by C.

The hydraulic radius 7y, for the annular section, is expressed by:

_R(-k)

. > [7.19]
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The mean wall shear stress, for a pressure drop Ap, is given by:

A
T =1, Lp [7.20]

If we express equation [7.18] as a function of the volumetric flow rate Q,,
due to the pressure gradient in the annular zone, we obtain:

Q " QP _RO(I_k)2(1+k)
?2IRV 8arts

T, S
s [7.21]
J.O 77

As with equation [7.17], equation [7.21] allows us to calculate the
pressure flow rate for any type of behavior.

Table 7.1 summarizes the different expressions of Q’, and Q’,, according
to the model used: Newtonian or power-law fluid. Note that the shear flow of
the power-law fluid is undefined when m = 1 and g = 1-1/m = 0, m being the
power-law index. For the pressure flow, the power-law model is reduced to

the Newtonian model when ¢ =0 or a(a=1) and = 21n.

. Shear flow rate Pressure flow rate
Behavior , ,
Qd Q/J
Newtoni K —1-2kInk Rg(l—k)3(l+k)[_Alj
ewtonian 4Ink 16n7V.al+& (L
KL q(=RT) )=k 1 (R 4p)
Power law 2 2Q2+q)(1-k%) a(l-g+¢&) 4r,\ 2 KL

Table 7.1. Non-dimensional shear and pressure flow rates
for different behaviors [TIU 86]

When the coated conductor leaves the die, the polymer is bound to the
wire and it advances at the same velocity V,,. Middleman [MID 77] showed
that the dimensionless thickness of the conductor coating is written as
follows:

5=2 - &\/&+%(Q'4+Q'p)—l 7.22]
_ p, k

m
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where ¢ is the thickness of the layer, R; is the radius of the conductor and p is
the density (m indicates that the material is molten and s indicates that the
material is solid). This equation allows us to determine the thickness of the
polymer layer on the wire, for any fluid whose behavior is independent of
time, by using the previous expressions for Q,” and Q,’.

These methods have the main advantage of being analytical. However,
their legitimacy may be questioned. In fact, we saw in Chapter 3 that the
superposition of a pressure flow and a shear flow is only valid for the
Newtonian behavior. For power-law fluids, we can no longer combine a
shear flow and a pressure flow, which limits the applicability of such
methods in practice. Nevertheless, they are still useful when simply
calculating individual flows in this type of geometry.

7.3.1.2. Semi-analytical approach

More legitimate methods, based on the rigorous flow and heat transfer
equations, were proposed during the 1980s [CAR 79, VER 81, BAS 81].
Here, we will present in detail the model proposed by Lafleur et al.
[LAF 94]. As mentioned previously, the axisymmetric zone is composed of a
Poiseuille zone and a shear zone. In the first zone, the polymer flows
between two fixed boundaries whereas, in the second zone, the internal
boundary moves at the velocity of the wire. Only the boundary conditions
differ. The following assumptions are made:

— established laminar flow;

— permanent regime;

—non-Newtonian flow;

— non-isothermal flow;

— incompressible flow;

— application of the lubrication approximation;
— axisymmetric flow: 6/06= 0;

—non-elastic flow;

— no-slip boundary condition.

These assumptions give the following approximations:

i<<i, V<V, V.=V.(r,z), P=P(z) [7.23]
Jz or
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The analysis is carried out using a slab method in which each slab

represents a uniform annular section as shown in Figure 7.12.

%7

/

Figure 7.12. The die divided into slabs

The flow equation is discretized using the finite differences method: the
section is divided into N + 1 elements. The position of the variables is shown

in Figure 7.13.

The velocity boundary conditions imply no-slip conditions at all walls:

— Poiseuille zone:

V.=0atr=R(z), V.=0atr=R(2);
V.=V, atr=Ry2), V.= 0 at r = R(z).

— Shear zone:
/ )
% Xoraom T (ikt])
o:V, T, oP/dz a
Vo k)
N 4]
Ts (i.k) Tk
N-1 X
e T (i.k) VZ (i,k)
| * 0
2 T (ik) T (ii—n
1 Vaiik1
(4]
0 T (ik-2)
X
/A Az

Figure 7.13. Finite difference mesh
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7.3.1.2.1. Isothermal analysis

Taking the Iubrication approximation into account, the flow equation is:

oP 19
= __- 24
oz ror (rz.) [7.24]

The continuity equation is replaced by its integral form:
0=22[""V.(r.2)rdr [7.25]
R P

Using difference quotient approximations, we obtain the following
tridiagonal velocity matrix (AX = B):

A X B
(B, ¢, 0 .. 0 V.2) | [D=4V.Q)]
4, B, C, 0 .. 0 V.(3) D
0 4, B, C, 0 0 V.(4) D
0 : :
= 7.26
: 0 : : [ ]
0 AN—Z BN—Z CN—Z 0 VZ(N_Z) D
0 w0 A, B,, C. ||V.(N-1 D
L0 0 w0 4, B |l Vv || D ]
where the parameters are defined by:
r.(k r.(k)n, oP
A, =10 o B vy, D=L g
r r oz

The viscosities are calculated using the second invariant /7, (k) and any

rheological model:

Vz(k+1>—Vz(k)T 727

1. (k)y=2
- [ 4



Wire Coating and Cable Insulation 321

To solve this system, the pressure gradient must be known. First, since
this gradient is unknown, we perform a first approximation with
the Newtonian equations. We assume that there is an initial gradient and
the velocity profile is calculated. We then integrate the velocity profile
(continuity equation) and compare it to the experimental flow rate Q. If the
difference is too large, the pressure gradient is corrected according to
equation [7.28] (iterative process):

aP(HH) P(") ﬁ Q(") Q
oz 0z 0

[7.28]

with £ being the convergence factor. The choice of f is important since a too
large value can cause divergence and a too small value can cause very slow
convergence. Q. is the integrated flow rate at iteration n. The calculation
algorithm of V; is shown in Figure 7.14.

Estimate of dP/dz and V,

Calculation of Il
Calculation of n

‘ Solution of the matrix for V, |

Convergence on
V,?

Integration of V,

Correction
of dP/dz

Convergence on
Q?

End of loop

Figure 7.14. Calculation algorithm of V, for an isothermal analysis of wire coating
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After convergence on O, we can move to the next slab calculation. The
pressure gradient is only estimated once. For the following slabs, the
gradient of the previous slab is used as a first estimation.

7.3.1.2.2. Non-isothermal analysis

Other assumptions about the non-isothermal calculation are that the
physical properties are constant and the axial conduction is negligible
compared to convection. The boundary conditions are expressed using the

Biot number Bi, such that:

T
a—=0 mz=0
Z
T -T
a—TzBi ~__” inz=H/2
0z H

[7.29]

[7.30]

where H is the mid-height of the slab, 7, is the regulation temperature and 7,
is the wall temperature. The Biot number is defined as Bi = hr L/k.

The values most frequently used are the following:

— adiabatic regime:
— isothermal regime:

— normal regime:

Bi=0;
Bi=;
Bi=10to 100.

Then, using the finite difference method, we obtain the following matrix

system (AX = B):

1+& -1 0
N

0 . 0
0 0

0
0
0
0
0
Cyv, O
BN CN

T(,1)
7(,2)
7(,3)

T(i,N-1)
T(i,N)

(TG, N+1) ]

[7.31]
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in which the parameters are defined by:

A =~1y@, B =201 +V. ) [ Az, C =1, D,

D znkny(k) +I/z(k)T(i_1’k) D= k
Y o2pC, Az pC, A

b

The overall solution algorithm is summarized in Figure 7.15. The
calculation of V¥, and the pressure gradient form a part of the flow
calculation.

E— Estimate of 9P/dz and V,

| Flow calculation |

Heat transfer calculation

Convergence on
™

End of loop

Figure 7.15. Calculation algorithm of 'V, for a non-isothermal analysis of wire coating

For each slab, the average temperature can be calculated using the
following integral:

Jl:L)((Z))VZ(r,z)T(r,Z)rdr
1.0 =—""5 [7.32]
I ) V.(r,z) rdr

R (z
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Figure 7.16 shows the pressure profile and average temperature as a
function of the axial position. It is clear that the pressure drop is
concentrated close to the die exit, which is a typical behavior for this
process. The temperature increases continually, with a significant increase at
the start of the shear zone and at the die exit.

25 240

r230

r220

Tmix (°C)

210
4

0 1 2 3
Axial position (cm)

Figure 7.16. Average temperature and pressure profiles
(V.= 100 m/min and Q = 5.09 kg/h) [LAF 94]

7.3.1.2.3. Force of interaction

The force of interaction between the conductor and the molten polymer is
obtained by integrating the shear stress on the conductor, for the whole shear
zone:

F= jj” j:" TR dzd [7.33]

With the slab method, the double integral takes a discrete form:

N..
F=Y7.()27R, Az, [7.34]

i=1

Figure 7.17 illustrates the influence of the conductor velocity on the
maximum stresses (on both the die wall 7y and the conductor wall 7.) as well
as on the force of interaction. The maximum stresses tend to stabilize at high
velocity, whereas the force of interaction continues to increase. The former



Wire Coating and Cable Insulation 325

is often the limiting factor. Its maximum must be lower than the rupture
force of the conductor to prevent breakage or deformation.
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Figure 7.17. Influence of the conductor velocity on the stresses and the
force of interaction [LAF 94]

7.3.1.3. Finite element method

In addition to the methods mentioned above, based on strong
simplifications or on the lubrication approximation, more accurate 2D
methods, which use the finite element method, have been available since the
end of the 1970s [CAS 78, CAR 79, WAG 85, MIT 86].

The analysis of the axisymmetric zone, carried out by Mitsoulis
[MIT 86], is one example of this. It analyzes the die of Fenner and Williams
[FEN 67] and uses the Criminale—Eriksen—Filbey (CEF) rheological model.
An example of a finite element mesh is shown in Figure 7.18. This involves
dividing the calculation domain into elements (here triangular) for
velocity/pressure calculations. Because of the axisymmetry of the problem,
only a 2D domain needs to be considered. The mesh was designed to
concentrate a large number of elements close to the impact zone and at the
die exit, where the stresses are expected to be much greater. This mesh,
which looks too coarse, was found to be adequate, at that time, since the
results obtained were virtually identical to those obtained with a denser mesh
(with more elements).
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Figure 7.18. a) Finite element mesh of the impact zone and
b) finite element mesh at the die exit [WAG 85]

Using the finite element mesh of the flow domain shown in Figure 7.19,
the results for the axial pressure distribution were compared with those of
Caswell and Tanner [CAS 78]. As shown in Figure 7.20, both studies are in
agreement in the annular zone; however, this is no longer the case in the
impact region, where the pressure is at its maximum. Numerous calculations
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have shown that the maximum pressure was underestimated when the mesh
was less dense in this zone. Caswell and Tanner [CAS 78] used significantly
fewer elements than Wagner and Mitsoulis [WAG 85]. It is, therefore,
essential to optimize the discretization of the mesh to obtain a realistic
prediction. The finite element method, therefore, allows us to obtain an
accurate prediction of the flow conditions in the die and to modify it when
necessary. It was also applied to viscoelastic materials in order to attempt to
better estimate the stress field [MAT 00, MAT 02].
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Figure 7.19. Finite element mesh of the Caswell and Tanner die [WAG 85]
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Figure 7.20. Pressure distribution along the die for a Newtonian fluid;comparison of the
results obtained by Caswell and Tanner [CAS 78] and Wagner and Mitsoulis [WAG 85]
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Interestingly, the finite element method also showed that there is a
significant recirculation in the impact zone between the conductor and the
polymer (Figure 7.21). When the power-law index decreases, the range and
intensity of recirculation also decrease. When the index is low enough
(m < 0.35, according to Mitsoulis [MIT 86]), this recirculation phenomenon
disappears. However, this recirculation can also be revealed using one-
dimensional (1D) methods based on the lubrication approximation presented
above [VER 79].

Impact zone

Annular zone

——————— Conductor —F — = - — =
20 | 160 | 200

Figure 7.21. Recirculation lines of a Newtonian fluid in the impact zone [CAS 78]

At the die exit, some swelling of the Newtonian fluid is observed
(Figure 7.22): the polymer free surface rearranges before the final coating
radius is reached. It was shown that the normal stresses increase both the
swelling at the die exit and the recirculation in the impact zone, where the
stresses are greatest. However, they also help to reduce the pressure drop.

Exit

Annular zone

Impact
point

&

Conductor

Figure 7.22. Newtonian fluid swelling at the die exit
in the case of a tube assembly [MIT 86]
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7.3.1.4. Analysis of the feed zone

Because of the more complex flow conditions, this section of the process
has not been studied as extensively as the axisymmetric zone. However, it
does play an essential role, since it must uniformly distribute the polymer,
exiting the extruder, around the mandrel. As mentioned above, this flow is
similar to that found in a flat die. It can, therefore, be calculated using 2D
methods, based on the Hele-Shaw approximation, after having “unrolled”
and flattened the geometry, as was the case for the pipe die (section 5.2.1.4)
[FEN 79, VER 81, SCH 95].

For illustration purposes, Figure 7.23 shows the feed zone of a telephone
wire coating die, once unrolled and flattened (due to symmetry, only half of
the zone is considered). This zone includes a distribution channel with a
constant thickness, and a decreasing width, followed by a flow zone of a
much smaller thickness.

Entry

channel \l\
23.9

Distribution

channel

Figure 7.23. Isobars in MPa () and flow lines (...)
in the flattened feed zone [VER 81]

After plotting the isobars and flow lines, we see that, under the employed
processing conditions, this zone consumes a significant amount of pressure
(approximately 9 MPa), without satisfactorily distributing the polymer. In
fact, the flow lines are closer on the “right” side, which corresponds to the
bottom part of the die. This will result in a larger flow rate in this area and,
therefore, in a poor centering of the conductor. This is due to an improper
design of the distribution channel, whose large cross-section results in less
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flow through the narrow zone and therefore causes an excess material flow
in the lower part of the mandrel. As in many other cases, modeling could
thus be used to define the optimal shape of this channel, so that the polymer
is uniformly distributed, at the end of the distribution zone, i.e. at the start of
the axisymmetric zone [LEB 12].

7.3.2. Experimental studies

Most experimental studies, carried out in the 1960s, tried to establish the
effect of the die geometry on the quality of the finished product, more
specifically its surface quality.

Hammond [HAM 60] studied the influence of the “land” length (final
section of the die) as well as the angle of the conical section on surface
quality. He showed that the quality improves when the angle decreases at a
fixed wire speed. It, however, worsened when the wire speed was increased
at a fixed angle. By using dies with different “land” lengths (L) and exit
diameters (D), an optimum in surface quality was observed, at an L/D =~ 11.4
(fixed angle). King and Durno [KIN 64], however, believe that there is no
optimum: the greater L is, the better the surface quality.

At high speeds, the two main problems are extrusion defects and
breakage of the conductor, caused by an excessive force of interaction. In
addition, this force of interaction, particularly in the cooling tank, limits the
speed to a theoretical maximum of 3,500 m/min. One alternative would be to
use a spray cooling system, where the isolated conductor is no longer
immersed in water, but cooled by jets as it moves. A die with a diameter
smaller than that of the coated conductor is also recommended, since a swell
of 10% at the exit would decrease the force of interaction by 30%. However,
this method can cause surface defects since there is also an increased
pressure drop within the die.

The distance between the mandrel and the die (gum space) can also be
optimized to obtain the best possible surface quality [HAA 74].
7.4. Conclusion

The wire coating and cable insulation industry is a very technically active
sector, even though there are fewer theoretical studies than in other



Wire Coating and Cable Insulation 331

processes. Making use of the proper thermomechanical models, in this
domain, has the potential to greatly improve the understanding and
optimization of flow. This is particularly true in the two extreme cases: the
production of telephone wires, due to high production rates, and the
production of energy transport cables, due to the thick insulation and
extremely sensitive cooling conditions.
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take-up ratio, 257
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thermal
balance equation, 11-13
diffusivity, 14, 17, 232
effusivity, 19

time-temperature superposition, 10

transfer coefficient, 12, 16-18, 126,
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transverse flow, 88—89
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volumetric flow rate of the solid
polymer, 49

Weissenberg number, 216, 217

wire coating dies, 307-309
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