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Abstract

Geometry of a flat die for polymer sheet extrusion is
optimized to obtain a uniform velocity distribution across
the exit of the die. While optimizing the exit velocity
distribution, the constraint optimization algorithm used in
this work enforced a limit on the maximum allowable
pressure drop in the die. Effect of the shear as well as
elongational viscosity of the polymer on the flow in the flat
die is taken into account.

Introduction

Flat die (Fig. 1) is commonly used to extrude thin
sheet of plastics [1, 2]. The flow channel cross-section at
the entrance of a flat die is typically a circle or a rectangle
with a small aspect ratio. In a flat die, this initial cross-
section is gradually transformed to a large aspect ratio
rectangle required for sheet extrusion. However, if the
channel geometry in a flat die is not designed properly the
velocity at the exit of the flat die may not be uniform. A
non-uniform velocity distribution at the die exit may lead
to a variation in the sheet thickness across the width of the
die. Since a tight control on thickness is required for a high
quality plastic sheet, the main goal in design of a flat die is
to optimize the die channel geometry such that a uniform
velocity distribution is obtained at the die exit [3 — 9]. The
flow obstruction provided by the thin and long land near
the exit of a flat die increases the uniformity of the velocity
distribution at the exit. In general, uniformity of the exit
velocity can be improved by increasing the length of the
die land. However, an increase in land length rapidly
increases the pressure drop across the die if the same flow
rate is maintained or rapidly decreases the flow rate for a
fixed pressure drop across the die. Therefore, channel
geometry of a flat die should be optimized such that a
uniform velocity distribution at the die exit is obtained
without excessively increasing the pressure drop across the
die. The complexity of the polymer rheology further
increases the difficulty of the die optimization problem. If
the rheology of a polymer is not accounted accurately
while optimizing the die, the predicted velocity, pressure
and temperature fields are expected to have large errors,
which may result in a suboptimal die design. The diversity
in the rheology of different polymers also necessitates
individual optimization of the die for each polymer. A
suboptimal combination of polymer and die channel

geometry often requires supplementary equipment such as
chocker bar [1, 2] to obtain a uniform velocity at the die
exit. Such a trial and error approach is not only expensive,
but also increases the pressure drop across the die.

In the present work, a software for optimization of the
geometry of flat dies has been developed. This software
uses the PELDOM software [10] for a three dimensional
simulation of the flow in extrusion dies. To simulate a non-
isothermal polymeric flow, the flow simulation software
accounts for the strain-rate- and temperature-dependence
of the shear as well as the elongational viscosity of the
polymer [11 — 15]. The viscosity models and the values of
the various parameters in these models for the polymer
used in the present work are summarized in the next
section.

Material Properties of the Polymer

In the present work, geometry of a flat die was
optimized for a low-density polyethylene (Dow 132i). To

capture the strain-rate dependence of the shear (7),) and

elongational (77,) viscosities of the polymer, the Carreau

model (Eqn. 1) [16] and the Sarkar-Gupta model (Eqn. 2)
[13], respectively, were used in this work:
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where, e, =+2(¢:2) is the second invariant of the strain-

rate tensor g =(Vip+V9y')/2, with v being the velocity,
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the Trouton ratio at low strain rates, is 3 for an
axisymmetric flow and 4 for a planar flow, and
7,,0,A4,,,4,,nand m are material parameters.

The Arrhenius model [16] was used for temperature
dependence of the zero-shear viscosity:

n,=Aexp(T,/T) (3)
where, T is the temperature of the polymer, and A and
T, are material parameters. The temperature dependence of
A, A, and A, were obtained by using the time-temperature
superposition principle along with the Arrhenius model
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(Eqn. 3). Values of wvarious shear and elongational
viscosity parameters were given in references [15, 17].

The thermal conductivity (K ), density ( o) and heat
capacity (C p) of the polymer were assumed to be constant

for the range of temperature in the flat dies. Since the
actual values of K , p and Cp for Dow 132i were not
known, typical values of these parameters for a low-
density polyethylene ( K =0.25 WmK, p =740 kg/m’®,
C,= 2300 J/kgK), were used for the flow simulation.

Optimization of the Channel Geometry of a
Flat Die: Problem Formulation

It was mentioned earlier that the goal in design of a
flat die is to minimize the velocity variation across the die
exit without excessively increasing the pressure drop in the
die. This can be formulated as a constrained optimization
problem as follows.

Minimize V(x)= . ; : “)

such that )
where i denotes a node at the die exit, N is the total
number of nodes at the die exit, v, is the velocity at an exit
node, v is the average exit velocity, P is the pressure drop
across the die, Fjis the specified limit for the pressure
drop across the die, and x is a set of the die geometry
parameters, which are to be optimized.

As discussed before, in general a more uniform
velocity distribution can be obtained at the die exit if the
limit for the pressure drop across the die is increased.
Accordingly, for the optimum die geometry the pressure
drop across the die is expected to be the specified pressure

limit £, . Since an equality constraint is easier to

implement than an inequality constraint in an optimization
problem, in the present work, the inequality in Eqn. (5)

was implemented as an equality constraint: P(x) = F,. To

enforce this pressure constraint, the quadratic penalty
method was used in this work [18]. The modified objective
function thus obtained is

ﬂﬁ=wm+;mn ©)

where
G(x)=(P(x)=R)’ ©)
and 4 is the penalty parameter. Typically, in the quadratic

penalty method, to closely satisfy the constraint, the value
of uis reduced in each optimization iteration. However,

the optimization problem gets ill conditioned as 4 — 0,
resulting in severe numerical difficulties as 4 becomes
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small. Furthermore, the goal in the present work is not to
satisfy the pressure constraint exactly, but to make sure
that the pressure drop across the die does not increase
excessively beyond the specified limit. Therefore, instead
of decreasing the penalty parameter in each iteration, a
constant value, given below, was used.
V( x(O))
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where V(x'”) is the value of V(x) for the initial die

design. With this value of the penalty parameter, the value
the pressure penalty term in Eqn. (6) is equal to that of the

®)

velocity variation term when ‘ P(x) _P()V Py =0.1. It was

found that the value of penalty parameter in Eqn. (8),
enforces the pressure constraint with a reasonable accuracy
and also avoids the ill-conditioning of the quadratic penalty
method.

In the present work, the geometry of a flat die was
defined by nineteen geometric parameters. For the die
shown in Fig. 1, the values of these parameters, which
were taken from reference [5], are given in table 1. Out of
these nineteen parameters, some of the parameters (die
width, manifold center depth, inlet length, inlet width, and
land gap in center) are fixed and are given as design
specifications. Some of the remaining parameters (preland
side length, manifold backwall angel, manifold angle, and
secondary manifold angle) were found to have only a
minimal effect on the exit velocity distribution and on the
pressure drop in the die. Therefore, to improve the
efficiency of the optimization algorithm, the values of
these parameters in the initial design were left unaltered
during the design space exploration in the optimization
problem. To further reduce the number of design variables,
the secondary manifold center length was set to the same
value as that of the secondary manifold side length.
Therefore, only the values of nine geometric parameters
are optimized in this work to minimize the velocity
variation at the die exit. The BFGS optimization algorithm
[18], which is a quasi-Newtonian optimization method,
was used in this work.

Optimization of the Channel Geometry of a
Flat Die: Results and Discussion

The optimization scheme described in the last two
sections along with the material properties given in
reference [15] were used to optimize a flat die for
Dow132i. The design of the flat die based upon the values
of the various geometric parameters given in table 1, which
are taken from reference [5], was employed as the initial
design for the optimization scheme.

A flow rate of 2.56x10™* m?/s was specified at the
entrance, and the temperatures at the die wall and at the die
entrance were 473 and 503 K. Effect of the high
elongational viscosity of polymer on the flow in this initial
die design has already been analyzed in our earlier



publication [15]. By comparing the flow simulation
including the effect of elongational viscosity with the
simulation using a generalized Newtonian formulation, we
found that the elongational viscosity has large effect on the
pressure and temperature distributions in this die. In
particular, when the effect of elongational viscosity was
included in the simulation, the predicted pressure drop in
the die increased by 17%, whereas the temperature at the
die exit increased by about 8 °C.

For the initial die design, the velocity, pressure and
temperature distributions at the mid-plane of the die are
shown in Fig. 3 (a), 4 (a) and 5 (a). Figs. 3 — 5 also show
the velocity, pressure and temperature distributions for two
other flat die designs obtained during the iterative
optimization process. Figs. 3 (b), 4 (b) and 5 (b) show the
velocity, pressure and temperature distributions for a
design obtained at an intermediate optimization iteration,
whereas the distribution in Fig. 3 (c), 4 (¢) and 5 (c) are for
the final optimized design. The velocity, pressure and
temperature distributions in Fig. 3 — 5 were obtained by
including the effect of elongational viscosity of Dow 132i.
The values of the nine geometric variables for the
intermediate and optimized die are given in Table 1.

Qualitatively, the velocity distributions at the exit of
the intermediate and optimized dies in Fig. 3 (b) and (c) are
more uniform than the exit velocity in the initial die design
in Fig. 3 (a). For a quantitative comparison, Fig. 6 shows
the mid-plane velocity across the exit of the die. It is
evident from Fig. 6 that in the initial die design, the exit
velocity in the middle one-third of the die is significantly
higher than the velocity in the two one-third portions of the
die near the two ends. In Fig. 6, the exit velocity
distributions for the intermediate and optimized die designs
are much more uniform across the complete width of the
die. Only in the small regions near the two ends of these
two dies, the exit velocity reduces to zero to satisfy the no-
slip condition at the walls.

The pressure drop in the initial die design was
specified as the pressure drop limit, P, in the optimization

algorithm. That is, the goal was to improve the uniformity
of exit velocity without increasing the pressure drop in the
die. It should be noted that even though the values of
various geometric parameters in Table 1 are significantly
different for the three dies, the pressure drops across the
three dies in Fig. 4 are almost the same. To improve the
uniformity of die exit velocity, the length of the land near
the exit is typically increased. Against this general practice
in flat die design, the optimization program in fact reduced
the land length. Since the total pressure drop in the die was
enforced to remain unchanged by the pressure constraint,
the reduction in pressure drop in the land for a smaller land
length, allowed the change in the various geometric
parameters for the manifold, preland and secondary
manifold without increasing the total pressure drop in the
die. To obtain a uniform velocity distribution at the exit,
the dimensions of the preland and secondary manifold in

the thickness direction were reduced, whereas, the axial
dimension of the manifold as well as that of the preland
was decreased. In particular, secondary manifold depth
was reduced by almost 50%, preland gap was reduced by
7%, whereas, preland center length and manifold center
flat length were increased by 45% and 10%, respectively.
The changes in these four dimensions increased the
pressure drop in the manifold, preland and secondary
manifold, but this increase in pressure drop was
compensated by the reduction in pressure due to a smaller
land length. Other dimensions, which are changed
significantly by the optimization algorithm, are manifold
side depth and manifold end sweep length. The increase in
the manifold side depth and manifold end sweep length,
probably does not affect the pressure drop significantly,
but helps in distributing the polymer across the die width
as it comes out of the inlet channel.

Instead of having a wuniform exit temperature
distribution, all three temperature distributions in Fig. 5
have bands of high and low temperatures. Such
temperature bands are often observed in sheet extrusion.
However, it is noted that since more polymer is flowing
towards the two ends of the intermediate and optimized
dies (see Fig. 6), in comparison to the shear heating in the
initial die (Fig. 5 (a)), the shear heating, and hence, the
temperature in the intermediate and optimized dies (Fig.
5(b) and (c)) is lower near the middle of the die and higher
near the ends.

Conclusions

A software for optimizing the geometry of a flat die
for polymer sheet extrusion has been developed. The
optimization software used the PELDOM software to
simulate the polymeric flow in the flat die. The software
developed in this work successfully optimized the
geometry of a flat die such that a uniform velocity
distribution was obtained at the die exit, without increasing
the pressure drop in the die.
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Table 1 Geometric parameters for the three different flat die geometries.
Lengths Initial (cm) Intermediate (cm) Optimized (cm)
Preland gap 0.61 0.50 0.57
Preland center length 5.08 6.34 7.39
Secondary manifold center length 5.08 5.15 5.09
Secondary manifold side length 5.08 5.15 5.09
Secondary manifold depth 0.635 0.51 0.32
Land length 2.54 247 2.20
Manifold side depth 1.02 1.18 1.34
Manifold center flat length (including radius) 1.52 1.64 1.68
Manifold side flat length (including radius) 1.02 1.02 1.02
Manifold end sweep length 10.16 12.38 12.48
Values of parameters which remained unchanged during the optimization
Lengths cm Angles degrees

Die width 101.6 Manifold backwall angle 85
Die length (including channel) 33.0 Manifold angle 20
Inlet width 10.16 Secondary manifold angle 20
Manifold center depth 3.81
Preland side length 0.00254
Land gap in center 0.102
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Finite element mesh in the initial flat die design.
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Fig. 3 Velocity distributions in the mid-plane of the initial Fig. 5 Temperature distributions in the mid-plane of the
(a), intermediate (b), and optimized (c) designs of the initial (a), intermediate (b), and optimized (c) designs
flat die. of the flat die.
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Fig. 4 Pressure distributions in the mid-plane of the initial (a),
intermediate (b), and optimized (c) designs of the flat

die.

Fig. 6 Exit velocity across the width of the flat dies.
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