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THE coat-hanger melt distributor is a device commonly
used in the wire coating process. Its task is to distrib-
ute the melt around the conductor uniformly. It is quite
common that materials and flow rates differ from what
had been specified during the design procedure. This
may lead to bad performance with materials of very
different rheological properties from the design mate-
rial. In this article, we present an optimal design
approach to avoid this loss of performances. This
approach involves coupling a three-dimensional finite
element simulation software with an optimization strat-
egy based on a response surface method. The objec-
tive is to determine a coat-hanger melt distributor ge-
ometry that ensures a homogeneous exit velocity dis-
tribution that will best accommodate for a different
range of materials. A coat-hanger melt distributor with
a manifold of constant width is designed, and a set of
flow distribution measurements is established for two
different materials. The results of numerical simulation
are then validated by comparison with experimental
measurements. The effect of material change is also
investigated.

INTRODUCTION

The performance of extrusion dies depends, amongst
other things, on the design of the flow channel, the rheo-
logical properties of the material, and on the operating
conditions used during extrusion [1]. To investigate the
effect of the geometrical parameters on the flow distribu-
tion in the coat-hanger die, Wang [2] studied the influ-
ence of the manifold angle and the contour of the cross
section of the flow channel on the exit velocity distribu-
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tion using a three-dimensional (3D) finite element code
with isothermal flow of power law fluids.

Design of experiment, in particular the Taguchi
method [3], allows obtaining valuable information on the
important variables of the process. The effects of the vari-
ous factors are represented on graphs to support the dis-
cussion and to lead to the identification of key factors to
optimize flow distribution. Within this framework, Chen
et al. [1] showed, using Taguchi method, how the operat-
ing conditions, the type of materials, and the geometry of
the die affect the velocity distribution at the die exit.

The manifold of a coat-hanger die distributor should
be optimized for a uniform velocity distribution at the die
exit without excessively increasing the pressure drop
across the die. However, die complexity, rheological
behavior, and performance requirements lead to a high
number of numerical tests where the CPU time is often
very high for 3D simulations. However, if optimization is
attempted without a specific methodology, the solution
will most likely not be optimal. Thus, it appears important
to define a methodology for an efficient automatic numer-
ical optimization. Within this approach, we can mention
Smith et al. [4, 5]. The authors modeled both Newtonian
and non-Newtonian isothermal flow in a coat-hanger die
using a FE implementation of the generalized Hele-Shaw
two-dimensional approximation. An SQP algorithm is
used to optimize the die geometry in order to minimize
pressure drop subject to exit flow uniformity being within
a set tolerance. Sun and Gupta [6] have optimized a flat
die to obtain a homogeneous velocities distribution using
(BFGS) algorithm. A penalty function was introduced to
enforce a limit on the maximum allowable pressure drop
in the die. Carneiro et al. [7] used 3D computational rou-
tines based on the finite volume method to optimize the
flow channel of a specific profile extrusion die. The nu-
merical results obtained are compared with experimental
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data. The author proposes two optimization algorithms:
one based on the SIMPLEX method and a second one
that mimics the experimental trial-and-error procedure
usually employed in tools manufacture. For the design of
profile extrusion die, Michaeli and Kaul [8] used a combi-
nation of the finite-element-analysis and flow analysis net-
work to accelerate the iterative optimization process based
on the evolution strategy. Reifschneider [9] optimized the
manifold angle of the flat die with polynomial RSM using
3D nonisothermal flow analysis. Design variables con-
trolled the manifold angle with the objective to minimize
a uniformity index based on local flow rates at a number
of predefined sections at the die exit.

More often than not, neither the material nor the extru-
sion rate corresponds to what had been specified at design
time. Because of rheological properties that differ from
the design material, the performance may very degrade to
an unacceptable level.

Smith [10] shows that exit velocity distribution differs
between two materials and that it is influenced by the melt
temperature. The author was interested to optimize sheeting
die-cavity geometry under multiple operating conditions.
To simplify the optimization approach, the lubrication
approximation for isothermal flow of power-law fluids is
used. Design sensitivities needed for the SQP algorithm are
evaluated with the adjoin variable method to improve the
performance and accuracy of the computations.

In this article, we present an optimal design approach.
This approach involves coupling a 3D finite element sim-
ulation software with an optimization procedure (see sec-
tion “Optimization Procedure”). Our objective is to deter-
mine a coat-hanger melt distributor geometry that ensures
a homogeneous exit velocity distribution for different
materials and multiple operating conditions. The simula-
tion is used to quantify the quality of a die design and
includes a nonlinear constraint optimization algorithm to
update the die geometry.

The purpose of the experiments described below is to
document the effect of material change on the distribution
result and to validate the results of numerical simulations

Cylindrical die

Sketch of coat-hanger distribution system with wide manifold and narrow slit flow region.

by comparison with experimental data. After the validation,
we use the optimization procedure based on a response sur-
face method in order to improve the exit velocities distri-
bution by adjusting geometrical parameters.

EXPERIMENTAL DATA

Die Design

The objective of this study is to find a design proce-
dure for a distribution system that gives uniform exit ve-
locity over the die width. This uniformity should prefera-
bly be achieved with a die geometry that is independent
of flow rate or polymer viscosity.

Winter and Fritz [11] present a design procedure based
on simplified flow model. This model proposes to choose
specific cross-sectional geometries for the manifold and
calculate the corresponding contour lines y(x) (Fig. 1).
The main criteria of the manifold geometry are the invari-
ance to viscosity and flow rate change.

For a manifold of constant width (W) with W > H,
the die design is materials independent. The thickness
variation of the manifold is then given by:

H(x) = /(b —x)/W, (1
where 2b is the width of distribution system.
The corresponding contour lines y(x) is given as
follows:

y(x) = 2W+/(b — x)/W — 1. )

To verify the design procedure, one initial distributor
was built according to this theory and tested. The distribu-
tor has an outer diameter of 106 mm and a slit height of
3 mm, with a flat manifold of constant width (Fig. 2a).
The initial manifold height is slightly more than twice the
slit height (Fig. 2b). Because of the high aspect ratio, the
sidewall effects on the flow are small. Therefore, the flat
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FIG. 2. (a) Manifold contour variation. (b) Manifold thickness distribu-
tion.

and wide manifold should result in a long, but material
insensitive distributor.

Materials

According to Winter and Fritz [11] and Schléfli [12],
the exit velocity distribution of real distributors depends
on the slope (power law index) of the viscosity-strain rate
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FIG. 3. Viscosity of LDPE (Lupolen 1812D and 22H760) “Carreau &
Arrhenius law.”

TABLE 1. Rheological parameters of Lupolen 1812D.

o (Pa s™) m 75 (Pa) Trer (K) B (K)

43,434 0.347 10,555 473 6156

curve. This makes the exit velocity distribution sensitive
to the material and flow change. Two different polymers
are selected for this example (Fig. 3). A low density poly-
ethylene (LDPE) referred Lupolen 1812D is used because
of its rheological behavior. It is noted that the log-log-vis-
cosity curves are linear and the temperature dependence
of the viscosity is relatively small.

A second material referenced LDPE 22H760 is
selected. It is noted that the width of the transition region
between Newtonian and the power-law region is more
important.

A Carreau/Arrhenius viscosity model is used to charac-
terize the temperature (7) and shear rate (“'7) dependence

of viscosity:
? (m—1)
n= 1o [1 + (”0T>:| €)

1

1o(T) = no(Trer)exp [ﬁ <% - @ﬂ ; 4)

with

where 79, f§, Trer, m, and o are material parameters. The
rheological properties of the two polymers (Tables 1 and
2) are obtained from the data bases of Rem3D® commer-
cial software (MatDB®).

EXPERIMENTAL DATA AND NUMERICAL
VALIDATION

Measurements were carried out at Maillefer Extrusion
company on a 80 mm, 24 L/D, extruder. In the extrusion
head, the extrusion tool for production is replaced by a
flow separator setup which divides the flow into eight
strips (see Fig. 4). The circumferential melt distribution is
obtained by the repeated measurement of the mass flow
rate at 36-s intervals for each partial flow. Figure 4 illus-
trates the diagram of the distributor and the flow separa-
tor. The separator is designed to minimize flow resistance,
so that it will only marginally influence the distribution.
In practice, extrusion tools will have a significant resist-
ance to the flow, which will inherently improve the flow
distribution.

By symmetry, the measurements of flow rate on sec-
tors 1 and 5 remain unchanged. On the other hand, for

TABLE 2. Rheological parameters of LDPE 22H 760.

o (Pa s™) m 7, (Pa) Trer (K) B (K)

1602 0.48 11,243 473 4232
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FIG. 4. Principle of flow separator for melt distribution measurement.

sectors 2, 3, and 4, we, respectively, take the average of
the measurements of flow established for the sections (2
and 8); (3 and 7); (4 and 6).

The experimental data are obtained for the two differ-
ent materials mentioned [12]. The results are used to vali-
date the numerical simulation.

The numerical simulations were carried out using
Rem3D™ commercial software [13]. Because of symme-
try, we model only half of the die cavity. The finite ele-
ment model includes 51,512 nodes and 252,593 elements.
The process parameters (i.e., flow rate Q,, die wall tem-
perature T, and melt temperature 7,,) are listed in Table
3 for the two materials.

For each sector, the dimensionless average velocity v?
is defined by

®)

with

w=—oVN"¥ (6)

where v and ¥} are, respectively, the global average veloc-
ity and the average velocity for each s section (sector), v;
is the velocity in each node j, which belongs to the sec-
tion S;, and N* is the number of nodes for each section on
the die exit.

The global relative deviation Efo, is calculated by the
sum of the relative deviations in each section as follows:

Ns Ns
Ey =Y E =Y 100.[ -1 ()
i=1 i=1

TABLE 3. Experimental data.

Tests 1 2
Materials PEBD (1812D) PEBD (22H760)
Die wall temperature (Ty,) [°C] 194 185
Melt temperature (Ty,) [°C] 193 188
O, [kg/h] 17.87 16.77
0, [kg/h] 18.05 16.92
05 [kg/h] 17.77 16.62
Q4 [kg/h] 15.84 14.85
0Os [kg/h] 12.78 12.19
Qe [kg/h] 15.16 14.19
05 [kg/h] 17.1 15.78
Qg [kg/h] 17.59 16.32
Or [kg/h] 132.16 123.64
0, [mm?/s] 47,738 44,660

Figure 5 illustrates the dimensionless average exit
velocities distribution as measured and as calculated for
each section on the outlet side of the initial die. The
manifold of this initial die is of constant width and has an
initial aspect ratio of #/w = 0.11. According to the theory
presented in [11], this design should behave particularly
well and be practically material-independent. However,
distribution nonuniformity is important and perfectly pre-
dicted by the calculation (see Fig. 5). The velocity is
more important in the sections (sectors) (1), (2), and (3)
and weaker in the sections (4) and (5).

Figure 6 presents the exit velocity distributions, pres-
sures, and shear rate field in the initial geometry. The ve-
locity distributions obtained by 3D finite element model
and experimental measurements show the limitations of a
design method using a one-dimensional model such as pre-
sented by Winter and Fritz [11]. The flow paths between
the inner and outer manifold wall become significantly dif-
ferent, and the manifold flow can no longer be treated as a
1D duct flow. The local flow properties across the manifold
are no longer constant. This is illustrated by the shear rate
field (Fig. 6¢), which shows two zones of different shear
with a possibility of a stagnating zone with high viscosity
and low shear rate close to the rear manifold wall.
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FIG. 6.
Velocity distributions, (b) pressures, and (c) shear rate field.

Simulation results using Rem3D®™ (LDPE Lupolen 1812D). (a)

The same phenomenon is observed in Fig. 7. The poly-
mer used for this example is LDPE 22H760 with a flow
of 124 kg/h. This figure illustrates the calculated and
measured exit velocity distribution. We note with this
study that the material has a weak influence on the exit
velocity distribution as expected from the design theory.

However, the observed nonuniform velocity distribu-
tion and the shear rate field (Figs. 6-8) are not predicted
by the theory [11]. This is due to the already mentioned
3D character of the manifold flow. Clearly, 3D effects are
important for such designs as [11], and they were not
taken into account by this theory.

FORMULATION OF THE OPTIMIZATION
PROBLEM

Objective and Constraint Functions

The optimization problem and solution procedure
described below permit to develop a coat-hanger melt dis-
tributor capable of performing well under a range of dif-
ferent materials and various operating conditions.

This optimization problem consists in determining a
geometry that results in a homogeneous exit velocity dis-
tribution: this corresponds to the minimum of the velocity
dispersion (E). The objective has to be reached under the
condition that pressure consumption is same or less than
the initial distributor; this condition translates into a con-
straint function (g).

min J(P) =£
( ) PEO, (PO) , (®)
suchthatg=———— <0
(Po)
where (/) is the normalized objective function. The veloc-
ity dispersion (F) is defined as:
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FIG. 7. Calculated and measured velocity distribution (LDPE 22H760).

Variables Ej and P, are, respectively, the velocity disper-
sion and the pressure in the initial die, N is the total number
of nodes at the die exit in the middle plane, v; is the velocity
at exit node i, and V is the average exit velocity:

V= %Z vi. (10)

The constraint function (g) is selected in a way to be
negative if the pressure is lower than the pressure
obtained by the initial die design (the pressure must be
even lower compared with the initial pressure).

Design Variables

For a diameter of 106 mm (b = 166.5), a slit height of
3 mm and an initial manifold of constant width, the con-
tour lines y(x) and the thickness variation of the manifold
are calculated starting from Egs. 3,4 given by Winter and
Fritz [11].

During the optimization procedure, external contour
lines of the die (determined by the initial parameters)
remain constant. Consequently, two variables will be opti-
mized in order to ensure better exit velocity distribution:
manifold thickness and manifold width variation (Fig. 9).
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FIG. 8. Simulation results using Rem3D®™ (LDPE 22H760). (a) Veloc-

ity distributions, (b) pressures, and (c) shear rate field.



W inin

Winax

FIG. 9. Optimization variables W(y) and H(y).

Initially, the manifold width W, is constant. During the
optimization procedure W varies linearly along the length
of the manifold (y).

W(y) =P(y)a, (11)
where P = [l y] is the polynomial basis function, and
a= {Zl} are the unknown coefficients that are deter-
mined l;)y the boundary conditions:

{W(ymax) = IYVO (12)

W) =Ww

where Wy = 50 mm is the initial manifold width in the
entry of the die, and W* is the manifold width on the out-
let side of the die. This parameter can vary during the
optimization procedure. The second variable (manifold
thickness) varies linearly along the length of the die with:

H( max) = Hk
{H((y)) —h (13)

where 41 = 3 mm is the slit height of the die and H* is
the manifold thickness at the entrance. This second vari-
able can vary during the optimization procedure. Each
variable has its geometrical limitations which are respec-
tively: 5 < W* < 60 mm, 5 < H* < 15 mm (Fig. 9).

To automate the optimization procedure and to save
time, a subroutine allowing to treat the CAD and to
change the die geometry automatically has been devel-
oped in a Matlab®™ environment. From the one-dimen-
sional model [11], we obtain the manifold contour line,
and then with the optimization variables, we obtain the
manifold thickness and width variations. From the mani-
fold contour line, width, and thickness, a 3D mesh of the
coat-hanger melt distributor is generated.

Optimization Procedure

The quality functions (Eq. 8) are implicit compared with
the optimization parameters and their evaluations need a
complete numerical analysis of the extrusion process. This
requires large computation times. To obtain the optimum
parameters at low cost and with good accuracy, the
Response Surface Method (RSM) is adopted [14, 15] and
coupled with an auto adaptive strategy of the research space
(Fig. 10). The RSM consists in the construction of an ap-
proximate expression of objective and constraint functions
starting from a limited number of evaluations of the real
function (numerical analysis). To obtain a good approxima-
tion, we used a Kriging interpolation [16, 17] technique. In
this method, the approximation is computed by using the
evaluation points by composite design of experiments.

Once the approximation of the objective and constraint
functions are built for each iteration, the Sequential Quad-
ratic Programming (SQP) algorithm is used to calculate
the optimal approximate solution which respects the
imposed nonlinear constraints. To avoid being trapped in
a local optimum, and in order to respect the imposed non-
linear constraint, we use an automatic procedure which
launches the SQP algorithm from each point (NP) of our
experimental design (Fig. 10a). We choose then the best
approximate solution among the NP solutions obtained by
the various optimizations. After that, successive local
approximations are built in the vicinity of the best ap-
proximate solution using a weight function of Gaussian
type. The iterative procedure stops when the successive
optima of the approximate functions are superposed with
a tolerance ¢ = 107° (Test no. 1). Finally, a last evalua-
tion is carried out to obtain the real response in the opti-
mization iteration.

An adaptive strategy of the search space (Fig. 10b) is
applied in order to identify the global optimum with
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lower cost. For this, during the progression of the proce-
dure, the region of interest moves and zooms on each op-
timum. The goal is to reuse the interpolation points of the
zoomed area and to enrich them with new interpolation
points obtained by the new design of experiment. The
iterative procedure stops when the successive optima are
superposed with a tolerance ¢ = 10> (Test no. 2).

EXAMPLE OF DIE DESIGN PROBLEMS

The optimization result relates to the improvement of
the coat-hanger melt distributor geometry in order to
ensure a homogeneous exit velocity distribution for a
range of materials and for multiple operating conditions.

TABLE 4. Summary of the results.
Die design Initial Optimal
CPU time 12 h 30 min
N simulations — 19
N iterations 0 2
Total relative deviation E 8.76 % 0.81%
Objective function f 1 0.09
Improvement of the — 91%
velocity distribution
Constraint function 0.98 0.99
Global relative deviation of 52.23 2.68
the average velocities Ej
Improvement of the average — 95%
velocity distribution
Variable W (mm) 50 18.5
Variable H (mm) 5.51 5.5

For the original design, we noted both numerically and
experimentally, for two different materials in which the
exit velocity is about 10% above average at the die en-
trance and about 20% below average at die exit.

The optimization example was carried out for LDPE
Lupolen 1812D and with a flow rate of 132 kg/h. By
symmetry, only one half die is modeled. To show the
improvement of the exit velocity distribution compared
with the initial design, we deferred on the convergence
story the value of the objective function corresponding to
the initial die geometry (a flat manifold of constant width
Wy = 50). The pressure obtained in the initial die geome-
try is 13.74 MPa. The constraint on the pressure was
imposed so that the pressure in the optimal coat-hanger
melt distributor does not exceed P§j = 14 MPa. The
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TABLE 5. Relative velocity deviations (experimental data and numerical calculations).

Data 1 2

Materials Lupolen 1812D LDPE 22H760

Die design Initial Optimal Initial Optimal
Relative deviations Exp (%) Calcul (%) Calcul (%) Exp (%) Calcul (%) Calcul (%)
E} 9.76 10.12 0.94 9.89 7.8 0.87
E5 9.45 10.1 0.22 8.91 6.82 0.23
E5 7.09 5.89 0.11 6.16 4.18 0.13
E} 4.8 5.01 0.18 4.85 4.02 0.1

E; 21.5 21.11 1.23 20.12 14.79 1
Global relative deviations Ej, 52.58 52.23 2.68 49.93 37.61 2.34

results of optimization are carried out on a machine Pen-
tium D, 3.4 GHz, 3.0 Go RAM.

Table 4 presents a summary of the results obtained with
the initial and optimal die design. The total relative devia-
tion obtained with the optimal die design is very weak of
about 0.81%, which is equivalent to an improvement of
about 91% compared with the reference design. The partial
average exit velocity in the various sections is improved of
about 95% compared with experimental measurements. We
notes that the variable H did not change. On the other hand,
the width W of the manifold is significantly reduced to a
value of 18.5 mm at the manifold exit.

The convergence history during the optimization run is
presented in Fig. 11. The optimal solution is obtained
starting from the second iteration. The objective function
is then reduced by 91%. The optimization strategy clearly
showed its capacity to obtain an optimal solution with a
very fast convergence.

Table 5 indicates the relative velocity deviations before
and after optimization for two polymers of different rheo-
logical behaviors. We noted on Figs. 12 and 13 that, after
optimization, the relative average velocities deviation for
each section decreased considerably. This implies a better
distribution on the optimal die for the two materials con-
sidered.

LDPE (Lupolen 18120)

@ Initial { ex perimental data)
& Initial (calc ulated Rerm3D)
| Optirral (calculated Rem3D)

25%

20% 4+

15%

Relative velocity deviation

S1 S2 83 S4
Sectors

FIG. 12. Relative deviation of the average velocities in the different
sectors (Lupolen 1812D).

We note in Fig. 14 that the optimized die design is
independent of polymer viscosity, and a uniform veloc-
ity distribution is obtained for two materials with differ-
ent rheologies. The pressure did not exceed the imposed
initial pressure P§ = 14 MPa, and thus the constraint on
the pressure level is respected. The pressure is higher in
the case of Lupolen 1812D and it is weaker for the
22H760.

This optimization problem was formulated in way to
find the best velocity distribution at the die exit while
avoiding the increase of pressure compared with the
pressure obtained in the initial die. If the second crite-
rion (pressure drop in the die) is introduced like an
objective function the result must be different and the
optimization problem should be formulated to minimize
the pressure drop in the die such that the exit velocity
distribution (constraint function) must be uniform. The
constraint function (g) is the computed exit velocity var-
iation. A zero value of g indicates that the computed
exit velocity equals the prescribed exit velocity over the
entire width of the exit, i.e., the exit velocity is every-
where uniform. We can include a small tolerance ¢
on the exit velocity variation to ovoid the numerical
perturbations.

LDPE (22H760)
25%
0 Inttial { experimental data)
g B Inttial (c alculated Rem3 D)
g 20% 1 m Optimal (calculated Rern3D)
g
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FIG. 13. Relative deviation of the average velocities in the different
sectors (LDPE 22H760).
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CONCLUSIONS

In this article, application of an optimization method
for coat-hanger melt flow distributors is presented. The
optimization method is based on a Surface Response
Method and has a very fast convergence, which is an
advantage when time-consuming flow analysis calcula-
tions are involved.

The method was applied to determine an optimal coat-
hanger melt distributor starting from an existing design,
for which experimental melt flow distribution perform-
ance was available. These experimental results were first
used to validate the melt flow analysis calculation.

The optimized melt flow distributor showed an excel-
lent distribution for materials with different rheological
behaviors.

The numerical optimization algorithm presented in this
work shows its suitability and robustness as a tool for
extrusion die design. It proves its capability of predicting
optimal die geometry with uniform velocity distribution
for a range of polymers, at satisfactory computing times

for 3D Finite Element flow analysis. Future research will
involve experimental verification of the optimization of
complex helicoidally dies.
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