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Abstract Rubber profile manufacturers have strong incen-
tives to optimize the design of their extrusion dies and reduce
the longer development times. Computational fluid dynamics
(CFD) modeling is today the most effective alternative to tra-
ditional methods for adjusting die geometry and extrusion
parameters. However, in practical terms, CFD modeling is
often hindered by particular features of the extrusion process
such as the lack of a single constitutive equation for all types
of rubber flow. This article proposes a practical methodology
based on simulation results and experimental data from an
easy-to-build 4-channel die to help in the selection of the most
adequate constitutive model of a rubber blend. The methodol-
ogy was validated in a particular ethylene-propylene-diene
monomer (EPDM). Characterization experiments were first
carried out to obtain three constitutive models: Herschel-
Bulkley, Bird-Carreau, and power law. Then, the EPDM was
extruded in the manufactured die, and the total rubber that
passes through the 4-channel die together with the inlet pres-
sure was measured. CFD simulations of the 4-channel die
were lastly analyzed. In our case study, the Bird-Carreu mod-
el, experimentally obtained by dynamic mechanical analysis,
turned out to be the best candidate model for the EPDM
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studied. Subsequently, we demonstrated that a valid constitu-
tive equation can be effectively selected by applying the meth-
odology proposed with relatively low cost.
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FEM Finite element method

FVM  Finite volume method

EPDM Ethylene-propylene-diene monomer
GNF Generalized Newtonian fluid

DMA  Dynamic mechanical analysis

1 Introduction

Long rubber profiles with heterogeneous cross-section shapes
are traditionally installed in the opening and shutting parts of
vehicles, such as windows, doors, or trunks [1]. They reduce
noise and vibrations, as they seal the vehicle and also prevent
air and water from getting into the cab. Nowadays, the auto-
mobile industry demands that long profile manufacturers meet
extremely high-quality standards [2]. Profiles that do not ful-
fill the strict requirements must be discarded, reducing the
production rate [3]. Besides, with today’s ever-changing glob-
al markets, new vehicle models are debuting on the market at
an extremely fast rate, enforcing profile manufacturers to re-
duce design times and optimize their extrusion processes [4].

Die design and fabrication clearly lack of automation and
current methods mainly relies on a trial-and-error basis

@ Springer


http://orcid.org/0000-0003-0413-4965
http://dx.doi.org/10.1007/s00170-016-9537-9
http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-016-9537-9&domain=pdf

2378

Int J Adv Manuf Technol (2017) 90:2377-2387

influenced by previous experiences [5]. When an automotive
company demands a new profile, the geometry of the extru-
sion die is first designed by using computer-aided design
(CAD) tools [6]. However, given only the die geometry, de-
signers do not have a direct means of verifying profile’s qual-
ity and final shape [7]. Therefore, once the extrusion die is
machined according to the initial digital design, repeated
extrusion trials and manual die modifications are carried
out to give experts better guidance to file down or add
material to different passages of the plates that form the
die. In case of commercial profiles, more than a dozen
cycles are required before the desired profile is produced,
which increase costs and create extended periods of time to
start the mass production [8]. Moreover, the success of this
adjustment strongly relies on the designers’ technical qual-
ification and experience [9].

This time-consuming adaptation process can be short-
ened by using computer simulations of rubber extrusion
dies [10, 11] that replace physical extrusion trials [12].
The computational models developed can be used not only
to predict product’s final geometry [13] but also to enclose
within an optimization framework that helps in the adjust-
ment of die dimensions [14, 15]. In this context [16], a
wide variety of modeling approaches has been already test-
ed [17]. Analytical formulas were the first models used to
predict different parameters of the rubber extrusion process
[18, 11]. Data-driven-based models have also been used to
estimate the flow behavior [9, 14], but simulations based
on computational fluid dynamics (CFD) are the most ef-
fective tool for modeling extrusion processes [19]. CFD
models are based on the physical principles underlying
the extrusion process [20]. An approximate solution of
the system of governing equations can be obtained using
numerical procedures such as the finite element method
(FEM) [3] or the finite volume method (FVM) [21]. Both
approaches assure the accuracy and repeatability of the
simulation results; however, the number of published
works where complex commercial extrusion dies are sim-
ulated is relatively low. Some exceptions are the works of
del Coz Diaz et al. [22, 23] showing acceptable results but
with weak validation processes based on velocity profiles.
In addition, research on novel CFD codes has tended to
focus on easier scenarios with profiles of simple cross sec-
tion rather than working with the complex geometry of
commercial profiles [24] [25]. Other research works have
simulated the evolution of the rubber flow only in a spe-
cific part of the die such as the land plate [26], and even in
some cases, CFD simulations were performed in a two-
dimensional (2D) domain [27, 28].

The simulation of extrusion dies of commercial rubber pro-
files still represents a challenge seldom embraced mainly due to
the existing convergence issues and the lack of experimental
data. This paper copes both problems by analyzing the viscous
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constitutive equations of rubber compounds [29]. The constitu-
tive equation relates the applied shear stress (7) with the shear
rate (y) by means of the apparent viscosity (r). Determining
the correct constitutive equation is not a univocal process. The
viscous part of the equation could be modeled from a simple
Newtonian model to highly complex non-Newtonian ap-
proaches such as the power law, Bird-Carreau, Herschel-
Bulkley, and Carreau-Yasuda. The elastic part may be also tak-
en into account when working with some complex phenomena
such as the die swell [30-32]. Elastic behavior could be
modeled using equations such as the upper-convected
Maxwell and Oldroyd-B model. Moreover, variations in viscos-
ity through different melting temperatures can be significant
under some specific conditions, so it has to be accounted using
Arrhenius, Fulcher, or Williams-Landel-Ferry laws.

The selection of the equipment required for the experimen-
tal tests is not a direct decision. Rubber compounds present
significant higher viscosity values than other traditional fluids
simulated by CFD [12]. In some cases, several experiments
are required prior to select the rheometer whose operating
conditions are closer to the real process [33]. Therefore, both
the constitutive equation that better capture the behavior of the
rubber and the experimental procedure required for determin-
ing its parameters are difficult to select a priori. This situation
usually generates a considerable uncertainty regarding the ma-
terial behavior and also in the CFD simulation results.
Ensuring the right constitutive equation will not only remove
a critical factor that may lead CFD simulations to divergence
but also will help in model validation purposes.

This paper tackles the aforementioned issues from a practical
point of view. Using a commercial FE package and an easy-to-
build 4-channel extrusion die, we propose a methodology to
validate constitutive models obtained from rheological charac-
terization for rubber compounds. The methodology was vali-
dated with an ethylene-propylene-diene monomer (EPDM)
produced by Standard Profil S.A. (labeled as EPDM-917).
This methodology might be implemented for helping in the
creation of more reliable CFD models of the rubber extrusion
dies. Our ultimate goal is to promote the adoption of CFD
modeling techniques in the manufacture of rubber profiles as
well as boosting the automation of die design processes.

2 Description of the methodology proposed

A practical methodology is presented to help in the selection of
the constitutive model that represents better the rubber blend
behavior on a particular extrusion process, such as the one in
Fig. la. The methodology allows us to select the most adequate
constitutive equation every time a new rubber blend is included
in production. We create a simplified scenario using a non-
commercial 4-channel extrusion die detailed in Figs. 1b—d,
where a series of numerical simulations with different
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Fig. 1 General overview of a rubber profile leaving the plate die in the
extrusion line (a) and the proposed 4-channel die: CAD design (b),
extruder mounting plate (c), and die land plate (d)

constitutive equations can be easily performed within an ac-
ceptable time [34]. This methodology is divided into four steps:

1. To carry out a series of experiments where the new com-
pound is extruded in the 4-channel die. The total flow that
leaves each channel is measured.

2. To determine the potential constitutive equations of the
compound. These are obtained experimentally following
different characterization approaches.

3. To perform numerical simulations of the fluid going
through the 4-channel die using the constitutive equations
determined in step 2.

4. To compare the results of the numerical simulations
against the experimental data. The constitutive equation
of the simulation which results gets closer to the experi-
mental values is selected as the best candidate for simu-
lating the compound on commercial dies.

Note that even if none of the candidate constitutive equa-
tions fulfills the desired degree of accuracy, some information
can still be drawn to help in the selection of better models or
the reorientation of the characterization experiments.

3 Materials and methods
3.1 Non-commercial 4-channel extrusion die

The proposed methodology requires the manufacturing of an
easy-to-build 4-channel extrusion die with lower geometric

complexity (Fig. 1b) than those manufactured for commercial
purposes. The die extrudes four circular-shaped profiles with the
following diameters (in mm): 6, 8, 10, and 12. Circular-shaped
channels allow high-quality extrudate products for a wide range
of rubbers and operation conditions [4]. This makes easier and
more objective the validation based on the percentage of total
flow that goes through each channel. The circular-shaped geom-
etry ensures the generalization capacity of the simulation results.
Hence, the extrusion conditions in terms of viscosity and local
shear rate are similar to extrusion dies of commercial profiles.

Two plates compose the die: the extruder mounting plate
(Fig. 1¢) and the die land plate (Fig. 1d). The mounting plate is
designed to conduce rubber from the inlet section to the en-
trance of the four exit channels at similar pressure values. The
land plate needs enough depth to obtain a fully developed
rubber flow at the exit of each channel. The extrusion die used
in this research work was manufactured at the Standard Profil
S.A. plant located in northern Spain.

3.2 Finite element model of the rubber extrusion die

Finite element (FE) analysis of extrusion die is performed
using the commercial CFD solver Ansys Polyflow 14.0 [35]
run on an Intel Xeon® Processor E5410 (12 MB cache,
2.33 GHgz, 1333 MHz FSB). The software implements the
FEM [21] instead of the FVM [36] to solve the governing
equations and also includes packages for modeling general-
ized Newtonian fluid (GNF).

The system of governing equations is comprised by mo-
mentum (Navier-Stokes, Eq. 1) and mass conservation (Eq. 2)
equations [37]. Energy equations are excluded as isothermal
flow is assumed leaving the governing equations as follows:

DV

- =
pF:f—i—V-mj (1)
op = —

where p is the density, V s the velocity vector, 7 is the
volume forces, o is the stress tensor, and ¢ is the time.
Several assumptions, on the basis of the conditions met by
the extrusion process, are undertaken to simplify the initial
governing Egs. 1 and 2 and the speed computations:

» Extrusion is modeled as a steady process excluding ex-
truder start-up and shutdown phases.

* Rubber compounds can be considered incompressible
fluids due to their high viscosity. Creeping flow assump-
tion is also imposed because of the low Reynolds value
(Re«0). Consequently, inertia terms are neglected,
and density is not required to solve the governing
equations.
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*  Gravity terms are ignored as volume force given the small
die dimensions.
e Additional volume or surface forces are not considered.

According to these conditions, a governing Eqs. 1 and 2 are
simplified as follows:

— —
~VP+V.7;=0 (3)
V.V=0 (4)

where P is the pressure, and 7;; is the viscous stress tensor.
Here, the constitutive equations are required to relate the vis-

cous stress tensor (7;) to the strain rate tensor (7',.].), which can

be ultimately expressed in terms of the velocity components
(u, v, w) making the system solvable.

ry =1 (7y) (5)

where the function f depends on the rubber behavior during
the extrusion that varies from the simple linear relation of
Newtonian models to the more complex equations of visco-
elastic or time-dependent fluids.

Concerning the domains of the extrusion die, half of the die
is simulated due to the symmetry condition (Fig. 2). The
boundary conditions imposed in each domain are as follows:

* Inlet (1): Flow rate is established following experimental
results. Fully developed flow condition is assumed in or-
der to define the shape of the velocity profile.

*  Symmetry plane (2): £,=0, v,=0.

*  Outlet (3): Channels are long enough to consider fully
developed flow condition: f,=0, v;=0.

*  Walls (4): Non-slip condition at die walls (v;=0, v,=0).

The final FE model geometry (Fig. 3) corresponds to the
dimensions of the manufactured die. Different types of mesh

0.025m

Fig. 2 Fluid domain for the simulations making use of symmetry to
reduce computational requirements: inlet (/), symmetry plane (2), outlet
(3), and walls (4)
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Fig. 3 Overview of the meshed FE model of the proposed extrusion die
with two gates (making use of symmetry to reduce computational
requirements). Hexahedral elements are used for the exit channels and
rest of the domain is meshed using tetrahedral elements

are generated with Ansys Meshing [38], and mesh indepen-
dency of the solution is examined in preliminary simulations
[39]. The equivalency between mesh solutions obtained with
hexahedral and tetrahedral meshes with distinct maximum
element sizes has also been verified. The four exit channels
are meshed using a sweeping technique with hexahedral ele-
ments, while the rest of the die is meshed with tetrahedral
elements (maximum element size 5 um). The interpolation
functions used in both types of meshing are the same: constant
value for pressure and mini-element approach for velocity.
The final mesh is composed of 301,422 elements with the best
balance between computation costs and accuracy.

3.3 Rheological characterization and constitutive curves

The tested material used for validating the methodology pro-
posed was a particular EPDM produced by Standard Profil
S.A. (labeled as EPDM-917). As compressibility is neglected,
the kinematics of the EPDM-917 was modeled as a particular
subtype of non-Newtonian models, a GNF [15]. These kind of
fluids experiment a non-linear variation of viscosity 7 for dif-
ferent shear rate values :

n=2g() (6)

where the function g is the viscosity curve or equation, and
is the magnitude of the strain rate tensor ;. Under shear flow
conditions, this magnitude is referred as shear rate, and it
depends on the second invariant of the strain rate tensor as
follows:

=36 g

The constitutive characterization of the EPDM-917 was
performed by using an experimental program at the
“Instituto Tecnologico de Aragén” located in Spain. Three
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different rheological tests were performed based on different
characterization techniques. Three viscosity models (one per
series of experiments) were subsequently fit to the experimen-
tal data recorded and selected as candidates to approximate the
experimental data: Herschel-Bulkley (HB), power law, and
Bird-Carreau (BC).

The first candidate model was Herschel-Bulkley (HB)
[40, 41], and the constitution equation could be expressed
as follows:

To n—
77=7+K7 ! (8)

where 7 is the yield stress, K is the viscous parameter, and 7 is
the power index. Coefficients of the Eq. 8 were derived from
the experimental data recorded with a dynamic mechanical
analysis (DMA) +450 rheometer (Metravib). Two tests were
performed based on the squeeze flow theory [42]: a creep test
for determining 7, and a compression test for obtaining K and
n. Disks of 5.720 mm height and 5.970 mm radius were used
for both experiments. The creep test was executed at a con-
stant squeezing force of 75 N at 80 °C. A value of 47,062 Pa
for 7y was obtained based on the following expression:

3 F HY?
To=————2— 9)
2 7Ry H3/?
where F is the squeezing force, Ry and H, are the initial
dimensions of the disk, and H,, is the final height after the
test, in this case 1.710 mm. The compression test was
performed at constant squeezing rate at 80 °C, and both

the force required F and the plate separation H were mea-
sured (Fig. 4).

250

200+
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Fig. 4 Squeezing force F and plate separation H recorded during the
compression test (blue line). The fitted curved is shown in red

Then, a curve was fit by ordinary least squares to the values
of F and H recorded based on the next expression, which
relates F and H [20].

27R3 27R3 2n+1\"(RV\"
F= K — 10
3w ( n ) <H2> (10)
where R is the radius of the plates, 7y is the yield stress from in
the creep test, and V is the set squeeze rate. HB parameters
obtained based on this fit were 1 for n and 1.9059 x 10" Pa s
for K, with a coefficient of determination (R%) of 0.9927.

The second model was the power law by Ostwald and De
Waele [17]:

n=Ky"" (11)

where K is the viscous parameter or consistency factor and » is
the power law index. The curve was determined by a series of
experiments performed with the EPDM in the non-
commercial 4-channel extrusion die at Standard Profil S.A.
plant. The power index n was obtained with the following
expression:

In 5;

where Q is the flow going through each channel, and R is
the channel radius. This expression is a simplification of
the fluid equations when the rubber flows through two
channels (i and j) of different diameter. As the proposed
die is composed of four channels (Fig. 1b), six different
pairs of channels with different radius could be made, and
six distinct power law indexes were computed. The mean
value (n = 0.53) was selected for the power law model.
Regarding the viscous parameter K, and on the basis of
previous experiences and experiments of Standard Profil
S.A., a value of 15,283 Pa s was adopted in this study.
The third model was Bird-Carreau (BC) [40], a variation of
the power law with two plateaus at high and low shear rates:

n =

n-1
2

n=n,+ (1) (1 + \*7?) (13)

where 7y and 7., are the plateaus at zero and infinite shear
rates, A is the relaxation time or viscous parameter, and 7 is
the power index. The central part of the curve, which exhibits
a linear dependence between viscosity and shear rate, can be
obtained by DMA in a DMA +450 rheometer (MetraviB).
This test provides A and 7, i.e., the height and slope of the
linear part of the BC curve. The DMA test can be used to
characterize viscoelastic materials, though the elastic part in
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this case was later depreciated. It works as follows. Rubber
disks of 5 mm height and 10 mm diameter were placed be-
tween two circular plates. The lower plate was sinusoidally
oscillated, while a torsional strain-measuring device was
placed in the upper plate to detect the response of the material
in terms of shear stress and the phase difference between up-
per and lower plates. The oscillation frequency on the lower
plate varied between 0.1 to 100 Hz. The test was repeated at
different temperatures (60, 70, 80, 90, 100, 110, and 120 °C)
and the responses recorded (Fig. 5a.).

Then, all responses were shifted in time to a reference tem-
perature of 120 °C, extending the frequency range from
107'-10° to 102—10° Hz. Afterwards, the response of the ma-
terial was expressed in terms of the in-phase or storage modulus

Fig. 5 Surface stress (K) and a
phase difference between upper
and lower plates (d k) recorded
during the dynamic mechanical
analysis at different oscillation
frequencies (a). Real (1)) and
imaginary (") components of
complex viscosity (") derived
from a after time-temperature
superposition (b)

(N / m)

K

(G") and the out-of-phase or loss modulus (G"). G' measures the
elastic response of the material while G" quantifies the viscous
part. From G" and G' curves, the real (77) and the imaginary (1)
parts of the complex viscosity (1) (Fig. 5b) were obtained based
on the following equality:

. G G G"

= — = —sin(wt) + — cos(wt
n 5 wsm(w)—l— 5 cos(wt)

= n"sin(wt) + 1 cos(wt) (14)

The complex viscosity-frequency profile can be correlated to
the apparent viscosity-shear rate profile for some materials based
on the Cox-Merz relationship [7]. Hence, the apparent viscosity
curve was straightforwardly obtained. As aforementioned,
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complex viscosity 77 was reduced to its real part 7/’ as all elastic
effects were neglected in simulations. The final viscosity curve
was approximated by a linear curve (power law model) with #
coefficient of 0.1562 and \ value of 5x 10 s.

In regard to both plateaus, 1), was maintained at the same value
as in the Herschel-Bulkley model at 10'° Pas, and T Was set at
50 Pa s by performing additional tests with a capillary theometer
[43].

The three viscosity models fitting with the experimental data
are summarized in Fig. 6 and Table 1. Power law curve is less
complex than HB and BC from the characterization point of view
as the model assumes a constant variation of viscosity and local
shear rate and discards the maximum and minimum plateaus.
Power law is also the most straightforward constitutive curve
as profile manufacturers can easily carried out the necessary
experiments without any external support and assistance.

The second model, the HB constitutive curve, requires specific
equipment for calibration. HB includes the plateau of high shear
rate in contrast to the power law, while the slope for the linear zone
is steeper. The third model, the Bird-Carreu curve, shows the most
complex characterization performed by DMA providing a curve
with a similar slope to the power law but with two plateaus at the
edges. BC is able to undertake the realistic modeling of rubber
extrusion processes at higher shear rates than HB and power law
models.

3.4 Experimental program for the 4-channel extrusion die

Several experimental tests with the EPDM-917 were performed
with the proposed 4-channel extrusion die at the Standard Profil
S.A. production plant. Processing parameters were established by
plant operators given parameters’ wide use in diverse rubber prod-
ucts. Rubber was extruded five times during 30 s at extruder rate
of 30 rpm. Once finished, the extrudate of every channel was cut
and weighed to obtain the average of mass rate per channel and
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Viscosity 7 [Pa's]
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1e+02 —

C1: Herschel-Bulkley law
———————— C2: Power law

C3: Bird-Carreau law
T T T T T T T T T T T T T T
1e-07 1e-05 1e-03 1e-01 1e+01 1e+03 1e+05

1e+00 -

Local shear rate ¥ [s”']

Fig. 6 Representation of the three viscosity models for the EPDM-917
estimated from the experimental data collected in three characterization
tests

Table 1 Summary of the coefficients of the three viscosity models for
the EPDM-917 estimated from the experimental data
Name Coefficient Value Units
Herschel-Bulkley law To 47,062 Pa

n 1 -

K 1.9059 x 107 Pas
Power law n 0.53 -

K 15,283 Pas
Bird-Carreu law n 0.1562 -

A 5x10° s

o 10'° Pas

Moo 50 Pas

percentage of the total flow leaving each channel (Table 2). Inlet
die pressure Py was also recorded, averaging 15 MPa throughout
all the experiments. Finally, the local shear rate -y at the extrusion
die was known to vary between 10> and 10' s~' during the
extrusion process.

Note that the percentage of flow leaving each channel is the
principal variable employed for the validation process of simu-
lations, but Py and -y are also included to gain deeper insight into
simulation results.

4 Results and discussion

Three CFD simulations based on the governing equations and
boundary conditions described on Section 3.2 were run using
the three constitutive models approximated (Section 3.3). The
adequacy of each constitutive model was evaluated by the per-
centage of the total flow leaving each channel and the total inlet
pressure (Table 3). Simulations of BC model showed the best
agreement with experiments with the greatest difference between
predicted and real flow around 2 % in channel 1. In contrast, flow
distributions using HB and power law models (Fig. 7) were far
from empirical values in channels 1, 3, and 4. Regarding die
pressure, computed inlet pressure Py, was 15.3 MPa for the vis-
cosity BC model (Fig. 8c), close enough to the experimental value
(15 MPa). However, the pressure at die inlet fell out of the expect-
ed range for the HB model and the power law with a value of

Table 2 Diameters of the channels and average values of the
experimental flow distribution per channel

M [g/s] % of total flow Diameter [mm]
Channel 1 9.308 68.1 12
Channel 2 3.940 28.8 10
Channel 3 0.394 2.9 8
Channel 4 0.024 0.2 6
Total 13.665 100
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Table 3  Flow distribution per channel (M; ) and inlet pressure (Ppy)
measured from the experimental tests and obtained from the CFD
simulations performed using the three viscosity curves

M, [%] My [%] M;[%] My [%] Pn[MPa]

Experiment 68.1 28.8 29 0.2 15
Herschel-Bulkey law  55.8 28.2 11.9 38 28,690
Power law 58.9 28.0 10.1 2.6 5
Bird-Carreau law 66.4 28.0 4.8 0.4 153

28,690 and 5 MPa, respectively. These results demonstrate that
the BC model was the appropriate constitutive equation for
modeling the EPDM-917 behavior under the particular conditions
of the studied extrusion process. Consequently, BC model could
be considered a good candidate curve for defining EPDM-917 in
future CFD simulations of commercial dies under similar extru-
sion conditions.

Once the most adequate constitutive equation was identi-
fied as BC curve, the simulations with the remaining models
(HB and power law) were deeply analyzed. Although the dif-
ferences between the candidate models were wide in this
study, this may situation not be the case when working with
other compounds or using similar characterization techniques.
Moreover, a valid model may not be initially available, so
there would be a need to redirect the experiments. Hence,
the strength of proposed methodology when dealing with
non-proper viscosity models needed to be evaluated.

Herschel-Bulkley model generated significant differences
between experiments and simulations. The percentage of total
flow leaving the channel 1 showed an average difference
greater than 12 % between experimental and simulation re-
sults. The pressure at the die inlet in simulations Ppy was
28,690 MPa (Fig. 8a). This Py value is surprisingly much
higher than the average of measured pressures (15 MPa), even

70 - Experiment
65 - ® O C1: Herschel-Bulkley law
& C2: Power law
60 4 A © C3: Bird-Carreau law
55 - LJ
£ 50
3 45
T 40
8
5 35
()
g %7 oy
§ 25
o
$ 20+
15
10 @
i == &
0 -
T T T T
1 2 3 4
Channel

Fig. 7 Graphical comparison of the flow distribution per channel
computed by CFD simulations against the experimental data
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Fig. 8 Pressure contour plots obtained using a Herschel-Bulkley
equation, b power law, and ¢ Bird-Carreau equation

if pressure distribution in HB model had similar appearance to
the simulations using BC model (Fig. 8). This could be ex-
plained by looking at the governing equations of the CFD
model (Eq. 3). According to the model assumptions, the
Navier-Stokes equations balance the effects of pressure and
viscosity. An increment in viscosity increases pressure; hence,
an upward displacement of the viscosity of HB model pro-
duced an increase in pressure values. Viscosity values were
excessively high in the shear rate range where extrusion pri-
marily takes place (1073 s1<y< 10 s_l). The inadequa-
cy of the viscosity curve was explained by the nature of the
characterization performed with the DMA squeeze flow test.
This experiment was run at very low shear rate (y < 1072s!)
due to technical limitations related to the testing equipment,
and the Newtonian plateau at high shear rates was created by
extrapolation. Since the extrapolated plateau fell into the ex-
trusion shear rate range, the errors increased sharply providing
straightforward evidence that the experimental range of shear
rate was not correctly established. Rather than exhibiting a
plateau, the curve should have maintained a decreasing trend
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Fig. 9 Local shear rate contour plot obtained from the simulation results with the validated Bird-Carreau constitutive equation

to accurately predict the rubber behavior. Consequently, we
demonstrate that the squeeze flow theory was not the adequate
approach to characterize the EPDM-917 under the operation
conditions of the extrusion line.

The use of the power law did not generate the expected
flow distribution in the CFD model. A 9 % error in the
percentage of the total flow leaving channel 1 was report-
ed with the same tendency shown in HB model simula-
tions: the predicted flow was higher than the real flow in
small diameter channels while the opposite occurs in large
diameter channels (Fig. 7 and S1). By contrast, a pressure
Py of 5 MPa was obtained, which did not match the
experimental value (15 MPa), but it is more acceptable
than the value obtained using the HB model. The problem
with the power law here was linked to the slope of the
viscosity curve, provided by the power law exponent n
and the flow distribution obtained. As depicted in
Fig. 9, local shear rate increased proportionally to the
channel diameter. Therefore, if the slope of the viscosity
curve was not steep enough, the viscosity would increase
in the channels of low shear rate (channel 4) while it
would decrease in the channels of high shear rate (chan-
nels 1 and 2). As viscosity is directly related to flow
resistance, this explained the flow distribution observed
in Table 3 and Fig. 7. To solve this problem, the power
law slope should be steeper by decreasing n in order to
add resistance in channels 3 and 4 and increase the flow
through channel 1.

We demonstrated that combining the 4-channel die and the
methodology proposed allows us to explain important differ-
ences between experimental results and simulations and draw
some conclusions. In view of simulation results derived from
the HB model, the range of the shear rate in the characterization
tests using DMA +450 equipment should be extended

(1073 s7h < v < 10" s71). The analysis of the power law simula-
tion results shows that n coefficient (steeper slope) should be
smaller for the interval of the curve that follows the power law.
This is related to the design of the 4-channel die for character-
izing rubber compounds using Eq. 12; thus, future geometry
modifications of the die are required to correct this issue. The
complete analysis would allow guiding future characterization
experiments when none of existing viscosity curves was ade-
quate enough. However, in this study, no additional models are
required because the BC model already fulfills our demands.

5 Conclusions

A new methodology is proposed to help in the selection of the
appropriate constitutive curve of rubber blends for simulating
the extrusion process of complex profiles. This selection can-
not be easily done “a priori” due to the wide variety of con-
stitutive equations available. Our methodology, based on com-
bining CFD simulations and a series of experiments using an
easy-to-build non-commercial 4-channel die, was successfully
validated with a particular EPDM produced by Standard
Profile S.A. (labeled as EPDM-917). From three candidate
constitutive models, our method showed Bird-Carreau as the
most appropriate constitutive model to simulate the extrusion
process of EPDM-917 under particular operating conditions.
This research work represents a step forward in the integration
of CFD simulations in the design phase of extrusion dies for
long rubber profiles. Profile manufacturers will better face the
simulation of their commercial profiles once the constitutive
curves for their rubber blends are successfully validated.
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