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Abstract: In many extrusion processes, the metering section is the rate-controlling part of the screw.
In this functional zone, the polymer melt is pressurized and readied to be pumped through the
die. We have recently proposed a set of heuristic models for predicting the flow behavior of
power-law fluids in two- and three-dimensional metering channels. These novel theories remove
the need for numerical simulations and can be implemented easily in practice. Here we present a
comparative study designed to validate these new methods against experimental data. Extensive
experiments were performed on a well-instrumented laboratory single-screw extruder, using various
materials, screw designs, and processing conditions. A network-theory-based simulation routine
was written in MATLAB to replicate the flow in the metering zones in silico. The predictions of the
three-dimensional heuristic melt-conveying model for the axial pressure profile along the screw are
in excellent agreement with the experimental extrusion data. To demonstrate the usefulness of the
novel melt-flow theories, we additionally compared the models to a modified Newtonian pumping
model known from the literature.

Keywords: modeling and simulation; polymer processing; extrusion

1. Introduction

The extruder is the most important processing machine in the polymer industry. Every year, this
type of machinery converts more than 114 million tons of raw polymeric materials [1]. In addition to
producing semi-finished products such as pipes, films, profiles, cables, fibers, coatings, and sheets, the
processing machine is frequently employed in compounding and recycling operations. Furthermore,
it is used as a feeding unit in various polymer-shaping processes, such as injection molding, blow
molding, and thermoforming. Consequently, a substantial proportion of polymers passes through
an extrusion line at least once after manufacture. The dominance of the screw-barrel configuration
in the polymer-processing field is due to its continuous development over the past few decades.
This technical progress has gone hand in hand with extensive theoretical and experimental research.
Thorough reviews of the process were given in [2-6].

The research reported here investigates the single-screw extrusion process, which can be divided
into several functional steps. One of these processes involves melt-conveying and pressurization.
To force the polymer melt through the die at the desired processing rate, the extruder must pump
the material and build up sufficient pressure. Depending on screw and barrel design, pressure
development may take place in all functional processing zones at different levels. The pressure
profile along the screw channel can therefore exhibit various characteristics. In many industrial
applications (e.g., in smooth-bore extrusion or in melt-fed extrusion), the metering section shows a
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pressure-generating, conveying behavior. As a result, the flow in the screw channel is subject to a
positive pressure gradient that reduces the net flow. In other processes (e.g., in grooved-feed extrusion),
the solids-conveying section builds up a substantial level of pressure, and the downstream functional
zones are overridden. The flow in the screw channel is governed by a negative pressure gradient that
increases the net flow.

Numerous theoretical studies have investigated melt-conveying and pressurization in
single-screw extruders. These analyses can be classified by their level of complexity into the following
categories and their combinations: (i) Newtonian and non-Newtonian models; (ii) one-dimensional
and multi-dimensional models; (iii) isothermal and non-isothermal models. The first model of screw
viscosity pumps was published anonymously [7] and later extended by Rowell and Finlayson [8].
They analyzed the isothermal conveying characteristics of a Newtonian fluid between parallel
boundaries in linear movement and provided the first insights into the flow mechanisms in a straight,
rectangular screw channel. Similarly, Carley et al. [9] developed a simplified flow theory for screw
extruders, placing special emphasis on tapered screw channels. To investigate distributive mixing,
Mobhr et al. [10,11] examined the transverse flow in a metering channel of infinite width.

These studies dealt with Newtonian fluids. Assuming the viscosity of the polymer melt to be
constant, the theories proposed exact analytical solutions for the cross-channel and down-channel
flows. Further, to describe the pumping capability of the melt-conveying zone, the flow rate was
expressed as a linear superposition of a drag and a pressure flow.

Including the shear-thinning flow behavior of polymer melts in the analysis of melt-conveying
and pressurization involves the use of numerical procedures. For non-Newtonian fluids, the governing
flow equations become non-linear due to the dependence of viscosity on shear rate. Physically,
this means that the drag and the pressure flow are coupled and cannot be analyzed independently.
In multidimensional problems, complexity is further increased by the combined effect of shear in
the down- and cross-channel directions. A well-known mathematical relationship that is commonly
applied to describe the shear-thinning behavior of polymer melts is the power-law model according to
Ostwald-deWaele [12], which relates the viscosity and the shear-rate via two independent material
parameters: (i) The consistency and (ii) the power-law index of the polymer melt. Even for the most
simplified mathematical problem—a temperature-independent flow of a power-law fluid between two
parallel plates—no exact analytical solution has been found to date, and hence numerical methods are
essential for accurate flow analyses in single-screw extruders [6]. Several studies have investigated the
flow of power-law fluids in screw viscosity pumps. Rotem and Shinnar [13] presented numerical results
for a one-dimensional flow under isothermal conditions. Griffith [14], Zamodits and Pearson [15],
Booy [16], and Karwe and Jaluria [17] obtained numerical solutions for a two-dimensional flow in
a screw channel of infinite width, taking the effect of the transverse flow on the pumping behavior
into account. An alternative approach was proposed by Middleman [18]. He calculated the drag and
pressure flows separately, and superimposed the results to point out the influence of the screw flights
on the flow in rectangular ducts. Spalding et al. [19] investigated a three-dimensional flow in a helical
screw channel by using the finite-element method.

To remove the need for time-consuming numerical procedures, a few studies have proposed
analytical approximation methods for estimating the effect of the shear-thinning flow behavior on
the pumping capability of the extruder, as summarized in Table 1. Booy [16] applied the classical
Newtonian pumping model to derive effective viscosity values and approximate shear-thinning flow
behavior. White and Potente [3] developed an independent discontinuous modeling approach to
predicting the pumping capability of two-dimensional screw channels. A continuous approximation
method for pressure-generating metering sections was proposed by Rauwendaal [6]. He applied
correction factors to the drag- and pressure flows in the classical pumping model to include the
non-Newtonian flow behavior.
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Table 1. Comparison of approximate melt-conveying models for power-law fluids.

Year  Melt-Conveying Model Flow Situation =~ Transverse Flow Flight Flanks Range of Pressure Gradients
1981 Booy [16] 2D v - positive

2001 White and Potente [3] 2D v - negative and positive
2014 Rauwendaal [6] 2D v - positive

2017 Pachner et al. [20] 2D v - negative and positive
2017 Marschik et al. [21] 3D v v negative and positive

Our research group has recently presented a heuristic method for modeling the flow of power-law
fluids in metering channels. The novelty of this approach lies in the construction of heuristic models
from a large number of numerical solutions to scaled flow equations and the use of symbolic regression
based on genetic programming. Pachner et al. [20] published an isothermal melt-conveying model for
two-dimensional metering channels. Roland and Miethlinger [22,23] provided approximate equations
for calculating the viscous dissipation in one- and two-dimensional metering zones. In [21,24,25],
we introduced a three-dimensional isothermal melt-conveying model for single-screw extruders,
considering both pressure-generating and pressure-consuming screw zones. In contrast to previous
two-dimensional modeling approaches which investigated screw channels of infinite width, the
novel three-dimensional melt-flow theory additionally includes the effect of the flight flanks on the
pumping behavior.

The work described here was designed to test our two- and three-dimensional heuristic pumping
models [20,21] against experimental data. In the first part of the study, experiments were carried out to
obtain extrusion data for various screw designs, materials, and processing conditions. In the second
part, a network-theory-based flow-simulation routine using our novel melt-flow theories was written
to replicate the conveying characteristics of the metering zones in silico. For convenience, the design of
the heuristic melt-conveying models is revisited in the modeling section.

2. Experimental

2.1. Materials

Five polyolefins with different rheological behaviors were compared in this study. Table 2
summarizes the melt-flow rates (MFR) (ranging from 0.25 to 15.0 g/10 min) and the main application
fields of the materials. To determine the viscosity functions of the polymer melts, rheological
measurements at two temperatures were carried out using an Anton-Paar MCR 302 plate-plate
rheometer (Anton Paar, Graz, Austria).

Table 2. Comparison of the materials tested (MFR—melt flow rate, HDPE—high density polyethylene,
LLDPE—linear low density polyethylene, PP-H—polypropylene homopolymer, PP-R—polypropylene
random copolymer, LDPE—low density polyethylene).

Material Type MEFR (ISO 1133) Application Manufacturer
HE3490-LS HDPE 0.25 g/10 min (190 °C, 5 kg) pipes Borealis
2107GC LLDPE 2.30 g/10 min (190 °C, 2.16 kg) films Dow
HC205TF PP-H 4.00 g/10 min (230 °C, 2.16 kg) thermoforming Borealis
RD204CF PP-R 8.00 g/10 min (230 °C, 2.16 kg) films Borealis
CA9150 LDPE 15.0 g/10 min (190 °C, 2.16 kg) coatings Borealis

The experimental viscosity data were described mathematically by a temperature-dependent
Carreau-Yasuda model [26,27]:

ncyfl

ey (1, T) = o + a0 — 10) (14 (aeA4)") M

where 179 and 77« are the viscosities at zero shear rate and at infinite shear rate, respectively, A is
the characteristic relaxation time, and 7.y the Carreau-Yasuda power-law index. This widely used
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viscosity function approximates the viscosity behaviors in the terminal and shear-thinning regimes,
thus allowing accurate prediction of the viscosity characteristics over the whole range of shear rates.
The temperature-shift factor was calculated by:

ay = exp(=(T = Tp)) @)
where « is the temperature coefficient of the viscosity and T the reference temperature. Table 3 lists
the Carreau-Yasuda parameter values inferred from the experimental viscosity data. A comparison

between experimental and calculated viscosity functions at a temperature of 200 °C is shown in
Figure 1a.

Table 3. Carreau-Yasuda and Tait model parameter values.

Parameter Unit HDPE LLDPE PP-H PP-R LDPE
o Pas 320,046 3898 8234 3252 2474
oo Pas 0 0 0 0 0
A s 9.178 0.003 0.129 0.063 0.006
Carreau Yasuda ey - 0.196 0.000 0.217 0.263 0.004
a - 0.570 0.385 0.468 0.595 0.248
o - 0.024 0.009 0.025 0.017 0.020
To K 473.15 473.15 473.15 473.15 473.15
bim m3/kg 0.00127 0.00130 0.00128 0.00128 0.00132
bom m/(kg-K) 9.03 x 10~7 9.50 x 10~7 8.42 x 10~7 1.01 x 10—6 9.95 x 10~7
Tait b3m Pa 63,645,134 45,451,967 59884,263 63,374,356 93,840,512
bam 1/K 64 x 10~° 75 x 10~° 0 355 x 10~° 337 x 10—°
bsm K 393.96 383.13 405.83 395.10 370.15
bem K/Pa 299 x 1077 2.50 x 10~7 3.05 x 10~7 2.50 x 10~7 234 x 1077
10° 1.40
E m HDPE (exp) ——HDPE (calc.) 4| = 1000 bar (exp.) —— 1000 bar (calc.)
. ® LLDPE (exp.) ~——LLDPE (calc.) ® B800bar (exp) ——800bar (calc.)
] A 1.35 | & 400bar (exp) ——a00bar (calc.)
v =} exp. — & caic. - —
10° E LDPE (exp.) LDPE (calc.) of\: 190 2} v 200 bar (exp.) 20§ bar  (calc.) ,-r""'r'ﬂ/’/'
) 3 ’
& ] 31 - b Tl(p)ﬂ,ﬂ“f(‘
—10° > 7 [+
= 3 2 ] [ gart® y,,»"'"‘/
> g1.20— A ﬁ
% 10° 3 ] 1'15__ 'v [a ® ™ liquid region
] E 2 s °
2 3 S 1 v 4| o "
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Figure 1. Comparison between experimental and calculated values: (a) Viscosity data of the polymer
melts at temperature of 200 °C; (b) pressure-volume-temperature behavior of HDPE of pipe grade.

Furthermore, by means of a Gottfert Rheograph 25 high-pressure capillary theometer (GOTTFERT,
Buchen, Germany), the specific volumes of the materials tested were measured as functions of
temperature and pressure. The pressure—volume-temperature (pvT) behavior was approximated
mathematically by a Tait equation in the form of [28,29]:

_ _ p
(T, p) = vo(T) (1 0.0894 In (1 + B(T))) (©)]
where vy(T) is the specific volume at zero gauge pressure and B(T) accounts for the pressure sensitivity
of the material. Focusing on the thermodynamic properties in the upper temperature region above the
pressure-dependent transition temperature (I > Ti(p)), we calculated the model parameters by:
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v0(T) = bim + bom (T — bsm) 4)
B(T) = bam exp(—bam (T — bsm)) ®)
Tt(p) = b5m + b6mp (6)

where by,—bem are coefficients. Table 3 shows the Tait parameter values fitted to the experimental
pvT data. A comparison between experimental and calculated results in the liquid region is shown in
Figure 1b for HDPE (high-density polyethylene) of pipe grade.

2.2. Equipment and Procedure

Experimental studies were performed on a Thermo Scientific HAAKE Rheomex 19/33 OS
plasticating single-screw extruder (Fisher Scientific, Vienna, Austria). A schematic of the test setup is
shown in Figure 2.

bypass valve

P4 P3 P2

m T feed housing

4 start of melt-conveying zone

0

| v

Hééting rﬁodﬁiés
Figure 2. Schematic diagram of the plasticating single-screw extruder.

The laboratory extruder was equipped with a barrel of diameter Dy, = 19.1 mm and axial length
L =619.35 mm (32.4-Dy,) measured from the front edge of the hopper. Thermal energy was supplied
by electrical heaters that were clamped onto the barrel surface and grouped into four independent
heating zones. A water-cooled feed housing was used to control the extruder temperature in the
flow-in zone, while the remaining barrel sections were provided with forced-air cooling. Table 4 shows
the barrel temperatures for the materials tested. A uniform temperature profile was chosen in each case
to accelerate melting at the beginning of the screw and to keep the process as isothermal as possible.
At the extruder head, a bypass valve was installed to discharge the polymer melt.

Table 4. Barrel temperature profiles in °C.

Material T1 T2 T3 T4

HDPE 200 200 200 200
LLDPE 250 250 250 250
PP-H 230 230 230 230
PP-R 250 250 250 250
LDPE 300 300 300 300

We employed three single-flighted standard extruder screws, each of which consisted of a
feeding section (L¢ = 209.85 mm), a compression section (L. = 119.0 mm), and a melt-conveying section
(Lm =290.5 mm). The three screw designs differed only in screw pitch (Figure 3), which was varied
(i) to allow different levels of transverse flow in the melt-conveying zone and (ii) to determine the
effect of the screw flights on the flow rate. The former is governed by the pitch-to-diameter ratio of the
screw, whereas the latter is driven by the aspect ratio of the screw channel. A detailed discussion of the
influence of these dimensionless parameters on the pumping behavior of single-screw extruders can
be found elsewhere [21]. Table 5 lists the dimensions of the metering channels under consideration.
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Figure 3. Schematic diagram of the extruder screws.

Table 5. Dimensions of extruder screws.

Dimensions Unit Screw 1 Screw 2 Screw 3
outer diameter Ds mm 19 19 19
pitch t mm 15 19 25
pitch angle b ° 14.11 17.66 22.73
flight width e mm 3 3 3
channel width w mm 11.55 15.10 20.06
channel depth (feeding zone) hg mm 39 39 39
channel depth (metering zone) h mm 14 14 14
compression ratio K - 2.79 2.79 2.79
flight clearance 0 mm 0.05 0.05 0.05
number of parallel flights i - 1 1 1
pitch-to-diameter ratio t/Ds - 0.79 1.00 1.32
aspect ratio (metering zone) h/w - 0.12 0.09 0.07

To examine the pumping behavior of the screws, we located four pressure transducers with a
measuring range of 0 to 500 bar along the barrel at the following axial positions: Ly = 330.55 mm
(17.3-Dy), Ly = 387.55 mm (20.3-Dy), Lps = 464.05 mm (24.3-Dy), and Lys = 616.05 mm (32.3-Dy,). Note
that the position of the first sensor is very close to the geometric beginning of the melt-conveying
zone, while the last sensor is positioned at the screw tip (Figure 3). The discharge temperature of the
polymer melt was measured by means of a melt-temperature sensor at the end of the extruder.

Experiments were performed by increasing the screw speed from 25 to 250 rpm. With the bypass
valve fully open, the extruder was operated at close to open discharge. For each operating point, the
mass flow rate, the axial pressure profile, and the melt temperature were measured.

To estimate the non-isothermal behavior of the flow in the metering zone, the Nahme-Griffith
number was evaluated for each operating point. This characteristic ratio provides a dimensionless
measure of the viscous heating relative to conduction in the radial direction [29]:

. D
Na = w with 7, = S;:N @)

where 177,y is the average viscosity according to the Carreau-Yasuda model in Equation (1). In general,
the range of the Nahme-Griffith number is 0 < Na < 200 [30]. Viscous heating and conduction is in
balance if Na = 1.0, while heat generation is dominant if Na >> 1.0. Figure 4 shows the Nahme—Griffith
number as a function of screw speed for all materials. With the channel height being constant for all
screw designs, as indicated in Table 5, the results shown below are valid for all extruder screws.

Up to a screw speed of 200 rpm, the process can be considered isothermal for a majority of
operating points. With Na < 1.0, viscous dissipation will not lead to temperature changes sufficient to
affect viscosity. Non-isothermal behavior is observed in the case of HDPE. Due to its high molecular
weight, the material shows pronounced viscous heating for large screw speeds. Note that the above
results are highly dependent on the calculation of the average shear rate, which would be significantly
reduced if the parameter was predicted component-wise. Based on the results in Figure 4, we omitted



Polymers 2018, 10, 929 7 of 22

screw speeds above 200 rpm. Our main intention was to test the heuristic pumping models against a
diversity of screw designs, materials, and operating conditions. Table A1l in the Appendix A shows the
experimental setups used in the modeling section, including the measured processing data.

5.0
HDPE: » =027 WimK and Tav =195°C
, 4| LLDPE: .= 0.25 WimK and T = 240°C
—_ 4.0 - PP-H: »=0.20W/mK and T‘“ =220°C /
37| PR r=020WimKandT, =240°C /
5 - LDPE: 2 =025 W/mK and T‘“ =240°C
£ 3.0 f —Hore
5 ——LLDPE
= o
£ 20 - LDPE |
U]
o) . ;/H
E L
£ 1.0 - -
1]
z A
0.0 A —————————————1

25 50 75 100 125 150 175 200 225 250
screw speed N | rpm

Figure 4. The Nahme-Griffith number as a function of screw speed for all materials.

At the beginning of the experimental procedure, we performed pilot tests to investigate the degree
of filling of the screw channel. Due to its small dimensions, the main objective was to examine if
the channel is fully filled with pellets. To this end, additional pressure transducers were installed
along the compression section of the screw. Figure Al in the Appendix A illustrates axial pressure
profiles for screw 1 and HDPE. The rapid increase in pressure along the early screw sections indicate
the flood-feeding of the extruder.

Furthermore, to estimate the melting performance for the selected operating points, we carried
out example calculations based on the well-known melting model proposed by Tadmor [4]. Given the
melting profiles obtained from this study, we assumed that melting is almost or entirely completed
at the beginning of the metering zone for most of the experimental setups, so that the solid content
is negligibly small. Figure A2 in the Appendix A compares the melting characteristics for PP-H
and a screw speed of 200 rpm for all three screw designs. Similar curves were obtained for other
material and processing conditions. At this point, we would like to draw attention to the small channel
height in the feeding zone of 3.9 mm (Table 5), compared to the average granule diameter of roughly
4.5 mm, causing the pellets to be compressed and heated up at the very beginning. Besides, melting is
additionally accelerated by the barrel temperature profile, showing relatively high temperatures in the
early screw sections (Table 4).

3. Modeling and Simulation

3.1. Heuristic Melt-Conveying Models

This section covers the fundamentals of the two- and three-dimensional heuristic melt-conveying
models validated in this study. Detailed information can be found in [20,21]. In the following
analysis, these two approaches are referred to as model 2D and model 3D. Table 6 compares their
main characteristics.
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Table 6. Comparison of the heuristic melt-conveying models.

Modeling Steps

Model 2D Model 3D

geometry
= representation

flat-plate model with moving barrel

= coordinate system Cartesian
= leakage flow no
= effect of flight flanks no yes

fluid
= viscosity function

power-law fluid

= density behavior incompressible
flow situation
= time-dependency stationary
step 1 = thermal effects isothermal
= inlet/outlet effects fully developed
= wall adhesion yes
= gravitational forces no
= Reynolds number Re<<1
= velocity field two-dimensional three-dimensional
governing equations
= constitutive equation =25 DwithD =1/2(Vv + Vv')
= continuity equation fulfilled 0vx/0x + dvy /0y =0
= X-momentum equation op/0x = 0Tyx/ Y 0p/ 0x = 0Txx/0x + OTyx/ Oy
= y-momentum equation - Op/ 0y = 0Txy/0x + O0Tyy /Oy
= z-momentum equation op/ 0z = 0Ty, / Oy 0p/ 0z = 0Txz/ 0X + 0Tyz/ Oy
theory of similarity
= output parameter I1y
step 2 . mRut param'eters t/Dyp, n, [p; t/ Dy, n, Ipz, h/w
numerical solution
= method Newton-Raphson finite-volume method
= number of design points 10,000 87,840
analytical approximation
=  method symbolic regression based on genetic programming
step 3 approximation ITy =f(t/Dy, n, Ip 2) ITy =f(t/Dy, n, [Tp 7, h/w)

n
=  function set +, —, -, /,sin, cos, exp, log +,—,-, /,sin, cos
= constants 51 69

3.1.1. Problem Definition

The heuristic pumping models under consideration are based on the flat-plate assumption:
The helical screw channel is unwound from the screw and located on an infinite flat plate that
represents the barrel surface, as illustrated in Figure 5. Avoiding the curvature of the screw, we
employ a Cartesian coordinate system with x, y, and z denoting the cross-channel, up-channel, and
down-channel directions, respectively. Note that for deep metering channels the screw curvature may
have a considerable effect on the pumping behavior, as discussed in [31]. In addition, the kinematic
conditions were reversed, assuming the screw channel to be fixed and the barrel surface to be moving
at circumferential speed v},, which is decomposed into components in the cross- and down-channel
directions, vy, y and vy, ,. The validity of this modeling approach has been thoroughly discussed in
the literature [32]. In contrast to model 2D, which considers a screw channel of infinite width, model
3D includes the influence of flight flanks on both sides of the screw channel. Considering a fully
developed flow, the velocity fields were defined as v = (vx(y), 0, v,(y))T and v = (vx(x, y), vy (x, ),
v4(x, }/))T in model 2D and model 3D, respectively.

The shear-thinning flow behavior was modeled as a power-law fluid:

pr(7) = K- 7™ @®)
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where K is the consistency and 7y, is the power-law index. Table 6 shows the simplified flow equations
for both models. Time-dependent and thermal effects were omitted, and the governing flow equations
were reduced to Stokes flow, as the flow of polymer melts is governed predominantly by internal
friction rather than by inertial forces.

Figure 5. Representation of the screw channels in the two- and three-dimensional heuristic
pumping models.

3.1.2. Theory of Similarity and Numerical Solution

In the next step, the flow equations were rewritten in dimensionless form using the theory of
similarity and dimensional analysis to identify the characteristic dimensionless groups of each flow
situation. In model 2D, three independent dimensionless input parameters were identified: (i) The
pitch-to-diameter ratio of the screw ¢/Dy, (ii) the power-law index of the polymer melt 1.}, and (iii) the
dimensionless pressure gradient in the down-channel direction IT, Pz defined as:

P; pl+n
Hp,z = 6KU£,Z (9)
where p,’ is the pressure gradient in the down-channel direction. In model 3D, a fourth independent
dimensionless input parameter was found: (iv) The aspect ratio of the screw channel #/w. In general,
two systems with the same dimensionless values are similar in terms of their underlying physics.
Applying the theory of similarity therefore allows us to recognize arbitrary flow situations that may
operate under different sets of flow conditions, but are governed by the same physics. Conversely,
varying the dimensionless values of the characteristic scales allows us to alter the physical conditions
of the flow.

Two sets of roughly 10,000 and 88,000 physically independent design points were created for the
two- and three-dimensional flow situations, respectively, whose volume flow rates were calculated
numerically. The scope of variation has been described elsewhere [20,21]. Similarly, the numerical
results were rewritten in the form of a dimensionless flow rate I1:

2V
iwhoy, ,

(10)

3.1.3. Heuristic Analysis

To remove the need for numerical procedures, the numerical solutions of the parametric design
studies were approximated analytically, using symbolic regression based on genetic programming.
This data-based modeling technique searches the space of mathematical expressions to find a symbolic
function that relates sets of input and output data. In contrast to other modern regression methods, the
modeling approach requires neither model structure nor model parameters to be predefined. Rather,
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by employing evolutionary computation, the method infers the regression model that best fits the
given data set in terms of simplicity and accuracy from the data itself [33].

For each flow situation, a symbolic regression model was derived by applying the calculated
datasets to a heuristic optimization algorithm. The dimensionless volume flow rate (I1,) was expressed
as a function of the corresponding sets of independent dimensionless input parameters:

model 2D : I, = f<Dtb' n, Hp,Z) and model 3D : II, = f<Z, Dib, n, lez> (11)

A global error analysis was performed, which showed that the analytical approximations
accurately predict the numerical solutions. The heuristic melt-conveying models thus allow rapid
prediction of the isothermal conveying behavior of power-law fluids in two- and three-dimensional
metering channels without the need for numerical procedures.

Figure 6 compares the heuristic pumping models, showing screw characteristic curves for the
metering channels experimentally investigated in the first part and various power-law indices. To
point out the influence of the screw flights on the pumping behavior, the aspect ratio in model 3D was
setto h/w =0.12 (a), h/w = 0.09 (b), h/w = 0.07 (c), as given in Table 5. Note that the screw sections
compared below additionally exhibit different pitch-to-diameter ratios, which is a measure of the level
of transverse flow in the melt-conveying zone.

1.0 1.0
——model 2D (n,, = 1.0) ~ model 3D (n, = 1.0) ——model 2D (n,, = 1.0) - model 3D (n,, = 1.0)
- model 2D (n, = 0.8) e model 3D (n“ =038) -’j model 2D (n, = 0.8) e model 3D (n“ =038)
——model 2D n,= 0.6) e model 3D (n,= 0.86) ——model 2D (n,= 0.6) model 3D (n,= 0.86)
v 0.8 4 ——model 2D (n, = 0.4) model 3D (n, = 0.4) v 0.8 4 ——model 2D (n, = 0.4) model 3D (n, = 0.4)
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Figure 6. Comparison between model 2D and model 3D: Screw characteristic curves for the metering
channels experimentally investigated in the first part (Table 5) and various power-law indices:
Screw 1 (a), screw 2 (b), and screw 3 (c).
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Whereas the results for the shallow screw channel with /w = 0.07 nearly coincide with the
solutions of model 2D, a more significant difference is obvious if a boxier flow channel is defined.
Given a pressure-generating melt-conveying section with Il , > 0, the flow rate is reduced if the
influence of the screw flights is taken into account.

In most standard extruder screws, the aspect ratio of the screw channel ranges from 0.05 to
0.15. In these designs, the restricting effect of the flights on flow is limited. For many multi-flighted
high-performance screws (e.g., barrier screws), however, the ratio of channel depth to channel width
exceeds 0.15, which requires the flow rate to be corrected. To include the effect of the screw flights on
the flow in model 2D, we applied the following approximate shape factors derived from the classical
Newtonian pumping model [2]:

6w & 1 inth h\?2 h
Fy= T > ﬁtanh(zw> %0.1342(10) —0.6412(w> +1.0115 (12)
i=1,3,5
192h & 1 inw h\?2 h
Fp=1-—-— —tanh{ — ) ~0.1632( — ) —0.7503( — ] + 1.014 1
o . > Stan ( - > 0.163 (w) 0 503<w>+ 0143 (13)

i=1,3,5

The implementation of the shape factors shown above in a network-theory-based flow-simulation
routine is explained in the next section.

3.2. Network-Theory-Based Modeling

Recently, the heuristic pumping models have been tested successfully against additional numerical
solutions not used in their design [25]. To further validate the methods against experimental data, a
network-theory-based simulation routine was written in MATLAB. The objective was to replicate the
flow in the metering zones experimentally analyzed in the first part of the study by predicting the
axial pressure profile along the metering section for the experimental setups shown in Table A1.

Network theory originates from the field of electrical engineering [34], but has also proven
useful in predicting the flow in extrusion dies [35] and in investigating the pumping behavior of
barrier-screws [36]. The main idea is to model the flow in complex geometries by subdividing
the system into geometrically simpler, interconnected elements for which analytical equations are
available. The resulting two-dimensional equivalent circuit diagram is solved numerically by means
of nodal analysis in which the currents are replaced with flow rates and the voltages with pressure
differences. For non-Newtonian flows, an iterative procedure is additionally required to obtain
converging solutions. Network theory provides a convenient modeling approach to consider local
changes in geometry or material properties in the flow calculation.

Note that the heuristic melt-conveying models examined in this study consider an isothermal,
incompressible, fully-developed flow of a power-law fluid in a screw channel of constant channel
height, as indicated in Table 6. Thus, the application of network theory is required, for two reasons.
First, our analysis is based on a pressure-dependent density. Since the pressure varies with the
position in the screw channel, the melt density must be calculated incrementally. Second, our analysis
includes leakage flow over the screw flights. Applying network theory allows us to capture the
change in channel height at the flight clearances and consequently to describe the entire channel
geometry accurately.

Our simulation routine is based on the procedure illustrated in Figure 7. In the first step, basic
simulation settings are defined. These include screw geometry (metering section), material of interest
and input processing parameters, such as screw speed, mass flow rate, and melt temperature, which
were evaluated experimentally. The last of these is used to shift the viscosity data to the desired
temperature. For convenience, the geometric parameters of the metering sections (Table 5) and the flow
properties of the materials (Table 3) are stored in an external library. To describe the shear-thinning
nature of the polymer melts, the Carreau-Yasuda model in Equations (1) and (2) is applied. Further, the
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pvT behavior of the testing materials is approximated by the Tait model in Equations (3)-(6). To finalize
definition of the setup, the coefficients of the heuristic melt-conveying models are imported, including
51 and 69 constants in model 2D and model 3D, respectively.

Define simulation settings
* screw geometry
* material
* processing parameters

—> Read material data

step 1

Import model coefficients 3

* model 2D Read screw geometry
+ model 3D

+ Initialize calculation
* pressure at nodal points
+ element properties
* element flow rates

Determine element properties
* geometrical parameters
* material parameters
* drag flow and conductance

v

Build network equations
and solve for pressure

v

Evaluate element flow rates
and pressure profile

step 3

no

converged
yes
Export results

Figure 7. Flow chart of the screw-simulation routine.

In the second step, the geometry of the melt-conveying section is subdivided into a network of
smaller segments of constant geometry. These sections are indicated by network elements (shown
schematically in Figure 8, each of which consists of a source and a resistance that represent the local
drag and pressure flows. The mass flow rate of each element is thus calculated by:

m=md+ﬁ1p=md+kAp (14)

where the pressure flow is given by the conductance k and the pressure difference Ap. Analogously to
electrical circuits, the elements are connected by nodal points, whose axial and down-channel positions
along the screw are functions of the outer screw diameter, the pitch angle and the number of elements
per revolution. The last of these can be adjusted and defines the resolution of the grid. At each nodal
point, the geometry of the screw channel is calculated. Note that this study includes the cross-channel
flow over the screw flights, as captured by the network elements positioned perpendicular to the screw
channel. To accurately describe the channel geometry in this direction, each cross-channel connection
is initialized with three elements (with #; = h and wy = w/2, hp =6 and wy, = ¢, hy = h and w3 = w/2),
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which are then replaced by one equivalent element. The total conductance and drag flow for three
elements connected in series is given by:

3 3 .
1 1. mq i
= Emd,total = <Z k1> “Kotal (15)
i=1""

ktotal - M

flight flight  ~ - flight flight

axial

Figure 8. Network of a melt-conveying section. Cross-channel connections between nodal points were
initialized with three elements connected in series and then replaced with one equivalent element.

To identify the pairs of nodal points connected in the cross-channel direction, a characteristic
parameter was introduced based on geometric considerations. This parameter, which is referred to as
Noft, counts the number of down-channel elements between two nodal points that are connected in the
cross-channel direction. The equivalent circuit diagram of the flow network is shown in Figure 9. At
the beginning of the calculation, the pressures at the nodal points and the properties and flow rates of
the network elements are initialized with zeroes.

4P 4

{I] md@{]] " {]]
K(i+Nog) k(i)

P(+Nog) | p) P(-Nog)
A

g ((i+N g iy (i)

{:':I my(i-1) {II k(-1) {Il

p(i-1)
- s -— -

Figure 9. Equivalent circuit diagram.

In the third step, the equivalent circuit diagram is solved iteratively by means of nodal analysis.
Assuming that the mass flow rates incident at a nodal point add up to zero (cf. Kirchhoff’s current
law), the network equations are built at each node, as demonstrated by the following relationship for
an arbitrary node with index i:

my(i—1) + k(i —1)(p(i — 1) — p(i)) + mg(i + Nogr) + k(i + Noge) (p(i + Noge) — p(i))

it (i) — K (p(0) — pli + 1)) — itg(0) — kp () (p(3) — pli — Noge)) = 0 16)
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Taking all nodal points into account, the network equations are summarized in matrix form:
mO +K- pP= m (17)

where my is the drag flow vector, K the conductance matrix, p the pressure vector, and m includes
the boundary conditions. For each simulation, we predefined the mass flow rate and calculated the
pressure vector. The system is thus rearranged into:

p =K (1 — rinp) (18)

To solve the linear set of equations, the drag flow and conductance of each network element
are determined as follows. First, the element dimensions are defined by using the geometric
parameters known at each nodal point. The local flow properties are then evaluated. To this end, the
Carreau-Yasuda data are converted into equivalent power-law parameters. On a log-log scale, the
power law is a linear function and can be considered as the tangent of the Carreau-Yasuda model at
a specific shear rate [35]. It is thus possible to determine the local power-law parameters from the
Carreau-Yasuda parameters as follows:

ney—1—a

(10 — Hoo) (ey — 1) (at/\;yrep)a (1 + (ﬂt/\’j/repy) 7

npl = ncy—l—a (19)
. a
oo + (770 - 7700) (1 + (at)"yrep) )
ncyfl 1
. a a 1l—n
K= oo + (770 - 7700) (1 + (at)\'Yi) ) 7rep Pl (20)

where the local effective shear rate is given by:

. .2 .2
Yrep = VIxt 72 (21)

and the shear-rate components in the cross- and down-channel directions are specified by a linear
combination of a drag flow and a pressure flow.

Finally, with the melt densities in the discretized screw channel being defined by the Tait equation,
the local operating point (I}, z, I'ly) is evaluated using our melt-conveying models. For models 2D and
3D, a linearization of the screw characteristic curve is derived at this point, as shown in Figure 10a. For
each element, theoretical drag flow and conductance are obtained from the initial value and the slope
of the linearization, respectively. Considering the restrictive influence of the screw flights in model 2D
requires these element properties to be corrected. To this end, the local shape factors obtained from
Equations (12) and (13) are used.

Note that in the first iteration the flow in the metering section is governed solely by the drag flow
components, as all pressure differences are set to zero. In each iterative step, the element properties
and the nodal pressures are updated. A simulation was considered converged if the pressure difference
between the first and the final nodal point was smaller than 0.01 bar. For all simulations, we used
200 elements per revolution to discretize the screw channel.

The section above explains the theoretical background of our modeling approach, combining the
heuristic melt-conveying models and network theory. Due to the complexity of the analysis, however,
presenting an example case of how the theory is applied for a particular set of input parameters
goes beyond the scope of this contribution. The conductance matrix, for example, has more than
1,000,000 entries in the analysis presented, which is moreover updated each iteration.
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Figure 10. Linearization to the screw characteristic curve at operating point (I, | I'ly): Model 2D and
3D (a) and model 1D (b).

3.3. Modified Newtonian Pumping Model

In addition to comparing the heuristic melt-conveying models to experimental data, we tested
the theories against a Newtonian pumping model well known from the literature [2,6]. This classical
approach, which is referred to as model 1D, describes the flow in a one-dimensional metering channel
as a linear superposition of a drag and a pressure flow. In the following analysis, the approach is
used as a reference model to be able to assess the advantages and disadvantages of the new melt-flow
theories. Using dimensionless notation, the output-pressure gradient relationship is written as:

model 1D : Iy =111y, (22)

where I1, is defined in Equation (10). In the Newtonian case, the dimensionless pressure gradient is
reduced to:
1,
61repUp,z
Traditionally, the model shown above is based on constant viscosity. In the discretized screw
channel, however, the Newtonian viscosity is updated locally for each network element by using the
corresponding local shear rate and the Carreau-Yasuda model. Further, since the screw characteristic
curve is a linear function, the element properties (drag flow and conductance) are derived directly
from the model itself, as indicated in Figure 10b. Similarly, to include the influence of the screw flights
on the pumping characteristics, the drag flow and conductance are reduced by applying the local
shape factors for each element.

pz = (23 )

4. Results and Discussion

Employing our screw-simulation routine, we replicated the extruder tests carried out in the first
part of this study. To this end, we predefined the screw speed and the measured extrusion data (mass
flow rate and melt temperature) and predicted the axial pressure profiles along the metering zone,
which starts at an axial position of approximately 17.2-Dy,. For convenience, the pressure profiles were
shifted to the level of the discharge pressure measured at the screw tip.

Figure 11 shows the influence of the flight flanks on the pressure characteristics of the metering
zone by comparing the experimental results with the solutions obtained from the heuristic models
(model 2D and 3D) and the modified Newtonian model (model 1D). With the effect of the screw flights
being automatically included in model 3D, model 1D and 2D were used with and without shape
factors. For all experimental setups, the melt-conveying zone is overridden, as indicated by a negative
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pressure gradient. This means that the pressure generated in the compression section decreases along
the metering zone. Clearly, with the bypass valve fully open, the extruder was operated at open
discharge, causing the pressure to reduce towards the extruder end.

400

150

m  measured material and screw m  measured material and screw
- -=== model 1D (without shape factors) - -=== model 1D (without shape factors)
model 1D (with shape factors) HDPE and screw 1 model 1D (with shape factors) PP-R and screw 2
_ ==== model 2D (without shape faclors) _ ==== model 2D (without shape faclors)
320 —— model 2D (with shape factors) processing conditions 120 —— model 2D (with shape factors) processing conditions
model 30 model 30
= B h = 0.53 kg/h = B = 1.48 kg/h
o N =25 rpm o N =50 rpm
— 240 T,=1914°C — 90 T,=2350°C
[« % [« %
] T ] T
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7 - 7] -
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@ 1<)
o B o -1
80 — 30 o
0 . I . . : - 0 . I . . : -
15 20 25 30 35 15 20 25 30 35

axial position L | L /D,
(a) (b)

Figure 11. Influence of the screw flights. Comparison between experimental data and solutions from

axial position L | L /D,

model 1D, model 2D, and model 3D. Axial pressure profiles for various experimental setups: HDPE,
screw 1, N = 25 rpm (a); PP-R, screw 2, N = 50 rpm (b).

The pressure profiles obtained from model 3D are in excellent agreement with the measured data.
Considering the three-dimensional screw channel and the shear-thinning flow behavior of the polymer
melt, this model accurately represents—both qualitatively and quantitatively—the pressure-consuming
conveying behavior under all processing conditions. In contrast, applying model 2D without shape
factors underestimates the experimental pressure drop significantly. Obviously, the two-dimensional
theory describes the flow in infinitely wide screw channels. The rate-reducing influence of the screw
flights is thus ignored, which causes the drag flow to be overestimated. As a result, a lower negative
pressure gradient is predicted to achieve the same throughput.

The least accurate results are obtained if model 1D is used without shape factors. For this
Newtonian approach, the dimensionless drag flow is fixed at Il 4 = 1.0, as shown in Figure 10b.
Hence, neither the influence of the screw flights nor the effect of the cross-channel flow is taken
into account. For shear-thinning polymer melts, the cross-channel flow has a major impact on the
conveying characteristics: Increasing the pitch-to-diameter ratio of the screw reduces the drag flow
in the screw channel. Consequently, model 1D overestimates the drag flow even more significantly
than model 2D, and we observe a pressure-generating conveying behavior rather than an overridden
melt-conveying section for the operating conditions illustrated in Figure 11a. Clearly, the accuracy
of the modified Newtonian model increases with decreasing shear-thinning of the polymer melt, as
shown in Figure 11b.

Including the shape factors in model 1D and 2D significantly increases the accuracy of the analyses,
as shown in Figure 12 for various extrusion conditions. The most accurate predictions, however, are
obtained from model 3D for all setups.

The deviations between model 3D and model 2D (with shape factors) can be explained by the
nature of the correction parameters, which originate from the classical Newtonian pumping model [2].
For shear-thinning polymer melts, the influence of the screw flights is more pronounced than for
Newtonian fluids. This effect is accurately captured in model 3D. In contrast, applying the Newtonian
shape factors to model 2D underestimates the effect of the screw flights on flow.
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Figure 12. Comparison between experimental data and solutions from model 1D, model 2D, and
model 3D. Axial pressure profiles for various experimental setups: HDPE, screw 1, N = 125 rpm (a);
PP-H, screw 1, N = 100 rpm (b); PP-R, screw 2, N = 150 rpm (c); LDPE, screw 2, N = 150 rpm (d); PP-H,
screw 3, N = 50 rpm (e); LLDPE, screw 3, N = 100 rpm (f).

To further investigate the validity of model 3D, we compared experimental and calculated
pressure profiles for additional setups (Figure 13), analyzing the influences of screw speed (a,b), screw
design (c,d), and material (e,f). For all setups, the pressure drops predicted by model 3D match the
experimental data. Although we observe minor local deviations which may result from measurement
errors, the general pressure characteristics are reflected accurately. Given the variety of screw designs,
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materials, and processing conditions used in this study, the validity of model 3D is confirmed for a wide
application range. Note that, due to the dimensionless form of the melt-flow theories, the results are
not restricted to the size of the laboratory extruder, but can be scaled up to larger machines. In general,
the findings are valid for all dimensional variations that result in the given sets of dimensionless
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Figure 13. Comparison between experimental data and solutions resulting from model 3D. Axial
pressure profiles for various experimental setups: HDPE, screw 1 (a); LLDPE, screw 3 (b); PP-H,
N =200 rpm (c); PP-R, N = 50 rpm (d); screw 1, N = 100 rpm (e); screw 3, N = 50 rpm (f).
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Employing the three-dimensional melt-conveying model in combination with network theory
enables fast and stable prediction of the conveying characteristics of polymer melts in metering
channels. Owing to the algebraic structure of the output-pressure gradient relationship used in
the network model, the approach can be easily implemented in practice, removing the need for
time-consuming and computationally expensive numerical procedures such as the finite-element
method (FEM) or finite-volume method (FVM). Although the research approach is not capable of
outperforming these numerical methods in terms of accuracy, as it rather approximates the numerical
solutions for a large set of design points, it is considerably faster than solving the flow equations
numerically. The modeling approach thus provides a useful tool for quickly analyzing the pumping
behavior of various screw designs, which is especially important in optimization studies.

For further model optimization, we are currently working on a modification that includes the
curvature of the screw. For large height-to-diameter ratios (e.g., in the melt channel of barrier screws),
the curvature of the screw must be considered, as the flat-plate approximation underestimates
the flow rate under most processing conditions. Over-estimation is observed only for high back
pressures [31]. Additionally, the models are being implemented in a non-isothermal screw-calculation
routine considering a temperature-dependent viscosity. In the extrusion of high-molecular-weight
polymers, viscous dissipation plays an important role because, due to inner friction, mechanical energy
is transformed into heat. Especially at high screw speeds, this effect leads to a pronounced axial melt
temperature increase that locally decreases viscosity, thus affecting the pumping characteristics of
the screw.

5. Conclusions

This study has investigated the validity of our recently proposed two- and three-dimensional
heuristic melt-flow theories by comparing the models to experimental extrusion data. In the first part,
extruder tests were performed on a 19/33D laboratory single-screw extruder. Employing various
standard extruder screws, materials, and processing conditions, we analyzed a great number of
extrusion conditions, for which we measured mass flow rates, axial pressure profiles, and melt
temperatures. In the second part, a network-theory-based flow-simulation routine using our heuristic
melt-conveying models was developed in MATLAB to reproduce the conveying behavior of the
metering zones in silico. Furthermore, a modified Newtonian pumping model was implemented as
a reference model. Leakage flow over the screw flights was considered in the discretization of the
screw channel.

Applying our screw-simulation routine, we calculated the axial pressure profiles for all
experimental setups. The results of the three-dimensional heuristic approach are in excellent agreement
with the measured values, which confirms the validity of the model for a large range of applications.
The solutions of the two-dimensional heuristic approach, in contrast, deviate from the experimental
data, as the model ignores the rate-limiting influence of the screw flights. When including shape
factors, however, the accuracy can be significantly increased. The modified Newtonian pumping
model yields the least accurate results.

We conclude that the two-dimensional theory without shape factors remains highly relevant in the
case of high-performance screws with an undercut in the flight. In such cases, the influence of the flight
is significantly smaller than in standard extruder screws. This topic is currently being investigated in a
follow-up project. Depending on the flight geometry, we expect to propose a combination of models
2D and 3D.
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Appendix A

Table A1l. Experimental data.

Operating Point  Screw Material S“i;{?’)eed Thl(‘;)(‘;ﬁll;pm Melt Tt:gncp)erature (I’Friegsj:_ler;iﬁ?;s)
1 1 HDPE 25 0.53 191.4 Figure 11a
2 1 HDPE 125 2.52 195.7 Figure 12a
3 1 PP-H 100 2.21 220.3 Figure 12b
4 1 HDPE 25 0.53 1914 Figure 13a
5 1 HDPE 100 2.02 194.7 Figure 13a
6 1 HDPE 200 411 198.0 Figure 13a
7 1 PP-H 200 4.36 222.0 Figure 13¢
8 1 PP-R 50 1.18 2379 Figure 13d
9 1 LLDPE 100 2.17 239.5 Figure 13e
10 1 PP-H 100 2.21 220.3 Figure 13e
11 1 PP-R 100 2.34 238.3 Figure 13e
12 2 PP-R 50 1.48 235.0 Figure 11b
13 2 PP-R 150 4.39 235.7 Figure 12¢
14 2 LDPE 150 5.03 280.6 Figure 12d
15 2 PP-H 200 5.32 218.4 Figure 13¢
16 2 PP-R 50 1.48 235.0 Figure 13d
17 3 LLDPE 50 2.17 239.5 Figure 13f
18 3 PP-H 50 1.72 218.0 Figure 13f
19 3 PP-R 50 1.84 235.6 Figure 13f
20 3 PP-H 50 1.72 218.0 Figure 12e
21 3 LLDPE 100 3.55 237.5 Figure 12f
22 3 LLDPE 25 0.86 235.6 Figure 13b
23 3 LLDPE 100 3.55 237.5 Figure 13b
24 3 LLDPE 200 7.32 240.3 Figure 13b
25 3 PP-H 200 6.57 2194 Figure 13¢
26 3 PP-R 50 1.84 235.6 Figure 13d

600
®m measured (f = 0.53 kg/h, N = 25 rpm, T, = 191.4°C)
4 ® measured (m = 2.02 kg/h, N = 100 rpm, T = 194.7°C)
® measured (i = 4.11 kg/h, N = 200 rpm, T, = 198.0°C)
480
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O T I T I T I T ' T T
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Figure A1. Experimental pressure profiles for HDPE and screw 1.

1.2
calculated (screw 1, m = 4.36 kg/h, T =222.0°C)
N —— calculated (screw 2, m =532 kg/h, T = 218.0°C)
10 4 calculated (screw 3, i = 6.57 kgh, T_ = 218.4°C)
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Figure A2. Calculated melting profiles for PP-H and N = 200 rpm.



Polymers 2018, 10, 929 21 of 22

References

O *® N

11.

12.

13.

14.
15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Market Study: Plastic Extrusion. Available online: http:/ /www.ceresana.com (accessed on 21 February 2018).
Tadmor, Z.; Klein, 1. Engineering Principles of Plasticating Extrusion; Van Nostrand Reinhold: New York, NY,
USA, 1970; ISBN 978-0882756981.

White, J.L.; Potente, H. Screw Extrusion; Hanser Publishers: Munich, Germany, 2001; ISBN 978-3-446-19624-7.
Tadmor, Z.; Gogos, Z.G. Principles of Polymer Processing, 2nd ed.; Wiley and Sons: Hoboken, NJ, USA, 2002;
ISBN 978-0-471-38770-1.

Campbell, G.A.; Spalding, M. Analyzing and Troubleshooting Single-Screw Extruders; Hanser Publishers:
Munich, Germany, 2013; ISBN 978-3-446-41371-9.

Rauwendaal, C. Polymer Extrusion, 5th ed.; Hanser Publishers: Munich, Germany, 2014; ISBN 978-3446217744.
Anonymous. Engineering 1922, 114, 606-607.

Rowell, H.S,; Finlayson, D. Screw Viscosity Pumps. Engineering 1928, 126, 249-250, 385-387.

Carley, ].E; Mallouk, R.S.; McKelvey, ]. M. Simplified Flow Theory for Screw Extruder. Ind. Eng. Chem. 1953,
45,974-978. [CrossRef]

Mohr, W.D.; Saxton, R.L.; Jepson, C.H. Theory of Mixing in the Single-Screw Extruder. Ind. Eng. Chem. 1957,
49, 1857-1862. [CrossRef]

Mohr, W.D.; Mallouk, R.S. Flow, Power Requirement, and Pressure Distribution of Fluid in a Screw Extruder.
Ind. Eng. Chem. 1959, 51, 765-770. [CrossRef]

Ostwald, W. Uber die rechnerische Darstellung des Strukturgebietes der Viskositat. Kolloid-Zeitschrift 1929,
47,179-187. [CrossRef]

Rotem, Z.; Shinnar, R. Non-Newtonian Flow between Parallel Boundaries in Linear Movements. Chem. Eng. Sci.
1961, 15, 130-149. [CrossRef]

Griffith, R M. Fully Developed Flow in Screw Extruders. Ind. Eng. Chem. Fundam. 1962, 1, 180-187. [CrossRef]
Zamodits, H.J.; Pearson, ].R.A. Flow of Polymer Melts in Extruders. Part I. The Effect of Transverse Flow
and of a Superpose Steady Temperature Profile. Trans. Soc. Rheol. 1969, 13, 357-385. [CrossRef]

Booy, M.L. The Influence of Non-Newtonian Flow on Effective Viscosity and Channel Efficiency in Screw
Pumps. Polym. Eng. Sci. 1981, 21, 93-99. [CrossRef]

Karwe, M.V,; Jaluria, Y. Numerical Simulation of Fluid Flow and Heat Transfer in a Single-Screw Extruder
for Non-Newtonian Fluids. Numer. Heat Transf. Part A 1990, 17, 167-190. [CrossRef]

Middleman, S. Flow of Power Law Fluids in Rectangular Ducts. Trans. Soc. Rheol. 1965, 9, 83-93. [CrossRef]
Spalding, M.A.; Dooley, J.; Hyun, K.S,; Strand, S.R. Three-Dimensional Numerical Analysis of a Single-Screw
Extruder. SPE ANTEC Tech. Pap. 1993, 1533-1541.

Pachner, S.; Loew-Baselli, B.; Affenzeller, M.; Miethlinger, J. A Generalized 2D Output Model of Polymer
Melt Flow in Single-Screw Extrusion. Int. Polym. Process. 2017, 32, 209-216. [CrossRef]

Marschik, C.; Roland, W.; Loew-Baselli, B.; Miethlinger, ]. A heuristic method for modeling three-dimensional
non-Newtonian flows of polymer melts in single-screw extruders. J. Non Newt. Fluid Mech. 2017, 248, 27-39.
[CrossRef]

Roland, W.; Miethlinger, J. Analyzing the Viscous Dissipation in of a Two-Dimensional Flow of
Non-Newtonian Fluids in Single Screw Extruders. SPE ANTEC Tech. Pap. 2017, 1005-1010.

Roland, W.; Miethlinger, J. Heuristic Analysis of Viscous Dissipation in Single-Screw Extruders. Polym. Eng. Sci.
2018. [CrossRef]

Marschik, C.; Roland, W.; Loew-Baselli, B.; Miethlinger, J. Modeling Three-Dimensional Non-Newtonian
Flows in Single-Screw Extruders. SPE ANTEC Tech. Pap. 2017, 1125-1130.

Marschik, C.; Osswald, T.; Roland, W.; Loew-Baselli, B.; Miethlinger, J. A Heuristic Model for Predicting
Three-Dimensional Non-Newtonian Flows in Metering Channels. SPE ANTEC Tech. Pap. 2018.

Carreau, PJ. Rheological Equations from Molecular Network Theories. Ph.D. Thesis, University of
Wisconsin-Madison, Madison, WI, USA, 1968.

Yasuda, K. Investigation of the Analogies between Viscometric and Linear Viscoelastic Properties of
Polystyrene. Ph.D. Thesis, MIT, Cambridge, MA, USA, 1979.

Tait, P.G. Report on some of the Physical Properties of Fresh Water and of Sea-Water. Phys. Chem. 1888, 2,
1-76.


http://www.ceresana.com
http://dx.doi.org/10.1021/ie50521a032
http://dx.doi.org/10.1021/ie50575a031
http://dx.doi.org/10.1021/ie50594a034
http://dx.doi.org/10.1007/BF01496959
http://dx.doi.org/10.1016/0009-2509(61)85006-9
http://dx.doi.org/10.1021/i160003a004
http://dx.doi.org/10.1122/1.549136
http://dx.doi.org/10.1002/pen.760210207
http://dx.doi.org/10.1080/10407789008944738
http://dx.doi.org/10.1122/1.549009
http://dx.doi.org/10.3139/217.3326
http://dx.doi.org/10.1016/j.jnnfm.2017.08.007
http://dx.doi.org/10.1002/pen.24817

Polymers 2018, 10, 929 22 of 22

29.

30.
31.

32.

33.

34.

35.

36.

Osswald, T.A.; Hernandez-Ortiz, J.-P. Polymer Processing: Modeling and Simulation; Hanser Publishers: Munich,
Germany, 2002; ISBN 978-1569903988.

Collyer, A.A.; Clegg, D.W. Rheological Measurements; Springer-Science+Business Media, B.V.: Oxford, UK, 1993.
Roland, W.; Marschik, C.; Loew-Baselli, B.; Miethlinger, J. The effect of channel curvature on the flow rate
and viscous dissipation of power-law fluids. SPE ANTEC Tech. Papers. 2018.

Rauwendaal, C.; Osswald, T.A.; Tellez, G.; Gramann, PJ. Flow Analysis in Screw Extruders-Effect of
Kinematic Conditions. Int. Polym. Process. 1998, 13, 327-333. [CrossRef]

Koca, J.R. Genetic Programming; MIT Press: Cambridge, UK, 1992; ISBN 978-0262111706.

Naunin, D. Einfiihrung in die Netzwerktheorie: Berechnung des stationdren und dynamischen Verhaltens von
elektrischen Netzwerken Fiir Studenten der Elektrotechnik; Friedr. Vieweg & Son: Braunschweig/Wiesbaden,
Germany, 2013; ISBN 978-3528130329.

Kopplmayr, T.; Miethlinger, J. Application of the Network Simulation Method to Flat Dies with Inverted
Prelands. Int. Polym. Process. 2013, 28, 322-330. [CrossRef]

Aigner, M. Computational and Experimental Modelling of Transport Phenomena in Single Screw Plasticating
Units under Consideration of the Melt Quality. Ph.D. Thesis, Johannes Kepler University, Linz, Austria, 2014.

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3139/217.980327
http://dx.doi.org/10.3139/217.2758
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental 
	Materials 
	Equipment and Procedure 

	Modeling and Simulation 
	Heuristic Melt-Conveying Models 
	Problem Definition 
	Theory of Similarity and Numerical Solution 
	Heuristic Analysis 

	Network-Theory-Based Modeling 
	Modified Newtonian Pumping Model 

	Results and Discussion 
	Conclusions 
	-12pt
	References

