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ABSTRACT

Plastics converters are increasingly considering high-performance screws in single-screw extrusion to meet demanding produc-
tion requirements. In this context, reliable prediction models for melt conveying support the search for optimum designs without
exhaustive experimental trials. Although full-scale fluid dynamics simulations would closely represent the process, their high
computational effort is rarely affordable in an industrial setting. Conversely, fast-computing extruder calculations using sur-
rogate models fail to capture the influence of channel curvature in multi-flighted screw segments, thus becoming inaccurate
for high-performance screws. To overcome these limitations, we developed generic dimensionless analytical equations for the
local pumping capability, viscous dissipation, and average shear rate in metering channels. First, a comprehensive simulation
database for the flow of power-law fluids through confined curved channel segments was generated that covers a vast range of
designs and process configurations in single-screw extrusion. Subsequently, this database was approximated by continuous func-
tions using knowledge-guided symbolic regression. The resulting characteristic equations excellently forecast the simulations
throughout the entire design space with less than 3.5% average deviation, significantly outperforming existing approximations.
When implemented in segmented extrusion calculations, these surrogate models enable quick and reliable statements on melt
conveying in both conventional and high-performance extruders for more efficient screw design and troubleshooting.

1 | Introduction overcome the flow resistance of the downstream equipment.

Simultaneously, the dissipated energy into the polymer melt

Single-screw extruders play a prominent role in polymer pro-
cessing across the whole product value chain: They are inte-
grated into continuous extrusion lines for pipe, profile, film and
sheet production, post-reactor processing, and polymer recy-
cling [1]. In any case, the extruder must supply the polymer in
molten state for the subsequent shaping processes in sufficient
quality and quantity. For reaching the desired output, sufficient
pressure has to be generated along the melt conveying zone to

should be minimized to prevent the material from degrading at
high temperatures, and to reduce the environmental impact of
the extrusion process. More intense global competition and ded-
ication to sustainable development goals steadily increase the
requirements on both pumping capability and energy efficiency
of single-screw extruders for a broadening spectrum of plastic
compounds, including recycled or bio-based grades with fluctu-
ating properties. These requirements can no longer be fully met
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Summary

Three-dimensional flow of power-law fluids in helical
screw channels.

Comprehensive parametric study with generic solu-
tion strategy.

Fully independent consideration of curvature and
flight effects.

Representative shear rate based on complete flow
field.

Analytical screw characteristic curves with extended
range of application.

with traditional extruder screw designs, prompting manufactur-
ers to resort to high-performance variants.

Over the last seven decades, various high-performance screw
designs have been proposed to expand the boundaries of single-
screw extrusion. Barrier screws enable enhanced plastication
rates by introducing a barrier flight that is undercut to the
main flight. The flight undercut is dimensioned to attain faster
melt removal while separating molten from solid polymer. The
cross-sections of the solid- and melt-conveying channels gradu-
ally shrink and expand, respectively, to ensure continuous melt
transport across the barrier flight [2]. Improving both melting
and mixing capability is possible by employing wave-dispersion
screws: These screws are characterized by two parallel channels
that are alternately oscillating in depth, as well as by undercut
flights that also allow solid particles to cross [1]. This causes
repetitive splitting of the flow and passage though tight cross-
sections, contributing to better homogenization, dispersion of
fillers, and accelerated melting due to early breakup of the solid
bed [3]. The adjacent shallow and deep channel sections in both
barrier and wave screws simultaneously favor high output sta-
bility and low energy demand. A comprehensive discussion of
high-performance screws is given by Campbell and Spalding
[3], Rauwendaal [2] and Chung [1]. All these expected improve-
ments, however, are only realized with an intelligent screw
design [1]. Due to their complex channel shapes, the melt flow
in high-performance screws is still poorly understood, and op-
timizing their design usually requires exhaustive experimental
trials. Hence, fast and reliable prediction models for pumping
capability and viscous dissipation can reduce development costs
and facilitate the implementation of high-performance screws
in industry.

The pioneering attempts to model the melt conveying perfor-
mance of screw pumps were taken by Rowell and Finlayson
[4, 5], considering the isothermal down-channel flow of
Newtonian fluids between parallel plates. Their design equa-
tions were adopted by Carley et al. [6] for polymer extrusion and
supplemented by Mohr and Mallouk [7] with a mathematical
description of the transverse flow. Booy [8] further included the
effect of channel curvature on the flow rate and power require-
ments of single-screw extruders. These early theories provide
exact analytical solutions for the melt conveying characteristics
as a linear superposition of three flow components: (i) a drag-
induced flow, (ii) a pressure-driven flow, and (iii) a transverse

flow. However, polymer melts usually exhibit shear thinning
behavior, which causes a coupling of the flow components due
to the shear-rate-dependent viscosity. Especially for commodity
polymers, these coupling effects strongly affect the flow field.
Thus, consistently accurate predictions cannot be expected from
these analytical solutions.

Since the coupled flow problem for shear thinning melts can no
longer be solved analytically, numerical methods are required
to obtain realistic results. Using the shooting method, Zamodits
and Pearson [9] computed pumping characteristics for power-
law fluids in flattened channels, taking both down-channel and
transverse flow into account. Roland et al. [10] refined the ap-
proach by considering curvature effects on both pumping capa-
bility and viscous dissipation. Thanks to continued advances in
computing power and resources, it is now possible to solve for the
complete three-dimensional flow pattern of non-Newtonian flu-
ids in the curved screw channel. Melt conveying characteristics
based on this information were computed, for instance, by Lim
et al. [11] using finite elements, and by Herzog et al. [12] using
finite volumes. These sophisticated models already provide a
close and detailed representation of the real flow conditions in-
side the extruder. However, such simulations still take several
hours on standard office workstations to evaluate a single design
point; and they require domain experts and software licenses for
proper execution. As a result, fully three-dimensional simula-
tions quickly become computationally too expensive for screw
design or troubleshooting tasks.

Aiming for satisfactory alternatives to purely analytical or
numerical approaches, several researchers have proposed an-
alytical regression models for melt conveying based on compu-
tational extrusion data. Since the initial expressions by Potente
[13], which are valid only for shallow metering zones in a tight
operating range, the numerical databases have been successively
refined and extended to yield more generally applicable models.
Major advancements concerned incorporating the effect of the
screw flights [14-16], and augmenting the data space towards
strongly overridden zones, larger pitches, and narrower chan-
nels in high-performance screws [17]. Herzog et al. [12] further
managed to evolve expressions that capture the flow conditions
in three-dimensional curved channels. To date, these curved
channel models mimic the behavior of single-flighted metering
zones of single-screw extruders most closely.

When applied to high-performance screws, however, even the
most advanced regression models still miss important aspects.
The models by Marschik et al. [17], for instance, ignore channel
curvature, giving rise to prediction errors in the range of 20%-
40% for deep channels with depth-to-diameter ratios h /D >0.1
[12, 18]. In high-performance extruders, such channels typically
extend over a large portion of the screw length and thus strongly
influence the overall conveying performance. The expressions
by Herzog et al. [12], in contrast, are tuned exclusively to single-
flighted screw channels with aperture angles above 300 degrees.
Due to the limited scope of the training samples, these expres-
sions become unreliable for multi-flighted screws with aperture
angles that are several times narrower, where the influence of
the screw flights on the flow is much more pronounced. Hence,
generally valid prediction models for high-performance screws
need to cover highly curved and boxy channels at the same time.
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Another weakness of the existing regression models is their
reliance on the power-law model for polymer melt viscosity.
The power-law model fails to capture the rheological behav-
ior in the transitional shear rate regime, which is observed for
several polymers in deep metering channels of single-screw
extruders. Although representative power-law parameters can
be iteratively computed from more sophisticated rheological
models, as described in [19, 20], the accuracy of the values
obtained highly depends on the choice of the representative
shear rate. Since the representative shear rate is calculated
without considering curvature and flight effects in both cases,
the local power-law parameters become highly uncertain in
the transitional regime, especially when evaluated for deep
or narrow channels in high-performance screws. Shear rate
models based on the complete three-dimensional flow field
would provide more realistic estimates for the viscosity pa-
rameters, minimizing a critical source of error for extruder
performance calculations.

This paper presents more universally applicable regression
models for predicting the local pumping capability, viscous
dissipation, and representative shear rate of metering channels
in single-screw extruders. These models fully consider three-
dimensional curvature effects alongside the shear thinning
behavior over a comprehensive operating range for both con-
ventional and high-performance screws, thus overcoming the
limitations of existing approximations. When implemented in
segmented extruder calculations, they can significantly shorten

a)

development times due to lower demand for time-consuming,
full-scale numerical simulations. For the derivation of the mod-
els, we adopted a hybrid modeling approach introduced in [21],
which is described in the remainder of this paper: Section 2 re-
visits the mathematical problem formulation from our previous
contribution [12] and defines the parametric design study for
data collection. Section 3 explains the generic numerical solu-
tion strategy for the parametric study and showcases new in-
sights into the effects of channel curvature on melt conveying.
Section 4 describes the regression procedure used to approxi-
mate the simulation data and assesses the prediction quality of
the models obtained. Finally, we summarize the key improve-
ments of our new models and suggest routes for their successful
application.

2 | Physical Problem
2.1 | Flow Domain

Single-screw extruders transport the polymer melt within he-
lical channels, as schematically depicted in Figure 1a for an
exemplary double-flighted screw. These channels are bounded
by the cylindrical surfaces of the screw shaft and the sur-
rounding barrel, and by the twisted flanks of the screw flights.
To reduce the complexity of the modeling task, this study fo-
cuses on short segments of individual channels with constant
dimensions along the screw-barrel axis. The cross-sectional

Section A-A

@D

0.04 (m)

0.03

FIGURE 1 | (a) Schematic sketch of a high-performance single-screw extruder segment, with one particular channel highlighted in gray. (b)

Three-dimensional flow domain of a confined helical channel segment.
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shape of the screw channel is further simplified by omitting
small structural features like radii, flight taper, and the radial
clearance between flight tip and barrel. The resulting com-
putational flow domain for one full revolution (Figure 1b) is
uniquely defined by the following parameters: (i) the barrel
diameter D, (ii) the channel depth h, (iii) the screw pitch ¢, and
(iv) the aperture angle g along the circumference. The pitch
angle ¢, channel width w, and down-channel length per rev-
olution Z are determined by these parameters and the radial
distance from the screw axis:

@) = arctan(z—;r ); (€))

t

Verr)?+2 ’ @

— t — 2
= o = Vaerr?+e. ®

The subscript “b” in Figure 1 refers to the inner barrel surface
(r =D/2). The cross-sectional area AA covered by the flight
radii can be considered retrospectively, on average, by a correc-
tion term for the outer channel width:

w(r)=pr sinpr)=pr

Z(r)

B, +B,
4
7 @

Wpeff = Wp —

as suggested by Potente [22]. However, three-dimensional nu-
merical simulations by Spalding et al. [23] revealed that the
pumping capability in the melt conveying section remained al-
most unaffected by the flight radii of up to 2.5 times the chan-
nel depth. Consequently, the absence of the flight radii in the
simulations is expected to be uncritical for prediction accuracy.

Neglecting the flight clearance, in contrast, needs to be se-
riously questioned in the case of high-performance screws,
which exhibit selectively undercut flights to promote leakage
flow. Depending on the size of the undercut and the local pres-
sure gradient, this leakage flow may affect the channel flow
rates by several dozen percent. Moreover, the leakage gap al-
lows for the exchange of material between different channel
segments, which additionally influences the local melt tem-
perature. Being directly coupled with the pumping character-
istics of both neighboring channels, full consideration of the
leakage flow would require a larger flow domain spanning the
entire circumference, which largely complicates the numer-
ical calculations. For the sake of simplicity, we thus decided
to model the channel flow separately from the leakage flow
at the local level. The interaction between local channel and
leakage flows can still be considered on the entire screw zone
level, for instance, by a flow network model demonstrated
in [24]. Regression models for the melt conveying character-
istics in the flight clearance have already been provided by
Marschik et al.

2.2 | Governing Equations

For computing the flow characteristics of interest, the conser-
vation equations for mass, momentum, and energy must be

solved alongside proper constitutive relations and boundary
conditions. The segregated consideration of individual chan-
nels allows for adopting the framework from our previous
study [12] for single-flighted screws, making the following
simplifying assumptions:

« The flow is steady, laminar, and fully developed.
« The polymer melt temperature is uniform.
» Body forces, such as inertia or gravity, can be ignored.

« The flow is viewed from a rotating frame of reference at-
tached to the screw. From this perspective, the screw is at
rest, and the barrel rotates in the opposite direction.

« The polymer melt is incompressible, purely viscous, and
wall-adhering. The shear-rate-dependent viscosity # is de-
scribed by a power law according to Ostwald and deWaele
[25, 26]

n=K [2D:D]"V/? ®)

with D as the three-dimensional rate-of-deformation ten-
sor, K as power-law consistency, and n as power-law index.

As discussed in [12], body forces are negligible in polymer
extrusion compared to viscous forces, which is reflected by
Reynolds and Galilei numbers below 1072, This also implies
equivalent flow rates, dissipation rates, and local deformation
rates in a stationary reference frame and a reference frame
rotating with the screw [12, 27]. Reported differences for these
variables between the cases of rotating screw and rotating
barrel can be explained by the following reasons: (i) the un-
wrapping of the channel in calculations, which erroneously
assumes a translational motion between the parts, or (ii) flow
conditions where inertia plays a significant role. Assuming
isothermal conditions is also justified for short channel seg-
ments, as temperature changes in the main flow direction
are limited and dominate cross-sectional temperature vari-
ations in polymer melt flows [28]. The assumptions of fully
developed flow and an inelastic fluid, in contrast, need to be
readdressed for high-performance screws: These screws con-
tain several tapered channel sections, where the melt streams
are intentionally rearranged and the polymer is subjected to
elongational flow. Yet the taper angles in high-performance
screws are typically smaller than 10° over a large part of the
screw length, keeping the elongation rates small compared
to the viscous shear rates. Even for a strongly convergent
wave-dispersion zone under high-speed extrusion conditions,
the shear rates surpass the elongation rates by roughly one
decade as revealed by an analytical estimation provided in
Supplementary File S1. This recognition is also reflected in
the widely used lubrication approximation in polymer extru-
sion. As viscoelastic and chaotic flow problems are difficult
to solve, the sacrificed accuracy is clearly outweighed by the
reduced computational effort and less complex design space
for model development.

The following equations then apply in the interior of the flow
domain:

V.v=0 (conservation of mass), (6)
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Vp=V-7 (conservation of momentum),

™

T=2nD=py [Vv + (Vv)T] (constitutive relation),

®

for the relative flow velocity v, the melt pressure p, and the vis-
cous stress tensor z. Energy conservation is automatically im-
plied by Equations (6) and (7).

The boundary conditions on the part surfaces are, with respect
to the moving reference frame, stagnation at the screw -

V=V, =v,=0 9)
- and clockwise rotation at angular speed w in circumferential

direction ey at the barrel:
D
Vp =@ = €y (10)

In our simulation model, the kinematic boundary condition (10)
is imposed on the cylindrical barrel surface as positive angular
velocity o with the axis of rotation pointing in positive extrusion
direction e,.

At the inlet and outlet sections, identical velocity distributions
are prescribed -

Vin = Vout (11)
- alongside the volumetric flow rate V or average axial pressure
gradient p’ between both boundaries, depending on the selected

design point (see Section 2.4):
V= ”v-esz, 12)

Pout t_pin =pr’ (13)

with e, as unit vector in axial direction. The unknown counter-
part of these two quantities is evaluated as an output parameter.
Further output parameters of interest are the viscous dissipa-
tion rate

Wy, = m (V) dv = m 2y D:DdAV = m K@2D:D) dv,
14

and the mechanical power consumption within the channel
segment

Pmech = ﬁ;(r : er) *Vp dsb’ (15)

with V' as channel volume and S, denoting the helical barrel
surface area bounding the channel. Finally, the representative
shear rate for channel flow is defined as volumetrically averaged
magnitude of the rate-of-deformation tensor:

fa = ||| V2DV (16)

|4

This representative shear rate can be utilized to obtain power-
law viscosity parameters from more realistic rheological mod-
els, thus extending the application range of the power-law
approach to the transitional shear rate regime. This can be
accomplished, for instance, by computing the tangent to the
viscosity curve in a double-logarithmic scale at that shear rate
level [19]. Volumetric averaging was preferred because the shear
rates act throughout the fixed volume of the screw channel seg-
ment, rather than being transported with the flowing material.

2.3 | Dimensionless Representation

The governing equations for melt conveying are further con-
verted into dimensionless form according to the theory of simi-
larity. Allowing for the independent influencing parameters on
the flow to be identified, this intermediate modeling step brings
several advantages: First, the effort for data generation is dras-
tically reduced by avoiding redundant simulations that contain
essentially the same information. Second, more slender regres-
sion models are obtained that accept only a minimum number
of input arguments. Finally, the model predictions can be trans-
ferred to different production scales such as larger machine sizes
or higher line speeds [12].

The scaling procedure follows the general guidelines by
Langtangen and Pedersen [29] and the specifications from our
previous modeling task [12], taking the simple down-channel
shear flow between parallel plates as a reference case. In total,
five influencing variables are required to fully characterize the
flow conditions:

« the channel depth ratio h/D as measure of channel
curvature,

« the screw pitch ratiot /D,

« the aperture angle g,

« the power-law index n,

« and, interchangeably, the dimensionless down-channel

pressure gradient

1o
h**tsin @,

n,=p ————— 17
P 6K (vycosgy)” @)

or the dimensionless flow rate:

2V
n,=——-—--:
4 wy h Vy, COS @y (18)

For investigating the numerical results and building the regres-
sion models, the aperture angle was substituted by the aspect
ratio of the unwrapped channel

h _2h/D \/ 72 + (/D) 19)

w, f t/D
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which is uniquely related to the other geometrical parameters
and represents the influence of the screw flights on the melt
flow. This allows for an independent analysis of curvature and
flight effects on melt conveying and facilitates comparison with
existing approximation models.

The dimensionless equivalents for the viscous dissipation rate
and representative shear rate are obtained to:

Wdiss h"
Mo = 1 (20)
K (vycos,)" w, Z,

and

Vren N
g = = (21)
Vv, COS @),

2.4 | Parametric Design Study

To define the database for the upcoming regressions, the dimen-
sionless influencing parameters were varied in a wide range that
covers diverse screw designs, polymer grades, and process con-
ditions in single-screw extrusion. For an unbiased evaluation of
the models, two independent datasets were generated over the
same range: (i) a regression dataset for model development, and
(ii) a validation dataset for assessing the final models. Table 1
lists the chosen bounds and levels for each parameter and data-
set. Compared to the database from our previous study [30],
which comprises only single-flighted channels with aperture
angles between 300° and 345°, the range for the aperture angle
was extended to a lower limit of 15° with a maximum aspect
ratio of 1.3. Such narrow aperture angles occur, for instance, at
the start of melt channels in barrier screws. Furthermore, the
lower limits for the channel depth ratio and the dimensionless
down-channel pressure gradient were set to 0.025 and —1.1, re-
spectively, to accommodate strongly overridden flows across
tight cross-sections of high-performance screws in grooved-
bush extruders. The upper bound of the dimensionless down-

channel pressure gradient I1, ., Was adapted to the power-law

index n according to Table 2 to avoid design points with negative
flow rates.

Within the defined parameter ranges, the levels were chosen
differently for each dataset (Table 1): The regression data were
sampled at fixed, equidistant step sizes for the parameters h /D
through n, and sampled randomly within five equidistant bins
for I, in the positive and negative range. The randomly scat-
tered I1, values provide the flexibility to create pumping mod-
els in both directions (with either I1, or the dimensionless flow
rate II, as target variable). With symmetrical placement of
the bins, equal emphasis is placed on pressure-generating and
pressure-consuming screw zones, both of which are prominent
in high-performance extruders. For the validation dataset, ran-
dom levels were assigned to all influencing parameters within
the bins given in Table 1. These random levels are more likely
to represent the continuously distributed data input from real-
world extrusion problems.

A full evaluation of the parametric study would comprise
13*10%12*9*21*2=589,680 design points. Even on high-
performance computing clusters, such a massive number of
simulations is not affordable, as they would take several years
to complete. Aiming for a reasonable balance between informa-
tion gain and computation time, a fractional factorial sampling
scheme was employed (Figure 2) considering

TABLE 2 | Maximum dimensionless down-channel pressure
gradient for each power-law index.

n T, max
1.0 11
0.9 1.0
{0.8,0.7} 0.8
{0.5, 0.6} 0.7
<0.5 0.5

TABLE1 | Ranges and levels of the dimensionless influencing parameters for the regression and for model validation.

Parameter Dataset Min. value Mazx. value Step size No. of levels

h/D Regression 0.025 0.325 0.025 13
Validation Random (4 bins)

t/D Regression 0.6 2.4 0.2 10
Validation Random (4 bins)

B Regression  max {15°;8(h/w, =1.3)} 345° 30° 12
Validation Random (4 bins)

n Regression 0.2 1.0 0.1 9
Validation Random (5 bins)

I, Regression -1.1 I, ax (M) Random (5 bins <0, 5 bins > 0) 21
Validation

Note: Changes with respect to our predecessor models are highlighted in green.
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« all 32 corner points with extreme parameter levels,

« all 80 edge-midpoints with the median level for one param-
eter and extreme levels for the remaining four,

« all 80 face-midpoints with the median levels for two param-
eters and extreme levels for the remaining three,

« and 3000 randomly sampled interior datapoints

for the regression. Further 1000 random design points were
selected for the validation dataset. These sampling criteria en-
sure complete coverage of the design space with four to five in-
termediate nodes for each parameter on average. With a total
number of 4192 design points, the parametric study could be
processed within 4months on a high-performance computer,
using a single node with 64 cores of 2 GHz clock frequency and
512 GB memory.

3 | Numerical Solution
3.1 | Simulation Setup

For each design point in the fractional parametric study, the
governing equations were solved numerically by means of the
finite-volume method using the commercial software package
ANSYS Fluent, release 2023R2 [31]. To accelerate the pre- and
post-processing of the simulations, the simulation setup was
parametrized and automated within the multi-physics software
environment ANSYS Workbench, release 2023R2 [32]. This
included the update of geometrical, numerical and physical in-
puts, the monitoring of the solution process, as well as the eval-
uation of the target and test variables of interest. As the ANSYS
solvers operate only on dimensioned variables, a representative
process scale was defined with a barrel diameter of 50mm, a
power-law consistency of 500 Pas®, and a relative down-channel
barrel velocity of 1 m/s. The screw channel dimensions and op-
erating conditions for each design point were then computed
from the five dimensionless influencing parameters and these
three scaling variables using Equations (17-19). After com-
pletion of the simulations, Equations (17), (18), (20), and (21)
were applied to transform the three target variables into their

@® corners

® edge midpoints

@® face midpoints

FIGURE 2 | Schematic illustration of the fractional factorial sam-
pling scheme for a three-dimensional design space with input param-
eters P1-P3. Random inner design points are not shown for clearer vi-
sualization. The concept applies analogously to the five-dimensional
space in this study.

dimensionless equivalents. Detailed information on the config-
uration of the numerical solution process is given in the follow-
ing two sub-sections.

3.1.1 | Parametric Domain Discretization

Achieving accurate solutions with the finite-volume method
requires a computational grid of sufficient fineness and qual-
ity. Considering the large variety of channel segments in high-
performance screws, ranging from very elongated to boxy
shapes, a fixed grid configuration is unlikely to fit for all de-
sign points: In general, more divisions are needed along longer
dimensions compared to shorter ones to avoid highly stretched
cells, which may severely compromise numerical accuracy for
the diffusion-dominated flows in polymer extrusion. For this
reason, we deployed a parametric domain discretization that
adapts to the channel shape under investigation.

Figure 3 illustrates the grid structure for a particular channel
segment. In any case, the flow domain was meshed by regular
hexahedral cells. To resolve the stronger velocity gradients close
to the walls at minimum computational expense, the axial cross-
section was further partitioned into two regions: (i) a concentric
core with uniform cell size and (ii) a surrounding shell with
shrinking cell edges towards the walls. The cell edge lengths
along the shell thickness [, g, reduce exponentially,

1
k+1 k _
lc,shell( )= lc,shell( ) BF Nasnen | (22)

with Ny g0 as the number of shell layer divisions and the bias
factor BF as ratio between the longest and shortest edge. The
cross-sectional grid was expanded into the third dimension
using the sweep method with constant cell size in down-channel
direction. The three-dimensional grid structure is thus defined
by the following numerical parameters:

« the radial and angular spacings of the shell,

« the divisions of the shell in the radial and circumferential
directions,

« the bias factors for the shell in the radial and circumferen-
tial directions,

« the divisions of the core in the radial and circumferential
directions,

« and the number of divisions in down-channel direction.
To account for the different channel shapes of each design

point, the grid parameters were formulated as functions of the
three main proportions of the screw channel

D-h
L
Fdim,cs = MAX Dk’ p s (23)
==
max (h;ﬂDT_h;\/DZﬂZ—HZ) 24)
rdim,rad = h 3
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max (h; ﬁDT_h; VD22 + t2>

- , 25
=

rdim,ang =

as well as three numerical parameters that control the grid
fineness:

« the ratio of core divisions to shell layer divisions r

« ascaling factor for the core divisions «

core?

- and a growth rate sensitivity fgg.

The functional relationships for grid generation are provided
in Supplementary File S2 attached to this article. They were
determined heuristically under the prerequisites of:

+ asmooth transition between the core and shell layer,
« amaximum cell growth rate of 1.2,
« and less than 100% deviation among the total cell numbers

for all design points, considering the channel shapes with the
most extreme and most balanced proportions. These condi-
tions favored quick and stable convergence throughout the
entire parametric study.

3.1.2 | Solver Settings

Table 3 lists the settings for the finite-volume solver that com-
putes the target variables for each design point. The continuity
and momentum equations were solved in a coupled manner for
the velocity and pressure fields, which facilitate convergence
compared to segregated approaches. To determine the veloci-
ties and pressures at the cell faces, quadratic upwind interpo-
lation (QUICK) and the pressure staggered option (PRESTO)
were chosen as the most accurate schemes for regular swept

meshes in curved flow domains. The Rhie-Chow distance-
based method was preferred for computing fluxes, as this
approach generally performs better alongside the paramet-
ric domain discretization. Gradients were calculated by the
least-squares cell-based method with a standard limiter and
an additional correction for warped cell faces. This correction
is important because all grid cells are aligned to the curved
boundaries of the screw channel.

Four measures were taken to increase solver robustness
throughout the entire design space: First, the field variables
were reset to zero for each new design point. In addition, the
Biconjugate Gradient Stabilization Algorithm (BCGSTAB)
was applied on the matrix level, whereas under-relaxation
factors of 0.5 were set for all field variables between succes-
sive iterations. Lastly, the screw speed and pressure gradient
were gradually raised to their final values by a linear ramp
function

[0?;p'D] = [w;p'] min (i;20'/") (26)

during the early iterations. The transitional interval was ex-
panded for cases with lower power-law indices, for which con-
vergence is generally more difficult to achieve.

The numerical solution process was monitored by tracking the
residuals for the continuity and momentum equations, as well
as the evolution of all target variables over the iterations. The
simulations were terminated when one of the following criteria
was met: (i) all residuals and the standard deviations of all target
variables over 60 successive iterations fell below the respective
thresholds in Table 3, or (ii) 6000 iterations had passed. For most
design points, fewer iterations were sufficient to attain conver-
gence. In the remaining rare cases, converged solutions were
obtained by repeating the simulations with a continuity residual
threshold of 10~° up to 60,000 iterations. To assess the overall
numerical accuracy of the simulations, we further evaluated

radial spacing

,,-/:Extrusion

direction

sweep

direction

of shell b)

Detail X
(rotated)

k

angular spacing
of shell

FIGURE3 | Numerical grid for a screw channel withh /D =0.2,¢t /D =1.4, and # =165°: (a) Overall view showing the cross-sectional and down-
channel discretization, (b) enlarged view of the local grid refinement. The yellow lines mark the partition between the core and shell region of the

axial cross-section.
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TABLE 3 | Settings for the finite-volume solver in ANSYS Fluent.

TABLE 4 | Extrusion setups for the grid refinement study.

Solution methods Parameter Case 1l Case 2 Case 3 Case 4
Equation system Coupled h/D 0.025 0.025 0.025 0.025
Flux computation Rhie-Chow t/D 2.4 2.4 2.4 0.6
distance-based s 345 345 345 15
Velocity interpolation QUICK n 1.0 1.0 1.0 02
Pressure interpolation PRESTO m, 11 0 0.9 11

Gradient computation Least-squares cell-based

Warped-face gradient v
correction

Gradient limiter Standard
Solution controls

Stabilization BCGSTAB
Flow Courant number 200
Momentum relaxation factor 0.5
Pressure relaxation factor 0.5
Solution monitors

Continuity residual tolerance 1073
Momentum residual tolerance 10-6
Target variable tolerance 1073
Used iterations for evaluation 60
Maximum iterations 6000

the scaled residual of the global power balance on each channel
segment

W
r,= : diss -1 (27)
Pmech - V(pout - pin)

that compares the volumetrically evaluated viscous dissipation
rate to the value derived from the mechanical drive power and
pumping power for extrusion. This accuracy metric is influ-
enced by discretization, truncation, as well as round-off errors.

3.1.3 | Preliminary Investigations

Prior to the execution of the parametric study, a grid refine-
ment study was performed to optimize the grid control param-
eters for the least expensive grid-independent solution. Since
an exhaustive trial across all design points was unaffordable,
only four critical cases listed in Table 4 were examined: The
first three setups refer to a Newtonian fluid in a slit-like chan-
nel, allowing for additional comparison with an analytical
solution. The final setup for a strongly shear-thinning fluid in
a boxy channel was expected to yield the highest velocity gra-
dients in each direction, which still needed to be sufficiently
resolved. For each of these cases, the grid control parameters
were varied in the order given in Table 5, with the former pa-
rameters kept fixed and the later ones at their coarsest level.

TABLE 5 | Variation of the grid control parameters (optimum values
highlighted in blue).

Parameter Values
®core {40, 50, 60, 70}
Vdivs {3,2.5,2,1.5}
Por {0.04, 0.05, 0.06}

The solution was considered grid-independent once each tar-
get variable was affected by less than 1%. The highlighted
parameter values struck an optimum balance between discret-
ization error and computation time.

With the simulation setup being finally adjusted, numerically
computed dimensionless flow rates and dissipation rates were
validated against the exact analytical solutions by Carley et al.
[6] and Mohr and Mallouk [7]. For a Newtonian fluid in a slit-
like channel, the numerical values match the analytical predic-
tions within an absolute margin of 0.03 or a relative margin of
3% (Figure 4). Considering the small remnant curvature and
flight effects even for this extreme setup, the numerical results
are in good agreement with theory.

3.2 | Numerical Results

The extended parameter range of the simulations provides new
insights into the melt conveying behavior of single-screw ex-
truder channels: With the additional degree of freedom for the
channel aspect ratio, the influence of three-dimensional chan-
nel curvature can now be examined independently from the
screw flights. To highlight the relevance of curvature effects
especially for high-performance screw design, exemplary nu-
merical results are presented for a melt channel of an industrial
barrier screw. As these channels are typically long and narrow,
well-conditioned flow rates and dissipation rates are key to
avoid excessive pressures and overheating the polymer inside
the extruder.

3.2.1 | Effect of Channel Curvature on
Pumping Capability

Figure 5 illustrates the effect of the channel depth ratioh / D on the
dimensionless flow rate for a Newtonian polymer melt at various
operating points. At a screw pitch ratio ¢ /D of 1.8 (Charts a and
b), the dimensionless flow rate consistently drops with stronger
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FIGURE 4 | Dimensionless flow rates (a) and dissipation rates (b) of a Newtonian fluid in a slit-like channel, as obtained from the three-

dimensional simulations (points) and the respective analytical solutions of Carley et al. and Mohr and Mallouk (solid curves). The thin-dashed lines

indicate the margins for an absolute error below 0.03 or an absolute percentage error below 3%.

curvature, and the reduction is similar for all pressure gradients
and aspect ratios considered. For channel depth ratios above
0.15, which are frequently found in high-performance screws,
the pumping capability is affected by 5%-20%. However, a lower
screw pitch ratio of 1.4 (Chart c) partly reverses this trend: Here,
the dimensionless flow rate declines less sharply for pressure neu-
tral zones and even slightly increases for overridden zones. These
observations can be explained by two competing effects: On one
hand, the radial channel taper diminishes the cross-sectional area
compared to the unwrapped configuration according to

7 +(t/D) = 3/ (x> + (¢/D)) [A=2 /DY z* + (¢/DY]
272h/D '

A = Acurved -

A

unwound

(28

The loss of cross-sectional area becomes more significant for
higher values of h /D and ¢t /D (Chart d) and hence dominates
for large ¢t /D. On the other hand, the area of the laminar flow
layer also shrinks radially towards the screw root, which gives
rise to higher shear stresses and shear rates in the lower por-
tion of the channel. This results in more convex down-channel
velocity profiles and thus counteracts the flow rate reduction
due to lost cross-sectional area. The simulation results closely
match the analytical solution of Booy [8] except for very large
channel depth and aspect ratios. In this regime, Booy's flight
correction factors for a constant, average channel width be-
come inaccurate: As the flight flanks diverge towards the
barrel, they restrict higher flow velocities to a lesser extent,
leading to slightly higher dimensionless flow rates in the fully
three-dimensional case.

For a strongly shear-thinning melt, channel curvature affects
the dimensionless flow rate differently, as shown in Figure 6 for
t /D =1.8 and a power-law index n =0.3: Higher channel depth
ratios steadily increase IT;, for pressure-neutral and pressure-
consuming zones, and they keep IT;, at a constant level for the
pressure-generating operating point. In this case, the effect of
local shear stress concentration cancels or even overrules the ef-
fect of reduced cross-sectional area, which can be related to the
shear-thinning nature of the polymer: The flow rate responds
more sensitively to higher shear stresses due to the progressively

rising shear rate. The curvature-induced increase is attenuated
at higher channel aspect ratios (Chart b), resulting from the
stronger flow restriction of the converging flights towards the
screw root. The converging flights also explain the flat opti-
mum for overridden zones, for which the flight effect matters
most. Compared to conventional metering screws, the larger
screw pitch ratios and aspect ratios in high-performance screws
dampen the influence of curvature on pumping capability for
strongly shear-thinning fluids.

3.2.2 | Effect of Channel Curvature on Viscous
Dissipation

Figure 7a,b highlights the impact of the channel depth ratio
h /D on the dimensionless average specific dissipation rate for
a Newtonian melt. With stronger channel curvature, viscous
heating becomes more intense, and the sensitivity to the chan-
nel depth ratio is hardly affected by the dimensionless down-
channel pressure gradient. The increased specific dissipation in
curved channels is largely caused by the radial contraction of
the screw channel: As the laminar flow layers shrink and the
flight flanks converge, additional shear stress accumulates in
the bottom region of the channel. In total, however, the dimen-
sionless dissipation rate rises only up to a critical value of h /D,
followed by a decline when the channel depth ratio grows fur-
ther (Figure 7c,d). The reversing trend results from the smaller
melt volume in curved channels compared to the unwrapped
configuration. Apparently, the volume reduction compensates
for the increased shearing above a certain threshold for channel
curvature. As these counteracting effects partly balance each
other, the total dissipation is much less influenced by channel
curvature than the specific average.

At larger aspect ratios h /wy, the curvature-induced increase in
both specific and total dissipation becomes more pronounced.
Furthermore, the peak of the dimensionless total dissipation
rate is shifted towards higher h / D values. This phenomenon is
linked to the narrowing channel width in radial direction, as the
locally higher shear rates close to the screw flights cover a larger
portion of the channel. In narrow channels of high-performance
screws, even moderate channel depth ratios (h /D =0.1) already
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operating points in barrier screws: (a) channel aspect ratio h /wy, =0.2 and (b) channel aspect ratio h / wy =0.6.

affect the total dissipation rate for Newtonian melts by more
than 5% (Figure 7d).

The characteristics change again if a strongly shear-thinning
melt is processed. According to Figure 8a,b, the average dimen-
sionless specific dissipation rate still rises with larger channel

depth ratios h / D, but the sensitivity to curvature is lower com-
pared to the Newtonian case. Moreover, curvature becomes
distinctly more influential at higher magnitudes for the dimen-
sionless down-channel pressure gradient. Both observations
are a direct consequence of the shear-thinning behavior, which
softens the increase in viscous dissipation and reduces flow
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resistance at higher shear rates. The total dimensionless viscous
dissipation rate, as shown in Figure 8c,d, drops continuously
with stronger channel curvature. Due to the milder increase in
specific dissipation, the impact of the lost flow channel volume
significantly outweighs the contribution of locally increased
shear rates. In wide channels of high-performance screws with
h /D greater than 0.1, curvature reduces total dissipation by
10%-20% for strongly shear-thinning melts.

Larger aspect ratios h /wj exacerbate the increase in specific
dissipation due to curvature (Chart b), thus limiting the decline
in total dissipation (Chart d), but only for pressure-neutral and
throttled zones. For a strongly overridden zone (IT, =-0.5), in
contrast, the interaction between curvature and screw flights on
viscous dissipation almost vanishes: Higher lateral shear rates
exerted by the converging flights are balanced by lower radial
shear rates due to a more restricted flow. The overall curvature
effect on total dissipation is in a lower range for narrow chan-
nels, but it still exceeds 5% for h /D >0.1.

4 | Analytical Approximation

After completion of the parametric study, the dimensionless
local melt conveying characteristics are merely given as a finite
list of discrete parameter values. Actual parameter combina-
tions in single-screw extrusion, however, will generally deviate
from those particular cases. To evaluate further design points
without re-running time-consuming numerical simulations, the
numerical results were approximated by analytical regression
models. In total, three continuous functional expressions were
derived that predict

« the dimensionless flow rate for a given pressure gradient

My, (h/D, t/D, h/w,, n, I,),

« the dimensionless dissipation rate for a given flow rate

My(h/D, t/D, h/wy, n, T,),
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« and the dimensionless average shear rate for a given flow
rate

Ig(h/D, t/D, h/w,, n, 1,)

throughout the entire design space.

The development of these model equations was accomplished
by symbolic regression. Rather than fitting model coefficients
of a presumed function type, symbolic regression infers hidden
functional dependencies from the numerical data, thus optimiz-
ing model structure and coefficients simultaneously. By this
means, complex nonlinear and coupled effects can be captured,
which especially occur with shear-thinning melts flowing
through three-dimensional curved channels (see Section 3.2).
Given the vast pool of suitable mathematical expressions, the
search for an optimum model was driven by genetic program-
ming—a heuristic optimization technique inspired by natural
evolution: Starting from a random population of simple models,
the individual models were randomly recombined, modified,

and partially replaced by next-generation candidates of superior
fitness to the numerical dataset. This procedure was continued
over multiple generations until a satisfactory model quality was
reached. Detailed information on genetic algorithms is given
by Affenzeller et al. [33]. The use of symbolic regression with
genetic programming has already proven successful for various
polymer processing problems [17, 34-37], including our preced-
ing study on a similar modeling task. Thus, we preferred this
data-based modeling strategy also for this new series of melt
conveying models.

4.1 | Data Preprocessing

The quality and distribution of the numerical samples highly
affects the achievable performance of the regression models.
For this reason, the numerical data were configured for the
upcoming regression in three successive steps: (i) data parti-
tion, (ii) data filtering, and (iii) data transformation. First, the
regression dataset was split into two subsets—a training set
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to develop the models, and a test set to compare models from
different runs. The latter is required due to the random oper-
ations within the genetic algorithm, which lead to models of
variable structure and accuracy even at the same settings. All
peripheral and the first 2000 interior design points were con-
sidered for training, with the remaining 1000 design points
being reserved for testing. Further 1000 independent valida-
tion samples have been already defined within the parametric
study (Section 2.4) for assessing the final models. Next, each
subset was cleared from outliers that corresponded to faulty
simulations or practically irrelevant design points. These in-
cluded cases with either negative flow rates (II;, <0), channel
aspect ratios h /w, > 1.3, or global power balance residuals 7,
>2%. After the partition and filtering steps, the numerical
database comprised 2119 training samples, 959 test samples,
and 862 validation samples. This modified database is now
representative for the design space in single-screw extrusion
in each subset, with the major information being utilized for
model development.

As the last action prior to the regression, the training and test
samples were mathematically transformed to attain a more bal-
anced value distribution of the target variables. Scatter plots of
these samples, which are provided as Supplementary File S3, re-
veal a highly uneven spread of the original target values across
the design space: Although most design points are scattered
within +/-100% around the median, a small proportion of sam-
ples exceeds the median by roughly one decade. This discrep-
ancy poses a difficult challenge for symbolic regression, as these
exceptional values are overly weighted in the fitness measure,
which sacrifices accuracy for the main proportion of use cases.
Previous investigations have revealed that the high target levels
correspond to strongly overridden screw segments and strongly
shear-thinning melts, for which the down-channel pressure gra-
dient dominates the flow [17, 38]. To capitalize on this domain
knowledge, each target variable was scaled to

oo My 09)
V,rel HV,app 1 s
I1,
Q
1_IQ,rel = HQ ’ (30)
,app
HS
g e = v’ (31
Q,app

using theoretical approximation equations Iy ,,, and g ,,, by
Marschik et al. [17] for superimposed drag and pressure flow
through rectangular ducts:

1

. 3nn i
My 2p = f1 = f, sign(T1,) il |HIJ : (32)
n+1
@n+1)" 11, —f;
HQ,app =fd,diss +f;7 nn f— (33)
p

The subfunctions fy, f;giss @nd f,, wWhich incorporate the influ-
ence of the side walls on each portion of the flow, are given by
the expressions

a0w£<a1+w£ +a, n)

b b

fdzl_ n n 2 n 2 (34)
a3+a4w—b+<w—b> +a5n+a6w—bn

. 39

fo=1+ , (36)

h 1+C4WL+C5}‘!
1+Cl— +c2n+c3#
wy 1+L'6W7b+7+cgn

as disclosed by Marschik and Roland in [39]. For brevity,
the coefficients are listed in Supplementary File S4. The
transformed target variables Ily ., Ty, and I, correct
the approximation equations for the additional influences
of transverse flow, flow coupling, and curvature. As seen in
Charts d-f of Figure S1 in the supplementary file S3, the val-
ues of these correction factors are now scattered more evenly
within a significantly narrower range. Scaling with theoret-
ical approximations was preferred over simple mathematical
transformations due to the domain-specific knowledge intro-
duced into the regression procedure. This approach has been
proven most effective to guide the heuristic algorithm towards
robust, generally valid models [40].

4.2 | Heuristic Model Derivation

The preprocessed training and test samples were subsequently
fed to the open-source software environment Heuristic Lab [41],
version 3.3.19, for the symbolic regression. As in our previous
study, an Offspring Selection Genetic Algorithm (OSGA) was
chosen that optimizes the models solely for prediction quality.
Within this algorithm, the symbolic expressions are encoded
in parse tree format (Figure 9) indicating the level and order of
mathematical operations, and the elementary symbols and their
arrangement within the tree are evolved heuristically. As this
algorithm tends to create unnecessarily complex models, sev-
eral constraints were placed on the expression tree structure:
First, the expression tree lengths and depths were restricted to
maximum values of 100 and 25, respectively. Second, the math-
ematical building blocks were limited to the function set listed
in Table 6, which is likely to represent steady-state characteris-
tic curves in single-screw extrusion. In particular, real-valued
power functions were considered instead of trigonometric ex-
pressions to reflect the power-law relationship for polymer melt

My = -3.1511, + + exp(-0.3 h/wp) + 1.42

h/D
t/D+n

o | {142]

v | tree

LiJ, depth
t/D n[—-0.3 hiw
(e/0); “J sy

v

tree length

FIGURE 9 | Exemplary symbolic expression tree (adopted from
[40]).
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TABLE 6 | Settings for the symbolic regression.

Complexity constraints

Constants All real numbers

Variables All independent
parameters

Arithmetic operations +.%/

Special functions without Power, exp, log

nesting
Maximum tree length 100
Maximum tree depth 25

Algorithm control parameters

Initial population size 1000
Crossover Subtree swapping
Crossover probability 90%
Mutator Multi-expression-

tree-manipulator
Mutation probability 25%

Selection operator Proportional selector

Max. selected parents 2000
Max. selection pressure 100
Success ratio 1
Elites 1
Constant optimization iterations 10
Max. generations 50

viscosity. Third, only sums and products of constants and vari-
ables were accepted as arguments for the transcendental func-
tions, and nested fractions were only allowed up to second order.
The settings for the genetic algorithm itself are also provided in
Table 6. They have already proven beneficial in preceding mod-
eling efforts for similar use cases and were therefore adopted in
this study.

Within the regression algorithm, the offspring models for the
successive generations were selected based on their coefficients
of determination

=

‘ (yi,sim _yi,appr ) ?

n

L

R*=1- 37)
— 2
1 (yi,sim _ysim)

on the training dataset, followed by an optimization of the model
coefficients. As the inherent randomness of the genetic operations
occasionally leads to unfortunate results, the complete regression
cycle was repeated 15 times for each target variable with identi-
cal settings. The resulting raw expression trees were subsequently
simplified by replacing redundant nodes with constants, and the
coefficients of the updated model structure were again optimized.

Aside from the coefficient of determination R? the prediction
qualities of the refined models were assessed by

« the mean absolute error

N
1
MAE = ﬁ Z |yi,sim — Yiappr|> (38)
i=1

« the mean absolute percentage error for all sample values
above 0.1

N | i,sim i,appr )
—  if y,4,>0.1
i=21 yi,sim bsim
0 otherwise (39)

N (i if ygn>01
£

=110 otherwise

« and a quality rate

QR = Zi:l

~ (i if AE;<0.06 || APE,<0.06
(40)

0 otherwise

defined as proportion of samples with absolute error AE <0.06
or absolute percentage error APE <6%. In addition, the mod-
els were checked for discontinuities and spurious oscillations or
peaks that may compromise the numerical stability of global ex-
truder calculations. The best models for each target were defined
by (i) the highest quality rate and (ii) mean absolute percentage
error of the combined expressions on the test set, provided (iii) a
complete absence of discontinuities in the interpolation regime,
and (iv) smooth extrapolation to the limiting case of h /w, =0.
The latter criterion is crucial for modeling undercut flights in
high-performance screws, which is handled by a weighted av-
erage of two- and three-dimensional conveying characteristics
[24]. The preferred model terms for the transformed targets
were finally mathematically rearranged for better readability
and a minimum number of operations.

4.3 | Prediction Models

The symbolic regression analysis finally yielded three analyti-
cal equations for the relative dimensionless flow rate Iy, ), the
relative dimensionless dissipation rate I ., and the relative di-
mensionless average shear rate Ig :

D, (D, +Ds) D
I = + Dy, 41
V,rel D4 + D5 D7 (Dg T Dg) 10 ( )
E,\ E, (Es +E,)
HQ,rel = + €55, (42)

Es (E¢ + E,) Eg + Eq

1

g, = F, (F, +F3) <F4 Fs+ Fo+F.<F,

+F9> + Fyy + Fqq,

43)
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with subfunctions D,_,, E;_¢, and F;_;; that contain a total num-
ber of 46, 55, and 58 coefficients, respectively. The expressions
of these subfunctions and the model coefficients rounded up to
six significant digits are provided in Supplementary Files S5-S7.
The complete prediction models for the dimensionless local melt
conveying characteristics are obtained by inverting the respec-
tive transformation Equations (29-31):

1_IV = HV,rel (HV,app + 1) -1 (44)
Mo = Mg et Mo .apps (45)

1
1_IS = l_[S,rel 1_IQ,app . (46)

Table 7 presents the quality metrics of the complete prediction
models on each individual dataset. All models achieve remark-
ably high approximation quality with coefficients of determina-
tion above 0.99, mean absolute percentage errors below 3.5%,
and more than 95% share of close predictions. As the metrics
remain similar among all datasets and even tend to improve for
the validation partition, there is no indication of overfitting. The
slightly superior performance on the validation set relates to a
smaller proportion of extreme design points, which the regres-
sion algorithm generally finds more difficult to capture.

A detailed impression of the predictive capability of the re-
gression models is given in the scatter plots of Figure 10. Each
chart shows the absolute percentage error of the respective
model on all samples depending on their pair-wise parameter
combinations. The validation samples correspond to the scat-
tered points between the vertical stacks at fixed levels for h /D
and n. All in all, the prediction error is almost evenly spread
along all parameter axes with a marginal number of outliers.
Merely the pumping model poses one exception, which yields
exceptionally high relative errors for design points with small
dimensionless flow rates. Due to the dimensionless flow rate as
target variable, however, this observation is mainly caused by

TABLE 7 | Approximation qualities of the complete models.

numerical augmentation of the absolute error when divided by
values close to zero. Indeed, the absolute errors of the pumping
model are below average for an overwhelming majority of these
design points, rendering them uncritical for full-scale extruder
calculations. The approximations of all three models are par-
ticularly precise within the most common operating range in
polymer extrusion, as indicated by the red bounding boxes in
Figure 10: Here, the absolute percentage errors barely exceed
2%. Again, no sign of overfitting is evident, as the color shades
of regression and validation samples are undistinguishable
throughout the design space. The scatter plots thus demon-
strate a comprehensive and consistently high approximation
quality of the regression models.

The excellent predictive capability of the analytical model
equations is further underlined in Figure 11, which plots
characteristic curves alongside simulation data for a typical
shallow and deep-flighted segment of a wave screw and dif-
ferent polymer melts. Besides closely matching the simulation
data, the continuous graphs of the regression models largely
reflect the expected physical behavior: First, the dimension-
less flow rates monotonically drop with rising dimensionless
down-channel pressure gradient, following a linear function
for a Newtonian fluid that becomes steeper and increasingly
nonlinear for more shear-thinning melts. Second, both the di-
mensionless dissipation and shear rate are minimum at the
pure drag flow rate and progressively rise when departing
from the minimum. Third, higher shear-thinning decreases
the dimensionless dissipation rates as well as their sensitiv-
ity to the operating point. The same applies to the dimension-
less average shear rates, yet to a smaller extent. Finally, the
deep-flighted section exhibits lower dimensionless flow rates
accompanied by higher dimensionless shear rates, as caused
by the combined effect of channel curvature and screw flights.
Still, small artifacts appear for the dissipation and shear rate
models close to the minima for a power-law index of 0.2.
Optimizing or re-training these regression models on addi-
tional numerical samples in this range would even further im-
prove the reliability of the predictions.

Quality metric Dataset Flow rate model Dissipation model Shear rate model
Coefficient of determination (R?) Training 0.997 0.996 0.999
Test 0.999 0.998 0.999
Validation 0.997 0.999 0.998
Mean absolute error (MAE) Training 0.053 0.169 0.059
Test 0.031 0.093 0.043
Validation 0.024 0.063 0.030
Mean absolute percentage error (MAPE) Training 3.3% 1.9% 1.5%
Test 3.1% 1.8% 1.4%
Validation 2.8% 1.5% 1.4%
Quality rate (QR) Training 97.2% 95.9% 98.3%
Test 98.1% 97.3% 98.7%
Validation 98.8% 99.1% 99.2%
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FIGURE 10 | Distribution of the absolute percentage errors for the pumping model (Equation 44) (a, b), the dissipation model (Equation 45) (c,
d), and the shear rate model (Equation 46) (e, f) across the complete dataset. The red boxes mark the subspace of the most common design points in

single-screw extrusion.
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FIGURE 11 | Comparison of simulated (sim.) and analytically approximated (appr.) melt conveying characteristics for typical wave screw seg-
ments and various power-law indices: (a, b) dimensionless pumping capability, (c, d) dimensionless dissipation rate, and (e, f) dimensionless average

shear rate.
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TABLE 8 | Prediction qualities of different analytical channel flow models for single-screw extrusion on the entire dataset.

Dissipation Shear rate,
Quality metric Channel flow model Flow rate, I, (I1,) rate, I, (II,) I (ITy)
Coefficient of determination 2D flat, segregated — — 0.472
(R?) 3D straight 0.811 0.980 —
3D curved, single-flighted 0.828 0.954 —
3D curved, generic 0.998 0.996 0.999
Mean absolute error (MAE) 2D flat, segregated — — 1.26
3D straight 0.289 0.521 —
3D curved, single-flighted 0.341 1.37 —
3D curved, generic 0.041 0.127 0.049
Mean absolute percentage 2D flat, segregated — — 154%
error (MAPE) 3D straight 10.8% (I, >0.1) 8.4% —
3D curved, single-flighted 27.7% (11, > 0.1) 28.2% —
3D curved, generic 3.1% (11, > 0.1) 1.8% 1.5%
Quality rate (QR) 2D flat, segregated — — 5.9%
3D straight 63.9% 48.0% —
3D curved, single-flighted 71.4% 13.4% —
3D curved, generic 97.8% 97.0% 98.6%

To assess the added value of the novel melt conveying models,
Table 8 compares their quality metrics on the complete numer-
ical dataset to the scores of three benchmark models: (i) the ex-
tended three-dimensional straight channel models by Marschik
et al. [17] for the pumping capability and dissipation rate, (ii) the
single-flighted, three-dimensional curved channel models by
Herzog et al. [12] for the same two relationships, and (iii) a two-
dimensional segregated shear rate model

t/D

2
T 2 rep = \/ [1+3em) (1, -1)]" + [7(1 -3 e(n))]

47)

based on superimposed drag, pressure and transverse flow in an
infinite slit, with the representative radial position

exp(—1/3) if n=1,

e(n) = < 3n
2n+1

48)

) '™ otherwise

according to Giesekus et al. [42]. Generally speaking, none
of the benchmark models correctly maps the melt convey-
ing characteristics throughout the entire design space: The
straight channel equations predict less than 2/3 of flow rates
and less than 1/2 of dissipation rates considered at accept-
able accuracy, with mean absolute percentage errors around
10%. This moderate but consistent and significant deviation is
largely caused by the neglected channel curvature. The single-
flighted curved channel models have a slightly better success

ratio for the flow rate at the expense of a dramatically worse
success ratio for the dissipation rate, accompanied by mean
absolute percentage errors exceeding 25%. This indicates a
large number of model failures when extrapolating to nar-
row opening angles—cases that were missing in the training
data for deriving these models. The two-dimensional segre-
gated shear rate model performs particularly poorly with a
mean absolute percentage error above 100% and a quality rate
below 10%. This is not surprising, as the effects of curvature,
screw flights, and flow coupling are ignored altogether in this
approach. The novel regression models, in contrast, align to
the simulation results in more than 97% of all cases, and the
mean relative deviations are multiple times lower. Applying
heuristic algorithms on a comprehensive database for three-
dimensional curved channel flow in multi-flighted screws
thus proved as gamechanger to strengthen the validity of the
developed equations.

4.4 | Application to Single-Screw Extruders

Despite the high degree of sophistication, the standalone re-
gression models strictly apply only to short, isolated channel
segments of constant dimensions. However, various extruder
screws in industrial use, in particular high-performance de-
signs, exhibit tapering channel cross-sections along the screw
axis as well as undercut flights to promote cross-channel flow.
In long metering zones, viscous dissipation further causes a sig-
nificant melt temperature increase that affects the conveying
behavior through temperature-dependent material properties.
To accommodate variable flow conditions in the down-channel
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FIGURE 12 | Reported pressure measurements by Spalding et al. (blue dots) compared to calculated axial pressure profiles (blue lines) and axial

temperature profiles (red lines) using the novel melt conveying models within non-isothermal network theory: (a) Setup 1 and (b) Setup 2.

direction alongside leakage flow, the melt conveying charac-
teristics need to be implemented in a segmented extruder cal-
culation. Such calculation routines divide each screw channel
and flight clearance into short segments where constant flow
conditions can be assumed. This approach is now anchored
into numerous software packages for single-screw extrusion
[43-45]. One promising solution strategy applies the principles
of network theory as disclosed in [24, 46]: The average pres-
sures, average temperatures and flow rates along the screw are
determined by (i) connecting adjacent screw segments in the
down-channel and cross-channel directions and (ii) balancing
the mass and enthalpy flows at each connecting node. The hy-
draulic and thermal characteristics of each segment along the
channel could then be obtained from the surrogate models in
dimensional form, employing the shear rate model in an inner
iteration loop for computing the local power-law viscosity pa-
rameters. The mechanical drive power consumed in the me-
tering zone is given by the total dissipation rate and pumping
power across all segments:

: mseg
Pmech = Z Wdiss,seg + ———Apseg ’ (49)
seg p(pseg’ Tseg)

with ﬁseg,ieg and Ap,, as average pressure, average tempera-
ture, and pressure difference across a segment. The reduced in-
fluence of undercut flights on the channel flow, as observed in
barrier or wave screws, can be considered by a weighted average
between the case of finite and zero aspect ratio for all three melt
conveying models:

i n n
velt Sa+\| | a+s,| "

Mo | = {1~ —77, o[t 55 |Me|l

g st I g || &

(50)

with 6, and 6, representing the respective clearances at the
active and passive flight flank. This framework can evaluate
extrusion processes within a few minutes even for long and
complex screws, rendering it an attractive option for extensive
design studies.

The ability of the new surrogate models to predict real-world
extruder performance is demonstrated by recalculating two
extrusion experiments reported by Spalding et al. [47]: The
first setup refers to a constant-shaped, single-flighted meter-
ing zone of a 63.5 mm diameter extruder, while the second one
involves a double-flighted three-zone screw of a 500 mm di-
ameter extruder. For additional consideration of leakage flow
and thermal effects, the models were applied alongside non-
isothermal network analysis as disclosed by Roland et al. [46],
using the equations of Marschik et al. [48] to determine the
element properties across the flight clearances. The solver set-
tings for the calculations are documented in Supplementary
File S8. As illustrated in Figure 12, the calculations almost
perfectly match the measured pressure of Setup 1, whereas
the pressure recording of Setup 2 is predicted within an error
margin of 10%. The latter deviation can still be regarded as
acceptable, as the overall uncertainties related to the experi-
mental setup and the process are in a similar range. The cal-
culations further provide reasonable melt temperature values,
showing the expected degressive rise in the axial direction.
Considering the vastly different production scales between
these two cases, the results thus confirm the excellent scal-
ability of the dimensionless melt conveying characteristics. A
broader experimental model validation that also encompasses
wave-dispersion screws will be addressed in an upcoming
publication.

Based on cases of pure melt flow in a rotating frame of reference,
the regression models primarily address melt conveying zones in
extrusion mode. Most single-screw plasticating units, however,
are fed with solid-state material that is converted into melt while
transported. At the later stage of melting or for wave-type melt-
ing zones, the melt-dominated approach still works surprisingly
well, as demonstrated in a previous validation study [24]. Due
to the dispersion of the solids into small particles that are sur-
rounded by melt and are also softening quickly, material trans-
port remains largely governed by viscous forces in these cases.
Yet in the earlier stages of the phase transition zone, where solid
and molten polymer move side by side, the flow in the melt pool
becomes influenced by the radial and down-channel velocities
of the solid bed. Accurate melt conveying characteristics for
this region thus require an extended flow simulation database
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that incorporates the dimensionless form of these velocity com-
ponents as further influencing parameters. For modeling the
conveying of solids in the feeding section, different numerical
approaches, such as the discrete element method, need to be
consulted. A further extension of the models is required for in-
jection molding: The axial retraction speed of the screw consid-
erably alters the flow pattern and thus needs to be considered
as an additional influencing parameter in dimensionless form.
Developing further generalized models for these use cases is
suggested as an objective for future research.

5 | Conclusion

This work features the most universally applicable regression
models to date worldwide for predicting the local melt flow
rates, viscous dissipation rates, and average shear rates in me-
tering channels of single-screw extruders. Based on a compu-
tational parametric study related to flow of power-law fluids
in confined channel segments, these models provide dimen-
sionless analytical equations depending on five independent
variables: (i) the channel depth ratio h /D, (ii) the screw pitch
ratio t / D, (iii) the channel aspect ratio h /w,, (iv) the power-law
index n, and (v) the dimensionless down-channel pressure gra-
dient IT,, or dimensionless flow rate I, depending on the target.
The models combine two key features that set them apart from
previous analytical approaches: First, they fully capture the in-
fluence of three-dimensional channel curvature alongside the
shear thinning behavior of polymer melts. As revealed in the
parametric study, curvature may affect the pumping and dis-
sipation characteristics by more than 10%. Second, the models
precisely and continuously map a comprehensive design space
that covers both conventional and high-performance extru-
sion conditions—including deep and narrow channel sections
of multi-flighted screws (h/D <0.325; h /w, <1.3), as well as
strongly overridden zones in high-speed machines (I, > -1.1).
Throughout this wide-ranging design space, the new character-
istic equations impress with outstanding prediction quality: On
independent simulation data, they achieve mean absolute per-
centage errors below 3.5%, which by far excels the capabilities of
existing approximation models. Moreover, they reliably match
real-world extrusion data at different production scales when
applied alongside non-isothermal network theory. Subsequent
analytical corrections additionally allow for mapping under-
cut flights in barrier and wave screws. Due to their extended
scope of validity, the advanced melt conveying models can sig-
nificantly enhance the accuracy of fast-computing segmented
extruder calculations. The improved predictions facilitate screw
design and process troubleshooting for a considerably larger va-
riety of melt conveying zones in single-screw extrusion without
resorting to time-consuming detailed numerical investigations.

Nomenclature

A channel cross-sectional area

A*dimensionless channel cross-sectional area

B, covered cross-sectional area by the active flight flank radius

BIJ covered cross-sectional area by the passive flight flank radius

BF cell bias factor

D inner barrel diameter

D rate of deformation tensor

e representative channel position

h channel depth

h/D channel depth ratio

h/w,  channel aspect ratio

K power-law consistency

L shen cell edge length in the shell layer
MAE mean absolute error

MAPE mean absolute percentage error
Nyshen  number of divisions in the shell layer
n power-law index

p melt pressure

D’ average axial pressure gradient

P

mech mechanical drive power

QR quality rate
r radial distance

Vdim.cs cross-sectional proportion of the flow domain

Ydimrad  radial proportion of the flow domain
Ydimang angular proportion of the flow domain
¥ divs ratio of cell divisions between the shell and core layer

R2 coefficient of determination

t screw pitch

t/D screw pitch ratio

V' channel segment volume

v flow velocity

V volumetric flow rate

w channel width

Wdiss viscous dissipation rate

y arbitrary target variable

Z down-channel length per revolution

Aore scaling factor for the divisions of the core layer
f aperture angle on the circumference

Por sensitivity parameter for the cell growth rate
y shear rate

4 rep representative shear rate (volumetric average)
0, radial clearance at the active flight

6 B radial clearance at the passive flight

n melt viscosity

deimensionless down-channel pressure gradient

HQ dimensionless dissipation rate

HQ,app dimensionless apparent dissipation rate
HQ,rel dimensionless relative dissipation rate
IIgdimensionless average shear rate

I dimensionless relative shear rate
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Ily .pp  dimensionless apparent flow rate

Iy, dimensionless flow rate

Iy 1o dimensionless relative flow rate
T viscous stress tensor

@ pitch angle

w screw speed
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