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ARTICLE INFO ABSTRACT
Keywords: Resource efficient processing of polymers is of paramount importance to minimize energy con-
Polymer processing sumption, processing time, and material losses in the polymer industry. This study is concerned

Polymer extrusion
Planetary roller extruder
Numerical modelling
CFD simulation

with polymer processing in planetary roller extruders. A three-dimensional numerical flow
simulation was tailored to understand the polymer flow through the extruder in detail. Using the
simulation software ANSYS Polyflow, we quantified both directly measurable process parameters,
such as pressure build-up, and more intangible parameters, such as material shear. By varying

Validation
Fluid dynamics operational and material parameters in a sensitivity analysis, we showed that the dynamics,
Material stress material stress and pressure build-up are controlled primarily by the number of spindles and their

rotational speed. Notably, this work provides the first successful validation of a 3D simulation of a
polymer flow in a planetary roller extruder against actual experimental data. The simulation
showed robust agreement between the simulated and experimental values, provided that a critical
backpressure length is reached. This computational approach minimizes labor-intensive experi-
mental testing in polymer processing.

1. Introduction

Polymers play a pivotal role in various industries, serving as a cornerstone material with increasing production volumes. According
to PlasticsEurope [1], 390.7 million tons of polymers were processed into manifold products in 2021, a substantial increase from the
365.5 million tons produced in 2018. This is related to advantages, such as lightweight and cost-effective production of polymers,
compared to alternative materials. However, polymers are not without their drawbacks. Conventionally, they are carbon-based and
primarily derived from fossil raw materials, mostly petroleum [2-4]. To mitigate the environmental impact, it is urgent to reduce the
carbon footprint of polymer products. This can be done by replacing fossil raw materials with recycled or bio-based polymers [5] or by
increasing the resource efficiency in the processing of the polymer. Given their often short lifespan the disposal of these products poses
significant environmental challenges due to their poor biodegradability [2].

Extrusion is an important processing method for polymers with a share of approximately two-thirds of the production volume [6].
Extruders are categorized according to their internal design as single-screw and multi-screw extruders [7,8]. The latter includes, i.e.,
the planetary roller extruder (PRE). The design of PREs resembles a planetary gear (see Fig. 1). The main spindle (MSP) drives meshing
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Abbreviations

CAD Computer aided design

CFD Computational fluid dynamics
MSP Main spindle

MST Mesh superposition technique
PA6 Polyamide 6

PE-HD  High-density polyethylene
PE-LLD Linear low-density polyethylene

PRE Planetary roller extruder

PS Polystyrene

PSP Planetary spindle

RC Roller cylinder

SSE Single screw extruder

TSE Twin screw extruder

Symbols

ar [—] Temperature shift factor

Ao [Pa s] Zero shear viscosity

A* [—] Auxiliary variable for the calculation of the back pressure length
B [s] Reciprocal transition shear rate

bchanmnet  [m] Channel width
bmesh [m] Mesh width

B* [—] Auxiliary variable for the calculation of the back pressure length
C [—] Slope of the viscosity curve in the pseudoplastic viscosity range
C* [—] Auxiliary variable for the calculation of the back pressure length
Ap/Az [Pa m~'] Pressure gradient

Eo [J mol 1] Activation energy

f [N m~3] Volume related forces

hchannet  [m] Channel height
hyesh [m] Mesh height

K [Pa s"] Consistency factor

Lpackpressure [m] Back pressure length

m [kg m~3 K~!] Temperature-related increase in density
n [—] Power law index

Nyisp [s~'] Main spindle speed

Nrel [s~'1 Relative speed between main and planetary spindle in experiment (exp) or simulation (sim)
R psp [s~'] Rotational spindle speed

Nt [—1 Number of teeth

Ntgest [—] Number of remaining teeth

p [Pa] Pressure

PMeasurement [Pa] Measured pressure

R [J mol~! K] Universal gas constant

T [K] Temperature

To [K] Reference temperature

v [m s~ 1] Local velocity vector

VMSP [ms~!] Velocity of the main spindle

' [ms 1] Velocity in axial direction

7 [s™'1 Shear rate

n [Pa s] Shear viscosity

Ty [—1 Dimensionless volume flow

p [kg m—>] Density

Po [kg m 3] Density at temperature of 0 °C

planetary spindles (PSP) that rotate inside a stationary internally toothed roller cylinder (RC). The 45° helical gearing provides axial
material transport with simultaneous radial cross-mixing. Advantages of PREs over other extruder designs include modular design,

precise temperature control, and low shear rates [8].

Process development on the PRE is complex due to the large number of possible settings, including spindle configuration, rotational
speed of the main spindle, and the mass flow. For this reason, extensive experimental studies are carried out to improve process
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Fig. 1. Internal design of a PRE with main spindle (MSP), planetary spindles (PSP), and roller cylinder (RC).

efficiency and product quality. Due to the relatively high material mass flows required and the associated energy consumption for drive
and heating, these trials are resource intensive. Because the PRE consists of a non-transparent roller cylinder that defines the pro-
cessing volume, researchers are prevented from making qualitative assessments or visual observations during processing. In addition,
temperature, pressure and shear rates in the polymer melt are difficult to measure. To improve process development, we decided to
complement the experimental investigations with simulations. Our target was to nurture the understanding of the polymer dynamics in
PREs and thereby help to decrease the number of required experiments. This is linked to a reduction in the carbon footprint during
process development and production.

Over the past few years, numerous experimental and numerical studies were carried out on the effects of operating parameters on
extruding operations. For single- and twin-screw extruders, there is already a large number of investigations and models available to
describe and optimize the processes, respectively [9-13]. Previous experimental work on PREs has focused on their compounding
behavior [14-16] and the scale-up process [17], among other things. Mathematical PRE models, such as those developed by Rudloff
et al., are based on experimental data and calculate process variables such as the degree of melting or the residence time along the
cylinder of a PRE [18,19].

However, three-dimensional CFD (computational fluid dynamics) simulations, which can provide detailed information on the
processes occurring in the PRE, are rare due to the system’s high complexity. Birr has developed a simplified model to investigate the
processing of long-fiber-reinforced thermoplastics [20]. The simulated flow profiles are of qualitative nature. A deeper insight into a
PRE through numerical simulation of the flow field and mixing dynamics was gained by Winck and Frerich. However, the results and
the simulative setup could not be validated [21]. Based on the latest developments in experimental research on PRE [22], experimental
data can now be used to validate simulative results.

The primary objective of this publication is to further extend the understanding of the fluid dynamics inside a PRE. This study aims
to enable a faster process development with a reduced number of necessary experiments, leading to a higher product quality and a
more efficient and, thus, environmentally friendly production process. To achieve this goal, a three-dimensional computer aided
design (CAD) model of a PRE was created, which was then used for CFD simulations. To ensure the accuracy of the results, the CFD
simulation of the planetary roller extruder was validated for the first time using real measurement data from literature. Process pa-
rameters, such as spindle configuration, main spindle speed, and mass flow were varied. These investigations focus on analyzing the
main influencing factors of the pressure build-up characteristics and the mechanical shear stress on the material. With this knowledge,
processes can be specifically optimized and adjusted with regard to product quality and process efficiency.

2. Methodology
2.1. Simulation methods

The CFD simulations were set up using the commercial software ANSYS Polyflow 2020 R1. According to the conditions of the
extrusion process and the properties of the polymer, the following assumptions were made: (1) The fluid is incompressible. (2) The
flow is laminar. (3) The sticking condition between walls and fluid is valid. (4) Gravitational forces are neglected. (5) The polymer flow
is considered a generalized Newtonian flow; viscoelastic effects are neglected. (6) The simulated roller cylinder section is completely
filled with polymer at all times. Thus, single-phase flow exists. (7) Changes in temperature are negligible. Thus, an isothermal
calculation is performed.

With these assumptions, the Navier-Stokes equations simply to the following conservation equations (Eq. 1 and Eq. (2)) for mass
and momentum [23,24],

Vov=0 Eq. 1
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0
p-(a—:+(v~V)v):f7Vp+i1-Av Eq. 2

where v is the local velocity vector, p is the density, f is for volume related forces, p is the pressure, and 5 stands for shear viscosity.
Other extruder simulations also use these simplified assumptions [25,26]. We have challenged these assumptions in non-isothermal
calculations and by varying the inlet pressure and did not see significant effects on the calculated results.

To validate the results of the simulation, the calculated values were compared with experimental data. Rudloff et al. performed
experiments using a custom-built cylinder to measure the melt pressure axially along the extrusion direction [22]. The simulation was
set up to use the experimentally measured melt pressure for validation. This validated methodology was the basis for our investigations
into the operating characteristics of the PRE.

2.2. Geometry of the planetary roller extruder and mesh for computation

The PRE can vary in the number of modules. Within a module there are sections with different degrees of filling [20]. The
downstream section of each module is more filled, so the assumption of complete filling is more likely to apply. Studies by Rudloff show
that process conditions such as pressure build-up and material stress are particularly influential in this section [18]. Based on this and
in order to avoid excessive computation time, only the fully filled section of a PRE module was modelled. The results calculated for this
section can be applied to other filled regions of the PRE. The PRE section was modelled by using the Autodesk Inventor Professional
2020 CAD software. The model included the main spindle, the roller cylinder, and a variable number of planetary spindles and was
constructed based on published geometry data [8,27-29]. The length of the simulated section corresponded to the pitch length of the
planetary spindle of 55.536 mm.

For the computation, equations (1) and (2) were solved in a discretized computational domain. There are several approaches for
discretizing computational domains with moving components [30,31]. Since the process volume, in which the polymer flow changes
with each movement of the extruder, constant remeshing would be required. To avoid this time-consuming remeshing, the Mesh
Superposition Technique (MST) was applied [24]. In this technique, the moving components of the PRE (Fig. 2a) and the fluid domain
(Fig. 2b) are meshed separately and then superimposed. At each computational step, a check is made to see if a fluid element is
superimposed on a solid body. The actual process volume results from the fluid elements that are not overlapped.

The zone of fluid domain elements that intermesh with machine components is of particular interest for analysis because of the high
shear rates that occur in these finite volumes. Therefore, all intermeshing sections were meshed at a higher resolution than the melt
channels, which contain only fluid domain elements (Fig. 2). Since there are no direct interactions between the machine components, a
coarser mesh is sufficient. Zones covered by moving components during a complete rotation do not need to be meshed.

The kinematics of the PRE were adapted to further reduce the computational complexity of the simulation. In the actual setup, the
roller cylinder is stationary as the outer machine housing, while the planetary spindles rotate around the main spindle (Fig. 3a). To
reduce the mesh size and, thus, the computational complexity, the kinematics of the system were adapted so that each component had
only one degree of freedom. Thus, the roller cylinder was rotated in the simulation while the planetary spindles were fixed in place, and
the fine and coarse mesh regions were fixed in a stationary position. This approach has already been reported elsewhere [21,27].

Fig. 3 shows the PRE kinematics in the actual experiment (Fig. 3a) compared to the simulation (Fig. 3b). The orange arrows
represent the direction of the rotation of these spindles, which is the same in experiment and simulation. However, the motion of the
gear (blue arrow) was transferred from the planetary spindles (a) to the roller cylinder (b). This requires adjusting the relative
rotational speed (n., Eq. (3)) of the main spindle (nysp) and the planetary spindles (ng psp) [18]:

Nyl = Nysp — 1R psp Eq. 3
In the real system design, the rotational speed of the planetary spindles around the main spindle due to the gearing is (Eq. (4)):
MR pSp Exp = 1/3 ® 1ysp Eq. 4

The combination of Eq. (3) and Eq. (4) results in a relative velocity that is expressed by Eq. (5):

0 0.02 0.04 [m]

Fig. 2. Computational meshes of (a) the machine components of the PRE, (b) the fluid domain, and (c) superimposition of the meshes. The inner
circular zone is permanently overlaid by solids and therefore did not need to be meshed.
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(a) Experiment (b) Simulation

Fig. 3. PRE kinematics. The orbiting motion of the planetary spindles from the experiment (a) is transferred into a rotation of the roller cylinder for
the simulation (b).

Trel bxp =2 / 3 o nysp Eq. 5

As mentioned above, the planetary spindles are stationary in the simulation and rotate only around their own axis. The rotary
movement of the planetary spindles around the main spindle is therefore eliminated. This results in Eq. (6) for calculating the relative
speed in the simulation:

el sim = Nysp Eq. 6

A comparison of Eq. (5) and Eq. (6) shows that the relative speeds of the main and planetary spindles change when the PRE ki-
nematics are adjusted. Since this could distort the simulation results, the speed of each PRE component is multiplied by a factor of 2/3
in the simulation, respectively. As a result, the relative velocities correspond to those of the experiments (see also [27]). For the sake of
simplicity, the speeds in this paper always refer to the main spindle speed of the experiment.

2.3. Scope of the simulation

The parameters specified were spindle configuration (number) and speed of the main spindle, material and temperature (which
determine the viscosity and density of the melt) and mass flow. For validation purposes, a total of 25 experimental operating points
with different parameters were modelled in the simulation. The corresponding operating parameters of the comparative experiment
can be found in Ref. [22].

The simulations for our sensitivity analysis (see Table 1) included all available degrees of freedom to provide insights into the
system that would be difficult or impossible to measure experimentally. It was designed by first defining a default operating point with
the following settings: The material being processed is PE-HD with a spindle configuration of six standard spindles. The mass flow was
40 kg h™! at a spindle speed of 120 min~!. The temperature is set at 200 °C. To investigate the parameter’s influence on the extrusion
process, only one of the input variables was changed in a respective analysis (see italic table entries). Then, the simulation results were
compared with the standard operating point, allowing the effects to be analyzed individually, without any other influencing variables.

2.4. Polymer data

The simulation included polymers with different molecular structures. The materials were chosen to be the same as for experiments
reported in the literature, namely polyamide 6 ("PA6" — Ultramid B3S from BASF SE), high-density polyethylene ("PE-HD" — Vestolen
A6060 from Sabic), linear low-density polyethylene ("PE-LLD" — Luflexen 18 TFA from LyndellBasell), and polystyrene ("PS" - 143 E
from BASF SE). For numerically solving the system of equations, the material data models included the temperature and shear rate
dependent viscosity (Table 2 and Fig. 4) and the temperature dependent melt density (Eq. (10) and Table 2).

The Carreau model (Eq. (7)) and the power approach (Eq. (8)) were used to describe the viscosity, analogous to the work of Rudloff
[18]. The temperature dependence of the viscosity of the polymer melt was described by the Arrhenius temperature shift factor (Eq.

Table 1

Parameter field covered during the simulation.
Polymer Number of spindles [—] Mass flow [kg h ] Spindle speed [min~ 1] Temperature [°C]
PE-HD 6 40 120 170, 185, 200, 215, 230
PE-LLD 6 40 120 170, 185, 200, 215, 230
PS 6 40 120 170, 185, 200, 215, 230
PA6 6 40 120 170, 185, 200, 215, 230
PE-HD 3,4,56 40 120 200
PE-HD 6 20, 30, 40, 50, 60 120 200
PE-HD 6 40 40, 80, 120, 160, 200 200

The variable that has been subject to variation is shown in italics.
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Table 2
Data for calculating the viscosity and density of the materials [18,22].
PA6 PE-HD PE-LLD PS

Ay [Pas] 218 12,582 1751 7800
B [s] 0.002 0.100 0.010 0.300
C[-] 0.54 0.87 0.77 0.70
Eo [J mol™!] 60,049 6338 27,970 73,716
To [°C] 260 200 200 200
K [Pas"] 13,507.40 92,913.92 58,707.22 18,108.21
n[-] 0.46 0.13 0.23 0.30
po [kg m~3] 1035 858 821 1070
m[kgm 3°C1] 0 0.462 0.423 0.513

(9)). At the start of each simulation, the viscosity coefficients were calculated for the temperature of interest and implemented in the
simulation as a shear rate-dependent function. This fitted the material data to the desired temperature and allowed the simulations to
be run isothermally. As an example, the shear rate-dependent viscosity at 200 °C is shown in Fig. 4.

. _ ll]‘(]ﬂ) o /40
n(r. T)f(l +ar(T)eBej)° Eq.7
N, T)=Keap(T) ey Eq. 8
ar(T)=exp (% (% - Ti())) Eq. 9

The melt density was calculated as a linear model with the parameters py (density at a temperature of 0 °C) and m (slope of the
straight line as a function of temperature in °C) according to the method of Rudloff [22]. The values are valid for the single phase
melting range. The density was then calculated for the temperature of interest according to Eq. (10):

p(T)=py+meT Eq. 10

2.5. Mesh independence and validation methodology

The simulations were run on a Dell OptiPlex 7070 tower with an Intel CPU (Core i7-9700 with 8 cores) and 32 GB RAM. Depending
on the material properties and the mesh size, the simulation took an average of 1:37 h. Especially, when the viscosity of the polymer
deviated strongly from Newtonian behavior, the simulation took considerably longer.

To evaluate the influence of the variables under investigation, the extensive simulation data need to be converted into interpretable
results. Thus, the simulation data has to be carefully selected to include only the relevant regions in the evaluation. Thus, neither data
within inlet and outlet areas were considered. By excluding these regions, distorted results were avoided. Only the data from the fluid
domain within the PRE was balanced, since this region describes the fluid region that is relevant for the evaluation of, e.g., the material
stress. It was also taken into account that the values may be differing at each cross-section, e.g., in the melt channel or the intermeshing
area. To make a representative statement, volume-related mean values were calculated either for each cross-section plane along the
extruder or for the total volume, depending on the representative evaluation. Arithmetic averaging was not used here, because some
more densely meshed regions (see section 2.2) would falsify the results. The simulation data’s output was produced directly from the
used simulation software ANSYS. Self-written MATLAB scripts were used for further analysis.

One aim of this work is to develop a validated simulation of the extrusion process in a PRE. In this work, the results of the simulation
were mainly validated in three ways. First, the independence of the simulation results from the computational mesh used was
investigated. Second, the results of the mesh-independent simulation were compared with experimental measurement data from
literature to determine the values’ correctness. Third, as the final step, error considerations analyzed possible deviations that may
occur despite the preceding validation steps.

100000

- - = n(PE-HD)
........ n (Ps)

= = =n(PE-LLD)
—n (PA8)

10000

1000

Viscosity [Pa s]

100

0.1 1 10 100 1000 10000
Shear rate [s!]

Fig. 4. Viscosity of chosen polymers as a function of shear rate at 200 °C, based on viscosity data from Refs. [18,22].
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Constructing a mesh with elements of high quality and appropriate size is critical to obtain meaningful simulation results. A mesh
convergence study ensured that the applied mesh had no significant effect on the results. Consequently, the PRE geometry and fluid
domain under study were systematically meshed with elements of varying sizes. The element size ranged from 1.00 mm to 2.50 mm
with a step size of 0.25 mm. Regions that require finer meshing were assigned a factor and therefore received smaller element sizes.
The goal of the mesh convergence analysis was to determine the optimum element size for maximum accuracy and minimum simu-
lation time. For this purpose, a monitor variable had to be determined and the influence of the element size on this variable was
observed. As for the validation studies, the pressure difference between the inlet and outlet of the extruder was used as monitored
variable.

For a PRE configuration with six planetary spindles, Fig. 5 shows that the pressure difference approaches a limit value as the
number of elements increases in each case. However, simultaneously increasing the number of elements and reducing their size does
not result in any further improvement in accuracy. In contrast, the simulation time increases as the number of elements increases.
Thus, the mesh with a global element size of 1.50 mm was selected. This element size satisfies both the requirements of accuracy and
simulation time efficiency. Fig. 5 shows that a further reduction of element size leads to no significant improvement; accordingly, the
independence of simulation results from the mesh can be considered as given. Since identical behavior was observed for other spindle
configurations as well, the global element size of 1.50 mm was set.

In addition, to ensure reliability of the simulation in process development, it is necessary to verify the correctness of the results.
Since the simulation covers only a section and not the entire PRE, the simulated results have to be compared with experimental
measurements. However, conventional roller cylinders only show limited options for measuring parameters in-line. Rudloff has
conducted experimental investigations to analyze the process conditions inside the roller cylinder [18,22]. He thus fabricated and used
a unique roller cylinder, with measurement opportunities spaced 45 mm apart along its length. This particular cylinder makes it easier
to compare simulation and experimental data. Rudloff [22] measured the pressure and temperature values at three locations inside the
roller cylinder. Since his 45 mm measuring distance between two sensor positions is less than the 55.536 mm in this work’s simulated
PRE, it was ensured that the PRE simulation covers a length that is encompassed by two sensors.

To investigate the input variables’ relative influences, the calculations were applied to different materials, operating points, and
spindle configurations. By varying the test parameters and recording the aforementioned sensor values in the roller cylinder, the
measured data allow a validation of the simulation. Sanjabi et al. have previously applied a similar validation approach based on
pressure and temperature values for a single screw extruder [32,33].

In this work, the PRE simulation assumes a completely filled roller cylinder. As Birr’s work [20] has shown, the percentage of filling
increases towards the end of the roller cylinder, where the assumption of a complete filling is most justified. Thus, the downstream
sensors were selected for validation. Using Rudloff’s mathematical model for the back pressure length [18,22], it was possible to verify
the percentage of filling in the simulated roller cylinder section as follows.

The PRE generates pressure in the conveying direction against the constriction components (e.g., nozzle), due to the helical gearing
of the planetary spindles. The resulting pressure gradient (Ap/Az) is affected by factors such as spindle configuration, rotational speed,
and mass flow. The pressure gradient (Ap/Az) and the measured pressure (Ppeqsurement) Were used to calculate the length of material
backed up in front of the downstream cross-sectional constriction of the roller cylinder (Lpackpressure), as per to Eq. (11).

PMeasurement

Lpackpressure ==« Eq. 11
Backp Ap/Az q.

Eq. (12) was used to calculate the pressure gradient (Ap/Az) required for the back pressure length. The model assumes plug flow,
which is represented by a stepped filling degree curve. In reality, the curve continues to rise continuously.

Ty — A"
A Az ="V " Eq. 12
p/ N B* e C* q

The dimensionless volume flow 7 and the auxiliary variables A*, B*, and C* were calculated according to Eq. (13) to Eq. (16):

2.5 1

2.0

100 125 17!
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Pressure difference inlet and outlet [MPa]
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Fig. 5. Pressure difference between inlet and outlet of the simulated section and calculation time as a function of inverse element count. The data
labels show the global element size in millimeters. The lines provide an optical guide for the eye.
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The number of planetary spindles Npgp, and the geometric quantities hmesh, Dmeshs Nchannel, and bchannel mentioned in the above
equations were derived from the PRE’s gearing data. The parameters vjsp and vz are functions of the geometry and the main spindle
speed. The consistency factor K and the flow exponent n are parameters that describe the viscosity of the melt. The number of teeth on
the selected spindles, and the simulated spindle configuration in general, is accounted for by the use of Ny and N7, gest. The volume flow
rate of the polymer melt is represented by V. In this study, the measured pressure (Pyfeasuremens) Was the value of the downstream
pressure sensor, since it indicates the maximum pressure value in the considered cross-section. The pressure gradient can be used to
calculate the back pressure length opposite the flow direction. Since the back pressure length varies proportionally with the degree of
filling, it is a good measure to evaluate the simulation’s accuracy.

3. Results and discussion

The CFD simulation was designed to study the operating characteristics of a PRE in detail. For this purpose, a 3D model of a PRE
section was constructed and a fluid, in this case a homogeneous polymer melt, was computed to flow through it. The simulation was
validated with reported experimental data from 25 experiments performed by Rudloff [22]. The process characteristics were inves-
tigated in terms of the axial pressure build-up and the stress on the material in form of the shear rate. The operating parameters of
number of spindles, spindle speed, mass flow, and the polymer type were varied to gain a comprehensive understanding of the system.
The results for the PRE show what make it different from other extruder designs.

3.1. Validation of the simulation results

To evaluate the simulation’s quality, the difference between the pressure values of simulation and experiment was calculated and
divided by the value of experimental pressure near the nozzle. Fig. 6 shows a plot of this ratio against the calculated back pressure
length. The ratio describes the absolute deviation between simulation and experiment according to the actual pressure level, and the
graph illustrates how the simulation quality depends on the back pressure length.

When the back pressure length is equal to or greater than 55 mm, the deviation between the simulation and experiment is small and
lies within a tolerance band of +20 % normalized to the pressure level (Fig. 6). Within this range, a complete filling of the extruder is
assumed, and the simulation results can be considered as valid. However, the deviation between simulation and experiment increases
for small back pressure lengths. Two effects seem likely for the increasing deviation between simulation and experiment. One is that
the pressure level is generally lower when the back pressure length is smaller. Thus, a ratio of both yields a higher level. However, a
second effect to be considered is that the simulation assumes complete filling and maximum pressure build-up. In reality, the pressure
build-up is not fully developed, which also contributes to a large deviation.

As previously stated, simulations as models of reality involve several simplifications. In this work, simulation accuracy depends on
pressure level and pressure gradients. In addition, the pressure level influences the accuracy of the measured values. The measured

1.0 i

X '

0.8 Complete filling is not met
- Invalid results
— 06 X
€ o4
? XX Assumption of complete filling is met
202 XoX Svalidresults |
2 X
& oo X Ky X X X
X KX x X
0.2 Koot X

0 25 50 75 100 125 150 175 200 225 250 275 300
Back pressure length [mm]

Fig. 6. Difference between the pressure calculated in the simulation and the experimentally determined pressure as a function of the back pressure
length, the distance the material accumulates before the downstream cross-sectional constriction. From a back pressure length of 55 mm, the
assumption of a completely filled roll cylinder is considered to be satisfied.
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published data are reported with an accuracy of +0.025 MPa. Simulations provide results with finer resolution. They can cause a
significant relative error due to sensor inaccuracy, particularly at low-pressure levels.

It is also important to note that the simulations were performed isothermally. As a result, they took into account neither the
development of shear heat nor heat entry into the polymer from the two heated components, the main spindle and roller cylinder. This
approach can also be found elsewhere [27]. The negligible temperature increase in the short simulation section involved does not
compromise accuracy, as evidenced by measured data from Rudloff’s experimental studies [22]. To minimize the error arising from the
neglected temperature, the melt viscosity is raised to the set temperature level by temperature shift, resulting in values that
approximate the expected ones.

Thus, based on the validation considerations, the following simulation considers completely filled roller cylinders to be reliable and
sufficiently accurate.

3.2. Material stress in the extrusion process

Polymers experience different types of stress during extrusion on PRE. The influencing factors can be grouped as external stresses
(including temperature, oxygen concentration, and mechanical stress) and internal stresses (including chemical composition and
physical structure) [34]. In order to achieve the highest possible product quality, the different types of stresses should be kept to a
minimum.

Due to the structure of the simulations performed, not all of the aforementioned aging factors could be investigated. Since the
simulations are isothermal, a description of the thermal stress is not part of this work. The same applies to the strain on the chemical
and physical structure, since the interactions between the different substances would have to be considered. However, the simulations
yield the shear rate. As an indicator of the mechanical stress in the polymer melt, the shear rate can cause the polymer chains to break.
This section examines how the various process input variables and the material selection affect the shear rate and, thus, the polymer
melt. With this knowledge, the process can be designed for the lowest possible shear rates, which supports the achievement of high-
quality products.

The PRE includes rotating (main spindle, planetary spindles) and static (roller cylinder) components. As described above, the
process volume was divided into two areas, intermeshing sections and melt channels. Both types of areas are surrounded by two
planetary spindles, the roller cylinder, and the main spindle. With regard to the different areas mentioned within the PRE cross section,
the point at which the shear rate is examined is vital.

Fig. 7 contains contour plots showing the shear rate within PRE cross sections. The figure’s left part shows a longitudinal section
along the PRE. Its plane section is indicated by red lines on the PRE cross section on the right. The maximum and average shear rates
depend to a relevant extent on the melt temperature, the material’s viscosity, and the rotational speed. Therefore, the first step is a
qualitative analysis of the shear rate distribution.

The cross-section shows that the lowest shear rates are present within the melt channels. The minimum shear rate drops inde-
pendently of the operating settings to 0 s~. Accordingly, the polymer chains experience little or no mechanical stress inside the melt
channels. The opposite is the case in the intermeshing sections, where the highest shear rates are present. Slightly elevated shear rates
are also present on the non-engaged tooth flanks. In the longitudinal section, it is noticeable that the relationships described above do
not change along the PRE’s length. Irrespective of the axial position, the highest shear rates are observed directly on the tooth flanks
and especially in the intermeshing regions. These results qualitatively agree with Winck’s simulations and Rudloff’s calculations [18,

— A

LOCAL SHEAR RATE A m s a e A .

250 /\ \ / \
F”s N - b b e

200

175 z

150 N £ N\ an

125 W N W W N

100

75 < Y

50 <

- 5 Flow direction X

0 -
[s] L

|

O

0 0.02 0.04 [m] 0 0.02 0.04 [m]

Fig. 7. Computed shear rates in the cutting planes along the XY-, YZ-, and XZ-directions.



M. Radwan et al. Heliyon 10 (2024) e28729

21].

To analyze the shear rates, a volume-averaged representative shear rate was calculated based on the total process volume
depending on the operating condition. Fig. 8 plots the described parameters at standard operating conditions (6 PSP, 40 kg h™!, 120
min_l, see simulation plan above) for different materials at different temperatures.

It is illustrated that the material has little effect on the level of the mean shear rate. At a simulated temperature of 200 °C, the values
vary in an interval from 85.8 s~! to 93.7 s 1. The differences in the mean shear rate can be explained by the melt’s viscosity. As the
viscosity decreases, the molecules become more agile and the polymer chains can be deformed more easily. Correspondingly, the shear
increases with decreasing viscosity as the internal shear resistance of the material decreases. PA6 has the lowest zero viscosity (218 Pa
s), followed in ascending order by PE-LLD (1751 Pa s), PS (7800 Pa s), and PE-HD (12,582 Pa s). The average mean shear rates of the
materials, evaluated at a melt temperature of 200 °C, are in the inverted order (PA6 93.7 s PE-LLD 91.5s~!, PS 88.8 s~! and PE-HD
85.8s71).

However, it is noticeable that the mean shear rate for PA6, for example, increases with increasing temperature, even though the PE-
HD value remains more or less the same across temperatures. This effect is attributed to the temperature dependence of the two
materials’ melt viscosity. Assuming a shear rate of 90 s~1, which is approximately the average mean shear rate, the viscosity level of
PA6 decreases by a factor of 4.07 when heated from 170 °C (1656 Pa s) to 230 °C (407 Pa s). The corresponding value of the PE-HD
viscosity level drop from 170 °C (1737 Pa s) to 230 °C (1661 Pa s) is 1.05. Thus, PA6’s viscosity is considerably more temperature-
dependent than is the case for PE-HD. The same applies to the shear rates. At higher temperatures, the PA6’s viscosity decreases,
and, as aresult, the shear rate increases. In the case of PE-HD, keeping the viscosity more or less constant means that the shear rate does
not change either.

In addition to the choice of material and temperature setting discussed earlier, other PRE parameters are relevant to setting the
process conditions. These include main spindle speed, mass flow, and spindle configuration. Fig. 9 illustrates the influence of each of
these parameters on the mean shear rate. Simulations were performed for PE-HD at a temperature of 200 °C using the standard
operating settings.

It can be seen that the spindle speed and the number of spindles have the highest influence on the mean shear rate and are thus most
responsible for the material’s shear. The shear rate at the minimum spindle speed of 40 min~! is 28.4 s~ 1, while it increases to 143.3
s! at the maximum spindle speed of 200 min . Additional comparative studies on Single-Screw Extruders (SSE) and Twin-Screw
Extruders (TSE) in addition to the presented PRE simulation have shown that an increase in rotational speed leads to a linear in-
crease in the shear rate for all three extruder types studied [18,26,35-37]. Beyond this, the shear rate of the PRE increases with the
number of planetary spindles from 42.8 s~! (three spindles) to 85.8 s~! (six spindles). These results concur with those of other
simulative studies on PRE [18,21,22,27]. Winck’s publications also include the type of planetary spindles as an additional degree of
freedom, which has an increasing but overall small effect on the PRE’s shear rate. By contrast, the mass flow through the PRE does not
considerably affect the mean shear rate. The minimum mass flow of 20 kg h~! leads to a shear rate of 86.4 s 1, while the maximum (60
kg h™1) produces a rate of 85.2 s*. Here, the investigated parameter is constant over the simulated mass flow range. This result is
consistent with Rudloff’s models for shear rate in the PRE [18,22] The shear rate in TSE is independent of the mass flow as well. In
contrast, the mass flow influences the shear rates in SSE because of the dependency of rotational speed and mass flow.

In addition to the influencing variables described above, the gap height, i.e., the distance between two intermeshing system
components, is relevant for the shear rate in the PRE. A study by Rudloff [22] showed that the shear rate decreases with increasing gap
height. Due to the stationary fixation of the system components in the simulations performed, this influencing factor cannot be
considered. A floating bearing of the planetary spindles corresponding to reality cannot be implemented at this point. However, the
influence on the mean shear rate was assumed to be small, since the gap height decreases on one side, while increasing on the other.
Since both effects cancel each other out and reduce the influence on the mean value, this factor was neglected here.
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Fig. 8. Mean shear rates in the simulation section as a function of the type of the polymer and temperature at standard operating conditions (6 PSP,
40 kg h™', 120 min™).
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3.3. Pressure build-up characteristics

Due to the specific design of the PRE’s geometry, the polymer melt accumulates at the end of the roller cylinder module, in front of
flow resistances, such as dispersion rings or the die. These components, thus, give rise to built-up of back pressure during extrusion. For
the polymer melt to pass the flow resistances, pressure is generated in the filled section of the roller cylinder by the motion of the
helical-toothed components. Depending on the mass balance of in- and outflowing polymer, flow resistance and resulting pressure
gradient, the roller cylinder is filled to a certain level. In this study, we investigated the pressure gradient as a function of operating
parameters and to calculate the otherwise non-measurable parameters filling level and back pressure length. The knowledge gained
allows the conveying efficiency of the PRE to be optimized by adjusting the system configuration and operating parameters.

Fig. 10 shows the pressures calculated for the inside of the PRE as a contour plot. The pressure distribution is analyzed qualitatively
first. The pressure in the melt channel is relatively constant, while large changes in pressure occur around the spindles. The pressure
depends on the position of the respective volume element in the intermeshing section. Within finite volumes where the tooth flanks of
both the planetary spindles and the roller cylinder, or the planetary spindle and the main spindle engage (red ellipse), the available
volume is reduced, causing the pressure in the melt to increase. In comparison, the pressure in finite volumes of diverging tooth flanks
(blue ellipse) decreases, and can be even below the pressure of the melt in the channel. Note that the inlet pressure does not affect the
pressure gradient.

In addition, we have investigated whether this is also the case for other polymers and at different operating parameters. Fig. 11
depicts the pressure gradient at standard operating conditions (6 PSP, 40 kg h™1, 120 min 1) for four different polymers as function of
temperature.

In contrast to the mean shear rate, the pressure gradient shows a clear dependence on the choice of polymer and temperature. This
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ellipse). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 11. Effects of the type of polymer and the choice of temperature on the pressure gradient at standard operating conditions (6 PSP, 40 kg h™!,
120 min").

effect is attributed to the material-specific viscosity and the associated temperature shift factor. At the standard operating temperature
of 200 °C, PE-HD shows the highest pressure gradient (28.8 MPa m ™). Slightly smaller pressure gradients are present if PE-LLD (18.8
MPa mfl), PA6 (15.5 MPam™!), and PS (13.8 MPa m~ 1) are used. The viscosity of the polymers follows the same sequence. While the
viscosity of PE-HD at the considered temperature of 200 °C and the mean shear rate at 120 min ! is calculated to 1780 Pa s, the
viscosity of PE-LLD is lower by a factor of 1.63 (1091 Pa s). PA6 (848 Pa s) and PS (788 Pa s) show even lower viscosities and, thus,
lower pressure gradients.

This suggests that the pressure gradient is directly related to the viscosity of the polymer melt. The temperature dependence of the
pressure gradient can be derived from the polymer specific temperature shift factor. In the temperature range from 170 °C to 230 °C,
PA6 shows the strongest temperature dependence (AaT/AT = —0.2237 K'1). By contrast, PE-HD has the lowest temperature depen-
dence, at —0.0035 K. PS (-0.0538 K'l) and PE-LLD (—0.0161 K'}) rank in between. Consequently, both the choice of material and the
set operating temperature strongly influence the pressure level and pressure gradient in the fully filled zone of the roller cylinder.

Fig. 12 illustrates the dependence of the pressure gradient on rotational speed, mass flow, and number of spindles. Although mass
flow indicates a proportional relationship to the pressure gradient, rotational speed and number of spindles exhibit a nonlinear
behavior. While an increase in rotational speed starting from 40 min~! (13.4 MPa m ') shows a large increase in the pressure gradient,
it produces a lower change in the pressure gradient from 160 min* (31.6 MPa m~}) to 200 min ! (33.8 MPa m ). This relationship
can be explained by the previously described increase in the mean shear rate and the associated change in viscosity. As seen above, the
mean shear rate also increases with increasing rotational speed. Due to the structurally viscous behavior of the polymer melt, the
viscosity is reduced according to the Carreau model. That means that the pressure build-up in the extruder is no longer as high and the
pressure gradient decreases. The overall increase in the pressure gradient as a result of an increased rotational speed can be observed
with SSE and TSE as well, as a comparison with other studies has shown [10,36,38,39].

If the mass flow is increased in the PRE, there is a linear decrease in the respective pressure gradient from 31.0 MPa m™! to 26.0
MPa m L. Due to the increased mass flow, the extruder’s back pressure length, and thereby the pressure build-up zone, rises. This
causes a long pressure build-up and, thus, a reduced pressure gradient. Previous experimental and simulative studies on SSE and TSE
have observed a comparable behavior [12,40-42]. Upon varying the number of spindles, the effect of increased back pressure length is
also relevant. However, if more planetary spindles are installed, the free volume within the roller cylinder is reduced. Thus, the back
pressure length increases, resulting in a smaller pressure gradient as described above. However, additional planetary spindles add axial
material transport, which itself increases the pressure gradient. Since this effect predominates, the pressure gradient also increases
with a higher number of planetary spindles (from 7.4 MPa m~! to 28.6 MPa m™!).

The simulative investigations on the pressure gradient show that the selection of the material and the processing temperature as
well as the rotational speed and number of spindles have the greatest influence on the pressure build-up. A specific adjustment of the
listed parameters will adapt the pressure level and directly influence the connected processing methods, such as injection molding.

4. Conclusions

To increase the sustainability of process development, digitization of experiments can help to reduce material and energy con-
sumption. In the context of polymer processing, we developed for this purpose a validated three-dimensional CFD simulation to
describe the dynamics of completely melted polymers in planetary roller extruders (PRE). To validate the three-dimensional model of a
PRE section, the simulation results were compared with experimentally measured data. In a sensitivity analysis, system configuration,
rotational speed, and mass flow were varied to study the effect of these parameters on pressure build-up and shear stress in the
extruder. Adjustments to the simulation methodology are required to additionally simulate the melting process or entire PREs.

The pressure in the polymer melt is determined mainly by the flow resistance resulting from dispersion rings and the die geometry.
The intermeshing zone of the tooth flanks of two converging PRE components results in an increased local pressure, while the local
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Fig. 12. Effects of the choice of operating parameters on the pressure gradient for the polymer PE-HD at 200 °C.

pressure decreases in the zones, where the tooth flanks diverge.

There is a steady increase in the pressure in the axial conveying direction of the PRE. This axial pressure gradient is independent of
the absolute pressure. The pressure gradient, i.e. the pressure increase per extruder length, was computed to verify the filling level and
to study the conveying efficiency of the PRE. Note that the assumption of a completely filled extruder is only fulfilled, when a critical
back pressure length is exceeded. Under this condition, the agreement between simulation and experiment was within less than +20
%. If the modules are only partially filled, deviations in the simulation results may occur. Changes in mass flow have little effect on the
pressure gradient. Critical parameters that lead to an increasing pressure gradient within the PRE are an increase in the number of
spindles, rotational speed, and material viscosity.

Further, the shear rate in the PRE was investigated as a measure of the mechanical stress on the polymer. The experimentally
validated simulations showed that the shear rates in the PRE vary significantly with the location of the finite volume. While low stress
was found in the melt channels between two planetary spindles, high shear rates were found in the intermeshing zones. Therefore, the
extruder design in the intermeshing sections should be developed further to reduce the mechanical stress on the polymer and ensure a
good product quality.

Representative shear rates, corresponding to the volume-averaged value over the entire extruder flow region, were calculated to
compare simulations performed for different settings. The representative shear rates increased sharply with the number of spindles and
increasing rotational speed, while the material type and the mass flow rate had little effect. Therefore, when processing shear-sensitive
polymers, the system should be designed with as few spindles as possible and high speeds should be avoided.

The methodology established in this study makes the development of extrusion processes more resource efficient. With the
knowledge of the characteristic fluid dynamics, the geometry of the PRE and the processing can be optimally adapted to the specific
polymer type and the subsequent processing steps. This reduces the number of the necessary experiments required during process
development. The application of the simulation results within the context of scaling processes to different plant sizes helps to reduce
material consumption, and has the potential to save significant costs. Deep insight into the fluid dynamics within the planetary roller
extruder also helps to identify regions of high material stress to ensure the damage limits of the processed polymer materials are not
exceeded. Furthermore, information how to improve the mixing performance and operating conditions for subsequent downstream
processes can be drawn.
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