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1. Introduction

Single-screw extruders are the most important type of machinery in the polymer-processing
industry. Due to their simple design and great versatility, they are used in many polymer-shaping
processes, producing a wide variety of plastic products such as pipes, films, profiles, fibers, cables,
and sheets. A significant proportion of polymers passes through a single-screw extruder at least once
after manufacture. The prominent position of the screw-barrel configuration in the polymer-processing
field is based on its continuous development over the past few decades. This technical progress has
gone hand in hand with extensive theoretical and experimental research. Thorough reviews of the
process can be found in [1-4]. To meet the ever-increasing demands on the machinery, the process
requires further optimization and thus a deeper understanding of the transport mechanisms governing
physical operation.

1.1. The Plasticating Single-Screw Extruder

Single-screw extruders come in various designs. The research reported here focuses on
plasticating single-screw extruders, as illustrated schematically in Fig. 1.

) ) hopper
drive unit
heaters

barrel

Figure 1: Schematic of a plasticating single-screw extruder.

The plasticating extrusion process starts with the feedstock material entering the extruder barrel.
The solid feed, typically in the form of pellets or powders, is usually a composition of polymers, fillers
and additives. As the feed falls down into the screw channel, frictional forces caused by the relative
movement of the rotating screw and the stationary barrel act on the solids, thus transporting the
material forward. This functional screw part, which is concerned with transport and compaction of the
solids, is commonly referred to as solids-conveying zone. Two sources supply energy to heat and melt
the polymer: The main energy input comes from the rotating shaft, which introduces mechanical
energy to the system that is converted into thermal energy due to viscous dissipation. In addition,
barrel heaters located at the outside of the barrel provide thermal energy via conductive heating. As a
result of internal and external heating, the temperature of the polymer increases and melting is
initiated. In the melting zone, the polymer is converted from solid to liquid. The solid fraction decreases
continuously while the melt fraction increases. Melting has completed once the solid fraction has been
converted completely into melt. The molten polymer is then conveyed through the metering zone or
melt-conveying zone. In this section, the melt is pumped and pressurized for downstream operation.
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1.2. Mixing in Single-Screw Extrusion

A key step in all extrusion operations is mixing. The primary objective of single-screw extruders is
to provide excellent melt homogeneity at high output rates and proper discharge temperatures. Poorly
mixed polymer melts are likely to cause defects in the parts produced, increasing both rejection rates
and production costs. In general, single-screw extruders are employed for several mixing applications
(as listed, e.g., in [5]). The general aim of mixing is to reduce the non-uniformity of a system comprised
of two or more substances [6]. A highly critical parameter that is not strictly related to the presence of
multiple components but also depends strongly on the mixing performance of the machine is the
thermal homogeneity of the discharge. The flow field in the screw channel is often subject to high
deformation rates, which causes excessive shearing and stretching of the polymer chains. Due to
inner friction between adjacent fluid elements, mechanical energy is transformed into heat, which
leads to an uneven increase in melt temperature. Mitigating temperature gradients in the discharge is
extremely important for eliminating surface defects, reducing shrinkage and warping, and thus
maintaining high product quality.

In plasticating single-screw extrusion, mixing takes place at several stages. With the exception of
the solids-conveying zone, where no mixing occurs, the mixing process extends from the melting zone
to the end of the extruder. Pronounced mixing takes place first during melting of the solids [3]. Several
high-performance screw designs have been developed that promote mixing. The main goal of these
advanced screw concepts is to accelerate the melting process. Since mixing requires the polymer to
be in the molten state, the sooner melting is completed, the higher the probability of achieving perfect
mixing. The mixing process continues as the polymer melt is pumped and pressurized in the metering
zone. Mixing in single-screw extruders is generally subject to significant non-uniformity. To finish the
mixing process, many processors employ mixing elements downstream of the melting zone to
homogenize the polymer melt further and disperse solid agglomerates. The number of mixing
elements applied in industry is large and can be classified into four categories: (i) distributive,
(ii) dispersive, (iii) static, and (iv) dynamic mixers.

1.3. Numerical Analyses of Mixing in Extrusion

Various numerical studies have investigated mixing in extruders by means of three-dimensional
non-Newtonian flow analyses. Yang and Manas-Zloczower [7] as well as Cheng and Manas-
Zloczower [8] were among the first to carry out three-dimensional finite-element simulations of the
kneading disc region in a co-rotating twin-screw extruder. To increase the general understanding of
mixing in intermeshing twin-screw extruders, several researchers have formulated their own finite-
element models. Yoshinaga et al. [9], Ishikawa et al. [10,11], and Bravo [12] investigated the effect of
screw configuration and processing conditions on the flow and mixing behavior in the kneading block
section. Further, Ishikawa et al. [13] examined the influence of the tip-clearance on mixing
performance.

These numerical studies considered transient flow boundary conditions. When simulating a
sequence of instantaneous positions of the geometry, interpolation between the solutions of each
shapshot yields the unsteady flow field. This modeling approach, however, involves significant effort in
terms of meshing, since each individual flow configuration needs its own mesh to be defined.
Moreover, it requires remeshing of the flow domain between the time steps in order to obtain time-
dependent variables. Rios et al. [14] used the boundary element method to avoid remeshing
algorithms. Since their technique was unable to capture the effects of non-linear flow behavior of the
polymer melt, the authors used an oversimplified Newtonian model to describe the rheological nature
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of the fluid. To combine the simplicity of mesh generation with the ability to deal with non-linear
material characteristics, Avalosse and Rubin [15] presented the mesh superposition technique. This
constrained finite-element method applies a penalty formulation to incorporate the velocity of the
rotating screws into the mathematical formulation. Various studies have validated this technique
against classical numerical simulations for both isothermal and non-isothermal flow conditions [15-17].
An alternative approach from the class of fictitious domain methods was proposed by Bertrand et
al. [18]. Here, the motion of the moving parts is captured by means of Langrange multipliers.

Most reports on flow simulations have concentrated on mixing in twin-screw extrusion, whereas
single-screw extruders have received comparatively less attention. Numerical analyses of mixing in
single-screw extrusion have been restricted mainly to mixing heads. These devices are usually located
downstream of the melting zone and complete the mixing process. Using the flow analysis network
method, Wang and Tsay [19] examined non-Newtonian flows in both distributive and dispersive mixing
devices. Kubik et al. [20] and Sun et al. [21] applied the finite-element method to investigate dispersive
mixing in Maddock mixers. Further, Rios et al. [22] presented a parametric design study in which the
mixing efficiencies of several configurations of a rhomboidal mixing screw were compared using the
boundary element method. In a similar manner, Rauwendaal et al. [23] analyzed a dispersive mixing
technology referred to as CRD mixer.

1.4. Research Objective

The research reported here used three-dimensional non-Newtonian flow simulations to investigate
the pumping and mixing capability of block-head mixers. Block-head mixers are basically distributive
mixing screws that are widely used to homogenize the polymer melt and eliminate thermal gradients.
The polymer-processing industry employs a variety of block-head mixers, with little consensus on
design and distribution of screw flights and mixing blocks. The present analysis addresses this issue
based on a computational design study in which the influence of three geometrical parameters was
examined: (i) the number of flights at a mixing block, (ii) the number of blocks along the screw, and
(iii) the stagger angle between the blocks. To examine the flow behavior of the mixing screws, the
pressure consumption and energy dissipation is evaluated. Distributive mixing is analyzed using
residence time distribution functions, kinematic stretching parameters, and the scale of segregation.
Dispersive mixing is assessed by means of the mixing index and the shear stress. The results of this
design study increase the understanding of block-head mixers and contribute to the design and
optimization of such geometries. The findings can further be applied to mixing screws of similar
geometry, including pin-type and knob mixers.
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2. Theoretical Background

Due to the high viscosity of polymer melts, mixing in single-screw extruders is governed by laminar
flow, and neither turbulence nor molecular diffusion contributes measurably to the mixing
performance. In general, mixing in extrusion processes can be classified into two
categories: (i) distributive and (ii) dispersive mixing. The basic concepts of these mechanisms are
shown in Fig. 2.
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Figure 2: Basic concepts of distributive and dispersive mixing.

2.1. Distributive Mixing

Distributive mixing is required to achieve a uniform spatial distribution of the minor component
within the major phase. By distributing the minor component throughout the flow domain, this type of
mixing increases the homogeneity of the discharge. The process involves repeated rearrangement of
the minor phase, which is achieved by multiple splitting, reorientation, and recombination of the flow. A
critical parameter in distributive mixing is the total strain imposed on the fluid by either shearing or
stretching, which causes the components to deform and the interfacial area to increase. The total
strain to which the viscous polymer melt is exposed is limited by the rate of deformation and time.
These properties change with the position in the screw channel, and consequently each fluid element
exiting the process has a different flow and mixing history. Danckwerts [24] was the first to consider
the residence-time distribution of fluid elements in continuous flow systems. He expressed the total
fraction of exiting flow rate within a certain time period in the form of a cumulative residence time
distribution function (CRTD):

Fo(t)=] . (t)dt, (1)

where fu(t) is the external residence time distribution function (RTD) and t, the minimum residence
time. In a similar manner, Lidor and Tadmor [25] proposed the use of strain distribution functions to
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express the non-uniformity in strain history. In this case, the total fraction of exiting flow rate that has
experienced a certain range of strain values is obtained from:

7
F(r)=]f.(r)dr, (2)
70
where f4(y) is the strain distribution function (SDF) and y, the minimum strain.

2.1.1. Characterization of Distributive Mixing

Various measures for quantifying distributive mixing can be found in the literature. One of the first
parameters was presented by Danckwerts [26]: He investigated the homogenization process of a
concentration field in a binary mixture and described the average striation thickness of the segregated
regions using the scale of segregation:

¢
S=IR(|I‘|)d|I’|. 3)
0
To achieve perfect mixing, the concentrations of each fluid must disperse uniformly throughout the
flow domain to produce a mixture of even concentration. The coefficient of correlation R(r) defines the
degree of correlation between the concentrations and describes the probability of finding a pair of
points, separated by a defined distance, at the same concentration:

3 (6o )€~y

R — =l
(r) Mo , O

where C is the mean concentration of the mixture, M is the total number of pairs of points randomly
placed in the mixture, and c; and ¢, are the concentrations of the i pair of points. Two boundaries are
defined: R(r) = 1 if the concentration is equal at both points in each pair, and R(r) = 0 if one point is
pure major and the other pure minor. The sample variance results from:

2M

' 2
, Z(Ci _Cmean)
o= 5
s oM 1 5)
Given the limits R(0) =1 and R({) =0, the scale of segregation is the integral of the coefficient of
correlation over the distance between the points. Distributive mixing improves as the scale of
segregation decreases, as shown in Fig. 3.

decreasing scale of segregation

Figure 3: Scale of segregation.

09. Februar 2018 Marschik Christian 7134



JXU

JOHANNES KEPLER
UNIVERSITY LINZ

Ottino [27] presented a kinematic approach based on continuum mechanics that tracks the amount
of local deformation imposed on infinitesimal surface elements during the flow through a mixing zone.

deformation

Figure 4: Deformation of infinitesimal surfaces.

He introduced a kinematic parameter referred to as local area stretch that relates the magnitude of
a deformed surface to its initial magnitude [28]:

_ |da|

oAl (©)

T
Good mixing is characterized by high values of the local area stretch. To describe the stretching rate
of the infinitesimal surfaces being deformed, he additionally defined the area stretching efficiency as
the fraction of total mechanical dissipation used to stretch the surface elements:

. Din(7, )/ Dt

(7)
n 1/2

(D:D)
A negative parameter value indicates a shrinking surface and a stretching volume in the normal
direction [29], as shown in Fig. 4. The time-averaged area stretching efficiency was also defined as:

(e,)=1 Je, . ®)
0

2.2. Dispersive Mixing

Dispersive mixing is required to reduce the size of a cohesive minor component, such as solid
agglomerates, in a multiphase system. The cohesive strength of such clusters is due to London—van-
der-Waals attraction forces. To separate cohesive particle clusters, the flow field must impose
sufficiently high stresses that break up the agglomerates. In contrast to distributive mixing, which
depends mainly on strain, dispersive mixing is governed by stresses acting on the components.
Dispersive mixing plays a key role in the manufacture of compounds, which is usually performed using
co-rotating twin-screw extruders. Although demand for single-screw extruders in compounding is
increasing, these are generally unable to mix additives with polymers because they cannot perform
the dispersive mixing required.

Dispersive mixing in single-screw extruders is required to disperse solid fragments entrapped in
the polymer melt. This is particularly important in processes with increased melting lengths (e.g., high-
speed extrusion processes), in which dispersive mixing completes the melting step. To impose large
stresses on the solid components, mixing sections are typically designed with narrow flow channels,
creating flow fields with high deformation rates. The conditions under which dispersive mixing takes
place were first described by Bolen and Colwell [30]. They assumed that agglomerates break up when
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the disruptive stresses acting on the solids as a result of viscous drag exceed a certain threshold
value. Bird et al. [31] and Tadmor [32] refined the analysis of agglomerate rupture by calculating the
maximum forces acting on an agglomerate, represented as a rigid dumbbell, for two types of flow: (i) a
steady shear flow and (ii) a steady elongational flow. Assuming a Newtonian fluid, it was found that the
maximum force in elongational flow is twice as high as in simple shear flow at the same rate of
deformation and viscosity. Rauwendaal [4] concluded that, since the elongational viscosity of polymer
melts is at least three times greater than the shear viscosity, the hydrodynamic forces generated in
elongational flows are higher, and hence dispersive mixing is more efficient. Assuming the distance
between both spheres of the dumbbell to be zero (see Fig 5), the separating forces are obtained from:

F ax, s :37rrslir2’ (9)

m

m

F ax,e = 67279 r.1r2 ! (10)
where 15 and 1. are the shear and elongational stresses, respectively, and r; and r, are the radii of the

spheres. Manas-Zloczower and Fete [33,34] provided an extension of the model for other linear flow
fields.

—
,

|
i

Figure 5: Maximum separating force between two spheres of radius r; and r, in a simple shear flow (a) and in an elongational
flow (b).

2.2.1. Characterization of Dispersive Mixing

A well-known parameter commonly used to evaluate the flow pattern in viscous fluid flows is the
Manas-Zloczower index or mixing index [35]:

o
D+

where D and W are the rate-of-deformation tensor and the vorticity tensor, respectively denoting the
symmetric and the asymmetric part of the velocity gradient tensor. The mixing index ranges
from 0 to 1.0. In a Cartesian coordinate system, the following relationships are evident: (i) Ayz = O for
pure rotational flow, (ii) Ayz = 0.5 for simple shear flow, and (iii) Ayz = 1.0 for elongational flow. When
designing for dispersive mixing, the aim is to obtain a mixing index of 1.0. As this measure is not
frame-invariant, it must be considered in combination with the magnitude of shear stresses [7].

Az = (11)
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3. Numerical Analysis

3.1. Geometry

Fig. 6 shows the set of block-head mixers analyzed in this design study. Three geometrical
parameters were varied: (i) the number of flights at each block N, (ii) the number of blocks along the
screw Ny, and (iii) the stagger angle between the blocks as. The scope of variation is summarized in
Tab. 1. In all cases, the axial positions of the first and the last block, measured from the screw inlet to
the center of the flight land, were kept constant at 47 mm and 158 mm, respectively. Additional
characteristic dimensions are given in Tab. 2.

Table 1: Range of parameter values defined by minimum, maximum, and step size.

parameter min max increment comment
Ng 6 12 2 -
Np 4 7 1 -
Ol 0 +18 +6 positive displacement
number of flights number of blocks stagger angle
(Np = 4; 0 = 0°) (N;=10; @, =0°) (N;=10; N, = 6)

Ny =4

number5

- 0
os = +6

number10

Figure 6: Set of block-head mixing screws. Three geometrical parameters were varied: (i) number of flights, (ii) number of
blocks, and (iii) stagger angle.
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For convenience, the geometry of the simple shaft was added to the set of block-head mixers. This
geometry, which was designed with the same conical inlet and equal axial length, was used as
reference configuration to demonstrate the effect of the screw flights on the flow and mixing
performance.

Table 2: Geometrical data of the block-head mixers.

dimension abbreviation value unit
axial screw length Lax 200.0 mm
barrel diameter Dy 60.0 mm
screw tip diameter Do 59.6 mm
screw root diameter D; 29.0 mm
screw clearance ) 0.2 mm
axial length of flight land L 6.0 mm
width of flight land Wi 4.0 mm

Block-head mixers are primarily distributive mixers that work by disrupting the flow in the screw
channel, causing the molten streams to be split, reorientated and recombined multiple times. The main
function of the flights is therefore to disturb and divide the flow passing through the mixing zone for
thorough distributive mixing. Due to their deep flow channels, block-head mixers create relatively small
levels of stresses and are thus not capable of dispersive mixing. Regions with high deformation rates
are found in the clearances between the flight lands and the barrel surface. The mixing performance of
block-head mixers strongly depends on the flow pattern in the screw channel, which is generally a
combination of shear and elongational flow. The magnitude of these flow components is affected by
the number and distribution of the screw flights. Yao [36] applied a kinematic approach to comparing
pin-type mixing sections with different axial gaps and showed that the mixing performance reaches a
level of saturation if the axial distance becomes too large.

3.2. Problem Definition

To analyze the flow and mixing behavior of the mixing screws under consideration, a
computational design study was carried out. The following assumptions on the modeling set-up were
made: (i) the flow is stationary and isothermal, (ii) the fluid is incompressible, and (iii) gravitational
forces are negligible. The governing equations for the conservation of mass and momentum (given in
[37]) are thus reduced to:

V-(g,)=0, (12)

V-(g,vV)=-Vp+V-7, (13)

where pp, is the melt density, v the velocity vector, p the hydrostatic pressure, and t the stress tensor.
Note that flows in polymer extrusion are generally dominated by internal friction rather than by inertial
forces, that is, the Reynolds number is usually small (Re << 1). For this reason, viscous effects
governed by the viscosity of the polymer melt and the deformation rates in the screw channel
predominate. The following non-linear constitutive equation was used to describe the stress responses
of the polymer melt being deformed:

r:277(}?)D, (14)
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where the rate-of-deformation tensor D results from the symmetric part of the velocity gradient tensor:

D= %(Vv+ VvT) . (15)

In order to take the shear-thinning nature of the fluid into account, the flow behavior of the polymer
melt was represented by a Carreau-Yasuda model [38,39]:

. M-
n(7)= 5 o (16)
(1+ (472 )")®
where ng is the zero-shear viscosity, A the characteristic relaxation time, and n the power-law index.

The parameter a = 1 defines the width of the transition between the Newtonian plateau and the shear-
thinning region. The shear rate in three-dimensional flows is obtained from:

7=(2(D: D))%- (17)

Two polymer melts with different rheological behaviors were compared: a high-density
polyethylene (MFR =0.25 g/min) and a polypropylene random copolymer (MFR =8.0 g/min). In
industry, the first material is applied in pipe extrusion processes, whereas the second material is
typically found in the manufacturing of films. Tab. 3 shows the flow properties of both materials. The
parameter values for the Carreau-Yasuda model were fitted from experimental viscosity data, as
shown in Fig. 7, and shifted to a reference temperature of T, = 200C. The temperature-shift factor was
calculated from:

a, =exp(-a(T-T,)), (18)

where o is the temperature coefficient of the viscosity. In the following analysis, the more viscous
polyethylene is referred to as material 1 and the less viscous polypropylene as material 2.

(@) (b)

1E5 1E5
* measured, 180°C = measured, 180°C

— calculated, 180°C —— calculated, 180°C
\ o mesaured, 220°C * mesaured, 220°C

X —— calculated, 220°C —— calculated, 220°C

1] [}

@ 1E4 @ 1E4

a N o

S5 - e

= =

(8] (8]

2 1e3 LN 2 1k3 \

= s \\

MFR = 8 g/10 min (230°C/2.16 kg)
T T

MFR = 0.25 g/10 min (190°C/5 kg)
1E2 ; ; 1E2
1E1 1E0 1E1 1E2 1E3 1E4 1E1 1E0 1E1 1E2 1E3 1E4

shear rate dy/dt | s™ shear rate dy/dt | s

Figure 7: Viscosity data of the high-density polyethylene (a) and the polypropylene random copolymer (b) at temperatures of
180C and 220C. Comparison of measured and calculated values.
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Table 3: Material data used in the simulations.

property material 1 material 2 unit

Mo 72,452 2,957 Pas
A 2.249 0.173 S

n 0.258 0.425 -

a 1 1 -

o 0.012 0.016 -
Pm 875 739 kg/m?®

3.3. FEM Approach

The governing flow equations were solved using the commercial software package ANSYS
Polyflow 18.1, which is based on the finite-element method. To simplify mesh generation, the mesh
superposition technique proposed by Avalosse and Rubin [15] was applied. Details of the modeling
approach are given in [40]. The general procedure is the following: The meshes of the flow domain
and the mixing screw are created separately and then superimposed, as illustrated in Fig. 8. At each
time step, the algorithm updates the position of the rotating mixing element and detects whether a
node of the flow domain is covered by the moving part. A penalty force term H(v-v,) added to the
momentum equation is introduced to capture the velocity of the screw in the mathematical formulation:

H(v—vp)+(1—H)(—Vp+V~r—V~(,qnvv))=O, (19)

where v, is the velocity of the block-head mixer. The step function H provides the mathematical switch
between fluid motion and rigid part motion, assuming values of either 0 or 1 outside or inside the
moving part, respectively. Note that a stationary reference frame is considered. In the discretized flow
configuration, both meshes overlap in the boundary area of the superimposed geometries. The
location of this boundary is only known up to one mesh cell thickness. By default, a node of the flow
domain is considered to be covered by the screw if more than half of the neighboring sub-elements
are overlapped. To avoid non-physical pressure peaks in the sections where geometrical penetration
occurs, the continuity equation is modified, allowing the fluid to be slightly compressible:

v+ ap-o. (20)

n(7)

where B = 0.01 is the relative compression factor. Thus, the divergence-free condition of the velocity
field is not fulfilled in all elements.

A8

Figure 8: Mesh superposition technique. The meshes of the moving part (a) and the flow domain (b) are superimposed to
obtain the final flow configuration (c).
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In relation to boundary conditions, a constant mass flow rate of m = 500 kg/h was simulated at a
screw speed of N =200 rpm to model a high-rate extrusion process with a specific mass flow rate of
2.5 kg/h.min. Drawing on traditional extrusion theory [1], the no-slip condition was applied, assuming
the polymer melt to adhere to the walls of the barrel and the rotating screw. To avoid incompatibilities
in boundary conditions, the inlet and outlet sections of the flow domain were extended by 10 mm. A
constant normal force with free tangential velocities was set at the flow entry, whereas normal and
tangential forces were imposed at the flow exit. An isothermal flow being considered, the energy
eqguation was omitted in the solving process, and thus the influence of thermal effects on viscosity was
ignored. To estimate the temperature development in the screw channel, viscous dissipation,
describing the amount of mechanical energy transformed into heat due to inner friction, was evaluated
as follows:

Oyiss =T - VV. (21)

The nonlinearities in the governing flow equations introduced by the shear-rate dependency of the
viscosity were solved using a Picard scheme. This viscosity-related iteration technique provides good
convergence behavior if the power-law index in the Carreau-Yasuda model is low (n < 0.7 [40]). To
calculate velocity and pressure field, enriched linear elements for the velocity (mini-element) were
applied in combination with linear pressure elements. In the mini-element representation [41], nodes
are added on the center of each face of each element (see Fig. 9). Due to the additional degree of
freedom, this scheme strikes a reasonable balance between computational effort and accuracy. A
result was considered converged when the relative error between two iteration steps was smaller than
0.001 and when all fields were taken into account.

Figure 9: Interpolation models.

To assess distributive mixing in this design study, a particle tracking analysis was performed. For
this purpose, 5,000 massless particles were generated randomly at the screw inlet, and their
trajectories were calculated from the velocity field. Interaction between the material points was
ignored. Statistical mixing parameters were then obtained by tracking the flow history of each particle.
The simulations were carried out on a HP Z800 workstation at the Polymer Engineering Center at UW-
Madison (Wisconsin, USA), using two Intel Xeon X5570 processors with 2.93 Ghz and 96 GB of
installed memory (RAM).

3.4. Mesh Refinement Study

A mesh refinement analysis based on mixing screw 1 was carried out to find an accurate mesh for
the simulations of the block-head mixers. Tab. 4 shows the mesh designs examined (16 grids in total).
Tetrahedral elements were used to discretize the geometry of the mixing screw, whereas hexahedral
elements were applied in the meshing of the flow domain. In the former case, the mesh distribution
was controlled using a proximity and curvature size function. To reduce mesh size and thus save

09. Februar 2018 Marschik Christian 14/34



JXU

JOHANNES KEPLER
UNIVERSITY LINZ

computational costs, only a thin part of the outer contour of the mixing head was meshed. Note that
the volume covered by the moving part does not influence the solution of the flow field. Four
parameters were varied: (i) the global minimum size of the tetrahedral elements in the mesh of the
mixing screw L, (used in the proximity size function calculations), and (ii)-(iv) the number of
hexahedral elements in the radial, tangential, and axial directions in the mesh of the flow domain N4q,
Nwn, and Na. In each case, one of these measures was modified, whereas all other quantities were
kept constant.

(2]

Figure 10: Side view of mixing screw with Lmin = 1.00 mm (&), front view of flow domain with Nyag = 30 and Niwn = 250 (b), and
position of line P1-P; used for calculation of the pressure profiles (c).

The global minimum size of the tetrahedral elements was varied from 1 mm to 2 mm, yielding
3to 6 elements in the axial direction of the flight land (see Fig. 10 (a)). Discretization of the flow
domain was achieved as follows: A non-uniform mesh law was applied in the radial direction to
provide a coarse cell distribution in the center with refinements in the vicinity of the inner and outer
walls, resolving the large gradients in these areas (see Fig. 10 (b)). The number of elements in the
radial direction was varied from 20 to 35, using three elements for the discretization of the clearance
between the screw flight and the barrel in each case. In contrast, a uniform cell distribution was
employed in the tangential and axial directions, where the number of elements was varied from
100 to 250 and from 75 to 150, respectively. Convergence tests were carried out by evaluating the
pressure evolution along the line P;-P, (see Fig. 10 (c)).

Table 4: Mesh designs. The gray fields show the parameter values selected for the design study.

mixer flow domain mixer flow domain
I—min Nrad Ntan Nax I—min Nrad Ntan Nax
mm - - - mm - - -
1.00 100
> | 1.25 i 150
0 30 200 100 %) 1.00 30 100
o 1.50 g 200
2.00 250
20 75
X 25 P 100
0 1.00 200 100 %) 1.00 30 200
o 30 g 125
35 150
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Fig. 11 illustrates the pressure profiles obtained from the mesh refinement study. The vertical
dash-dotted lines represent the axial centers of the flight lands. As indicated by a negative pressure
gradient, the pressure decreases along the block-head mixer. This pressure-reducing behavior is
characteristic of grooved-feed extruders, in which pressure development takes place in the solids-
conveying zone, causing the downstream functional zones to be overridden. The negative pressure
gradient in these feed-controlled processes promotes transport of the material, yielding higher
conveying rates compared to smooth-bore extruders. Note that the absolute pressure at the flow exit
set by the boundary conditions does not affect the flow field, and the pressure profiles can be shifted
vertically if this value changes, for example, in the presence of a die.
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Figure 11: Pressure profiles along the line P1-P; for material 1. Four parameters were varied: (a) the global minimum size of
the tetrahedral elements Lmin, and the number of hexahedral elements in the radial direction Niq (b), in the tangential
direction Nan (c), and in the axial direction Nyaq (d).

Clearly, the greatest pressure drops are found in the flight clearances due to the relatively small
channel height. In these regions, the influence of the mesh design on the accuracy of the solutions is
particularly pronounced. In contrast, the results in the remaining sections of the flow domain are nearly
independent of mesh size. To obtain a fully converged pressure field, the following mesh parameters
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were used in the design study: Lyin =1 mm, N = 30, N = 200, and Ny = 125. With these settings,
meshes consisting of approximately 1,300,000 to 1,600,000 bricks were created.
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4. Results

4.1. Flow Field

To increase the general understanding of the flow in block-head mixers, three contour plots
showing the flow pattern of mixing screw 1 are illustrated in Fig. 12. This device consists of four mixing
blocks, each of which is equipped with six flights, and the stagger angle between the blocks is zero.

VELOCITIES VELOCITIES VELOCITIES

E geometry 1 E

Figure 12: Contour plots of the flow field for material 1, showing the velocity distributions along the mixing head (a), in the
axial cross section of a mixing block (b), and in the axial cross section between the mixing blocks (c).

The primary function of the screw flights is to disrupt the flow field to achieve thorough distributive
mixing. Fig. 12 (a) demonstrates this effect by indicating a considerably non-uniform velocity
distribution in the axial direction. Fluid elements passing through the block-head mixer exhibit a
significant change in velocity due to the continuous change in free cross-sectional area. Local velocity
peaks are found in the tangential center between two flights with velocities approximately three times
higher than in the preceding annulus. A similar flow pattern is found in the cross section of a mixing
block (see Fig. 12 (b)). Here, fluid elements are accelerated and decelerated in the tangential direction
shortly before and after crossing the flight clearances, respectively. In contrast, the annular flow
sections between the mixing blocks lack significant velocity gradients in the tangential direction (see
Fig. 12 (c)).

4.2. Pressure Consumption

The pressure consumption of all block-head mixers is shown in Fig. 13 (a-c). The most critical
parameter is the number of flights at each block. Installing a higher number of flights at the same axial
position affects the pumping characteristics more distinctively than applying additional blocks along
the screw or providing tangential displacement between the discs. This result is mainly due to the
sensitivity of the pressure flow to the channel geometry. Ignoring the drag flow in the screw channel,
two effects become evident. First, the pressure flow in annular ducts is more sensitive to the height of
the flow channel than to its length; and second, the pressure gradient in the developing flow field is
proportional to the viscosity of the fluid [42]. Consequently, to achieve the same throughput, the more
viscous material requires a higher pressure gradient. The influence of the screw geometry on the
pumping characteristics, however, is more pronounced in the case of the material with lower viscosity.
This result is highlighted particularly in Fig. 13 (a), where doubling of the flight number increases
pressure consumption by almost 60%. This result is due to the difference in rheological behavior
between the two materials. An analysis of the viscosity curves in the region of shear rates slightly
below 10 s™ shows that the more viscous material is still highly shear-thinning, whereas the less
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viscous material starts to drift into the Newtonian plateau (see Fig. 7). Note that these low shear rates
make up a considerable proportion of the overall shear-rate distribution. Interestingly, the stagger
angle between the blocks has almost no influence on the pressure consumption.
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Figure 13: Pressure consumption of the block-head mixers 1-12: Variation of number of flights (a), number of blocks (b), and
stagger angle (c). Pressure ratios evaluated for mixing screw 1-8 (d).

To estimate the influence of the screw flights on the pressure consumption, the following ratio is
introduced, relating the pressure drop of each mixing screw to the results of the simple shaft
(Apo = 26.2 bar for material 1 and Ap, = 10.0 bar for material 2):

)

= . 22
P Ap, 2

The first two geometries exhibit nearly the same pressure drop as the shaft, as indicated in Fig. 13 (d),
and therefore these designs can be considered as almost pressure-neutral.
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4.3. Viscous Dissipation

Another important parameter in the analysis of extruder screws is viscous dissipation, which is
mainly responsible for the temperature development in the screw channel. Due to inner friction
between adjacent fluid layers, mechanical energy supplied from the rotating screw is converted into
heat, causing a rise in melt temperature. The magnitude of viscous heating is proportional to the
viscosity of the polymer melt and the deformation rates to which the polymer chains are exposed. The
highest shear rates in the flow domains under consideration are found in the clearances between the
flight lands and the barrel surface, with values in the range of 2,500 s™. Fig. 14 (a-c) compares the
volume-average energy dissipation of all flow configurations.
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Figure 14: Volume-average energy dissipation of the flow domains 1-12: Variation of number of flights (a), number of
blocks (b), and stagger angle (c). Viscous dissipation ratio calculated for mixing screws 1-8 (d).

Viscous dissipation is governed primarily by the number of mixing blocks along the screw. Clearly,
a higher number of blocks simultaneously increases the number of flight clearances, thus providing a
higher level of viscous heating. The effect of frictional heat generation is particularly pronounced if the
viscosity of the polymer melt is high, yielding values that are approximately twice as high for the more
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viscous material. This result is in good agreement with the rheological data in Fig. 7, where the
viscosity curves differ by a factor of about two in the relevant region of volume-average shear rates
(40 < 7 <50 s™). Comparing the dissipated energies of the two materials shows that the less viscous
polymer melt exhibits a greater sensitivity to number and distribution of the screw flights. This result is
due to the additional pressure gradient needed and the different rheological behaviors of the two
materials. The influence of the stagger angle on viscous heating is, again, relatively small. As in the
previous case, a characteristic ratio is defined that relates the energy dissipation of each mixing head
to the results of the simple shaft ({gissavo = 2487 KW/m? for material 1 and §giss av.0 = 971 KW/m? for
material 2):

X. — qdiss,av . (23)

q .
qdiss,av,O

The results, which allow the influence of the screw flights on viscous heating to be estimated, are
shown in Fig. 14 (d).

4.4. Dispersive Mixing

Due to their deep flow channels, block-head mixers generally create low levels of stresses.
Regions of high stresses are generated in the clearances between the flight lands and the barrel
surface, with maximum values in the range of 310 kPa and 240 kPa for the more and the less viscous
materials, respectively. The flow in these narrow channel gaps is governed predominantly by shear, as
indicated by a mixing index of 0.5. To achieve efficient dispersive mixing, however, elongational flow is
preferable, since the hydrodynamic forces are higher than in shear flows [32]. To demonstrate the
dominant flow pattern in the block-head mixers under consideration, the volume-average mixing index
of the flow domains 1-8 is shown in Fig. 15. Note that the effect of the stagger angle on the mixing
index is relatively small, and for this reason geometries 9-12 are excluded from the presentation of the
results below.
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Figure 15: Volume-average mixing index of the flow configurations 1-8: Variation of number of flights (a) and number of
blocks (b).
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The average mixing index decreases with increasing numbers of flights and mixing blocks almost
identically for both materials. Especially in the latter case, the reduction is significant, considering that
the average values were calculated for the entire flow domain. An explanation for this decrease can be
found in Fig. 16 (a-c), where contour plots illustrate the axial distribution of the mixing index along the
simple shaft, geometry 5, and geometry 8.
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Figure 16: Contour plots of the axial distribution of the mixing index for material 1, showing the simple shaft (a),
geometry 5(b), and geometry 8(c).

The highest mixing indices are found in the annuli between the mixing blocks, with values around
0.8, which indicates a significant proportion of elongational flow. Fluid elements in these regions
exhibit a considerable velocity gradient in the axial direction, and are thus being constantly
accelerated and decelerated (see Fig 12). This continuous change in velocity magnitude causes the
fluid elements to be constantly stretched and folded, imposing extensional work on the polymer melt.
Note that the axial distance between the mixing blocks must be sufficiently large to allow flow to
reestablish. Placing the mixing blocks too closely together diminishes both the elongational flow
components and the level of dispersive mixing. The mixing performance is also limited if the axial gap
between the discs is too large, as the velocity gradients along the screw become less pronounced. A
similar result is evident in the cross section of a mixing block (see Fig. 16 (d)). Increasing the number
of flights at each block mitigates the extensional work imposed on the fluid between the screw flights.
The fluid elements near the screw core show a significant proportion of rotational flow components, as
indicated by a mixing index around 0.4. These regions do not contribute to the dispersive mixing
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performance. Fig. 17 presents the volume-average shear stress for the geometries 1-8. In contrast to
the mixing index, the average shear stress increases with increasing numbers of flights and blocks.
This result is due to the presence of additional flight clearances, which compensate for the loss in
extensional flow by generating high shear stresses. Note that, despite maintaining the average shear-
stress level in the flow domain, this effect has a negative impact on pressure consumption and energy
dissipation.
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Figure 17: Volume-average shear stress of the flow domains 1-8: Variation of number of flights (a) and number of blocks (b).

The stress-compensating effect described above is demonstrated in detail in Fig. 18, which shows
the volumetric distributions of the mixing indices and shear stresses for geometries 5 and 8.
Increasing the number of mixing blocks decreases the proportion of mixing indices with values higher
than 0.5, which indicates a loss in elongational flow. In contrast, the frequency of shear stresses with
values higher than 50 kPa is increased due to the presence of additional high-shear zones in the
newly created flight clearances.
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Figure 18: Volumetric distributions of the mixing indices and shear stresses for geometries 5 and 8 and material 1.

4.5. Distributive Mixing

To visually analyze distributive mixing in block-head mixers, the axial evolution of a concentration
field defined at the beginning of the screw was evaluated for all mixing heads. To this end, all material
points located in one half of the screw inlet were specified with a unit concentration (red particles),
whereas the points in the remaining inlet plane received a null concentration (blue particles). To
visualize the increase in interfacial area between the two colors, the concentration field was calculated
along the trajectories, as shown in Fig. 19.

geometry 1

Figure 19: Concentration field at the screw entry (a) and the screw exit (b) for geometry 1 and material 1.

geometry 1

Figure 20: Concentration field at the screw exit for the simple shaft (a), geometry 1 (b), and geometry 8 (c).
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The concentration fields at the end of the simple shaft, geometry 1, and geometry 8 are compared
in Fig. 20. Distributive mixing improves as the material points move in the flow field. New striations are
formed, and the average striation thickness of the mixture decreases while the interfacial area created
by the mixing process increases [43]; this results in a finer concentration distribution at the outlet of the
block-head mixers. The increase in interfacial area is less pronounced in the case of the simple shaft,
where the velocity field lacks significant velocity gradients. A higher level of distributive mixing is
achieved if the velocity field is constantly disrupted. In the case of block-head mixers, the presence of
screw flights promotes reorientation of the surface elements, increasing the efficiency of distributive
mixing. A qualitative difference between the mixing screws 1 and 8 is not evident from the visual
representation in Fig. 20.

To quantify the evolution of the concentration field along the mixing screws, the scale of
segregation was plotted over the axial length in Fig. 21 for the geometries 1-8 and material 1. The
scale of segregation is a measure of the cross-sectional mixing capability. The parameter decreases
significantly at the beginning of the mixing heads and tends to a plateau value of approximately 1 mm
after 0.01 m (= 1.66 L,/Dyp). The initial reduction is almost equal for all mixing screws. Minor
differences are detected in the region between 0.06 m (=1 L,/D,) and 0.08 m (= 1.33 La/Dy), where
the densely packed geometries show improved distributive mixing. The final concentration distribution,
however, is nearly equal for all screw designs. Consequently, cross-sectional mixing is not improved if
the numbers of flights and blocks are increased. However, given the significant difference from the
behavior of the simple shaft, the results suggest that geometry 1 is the most efficient mixing head, as it
achieves the same final concentration field with the lowest number of screw flights. Further, the results
indicate that cross-sectional mixing remains almost the same if the axial length of the block-head
mixers is reduced by half. Similar results were obtained for material 2. The stagger angle was again
found to be insignificant in this analysis. Note that the evolution of the segregation scale along the
screw strongly depends on the initial concentration distribution. In single-screw extrusion, this
distribution is usually unknown.
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Figure 21: Axial evolution of the scale of segregation for material 1: Variation of number of flights (a) and number of
blocks (b).

Distributive mixing in the axial direction was characterized by means of residence time distribution
functions, as shown in Fig. 22. Given the high specific flow rate of the simulated process, the
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residence time of the particles in the flow domains is relatively short, ranging from approximately 1.5 s
to 15.0 s. These values represent the minimum and maximum residence times of the material points.
The block-head mixer exhibits limited axial-mixing capability, as indicated by the narrow peaks in the
residence time distributions. The performance can be slightly improved if the number of flights at each
block is increased, which causes the flow to be divided more often. The effects of the mixing blocks
and the stagger angle on axial mixing are not clearly evident. Notice that the self-cleaning time of the
geometries defined as the difference between the maximum and the minimum residence times is

comparatively high but similar in all cases investigated.
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Figure 22: Cumulative residence time distribution functions for material 2: Variation of number of flights (a), number of

blocks (b), and stagger angle (c). Residence time distribution functions for geometries 1-4 and material 2 (d).
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4.6. Kinematic Analysis

To investigate mixing in block-head mixers from a kinematic viewpoint, the local area stretch and
the stretching efficiency were calculated from the set of particles tracked in this analysis. The influence
of the number and distribution of the screw flights on the mean values of these parameters is shown in
Fig. 23. By taking the flow history of the material points into account, the local area stretch exhibits a
sharp increase at the beginning of the mixing section, whereas the gradients of the curves decrease
with increasing screw length and reach zero at the end of the screw. Physically, this means that
stretching becomes less efficient as the particles move forward. Stretching improves as the number of
flights at each block is increased (see Fig. 23 (a)). Note that a logarithmic scale was used to express
the results. Decreasing the free cross-sectional area promotes the elongational flow in the annuli
between the mixing blocks, causing reorientation of the fluid elements and thus an increase in
stretching efficiency. In contrast, the stretching efficiency decreases as the material points pass
through the mixing blocks. Here, the flow pattern shows a significant proportion of rotational flow
components, which do not promote stretching of the fluid elements (see Fig. 23 (b)).
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Figure 23: Axial evolution of the mean local area stretch and the mean stretching efficiency for material 1: Variation of
number of flights (a) and number of blocks (b).
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The stretching behavior is also affected by the number of mixing blocks along the screw. Stretching
improves as more discs are installed, which increases the frequency of reorientation processes along
the mixing head (see Fig. 23 (c)). This improvement, however, is limited by the axial distance between
the discs. As in the analysis of dispersive mixing, a lower level of stretching is achieved if the mixing
blocks are too close together. In this case, the axial fluctuations in stretching efficiency vanish,
mitigating the reorientation processes between the mixing blocks (see Fig. 23 (d)).
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6. Conclusion

This report has investigated the flow and mixing behaviors of block-head mixers by means of a
computational design study. Using three-dimensional, non-Newtonian flow simulations, the influence
of three geometrical parameters was investigated: (i) the number of flights at a mixing block, (i) the
number of blocks along the screw, and (iii) the stagger angle between the blocks.

Comparing two rheologically different materials, the analysis showed that the pressure
consumption of block-head mixers depends mainly on the number of flights at the same axial position,
whereas viscous dissipation is governed principally by the number of mixing blocks along the screw.
Dispersive mixing was assessed by evaluating the mixing index and the shear stresses. It was
observed that a critical parameter is the amount of extensional work imposed on the fluid elements,
which can be controlled by the positioning of the screw flights. Of particular importance is the axial and
tangential distance between the screw flights. Installing the flights too closely together significantly
reduces the proportion of elongational flow, thus decreasing stretching and folding of the fluid
elements. The mixing performance is also limited if the axial and tangential gaps between the screw
flights are too large, as the velocity gradients providing constant acceleration and deceleration of the
polymer melt become less pronounced. The loss in elongational flow reduces the average-stress level
in the flow domain and can be compensated for by increasing the number of flights and thus the
number of flight clearances. The flow through these narrow channel gaps is, however, governed by
shear, and has thus a negative impact on energy dissipation and pressure consumption.

Distributive mixing was analyzed visually and by comparing the scales of segregation, residence
time distribution functions, and kinematic stretching parameters. The cross-sectional and axial mixing
capability was found to be almost equal for all block-head mixers under consideration. Minor
improvements can be achieved if the number of flights at each block is increased, as this causes the
flow to be split more often. Installing a higher number of mixing blocks along the screw slightly
increases cross-sectional mixing, whereas no clear effects on axial mixing are evident. In contrast, the
kinematic analysis shows that — taking the logarithmic representation of the results into account —
stretching of the fluid elements is noticeably affected by the number and distribution of the screw
flights. A significant parameter is again the amount of extensional work imposed on the fluid elements,
which causes reorientation processes and therefore increases stretching efficiency.
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width of transition

temperature-shift factor

area

initial area

concentration of the points of the i pair
mean concentration

constant

rate-of-deformation tensor

barrel diameter

screw root diameter

screw tip diameter

area stretching efficiency

external residence time distribution function
force

cumulative residence time distribution function
cumulative strain distribution function
strain distribution function

step function

axial screw length

global minimum element cell size
axial length of flight land

number of pairs of points

power-law index

number of shearing sections

number of elements in axial direction
number of blocks

number of flights

number of elements in radial direction
number of elements in tangential direction
pressure

viscous dissipation per unit volume
radius

coefficient of correlation

segregation scale

time

minimum residence time

temperature

reference temperature

velocity vector

velocity vector of moving part

width of flight land

vorticity tensor

pressure ratio

energy dissipation ratio

stagger angle
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Oy, Oy, Oz

)\'MZ
Pm

Te
Ts

angles of orientation
compressibility factor
screw clearance
strain

minimum strain
shear rate

viscosity

area stretch
zero-shear viscosity
characteristic relaxation time
mixing index

melt density

sample variance
stress tensor
elongational stress
shear stress
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