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Abstract

Operating and processing conditions as well as the selection of the screw design in
injection molding industry are largely based on trial-and-error exercise, which is
expensive and time consuming. A better approach is to develop mathematical models for
prediction of the final process performance where the conditions and parameters of a
process can be used as inputs in those models. However, most of the models developed
and used so far contain unrealistic geometrical and mathematical simplifications. The
objective of this work is to develop a steady-state three dimensional mathematical model
to describe the flow of an incompressible polymer melt inside a helical geometry, which
represents the polymer’s true motion in extrusion and injection molding processes. In
order to develop the model in helical geometry, where at least two axes are not
perpendicular, the mathematical model is first developed in a natural system (i.e.
cylindrical) and using transformation tools are then changed to the physical helical one.
In this initiative, we develop an iterative computational algorithm based on shooting
Newton-Raphson method in order to simulate the process. The transformation matrices to
adapt the equations of change from a natural system (i.e. orthogonal cylindrical systems)
to a physical system (i.e. helical coordinates) are also developed for velocity and
derivative profiles. Subsequently the solution approach to solve the indirectly coupled
equations of change is explained and the simulation results are compared with
experimental data. The simulation results are validated against data obtained from ten
different experiments with an industrial injection molding machine, processing two

different polymers — high density polyethylene (HDPE) and poly ethylene terephthalate
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(PET). It is observed that the simulation results are in good agreement with experimental
data. This outcome demonstrates the utility of the developed mathematical model and
simulation approach. Important features of this work are the consideration of the linear
backward motion of the screw leading to calculation of proper process shot size and the
incorporation of the tapering screw designs with upward and downward sections in the
direction of the flow into the model. Another important feature in the development of the
mathematical model is that the rheological and physical properties of plastic resins are
not constant and change as the melt temperature changes during the process. From the
standpoint of industrial practice, the direct benefit of this work is the ability to effectively
calculate adequate shot size, recovery rate, and various state variables throughout the

extent of the machine.
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Chapterl
INTRODUCTION

In the polymer industry today, the design of new screws is mainly a trial and error
venture based on experience and experiments in which the operating conditions, or the
screw geometry are systematically changed until the desirable performance is met. An
economical approach would be the use of a reliable prediction tool, which would reduce
the number of experiments to a more economical size therefore save resources and
material via limiting the screw designs and experimenting of operating conditions. The
mathematical modeling of the phenomenon taking place inside an injection machine will
make possible the use of prediction tools to study, predict, and simulate the performance
of such systems in advance. The application of the prediction tools will also help to
explore the possibility of processing new screw designs without having to conduct the

actual expensive experiments. These predictive tools will also assist to calculate



important performance parameters, including recovery rate, melt temperature and
pressure during recovery, power consumption, and length of screw required for melting
of a given resin with specific material properties and operating conditions. These tools
will help to pave the way for the optimal control of the extrusion and injection processes,

which is very much desired by the polymer processing industry.

In order to develop analytical software, it is essential to develop mathematical models
that can accurately describe the polymer’s fate in industrially relevant geometries [Bigg
73, Bigg 74, Broszeit 97, Chiruvella 95, Elbirli 84, Hyun 97, Viriyayuth 84, Yamamuro
98]. The availability of such models facilitates further optimization of the processing
conditions. Complex helical geometry of extruders makes it very challenging to develop
the above models [Zicheng 98, Yu 97a, Booy 04, Laurence 75, Nebrensky 73, Wang 04].
In the past, various attempts have been made to predict and approximate the rheological
phenomenon during the extrusion and injection processes. These attempts resort to
several simplifications including geometrical approximation, which may result in the
underestimation or overestimation of the process output and affect the reliability of

simulations.

This work develops a three dimensional mathematical model to portray the flow of a
molten polymer inside the helical path of a single screw injection molding machine. For
the ease of visualization, we first develop the mass, momentum, and energy balances in
cylindrical geometry and then transform those models to the helical coordinates. To that
end, we derive and utilize the necessary transformation tools. Subsequently, we develop
an iterative computational algorithm based on shooting Newton-Raphson method in order

to simulate the mathematical model.

The simulation results are then validated against experimental data obtained from ten
different runs utilizing an industrial injection molding machine, processing two different
polymers — high density polyethylene (HDPE) and polyethylene terephthalate (PET).

From the standpoint of industrial practice, the direct benefit of this work is the ability to



effectively calculate adequate various state variables throughout the extent of the

injection molding machine.

At last, we study how the variation in the input of certain parameters in the developed
mathematical model can qualitatively and quantitatively influence the variation in the
responses of the model. The sensitivity of the final solutions for selected experiments
from the validation effort with respect to different grid sizes and thermo-physical
properties are analyzed and their impact on certain responses including final recovery

rate, melt temperature, and screw torque are investigated.

1.1 Injection Molding Process

Injection molding is the most commonly used manufacturing process for the fabrication
of plastic parts. A wide variety of products are manufactured using injection molding
process, which vary greatly in their size, complexity, and application. The injection
molding process requires the use of an injection molding machine, raw plastic material,
and a mold. Figure 1 depicts a typical single screw injection molding machine

manufactured by Husky IMS.

Nozzle assembly

Figure 1: A schematic of a single screw Husky IMS injection machine



The plastic is fed through the hopper into the injection unit and melted by a combination

of conduction through heating elements around the barrel and heat of dissipation through

friction between the pellets and the screw. The final melt is then injected into the mold,

where it cools and solidifies into the final part. The process cycle for injection molding is

very short and normally consists of the following stages:

1.

Clamping - Prior to the injection of the material into the mold, the two halves of
the mold must first be securely closed by the clamping unit. Each half of the mold
is attached to the injection molding machine and one half is allowed to slide. The
clamping unit pushes the mold halves together and exerts sufficient force to keep

the mold securely closed while the material is injected.

Injection - The raw plastic material, usually in the form of pellets, is fed into the
injection molding machine, and advanced towards the mold by the injection unit.
During this process, the material is melted by screw through heat (conduction and
frictional). The molten plastic is then injected into the mold very quickly and the
buildup of pressure packs and holds the material. The amount of material that is

injected is referred to as the shot.

Cooling and Holding - The molten plastic that is inside the mold begins to cool as
soon as it makes contact with the interior mold surfaces. As the plastic cools, it
will solidify into the shape of the desired part. However, during cooling some
shrinkage of the part may occur. The packing of material in the injection stage
allows additional material to flow into the mold and reduce the amount of visible

shrinkage. This process is referred to as Holding process.

Ejection - After sufficient time has passed, the cooled part may be ejected from
the mold by the ejection system, which is attached to the rear half of the mold.
When the mold is opened, a mechanism is used to push the part out of the mold.
Force must be applied to eject the part because during cooling the part shrinks and

adheres to the mold.

Post Mold Cooling — In some applications, the ejected parts are transferred into a

post mold cooling unit to be cooled down to desired temperatures before the



packaging step. This will allow to shorten the “in-mold” time and subsequently

the overall cycle time.

After the clamping stage and during the injection stage, pellets enter the region between
the flights of the screw inside the injection unit. As shown in Figure 2, the polymer resin
enters the region W between the two flights, “A” and “B”, of the screw. The depth of the
screw (H) (in another words the radius of the screw shaft) varies along the length of the

extruder. In this figure the melt is shown to move axially in the helical.

Flight “B” (ol | Flight A
» }

Figure 2: A schematic of the region around two flights of a screw

The focus of this research work is to study the behavior of the plastic material during

melting process inside the helical shape of the screw.

The purpose of the screw is to produce, mix, and axially transport a well-melted,
homogenized plastic in sufficient quantity to meet the production demand. Since thermal
conduction contributes to the melting of polymer having a specific set of thermal
properties, the design of the screw and processing conditions should be ideally optimized
for each and every polymer type. Normally the function of extruder screws can be split
into the following [Maddock 59]:

1. Feeding zone (conveying pellets from hopper to transition/melting section)

2. Melting or compression zone (converting pellets into a homogeneous and

well-melted mixture)

3. Metering zone (pumping the melt through nozzles or dies)



The feeding zone of the screw is its first section in the direction of material flow and also
contains the smallest screw diameter, where its function is conveying the solid axially
towards the melting section. Typically, a feed section length of four to five diameters will
allow enough pressure to develop and convey the material forward. During the flow
passage through the feeding zone, the plastic is heated but kept below its melting
temperature. In this study, it has been assumed that the first layer of melt appears as soon
as the polymer enters the barrel. Movement of plastic in the feeding zone relies on
adhesion of plastic to the barrel rather than the screw. The melting zone (also known as
compression zone) is where the melting takes place. Here, the diameter of the screw shaft

gradually increases, thereby forcing the material towards the barrel wall.

The primary melting mechanism in the feeding zone is the heat dissipation caused by
friction rather than heat supplied from the barrel. Another important function of the
melting zone is to keep air out of the melt. Air in the space between pellets entering the
feed-throat is prevented from being dragged into the melt by the reducing flight depth in
the melting zone. The ratio of feed depth to metering depth is called the compression
ratio (CR). If the pressure gradient increases rapidly along the screw extruder, a smaller
compression ratio needs to be chosen. This is the case for viscous polymers where a large
CR causes rising of melt pressure in the screw channel that restricts the flow rate of the
polymer melt. Another important note regarding CR is that two screws with same
compression ratio but different depth values behave completely different. A 0.45/0.15
feed depth over metering depth will deliver a CR of 3:1 as well as a 0.3/0.1 ratio
[Maddock 59], however the first screw will have a lower shear rate and higher output (not
necessarily higher melt quality) as oppose to the latter case, which reacts the opposite
(higher shear rate and lower flow rate). In the metering zone, the melting is complete and
ready to be processed. The metering zone of the screw acts as a pump and sets the

recovery rate of the screw.

In injection molding industry, screws must efficiently perform the tasks of pumping and
recovering a shot of plastic melt at the available recovery time. The screws must be

mechanically strong enough to handle rigorous injection processes [McKelvey 59, Chung



00, Colwell 59]. The task of screw designing is to find an optimum balance of all the
tasks mentioned above. Ideally, it might be possible or advised to design a screw for each
application. In the industry however, it is more desirable to rely on a set of screw designs

to cover a wide range of plastic applications.

For certain materials or processes, the screw design is properly revised to accommodate
the challenges in the process. Critical design elements that affect the output and quality of
the extruders include: screw diameter, pitch, channel depth, compression ratio, screw L/D
(more explanation on L/D is presented in section 4.4: The Screw L/D), mixing sections
(dispersive and distributive), and length of each screw section. The proper L/D is
determined by the process and application that is being satisfied. Figure 3 depicts the

different zones of a typical simple screw.

Feeding zone Melting zone Metering zone

e Sss s

Plastic flow

Figure 3: A schematic of a simple extruder screw

As can be seen in Figure 3, the screw shaft diameter increases gradually in the melting
zone (this will be explained later in designing the mathematical equations). In the
metering zone, the melting is complete and ready to be processed. The metering zone of
the screw acts as a pump and sets the recovery rate of the screw. Theoretically, the
recovery rate in an injection molding process is a function of three competing terms: drag
flow (Qq), pressure flow (Qp), and leakage flow (Qr) [Rauwendaal 86]. The recovery rate,

Q, can be mathematically presented as:

0=0,-0, -0 (1.1)

Drag flow presents the maximum theoretical recovery rate that the screw can achieve.

The pressure flow represents the negative influence on recovery from pressure in front of



the screw tip created by operating with backpressure. The greater the backpressure, the
harder the screw has to work to recover the material. Increasing the backpressure results
in increased work being done on plastic and creates better plastic mixing and melting
however at the expense of increased pressure flow leading to decreased recovery rate. By
increasing the backpressure, the pumping capability of the screw must work against more

resistance to flow.

The leakage flow conceptually represents the leakage (back flow) across the lands of the
screw flights. Leakage flow is proportional to the clearance area between tips of the
screw flights and the barrel inside diameter. Wear of the screw and barrel will increase

the screw to barrel clearance and increases the leakage flow and diminishes the recovery.

1.2 Development of Helical Coordinates

The non-orthogonal helical coordinate of an extruder screw is more complicated to
develop than orthogonal natural system (e.g. cylindrical) but leads to better treatment of
the flow behavior [Yu 97a, Yu 97b]. This research aims to develop the non-orthogonal
model with no geometrical simplification. The advantages of such system can be
described as:
e Using the true helical geometry. A comparison is done between the simulation
results driven from helical model derived in this work and some commercially
available models that have used simplified geometries in the development of their

mathematical expressions. The results are summarized in Table 1:

RUN Throughput | Screw Torque | Screw Power | Melttemp | Shearrate
(kg/h) (Nm) (kW) (°C) (17s)
Experimental data 969 13472.54 121.65 283.12 20.78
Helical based simulation 961.65 13560.51 128.65 284.50 31.34
CompuPlast (Cartesian based model) 960.10 27412.06 266.13 308.74 612.80
PSI (Cylindrical based model) 973.55 38019.48 370.23 313.55 669.31

Table 1: A comparison between the helical based simulation tool developed in this work
and non-helical based simulation packages. Results are compared with experimental data.




The version of the CompuPlast software used for the comparison purpose in this
work was released in 2004 and the software is still under development. PSI is
developed by the University of Paderborn in Germany and simulates
manufacturing processes in single screw plasticizing units. It is a simplified
cylindrical based model in which the simplified equations of change are solved to
arrive at algebraic expressions. The program version for the comparison purpose
in this work was released in 2001. Newer versions use the same strategy but are

developed to include additional sections (e.g. wave section).

As can be seen in Table 1:

o Each model has been able to predict the throughput of the injection
molding system with good accuracy.

o The torque estimation with the geometrically simplified models has been
between 2 to 3 times higher than the experimental data, while using the
non-orthogonal model, for low and high process temperatures, the torque
estimation has been within 2-3% of the actual experimental results.

o Melt temperature prediction in the simplified models has been between
25-30°C higher than the measured values. The non-orthogonal model
predicts melt temperature at the screw exit within 3-5°C of the actual

results.

Since the developed geometry is natural to that of the flow, the boundary
conditions can be assigned without unnecessary approximations.

Inclusion of the tapering screw, which allows consideration of the screw details in
the simulation that cannot be supported with the simplified models.

For the orthogonal system the modeling of the rotation of the screw element can
be done by Multiple Reference Frames (MRF) and the Sliding Mesh techniques
but with the non-orthogonal system (e.g. helical system) the helical axis itself can

change place and orient so there is no need of using above techniques since the



screw rotation is defined with a mathematical expression. This will be defined

later in the coordinate development section.

1.2.1 Application of Helical Geometry

Figure 4 depicts the actual geometry of a screw inside an extruder:

Figure 4: Helical geometry inside a single screw extruder

The helical motion can be viewed as a three dimensional motion with simultaneous
rotation about and translation on an axis. The values of the helical rotation and translation
are invariant to coordinate transformation, that is, they are independent of the chosen
reference frame. During the motion of polymer melt in helical coordinates, the helical
axis itself can change place and orient.

To further explain this approach, when a particle turns 1 radian in a helix, it sweeps “r” at
the circumference. However, an axial displacement also occurs. The overall displacement

€.
T

of melt particle is the combination of these two movements (“r” at the circumference and

“ks” in vertical displacement), therefore, the actual dislocation travelled in helix direction

for 1 radian will bex3 + r? . Orthogonal systems are usually referred to as natural
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systems. Systems where axes do not make a right angle are often called “physical” or
non-orthogonal. In order to develop a physical system, the differential equations should
be first developed in a natural system, and then using transformation equations,
transformed to a desired physical system. Figure 5 depicts the orientation of the axes of a

helical coordinate and correlates them to the same counterparts in a conventional system.

Figure 5: Helical axis coordinates: Normal (e;), Tangential (e7) and Helical (e,)

In Figure 5 the flow of the polymer melt in a section of helix is depicted with the red
dotted line. The screw rotates with a velocity of N (m/s). If the geometry of screw is
simplified to a rectangle, the flow has the option of moving in down channel, cross
channel, and channel depth directions of the screw path. The early hydrodynamic analysis
of melt flow in a screw had only considered this type of geometry [Chang 95, Cunha 94,
Chung 71, Chung 75, Darnell 56, Fenner 77, Tadmor 67, Tadmor 70, Tadmor 72] and the
equation of motion was solved for the down channel only. The average down channel
velocity and the extruder throughput were obtained by integrating the velocity field over
the cross channel direction. The analysis of the flow was simplified by assuming that the
channel aspect ratio (width/depth ratio) was so large that the channel depth could not
affect the down and cross channel flows. In some cases even two dimensional flow
solutions were overlooked due to mathematical complication involved. In true geometry

of a typical screw, the fluid travels through a helix path, which is formed by the flights of
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the screw. The normal, tangential, and helical axes of an extruder screw can be correlated
to the depth, cross, and down directions of a rectangular system respectively. As
mentioned previously, transformers are needed to transform the equations of change from
a natural geometry to a physical one. In this work, the derivatives and velocity profiles in
a natural system (cylindrical coordinates) are transformed to a helical system, utilizing
the chain rule and the laws of partial differentiation as follow [Aris 90]:

g _Bdr | 9% ds dx de

X: = x.(r,s,t) => —L = + + —= 1.2
it s 0 dT dr dT ds dT dt dT (1.2)

Based on the dependency of the parameters to the specific axes in helical coordinate, the
equations are simplified and transformation matrices are developed. Below, the
development of the velocity transformer is illustrated. The product of this development

will generate the components of the velocity-transforming matrix (Figure 6).

ur ul
R 0 0
-1 1
u, | = |0 = — u,
X, 5 L
214 k2
R
uz u3
0 0 R |

Figure 6: Transformer matrix for velocity profiles

X
1. r=2, 4 =u 1.3
R 1 r ( )
o-dx _dedr deds dxdb_dxdr_ o, (1.4)
daT dr dT ds dT dt dT dr dT
where 9% _ 5 4r _ u, (1.5)

dr dT
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2
2. s=-x (%j + K5, u, = u, (1.6)

dx g dx g dx g dx g 1 1 (17)
U, = — = u, + u, + —u; = ———————u, + — U,
dT dr ds dt 2 K,
(éj + k,°
R
where 9%o _ -1 ) dxy _ 1 (1.8)
ds X, 2 , dt k,
— | +k,
R
3. t = % + k4X2, u3 = u, (1'9)
dx, dx, X, dx,
u, = = u, + u, + u; = Ru,
daT dr ds dt (1.10)
where &%= _ ¢ (1.11)
dt

In Figure 6, u;, u, and us represent the velocity profiles in cylindrical coordinate while u,
up and u, correspond to the same profiles in a helical system. The minus sign in section 2
by convention and u,, up and u, are in radian. The value under the square root is the

distance along the flight or arc.

1.2.2 Transformer for velocity profiles

Based on the matrix shown in Figure 6, the velocity profiles in a helical coordinate for r,

0, and z directions can be specified by:

r oY (1.12)
N 1

Yo = = T W 7 Us 1.13

kj + r? k, ( )

u, = Ru, (114

In Equation (1.12), k4 represents pitch of the screw.

13



1.2.3 Transformer for derivatives

With the same approach as the velocity profiles shown above, the derivative profiles in a
helical system are related to their cylindrical counterparts by applying the chain rule and

can be expressed by the following terms:

o _19o, s O (1.15)

0 5 5
I I A (1.16)
20 T a0 T Y

o _10 (1.17)
0z R Oz

where, R represents the inner radius of the barrel (Rs+9), o is the flight clearance, and s is

the dimensionless helical coordinate

1.3 Geometries used in extrusion models

Cartesian and cylindrical coordinates are commonly used to explain the geometry of an
injection unit or an extruder. The core reason is that the governing equations of flow in
those coordinates are very well established. However, the true geometry of screw does
not fit in such systems. The melt moves in a helix of a screw and can be viewed as a
rotation around and translation (changing place) along an axis. The values of these

rotations and translations are invariant to coordinate transformation.

1.4 Literature Survey
In helical coordinates (non-orthogonal), at least two axes are not perpendicular. Up to

now, the concept of helical coordinate system has only been considered in very limited
studies and not put into use as a simulation tool [Yu 97a]. In some publications although
a helix is discussed, only 1D fluid is selected to obtain solutions [Yu 97a, Yu 97b]. While
there has been acceptable treatment of non-isothermal and non-Newtonian fluids,

simplification of the screw geometry has been mainly involved in various studies. The
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most widely used simplification has been the unwrapping of the helix channel and

presenting it as a straight, rectangular channel with moving barrel [Street 61, Tadmor 67].

Other simplifications include assumptions of Newtonian fluid with temperature
independent thermo-physical properties and viscosity and flow in only one or two

dimensions [Rauwendaal 98, Bigg 73, Bigg 74, Chiruvella 95].

Some researchers have solved the flow equations by using analytical methods in 1D
[Agassant 96, O’Brian 92], finite difference method in 2D [Covas 99] and finite element
in 3D with constant thermo-physical properties [Colwell 59, Griffith 62, Zamodits 69]. In
addition, simplified approach based on a hybrid finite difference/finite element method
was developed [Choi 87, Barton 02, Chang 95]. Three-dimensional non-Newtonian fluid
flow in a geometrically simplified screw channel of a single screw extruder has also been
investigated [Choo 80, Choo 81]. In all these approaches, either the geometry of the
screw or the equations of change, especially the heat transfer equation and the thermo-
physical properties are simplified. Some cases have neglected the contribution of the wall
conduction effects, which is important in the accurate prediction of heat transfer, pressure

and temperature rise, and other extruder characteristics [Creamer 76].

Zamodits [Zamodits 69] introduced a helical coordinate system to analyze molten flow in
a single screw extruder, thus avoiding the geometrical simplifications (e.g. a long
rectangular channel). Other researchers [Bigg 73, Bigg 74, Broszeit 97, Chiruvella 95,
Elbirli 84, Hyun 97, Viriyayuth 84, Yamamuro 98] then adopted this approach. The study
of Nebrensky et al. [Nebrensky 73] verified a relation between a natural basis and a
physical basis (helical) through defined transformers. Laurence and Tung [Laurence 75]
later showed that the transformers of Nebrensky were incomplete and presented their
own, which were developed using a cylindrical system. The work by Laurence and Tung
directly relates the movement at the direction of helix to the down channel direction and
ignores a vertical movement. Wang et. al, [Wang 04] set up their helical system from a

rectangular natural system. Yu et.al, [Yu 97a, Yu 97b] developed a different helical
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coordinate frame and compared it with classical rectangular and cylindrical coordinate

systems.

A summary of all the developed transformers mentioned above is shown in Table 2.

None of these systems has provided explicit equations of change for the motion of a non-

Newtonian flow in a 3D environment with no physical or thermo-physical simplifications

(i.e. variation of viscosity, density, thermal conductivity, and volumetric heat capacity

with respect to temperature). In Yu et.al, [Yu 97a, Yu 97b], the thermo-physical and

viscosity properties are assumed to be constant and only the effect of curvature and

helicity on the velocity profile of a 1D fully developed Newtonian flow along a helical

channel is presented.

Transformer in

Transformer in z

Researcher o Transformer in 0 direction o
radial direction direction
_ R r L _ 2z, L
[Nebrensky 73] TR, 6= 6 . + . BT
[Laurence 75] - r 6 = az+ 6 - 5
_ _ - - - L =
[Wang 04] = rcos®9 y = rsin® :Z+Ze
[Yu 97a] = r coslp(l) + 6] | v = r sinfe(1) + 6] =1

Table 2: Comparison of selected transformers developed by various researchers

In this research, we revised the approach by Nebrensky et. al and the corrected

transformers are used to setup the three dimensional helical system.
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Chapter 2
EXPERIMENTAL SETUP

In order to validate the prediction tool designed in this work, a series of experiments in
the form of a design of experiment (DOE) was conducted and the results compared with
the simulation predictions. A high density polyethylene (HDPE- Eltex B4020N1343
provided by BP SOLVAY) with melt flow index (MFI) of 2.0 g/10min and a
polyethylene terephthalate (PET- INVISTA 1101 provided by INVISTA CANADA) with
intrinsic viscosity (IV) of 0.83 dl/g were used in these experiments. PET has a unique
ability to dramatically increase the viscosity of the liquid it is dissolved in, even at very
low concentrations. IV is a quantitative assessment of this ability. Some of the properties
of the resins utilized are presented in Table 3, including rheological parameters related to
the Cross-WLF viscosity model, melt density, specific heat capacity, heat of fusion, and

melting temperature.
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Physical properties PET HDPE Units
v 0.83 - dl/g
MFI - 2.0 g/10min
Density 1.40 0.94 g/em’
Melting Point 245 138 °C
Melt Density 1.2 0.8 g/em’
Specific Heat Capacity | 1.94 2.25 J/g°C
Heat of Fusion 65.5 45.0 J/g
n 0.5 0.4053 -

T 60219855 | 52800 Pa
D1 3.839¢e+13 | 6.68el7 Pa.s
D2 373.00 153.15 K
Al 31.740 37.928 -
A2 40.9892 51.6000 -

Table 3: Some physical and rheological properties of the solid HDPE
and PET grades provided by the resin suppliers and utilized in the
experiments.

A schematic of the injection unit used in the experiments is shown in Figure 7. The
vehicle to the test was a 400 ton injection molding machine. It was capable of processing
different types of resins and screw designs including General Purpose and Barrier screws
for processing of high density polyethylene, and PET screw for processing of PET resins.
Due to the confidentiality agreements with Husky Injection Molding Systems Ltd., the
configuration of the screw designs cannot be shown in this study. All screws had outside

diameter of 80 mm and length of 25:1 L/D.
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Hopper

Nozzle assembly

Shooting pot plunger Shooting pot piston

Figure 7: Schematic of the 400 ton injection molding system used in the validation of the
simulation results. Different components of the system are shown on the injection unit.

2.1 Drying of PET Resin

Unlike the other major packaging resins (e.g., polyolefin, polystyrene, and PVC), PET
pellet is an extremely hygroscopic thermoplastic, in that it readily absorbs moisture from
the atmosphere. The presence of small amounts of moisture will hydrolyze PET in the
melt phase, severely reducing its molecular weight. As a result, mechanical properties of
PET decrease and end-product quality is compromised. Therefore, PET must be
thoroughly dry just prior to melt processing. Figure 8 depicts the drop in the intrinsic
viscosity of PET resin in the melt phase due to retained moisture content after the drying
process (figure is from the PET Technology course material by Dr. Saleh Jabarin-

University of Toledo).
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Figure 8: IV drop in the melt phase with respect to resin moisture content after
drying process

The acceptable industry standard for the drop in the IV of the PET resin after the drying
process is 0.02 dl/g, thus the physical properties of the final products are not affected.

PET is produced by a condensation reaction. Various starting materials are used and
reacted in a series of steps to produce PET. This reaction, which also produces water, is
reversible. Therefore, when un-dried PET is melted, the resin and water chemically react.
Hydrolysis occurs and key mechanical properties of the PET are reduced. This hydrolysis
reaction also changes PET melt viscosity and crystallization rate, making it very difficult

to process into a quality end product.

Most PET drying is done in dehumidifying hoppers using hot air at a very low dew point.

The dehumidified air passes through a bed of PET to extract moisture from the resin. A
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desiccant material, such as silica, absorbs moisture from the circulating air. PET must be
dried to <30 parts per million and maintained at this moisture level to minimize
hydrolysis during melt processing. A dry resin will help control the Intrinsic Viscosity
(IV) loss, which should be less than 0.02 dl/g. The PET should be dried at 170°-180°C, as
a result, the initial PET resin temperature in the simulation tool is usually between 170 to
180°C compared to HDPE, which is at room temperature. Figure 9 depicts the dryer unit
used at the experiments, which was located at the mezzanine level of the building where

the injection unit was located and attached to the hopper of the injection unit.

Figure 9: The Piovan resin dryer (3500 Liter DP628L) utilized in the validation test
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2.2 Extruder Instrumentation

The extruder was instrumented with control hardware to measure the melt pressure at the
screw tip, (Kistler 6081A pressure transducer), and thermocouple to measure the melt
temperature at the machine nozzle location, (Dynisco TG422J). The location of the
temperature and pressure sensors are shown in Figure 10. The screw torque and the

heater power draw were obtained from the motor amperage indicated by the machine

control system.

Figure 10: Location of the melt pressure and temperature sensors at the injection unit
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The experimental procedure for the data collection was as follow:

1.

Install the screw and establish the benchmark process using pre-defined operating
conditions.

Wait until the process stabilizes (30 minutes).

Read and record the motor amperage indicated by the machine control system for
the screw torque and heater power draw.

Purge the melt and measure the melt temperature using the temperature probe for
3 repetitions.

Read and record the pressure value using the data acquisition system.

Alter processing conditions based on the Design of Experiment and collect the
required data.

Switch the screw to the next design.

When using PET resin, purge the HDPE resin thoroughly, switch to PET screw

and conduct the steps above.
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2.3 Design of Experiment

The Design of Experiment (DOE) is a planned approach for determining the relationship
between cause and effect. This technique can be applied to any process with measurable

inputs and outputs.

The basic goal of the DOE is to gain a sophisticated understanding of the relationship
between variables that are varied within the experiment (factors) and their effect on the
output (responses). This knowledge can be an extremely helpful tool to develop a new
process or to improve the present one. The stability of the process can be enlarged, which
means that it is minimally affected by external sources of variability. Any process can be
considered as a black box, which will be affected by various controllable variables (X).
These variables are the input factors. There are outputs or responses (Y), which can be
measured. Nevertheless, there are always variables, such as environmental conditions,
which cannot be controlled or sometimes not even be identified. These variables are the
major cause for variability in the responses. Other sources of variability can be deviation
around the set point or sampling and measurement errors. For good process knowledge it
is essential to assess the variability of the system. Statistical Process Control (SPC) is a
sophisticated tool for simply monitoring and filtering out the noise caused by variability,
but it is a passive approach. For systematic improvements and breakthroughs a DOE

application is required.

The traditional technique to get a better knowledge of the process is to change one factor-
at-a-time (OFAT). This methodology is both time- and cost-consuming and no
interactions between factors can be estimated. The DOE allows the changing of several
independent factors at once and observing them simultaneously. The benefits of using

Design of Experiment are listed in Table 4.
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Benefits of Design of Experiment

Very efficient; minimum number of required runs

Hidden replications constructed by running the design points
Interactions can be detected

Analysis Is easy

Interpretation is not difficult

Design can be applied segentially

Complex designs like Response Surface designs can be created

= & " &= L R =

Table 4: Benefit of using Design of Experiment

The most important benefit of this method is the immense reduction of number of runs.
These runs are assessed in a particular way and statistical calculations methods are
required for analyzing the responses. The result of the analysis of the gathered data is an
empirical mathematical model, which includes all vital input factors. This model, a first-
order, second-order or a cubic model, describes the process with a function. Therefore, it
provides predictions without running further experiments. Statistics, which are included

in the analysis of variance (ANOVA), prove the statistical significance of the model.

It is relevant and quite important to determine the influence of and the interactions
between the various input variables. Considering the time consumption and cost intensive
characteristics of experimental works involved in the evaluation of the screw design
and/or new polymers and processing conditions, it was decided to adopt a full factorial
DOE to compare the experimental data and the prediction results. The independent
variables susceptible of influencing the experimental results (dependent or output
variables) are classified in several levels of intensity. The effect of a factor is defined as
the change in response that results from a change in the factor level. The interaction
between factors corresponds to the different responses observed when the level of one
factor is changed, and the differences in response between the levels of this factor are not

identical at all levels of the other factors.
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Table 5 presents the independent factors chosen to be varied in this work plus a summary

of the experimental results. The inputs to the experiments are:

1.

2. Complete characterization of the materials

Screw geometry

a. Rheology — Melt

b. Thermodynamics — Cp, Tierr, Density

c. Mechanical

3. Operating conditions — screw speed, back pressure, cycle time, initial process

settings, and the shot size

Barrel | Screw | Recovery | Melt Shot Nozzle
) Torque
Run Resin temp | speed time temp (Nm) weight | pressure
m
G | (pm) | (sec) O (2 (bar)
1 190 1.76 2442 4402 180 1149.6
HDPE 210
2 286 1.36 245.0 | 4874 240 1135.0
MFI=2g/10min
3 GP (25:1) 230 190 1.76 253.0 | 4239 180 1113.0
4 286 1.36 252.8 4656 240 1101.0
5 190 1.76 2453 4402 180 1149.6
HDPE 210
6 286 1.36 2459 4874 240 1135.0
MFI=2g/10min
7 Barrier 25:1) | 230 190 1.76 254.1 4239 180 1113.0
8 286 1.36 255.2 4656 240 1101.0
9 PET, 285 2.70 299.3 | 8803 640 -
1V=0.83dl/g 300
10 PET (25:1) 300 3.10 306.4 8085 640 -

Table 5: Design of experiment prepared for the validation of screw prediction tool results
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Chapter3

MATHEMATICAL
MODELING AND
SIMULATION

The mathematical modeling of the equations of change developing inside an injection
machine or an extrusion unit will make possible the use of prediction tools to study the
performance of systems under evaluation. This work discusses the implementation of
such prediction tools for single screw injection molding machines. The mathematical
modeling of injection molding process is a multi-objective problem, where it is necessary
to satisfy simultaneously several measures such as mass flow rate, length of screw
required for melting, melt temperature, and melt pressure during the recovery operation.

Due to the complexity of the governing equations and the boundary conditions, analytical
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methods can only be used in very few practical circumstances and numerical approaches
are generally needed to obtain a reliable solution. However, analytical solutions are
valuable for validating the physical insight into the basic mechanism and expected trends,

and results for limiting or asymptotic conditions.

3.1 Momentum Balance-0 Direction; Helical

The unknowns in the extrusion and injection molding processes are the velocity, pressure,
and temperature as function of r, 0, and z axes. Velocity distributions in the extruder are
known by depending on the pressure in local equations of motion, which are the
equations that describe the behavior of a system under the influence of applied force.
Below, the equations of motion in cylindrical coordinate are developed and then
transformed into a helical system. Since the viscosity is a function of temperature, the

shear stress components (e.g. 1,4 ) need to take into account the variation of viscosity and

shear rate in any rheological model that is used to illustrate the behavior of viscosity (in
this study the power-law and Cross WLF viscosity models are utilized to define the

rheological behavior of the polymer melt inside the helix channel).

0 0 0 0
= (pVy)drdodz = —drd@dz(g %e) - drdedz(% ¢99) - drdedz(g r¢ze) (3.18)

Where
r=a+bz (3.19)
(I)re = Tre + pvrve (320)
¢z9 = T, t PVzVe (322)
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0 = - Gir (v + PV, V) - 6% (P + Teg T+ Pvez) - 8% [0 + pV.7,)]

ov
= - - - SRV - 200, =~ bRy + PV ]

—(a+b){ Ze+8—pvzve+—pve+—epvz}
z 0z
Ot,, OP OV, 01,y 0V, }
= -0 T oy, 20 pr[r, + pVLV + b + v
or o0 P 5o [0 + pv.v0] - (@ ){ z | oz D
op v, op
-V Vo + —=p + + b + + bz)V, —
e[ae ot g P H(EE DA e (a s b)Y, 82}

(3.23)
Note that b in Equation (3.19) is the taper of the screw, and a is the initial value of r. The

incorporation of b as taper parameter enables accurate simulation of polymer flow
through tapered channels. Using the above terms and utilizing the transforming

equations, the following is the momentum balance along 0 direction in helical geometry:

2
m o0 \;e _[(PRrV, r on b ave 1 LI n A, - A, 1—A4
RM oz M RM oz 6z Rr (Rr) R
-1 0%V, 1 &V, 2rs 2%V, 2rs 0%V,  (1s)? azve n(s)®> a°V, 394
T3 2 T2 3 + 5 a2 2y g4 > | ( )
R“M or Rk, or T R2M® 6rd0 RMk48r89 R2M° 060 RMk486

ML paLA, +bpRIV,A, 4| RV, T O \OV,
00 ky Rk, 0z 0z

In the above equation, ks is pitch of the screw, and 1 is polymer viscosity. Vg and V,
represent melt velocity in screw angular and axial directions and s is the dimensionless

helical coordinate and given by the product of -6 and M. In addition, the following terms

are used to simplify Equation (3.24):

M = ,k421+r2;A1:6;;9;A2=V—9;A3= 1 0Vy 15 0Vy

M RM dr RM?> 00 ° (3.25)
_Ian s on
TR or  RMZ 00

As can be seen, Equation (3.24) is a partial differential equation with the order of two for

2
the angular melt velocity gradient with respect to axial direction (aa Ze ). In order to
Z
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convert the above equation to an ordinary first order differential equation, the first partial

derivative is defined as a new state variable

o = Do (3.26)
0z

in order to help obtain a set of ordinary differential equations for model simulation.

3.2 Momentum Balance-Z Direction-Helical
Following the same approach as the momentum balance in 0 direction, the momentum

balance in z direction of a cylindrical coordinate is developed and then transformed into

the helical geometry. Thus,

0 0 o o
= bv,)drdedz = - drdedz C; 0n) - drdddz (- 0s) - drdedz (—re,.) (3.27)

where

Py, = Ty, T POVLV, (3.28)
Pg, = Toz T PVeV, (3.29)
¢,, = P +1, +poV,V, (3.30)

In the following, the momentum equation is first developed and then transformed to the

helical geometry:

0 0 0
O = ~ (TIZ + pVIVZ) T AN (TQZ + pVeVZ) - A [r(P + TZZ + pVZVZ)] (3'31)
or 00 0z
ot 01q op 0V, ov,
0= -—-— - —£ _.—=vyVv, -—0pV, -—2pV, -bRP+ pV,V 3.32
or % o8 °7 e 07 oo P B+ ovv,]  (332)
-(a+bz)@+@vzz+2vz 2 o
0z Oz z
0 0t,, Oty, OV, v bR[P . Vz} (a+b >6P (a + bz )V ov,
= 9Tz FTez  OY2 . “a Z e
or o8 o T . * %z “Me gy P (3.33)
v % +@V +(a+bz)% +(a+bz)@v
* o6 T o0 0 oz © oz
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In the following, each element of the Equation (3.33) is transformed to the helical

geometry separately to obtain the final momentum balance equation in z direction:

— Vv ov, V, oV
1) V_fi[ Ly ! VZJ.[_MWZ +k46VzJ:_eaL_k_4V oV, M N, Y,

Rt 00 ("M ° r'k, 0 oz ro 80 Mr "z kg © 00 r oz
(3.34)
v, e gy, Vs (3.35)
0z 0z
0P -1 0P
3) - = 3.36
) 0z R 0z ( )
oV 1 oV s 0V
4 N 9V _ . Z_ 4 Z 3.37
) Rr or n{ Rr or M? 00 J ( )
2 2
5)6_1]8VZ _ 1 on oV, L s on oV, LI on dv, N Rr” s” dn 0V, (3.38)
or Or R o0r or M2 or 00 M2 00 or M* 06 00
2 2 2.2 2
6)ni ovV,)_mno sz L nrs2 0V, N n Rr 4s 0 V2Z (3.39)
or\ Or R or M- 0ro6 M 00
Finally, after the transformation to the helical geometry, we obtain
, ov, ov, rs 0V, 0P ,( on 0V, 0°v,
= Rrv,p)ZT= = a,| =+ =22 - r 2 ru | S 2 g = | -
0z or M 00 oz 00 06 00
0%V nrs 0°V nr’s® 98°v ov
bR [P RV ) 12 % 4o z : RMA , —2-
porp@v. Y]y 5 2 N St T e PR

(3.40)

3.3 Momentum Balance-radial Direction-Helical

The momentum balance in the radial direction of a helical coordinate is shown below.

The same approach as the momentum balance in the other two directions is used:

6% (pV, )drd6dz = —drdedz(a% ¢Hj -~ drdedz(a% ¢r9j -~ drdedz(a% r%) (3.41)

b, =P+ 1 +pV.° (3.42)
¢r6 = Tr@ + pvevr (343)
d)rz = T, + pvzvr (344)
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0 0
0=-—1\P+1, -I-er2 ‘_(Tre +pV9Vr)——[r(rrz +pVZVr)] (3.45)
r 06 0z
0P 0T, oz ot,,
0=-—x - bR - +b
or 26 Trg (a z) P (3.46)
op 1 on 1 ov, on ov, o ov,
= e — - — — - — —_— + —_— + RE— —_—
or r o8 ° 96 06 or 00 or (3:47)
ov, on ov, o v,
+ bR + (a + bz) —=
r 0z Or 0z Or

Equation (3.47) then is transformed to the helical coordinates as explained below:

1 0P 1rsoP ky 1 on M 1 on
O=-——+5— + ==V, -—V, —+ —V,-—V, —
RoOr M 06 RMr Rr 0z Rrk, Rr 06
i % E% ﬁ%+% + M@+ @ _l%ﬁ_Lﬁ E% rs avz
Re ' 00 kK, 00 M 0z oz %6 ‘oz RM or Rk, or M 00 1k, 08
. 1 *v, M 0%V, rsd*V, rs 8%V, k, &%V, . 1 &*v, rsk 0%V, LIS v,
" R Geor Rk, 060r M*> 98* Mk, 98> RMOzOr R 9z0r M 0z00 M? 0208
0V, RrsoV, on 10V, rsov, 1 62\72 rs 82\/2
+ bRn +—2 +@+bzyg — — +—2 +n — +—2
or M° 06 0z R Or M 09 R 0z0r M° 0z00

(3.48)

Finally, after the transformation to the helical geometry, we obtain:

(l oP rs an (k4 1 ]81} M 1 on
0= | =—+ — — | + Vy — — V, | — + V, - — V, | —
R Or M° 00 RMr Rr 0z Rrk , Rr 00

! [ave M OV,  k, ave+avz}+( Lo anj
B [ T A ST BT A S S VIRAL R ALl

1 0°vy, M 9%V, L, IS vy, rs 9'v, k, 9V,
R 000r Rk, 000r M? 00° Mk, 00° RM 0z0r
1 0°V, _ rsk, 0°V, L s 0°V,

+
R 0zO0r M® 0z06 M? 0z00
8_n(i6Vz L IS avzj

R Or M? 60

1 0%V, rs 0°V,
+ = —=+ —
R O0zOr M® 0z00

Oz MZ

\% \Y
+bRn(a =+ ers 0 Zj+(a+bz)
Or M 00

(3.49)
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3.4 Equation of Continuity

A continuity equation is an equation of conservation of mass. This equation states that for
an incompressible fluid flowing in a cylinder of varying cross-sections, the mass flow
rate is the same everywhere. In view of the principle of conservation of mass, the only
way that the mass of the volume V can change is by mass transport across the boundaries

of the system. The mass transfer model for a cylindrical coordinate system is given by:

1 1 0 0
—+;—(prVr)Jr;%(OVe)JFE(pVZ):0 (3.50)
This equation needs to be first expanded and then transformed to a helical coordinate

using the transformers developed earlier.

10 0 1 oo oV, oo oV, (3.51)
0=—— 1 o)+ —\pV,)=— V, —+p— +V, —+p—
r 08 [ove) oz lov.) r °oe " o * 0z © oz
= l [V, G_QE + %] + %a_T + avz
r "%eroe e =31 0z © oz (3.52)
1 1 1 0 oT oT
= — (Ve V) Sox (Mt ko)
Rr M K, oT 06 0z
1 0 0 -1 1
+ — M — + k, — — Vy + — V 3.53
R P M5 5 Ty Ve K, 2] (3.53)
0T R 0z R 0z
Rearranging Equation (3.53) provides:
167pvea£_k74 eal_ﬂvzal_l_vzal +L GVG_&%_E%_‘_@VZ
Rr OT 00 M 0z k, 00 0z Rr | 00 M Oz k, 00 0z

op or | oV

o1 0z P oz

(3.54)
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Finally, after the transformation to the helical geometry, we obtain

-M Op OT p 0V, op OT ov
— = — A, + ——2 4 v, = — 4 z =0
Rr 0T 00 2 T Rr 00 2 a1 0z P oz (3.55)

3.5 Assumptions
The assumptions made in development of the mathematical model are as follows:

e The polymer creates a thin melt layer on the barrel side immediately upon entry.

e The melt film flow is fully developed in the down and cross channel directions.

e The plug perfectly contacts all sides of the screw channel and barrel.

e Shear rate for the concurrent directions of motion and surface is negligible. As a

result of this assumption the normal stress terms (t,,,T,,, and T ) are zero. In

such surface-flow orientation, no stretch or elongation in flow is generated and

the shear rate is zero. Thus:

0 Vi 1 ov
_ - _ Yooy 4 = YV 3.56
T.o Tor n{r oy ( - ) = 30 } ( )
1 0v, oV
To, = T = —n[; = * a—;} (3.57)
ovV. oV

S A AL 3.58
=5 =) S 2| (3.59)
Ter = Tgg = Ty = O = ’Y;r = Y;G = YZZ = O (359)

e There is no slip on the barrel wall of the extruder and the screw shaft surface.
e The solid bed is an isotropic and homogeneous continuum.

e Melt leakage over the flight tips is negligible.
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3.6 Shear Rates

Shear rates can be explained as the velocity gradients, i.e., velocity divided by the gap
measured in reciprocal seconds, s”. For Newtonian fluids, a plot of shear stress versus
shear rate at a given temperature is a straight line with a constant slope that is
independent of the shear rate and is called viscosity [Carley 53]. For non-Newtonian
fluids [Choi 87, Fenner 80, Luyten 91], the slop of the shear stress versus shear rate curve

will not be constant as we change the shear rate (Figure 11).

Shear stress

v

Shear rate

Figure 11: Shear-thinning behavior of polymer melts

As mentioned above, shear rate is equal to the velocity divided by the gap between two
surface or layers of polymers (V/h). In injection molding industry, increasing the screw
speed increases the rate of shearing, which has direct affect on the final melt temperature
and consequently on the melt viscosity [Fleming 04]. As a result, the higher shear rate
will ease the flow of polymers in the screw channel but is not necessarily a positive effect
since higher shear rate might cause degradation of polymer melt. The velocity and shear

rate profiles are anticipated and suggested in Figure 12.
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Velocity Shear rate
Figure 12: Velocity and shear rate profiles for flow in a tube

As can be seen in Figure 12, for a non-Newtonian flow inside a round tube, the velocity
is minimum at the walls and maximum at the plane of symmetry. The shear rate also

varies non-linearly from minimum along the central axis to maximum along the wall.

Normally, decreasing the barrel temperature in the feed zone will also increase the shear
on the barrel surface and will improve solid conveying. This technique will also help in
preventing premature melting in the feed section. When the screw and barrel have equal
shear rates in the feeding/metering sections, forward conveying of the polymer will
decrease or stop [Rautenbach 82]. In screw extruder channels, the shear rate can usually

range from 10 to 10,000 s or more.

3.7 Shear Stress

When a molten polymer is sheared, shear stresses are developed. The stress in the
polymer melt is proportional to the product of the shear rate and the polymer viscosity at
any given melt temperature. In Figure 13 below, a liquid is confined between two flat
plates of area A separated by a distance D. When the upper plate is moved in x direction,
the liquid is sheared. A constant force is typically required to move the top plate at a
velocity relative to the lower plate (F). The shear stress is equal to the viscosity

multiplied by the shear rate (measured in units of pressure i.e., MPa or psi).
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Figure 13: Schematic diagram of shear rate and shear stressurfaces

As explained before, polymer melts tend to develop normal stresses but the stress
resulting of concurrent motion of surface and flow are zero. The reason is because the
shear would cause extension in helical direction (in a helix) and uneven compression in
normal and tangential directions. So, when a polymer melt is forced to flow, it is less

compressed in the direction of helix than in the other two normal directions.

The corresponding shear stress to the shear rates in cylindrical coordinates, (t_,, 1 4), are

developed below. Later the final shear stress is then transformed to helical coordinate,

utilizing the same velocity profiles.

3.7.1 Shear stress components in cylindrical coordinates:

ro= oLy (3.60)
Or
o Vo av, (3.61)
T = -nr—(—) = —Vy -1
or r or

37



3.7.2 Shear stress components in helical coordinates:

n 1 1 1 0Vy r1s 0V, 1 0V, rs 0V,
T = — — Vg + —V, 7 3 + + >
Rr M k, RM or M° 06 Rk, or k,M° 00
(3.62)
16:1 ive+i\lz ni%r_i%+ia\/vz+ rsza\lz
Rr M k, RM o M 0 Rk, or k,M* 00 (3.63)

All the terms in equations above are already described in previous equations.

3.8 Viscosity Models

Materials must undergo deformation in order to flow inside complex geometry of the
extruder or injection units. This deformation is more usefully termed viscosity. It is
apparent that the ability to measure the viscosity is beneficial to our expectations from a

process performance.

Unlike incompressible fluids, polymer properties changes with variations in the material
thermo-physical properties. Polymers are made of long chains, which at rest have
multiple orientations that cause its anisotropic behavior. Once the polymer is melted and
starts to flow, the chains will line up in the direction of the flow. This alignment reduces
the resistance to the shear flow [Fridge 72]. In previous studies [Bigg 73, Broszeit 97,
Carley 53, Chiruvella 95, Choi 87, Choo 80, Cunha 94, Dan-Nieh 85, Elbirli 84, Hami
80, Hyun 97, Li 94, L1 96, Lin 98, Maddock 59, Rauwendaal 98, Sokolinkoff 64, Tadmor
67, Zamodits 64] the viscosity of the polymer melt is either assumed to be constant or
locally changed by variation in temperature and/or melt velocity. In this work, the
viscosity is not constant and depends on temperature of the melt as well as the zero shear
rates (and consequently the velocity fields of the polymer melt). Several models are
presented to study the shear thinning behavior of polymer melts. In extrusion and
injection processes, the Power-law and Cross WLF (Williams- Landel- Ferry) models are

very well known and established to characterize the viscosity behavior of polymer melts
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[Wrede 72]. The Power-law model characterizes the flow behavior of the material but it
only works when shear rates are relatively high. This model does not account for the
effect of pressure on the melt and might lead to inaccuracies. While Cross-WLF model is
preferred for numerical simulations, power-law models are desirable for quick "back of
the envelope" calculations relating material behavior, processing conditions, and

geometry. A power law model is shown below:

(n-1)

n=ky (3.64)

where k represents the viscosity at a reference shear rate (also known as consistency
index), and n is the power law index that is the slope of viscosity curve with respect to
shear rate. The Cross-WLF model is more appropriate for injection molding simulations
as temperature and pressure sensitivities of the zero-shear viscosity are better represented.

The following equations illustrate the Cross-WLF viscosity model [Wrede 72]:

5 -1

n = no[l + (—nOTY—T)““)] (3.65)
- A (T — T")

= D 1 3.66

L 1 eXp |:A2 T (T - T*):| ( )

In Equation (3.66) T is temperature (K), T is the pressure dependent constant

temperature (K) that is equal to D,+Ds;P where D, and Ds are plastic material constants.

In Equation (3.65) yoT represents the total shear rate (1/sec). 7 is the shear thinning

transition (Pa), and 7, is the zero-shear viscosity, which can be represented by the WLF

form as follows:

° T> Tg/ No(T, ) = Dle—Al(t—Tg)/(Az+t—Tq) (367)

e T<Tg, No(T, p) = © (3.68)
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In Equations (3.67) and (3.68), Tg is the glass transition temperature of the material and

n, 7, D1, Dy, D3, A1, A, are model constants.

Since viscosity is assumed to be influenced by terms such as temperature and zero shear
rate, it will have gradients with respect to those variables in the different directions of the
helix. These gradients are equal since the viscosity is a scalar quantity rather than being a
vector. Nevertheless, based on the nature of this simulation, the viscosity of the polymer
melt flow is derived with respect to all three axes and placed in the respective momentum
balance equations. The simulation results for the prediction of viscosity for each
experiment are illustrated in the results chapter (Chapter 4, section 4.5), which also show
that the viscosity at a given temperature is equal in all three helical axes. Figure 14
depicts the influence of shear rate on viscosity under similar processing conditions for a
polypropylene resin. The instrument was a Goettfert Rheograph 2003 Capillary
Rheometer and the ASTM test method was D 3835-96.

1000.0 7] & T=180[C]
B T=193.3[C]
) o T=206.7[C]
& T=214[C]
w1000 ]
£
>
10.00 7]
1.000 | T T T 1

1,000 10,00 100.0 10000 10000, 1.000E+05
shear Hate [1/5]

Figure 14: Influence of temperature on viscosity of polypropylene (Source: BP Solvay)
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As the melt temperature increases the viscosity lessens. However, for higher shear rate
values, increasing the melt temperature does not give the same result. The reason can be
explained by the influence of shear rate on the non-Newtonian materials. The viscosity is
found to decrease with increasing shear rate for vast majority of polymeric materials. The
viscosity appears to be Newtonian at high shear rates so the influence of temperature on
the viscosity decreases and increasing the temperature of the resin will not affect the final

viscosity.

Below, the viscosity gradient with respect to the radial direction has been developed in
details. The derivatives of viscosity with respect to other directions are similar and follow

the same approach as below:

Mo 1 on oMy 1 o 1
= 3 = —:}—:—.—+ o —_—
n 5 NEMo g T T o s TS (3.69)
1 + (nO YT)(lfn)
T
° 1-n
S =1+ |z (3.70)
T
M _ Mg n Mg ds _ My n n’as (3.71)

As shown in the above, expansion of viscosity term with respect to the radial direction

has generated more unknown terms (i.e.a_S and an_O), where “S” represents the
or or

denominator of the Cross-WLF viscosity equation. For further simplification, these two
new terms need to be derived with respect to radial direction and replaced in the main

viscosity equation above.

0S

or
o \l-n o \-n o

s=1+ [_no YTJ = s, = [_no VTJ - 8% s, -0 11{—”0 VTJ (3.72)
T T or or T
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Since:

=l fw=so L B2 gy T O Yy G-0 i(ﬂo ;Tj G719
X S, Or ° Or T ° or
Mo Yr Mo Vo
0S S.d -—n) o ° 0Ss
= =t )= 2 G749
Mo Vo
Mg .
or
o = Dy GX{L—T@ (3.75)
A +(T-1T)
- A E(A +(T—T*))+A(T—T*)~E
LMy _ mDAC-T) |- AT - T | 1 op V2 ! or |(3.76)
or Ay +(T-T) Ay + (T —T) (Az T - T*))2
SO ZMeMT T | - MB | 0T (3.77)
or A+ (T-T) (AZ + (T — T*))Z or

Based on the above two derivatives:

My merhA,T - T) ot

e 3.78
or (AZ + (T - T*))3 or (.78)

Consequently, the gradient of the zero shear rates with respect to “0” and “z” directions

can be written as:

2 _ *

0 (a, +@-1)f

611_0 — nOAzlAZ(T - T*) . E (3.80)

0z (a, + -1 02

After replacing the above terms in Equation (3.71), the viscosity equations in different

helical axes can be rewritten as:
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o AR, -T) ar m o Al-n 0y, ©[mpA%By(T - T) or

% A ao T "% Yo 3 — (3.81)
o Yo J

M mAim,T-T) o o Ad-n Oy,  ©[mpA%By(T - T) or

D s el L tYr =3 (3.82)

D B+ T-T)Y D n 1 o Yo 9 H+T-T)Y

o MeAM1R,C-T) ar m 1’ A -n) 0yy o (meR’1B, @ —T) ot 3.83

N _MAAT DL AL L P SR (3.83)

z A, +@T-T) 0z My Mo 0z A, +(T-T) Oz

As can be seen above, further expansion of viscosity gradients with respect to all three

[¢] [¢]
. 0 0
axes has led to even more unknown terms (i.c. aYT , agT
r

[¢]
0
, aYT ). These terms are total
Z

shear rates with respect to different axes and need to be derived from the total shear rate

expression. In cylindrical coordinate the total shear rate expression is presented by:

EEE o

By applying the velocity and derivative transformers in the above cylindrical equation,

the total shear rate in helical coordinate can be expressed as:

\/
RM 0r RM 0 RrM °
dav, (1 0 rs 6] N, rsov,
== =+=—= Ry = + =

dr Ror RM 0 or M 0

. 1 6v oV, 1 2 Tev ov, TP

yo = 22 T xs s vej p | Loy xs OV, (3.86)

RM Or rRM> 90 RrM or M2 90
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(3.87)
oy, 1 [ e]-10% rs 0%V, 1 av o | 0%V, rs 0%V,
—YT = S Yol — 0 _ 3 26 + —8 + Yool — + — 3 (388)
o0 X RM 0rd0  mM3 00 ReM 00 0100 | M2 00
T
ay. 1 (o[-10%v, rs 8% 1 ov o [62v, s 8%,
oo dfpforote ss ot 1oaw] e fot s dtul) o 3g)
0z » RM 0Oroz RM> 000z RrM Oz 0roz M 000z
T
3.9 Flow Rate

The plastic melt flows in three different axes of a helical system: helical (down channel ),

normal (radial), and tangential (cross channel).

Different theoretical equations exist for calculating the flow rate of polymer melt in an
extrusion or injection molding process. One of the most common expressions is shown in
Equation (3.90) [Rauwendaal 86]. The flow rate in this equation depends on drag flow
[first part of the right hand side in Equation (3.90)] and pressure flow [second section of
Equation (3.90)].
W 2 R4 _ 2\2
Q = WeﬂNRi sin ¢ cos (PF(B) — L(Pb 1 — B4 + w dp
16m 1n B
(3.90)
where:
Wy, N, F(B), ¢ represent the angular channel width in radians, screw peripheral speed in
. .. . . dap
rpm, ratio of the radii R¢/Ry, , and helix angle, respectively. The term o represents the
z

pressure gradient (Pa).

As explained before, calculating the flow rate (or mainly known as throughput) requires

the cycle as an input. That is why it is more desired to estimate the recovery rate of a
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single screw injection unit that is cycle time-free, using the dimensions of the screw in its
metering zone. This has been further explained in section 4.3, where the recovery rate for

different processing conditions is simulated.

3.10 Energy Balance-Helical

The equation for energy in extrusion process is derived from the basic conservation
principles. The thermal energy can be supplied to the material undergoing processing,
through different thermal boundary conditions imposed. In addition to conventional heat
transfer phenomena, viscous dissipation and work done by the moving fluid also act as a
thermal source. Due to the poor thermal conductivity of polymer melt, the heating
elements are not the major contributor to the melting process. The main supplier of heat
is the rotation of the screw inside the extruder that smears the molten polymer between
the solid bed and the barrel wall (work-induced heat), generating shear and mechanical
heat. The viscous dissipation, () .t), represents the irreversible part of the energy transfer
due to the shear stress. Therefore, viscous dissipation gives rise to a thermal source in the
flow and is always positive. Melt viscosity is also deeply dependent on the viscous
dissipation [Fridge 72, Sokolinkoff 64] and solutions without considering this reliance
will not adequately represent the thermal phenomenon in extrusion process. In this work,
the energy balance equation in a helical coordinate is established to describe the
temperature profile along the length of the extruder. This approach will enable the
calculation of screw length required for completion of polymer melting for a specific set
of processing conditions and screw geometry. This length is an important parameter for
understanding the performance of a particular screw design and configuration. It can also
be used to study how the processing conditions and other parameters will affect this
length. Design of a screw plays a very important role in the energy generation and
melting of a specific resin. Apart from its mechanical strength, a successful screw design
is one in which the shear and heat generated from the screw elements are sufficient to
ensure that the entire polymer is converted to a molten state before the end of the screw.
The melt temperature is not uniform inside the screw channel and changes in all axes
because of dissipative heat generation and heat conduction with the barrel and screw

within the melt.
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Modeling of polymer extruders has principally focused on the metering section of the
screw because in most cases it is the metering zone that controls the extrusion flow rate
and accounts for the majority of the power consumption. The modeling of the metering
zone is a reasonable approximation of the modeling of the whole extruder, and in many
cases, is close enough to reality [Chang 95, Pearson 85]. There have been some
researches of simplified models to approximate melt temperature. The widely used model
is the one-dimensional flow of an isothermal Newtonian fluid [Carley 53]. This model
was later improved by considering the effect of transverse flow caused by flight
[McKelvey 59, Squires 58]. The non-Newtonian behavior of polymer melt was
considered in later researches [Choo 80, Choo 81]. The bulk temperature profile is the
average temperature of the polymer melt in the specified control element of the
developed mathematical model. The physical model for establishing the heat transfer

boundary and initial conditions is shown in Figure 15 [Chung 00].

A O DO&%‘l Lé?%})g

< W
Figure 15: The physical model of the heating process

Based on the above model, it is possible to establish the differential expressions to
calculate the length of the screw required for completion of melting of the polymer. The
energy balance in extrusion is a combination of convective energy flux, heat conduction
from the barrel to the polymer, work associated with molecular motion and by bulk fluid

motion (flow system), and irreversible rate of internal energy increase per unit volume by

46



viscous dissipation (qpiss).. In the following, the energy balance in a cylindrical

coordinate for a steady-state extrusion operation is developed:

o

= [(drdz WopCpT ]e - [(drdz WopCpT ]6+d9 + [(rdrd 0)vV,pCpT ]Z
- [(rdrd G)V pCpT ]Hdz + [(dzd 0)V,pCpT ]r - [(dzd 0)V,pCpT ]r+dr

- K — (rdedz)} — [— K g—f (rdez)}rerr + [— K Z—Z (rdedr)}

r

[
_ {_ K — (rd@dr)lmz - {— K Z—; (dzdr )L - {— K Z—g (dzdr )}
[

To ] - [TEG : V9]e+de + [Tcz : VZ]Z - [Tcz : VZ]z+dz
[Tcr ] [nr : vr]r+dr + dpiss

+

z

0+do

+ +

(3.91)

where p, Cp, and K are density, volumetric heat capacity, and thermal conductivity of

polymer melt respectively.

In Equation (3.91) the accumulation term is zero, [left hand side of the equation], due to
the steady-state operation. The first six terms on the right hand side of the Equation
(3.91) represent the heat flux by conduction followed by the conductive heat in all the

helical axes, the work done by the fluid and finally the irreversible heat of dissipation

Due to the complexity of the energy equation and for the ease of visualization, the
above terms are studied and expanded separately. Later they are transformed to helical
geometry using the transformers developed earlier and then put back together to form

the final energy balance equation in helical coordinates.

First the heat flux by conduction in angular direction is expanded and then transformed

to helical coordinates as follow:

1.[(@raz epcpT |, - [(drdz WepCpT |y, 6 = - a% [VepCpT Jdrdza 6 (3.92)
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In the following the heat flux by conduction in axial direction of the screw is expanded
and then transformed to helical coordinates. As can be seen, the thermo-physical

properties vary along the screw direction as well as by temperature:

2 [(rdrdG)VZpCpT]z - [(rolrd@)VZpCpT]Z+dZ = —-r ai [VZpCpT]drdedz (3.96)
Z

0
— o pepT Nz scprv . Py ory, 2P ey, O \ard 04z (3.97)
L z 0z 0z 0z
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0z

oT oT

The last term of the heat flux conduction is along the radial direction of the screw,

(3.100)

which

is first expanded and then transformed to helical coordinates as the other two heat flux

terms:
3. % (pv, Xdrdodz = —drdedz(;r ¢n) - drdedz(; ¢rej - drd@dz[aaz r(l)rzj

q)rr =P+ Trr + pvrz
(I)re = Tre + pvevr

¢IZ = TIZ + pVZVI
O = - i (P + Trr + pvrz) - i (Tre + pvevr) - i [r(’trz + pvzvr)]
or 00 0z
oP ot ot ot
o=————f°—bRrrZ¢—(a+bz){ }
or 00 00 0z
or r 00 r 00 00 Or 00 or or
{an ov d (av ﬂ
+ (a + bz) —
0z Or 0z or

M v, - 1 v, on
Rrk Rr 00

1 {ave M 8V, k48Ve+6VZ}+[ Mo an]
- - - SV B

(3.101)

(3.102)
(3.103)
(3.104)

(3.105)

(3.106)

(3.107)

Rr 00 k, 06 M 0z 0z 00 0z
-1 aVQ " 1 8VZ _ IS aVG + I8 6VZ
RM Or Rk , oOr M3 00 M2k4 09
10°Vy M 28V, LTS 0°Vy s 8°V, k, 8%V,
o R 060r Rk , 060r M2 00°2 Mk , 0602 RM 0zor
+1_82Vz_rsk482Ve+ s 0°V,
R ozor M3 0z00 M2 0z00
611[1_6VZ+ rs avzj
0z \ R or M2 06
+ bR 1 aVZ+Rrs ov, + (a + bz)
or M2 06

(3.108)
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Sections 4, 5, and 6 below represent the conductive heat in radial, axial, and angular
directions of a screw with cylindrical coordinates respectively. They are also expanded

separately and then transformed to helical coordinates:

r

[—I(SE—@dedzﬂr - ﬂ-f(%%—@dedzﬂ

r + dr

4. - _ i[— K a—Trd 0dz }dr = a—[Kr a—T}dedzdr
or r or r
oK (asz oT 02T
= Rr — | 2= + K —/— + KRr -
0T or r or
(3.109)
ek 1 (asz or's 0T 0T (c"s) (asz K OT  Krs 0T |
r—|—|—| + — — + — + —— 4+ — +
oT | R? \Or RM’ Or 00 M* 00 R Or M? 00
= , drd0dz
1 8°T 2rs 0°T (rhs) o0°T
KRr| — + +
R’ Or’ RM? 0ro0 M* 097
(3.110)
[— K Z—T (rdedr)} - |:— K Z—T (rdedr)} = - ai [— K B_T rdrdejdz =
5. g : Co, T ‘ i (3.111)
i (K a—T]rdrdﬁdz = r 8_K (a—T) + rK 0 s
0z z OT \ 0z 0z
r 9K (0T\®>  Kr 8T
_ __(_j ¢ 20T ez (3.112)
R 0T \ Oz R 9z?2
{— x L (dzdr )} - {— x L (dzdr )} -9 (— K — dzdr jde =
6 0 00 6+do 00
"o ( aT] {8K (asz ale
— | K —|d0dzdr = |—|—=| + K —5 |[d0dzdr
00 00 0T \ 00 00
(3.113)
_ ) N
K T T oT T
S M@-g— —2Mk49—9—+k§§— +
oT 00 0z 00 0z
= dOdzdr
0°T 02T 02T
K| M? ~2Mk , +k3
002 0700 0z2
(3.114)

50



Sections 7, 8, and 9 below represent the work done by the fluid in radial, axial, and
angular directions of a screw with cylindrical coordinates respectively. They are also

expanded separately and then transformed to helical coordinates:

7. [mg - Voly = [me - Volguo = —%[rreve]drdedz = —[6286 Vg + Ty %}drd@dz (3.115)

V
Because : 1,49 = ﬂve - naa—e (3.116)
r r

09 oV oV
+ 1Ve - 0 o
r or 00
0 ro
8. [Tfe . Ve]g [T[e . V9]9+d9 _% [TrQVQ]drdedZ = — ae V@ + Tre drdedz
(3.118)
n OV
Because : T = — Vg —MN— (3.119)
r or
0 oV
—{ﬂve -n— )Ve
0T 1o 0V, 00\ r or
- Vg + 1.9 drd 6dz = - drd 6dz (3.120)
+|—Vg—n1 —_—
r or 09
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(3.121)
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oV,
—=V, + 1., a—;}rdrdez

(3.122)
0 oV, 0OV 0 ov oV, 0V
i = v, - n 2= 22 |rdrd 0dz = — = |v AL
[az(najz n@r Gz}fr “ z[nar]2+n6r 0z
(3.123)
on v, i(ﬁvz) v, 4+ n 2 2V (3.124)
0z Or 0z \ Or ‘ 0r Oz
1 on (1 0 L TS 0 RV |+
R 0z \ R 0Or M % 00
RV ,
n2 (Lo s 9 \py rdrd 0 dz
R 0z \ R 0or M % 060
v —2 59 gy , — 2 Ry,
| R Or M 2 00 R 0z |
(3.125)
2 2
Rrvza—n—avz + vV, (Rrgsa—”a"z +an(1+vz)avz
( 62)2 or ab;l oz 060 0z0r drd 0dz
NnRr ) s \Y
— 7 (1 2z
i M7 ( i VZ)@Z@G
(3.126)

The last term of the energy balance equation is the heat of dissipation, which is shown by

the equation below:

10. Co{D-lss = (m(z )errd 0dz;

Total

(3.127)

A successful screw design is one in which the amount of shear heat generated is

sufficient to ensure that all the polymer is converted to a suitable molten state before the

end of the screw. In cylindrical coordinate the total shear rate is given by:
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A EERE
Yrotal = dr r dr (3128)

Using the transformers matrices, the above equation will be transformed to helical
coordinate as follows:

d (V, d(-1 1 1 0 rs 0 -1 1
— |2 == V, + v l=|-—+—=>—]" V, + v,
dr\r dr | RrM Rrk, Ror M 00 RrM Rrk

(3.129)

_( -1 Ve, 1 9V, _s oV, s avz]

R2Mr or @ R%k.r or RM® 20  RM 2k, 060
A A (3.130)

d[vej d(ve] {—16\/9 1 &V, rs v, rs avZJ
r-—|22|=Rr-—|2|=| —2L + — = 2% 4

dr\ r dr\r RM Oor Rk, 0r M’ 00 Mk, 00
(3.131)
and
d d 10 rs @ oV, Rrs 0V, (3.132)
R J- R g R DY LA i
dr dr R Or M° 00 or M° 00
-1 0V 1 oV rs 0V, rs OV ’ oV, Rrs oV, |
,YT . — 0 + z -2 0 + Z + 4 + Z
o RM 0r Rk, or M 00 Mk, 00 or  M* 00
(3.133)

Using Equations (3.92) to (3.127) from the energy balance equation and applying
Equations (3.128) to (3.133) for the heat of dissipation, the energy balance equation in a
helical coordinate for a non-Newtonian non-isothermal polymer melt flowing in the helix

channel of an extruder screw can be expressed as:
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Equation (3.134) can be rearranged first to the equation below:
K d°T
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After further rearrangements and simplifications, the final energy balance equation in

helical coordinates is shown below:

Kr 0%T oV, oT op Cp
—-— = —pCpTV y — 2 -V, —|CpT —=+pT +pC
R 572 PEPEY 0 759 eae[panaT PP
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R 0rdz  RM * 000z R or RM 2 00

16VZ+ rs OV,
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+bR3Vzn{ :|+qDISS

(3.136)

The above equation is a combination of convective energy flux, heat conduction from the
barrel to the polymer, work associated with molecular motion and by bulk fluid motion
(flow system), and irreversible rate of internal energy increase per unit volume by viscous
dissipation (qpiss). As can be seen, the equation above is a partial differential equation

with the order of two for the melt temperature gradient across the length of the extruder

2
(%). Also because the coordinate system is non-orthogonal, mixed derivatives are
Z

appeared in the energy balance equation. Similar to Equation (3.26) and for the same
aforementioned reason, we define a new state variable:

o7
B = (3.137)
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The following example illustrates the approach taken to simplify the mixed variables
shown in Equation (3.136):

o2t _i(@j_ oA A+ 1,9 - Al -1, 1)
o)

oro®  or or 2Ar
oT

A _ —
20

. AT A+ L3+ -naH-15 -1
" 0ro0 4ATAO

(3.138)
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3.11 Initial and Boundary Conditions

The initial conditions under steady state along the z direction are as follows:

T(r,0,0) = T, (3.139 )
Vo (r,0,0) = +/k2 +r? (3.140 )
V,(r,0,0) = rocos y (3.141)

where Vy, V., and T are known at z=0. Ti,; represents the inlet resin temperature. Thus,
the temperature of resin throughout the injection process at z = 0 is equal to its initial

value at the inlet of the injection unit.

The boundary conditions for the model under steady-state operation are as follows:

At the barrel, the plastic melt temperature is equal to the set temperature of the barrel.

Also Vg and V, at the barrel are as follows:

T(1, 0, 2)=T (3.142)
Vo (1, 0,2)=0 (3.143)
V1,0, 2)=0 (3.144)

At the screw shaft an adiabatic process is assumed where no heat is gained or lost by the

system so Vg, V,, and T at that location are given as follows:

T
(6—j =0 (3.145 )
I r—,e,z
R
Vv, = r® cos Y (3.146 )
(0]
Vi = k3 +1? (3.147 )
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where Vy and V, are the melt angular and the axial velocities at the direction of the screw
shaft. In Equations (3.146) and (3.147), o represents the screw speed in rpm, and vy is the
solid conveying angle. At the screw shaft, the temperature change is adiabatic. Angular
and axial melt velocities at barrel surface are zero. The mathematical model developed
above is indeed complex, and obviously cannot be solved analytically. Hence, the next
step is the numerical simulation of the developed model. At this point, it has to be noted
that one could readily solve the developed model after discretizing its partial differential
equations into a set of ordinary differential equations. The boundary conditions are

straightforward as opposed to what they would have been in a non-helical geometry.

3.12 Solution Approach

The transport equations derived above (i.e. momentum balance equations and energy
balance equations) are indirectly coupled because every velocity component appears in
each momentum equation, the energy balance and the mass balance equations. The most
complex issue to resolve is the role played by the pressure [Versteeg 07]. This term
appears in all momentum equations, but there is evidently no equation for the pressure. In
fluid computations we wish to calculate the pressure field as part of the solution, so its
gradient is not known beforehand. If the correct pressure field is used in the momentum
equations, the resulting velocity field should satisfy equation of continuity. This problem
can be resolved by adopting an iterative solution strategy (e.g. SIMPLE algorithm of
Patankar [Patankar 72]).

To start the algorithm, a guessed pressure field is used to solve the momentum equations.
The velocity profiles computed from momentum equations will have to satisfy the
equation of continuity. If this equation is not satisfied, then a pressure correction equation
(e.g. Newton Raphson Method) is used to update the pressure field. So the aim is to
progressively improve the guessed pressure fields until the convergence of velocity and
pressure field. This algorithm is shown in Figure 16. As it has been laid out in the flow
chart, an initial pressure guess is required to compute the velocity profiles from the
momentum balance equations. A good pressure guess is atmospheric, which is the resin

pressure under the feed hopper. In fact, our numerical experiments with different pressure
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guesses corroborated this approach. Shear stress, shear rate and temperature profiles in all
three axes are computed by the initial pressure guess as well as any updated guess. The
velocity profiles will be applied to the mass balance equation. If these profiles can satisfy
the equation of continuity (e.g. no residual is remained), the guessed pressure field will
be used in the starting of the simulation, otherwise the pressure will be updated by the
shooting method until the residual is insignificant. The shooting method equation is

presented below:

F (3.148)

Initial Guess
for Pressure
v

[ Momentum Balance (6,z) L

v
[ Velocity Profiles ]

v
Shear Stress, Rates (r,0,z)

v
Energy Balance (r,0,2)

v
Continuity Equation (r,8,2)

Update Pressure
Field (NRM)

Residual =07

Simulation

Figure 16: Solution algorithm
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Where F(V,(p), V,(p) ) is the equation of continuity. The denominator of the pressure
correction equation is expanded as:

[GF} OF 0V, OF 0V

— | = . + . z
oP ov, 0P ov, OP (3.149)

z

Therefore, it is necessary to derive the velocity gradients along 6 and z directions with

respect to pressure to replace in the pressure correction equation.
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3.12.1 Derivation of %:
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(3.150)
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3.12.2 Derivation of v, :

op
( k, (1 ) ) 0 avzj
= |- Ve + | = + RV, | =—
rM r 4 P
k, 0V, (1 j i v,
+ | - —~ + R =
rM OP r 0z
(1 90vy M 0V, ) dv,
r OP rk, OP 00
1 M ns rs om Rr °s® onm o [ ov,
- - ve - h VZ - 2 - 2 ~ 4 An An
r r’k, M M® Or M 00 00 \ 0OP
+(n L on ﬁa_”ji ov, |, n 9 [av,
Rr R Or M? 00 ) or \ 0P R Or’ \ 0P

(3.151)

3.13 Simulation Details

The computational algorithm in the above section along with the viscosity model was
programmed in an object-oriented paradigm. C++ language was used. The iterative
corrections in the pressure field were terminated when the pressure changes dropped
below 107 psi . The algorithm is computationally very intensive. It takes usually 10 to 12
hours to converge on a personal computer equipped with 3 GHz Pentium compiler and 1

GB RAM.

3.13.1 Grid Sizes

We used 2" order finite difference formula [Chapra 05] to descritize the partial
differential equations developed in this study. We are solving the final mathematical
model with adaptive step size in two directions of r and 0. The z direction (Nz), is the
point we store data in the program but the discritization is only along r and 0 directions.

The step size value for z direction (along the length of the screw) is selected as 10 mm
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but depending on the stiffness of the equation, the step size will be changing between 107

and 107 mm along the z direction.

3.13.2 Calculation of Proper Shot Size

During the screw recovery in injection molding, the screw is pulled back to allow certain
volume of melt to be collected in front of its tip. This volume is referred to as Shot Size
and is quantified using the diameter of the screw. The shot sizes that a machine can
handle are a matter requiring careful consideration. The issue to balance is mainly to have
a consistent, good quality, and homogenous melt for large or small shot sizes. A good
quality melt refers to a melt, which has adequate average bulk temperature for processing
a specific polymer. This is illustrated in more details in Figure 17. As the screw recovers,
the resin temperature rises, which is the result of barrel heat conduction and shear heat
dissipation. At some point along the screw, the resin’s average bulk temperature might

reach a minimum value where the polymer is melted and is deemed suitable for injection.

If the polymer resin melts with good quality before the end of the screw, the remaining
screw length can be added to the injection unit shot size. As a result the melt temperature
continuous to rise and the processing window will expand, which creates more
production opportunity. One thing to keep in mind is that if the shot size is too large, the
melt resides in the barrel for a long and unnecessary period of time and might become

thermally degraded in which the status of the melt changes from good to poor standing.

Generally, prediction tools calculate the melt bulk temperature along the length of the
injection screw. A properly designed tool captures the “L/D” (screw length over screw
diameter) requirement for melting of a specific resin. The software designed in this work
will report the required L/D for melting the polymer resin for a specific screw geometry
as well as the final melt temperature at the end of the screw so the proper shot size for

that specific process, screw, and polymer resin can be calculated.

Therefore, in a properly designed program, the prediction results not only allow an early

investigation into the screw L/D requirements for melting, but also indicates how far to
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the end of the screw this quality will remain. In Figure 17, it is tried to visually explain
the discussion above. In this figure, it is assumed that the desired bulk temperature
(285°C 1n this case) occurs at L/D=23 of the screw (e.g. a screw with 1250 mm length
and 50 mm diameter contains 25 L/D units). From 23 to 25 L/D, there is 2 L/D of screw
available, which can be added to the shot size related to this process . As shown in Figure
17, there is 2 L/D volume of melt available in each cycle, which might either improve or
degrade the melt before exiting the injection barrel and the tool designed in this work is

capable of capturing this possibility.

Tocl 205°C

25L/D
» Length

Initial position

Final position

7

Shot size

Figure 17: Linear motion of the screw. The simulation tool allows for a detailed investigation
of melt bulk temperature at different points during the melting process.

3.13.3 ‘Screw Details’:

Today in injection molding, molders are facing with many difficult challenges and new
applications. Screw design is one practical science that most processors start with for new

polymers and applications.
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Recently with the development of new screws many dispersion and distribution problems
with new polymers, additives, and colors are resolved. A simulation tool will make the
validation of the screw performance designed for the purpose mentioned above fast and

less expensive.

Since there are many different screw designs that exist throughout the injection molding
industry, a reliable simulation program should allow investigation of all designs and
study of their effectiveness at delivering good product quality at economic rates. In this
work the design of screws is appropriately addressed and the details will be elaborated on

in the following.

The software programs available commercially have mainly restrictions on how to detail
a screw inside the simulation tool. Some have provided users with menus to pick screw
known modules, elements, and sections. Vast majority of those packages incorporated the
experimental data to the simulation tools for the purpose of validation and simplification.
The sections of the screw (e.g. feed, compression, and metering) and their lengths can be
selected in those packages but designs, which are not predetermined into the software
initially are not mainly supported. In this work, the user can experience more flexibility
with regards to the screw design. There are no limitations on the type, size, and location
of the screw sections and modules and any geometry can be supported as long as it is
properly integrated into the input file of the program. In order to facilitate and support
any geometry in the screw, an array has been provided in the input file, which will allow
the user to accurately draw their screw inside the simulation tool. The user needs to locate
the ‘repeating’ units in a screw design and enter their start and end diameters as well as
the lengths into the array. An example for a simple general purpose (GP) screw is shown

below:

Initial Screw Diameter={47.82,47.82,59.84,69.84}
End Screw Diameter={47.82,59.84,59.84,69.84}
Length of each Screw Component={210,560,498,423}
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In the above set of arrays, the first array indicates the initial screw shaft diameter of a
section or repeating unit, while the second array specifies its end diameter. Figure 18
illustrates a schematic on how the above array matches the shape of the screw, which
includes four distinct sections (i.e. feeding, melting, metering zone 1, and metering zone
2). As shown above, for the first 210 mm of the screw, the initial and end screw
diameters are equal (47.82 mm), which indicates the feed section of the screw. This can
be referred to as a repeatable unit where a mathematical relation specifies the changes in
the screw geometry for the beginning and end of the screw length. Later, the second
section of the screw (i.e. melting section) has an initial shaft diameter of 47.82 mm and
end shaft diameter of 59.84 mm with a length of 560 mm. This is also a repeatable unit
with slope. For the last two sections, there are two metering zones, one with equal and the

other with a slop in initial and end screw shaft dimensions.
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Figure 18: Characterization of the screw geometry inside the simulation input database
(numerical units in mm)

In case an additional section is needed in the screw design (e.g. a barrier section, etc.), the
array dimension will simply change to 5 and one more member is added inside the

bracket to take into account the new section and its dimensions in the program.
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3.14 Input Data Required for the Simulation

The accuracy of the simulation results depends on the accuracy of the input data. Basing
predictions and evaluations on improperly evaluated processes could result in
unexplainable simulation outcome. The most desirable situation is to obtain the
processing properties of resins or resin mixtures (virgin material, regrind, additives,
colorants, or even different types of plastic resins) from a polymer laboratory. Typically,

this data consists of the following:

- Processing properties of the resin(s), including thermal, rheological and
physical properties

- Screw geometry

- Extruder equipment conditions

- Operating conditions of the process

The prediction tool has the capability to store the data for different applications for any
future reference. With the above information, the simulator explores the ‘what-if’
situations. The simulation results provide the ability to facilitate all design changes and
observe the outcome in terms of production rate and product quality without conducting

the actual experiment.

3.14.1 Pressure and Temperature

The steady-state model is time independent and the state variables (pressure and
temperature) are investigated along the length of extruder. Some of the basic input data
into the simulation software for Run 9 of the experimental tests (PET resin with barrel
heat set of 285°C), which can be acquired from the screw blue print and material

suppliers, are shown in Table 6.
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Screw Speed 350 rpm
Barrel ID 80 mm
Screw OD 69.86 mm
Inlet resin temperature to the barrel | 180 °C
Initial Pressure 0.1 Mpa
Barrel temperature setting 285 °C
Screw Back Pressure 300 psi

Table 6: Required screw processing parameters for the experimental tests

The following can be described as a typical behavior in the pressure and temperature of a
PET material during the melting process in an injection unit. For the pressure profile,
starting with atmospheric pressure at the feed throat location, initially a rapid increase in
melt pressure is observed, which is due to the solid conveying that causes an exponential
pressure growth in the feed region. It is then followed by steady pressure increase
through the remainder of the feed section. The pressure rise will slow down (but still on
the rise) along the transition and compression sections of the screw. Somewhere in the
transition zone, a massive pressure drop is observed leading to the final screw
backpressure, which is usually a fixed value and is equal to the hydraulic pressure
multiplied by the intensification ratio of the injection unit (IR). This behavior depicts a

typical performance of pressure change along the length of a single screw extruder.

For the temperature profile, the process starts with the resin entering from the dryer
hopper to the injection unit and subsequently undergoing a sharp jump to its temperature
due to contact with the heated barrel wall. Afterwards the steady increase of the melt

temperature can be tracked along the screw axis.
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Chapter 4
RESULTS

In this section the outcome of the simulation results are discussed in details. Melt
temperature profile and melt pressure profile during recovery, screw length required to
melt a specific resin (referred to as L/D), screw torque, screw power consumption, and

viscosity change during the process are discussed respectively.

4.1 Melt Temperature at the Screw Tip

Table 7 summarizes the predicted melt temperature at the tip of the screw for Runs 1
through 10. In Runs 1-8 the melt temperature of a HDPE with MFI of 2 g/10min under
different processing conditions and screw designs is simulated and compared to
experimental data. Runs 9 and 10 compare the simulated versus measured melt
temperature of a PET resin with intrinsic viscosity of 0.83 dl/g, utilizing a PET screw. A

complete analysis for each case is explained later.

71



- Simulated Melt Temperature | Measured Melt Temperature
O O
1 241.2 2442
2 246.5 245.0
3 250.4 253.0
4 256.4 252.8
5 243.6 2453
6 248.4 2459
7 253.2 254.1
8 258.3 255.2
9 293.1 2993
10 304.4 306.4

Table 7: Simulated versus measured melt temperature for Runs 1 to 10 (see
Table 5 for reference) at the screw tip

4.1.1 Runs I to 4: HDPE Melt Simulation with General Purpose Screw

As indicated in Table 5-Chapter 2, in Runs 1 to 4, an HDPE resin with MFI of 2g/10min
was utilized. The barrel heat settings ran at two different levels of 210°C and 230°C and
on each level, the screw rotation speed varied from 190 to 286 rpm. The screw utilized in
Runs 1 to 4 was a general purpose screw (GP) with L/D ratio of 25 and OD of 80 mm.
The experimental results show that increasing the screw speed increases the melt
temperature measured in front of the screw, regardless of the barrel heat setting
temperature, due to the increased heat of dissipation. In Runs 1 and 2 with the barrel heat
set at 210°C, the measured melt temperature increased from 244.2 to 245°C as the screw
rotational speed increased from 190 to 286 rpm, respectively. The simulation tool
predicted the same trend but slightly different results. The temperature of melt at the
screw tip for Run 1, where the screw speed was at 190 rpm with barrel heat setting of
210°C, is simulated at 241.2°C. When the screw speed increases to 286 rpm with the
same barrel heat, the simulated melt temperature increases to 246.5°C. In Runs 3 and 4
the barrel heat set changed to 230°C with screw speed changing from 190 to 286 rpm.

The experimental results show a higher melt temperature measurement in Runs 3 and 4
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compared to Runs 1 and 2 but almost no difference in the melt temperature measurement
as the screw speed changes. The melt temperature measured at 253 and 252.8°C as the
screw speed increased from 190 to 286 rpm, respectively. The simulation tool predicted
that the melt temperature would be at 250.4°C in Run 3, but it would rise to 256.4°C
when the screw speed increased to 286 rpm in Run 4. The lower melt temperature
measured in Run 4 (although insignificant) shows that direct measurement of melt
temperature with a probe is not as robust as expected. Overall, the simulation results are

within 2% of the experimental data in Runs 1-4.

The increase in melt temperature by increasing the screw speed (simulated and measured)
is theoretically explainable. The effect of screw rotating speed on the melt temperature
change was investigated [Sbarski 97, Fischer 97] and it was found that increasing screw
rotating speed led to increased heat of dissipation (greater melt temperature rise). This is

plausible by the two following reasons:

First, increasing the screw speed led to higher shear heating and thus increased melt
temperature. Second, considering the flow patterns for both low and high screw speeds, it
was concluded that the total flow length of the circumferential flow in the case of higher
screw speed was greater than that of the circumferential flow with lower screw speed due
to the larger radius of flow circulation, resulting in higher melt temperature rise for
higher screw rotating speed. Increasing screw rotating speed tends to generate a large
amount of circumferential flow, implying that the flow length of the circumferential flow
has increased, which results in an increase in melt temperature around barrel location.
The insignificant temperature difference in the experimental data might have been
influenced by non-homogeneity of the melt and the fact that due to polymer’s poor heat
conductivity, measurement of melt temperature in one location would not reflect the
actual melt bulk temperature but only the surface or very small area of the purged melt.
Figure 19 depicts the change in the simulated average melt temperature across the screw
length from L/D of 8 to the end of the screw for Runs 1 to 4. As summarized in Table 7,
the average bulk melt temperature at the screw tip in Run 1 is 241.2°C. HDPE does not

require preheating, so the resin enters the section between the screw flights at the feeding
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zone at room temperature and rises as the resin is subjected to shear heating and heat
conduction from the barrel heating elements. Along Runs 1 to 4, where the common
element is utilization of the GP screw, Run 1 holds the lowest average melt temperature

because the barrel heat set and screw speed are at their minimum values.
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Figure 19: Simulated melt temperature along the length of the extruder for Runs 1-4
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For Run 2 the simulated average bulk melt temperature at the screw tip is 246.5°C, which
is higher than Run 1 due to the increase in screw speed and subsequently higher shear

heating.

In Run 3, the barrel heat is set at 230°C compared to Runs 1 and 2 with 210°C barrel heat.
The screw speed is at its lower level (190 rpm). The simulated average bulk melt
temperature at the screw tip in this run is 250.4°C. The average simulated bulk melt
temperature at the screw tip in Run 4 is 256.4°C. Along Runs 1 to 4, Run 4 holds the
highest simulated average melt temperature because the barrel heat set and screw speed

are at their maximum values.

The change in the melt temperature profiles for Runs 1-4 depicted in Figure 19 is due to
specific design of the general purpose (GP) screw. One important factor in any screw
design is to avoid excessive shear heating (also known as overrides) along the length of
the screw. The melt temperature rises rapidly while the channel depth is too shallow and
eases off to allow the melt to circulate, increase its conductive melting, and cool down
and be prepared for the next shearing zone along the screw. At the same time the average
melt temperature increases as the melt moves towards the end of the screw but according
to the geometry of the screw and the shear heating associated with it. The geometry of the
screw will greatly impact the final melt quality at the screw end and can generate either a
homogeneous or inhomogeneous melt. As mentioned earlier, due to confidentiality

agreements with Husky IMS, the screw design cannot be depicted in this document.

4.1.2 Runs 5 to 8: HDPE Melt Simulation with Barrier Screw

In Runs 5 to 8, the same HDPE resin with the same processing conditions as Runs 1 to 4
was used but the screw type changed to a Barrier screw. Screw designers are constantly
asked to improve output quantity without sacrificing quality—or to improve both at the
same time. Barrier-type feed screws are the most widely used designs in high-output,
high-quality extrusion. In some injection applications, the pressure build-up at the end of

the feed section is too high, encouraging wear and tear and impairing the stability of the
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process. This can be countered by enlarging the pitch or making the screw channel
deeper, although this involves the risk of plasticization and inhomogeneity problems. A
better solution than a screw with a stepped pitch or channel depth is a Barrier screw
[Fischer 97]. At the beginning of the Barrier plasticization section, the conveying flight
changes to a greater pitch; the beginning of the Barrier flight also has a higher pitch. The
depth of the channels is adjusted to the desired conveying and melting characteristics.
These two measures result in a fairly balanced, low pressure profile, or even in a pressure
build-up towards the end of the screw. In Barrier screws the solid material is kept

separate from the melt in the melting section (Figure 20).

Main flight Barrier flight

Melt channel Solids channel

Figure 20: Cross section of a Barrier screw. The solid bed is kept separate
from the melt in the melting zone

There are many different versions of this design by virtually all manufacturers and
designers, but the basic part of the design is common in all of these versions. In Barrier
screws the primary channel width is maintained allowing the Barrier flight and auxiliary
channel to be formed with the remaining width. The advantages derived from properly
designed Barrier screws are improved rate, better melt temperature distribution, and

improved melt quality.

The experimental results show that for Runs 5 and 6, where the barrel heat was at 210 °C,
as the screw speed increased from 190 to 286 rpm the melt temperature measured in front
of the barrel increased from 245.3 to 245.9 °C, respectively. The simulation software
predicted also an increase in the melt temperature from 243.6 to 248.4 °C as the screw
speed increased from 190 to 286 rpm in Runs 5 and 6, respectively. In Runs 7 and 8§, the
barrel heat setting was fixed at 230 °C and the screw speed changed from 190 to 286 rpm.

76



The melt temperature in Run 7 was measured at 254.1°C and after the screw speed
increased to 286 rpm, the temperature increased to 255.2 °C. Logically, the melt
temperature is expected to rise as the screw speed increases. The simulation tool
predicted a melt temperature of 253.2 °C for Run 7 (barrel heat at 230 °C and screw speed
at 190 rpm) and 258.4 °C for the same heat but screw speed of 286 rpm in Run 8. Figure

21 depicts the simulated melt temperature variation across the screw length in Runs 5-8.
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Figure 21: Simulated melt temperature along the length of the extruder for Runs-5-8
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As can be seen in Figure 21, the melt temperature profiles in Runs 5-8 are different than
the ones in Runs 1-4 with a GP screw. There is no ‘“ease-off’ areas in the melt
temperature profile with the Barrier screw but the rate of the melting is more gradual than
the melting rate with the GP screw. This is related to the specific geometry of the Barrier

screw and is explained more in Figure 22.

JRSTANT PITCH

Figure 22: A small section of the Barrier screw utilized in the
validation is shown in this figure. The various changes in geometry
is done to control the temperature and homogeneity of the final melt.

As can be seen in Figure 22, more modern screw designs (compared to the GP screw) use
a Barrier flight. As the melt film is wiped off the barrel surface by the main flight, the
melt is deposited into a separate melt channel. A Barrier flight divides the solid and melt
channels such that the clearance over the Barrier flight will only allow melt to enter into
this channel. The main function of a Barrier flight is to separate the melted polymer from
the solid bed and keep the solid bed from becoming unstable and prematurely breaking
up. By continuously removing the melt film over the Barrier flight, the solid bed surface
remains intact. This allows for a greater solid bed surface area on the barrel wall to keep
the viscous energy dissipation via shearing as high as possible. That is why the shear
energy is also high. It is believed that this type of phase separation will increase the
melting rates as compared to non-Barrier type screws, which is seen in the experimental

and simulation results.
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Overall, it can be summarized that compared to the GP screw, the melt temperature
simulated and measured at the screw tip of the Barrier screw is higher (3 to 4°C), which is
expected considering the geometry of the Barrier screw. Also the increase in melt
temperature is more gradual in Barrier screw compared to the GP screw, which is also a
more desirable property for a given screw design. The simulation results are within 2% of
the experimental data, which shows the reliability of the program to simulate melt

temperature with different processing conditions and screw designs.

4.1.3 Runs 9 to 10: PET Melt Simulation with PET Screw

In Runs 9 and 10, a PET resin with intrinsic viscosity (IV) of 0.83 dl/g was utilized.
The injection unit was integrated with a PET screw and the machine heat setting
included two levels of 285 and 300 °C. Figure 23 depicts the changes in the simulated
average melt temperature across the screw length for Runs 9 and 10. As mentioned in
Table 5, the barrel heat set in Run 9 was 285 °C and due to the shear heating, the actual
measured average bulk melt temperature at the screw tip went up to 299.3°C. In Run 10
where the barrel heat was set at 300 °C, the actual measured average bulk melt
temperature at the screw tip rose to 306.4 °C, which shows higher than the melt
temperature in Run 9 but with less difference to the barrel heat set (6.4 versus 14.3 °C,

respectively).

As can be seen in Figure 23, the initial pellet temperature at the entry to the injection
unit (z=0) is already at an elevated temperature. This, as mentioned previously, is due to
the fact that PET needs to be dehumidified before processing to a moisture level of

around 50 PPM, otherwise massive drop in final molecular weight is observed.
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Figure 23: Simulated melt temperature along the length of the extruder for Runs 9-10

In the experimental work, the melt temperature is measured at the screw tip in the
machine nozzle, which is the immediate location after the melt exits the injection unit.
The melt temperature simulated for the barrel heat set at 285 °C in Run 9 is 293.1 °C,
which is about 2% less than the experimental results. As mentioned in the theory, the

majority of heat required for melting is supplied by the heat dissipation due to friction
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between the screw and resin. This can be understood directly in Run 10 where the
barrel heat setting is changed to 300 °C. In Run 10 the melt temperature measured at the
screw tip is only 306.4 °C, which has not increased from the set point (300 °C) as much
as the melt did in Run 9 when the barrel heat was at 285 °C (Increased to 299.3 °C,
which is 6.4 °C increase comparing to 14.3 °C in Run 9). This proves that increasing the
barrel heat alone is not the lone source of providing heat to the melt and it has less
impact comparing to the screw geometry or increasing/decreasing the friction. The melt
temperature simulated for the barrel heat set at 300°C in Run 10 shows close proximity
with the experimental data. The simulated melt temperature is 304.4 °C, which

compared to the experimental data of 306.4 °C shows a variation of ~2%.

4.2 Melt Pressure During Recovery

Table 8 summarizes the measured versus simulated melt pressure during the screw
recovery by the simulation tool in front of the screw tip for Runs 1 to 10. The process
engineers are usually interested in the control devices on the injection machines that
calculate the melt pressure during injection rather than recovery. The injection pressure
proves the capability of the injection unit for injecting a certain plastic object. The melt
pressure during injection is the product of hydraulic pressure and machine’s
intensification ratio and can be calculated with analytical equations. The calculation of
melt pressure during injection involves pressure drop (machine pressure minus hydraulic
pressure), hydraulic flow (square root of pressure drop times machine’s constant), and the
injection velocity (hydraulic flow by the bore area). The melt pressure during the
recovery is related to the reciprocating plasticizing screw surface area, screw speed, melt
viscosity, and its initial backpressure value, while the melt pressure during the injection is

related only to the injection piston and machine plunger sizes.

As can be seen in Table 8, it is clear that the Barrier screw generates more plastic
pressure during recovery compared to GP screw for Runs 1-8. For one specific screw
design, as the screw rotational speed increases, the melt pressure in front of the screw tip

during the recovery also increases.
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Run Simulated Melt Pressure at screw tip | Measured Melt Pressure at screw tip
(psi) (psi)
1 1844.8 1882.8
2 2263.4 2311.0
3 1771.5 1805.2
4 2173.4 2216.4
5 1961.0 2004.1
6 2405.9 2456.4
7 1883.1 1918.8
8 2310.3 2356.5
9 824.7 842.8
10 578.7 587.4

Table 8: Simulated versus measured melt pressure (see Table 5) during recovery for
Runs 1 to 10

4.2.1 Runs 1 to 4: HDPE Melt Pressure Simulation with GP Screw

For Runs 1-8, as depicted in Table 5, the screw backpressure was set at 754 psi. In Runs
1 and 2 with barrel heat at 210°C, the simulated melt pressure during recovery increased
from 1844.8 to 2263.4 psi as the screw speed increased from 190 to 286 rpm,
respectively. In Runs 3 and 4 with barrel heat at 230°C, the melt pressure simulated
during screw recovery increased from 1771.5 to 2173.4 psi as the screw speed increased
from 190 to 286 rpm, respectively. Figure 24 depicts the simulated melt pressure
variation during recovery for Runs 1-4. As can be seen, the lowest pressure build up
during recovery belongs to Run 3 where the barrel heat is at the higher level (230°C)
and the screw speed is at the lower level (190 rpm). In all cases in Figure 24, the
pressure initially shows a rapid increase, which is due to the solid conveying that causes
an exponential pressure growth in the feed region. It is then followed by steady pressure
increase through the remainder of the feeding zone. The pressure rise will slow down
(but still on the rise) along the transition and compression zones of the screw.
Somewhere in the metering zone, a massive pressure drop is observed leading to the

final screw backpressure. Comparing the high and low barrel temperature, the lower
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final throughput of the injection unit.

The maximum measured melt pressure during screw recovery in Runs 1-2 are within
~2% from the simulated results. The maximum measured melt pressure during screw
recovery in Runs 3-4 are also within ~2% from the simulation results, which shows the

capability of the simulation tool to predict reliable melt pressure during recovery.
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Figure 24: Simulated melt pressure during screw recovery along the length of the
screw for Runs 1-4
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From the pressure simulation results for Runs 1-4 it can be concluded that as the
temperature of the melt increases, its pressure during the recovery decreases. Although
a desired condition, there should be a balance between the final melt pressure during the
recovery and melt’s final temperature. Higher melt temperature usually leads to some
thermal degradation and generation of unwanted chemicals that might require
additional operations to be removed from the melt (e.g. Acetaldehyde, which causes
odors and require expensive scavenges to get rid of). Also it can be concluded that at
constant barrel temperature, the melt pressure increases along the length of the extruder

as the screw rotational speed increases.

4.2.2 Runs 5 to 8: HDPE Melt Pressure Simulation with Barrier Screw

For Runs 5-8 the screw was replaced with a Barrier screw for better melting and less
wear. All processing conditions are similar to Runs 1 to 4. Figure 25 depicts the melt
pressure variation during recovery for Runs 5-8. As can be seen, the melt pressure
gradient increases along the length of the extruder as the screw rotational speed
increases. The lowest pressure build up during recovery belongs to Run 7 where the
barrel heat is the highest, (230°C), and the screw speed is the lowest, (190 rpm).
Compared to Runs 1-4 with a general purpose screw (GP screw), the initial pressure
build up is faster in Barrier screws and shows a more rapid increase in the feeding zone
but for the remainder of the screw length, the melt pressure is more steadily increasing.
The advantage of the Barrier screw over the GP screw is the amount of pressure buildup
at the end of the feeding zone. The simulation results show that the pressure at the end
of feeding zone for the runs with GP screw is lower than the runs with Barrier screw
(i.e. 1103.2 psi in Run 1 versus 1124.1 psi in Run 5). The higher pressure at the end of
feeding zone but more steadily increasing in the melting and metering zones will lead to

reduction of wear and tear and impairing the stability of the process.
In summary, the melt pressure during recovery for Run 5 at the screw tip is 1961.0 psi,

which compared to Run 1 that has the same processing conditions, is ~100 psi higher.

In Run 6, the barrel heat is still at 210°C but the screw speed has increased from 190
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rpm to 286 rpm. The simulated melt pressure during recovery for this run is 2405.9 psi,
which first, is higher compared to Run 2 with the same processing conditions, and
second, 1is the highest within Runs 5-8. The reason is due to higher screw speed and at

the same colder barrel heat set.

In Run 7 the barrel heat set is increased to 230°C and the screw speed is set at 190 rpm.
The melt pressure during recovery has dropped to 1883.1 psi, which is the lowest melt
pressure within Runs 5 to 8. Run 7 holds the highest barrel heat set (subsequently

highest melt temperature) and lowest screw rpm.

In Run 8, the barrel heat set is still at 230°C but the screw speed is changed back to 190

rpm. The simulated melt pressure during recovery for this Run is 2310.3 psi.
The maximum measured melt pressure during screw recovery in Runs 5-8 at the screw

tip are within ~2% from the simulated values, which again illustrates the accuracy of

the simulation tool in predicting the final melt pressure during recovery.
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Figure 25: Simulated meltpressure during recovery along the length of the extruder for Runs 5-8

In injection molding, understanding of pressure readout during recovery would enable the
screw performance to be more accurately described. Melt pressure during recovery can
be correlated to the recovery time of the screw, which is also an indication of screw
performance. A properly designed screw will generate proper melt pressure at the end of

recovery and eliminates screw recovery time variation.
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4.2.3 Runs 9 to 10: PET Melt Pressure Simulation with PET Screw

In Runs 9-10, the screw backpressure was set at 300 psi with two barrel heat setting of
285 and 300 °C, respectively. Figure 26 compares the simulated melt pressure variation
during recovery for Runs 9 and 10 with the PET screw. As can be seen, the simulated
melt pressure during the recovery at 285 °C barrel heat is greater than the simulated
melt pressure during recovery at 300 °C in Run 10. This concludes that higher
temperature setting of the barrel heat contributes to lower pressure build-up during the
screw recovery. At 285 °C the melt pressure simulated during recovery was 824.7 psi

and it decreased as expected to 578.7 psi as the barrel heat increased to 300 °C.
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Figure 26: Simulated melt pressure during recovery along the length of the
extruder for Runs 9 and 10
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4.3 Recovery Rate

The recovery rate is calculated using the melt velocity and the metering zones surface
area of the screw. In the simulation tool, the melt velocity profiles at the metering zone is
calculated by the momentum equations and subsequently the final recovery rate in helical

coordinates is computed according to the following equation:

k
Recovery Rate = ” V.(a + bz 4rde (4.152)

k; +r’

Table 9 summarizes the recovery rate results for Runs 1 to 10 and compares the

prediction results with the experimental data.

Run Simulated recovery rate (kg/h) | Measured recovery rate (kg/h)
1 422.2 440.7
2 635.6 639.2
3 422.7 440.7
4 636.3 644.5
5 437.1 449.5
6 657.1 651.2
7 437.1 449.2
8 657.2 655.8
9 1000.8 1012.3
10 1006.6 1014.0

Table 9: Simulated versus measured recovery rate (see Table 5) for Runs 1 to 10

As can be seen, the simulated recovery rates for different Runs in Table 9 are very close
to the experimental results (£4.2%). Barrier screws (Runs 5-8), are higher in the recovery
rate for a given processing condition than the GP screw (Runs 1-4) due to the generation

of more heat, which was explained in melt temperature comparison earlier.
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4.4 The Screw “L/D”

Often screw length is referenced to its diameter as L/D ratio. The L/D ratio is a major
factor in the effectiveness of the extruder and of the types of material that it can process.
For most extruder types, the L/D ratio has increased as technology has advanced. The
limitation to high L/D ratios is the torque available from the motor (longer screws mean
higher friction) and the capacity of the thrust bearings of the extruder. As mentioned
earlier, at some point inside the barrel, the melt average bulk temperature will reach
minimum desirable melt processing temperature. From that location forward, the melt
temperature keeps rising and holds its processing quality unless its temperature rises up
to a point that would cause resin degradation. The program predicts the required screw
length (L/D) for melting of a specific resin. Table 10 summarizes the simulated L/D

requirements for the resin and processing conditions in Runs 1 to 10.

Experiment Simulated L/D
1 24.54
2 20.94
3 23.05
4 20.17
5 23.56
6 19.97
7 22.95
8 19.04
9 22.44
10 21.29

Table 10: Simulated L/D for Runs 1 to 10

As can be seen, for GP screw (Runs 1 to 4), the lowest L/D belongs to the case where the
screw speed and barrel heat are at higher levels. As explained earlier, higher shear
heating generation plus more conduction through barrel contributes to higher melt

temperature and subsequently lower L/D requirements. The highest L/D belongs to Run 1
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where the barrel heat and the screw speed are at their lower level. This means that it takes
more time for the resin to be melted to the minimum resin processing temperature

requirement.

For the Barrier screw (Runs 5 to 8), the same rule is followed as for the GP screw with
the difference that this screw has a better melting capability and requires less L/D in
general for melting compared to the GP screw. For the PET screw, the L/D requirements

reduced as the barrel heat increased from 285 to 300°C due to better conduction cooling.

4.5 Viscosity

As mentioned previously, Cross-WLF model is employed in the simulation tool to predict
the gradient of viscosity along the extruder length as the temperature of the plastic resin
rises. In this section the simulation results for the viscosity gradient along the screw
length for each run is illustrated and in some cases compared with the data provided by
the resin suppliers. Table 11 illustrates the viscosity simulation data at the tip of the screw

for Runs 1 to 10. The related melt temperature for the final viscosity is also shown.

Simulated Simulated melt

Run viscosity (Pa.s) temperature (°C)
1 331.7 241.2
2 322.6 246.5
3 317.2 250.4
4 293.9 256.4
5 327.4 243.6
6 315.7 248.4
7 304.3 253.2
8 281.3 258.3
9 529.7 293.1
10 502.6 304.4

Table 11: Simulated viscosity values for Runs 1 to 10. The resin in
Runs 1-8 is HDPE, while in Runs 9-10 PET resin has been used.
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In Runs 1 to 4, HDPE resin was utilized under different processing conditions resulting in
different final melt temperature and pressure. Figure 27 depicts the changes in the
viscosity for Runs 1 to 4 across screw length. In Runs 1 and 2 the barrel heat set is at
210°C but the screw speed is higher in Run 2 (286 versus 190 rpm). In Runs 3 and 4 the
barrel heat set is at 230°C and like Runs 1 and 2, two sets of screw speed is used (286

rpm in Run 4 versus 190 rpm in Run 3).

In Runs 1 and 2 the viscosity at the screw tip is simulated at 331.7 and 327.6 Pa.s,
respectively. In Runs 3 and 4 the final viscosity at the same location is lower compared to
Runs 1 and 2 due to higher melt temperature and stands at 317.2 and 293.9 Pa.s,

respectively. The final melt temperature related to each run is also depicted on Figure 27.
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Figure 27: Simulated melt viscosity gradient along the length of the extruder for Runs 1-4
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Figure 28 plots simulated melt viscosity versus simulated melt temperature for Runs 1 to 4. Some
resin suppliers provide viscosity data with respect to melt temperature, which is particularly useful
when different grades of plastic resins are compared. Continual control and monitoring melt
viscosity during the process is also important to the throughput of a system. At higher melt

temperature the melt viscosity is lower so throughput of the system increases.
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Figure 28: Simulated viscosity data versus melt temperature for Runs 1 to 4

92



Figure 29 depicts the viscosity versus temperature curve provided by the resin manufacturer (BP
SOLVAY Eltex) for the HDPE resin (MFI of 2 g/10min), which is determined at constant rotor
speed of 190 rpm.
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Figure 29: Viscosity curve for HDPE with MFI of 2g/10min

The data to generate the Run 1 and Run 3 curves in Figure 27 is collected at the screw speed of
190 rpm. The viscosity values in Figure 29 at 241°C and 250°C melt temperatures are 314 and
286.7 Pa.s, respectively, which are in good agreement with the simulation results (331.7 in Run 1

and 317.2 Pa.s in Run 3).

Figure 30 depicts the change in the melt viscosity with respect to screw L/D for Runs 5 to 8. In
Runs 5 and 6 the barrel heat set is at 210°C with higher screw speed in Run 6 (286 versus 190
rpm). In Runs 7 and 8 the barrel heat set is at 230°C and the screw speed is 286 rpm in Run 8§

versus 190 rpm in Run 7. In Runs 5 and 6 the viscosity at the screw tip is simulated at 327.42 and
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315.7 Pa.s, respectively. In Runs 7 and 8 the viscosity at the screw tip is lower compared to Runs 5
and 6, which is due to higher melt temperature (304.3 and 281.3 Pa.s, respectively). In Figure 30

the melt temperature associated with each run is also depicted.
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Figure 30: Simulated melt viscosity gradient along the length of the extruder for Runs 5-8

In general, Runs 5 to 8 contain more final melt temperature than Runs 1 to 4. The reason, as
mentioned earlier, is because of utilization of the Barrier screw. In turn the simulated viscosity is
also exhibiting slightly lowers values compared to Runs 1-4 with the same processing conditions.

Figure 31 depicts the simulated melt viscosity versus simulated melt temperature for Runs 5 to 8.
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Figure 31: Simulated viscosity data versus melt temperature for HDPE (Runs 5-8)

As can be seen, the melt viscosity reduces with increasing the average temperature. Above about

240°C, increasing the melt temperature will impact the viscosity significantly.
Figure 32 depicts the change in the viscosity for Runs 9 and 10 with respect to L/D of the screw. In

Run 9, the barrel heat set is at 285°C compared to 300°C in Run 10. All other processing

conditions are unchanged.
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Figure 32: Simulated melt viscosity gradient during recovery along the length of the extruder for
Runs 9-10

The simulated final viscosity in Runs 9 and 10 is 529.7 and 502.6 Pa.s, respectively. Higher
viscosity in Run 9 is due to lower melt temperature (293.1°C compared to 304.4°C in Run 10).
Figure 33 plots the change in the resin viscosity as the melt temperature rises along the screw

length in Runs 9 and 10.
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Figure 33: Simulated viscosity data versus melt temperature for Runs 9-10

As can be seen, at some point during the melt temperature rise, which is normally above the
suggested melting point of the polymer, increasing melt temperature further will not impact the
viscosity significantly. The reason is because all polymer chains are now melted and the polymer
has reached its minimum achievable viscosity. Table 12 depicts the viscosity data provided by the
PET resin manufacturer (INVISTA). At the shear rate and temperature corresponding to the
processing conditions used for the simulation, (26.1 s and 290°C respectively), the actual melt

viscosity is 507.2 Pa.s, which shows a 5% deviation from the simulated value (529.7 Pa.s).
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PET

Nominal IV: 0.83

Viscosity data at 270°C Viscosity data at 290°C Viscosity data at 305°C

Shear rate | Viscosity Shear rate Viscosity Shear rate Viscosity
(sH (Pa.s) (s (Pa.s) (sH (Pa.s)
26.1 545.55 26.1 507.20 26.1 478.80
315 502.95 31.5 446.68 31.5 352.55

Table 12: Viscosity data for PET resin used in Runs 9 and 10. Shear rates are measured
using Geottfert Rheograph 2003 Capillary Rheometer based on ASTM D3835

4.6 Torque

In this section a comparison between the screw torque measured in the experiments and predicated
by the simulation tool is explained. Regardless of the details of the screw geometry, it is important
that the screw has sufficient mechanical strength to withstand the stresses imposed by the
conveying process in the extruder. The most critical area of the screw regarding the required
torque is in the feed section, where the cross sectional area of the root of the screw is the smallest

and, thus, the torsional strength the lowest [Rauwendaal 86].

The screw torque requirement is actually the power needed to rotate the screw. The amount of this
power depends on the screw design, the type and viscosity of the resin, and also the amount of the
melt needed for a specific process. The screw torque can be simulated by calculating the shearing
force at the melt interface with the barrel. A common practice exists in the polymer industry for
calculating torque values for a specific polymer. An approach based on experimental and practical
experience is used to calculate plasticizing torque, which is based on scaling up from small size
screws with known torque requirements. The scaled-up rules are aimed at subjecting the melt to a

similar degree of shear thus keeping the same levels of melt temperatures [Darnell 56].
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From empirical measurement and screw manufacture’s point of view, the screw torque can be

calculated from the following equation:

0.9 x Displacement[cc / rev] x Extruder pressure [psi] (4.153)
20 x w

Torque =

Where 0.9 is the motor efficiency (assumed 90%), displacement is hydraulic motor piston oil
displacement per revolution of motor, given by the motor nameplate referencing hydraulic
specifications for the motor, and extruder pressure is the motor pressure measured with a gauge on

a port on the motor itself or at the extruder manifold gauge port.

From the analytical point of view the screw torque is calculated by total shear stress in the shaft
resulting from torque, which occurs at the circumference (r=R) by the following equation

[Rauwendaal 86]:

V dv dv
TC><R3><T]>< ri(—e)2+—z)2+( 2
dr r dr dr (4.154)
‘c =

max
2

In order to avoid failure in the screw shatft, the resulting screw torque from the simulation must be
less than the allowable torque of the metal of the screw (given by the screw manufacturer). Table

13 compares the simulated and measured plasticizing screw torque for Runs 1 to 10.
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Run Simulated torque (Nm) | Measured torque (Nm)
1 4488.40 4402
2 4923.10 4874
3 4265.06 4239
4 4661.78 4656
5 4443.9 4402
6 4880.93 4874
7 4236.10 4239
8 4625.48 4656
9 8930.12 8803
10 8120.41 8085

Table 13: Simulated versus measured screw torque for Runs 1 to 10

As can be seen in Table 13, the simulation results are within 2% of the actual test data. Also it can
be concluded that the torque demand for the plasticizing screw increases as the screw speed
increases. In Runs 1 and 2 the simulated screw torque for plasticizing increased from 4488.4 to
4923.1 Nm as the screw speed increased from 190 to 286 rpm. The same trend can be observed in
other runs. The torque demand in Runs 3 and 4 increased from 4265.06 to 4661.78 Nm due to
increase in screw speed from 190 to 286 rpm. The barrel temperature has the opposite effect
compared to the screw speed. As the barrel heat increases the torque demand for plastication
decreases. In Runs 3 and 4 the simulated screw torque for plasticizing are lower compared to Runs
1 and 2 due to higher barrel heat set (230°C). In Runs 5 and 6 with the Barrier screw, the simulated
screw torque for plasticizing increased from 4443.9 to 4880.93 Nm as the screw speed increased
from 190 to 286 rpm. The torque demand in Runs 7 and 8 increased from 4236.10 to 4625.48 Nm
due to increase in screw speed from 190 to 286 rpm, respectively. In Runs 7 and 8§ the simulated
screw torque for plasticizing are lower compared to Runs 5 and 6 because of the higher heat set,
which was mentioned earlier for Runs 1-4. In Runs 9 and 10 with the PET screw, higher barrel
heat reduced the plasticizing torque demand. In Run 9 the simulated screw torque requirement is
8930.12, which is about 9% higher compared to simulated screw torque with increased barrel heat

to 300°C.
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4.7 Power

Plastic processing machines, especially for injection molding machines, comprises hydraulic
pump, drives and machine control. To provide an economical injection molding machine, the
machine consumes an optimized power needed for the different components mentioned. The
classic approach to calculating the power, which is the starting point of this work, has been
through a torque balance for the screw multiplied by screw speed. Table 14 illustrates the screw

power consumption for Runs 1 to 10.

Run Simulated Screw Power
Consumption (kW)
1 89.30
2 147.45
3 84.86
4 139.62
5 88.42
6 146.18
7 84.28
8 138.53
9 280.55
10 255.11

Table 14: Simulated screw power
consumption for Runs 1 to 10

For Runs 1 to 4, where a GP screw is used, the highest screw power usage belongs to Run 2 with
higher screw speed and lower barrel heat set. The lower barrel heat generates higher screw torque,
which in return consumes more power. In Run 1 with 210°C barrel heat and 190 rpm screw speed,
the screw power consumption is 89.30 kW, which rises to 147.45 kW in Run 2 where the screw
speed increased to 286 rpm. In Run 3 the screw speed is set back at 190 rpm but the barrel heat
increased to 230°C. As a result the power consumption by the screw dropped to 84.86 kW, which
is the lowest among Runs 1 to 4. In Run 4 the screw speed increased to 286 rpm with the barrel
heat still at 230°C and subsequently the power consumption increased to 139.62 kW. The same

trend can be observed in Runs 5 to 8 with the Barrier screw. In Run 5, the barrel heat and screw
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speed are at 210°C and 190 rpm, respectively and the screw power consumption is 88.42 kW. In
Run 6 the screw consumes 146.18 kW power, which is the highest among Runs 5-8 since it has the
highest screw speed and lowest barrel heat set. In Run 7 the screw power consumption is only
84.28 kW due to highest barrel heat and lowest screw speed. In Run 8 the screw speed raised to
286 rpm while the barrel heat set remained unchanged at 230°C. As a result the screw power
consumption increased to 138.53 kW. In Runs 9 and 10 the resin is changed to PET and proper
screw is employed. Due to high screw speed (300 rpm) and high screw torque during recovery the
power consumption is much higher than cases with polyolefin resin. In Run 9 the screw power
consumption is 280.55 kW. In this test the barrel heat was at 285°C and the screw speed at 300
rpm. After increasing the barrel heat to 300°C the screw power consumption dropped to 255.11

kW due to decrease in amount of torque needed to turn the screw.

4.8 Sensitivity Analysis: Grid size change in the helical
coordinate

Accuracy of the system behavior for any given process largely depends on the initial input values
and process parameter changes inside the system. It is prudent to appreciate that the significant
changes in the system behavior do not occur for all changing parameters. In general, some systems
are actually insensitive or at least have very low sensitivity to many parameter changes [Barton 02,
Breierova 01]. It is the structure of the system, and not the parameter values that has the most

impact on the behavior of the system.

Overall, one strives to obtain information from the system with a minimum of physical or
numerical experiments. That is why simulation tools are designed so instead of interacting with a
real system, one creates a model which corresponds to the system in certain aspects. A common
use of sensitivity analysis is to reveal the invalidity of a model by demonstrating that the results are
fragile with respect to the initial model setting, assumptions, structure, etc. The same concept is
expressed by Jerome Ravetz [Ravetz 07], for whom ineffective modeling is when uncertainties in
inputs must be suppressed lest outputs become indeterminate. The understanding of how models

behave in response to changes in its inputs is of fundamental importance to ensure a correct use of
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the models. By showing how the model behavior responds to changes in parameter values,
sensitivity analysis is a useful tool in model building as well as in model evaluation. In sensitivity
analysis, by showing that the system does not react greatly to a change in a parameter value, it

reduces the modeler’s uncertainty in the behavior of the model.

In mathematical modeling and simulation, some of the influencing parameters are associated with
the numerical algorithm [Cunha 94, Cunha 99] (e.g., the grid size in tangential, helix and normal
directions), while others are coupled with the process variables including the polymer thermo-
physical properties (e.g. polymer heat capacity and thermal conductivity). In sensitivity analysis,
the effect of varying those influencing parameters of the mathematical model on the output of the

model is observed.

In this section, we evaluate the sensitivity of the simulation results to changes in the number of the
grid sizes for selected runs of the DOE (Runs 1, 5, and 9). We are determined to evaluate the
impact of parameter changes on specific responses including final recovery rate, melt temperature,

and screw torque.

Parameter sensitivity is usually performed as a series of tests in which the modeler sets different
parameter values to see how a change in the parameter causes a change in the dynamic behavior of
the results. Perhaps one of the most common areas of interest, while walking the path to simulate a
mathematical model is to evaluate the impact of the grid sizes on the accuracy of the final
simulation results and the system behavior. The use of a larger number of grid sizes will usually
lead to higher accuracy in the final results. However, this is achieved at the expense of
exponentially larger computation time, which in turn is not desirable. In order to obtain a
reasonable accuracy along with practical computation time, careful balance between the two is
required, which is achieved by a reasonable selection of the numerical grid sizes. Table 5 in
Chapter 2 depicted the experimental design originally used for the purpose of validation of the
simulation results. Two sets of polymer resins along with three sets of screw designs were used in
the experiment while the processing conditions including barrel heat and screw speed varied for
each run. Runs 1, 5, and 9 from Table 5 are selected for the purpose of the sensitivity analysis and

establishing the impact of the number of the grid sizes on the final simulation results. As depicted
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in Table 15, the sensitivity of the final simulation results with respect to ten different sets of grid

points sizes, which are applied to all the axes, is evaluated.

Number of grid points
Run number Normal | Tangential | Helix
() (No) (N2)

1 2 2 2
2 3 3 3

3 4 4 4
4 5 5 5
5 6 6 6
6 7 7 7
7 8 8 8
8 9 9 9
9 15 15 15
10 20 20 20

Table 15: Number of grid points used in the sensitivity analysis

As mentioned earlier, the responses to the changes in the number of grid points are selected to be
the final recovery rate, melt temperature at the screw tip, and screw torque. Figures 34 to 36 show
the variation of the final melt temperature, recovery rate, and screw torque with respect to changes
in the grid points in Run 1. The relative differences of the simulation responses to the experimental

baseline values are also depicted on those figures.

In this work, it is assumed that if changes in the input parameters selected in the sensitivity study
alter the experimentally validated simulation results for more than 5%, those results are
undesirable. Figure 34 depicts that the final simulated melt temperatures with less than 4 grid
points along 6 and r directions are about 7 to 9% less than the experimentally validated simulation
results. In Figure 35, the simulated recovery rate with 2 and 3 grid points in angular and radial
directions is 8.5 and 15% less than the experimentally validated recovery rate. Finally in Figure 36,
the screw torque has been overestimated for up to 15%, when the number of grid points have been

less than 4 in radial and angular directions.
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Figure 35: Variation of recovery rate versus different number of grid points
as well as their relative differences to the benchmark data (Run 1)

105



5300 |-
5200 ::
5100 i
5000 |- , _ | S
E 4900 2 g g} o 108
b= o - ch i ne o
@ 4800 +- g
<) 2 =
o 4700 * .qz)
4600 ' g
- o
4500 -
4400 |
4300
0 5 10 15 20 25
No. of grid points

Figure 36: Variation of screw torque versus different number of grid points
as well as their relative differences to the benchmark data (Run 1)

Overall in Figures 34 to 36, results obtained with less than 4 grid points for all three parameters
show major variation between the simulation and baseline results (beyond 5%). Results obtained
with 4 to 8 grid points show reasonable improvement as the number of grid points increase. Above
8 grid points the relative differences do not show any major improvement as the number of grid
points increase and the actual value of the parameter remains unchanged. The computation time for
grid point above 8 is significantly higher (more than 96hrs for 9 grid points, 192hrs for 15 grid
points, and 2 weeks for 20 grid points comparing to average 18hrs for 4 to 8 grid points). The

results also depicts the sensitivity of the simulation tool to changes in the number of grid points.

Figures 37 to 39 show the variation of the final melt temperature, recovery rate, and screw torque
versus various grid points and the relative difference of the responses to the experimental values in

Run 5.
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Figure 37: Variation of melt temperature at the screw tip versus different
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Figure 38: Variation of recovery rate versus different number of grid points
as well as their relative differences to the benchmark data (Run 5)
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Figure 39: Variation of screw torque versus different number of grid points as
well as their relative differences to the benchmark data (Run 5)

The same conclusion as Run 1 can be drawn for Run 5. As can be seen, simulation results obtained
with less than 4 grid points are beyond the 5% limit selected in this work. Results obtained with 4
to 8 grid points are within the 5% limit from the experimental data with practical computation
time, while above 8 grid points there is no further improvement in the simulation results while the

computation time is greatly increased.

Figures 40 to 42 show the variation of the final melt temperature, recovery rate, and screw torque
versus various grid points in Run 9, where a PET resin with specially designed PET screw was
utilized. As mentioned previously, due to confidentiality agreements with Husky IMS, the details
of the screws cannot be shown in this thesis. The relative difference of the responses to the
experimental values with varying grid points show that the maximum allowable of 5% variation is
not within the reach with less than 4 grid points in 6 and r directions. Beyond the 4 grid points, the
accuracy of the results seems to be practical only up to 8 grid points. Grid sizes larger than 8 not
only do not improve the accuracy of the simulation, but also greatly impact the computation time,

which is undesirable.
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Figure 40: Variation of melt temperature at the screw tip versus different
number of grid points as well as their relative differences to the benchmark
data (Run 9)
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Figure 41: Variation of recovery rate versus different number of grid points
as well as their relative differences to the benchmark data (Run 9)
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Figure 42: Variation of screw torque versus different number of grid points
as well as their relative difference to the benchmark data (Run 9)

As seen so far, we studied the sensitivity analysis of the model developed in this work to
the changes in the number of the grid points and the independent variables susceptible of
influencing the experimental results (dependent or output variables) classified in several
levels of intensity. Considering the time consuming and cost intensive characteristics of
experimental works involved in fine tuning of the injection molding operations, it is
desired to determine the influence of various input variables [Montgomery 91] on the
final simulation results by other means than trial and error. The software developed from
the mathematical model in this work has shown to be reliable in simulating the injection

molding process and also being sensitive to changes in the number of the grid points.
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Chapter 5
DISCUSSION

5.1 Sensitivity Analysis: Changes in thermo-physical properties

In this section the sensitivity of simulation results with respect to changes in polymer thermo-
physical properties (i.e. thermal conductivity and specific heat capacity) for Runs 1, 5, and 9 is
studied. In the injection molding process the parameters that could directly be influenced by
changes in the thermo-physical properties are mainly melt temperature and screw torque. Due to
poor thermal conductivity of polymeric materials, the impact of an underestimated or invalid
thermal conductivity could potentially have more impact on the final melt temperature and screw

torque compared to other thermo-physical properties (e.g. melt density).
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5.1.1 Variations of Thermal Conductivity

Figures 43 and 44 depict the changes in the melt temperature and screw torque with respect to
changes in the thermal conductivity in Run 1. In this analysis, the resin’s thermal conductivity has
been increased by 3, 5, 7, 9, 15, and 20% from its baseline value. At each variation the final
simulated melt temperature and screw torque are compared with the data acquired with baseline
thermal conductivity. The resulted relative differences with the experimental data for each

variation are also depicted on the graphs.

As can be seen in Figure 43 for the final melt temperature, as the thermal conductivity increases,
the final melt temperature decreases. It is also shown that the melt temperature obtained with max
12% of change in the thermal conductivity, is still within 5% of the melt temperature, which
utilized the baseline thermal conductivity. Above 12% of changes in the thermal conductivity
results in melt temperatures with more than 5% variation from the benchmark melt temperature

with the baseline thermal conductivity.
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Figure 43: Variation of melt temperature versus variation of thermal conductivity
as well as their relative differences to the benchmark data (Run 1)
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In Figure 44 the impact of thermal conductivity variation on the final screw torque is depicted.
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Figure 44: Variation of screw torque versus variation of thermal conductivity as
well as their relative differences to the benchmark data (Run 1)

From Figure 44 it can be concluded that as the thermal conductivity of the polymer resin increases,
the simulated required screw torque increases, which is in agreement with melt temperature results
in Figure 43. Higher thermal conductivity will generate colder resin at the screw tip, which
subsequently requires additional torque for keeping the screw at its set value. Figure 44 also shows
that the screw torque obtained with maximum 9% increase in the thermal conductivity is still
within 5% of the baseline screw torque. Above 9%, the relative differences of the screw torque
with the test with benchmark thermal conductivity are more than 5%, which as mentioned in page
107, has been assumed undesirable in this work. From Figures 43 and 44 it can be concluded that
for Run 1, up to 9% increase in the thermal conductivity will produce melt temperatures and screw

torques, which are not more than 5% from the benchmark melt temperature and screw torque.

Figures 45 and 46 show the final melt temperature and screw torque variations with respect to

changes in the thermal conductivity of the polymer and their relative differences for Run 5. Similar
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to Run 1, the resin’s thermal conductivity has changed for up to 20% from its original value and

the simulated melt temperatures and screw torques are compared with their baseline values.

As can be seen in Figure 45, for Run 5 the final melt temperatures obtained with max 12% of
increase in the thermal conductivity are still less than 5% of the benchmark melt temperature.

Above 12%, the relative differences are more than 5% and the results are not desirable.
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Figure 45: Variation of melt temperature versus variation of thermal conductivity
as well as their relative differences to the benchmark data (Run 5)

In Figure 46, screw torque results obtained with maximum 9% increase in the thermal conductivity
are still less than 5% from the benchmark value. Above 9%, the differences in the simulated screw
torques have surpassed the 5% limit set in this study. One can draw a conclusion that in the case of

screw torque in Run 5, more than 9% increase in the thermal conductivity is not desirable.
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Figure 46: Variation of screw torque versus thermal conductivity changes and their relative
differences to the benchmark data (Run 5)

Figures 47 and 48 show the final melt temperature and screw torque variations with respect to the
changes in the thermal conductivity and their relative differences for Run 9. Like Runs 1 and 5, the
resin’s thermal conductivity is altered for up to 20% from its original value. Later, the final melt
temperature and screw torque for each variation are simulated and compared with the baseline
results. Since the thermal conductivity of PET is lower than the one of the high density
polyethylene (0.24 and 0.50 W/m.K, respectively), the simulation results in PET case is expected
to be less sensitive to deviation from the baseline compared to the same test with HDPE. This is

explained more in Figures 47 and 48.

As can be seen in Figure 47 for the final melt temperature, results obtained with max 19% increase
in the thermal conductivity are still within 5% of the baseline results. Above 19%, the relative
differences of the simulated melt temperature results and baseline values are more than 5%. This
shows a major difference compared to what was achieved with HDPE (more than 9% of increase

in thermal conductivity produced undesirable simulation results).
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Figure 47: Variation of melt temperature versus variation of thermal conductivity as well as
their relative differences to the benchmark data (Run 9)

In Figure 48, screw torque simulation results obtained with maximum 12% of increase in the
thermal conductivity from the benchmark value are still within 5% from the baseline screw torque.
The results produced so far show that the simulation tool is sensitive to changes in the thermal
conductivity and generates different screw torques and melt temperatures as the thermal

conductivity varies accordingly.
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Figure 48: Variation of screw torque versus variation of thermal conductivity as well as
their relative differences to the benchmark data (Run 9)

From Figures 47 and 48 it can be concluded that the maximum thermal conductivity increase for
PET in Run 9 is 12% otherwise the simulation results will not be desirable. They also reveal that
PET polymer is less sensitive to changes in the thermal conductivity compared to high density
polyethylene. In Runs 1 and 5 the simulation results with more than 9% change in the thermal
conductivity exceeded the 5% limit, set in this work. In Run 9, with up to 12% of increase in the
thermal conductivity we still had screw torque and melt temperature that are within 5% of the

baseline results.

5.1.2 Changes in the heat capacity

The heat capacity is the amount of heat required to raise the temperature of an object or substance
by one degree. In this section, the sensitivity of the simulation package with respect to changes in

the heat capacity of polymer resin in Runs 1, 5, and 9 is studied. In this section it will be shown
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that the simulation responses and their relative differences to the baseline results are less sensitive

to the changes in heat capacity compared to changes in the thermal conductivity.

Figures 49 and 50 depict the variation of final melt temperature and screw torque with respect to
changes in the heat capacity and their relative differences for Run 1. At each variation, the final
melt temperature and screw torque are simulated and the outcome are compared to the test results

obtained with the baseline heat capacity.

As can be seen in Figure 49 for the final melt temperature, heat capacity changes of up to 19%
from the baseline still produce simulation results within 5% of the baseline value. Above 19%, the
difference between the simulated melt temperatures and the baseline melt temperature are more

than 5% and are undesirable.
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Figure 49: Variation of melt temperature versus variation of heat capacity as well as their
relative differences to the benchmark data (Run 1)
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In Figure 50, the simulated screw torques versus changes in the heat capacity is depicted. The
results show that the simulated screw torque obtained with max 14% change in the heat capacity is
still within the 5% of the baseline screw torque. It can be concluded from the above results that

increasing of the heat capacity beyond 14%, will generate simulation outcome, which are

undesirable.
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Figure 50: Variation of screw torque versus heat capacity variation and their relative differences
to the benchmark data (Run 1)

Figures 51 and 52 show the final melt temperature and screw torque variations with respect to
changes in the heat capacity in Run 5. Similar to Run 1, the resin’s heat capacity increase from 3 to
20% from the baseline heat capacity and the final melt temperature and screw torque are compared
with the baseline values. As can be seen in Figure 51 for the final melt temperature, results
obtained with max 18% variation in the resin’s heat capacity show compliance with the 5%
acceptable limit in this work. Above 18%, the difference between the simulated melt temperatures

and baseline melt temperature is more than 5%.
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Figure 51: Variation of melt temperature versus variation of heat capacity as well
as their relative differences to the benchmark data (Run 5)

In Figure 52, the changes in screw torque with respect to the changes in the heat capacity in Run 5
is shown. It can be seen that changes of up to 14% in the heat capacity will still produce screw
torques that are within 5% of the baseline screw torque.
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Figure 52: Variation of screw torque versus heat capacity variation as well as their relative
differences to the benchmark data (Run 5) 120



Figures 53 and 54 depict the final melt temperature and screw torque variations with respect to

changes in the heat capacity and their relative differences for Run 9.

As can be seen in Figure 53 for the final melt temperature, even 20% increase in the heat capacity
from its baseline value will not deter the simulation results for more than 5% from the baseline
result. In the case of 20% increase in the heat capacity in Run 9, the maximum difference with the
benchmark will be still 3.04%. This is to confirm the low sensitivity of PET polymer to the
variation in the heat capacity as well as thermal conductivity, which was mentioned earlier. The
heat capacity of PET is considerably higher than the one for high density polyethylene (403 versus
58 J/mole.K, respectively at the melt state). As a result, PET will require much more energy to
change its melt temperature by one degree. In HDPE with 58 J/mole.K heat capacity at melt state,
smaller variation in the heat capacity will impact the final thermo-physical property responses

more significantly (e.g. final melt temperature).
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Figure 53: Variation of melt temperature versus heat capacity as well as their relative differences to
the benchmark data (Run 9)
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In Figure 54, the changes in the screw torque with respect to changes in the heat capacity of PET
in Run 9 is depicted. The screw torque simulated with 19% increase in the heat capacity from the

baseline value is still within 5% of the benchmark screw torque value.
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Figure 54: Variation of screw torque versus different heat capacity values as well as their
relative differences to the benchmark data (Run 9)

Overall, it can be concluded that the simulation tool designed in this work is responsive in a
positive way to changes in the thermo-physical properties of the PET and HDPE polymers, and
produces results accordingly. The program has been used to identify the sensitivity of screw torque

and melt temperature results with respect to invalid or excessive thermal properties of each resin.

5.2 A Case Study for Validation of Torque and Power

An experimental test conducted to further validate the simulation results for the screw torque and
power. Table 16 depicts the machine settings and screw dimensions. During the run, all the
processing conditions remained untouched and only the cycle time changed. This would provide

the screw torque requirement under different throughput conditions. The reason for changing the
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throughput is to find the relationship between the screw torque and cycle time, which is not

believed to be linear.

Barrel ID 120 mm
Screw OD 111.86 mm
Inlet resin temperature to the barrel | 163 °C
Initial pressure 0.1 Mpa
Barrel temperature setting 285 °C
Screw back pressure 300 psi

Table 16: Processing parameters for the screw torque and power
experimental tests

Table 17 illustrates the test results. As can be seen, the barrel heat and screw speed remained

unchanged and only the cycle time is varied along the experiment.

Barrel | Screw | Cycle Screw
Torque Throughput
Run | Resin heat speed time power
(Nm) (kg/h)
(°C) | (rpm) (s) (kW)
1 8.64 12843.83 | 125.07 955.4
2 | T 1016 | 1214356 | 11826 | 810.2
IV:0.83 285 93
3 PET Screw 11.84 | 11893.88 | 113.57 697
4 15.69 | 11546.92 | 110.01 526.7

Table 17: Design of Experiment for validation of screw torque and power results

As can be seen in Table 17, as the cycle time increases the screw torque and consequently the
screw power usage reduces. The explanation is that the longer time with the same screw speed
creates longer residence time of melt in the melt channel, causing the melt temperature to be
warmer comparing to shorter cycle times. This is at the expense of lower throughput, which needs
to be taken into account while designing the system characterizations. This longer residence time

leads to lower viscosity and plasticizing torque demand. The point from the analysis of these cases
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reveals that the relation between cycle time and plasticizing torque is not linear. This is explained
more after comparing the simulation and experimental results. Table 18 illustrates the simulation

versus experimental results for Runs 1 to 4.

) Measured | Simulated | Measured | Simulated | Measured | Simulated
Cycle time
Run © Power Power Torque Torque | Throughput | Throughput
s

(kW) (kW) (Nm) (Nm) (kg/h) (kg/h)
1 8.64 125.07 128.65 | 12843.83 | 13472.54 955.4 969.2
2 10.16 118.26 121.45 | 12143.56 | 12718.83 810.2 826.9
3 11.84 113.57 118.98 | 11893.88 | 12459.75 697.0 712.5
4 15.69 110.01 114.71 | 11546.92 | 12012.23 526.7 546.7

Table 18: Screw torque and power simulation versus experimental results

As can be seen, the simulation results are in agreement with the experimental data for different
cycle times. Simulation results predict slightly higher torque, screw power consumption, and
throughput than the experimental data. One of the reasons maybe the fact that the set screw speed
is not always achieved by the system while the simulation tool considers 100% of the value in the
calculations. The simulation tool also confirms the non-linear relationship between the cycle time,
throughput, and screw torque demand. Figure 55 depicts the simulated screw torque demand for

different cycle times.
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Figure 55: Cycle time versus screw torque for screw torque validation experiment

At cycle time of 8.64s, the simulated screw torque demand is 13472.54 Nm, which is the highest
among other runs. At 10.16s and 11.84s cycle times the screw torque is simulated at 12718.83 and
12459.75 Nm, respectively. At 15.69s cycle time the screw torque is at its lowest value among
Runs 1 to 4. At colder melt temperature, which is the case with 8.64s cycle time, the screw
requires to consume more torque to turn at the preset screw speed of 93 rpm, while at hotter melt
less effort is expected for the screw to retain its 93 rpm speed. This explains the non-linearity

behavior between the cycle time and screw torque demand.
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Figure 56 depicts the throughput behavior of the system versus required screw torque. This chart
might be very desirable for injection molding industry for selection of required motor to turn the
screw for a specific application since over prediction of the motor size is costly while under
prediction of the motor will not provide enough melt and subsequently enough throughput, which
is also costly for the manufacturers due to not meeting the production deadlines. This figure also

confirms the non-linear relation between the throughput and screw torque requirements.
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Figure 56: Throughput versus screw torque for screw torque validation experiment

As can be seen in Figure 56, below about 800 kg/h throughput, the rate in which the screw torque
increases is slower compared to throughputs above 800 kg/h. As mentioned previously, at lower

throughput the melt has more residence time and is at elevated temperatures so less torque is
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required to turn the screw. At higher throughputs on the other hand, the melt is colder due to lower
residence time and the viscosity increasing excessively as the temperature drops, leading to more

torque demand to maintain the speed of the screw.

5.3 Simulation Results

Melt Temperature: The simulation results for HDPE shows that regardless of the screw design
and barrel temperature setting, the melt temperature at the screw tip increases with increasing
screw speed. The temperature of melt at the screw tip for Run 1, where the screw speed was at 190
rpm and barrel heat setting at 210°C is simulated at 241.2°C. Increasing the screw speed to 286
rpm (Run 2) with the same barrel heat causes the melt temperature to rise to 246.5°C. For Runs 3
and 4 with the barrel heat setting at 230°C, the simulation tool predicted that the melt temperature
would be at 250.4°C with screw speed at 190 rpm, but it would rise to 256.4°C when the screw

speed increased to 286 rpm. The final simulation results are within 2% of the experimental results.

The simulation results for HDPE with Barrier screw, (Runs 5-8), shows that similar to Runs 1 to 4,
the melt temperature increases with rising screw speed and barrel initial heat. For Runs 5 and 6
with the barrel heat set at 210°C, as the screw speed increased from 190 to 286 rpm, the melt
temperature at the screw tip increased from 243.6 to 248.4°C, respectively. In Runs 7 and 8, the
barrel heat setting was fixed at 230°C. The simulation tool predicted a melt temperature of 253.2°C
for Run 7 for screw speed at 190 rpm and 258.4°C for the same setting but increased screw speed
(286 rpm). The simulation results for Runs 5-8 are also in agreement with the experimental data

and are within 2% of measured melt temperature at the tip.

In Runs 9 and 10, the machine heat setting included two levels of 285 and 300°C, respectively. At
285°C barrel heat set, the melt temperature at the screw tip was simulated at 293.1°C. The
temperature measured at this location by a thermocouple was 299.3°C, which compared to the
experimental result shows a difference of within 2%. As mentioned in the theory, the majority of
heat required for melting is supplied by the heat of dissipation due to friction between the barrel

and polymer resin. In Run 10 the melt temperature measured at the screw tip is 306.4°C, which is
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increased by about 2.1% from the set point. In Run 9 and with colder melt, due to additional shear

heating, the melt temperature at the screw tip is about 4.7% more than the set point barrel heat.

Melt Pressure: Melt pressure can be studied from different aspects:

1. At the screw tip

The melt is under some pressure at all places in the extruder, as that is what pushes it forward, but
when we refer to melt pressure in Table 8 in page 85, it is the melt pressure at the screw tip during
recovery, which is particularly important, as it relates to safety (too much pressure can blow the
nozzle head off), mixing (more pressure is good for mixing, especially in the metering zone), melt
temperature (more pressure is equal to more work from motor and subsequently more frictional

heat), and pumping rate (more pressure reduces pumping capacity).

2. Inside the extruder barrel

Figures 24 to 26 (pages 86-90) show the pressure profile across the extruder length for Runs 1-10.
Usually a pressure peak in the profile may or may not be present. If the feeding zone carries in
more than what the metering zone is capable of pumping out (poor screw design), there is a peak (
typically at the entrance to the metering zone) and the pressure decreases from there to the screw
tip. Otherwise, the pressure profile continually increases from feed to screw tip (which are the
cases in Figures 24-26). The presence of a pressure peak is signaled by an overriding of
temperature control in the zone that controls the metering entry, an output equal or even greater
than drag flow of the last screw flight, and a blue discoloration of the screw (the blue-screw

syndrome, which is usually observed during quality inspection of screws).

Runs 1 to 8 show that under similar processing conditions, the melt pressure during recovery with
Barrier screw is higher than the general purpose (GP) screw. Within one screw design, the melt
pressure during recovery is impacted by the screw speed and the barrel. When the screw speed in
Run 2 increased to 286 from 190 rpm in Run 1 under constant barrel heat, the melt pressure at the
screw tip during the recovery increased to 2263.4 psi from 1844.8, respectively. In Runs 6 when
the screw speed increased to 286 from 190 rpm in Run 5, (constant barrel heat), the melt pressure
during recovery increased to 2405.9 from 1961.0 psi, respectively. The same conclusion can be

observed when the barrel heat is increased under constant screw speed. Additional barrel heat
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reduces the final melt pressure during recovery. The simulations results in all the experiments are

within 2% of the experimental data.

Screw Torque:

1. Effect of screw speed

The screw torque (i.e. the power needed to rotate the screw) was also a part of the mathematical
model and an outcome of the simulation results. From the simulation results it can be concluded
that the torque demand for the plasticizing screw increases as the screw speed increases in all
screw designs in this work. In Runs 1 and 2 the simulated screw torque for plasticizing increased
from 4488.4 to 4923.1 Nm as the screw speed increased from 190 to 286 rpm, respectively. The
torque demand in Runs 3 and 4 increased from 4265.06 to 4661.78 Nm due to increase in screw
speed from 190 to 286 rpm. In Runs 5 and 6 with the Barrier screw, the simulated screw torque for
plasticizing increased from 4443.9 to 4880.93 Nm as the screw speed increased from 190 to 286
rpm and finally the torque demand in Runs 7 and 8 increased from 4236.10 to 4625.48 Nm due to

increase in screw speed from 190 to 286 rpm, respectively.

2. Effect of barrel heat

The barrel heat set has the opposite effect on the screw torque compared to the screw speed. As the
barrel heat increases, the torque demand for plastication decreases. In Runs 3 and 4 the simulated
screw torque for plasticizing the resin are lower compared to Runs 1 and 2 due to higher barrel
heat set (230°C versus 210°C, respectively). In Runs 7 and 8 the simulated screw torque are also
lower compared to Runs 5 and 6 due to the same reason as Runs 3 and 4. In Runs 9 and 10 with
the PET screw, higher barrel heat reduced the plasticizing torque demand by about 9% (8120.41

from original value of 8930.12 Nm, respectively).

Recovery Rate:

When the axial pressure gradient is increasing, the maximum axial melt velocity will be reduced.
This effect will be more pronounced with large values of channel depth and helix angle and with a
lower polymer viscosity. A positive pressure gradient in the metering zone of the screws in Runs
1-10 indicates that the metering zone has to develop pressure, resulting in reduced recovery rate.

The actual velocity in axial direction (recovery speed), is directly related to the recovery rate down
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the screw channel because this recovery rate equals the axial velocity of the melt multiplied the

cross sectional areas of all the channels in the metering zone.

The simulation results for the recovery rate measurement shows that Barrier screws are slightly
higher in recovery rate for a given processing condition than GP screws due to generation of more
heat. Also it is shown that within one specific screw design, increasing the barrel heat set has an
insignificant effect on the recovery rate, while increasing the screw speed increases the recovery
rate more significantly. In Run 1 with barrel heat set at 210°C and screw speed at 190 rpm the
recovery rate is simulated at 422.2 kg/h. When the screw speed increased to 286 rpm in Run 2 the
recovery rate increased to 635.6 kg/h. Increasing the barrel heat set to 230°C in Runs 3 and 4 did
not improve the recovery rate significantly. In Runs 3 and 4 with 230°C barrel heat set, the
recovery rate increased to 422.7 and 636.3 kg/h as the screw speed increased from 190 to 286 rpm

respectively. A similar trend can be observed in Runs 5-10, respectively.

Screw L/D:

The screw L/D requirement is directly influenced by the melt temperature. For the GP screw (in
Runs 1 to 4), the lowest L/D belongs to the run with higher screw speed and barrel heat set (Run
4). Higher shear heating generation plus more conduction through barrel contributes to the lower
L/D requirement. The highest L/D belongs to Run 1 where the barrel heat and the screw speed are
at their lower level. This means that it takes more of the screw length for melting the resin. In Run
1 with 190 rpm screw speed and 210°C barrel heat, the L/D needed to melt the polymer is 24.54.
As the screw speed increased to 286 rpm in Run 2, the L/D dropped to 20.94 due to higher shear
heat generation. In Run 3 and 4 the barrel heat set increased to 230°C. In Run 3 the L/D
requirements is 23.05, which compared to Run 1 with lower barrel heat shows lower L/D demand.
As the screw speed increased to 286 rpm in Run 4, the L/D requirement dropped to 20.17, which is

its lowest value among Runs 1-4.

For the Barrier screw in Runs 5 to 8 the same trend was observed. Barrier screw has a better
melting capability and requires less L/D for melting compared to the GP screw. In Run 5 the L/D
is simulated at 23.56, which is ~4% less than Run 1 with the same processing conditions but with

the GP screw design. In Runs 6 to 8, the L/D demand for melting the polymer resin with the
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Barrier screw dropped to 19.97, 22.95, and 19.04 from values of 20.94, 23.05, and 20.17 in Runs
2-4, respectively. For the PET screw, the L/D requirements for melting reduced from 22.44 to
21.29 as the barrel heat increased from 285 to 300°C, respectively.

Polymer Resin Viscosity:

Cross-WLF model is developed in the simulation tool to predict the gradient of viscosity along the
extruder length as the temperature of the plastic resin rises. In Runs 1 and 2 the barrel heat set is at
210°C but the screw speed is higher in Run 2 than Run 1. In Runs 1 and 2 the simulated viscosity
at the point of the screw tip is 431.7 and 338.6 Pa.s respectively.

In Runs 3 and 4 the barrel heat set is at 230°C with a difference in the screw speed (286 rpm in
Run 4 versus 190 rpm in Run 3). As a result of higher barrel heat and subsequently higher melt
temperature in Runs 3 and 4, the final viscosity is lower compared to Runs 1 and 2. In Runs 3 and

4 the viscosity at the screw tip is 427.2 and 333.9 Pa.s, respectively.

In Runs 5 and 6 the barrel heat is again set back at 210°C with the higher screw speed in Run 6
(286 versus 190 rpm in Run 5, respectively). The simulated melt viscosity at the screw tip in Runs

5 and 6 1s 427.42 and 335.7 Pa.s, respectively.

In Runs 7 and 8 the barrel heat set is at 230°C but the screw speed is 190 rpm for Run 7 and 286
rpm for Run 8. As a result, the final viscosity is lower for Runs 7 and 8 compared to Runs 5 and 6

(424.3 and 331.3 Pa.s, respectively).

In Runs 5 to 8 with the Barrier screw, the final melt temperature is higher than Runs 1 to 4 so as

the simulated melt viscosity at the screw tip.

In Run 9, the barrel heat set is at 285°C compared to 300°C in Run 10. All other processing
conditions are the same. The simulated melt viscosity in Runs 9 and 10 is 529.7 and 502.6 Pa.s,
respectively. Higher viscosity in Run 9 is due to its lower melt temperature (293.1°C compared to
304.4°C in Run 10). At the shear rate and temperature corresponding to the processing conditions

used for the simulation, (26.1 s™ and 290°C respectively), the actual melt viscosity is 507.2 Pa.s,
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which shows a 5% deviation from the simulated value (529.7 Pa.s). In Run 10, the actual viscosity

is 478.8 Pa.s, which is within 5% from the simulation results (502.6 Pa.s).

Screw Power:

The classic approach to calculating the screw power has been through a torque balance for the
screw multiplied by screw rpm. In Run 1 with 210°C barrel heat and 190 rpm screw speed, the
screw power consumption is 89.30 kW, which rises to 147.45 kW in Run 2 where the screw speed
increased to 286 rpm. In Run 3 the screw speed is set back at 190 rpm but the barrel heat increased
to 230°C. As a result the power consumption by the screw dropped to 84.86 kW, which is the
lowest among Runs 1 to 4. In Run 4 the screw speed increased to 286 rpm with the barrel heat still

at 230°C and subsequently the power consumption increased to 139.62 kW.

The same trend can be observed in Runs 5 to 8 with the Barrier screw. In Run 5, the barrel heat
and screw speed are at 210°C and 190 rpm respectively and the screw power consumption is 88.42
kW. In Run 6 the screw consumes 146.18 kW power, which is the highest among Runs 5-8 since it
has the highest screw speed and lowest barrel heat set. In Run 7 the screw power consumption is
only 84.28 kW due to highest barrel heat and lowest screw speed. In Run 8 the screw speed rose to
286 rpm while the barrel heat set remained unchanged at 230°C. As a result the screw power

consumption increased to 138.53 kW.

In Runs 9 and 10 the resin is changed to PET with a PET screw design. Due to high screw speed
(300 rpm) and high screw torque during recovery, the power consumption is much higher than
cases with polyolefin resin. In Run 9 the screw power consumption is 280.55 kW. In this test the
barrel heat was at 285°C and the screw speed at 300 rpm. After increasing the barrel heat to 300°C
the screw power consumption dropped to 255.11 kW due to decrease in amount of torque needed

to turn the screw.

Overall Sensitivity Analysis:
For all three runs selected for the sensitivity analysis, simulation results obtained with less than 4
grid points have very poor accuracy compared to the experimental data (beyond 5% variation from

the experimental results). Results obtained within 4 to 8 grid points are within 5% from the
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experimental data plus the program converges within a reasonable computation time. Above 8 grid
points, the simulation results do not show major improvement from the 5% limit set in this work
while the computation time is significantly increased (more than 96 h for 9 grid points, 192 h for

15 grid points, and 2 weeks for 20 grid points comparing to average 18 h for 4 to 8 grid points).

For HDPE (Runs 1 and 5), it can be concluded that up to 9% change in the thermal conductivity
compared to the baseline value produces simulation results that are still less than 5% from the
experimental data. Above 9% of increase in the thermal conductivity results in simulated melt
temperature and screw torque values that are beyond the 5% set limit. In the case of PET resin
(Run 9), up to 12% increase in the thermal conductivity still results in melt temperatures and screw
torques that are within 5% from the values obtained by benchmark thermal conductivity. The
results also indicate that PET polymer is less sensitive to change in its thermal conductivity

compared to HDPE.

Changes in the heat capacity appear to have less impact on the final simulated melt temperature
and screw torque compared to the changes in the thermal conductivity for both PET and HDPE
resins. For HDPE, up to 14% increase in the heat capacity from the baseline value still produces
melt temperatures within 5% of the baseline values. In the case of PET resin (Run 9), heat capacity
increase of up to 19% from the baseline has less than 5% impact on the simulation results

compared to baseline data.

5.4 Viscosity Models

Power law and Cross-WLF models are well-known viscosity models to reliably predict the
viscosity of various polymer fluids. Power law model predicts excellent estimate of the viscosity at
higher shear rates, but overestimates the viscosity at lower shear rates (which is the case in the
injection unit of an injection molding system). On the other word, Power law model will provide
more accurate estimates than the Newtonian model, yet overestimates the pressure drop compared
to the Cross-WLF model since it overestimates the viscosity at lower shear rates. As mentioned

earlier, Cross-WLF model is employed in this study for estimation of final melt viscosity.
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5.5 Dependency of Viscosity on Zero Shear Rate

In the shear stress versus shear rate graph, it is expected that the shear stress increases with
increasing shear rate but that the ratio of these two quantities depends only on the polymer fluid
under study. This ratio (shear stress over shear rate) is used to define the shear viscosity, which

may depend on temperature, pressure, and shear rate.

In essence, the zero-shear viscosity is the viscosity that a product will ultimately attain when at rest
and undisturbed. It can also be described as the viscosity at the limit of low shear rate. A
Newtonian fluid has a constant viscosity independent of shear rate so the shear stress is a linear
function of shear rate and the stress is zero at zero-shear rate. In polymeric materials (shear
thinning), the viscosity decreases with increasing shear rate and the curve of shear stress versus
shear rate bends toward the shear rate axis. So at low shear rates, the viscosity of the polymer fluid
will change very slowly. In this case, there is almost a plateau viscosity (minor changes due to low
shear) as the shear rate increases in shear thinning polymers. Figure 57 depicts the zero-shear
viscosity effect while the shear rate is still low. At low shear rates, the heat generated by friction is

low and will not cause significant drop in the viscosity of the polymer.

Viscosity

Shear Rate

Figure 57: Zero-shear rate viscosity: The viscosity change in the shear thinning
polymers is minimal at lower shear rate values.
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As shown in the figure, for sufficiently low shear rate values, viscosity becomes independent of
shear rate, i.e., the material exhibits Newtonian behavior. So ng is the low shear rate limiting value

of viscosity and the WLF model considers this change over Power-Law model.

5.6 Total Shear Rate

The total shear rate is being used for the calculation of the following terms:

1. Final viscosity in the Cross WLF viscosity model
2. Maximum screw torque

3. Heat of dissipation

A successful screw design is one in which the amount of shear heat generated is sufficient to
ensure that the entire polymer is converted to a suitable molten state before the end of the screw.
At the same time excessive shear heat will lead to undesirable conditions including degradation
and more than desired melt temperatures. That is why it is important to accurately calculate the
total amount of shear heat, which is generated during the melting process. The magnitude of the
total shear rate is obtained by vectorial addition of shear rates at different axes. The total shear rate

is an important variable in the description of the mixing process and melt quality.

A polymeric flow that melts early will be exposed to a significant mixing history by the time it
reaches the end of the melting zone. Polymer fluid in the center of the flow channel is exposed to a
very low shear rate and their residence time is shorter because the velocities are the highest in the

center.
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Chapter 6

CONCLUSIONS

A set of three-dimensional mathematical model in helical coordinates as a set of partial differential
equations for describing the flow behavior of incompressible polymer melts inside the injection
unit of an injection molding machine was developed. Based on the literature survey we see that the
application of natural flow geometry of the injection process along with varying plastic thermo-
physical properties to model the polymer melt flow has not been introduced before by which we

intent to furnish this gap in this study.

The comparison between experimental and computational results clarifies the importance of the
mathematical model. It is shown in this study that the numerical model developed in this initiative
results in close approximation with the experimental ones, regardless of the processing conditions

and/or material used. An experimental test was designed to validate the simulation results. Two

136



different resins (HDPE and PET) with different processing conditions and properties plus three
different screw designs were selected to conduct experimental tests. The average melt temperature
and melt pressure at the screw tip during recovery, the screw L/D required for proper resin bulk
temperature, screw torque, viscosity, and screw power consumption during recovery were
simulated and compared with the experimental data. The observation showed that the simulation

results were in close range with the experimental data.

In this initiative, we studied how the variation in the input of certain parameters in the developed
mathematical model can qualitatively or quantitatively influence the variation in the responses of

the model.

The sensitivity of the simulation results with respect to different grid sizes and process parameters
for selected Runs (1, 5, and 9) was analyzed and their impact on certain responses including final
recovery rate, melt temperature, and screw torque investigated. The results showed that sensitivity
of the mathematical model for some input parameters is directly influenced by the type of the

polymer resin while for others varies regardless of the resin type.
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Chapter 7

FUTURE WORK

Several challenging and interesting studies can be carried out for the purpose of extending the

present work including:

1. Development of an optimization methodology for the mathematical model of the single

screw extruder developed in this initiative:

Since the solution to a mathematical model is not usually unique, a strategy can be
developed, where the equations available to solve the direct problem are used iteratively,
until the solution converges to an optimum. Genetic Algorithms (GAs) can be chosen as the
optimization algorithm [Upreti 03], given their capacity for dealing with combinatorial-
type problems and the fact that they do not require neither derivative information nor other

additional knowledge. The performance of such optimization scheme depends, mainly, on
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the validity of the predictions and also, on the sensitivity of the modeling package to
changes in the input variables. Therefore, a numerical modeling package able to take these
aspects into consideration and, simultaneously, produce results with lower computation

time, is also implemented and validated

Further development of the optimization methodology in previously mentioned future work

for screw design including modeling of Barrier screws
To Apply the methodology developed in this work to the study on the modeling, simulation
and optimal control of the operating conditions and screw design of a co-rotating or

counter-rotating twin-screw extruder

Further development of the mathematical model to include the evaluation of colorants, co-

monomers, additives, and coating agents applications in the process of injection molding
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NOMENCLATURE

Symbols Definition, Units

initial value of r (radius variable for helical coordinates)

b tapered parameter of the screw along its length, m
Cp(T) temperature dependent heat capacity, J/kg.K

D screw diameter, m

e non-orthogonal velocity

H flight depth, m

ka pitch of the screw, dimensionless

K(T) temperature dependent thermal conductivity, W/m.K
L screw length in [Wang 04], m

M G+ 2

N screw speed, m/s

Py, j x pressure build up across the screw dimensions, Pa
Q flow rate, kg/h

qDiss heat of dissipation, Pa/s

r, 0,z variables for the helical coordinates

variables for the cylindrical coordinates in [Laurence 75]

r, 0,z
and [Wang 04]

R,8,Z variables for the helical coordinates in [Laurence 75] and [Nebrensky
73]

Ry barrel radius, m

Rs screw radius, m

R inner radius of the barrel (Rs+06), m

s dimensionless helical coordinate

T temperature, °C
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Thb set temperature of the barrel, °C

ui, Uz, U3 velocity profiles in cylindrical coordinates, m/s

Ur, Ug, U velocity profiles in helical coordinates, m/s

Vo melt velocity in theta direction, m/s

V. melt velocity in screw axial direction, m/s

4 flight width, m

X1, X2, X3 cylindrical coordinates

X,V,Z coordinate variables for the rectangular coordinates ([Wang 04], [Yu
97a and b))

Greek Symbols  Definition, Units

o velocity gradient in theta direction with respect to z direction
B temperature gradient with respect to z direction
) screw flight, m

n viscosity, Pa.s

vi, i k shear rate, 1/s

Ti i,k shear stress, Pa

p(T) temperature dependent density, kg/m3

) combined momentum flux tensor

o(l) function which identifies helicity, (/)= 277{1

® melt velocity, rpm

1 solid conveying angle, radian
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Appendix A

The fourth and fifth-order algorithm for Runge-Kutta method with Cash-Carp
development:

The fourth-order Runge-Kutta method:

Vin =Y tah

h = Stepsize

azé%ﬁi@+2@+h)

and:

kl :f(xi’yi)
k,=f(x +lh +lkh)
2 ity > Vi i

1 1
k, = +—h,y. +—k,h
3 f(‘xz 2 yl 2 2)

k,=f(x,y; +k;h)
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The fifth-order Runge-Kutta method:

Via =Y Tah
h = Stepsize
where:
a :%(Wq + 32k, +12k, + 32k, + 7k,)
and:
kl :f(xiayi)

1 1
kz :f(xi +Zhayi +Zk1h)
k, = f(x +lh +lkh+lk h)
3 ity » Vi g g2
1 1
ky=f(x;+—=h,y, ——~kh+k;h)
2 2
3 3 9
k. = +=hy. +—kh+—k,h
s = f(x 4 Vi 16 16 4

3 2 12 12 8
k6 =f(xl, +h’yi —7k1h+7k2h+7k3h—7k4h+7k5h)
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The Cash-Carp Runge-Kutta method:

Viu =Y, tah

h = Stepsize

for the 4" order algorithm

where:

h = Stepsize

a=( 2825 i 18575 K 13525 k 277

+ + +
27648 ' 48384 ° 55296 ' 14336

for the 5" order algorithm

and:

1
ks +ko)
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kl :f(xi’yi)
1 1
k, = f(x +§h’yi +§k1h)

3 3 9
k, = +—h,y. +—kh+—k,h
s =f(x 107V Tkt 4ok )

3 3 9 6
k, = +=hy. +—kh——k h+—k.h
4 = f(x 5 Yi 10 102 5 )

3 11 5 70
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Appendix B

Melting behavior and thermal properties of HDPE and PET

In recent years, a substantial amount of effort has been devoted to mathematical simulation of
processes such as extrusion and injection molding. Most of these treatments have involved solving
the standard transport equations with appropriate boundary and initial conditions. In most cases,
much work was done with the assumption of constant transport properties, such as thermal

conductivity, heat capacity and density of the plastic resins under investigation.

Thermal properties of polymers change with temperature, especially during a phase change. Some
data have been reported describing the effects of temperature, molecular weight, orientation,

crystallinity, and pressure on the thermal conductivity and thermal diffusivity of polymers [Kamal
89].

The thermal transport parameter changes with respect to temperature in polymers should be
considered in the mathematical modeling specially when the polymer state changes from solid to
liquid state. In this work all the thermal properties (i.e. thermal conductivity, heat capacity, and
density) of both HDPE and PET resins are considered varying as the temperature of the resins
undergoes gradual changes. In the following, the differential equations related to the thermal
properties of both PET and HDPE, which are integrated with the appropriate differential equations

in the mathematical model, are explained [Kamal 89], [Umesh 83]:

1. HDPE

o Density Change of HDPE:

=1.05exp(0.00136-T) T<135°C
PHDPE

=1.14+0.0009-T T >135°C
P HDPE
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Where T is in °C and p is in g/cm’

o Heat Capacity Change of HDPE:

Cp = 2.25[1.0 +5.5exp(—a[T —135])2]

where Cp is in J/g°C, T is in °C, and:
a=0.005 for T<135°C
a=0.05 for T>135°C

o Thermal Conductivity Change of HDPE:

k=0.17x107 +5x10 7 (pyyppg —0.9) =1x107T T<135°C
k=0.25x10"% +3.254x10 2 (pyyppg —0.9) —0.58x10>T T >135°C

where k is in W/em°C, T is in °C, and p is in g/cm’

2. PET

o Density Change of PET:

p=-0.759xT +1385

where T is in °C and p is in kg/m’
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o Heat Capacity Change of PET:

Cp =0.003x T —0.598x T* +251.5x T — 34182

Where Cp is in J/kgK and T is in °C.

o Thermal Conductivity Change of PET:

k=0.09xT+212.2
Where k is in W/mK and T is in °C.

154



