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o Extrusion modeling strategy

o Modeling methodologies

o Opportunities for 1D simulation
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Summary



Why simulation ?

vV Increasing costs
A Raw materials, energy, labor
A Lost production time

v Obtain data not otherwise available
A Alternative machine/screw configurations
A Whatif scenarios (i.e. downstream feed, etc.)

v Troubleshoot/diagnose problems
Accuracy in scaleup




3D Modeling

3D finite element(FEM)
2D flow analysisnetwork FAN)

Rigorous treatment
Accurate, detailed
Limited to unit operations
Resource intensive

0)
0)
0)
0)

Only valid for filled sections of the extruder

(how to validate results?)



Response surface methodology

Rigorous treatment
Accurate

Limited extrapolation
Resource intensive

Only valid within experimental region
(e.g. cannot use for scaleip)



Onedimensional modeling

o Approximations

o Versatile

o Cost effective

o Integrated crosssection

Assumes there are no radial gradients

(e.g. at every position (z), temperature, pressure,
viscosity, etc. Is constant)



Modelingchallenges

Why Not Simulate Twin Screw Extrusion ?

\

Complex geometry | praciudes comprehensive

+ > treatment of complete

Complex rheology process
—/

Too many machine and formulation variables !
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Formulation Compound Properties
Polymer (s) + Additives + Filler(s) ' (Mechanical, Rheological, etc.)

A4

|

OBLACK BOXO6o J

VWe know much about the r

VWe know much about ¢t he
VWedonotk now much what hap



Characterization of Raw Materials

Polymer: Dow LDPE 640 2.3 MI
100.00

— 120.0°C

4 As a comparison, simulation\
of injection molding must
—=o¢ | model the melt cooling back
to a solid, whereas
compounding must model the
transformation of solid to mely

10.00 140.0°C

Viscosity (kPas)

0.1 1.0 10.0 100.0 1000.0 10000.0
Shear Rate (1/s)

Modeling the compounding process requiresomprehensive
data for the solidstate and melt properties of the polymer,
t hermal characteristics of fI
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What do we know about the extruder

OBLACK BOXO6

V Extruder type: Intermeshing, cootating, twinscrew

V Diameter (mm), QYD;, Length (L/D) = Free volume

V Torque (Nm), Speed (rpm) = Available power

V Screw design = Mixing, Specific Mechanical Energy

V Die geometry = Size, shaping
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What do we know about the process ?

Feed rate (kghr)
Vacuum (mbar)
\ 4 o - t - .
S R it mm‘jgm\’,\\mx\xmgmj
Screw speed (rpm), I

|
Barrel / die temperaturesetpoints (° C)

We know what we want to occur inside the extruder (melt, mix, etc.)

We are not SO sure wher e, W h
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What do we know about the process?

Temperature
Pressure

\ 4 o - t - .
S R it mm‘jgm\’,\\mx\xmgmj
Motor Load (kW) | ' J

Barrel/ die temperature (@ctual,®° C

We can measure average residence time, RTD

We can measure specific energy input (mechanical, thermal
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Why is the
melt temp
so high?

How much
mi Xi ngég
éwher e?”

Where is the
polymer
melting?

| g
SIS AT (T NN N
There is no method or instru

1D simulation provides such insight !



Model for Twin Screw Compounding

Shear Rate Molecular
Shear Stress Structure

Yl N —~
Extrusion > Key System > Product Quality

Parameters Parameters Attributes
Machine Parameters Specific Energy Physical Properties
Free Volume Mechanical Tensile
Screw Configuration Thermal Impact
Die Geometry Melt Temperature Rheology
Feeding Protocol Residence Time Mol. weight
Pressure Mw Distribution
Process Parameters Other
Screw Speed Color
Feed Rate Electrical

Barrel Temperature

1D simulation provides predictive capabilities for key system
par amettheats édi rectly influence

Ref: Van Lengerich



1D simulation example

Q (kg'hr)
T, (°C) Przap (MPa)

| - I (°C)

T- = Feedtemperature
Tg = Inner barrel surface temperature

Melt viscosity = strong function ofemp, shearrate



1D ModelingApproach

Divide each screw component intcomputational elements
Moresubdi vi sions assigned

N = total number of computational elements



1D ModelingApproach

All coefficients, processing variables are a function of (z

Continuous Variables p(z),0<z<L
T(z),0<z<L

Discrete Point Values p;, | 0,
Ti




1D ModelingApproach

Calculate Axial Temperature, Pressure Profiles

Calculatep(z)and T(z), O<z<lLlL

Extruder geometry
Material properties > Defined Values
Operating conditions

Assumesp, T are function of z only

T = @scercotsison average



How accurate are 1D simulations “

Simulation results depend on accuracy of material data

V Ability to validate (and calibrate) melting

V Ability to validate (and calibrate) power, temperature
Once the model 1 s O0calibrat
Recalibration may be required for different types of materials

VDefault model works well
I

VNeeds otuningd when
polymers and/or additives interferes with
melting efficiency

u



| want to use any

polymer type or g a" w  § Pem—
formulation and get TiNnN nnnninnu
accurate results rMid 1L L
without having to GRS W WILIEWE W -
obtain actual
materi al

Accurate Results, Get Good Materials



Melting model

The melting model has aignificantimpact on all results

V Must account for all polymer types, presence of
additives, fillers, lubricants, impact modifiers, etc. to
accurately predict meltin

V Once melt is established, program calculates viscous
heati ng, power consumptio

V The avalilable 1D simulation programs each uses their
own Oproprietaryd melting

Accuracy of simulation results depends on ability
calibrate polymer melting !



Calibration of melting model

Unmolten Polymer Fraction

100

80

60

40

20

Unmolten Fraction (%)

/ Where melting begins and ends\
determines viscous energy
di ssipationépre
sooner (or later) than reality will
result in overestimating (or under
estimating) torque, melt

temperature, etc. /

F ¢0F/ o J_%_ . AT&;)K% 7 2
A \ SOV |
7 % i i

Simulation program needs ability to adjust location and

extent of melting, for example, to correlate with presence of
low-melting additives feeding with polymer

d |




Calibration of energy input

Torque
100 —— Energy Factor=1.0
/ — — Energy Factor=0.7
80 /--" ______ =< —— Energy Factor=1.3
60 N\

\ The alternative approach
to 6calibra

lorque (o)

/ 1 melting model and energy
20 input is to alter the raw
/ material r

Simulation program needs ability to adjust viscous dissipation, for
example, to compensate for viscoelastic behavior of polymer
and/or presence of lubricating additives




Calibration of energy input

Temperature

300 —— Energy Factor=1.0

_ — — Energy Factor=0.7
— Energy Factor=1.3

200

100 [

Somepolymer melts do not form a continuous melt film within
the barrel (e.g. fractional melpolyolefing, predicted frictional
heating will overestimate (or underestimate) resulting
torque and melttemperature

Iemperatwre (")




How valid are 1D simulations ?

Il n the absence of 0goodo
simulation is able to quantify trends
V Simulation will quantifychangesin calculated values

(melt temp, specific energy, backup length, residence

time, mixing quality, etc.) as a result of changes in
operating conditions and/or machine geometry

V Ability to validate (and calibrate) power, temperature

1D simulation provides accurate trends (if not absolute
values) representing actual machine performance




1D Simulation- Trends

Mixing Index

15 — — 1200 kg/hr 600rpm
" —— 1500 kg/hr 750 rpm
/" —— 1800 kg/hr 850 rpm

.J
/
% —~~— 1D simulation provides
\\ guantitative value of
Ami Xi ngo qu
set of operating
conditionsé
mixing designs can be
evaluated in terms of
Increase (or decrease)
In mixing index value

=

—_| e
'
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Mixing Index




Sress Inaex

300

1D Simulation- Trends

Stress Index

/' —— 1800 kg/hr 850 rpm

—-— 1200 kg/hr 600rpm
—— 1500 kg/hr 750 rpm

1D simulation provides
guantitative value of
Anstresso for
operating conditions.
Stress Index values can
be maximized (i.e. for
Increased dispersion of
filler) or minimized (i.e.
reduced fiber breakage)




How valid are 1D simulations ?

When comparing different screw designs and/or
machines

V Simulation will quantifychangesin calculated values
when usingsame material to challenge different machine
geometries (even if material is not actual material)

V Can optimize screw configurations and scal@ to other
machine sizes using this approach

1D simulation provides quantitative measure of twiacrew
compounding process !



Compare different machine size, different OE

Scaleup example, 70mm to 92mm



