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Our Developing Software

Thermal Flow Analysis on Extrusion Molding

Upstream Downstream
- Plasticize / Melt - Shape
- Knead / Mix - Functionalize
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Today's Topic

Twin-Screw Extrusion / Multilayer Film Coextrusion

Plastic Production Volume Twin-Screw
2022 in Japan ’

Thickness
Total: 5.7 Million tons Gauge
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1-2. Key Technologies

1-3. Simulation and Results
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2-2. Simulation and Results



Development Target: 2.5D FEM
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Reference of 1D and 3D Analysis

Annual Meeting of Japan Society of Polymer Processing, June 2024
1D FAN 3D EFGM

“Numerical Analysis of Resin Flow in the “Study on Melt. Mixing gf Polymgric matlerials iq a
Twin Screw Extruder’, Counter-Rotating Continuous Mixer Using Partially

Y. Fukuzawa, 1201 (2024) Filled Flow Simulation”,
K. Sekiyama, et al., E206 (2024)
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Key Technologies of 2.5D FEM for Practical Analysis

1. MOdeling S A 5
- No Need 3D CAD % Target
- User Friendly Input System £ @
()]
2. Analyzing 2| ==
- Overall Screw Length o
- Analysis Time: within One Hour < e Tday-Tweek ~
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Key Technology 1: Modeling

Cross Section of Fully Wiped Co-rotating Twin-Screw

r(0)= \/Cz —R?sin’ 0 —R_cos 0

Distance
between Axis

Reference:
M. L. Booy, Polym. Eng. Sci., 18, 973 (1978).




Numerical Input of Model Information

GUI Form

Intermeshing Tyvpe
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2.5D FEM Model

2.5D FEM Model for Analysis

3D Visualized Model

Meshes with Thickness
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3D Model for Post Process

3D Visualized Model

Meshes with Thickness Meshes along
Thickness Direction
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Key Technology 2. Analyzing

Basic Equations on 3D Flow Analysis

- Equation of Motion

- Continuity Equation

3D FEM (Finite Element Method)

- Discretization by 3D Meshes

- Weak Formulation of the Weighted Residual Method

Flow velocity vector

X X X X[t nmax))
X X X X|||v(1-nmax)
X X X X \w(1--.nma@
\X X X O/ p(l---nmaX)A

q, (1---
q, (1--
q, (1---

Flow pressure vector

n max)
n max)
n max)

n max)

o

Four Unknows
per Node (u, v, w, p)

14



Approximations of Screw Flow for 2.5D FEM

1. Considering Hele-Shaw (Thin-walled) Flow

e 1 Jrvan) b
o ;‘;%/////// /%\

h=<W
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2. Omitting Self Wipe Region




2.5D FEM Analysis

Hele-Shaw Flow Approximation

- Substituting Analytical Solution of Equations of Motion
into|Continuity Equation|«—

2.5D FEM
- Discretization by 2.5D Meshes
- Weak Formulation of the Weighted Residual Method

X (pUnman) = (¢ (1--nmax)) k -.

Pressure Flow Rate [m3/sec] X

nmax

One Uﬁknown
per Node (p)
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Novelty of Developed 2.5D FEM for Screw Flow

Formulation for Injection Molding Formulation for Screw Extrusion
(since 1970’~)
Q, = Saﬂpﬂ —> Q,=Sups+D,
Flow Rate Pressure Gradient Flow Rate Drag
[m3/sec] Flow Rate 5 [m3/sec] Flow Rate
a, B : Node Number a7

S 5 -Flow Conductance

Laminar Flow u(y)= y (9P (y—H)|+ Ey 1] : Viscosity of
between Parallel Plates 21\ ox H | Polymer Fluid
Velocity Poiseuille Flow Couette Flow
[m/sec]
A\ Fixed . Moving

Hl ] I ] ’VX
—>
—>
>

0— — X . — X
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Developed Formula for Screw Extrusion

e el ez e e
Flow Rate Pressure Gradient Flow Drag
[m3/sec] Rate Flow Rate

Ref. 1 in #1056, AIChE J. 2020, 66, e17018.

Flow Direction
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Simulation Flowchart

Modeling

'

Input Polymer | viscosity 77 , Density,
Properties Thermal Conductivity, Specific Heat

|

Input Molding | Flow Rate, Screw Rotation Speed,
Condition Barrel Control Temperature

——————————————————————————————————————————————————————————————————

\L E.g. Velocity along screw length z .
Pressure p, ! 3 | ;
2.5D FEM Velocity, Strain rate, v (r) = (_PJ[I _d’”ji
Analysis Temperature 0z ,B R 77
l Filling Ratio o =" ar. B = JRbidri
Results
Visualization
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Poly

mer Viscosity

Flow Curve of HDPE
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Reference: Fox, T. G. and Flory, P. J.
J. Am. Chem. Soc. ,70, 2384-2395(1948)
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Effect of Viscosity

Polymer Molding Condition

1.0E+5 FlOW

w HDPE |3 @ZLO c Direction &

m o

Q- 1.0E+4 ° |:>
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§ 1R Y Mass Flux Rate : 10 kg/h

g \ Screw Rotation Speed : 100 rpm
1.0E+2 Barrel Temperature : 200 °C max.
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Simulated Temperature Energy Equation
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Filling Ratio (Degree of Fill)

Twin-Screw extruders are operated under starved feeding conditions.

Feeder

Filled State Unfilled State
I\

Low
Transport
Capacity

Filling ratio is calculated from balance of flow rate and pressure gradient.
Simulated Pressure I | |

0.0 3.85 4.0 [MPal

Simulated Filling Ratio 0 1.0 [-]

P e e ey -y

Filled State Unfilled State

I __
.0
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Experi mental Ver|f|Cat|On Ref.1 in #1056, AIChE J. 2020, 66, €17018.

Screw Configuration (Shibaura Machine, Japan)

30°C 195°C _
Mass flux: Q & i i ’
[kg/h] Fled = 1050 mm
Screwspeed:NlI . T ‘T 1 |
[rpm]
PR . \ R
D =26 mm / Llne laser

Open port for fill ratio measurement

Polymer: Homo Polypropylene (F-704NP, Prime Polymer, Japan)

o
é

1,000

Complex viscosity [Pa-s]

1m L] b | bl ) o T 1
0.001  0.01 0.1 1 10 100 1,000

Angular frequency [rad/s]
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Experimental Verification: Filling Ratio

Qualitative Comparison by Pull-out Experiment

R R R R ARV R AR R R R
Q, 1 0 k /h I R R IR e T A LY ] lh-1-‘1-1-11.i1-1-ji«H-iil*{-tﬂ‘ill'iitl*ililﬂ LAL AL Sl
- 1.UKQ U R R AR H ___l-.llll‘;!\‘\l'ﬁl"n.".'l-.'ll'l.i"l" AR LRI
N: 88 rpm AR = 3 A Ao
p g g ek | -.*j_ ?\1 wﬂ J"l. W 'H' -l"h‘\'r"\l"u'w"'
(Q/N =0.011) it . N Ay

Comparisons under various conditions

ﬂ--;j A I ) 1 5 | 4 I 1 I

Screw rotation speed N, rpm

39 49 58 69 88 u._m-
Feg:llkr;i 12 s b s b /C? _ 0.25
20 < 2 -
S ) 5 0201
an
- ©) é 0.15 - (A)
o
(A) Q=1.0, N=88 (B) Q=3.0, N=88 e
(Q/N =0.011). (QN=0.034) . = Exp.

® Sim

=
v

Linear fit of sim

| . ) . ol . : : . i ] Throughput Q/N [kg/(h/rpm)]

] T
i ﬂ rom, 1.0 ke/h | | \—ﬂmm, 3.0 kg/h (.00 - T * T r T - T T T - T g T
B 0.0113 kg/h/rpm| - 0.0341 kg/hfrpm (L000 0.005 0.010 0.015 0,020 0.025 0.030 0.035

25



Summary of Twin-Screw Analysis

1. Modeling s 1 _—TED
- Numerical Input System = Target GEM, EFGM, MPS,
2. Analyzing £
- Overall Screw Length .
. . . >
- Analysis Time: within One Hour E
< : N
1min-5min 1day-1week ~

= Recent Efforts
Polymer Blend Morphology

. @ ® 1680 [mm]

R o R A
w10 o
S Critical Ca ]
O et Upper bound of Breakup
R S A=38 i
§ 101:‘ O —
= Sl Deformation
B S.
=
B 100} !
I Stable: :
3*% ©—-0 rotation :
S 105 107 oo o b

Viscosity ratio A [-]
Ref. S. Tanifuji; D. Yorifuji; K. Taki, Ref. C.Y. Liu; S. Mikoshiba; Y. Kobayashi, A. Ishigami,
J. Soc. Multi. Flow, 2024, 38, 139. D. Yorifuji, S. Tanifuji, H. Ito, Polymer, 2022, 14, 1201.
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Multilayer Film Coextrusion

(a) Experimental Configuration (b) 3D Visualized Model

, b, ¢ : extruder of each layer

=

a

d : feedblock
e : flat-die (1mm thick at outlet)
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Our 2.5D FEM Scheme Ref.3 in #1056, Seikei Kakou, 2021, 33,60.

Formulation for Injection Molding Formulation for Coextrusion Flow
(since 1970’~)

0, = Syup;, > 0Q,= Sup; + F,

Flow Rate Pressure Gradient for [=1~n Interaction flow rate with
[m3/sec] Flow Rate N adjacent layers

a, B : Node Number a
S 45 :Flow Conductance

N
O'=n', g

Q2:>772, >
T
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Problem Considered

“Interfacial Encapsulation” is caused in feedblock with high H/W ratio.

.1 mm thick (1 mmt)
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Representation of the encapsulation

“Interfacial Encapsulation” is caused

by the second normal stress difference (N2).

Die Swelling: Effect of N1

Diameter
in free area

Diameter
in die

Interfacial Encapsulation: Effect of N2

L.

Flow

H

__

W

CEF (Criminale Ericksen Filbey) Model for Considering Viscoelastic

Ref. Criminale, Jr. W. O., Ericksen, J. L. and Filbey, Jr. G. L. : Arch. Rat. Mech. Anal., 1, 410 (1985)

\Y
T =2nD -y, D +4y,D+D
Stress Viscous Effect of Effect of
[Pa] Stress N1 N2

o 1{9u v 1(0u 0w
ox 2ldy odx) 2\dz ox
1({0u v ov 1{ow ov
D=|—-| —+— — —| =+
2\ dy ox dy 2 dy 0oz
l(au awj 1({ow ov ow
|2\0dz ox) 2\ dy 0z 0z |
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Experl mental Verlflcatlon Ref.4 in #1056, Seikei Kakou, 2021, 33, 447.

2.5D Model for Analysis

GUI Form Inlet
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Experimental Verification

Polymer: LDPE (Japan Polyethylene) 4 kg/h 16 kg/h 4 kg/h
O HE i % m O
NE i |
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Results of Feedblock

a: Flat profile Surface layer: LC720 Middle layer: LF405M

1.000

Flow junction A-A’ Flow junction A-A'

1.0 ToH 9.0 2.0 1912 —F 11.0
B 000 . . ; O
Thickness[mm] Thickness[mm]
b: Variated profile ,
s Surface layer: LC720 Middle layer: LF405M
60

0.5

L
Thickness[mm Thickness[mm]




Results of Flat-Die

Sim. : Solid and Broken line Exp.: O and X

Thickness
[mm]

Take-up speed
21-22 [mm/s]

b: Variated profile
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Conclusion

Practical Thermal Flow Analysis on Extrusion Molding
Using 2.5D Finite Element Method

We developed a novel 2.5D FEM technology on extrusion molding.
Effectiveness was demonstrated by experimental verifications.
Calculation time was within an hour under any conditions as shown here.

Thus we believe that our CAE software is a practical tool
for predicting molding conditions in real molding plants.

Twin-Screw ‘\S‘ingle-Screw Flat-Die < Spiral Die 7

e
Uonn,
Am"x,_
.

S,
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