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2.5D FEM formulation for
steady non-isothermal non-Newtonian
viscous multi-layer flow of polymer melt
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] Purpose 2/20

Practical 2.5D FEM flow simulation for multilayer extrusion dies

3D FEM: Large computational cost,
difficult operation

2D FEM: Low resolution

Feed block type multilayer coat hanger die Multi-manifold coat hanger die
Fig. 1 Multi layer extrusion dies
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[] Merits of 2.5D FEM formulation 3/20

< Easy modelling

Layer 1

Layer 2 Layer 1 & Layer 2

Layer 2 =S

Standard FEM 2.5D FEM
Fig. 2 Analysis model of multi layer flow

< Small computational storage

< Flexibility of shape representation
by modification of thickness information

< High resolution solution in the thickness direction
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[ Break through of 2.5D FEM formulation 4120

Table 1 Boundary conditions on the interface of multi layer fluid I and 11

Previous formulation Present formulation
Ther;?:::jﬂow Fully developed state under—ldr:a(\:/lelzjlg:or}?]g state
oty
Schoeririr?ltjrii;s 77|7| =U||7II
Mo || PR | et
(I, I : Layer number, V : tangential velocity vector,

5 . viscosity, y:shear strain rate, p:pressure, h:layer thickness)
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[1 Mathematical modeling of multilayer flow 5/20

Momentum equation

0 av' 8
2.5D FEM element —| n' P forO<h<h',l=1~n
| , Shear stress
N
n av_l apl
Layer-n,p",hn vn. il h+ A
! .p n-1 7 on OX; A

Layer-1,plhl v . velocity |
: ) o, h h h 1
- vi =P "D gh A [ dh+B!
OX. 90 n 07
Layer-1,pt,ht v} .
N ph:pressure  Al,Bl :integral constant
| . X h:thickness i=1,2,3
. _ o vl:velocity
Fig.3 Multilayer flow configuration yh:viscosity

(layer number :n)
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Continuity conditions on the interface

Shear stress continuity

op’
OX.

| OV;
T oh

_ 1 avil +1
oh

: hl +A‘I _ Al+l

h=h' h=0

Velocity continuity

\/

— v . op' ¢ h LA | | _ pl+
h=h! =V, ‘h:O — Ox. Io ?dh +A -[0 ?dh +B, = B,

Layer-1+1,p!*1,h*1 vi+L,

= oS IMinterface;l=1~n-1
Layer-1,p',h! v\

Fig.4 Interface of multilayer flow
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Table 2 Simultaneous equations
derived by the boundary conditions

Condition Equation Simu_lt_aneous _
number conditional equations
Lower wall 3 B =0
non-slip
Velocity continuity 3(n-1) —A'a' — BI BI+1 ap
on interface OX;
Shear stress continuity 41 _ p
- — + =
on interface 3(n-1) A‘ A‘ ax
Upper wall 3 A" B = op"
-sli i
non-slip axi
Total 6n

o =" 2dnp =" Nan
0 77 0 77
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Normal stress continuity

—p' +21' %V' oVh :—p'+1+277'+1%V'+10Vh'+1 for I1=1~n-1

Constraint

Element thickness : H. = h'
=1

Energy equation
Thtemperature  p':density

PIC:OVI VT =k'AT' +7' (7}' )2 for 1=1~n/| | C';:heat capacity

x':thermal conductivity

SUPG(Streamline Upwind Petrov-Galerkin) FEM discretization

i im
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Galerkin FEM discretization for continuity equation

pﬂ+Q +F' 0 for |=1~n

Pressure Flux Layer

gradient Interaction

g/ :y'jlj o4, 99y Jdédn, f'=Ap —h'B" for I=1~n-1,

ap -1J-1 8X 8X en_ Aj”ﬂ”

‘L :. ¢ q'n'dF 7/| _J.hl (h)Zdh

o [
10
Fcl = Il P . f Jdédn a, :node number
) 0X (& ) :local coordinate

J:Jacobian
¢ :interpolation function
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[] Theoretical verification of 2.5D FEM formulation 10/20

HZ
1 1 "“‘F thickne t
Q=7 H H=H!+H? 2
;(q=% :flux rat
2
n : :
Zn=? ratio
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Xn

1.0

Layer 1
O,n,H, =2 mm

——Theoretical value

O 2.5D FEM result

Xq~1
1 2 4 8 16 32

Viscosity ratio :log,(z,)
Os.11, Hy =5 mm £ig 7 viscosity ratio dependency for thickness ratio

7.0

Layer thickness ratio :

0.0

F o F F 7 i 4 F 9

s 60
Flow junction S s
Layer 1, 2 2
H +H,=5mm 4 o
g 30
:_LE) ——Theoretical value
- - R - : 20 O 25D FEM result
Fig.6 Theoretical verification model .
- %,0.5
0.0
1 2 4 8 16 32

Flow rate ratio :log, (7,)
Fig.8 Flow rate ratio dependency for thickness ratio
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Pressure Distribunon (MPa)

=10

7.0 0.0%8
- Reverse ﬂoiegion Q2 > Ql - I
50 Reverse|flow == e
E region Layer 1 «‘:‘// oo
4.0 0059
e = 0.065
2 «—— Layer-2 008t
8 3.0 La}’er l -— 0057
S 20 _ _ o
0 )(q—32, )(,,—0.5 "
1.0 Layer 2 0037
00 X o
00 1.0 2.0 3.0 4.0 K 002
1.0 0020
Thickness (mm)
Fig.9 Velocity distribution
near the multi layer flow junction
x10 7.00E+04
6.0
6.00E+04
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Fig.10 Velocity distribution at outlet Fig.11 Pressure distribution along the machine direction
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[ Application of 2.5D FEM formulation

Modeling of multi layer die
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@ Mesh generation for mono layer flow region using template
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® Geometrical representation for multi layer flow region
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@ Mesh generation for multi layer flow region
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Test analysis
(3-material 3-layer flow analysis in the spiral mandrel die)

Die 1(Layer 1):30 kg/h, 1000 Pa+s
Die 2(Layer 2):30 kg/h, 3000 Pa+s
Die 3(Layer 3): 30 kg/h, 2000 Pa-s

Die 3: ¢(500mm1)

2.5D FEM model 3D visualization model

Fig. 12 Multilayer spiral mandrel die
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Pressure  Distribison (MPa)

10,000
9.583
9167
8.750
8333
7.917
7.500
T7.083
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5833
5417
5.000
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31750
1333
2917
2.500
2.083
LA667
1.250

0.833

Die 1(Layer 1): Die 2(Layer 2): Die 3(Layer 3): o4

30 kg/h, 1000 Pa-s 30 kg/h, 3000 Pa-s 30 kg/h, 2000 Pa-s 000
Fig. 13 Pressure distribution
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Pressure (MPa)

0.0

-800.0

Fig. 14 Pressure distribution in machine direction
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MD(Machine Direction) position (mm)
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Fig. 15 Velocity distribution in thickness direction
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3.0
Layer 1,2,3 junction Layer 1,2 junction
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MD(Machine Direction) position (mm)
Fig. 16 Thickness distribution in machine direction
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Layer 2 thickness (mm)  Layer 1 thickness (mm)

Layer 3 thickness (mm)
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Fig. 17 Thickness distribution
in circumferential direction
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