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Numerical simulation of co-extrusion of multi-layer films

Student : Yen-Wei Chao Advisor : Ren-Haw Chen

Department of Mechanical Engineering

National Chiao Tung University

Abstract

In recent years, plastic film has become a very important product in the
polymer industry, with a particular trend toward the development of
multifunctional composite films. The major difficulty in co-extrusion of
composite films is sharkskin and non-uniformity in layer thickness. The
actual extrusion process or rheological behavior within the mold is
difficult to observe directly, due to.the high temperature and the high
pressure. In this study, we employed Finite Element Method to simulate
the i1sothermal and non-isothermal co-extrusion process, to explore
defects such as sharkskin and propose practical solutions.

In this study, we showed how the flow behavior during extrusion and
the defects were a result of the relationship between angle of convergence,
viscosity of the material, extrusion velocity and layer thickness. When the
angle of convergence increased, the shear stress increased at the die wall
in the sub-channel, resulting in the occurrence of sharkskin, with the
phenomenon of encapsulation becoming critical the interface of the die
exit. The greater the viscosity, the more the interfacial position between

the polymer layers shifted toward the main-channel. The interfacial shear
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stress was discontinuous, resulting in distortion at the interface.
Encapsulation increased with an increase in viscosity. A higher extrusion
velocity in the sub-channel was able to reduce the viscosity ratio to
remedy the encapsulation phenomenon, but it produced sharkskin and
interfacial instability. During the extrusion process, certain aspects of the
film thickness were under tremendous shear stress, leading to irregular
distribution at the interface, as the thickness within the high-viscosity
sub-channel became thinner. In the non-isothermal system, viscous
heating was greater in the high-viscosity sub-channel, which led to a
significant rise in temperature, with a greater decrease in viscosity than in
the main-channel. This resulted in a diminished degree of encapsulation

compared with the isothermal system.
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1960 & (% B 4 » fL8 FEE PN ikl ¢ e d o R AL g
oo B BGET T S0 E BN RALNE BRI DR LB A

BATHAENER R AR KA AL KA PR S BEREE kD
AFPIFFTE o AvFE ML dfﬁ@ﬂ?%ﬁ%ﬁii%%ﬁ@’%
LR A RN 2 RBEE Sy R A0l ek~ FEE
Tl AT G B R IR S AR N R B I g 0 1R R AR e
A2 RUFIEFHFN > T EEENELEK



145 %

T ER D S A AR E AL T A FRRI A S R

P AR A% k2 (Trial and error)ffdu P o RPN HCE P e S ER
AR FIHPN R R R R4 BB PRBEZEGRE S EFEEME . &
2 WY R 'i‘ﬁ’*?‘m PAETRR S AR ERY B E
4ﬁﬁﬁ,[] 4 PAAREE [O]ARE B A T [12]RE B
BRFERFETRAR R RARFLEEEE AT ASE A

g st h s AR PR RERERE B R R ERZ[11][12]
SRWEAGR CHPRDBIRESBERLSTFIFIRA
E LR Ft o T E k= F I T s Bs 1 42 4 47 (Computer-aided
engineering, CAE) » R FERIFEE M R BB F 5 > N E D 2 5L 3™ A
JiEREY > BA SER RS CTIHFILGRE > RIEFFEFNERT
N BN o ARy SR ke %s‘f:“‘"éﬁ'%;z J A 45 £ i

f_‘i“‘ rﬁ'-b e FTV&/&}P‘ /,.Lfrvrr 5 ’#\j\ﬁﬁo E_}A.b"iﬂ E‘_f’g@%}ﬁo

Fyo? 2 Bt i AR B o Polyflow ki (7 0 sZfH v (7 ¥
PR 2§ TR AR 2 A R R i LR R S AR
ZF R LB RHPETREE S RFh FE IR LE S
o PR E B S

R Z R ERERS  p e HBETRENERY o 44088
FERRAS G 0 MEfre rge R 2 ¥ 50 T E R ER
GRS G TN B £ 2 At AL KRS A S
GRAETN RARE L e FAIEH S s B A N S BEEAEWLL > 8
d RSB TGS 0 LR 2B s e Sk - K
BB LR Al B H Fee 4 5 B i Ak B o @
TlEE I AALEE o



; STABLE FLOW

BREBRA RN S AR

SEVERE INSTABILITY

(a) g & A 4 (2] () Fr & # AR TR % [2]

—\/
m
Viscosity of A < Viscosity of B | T
(©)¢ B % [2] (d)F U IE TR % [17]

Bl 1.1 (a)(b)(c)(d)+ # 1 = )44 Iy

8



213 A3 HEH A

B 4 + (Polymer) & 4& % "} &2 %> % & #icens + (Molecular) 2 £ 48k iy
R Hﬁ%ﬁf*ﬁﬁZrWQMHW: A eniE L LG RS > A H
WHPAVRELZRT, > a gL+ EA %f” H o fRAREN - ity A4S
L oA deik o B AT #&mmﬁﬁﬁ’m%ﬂﬁz

J&(Rod climbing) ~ %% 3R % (Swell) ~ i /it 3R % (Re-circulate) ~ drvx ¥ & 7 #-
FRATRS T NRIDRIR G 0 2 E MR R T FREE AL
MWL % 0 hof] 2.1 o

211 3 &#F 4 iiﬁF
B~ A A Z4F A (Thermoset) » FALE FIE T B o AR &

?TEHJ\;E%/’J\;@@&‘FE@#E);' P SAeRAGRE @ HEH > H AT 4 4 IR %
(Cross linking) » £ 4vi§ 44 ;% $%48 sk 5 2 % 88 (Thermoplastics) » 7 fi & #%

PR A E s ARSER LA BRT A RF DT R
il et B o+ oL -2 fi- 5 3 2354 (Amorphous)
g1 L2 B 48 (Semi-Crystalline) ; 38| %8 (Elastomer) » B« & %] (38 14 48 5 #% >

A RS Hod At Ea B R AT L R L‘“Hﬁi—g’ﬁ B R
¥ 124k 1+ (Recoverabilily) ; & 7 78 £ % j3 2% FIAR W FL 5

B A RE A F R NG A (Crystalline) 2 7 27 (Amorphous)r”i
FEAR R B R F A F 5 ERP(Ordered) » # A% A F 5| 5 NE Rk
(Random) - {7 T)F 3+ @ 35 » 3 - BREF - ABELER Te
(Glass transition temperature) > M3t B § I I Ao I R @ s chdF

g F TeBE bt LARE AP A 7 F]5 A S S
Moo ERBEIEL > B HE AT L A3 A 3D RS

-

i B fiE & Tm(Melting temperature) > B 5702 B R T5 g B AT F 5 &



g ok

Ik

hpant
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A

PdRrdisper sity index =M, / M_

W
&
4y
Ik

W
&
4y
Ik
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% 7 # P (Opaque) °

Aéﬁﬂ,kf



2123 ~ 3 iR H
5 it o ¥ 3n #c(Melt flow index, Ml or MFI) » 5 % B & Rl %#1% ¢
(ASTM)12 95 % B+ 28 2 @ (DuPont)ff * #a_ Ma{hchs 2 » # 1k 4§,
o5 REGREE 102N HNanE EG0) 0 T REER AR
#ico> A7 2% 5 g/10min > t4e MI & 25 % 10 A48 #5125 <R & o MI
AR SN EARL  AAAR)ELFIER ) o

A=

B AP GRAR B B RER ST FABTT10° 7 (Poise) 0t 4L
fed w5 - & n(Laminar) > > 242 #7548 (Non-Newtonian
fluids) » % J& # (Shear stress)#? ¥ & % & (Shear rate) & L4014 B 1% > 4o )
22 3R G -RBE CFVRFI AR B TRHL ABIAR
(Apparent viscosity) :

R

Apparent. viscosity = 3 & 4 (Pa)/T & % F(1/s) (2-2)

o

2-3 = =
(23) 7 du/dy

== 1)

AT RBF AT o B AT REEL - A2 Fla @ F B
P AR B e P RRFEF S s TR Y SRR
(Entanglement) » @ % JLE m AL P 7] 3 p o o SR E PR A AL A
R T AB I RALR PR R H om0 do 2.3 0 50 fR
FAERETREM G @ H o = ip #c = (Power Law) [26] :

2-4) =my"!

-
&

He @ MNi - & % #(Consistency coefficient) » M A%+ » L& EAXX o
NZREFha#ic, 1 &8* RSt AF 2L H N EE -

11



F mg &

Y

n=15% .’iiﬁ‘;ﬁi'ﬁg » n<l i F ﬁ,—a),—}*—]v}mrg Y i3 _tj\_'ig;‘t,
B AT WA TR ERENE AT OHEALR mﬁ’ﬁg M ER R
BOBALAFOMARE TE AR RFZEARALBFE O BAFIHITER
REH S HAFHES { SeEit o BUnd e Rt e RIRALE M o
BRFG R HEERRRARR LT REM G
Arrhenius#% 117 2 & #5538 [26] ¢

m QT%b_b(T —TO)

i
-
=

bsf&»HE¥H > 1001 % 0.022RF-

At R R T > ¥ . WLF(Williams-Landel-Ferry) = #2.;% 1 503 & + b

R R nggiaTgﬂOO A [26][27][28] *
n(M)  =Cy(T =Ty) (2-6)
n(To)  Co +(T=Top)

n(T) :—17.44(T—Tg)
n(Tg)—51.6+(T —Ty)

loga; =log
ET, =T, B>
(2-7) log @ =log

H ¥ ar iR R ## F]5 (Temperature shift factor)
CpCh Akttt m T 5 Hk(4r§ 2.4) -

T, & %% 8 & (Reference temperature) °
T, »ABEHSER -

BAFEMETEAERRCEF B E g AR RFE A
FAAT B ER o AT HEAE R TR T RRLEE S 2T R D R
A% f5 % (Glass zone) ~ 3.3 #& # % (Glass transition zone) ~ # %} it 8 R ®

(Rubbery plateau) ~ f&3 ¥ (Melt zone) ~ 4 /& % (Liquid melt) - H & 335 & #
BR - BFERERE AR 25970 -84 F:R7 - ﬁ«%kﬁl’i’ﬂi‘ﬂ&”ﬁ B ooo%
WhHFHTA EHEE B ER R G B 4o L AFH S B (Creep) o

12



Wolicf 0 SR R R R G Rl RS T R - Rt T
PR G AT A RS o EREEOTSERR R L RS R R
(Stress relaxation) > 1 & & Z 2 % ! EMEFE ~ ZEEME R C IR L F >~ AR

% 0 Ac[B] 2.6 T o

ARERRRE T L 0 B E A T RSN L AR AL > A RS

122 % b (Dashpot) e & o B = % Fig T 2 P 7 > 7 7 Maxwell model ~

Voigt-Kelvin model » ¥ #F #- Maxwell 2 Voigt-Kelvin model 8 82 & {5 » &

<
~, 14+ %

#w it 4R 05N (Four Element Viscoelastic Model) » 4c 8] 2.7 #7577 o it B
YT
I Maxwell : ¥ 38 A3 B+ B % > ¥ BER2 A hEFBEEL -
2. Voigt-Kelvin : ¥ 4 BS 2 B REEE > #3032 F B4 PR i o
3o A ERREHG L VRS A S ZER R R B RER
% o H 2472 4238 »F d Maxwell 2 Voigt-Kelvin model f%+7 > 25\ e

LL:' h IF' y TP
_0%0.9%0 Oo —E,t
y = +—1+ l—exp( H 2-8
Eioom Ez{ P (2-8)
Maxwell Voigt-Kelvin
o * R - Egt
o =E,y+o,e " (2-9)

Maxwell Voigt-Kelvin

FRERt ) BRI o, 2 801 B LB A E i
el € NILAE R ERM 2 (75 0 A u/%)f%ﬂi S PR A2 AL o PR
PR e 0 AR IR BB < o TR Y 2 0 3 AR R T (B
mOETA > B4R A A BRI A F RS RAD %”r};ﬂ ;

AP KRBT EATEE > A5 KT IAFE > TRAF LI 75

ARRAR Y B o F A A 1 AR AR 0 G 3 TR A

MIte > AR Ed R EFEAEERFEY - BREFEAEER TR

13



B A+

- BiT® 3T g

/VI"

B2 oA

/\
T
L:’f",)

34

T
);,

il

Tt 3> TR SRR ]
et BRI TRA
Tox Ty T
T=|Ty Ty Ty,
Tox Ty
B Ee Rkt T IRE
—pt7,
T = Ty
3

305 2 o (4 (Isotropic) » & # %RE ¥ 0T R A

=Tn o FRA RS

T3 =031~ T3

7=
£
:: '\; %
P T E Ty 0k

L SEN Y A 4
e i SRR ¥

2

-p+7, T 0]
Ty —P+7y 0
0 0 _p+T33J

— Bt AN DT~y B

RN g%
PR mE R T

é

— Ptz

T T2 T3

Ty Ty T3

731 T3 33

hu

712 713

Th3

Ty P+ 753

2,2, 2, =l L 0
BHE STz T

14

(2-10)

(2-11)

v Tip = Ty

(2-12)

BE AP REREE s T Y T B S EREE  PRA
et £ N2 ,12'22 733
2 B AR lrg,,,LIﬁJ@(uZi 7

£ AR Rt o



213 3 & F HRE#BFEFT
B A+ EHFBE e 7 0t F (Specific volume) ~ #t % £ (Heat capacity)
#u 1@ ¥ & (Thermal conductivity) ~ #4 %% (Thermal expansion) -~ % i* #t(Heat

of fusion)#? % # #4 (Heat of crystallization) ~ 3 35 #& 3% /8 & (Glass transition
temperature) ~ %3 BL(Melting point) ~ £ % T |4 22 g B PFRF o

1.

+

34

ETINS

CHEBREFVCABE-RYEXRIFREEDRE S FER
HApES B A FMERRA D o AT EIRR d B W R e H 4

FRE P s T AAFR B @Tm’a”'@ S M PR AR S 49
‘iﬂf}:ﬂ.%c'lfg 4»],:ﬁﬁm}§yr]7.—om§[§4 A 7‘* BT f% o
AFHRERA 2R R GRIAS PVT B > 4o® 2.8 - &

%&ﬁ$94&$%%ﬁ’“?gﬁwgﬁ%“’%%%%ﬁﬂi
H

R

A5 A A g R St o PVT BT & & = 236 47 P51 4

& 5
FE AT HREGAECHEY L - BRI R E > A

B TR & T L # % # (Specific heat capacity) » 5 HLE B F 4 it

BEGRE o - R FAEL S HE RAXT L B B B
WA AL o B 2 JN(g-C) 0 AT M a1 PRIE 0 3R
FEMFTALER S FR A FOEE
‘®%ﬁ-mﬁi®%%ﬁ 4’$¢4ﬁ@?%&%’¢ﬁ%%*
Gl A 8 K A 4

«»
b
RS
=™
=
<
3
44
2 f‘ﬂ
;?u‘
p=g
Jd
(\,
i
gm
T=
<l
3

Bl BT BRI AT R AL 253 A8 [29] 4 7
£ % #% c# 2 (Hot spot)[30] -

B+»E /\%*j._}l%ﬁamg-p] ',’E? }i;ﬁ’:y,b '/;"Ji“?i%“ ,%ﬁya—*ngrqm_

,};1_&, Pldc B F o FRIBIREER L S A AR o F A4 F AW
g TR RBR A £ B N



=
%%%ﬁﬂ%ﬁ@ﬂé@@%%ﬁﬁﬁ:pwﬁmmﬁ“ /ﬁﬁ&

BREA TRARE o R BT 08 S BERG T
7

Y
e
ok
ﬁn\
\)«\)
fd
W
%
=
o
E
e
Fd
e
_:;l
@3
'%7 v
%
[
=1
i
‘gm
N
NV

B
+ # g 33 ﬁﬁ&&%m@’uﬂiu“%iJJ Eik R R W] B4
Bl Rl £ 72 AAAEABECER § A2 A
““%iﬁﬂﬁﬁﬂﬁ v 4
BAEIPARLREFEETF  FLAFIHEAHISYFE T TV RE
e PR RMEZ A F R ERRBTERF  BRARR 7R A
Lo EERPHEIRERETIEA SCERFRFZFET 34 FHE S
BAPREY O BRFEANE S BA G L T AR o
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22 XN A nE o TR A A

WMl P FikgaP vk > IR GOE B4 0B
SRR E o ARG 0 B PR R
B A FAF RN SRR o G 0 AR o SRR A S R AR ECE P
2R S S i R N Sk 1 I R pi g

H

g
‘ -
=
Bl
.
Ak
2

SR B LR AR R R B PO BOR R R el B

2.2.1 HARE A
AR A R A 3 B0 A PR A A SR R

+ % & * Carreau Model ~ Cross Law ~ Power Law¥? Log-Log Law - H ¥ Power

Law & % % F (M > 204 & & *hmﬁhL%L%UWﬁ#%ma%
T B AT MEBAREFH 7 A AF T P RET FALE
F o Bcdy 0 4B 3.15 2@ 3.16 0 #m:E * eafic Al s Modified Cross Law o # 3%

_ _Bf‘ #‘,’ R I‘Q g,J _k7 ‘% m@(éa T = /z‘ ¥ indl [31] .
N
2-13 = A
( 2 s )
He 1y h BE o I AbR -

i
‘2\4-

A B AR & K S R Power -Law % OPE R ¥ B, L T R R

=
&g dc -

Cross-law index °

3
£l

Ap .3t Carreau-Yasuda %] » a=1 » Carreau-Yasuda 7| T ig 5 2

Modified Cross Law > = iﬂ” 7 B3t AR R @ 41K _Newtonian plateau

power-law region > 2 & F 7 & !
n-1
(2-14) o+ (- )1+ ()]
as #3";#“] AR & S j¥ Newtonian plateau I power-law region £ip #c
a<lgu L g a>10 ¢ Tt ik o

17



2.2.2 FRE M HT)
FEb B L A AR 2L 2 SR 5 A 0 Ak A RERARSE Y 2L g R 0F
TR e B T L 0 AT e s A ARSE M B0 & White-Metzner Model 0 #
ML B TR B R B 7 4 [31]0 AR A ALY
B4 RE > ZREMINL A RE T ESIMEIL A RET, e

HA 752 2 AR S T LR R KR e
o
\%
T, + AT1 =27D (2-15)
T, =2n,D (2-16)

Hoo D QLS PER g S ARERGALA Glic D=VV +VVT 5 8255 5%
% (Rate of deformation tensor) ~ VV. 5 i# & # & (Velocity gradient) °

% White-Metzner Model ' ® » H R prfF e AL R ¥ 10 L F ﬁt H 0
Power-Law g Bird-Carreau Model & % & = 5" 5.5 & 13 |43

B Ak (Power-Law)

n=K @AM (2-17)
4k & (Bird-Carreau ) : -

n=1m,+0 —n)A+ A7) 2 (2-18)
50 pF F (Power-Law) ¢

A=K (A )" (2-19)
$t5¢ pF A (Bird-Carreau) : .

A=2(1+A5%) 2 (2-20)

AN 4 ERT A 2T RN E

g(ﬁ)-nw%:zmn (2-21)
Tty _
5 -, =T (2-22)

18



<

o LSS T AR Sl §0<6<2

Y

A
T1 ° Lower-Convected Time Derivative ©

A
T, = 2h +T,-VV' +VV T,
v Dt
T1 : Upper-Convected Time Derivative °
v
T, =20 gyt T, -T,-VV
Dt
DT, _

o, .,
ot~ o VW)

19

(2-23)

(2-24)

(2-25)



2.2.3 i g N

1. AFb2i2 45 208 54 [31] -
#E A% & > 4737 (Momentum equations) :
(2-26) ~Vp+V-T+f=pa
(2-27)=2nD

He I ps&BA STLZRA%RE ~ 5 H8H 7+ (Volume force) ~ p 5 & -

as*i B ~D G ®AF

3 & (Rate of deformation tensor) ~ 77 % k&

Gl d N F AT BRGR B BRIEA T URE B ]
-

RN

(2-28) ~Vp+V,-T=0

B8 < - 4§ 2 423% (Continuity equation). :
vy N, s
X} OXy OXy

VeV =

He DV Lmdd Rk IVLVLEERAE

i fll_ = ’}7 Py 2= 7F_I.}\' (Energy equatlon) :

T
=y-V-q+ (oD
v ot 7 q+(oD)
DT aT

+V VT
DT bt )
gﬂ:ffﬁmﬁm#?%&’ﬁaw%iw

pC

o » ¥ @ J& # 5 & (Cauchy stress tensor) -

(0D) & oD 3 £ # & Mt e -
& Vb # % (specific heat capacity) °
y RIS AR R o
V &indeig & oo

q 5 #i £ (heat flux) -

O
k)

20

B3k = 7}%&“ » A

ELIE I A P ||

"R -

(2-29)

(2-30)

(2-31)

Bor R REFR R E

D & %7

5}'

E

< B

o

}t&\;x,ﬁ-u! 7 é"K_.B}t;IgK,C\l (r]rgé} q}i
) m oA R R4 B A TR % gt

o



A<

5 im [31]

{ (Momentum equations) -
(2-32)

-Vp+V- (T, +T)+f=pa

(2-33)

T, =2n,D
pREA T T, » % 4k3

R g s g 4 SRR f 5 R4 4 (Volume

force)» p 7 %R ~ai i B ~D i %73 5% & (Rate of deformation
tensor) ~ 77, » AbR& ¥ o

(1

T -3 2 4% 5% (Continuity equation) :

Bk A P TR -
Gy VLAY, v,

0 (2-34)
Xy 0%y OXy
#e VG

V ‘; /ﬁiéé—‘i)i ’ V1V2V3 é}i}i/&z\i o

= #2.5%(Energy equation) ! £ %

B ALAE M R
DT
C =y-V.-qg+T:VV
P "Dt =7 q

(2-35)
He i F 2 imb R R DS Lz e w LI RER
BE A S BEAGEFE) BB ER KR & 2 E T 2 (Fourier’s
Law)4c T :
q=-kVT
TEEE QL

BB M2 w %o

(2-36)
koo N(2-29)F 11 i L 1T S RN

"*ﬁ@%ﬁ-ﬂﬁta'ﬂ#ﬂ%ﬁ‘q i oAt

pCth:}/-l'V(kVT)-l‘TVV

(2-37)
He TR EE

o
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bl

B
BET X2 S R 24T L

(2-38) n=HT)n,(7)

#P g(7) % Modified Cross Law %% B BT, T ehdbR o

H(T) % Arrhenius law » % 71 = /2 4o

(2-39) H(T)=exp{a(_|_ lT o IT )}
— o a0

SIS L S L ES L
Ty HM) =12 52508 R o 5 9 4R k-

2.

Ty s @ ¥HE A - AT 50

TS
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i
°
1t
2
g
<
-
-
f
[ =
) ¥z
T e
i
\ 3

g Su, ] 4] | [®
AL RN

+ ok

B A

4 5 AR

(b))% 5k P

N

L

e

a2
1? i

A b

ﬁ‘_
™

(©)

B 2.1 (2)(b)(c)(d)(e)® A F HiLind I % [26]
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T !

TR B

N
e

(d)z

g7 w IR R

()&

Bl 2.1 (2)(b)(c)(d)(e)B A =+ Hiinds I % [26]

HER
3N

Kk

4 2T R 4B [26]

R R

2t 4
Z=

®l 2.2
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&R

S LSS ST

(a)F 2+ Pt d 35 5 £ 4a% )%

n

B 2.3 (a)(b) & ~ + 1T 7 #1 [26]
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gl ¢ Cs T4(K)
BT 16.6 104 202
* i E ( Hevea) 16.7 53.6 200
REAFRE 15.6 32.6 238
WAk 2% 14.5 50. 4 373
W IR 2 17.6 65.5 335
“EAEET 17.4 51.6
B] 2.4 WLF equation % #c [27]
WHE
A
tog £ | fllx | Wox | A¥E
O e DY
i N
&5 \
Vo e
\
%
FREEESF ‘\‘
"“‘--‘a-}“

Er

2.5 & A PR R A M G F [26]

N wnes

FEHIEE

REUE | EAE

Lime

B 2.6 3 4 5 HE R4 53 ¥ 4 [26]
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LEFE, M YGM
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N
]
E ) |
1 El ! |
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| | =
I
o g
(o] AN
’??2 o
J
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| %\
i‘] 7, > {

B 2.7 (2) (b)E S i 4R34 5 [26][28]

130

120

110

[ |
N i
-
|
C oo '
C 1
L i
r i
|-L O T I N T T T T T T O T 1 T
100 50 Teo 50 100 150 T= 200

Bl 2.8 & A3 HHEPVTE [28]
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3.1 % F‘“#" B 1 fiﬁi’}ﬂ

B E ke AR LA B B SR
Kﬁ%?”%ﬁiﬁﬁj@ﬁ s BT PR iiREE Y N A R E A %E%‘lﬁg &%

RLEA AP &3 F o P EAS BT MW it I CAD > 2R &
CAM » &8t R E_CAE o T "oi 2433+ (Computer-aided design, CAD) i *
T g REAE T ) g 1 S R 3 o T % B2 i@ (Computer-aided
manufacturing, CAM)R| _* T "aif B3k i 2 A 1 B BRHEF it o
T Mol 1 ﬁE_(Computer-aided engineering, CAE)#_¥-1 42 + &~ 47: 422 3+
B2 ket 447 0 B 4 F14 £ 2 (Finite element method, FEM)AE %
T OE B iR 513‘;};”4 v 4 3T AN 3*% %8 3.8 (Computational fluid dynamics,

CFD)_} ’ __‘E_, 3t -?—r %%#%}J‘, 'f‘._. ‘B:)J‘ﬂﬁ"l 7:,]— ,H—bt,— ,a\—_\_l_ .
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3.1.1 Gambit
Gambit % %ﬂ}mPolyﬂow Al e e A 4 FoKT A AR
Dot XFERES B RY A gk wy S0 RGNS L 0 AR
T E R _'rhﬁ;?ﬁ’iﬁ:ﬂ' » B i - S CAD { G H A Pt o
PREHRA A - BRE A B B R E R R E IR
FEBED CM=N+1 MEF ek #3573 BB o 5o
XTI HN 5 9> GAMBIT #-5d 10 B & 2h3] 4 > Flpt 4%+ &
AR #2265 -3 =2 A2 e FARR 2835 F 2 G
B 2 5 M A58 £ 3] 0 B 3.0 Arm o S NEA M OH AR 1
iF A e @ AR 0 ANAFRRBCAIPE ¥R w Ao G R > B
Z &7 g BN o
BAFE P TR e e R A St e o g Y H S
U RN RIS Tedk o -/ 5
B
1. pRE=gE L o
20 FEF R B RPERE BRARESE S e R i
30§ g T E R Y B ipid e o R B S R RURT o
g
1. #*% #@ﬁi/p s W * AT ‘*fﬁ_*ﬁ,ﬂ 22l

£

3.1.2 Polyflow

Polyflow #_d % F 2 ANSYS 2 @ “rB % » 23+ 854+ 5 (CFD) -
LR PR PR fe RS B ol B 47 B0AR » T RS e =
i ~ Isothermal 2 Non-Isothermal ~ Steady State & Time Dependent > Ff# %
O A e i 0 AL R NFIREAS 84 2 (LRI P O A6 22
IR BRI R 2 APEM IR T ﬁ‘ FEaBciR g % 0 B LE A0
Bl AT o bl D RER W B Fafaed o T
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3.1.3 CFX-Post
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# 3.1 PC (Lexan*Resin 104R)4~ {+ &

B P kAR Rk E H > PlREE
?R ISO 1183 23°C g/cm? 1.2
o ek o 1 Load : 1.2Kg s :
P ,,,L:afrva‘ﬁﬁi ISO 1133 Temp : 300°C cm?/10min 6.0
RS i ISO 8302 W/m-°C 0.2
LA ASTM C351 J/g-°C 1.25
LR i ISO 11359-2 | Temp : 23°C-80°C | m/m-°C 7.E-05
# 3.2PMMA (DELPET 80N)4~ |+ &
B P PRRAR Rk 1 2 H > BlREE
2R ASTM D792 23°C g/cm? 1.19
o ek £ 1 Load : 3.8Kg :
R /”Lﬁ?#ﬁ #ic | ASTM D1238(1) Tempy: 230°C g/10min 2.0
R E Gk ASTM C177 W/m-°C 0.21
LA ASTM C351 J/g-°C 1.46
PR 4 B ASTM D257 Temp : 20°C m/m-°C 6.E-05
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2D Element Types 3D Element Types

A A
\ !
\ o
—
Triangle Quadrilateral
Tetrahedron Hexahedron

Prism/Wedge Pyramid

] 3.1 Gambit 2 6 47 [31]

GAMBIT

- geometry setup -

- 2D/3D mesh generation Other Material

Databases
l 2D/3D mesh material

ﬁ?‘ OLYVDATA ™~ properties
- mesh import POLYMAT

- physical models - material properties

- boundary conditions
- material properties

\ J

l Date tlie

POLYFLOW
- calculation

N o

l Results file

(CFX-POST
- post-processing

N o

,

B 3.2 0= A5 B gt o AR B [31]
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Sample: PC
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B] 3.7 PCz_ % E 2 7R & & 5
Sample: PMMA
Size: 19.2640 mg TGA
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%
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App. Shear Viscosity (Pa-s)

Apparent Shear Stress (Pa)

104

—— 280 &
——290 [

103 ——

|
/;f

104

10°
10 10° 10°
Apparent Shear Rate (1/s)
B 39PC 2 § 3R HT TS 7 % &I B
106 W
- /
—— 280
—— 290
104
10’ 10° 10°

Apparent Shear Rate (1/s)
B 3.10PC 2 ¥ i # 7 % & F % #cdp B
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App. Shear Viscosity (Pa-s)

Apparent Shear Stress (Pa)

10°

—— 280
— 290 FF
L
\D\n\ﬂ\'\\&ﬁ\b\
107 %H\K\
10"
10’ 102 10° 104
Apparent Shear Rate (1/s)
B 3.11 PMMA 2373k {5 % 5 7 % &5 B
10°
105 ﬁw
104 el
/ — 20
/ — 290
10°
10’ 102 10° 104

Apparent Shear Rate (1/s)

B 3.12PMMA 2. § &+ $5 % 5 F % iy B
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Apparent Viscosity

1E+4
W PC 280E T
B C 290 Texehs
— PC 280 & Modified Cross&z & ehén
— PC 290 Modified Cross&s & ehi
— PC 280 Bird-Carreaufiz & ehsz
1E+3
1E+24
1E+1 . . . . . : -
1E-3 1E-2 1E-1 1 1E+1 1E+2 1E+3 1E+4 1E+5
Shear Rate
Bl 3.13PCELE o S fAes B
Apparent Viscosity
1E+3
1E+2-
1E+1 B PMMA 280 Eshehiy
B P 200 Eskehs
— PMMA 280 Modified CrossZEE ebén
— PMMA 2902 Modified Cross#@n ehim
— PMMA 280 Bird-Carreau#n il ¢h4
1 T T T T T T T
1E-3 1E-2 1E-1 1 1E+1 1E+2 1E+3 1E+4 1E+5
Shear Rate

B 3.14 PMMA #L3 & 7 % B
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R R SRR 7 5 R % Modified Cross Law & {7 = & £ 4% )
Bt 47 o A F AR - R s W E RS A R
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SRR 0z R R ERE A 0 AT D D AP LR R L PR

LR UE R A G
4.1 = 3 8K 2

4.1.1 3R K 2
Y@l 4.1 - v dp e AT 2 4B R 0 £ 12 X B (Sub-channel, Fluid
1) 5 B f4 fig (Polycarbonate » PC) ~ A /it §= 38 4 (Main-channel, Fluid 2) 5
? A A fig (Polymethylmethacrylate » PMMA) 2§ *» 2L & v (5 & 3:1)
BT FARAVEH R FAENHE R T IREUE Fe A G
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% 4.1 Modified Cross Model 1 % #c %

£ n L A8 (PC) R & 754 (PMMA)

Zero shear viscosity(r, )
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Cross-law index(m ) 0.8 0.635

Natural time (A) 0.002 0.081
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