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Abstract— Residual stresses which are developed in injection molded parts affect dimensional accuracy and mechanical and
thermal properties of the final products. To predict the residual stresses in injection molded parts, three stages of injection
molding, i. e., filling, packing, and cooling, must be taken into consideration for the thermal and flow analyses. Flow field
analysis during filling and postfilling has been carried out by using the control volume based FEM/FDM hybrid method. The
generalized Hele Shaw flow is assumed. Compressibility of the polymer melt is calculated during packing and cooling stages.
Modified Cross model is employed to reflect the dependency of the viscosity upon shear rate and temperature. An equation
of state proposed by Tait offers efficient means to describe pvt-relationship of the polymer. Variation in temperature and pres-
sure field is obtained over all stages through the flow analysis and used as input data for the solid state stress analysis of the
part. Plane stress elements, such as shell elements, are used for finite element stress analysis of injection molded parts with
appropriate boundary conditions both in the mold and after ejected from the mold. Numerical analysis yields useful in-
formations which are relevant to the mechanical properties of solid state for the final products, e. g., residual stress dis-
tribution, shrinkage, displacement field, strain distribution, warpage, and weld line locations. Other results are also obtained;
pressure field, temperature field, sink marks, and proper operating conditions.

Keywords: polymer processing, injection molding, Hele-Shaw flow, residual stresses, finite element, finite difference

=
x
|

4% 3He 8 $H02M ¥ 3718 4ou exe) sl

of wret ZA F3(filling), 2% (packing), W82t (cooling)e] Al

AE ARe 59T FAY 3L AN oA F& WA= o] 2 5 g
49 4% A3EL 2L AN 52 VS 5 Ik 227 A RA DR A AL ANE B4 tee Y
FEd ol seA 1A k2 2 2ol 4 Bol o] o) WAS 1/ Wk 94 24 Y Fo: delo) Faed
BEE Poleh Aol 1E nRA olele] DRV T Q) W(geomeuy)S 2E FHE| Rz 0] E2AUA
B 8% Azel Az, B4, A2 SEUE DB 0 B9 450 AV H3 B4 A7k 29 Aulge] 2w
s Mol A 4 B F 2N HUD RES A & Folod Gl waysiel W 23 §gle) Ae wy
Z3he W A A% 4Ront 853 Atk A YR Holso] Agolut Mol A/ @k B e 1



-~

3

Bt W4 Agg ae g
2}9] =2 (shrinkageyS B4 sl7] s 24
< A S Ttehs A oln) oly nEAle] YA FH 9
oz Qs ofzte] m¥Al 4gdo] FF ko ¢ Sof
7H Hed o] 2 U3kl F¥ Y RNAE o fF0] A5t
Al At o] 3 Fol= 9 wwvte] A o3 w3}
o #pglo] A% Ha sl do] §52) Ao} T Eapae] u)
&, %3}, 7%, HEY (wapage) 5 HYAT)E Ule] H

ok o] % Wzt o] st 2 (ejectionydoll = 28 )
Tl 2E Folle 33 golM AYE. 9o RE FHEL
AXHA B3 7 22 (residual stressyS 2 F A Ee] %
F(dimension)ell @ 2}7} B7)A| st HE WAZTo QA s
FEFE Frh wEtd x)FHQ Jawd tgk A ek Pl A
2 HF 24 d33) dalHE ol A 23 3L

A% ek o] Aaalolo),

g ARt} o

T Hr Ao

L

pud

L1 O[Ne| 67 A}

B¢ 543 24 2 0
A%
SER
%

(o]
=y

Hieber$} Shen[1]e]] olajA] 2=
7l 93 =¥EL 2 Ao U AT
A Bl F2 T3 Al 718 Folof dl=
AAZEQ AYale] FRAAAE el
o 234 A& 5] daMe R
S udol st ol W& 237 dAF= Spencer®} Gil-

more[2]e] 2J&1] o] %0 Hr}. & ZelE Chiang[34] Sl o

CElEs LR T
Sl SJalM o] FolA gy F2 2
z7gol 234 9tk <loje] Hel 716@@
e FYo U@ AE ARE Ae)

WA F3 e

L
kY
2

¢
2!
4
N

p

sl FA A 1} A T3 o)) LR X_—I‘_g_is'l- & e 43
@"1 AgEel $4 A7 F3d AFS A AMele

o] WA A1E 4BY
zz e_aou sjoiet 21219

[e3g=5]

0

Al

27

el digh o
el A

e rlllo
oE

351‘”‘4[5 7). o}
E AN AAG &
gt :rLt u]n| Jansen-»]— Titomanlio[8,
Az} AA A2 g Ao gzt 2L
Iotatsiz et obal fEslxztel AAle $askn) 0}01—\;}_
Chang¥} Tsaur[10]= SRR PR

ki

s X2 duodr ccE
oft go Wi g g

ofje
2,

JE N
i

]
° rer_‘:
Joox o2

Y

ol
ok

o
g,
O
o
)
fo

)
AV

ol
oy
of

1.2. 372 25

o] & ATNAE B WAL 2 Il aia 22
A3t £33 Aol @ /5 AN Sekn oo AN
olgstel 4% A E WAR AR gL s ATE 4+
Belsich 34 Y, £33 B9, U2 AHE 2T nefso]

17

A3 ol 2RE ol gy} 2= Yo]
IEA A AY 25 5
A4S FAGAT. 24 YD $3
Ste] Chiang[3] 5ol 2lstd Ajgtd
Hl & 3l A dHAE E'_B%if_ M4 F52 Ul GHS.
(Generalized Hele-Shaw) 2.dS Al&-38l 3 o]9] & F+3}7]
913lo] Hiebers} Shen[1]ol] oJ3te] WbAEl &8 431 9 4/838

rulo

=

AR £ 1S AeaAT 1A Be] HEE Qu
1% & (shear rate)e] 21719} gt} L) ook o 2H S A}

& 5 3le MXE 222 29(Modified Cross ModelyS- AH-&-
shaltt. bzt exd wa) waks Uxs Jehyy) e
Taite] Feidg S 2 &3] 7 S e B4
2dg 243 D38 (thermal stress)3| A B3l ety
o ol A8 A A Taite] e AL o] L5k
dE 2xo] 42 vehlo] Abgagtt

=)

2. 7SOl st meE
2.1 K| 4|
Al 4% 24 dalA A= AF o] B3}
B IS o £ e = k] ﬁéﬁﬂé y_rﬁ_ =
el Aolztk Bl kel oo i) of$- e
oh. w}aw FE W ol & X BEe 27
ol SJaiM G WA Ho| T Wy
Igo g9l 550 2 dojuA Aot waky

= o
=y

1
2ARY) SN el 7 (Hele

& 482 ¢ e olRe A 3
& 73R L ol9el A2 4900 AeslE 22 8
Felol Wtk acke "o AR ol Qole(11,12] 1¥A
f-gote] ¥1SHelela AFB AR M) £ el g
#4012 1S E oAz B FRAY L Yoo
2 39 #5 gk A LA £ I A2

12

2 WlAe] 2319 s OE—J 355 133U (Fig.
1) A&uk A (Contmmty Equatlon)—— o I A thaiA
/ BN U Melt Front
Y/ /
(R

X //2h

Fig. 1. Schematic representation of melt flow in plane direction with
coordinate system employed.

v

The Korean J. of Rheology, Vol. 9, No. 1, 1997



18 ARE - &AE

LEA e} &

of ()43 2] hehd 4 itk 3

e P x, e
29 £HPFAL A7 QN7 e Feldrt duiA
WA e He Pl QUES T Wepo ze GUiF A3
£ 7AISS (47 2ol Uepd 4 9ok,
dp . 9 0
9 L 9 il =0 1
at +ax (ou) + 3 (ov) ®
oP
guy_of 2
az ax @
9 (nZH £ 3
( Bz) ay @
E)T BT _ 0 oT )
A71A 15 AZtol3 pe BERA 259 ¢t B x, y
£ T el A%, 25 T B 0 vE Y e S
HE, Pe g, nE N FE e A9 WEE S5 2
719l ysh 2= Qe B T L%, CDE D8, KI)
= QAERolt Ae AYE Sx9) 2= Get o] 3
oldrt
2 2
_ ou av
v= (axj 15 Q)
&Y T 5 AH8E A 2dL o 2o
u=v=0, T=Ty; z=h duj (©)
ou _odv _. o _ =0 2
0z 0z = o =0 z=0 <H @

A71M, & 3% HudA e exolx he 39 F79

(2)/‘9""]' (3)}‘ '% ] Z:]. (6)’5]-\—}' (7)/_\.] Xﬁ‘]%s}a—% ZI,E_—'O—}

WY W] £58 78 ¢ ‘,:_. O]E—rﬂ o= g HollA
o) @] oG x, yurake] Ak o m 9t me oHS
o] Fojzir}
.k _ AuOP
e =2 'pu dz =- . 8)
iy = 2["ov dz =— 2598 ©
0 ay
s={lo[" ~dzdz (10)

$Jell A4l S Hicbers} Shen[1]2] 4213l A12H §% AT
(flow conductance)9} H]s=3l /)38 zh= gto 2 By gxat
ol ohd AF FEFoR nSY] W] TA ape) @
= W3E st FAIR Pt FnEA[13, 144
o] Hy Bl oig W3l =g TAs] A% w4
< & 2 P2 Feedr] e 45 dxwe) 4
20| F0 248 Ae JEE AHEAAT 4718 E Chi-

P

N
o
oB‘.

8, A9A A 13, 1997

ang[3) 5ol 23l Al¢te 24312 ulgic}.
FE ()AL 57 Lol tisia AEL & T He

3 o] Feld it

b o

ol

9 d .
S Jopde + =)+ =~ (y) =0 (11)

219 AAA g Fu FA[13]0] AR £ 5} JH? <
otebd gE I 29 ?‘&4‘-1 Yo *IZMI tH g wEs d
3 %ﬂi—!(chain rule)S MVH 2
Tol B 22%0}“4 GZQ'T’}' F :Lﬂﬂ %}—.94 AlZkel o
3 0] 23S o] g5lod Yehd £ 3, T FuA, A WA &
o % 4T 9OHE

D2 (142 ol 2ol B,
oP
L -LsPLy 5;65) =- (12)

ap; | oT # dps | oT

F= y4 It of s or

JO[GT )P ot dz+fx[aT ot d
P

+(pr=po. L (14

A7, pt pois A7 S5A FEiet 1A Feid N xS
Yeh 3 g A st $-84 Adeie] AAd gt
xT BES 250 Uehde AXEN F23A 1R
7ol et £3F (14)2]9] vpx|ut g2 o] L% ol|Af
Hro] FA3 s B ARE BAS Fe FozA
v 2R nEAte] A$ 2A"G

DA A & (12043} Zo] 6P} FIo2 o] B
AIE st S AR g ARE Q) e (force vecton)Z ¥31
THEE APAZ wurt FREHE FPsier doja] -
o] A7]A BTH13]. $4 WA dre] o] Az Tl v B
grol EAE (12218 9S 2A2 (implicit) 5432 7114 8
o A FERE B3 At thgo2 A 33 o &)
A AlellE (124X 63T Fake] A Aol dhg 7] 2e
Blulsta 2 YR gel] oA Aldte] aEE v 3
F4 9] B4 Aol s3] gto] A9l A (zeroyell 717H91A)
B2 o]F2] AL ol& G Fite] Wsld) ojsiM 88
o 289 AFoME FHo] AP Tt ThE A A
= FHo] o|u] T1} =& gteEo) Ze3te] 22 Al Bt &3
7B £ e o] B¢ A A B 5= G
3t Fakol Aol oJaiA o]0 it} mab (12)213 7o)
T Fostd Fdsle FAdhe X4 AgAT 2 Iy
7 334 A FFAA F43E YoM E D5 ol

(1245 229 FA Wwde] AA @] dag 45 A
TH(melt front)ol| A= tlo] dojm ¥y o 2 E3}3]

= 5.8
ZASR gheth o ge] 2SS S0z s et

R
=20
~



2 4 B e neR A 48 AES) 2% 39 43 19
“ [
et X [b” +b,,T (T>T)
#Co  P=0 as vl ib by T (T<T) (19
at C; or C, g—f=o (16) 3
by, CXP(—b4,1T) (T>T) 20
A7) e #5 A 43S Usha e 280 49 By, exp(-b, . T) (T <T)) 20)
89 A%, G 39 o3 uRie) 97, e A WA W
Holch. 3, 1¥a} §8] 37 Wz A wunE ye  T=T-b; @1
(o5 F& w2)lNsl Gejo] FolAo} Ak, T(P)=bs+bgP @
at C. P=P.(1) 17 ei714 CE 0.08%0lt}. WT, Pz WA 02 W] Hool

v o2y ooz 18Al golo] TERE 9 oh TS A S8 A del Eweln, hEE 4
714 X S8 Loz IEA Egdo] TEHE 2] Zol7 BAd) wa} ohe zhe zreg

A& Jehdr. o|2| g 7)8}8k4 A= Fig. 26l F2lH et ore

AR BN e AG WY EY 7|9 gl v

AE AEY AS AolEdMe) %3 fﬁ}‘g =718k A o UE 9E=AS neiek] Aekel MY Azs wUS A
£ 2¥A9) F7 37 UGB A e S dmw ) F TCOS L
& 272 e patternyol] Ja) AlZke] mak Wash gy g © o et &el ek,
BA o]B dZaAU SHed A7 2Ho2 Rojahe 7 e o)
£ olelgo] waA dot. 2322 43T fFo] x84 [%}'}H
£ HEAQ BA 2L Agalel o UL BEAE 1+
TellMel gEe AES AHY AN AA 2doz B

Lig=
q%;] WM HE e 2] AR 2E Rola =5 e"*’{ Je"l’(ﬁp ) @9
St o2& B Weko 2 o] A 8ak(thermal diffusion) &3}
€ FAR 7P mE Foitt. 23 B3 F fF AdA g 714 nee Ae WP E] F7)7} Fol] F2E wo] Hre
LEE #% AT M2 AREe FAdAY eEd 2dn  YEiE olglU ¢ AGmhenius) B 2 FEe] Lxsh o]
A Hed oA B £%9 AHE pEAoE wgg W A EYS U B, T, B, 1, n AFERA Fo
T e sl # & < A 24 e 27) g2 3e 2eg. 3% 23 A

A& (1249 98 Fohed P4 U= adz Aewn.

Fis g Y= deidgae o714 ol& A9 4T x| Ui |2 g 78
e BE B GY £ U Tt A A8 Ao] Fhsen %o A3 ANAce AR
g "}%’}935}[3]. Aol £7Fs ¥ A £ AR WL AHES A3}
oA A4S FolM 2=4L Fahed Yo 22 4
ST Py 29 @837} YUEEE 483 ol 47 o] 44T
v(T,P):vO(T)[l—C ln(l+ i ﬂ gy~ TY E8IH AAEEE T} Lo] 47} o) 34E A

83te] £ o2 L ekl 29 L A2 aRTH3]
Cp(T)=c,+c,T+c,tanh(c,T) (25)

Com(t) k(T) = A + AT+ Atanh(A,7) (26)

; Cm(t) A7IM, T=(T-c), T=(T-A)ln ¢ L 2Qo| uag g
. o] FolAl & A5goltt.
Co oo exo g A Ne @ oz, gteo) tg
AuEE AL (12402 Felrt 1A, o5 4L o] gah
D Cm TR 2349 HEHE E 5 AT AAs o}F FAG &
Cm(t) / A BARE FYRAAG S AMEL 20 ol 49 A9 E
; Ehfeld A2 (spruelt 2V (runnentfo) o] $E58 e
@ = glofok Atk o5 Adted WEHEA AolA U o]
M9 139 $52 Yehle upigae) fEste] 2384

Fig. 2. Schematic presentation of boundaries in the cavity. ol AH&-3}Th

Ci
Ce

The Korean J. of Rheology, Vol. 9, No. 1, 1997



20

)
N
ai

Sub-Control
Volume

Mid Point

A Control Volume Node

(b)

Fig. 3. Diagram of (a) linear triangular finite element and finite diff-
erence grids in thickness direction, (b) linear tubular finite
element and finite difference grids in radius direction.

2.2. XM Q AldY

A s 2] 7] fEA sl g A
B 2elE f a9 s AL exd g Aupdd
Hole fat Y S A &3t SFHY FEdd e e
Al Mol BAE 72 A8 42hd g (linear triangular ele-
men)® ALl e sl 5l el 49 @

9 A~(linear tubular element)Z /\}—g—o}‘}i\:} AL 13}

-‘H??l AAHgridys A48 249 e 5A W¥dez 3
Aoz, dF 829 A= AEH @Ei A 2 X3t
SATHEFig. 3). oI5 Z+ A AL 2 A 7F A vy
ARl BAE /Hx Yo AZ7E Al dA7E Hol 9l
o =S #F Ao A& wek ZATE Al ma} W
7} 7N 3L itk ol 23 ZAIHES SH3] AsiA
—% ol g3l fF AdS A7
JE—:"-"]' 259 e e

Fe3tdct.

22te) 23

<A 4H(iteration) 7| HE A}

3. 38 siiMofl CHst e

R 2L 3 S Axe 5ol &

S5 deiolA

e, A9l A1E, 1997

Ho
2
H

[e)

O

Goz Wg g doylA drt o|F =gd 2
& 4 FtelA W B & AXNA Fot 53] AtE
%9] 7% 7HiAl= ol £9 715t ool Hi ¥
% $isle] whE W7} Al awlo] g€t EE B3
‘3 LH R 5HstHA 1A £5de ot 23
< AA Et. o8 @ o2 nEAL AFS 1A
39 44%‘% oA <tEF 2] Wzt wE o
A7A H 3 olo] W 27 o] LAEHA drt. ofu] LAY
e 2AF 28 A5A Wy dlo] Hr|x i AlFol
A Fol WA sl 9] ST FalAA NAA AR
5 9% Foh FAF A B AR g Al AL F ot
A B A vl 5 315} A A Hd BHAM = 2
A &gdol FHAFF FF UFolAe] s F s TAA
Q & A A —J_—Z]-—-;’-_._.,] v gko|ut 23317t AU
3 ol g Bab F2E wE Wzt B ofs) A Feel
M= ad2 A7} ol TR HlSHA $&¢] €l @
th ANA R E3 e g o] WIS e £
F Utk B2 29 ¢4 el A3E AFS WY 35S
3 NG 2 AR gL 2x9) ke WEE FA H
WA i IR W o] AVIA "ok =g 23 o)A
e ¥l ojaf WEel A2 AT EF o] FE ATE
A8l-2 oo 71t} JansenF} Titomanlio[8]= $12] €
25 pelstel e 438 AZY A7 $EE 78
293} 0|28 FYHAAT o} H55 M
ANZIA AT Chang?h Tsau[10fe 23] Fe
el FER QA A ASHTIL ol
X 29 Bepe] 2ol B Aol 2R,
ol & AFANE AF ¢ ANl vwd BUY v
FeSlo] BT S50 ANel AAS BT $4
4% 292 WAL 99 F 2939 ARDE Tefel
o e} ol ALSEIE QA A Taite] BEE Y
AMg3le] 29 gtele] gz A& wEk e
glo| 2 FALE AT F A A FE Ho| &
A7 Y ZAF 8L 2844 E=vha 7ML A 4
Bo] DEAE BAAZ /P /% sAol QA Lo
7 48 BXe} 2% EXE o] 83lo] ftosad) 23 4
g NS FPsiic -r°r5 Aol ALS-E ARle} e A
a5 AHgSl] 2 3

i
o
fr
\-ﬂ

ES

oﬁ r-?‘—'l Flo o,

_\gomo;omrtosg
3

Wz ks

it
o

pach
e

E,Hr.a-hrz
FJS&.

N [ulo
>~

mlo 38

r

42

Rl

|, 8¢ cdv ~[ suTbay - | SuTtdr=0 @n

714 8¢ 7H M E HMol T ok $3 WA, S 7t
& #9], b body force, ti= surface tractiono]t}. A I-8-8
o] 4 882 th&3t o] Fojdnt

{0} =[E]({&} - {&}) + {0} (28)



B2 7 g ae e

oq7]A I WP 2t JREL {6} ={0. 0, 1.}, {€} =
{& & Yo} % 231 stiffness matrix [E]9} 7] A& E {e,}= o}
=3t}
1v 0
[E]= vl 0 29
1-v
00
2
{&}={al oI 0} (30)
714 o E@HF Agoln T B0 A g3 o)
EIRCl=
1 oV
== 31
*=3voar 31)
(a) secm c (i D
A
\4
B A H 1.4cm
4
42cm -
c D

®) seom (I—>
Calle

42cm

2.0cm

4.0cm

©

O «1— Gate

3cm

Fig. 4. Geometry of molds used for numerical analysis. (a); mold A,
(b); mold B, (c); mold C.

Ae 4 AF BT

2 o 21

olo
N\

A71M Vie Bajo] 1 239} WA He] BAV = mi)E 4145
of oA vehiiE
1o

(33)

C__PB(T)
a=L| B@)BI)+P 1 3%

_{
L
By
(o]
T

i
2
e
P
N

2 A A7 37 5 gled o] A7E a2
= 518z &
2857 doll 78] He] 2x O]O}i ‘@7—?"] s
< A7 S| 2 AFoz Yzeie] 3 FHHL
FYAZ Fded 23 Ao
2 F%I B Fole AR B4
. EE A 227t el 5
4‘_% TP 24 ¢ AL §F 24
Ql ABAQUSE o] &3¢t}

o o g 1o o

o 3B 5 2o R o o
)

yﬁrlrshﬁoior-r%mm{ﬂ
~ [

o o T £
N e

L%
A%A&E

T

Y

o

O

ox rir
oo
|6 o

4. 2ot Y E

o9 % AT AF £ Mo Ui =L A 2
7ol 7pdel 8l Aslel A4S FPsidct. Abes
w39 FeE Fig. 40 Uehd vie} 2ot 8o Fr”ﬂ" 02
cme| 9F GG 7kx = Aol Ee] ZolE 035 ecmo] 1

A5 0075 cmolt}. e 93 dH L 7R \M%—% 03
cme|th 4 Y A F A9 AoEES tFo] €A Ax
3t &3 oleflol M nER &-gde] §F Atho] Z A4
ePsted A HAA Tt 24X (weld hne)—°— A 3A 5}
A 7F BY AL FYAY 22 329 924 shte
Ao ExtE 252 dAdld §% Nte] Ay A2e 24

D~

sttt 29 Ce 23 3% Fu2 43sdn). ztzte
w3 dsj A8 34 2AL Table 19] JehQich. 23
Ast 2% B 2 ¢ BE 33 2AL 2A 1 8y A28

Table 1. Processing conditions used in the flow field analysis for
each mold A, B, C

Q (cm’/sec) T, (°C) P,.. (MPa) Lyee: (S€C)
Mold A 10.0 40.0 4134 10.05
Mold B 10.0 40.0 4134 10.28
Mold C 28.0 40.0 41.34 9.18
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Table 2. Summary of p-v-T model constants in equations (18)-(22)
for Poly(styrene) in ref. [4]

constants value constants value
by, (cm*/g) 0988 b, (cm’/g) 0.988
b, , (cm’/gK) 6.10x10* b, , (cm*/gK) 1.49x10*
b, ; (dyne/cm®) 115.0x 10" b, , (dyne/cm’) 238.0x 10’
by, (K" 3.66x10° b, (K" 2.10x 10°
b (K) 3850 b (Kem®/dyne) 7.8x 107

Table 3. Summary of specific-heat model constants and thermal-con-
ductivity model constants for PS

constants value constants value
¢ (erg/g’C) 1.55x107 A, (erg/g°Csec) 1.49x 10*
c, (erg/g°CY) 2.99x10* A, (erg/g°C’sec) 16.31
c; (erg/g’C) 1.74x10° A4 (erg/g’Csec) 0.0
¢, (°CYH 6.68x10 A (°CY) 0.0
cs (°C) 79.6 As CC) 100.
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Fig. 6. Predicted contours of (a) pressure and (b) temperature at 5.55 sec (at packing stage) for mold A.
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Fig, 7. (a) Predicted contour of residual stress component, normal stress in x-direction (b) Predicted deformed shape of injection molded part for

mold A.
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Fig. 9. Predicted contours of (a) pressure and (b) temperature at 5.71 sec (at packing stage) for mold B.
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Fig. 10. (a) Predicted contour of residual stress component, normal stress in x-direction (b) Predicted deformed shape of injection molded part for mold B.
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Fig. 12. Predicted contours of (a) pressure and (b) temperature at 5.28sec(at packing stage) for mold C.
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Fig. 13. (a) Predicted contour of residual stress component, normal stress in x-direction (b) Predicted deformed
mold C.
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C, : specific heat

: body force
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C, :boundary of melt front
C;  : boundary of insert
C, : boundary of inlet
E : modulus
h : half thickness
k : thermal conductivity
m : mass
m, : mass flow rate per unit length in x-direction
m, : mass flow rate per unit length in y-direction
n : normal vector
P . pressure
P, : inlet pressure
t : time
t : surface traction
T : temperature
T, : wall temperature
u : velocity in x-direction
du” : virtual displacement
v : velocity in y-direction
v : specific volume
|4 : volume
x : coordinate in plane direction
y : coordinate in plane direction
z : coordinate in thickness direction
Jz|A 2Kt
o : thermal expansion coefficient
P : density
P : density of liquid phase
Ps : density of solid phase
h : non-newtonian viscosity
: shear rate
g A oH A 13, 1997

%

X : position of liquid-solid interface in thickness direction

€ : strain

& : initial strain

8¢”  : virtual strain

(o] . stress

G, : initial stress

r : boundary of surface

v : poisson's ratio
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