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Finite Element Analysis of Casting Processes
Considering Molten-Metal Flow and Solidification

Suck-11 Yoon® , Yong Hwan Kim**

ABSTRACT

Finite element analysis tool was developed to analyze the casting process. Generally, casting process con-
sists of mold filling and solidification. Both filling and solidification process were simulated simultaneously
to investigate the effects of process variables and to predict the defect. At filling process, thermal coupling
was especially considered to investigate thermal history of material during the filling stage. And thermal
condition at the final stage of filling is used as the initial conditions in a solidification process for the exact
simulation of the actual casting processes. At mold filling process, Lagrangian-type finite element method
with automatic remeshing scheme was used to find the material flow. A perturbation method with artificial
viscosity is adopted to avoid numerical instability in low viscous fluid. At solidification process, enthalpy-
based finite element method was used to solve the heat transfer problem with phase change. And elastic
stress analysis has been performed to predict the thermal residual stress. Through the FE analysis, solidi-
fication time, position of solidus line, liquidus line and thermal residual stress are [ound. Through the
study, the importance of combined analysis has been emphasized. Finite element tools developed in this
study will be used process design of casting process and may be basic structure for total CAE system of
castings which will be constructed afterward.

Key Words : FEM(#8-24%), Casting ($2), CAE(AFHLEL3E), Molten metal flow (£27%),
Combined analysis (Z2314)

.M =2 AA7E 74 edEe o $EEH7 94 AELFAA
HE 349 71A L4 ol27]7X wff Wt Fe &
F&9] FZ(casting) £ Z4E ASVHE WY S 2 o] A&£FZ(continuous casting), Die casting,

* LGEY rezad 74
= add AL A F g

110



F2RY TR A1370 A3E: (1996 39)

Squeeze casting, Investment casting, Strip cast-
ing, Twin-roll casting 5% Z% L F2HY Nz
AZEdE i Fdsin B 34y FE
o F271 7Ve3tA H3ich 28dE Brakn @A7A
o] A F2 FHY QA7 F2= AP 2 Aste
S8so] gu, old we TAEY F2 FF P2k
2o o]z Ll /iR T Y= Aot £& 2xPAE
Hao vdoz HFAE dote A& AEE =
Aolth, o1& YA A8 2 FF A T FH2
& 978 des §u, FF, VX, £5FF 98, 4
TEYF 5o 94 /15t AL e X E £ gl
T2 gjojof gt

dutdo g 2z FH S L3E AZE Pk FHE
= wAd FYdE F2E SuAA ged g4S 9=
FEAR 728 glen, 2R FPAAE A
Ae A 2 24 AAd tg $EAF A7t gast
ok @A ol g T4 4 7Y 4] AlgH e gL
F2)7Ql BN Felr), o|H £ JH & Filo F
F A ARY % 2 S A G AAH FRE D
< Ut ol AE T S 53 THLAAE S
Ao} Ao g FAAA va] Aut FAHESF
AL T ¢ F Yx, BF T2 2EE A3
d&g 4 slo] AFLAA7TE Foln, &0t FEE 7
 AAE 715EA st 9.

F23% Ao £)HQ W] ARz ALEH
Ak 20 54 o) Fobol U AT, FT AR §
2 a88A g1 FE S A s T €
A 4 9 24 B2 45y Yo o FAFE F
T o] R A . S A g BAS HE RE &
24 A=A ol F HEdY A8 AdegHy
(Enthalpy method), $7H18% (Equivalent specific
heat method), €23 EH o] o]q glon, o]Fd
N JEugrre 7pa kg Folm, FHFo| &old %
AL 7T glo] 98] AHEHn A 2 gedt &
DAL FLA ARY FEo] dAsdm /A e
2 5% gg Ao Gz 232 A& Ald) AR GG
M A5 JAo] gt 71 oA a4o] st
#7] dEd 243 448 71 F2AEe 1 g80] o
He ¥ 2 ollg, ZALANA AE 2ad gAY
A e o}7d FRE AFeA Edde AL A
LB g Fe] Bl AN FE Y 2=
B¥E dF8A] @1, 4R £ Fol= FEHL] F
ZdoA ofn] &m7t A|Zfs]o] olFlo] AFAF A
(frozen skin)22 ¥ ALE 3 £3d= 9L

A

m

2 & 7 g Ro¥ gmsd oz FE( FHAMA
7} 27458t & 4 Qi whebA B7A A 99 F
A fEdlAe] &gs Ags el Gid, 7]E9 $A7]
He 28 F8AE¥M(FDM) 7128 £ MAC,
SMAC, VOF&o|%, AfEES 43| g Ued
AAbo] 8755 Bgh FAd e d2o] 47 &
2 H@o] g, HZo FoJ4 FTLEY L ]8T &
Felade] G AP n Y +EFE 7|2
& Lagrangian”1@ 3 Eulerian’|g o2 739 #
ger &8 $7 FA49 Zo] AFEH(Melt front)9
Au7t 298 ZA oA Remeshing7|g& o] 4%
Lagrangian?|§¢] 47} 299 =3 JIde F
AN FET NS B Fsly £AFH0E $3
A Gl g 35t FFAA dd FFEL CAE
A28 & FASHE g7 AP 1 Yot o

A& nlg} AR 4% 20N FEHEL 2 A
A2 F4A 9 AL 458 5 U riser 59 gating
system®] Al 714 283 ARE AFE 4 e
NS 2R R AT SuHHE 9% 2
712715 AF7) Wl 2 F 7HAE FAd dAS
Haste Aol wigA st A% T FrEgHL £
2o FPEE, FYNL, 2] £HLE T M Ea
A FAE g FEE AFIY.

A £ 47 F24 4% YUY @AY FUEsE
F9 S19 P& ME QA dA B& S
Zve 2234 s1H84 CAE Al2dE fEshe 2E 5
EZoz dt} £ =EdAE alddA 259 e 34
& o] ANG Zrad Y R ASE FHs §4
Al=dls) B34S B¢t} Fig. 1& A2E CAE Al
29 NFEE B R}

DATA Azt MAIN PROCEEEOR

MOLD FILLUNG
ANALYIIS
SOLIDIFICATION
ANALYSIS

POST-PROCESSOR

Fig. 1 CAE syétem for process design of precision
casting



ERRS R
2 S5l A AIS} $83¢ A Az FHAIHAL e Pt
2-1. BRSO Thet FEt4 HAlsl 0 ==pl +0' = ~pl +2K(35)" L ©)
9%}l S H|FEA SAld] Wel SERAA T ]
?J_%}é zAe E1~%3'Jr %1.01 _:Tz._oiﬂq_ 05]7]/‘\‘] ZHEQJ 7‘:}'57:”!1", Ke 222 42
K=K, exp(B/T) 2 gA=s me WS4

in Q o)

@

th%Kt=V-a+p§

V-V=0 in Q

£ AFoA AHEHE Lagrangian 834 ARk

3% 2
Dt
Dv dv
T @
2 EAHY, o]= Eulerian $¥3dAAg v)xd9]

i §8(convective term) 2 HAZE 8] Zo} A T

et A gt sbeA A

sle] 40 @ AAzAL chidh gt
ARERAN  oi=T
z33e) AANN V=0 EEon =T, (4)
FhTFelA V=V, g% on=pn

A1 7 & Edd £ gl 7 & Fof

A w9 (e, 2959), Tk
Nl wiaE g enjwc. FYstel 7
o}

A8 Afol= n&d2d g AH-Eo] a}ur, SR A
9 ol Fez APYAAY 73%9} %18 o ¥ & nt
2272 & A8adT 279 1 293 Yaste A
A n}#&L Norton-Hoff “‘Z] 2% TS 4L o)
29,

7= oK AV,[A7, | )

4714 e 286 g9 Jre HYLEeH,
&P e FolA e Aegolth. A8 wE FAYL A5
pe 12 Foldt}, FYTo|Me] 2AL 489 Fys
Y, FUYH o FoiFT)

112

Folt}, ek AE7 FE FHY A 52 mo] 12 Fo
2w Ke Age $34A47) 19, A 244
Navier-Stokes W do] #Ho} £ dAFoMe £89]
Afde mERAE 7EAReH, $28 oz 4
(6)9] H35eEAg ety 748kt Lagrangian
FHRE AL, FERAY Ao AH 29
o] Mol AT, A% 55 AWss} Dot nAd
3} Pigo] FAd] 2A3E TN L HAFe] Hof
Newton-Raphson o= #& 134}
vlgay A8 dIges A FEHIE F

Aol AAFAR), 4 (1-6)o 2o adt 2
L HEFE T 4 AT FolA BAE e WIS
g d4gshs BAZ AFAG.

D (V) = (Dp + @y + @, - q’g -0, -2, @)
7] A1

av _
L’ (S

K =.m+1
Q=] —(3 dQ
k= [y 703

(9D
®; = AV 740 (249
®, = [, pg-vdQ (F29)
P [T 7S CEE
o=y p+1 (13%)

A& A2H4e DIAY 8L 43 Do
o et B AN PHHE ?—1&_ k.



FEH Y23 A1378 A3E (1996 39)

[M]{V}+[M]{V} = {F} ©)

Ao Edga ()2 E7] A4 obgfel 22 Newmark
AR YOG AR}

®)

:

B
[

=
+

vl Dieas +(1—ﬁ)%‘-}

xplicit/implicit Parameter o[t} 4l

@ 4837 4 (8)¢ thest 2 YHYA7L B,

1
{M [M]+[K]}VM -

1 1 v,
{F“E[M]{EV' +(1—ﬁ)?}

(10)
o) A A7t tolAe) AR e F4ERE AT+ Al
e &=F V,, & Tt wE At 4(10)e
22 $54¢ A48 T 185 Y2 ddo] g
Ao o3 A,

2
Q. =@, + At{VE}+ ATt {M}

it (11)

t+Ar

2 (Mol A EFGF Az Ao hgle] g3 Mg =
AL 5} grzoz A4l 95k

A =10° Max(1, p/ KBAL) (12)

g Agaldtt® $3aske 4L 6284 AdEas
g AHElg e, #AA R s WHge 30 AR,
2] g2 7d ARg sfsiget

FZN L5245 W2 A5 w2 UxE 24 Hof
B2 dolgz £( = 10° ~10°)2 9% #37 £
AL 24 Bt FA A F2 A2E Eulerian &
FosddAe old A4 FAE #2357 94
upwinding schemee|t Petrov-GalerkinZlH< A&
8h}® Lagrangian 71¥& #FAZA H&E 2 +=
YRl 24z g aaHel £X]7ye] Jasitt, of
Z 8 7129 Zero equation model®? A H

3
g

113

g 7t M= K, 2 5% Regularization model
g ol F3ET. o] JHe £2A9 ¥ (vorticity) &
Z22Fo=2HA LagrangianT2] 3] M 849 £33
AL Agsts WHog thed WHes HLdate
g ALg-ET

®, = [ Ko (Vx7)-(V x¥)dQ (13)

B AAA 71 B4V 5% Ae K, w9 43
oitt, o|d# K, x40 dF45 % A=
Frlhe AY 22 8748 23 glons o Fe £
9] WH7 EFDo](mixing length)d 2] 2480z
T & Aok B AfoMe Al LoN FEZE T
§ 5 g A r+Ar oA i HA ZANA
9 K, e dges g¥ddm 7M.

Kit+At -K, (vaz) .
(rat) max((V x v,)i))
(r(D: D))"? 14)
A (10)5 2o S22 T8 ¥ 244 AP ES
ZdA s} MA-2H & FI}
WA gHPL 220 e ez FHF
4 gdh

p=-AK(V-¥) 1)

4 (15)9 FEFe 92 Yole BFgeE Foln
o WaMe) B4 4 AN ddold] Bah} 259
R8P 38 A4 BaTh ned RGN 4 3
Fa7] S8 AaASRE Aedd FEze AR
S0, Qe pe A () A (D dgE e

8¢ BEstelof ¢k

fo 8k o
8

p%—V-a’—p§+Vp=0 (16)

4 (16)€ A2ASM NG L =Y e ¥
T8 HoelE Aoz FAME 4 9ot



44

88

Dv R 2
@)= |, [pE-—V-o —pg+Vp] Q1

4 (N9 HP) & A2889 2R Lelgke
Fat,

2-2, MuislE TES dHSo oSt e HAE

Tl o e € HE HRAL R #ol F
o1,

pc%T——v *VT)+Q in Q (18)

4 (18)9 gt ZAzL vt 2o
Af-E A —kVT -7 =he(T - T})

-?‘—%51}-_9‘] %ﬂ]oﬂk] —kVT'I_i=hW(T—Tw) (19)

F Tl A =T

714 7 & RO #A gdgeln, Ak, &
247k AREAR FPHA N FTERGA T,
Tp L= 22 ARERS 2N AR-Lxolt),
ArEddAe 4(19)2 EAHE Add R n s
fAom, St £ ¢ dfe 2eisA gt 4
W Ql fgeagd s 59 AL

[cl{}+[p

o] Hv), Newmark methodZ A}&3ld AHHEE
FFate] o] Az UM LEEEE FITO,

$2A g A A48y H&, F9EH
(Latent heat effect)E 2AY F & £ sHo|
gedtt fFaass A EAd 4% do B
Ade & 2HEU TAEAH, 743 gt e
I AAE S dgdgoeltt. Azte Tq] 4%
< e 2 AN BdEH2 #5) Hel $£4
AQ ozl o] WHAAT. o|% HZsr] H} L=
W G4%Fe AF 2o, d29E EH 2ol F
o8] Apggho} G2

K7} -{o}

(20)

114

H(T)= f; pc dT 1)
AFoAM) &% o &
2 2q1/2
GH _[(aH ] o) + (3H | )] -

T (O )+ (T )T

2 2AEAGY, S Age NAH Wk Tge

A gt

ESYalAof tipt FEoHAME
& Axa Hﬁﬂ HAA 471
gtk S ] dYe] vy vlidtan ddEn
AP o] HGAE & Aty 7 LEEErt @
i‘-i_ AGY AN FoE 4 ged, T 2R
o 271&H o F8ol T YL 7E 5 Ut
S ARE 9o T BEAEY R JHgageH
Az T84 oE3t 2.

h o ok g
B
o,
o

o=D,e-0o (23)
Q714 D, =D,(T) & %9 FF2 Fojxle B4
Y ek 2RYE, o ¥ 27|80t} 27| ¢H L
W Ao Folzdl gz def o T o
7} o] Fojzlth
o' =MI (24)
(1-2v)
QeAel gBas A4S HAd U ge ge

FPR2 PIPRAE ¢+ Aok
[K}U} - {R} (25)

47)1q K= 2492, R sZHEEAN
[K]= J; B'D,BdQ,

R = fch’oidQe + f g;:’NdQe

o,



F=HYFeE A AR A3E (19969 3¥)

U= ENi(E,n)Ui

u="y B(ENU,
o, L

2-4. AXIFH 7' (Remeshing technique)

L2204 Lagrangian f84He Aale] oA
(distortion)e] A& 75 2] ARert dojvta ol o
E FEAQ HAANTA7Eol e7E. E A7 i
ZEEHZ 7 HEAQ) Delaunay A4ZH-EE049% of
48t] FE=H(old mesh)¥ A A (boundary node)2
ZRE 2R AA4F Y5 WS o Eetdlr).

o AlZFEAA e oj# adef zpmu|h gho]
<9 &< 2 HAY, F374 FEso €AY FA)
ZAAE AEs) rEA Za Mo ANe A EA
AT TGS AR FA& 4 Fo7
AAAA ] AHG HAS TR £ U= 7|29 AA
A4 AAEHY =HE 932, Delaunay H2EF
B wet WEARAE A3t L8 AA JEE A

A The, ok A met pARN AR HE -

w9 o5& #arh

Ny

S(x1)

d(X,; X
S(X")= N,. ( n o)

A 1
—+1
Z d(X,; X;)

A X(E=LN)g Hze aswe 37 X,
Q7Y P24y BF NE 93¢ 2AA
%, d(X,: X)) e X3 X, Aole] Agelr},

2 7goie ad) A9 BAE o #2997 %
& Aol o A ol ¥ YRIYEL FFE AT

ofo} gt}

(26)

Rl

2-5. 7SI S| GAHE M2 Al
F2FAEY 8¢ 879 F54 75 o e
A7t AE AA” €-7F FAold. |8 EHRF
2 #dsy] A5t SAER 8 gded By
4 wAstgon, 2 AL eAe e 2t

gEfo] ZUTAO| o AIZHIA|of Tl

1) @AY 27147, t, o e 44, 714 44

115

& Adgv},

2) £=7 g A, (8) B (10)€ &9
O A2, b+ At A Y £ERE T

3) 2 (119 & N2& F4E& A,

4) WEE £ HAEE L AFG,

5) A(17)& To) A9 gege Asteit,

6) e=el U ALY, (20)F Sof A t+
atoll e 2EFE T}

7) AAE 4R E Astn o J[AA, 44 B4
AE At

8) 84T Arg AYsie, oA s4a%
AFg g,

A9 & 27lo] gyd A AZraAd et g
EHoz #Ygct. FULRAN Y HF i EE dol
El A2 o8] gudlae] 7R AR
SDEHo tha)

1) @418 27142 t, o d&d 94, 7144 244
2 Aged,

2) £ dis) 2AWEY, (20). 2 B0l 22T
Fae,

3) Fox &= digtd @eHE Fota, olol w
E ¥ as 7.

Ao FHE& s/t $8E X AEA S g @
Erog FHa)

3. TXZ0 & nF

3-1. FEHY T2 A5L 4% dA)

2 AE 5o HE fad 459 22 B
T AFN7] A AT 5 @ Aol #A F5
e & AAstRct ZAzAL AR del
F(Stick) 23& AHEsIA2H, A4 ste] Hng 5
Z=2a3L AFHIA.

Fig. 2 o Foi3 27] 4 FA tisf sf4&
Yotk Fold A= BAA= FHA A5 (kinematic

1, Ch e |
x o

a wall

Fig.2 Initial material shape of Poiseille flow
problem



Ho
S
T2

od

oo
@

viscosity) 7+ 0.001 m2 /sece 2 FojAH AHEH
Ao d71gL 0 PalZ FAHT. FYHAAY &=
L 2ol 0.5 m/secE FORAE T e 23 &
9] |2 FolATt.

.2
UWy)=U, (1~ 42—2), U, =0.5m/s @27

B D O N
S e B T L

a) time t = 0.5 sec

b) time t = 1.0 sec

e it
o S IR
_-___"-EEEEEEHAVAVEBEAVEAV

e 7 5 % Y Vi W g P et Y Y YtV
T L L
I ot o o ol

c) time t = 1.5 sec

“"\\__ o
*"‘_ﬁ\\“ﬁl\ﬂﬂ“\\\\\
“"-—A"AVAVAVAVAV‘VAVAVAV‘VAVAVAVAV

5, H"Eﬁﬁﬁﬁﬁﬁﬁﬂﬂ’
1%/.%.’//’.‘_";'

d) time t = 2,0 sec

Fig.3 Deformed shape of material at various filling
time of a)t=0.5, b)1.0.¢)1.5.and d)t=2.0sec.
(case of Poiseille flow using stick condition)

Fig. 39 A17tell M2 GA)2) A3 o] RojR] 31 g)
o}k Fig. 3914 & 4 gl 8o 4532 £Yd 48 oA
o A3de gg Hatm gleH HeM fA71 ngE
o AZh st A&slex #A7 ¥ w) APsA|
Zae FL B 5 gk Fig. 4914 Al o2 ¢4g
7‘&94 & & 9o ARy AHARER) F £Y

& A9 AEAsY P E Ay Ao 755
5“‘5“7]‘ ARdee 439 A5EHE Asn Yes B
= Slth. Fig. 59l 1 &l A3 3elAe] b
(dp/dx) 9 #A{A G 2 =2ASeE v aan). &84
A F AT YL ¢ 5 Ut

9]

&
&
o

» D)

6.07 @ 228
B 531 3152
7] 455 D 7.59
® 379 D 0.00 Mili Pa
3.04
722 & 264
m 630 172
1 539 @ 0381
(51 4.47 0 0.00 Mili Pa
B 355
7.68 3l 2.75
M 6.69 @ L76
57 & 077
472 M 0.00 Mili Pa
an
@ 7.69 273
3 6.70 & 1.74
ms70 Gl 0.74
€ 471 @ 0.00 Mili ¥a
.72

Fig.4 Variation of pressure distribution with various
filling time of &) t=0.5,) b)1.0, C)1.5, and
d)t=2.0 sec_(case of Poiseille flow using stick

condition)
0509~
—W= filling time 05 e

°‘°°°"‘ —i fling tima 1 e
0007+ —=— g e 1,5 v

J e fitfing S 7 noc
a oot 1 —r— analykis saluton dpldx & 0,604
0.005 -1 SN

LLoE \'\.
00031
ooz
3y
u.m4 \

g 05 1!0 15 EA-
Position X(m)

Pressure (Pa)

Fig.5 Variation of pressure distribution showing
that the pressure gradient approaches to the
analytic solution for steady state (case of
Poiseille flow using stick condition)



SFFLERAA A3 A35 (1964 39)

Y
T
T(z,y.0) = 0'C
4m
water
d
s x
Tee= —46°C waell

Fig 6 Tnitial configuration of two-dimensional
Stefan problem

o 262
m 264
N 259
I8 254
[5] 249
[ 244

m 233
M2z "k

s

&) time t = 0.5 zec

B 268
¥ 264
M =8
& 253
[ 248
0 243
2 238
0 233
0 ze "K

h) time t = 3 gec
Fig. 7 Temperature distribution and solidus line at

time step of a) t = 0.5 and b) 3 sec. (2-D
Stefan problem)

117

= Prwsant rsults

2704 B Lowh's resutt 7]
£
v 260 x=2Zm,y=1m
=2
2
= 250
<«
=t

2404

230,

— T
i) 1 2 3

Time (sec)

Fig. 8 Temperature distributions at x=1, y=1 and
x=2, y=1 (2-D Stefan problem)

-2 AHst ARG oy T2OHW ASS 2[5 ofx|
HAed s 949 #3ted =299 By
A7) A8l Sndde] HEAYU EA 2 AL Ste-
A E & L2aU S o435t 8L sgsig e}
HagAs Sasye 71 7127} e EAZA
E Aole] g @2t B EAlTh Fig. 6
T gxo] 2712% 0° C o A48 4] £7)
=0%Fy =099 &&7t 45C 2 YHE
8 SuAgd e S8 FPsAct oW AR
EHAE Lewis'?e Zabs} wladl7] Y8 Lewis
—%*J A8 22 AMSIER, 1 #e 1, 9 F
sl 98% pCe 1J/ml2 9AET ke 1.08
K o]# ¥ L & 70.26 J/m’o|t}. 4A 2%
TAE EFY 2% ( T oA o] HEAT, 44 A
2le] ogl g i) o Pz e 2= FTUAM 4
o] Mgty Zp st At e duEe 2T
Zte] WF Zow $34 Eokge] Fvisty WF AW
Aee ig @AE BEEY] of¥A 2d & 4
A szt AT 1 T 2 F90th Fig. 7914 A2t
0.5 %, 3 2989 £x Bxe AHgus ZgE 5
Aok, A7ke) 3T whet A (solidus line) ©) XA
A2 F2E e FAE AN B £ fon 2EEER
ket F0-& wj g glof W S AAYE BojRn
9t Fig. 8= AA x =2, y=1Fx=1y=
1048 LERYE HaF T god Lewise] Hils} o]
AT, oRte] eAE BojA|wt A9 XS B F 3l
or] £ maade] s A 2 $& H44E
23 93E BFa Ak,



49 -

8¢

3-3. Aluminum semi-solid casting
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Fig. 11 Velocity fields of material in various time steps :

a) t=0.25,b) 1.0, ¢) 1.75, and d) 3.0 sec
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