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Abstract

Defects prediction and process optimization are the ultimate goals of numerical
simulation technology of casting macroscopic process. But the forming defects (such as
gas entrapment, misrun, cold shut and oxide inclusion), which may be generated during
cast-filling processes, often only can be analyzed indirectly with the filling simulation
results. It fails to take full advantage of the numerical analysis benefits of numerical
simulation. With the practical requirements of casting simulation technology gradually
increasing, the related defects analysis cannot meet the demand of actual production.
Therefore, it has significance for optimizing the casting process and improving the overall
performance of casting, to study the forming defects during cast-filling processes by the
numerical simulation method. In this paper, all aspects involved in the numerical
simulation of the forming defects during cast-filling processes were deeply studied and
discussed, including the multiphase flow mathematical modeling in the cast-filling process,
the evolution mechanism and prediction of cold shut defect, the evolution mechanism and
prediction of oxide inclusion defect, and so on. Meanwhile, the related solver development
works here were based on CFD (computational fluid dynamics) open source code, which
can help the majority of researchers in-depth study of numerical simulation technology in
cast-filling processes.

Firstly, considering that liquid-solid conversion has a great influence on the
cast-filling process, a calculation model of mushy region flow behavior through
measurement of solid-fraction was developed, which could effectively investigate the flow
behavior of mushy region in different stages. Generally, the critical solid-fraction method
was adopted for mushy region with high solid-fraction, the variable viscosity method was
applied for mushy region with low solid-fraction, and the porous medium drag-based
model was used for mushy region with middle solid-fraction. The mathematical model of
gas-liquid-solid multiphase flow was established, which was used to calculate the coupling
effect of “air-liquid metal-solidified metal” in the cast-filling process. The VOF-PLIC

algorithm was used to track the interface front, the CSF model was used to calculate the
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surface tension, and the equivalent specific heat and temperature correction methods
worked together to deal with the latent heat. A cast-filling process solver was developed
based on the CFD open source code OpenFOAM. Two filling benchmark experiments (an
S-shaped channel water filling experiment and an aluminum alloy benchmark test) were
calculated to verify the accuracy of the basic algorithm of flow field model (gas-liquid
two-phase flow calculation). Computation and comparison of the calculation results of a
bottom-pouring casting process under different mushy zone flow models verified the
rationality of the calculation model of mushy region flow behavior in this paper.

Secondly, the formation of cold shut is due to that a liquid front has been partially
solidified, and atoms are less diffusive and less athletic, unable to form strong bonds with
other grains at the atomic scale. The main factors affecting the cold shut defect include the
interface fronting solidification state, the degree of collision and the degree of
convergence. Considering that the implicit interface tracking algorithm can only get the
diffusion interface front, an algorithm for judging the interface front was proposed for the
cold shut defect prediction. Considering that the cold shut defect was produced by the
intersection of liquid metal fronts, an algorithm to determine the frontal collision of the
interface was proposed, with reference to the idea of Lagrangian particle tracking.
Combining with the cold shut defect evolution mechanism, a formation model of cold shut,
which is related to solid-fraction, velocity and volume-fraction of metal phase, was
developed here. A predictive solver for cold shut defects during the cast-filling process
was developed, on the basis of the obtained cast-filling process solver.

Thirdly, the formation of oxide inclusion defects is a complex process of physical and
chemical changes, and in the gas-liquid-solid multiphase coupling flow state. The main
influencing factors of oxide inclusion defects during the cast-filling process are the liquid
metal-air contact degree, the liquid metal temperature, and the generated oxide inclusion.
Combining with the existing chemical reaction models (a chemical combustion rate
calculation model and an core gas formation rate calculation model), a formation rate
model that is relevant to the volume fraction of liquid metal, the temperature, and the
current oxide inclusion density, was proposed here. A boundary condition was developed

to handle the adhesion and accumulation on the wall. A predictive solver for oxide
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inclusion defects during the cast-filling process was developed, on the basis of the
obtained cast-filling process solver.

Finally, a set of low pressure die casting crafts with different wall thickness were
designed, and the filling processes and casting final filling heights under different wall
thickness were analyzed and compared, which verified the accuracy of the proposed
calculation model of mushy region flow behavior in predicting the misrun defect. Two
zinc alloy HPDC (high pressure die casting) processes with different runners were
designed, the filling process under different runners and the distribution of final air
entrapment defects in the castings were analyzed. The predicted results of the air
entrapment defects corresponded well with the actual casting pore distributions, which
verified the practicality of the adopted gas-liquid-solid multiphase flow model in
predicting the air entrapment defect. Aimed at two copper alloy LPDC (low pressure die
casting) processes with different runners, the filling and cold shut defect evolution
processes were calculated and compared. The predicted results of cold shut defects
corresponded well with the actual cold shut distribution of castings, which validated the
practicability of the predictive model of cold shut defect. Aimed at a representative
aluminum alloy casting technology and a practical copper alloy casting technology, the
evolution processes of oxide inclusion defects were compared and analyzed. The
prediction results of oxide inclusion defects corresponded well with the actual distribution
of oxide inclusion defects on the casting surface, which validated the practicability of the
predictive model of oxide inclusion defect. The above-mentioned benchmark tests and
casting experiments proved the feasibility and practicability of the numerical simulation
technology of forming defects in the cast-filling process, which could provide the

scientific guidance for the actual casting production.

Key words: cast-filling; forming defects; numerical simulation; cold shut; oxide inclusion;

OpenFOAM
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Fig. 1-6 Experimental design and results of the interfacial heat transfer coefficient between copper

alloy and metal mold using anti-heat conduction method: (a) experimental design (unit: mm); (b)

interface heat transfer coefficient curve by the inverse calculation
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Fig. 1-7 Different casting process simulation results: (a) gravity casting; (b) high pressure die casting;

(c) tilting casting; (d) centrifugal casting; (e) low pressure die casting; (f) directional solidification
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Fig. 1-8 Different grid types: (a) differential grid; (b) multigrid; (c) adaptive hexahedral grid; (d)
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Fig. 1-10 Actual cold shut defect: (a) die casting; (b) gravity casting
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Fig. 1-12 Secondary electron image of the tensile fracture surface of an aluminum alloy castingl!®
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Fig. 1-14 The distribution of oxide inclusion defects in different casting systems!!?°!: (a) vortex runner;
(b) rectangular runner; (c) triangle runner
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Fig. 1-16 Research roadmap for evolutionary mechanism and numerical simulation of forming defects
in casting filling process
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qrb, U, 9BPRIXGE RS, B8 m/s; U, PR BE I hoE E, B0 mis. X T

pull
— iGN, U, IEBIENE.

g ERTR, Z5EAERR X BRI AT it BT EENR-D) . (2-2). K (2-3)
AE(2-4)), AR H R EE T [ AR 2R A2 A RPIR X IR s AT J Tt FA AL .

-1.55
ﬂe = luliquid ’ {10_ Si] (¢ < Sdown)
up
¢2 S —-1.55
F¢ medrag (1 O—¢)3 H /’llq d [1 0— ‘;Own] (Sd < ¢S Sp) (2_5)
. up

23 SAESHERARFER

MBS Fi1 B AT, W2 T TS AR 70 22 AR = R B TR
EAFIEER. BERE TR E MR e, SZAXN, #iG e A R B E AR
FIT il SRR = 2R T A ESAETRE . ReB TN E TR, Hrp, &EEH
i B IAE T RN s TR, s B R Fr Ao E %, HR R G e i
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e HBERFHELTF LB

FEF &R IIBONE A% o BB SRRINEIE L ZEOfiE . H R IE A

BHFESE), R SRR, ERBGZAINEMN B ERBARE .
ERMAFRGET T B RRRIE K 7. B RS AIME S, ik 2-4 fros. |
SRR, PR SR 2 AR R, R = S TR I A B4 T R
TR RIS I, RN BLR = AN DG AR SO 22 AR I B A A AT B -
@© S LRI AT @ AR 2 TR GESENE T R . RER T REAT
SEITE); @ AWHFM LM FAT

K 2-4 seRadie b e m T2 e

Fig. 2-4 The forces acting on the molten metal during filling process

2.3.1 FAEAEEREREKIITE

G TR B 2 AR A AR et 2 —, L B R BRI AN T &
F o A RS HT AT IEAS . BE B2 AH o0 A, w3 e B A% b < R AR A 2 SR o 90
e g . BUE TR E A 2 AL E M BUE R, Bk, RS A SR
HUEMIHIA A S R, RS BIMER TR EE R i — . B i AT e
m?ﬁﬁzﬂmﬁﬁ%ﬁom?%ﬁ%ﬁ%ﬁ¢5ﬁﬁ%%ﬁWW%,I%,@%
) F T IR HERA M R AR R T 5K AT iz —

S B B 0 i A B R A R U IR i S B B B R B S T is
GO, EARMEAL R 2% S iz shd A LT 4 $h 22l . B s A e BR AR 4 A A AR
FER AR ORI AL T, 5 1 A HE A 5% S (0 T LA 3 4122 A LA S 25 R 2R 1T 5K 77 B 5
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Horh N B )2 )& VOF(Volume of Fluid) 530135, VOF 4K AR L 1 o
KBRAFINLE A 1T AR5, $E 1 Rz B4 mm 1 59, 2E o
LorseamAE 2 5, FHAKEEE 05 1 28, SEEFLEL o 20 A1 ) 77

R T8

oa
E+V (aU)=0 (2-6)
X, U RNEE, m/s; ¢ NFTE], s.

H20(2-6) AT %1, VOF BV R A5 212 & B oo AR AR LR 7 (B 2-52), T Gi%HE
AR BTH SR I 5K ) B 5 B S I A FUA A SR E R . B, AR VOF 5AH)
Fenih B3R SREGHER > S R 7. HETEET VOF Bk, CRE 724 E
FggEymel, Hoep, R & A2 & PLIC(Piecewise Linear Interface Calculation) #¢
[ LR S AR SRV 0S7) . iR B PLIC S0k, R AE & SRR LU 7~ ) 2l b, i
I BN D7 VAT AT B B e N o ST, HET SRAS T SRR T 9K 0 i e Y ST R
A G A 2545 B (B 2-5b).

(a) (b)
0 0 0 0 0 0 0 0
0.125 0.75 0.5 0 0.125 0.75 . 0
BN E—
0.75 1 1 0.5 0.75 1 1
1 1 1 1 1 1 ] ]

Kl 2-5 VOF-PLIC S/~ & & (a) VOF SE45 2 S TR s (b) PLIC FA45 2 E A 73 i
Fig. 2-5 VOF-PLIC algorithm schematic: (a) unit volume ratio obtained by VOF algorithm; (b) the
reconstruction interface obtained by the PLIC algorithm

BRI MK A1, &P 1 Or$e S -~ VR AR ALK B ). R —
PRI FRA D) SR 5Ky, R IESK RN EE SRR E k. i, 33
1 (R IR AA SR T 9K ) AN SR R ) PR AE 1 . B Young-Laplace J7 #£138TR] %01

p=p,=—CV-n (2-7)
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Kb, p A L AEFIALKIE YT, Pas p, A 2 FEFHALHIE /T, Pa; C ORI

JIRHG Nim; n 3SR RALE R, HIO7E A 2 8HAH 15 p, - p, /AR

JE77F%

FH B T R4S 21 1 AL AR AR EE 0 A R BB, P DARR 2R A3 FE R AR AN [F) 467 L 1)
JE 15040, A ResR AR e SRR RE,  EAS 205 K 5k /1. #£ Young-Laplace
JTFERFEAE F, CSF (Continuum Surface force) % 4 139Ta] 75 L] Ab SR A5 2211 [ 743
i :

D, :pz—a,CV-n (2'8)
XF, p WA RN B HIE S, Pas a, NI FALE FIAFR .

X (2-8) Wi AT R SHRAE, A4S

Vp,=-Va,CV-n (2-9)

HTFEIER I XA 2 Va =0, K, w9 2 8A R X
Vp=-VaCV-n (2-10)

ﬁqji p?"jg&j]: Pa.
T o 504, AT LAAS 2 S AL 1) S Al B n o

Va

" [vd] @-11)
€ XCF AL R« H:

=V (2-12)
¥ - 12N K (2-10) T 75

Vp=xCVa ot

N (2-13) MBI SO 5 Ak s 6 2 oy 7 T ot 5 L 3R 5K 7 2 ORI AR LU A P2
g . MAELIBIRISLAR R, KI5k 5 5 s AP R, diatQ-13) a3 K i
AR RS WA R

F, =xCVa (2-14)
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A, F,o8F AR mEK YT, Pa/m.

232 SHEESHERRE

W ERERHET, CF R T BAHRARA BORPIR X s ATy TH SRR L S Ay
WIB R A DL RGR T 5K 0 THSRORRY o B il O 2 HR IR, 2 AE Navier-Stokes
T REFEA b, B R IR T B . Navier-Stokes 77 F2 R B & 7 F2 H T Hil# U
AL :

opU

7+v-(pUU)=uv2U—vp+s (2-15)

K, p NEFE, kg/m?s u NBHJIREEE, Pass; S AT

1T 2(2-15) 75 [FI N 55 Jm AR AN 25 U L AN A5 B, Bk, SR R p
TRE B

p=ap+arp =ap+(1-a,) p, (2-16)
A, o e, 73 NG BARRI T SRERREL: p, M1 p, 23 A BARA S S,
kg/m’s R p BRI S0, b T HARIES BN sl IR S, R R RE R

TREAHE,
Y& JRAHFENKR X I B, 1 Q2-5)mT 40, 4 AH R E 75 B3R AT AH N O AR kG
JE A FE

—-1.55
H, = luliquid | 10— S¢ ] (¢ < Sdown) (2_17)

up

-1.55
S
lue = luliquid ’ 10_ M] (Sdown < ¢ < Sup ) (2_18)

up

L& BT ARG, 456 RQ-14) %0, E-15)FHIHEIS K-

S=pg+F, =pg+xCVa (2-19)
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XA, g NEIMHEE, m/s?.
PN

L& /AL TR RS, 455 X(©2-14) X (2-5) 7T H1, X(Q2-15) YRS 7:

2
S=pg+F,-FU-U,,)=pg+xCVa-p,D,., .(loff’w(y— U, (2-20)

— I AFEE TR, SRR TIIA T RS ik, TSR R ETE

RS TR
(2-21)

V-U=0
Vit 7 A R R R 7 T SR O SR PR R - R R, AR -

(2-22)

a—T+V~(UT)=v-(iW]+ST
ot oc

X, TRIEE, C; k NSRAK, WK ¢ NEEIE, Jkg/K; S, NIRRT,
HH -5 12 70 B0 AR FRORIR X 73 0 8 A1 B A 8 TR BRI, AR SR FH S5 2 L #4270
TP S IE YR AR 45 5 SL [R) AL BB PR R0, S b, SRS I o, 0B

X2-22) P T e

a—T+V~(UT)=V~( k VT}LST (2-23)
ot pc,
(2-24)

c+L)(T,-T,) T,<T<T,
CcC =
‘ c T>T, 8T >T,

s, e, WEERLINE, Jkg/Ks T, ABARZIRSE, C; TONBIMLIRE, C: LA

B, Jkg.
TRERIE AN AU AR s T B NI D K S N — el HA—

ST REAR TR LR BRI R B, IR B IR AR B XA — B Re AT AR PR, AT

THERR i R B B SR R T A R BT E Y, RIS IE A B A A

(A AN IR R B X CTT S 1, R R E AT AR 6 FRIETE .

() T,>T,FBRET,<T  <T,, RIE—IRIFIREHEN:
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]:+1 :TL +(7:1+1 _TL)C/ce
Q) T,<T, <T,FRET, <T,, WIE—IXKFITHEEHEN:

T, =T;+(T,

n+l n+l

Ty)e,/c

Q) T,>T,FRET, <T,, RIE—RITBREEN:

T, =T, +(T,~T,)clc,

WRT, <T,, TEIATHEIRIE, KIEH KR EE:
T =Ty +(Ta =T, e

4 T, <T,HEET T, <T,, RIE—IRITHIEEMERN:

T, =T +(T,, ~Ty)elc,

(5) T,<T, <T,FHRZET, >T,, WIE—IXITTHEEEN:

T, =T,+(T,

n+l L n+l

1), /e

6) T,<T,FHRET,, >T,, RIE—IXFEREEA:

T =T+ (T~ Ty)ele,

WRT,, >T,, TETHEDKRIE, BIEHRFSEEERN:

T, =T,+(T,

n+l nel

TL)ce/c

(2-25)

(2-26)

(2-27)

(2-28)

(2-29)

(2-30)

(2-31)

(2-32)

A, 7O E—WZNERE, Ch T, NEETRZNEREE, Cs T, ARIE— KA EI R

}g’ OC 5 7;1“_*_1 %&E%W\?ﬁi” E‘]yﬂ%}gy OC o
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232 DERFHRINEFY

00 A AT P R B A5 00— AR 0 4 S Lk 428 R T 4,
B R AR MOV RLALT . AL FE . AAMTRIELRE . A SCU RIS T P
B, R AEEC R =AY . R 2-1 NI ARKRE, £22 N
WIIESFAT R E
% 2-1 WREMRE

Tab. 2-1 Boundary condition settings

PP R 0 I B

g U=U,, VU, =VU,=VU, ={0,0,0} U=10,0,0!

/. Vp=10,0,0} P =Py Vp =10,0, 0}

1 a=1 Va=1{0,0,0} Va=1{0,0,0}

W E T=T,, vT =1{0,0,0} WVT=(%h+%%Xn_T)

ok +a,k,

Ko, Uy WHECTEIE, mis: U, U, U4 BNERREFE <A77 LR miss .
WHTIR ST, Pa, — M IBRIE AR s T, W LVERSE, C, BISEPERE: A, b4
SIS 1 FTA 2 4 RN R, WK &, k, SrB9AE 1R 2 (S R R,
WVK: T, HAhFURE, C. FEEBUIRIR, ORI AT DA B

W5, WA AR, T R 2 R A,
* 22 VIIRFKMRE

Tab. 2-2 Initial condition settings

LBy W6 21k
i U =1{0,0,0}
JE71 P =DPyrg
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1 a=0

i /% T'=Tyy

%I:Ij’ p)\/:‘\‘u_; ygk%}j_ijj, Pa; Tg(].’ﬁ[.l yg:l’z:‘?}ﬂ?l’ OCO

24 HERBIREYETESZE

AT IR SR 2 AR R BUCEATY 5, 75 SRAGAE B () 5 f2 . B e IRAS T
& L 24 CFD FUEE, Hi, OpenFOAM # AU KFETHEERME. 758 B 1%
DL R ¥ e Ve S5 7 T B LR 3, B2 H RTYE CFD Ut 8 S5 o )7z IR AR S
T N EERAEE “ANSYS Fluent 1 5 CFD, OpenFOAM & X CFD”. OpenFOAM
TR B3 B8 BBV FVMI(4E K 4 CFD FHRARRS AR B B0E), Rk, AR
£ OpenFOAM )Rl b 58 BOAHOCEUE v 5, 1 PR A LA PYAN 5 T i BH A S8 78
R FRHUETHE T © FVM SEHUEAE; @ interFoam SKf##5 (OpenFOAM H i ik
RIPIAETR AR ): @ HE SCKES: @ HETHERRE.

2.4.1 FVM SiiEm4E

FVM I B HUB AR 2 70 AR BN BT, i) 7 A2 iy o b AT AR AR 7, ik
AT LR (B R A, 2R AT SR I B E . D 1 SE N A 5 B FVML B HiUELAR,
N B B T R (R (2-15) AE S 7 R ((2-21) B G AL

XF :(2-15) Wy S A AR 73 T 45«

[ LYy + [ v-(pvUyy = | wvvav [ vpav + [ sav (2-33)
cv ot cv cv cv cv

A HF, CV (Control Volume)fX 3 5L/ 2 il B G o
Gauss AU E BN R BRIy STHAR 7> Z 18] 1) — PP AR ok & -
[V-Fav=[n, Fa4 (2-34)

A, AR EHETTHL A o, OSSN AR F OE A
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FRE; fRRREEHTEDS L,
BRE-3HRNARK(2-33), A5

ot

ZIESCER[103 ] AR SR IR B AR , Ay HOTCR A Mathur S804 HY 197 00 B
A WRICR A il 22 4% 20, 8 BRI I R AR [ R A S B (B ) SR T iA )
%, WRREE TR E AU

U,=> 4,U,+B+> 4p, (2-36)

ja" dV+jnf (PUU) dA=[n, (VU ),dA~ [ VpaV + [ Sav (2-35)
cv cv

A, U, WA e s U, D95 2 Al 2 ) B o r 1 fih 1) B 1 B e 19

WL p, AR TN B AR AR N e G TS 7T A Ay, A 93N

BRI E R REG B SR RE R R RS, BQ2-36)m A, I
P AR o P AT H - AR ) L e 1 ) BR AR O T R RN R AR A
X (2-21) P b AT R AR 43 v 45

jnf U, =0 (2-37)

KA Mathur S5UUS HY 1032 ] TR FEAEE DT 56, X Q-37) AT BT, Al /9 1 4E
PR B RO -

2 4,p.=S, (2-38)
Aeh, 4, ABERI RIS, NEEBGRIE R HaRQ-38) AT, ik i
TR AT B AL B, KRS R A N BN E Sy R, T S BB B
ST R IR R AR

2.4.2 interFoam 3K fi#2%

(1) OpenFOAM FFEARAY
OpenFOAMUHE 5 11 BLRAK 77 228044 ANSYS Fluent!'#2], CFXU431%5 41 25100 i)
CFD %%, {HERIFVEM), aJ#N—7E Linux R4t Fig47) CFD 2% . OpenFOAM

44



EFHAHEKRFE T F LR

18T & & FOAM(Field Operation and Manipulation), J& RAFENIFIRACIGAS LLAAG, A
H B AL E LA . PO 2 — N Jasak(Ge B HU L N), T 1993 4E7E R fH
LA A T FOAM B4 5 TAF . H AT OpenFOAM A M A, —ANEJ7 A
HH Weller 447, 5350~ ext A H Jasak 4E9 .

HEWIK UL, OpenFOAM & —> C++28FE, M TRIEw AT M, et b AR Fp
(application). N FFET 70 AP K #s(solver)5 1 H(utilities). A REss 2N T
FiE DR E (R SR 5T 2 R AR e E ), TR T HAT B B R S 55
Wit . OpenFOAM B T REMRMIEA TH, A0 n B 7z, FAR
o T BT CFD 4. OpenFOAM KH FVM ik, Xt Mg LA HBR G 752
P2, OpenFOAM H AT A R BELE Linux 24t Figfr, BAREHEE T Windows
TIBATHRA, (ATt EREHICH R 32 E . OpenFOAM 75 2 Hi A B AN J5 AL B IR S,
OpenFOAM A B G55 Jif AL BEAN J5 AL R 11, AR TRAS [P35 2 (0] 5040 % i (1) — 200k
K 2-6 & OpenFOAM K45 MR E K.

OpenFOAM(Open Source Field Operation and Manipulation) C++2&E

b b b
AR KR B
L5 i = iﬁ?@;é ﬁé%; ParaViewZ% T B

K 2-6 OpenFOAM ()45 47 75 [
Fig. 2-6 Schematic of OpenFOAM
OpenFOAM SRS K AT 2, BARGSE: Bl CFD KAFAS . 2R Reynolds
*F-3%) 77 1% (Reynolds Average Navier-Stokes, RANS)F1 K Jix 15 41l (Large Eddy Simulation,
LES)ii it 7 () AN BT 5 4 A0 AT R 4 i 7 K Ade s« V5 TSRS IRU K AR A%« 22 AHRLSR A 6% <
KL FIBERR MR AR . RBORMEES . L GORMEES . WA KM & A [ 1A B 7 2 K Ad 4
Lo Mo, 5ARCHFFAHR KRS IR 2-3 Fros.

45



EFHAHEKRFE T F LR

# 2-3 OpenFOAM H 5 A ST FUAH I [ oR fift 2%
Tab. 2-3 The solvers in OpenFOAM related to this article’s research

BN Wi A
scalarTransportFoam b B AR Y T R SR A
icoFoam AR RS AN T TR A7 KR Al 2
pisoFoam K H PISO 53 BB A AN o] He A i oK Al
pimpleFoam K H] PIMPLE 55032 (1) DK I 1] A5 5 245 AN W] S 44 ¥t K i
interFoam FT VOF BB n] IR, Za#h. ASnl v P AH SR 3R i 2

H #l OpenFOAM %t 5% ¥t 377 1+ 5 00 3 J& - [ J1 88 & SR 07 1 0 o = # e
SIMPLE(Semi-Implicit Method for Pressure-Linked Equations)!!*4 | PISO(Pressure
Implicit with Splitting of Operator)!'*41 PIMPLE(merged PISO-SIMPLE algorithm)!'46],
Hrft SIMPLE %15t #2245 3Kfi#, PISO A1 PIMPLE 41 %} 5% 453k %, PIMPLE & PISO #1
SIMPLE J7 VAR & hRA, & H T RIEPKAE B . Bk Kg & icoFoam A
pisoFoam W EERH PISO &k, HA, icoFoam 1%} “Wiz. Ar[E4s. JZ A4
VK7, pisoFoam £1%) “BiaS. Al K46, E /s A4k ”. pimpleFoam H g
KH PIMPLE 5.3k, £1% “Bids. Al K48 . ZiAmim Ak ”, i, pisoFoam
FHEL T icoFoam 7 LAEF X A 15 7, pimpleFoam F1 pisoFoam i[RI -k /18 &
BVEANE . SKf#ZS scalarTransportFoam W B8k ] SIMPLE 557k, &M T45 € #
TRS/BEAST Rt E AR, WY HOL . RS interFoam A 2K H
PIMPLE &%, &Hx) “BEdc. AR, . AR ZiAmi . A mim s m
FHFIANE BR(Re B AR BER 7k J11EH) 7.

(2) interFoam K& %%

WHT SR, i 70 A R B AADL ) AR J57 2 CFD A5 1) <O P AR T 5
1M interFoam K #s &2 T VOF BRI A] &, AaFAMA T A PIAHTU R R ds o DAL,
ASCEFELL interFoam JYZERIAESE, FF K J5 SEAH KA o

i ERE A U IR 2 5 interFoam SRS 7E K A7 1 5K . OpenCFED A Al JF K
() MULES J77A047, it 7732 AT DLORAECE AT AT HR B A ORI XA S Y (1) 15 000 S I AH S B
Fto RIHAEE interFoam KA IR, XHmmisg 2k B4 1R IR T IR LA
HA R, i xbg 5%,
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243 BREX KR

OpenFOAM 1E 7T CFD UhY, Hig RIARAALET H P ] LUl BB U2
RAD KA B 2 H O/ KRR ARES . WEUE BRI A B, SRR 70 A~
BR: ¥HIOTREE . TR E S WIE KA E X EHITAE L TR A R
TR X TR EIN S, HH7E S TR AT R A R N 2
S HEB, AAERERNKRENRE 146 0l Be R UIERE B HER R AR E 1

OpenFOAM 1E CFD S PR GRE, R Hi i 7 FE B, J7 R 2 2H e
Tr R R AR AR OCHERAE HEAT T B3, FH P AR5 T A AR G A, R AT 58 B B
MRBEDIRE. fRRORYF, N1 BE A2 — Nk, HP R & E SO
TR i TR A TR AWILE A, %8 OpenFOAM B4 5 NJEZ Y, 18
T A S Ay A1 ) 1R A 1) 7 R S R R O R A SR AR SR, 0T AT DABRE AR M
AT IR ARAS . AEMIE AR, P AT DA B 5 SR A ) — LB B 1 A (i B ik
SRR HAR S AN 7 R A B R AE ), O T I 75 A R B P BEA 2 1) R (2 1 T A o
XAk CFD, % CAE(Computer Aided Engineering) 373 (18 4 BT 4E .

G54 2.2 A1 2.3 /NI DT AR, AR SO EAE interFoam SR AR H s N sl A2 o)
BAFITh R R : O T [ AH SR AR RPIR X a7 i B AL (K(2-5): @ Zh&
FAEFIEITS (FR(2-19)F1:0(2-20)); @ WEESITTFE(N(2-22)); @ #EHbE R
(2-24)~:0(2-32)); ® XA KGR 2-1). FBERHE CRBESREY, KE
BEIPIANIT T A2 B 58 XA 77 B H 8 A S A, BRIk, R LLE E SCIR FE S
77 FE AN E T8 SORHA G T 25 AT SRR AR U WX P T A

(1) BEXEEEHTE

MEEAAR EoRIE, OpenFOAM H H JE SRS 730 AR 7. O H & AEHIT 12
FVNER RGP IR, T A O LR R AT SO @ B S A %A, IR AR O B
()30 5 S5 A AT A (75 B0 B () 2, OpenFOAM $E 1% 1 A2 A (130 744, TR,
H € XA FFAEAZ D) O KAEEAR R U, 15 B AR B 110 5 %A )
G5kt @ VB ARG AR B R B AN RR A R AR L

B B SR 45 ) 5 N

%T+v-(pUT)= \Y -(EVTJ (2-39)

ce
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DN E E SCIR ARSI TR F EOP B AT 4 . TR E U, A E SRR
FEfE interFoam K fif s 12244l k4T 1

1) 2 createFields.H 3L

createFields.H 372 interFoam Kfgas B XA, AR 2 A W A2 vh i 5
IS (AN . K DAV FESS) . Q-39 41, 5 EANE LB A iR

RET . SHREE ISR c, .

HAHEX &S T, ATRREICERERFE. SLOARE LT
volScalarField T

(
10object
(
HTH,
runTime.timeName(),
mesh,
1O0object::MUST READ,
1Oobject::AUTO WRITE
),
mesh
)

Bt 5 € X—FrEY latentFactor, FAFE P 2305 8 AH 2 i B30 B 2 B R Gk [E] 1,
15 T A 2 R B R T W AR R ) S sk B 0. SEBARES I -
volScalarField latentFactor

(
1Oobject

(
"latentFactor”,
runTime.timeName(),

mesh,

[Oobject::READ IF PRESENT
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pos((liquidtemp-T)/(liquidtemp-solidtemp)-2 *(pos(solidtemp-T)) *(liquidtemp-T)
/(liquidtemp-solidtemp))

)’.
Hrp, liguidtemp NIRARLRILSE s solidtemp NEFIZRIRE : pos T HIWT IE (42

HRTHET 0 BFREN 1, HWERE 0).
SRIG H & by DT, HAREKRQ-39)F 1 k/c, » SEIARAZMNTR

volScalarField DT

(
1Oobject

(
IDTH,
runTime.timeName(),

mesh,

[Oobject::READ IF PRESENT

),
phaselalpha*hcl/(shl+latentFactor*latentHeat/(liquidtemp-solidtemp))~+(1.0-ph

aselalpha)*hc2/sh2

)’.
Hrf, phaselalpha 3% J@HARTREL; hel T he2 73 N4 @ MR S0 SRR

shl A sh2 53 NG BT KWLLAEE: latentFactor i

2) #r#& TEqn.H XX
OpenFOAM 1) H SCAFAR 4T C++rf (35S0 . B TEqnH SCTHEIVE =
SCHR BEAZ 7 RE AR AR R AT o SEBUARRS N T
JfvScalarMatrix TEqn
(
fvm::ddt(rho,T)
+ fvm::div(rhoPhi,T)
- fvm::laplacian(DT,T)

fvOptions(rho,T)
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);
TEgn.relax();
fvOptions.constrain(TEqn),
TEgn.solve(),
fvOptions.correct(T),
#include "correctTbylatentHeat. H"

Hrh, ddt(rho, T)RFE A (2-39) 1) ‘%T s div(rhoPhi, T)RE R(2-39)F I V- (pUT) ;

laplacian(DT, )X E X (2-39)+F HI V- (£VT j : #include "correctThylatentHeat. H"3 755
Ce

T PERE IEERAE

3) & TFoam.C {4

OpenFOAM H ] C SCHFFE Y F C+HH 1) main X, B 90K I A ) interFoam.C
HFraw 44N TFoam.C, RJEEEACRMEARG AN “#include "TEqn.H"” BIV] . JG4E
HOB g EARHD,  RIATSRAGR 2 K A 4§ TFoam.

(2) BE kR %4

bR, OpenFOAM Ht H 5 A A 5615 B 5 A% 77 1 2 58 ST IF R 1,
B € LA R FEA R W R e B . el b, B SO SR i 45 R
(MG 25N so, THE B R RS, 75 227E controlDict SCA4H 5] H I so SCHF. — TS
H 7 S0 555 B e 75 EEAE OpenFOAM 36 H O AL i 556 4F, AR
RN FFARM EEM, U fixedValue. zeroGradient. fixedGradient &%, K iX3&
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Fig. 2-7 Calculation flow chart of flow field solver in casting filling process
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Fig. 2-8 S-shaped channel geometry (unit: mm)
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Tab. 2-4 The parameters required for the calculation

S VL BT

KI5 1000 kg/m?
A 1 kg/m?

I ) IR le-3 Pa-s
B TR le-5 Pa's
AR R T K 1 R4 0.07275 N/m
&k {0,0,-9.8} m/s?

HE I {0,8.7,0} m/s

HEOES 0 Pa
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Fig. 2-9 The comparison between the experimental results and the simulative results of S-shaped
channel filling at different times (7.15 ms(a, d, g), 25.03 ms(b, ¢, h), and 39.34 ms(c, f, 1)): (a~c)
experimental results; (d~f) simulative results of water volume ratio; (g~i) simulative results of

gas-liquid two-phase velocity
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Fig. 2-10 Casting and gating system geometry and dimensions (unit: mm)
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Tab. 2-5 The parameters required for the calculation

ZH AN BT
BE SR E 2385 kg/m?
T 1 kg/m?

BE SR B IR 3.1e-3 Pa‘s
BRI IR le-5 Pa‘s
TREEEEBIIRTK ) R4 0.871 N/m
Ik {0,-9.8,0} m/s?

3 {0,-0.31,0} m/s

G iR 720 C
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B 2-11 AR 2040 & g R 7o AU R S g 45 R (20) IS R(A): (a, €) 1.55 5 (b, ) 175 s;
(c,2)245s; (d,h)3.20s
Fig. 2-11 Interface shape of the benchmark test in the experimental results (left) and simulation results

(right) at different times: (a, €) 1.55 s; (b, ) 1.75 s; (¢, g) 2.45s; (d, h) 3.20 s
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Fig. 2-12 Bottom-injection casting process geometry and mesh model
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Tab. 2-6 The parameters required for the calculation

ZH HE L)
BE SR L 2385 kg/m?
T 1 kg/m?

BESE BB IR 3e-3 Pa's
BRI IR le-5 Pa‘s

TR S BRI R 0.871 N/m
I {0,0,-9.8} m/s?

B {0,0,0.1} m/s

HOES 0 Pa

FA 4 PR VRUAH 268 660 C
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Fig. 2-13 Comparisons of simulated results of solid-fraction of aluminum phase (a~c), velocity of
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liquid-gas phase (d~f) and volume fraction of aluminum phase (g~i) under critical solid-fractions of 0.5
(a,d, g),0.75 (b, e,h) and 0.95 (c, f, i) at 5 s
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Fig. 2-14 Comparisons of simulated results of solid-fraction of aluminum phase (a~c), velocity of
liquid-gas phase (d~f) and volume fraction of aluminum phase (g~i) with incremental multiples as 1 (a,

d, ), 10 (b, e, h) and 100 (c, f, i) at 5 s
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Fig. 2-15 Comparisons of simulated results of solid-fraction of aluminum phase (a~c), velocity of

liquid-gas phase (d~f) and volume fraction of aluminum phase (g~i) with porous medium drag
coefficients of 1 (a, d, g), 10 (b, e, h) and 100 (c, f, i) at 5 s
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Fig. 2-16 Simulated results of solid-fraction of aluminum phase (a~c), velocity of liquid-gas phase (d~f)

and volume fraction of aluminum phase (g~i) at different times of 1.5 s (a, d, g), 3 s (b, e, h) and 5 s (c,
f, i) by using the calculation model for mushy region flow behavior through measurement of
solid-fraction
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Fig. 3-1 Grain nucleation and growth process!'*?!: (a) initial formation of crystal nucleus; (b) grains
begin to grow; (c) grains grow gradually; (d) grains contact each other to form grain boundaries
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Fig. 3-2 Frontal interface intersection diagram
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Fig. 3-3 Interface fronts obtained by VOF-PLIC algorithm at different times (The numbers in the
figures represent the liquid volume ratio): (a) 0.06 s; (b) 0.2 s; (c) 0.46 s; (d) 0.86 s
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Fig. 3-4 The interface front results at different times (0.68 s(a, d), 1.38 s(b, ¢), and 1.66 s(c, 1))

determined for the simple filling example: (a~c) two-phase volume ratio; (d~f) interface fronts
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Fig. 3-5 The collision front results at different times (1.66 s(a, d), 1.68 s(b, ), and 1.70 s(c, 1))

determined for the simple filling example: (a~c) two-phase volume ratio; (d~f) collision fronts
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Fig. 3-6 Schematic of influencing factors to cold shut defect
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Fig. 3-7 Change curve of solid phase rate influence factor
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Fig. 3-8 The cold shut distributions at different times (0.62 s(a, ¢), 1.02 s(b, f), 1.7 s(c, g), and 2.3 s(d,

h)) determined for the simple filling example: (a~d) metal phase solid fraction; (e~h) cold shut defect

3.5 RERRIEHIETE S E

15 30 3 % B e g 25 RSO AR AN 50 S T R A L P W 5L e, A COF R
(V195G 7E AU I RE SR A (KU Bk Al b, 56 Bl 7 2R el R 4 oG R o T SR g 5% 1) O
o NHPRE N B RE SR AR & ANAE SRAEAURE P9 A7 T BEAT Ui W o 4 R ol g 90000 5K i
IR T ITHEACY OpenFOAM HUMESE, [NIh, H % SCHESREAR 10 32 22 TAR S
JIAE R (0 2l B (-4 7 T 3 A0 4] e S T RV R4 )« T 504 R g 19 2 R AT 2 X
74 B R RE 2 1) T R

77



EFHAHEKRFE T F LR

3.5.1 BEMXK@ER

(1) FRAEHETE

1F createFields.H SCHF s INbR 3% intersection, FTic 3 S AT 01 A8F
RFTHHESRTG, 0 AAERA AT HTT).

B AT intersectionBqn.H, 4545 3X(3-1), ST HATIEHIZIRE. SLHACHS
'k

forAll (intersection, celli)

{
if(phaselalphalcelli]>0.1 && phaselalpha/celli]<0.9)

{

labelList adjacent=mesh.cellCells()[celli] ;bool i _a=false,; bool i _b=false,

for(int j=0, j<adjacent.size(); j++)

{
if(phaselalphaladjacent[j]]>0.7){i_a=true;}
if(phaselalphaladjacent[j]]<0.3){i_b=true;}

/

if(true==i_a && true==i_b){intersection/celli]=1.0;}

elsefintersection/celli]=0.0;}

/

else{intersection[celli]=0.0;}
/
(2) FM A AT R
{E createFields.H S A S INAR &3S currentIntersection, T 10 Atk 1) 7 1 HY
W IT(1 AR Rl i A pvR T, 0 AERAS RS (1) S AT 5 70) .
Z: [ b IR G TR Fi VR G A DR K AR, R A T e R A A A, R
XL N:

n '(C _CP)

C C

n U,

c

= (3-10)
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bRy U, MBS FITHRCEE; v > 0 %R oo s Bl .

SEERBUE SRS AR, O 1 B Xy B G I R 1 S I R T, A SN g TR
JE SRR 7] Z (8] () R /T 70° I A il . #E 31 intersectionEqn.H H1, 58
FICHI W 5 T ATV R SR A D e . SEBLAAS AN R -

scalari_a=0.0; scalari_b=0.0; scalari c=0.0; scalar i d=0.0;

if(mag(velocity _a)<le-10){i_a=0.0;}

else{velocity a /= mag(velocity a); i _a=velocity a & faceVector,}

if(mag(velocity b)<le-10){i_b=0.0;}

elsef{velocity b /= mag(velocity b); i b=velocity b & faceVector;}

if ((i_a>-0.342 && i _a<0.342) && (i_b>-0.342 && i _b<0.342)){break;}

if((i_ a<=-0.3421|i_a>=0.342) && (i b<=-0.342||i_b>=0.342))

{

i_c=((faceCenter & faceVector)-(center _a & faceVector))/i_a;
i_d=((faceCenter & faceVector)-(center b & faceVector))/i b,
ifi ¢>0.0&&i d>0.0)

{currentlntersection[celli]=1.0; currentintersection/adjacent[j]]=1.0; break;}

/

if((i_ a>-0.342 && i a<0.342) && (i_b<=-0.342 || i b>=0.342))

{

i_d=((faceCenter & faceVector)-(center_b & faceVector))/i b
ifi_d>0.0)

{currentlntersection[celli]=1.0; currentintersection/adjacent[j]]=1.0; break;}

/

if((i_ a<=-0.342|i_a>=0.342) && (i_b>-0.342 && i b<0.342))

{

i_c=((faceCenter & faceVector)-(center_a & faceVector))/i_a;
ifi_¢>0.0)

{currentlntersection[celli]=1.0; currentlntersection[adjacent[j]]=1.0; break;}
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/
Q) HHEERRIAERIIES)
1F createFields.H SCIFR 8 INAR &3 coldShut, FHT 0374 BRHRE /> Aii o 52 LI
24 coldShutConstant, FTARERAFREEA T 8. ST A
dimensionedScalar coldShutConstant
(transportProperties.lookup("coldShutConstant")),
BrE S coldShutEqn.H, 58 BT A BRER R 19 A2 AN 5 5 XA B sk B il 7 12
TR B R e 2 Al B B SRS G
volScalarField i currentRatio("i_currentRatio", currentintersection);
forAll(currentlntersection, celli)
{ if(1.0==currentlntersection/celli])
{ scalari_fractionFactor=0.0;
if(Sfraction/celli]>=0.1)
{i_fractionFactor=(0.1/(1.1-Sfraction/celli]))-0.1,}
scalar i_velocityFactor=0.0;labelList adjacent=mesh.cellCells()[celli];
const cell& ¢_a = meshCells[celli],
for(int j=0, j<adjacent.size(); j++)
{  if(0.0==currentlntersection[adjacent[j]]){continue;}
vector faceVector(0.0,0.0,0.0);
const cell& ¢ b = meshCells[adjacent[j]] ;bool i judge=false;
forAll (c_a, k)
{ forAll (c_ b, m)
{ f(Cflc_alk]]==Cf[c_b[m]])
{  faceVector=Sf[c_a[k]]; faceVector /= mag(faceVector);
i _judge=true,break;}}
if(true==i_judge){break;}}
vector velocity _a=U[celli];scalar i a=0.0;
if(mag(velocity a)>=1e-10)
{velocity a /= mag(velocity a);i_a=velocity a & faceVector,}
ifi_a>-0.342 && i_a<0.342){continue;}
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else{
i_velocityFactor += mag(((U[celli] & faceVector)/magSqr(faceVector))*faceVector);
#
i_currentRatio[celli]=coldShutConstant.value()*i_fractionFactor*i velocityFactor;
Jelseli currentRatio[celli]=0.0;}
}i_currentRatio.correctBoundaryConditions();
78 SV R A8 125 1) 75 R PR SEIA RS 2
JfvScalarMatrix coldShutEqn
(fvm::ddt(coldShut)+ fvm::div(phi,coldShut)==fvOptions(coldShut));
coldShutEgn.relax(),fvOptions.constrain(coldShutEqgn);
coldShutEgn.solve(),fvOptions.correct(coldShut);
forAll(coldShut, celli)
{if(coldShut[celli]<0.0){coldShut[celli]=0.0,}}
coldShut == coldShut+i_currentRatio;
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Fig. 3-9 Calculation flow chart of cold shut prediction solver in casting filling process
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Fig. 4-1 Oxide inclusion at shrinkage and cracks!!''): (a) secondary dendrites covered with oxide

inclusion at shrinkage; (b, ¢) surface morphology of fracture surface (covered with oxide inclusion); (d)
an enlarged view of the fracture surface (red frame in figure c)
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a)fuel = _Lp ;mln[quel b MJ (4-1)

K @, IRBEER, kg/m¥/s; LRER, p A ICTEIH L, kg/m’; &k i

TAKEE R, m¥s®: & AR IKEhBh BE RERLEE, m¥s’ Y, RY, S35 B0 Py k)
FETIIRAREL ;M OSIRGE T /5 (A S IR e ST R b

M@ DA, RTINS RN S B FE R, ROBDE A AR K . SIRAL, A
SOANAE BAKIREL o RESMEN RN B Z D, 1-a RS AR
2. HRIT AR R EE U, AT N I ARV A s
0. Pk, ASCHR M e EA R LR N 1 S, 8-

S, = a(l - a) (4-2)

K 4-3 2 H@4-2)3 20 e B AR L e i B 5 S, At i 2. AN n] LA

BTN ERAME TR, ARNERRK, HEREERERE . &
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RPGEF K AL Z FTLLAA @ = 0.5 B AR MR K, 2 R s br i Ak
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Fig. 4-3 Change curve of metal phase volume ratio influence factor
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1
max[TﬁTm’% o 10751
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Bl 4-4 2y i 0(4-4) 15 B AN R & S R B s R A8t it 28 . Hodr, B 4-4a 4
B LR 52 e R84k il 2R (A 2l B2 O 921.4°C, [IAHZRIEEE 9 890°C), K 4-4b
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BIR AT CUE 1, ARG SRR ETHMMEDN, BEREAE 5. BE
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Fig. 4-4 Change curve of temperature influence factor: (a) copper alloy (liquidus temperature is
921.4°C, and solidus temperature is 890°C); (b) aluminum alloy (liquidus temperature is 611°C, and
solidus temperature is 550°C)
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Z critical

Slcuwm — max[ Zcritical B Zcurrent , Oj (4_5)

ﬁqj Zcurrent timéﬁﬁg\‘{{%ﬁﬁ F— kg/m Zcrztzcal jjijt‘ll ﬁlfvf’h%@%_{E’ gﬁﬁg"

GESSEBRA A, kg/mB.
¥ EIRAE R E s 1 (R(4-2). N@-4) R 4-5) ek, ALk
BB A BOE R AT Ny .

(4-6)

1
T —Tle -GJ
max ,10 _
A a (1 -a )e [ Tiquia ~Tsotia max( Xeritical — X curre% , 0)
critical

R, S, NHRICEN IR A R R, kg/mY/s; A, WEMIEERERT R, &
sEA bR E R E, kg/mis.

N T A B A SR A A I R R A O e AR R B AT AT . XS B 4-5
Py s s ], SR F X (4-6) v R LA SR SR B AR R o BT I AR 11 iR
KA R R R b & B A RIZU ARG, 8T 0 i 8 A Je il 1 AR Hind 72
THEE RS, HEOUEEER 0.4 m/s,  BETH L E N 4 A O R B R HCH 1000
Wim¥K, #RIEE N 30°C), HIuliFE N IEEE v, a1 kgm?, AL AR

A & 4, 9 10 kg/m?/s.

B 4-5 fag s 7 R S T LA A R AT

Fig. 4-5 Geometric model and boundaries of the simple filling example
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ATUVE Y, FERAIERT B W AT AE R T B AR R 4-6a, ¢). BEE & JE
AT R AEBE, S IBEPEE NP e/ A ER(& 4-6b, ). = @RIz HET_ETH,
A RE 2 R BE < B OE sl (K 4-6¢, ). B AR RBON TR, At It
IIATAE 5w AR X (B 4-6d, h)o T8I IR RIRD, ASCHTRE A AL A R G
A E R AR R 5 8 T R - TR AR L R R N L A A
R B IGEE RI, W P B —E iR AT Ik

—~r -
- e~
- <

Pl 4-6 Atox fa B 78 B S48 B SRS R IR 2200(0.225 s(a, )2 0.550 s(b, £).0.975 s(c, g) Al 1.475 s(d, h))
IR EAIE G A (a~d) BJBAAEARLL (e~h) FEALIEERFEHUETER A 0~1 kg/m?)
Fig. 4-6 The oxide inclusion distributions at different times (0.225 s(a, ¢), 0.550 s(b, f), 0.975 s(c, g),

and 1.475 s(d, h)) determined for the simple filling example: (a~d) metal phase volume ratio; (e~h)

oxide inclusion defect (the range of values is: 0~1 kg/m?)
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Kt A0 -

ZwallCritical _/’{ wallCurrent
lwalNext :/1/ wallCurrent+zwallCell ’ max[ ’ 0 (4_7)

ZwallCritical
H Hven N T BT ZIRBE T AL TIE TS, Ke/ms 2 icumens 79— BT 20 BE TH]
FMREEE, kg/m3s 7, e 2T 2 5 RE [ AH &8 58 70 80 R E T, kg/m®;
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Fig. 4-7 Oxide film adhesion and accumulation process on the wall
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T AU I 1) A RO AR S AR 1] 4-8 i AR B AN R %0 4 B A AR AR L A
SEAIE BRI A R . MWTHSE R aT LUE e TG R B, W AT AR R 1 —
€ B IE (K 4-8a, ) B EJRIBATIR A LRI, BE b CORS Y A S0 e IF
WA SRS, T2 EH RF(E 4-8b, £ FIE 4-8c, g). ML IR RETH S0 I 4y
A (& 4-8d, hyn] & H, AT 5™ (0 BE 1 (X 3808 5 8 R TN R SR Ak i e e %2
DR, A 2% R T S84 e B B S b 7 AR AE R A R 3T

Pl 4-8 Atox faj B 78 B 451 BT SR AS RIS 22000300 s(a, )2 0.625 s(b, ) 1.025 s(c, g) Al 1.475 s(d, h))
FHAEN I BIE i (a~d) SRR (e~h) Stk I BRI (BUE YO B 0~2 kg/m?)
Fig. 4-8 The oxide inclusion distributions at different times (0.300 s(a, e), 0.625 s(b, f), 1.025 s(c, g),
and 1.475 s(d, h)) determined for the simple filling example: (a~d) metal phase volume ratio; (e~h)
oxide inclusion defect (the range of values is: 0~2 kg/m?)

T BT AN R BE (TR B AN 25 S BE RS B 2 R X ), o B TH g R
1.475 s I35 A A A8 T PR S8 R v R 20 A 1R AT 0 EL (T 4-9). AN EEEE SR PT LU
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R LS BE RGN, AL RE K BEERBE & R Us 2l MR il 3 S A
HIVE BT (8 4-9a). 5 FERETORG NI, A IE— 7 IR )8 S, 55— J7 kG
WT%EZL FHEC T AN S BE RGBT I B, ML <5 Ja8 VAL P 0 P SR I ) S
/(K 4-9b)o L L EXTEERIRD, 5 REREETAGPRI, THREURIE NG, FE

PP UG T A SCHR H I SR S T e B TR B AR R B AT — S IR R AT
(a) (b)

Pl 4-9 1.475 s I A~ [R] B TS R AR ZELT D T A AT ) 48000 S T R 201 (BUELYE LN 0~1 kg/m?): (a)
AN FRBETRG BT s (b) =5 FEBE TRS By (BE T I 7 A e 5 B2 2 kg/m?®)

Fig. 4-9 Middle section oxide inclusion defect distributions under different wall adhesion treatments at

1.475s (the range of values is: 0~1 kg/m?): (a) does not considering wall adhesion; (b) considering wall

adhesion (critical oxide inclusion density of wall is 2 kg/m?)
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WARIR y BIVRT B34S 25510 A [ BB AL S AL S SR 1 22 2D

15 21 3R S e iR B AR A i ASSCHE QU R ) 4 3 70 BRI R SR At i F) 22 it
b, 5 R G T8 T I R AR A e T R TR SR AR (TR AR . R TR B E SOR AR
o FEEL SR AR AR P 7 T HEAT O o S e R s T SR A 2 D5 8 2 22 T RAR
f4 OpenFOAM [FIHESE, DALk B 5E SCUSR AR &% 1 5 B AR R TS AR SR i SR (14 A 1l
B H R SRR e 2 ) R R TR PR A B

4.5.1 BEKER

1) THHEEMNIEERENE
1F createFields.H U S AR &35 oxidelnclusion, F T3¢ Bt EA L T,

WS I bR B3 sourceOxidelnclusion, F Tidk A RE AL RER S, . HINrE

oxidelnclusionConstant , 3 7/~ B b F & £ K H X H & 4 o ks =

l o
oxidelnclusionCritical, FnHICINF AN IEEL ¥, o

&4 alphaEqnSubCycle.H X1, B HT sourceOxidelnclusion. SEIARL AN :
sourceOxidelnclusion == oxidelnclusionConstant*max(phaselalpha*(1.0-
phaselalpha)*exp(1.0-1.0/max((T-solidtemp)/(liquidtemp-solidtemp), 1.0e-6))*
max((oxidelnclusionCritical-oxidelnclusion)/oxidelnclusionCritical, 0.0), 0.0);
(2) BEEMNFERIZF)
i oxidelnclusionEqn.H XA, T H E LEA I E SR g1 6] 7 F2((4-8)). 5L
PARAS y :

JfvScalarMatrix oxidelnclusionEqn
(

fvm::ddt(oxidelnclusion)

+ fvm::div(phi,oxidelnclusion)

fvOptions(oxidelnclusion) + sourceOxidelnclusion
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oxidelnclusionEgn.relax();

fvOptions.constrain(oxidelnclusionEqn);

oxidelnclusionEgn.solve(),

fvOptions.correct(oxidelnclusion),

(3) BETHRSIH 402

FEXS BE RS I AL FRBEAT U B 2 1T, FR 2R 2, fE OpenFOAM o H 5E (A%
5 REI ok BB il S A, E € S S O E R E— 7 VAR E E SO
WL S oA BRI, SEIUEEHTRL B RCR B 5122 H 8 SCBE RS I 556

A CAE OpenFOAM H [ 5 1)1l F 2644 totalPressure FJFEAil I & B T HG B 14 7

% /fq: ° :L}J:Q‘ jJD %% i& CI’lthCllValue_ ’ %é i“ EI:‘):"% E II/I:E ?% /%:it /f/{: 5’% ﬁ QL‘;} }g Zwallcritical ° /ﬂ% E&

updateCoeffs FREL, SZILIA T H H O AL IVE BT . SEHCAS R

if (updatedy))
{

return;
/

const scalarField oxidelnclusionDensityln(patchlnternalField());
operator == (*this + oxidelnclusionDensityln*max((criticalValue() - *this)/
criticalValue(), 0.0));
fixedValueFvPatchScalarField: :updateCoeffs();
1t createFields.H LIS IIAR &3 oxidelnclusionDensity, T 10 3% B THI K i Ak
P2 J5 BB O AAR O AT TH] [ Co SR RV B o BRE RGP ASE 2R (20(4-7)) ) S IRARAS 40 T
forAll (oxidelnclusionDensity, celli)

{
oxidelnclusionDensity[celli] = oxidelnclusion[celli] *phaselalpha/celli];

/

volScalarField reduceRatio("reduceRatio", phaselalpha),
const fvPatchList& patcha = mesh.boundary();

forAll (patcha, patchi)

{
const fvPatch& currPatch = patcha[patchi];
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forAll (currPatch, facei)

{
label faceCelli = currPatch.faceCells()[facei];
reduceRatio[faceCelli] = max((oxidelnclusionWallCritical value()
-oxidelnclusionDensity.boundaryField()[patchi] [facei] )/oxidelnclusion
WallCritical.value(), 0.0),

/

/

oxidelnclusionDensity.correctBoundaryConditions(),

forAll (patcha, patchi)

{
const fvPatch& currPatch = patcha[patchi];
forAll (currPatch, facei)
{
label faceCelli = currPatch.faceCells()[facei];
oxidelnclusion[faceCelli] = oxidelnclusion[faceCelli] *
(1.0-reduceRatio[faceCelli]);
oxidelnclusionDensity[faceCelli] = oxidelnclusionDensity[faceCelli]
*(1.0-reduceRatio[faceCelli]);
/
/

oxidelnclusion.correctBoundaryConditions(),

4.5.2 BEKRBRRIE

Zitr BRI BRI R AR UL K B e SOR s RS Al 0, A LT85 e A i

FEVFHPURENT S, S B SR FE T ) T SR RE g 0 1 TSR R GRS T BRI
A R B RN BE TG R AR B ) o B 4-10 D9 78 2R il i S A S R s N0 SR A 25 PR 11
HRAE
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Fig. 4-10 Calculation flow chart of oxide inclusion prediction solver in casting filling process
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IR, SRR AR AR 22 R A R AR TIN5 R e O T A SE R . et T4
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5.2.1 XWAREBRUSHIRE
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et &l &1 ¥
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i#0
Kl 5-1 ZEEJFHGSREHE LZ: (a) JUTERY; (b) MR

Fig. 5-1 Copper alloy low pressure casting processes with multi-wall thicknesses: (a) geometric model;

(b) grid model
K 5-1 Oy 2 BEJEAR & IR 55 T 2R U R AR, Forp, seagrp oy Rl g
8 B ECIR DL B Fe R AE R, SR T = T2, A 5 oy 1
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X150 mm. N 1 IRTFA R BEJZ 854, S vh e A A 0B A [|] BLAR DS,
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Fig. 5-2 Copper alloy low pressure casting experiment: (a) mould; (b) sand core

* 5-1 BRTHE ISR R TS

Tab. 5-1 The parameters required for the calculation

24 HE AL

A < ) B 7000 kg/m?
TAEEE 1 kg/m?

AL ) B SR B 3.22e-3 Pa-s
KNI PAL 1) le-5 Pa-s

BV 7 ST R 2R TH 7K ) R 1.2 N/m
=k {0,0,—9.8} m/s?
HOES 0s 0 bar; 55 0.5 bar; 105 0.5 bar bar

HIE ) 0 Pa

5 e VBUAH 2 921.4 C

i 4 [ A 2R R 890 C
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il e T A 153 J/g
i £ 4 Pl I 0.48 J/g/K
&SRR 120 W/m/K
R 1015 C
BT ) R R A0 500 W/m2/K
B AL ] e B R B 2000 W/m2/K
B -t (] R R AR 1000 W/m2/K
M FEAHEE,,,, 0.15 P
FlsFEAEEF, 0.67 g
Ddrag 10 1/s

5.2.2 RS KWERIEL K54

] 5-3 AN [F) B JE 4418 T 2N T, LA fi 2 AH 23 A R g 243 70 AT
MIRZ AR o AT A5 R0 LR Y, BB RS AWK, B e & s I iy L R 1Y
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R ET, BRI S N . [ 5-4 DSz b AN [R) B SR 4538 1 Z 155
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Fig. 5-3 Simulated results of casting processes with multi-wall thicknesses: (a) final copper phase

0.15)

distributions; (b) final velocity distributions (unit: m/s)
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Fig. 5-4 Casting final shapes with different wall thicknesses in experiment
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Fig. 5-5 Filling height comparison between simulation and experiment with different wall thicknesses
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Bl 5-6 775 1A 2 LA K [ A% A 1

Fig. 5-6 Geometric and grid models of scheme 1 and 2
SEEG AT KBRS 08 Zamak3, HA SN (RESE)N: 95.87% Zn--4.00%
Al--0.03% Mg--0.10% Cu. LTS Brig B 1 S8 5-2 Fioss
* 52 AT TS

Tab. 5-2 The parameters required for the calculation

ZH HE LA

B S E 6300 kg/m?

A 1 kg/m3

BEA S B R 0.05 Pa-s
RMB) TR le-5 Pa's
Be < 5 R R 7K ) R 0.0782 N/m
s {0,0,-9.8} m/s?

1 {3.5,0,0} m/s

HIE ) 0 Pa

5.3.2 EHHESERMESW ST A

FE 3 BT Es B A2 SRR - AT 5 2256 2R A SCHI R B I 9 6 SR B SE B0 o
Jiike ARG ICIREAT A B, R DRI E €8 o L FEAR, o se AL AR
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HRT B AR SR K, N2 SBOE A R A . T RS — Ry e
BEAE, PR, ASORIH b B B R 45 fa 5 b AT In AR A B, 33 T mT DL W8 A 0 ) 21
LML Z b

FHEGT HABD IR SLIG A 5, Wbl#E adr. CT —4EpiB5s, Habs’y
EAMLEA S IR AL IR R0, (RIS B 75 S 06 2 SE A . ARSI A BE 1)
HAKTZ08: EG50°C) BIRIG /N, RE TR, B 5-7 BRI ar 4 4
JEFAF AT NSO BRI, HA e N sz K . ASEER S5 R T LLE H,
LA IR 9, FF HoaT DL e 58 AL /N R A M s =R 2 b .

B 5-7 %PBEE S R AEREAT I A AR 2 A 20 R

Fig. 5-7 Effect of heat treatment on zinc alloy die castings
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WAL BE NS I D 7T T RIR A, AN 45 2L s N AR AE 8 B R Sl
BB O WS, TS 1R R R RS, SR B
J7 HBUBCR ] AR X, 17 % 2 AR AR A R Pz s, IR AR IR

R P X

(a) (d)

Kl 5-8 AL 0.015 s I 7% 1(a~c) N7 5 2(d~O) P EFBUA AR EL AR E 73 AT - (a, d) BEBAARILL: (b,
e) PR E AN m/s); (c, ) FFBOEE DA (AN m/s)

Fig. 5-8 Zinc liquid volume ratio and density distributions of scheme 1 (a~c) and 2 (d~f) at 0.015 s: (a,
d) zinc liquid volume ratio; (b, ) medium section velocity distribution (unit: m/s); (c, f) zinc liquid
velocity distribution (unit: m/s)

Kl 5-9 7 0.055 s I 7725 1 AIJ7 58 2 M . BT ECSE AT DL R
MRS TR 1 KELMERRKERNSER, BRFESZESHMBRAETE3), H
W 5 TE AN A Sk B, T 7 58 2 A B 2 bl Hmia 8l), {E15 44 KE8 7
AR DUBCOR gt HE B s, O 2 T e SR o
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Kl 5-9 7854 0.055 s I J7 % 1 M5 5 2 Hp UM o A
Fig. 5-9 Gas distributions of scheme 1 and 2 at 0.055 s
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WEERATUE H, 7% 18RS D m ) SHA B2, Mm% 2 hA
A D B M. ZRET S, &R 25 55 SEPREE 1= Lo A %
MR, PRI, SO TR R IR 22 R AR R A I s R e T T R S FH A
NI BT e He a2 B0 L T A AU
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B 5-10 7% 1(a~c) R J7 % 2(d~D) 1) SEIG 45 R (Br & & R SO B G RS 5 &85 4
RFR L AR SE B (a, d) [EFFECRIVEER); (b, e) EHEHGVEFEG): (¢, ) WAL S
Eb o3 AT A AL 45 IR

Fig. 5-10 Experiment results (zinc alloy die castings and heat treated die castings) and simulation

results of final zinc alloy volume ratio distribution of scheme 1 (a~c) and 2 (d~f): (a, d) die castings
(not heat treated); (b, €) die castings (after heat treated); (c, f) final zinc alloy volume distribution

simulation results

5.4 AEIFETRESREFG2PRRIELILE

N T YSUEAR SCR R H R4 R ok e TN AR AR (8 S A o 06— AL AS [ 8 ) 40
GRS T2, KAPTIFRRH G 78 R RE v B SR Fa TR g a2t AT v 5, X
TR R R v PR SR B AR RS, T 55 SEBRB v B R 2o A i DL EAT S LE 23T

54.1 JUTHRERSHEE

Kl 5-11 NPT R B ARE S5 T 27 ZOT R 1 M5 R 2 LA S A% A,
TE TR 2 FIXAET S 2 PEBEAE R imIRE 7 —AB (N B B3).
BRI <) . 174X 41 X552 mm, H A8 ARE NEEE 4 mm 19725 & IR 45
¥
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B 511 BTSRRI R it T 200 LT R RS, () 7 1: (b) HE 2 (o) HE | 4l

Fig. 5-11 The geometry and mesh models of the low pressure casting processes: (a) scheme 1; (b)

scheme 2; (c) components of scheme 1
SEBG TR 4 & 40508 GKMS60, BRI FEH Fr it B M S 50n %k 5-3 Fios,
Fiab, SR A A G R AE I B 5-11c K13
# 5-3 tHEA PR R E NS

Tab. 5-3 The parameters required for the calculation

24 A AL

W G 7000 kg/m?
I 1 kg/m?

G 42 B0 JRG EE 3.22X1073 Pa-s

TARMIB) IR 1X107 Pa-s

HE S e SR R T 5K ) R 1.2 N/m
i <5 ) LA 480 J/kg/K

& &M IR 120 W/m/K
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i < VRO e iR 5 921.4 C
5 < P ] A 2 U 52 890 T
] <5 )T 1.53X10° J/kg
EWapiibii {0,0,-9.8} m/s?
HOES 0(0 s); 0.38(5 s); 0.38(10 5) bar
GeE IR 1010 C
7 B e A 1 7
P -THE A R 2L 500 W/m?/K
B B LT A SR 3 1500 W/m2/K
B A R0 R T 8 A R B 500 W/m?/K

5.4.2 B SR RIEL R 574

Bl 5-12 7% 1 mBUERR AN [FI 20 A 70 A . MBSSHLEE SR T DUE Y, A
B RAEE I N BE 1 A2 BE NG 1E AR 5-12a, b), HIT B A2 {7 BB A
N, AEASHTR T BRI A2 phE R, 1 H BT EAER, EERR
I i T AL AN AL 5-12¢, d)o METRIR R NI ALK, HlREHA BN Al
A2 HENBEEA, 78R N T Fa(B 5-12e~h). & 5-13 N7 E 2 e M B AN H
I ZI I AH S0 AT o WAL SR PT DUR Y, BV el i e 11 B3 i NS AAE, H
F BRI B3 A B B AR T i T, B AT DUBCA PR i 2 R im (B 5-13a~d).
YA A BE N B2 A1 B1 B, MBS FR (B 5-13e~h).
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(b) (d)

K 5-12 &1 B P AN ZI B4 A6 (a) 1.45s; (b)2.30s; (c)2.70s; (d)3.10s; (e)
3.75s; (f)4.10s; (g)4.30s; (h)4.70 s
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Fig. 5-12 Copper phase distributions at different times in scheme 1: (a) 1.45 s; (b) 2.30's; (¢) 2.70 s; (d)
3.10s; (e) 3.75 s; (f) 4.10 s; (g) 4.30 s; (h) 4.70 s
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5-13 %2 e RN E R ZI A A A . (a) 1.45s; (b)2.05s; (c)2.35s; (d)2.70s; (e)
2.95s; (H)3.60s; (g)4.20s; (h)4.75s
Fig. 5-13 Copper phase distributions at different times in Scheme 2: (a) 1.45 s; (b) 2.05 s; (¢) 2.35 s; (d)
2.70's; (€) 2.95 s; (f) 3.60 s; (2) 4.20 s; (h) 4.75 s
K] 5-14 FE] 5-15 2 502 75 %8 1 7 5 2 s B #E A AN [R] B 20 R ¥4 R P e 70 A
ME 5-14 TR EEINEE R AT LA, B T AV 2 i I RO &L, DA B A4
Pl A bR, AR AR T = A e 2 A BB (B 5-14a~c). T 4VRAE B 1 Ak 3
MNP RE, BLEN B AL HARIBEH, T8 F A 44 b 5 v be e (1A
5-14d). M 5-15 B AT IR H, W TSR EY, RN
PR, BEIEAE EJLPER AR, SRR, 75 MR 2 PR
AR TR Z B, R R R AZERALNHE S G, A AR R 4

ak, Bk, WRRBOVIE, EXEEREERAKR, —RATLHEE,
(a) (b) © (d)

___ I | .| [ I+ et

0.0E+00 2 OE-04 4.0E-04 6.0E-04 8 OE-04 1.0E-03

Kl 5-14 7R 1 B R P ER ZI A FE 5 AR: (2)2.70s; (b)3.10s; (c)3.75s; (d)4.70s

Fig. 5-14 Cold shut distributions at different times in Scheme 1: (a) 2.70s; (b) 3.10 s; (c) 3.75 s; (d)
470 s
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5-15 &2 M RPN ZIME B4 (a)2.35s; (b)2.70s; (c)3.60s; (d)4.75s
Fig. 5-15 Cold shut distributions at different times in Scheme 2: (a) 2.35 s; (b) 2.70 s; (c) 3.60 s; (d)
4.75s
N T E BT EEIAN T Z R IR BR A, 25 8 BN T7 58 18]V B 22 ) B K IR
By o, BRI, AR b e B — B 2o (B 5-16a), T ISP AT =T
A PRI E (WAL E a ZAE b), XTLLEE R WA 5-16b. MXTLLEE R AT LB H,
TR 1 AR E T TR 2, J75 2 RAE T i A i A B B

115



2P HHEKXRFE T F AL R

(b)

T
et
g
&

0.00074 = FEI
bzl

0.0006 +
0.0005 ~

0.0004 1

0.0003 1/

0.0002 +
0.0001

0.0000 4

® o @ 0 0 0 0 0 0 0 0 0 90 0 0 0 0 0 04

0.0

0.2

04 06
RERIE

0.8

1.0

K 5-16 PR 5N B AR T di i B0 BRSO EE RXTEE: (a) IREUAIALE: (b) ¥ BRI, SRx

tt

Fig. 5-16 Comparison of the simulation results of cold shut on the casting bottom in the two schemes:

(a) chosen curve; (b) comparison of cold shut simulation results

K 5-17 975 % 1 TSR BRBeFv% Mk I ARSI B, KT EE 5 R AT LA
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W AT DS, Rz e mIE S ATE I, BRI, W RRELR
B A AR F AR A B A B SR (B 5-17¢, d) o SEIG FASADL 45 SR Hh 174 R Bk P o 2
FFATE AN B, R D R v B R B (70 B 5 B I AR R R A O, T AR SR 74 i
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R, HLS PR e i e I AR Ak T R B T R 0 X3, DRI, BRiE 7 A SR B HH
4 e R o TN AR 2R (1 i FH AV

Kl 5-17 J7% 1 e Preg R B i b SR E SR EE: (a, b) SERRFEAFARRENE: (c, d) ¥ RRBHL
LS
Fig. 5-17 Comparison between actual cold shut with the simulation results in scheme 1: (a, b) Actual

cold shut; (c, d) simulation cold shut results

5.5 FRIFETREGEHHE L RERMLILNE

N T BAEASCRIT R IR SR e i e TS (R v B 1 o B — S AR 5 5 i
TZ, KBTI R ¥ i 78 B0 R A S vl o B T SR A s 3 AT TH5, i AN A
TN BE A BT AT AL R A, IR S A SR SOk S 3 45 SR AT R LRI

117



2P HHEKXFETF LR

55.1 JUARE R SHIZE

X TG E IG5, N BRIE R AT R AL DR RIE BN R A 2
RE BN . AR T — ARG S5 T 2080, & 5-18 fn, BiRIER
GG AR . TR AR N GIEEE, KA T MAERRERS: FIE5
1 (Rectangle Runner, RR) FljniftziE (Vortex-flow Runner, VR). AHHLTHETEHE
BT E, UG IE M 5 Re A RO 8 R ATV AN R AL, RIE N R LTS
S5 IE 1 Im FHE L 0.5 myst22, FR BRI )72, Fr R FH I P e 2 11 M — X ) AE T8
TEREE IR, T TE A A AR — 2, B, PRMPRRIE T B A TR AR
TRBNTE AN A A I B e )

(A B

200
L 10
Aixn
Y D i 737 —
= 1 e
— t u}
& gl 90 6040} S0

Kl 5-18 —HARVERA &S T ZMBIERAL: mm): (a) HIEEGE; (b) iWiiRIE

Fig. 5-18 A representative aluminum alloy casting technology!3") (unit: mm): (a) RR system; (b) VR
system

T SR BN PEAS R TR ATV T A A A R E s, 2 FESCER[130]@E 1

VB AN [F) I N ST T P R AT X AN [FpeTE, PR, TR0 B 5-18 H RST R 200

X100 X 10 mm WKITAEX . & 5-4 AitHEEES R KENSH, Hhiaaaem

58 LM25 (Al-7Si-0.4Mg). % [ER| R RS FERT HR A, &JBIREARIRN, AT
TRUETHE R, ARSCHRREE PS4

54 tHEAREP R E NS

Tab. 5-4 The parameters needed for simulation

ZH Kl LA
BE SN E 2416 kg/m3
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A 1 kg/m3
R RER i VDAL 15 1.38¢-3 Pa-s
RMB) JIRGE le-5 Pa-s
ERE s R T FAE Y-t 0.87 N/m
BaE A 1.19 kl/kg/K
HEer SRR 70.15 W/m/K
BRA S RO 2RI 611 C
B e [ AR R U 2 550 C
B < T 358 kl/kg
B a)Iib s {0,0,-9.8} m/s?
RR: {0,0,0.7}
P peiE m/s
VR: {0,0,0.4}

R R ERITNE 740 C
AT A B R 20 kg/m¥/s
BT A e 1 kg/m3
B T I S 8 A R 2 2 kg/m3

5.5.2 RS KWERIEL K 54

] 5-19 AN 5-20 43 il A4 TH S (0 AN [R5 TE TR A48 46 v 7 AR L T 48U AE
SR A W 5-19 R B RUAFR LA S R eT DU H, FEE G Rl T
PWIRTE R ROR, 5 7RIS 2WSPIRES, MM AE P B P i = 22 AN BOK 146
SH, BEEREBBAEBEE, ARG N AR IR % R
PRI LUE H, Er- SR BIZ T, A E RN ATR e, MEEHE™
AL RIS IZE KL, &BRNHMIEHI T Al HEF D mEHEP T
o M 520 HRAELEE AT CUE Y, ML FRIERRIE, Wbl T N wiE s
BN, @RBRANERENTR, BRIRATEEH, M1 E 8 N e I

B, HER S PN,
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Fig. 5-19 The volume fraction of liquid metal and oxide inclusion density distributions on the middle

cross-section under RR at different times (unit: kg/m?)
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Fig. 5-20 The volume fraction of liquid metal and oxide inclusion density distributions on the middle

cross-section under VR at different times (unit: kg/m?)
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Fig. 5-21 The distributions of casting defect density (number per unit area) on casting plates under

different runners!!30!
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B X AR AN R DX IHEAT S BE SO &, AT AT BIUAS R BR T8 T 56 1B ok g 2 52
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AitnE i S B . (HANE] 521 thxf LU R AT LR, Bk biE, BEER
BN ORBEE AT AN L), BB N AR, IR IE T SR A
N

B 5-22 N AN[RIGRIE T W A i B T ek S 3 B O A, R LU MR IE T 48l fL
Kt A A L), HEZEPAEE P T, i b e el 3 2R AR
P M EIRRNEE RORE, M T imiieiE, MR RE b TR ESEONEEL,
EAF AL I SR RO ™ B, SERRERBE I RS R A Sk 1 % . e S,
SEUP S R B TN 45 R 5 SCR S B 5 RN B R A, DRI, SRl 1 AR SO B L N SR A

S S o TN AR TR (1 HE R 1

TR I AL B E E(RR) HH AR IR REZE(VR)

0 01 02 03 04 6.5 06 07 08 09 1 ] 02 0.4 06 [ok:} 1 12 14 16 18 2
B 522 AN[RJEIE T H A AT BE T SR S B 0 A (AL kg/m?®)
Fig. 5-22 The oxide inclusion density distributions on the front wall of the casting plates under different

runners (unit: kg/m?)
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Fig. 5-23 The geometric model and mesh of the adopted low pressure die casting technology
SE6 TR FH B4 & £ RS 9 GRMS60, UL F2 v Bir i B 1 S 80k 5-5 B
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Tab. 5-5 The parameters needed for the calculation

24 HE FAL
5 < ) 7000 kg/m?
I 1 kg/m?
& < 30 kG 3.22¢-3 Pas
B IR le-5 Pa's
RS SR R T 5K ) R L 1.2 N/m
i <5 R LA 0.48 kJ/kg/K
& R R 120 W/m/K
i < RO B 2 Ui 2 921.4 C
5 < ) TR e i 890 C

123



EFHAHEKRFE T F LR

A 5 4 T s A
g

BEEET)

o O E
AT A R AR
LG S AR e v
BETHI I S U e s 2

W fE

N

153

{0,0,-9.8}

0sO0bar; 5s0.36 bar; 10 s 0.36 bar

1015
10
1
2

kJ/kg
m/s

bar

kg/m3/s

kg/m3
kg/m3

5.6.2 R SSLWERIEL K 574

K 5-24 Ny 7e R RE AN [ 20 RO O A, DBEIULAE RnT DUR Bl RS
& TR w5 228 B, RERBEERE -, R8sk T

BRI ATV . B 5-25 DAL THBUE AR Bl I AR a8k T 10 S8 A S g o3 A

MAEINES SRR DU Y, B8 0T A 2% R A 22 PP KN T 39, a0 P e e sl o A=
EARHTH . R R A R AR DY A S T R i A, ASEASA Y A  S A

S J AR HORE B 2 AR < BT

0.72 s 1.68s

2.88s

K 5-24 7RG AR HROAS [RIIS Z20 R A 23 AR

Fig. 5-24 The liquid metal distributions at different times during filling
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Fig. 5-25 The oxide inclusion density distributions on the middle cross-section when the liquid metal

I
8

|-

flowed into the lift tube (unit: kg/m?)
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Fig. 5-26 Comparison between the oxide inclusion defect on the wall and the casting surface

morphology on different parts (unit: kg/m?)
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