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Solidification Analysis of Steel Ingots with Consideration of Fluid Flow

Itsuo OuNAKA, Tatsuichi FUKUSAKO, and Kiyoaki NISHIKAWA

Synopsis:

A numerical technique of solidification analysis is presented which is based on “Inner Nodal Point
Method” and takes .account of fluid flow induced -by solidification shrinkage and wvariable fluid density.

As examples, solidifications of tapered steel ingots have been analysed.

It i1s shown that (1) a step by step

method, where the equations of conservation laws for heat— and fluid—flow are solved alternately, can be
employed, (2) the value of permeability in solid-liquid region affects considerably the magnitude of fluid
velocity, pressure and rate of solidification, (3) the magnitude of negative pressure and rate of solidification
decrease with increasing taper, and (4) the movement of solid phase should be considered in some cases.
In addition, the mechanisms of formation of V- and A-segregation are discussed on the flow and pressure
field calculated. The proposed technique, which can handle complicated boundary shape, may be more
useful for the determination of ingot shape and casting condition than conventional ones.
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Fig. 1. Models (Refer to Table 1.)
(a) Model for analysis of fluid-and heat-
flow coupling
(b) Model for other analyses
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Table 1. Dimensions and boundary conditions of steel ingots and molds analysed

(Refer to Fig. 1.)

Ingot | Mold Heat transfer coef. Atmos.
No. | Height | Bottom | Top Taper | Height | Outer |Ingot/Mold | Mold/Atmos. | ‘P
’ dia. dia. dia. T. /°C
H/mm|Dg/mm |Dy/mm | H/Dg % Hpy/mm | Dp/mm | a./W/m2K | a,/W/m2K a/

1 120 | 160 160 0.75 0 ‘ 120 160 oo 418.4 800
2 120 160 160 0.75 0 120 160 oo 8368.0 500
3 640 160 160 4.0 0 640 160 s 2092.0 100
4 300 80 80 3.75 0 500 220 8368.0 41.84 30
5 300 60 100 5.0 13.3 500 220 8368.0 41.84 30
6 300 40 120 7.5 26.7 500 220 | 8368.0 41.84 30
7 {1200 400 400 3.0 0 1 500 800 | 8368.0 3{ 41.84 30
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Fig. 2. Permeability
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" Fig. 4. Effect of fluid-and heat-flow coupling and

time step (4¢) on the magnitude of the
velocity and fraction solid on the axis, 22.5
mm from the top of Ingot No. 2.
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5, dt=1s.
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L EofiiERs SO~ 7 v B S TH
B EMLRADRRI A LicKaoltEThAHS.
T, BED D IREEEETE Uit 7 — o
BVEETHAURE LT, 72k &EWLHFHI
BRIhME LB &, HBHWET —h/pE
WIE CBREIETRA KX { i h e (k) X b EREO
WErE LT b EnEL LIS,

LR (5) 0 B k13 5 BEREDZER DOWT
S BBEmY L Ef e F b LBt X 5 HRE

PUBHBETHEY, ZEicls s boERoilEsbE
BTaunENRDBMSHENIT.

koo & Xbh, XbvERECERERENTXTT S CXEHE
DB EETHLENRD BN, FREREOCHEITTD
HAHBEOMEE A Ol 2 LIXFEETH H, FEHED
WE DT IBE I le ) BRI & 7c b 18 5 7T HE
BB LDEELRA.

3:3:2 AEOREL

Fig. 10 h.0i Eo$ S s 5 EoRBIZE{LE
ARLichoTHH, Fige 1l RENSMERLICSDOT

Pressure / kPa
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Fig. 10. Effect of the taper on the pressure (y/H
denotes a point from the bottom on the
ingot axis.)

i

]
i V72 17
—66.7[[‘1’1—68.3 -31.2 -33.2 —5.8m—6.l
23 [** |
94 I % 42 ci { 9 3| 9V/3
-94.3 -95.7 -42. - -9. -9.
ﬂﬂw% w77 -

-116.6 -118.0

|
Z w77
.2

-160.7||-160.7 ]

1INGOT. 4

at 350s 4
V223

Fig. 11. Computed gauge pressure distribution in
various ingots (Numbers are in kPa.)

— 123 —



554 % & @ @

67 4 (1981) 45 3 %

5. TDXINHERNOROZENBEEIRD (KR
FCRENLY - CENZERB L Tk b R ENEKRK
FExNzi-bDEins)-

(1) 7= REI BT CHENREELIZLL
eh. THILT — PR EL DGR b DM
VEBERE DS X b SER S NBBINMETA N & { feofe e T
Hh, TSR F 4 VIR LIVIFRBEREe v T 4 %
WA TED L SHED W L —H LA lRERL T
5. SHRRWORE L ENOBGNRIE Y Adk, 7V F
A4 bR OB E LTHbLr R EhEZ DL S
TR X ) BN 2 ORENRFREND L 5Kl
BETHAHHP, Rk X 5 CENIFBBRC L D2l h
AL, BHomECI>TLrith BT Thshr
b, ThboshE LR U K IERE 7o F Pk B EE
ThHAS.

(2) AEORLRSHMPOCTCRON, KEEHLL R
PECIIFEEL Tl FhT— AR EVEEARE
DFEFIRIZFEL 22TV B, ThbDz &d, 2
B ORI Y 2 L GIEED E K LT B,

(3) #Haho X 5 wBEINFRI X % e O BT
IR CHEICAT IR ENEL DT B0 (Z DR
BARDDOMIOL - LT 5), FUENRET B EEND
FALBE—EL B2, BUAHEOESKEL S
DT FBRERV . QIEE D E ARG\ o D HEH
IEXTHELLAFRIAREXIBEDDTHS .

3-3-3 WhBEUVIRY, VEIE L ok

Fig. 12~14 w#HER K, #{#HH LB Ea0mhgo
FHESERYIR L.

(1) EHAWL 0.1<£<0.2 oFEMHERCTE LTS
D, [6>0.2 O TG EA LBEIBHRO R E e
Tw%b., —HHEHE 0.001 L ETHEARLY k&L L
LA EATIA e 0 NI I, F ok bEEE
RTEBREYRKELTHRELATPELRLT V. Th
ESEHEEBC DR EBEHEOBEIET U LR HORKE)
IRKREL LB DTHD., FhZDX 5 hERIT S
Vimt R R EHEERLY 0.35 o BRERHE Y BB
EARTBZ LDy, oREEYERERMUCBT
SEDLIERIDMVRHYERTES” VWi %KD
DERD—FIN O 2 FHTHLDTHB. ROCGHV
fRbr DAY X » IERCTEIT 5 I EHER L BEARD
IO BT — 2R BETHAH.

(2) EFMIEHERICKE L, BRLERIELS
ZIONTEBIT 2 TITL. EoBERENAK
Wy, T bLEENEVCITRE LRRNEL ¥ T
BELTWS (Fig. 4). zhii7—~<%kExT5 &

VIR IRBAT B 0% VIRITOME LR T ViR E )R LT
Wb, TR EREHIR e WRIR CIRES Y |+ — &
—JOT\ % A SzEKELY LOFERD L —FH L T
5.

(3) ERAWHRMMERYRELLAVIRE o Tw

I
0.91—1-0,3‘5

:li | 1* ](:';.003

0.0 1.03 E

:“ “ *1&003

o9 104

11

0.88 1.05

0.3¢ 037
Az
i :fgo.lsu
r

At 50s

Iig. 12. Computed plot of the magnitude of the
velocity field( mm/s) and the progress of
the region f;>0.8 in Ingot No. 4.

Fig. 13. Computed plot of the magnitude of the
velocity field( mm/s) and the progress
of the region f;>0.8 in Ingot No. 6.
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Fig. 14. Computed plot of the magnitude of the
velocity field (mm/s) and progress of
the region f;>0.8 in the ingot No. 7.

5. F4 Szexkevy % Fujn &0 e ¢ BRI /f
VROTEIZE LR TR b TEROMMIC KT 5# VIR
HEORIHIEHED BULEITE 27, 7L, Frep-
RIKSSON B0 Pb-Sn 44 0SZEEE I EEBMETE
BRIEUORITEIBEIRhTVWS. ZDX 5 ER
L E OB YRAT 5 CIESH, BTN ABERES,
BEREIRTTE®® DM, B OB & A BRI NE
EBEbhB.

(4) BENFEROFIZ VIR TR BEVIRE 2D
Twb., —F, SEMHEER AEORAEFREE (Fig. 11)
e EEVIRTHD, T—_BEKEWEEVERRVTWL
B, ZHEVETE T — BT 3HKRLOBEERY
LRA—OBEAERR LTS, {#2oTE DX 5 el d
Us VREITMIE S 2 EEOMENC X > THE TS DTkl
{, ERFALHFBOMECERTSH LELLNTVEYTH
55, HARLDIEREFROREINBEREICThh S
DR VREFAHE IS ERXTA B4 Xy 3
LW W T ISR Tn o, T ORIE2WT
RSB XGIERFATALERD BN I TRKRD IS
HHEDIRES Loy,

T, BEERFESRER S EHE TR
LE% “BREER LEME Ry b7 -2 % HLEH
Lic v “BEMEER wkilEh, ZOWBEOERY

“BRIBIARTE &S T 5. & OERIEA
< 7 nCIT S EHERBAGER E e b h%, B0 %
v 77— 7 DEZT, Dorrbll, BEHEB (&
H) OkEX, BRELESCIOTHBDIED, Bbh
LTV EEL bha, o TEKRRBREmC KT
HEMRIE RN OWHEER X 0 R E R h X
XL IB ERBHBTHAHS. —F, BENREC X YE
WIRENR CHEIA A U % 2R D BB § 5 2 2B E
IEHOKRE S, FBE, EHEOF, b7 — 7 OfLS
(B TTENR O IRBNIEH) 72 & X2 TR DA, BEEIHE
TN E B AT RO A DB AT, AE
Hd B REL EXE <703 L BB BERIIBIE I fi B
ELTEINBL L, BOBRHEORDOWE L 25 & &0
Er bRy, Z0Xk5 L CHRNCER It B » &
b, BEWREBIREAVIEN & L TRETS.

(5) BRI ZERICTHHBOBERIKEVIRE
PBHEDRENAKRELL LB X > THS. Hx ¥ Fig. 12 &
Fig. 14 ZHETHE0 5 X 5 WERBNDNIVITHEH
HEBEOBIEL oTw3 (04 Fig. 12 O
BMOANERERRE CAFREIL LCEROFEN B
bR TWw3) . EHIh o8 X 5 FEBRROLEL
&5 No. 7 oFs k& ho7 (Fig. 14) 460 TR
ST T2 513 E WSS OREHCIXEAE OB B O KA
OB ER LICBNABRETHS .

4. 5 B

(1) AEiSET X REIWE, BEELT X2 %AE
DIEEEE L, Ui b4 OFR OO BEE A
WM FER A L., ST EE O REIH B
BTHWEAORBEIFBITNCENISFELRRDTHSH .

(2) BRESHEENEOERTID T D EECHEL L
Th, BiAT » 7 4t HHABENSSTHE Lt D
CBES LS YT ECH L BEOERE TRV
Eh Mt (3) ERIFAROBMEOIE, EJ)
BEBRC I OTh v EETS. (HHFIEELTT —
AR OBBE BT 2T\, RERORBRFEELI N
AT 5z &AL (D) hEORITHRCEKSZ
ViR, VIR QLB OVWTER LY, BT
%%01&2‘&%* ,;)zz)’as) 38) ~4o>@ﬂ%%%&§%¢ HH o
Thote. (6)41 X b EMBREMRNT % 5 12 EHE
OBEEERET A L, BEERLBERBECHGRDOIETE
F—2wBBEZENDPLLLUNETHS.

i =)

Sfis for wetEdE, EMRE(-), g: ENMEE(m/s?),
Iy : i SR (m), a0 &5, EEEMELE(m)
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t,dt : R, BERAR T v F(s), ¥ BAIE T E £,
Co: He#t(J/kgK), K:E@®R(m?2), L: gBEES
(kJ/kg), P:EH(Py), Sx: ER oWk EEH(m2),
T : MMIULEE T 5 REIRE (°C), TR
(°C), Unx: BFE@IT 31 5 PIE ST @ O E(m/
s), Vi #EREEKE(m?), a: ZRBHRE(W/mK), Jx=
(ATy) +2(T1))/2 : FHBELIR(W/mK), 2(T;) :
Ty iz s 8ELER(W/mK), o @E (kg/m?),
dpy=ps—p1 &HF i, km: BERFS, 1 qHE, s:
[l 48

8k - GHRICER LicikiE
p1=7.1x10%kg/m?, p,=7.5% 10°kg/m3, o (mold) =
1.6 X 10%kg/m3, MMM IEEE Tio=1483°C, T =
1460°C, L=272.0kJ/kg, Cp(steel)=0.628k]/kg-K
Cp(mold)=1.05k]J/kgK, i(steel)=33.47(T <1460
°C), 2.18397—3155.02(1 460<T<1 483),
83.7(7T>1483)W/mk, i(mold)=1.339W/mk
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