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Abstract

In continuous casting, molten steel is fed from the tundish into the mold through the immersion
nozzle. In the immersion nozzle, inclusions mainly composed of alumina present in the molten steel
adhere and accumulate, causing limitation of continuous castings. To prevent the nozzle clogging,
Ar gas is blown into the immersion nozzle. However, Ar bubbles flow into the mold along with the
molten steel and become trapped in the solidifying shell, causing bubbling defects of the slab. To
suppress bubbling defects, it is effective to keep Ar bubbles away from the solidification interface
or to use molten steel to wash away Ar bubbles that have adhered to the solidification interface.
The molten steel flow in the mold is greatly affected by the shape of the immersion nozzle. In this
paper, we consider the optimization of the shape of the immersion nozzle to reduce Ar bubbles
trapped in the solidifying shell. A numerical model of molten steel flow and heat transfer solidifica-
tion in the mold is combined with an optimization method. In the optimization process, Ar bubbles
trapped in the solidifying shell are evaluated by a neural network to improve the calculation speed.
The application of this method to the search for immersion nozzle shape is also reported, and the
effectiveness of the obtained nozzle shape in reducing Ar bubbles is discussed.
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(c) Top view
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Geometry of the immersion nozzle. All dimensions are in
mm, except angle degree.
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—ODRF- DR EIZRE ) AVORERTHRENS
EREMADONRZ P Lo Tx=(d,h,0) LFESN%,
CITIIRTOFETTHbD, T2, KR FILAENRS b
VOIPIIBEIRZ MV FF-TBY, HERERORITLO
N7 Vv =,,v,,v,) TEEND, S5, KRFIILN
FCOHRTHAL-ZNETNOREMR, $%bbEEHE
Bt b /NS T 5 72RO ATTE Ibest =(Ibest,, lbest ,, Ibest )"
&, ZOHMBEOM L(F(lbest)) & iLlEL T\ 5, FfiLe
LT, 3 XRCOMTAINE TORETHAL /2R BLF
ghest=(gbest , gbest,,gbest,)” Z L L T\ %o

B 3 ICRHREmMNHEZ R T, T3 1RE LR FR7E T8

K2 Za-ThEy NT—TBEDINT X — 2 LR
Parameters of neural network structure and search range
N Myt r
2t07 1 to 100 0.0t0 0.9

14 A n
lor2 10°to 107 10°to 107
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RZEMNIT T ¥ & DTRLF OB x© LREE v & RS
bo WIZ=a—=F Nty NT—27 % HOTER I T 5
HIBROME L(F(x©) ZFIH L, R best, ZritES %o
ZDO%IE, HE L7 RO BARRIEUIELE L 72200 T %
FCDREOMIE A R d, KERKE L THL %, Bl
FEDORE xO 5, ZNENOIRBIFENTD D) X7 bV
IbestV—x©, FENERD R LI gbest?—x0, S OHIEIOFE
BT PV yO OBEAM SMIEKE G L LTz B8~
RV D Z RS Do t+1 BIHOBEIZBT 5 i #FHOR
FoBE~s Mz (34) TH2 515,

v =wv + ¢ r (Ibest"—x?) + c,r, (gbest"—x) (34)
ZITr Ern 305 1 OMIZSA 5 —HALEL w, ¢,
e VIRANCHET 2EANT A= TH D, LT, K (35)
(2 & o TEHLF DRLEZ RDOME xD 1IZFEBT %,

XD = x0 4y (35)
BB, x o ERORS x0T RREE T 7261
I ZTRREE L, FIZ, <00 2% EREE bol- 7285
B X % EREE L7z,
KEaTlE, BTHRELLTRRARERNELE G252 L L
L, RIIHETL5EMTHREILEFER L7,

34 BREEBRHEXY N7 —7ICL3BREPAHERV
=% TILEDED
B ERIRERE Ay b= 2 I ANE, BEhE e, B

‘I%!ID

Generate particles
at random

Evaluate objective
by trained ANN and
set best position

l

Update velocities
and positions
Evaluate objective
by trained ANN

| Update best position

Converge or
reach max
iteration

Yes
Optimal
solution
Za—F0hxy NT=TICEDICRTFERELD Y

A—X
Neural network-based particle swarm optimization process

X3

F3 NWFHEREED/INTA—4%
Particle swarm optimization parameters

Number of particles w ¢ c, Max iteration

100 0.5 0.14 0.14 500
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BO3I@BISBDL_a—F)VAy N T—7Thb, ixal %
BrbhbBMFOT = ik x) | ET 5, 7220, &
WAL OLT b, COB, BEREEEEA Y b -2
OHIFEK (36) TH 2 HiLd,

dm@=éqK®%) (36)
CZTK@x) X iFHOL= Y FOREEEE, a=(a, ",
a,) \ZHEEMBOELTH L, A TIREEREE LT
(37) TEFLEND I ABHE V5,
(x—x)"(x—x)

5 (37)
)2k

i

K(x,x)=exp|—

ZITr i FHDOT =5 HOFETH Do PEDERN
TR 7 b OAHRE STV B0 8 KT, SOt
42) 12X (38) & AV 720
i
T m—1

ST I REZEMORIT, 4, WiFEEOT— 5 me Al
DF =5 HEDFHOW, FADLDEHL TV D, K
Tltd,, £LTKBOITRTEIITL—2)y FHHEZ R
HL7.
d, = AX |lx— x| = MAX \[|d —d P+ |h—hP+]0,-0F (39)
HRAE, BIEEKEESA Yy b= 2T YT
VIS OB BB MELZ R S AT TH S5, BEM
¥o& iz v TV oguE )i, DT OFIETThR
B

(D FRTOPGTH 1 & LB M VERAET %,

(38)

y=( 1) (40)
@)X @) TR a'=(a, 0 EKD %,
a =(K'K+¢g) 'Ky (41)

CITK, e l3FNFNR (42) £ (43) TEHEINDIT
T Thb, R HFDIZEARISTA—FTHY, K
FaTld e=1.0x102 & L7z

I K(x,x) K(x,x,) K(x,x)

Kk=| Kx,x) Kx,x,) K(x,,x) (42)
| K(x,x)  KGx,x) K(x .x,)
e 0 0

e=| 0 ¢ 0 (43)
IR

(3) RDIR/MURTE (44) 2R E, 155 N7/ NMEZ BN
YTWVEET Do b, BWEMBEIIAMEDHE
gy,

Find x* = argmin 3 o7 K (x,x) (44)
3.5 EXAHE
4 1ZEROFHERNZ R T, &ELGR AT
Za—=F VA Y NI =7 OFEFIMEHT 57— 8 DR\
», CFD W TY yh— e 7a—h— VEHETL 2
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ilﬁﬂ.

CFD
Acquire samples

/ /

)

Add samples
to dataset

Optimize ANN
architecture

CFD

Pickup samples
by density function

4 FrRElsE{ED7O0-X
Sequential approximate optimization process

LT, FOWD ) ANVEEGbETT—5 vy MR
The Za—F )Nk y T —27 OFMFEMEBRIZE L /20,
CCTHETATF—7 1y MIERFEFHOERICHY T S
G2 LIS R L 720 BARIIZIE, RIER S (mm)
7360, 100, 120, AL & & (mm) 28125, 175, 155, 195,
225, A VAE (degree) A% 15, 20, 25, 30, 35, 40 T %
oMM EDE MR L 2,

Tk, BTty bW a—I Ay hT—
7 OIE RS ET L L QIFEE 2TV, SO ET
W TR IR LA AT 50 A FREREIIC XD,
YEETT R ) AV ORGSO N5 PR CEIERK
FEA Yy M — 7 2 W2 HERBIC LD, 7= 2% wn
FHI D ) ANGM R RO BT =8 & T 5o FTHE
R b & BRI L D ES N AVEMII LT, IE
nErh— b 7a—FR— V&5 728012 CFD & 7§
bo CIETTHEONL ) ANSGEEE Y F— IV ROT
O—Fk— Va2 T TTF—%ty MIBNT 5, 22T,
R E CE L2 L HRLTT =5y bERIEFKT 5
ZEToa—I Ay N =2 OFRKERETHIZH T
B728, Ff-REREL & BEBBUZ L 5% 7V E OBl
3T OMED RS L L Lize D EoME % A8 L Cf7
Wy, FTEDRE A 2 7R TR A T L5 5,

4. RBEILFREEE

X512, BAs L TR LG HRE L/2iZE s, A
410 CFD #44H (base condition), H=& L THKIT
REALD AR % 10 0147 - TE S NRIE /) AVEM4T
D=2—F VAt y b7 —=27I12X%5TFHME (prediction by
neural network), HA & L TRESMIE OB 22 KB £
2y NI =7 X D BEBE TR IZE S ANVEGD
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1002
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Pinhole
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CFD 5151H (optimal conditions & search points) 7R3 o A
ClE, BMTHLRNDOE Y R—VETO—FR— L EW
TNL0LLTVEzD, KOETIIERWEGTH S,
Za—=FNVAy VT —=2 I X A RE LR (B=A) 1k, T
BCToOREHEE (B LY OBATAEM4EZTHIL T
5o TOLZMT CFD FHE 2 L 7458 (L) & =2 —
FNAy T =7 OFHME (B=M) 3—B L 2vwEabd
A, AR UCEmEEZRT 2 EPHEREINT. Lo T,
Za—=FNAy T TOFHEFEED T CFD 715
HEIICHER Y KT 2 LI XD, WA DM Tl E
WEER KA AT 2 DS TE 5,

5ot AETENC L 2 BN (Bh), &4EBit
CFD #fBETH (HAL) ORREREEZRL TS, LI, i
SO LR BICHEREM, ERGEITR, R4 ITERSE
Pl FELOE s R— Ve T —R— )V ERT, VT
DB DLELRMEOLED/NELR>TBY, Erd—
THI 56%, 70 —k— LT 10% KT & 72,

X6 l2FNZhD ) ANVIIRE R o FARLMDRE
AWNZDOWTIE, HBILE & & 7 VAN 2 7248
R BT B TIRMELL DEE o> TWAHI END, K
AT RIS e A vk — L e T H— R —
VRIS B ECH D D505, B7 (a) 13RS
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175
225

61
16 ¢

(a) Base condition

M6 =&/ ZAIOTELS
Comparison of immersion nozzle shapes

(b) Improved condition

FCoO CFD RIETHEOLNZEE R L TB Y, $HHEI
(222 L 72 ER A E TSI L Tn b, 20X ) i
X TN O— Vg Sy = E LTHLENTWES, 77
V= VBN Y — > TH LA ERFITS IR ES, 5
xS 52 LT Ar SJEP B E R It s b2 &
PRIT A28, ErR— Va2 /NELTAHIENTE S,
F7o, R Ey T va— ) ViREp Ny — Ik B R/
B & 1) R RE PR TE L S 7 Ar RUBOTRERIR D 4
K, TH—KR—NVE/NELTHIELELTE A,

YEESME, IS ORIEE LD RRIE SN DR
Lo TWh, Bl ANVOIIRIZOWTIE, LR S
FERGHRETH LD, AEZLIDERILTWEI ER
5, LDACEHANOMER TR A OERE > T, M
TO)IZRTHENS LI, TOMEIZ L > TRV 7D
BoN, BHOTHEIHEL 2D E Y R—VEEEIC DL h >
TRlEZOND, BERSIEL o/l E LTIL, #
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Comparison of velocity magnitude in the mold
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Nbo F72, SR AT CRFE R ICA S L7 Ar
RIAE T TRLESNL 2 L T7a—F— L 2R
TEXEEZBNL,

SEOFMEE LTI, EMS X EMBr 2B L7240
J IR LT b N5 72, ARTIE, ¥ k-
Ve Ta— k= VORHIiE % LT 5 2 & TH—HK
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