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Problem Description

* Target problem:

— Model true transient
multiphase flow

« Difficulties:
— Gas injection
* Gas flow rate and

distribution into s
Assem

UTN

« Initial bubble size Somer
Es_ Liquid Moid Flux

— Flow rate variation

during actuator Tosmeonce 5~~~ 7

movements 4 Depth ) &5

|d . f Port Heig_hlilir_‘ S o

- Va ! atlon‘ © // F“SLE Nozzie Bore \\ ‘

computational models [ v o=

- [ Solidifying  Liquid Steel Pool \

¢ Model system: S stedsha q %
— Flow rate models

— Porous flow model
— Free-surface tracking
— Multiphase flow
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o Models of Gas Flow Through Heated
Porous Refractory (UTN)

Heat Conduction:
Ideal Gas Law:

Mass Conservation (or continuity):

V-(kVT)=0 (1)
p=pPRT (2)
V-(ov)=0 (3)

Full Set of Navier-Stokes Equations for flow in porous media:

Porous-flow 8(pv)

Model: ot

Darcy’s Law:

—+V-(pvv):—Vp+V-(ﬂVv)+F—(gv+C%p|V|vj (4)

inertial resistance

(5)

viscous resistance

v=—-K,Vp

Combining (1), (2), (3) and (5): N

Pressure-source Model:
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B Permeability Variation

é’gzung --Dependence of Permeability/Gas Viscosity on Temperature

Nsortium

Specific permeability, (from ArcelorMittal for MgO or Alumina refractory:
0.8 -1.2x1012 m?

{ K, s =1.01x10"?m* (constant specific permeability)

u(T) (gas dynamic viscosity, as a function of local temperature)

*

Viscosity Varying with Temperature:

#(T) = u,*10
Uy =2.228x10° Pa- s

9.0E-05
(063842197 —6.9365/ T-3374.72/ T*~1.51196) 80605

7.0E-05

6.0E-05
5.06 05 /
4,0E-05

3.06-05 /

Room temperature (20 C) argon
viscosity

Ref:
*R. Dawe and E. Smith. Viscosity of Argon at High
Temperatures. Science, Vol. 163, pp 675~676, 1969.

Argon Dynamic Viscosity (Pa*s)

250 450 650 850 1050 1250 1450 1650 1850
Temperature (K)
University of Illinois at Urbana-Champaign . Metals Processing Simulation Lab . Rui Liu & BGThomas . 5

o2

Porous Gas-flow Model (FLUENT)
<= Validation with 1-D Benchmark Problem

considering thermal effects on both argon permeability and gas expansion 60000 cells
Ry, Ty V, (or Py)

B.C. for Case 1, fixed pressure:
r=R,, P=P,, T=T; r=R,, P=P,, T=T,.

R;(m) R,(m) P, (Pa) P, (Pa)

1
§

Temparstura ()}
EEERREEERE
i::::::::

Pressure (kPa)

: -l
Argon Dynamic Viscosity (Pa.s)

o Rl Prsitiion fou) ams oo ooss aoes 0.5
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Pressure Threshold for Bubble Formation

* In order for gas to enter the liquid and form bubbles,

interfacial surface tension force must be overcome:
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Bubble expanding stage (assume equilibrium): M'pore N@S:
— [>T pore 2= Tpore 3>l ore Sm_allest
] radius
/S!rms!m @n rl r2 r3
& S Largest
Py 1P Pg 1 Py Py [P, curvature
' ~ stage 1 stage 2 stage 3 .
| s Biggest
o omsisei il pressure
SN e i | Pressure threshold for bubble dro
mk’,;"i | formation: 25 P
S p,=p+t— = critical
r condition
Parameters used in current study: a=1.2Nm 7. =200um

\Qne -Way Flow Pressure Boundary Condition

uDus
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At refractory-liquid interface: (1-a(x))—== p ( ) a9 p(x) = a(g(x)
—son %) 1
1 sgn(( on ] ) g(X)=p (x)+ P =Dyt plg(htundish + hypy _Z)__p1U2
a(X) = b pore 2
2
_ Gas Velocity
onewRyflowpreR e Pressure B.C. with One-way flow (m/s)

9.41e-02

pressure B.C.

- |
£ - dgg - 8.94e-02
3 | Reversed flow from the 8 47e02
5 ;2 2
A steel side, results not B
° E PR e s S 53202
% v I % \p!ays IC al 7.08e-02
% F-3 I = S 6 5902
2 -E - P = Prriece E : ::::'_ : 8.12e02
é' Hl = E = 585202
£ I E i = 5.18e02
E . § / ; - 471e02
i £ = 42302
El s - :
£ | E 3.76e-02
'é’ ! e 3.29e-02
% = 2.82e-02
é - 2.35e02
) | 188202
- |‘ r 1.41e-02
-l = S T 9.44e-03
iee p=p,mfo/rrcpen bottom ‘ 47302
w=0m/s for perfect sealing 3.282-05
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Effect of Injection Pressure

Asting
“‘*Q?_ﬂ_sortlum

Gas velocity increases and distribution changes with increasing injection pressure:

0.25: 0.25; 0.254
] 0001 ] 0.002 ] 0.02
0.2 mis 0.21 mis 0.21 mis
—~ ] ’é‘ B N, -\ o) ]
é ] Pressure (Pa) \: . Pressure (Pa) é i Pressure (Pa)
= 0.154 £ 0.151 2 0.154
<, 0151 89980 & 4 98000 > 136000
S ] 89940 ‘@ R 97000 ‘© R 132000
T . ggggg I ] 96000 L ] 128000
= : z ] 95000 Z ] 124000
£ o1 89820 = 0.1 94000 b 0.11 120000
> 89780 ’ 93000 2 ] 116000
] 23;38 ] 92000 . 112000
| 89660 § 91000 . 108000
0.054 89620 0.051 90000 0.05 104000
1 89580 i i 100000
] 89540 i ] 96000
. ! i : ] = 92000
- e - - :
0 RN BRI BN 0 e b 0 N IR BN
0 0.05 0.1 0.15 0 0.05 0.1 0.15 0 0.05 0.1 0.15
Radial Distance (m) Radial Distance (m) Radial Distance (m)
Injection pressure: 90 kPa 110 kPa 140 kPa
Note: gas bubbles enter steel only where the threshold is overcome
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Validation with Lab Experiment
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V&= Bubble Distribution on UTN Inner Surface

“=onsortium

Gas Normal Velocity (m/s)

0.0027
0.0022
0.0018
0.0015
0.0013
0.0010
0.0008
0.0007
0.0006
0.0005

Measured preferential bubbling Predicted gas normal
locations velocity distribution
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%, Effect of nozzle thermal conductivity
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Molten
steel _
flow inlet
2000 Decreasing conductivity
(eg. by less graphite, or
1800 - AN different refractory oxide
S such as doloma) causes:
i 1600 - ~ - Higher temperature
E . gradient
E 1400 - Y - Lower temperature near
E o - inlet
1200 1 Seo - Lower average nozzle
R temperature
1000 © — —Thermal Conductivity: 2.6 W/mK -~
—Thermal Conductivity: 18 W/mE
004 305 D06 o.ar .08 0.09 a1
Radial Position {m}
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o Parametric study:

Vam=  Gas velocity profiles along UTN
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Effects of: bottom leakage, pressure threshold, refractory conductivity

008 e T, sealed botom (base cave, = TB WImK) Base case:
(= = Cage 2, sealed botomn, withoul bubbling pressure threshold i - i
0.08 |- - Coned e iy Ay w Max flow Wher_e slits are
| =« +Case 4, open bottom, consl. pressurs, comst ges viscoslly { closestto UTN inner surface
o007 b Case 5. sealed bottom (k=28 WimK) .y -
C | ,;"' "\ 1 Decreasing conductivity:
! [~ L] 1 H
E . 7 L) | - Steepens temp. gradient
£ 005 | '.,' * N\, Iy X 4 - Lowersinlet T & viscosity
s I = L X ” y y (higher permeability)
>004p 4 > ' -~ S. ] Incr flow 30% (net
= ,.;..“ Y~ SN 8 | creases flow o (net)
E"m YR o’ ‘\‘ N 7 Ignoring pressure threshold:
& . . .
0.02 |-§ Cnnme’ " . 4 - increases flow (unrealistic)
. -
! Y Bottom seal leakage:

=
=}
-

- Greatly increases flow
0.00

M [1 L i M r
0.00 005 010 0.15 0.20 0.25 everywhere (to keep
Distance fram UTN Bottom (m) constant pressure:

otherwise pressure drops,
Gas flow changes can greatly affect mold flow and quality revealing leakage)
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N Initial Bubble Size Prediction

NGooo
asl:; ;.:189 [l] Liquid flaw Liquid flow
v (Lee et al.,l'1 2010)
035 l l ll l l Jl' —
F 2ra
03f Gas Velocit : 5 - H " # 2 B T
i | Sy Active sites per unit area(#/cm”) 2t 2
— 025 - (m/s)
s i g g, e, o Wy
z | | : = 7x R
8 “F 1 B oo Radians(0)
I 1 0.0075 b -
Z 015fF 0.0065 o £ op-
= F 0.0055 ¥ g ©
"o ~ ;g
o1f 00075 2y -
r 0.0015 i
F 0.0005 L L=DoBasapad?
0.05
5 P — - b
Y rr W N RN 1 Tundish Level Bai
01 005 0 005 01 015 o ————— - a2 ai and
Radial Position (m) L L ! Gas Parous-flow | Liquid Crass-flow 1 (

Thomas,[? 2001)

Ref: l.____________l/ L -2 F __ 1 !
[1] G. Lee, B.G. Thomas, et ]

al., Met. Mater. Int., Vol. 16, | GasSuperficial Velodty |7 Refrackory H i 1 Tiwo-stage Bubble
No. 3 (2010), pp. 501~506 i

[2] H. Bai and B. G. Thomas, \ = e _L

Artive Sibe Number, 1| Gas Flow Rate ! e S — "~
Metall. Mater. Trans. B 32, 1 1 i mitial Bubble Six= |
1143(2001). Denstiy Correlation i m Aetive Site 1 L 2T -

Where: | Number Density
Q,: the gas injection flow rate per cm? (LPM);
U: liquid superficial velocity (m/s);
P...,: material permeability (npm); l
#:  contact angle for wettability (rad). | Rultiphase Flow Modsls
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N Estimation of Active Sites Number
¢=w  at UTN Refractory Inner Surface
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10
— Downward- 1 om's! 10 1r
“E ol o 7 ég:?n?ng water (1.2 ) ]| Without surface coating
5 . from ref [1] & 94| @ 7.520Pm&V=125mis 4 16.320Pm & Vi=1.25m/s
s 16.32nPm I
= %7 O 84
e, #® ] from ref [1]
2 3 ] o 74 2]
o @ ]
= 6] o o & 6] a n *
c =
3 5] £ 3 .
@ s 77 - .
& o o . . 5 4of o B g
o e w0
:‘: 3- L] . m 3 - Fay = )
o . 8 -
Q 24 . w24 .
- ; Stagnant water o ] With surface coating
o 14 - * " 752nPm > 9 _f ® 7520Pm&V=096mis e 26.12nPm & V=0.96m/s
< o ® 16.32nPm S ] o 752Pma&v=iiomis 26.12nPm & V=1.10m/s
H . . . . i < 0 T T T T T T T
000 001 002 003 004 005 006 007 000 002 004 006 008 010 012 014 0.16

Gas injection flow rate (/min/cm’)

G. Lee and B.G. Thomas suggest(!l: Gas injection flow rate (SLPM/cm’)

tive Qi o . ane: # 2 . .
Active sites per unit area (¥/cm’) So the number of active sites per cm?
0.2635 &35 03308 .
(0] x U’ X Poym is:

=7 x =& < 0.26357 70.85 »0.3308
Where: Radians(0) N = 1Q,7U™™F,,
Q,: the gas injection flow rate per cm? (LPM); e 7]
U: liquid superficial velocity (m/s);
P, . material permeability (npm); Ref:

. [1] G. Lee, B.G. Thomas, et al., Met. Mater. Int., Vol. 16, No. 3
o contact angle for wettability (rad) (2010), pp. 501~506
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Estimation of Mean Bubble Size

\Q
\% .
using a Two-Stage Model
“=Oonsortium
Hua Bai's two-stage initial bubble formation modell2:

1 Qg

= - M 3 AE

= ¥ / 2 o

H \__ Ho

R _/ B

2 2y 2 v
Y| L=Dses=2reeste

(F1] ihy
Expansion stage Elongation stage

--Figures from ref [2]

Active sites function as drilled holes
where gas is injected. So based on the
number of active sites and gas flow
rate over an area, the gas flow rate
per active site can be determined.

Ref:
[2] H. Bai and B. G. Thomas, Metall. Mater.
Trans. B 32, 1143(2001).

1. Expansion stage (solving forr, as r,)

Gas
2| %) injection Drag coefficient:

3ubble Reynolds number:

Contact angle function:

fo(U)=-0.06079+0.33109U(m/s)+0.078773U(m / 5)

DN
P, :liquid density (kg/m?3)
P :gas density (kg/m?)

I 4 I .
Cp > —piim’ = =3 (p=p,)g +5mosin 8,(cos8 —cos6)
2 . _
C,= (1+0.15Re,, ")+ 042/ (1+4.25x10* Re, ')
L.i'nh

wl
R(’hm‘: =
U
17 .
Based on the 1/7t" law in turbulent

flow in the circular pipe

1 py=2r ’
T=— [ udy=131730 -
2 Jy=0 Dy
Jfo= SinQ,,(cos 6, —cos Qa) Empirical correlation
2 with liquid steel
superficial velocity

2. Elongation stage (solving for ry)

U ASITp 312
D"TJ-[’ (ar+b)" "+

g N

2217 !
+——;

5.2692

(ar+b)" ]d: =2re)

eq = 0.78592+ 0707970 (m / 5)-0.12793U (n f.\')z

= E=r

:nozzle inner diameter (m) U :liquid steel superficial velocity (m/s)
O :surface tension (N/m)

U :kinematic viscosity of liquid steel (Pa*s)
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Model 1 Flow Rate Prediction —

S, St ition-based Model

= Stopper-position-based Mode

hSR . Stopper Rod Position
P1: V1,
z .
hSRC . Stopper Rod Zero-Flow
FHy Position (closed position)
hSRO . Stopper Rod Opening
Nozzle Clogging
tg L hey hsro = hgg — gpc
hSRC
™S reference location
Shell Shell Bernoulli's Equation: sub-model 2 sub-model 1 Sub-model 3
V2
; ﬂ+z TLE T By 2+
Vcasting pg 2g pg

e sufm SEN submergence depth

ftLlndish Tundish (WEIth) fraction 2g (f;undishhtundish - hsenisub +LSEN)

Pundish Total height of the tundish Qg = 4 2y 2 I

SEN SEN SEN
Leen Distance from tundish 1+0'5(C h2 j +(C 2 _1j +C +C3
bottom to SEN port center 27°SRO 2°°SRO SEN
University of lllinois at Urbana-Champaign . Metals Processing Simulation Lab . Rui Liu & BGThomas . 16




. -——APPENDIX 1: Stopper-based model for SEN flow rate calculation
o\
":

Buss Sub-Model 1 — Modeling Friction Head Loss

Asting
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Original Bernoulli’s equation:

Vi
+ hgap + hcloggi ng = _hsen_sub + ftundishhtundish + LSEN

2g

The friction head loss along the nozzle is modeled as:

2
L. V.
hfriction = Clﬂﬂ C, is afunction of Re if SEN length and diameter are fixed
Dy 2g .
Moody Diagram Since:
1
1

008 | Iransition Hegion

2005 Flow in the SEN usually

::.-:::: reaches the Re of 105;
0015
0.01

2.

The SEN inner surface is
not smooth (due to
attachment of the alumina
oxide inclusions)

0.00%

0.002

0.001
Gx10

Friction Factor

2x10
= 101

== Bx 10

Complete turbulence

L SsamjEnoy adig aanepay

-

| \ | s | ¢, =0.07~0.08

Reynolds Number, Re = £24 Figure from S Beck and R Collins, University of Sheffiel
. Rui Liu & BGThomas .- 17

Friction Factor = -4 AP

[Smooth Pipe |

UNIVEIC.y cr vinicie ce oo iy i esem iy e s

o Sub-Model 2 —

\
\
\ "f; —

<am Modeling Stopper Rod Gap Minor Loss

“‘*Q?_ﬂ_sortlum

1

Contraction of Flow Area

Expansion of Flow Are
hgap -y }ﬁ—>2 + h2—>3

VSZEN
Z + Piiction + Paogging = ~sen s T SruncisnFruncisn T Lsen

Assume:| 4. = C.h?

Minor Loss in Contraction Case (reference [1]), 2 2"'sro
from location 1 to location 2:
V. 2 A hgup =h_,+h, 5
h1—>2 = 51—>2L —=z — 0 ‘ él—)Z = 05 - 2 2 2
22 4 _ v [O 5( Ay ) [ Ay —1) }
Minor Loss in Expansion Case (reference [1]), 2g |\ Gt Cohle
from location 2 to location 3:

Reference [1]:
Z. Zhang, G. Cui. Fluid Mechanics.
Tsinghua University. 2005.

ISBN: 7-302-03168-1/0201. pp330.
. Rui Liu & BGThomas . 18

NV e NV
1l _I— ’ g

University of lllinois at Urbana-Champaign . Me!




o Final Form of SEN Flow Rate Q,
N from Stopper-based Model

“‘*Q?_n_sortium

According to the friction head loss and loss models:

V2
SEN —

2g + hgap + hfriction + hclogging - _hsen_sub + ftundishhtundish + LSEN

VSZEN ASEN i ASEN i LSEN —

2g 1+05 C h2 + C h2 -1 + Cl D + hclogging - _hsen_wb +ftundishhtundish +LSEN

2"%sro 2"%sro SEN
VS?:‘N
Let hclogging = C3
2g
VS?EN ASEN i ASEN ’ LSEN —
2g 1+0.5 C.h2 + C.h2 -1 + Cl + C3 - _hsemwb + -ftundishhtundish + LSEN
2"'sro 2"%sro SEN
Zg(_hsen b +ftundishhtundish +LSEN ) The model consists of three parameters,
VSEN = = C, for friction loss along the nozzle
A 2 A 2 L C,for minor loss at stopper rod gap
1+0.5 SEZN + SEZN -1| +C, =+ C, C,for head loss due to clogging
CZhSRO CZhSRO D SEN ‘
— 4 2g (_hsen_sub + fundisntundisn T Leen )
QSEN — YISEN 4 2 4 2 I
1+ 0.5[ SEN J +( SEN —1] +C, S+ G
CthRo C2hSR0 D SEN
University of lllinois at Urbana-Champaign . Metals Processing Simulation Lab . Rui Liu & BGThomas . 19

Validation of
=, Stopper-position-based Model

=fnsortium

y I 2g <_hsen_sub + ftundishhtundish + LSEN) The model consists of three parameters,
SEN — “ISEN 2 2 or friction loss along the nozzle
0 p p C, for friction loss along th |
L C,for minor loss at stopper rod gap
SEN SEN SEN 2
1+ O'S(C h2 J +(C h2 _1j +C1 +C3 C,for head loss due to clogging
2"sro 2"%sro SEN
u L L L L] L] LI L L L] L L] u T T T T T T T T T T T T
sal| €, =0075 ] an [l C:=0075 ]
L C,=0 | C, =27
R - 4 28 |- - <
L—3 28 frand:a.f': T — f.'uncrm 0.8
E € L
5 28 - - E 28 - -
= 1 =
LE: Fry 8 4 E 2} -
&
&=} 1 &=} -
o = L '
E 2 - 7 TDat E 20 ® Measured Nata |
5 . eisure ata 5 —C,=0
o=l ¢,=27 4 &l ---c,=2 1
g [ ---c,=25 g | — o-a
.l — -C,=23 i 1B G- e
L 747 s G = 2.0 | L -
4} == « +Linear Interpolation| Ry o I —
| I I B B I I N U N . . L 1 . 8 o 8 . 8 . 8 . 1 . 1 . 1 . 1 . 1 5 1
10 15 20 25 30 35 40 45 50 55 60 65 10 1.5 20 25 3.0 35 40 45 50 55 60 &5
Throughput {tonnedmin) Throughput {lonne/min}
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Modeling SEN Flow Rate

Sstine --Analysis of Bernoulli’'s Equation
p, =1.01x10° Pa
Po Y Ps Vs
Lt Ptz =2 Stz b +h Ps=pgH;+ p,
P fg Pg  2g |

zo—2z3=H, +H,+ H,

- w =rLOCAtion O
Po=Ps | Zy—Z3= Y Zh —_— hport + hf T hsg USSR ____________:,_,_,,,___ﬁ_i__
fg 2¢ \ )
2 | | Tundish 1
2 2 |
v 4 Loy Vien L e S
-H, H+H,+H SEV) SN 1) f e -
’ ' ? ° 2g Aport DSEN 2g T I@ } E I.J
2 2 2 2\ , E‘?’T‘w :I '”’ 2
h — [l _1} (ASEN J +( ASG _ AGAP j {ASEN j vSEN —t __I — H -
s . -
¢ H Acap Asip Asg Age 2g Llocatjon 3= 3
063+ 0.37(%) correlation 101! =
u= Ae _ 05864+ 0.2762(Mj7 0.4807[Mj + 0.615{@1 cor. 221 N, ... !
ASG ASG ASG ASG
Ref: 0.64 cor. 3@ T '

[1] Oertel, Herbert; Prandtl, Ludwig, et.al, Prandtl's Essentials of Fluid Mechanics, Springer, ISBN 0387404376. See pp. 163—-165.
(2] g SR TAL e et 84 ampaign  [31 httri//en.wikipgdiarghuiidiMana.aonirasta
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%, Slide-gate-position-based Model
“\\??‘-;Dt;-:'.sg
Equation for gate-position-based model (including gas effect):
2g(H,+H,)
Ogey = Aeﬁf ’ 2 2 l2 : 2 2 2
(ASEN _1J +f LSEN +(1_1j [ASENJ +[ ASG _AGAPJ (ASENJ +[ ASEN ]
Aport D SEN lu AGAP AGAP ASG ASG 2Aport
4 3 Aggy single phase flow
where 1 =0.63+0.37| =<2 Ay =y_ VT
SG o, +VWT SEN two phase flow
For continuous caster, an extra term should be added to
account for pressure drop due to clogging:
2¢0(H,+H
QSEN :Agﬁ” ’ ( 1 2)

2 2 2 2 2 2
ASEN -1 +f LSEN +(1_1j [ASENJ +[ ASG _ AGAPJ (ASENJ + ASEN +C
Aport D SEN lu AGAP AGAP ASG ASG 2Aport
In current study, C=0 is assumed (no clogging).
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\ Validation of Gate-position-based
wim Model (Gate Position vs. Flow Rate)

Con sor tlu

e Nice match "‘»‘.,{::‘_::'j\ curves for 75 mm Skide Gate Plate Bore
obtained, 2 | "e{“ A%
analytical SEN Traag
flow rate model = RO
Is validated 150 |

o 0 pct gas measured

;
o Gap areais: & | »2pass
gus 0O 4pctgas
< 6pctgas
;m ¥ 8pctgas
g & 10pctgas

——0 pct gas predicted

LLI [} pet gas
- = 4pctgas
50 | - -6pcrgas
2 —
h=D1D2 L D12+D22—4D2 8 pct gas
4D 2D,D, — - 10 pct gas
25 T T u T T
5 0 k- 48 45 =0 55 a
D2 (2n) D?_ . (2h X \/fong Distance between Plote Bore Center and SEN Bore Cenver {mm)
Agp =—-acsin| — |+—=arcsin| — |- Dh, if D>——*=
4 D) 4 D, 2
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Uocus
Asting
c‘-"nso tium

°\ ~ Average Mold Level Equation (AMLE)

' dh
SEN liquid | average (A ——D2j+KA, =Q0uy 4=WT||V, =
steel flow mold level

rate, Qgey motion, V, \dh _ v V. 1 7D,
— o, =1- L
dt a4 o)< | T T

V. 1 , 1
mass h= I [QSEN - de +h AAI ItOQSEth _a_Vc(t_tO)-i_hO

sink at a4 o A
shell

Discretize the equation above in the time domain,

interface T :
resulting in the following form:
domain 1
JAt——V., +h
outflow , T A,,Z;‘QSEN a, (£, =16) + o

2g(H1+H2>

Ogey = Aej’f ’ 2 2 2 2 2 2
ASEN 1| +f Ly + (1 _1j (ASEN j +( ASG _ AGAP } [ASEN ] + ASEN
Aport D SEN ltl AGAP AGAP ASG ASG 2Apart
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o Validation of AMLE model

NS a;ﬁng -=with mold level measurements from ArcelorMittal 3 SP

"'Q‘_:’_n_s ortium

w
m

— . . . .
B measured | ho =\K? =
| O prodicted ™

w
o

1 * Monotonic correlation
found between flow rate
variation and mold level

N
(4]
T
!

N

(=]
—
!

fluctuations
o * Mold level fluctuation
10 | o ° | deviates from the
' o u correlation when
s | . "= | dithering frequency is
' 8 ] very close to sloshing

ms of Mold Level Fluctuations, A, _(mm)
P

T T frequency of the mold

0 25 30 35 40 45 50 55 80 (0.92Hzincurrentcase)
Slide-Gate Pastion Variation, rms (mm)

o
=)
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%, Flow Rate Histories and Initial Bubble Size

N asting
w7 =9ns ethpen T T T T T 8 e,
’gm-- I fimE __ so0-
ém-- "‘“5 §
Em- -—IM-§ E“m
fm 11 g 3000 -
aaer) . Lars E
e é 2000+
£ £
3“ 1000 -
B
E:I.I' 1 u! 22 24 26 28 3 32 34 36 38 4
By Bubible Diameter (mm}
5. Increase in cross-flow velocity leads
E“,, = a0 m == o = m to increasing gas flow rate;
- » Gas flow rate increase leads to
E —dagn Wohare Frociiar . . .
s increase in bubble size, and cross-
wom | flow velocity increase reduces
. bubble size. The net effect results in
ases | decrease of bubble size.
o » Mean bubble size is used in
= m T - =" simulation.
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Sloshing Case: Flow Pattern Evolution at

Consortium

S Mold Center Plane
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\ Mold Top Surface Level Variation

i -- Sloshing Case

0.54
_ %% « Mold level sloshes
£ e mainly in the form
§ 05 of a standing wave
2" across half mold;
2 0.52 - ——Time=6.5sec ~——-Time= 6.8 sec — — Time=7.1sec
: <mnenee Time = 7.3 52C — . ~Time=7.65ec i Traveling wave
0.54 o e e e e e occurs near SEN
08 ©7 05 03 01 01 03 05 07 09
Distance from Mold Center Line {m) towards narrow

048 T face;

086 » Sloshing amplitude
increases with time
at a decreasing
rate.

Mold Level [m)
=
B

i

29 07 45 43 o1 01 0s (11 0.7 09
Distance from Maold Cemier Line (m]
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