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1) To develop flow rate vs. slide-gate
opening curves

2) CFD model evaluation/validation

— To explore the best way (choice of turb. models,
adv. schemes e.g.), to perform CFD simulations in
slide-gate systems

— To test the effect of meshes on the final results
(tetra- vs. hexa-cell meshes)
3) To study transient flow effects, such as
slide-gate dithering on the flow patterns in
SEN and mold
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Part 1

Development of Flow Rate vs.
Slide Gate Opening Curves
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Model to Relate Flow Rate & Slide
Gate Position

e Needed for:

— Water model simulation, to determine/check
slide-gate position for computational model
geometry based on measured flow rate

— To determine the transient flow rate for the
slide-gate dithering study, based on
measured gate position vs time

— In future, to study or predict nozzle clogging
conditions during real casting process,
knowing both flow rate and gate position
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Gate-Position-based Model
‘g==  (considering gas addition)
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Gate-position-based model 1:

— 4 2g (H T H, )
QSEN - eff 2 2 2 2 2 2
ASEN _1 + f LSEN +(1 _lj (ASEN J +[ ASG _ AGAP ] (ASEN ] + ASEN
Aport ‘ DSEN AGAP AGAP AS G ASG 2 Apm‘t
4 3 Agpy single phase flow
where U= 0.63+0.37(%J Ay =9 Qiguia 4
G ng + Qliquid SEN two phase flow

For continuous caster, an extra term should be added to
account for pressure drop due to clogging:

2g (H | T H, )
QSEN = Ae_/‘f 2 2 2 2 2 2
ASEN _1 + f LSEN + (1 _ lj ( ASEN J +[ ASG _ AGAP ] (ASEN ] + ASEN + C
A port SEN ﬂ AGAP AGAP AS G AS G 2 A port

In current study, C=0 is assumed (no clogging).
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Y. Curves from Different Models
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 Deviation found as slide open gate opening increases, but outside the
casting operation window, thus all three correlations are equivalent
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. Gate opening / Flow-rate Curves
‘e==  for Different Gas Fractions
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ymbols — measured in water model
ines — calculated by Gate-Position-based Model
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Computational Model
Evaluation via Single-Phase
Water Model Experiments
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\ Model Validation — Case 1
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* Flow Pattern in center plane between broad faces
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SST model, 15t order upwind scheme
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Physical result

-- simulations using CFX
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" Comparison of Horizontal
mE, Velocity Profiles

Submeniscus Velocity Profiles
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» Shear Stress Transport (SST) model gives best match with
experiment data in this case, where the port exit jet has a strong
swirling. SKE and RNG models are also reasonable
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‘zz, Meniscus Velocity Distribution
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Either k-epsilon model or SST model will lead to unphysical flow
pattern in the mold (as shown on the right) without using 1st
order upwind scheme
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K Model Validation — Case 2
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Mold Width: 64.3 inches
Mold Thickness: 9.25 inches
SEN Submergence Depth: 8 inches
Slide Gate Opening: 31 mm

(defined as below)

S.G. opening =
_ D,ate — Center Distance

Casting Speed: 45 ipm
(125 gallon/min)

SEN inner bore diameter: 92 mm

Plate Diameter: 75 mm

--Total 1.1 million Tetra cells
-- Half mold was used as computational
domain
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6 Flow Pattern at
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Center Plane and Menlscus
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Comparison of

Horizontal Velocity Profiles
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The standard k-epsilon model (and 15t order upwind scheme) is
matching best with the general trend of the measured data.
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Model Validation —Case 3

8 million tetra-cell mesh

University of Illinois at Urbana-Champaign

Water Flow Rate:
Mold Width:

Metals Processing Simulation Lab

Submergence Depth:

0.6 million mapped
hexa-cell mesh

81 gpm
75 inches
8 inches

Rui Liu
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§ Blocks to Create Mapped
Hexahedral Cells

1000.00 (mm)
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Sub-meniscus Horizontal Velocity Profile
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Flow Patterns in the Mold
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Velocity (P ti
Velocity (Projection) velociy (Projection)
F 1.793e+000 F 2.781e+000
134500000 [ 2.0866+000 |
8.970e-001 7 = ‘ ( 1.392e+000
4.492e-001 N - = i 6.970e-001
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sh1]

[mst-1] > : 5 m

81 GPM
146 GPM

I Velocity (Projecton)
Vector

F 3.378e+000

1. Flow patterns with different
water flow rate are similar

with different velocity scales;
2. Double roll flow pattern is
observed in all cases.

1.293-003
[msr-1]

178 GPM
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Comparison of Horizontal

= Velocity Profiles —75 inch Mold

Sub-meniscus Horizontal Velocity Profile

55ip
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« k-e vs. RSM Mold Width:
Velocity (Projection) M" “ 56 inCheS
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m, std k-epsilon model
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55 ipm, RSM model
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Comparison of Horizontal
X o":szu:g Velocity Profiles —56 inch Mold
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Computational models are validated using the sub-
meniscus velocity measurements performed in the
full-scale water model in AM at East Chicago.

* Numerical experiments show that:

— Standard k-epsilon model is the most robust turbulence
model to use;

— Mapped hexa-cell meshes have better accuracy and
stability in computation comparing with tetra-cell
meshes

— 15t order upwind scheme matches best with experiment
data, the reason might be due to the compensation of
lack of turb. Kinetic energy production at free shear
layer by the RANS model via numerical diffusion.
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Transient Flow Simulation
of Slide Gate Dithering

“——__ Liquid Inlet

normal liquid velocity = constant
K=constant

£ =constant

fi=1

Slide Gate Dithering: _Figure from

Gas Iniection

‘ feleesvdecy=ensiant H_ Bai and B.G. Thomas,

TH “Two Phase Flow in

‘ Tundish Nozzles during

Continuous Casting of

Steel”, Materials

e b Processing in the

oremAarAsm i Computer Age I, V. Voller
and H. Henein, eds. 2000.

Slide gate oscillates at a
certain amplitude with a
certain frequency, to
avoid clogging and
sticking.

——
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0\ Background: relevant project:
Vzize= Transient Flow during Stopper-Rod Movement
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812F T y 4 [oM _eAumma_ oWP-A |
o | : : : : : : : : *mould exit ~ 500 mm 5 .
g b ] mould exit mm from meniscu: Refs.
Qo H .
R. Liu, CCC Annual Report, 2010;
1.

9960 : 9980 10000 : 10020 : 1n:4i':el(s1.n‘|;sn : 10080 : 10100 : 10120 : 10140 R Liu, J Sengupta’ BG Thomas_
AlISTech 2011, Indianaplis

* Multiple stopper rod movements & mold level spikes (release of clogged material)

® Both alumina inclusion and mold powder entrapment were found on coil
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. OtOpper-position-based Model
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P ,‘V1, Stopper Rod Position

L Stopper Rod Zero-Flow

Position (closed position)

Stopper Rod Opening
Nozzle Clogging

‘g ‘ ! hSRO — hSR - hSRC

p2’
Vy, Z,

Shell Shell

reference location
Ref:
R. Liu, J. Sengupta, B.G. Thomas.
AlISTech 2011, Indianaplis

+h

clogging

Bernoulli’s Equation:

2 2
‘Vcasting pl 4z +Vl p2 4z +V2 +h +h

‘minor friction

pg 2g pg

Variables  Physical Meaning

Pgen sub SEN submergence depth

Feundish Tundish (weight) fraction

. " SEN

htundish Total height of the tundish @ cloggmg SEN SEN sub + f;undtsh tundish )

Leen Distance from tundish
bottom to SEN port center

sub-model 2 sub- model 1  sub-model 3
University of Illinois at Urbana-Champaign . Metals Processing Simulation Lab Rui Liu 27
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S Metal-level-based Model
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Flow rate based on measured casting speed:
) ) Ref:
0, (l) =V s (l) *WxT R. Liu, J. Sengupta, B.G. Thomas.
AlISTech 2011, Indianaplis

SEN Flow rate based on mass conservation from the mold-level signal:

h (i+1)—h (i—1 zd;
QE (l): m( ) m( ) W*T— SEN ,outer +Qm (l)
2At 4

Parameters Physical Meaning Parameters Physical Meaning

h,, mold level dsen outer outer diameter of SEN

w mold width QE SEN flow rate prediction

T mold thickness Q, Throughput from measured
casting speed

At time interval i i th time step

between data points
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Flow Rate Models

Comparison between Two SEN
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Stopper rod starting position: 46 mm

C,=0.075 R Liu J. S o B.G. T Ref:
s . . LIU, J. Sengupta, b.G. omas.
C, = increasing from 1.8 to 2.2 AlSTech 2011, Indianaplis
C; = decreasing from 16 to 10
e SEN flow rate from stopper-position-based model {tonne/min) === SEN flow rate from metal-level-based model (tonne/min)
4.5 Translation of metal-level-based model flow rate{tonne/min) = = Throughput from PI system {tonne/min) [
4 - Start of simulation |
3 I !
< I_~=
E 3 ey T e
F L !
2.5 1
g [ I
5 2 !
a I 1 :C
< ‘ |
Fi1s 3- .
o : Transient E
E=
|
0.5
0
9950 9955 9960 9965 9970 9975 9980 9985 9990
. Time (sec)
Conclusion:
1.2 sec is the response time lag from stopper to meniscus from observation
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Transient Flow at SEN Port Region
during Stopper Rod Movement

Velocity Magnitude {m/'s)
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Transient Flow in the Mold during
Stopper Rod Movement
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Study on Fluid Flow during Dithering
‘== Process -- Modeling Procedure

* The steps needed prior to modeling the
dithering process include:

— choosing a scenario of the dithering process, with mold
level and slide gate position data;

— estimating argon flow rate entering heated nozzle;

— obtaining the steady state solution for steel/argon two-
phase flow pattern in SEN and mold region, as an initial
condition for the dithering simulation;

— converting slide gate position data in the dithering process
into liquid steel flow rate/liquid steel inlet velocity data as
boundary conditions.

* Model assumptions include:
— Half mold used as domain, ignoring left-right bias flow;
— No-slip stationary wall boundary condition at meniscus.

University of Illinois at Urbana-Champaign . Metals Processing Simulation Lab . Rui Liu
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Step 1: Choosing Scenarios

« Chosen Scenario for

(4/13/2011 3:50:56 PM) 19 psi

(4/13/2011 4:04:38 PM) 19 psi

Simulation

0 psi (0 days, 00:13:42)

Mold width: 72 inches

7 =

rl\:easured gas flow rate:

~20 SLPM

I
0

Back pre: sure:

0

ol

Cast « peed: 40 ip

L

"

|

N

19 psi
3:25:00 PM 3:43:‘00 PM 4:01:‘00 PM i 4:1'}:!‘10 PM 4:37:!‘10 PM 4:55:00 PM
4/13f2011 4/13/2011 4f13/2011 4/13/2011 4/13/2011 4f13/2011
Tag Mame Description Server Color | Units Minimum  Maximum 10 Address Time OFf ...
I&) CastingMachine001, TundishSlideGatePositionCSH This object wil be used ... SPLZSRY... mm -100 100 WSPLZSRYTSININSQL_MDAS|MDAS! 0:00:00....
lish_001.FromL2CastSpeed SPL2SRY. .. ipm 0 75 WSPL2SRYTSININSQL_MDAS|MDAS! 0:00:00....
001.FromL2MoldWidth SPL2SRY... - mm 1] 2000 V\SPLZSRYTSIINSGQL_MDAS|MDAS! 0:00:00..
001.Subi €| SPL2SRY... mm ] 700 {SPLZSRYTS1NINSQL_MDAS|MDAS! 0:00:00....
75 1_001. Upperhi ArgonBackPressure SPL2SRY... psi 1] 100 WSPLZSRYTSININSQL_MDAS|MDAS! 0:00:00...
I Tundish_n01.UpperMozzleArgonFlaw SPLZSRY... - Ipm 0 40 |1SPL2SRYTS1NINSQL_MDAS|MDAS! 0:00:00....
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Casting Parameters

« Parameters for this process:

Casting speed:

Mold width:

Mold thickness:
Submergence depth:
Dithering amplitude:
Dithering frequency:

Total gas injection flow rate:

40 ipm

72 inches

10 inches

8 inches

14 mm or 7 mm

0.4 Hz

~30 LPM (20 SLPM with 75%

leakage based on 19psi back pressure)

SEN bore diameter:
Plate diameter:
SEN bottom shape:

80 mm
75 mm
Cup bottom

« Assume 75% leakage based on previous study

(R. Liu CCC Annual

University of Illinois at Urbana-Champaign

Report, 2011).
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& Geometry and Mesh
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Total mesh:
1 million mapped hexa-cells
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K Computation Details

Models and Schemes Name
Turbulence Model k-epsilon with std. wall
functions
Multiphase Model Eulerian Model
Advection Discretization 1st order upwinding
B.C.: Meniscus Domain Outlet
T No-slip wall Pressure outlet
Bubble size: 2.4 mm Time step: 0.05 sec

Total mesh: 1.0 million mapped hexa- cells

Sources and Sinks:

Mass and momentum sinks are utilized for
solidification of liquid steel adjacent to shell,
and escape of argon gas adjacent to meniscus

Half mold was used as computational domain.
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d Step 3: Liquid Steel/Argon Flow
<=m Patterns —Initial Field for Dithering

Onsortium

Gas Velocity (m/s)

2.00 | {‘
175 |
1.50
1.25 4
1.00 (
0.75 N
0.50 ‘ “
0.25 ‘
0.00 ‘
[m s?-1] ‘
|
50,2 - —_— Horizontal Velocity (m/s) gg?
n - 0.15
3 - 0.10
£ i 0.05
] -0.01
2 o -0.06
= | 0.1
o -0.17
° -0.22
=
_02 6 | | | O|2 | | | 0'4 | | | 0|6 | | | O|8 | | | :
30 LPM argon ﬂOW rate Distance from Mold Center (m)
(hot condition, from porous flow model)
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] Step 4: Converting Slide-gate
“&== Position Data into Velocity Input

OOOOOOO

: Mold Level vs. Sli!de Gate Position!
& I i
T
< | \E\
£ . | i« Window for simulation.;—gjide gate position
110120 140 1;30 180 z;m 220 Time (sec)
FARENE NN RRENS 0,
3 soe (o A AL VN AL N A g IWAPV
& YU U VAL \nv/V\MHJ\U/\MMfJVL |
AL A A |
% mold level signal
mSampIing I‘aljt(;: per 0.05 Slgoc --Un-filitc)ered data fro::io K. Zheng an:OBTilTn(:ISUefC)
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Flow Rate Change
during Dithering Process

Liquid Steel Flow Rate vs. Slide Gate Opening . Average slide gate

Curve generated by gate-position based model, position is 40 mm;
225 \ with 75 mm plate diameter, 80 mm SEN diameter,
_6°

~ © gas volume fraction
175 \\~\___ __________________________

*  With 14 mm
dithering amplitude,
flow rate change is

83gpm k—

E
g 150 N =
P %P around 83 gpm;
&€ 125 00
3 &
= I . . .
3 ~— * With 7 mm dithering
2 s T amplitude, flow rate
z “\ .
- change is 38 gpm.
< > 7 mm dithering amplitude
25
< > 14 mm ditherinp amplitude
0
26 29.5 33 36.5 40 435 47 50.5 54
Center Distance (mm)
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. Dithering Simulation
K g

e —Velocity Input

0.010 A N ﬂ A 153

iy IR AT R N
A

=
——
—
—
N
—
\
R
—~—_
[
—
i
UTN Inlet Velocity (m/s)

S

Liquid Steel Flow Rate (m®/s)

MIANRIRERVATATR
0.006 - \u ’ \ I \ \ U \ \v/ v U U — U Y 0.93
y YV UV .
160 165 70 75 . n::((’sec). 185 100 195 200

Time step in the simulation is the same as the
sampling time interval: 0.05 sec
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Sum, at SEN Port Exit

Onsortium

& Liquid Steel Velocity Distribution
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g Liquid Steel Flow Pattern during
e Dithering Process

Onsortium

i Time =161 sec Velocity Magnitude (m/s)

1.21
1.11
1.01
0.91
0.81
0.71
061
051
0.4
0.3
0.21
0.1
0.01

Mold Height (m)

0 0.2 0.4 0.6 0.8 1
Mold Width (m)
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Argon Velocity/Volume Fraction
_ Distributions at SEN Port Exit
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Argon Distribution during Dithering
I Process

é |

E [ Argon Volume Fraction
> 0.2 0.4
L B .

I | Time =161 sec 0.45
< 0.41
re) i 0.37
= 0.4} 0.33

0.29
0.25
0.21
017
0.13
0.09
0.05
0.01

0.6

0 0.2 0.4 0.6 0.8

Mold Width {m)
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Liquid Steel Velocity/Argon Volume

Uous
asting

Mold Thickness {m)
o

Fraction Distributions at

Meniscus

—_—

Liquid Steel Velocity: 0.1 mfs Gas Volume Fraction

Time = 161 sec

04 06
Mold Width (m)
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Mold Level Fluctuation -Jet
Dynamics
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Mold Level Fluctuation
—Mass Conservation
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Mold Level from
Static Pressure (mm)})
4.5

3.8

-4.6

X \\Q\Qnsortlum

Mold level is calculated using a pressure method:

Al P— D, p, is the static pressure at starting time (160
- sec in current case)
110 PL8 Pressure at quarter mold point at meniscus is
| T .
108 ? used in current calculation
ST O VN,
E 104 N\ Al
E
P 102
-
DAV y v ¥
S s measured mold level
o 4 +——e calculated mold level
o 14 mm dithering amplitude 7 mm dithering amplitude
160 165 170 175 180 185 190 195 200
Time (sec)
Calculated mold level matches well with the measured mold level, which
also validates the computational model.
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Conclusions —Part 3

Qasting
Consor tium

Methodology has been developed to simulate

fluid flow patterns during dithering process,

adopting the following models:

— gas flow through heated refractory for gas
flow rate prediction

— gate-position-based model for liquid steel flow
rate prediction

Simulation shows jet wobbling and periodical

change of meniscus velocities responding to
the slide gate dithering process;
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.  Conclusions —Part 3 (cont.)

« Computational model has been validated by
comparing the measured mold level with

calculated mold level, which reveals:

— pressure method is valid to calculate mold level in
transient applications such as dithering where the
fluctuations are not too severe;

— mold level oscillates periodically during dithering process,
with the same frequency as the dithering frequency;

— mold level fluctuation magnitude is proportional to the gate
dithering magnitude;
— the major mechanism that dominates meniscus fluctuation

during dithering process is the mass conservation of the
system (especially when the dithering amplitude is high).
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% Future Work

Aasting

- Large Eddy Simulation (LES) of two phase
flow (Eulerian-Lagrangian model to track
bubbles) in water model and real caster;

 More validation work on transient
simulations (mold level, sub-surface
velocity measurements, PIV, etc.);

« Simulate other transient scenarios to
further understand mechanisms of defect
formation and finally help set up operation
guidelines
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