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e Develop and validate efficient computational
models for computing time-dependent flow and
particle transport / entrapment during continuous
casting

e Simulate time-dependent turbulent flow in nozzle
and mold regions of water models and actual
continuous steel casters

e Simulate transport and entrapment of impurity
particles during continuous steel casting

e Investigate particle distribution in steel slabs
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e Description of Computational Model
e Results:

(i) Validation of flow velocity simulation in a 0.4-scale
water model

(i) Validation of Lagarangian particle transport simulation
in a full-scale water model

(iii) Simulation of liquid-phase velocities in an actual thin-
slab steel caster and its corresponding water model

(iv) Simulation of particle transport and capture in an
actual thin-slab steel caster

® Conclusions
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Sasiine Continuous Casting Process

Schematic of continuous casting tundish, SEN, and mold
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Liquid phase (3D time-dependent Navier-Stokes Equations):
N _g
OX,
Dv. lop © L@Vl. ov,
Ox, Ox

- Continuity

- Momentum ——= + 1%
Dt p ox; Ox,

where: Vg =Vo TV,
Used in { No SGS model LES: V=0
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Discrete Phase - Particles (Lagrangian Approach):

dx
- Motion v, = a’tp
- Momentum
N, :18'01/3 (1+0.15Re 0'687)(V—V )+(1—£)g+3.07 (,uop)m |(:)|1/2 |:(V—V )xm]
i pd | ’ ! /|?p P, ‘ ’
Drag Buoyancy Saffman Lift

(Spherical inclusion assumption)

where: ®=Vxyv
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- 2" — QOrder accuracy in space and time for flow simulations

« Unstructured Cartesian grid and realistic computational
domain geometry

- FFT or AMG (Algebraic Multi-Grid) fast solver for pressure
Poisson equation

4% — Order Runge-Kutta method for particle transport

« One-way coupling and no particle interaction due to low
volume fraction of particle phase
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Validation of Flow Velocity Computation
in a 0.4-Scale Water Model
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The 0.4-Scale Water Model

utational domain
1.6M Cells)
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S&wee  Instantaneous Velocities in Mold Region
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Time-Dependent Flow Structures in
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Inflow velocities in
cross-stream plane
at nozzle port
Simulation 1
Simulation 2
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Comparison of Time-Averaged Flow Fields
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Half-Mold vs. Full-Mold Simlations
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Two sides interaction is the main reason causing large fluctuation
of top surface velocities.
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\&=m, Velocity in Lower Roll Region
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LES predicted velocities agree well with PIV measurements

The partial opening of the slide-gate induces a long, complex recirculation one in
the SEN. Complex flow structures consisting of single and multiple vortices are
seen to evolve in time at the outlet plane of the nozzle port.

“Stair-step” and upward-bending flow patterns were observed in instantaneous
jets.

Significant asymmetry is seen in the instantaneous flow in the two halves of the
mold cavity. Asymmetric flow structures are seen to persist longer than 200
seconds in the lower rolls in PIV.

Level fluctuations near the narrow face occur over a wide range of frequencies,
with the strongest having periods of ~7 and 11-25s. The instantaneous top
surface velocity is found to fluctuate with sudden jumps from -0.01m/s to 0.24m/s
occurring in as little as ~0.7s. These velocity jumps are seen in both the full
nozzle-mold simulations and the PIV measurements.

The velocity fields obtained from half-mold simulations with approximate inlet
velocities generally agree with the results of the full domain simulations and PIV
measurements. However, they do not capture the interaction between flows in
the two halves, such as the instantaneous sudden jumps of top surface velocity.
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Validation of Particle Transport Computation
iIn a Full-Scale Water Model
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Schematics of a Full-scale Water Model
\Sgsung with Particle Removal Measurements

nsortium

S

Submerged entry nozzle | \yater Free slip Simulation
/] X\( z Computational screen Particle diameter:3.8mm
B s . . )
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Particle injection:

.71 0.150m
"Physical screen - Number Time
Inlet Jet: 25° down 25° down inflow] | Inlet Port .
/) Ayl of particles
~Wide faces Q S6mm 15,000  0-1.6s
| [ [2em — ’
Narrow face N 51mm 500 2-2.4s
| N No s / -
\ /osllp
i ~ 500 4-4 4s
| Outflow
500 6-6.4s
Symmetry
plane 500 8-8.4s
500 10-10.4s
Outlet port
Physical water model Computational domain
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Time-averaged inlet velocities and initial distribution
of particles at nozzle port in simulation.

University of lllinois at Urbana-Champaign ¢ Computational Fluid Dynamics Lab/Metals Processing Simulation Lab + Quan Yuan



L ¥}
S

ons
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of All 15,000 Particles
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=, Particle Removal History

Onsortium
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Simulation agrees with measurements.
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Particle Removal Results (by Screen)

0-10 seconds

10-100 seconds

500 particle groups
1 27.2% 23.4%,
2 17.8% 27.2%
3 26.2% 23.0%
4 23.8% 23.2%
5 33.0% 18.2%
Average 25.6% 23.0%
Standard Deviation 5.5% 2.9%
LES 2500 particle groups
1 27.2% 25.9%
2 26.8% 27.1%
3 20.0% 26.5%
4 23.3% 27.8%
5 31.8% 24.1%
6 32.6% 24.9%
Average 27.0% 26.1%
Standard Deviation 4.8% 1.4%
22.3% 27.6%

Experiment

Observations:

A comparison of particle
removal fractions obtained
from 2,500 and 500 particle
groups suggests that
increasing the number of
particles improves the
accuracy of removal
predictions for later times
(e.g. 10-100s). At least
2500 particles are required
to obtain accuracy within
+3%. Particle removal at
early times (e.g. <10s) is
governed by chaotic
fluctuations of the flow,
which generate variations
of £5%.
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Simulation of Time-Dependent Flow in
an Actual Thin-Slab Steel Caster and
Its Corresponding Water Model
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Schematics of Computational Domains

—————

Tundish Region

Stopper Rod

SEN —

Free-Slip Bounary

- -
—————————

I
Casting Speed = 25.4mm/s

No- Sllp Boundary/F

Pressure Boundary
Condition at Bottom

-

~

1200mm

w
o

N
)]
|

Shell thickness obtained from CON1D
prediction (Y. Meng), compared with

N
o
P BRI

Shell thickness (mm)
= o
||

-Sli ition Il | 132mm
Free-Slip Bounaryiciﬁ_tingg“mm %
T

]

NF (CON1D Prediction, Y. Meng)

————— WF (COND1D Prediction, Y. Meng)
NF (Measurement. B.G. Thomas et al., 1998) |
WF (Measurement B.G. Thomas et aI 1998)i

—————
0 500

1000

1500 2000

Distance below meniscus (mm)

2500

300

measurements (B.G. Thomas et al, 1998)

Computational domain of
the corresponding water model

University of lllinois at Urbana-Champaign ¢ Computational Fluid Dynamics Lab/Metals Processing Simulation Lab + Quan Yuan

Computational domain

—

of steel caster

Trans

T —FixF

N

Shell Withdrawal
Speed =

ient Inlet Jets

luid Velocity

_—

2400mm

<

z

25.4mm/s

934mm _ __——=3]

¢l’/—-:::::"\’ ____ \80mm

Constant Pressure at Bottom



Onsortlum

.Modeling Solidification Effects on Flow

Solidification

A, | front
X \/ Molten
<_lz | Steel

C.V (Volume=V)

p solid

Solid Shell

casting

Eulerian Frame

Assumption:
Constant solid density
Constant shell thickness

University of lllinois at Urbana-Champaign

Mass Conservation:

o(p,V
( 8‘[ ) dt = (pSA I/castlng + IOZA3I/n B IOSA I/castmg )dt
:> I/n = ps (A2 _Al) Vcasting = (ps 1 jl/casting
P4 P

No-slip tangential to solidification front

V.=V cos @

casting

Velocity boundary condition at shell front location:

V. :Vncosﬁ—Vlsinﬁz['O jsm@cos@Vcamg
P

V.=V sin@+V cosf = 9] Vasiing

\,01
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t Velocities near Stopper Rod
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0.1

0.15+

Deep jet angle on both sides
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Instantaneous Flow near Nozzle Port
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Time-Averaged Velocities Along

Port Centerlines
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ransient Flow in Water Model
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Center Nozzle Port Effects on
Flow in Mold Region

U

t
0
0
c
0

= \\\W\\\\\\hl‘y&&!iﬂn\\\\
vy -

SNV
AN e e

VTSN
TANIINLLL A

NN ————
ARNE———

NN

7,

o ¥ 1] 10 1) 00 s e NS SS S i 1y

S iy

s

7/,
W2,
—
NN
N1
)
S
A

S

T

I

L

AN S

s / ——l

N

RN

W

AN

N il
A

NN ———/
///////////11(\\\

MR

W
V2 st

\\P\
i\\\ﬁn\v
i 177

LSy
ZLLy s

N

1IN

W

)

W
iﬁﬁ&\\x )
7

e

yeriosins st

e £ 6 g p P
v IPENNSS

A
B V) TP N

WSSt o/ SRR

Flow with center nozzle port blocked

Flow with center nozzle port

(3.4 s after blocking)

tant as right plot)

ime ins

(same t

» Computational Fluid Dynamics Lab/Metals Processing Simulation Lab + Quan Yuan

ign

t Urbana-Champa

iversity of Illinois a

Un



S
ATNSNAR

\\“\\\\\\\\\\\
el .
e S
A N A

B RN g

Center Nozzle Port Effects on
Flow in Mold Region (ctd.)

U

t
0
0
c
0

(IS SNSRI NN
SRR R RRRRN

A S R NN

s

./\ R RN
A

U

\t\\:\§\\%\g\\\:?:i:f\::
e e
v

L 555 s et A
T

X

Y/
7

Z "
\\\mm\\\\\\\\\\\\b////
W7/ 7 i

N—
TR
N7/ >

N — W

“
o
\.&\\w\gx\\\
7,
AN -
7

N\ ——— e //
NSe———

/LTt s
W i
o

O =

(17777
=

NI s
N W
(W7 72mmman\

(222N

\ iy
gl
NN MM//fM/f\V\!\\\\\\&\\
W)

B N

N S

P N N

N LN A S SRR

W
WW, AN

NN
,//ﬁé/
N

Flow with center nozzle port blocked

Flow with center nozzle port

(28.4 s after blocking)

tant as right plot)

ime ins

(same t

» Computational Fluid Dynamics Lab/Metals Processing Simulation Lab + Quan Yuan

ign

t Urbana-Champa

iversity of Illinois a

Un



Stee

Caster vs. Water Model

Casting Machine, Right
Casting Machine, Left
Water Model, Right
Water Model, Left
Solid shell at cating speed
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Data obtained along horizontal lines 1m below top
surface, 164dmm from narrow faces.
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Top Surface Level Profiles
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= Water model

Liquid level is calculated
from predicted pressure:

(p - pmean)
(psteel o pﬂux ) g

b=

¢ Steel Caster
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Samine - Top Surface Velocity Fluctuations

o +—4—+nn m—————— —
] | (Thin-slab caster simulation)

by

reverse flow towards narrow faces

20 25 3 35 40 45
Time (s)

Similar high frequency, large fluctuation components are also
observed in thin-slab caster
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o) Frequency distribution of u-velocity fluctuations

%6;‘;7?\&%
NS (from Fourier analysis of LES signals)
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A similar behavior of the power spectrum is observed in measurements
on a scaled water model Lawson and Davidson (2002).
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Transport and Entrapment of Particles In
Thin-Slab Steel Caster
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S Inclusion Pushing/Capture Mechanisms
(Review)

200 , e i
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entrapment
0
engulfment 0 200 400 600 80010001200
// \ Distance below top meniscus (mm)
In Simulation: From: B.G. Thomas, R. O’Malley and D.
Particle diameter: 10 & 40pum | Stone, Measurement of Temperature,
Particle density: 2700 & Solidification, and Microstructure in a
5000Kg /m3 Continuous Cast Thin Slab, TMS.

/ Warrendale, PA, 1998, pp.1185-1199.

-

Vv
From: G. Wilde, J.H. Perepezko, Experimental Study of
Particle Incorporation during Dendritic Solidification, Materials
Science & Engineering A283, 2000, p.25-37.
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“Sewne - Particle Motion near Stopper Rod

Blue: Floating Particles

Red: Entrapped Particles
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\Sims Particles Attached to Nozzle Inner Wall

N Onsortlu

16% of the particles exiting the tundish
<— touched an inner wall of the nozzle and
another 10% touched the stopper rod.

Locations where particles exit nozzle port.
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Sasting Particle Motion in Steel Caster
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_Asymmetrical Inclusion Distribution
i, in Solid Steel (Previous Work)

Stopper rod_._.1 Inflow
—\ /(7
Clogging— Mold
Powder 99ing 1T SEN :
2 /Clogglng

MESAEERRERRARRR: [ AEXRERRERRER

Asymmetrical inclusion capture observed in plants
Suspected Cause: Asymmetrical inlet flow

From: Jacobi, H., H.-J. Ehrenberg, and K. Wuennenberg, Development of the cleanness of different steels for flat and

round products. Stahl und Eisen, 1998. 118(11): p. 87-95
University of lllinois at Urbana-Champaign ¢ Computational Fluid Dynamics Lab/Metals Processing Simulation Lab + Quan Yuan



What Causes Asymmetrical

Particle Transport in Simulation?
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gso - — — — particle: d=40um, p=2700Kg/m®
< A D particle: d=40um, p=5000Kg/m®
o particle: d = 10pum, p=2700Kg/m°®
3 — particle: d=10um, p=5000Kg/m®
_(_;) 20
T
P . | R I qc_:. ] Removed by top surface
article Remova S R
and Entrapment §
[ ] 0 7‘““‘“‘\“““‘“\““‘““\““‘““\“‘“‘“‘\‘““‘“‘\‘“‘““‘\““““‘\“‘““"\““““‘\““““‘
0 20 40 60 80 100 120 140 160 180 200
H IStO ry Time after the first particle enters the liquid pool (s)
Diameter (pm) 40 10
Density (Kg/m®) 2700 5000
~8% particle removal Entrapment to shell 51.51%  50.79%
by top surface Entrapment deeper 32.07%  32.77%
Removal by top surface 8.49% 8.23%
Removal by nozzle wall 7.83% 8.03%

» Computational Fluid Dynamics Lab/Metals Processing Simulation Lab

Quan Yuan



2
Un(l\r/ne)ré

Front view

|
- || Last Inclusion Captured
L in Solid Steel Strand
|

.'..:-__f_ Casting Speed: 25.4mm/s

/

| Meniscus Location when
Inclusions Start Entering
Liquid-Pool

\
Ity OT HIIINOIS at Urbana-Lhampaign ¢ Computationa

1| Side view |
?.-\f | B4 20345 captured
1L, Bl .

4 [ 1 E particles out of all
e A 40000 particles
1l il entered mold.

2

{ inclusions into mold region |||

[t

i ‘ Inclusion size:

IRE 10 and 40 um
2 | Inclusion density:
m) | 2700 and 5000 Kg/m3

Dynamics Lab/Metals Processing Simulation Lab + Quan Yuan



Predicted oxygen concentration in final steel slab

(10ppm oxygen from continuous injection of particles from nozzle ports).

Oxygen concentration is computed by:
(48/102) M

p(AXAyAz) +(1- p/pp)Mp

where: v 2d

My 3T

i=1

University of lllinois at Urbana-Champaign ¢ Computational Fluid Dynamics Lab/Metals Processing Simulation Lab + Quan Yuan



N Conclusions
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e LES reproduces time-averaged and rms velocities which agree with
measurements

e Complex particle trajectories are seen in both the water model and the
actual steel caster, showing the important influence of turbulence on
particle transport. The simulated particle trajectories as well as the
predicted removal fractions are in agreement with water model
measurements.

e Water models is generally representative of modeling single-phase flow
field in actual steel casters; however, more reverse flow was observed at
lower recirculation zone in the water model than in the steel caster

e Flow asymmetry due to turbulence nature causes particle transport
asymmetry

e Transport and capture of small particles (d,<40um) are similar in the steel
caster; removal of smalls particles by top surface in mold region is ~8%

e With a steady oxygen content of 10ppm from inclusions in the molten steel
supplied from the nozzle ports, intermittent patches of high oxygen content
(50-150ppm) are found concentrated within 10-20mm beneath the slab
surface, especially near the corner, and towards the narrow faces.
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