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Importance of Mold Flowp

• Turbulent flow in the mold is
responsible for most CC defects

• Effects of surface velocity and 
t b lturbulence:
o Too high : Slag emulsification
o Too low : Meniscus freezing ando Too low : Meniscus freezing and 

hook formation
o Too turbulent : Surface defects 

due to level fluctuations
• Other issues with turbulent flow:

o Inclusions and gas are carriedo Inclusions and gas are carried 
deep into the strand

o Longitudinal cracks starting at  
Schematic of the of the continuous 

casting mold 
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meniscus and breakouts



Objectives- Long TermObjectives Long Term

• Develop an accurate computational model of turbulent liquid• Develop an accurate computational model of turbulent liquid 

metal flow in continuous steel casting, using Direct Numerical 

Simulations(DNS) and high performance GPUs

• Study the effects of Electromagnetic Braking (EMBr) on flow in• Study the effects of Electromagnetic Braking (EMBr) on flow in 

the mold region

• Validate the computational model against data in actual steel 

plantsplants

• Optimize EMBr for actual plant nozzle geometries and 

operating conditions in order to reduce defects
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Objectives- Short TermObjectives Short Term

• Develop CU-FLOW to incorporate solid regions of high• Develop CU-FLOW to incorporate solid regions of high 

conductivity to enable mold flow simulations with solidifying 

steel shell

• Validate the model with conducting walls against• Validate the model with conducting walls against 

measurements from experiments performed on the scaled 

mini-LIMMCAST mold model at FZD

• Study mold flow patterns with different EMBR configurations in• Study mold flow patterns with different EMBR configurations in 

actual steel plant geometries with the solidifying steel shell
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Overview: Governing equations for 
Incompressible MHD flow for low magnetic 

Reynolds number(Re )Reynolds number(ReM)

Mass Conservation EquationMass Conservation Equation

Momentum Conservation Equation

MHD Equations- Electric potential method

Current Density Equation

Charge Conservation Equation

Poisson’s equation

Current Density Equation
Derived using Ohm’s law with assumption 
that ReM൏൏1 for liquid metal flows

Poisson s equation 
for electric potential 
(with variable conductivity)

Lorentz Force Equation
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Numerical MethodNumerical Method

• Finite Volume Method (FVM) with fractional step method for pressure-velocity( ) p p y

coupling with explicit formulation of convection and diffusion terms in momentum

equations

• Convection and diffusion terms are discretized using second order central

differencing scheme in spaceg p

• WALE SGS model is used for modeling filtered scales

• Time integration is done using explicit second order Adams-Bashforth schemeTime integration is done using explicit second order Adams Bashforth scheme

• Geometric Multigrid solver is used for Pressure Poisson and Electric Potential

Poisson EquationsPoisson Equations

• Lorentz force is added as an explicit source term in momentum equations

All th ti (i ibl MHD fl ) h b l d G hi• All the equations (incompressible-MHD flow) have been solved on Graphic

Processing Unit (GPU) [4Shinn et al. and Chaudhary et al.]
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Liquid metal GaInSn physical model
(FZD Dresden Germany G Gerbeth et al 2010)

UDV (Ultrasonic Doppler Velocimeter) 
Probe measurements “mini-LIMMCAST”

(FZD, Dresden, Germany, G. Gerbeth et al, 2010)

Probe measurements

Regions approximated in LES model

1Timmel et al, 
EPM-09, Dresden, Germany.
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Configurations of the EMBr

40 mm
- 0.5xU Ruler92 mm

29mm lower121 mm

B=

92-mm single-ruler (across nozzle)g ( )
121-mm single-ruler (below nozzle)
Double-ruler (0.5*40mm + 121mm)

1Timmel et .al.
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Effect of single/double ruler type EMBr on turbulent 
flow in continuous casting 

(velocity magnitude and magnetic field for Insulated Walls)(velocity magnitude and magnetic field for Insulated Walls)

V i EMB

Work published in paper by 2Chaudhary et al , Feb 2012

Various EMBrs

Tesla (T)

No-EMBr
92-mm EMBr 121-mm EMBr

92-mm EMBr 121-mm EMBr

m/s
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Dresden Mold With Conducting 
Plates on Wide FacesPlates on Wide Faces

•The plexi-glass walls are replaced by brass walls BRASS WALLS

•Dimensions and other features remain exactly the 
previous geometry.

3Miao et .al.

Type of Detail Mini-Limmcast
Mold

Real Caster 
Mold

Thickness of 
Each Plate(t)

0.5mm 5 mm 
(assumed) Is this a good Each Plate(t) (assumed)

Conducting 
Wall

Brass Plate Solidifying 
Steel

Conductivity

g
scaled model to 
represent an 
actual caster?

M
O

Conductivity 
of Plate (ߪwall) 15x10^6  /ࢹm 0.787x10^6  /ࢹm

Thickness of 
M ld(L)

35.0 mm 90.0 mm

L
D

Mold(L)

Conductivity 
of molten 
Steel (ߪliquid)

3.2x10^6  /ࢹm 0.787x10^6  /ࢹm

( liquid)

Conductivity 
ratio(cw)

0.133 0.125



Comparison of Time Averaged 
Horizontal VelocityHorizontal Velocity 

no EMBr with EMBr
(92-mm from surface

with EMBr
(92-mm from surface 

0 02

0.04

(
with insulated walls)

(
with conducting walls)

0 1

m/s

Z

0 02

0

0.02

measured
(UDV FDZ)

0.1
0.05
0

-0.05
-0.1
-0.15X

-0.06 -0.04 -0.02 0

-0.04

-0.02

0. 06

0. 080.02

0.04

-0.2
-0.25
-0.3
-0.35
-0.4

0.02

0.04

x

0 .1

0. 12

0

-0.02

Z Z

-0.02

0calculated
(LES-GPU)

y

0 0.02 0.04 0 .06

0. 14-0.04

X
-0.05 -0.03 -0.01 0

X
-0.06 -0.04 -0.02 0

-0.04

2Chaudhary et. al.
2Chaudhary et. al.
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Comparison of Time Averaged 
Horizontal Velocity-ContinuedHorizontal Velocity-Continued 

no EMBr

0 1

m/s

measured
(UDV FDZ) Compared in the area that the 

UDV sensors measure 0.1
0.05
0

-0.05
-0.1
-0.15

UDV sensors measure

-0.2
-0.25
-0.3
-0.35
-0.4

2Chaudhary et. al.
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Comparison of Time Averaged 
H i t l V l it C ti dHorizontal Velocity- Continued 

Why does the contour of horizontal velocityWhy does the contour of horizontal velocity 
look different in the results from Chaudhary 
et. al. paper?

UDV
• The experiment uses UDV sensors to 
measure the horizontal velocity
• 10 such sensors are placed along the

UDV
probes

10 such sensors are placed along the 
casting direction on the narrow face
• The simulation provides continuous field 
of a variable but the measurements 
represent data which is spatially averaged 
on few points in the region of interest.

The results for the conducting wall case 
were extracted on lines corresponding to 
th iti

1Timmel et althe sensor positions. Timmel et. al.
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Comparison of Time Averaged 
H i t l V l it 3 LiHorizontal Velocity on 3 Lines

92-mm EMBr
Case
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Effect of single type EMBr on turbulent flow in 
continuous casting 

(Contours of velocity magnitude)(Contours of velocity magnitude)

m/s

92-mm 
EMB

z zz z

EMBr
(Conducting 
Wall)

x x x x
Time-average

(~23.8 sec)
Instantaneous
(at 7sec after 

switching on EMBr)

Instantaneous
(at 8sec after 

switching on EMBr)

Instantaneous
(at 9sec after 

switching on EMBr)

121121-mm 
EMBr
(Conducting 
Wall)Wall)

Effect of single type EMBr on turbulent flow in 
continuous casting 

(Streamlines of Mean Flow)(Streamlines of Mean Flow)

121-mm EMBr
(C d ti W ll)

92-mm EMBr
(C d ti W ll) (Conducting Wall)(Conducting Wall)
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Why would the conducting plate 
change the flow pattern?change the flow pattern?

Insulated Wall Conducting Wall

B B`B B`

Schematic representation of caster-
Molten Steel
Hartmann LayerHartmann Layer
Solidified shell
Current Line

Th t t th h i f l i ti it th it fThe return current passes through a region of low resistivity, thus it prefers:
- the bulk flow region in the insulated wall case
- the solidified shell in the conducting wall case
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Comparison of Insulated and Conducting 
wall 92mm cases- Current Density

YSolid Metal

o The current density is higher 
in the bulk volume only near 

B z

y
the nozzle area

oMost of the return current 
takes the path through the 
conducting plates 

Th L t f hi h ioThe Lorentz force  which is 
the cross productt of current 
and applied Magnetic field(= 
J B) th b f d

Liquid Metal

Vectors of induced current density in the Y-Z

JxB) thus becomes focused 
on the jet region

Vectors of induced current density in the Y Z 
plane at x=0.045m
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Comparison of Insulated and Conducting 
wall 92mm cases- Current Density-

C ti dContinued

Solid Metal

Vectors of induced 
t d it i th

Liquid Metal

current density in the 
X-Y plane at z=0.09m
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ConclusionsConclusions

• The results from CU-FLOW simulations match well with the experiments and the 

LES predicts the transient and mean flow behavior accurately

• The destabilization effect of the magnetic field in case the insulated mold is 

i hibit d d th j t b t bl i f th d ti ll finhibited and the jets becomes stable in presence of the conducting wall even for 

the case with the EMBr field on the nozzle

• The low and high frequency fluctuations are damped in the conducting wall casesThe low and high frequency fluctuations are damped in the conducting wall cases 

whereas only the high frequency fluctuations are damped with insulated mold

• The current paths are greatly affected by the conducting wall which intensifies the 

Lorentz force in the Jet regions

• A grid independence study should be performed to specifically study the effect of 

th id d it i th d ti llthe grid density in the conducting wall 

• Accurate modeling, in case of the mini-LIMMCAST test case, is required to predict 

the flow behavior because of the sudden jump in conductivities between liquidthe flow behavior because of the sudden jump in conductivities between liquid 

metal alloy and the brass wall(~5 times higher)
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Questions?Q
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