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¥ A bit of history...
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» Model starts in 2003-2004 (MSc) focused on flow dynamics

» Added heat transfer and solidification in 2005-2006

» Added mould oscillation and slag infiltration (PhD) 2007-2008

> Slag solidification and rim formation (2009) Imperial College
London

> Discovered evidence of Oscillation Marks (2010)
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» Adding Argon Injection as Discrete Phase (2012)
» Adding Electromagnetics (2016-2019) sSwe rea‘ MEFOS

> Adding Curved casters (2018-2019) @ SWERIM

» Adding taper effects & friction (2019-2020)




a) Excellent: we use it everyday at our company/institution to create industrial value
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$sid b) Good: We used it often and we have obtained some good results but something is missing
psidenor
RI(R c¢) Regular: We have used it, but results have been mixed and its usability is limited
’ .

d) Poor: Bad experiences with modelling with no industrial value
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Coupled phenomena in CC e

CONTINUOUS - MULTIPLE
CASTING PHENOMENA
®) SWERIM Heat transfer
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[11 R. D. Morales and P.E. Ramirez-Lopez, SOl]d]flcatlon

AISTech Conference Proceedings 2006, 20.




¥ Model theory*

* based on ANSYS-FLUENT ©

Flow dynamics through Navier-Stokes eqgs.+ turbulence effects (RANS or LES models):

op _ 7) = He
®) SWERIM E+V(pv)= S + V(pkv) V[(LH GkJVS}G =Y,
g(pV)+V-(p\7\7)=—Vp+uV2\7+pg+F V(pev) = V|:(u+—)V8:|+G —v,
$ sidenor ot Oe
« Multiphase (steel-slag) through Volume of Fluid model and Surface tension effects:
RI’H IOmix N appp " (1_aq)pq aat(pmixv)-l_V ) (pmixvv) = —Vp +V[/umix(vv +VU)]+pmixﬂATg - Ss + Sa
/umix = ap/’lp + (1_aq)/uq
a n S —c pmiquvaq
35 insfitte a(aqpq)+v-(aqpq\7)zsaq +;(mpq_ ) pq;(pp_,_pq)
-  Heat transfer through the slag and mould + shell Solidification with the Lever Rule:
FI a _ T Tq solidus . (1— f| )2
at(ph)—i_v . (Vph): V - (KmVT) fl - Tq.lquIdus Tq.solldus SM - 0001+ f|2 AmUSh(V_VC)

« Specific operation practices (e.g. oscillation, mould coating, etc) through User Defined Functions (UDF's)



W‘_ Coupled phenomena

Superheat mould thermal
(AT) properties
(pKC,)

slag thermal properties of (
K: Cp: Tbr)

Surface & interfacial

@ SWERIM tensions

( Ymetal. 'Yslag. Ymetal-slag)

Heat transfer coefficient to
water channels ( H,) and

heat

Physical properties of molten

‘ sidenor ste(el & s)lag transfer interfacial resistance r;,,
- 2y
flow . Slag be;l properties
‘ Turbulence model dynamics ( thickness and top temperature)
RI } H parameters "
(k &) mould coating
i Materials Operating conditions X steel solidification properties
A Processin Casting speed :
E Institute ’ ( Patm’ g, Etm) ( vC) solidification ( AHmeltmg heat )
Steel grade
B i mould oscillation settings (Teoticus Tiiquidus)
F ( £ s t,, sinusoidal or non-
sinusoidal, 7 or ') Zero Strength Temperature

for pulling
(ZST at £.%)
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¥ Geometry and Mesh
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¥ Discretization

 We must assume N-S equations are partial differential -
®) SWERIM equations with “possible analytical solutions” for all the flow f(x)
field.*
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« Theoretical solutions (analytical) are continuous throughout

R the whole function domain. See f(x) Analytical S°'“ﬁ°zf°rf =
e « But this solution is not feasible for the complex N-S SR s T
o equations, which have to be rather solved for an specific ’

(discrete) number of points (i.e. discretization) |
Bl o

Discrete solution for f(x)

* See Navier-Stokes existence and smoothness problem & Millenium Prize ($7,000,000).
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¥ Geometry and mesh

In contrast to analytical solutions, numerical

methods (e.g. mo eIs% only provide results on
oswerm  specific points of the flow Tield, so the
constitutive equations (e.g. Navier-Stokes
Egs.) must be generated for such limited
number of points.

‘sidenor
This process begins by establjshian a
RI§F|. geometry (obviously an area in 2D or a
volume for 3D calculations) known as
computational domain.

3& rocesig
The process of subdividing the domain in
nodes, elements or volumes (e.g. FD, FEM or

Bfl FV) to allocate the constitutive equations is
known as mesh or grid generation.

mesh or computational grid




¥ Geometry & mesh for CC models

(%) SWERIM SEN

taper included
P bolt rows
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water channels

conduction
between narrow
and wide faces
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adjustable width
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Geometry

Back wide face detail

SEN details

\

7 | \
| \
7 Elements A
;: = ~100um

Mesh or computational grid




¥ Discretization Methods
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¥ Discretization methods o

Divergence theorem

Discretization methods are grouped into:

(®) SWERIM

* Finite differences (FD)
| * Finite volume (FV or FVM)
$sdenor . Finite Element (FE or FEM)

e, y=0, z=0)

Jax=0, y=0. z:'i’x;‘:

J Finite Volume is the most common outward o of a vector field through 2 closed
methOd for Cqmputaﬂonal FIUld Dynam|cs sgrface is equal to the \'/olur.ne.interal of the
. s (CFD) applications. In FV, volume integrals It et et o st e
R e n \?ertggrttlgl i Sgggecreeqﬁlgelgrg@ual};?#g are minus the sum of all sinks gives the net flow
, out of a region.
divergence theorem. These terms are then

Bfl evaluated as fluxes at the surfaces of each
finite volume or cell (e.g. in a mesh).

g JUdV =—§ F.dS +[QdV

http.//wwwt.imperial.ac.uk/ssherw/spectralhp/papers/HandBook.pdf
http://pruffle.mit.edu/3.016-2005/Lecture_16_web/node2.html




¥ Operating Conditions

(®) SWERIM

‘sidenor

RI{A

! Materials
* ﬁ Processing
&%y Institute

Bl

Geometry &
mesh

FLUENT

-

\
1
1
I
I
1
U

-

4 ~

. \
Operating )
\ conditions ,'

~ -’

-~ -

-~

Viscous
formulation

(turbulence)

Boundary
conditions

Time step and
# iterations

Solution

POST-PROCESSING

Colour
contours

Databases




(%) SWERIM

‘sidenor

¥ Transient vs steady state schemes

For transient simulations, the governing equations (N-S) must be discretized in
both space and time. The spatial discretization for the time-dependent
equations is identical to the steady-state case. Temporal discretization involves
the integration of every term in the differential equations over a time step AT.
For instance:

d(v)

¢ ~FW)

where F(v) incorporates any spatial discretization. If the time derivative is
discretized using backward differences, the first-order temporal discretization

is:
O R

At
Where, n + 1= value of v at the next time level (t + At) and n= value of v at the

current time. Once the time derivative has been discretized, a choice remains
for evaluating F(v): in particular, which time level values of v should be used in

evaluating F.

= F(v)

*ANSYS-FLUENT v.12.0 theory guide

Steady state:

Flow characteristics at
any given point in space
are constant in time, e.g.
v = 1fx)2)

(0)

o N o(pu) N o(pv) N o(pw) ~0
ot ox oy 0z

Unsteady state:

Flow characteristics at
any given point in space
change with time, e.g.
f=1xyzt).

% o(pu) N o(pv) N olpw) _ 0
ot ox oy oz




¥ Operating Conditions VA

— Operating Conditions
Pressure Gravity
I Floating Operating Pressure 7 Gravity 05
Operating Pressure (pascal) | | Gravitational Acceleration Casting speer 20,0 mimin Casting spwed 0.9 mimin

® SWERIM | 100225 xwea[c

Reference Pressure Location
¥ (m/32) I [
X (m) I (4]
Z (n/32) I o
$ sidenor vom ¢

0.05

-0.05

01

Boussinesq Parameters
Z(m I o 03
= Operating Temperature (k)
l 288,16 3
025 &
NG !
} ) Problem Setup General Casting speed = 1.2 m/min Casting speed = 1.5 m/min )
(General Mesh
Models
Materials [ Scale... ] [ Check ] [Report Quality]
0.15
X Materials Cell Zone Conditions
* ﬁ Processing .B_oundary Conditions . )

SHg Institute ) )
Dynamic Mesh Velocity Formulation

Type
Reference Values é Pressure-Based (5 Absolute
(O Density-Based O Relative

| Solution
" Solution Methods

Solution Controls
FI Monitors

Time

O steady
Solution Initialization © Transient
Calculation Activities

Run Calculation

*ANSYS FLUENT user’s guide




¥ Case setup
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¥ Turbulent scales...
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: Moving Surface
Ideal Solid

fa  Moterial ; . P
M, Procesing ! Inertial : Dissipating Real Solid g forcef
s Insfitute 5 subrange i eddies M & Z/ 4
' L] w
| s S I 71/
' : n d Yy
1 L] —— 3 —#7 ey 1 1 e
1 ] [0} 4 AREA
BFI Energy- E : é 2 l Gx A y
containing | : g (‘r g v
eddies ; ' < A Fixed Surface v=0
! ] 3 \deal Fluid
E : Rate of shear v —
: : dy

http./www.pumpfundamentals.comy/about fluids.htm




¥ Turbulence modelling

Moving Surface

Force F

I ,
| [

(%) SWERIM
CT =%‘Q(Fixed Surface v=0
‘sidenor Dissipating
Lai‘%ﬁgfge Flux of energy r— eddies
RI;FI Resolved 1 o
Direct numerical simulation (DNS) Apns
Y Resolved . Modeled
R Large eddy simulation (LES) Args
BFI Resolved Modeled
e et -

Arans Reynolds averaged Navier-Stokes equations (RANS)

http.//www.bakker.org/dartmouth06/engs150/10-rans.pdf

Choosing the right model for
turbulent viscosity

Mixing length
Spalart-Allmaras
Standard k-¢
k-€ RNG model
Realizable k-¢
k-w model

Etc...

The election of an "appropriate”
turbulence model depends on the
problem since: “turbulence is a
property of the flow itself, and not of
the fluid™*

*Lectures in Turbulence for the 21st Century. Prof. William K. George, Department of
Aeronautics, Imperial College London, UK & Department of Applied Mechanics,
Chalmers University of Technology, SWEDEN. http://www.turbulence-online.com
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¥ Choosing the right turbulence model... :

k-¢ turbulence model Large Eddy Simulation (LES)
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accuracy

computational effort
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Time/




¥ Boundary Conditions
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Initial conditions:

o, vand Tmust be given at time t=0 in all the

®) SWERIM computational domain (e.g. Initialize). tﬂ
$ sidenor Boundary conditions:
On solid walls: flow
RI’FI. « v=uv,, (no-slipcondition).
« 7=T7,, (fixed temperature) or t=2 ¢ 4
o » koT/on=-q,, (fixed heat flux). m
Al e On fluid boundaries: —_—
* Inlet: p, v and 7must be known as a =1 x2 x3 x4 x5 x6 yx
BFI function of position.
* Outlet: -p+u o v /on=F,and n

ov,/on=F  (stress continuity). (F is the
given surface stress.




¥ Initial and Boundary Conditions

—_—
Narrow 5 SEN inlet
SEN —\ face 25,]1 inle
- _ Ve Aoutlet \
ide \ /'44\ Vinlet = A ’
inl
®) SWERIM WWide face ] T2 1833no:2 SEN Walls
Cooli ou ov Oow 0
ooling = =220
$ sidenor ‘ Atmospheric pressure =
| OX
C
RI{A |
J Cooling channels

h, =0.023Re,° Pro?
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Mould hot faces
Bl — ou_v_ow
x oy o B steel
D Flux
Bolt holes L Voutiet = Ve

D Air / mould

|




" Phases definition
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¥ Solving multiple phases

(®) SWERIM
AN
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1 g.Mc!ericlls Q_VE 0
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25
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Ramirez-Lopez, P. E., P. D. Lee, et al. (2008). 6th European Conference on Continuous Casting. Riccione, Italy
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¥ Solver: Pressure vs density based

®SWERIM Solver Formulation
* Pressure Based “ Implicit
" Density Based c
; Space Time
_‘SldenOT * 2D * Steady
" Axisymmetric " Unsteady
" Axisymmetric Swirl
C
RI ’ H Velocity Formulation
* Absolute
" Relative
' Materials Gradient Option Porous Formulation
E ::;;if:”g * Green-Gauss Cell Based * Superficial Velocity
" Green-Gauss Node Based ¢ Physical Velocity
" Least Squares Cell Based
BFI OK_| [Cancel| Help |

*ANSYS FLUENT user’s guide

The pressure-based solver employs an algorithm where mass
conservation is achieved by solving an extra pressure (or pressure
correction) equation. This eq. is derived from the continuity and
momentum equations in a way that the velocity field, corrected by
the pressure, satisfies continuity. Since the governing equations are
nonlinear and coupled to one another, the solution process involves
and iterative process where the entire set of governing equations is
solved repeatedly until the solution converges.

The density-based solver solves the governing equations coupled
together, while additional scalars will be solved afterwards and
sequentially. Because the governing equations are non-linear (and
coupled), several iterations of the solution loop must be performed
before a converged solution is obtained.



Solver settings*

Pressure based segregated

Pressure based coupled solver )
solver Density based solver
@ SWERIM Update properties Update properties|
Update properties
Solve sequentially:
‘sidenor U, Y% W, Solve simultanecusly:
system of momentum
and pressure-based Solve continuity, momentum, energy, and
continuity equations . i .
Solve p —corection species equations simultaneously
RI ‘ H (continuity) equation
Update mass flux, Update mass flux
pressure, and velocity Solve turbulence and other scalar equations
! Materials
3 Processing
4 Institute Sol "
Solv - mech olve energy, species,
91 elenne,ianm: turbulence, and other
scalar equations scalar equations No { Yes
L Converged? J—-
BFI No (- Y No_{Converged? |Ye8
Canverged? |—=%={ Stop nverge

* The pressure-based solver has been traditionally used for incompressible and mildly compressible flows,
while the density-based approach was originally designed for high-speed compressible flows.




¥ Stability & convergence

In general sense, convergence is the capability

(®) SWERIM of a set of discretized equations to represent
the analytical solution of a problem (e.g. the
model converges when the numerical solution

$ sidenor approaches a fixed value and the error is below

| the threshold defined by the user). Naturally,
this occurs when the grid is extremely fine and

RI’FI. cell size approaches zero.
Similarly, the discretized model is stable if the

Wil result approaches the analytical solution

despite any local or discrete deviation during
the iterative process

Bl

1e+02 5 Residuals
1 ——continuity
1e+01 < — x—velocity
3 -~ y-velocity
1 —z-velocity
1e+00 BN energy
i epsilon
1e-01 E
1e-02
1e-03 - i
1e-04 E
1e-05
1e-06
1e-07 o
19—08 T T T T T T T T T T T T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180 200
lterations
iter continuity x-velocity y-velocity z-velocity k epsilon time
190 1.21547e-03 3.5L444e—0YL k- 454L7e-04 7.21348e-04 1.27988e-03 &.7987Le-03 24:30
191 1. 1245ke-03 3.37457e-0u4 E-43543e-04 7.0b742e-04 9.4k545e-0Y4 &.4k544e-03 24 :52
192 9.924 ?Le-04 3.24787e-04 E-4L548e-04 L.5k7?42e-04 9.0797ke-04 &8.0L747e-03 25:13
solution converged
192 9.924 ’ke-04 3.24787e-0u4 E-41548e-04 E-.5k742e-04 H.0797ke-04 4.0k747e-03 25:13
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W heat flux tracking during shell formation & oscillation

0.08

Mould
velocity 0.0
®) SWERIM m/s) .
$sidenor 45
mm -0.08
from 4.24
thFI metal
level ||I |‘ III|"-J‘ |||
A e
Flux H |""|J|‘| || ‘| ""|'||u" ‘ ey
(MW/m2) “ " \|\ ||| | H| ‘\l ‘ H ‘l'l L
10 mm ‘J

4.08

Time (S)
P. E. Ramirez Lopez, P. D. Lee and K. C. Mills: 2nd International Symposium on Cutting Edge of Computer Simulation of Solidification and Casting (CSSC2010), Sapporo, Japan, University of Tokio, 2010, pp.
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Optimization of Oscillation
settings

Maintaining same lubrication
level with Non-sinusoidal
modes which give better
quality.

meniscus

thickness

Contours of Liquid Fraction (mixture) (Time=3.7803e+03)
ANSYS FLUENT 12

metal level

molten
steel
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sinusoidal mode
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E 2.20
(®) SWERIM S 2207
= 3
¢ ]
= 200
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80

|

00

20

ke
heat flux (MW/m2-K)
1 | I T T |
[
_———

4.0

nmon-sinusoidal mode

Y

F“

it

0.0

2.0

4.0
time (s)

Breakout Recovery
(sin to non-sin) (non-sin to sin)



¥ Digital Twin model for slabs
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‘sidenor

First models to account flow
on solidification for high
resolution turbulence

Optimization of flow, taper
and casting conditions for
different mould sizes.

Discovery of nozzle design
effects on solidification in
narrow face which affect its
strength (gutters)

ime Value = 434.025 s ]

0
>
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¥ Full 3D slag infiltration modelling for blooms

First 3D model of bloom for Ni-

(®) SWERIM

based alloys =11l l
$sidenor ¢ Model predicted accurately the '

behaviour of special casting e

owder -

RI{R P l | l
* Flow and lubrication issues were I |
B receng found to be related to depressions wLINE
in blooms | !
Bf1 « New project to optimize flow C
»




W Digital Twin for Pilot caster
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Time=30.4175033569336 SeC. z
% ,ll]\

Temperature
700
1 600
500
| 400
— 300

. 200
100
[°C]

Mold hot-face

temperature
contour with
slag infiltration

|

Time=30.4175033569336 S€C. Zl
X WY

Temperature

1600

1550
1500
1450

1400
[°C]

Flow temperature
contour with
solidified shell
formation
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W Q2) What are the limitations you see to apply modelling in your job?

a) Software Cost

(®) SWERIM
b) Hardware Cost
‘sidenor
c¢) Lack of especialized training
{
R)A d) Lack of support/understanding in your organization
ﬁ o e) Not reliable results
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¥ The right model for the right job &

OPTIMIZATION PROBLEM PROCESS
DIAGNOSIS REDESIGN

(®) SWERIM A
-
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‘sidenor 7,
c
~ Coupled 3D model +
RI{R > 2D models microstructure & stress
¢ —t (parametric studies of I
(C _ , (prediction of
S consumption, OM’'s, breakout K
M o 8 transverse cracks) reakou _S' Cracxs,
3- instite. O 3D models segregation, etc.)
< (shell formation and

heat transfer
problems)

Bl

Time for a response / cost



¥ Modelling Trade-off
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Thanks for the attention!

Stay informed
http.//valcra.eu/

https.//www.linkedin.com/company/european-
continuous-casting-network

VALCRA linkedin group
(linkedin.com/groups/13794289/)
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