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ä A rolling mill is a machine for
shaping metal by passing it be-
tween a pair of rolls.

ä This study is interested into hot
rolling mills.

ä Since the 60's, most rollmakers
use vertical spincasting for hot
rolls.

ä Spincasting is designed to have
maximum control over shell so-
lidi�cation parameters. It elimi-
nates internal shrinkage defects,
optimizes bonding between shell
and core.
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Core and shell are made up with two di�erent materials:

ä Barrel: hard material; both wear and thermal resistant.
ä Core and journals: ductile and tenacious material.
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Semi high speed steel as shell material is much popular:

ä Good performances:
High wear & incident resistance abilities.

ä Low market price:
Extra-cost related to alloy is negligible.

However, e�ective mass production is stopped.

Because quality-based reject rate of rolls is too high.
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A small "ring" of cracks, never located at the ends of the roll, of
height in the range 30 to 40mm, "randomly" appearing:

Cracks are not spreading deeper into the core of the mill:
metallurgical structure change from dendritic to equiaxial (radial)
blocks propagation.
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the rolls mechanical requirements, for an extra material cost
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ä A third of the as-cast semi HSS rolls fail quality control.
ä Semi HSS �ts very well (in fact better than any other steel)

the rolls mechanical requirements, for an extra material cost
that is negligible.

ä All attempts (experimental observation, metallurgical
analysis...) have so far failed to explain the origin(s) of these
defects.
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ä A third of the as-cast semi HSS rolls fail quality control.
ä Semi HSS �ts very well (in fact better than any other steel)

the rolls mechanical requirements, for an extra material cost
that is negligible.

ä All attempts (experimental observation, metallurgical
analysis...) have so far failed to explain the origin(s) of these
defects.

ä Hence, the goal of this project is to provide a numerical
simulation solution for spincasting to Marichal Ketin

How?

ä Scratch build 
ow solver.
ä Adapt solidi�cation solver.

ä Materials characterization.

ä Solvers coupling.
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We want to simulate the 
ow behaviour of molten metal during
spincasting. Forces equilibrium is as follows:
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ä Free surface tracking
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We are going to present:
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ä Free surface tracking
ä Axisymmetry does not hold
ä Turbulent 
ow
ä Variable thermophysical parameters

We have a complex set of highly coupled problems.

We are going to present:

ä A Navier Stokes 
ow solver
ä An interface tracking solver
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ä Free surface tracking
ä Axisymmetry does not hold
ä Turbulent 
ow
ä Variable thermophysical parameters

We have a complex set of highly coupled problems.

We are going to present:

ä A Navier Stokes 
ow solver
ä An interface tracking solver
ä The required coupling of the two latter
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The Navier Stokes system of equations is:
(

A � (V ) = 0
@t V + A (P) + B (V ; V ) = f

(1)

A = 5 , A � = div, andB (V ; W ) = ( V � r ) W � div
�
� r V

�
.
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The Navier Stokes system of equations is:
(

A � (V ) = 0
@t V + A (P) + B (V ; V ) = f

(1)

A = 5 , A � = div, andB (V ; W ) = ( V � r ) W � div
�
� r V

�
.

System (1) is equivalent to:

@t V + �
�
B (V ; V ) � f

�
= 0 (2)

Where� is the projection operator fromE (
) into E0 (
) :

E (
) =
�

V 2
h
L 2 (
)

i 3
=divV 2 L 2 (
)

�
(3)

E0 (
) =
�

V 2
h
L 2 (
)

i 3
=divV = 0 ; 
 n (V ) = 0

�
(4)
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We can write an explicit projection method of orderO (2) using
Adam Bashforth:

V � = V n �
� t
2

�
3B (V n ; V n ) � B

�
V n� 1; V n� 1

��
+ � tf n (5)

r �
�

1
�

r pn+1
�

=
r � V �

� t
(6)

V n+1 = V � � � t
1
�

r pn+1 (7)
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We can write an explicit projection method of orderO (2) using
Adam Bashforth:
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1
�

r pn+1 (7)

Three steps emerge:

ä Transport phase: spatial derivatives evaluation.



Discretization

Introduction

Flow mechanics
Given problem
Basic assumptions
Projection method
Discretization
Level set method
Diphasic 
ow
simulation

Matlab R


implementation

Experimental
aspects

Conclusion

CenCyLam project - Applied Science DEA presentation L�eo Studer

We can write an explicit projection method of orderO (2) using
Adam Bashforth:

V � = V n �
� t
2

�
3B (V n ; V n ) � B

�
V n� 1; V n� 1

��
+ � tf n (5)

r �
�

1
�

r pn+1
�

=
r � V �

� t
(6)

V n+1 = V � � � t
1
�

r pn+1 (7)

Three steps emerge:

ä Transport phase: spatial derivatives evaluation.
ä Projection phase: linear system resolution.
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We can write an explicit projection method of orderO (2) using
Adam Bashforth:

V � = V n �
� t
2

�
3B (V n ; V n ) � B

�
V n� 1; V n� 1

��
+ � tf n (5)

r �
�

1
�

r pn+1
�

=
r � V �

� t
(6)

V n+1 = V � � � t
1
�

r pn+1 (7)

Three steps emerge:

ä Transport phase: spatial derivatives evaluation.
ä Projection phase: linear system resolution.
ä Reconstruction phase: trivial.
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Level set function� locates the interface:

Two steps:

ä Transport level set function along velocity �eld.
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Level set function� locates the interface:

Two steps:

ä Transport level set function along velocity �eld.
ä Ensure level set function algebraic properties enforcement.
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We must take into account:

ä Variable thermophysical parameters through the interface:
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We must take into account:

ä Variable thermophysical parameters through the interface:

m [� ]� = � liq � � gas
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We must take into account:

ä Variable thermophysical parameters through the interface:

m [� ]� = � liq � � gas
m [� ]� = � liq � � gas

ä Capillary forces at the interface:
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We must take into account:

ä Variable thermophysical parameters through the interface:

m [� ]� = � liq � � gas
m [� ]� = � liq � � gas

ä Capillary forces at the interface:

m

h
n

�
� pId + 2 �D

�
n

i

�
= �� c
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We must take into account:

ä Variable thermophysical parameters through the interface:

m [� ]� = � liq � � gas
m [� ]� = � liq � � gas

ä Capillary forces at the interface:

m

h
n

�
� pId + 2 �D

�
n

i

�
= �� c

m

h
�� D n

i

�
= 0
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ä Adams Bashforth orderO (2) projection method.
ä Modi�ed WENO order O (5) scheme for convection.
ä Centered di�erences for viscous derivatives
ä Direct resolution of linear system.



Matlab R
 implementation

Introduction

Flow mechanics
Given problem
Basic assumptions
Projection method
Discretization
Level set method
Diphasic 
ow
simulation

Matlab R


implementation

Experimental
aspects

Conclusion

CenCyLam project - Applied Science DEA presentation L�eo Studer

ä Adams Bashforth orderO (2) projection method.
ä Modi�ed WENO order O (5) scheme for convection.
ä Centered di�erences for viscous derivatives
ä Direct resolution of linear system.



Matlab R
 implementation

Introduction

Flow mechanics
Given problem
Basic assumptions
Projection method
Discretization
Level set method
Diphasic 
ow
simulation

Matlab R


implementation

Experimental
aspects

Conclusion

CenCyLam project - Applied Science DEA presentation L�eo Studer

ä Adams Bashforth orderO (2) projection method.
ä Modi�ed WENO order O (5) scheme for convection.
ä Centered di�erences for viscous derivatives
ä Direct resolution of linear system.
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ä For each solid phase:

m Density: � (�)
m Thermal conductivity:
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m Linear thermal expansion
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Thermophysical parameters:

ä For each solid phase:

m Density: � (�)
m Thermal conductivity:

� (�)
m Speci�c heat: Cp (�)
m Linear thermal expansion

coe�cient: � (�)

ä For each solid phase
transformation:

m Latent heat:
L (� phase transformation)

m Strain: " (� phase transformation)

ä Viscosity: � (�)
ä Heat transfer coe�cients

Mechanical parameters:

ä For each solid phase:

m Young modulus: E (�)
m Poisson coe�cient: � (�)
m Yield stress: � Y (�)
m Hardening parameter:

E p (�)

ä Vickers hardness:
HV (� phase transformation)

ä TTT diagrams for
each alloy

ä Stress e�ect on each solid
phase transformation
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ä Pre-existing information:

m Solid phases for each alloy.
m Viscosity: order of magnitude.
m Di�erential thermal analysis:f Cp; � ; � ; � ; � g.
m Elastic properties.
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ä Pre-existing information:

m Solid phases for each alloy.
m Viscosity: order of magnitude.
m Di�erential thermal analysis:f Cp; � ; � ; � ; � g.
m Elastic properties.

ä Italian experimental campaign:

m Strain of solid phase state transformations.
m Stress e�ect on solid phase state transformations.
m CCT diagrams.
m Elasto-plastic properties characterization

ä Upcoming tests:

m DTA completion in Li�ege.
m Additional tests in Italy, with MK and with Polytech Mons.
m Additional tests in Li�ege.
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ä Practical interest: needs less material and elaboration is
easier.
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ä Practical interest: needs less material and elaboration is
easier.

ä However, thermal inertia and machine restrictions can't allow
to use such specimens.
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ä However, thermal inertia and machine restrictions can't allow
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Holding at high temperature
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E�ect of an usually negligible stress
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High temperature gradient localization
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Quench duration is limited due to legal restrictions.
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Experimental procedure:
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Force range is limited due to tensile specimens mechanical rupture.
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Several analysis were made. For instance:
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Problems with carbon evaluation. However, some interesting
informations.
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Need for a more precise machine:
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Bidimentional approximation to 
ow curves:
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Experimental procedure:
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ä Numerical aspects:

m Analysis of industrial process and related numerical studies.
m Documentation: 
ow dynamics, interface tracking, turbulence,

coupling...
m Establishment of the ad-hoc mathematical framework.
m Establishment of the ad-hoc numerical methods.
m Matlab implementation of 2D Navier Stokes solvers.
m HACH implementation of a WOLF 2D "vertical" solver.

m HACH implementation of a WOLF level set solver in progress.
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ä Numerical aspects:

m Analysis of industrial process and related numerical studies.
m Documentation: 
ow dynamics, interface tracking, turbulence,

coupling...
m Establishment of the ad-hoc mathematical framework.
m Establishment of the ad-hoc numerical methods.
m Matlab implementation of 2D Navier Stokes solvers.
m HACH implementation of a WOLF 2D "vertical" solver.

m HACH implementation of a WOLF level set solver in progress.

ä Experimental aspects:

m Documentation: learning and establishing the things to be done.
Search for available data, setup experimental processes.

m Discussion and elaboration of testing samples.

m Italian testing campaign.
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ä Numerical aspects:

m Documentation: projection method stability.
m WOLF implementation: 2D swirl module with energy conservation.
m Flow / free surface coupling.
m First solidi�cation coupling.

m Second solidi�cation coupling.
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ä Numerical aspects:

m Documentation: projection method stability.
m WOLF implementation: 2D swirl module with energy conservation.
m Flow / free surface coupling.
m First solidi�cation coupling.

m Second solidi�cation coupling.

ä Experimental aspects:

m At MSM: elasto-platics properties and solid phases characterization.
m At DIMEG: additional solid phases characterization round of tests.
m At A&M: Di�erential thermal analysys completion.
m At MK: exploratory tests in the very slow cooling range.

m At Polytech Mons: additional solid phases characterization round of

tests.
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Thank you for your kind attention!
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