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A partitioned solution algorithm for concurrent
computation of stress-strain and fluid flow in
continuous casting process

Shaojie Zhang, Gildas Guillemot, Charles-André Gandin and Michel Bellet*

MINES ParisTech, PSL Research University, CEMEF - Centre de Mise en Forme des Matériaux, CNRS UMR
7635, CS 10207, I rue Claude Daunesse, 06904 Sophia Antipolis cedex, France

Abstract: Control of macrosegregation phenomena and deformation related defects is a main issue in
steel continuous casting. Numerical simulation could help industrial engineers to master these defects.
However, as a first step, it is essential to achieve a concurrent computation of fluid flow in the bulk
liquid and stress-strain evolution in the already solidified regions. With this aim in view, a new specific
partitioned solver has been developed to model the liquid flow, essentially induced by the inlet jet
distributed by the submerged nozzle, as well as the thermal deformation of the solid shell. The solver
procedure allows simulating the transient regime, up to convergence to the steady-state regime. For this
purpose, the computational finite element mesh moves and grows continuously. Within this evolving
mesh, three different zones are defined: the solid shell as a pure Lagrangian zone, the liquid nozzle
region as a pure Eulerian zone, and an intermediate Eulerian-Lagrangian zone. Conservation equations
(energy, mass, and momentum) are solved in a general arbitrary Lagrangian-Eulerian framework, with
a level-set formulation to track the free surface evolution at the meniscus. The article is composed of
two parts. In the first part, the model is detailed with the resolution steps involved in the coupled
resolution approach. In the second part, a simple verification test case is firstly proposed, followed by a
more relevant and practical application to model an industrial pilot continuous casting process.
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1 Introduction

Continuous casting (CC) is likely the most important steel casting process due to its productivity and
cost-efficiency. It is also a very sophisticated process as it involves numerous complex physical
phenomena. Supported by the rapid development of computational capacities during the last decades,
numerical modeling plays a more and more important role in the understanding and future developments
of the CC process for steel companies. CC modeling consists principally in at least four physical

phenomena: heat transfer, fluid flow, solid deformation, and solute transfer.

In the literature, most existing numerical models addressing CC can be classified into two categories. In
the first category, the focus is set on thermo-fluid analyses, ignoring the other two aspects. The approach
is essentially focused on what is named the primary cooling zone, that is the mold region where liquid
steel is delivered at high speed by a submerged entry nozzle. With these models, industrial issues related
to fluid flow can be investigated. Influence of process parameters such as the nozzle holes orientation,
casting speed and mold width, on fluid flow patterns was successfully predicted.!": 2! Heat convection
and other fluid flow related transport phenomena, for e.g. motion of argon gas bubbles and non-metallic
inclusions, can be modeled.> ¥ Complex phenomena, such as interactions between fluid flow, slag
infiltration and mold oscillations are also considered.’! It is important to note that thermo-fluid
simulation codes may give access to macrosegregation simulation by complementing the thermo-fluid
solver with an additional solver for transport of chemical species.!® " By contrast, in the second category,
numerical models focus on solid deformation. The main investigated industrial issues are still in primary
cooling: mold distortion and crack formation in solidified zones. But numerical codes for solid
mechanics also permit studying the deformation of the solid shell during secondary cooling, with defects

such as bulging between support rolls and associated crack formation.!®1

Following the presentation of these two categories - fluid flow and solid deformation - let us focus now

on the interest in coupling the two approaches in the context of CC modeling:

e First, the deformation of the solid shell in primary cooling may modify significantly the thermal
contact between the solid shell and the metallic mold, through the opening of a gas gap. This
gap appearance decreases drastically the heat exchange coefficient characterizing the heat flow
at product/mold interface. It is then easy to understand that an accurate simulation of the
solidification process in the mold region must take into account such changes in thermal

boundary conditions.

e Second, the prediction of the deformation and stress build-up in the solid shell in primary
cooling is generally addressed by use of solid structural codes (such as Abaqus for instance).
However, when proceeding this way, the influence of liquid convection loops in the mold region,
with localized critical zones such as those directly impacted by the hot nozzle jet, cannot be
taken into account. Hence, the prediction of cracking occurrence in the thin solid shell cannot

be accurate and reliable.
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e Third, in secondary cooling, the interactions between the solid deformation and the
subsequently induced fluid flow in the mushy zone have been proven to have a dominant effect
on the formation of the central macrosegregation.'!! Therefore, an algorithm allowing the
concurrent computation of stress-strain and fluid-flow is essential for a successful modeling of

such a phenomenon and furthermore to provide a more accurate model of solidification.

Regarding this coupling perspective, Thomas et al. have developed a strategy consisting in coupling
several independent simulation codes together: one code for fluid flow, a second one for shell

12,131 Zapulla et al. applied this approach to the simulation of the CC of stainless steel

deformation.!
slabs,'?l while Koric et al. applied it to beam blanks CC.["3 It should be noted that such a coupling
approach relies on a sophisticated interface engineering, in order to ensure the exchange of information
between the different computational codes. This is all the more complex since this interface, namely the
surface at solidus temperature, continuously evolve during the simulation. This might be also a possible
source of robustness issues, or of efficiency loss in highly parallel computations. This is why the present
approach is somewhat different, aiming at achieving such coupled solid/fluid resolutions in a unique

computational code, and using a unique finite element mesh.

The coupled problem, as described above, can be seen as a general fluid-structure interaction (FSI) issue.
However, contrary to most FSI problems, the interaction considered here is between a very stiff structure
on one hand (the solid shell), and a low viscosity fluid on the other hand (the liquid metal). As pointed
out by Heil et al.,l'* the coupling effect between solid and fluid mechanics in a FSI problem can be
characterized by a FSI index, defined as the ratio of the flow stress in the fluid and solid regions. It was
proven that for problems with a low FSI index, such as in the present problem for continuous casting, a
partitioned approach is more efficient than a monolithic approach. By partitioned approach, one should
understand a staggered resolution scheme in which separate fluid and solid problems are solved and
coupled, while a monolithic approach is for a unique resolution. The reason for the best performance of
the partitioned approach lies in the fact that the monolithic approach is affected by a loss of numerical
conditioning. Indeed, the spectrum of eigenvalues of the set of equations to be solved is too wide and
dramatically affects the convergence speed of iterative solvers. More detailed analysis can be found in

references [14] and [15].

Another characteristic feature of solid/liquid coupling in the context of solidification is the coexistence
of solid and liquid phases in mushy zones, where temperature is in between the liquidus and the solidus
(or eutectic) temperatures corresponding to the solidification interval. At the process scale, the interface
between the two phases cannot be explicitly modeled. Instead, the liquid and solid phases have to be
considered in a homogenized way within a mushy zone. In the literature, there are only a few numerical
models which are capable of coupling fluid flow and solid deformation. They were developed only in
recent years.l'"!¥! In those codes, fluid flow computation and stress-strain analysis are coupled and
solved simultaneously within a single system of non-linear equations, expressing the momentum

conservation equations relative to the solid and liquid phases, together with global mass conservation.
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They are not affected by numerical conditioning problems because they focus essentially on the mushy
zone deformation, without involving very stiff constitutive equations for solid metal. Such constitutive
equations derive from generalized non-Newtonian fluid behavior models. Some interesting results were
obtained with this approach. Koshikawa et al. studied the fluid flow and associated macrosegregation
induced by the lateral punching of an ingot deformed upon solidification, a specific solicitation aiming
at mimicking soft reduction in CC.'"! Fachinotti et al.'® and Rodrigues et al.!'¥ directly addressed the
simulation of soft reduction in CC. However, this approach is not retained in the present work for two
reasons: i) using such a behavior model for the solid, it is impossible to address the prediction of residual
stress in solid metal (as this requires elastic-(visco)plastic constitutive models such as the one described
in the work of Bellet and Thomas!'*"), and ii) the computational cost is prohibitive. Actually, solving for
the liquid and solid velocity fields in a unique set requires that 7 unknown values should be determined
at each node or cell of the computational grid: the 3 components of the solid velocity, the 3 components
of the liquid velocity plus a pressure unknown in case of a mixed velocity-pressure formulation. Hence,
7 unknowns instead of 4 (3 velocity components plus a pressure) results in a dramatic increase of the

computational time.

It is then clear that the partitioned approach is a good candidate to simulate FSI in CC. Similarly to the
previous work aiming at simulating ingot casting,!'”! special care has to be put to consider the mushy
zone in each of the two solvers. This is especially true in CC, where the solid phase in the mushy zone
is no more quasi-static, but moves at approximately the casting velocity. The global movement of the
solid phase requires in turn an Arbitrary Lagrangian Eulerian (ALE) formulation. In the present work,
a partitioned solution algorithm is then proposed for CC as an extension of the previous work done for
ingot casting application.!"> The numerical model principally consists of two resolution steps performed
at each time increment on the same computational domain: the first one, labeled STEP 1, is a solid-
oriented solution of the momentum and mass conservation equations, from which the stress-strain
analysis is carried out in the regions partially or completely solidified. The second one, labeled STEP
I1, is a fluid-oriented solution of the momentum and mass conservation equations, giving access to the
velocity and pressure fields in the fluid-containing zones, i.e. regions with liquid, mushy zone and gas.
The volume averaging methodology and the Darcy’s law are used to model the interactions between
solid and liquid phases in the mushy zone. A characteristic feature of the present approach is that all
conservation equations are formulated in the framework of a level set method in order to track the
metal/gas interface. Another important point is that the partitioned algorithm is coupled with a non-
linear energy solver to calculate the temperature field. As this solver was initially developed by Saad et

[20]

al.*"" under a fixed solid phase hypothesis, it is also extended to consider the movement of the solid

phase.

The paper is organized as follows. In Section 2 the algorithm is described with a special focus on the
above-mentioned extensions. In Section 3, a verification of the extended approach is demonstrated
through a simple case test. It is followed by a more relevant and practical application to an industrial

pilot continuous casting process.
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2  Model description
2.1 Level set method: short reminder and notations

A representative elementary volume (REV) of the simulation domain {2 is composed of two sub-
domains, as schematized in Fig. 1. A gas-subdomain ¢ is defined above a metal sub-domain 2.
Three regions may be present in the metal sub-domain itself: a bulk liquid region, /, a fully solid region,
s, and a mushy zone made of a mixture of the two former regions, / + s. The level set method is used to
explicitly model the evolution of the metal/gas boundary during the continuous casting process, I'. More
precisely, I' is represented by the zero-isovalue of the signed distance function ¢ (x, t), defined for any
point x and time t in £2. The smoothed Heaviside function H'™ is defined based on ¢ (x, t) as:

ifpo <—¢
ifp>e¢

HM(p) =
o 1 mey\.

1+—+4-— —_— f—e<op<

< : Sll’l(g))l ESQP=sE

(M

N| == O

where ¢ is the half-thickness of the transition zone around the metal/gas boundary.

Gas sub-domain

(G)
r
Metal sub-domain l
(M)

Fig.1. Schematic illustration of the simulation domain, including metal and gas sub-domains. The metal/gas
boundary, I, is explicitly modeled through a diffusive level set transition zone, i.e. zone delimited by the two
thick black dotted lines of thickness 2¢.

Respectively denoting Y™ and y¢ the physical property 1 related to the metal and gas sub-domains,
the mixed property 1 is given by:

P =HMYM + (1 - HM)PC 2

Thus, over the thickness [-¢, €] surrounding I', a smooth and continuous transition of properties is
defined. Note that the above-defined mixed property holds not only in the artificial transition zone
around the interface but also in the pure metal and gas sub-domains. Similarly, the mixed property ¥
associated with fluid, and being related to the liquid regions of the metal sub-domain and the gas sub-

domain, can be defined by the following expression:

PF = KMyt + (1 - HM)YO 3)
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where 1! refers to the intrinsic property associated with the liquid phase in the metal sub-domain.

2.2 Moving mesh, and ALE formulation

The model of CC hereafter presented considers transient regimes. It aims at simulating non-steady states
of the process thus requiring a continuously growing computational domain. The mold that characterizes
the CC machine is of internal rectangular section. Its length defines the primary cooling region. The
mold itself is not directly modeled. Instead, initial and boundary conditions of the simulation domain {2
are defined to account for its role in the solidification process. Initially, {2 encompasses a metal
sub-domain 2" in the primary cooling region (i.e., in the mold), plus the above located gas sub-domain
¢ . During the simulation, 2™ grows in the casting direction at the velocity defined by the withdrawal
speed, v, progressively filling the whole primary cooling region, and then the secondary cooling zone

underneath the mold.

Eulerian zone Eulerian zone
.III.II.I---ll..i -Illllllllllllll‘
. Gas b E Gas »
:..: : i - < B isenrannss
Nozzle : © : KLl Nozzle s *® % ““..-‘-‘“‘":
: : : 5. 4 un -
T, £ ALE O i
*
0“ "5 H .o. :g_[ALE
L Lagrangian zone s i : : ;
b “‘ ‘ < Primary cooling region
;|| ad . "."“Q
:  ALE zone g .
SasssEsmEEEEEEE 3 Lagrangian zone
-
-
Vee Y
-
+ ALE zone ; ;
-
o _[ b 'I it Secondary cooling region
vCC
(@) (b)

Fig.2. Schematics of the computational domain at (a) an early stage of the process when the metal is still fully
located in the mold region and (b) at a later stage when the metal occupies the full mold region and has entered
the secondary cooling region. Typical dimensions are: width 0.5 to 1 m (for half of the product, as represented
here), thickness 150 to 250 mm, height of the mold (primary cooling region) 600 to 800 mm, thickness of solid
shell at mold exit 10 to 15 mm.

In this context, as explained hereafter, an evolving and constantly growing mesh is required. Fig. 2
illustrates the evolution of the computational domain 2 at two different stages of the simulation,
respectively at an early stage (a) and at a later stage (b). At the top of the simulation domain, in 2%as
well as in the neighborhood of the nozzle, a constant Eulerian zone is predefined where the mesh is
fixed. The dimensions of this Eulerian zone are defined at the beginning of the simulation and kept
unchanged all along the calculation. Its contour is drawn with thick green dotted lines in Fig. 2. In the
solidified shell, a convenient and accurate approach consists in having a mesh following the

displacement of the solid material. Indeed, the behavior of the solid material is elastic-viscoplastic, and

6
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thus of memory type. As it will be seen below, the solution of incremental elasto-viscoplasticity is based
on total (or particle) time derivatives, which are extremely difficult to calculate accurately when using
a non-Lagrangian mesh (i.e. a mesh that would not evolve at the same speed as the material). For this
reason, a Lagrangian zone is defined, i.e. zone delimited by the contour using thick red dotted lines, as
shown in Fig. 2, corresponding to the fully solidified regions in the metal sub-domain. Unlike the
Eulerian zone, this Lagrangian zone keeps increasing during the simulation as it moves at material speed
in the solid shell (Lagrangian approach). Note that the bottom boundary of the simulation domain grows
at the casting speed with a vertical downward velocity, v... The rest of the computational domain is
defined as an ALE zone, including the mushy zone and a part of the bulk liquid zone. The ALE zone is
delimited by the thick black dotted contour in Fig. 2. Like the Lagrangian zone, this zone keeps
increasing due to the imposed extraction speed of the machine which is prescribed along the bottom

surface. The mesh movement in this zone is rather arbitrary.

In the context of this work, the transition between the ALE zone (mobile mesh) and the Eulerian zone
(fixed mesh) is achieved through the use of a Heaviside function, /£ 4%E. This Heaviside function is
defined over the interface between the ALE and Eulerian zones, i.e. the coincident line of the thick
dotted green and black lines shown in Fig. 2. This Heaviside function, varying between 0 in the Eulerian
zone and 1 in the ALE zone, is smoothed over a certain thickness around the surface defined by H4LE =
0.5, that is the interface between the two zones. This allows a smooth and progressive evolution of the
mesh dimensions that avoids excessive distortions. It should be mentioned that the location of this
interface is rather arbitrary: it depends on the definition of the Eulerian zone. Nonetheless, once this
interface is defined, it is kept unchanged over the whole simulation domain, and during the whole
simulation, as well as the associated Heaviside function defined above. The strategy to force a smooth
transition of the mesh evolution at the boundary between ALE and Lagrangian zones will be detailed in
the next section. As a summary, the simulation considers an evolving computational domain, with a

moving mesh composed of three regions:

¢ a fixed mesh in the gas and the nozzle neighborhood (Eulerian approach),
¢ a mesh moving at material speed in the solid shell (Lagrangian approach),

e a mesh having an arbitrary velocity in between.

The mesh velocity will be denoted v,,,5p, in the sequel, the use of a moving mesh in turn inducing the
use of an ALE formulation to take into account v,,¢j, in the discretization of conservation equations. In
ALE, the relationship between the partial time derivative of any physical quantity i with respect to the
moving mesh, 0,,;,1/0t (often named grid derivative), and the total time derivative dip /dt, is resumed

in the following equation:

amshw _ dl/) .
ot - E - (v - vmsh) le (4)

where v represents the material velocity field. Note that in the case of a pure Eulerian framework,

Vysn = 0 and 0,5, /0t = 0y /0t. The relationship between the partial and total derivatives of i is

7
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then retrieved: diy/dt = 0y /0t + v- V. In a pure Lagrangian framework, v,,s, = v, and Eq. (4)
simply expresses that 0,,,,0/0t = dy/dt. Finally, substituting the classical relationship dy/dt =
0y /0t + v - VY into Eq. (4), an alternative relation is obtained:

amshlp — (9_1[)
ot dat

+ Vipsn - VY Q)

Hence, this allows for an easy adaptation and discretization of conservation equations in ALE. First, in
Lagrangian regions, it will be seen in Section 2.3 that only total derivatives are required. We have then
dyp/dt = 0pspp/0t , and the discretization is achieved by means of nodal finite differences:
(PirAt — l)/At, where n denotes a node of the moving mesh. Second, in all other regions (metal in
mushy or liquid state, gas) v, is different from the material velocity, and possibly null. Besides, it
will be seen in Sections 2.3 and 2.4 that the constitutive model is of no-memory type (viscoplastic or
Newtonian behavior), and that conservation equations require only partial time derivatives dy/dt. They
will be replaced by 0o/ 0t — Vipgp - Vb, according to Eq. (5). The time grid derivatives will be
discretized by means of nodal finite differences: (IIJ,TM - 1/1,5) /At, where n denotes a node of the

moving mesh.

2.3 STEP I: stress-strain analysis

As already mentioned above, the two resolution steps are successively performed at each time increment.
An important point is that they are operated on the same computational mesh covering the entire domain
£). Hence, STEP I is not operated on the “solid” only; STEP II is not operated on the “liquid” only.
Instead, both STEP | and STEP Il are solved on 2.

The first resolution step is solid-oriented. This means that it essentially addresses the stress-strain
analysis in the solid regions and the mushy zone. The approach used was presented in detail in a previous

paper
solved for the velocity field v and the pressure field p, using a finite element method:

{151 and is briefly reminded here. The following momentum and mass conservation equations are

V-§—Vp+pg=0
{V v = HM(H(T; — Ttr(ée) + tr(é)) ©

The tensor § and the scalar p are respectively the mixed stress deviator and the mixed density in domain

{, as defined in Table 1. Vector g is the constant gravity vector.

Mixed property Definition
s HMsM + (1 — HM)sC
p HM(PM + (1 — FHM)p€

Table 1. Mixed properties between the metal and gas sub-domains in STEP 1.
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sMand (p)M are respectively the stress tensor and average density in 2. s%and p%are the stress tensor
and density in 2¢. The average metal density (p)" is defined as g'(p)* + g*(p)° where (p)* and (p)*
are respectively the intrinsic density of the liquid and solid phases with g' and g° corresponding

respectively to the local volume fractions of the liquid and solid phases.

H(T; —T) is the standard Heaviside function, taken for the temperature difference (T — T). It is
introduced as an indicator relative to the use of a thermo-elastic-viscoplastic (TEVP) constitutive model
for elements in the metal sub-domain with an average temperature lower than a certain critical transition
temperature T, while a thermo-viscoplastic (TVP) model is used for elements in the metal sub-domain

with a temperature higher than T¢.

Constitutive equations of the TEVP model, below T, are described hereafter as given in reference [10]:

é = éel + évp + éth (7)
1+v v
éel = E_ld' = TO’ —Etr((r)l (8)
1
\/§ 6_0-}/ ﬁ 9
Eyp = F[ _n] s ©)
o l\/3Kenl,
. 1dp
Ep = T3dr (10)

The strain rate tensor & is split into an elastic part, &, a viscoplastic part, &,,, and a thermal part, &5,
(Eq. (7)). The latter consists of the thermal expansion rate (Eq. (10)), with p the density. Eq. (8) yields
the hypoelastic Hooke’s law where FE represents the elastic tensor depending on the Young’s modulus
E, and the Poisson’s coefficient v. & denotes the total time derivative of the stress tensor. Eq. (9) gives
the relation between the viscoplastic strain rate tensor and the stress deviator s. It is reminded here that
the stress deviator is defined as s = ¢ — (1/3)tr(6)I = @ + pl, where o is the Cauchy stress tensor, p
is the hydrostatic pressure, and I is the identity tensor. Coefficient K is the viscoplastic consistency, oy
denotes the static yield stress below which no viscoplastic deformation occurs. The function [x], is
equal to 0 when x is negative and to the value x otherwise. Coefficients m and n denote the strain-rate
sensitivity coefficient, and the strain hardening coefficient, respectively. Finally, the corresponding
relationship between the von Mises stress, @, the generalized plastic strain, £,and the generalized strain

rate, £, is given by:
+1.
g=oy+K({3)" émen (11)
Constitutive equations of the TVP model, over T, are written as follows:

E=&yp t+ &y (12)

b = 5 (V3 s (13)
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. 1dp

Ep = — 551 (14)
The strain rate tensor £ is split into a viscoplastic part, &,,, and a thermal part, &, (Eq. (12)). Eq. (13)
is the classical constitutive law for a generalized non-Newtonian fluid. It relates the viscoplastic strain
rate &, to the stress deviator s, in which the strain-rate sensitivity m continuously increases with the
liquid fraction in the mushy zone. The Newtonian behavior, which is assumed to be the behavior law
for the liquid metal above its liquidus temperature, T}, as well as for the gas, is obtained for m = 1. In
this case, the viscoplastic consistency K is simply the dynamic viscosity of the fluid (liquid metal or
gas). Finally, the corresponding relationship between the von Mises stress @ and the generalized strain

rate £ is the following one:
1.
5=K(\3)" &m (15)

In the present work, T is taken exactly as the solidus temperature to model the TEVP behavior of steel
in a fully solid state; the TVP model is used for metal either in the mushy state or liquid state. At this
critical transition temperature, the continuity of the flow stress is obtained by taking oy (T;) = 0 and
n(T¢) = 0.

Specific points of STEP I resolution

Two important characteristic features deserve attention:

e First, in order to prevent numerical instabilities due to the huge difference between solid consistency
and liquid or gas viscosities, the values of these latter properties are artificially augmented. The
liquid viscosity is typically set to 1 Pa - s, which is about 200 times the nominal value for liquid
steel for instance. The gas is considered as an incompressible Newtonian fluid in the gas sub-domain,
also with a viscosity typically set to 1 Pa - s. It is important to note that these simplifications have
no significant impact on the main focus of STEP I, which is the calculation of stress and strain in

already solidified regions during CC.

e A second important point in STEP I is the treatment of solidification shrinkage and liquid expansion.
Usually, when performing the solid-oriented resolution step alone, without STEP II, like in
reference [19], the thermal dilatation of both liquid and solid phases, are taken into consideration,
together with the solidification shrinkage. However, when adding STEP II to STEP I, another
strategy has been found more efficient. Keeping in mind that the focus of STEP I is the stress-strain
analysis in already solidified regions, only the solid thermal expansion is taken into account below
T, (considering (p)* = f(T) as an input). Especially, in the mushy zone, we are essentially
interested in the intrinsic velocity of the solid phase (i.e. the movement of the columnar dendritic
structure). Such a numerical approximation appears to be a simple but efficient way to achieve the
computation of a velocity field approaching the intrinsic velocity of the solid phase. In addition,

over Ty, the material is considered incompressible: (p) = (p)*(T,). Hence, in Eq. (12), the thermal

10
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part of the strain rate tensor, &, is constantly null. The treatment of solidification shrinkage and

liquid expansion is done in STEP II and explained in the next Section.

Finally, a velocity-pressure resolution of the weak form of Eq. (6) is performed on (2. The velocity and

pressure fields resulting from this first step are denoted (v, p;).

2.4 STEP II: fluid flow computation

In this second fluid-oriented resolution step, the solution from the previous STEP I is taken as an entry.
The objective of this second step resolution is to calculate the fluid flow in liquid and mushy regions,
taking into account the motion of the solid phase, as deduced from STEP 1. In order to consider liquid
flow through the permeable solid phase in the mushy zone, an effective two-phase approach is used with
a volume-averaged method.?!! Solidification is assumed to take place with a purely columnar structure.
Interactions between solid and liquid phases in the mushy zone are modeled by the Darcy’s law with a
permeability coefficient x approximated by the Carman-Kozeny relationship.?2 Although the liquid is
considered as incompressible with a Newtonian behavior, a compressible formulation is used to deal
with solidification shrinkage in the mushy zone and thermal dilatation of the liquid phase. It is also
important to mention that in STEP II, contrary to STEP I, the nominal liquid viscosity is now used.

In a previous paper,!' the conservation equations governing the fluid-oriented problem have been
established in the context of a level set formulation applied to a static mesh. As mentioned in Section
2.2, its extension to the context of a mobile mesh is achieved by replacing the partial time derivatives
by the grid derivatives according to Eq. (5). The conservation equations for STEP II are now expressed

with the ALE formulation:

0,0 1
P ( "g: + i (")(v - g“%m)) -V-gsF +§"vp—-gp*yg
+gFaF(RF) Tw—v) =0 (16)
HM [ Omen (o)™
v = —W<% + v V() = Ve - V(oI + 7 - (g5(p)*v))

where the unknowns are the average fluid velocity, v = H M gl(v)l + (1 -H M)(v)G, and the pressure,
p. Notations pf, ¥, gst, gp¥, i, kF correspond respectively to the mixing properties of the fluid
density, the fluid fraction, the averaged fluid stress deviator, the averaged fluid density with temperature

dependence, the fluid viscosity and the fluid permeability. These variables are defined in Table 2.
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Mixed property Definition

g" HMgt+ (1 - 3M)

s HM(p)o + (1 —HM)p¢

7 HM g p) + (1 —HM)p¢
with (p)' = (p)p (1~ BT = T))

§§F f]{Mgl(S>l + (1 _ j{M)SG

ar HMpt + (1= HM)ps

R’ 1,°"/(180(1 - g")?)

Table 2. Mixed properties between the liquid regions of the metal sub-domain and the
gas sub-domain in STEP II.

(p)h, (p):, B, (s)!, ut, A, are respectively the intrinsic reference liquid density at T, , the intrinsic liquid
density depending linearly from the temperature, the dilatation coefficient of the liquid, the intrinsic
liquid stress tensor, the liquid viscosity, and the secondary dendrite arm spacing. u® is the viscosity of

the gas, assumed to be Newtonian and incompressible.

In the fully solid regions, there is actually no need to operate a STEP II resolution: all relevant
information (velocity field, updated values of the generalized viscoplastic deformation, deviatoric stress
tensor, and pressure) has been already calculated in the first solid-oriented resolution step. However, in
the present approach, STEP II is operated on the whole domain {2, but with a Dirichlet condition applied
to the fully solid regions: for nodes with their nodal liquid fraction g' equal to zero, v;; is imposed equal
to v;. Finally, Eq. (16) is solved with a stabilized SUPG-PSPG finite element method.?*! The velocity

and pressure fields resulting from this second step are denoted (vy;, pyp)-

2.5 Coupled thermal resolution

A non-linear energy solver is coupled with the above STEP I and STEP II to provide the temperature
field during the continuous casting process. The conventional energy conservation equation for

solidification problems is given in Eq. (17), averaged over the REV in the metal sub-domain:?!!

d{phy

n + V- (phv)™ — V- (k)YMVT) =0 (17)

where (ph)M = gl (p) (W) + g*(p)*(h)* , (phv)" = g'(p) (M) (w) + g°(p)*(h)*(v)* and (k) =
g5(k)* + gh{k)t with (h), (h)5, (k)!, (k)®, (v)! and (v)° corresponding respectively to the intrinsic
specific enthalpy, the intrinsic heat conductivity and the intrinsic velocity relative to the liquid and solid
phases, respectively. Based on the relationship given in Eq. (5), the ALE formulation of Eq. (17) is given
by:
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amsh([)h)M

w7 (PR — vps - V(p) = V- (I)MVT) = 0 (18)

Developing the expressions of {(phv)M and (ph)™, we obtain:

ams h M
% + 7 (g0 (W W)) = vmen - 7 (g"p) (') (19)

+7 - (g%(pY (WY (0)*) — Vs~ V(g*(p)*(R)*) = V - ((k)MVT) = 0

Let’s first consider the following term, V - (g°(p)*(h)5(v)®) — visn - V(g°(p)*(h)®) in Eq. (19). This
term represents the energy transport related to the solid phase. Assuming that the volume change of the
solid, due to elasticity and thermal dilatation, has a negligible impact on heat transfer, the solid phase is
thus assumed here to be intrinsically incompressible, V - (v)S = 0. Therefore, the above term is
simplified into the following form, ({(v)* — v,,sn) - V(g*(p)*(h)*). Note that in the bulk liquid this term
is zero. Besides, the fully solidified regions are considered as Lagrangian in the present ALE framework.

Therefore, in fully solidified regions, v,,s, = (v)® and this term also reduces to zero.

Finally, in the specific context of the present work, the mesh velocity v,,s, in the mushy zone is

proposed with the following explicit form:
Vmsh = 9'Vec + 9V, (20)

where v; is the solution field from the previous solid-oriented resolution step and v.. the constant
casting velocity of the CC machine. We remind that v; is designed to approach the intrinsic solid
velocity (v)® in the previous solid-oriented resolution step. Besides, in continuous casting (v)° in the
mushy zone is nearly v, due to the continuity of the solid phase between the mushy zone and fully
solidified shell in contact with the molds. By consequence, the above-defined v,,,4;, keeps being a good
approximation of the intrinsic solid velocity (v)® in the mushy zone. Therefore, this first energy
transport term related to the solid phase, ((v)° — v,gn) - V(g%(p)*(h)®), finally reduces to zero in the
whole metal sub-domain, including the bulk liquid, the mushy zone and the fully solidified regions, and
this term can be fully neglected from Eq. (19). In other words, the energy transport due to the motion of
the solid phase in the present model will be achieved through the mesh updating process within the ALE
framework. Finally, it is worth noting that the above-defined mesh velocity also holds in the fully
solidified regions, i.e. g° = 1 and v, recovers the material speed in the solid shell, v;. A smooth

transition of mesh is thus ensured at the boundary of ALE and Lagrangian zones.

As stated above, the definition of the mesh velocity in the fully liquid zone is rather arbitrary and may
be different according to the specific configuration of each simulation. As explained in Section 2.2, a
pure Eulerian zone is usually defined with v, g, = 0 in regions where metal remains in a liquid state,
for e.g. regions near the nozzle entry. More intuitive details of such a definition will be given later in
application to the CC process. Indeed, an optimized mesh velocity would be better to prevent mesh

distortions, such as the algorithm described in the work of Bellet and Fachinotti,'” where the mesh
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velocity of a node in the liquid zone was defined roughly as the average velocity of its neighboring

nodes.

Considering now the second term V7 - (gl(p)l(h)l(v)l) — Vpsh * V(gl(p)l(h)l) in Eq. (19), it represents
the energy transport related to the liquid phase. Assuming that the energy transfer due to the
solidification shrinkage and the thermal dilatation of the liquid phase is negligible, this term can be
approximated by gl(v)lV((p)l(h)Z) — Vs * V(gl(p)l(h)l). We remind that v;;, the solution from the
previous fluid-oriented resolution step, represents the averaged liquid velocity, g'(v), in the liquid and
mushy zones. In the meantime, it also tends to the solid velocity v; when approaching the end of the
mushy zone due to the Dirichlet condition applied to the fully solidified regions. Therefore, the

following approximation is proposed for the above energy transport term related to the liquid phase:

g ) - V((pY ) = vmsn - V(gHPYHMY) = (Wi = Vmsn) - V({0) (M) 21

Note that in the bulk liquid, v;; = g'(v)", the right-hand side (RHS) term of Eq. (21) recovers exactly
the left-hand-side (LHS) term of Eq. (21). In the fully solidified regions, the LHS term is zero as g* = 0
and RHS term is also zero as both v;; and v, equal to v;. Besides, in the mushy zone, Eq. (21)
remains a quite reasonable approximation, especially in regions with high liquid fraction where the
numerical solution v;; corresponds nearly to g'(v)!. Finally, assuming that contribution of the gradient
of the liquid density is negligible in Eq. (21) and taking into consideration the enthalpy relationship

relative to the liquid phase, the above equation becomes:

(1711 - vmsh) ' V(<p)l<h>l) = (vll - vmsh) ’ (p>l(cp>lVT (22)

where (Cp)l is the intrinsic specific heat of the liquid phase defined by the liquid enthalpy (h)! =
(Cp)lT + Ls with constant latent heat of fusion Ly. Considering the above approximations made over
the energy transport term relative to both solid and liquid phases, the energy conservation equation in
the metal sub-domain for the CC process under the ALE framework is given by:

amsh (ph>M

T @1 = Vg ()G, VT = V- ()MVT) = 0 (23)

Finally, the energy conservation equation is developed under a level set formulation and is given by:

amshﬁl

S = V) pC, VT —v- (kvT) =0 (24)

with ph, pffp, k corresponding respectively to the mixing properties of the volumetric enthalpy, the
volumetric heat capacity and the heat conductivity between the metal and gas sub-domains, defined in
Table 3.
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Mixed property Definition

ph HM(ph)M + (1 — HM)pChC
—~ F l
pCy HM(P)Cp) + (1 —HM)pECF
k HMUWM + (1 — HMEC

Table 3. Mixed properties between the metal and gas sub-domains in the
coupled heat transfer step.

where h¢, Cg and k© are respectively the specific enthalpy, the specific heat and the heat conductivity
of the gas. It is worth noting that Eq. (24) holds for both continuous and ingot casting processes.
Especially, in a fully Eulerian framework where v, = 0, Eq. (24) recovers the previous energy

conservation equation developed for ingot casting processes under a fixed-solid hypothesis.!)

2.6 Algorithm scheme

The algorithm scheme of the present partitioned solution algorithm for continuous casting is presented,
considering that the two resolutions, STEP I and STEP II, and the coupled thermal resolution are

performed once at each time increment At. The incremental resolution scheme is divided into 7 modules,

as detailed hereunder in Fig.3:

( Coupled )
thermalsolution
f STEP I |

| solid-oriented solution |

STEP II
fluid-oriented solution )

( A
Mesh updating
. J/
s | 3
Interface tracking
. J
'é I N\
Properties mixing
& J/
! ,
Optional

adaptive remeshing

Fig.3. Resolution scheme in a time increment
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o Coupled thermal solution. The energy conservation equation is solved, giving access to the

temperature distribution in the metal and gas sub-domains, and to the liquid metal fraction.

e STEP I, solid-oriented solution. The first folder of the mass and momentum conservation
equations focuses on the stress-strain analysis in the already solidified regions, with an
augmented liquid viscosity and a continuity of solid density in the mushy and liquid regions. It
provides velocity and pressure fields on the whole domain: (v;, p;). However, only v; at nodes
belonging to fully solid elements and in the mushy zone will be used in the follow-up of the
resolution scheme. The stress tensor @, and the associated generalized plastic strain & and strain

rate £, are also deduced from this step.

o STEP II fluid-oriented solution. The second folder of the mass and momentum conservation
equations consists of the fluid flow computation in the liquid and mushy regions, with a real
liquid viscosity and including solidification shrinkage. It provides velocity and pressure fields
on the whole domain: (v;;, p;;). Note that at nodes belonging to fully solid elements, v, is

imposed equal to v;.

e  Mesh updating. The position of each mesh node is updated following an explicit scheme with

the mesh velocity, v,¢:
x"eV = x°l 4 Atv,, (25)

It should be reminded that the energy transportation relative to the solid phase in the solid and

mushy zones, is achieved through this mesh updating process under the present ALE framework.

o Metal/gas interface tracking. The updating of the level set function permits interface tracking.
It is achieved by the convection-reinitialization scheme.”? The advection velocity field v is

equal to the fluid velocity v;; deduced from STEP II.
o  Mixing of material properties according to the value of the updated level set function.

e  Possible adaptive remeshing guided either by error estimation for different solution fields, as

proposed by Coupez,®! or more simply formulated based on signed level set distance function.

3 Simulation results
3.1 Verification test case

The objective of the test case detailed hereafter is to check the correct implementation and the
performance of the above-proposed partitioned solution algorithm, including the new features
introduced in the thermal solver, i.e. introduction of the solid movement, the energy transport relative
to the solid phase and the mesh velocity. For this specific purpose, a simple solidification process

configuration is studied, in which the gas sub-domain is neglected, as the new developments mainly
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affect the metal sub-domain. Besides, the solid-oriented step is oversimplified: no effective stress-strain
analysis is performed. Only the velocity of the solid phase is imposed, its value being equal to the

constant casting speed of the machine.

3.1.1 Model description

The test case consists of the solidification of two identical 3D parallelepipedic ingots, under the same
heat boundary condition. The first ingot is fixed and serves as the reference simulation. Its solidification
is simulated using the previous algorithm developed for casting process.['>) The second ingot is entirely
submitted to a constant downward movement and is simulated with the algorithm presented above. For
simplicity, only the configuration of the moving ingot simulation is presented here as shown in Fig.4.
V. denotes the value of the downward moving velocity. The initial mesh is isotropic, defined with a
uniform mesh size of 1 mm. A constant mesh velocity v,,,s; is defined over the whole ingot, oriented
downward and aligned on the vertical z-direction, with a module equal to v_. As the mesh velocity is
identical for all mesh nodes, the mesh will keep unchanged all along the simulation. Note that for the
reference simulation, the geometry and its discretization are the same as for the moving ingot at initial
state. Nonetheless, the value of mesh velocity is null and by consequence, a fixed mesh will be used for

the whole simulation.

@ Top face
—Vcstlz

l ©

Right face

Backward face
Height 100 mm

Left face
Thickness 5 mm

Fig.4. Geometry of test case simulation of the moving ingot under solidification

Indeed, this moving simulation could be seen as a representation of a fixed slice of the metal product
for the CC process. Due to the symmetry of the system, only half of the slice is modeled. The six faces
of the ingot are numbered in order to clearly describe the boundary conditions. Note that the left face,
as well as the backward and forward faces, are defined as symmetry planes. In the following, the
associated thermal and mechanical boundary conditions, for the moving ingot simulation, are

summarized in Table 4.

17



459
460
461
462
463
464
465
466
467
468

469
470
471
472
473
474
475
476
477

478
479
480
481

Face position Thermal boundary Mechanical boundary conditions
in Fig.4 conditions
Fixed ingot (reference) Moving ingot

@ Left Adiabatic Sliding (v - e,, = 0) Sliding (v - e,, = 0)

©® Down Flux by convection Sticking (v = 0) Constant velocity (v = —v.z.€,)
@ Right Flux by convection Sticking (v = 0) Constant velocity (v = —v_s€,)
O Backward Adiabatic Sliding (v - e), = 0) Sliding (v - e, = 0)

@ Forward Adiabatic Sliding (v - e,, = 0) Sliding (v - e, = 0)

0O Top Adiabatic Sticking (v = 0) Constant velocity (v = —v_z€,)

Table 4. Thermal and mechanical boundary conditions for the solidification test case

Heat is extracted from the metal through the right face and the bottom face using a convection-type
expression for heat flux density, gy = hp(T — T,y:), Where the heat transfer coefficient hy and the
external temperature T,,; are constant. The metal is supposed to slide along the surrounding faces
except at the top, bottom and left faces, on which a constant velocity v, is imposed in the z-direction
e,. It should be reminded that the above-defined mechanical boundary condition is only applied in STEP
II, as STEP I is over-simplified with solution v; predefined, equal to —v..€,, over the whole metal
domain. Finally, note that for the reference simulation with fixed ingot, the energy boundary condition
is the same as the above-detailed moving ingot simulation. For the mechanical boundary condition,
sticking boundary condition is imposed on the top, bottom and left faces and all other faces are supposed

to be purely sliding.

The initial temperature of the metal T;;,; is chosen as the liquidus temperature T, . Densities of the liquid
and solid phases, (p)! and (p)*, are taken as constant and equal to the value at T;, p,. Hence,
solidification shrinkage is neglected and metal is assumed incompressible. Despite this assumption, in
the momentum conservation equation relative to the liquid phase, the thermal convection in the liquid
phase is taken into consideration by using the Boussinesq expression for the intrinsic liquid density:
(p) =p, (1 - BY(T - TL)) , where p; denotes the density of the liquid phase at the liquidus
temperature and B the thermal dilatation coefficient of the liquid phase. In the specific context of this
verification test case, the solidification path is considered in an oversimplified form, assuming that the

volume fraction of the solid phase evolves linearly with temperature in the solidification interval.

The values of process, numerical, and material parameters used in this first test are summarized in Table
5. Regarding material properties, they should be seen as representative of a carbon steel. As such, they
are issued from different references and are simplified. For example, in this test, the thermal conductivity

is assumed to be constant and equal for both the liquid and the solid phase. The latent heat of fusion is
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also taken as constant. Nonetheless, two constant but different values are taken for the specific heat

capacity relative to liquid and solid phases.

Material parameters Symbol Value Unit

Solidus temperature Ts 1499 °C

Liquidus temperature T, 1552 °C

Densities oL, {p)L, (p)* 7060 kg -m™3
Thermal dilatation coefficient of liquid Ll 295x107%  e°c7t
Secondary dendritic arm spacing Ay 5x107* m

Liquid viscosity ut 42x1073 Pa-s

Solid specific heat (c,) 400 J-kg™t.°c™?
Liquid specific heat (Cp>l 800 J-kg™1-°Cc™?
Thermal conductivity for solid and liquid phases ~ (k)!, (k)* 30 W-m™1.°c™?
Latent heat of fusion Ly 3.09 x 10° J]-kg™t

Process and numerical parameters

Initial temperature Tini 1552 °C

External temperature Toxt 25 °C

Heat transfer coefficient hr 1000 W-m=2.°c™?!
Downward moving velocity Vet 0.016167 m-s~1

Time step At 0.1 S

Table 5. Values of material and numerical parameters used for the verification test case.

3.1.2 Results

Fig. 5 illustrates the progress of the ingot solidification at time t = 40 s. In Fig. Sa, results on the front
symmetry plane are shown, comparing the reference static ingot simulation (left half part of the figure)
and the moving ingot simulation (right half part). More precisely, the left part of Fig. 5a illustrates the
temperature field, T, and the fluid flow, v;;, in the reference static ingot simulation. Note that the
velocity field can also be considered as v;; — V51, @S Vyp 1S indeed null in such a pure Eulerian
framework simulation. The right part of Fig. 5a describes the temperature field, T, and the relative fluid
flow, v;; — Vysn, for the moving ingot simulation in which v, = —v.s €, is imposed to the whole
computational mesh. It should be mentioned that the spatial positions of the two ingots are indeed
different, i.e. with a relative vertical distance difference. The two simulation results (separated by the

dotted black symmetric line) are put side by side in order to facilitate comparison.

It can be seen that, by eliminating the mesh velocity v,,,s5, the same velocity field is found, which
corresponds in both simulations to the velocity induced by the thermal convection in the liquid phase.
Moreover, an identical temperature field is recovered in the moving ingot simulation compared to the

reference static ingot simulation. The liquidus and solidus isotherms, highlighted with white lines, are
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perfectly connected on the (yz) symmetry plane. It is worth noting that in the moving ingot simulation,
energy transport relative to the solid phase is taken into consideration. The relative movement between
the solid and liquid phases is also considered. As shown in Fig. 5b, the velocity field v;;, in the moving
simulation, is a mixture of the downward moving velocity and the thermal convection in the liquid phase.
It thus differs from the constant downward velocity, v;. Finally, note that as shown in Fig. 5a, the
amplitude of the fluid flow induced by convection is smaller than that of the constant downward

movement. This just fits in the fact for the presence of a global downward fluid flow is in Fig. 5b.

T [°C]
I71600 ,

1400

1200

1000

-800
Vi1 — VUmsh i Vi
(arrows) " (arrows)
[mm - s™1] [mm - s™1]

Fig. 5. Snapshot of solidification simulation showing (a) a comparison of the temperature field, T, and the relative
fluid flow, v;; — Vs, at time t = 40 s, respectively in the reference static ingot simulation (left half part) and in
the moving ingot simulation (right half part); (b) the velocity field v;; associated with fluid flow in the moving
ingot simulation. Liquidus and solidus isotherms are highlighted with white lines.

3.2 Application to continuous casting

In this section, the application of the proposed two-step formulation to the simulation of an industrial
pilot CC process is proposed. This constitutes a preliminary step, for the present algorithm, before
addressing large and complex industrial CC processes. In particular, it intends to demonstrate its
capability to compute concurrently, in a quasi-industrial configuration, fluid flow and stress-strain in

the solid shell, in the mold region as well as in the secondary cooling zone.

3.2.1 Model description

The initial configuration of the model is given in Fig. 6a, with the consideration of a submerged entry
nozzle and the gas sub-domain. The cast product is a slab of thickness 100 mm and width 750 mm, the
primary cooling being operated by a mold of height 800 mm. Heat is extracted from the metal through

the lateral vertical surfaces (with normal e, and e,,). Constant flux is imposed along surfaces in contact
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with the mold and a convection type expression is defined for flux associated with free surfaces located
below the mold exit in order to consider water cooling effect. It should be noticed that a small insulation
zone (50 mm) is imposed in the vicinity of the meniscus so as to always maintain a liquid-gas interface
in contact with the mold. The metal is supposed to slide vertically along the vertical surfaces. As

mentioned previously, although the mold is present in Fig. 6a, it is actually not explicitly modeled in
the simulation.

375mm
Gas
200
s Insulant
(0,0,0) X 50mm
400mm Mold
750mm
50mm
-
-
g - » 8
e %
eyd/ & ] » g
(T
(a) (b) (©

Fig. 6. Representation of (a) a schematic illustration of the 3D CC model at its initial configuration; (b) the
associated initial mesh and (c) the constant Heaviside function, H4LE, defined in this simulation, assuring a
smooth transition of mesh velocity between ALE and Eulerian zones.

A free velocity is considered on the upper surface of the simulation domain, allowing gas to flow in and
out freely. The surrounding faces of the entry nozzle are defined as sticking. The bottom surface of the
metal sub-domain is imposed with the constant vertical casting velocity v... Moreover, another constant
vertical velocity v;,;.¢ is imposed at the top surface of the entry nozzle, modeling the entry of the liquid
from the tundish to the mold region. The same mechanical boundary conditions as described above are
applied to both STEP I and STEP II, except for the surrounding vertical surfaces in contact with the
mold in STEP II. Along these surfaces, sticking boundary conditions are assumed, in order to reduce

numerical instabilities due to the presence of the intensive nozzle jet in contact with the mold.

Only a quarter of the full geometry is modeled considering the symmetry of the system. The initial mesh
is defined in Fig. 6b. Isotropic mesh with a constant mesh size of 10 mm is used over both the metal
and gas sub-domains except for two critical regions. First, in the 20 mm thick metal/gas transition zone,
the mesh is refined in an anisotropic manner with a mesh size of 1.5 mm in the vertical direction and 10
mm in the horizontal directions. An extra 20 mm thick transition zone is defined on each side of the
transition zone. This is done in order to ensure a smooth evolution of the mesh size between the transition

zone and the regions with isotropic coarse mesh size, thus reducing possible numerical instabilities due
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to poor mesh quality in this critical region around the metal/gas boundary. Besides, for the metallic zone
in the vicinity of the mold, isotropic refined mesh is used, with a minimum mesh size of 4 mm, to ensure
a reliable stress-strain analysis in the very thin solid shell (on average, several centimeters thick in the
mold region). The number of mesh elements in the initial mesh as defined in Fig. 6b is about 640 000.
It is worth noting that the number of finite elements will keep increasing with a globally linear evolution

over time.

The related constant Heaviside function, # 4LE | as introduced previously in Section 2.2, is shown in Fig.
6¢. It is smoothed over a total thickness of 20 mm around the zero-isovalue, i.e. the green-colored line,
describing the boundary line between the ALE and Eulerian zones. Remind that it ensures the smooth
transition of the mesh velocity between these two zones. More precisely, the explicit definition of the
mesh velocity in the mushy and solid zones being given by Eq. (20), the mesh velocity over the whole

simulation domain writes v, = HALE(glv . + gsv)).

The material properties are those of a 40CrMnMoS8-6 steel grade, as already documented in a previous
paper,”! with several additional simplifications detailed below. Firstly, constant and equal densities are
taken for liquid and solid phases, {p)* = (p)° except in the momentum conservation equation of STEP
II where the density of the liquid phase follows the Boussinesq approximation, {p)! = p; (1 -
BYT — TL)), in order to model the thermal convection of the liquid phase. Besides, dilatation of the
solid phase is taken into consideration in the mass conservation equation of STEP I, such as (p)° =
ps(l — B5(T — TS)) to allow a stress-strain analysis for the solid phase. Secondly, constant specific
heat is assumed for both solid and liquid phases. The latent heat of fusion is also taken as constant. Note
that the solidification path as well as the mechanical properties relative to the constitutive laws of solid
are kept as the same as in reference [15]. Finally, values of the material properties used together with
simulation parameters are summarized in Table 6. It should be mentioned that properties of the gas are
oversimplified in the current simulation in order to reduce possible numerical instabilities at the
metal/gas boundary. Nonetheless, these simplifications have almost no effect in the main focus of this

simulation, i.e. the concurrent fluid flow and stress-strain analyses in the metal sub-domain.
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Material parameters Symbol Value Unit

Solidus temperature Ts 1431 °C

Liquidus temperature T 1490.5 °C

Specific heat of solid and liquid (c,)(c,)’ 800 J-kg™t-°Cc!
Specific heat of gas Cs 1000 J-kg™t.°c™?
Latent heat of fusion Ly 2.4 x 105 J-kg™!

Metal density oL Ps, {p)L, (p)s 7000 kg-m™3

Gas density p¢ 6000 kg-m™3
Thermal dilatation coefficient of liquid Bt 1x 107 oc~t

Thermal dilatation coefficient of solid B 1x107°> oc~t
Secondary dendrite arm spacing A, 5x107* m

Gas viscosity STEP 1| STEP II u¢ 1|1x1071 Pa-s

Liquid viscosity STEP 1| STEP II ut 1/5x1073 Pa-s

Thermal conductivity in liquid (k) 30 W-m™1.°c™1
Thermal conductivity in solid (k)s 30 W-m™t.°ct
Thermal conductivity in gas k¢ 0.1 W-mt.°Cc?
Simulation parameters Symbol Value Unit

Casting temperature 1520.5 °C

External temperature Teoxt 25 °C

Constant flux at narrow face 8 x 10° W-m™2
Constant flux at wide face 1.2 x 10° W-m™2

Heat transfer coefficient at narrow face 1100 W-m™2.°C™1
Heat transfer coefficient at wide face 150 W-m™2.°C™1
Time step At 0.1 s

Casting velocity in the vertical direction V.- e, -0.015 m-s~1

Liquid inlet velocity in the vertical direction — Vet - €, -0.88 m-s~1

Table 6. Simulation and material parameters in the 3D CC test case. Non-listed material properties can be found
in Reference [15].

3.2.2 Results

Fig. 7 illustrates the non-steady regime of the simulation through the distribution of solid fraction,
velocity vectors and temperature, respectively at times ¢ = 10 s and t = 30 s. The metal/gas boundary
is represented by the green surface. As shown in Fig. 7a, after 10 s of solidification process, a solid shell
has already formed along both the narrow and wide cooling faces. However, it is worth noting that on
the narrow face, an unsolidified area is present with a slender oval shape (position A). The formation
mechanism of this particular area is indeed a conjugate effect of the initial modeling configuration (the

simulation is started with a metal sub-domain in fully liquid state) and of the impact from the hot nozzle
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jet onto the mold region. More precisely, as shown in Fig. 7b, at time 10 s, a main intense flow can be
observed in the mold region due to the injected flow from the nozzle entry. This nozzle jet is split into
two vortices when it meets the narrow face, with one in the upward direction and another in the
downward direction. As it can be seen by comparing Fig. 7a and Fig. 7b, the unsolidified area labeled
A is located at the impingement zone of the main fluid flow on the narrow face. By consequence, starting
from a fully liquid state, this hot jet impingement delays the formation of the mushy zone, as well as the
solid shell, on this particular area, at an early stage of the solidification process. The temperature field,
at this time ¢ = 10 s, is shown in Fig. 7¢. It can be seen that there is an impact of the fluid flow on the
solidification process. Especially on the narrow face, the temperature of the impingement zone remains
hottest, compared to its neighboring areas, with consequence on the distribution of the solid on the

narrow face already previously commented.

MIHHH '

an
0.0

Mold exit

Fig. 7. Results for g°, v;; and T respectively at time = 10 s with (a) the distribution of solid fraction along the
domain boundary, (b) the velocity vectors throughout the domain, (c) the temperature field along the product
surface. The same fields at time # = 30 s are shown on the bottom line: figures (d) to (f).

Fig. 7d shows the solid fraction at time t = 30 s, when the metal sub-domain has just exited the mold
region (the mold exit is represented by the white line). It can be seen that the unsolidified area labeled

A in Fig. 7a has disappeared. This expresses the fact that the casting conditions are sustainable, without
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major risk of liquid leakage at the exit of the mold. However, it is worth noting that, as shown in Fig.
7e, the direction and magnitude of the main fluid flow in the mold region are nearly the same as that at
time t = 10 s. By consequence, the impingement area keeps being located approximately at position A.
Although the unsolidified area is no more present on the narrow cooling face at time t = 30 s, the impact
of the fluid flow remains significant, and a permanent stabilized hot spot exists. Fig. 7f shows the
temperature field at time t = 30 s. It can be seen that the solid shell in the impingement area, is hotter

than in the surrounding area.

R —————

P1
2 mm inside
P2
3 mm inside T
Ozz °oC
[MPa] L
38 E
' 19 =
?]235
P3 g :
4 mm inside =23 288
-46 ?741
--67 532
(@) (®)

Fig. 8. Results at time t = 80 s, showing (a) g,,, the longitudinal stress along the cooling faces with the white

line representing the mold exit; (b) The fluid flow (arrows, v;;) with the presence of the nozzle jet; (c) The

temperature field along the cooling faces.
Fig. 8 illustrates the results corresponding to time ¢ = 80 s. The longitudinal (vertical) stress component
0,, along the external cooling faces of the product is shown in Fig. 8a, revealing that the solid shell is
under traction within the mold region, in particular along the edge, while in compression after the mold
exit, with maximum values reaching respectively 38 MPa and -67 MPa. The fluid flow is concurrently
computed, represented by colored arrows in Fig. 8b. The length and color of arrows are related to the
vector magnitude. It can be seen that the fluid flow is intensive in the mold region and slows down when
reaching the mold exit. Fig. 8¢ shows the temperature field over the two cooling faces. Because heat
extraction in secondary cooling is much lower than in the mold region, a minimum of temperature along
the edge is found at the mold exit (here 532 °C). It is worth noting that the extra-cooling along the edge

of the product is indeed overestimated with respect to the real industrial process. This is because the
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formation of an air gap between the product and the mold is not under consideration in the present model.
The presence of such an air gap has an important influence on heat extraction in the vicinity of the corner,
i.e. slowing down the cooling process and thus resulting in higher values of temperature in this region

than calculated here.*®

It is then interesting to investigate when the steady-state regime is reached in the present non-steady
simulation. For this specific purpose, three fixed observation points are defined at positions (x,y,z) =
(373, 0, -200), (372, 0, -400) and (371, 0, -800) with units in mm. They are respectively denoted as P1,
P2 and P3 and their locations can be seen in Fig. 8a. Remind that the (0, 0, 0) position is located at the
metal/gas nominal interface, at the intersection between the two vertical symmetry planes, as shown in
Fig. 6a (black dot). All three fixed positions are in the mold region, in the vicinity of the middle of the
narrow cooling face. Position P3 is located exactly in the transversal cross section at the mold exit, 4
mm deep in the thickness of the solid shell. Calculated evolutions of the temperature and the von Mises

stress at these predefined positions are recorded during 60 s and plotted in Fig. 9.
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Fig. 9. Evolution of temperature T (left), and von Mises stress & (right) at three fixed locations P1, P2 and P3,
defined in Fig. 8a.

It can be noted that for position P3, results are available only after about 25 s of simulation, as shown
by the blue colored lines in Fig. 9. This is because position P3 is outside the initial simulation domain,
as defined in Fig. 6a: it is then reached after a certain process time Az/v,. = 400/15 = 26.7 s in the
present non-steady state approach. Conversely, the other two positions are located at the initial metal

sub-domain and thus results are available from the beginning.

It can be seen that the steady-state regime is reached within the entire mold region after about 50 s,
either from the thermal point of view (Fig. 9a) or from the mechanical point of view (Fig. 9b). As P3 is
the lower position in the mold it is also the last one to stabilize. After this position has been attained by
the growing computational mesh, it can be observed that it requires about 23 s to reach a steady state,
which is indeed a short process time, corresponding only to a casting length of 345 mm. Let us note

however that reaching the steady state would be longer if the heat transfer within the mold would be
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considered in the simulation (instead of a constant imposed heat flux here). It is also interesting to note
that the mechanical steady-state regime is reached almost at the same time as the thermal steady-state
regime, for all three points. This is coherent with the boundary conditions prescribed along the cooling
faces, where only vertical displacement is allowed and the cooling faces cannot separate from the mold.
Thus, under this assumption, there is no coupling feedback from the mechanical simulation toward the
thermal simulation. Finally, one observes that steady state is in fact not perfect, all evolution curves
being affected by some perturbations. These perturbations are indeed inherent to the non-steady state
simulation. Actually, during the simulation, the mobile mesh passes by the different fixed positions. The
calculated value at a certain process time and for a selected position depends on the local spatial
interpolation which can be done at that precise moment. These fluctuations tend to increase with the
local mesh size, and with the local gradient of the interpolated solution fields. This is why fluctuations
are more visible for stress evolution (high gradients, see also hereunder) than for temperature evolution

(lower gradients).

Fig. 10a illustrates the solid fraction and the stress component in z-direction (o,,) over the cross section

at mold exit, at time = 80 s, after the steady-state regime is achieved in the whole mold region.
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Fig. 10. (a) distribution of solid fraction g° (top half of the figure), and of the stress component in the z direction
0,, (bottom half of the figure) at time t = 80 s in the transverse cross-section at mold exit; (b) section of the
mesh over this cross-section in a 2D configuration.

First, it can be seen that a solid shell with thickness about 15 mm is formed on the wide cooling face.
Given the intensity of the extracted fluxes, of the order of 1 MW m™, this result is as expected. It
compares well, for instance, with experimental measurements published by Thomas et al.,**! and with
associated numerical simulations performed by Pfeiler et al.,””) based on similar casting conditions. The
slab format of the pilot machine studied here having a thin thickness, approximately one third of the
product is solidified at mold exit. It can also be seen that the corner of the cooling faces is submitted to
a high tensile stress, with a maximum value reaching 23 MPa, whereas the solidification front undergoes
smaller compression stress. Nonetheless, it should be mentioned that this maximum predicted value
might be unrealistic as the cooling faces are highly constrained (the velocity along faces is imposed to
be vertical). Finally, note that a simple remeshing strategy is adopted to ensure a correct implementation
of the above stress-strain analysis in such thin solid shell. Fig. 10b illustrates the corresponding

equivalent mesh over the whole cross-section. It is worth noting that the exact presentation of the mesh
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in such a cross-section of the 3D geometry would be unintelligible. This is why an equivalent 2D mesh
has been drawn, with local size corresponding to the 3D mesh size. Being aware of this simplification,
it can be seen that the mesh is refined close to the cooling faces, providing a sufficient number of

elements to describe the stress gradient through the thickness of the solid shell.

In order to get a clearer insight of the stress developed in the solid shell, Fig. 11 illustrates the stress
profiles, o,,, over the half-thickness of the product, at three different locations in the (yz) symmetry
plane. These profiles are then perpendicular to the wide face, respectively at 200 mm above the mold
exit (green line, square symbols), at the mold exit (red line, dots) and 200 mm below the mold exit (blue
line, triangles). The y coordinate varies from 0 (central core of the product) to 50 mm (center of the
wide cooling face). The associated solidus position of each profile is represented by the dotted lines as

shown in Fig. 11.
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Fig. 11. 0, stress profile through the thickness in the transverse symmetry plane at time 80 s, respectively at
three different locations, 200 mm above the mold exit, at the mold exit and 200 mm below the mold exit. The
dotted lines represent locations of the solidus, associated with each stress profile.

It can be seen that above the mold exit, the vertical stress along the wide cooling face (at y = 50 mm in
Fig. 11) is tensile. Nonetheless, about half of the solid shell near the cooling face is still under
compression, expressing the necessary mechanical equilibrium along the vertical direction. At the mold
exit, the vertical stress on the wide cooling face starts to shift from tensile to slightly compressive, while
the vertical stress at the solidification front is still compressive. Below the mold exit, the vertical stress
along the wide cooling face becomes fully compressive, and by consequence, a global tensile stress is
obtained deeper in the solid shell. It is worth noting that for both three locations, the part of the mushy
zone with higher solid fractions, close to the solidus, is always submitted to a vertical compressive stress.

Finally, as expected, all vertical stresses recover to zero when they reach the fully liquid regions. Note
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that both the evolution of the stress profile along the vertical direction and the stress level are in
agreement with other simulation results obtained by either Risso ef al.,*” or Zappulla et al.,*" for

similar slab casting configurations.

4 Conclusions

A new partitioned solution algorithm has been developed to simulate steel CC processes, as an extension
of a former two-step algorithm initially developed for ingot casting application.!'! This new algorithm
allows a concurrent computation of fluid flow in the liquid and mushy regions, and stress-strain in the
solid, in the context of a non-steady state simulation of CC processes. The algorithm consists of a
partitioned solution strategy, to calculate, at each time increment, a solid-oriented solution, a fluid-
oriented solution, and a coupled thermal solution. The three specific features of this new solution

algorithm, which have been specially developed to simulate CC processes, are the followings:

e A global non-steady-state approach allows simulating the transient regime up to the convergence to
the steady state regime. For this, the computational mesh continuously moves and grows, in

accordance with the imposed extraction speed.

e This evolving mesh is partitioned in three regions: the solid shell, which is treated as a pure
Lagrangian zone; the liquid nozzle region as a pure Eulerian zone; and an intermediate Eulerian-
Lagrangian zone.

e The three solution steps (liquid-oriented mechanics, solid-oriented mechanics, and heat transfer),
are performed sequentially for each time step on the same global mesh. For each solution step,
conservation equations are solved in a general arbitrary Lagrangian-Eulerian (ALE) framework,
with a level-set formulation to track the free surface evolution at the meniscus.

The correct implementation of this algorithm was firstly checked through a simple verification test case.
It was then applied to a 3D pilot CC process. Simulation gave promising results, in which fluid flow in

the bulk liquid or mushy zone and stress formed in the solid regions were concomitantly computed.

The main perspectives of this work are twofold. Firstly, coupling this new algorithm with
macrosegregation modeling would allow demonstrating the influence of solid deformation on central
macrosegregation in CC processes.!'!! Secondly, the coupling with equiaxed grain motion would provide
access to enhanced predictions of macrosegregation due to thermo-solutal convection, shrinkage flow

and transport of equiaxed grains.*”)
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