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Abstract. In simulation of solidification processes, an mgg&sue is the concurrent modelling
of fluid flow and solid mechanics. This is criticBdr the prediction of cracks formed in
solidified regions during the filling stage of irigcasting, or in the mould during continuous
casting. The proposed approach consists of a paeiti two-step resolution strategy.

1. Introduction

When modelling casting processes, one of the alitgsue is to achieve a concurrent computation of
fluid flow (ingot mould filling, thermal convectignnozzle jet in continuous casting) and solid
mechanics (stress-strain in solidified regions)isTis of crucial importance for the prediction of
surface or sub-surface cracks that may initiatsaindified regions during the filling stage of irigo
casting, or during continuous casting. The curstate-of-the-art consists in separating the armlysi
two distinct stages: fluid flow using CFD codes aticbss-strain analysis using structural codess Thi
induces several drawbacks regarding practical usmk @mputational efficiency. A monolithic
formulation, treating the Fluid-Solid InteractidrS]) could be seen as a possible alternative sbubf
adapted to the context of solidification, becauskuge differences between liquid viscosity anddsol
consistency. It is then preferable to consider B3¢ problem as a weak interaction problem, foralrhi
a partitioned formulation is more efficient tharmeonolithic one. Therefore, a two-step resolution
strategy combining fluid flow and solid mechanies tibeen developed:

» In afirst step, a solid-oriented resolution isfpened, in which the liquid is modelled using an
arbitrary high viscosity. From this first resolutiave get the velocity field in solidified regions,
and associated strains and stresses. This resoligtibighly non-linear due to the elastic-
viscoplastic constitutive models used for the soiaterial.

* A second step consists of a liquid-oriented regmiutNavier-Stokes equations, including
buoyancy, and Darcy contributions in mushy zone, @nsidered. This resolution can be
linearized and therefore is computationally lesmaeding than the first one.

Both resolutions are performed using a level sehédation to track the evolution of the interface
air/metal. This approach is applied to the contususimulation of the filling and cooling of a
parallelepipedic ingot, showing the ability to pidstress and strain fields during the filling gea
which cannot be achieved by standard casting stionlaodes.

2. Two-step coupled formulation for mechanical moelling
The main limitation of a monolithic formulation its inability to consider concurrently a low vis&u
liquid and an elastic-viscoplastic solid. To overeothis limitation, a 2-step resolution strategg ha



been developed, which consists in dividing the raeatal problem into two coupled sub-problems,
which are detailed in the next sections:
» asolid-oriented resolution, from which velocitisresses and distortions are calculated in the
solidified regions;
» a liquid-oriented resolution which gives accessrétocity and pressure fields in the liquid
regions and in the air.

2.1. Step I: solid-oriented resolution

2.1.1. Congtitutive equations. In the first step, the approach proposedlif2] is applied. A thermo-
elastic-viscoplastic (TEVP) model is used for tisidsstate. A thermo-viscoplastic (TVP) model is
used to model the behaviour of the metal both énttushy and the liquid states. The mushy metal is
considered as an homogenized non-Newtonian fluid, which the strain-rate sensitivity is
continuously increasing with the liquid fractiont Kquidus temperature, the behaviour tends to the
Newtonian model, which is used in the fully ligusthte. However, in Step I, the liquid is modelled
using an arbitrary high value for the viscosityp{tally 1 to 100 Pa s instead of nominal valuesiado
10° Pa s). TEVP and TVP behaviour models are distsfmd by a critical transition temperatiie
chosen equal to the solidus temperature.

2.1.2. Equations solved. The weak form of the following momentum and memsservation equations
are solved by a finite element methadt

dv
Os Op+pg—-p—=0
p'ogpdt 1)

Ow-tre® —tre™ =0

wheresis the deviatoric stress tensprthe pressuregg the gravity vector and the strain rate tensor.
When assembling the stiffness matrix and right heidd to solve the mechanical problem, tetrahedral
elements are treated differently according to tlasierage temperature: if it is lower th@p their
behaviour is TEVP, otherwise they are treated utiegTVP model. In this latter case, the teim®

is absent from the contribution of TVP elementdhiea weak form of Eq. (1b). The contributions of
thermal dilatation and solidification shrinkage areluded in the trace af", which is written as:

w1 dp)
Vg @

where the average density of the metalgs =g, p, + g, 0, with p, and g the densities in the solid
state and in the liquid state, respectively. issumed thap_ and p, depend on temperature, except
in the solidification interval where they are camdt Under this assumption, Eq. (1) includes dilate

in the solid and in the liquid states, togethehvaiblidification shrinkage in the solidificationténval.
The velocity and pressure fields deduced from Stegalculation are denote@lsie, and Psieps
respectively.

2.2. Step ll: liquid-oriented resolution
This second step is a fluid-oriented resolutionicivhs supposed to provide more accurate velocities
in mushy and liquid regions. For solid nodes thiesity is imposed to its calculated value in Step |

2.2.1. Congtitutive equations. The behaviour of the liquid in Step Il is choserbe Newtonian using
the nominal dynamic viscosity in the liquid state10® Pa s). This behaviour is also applied to the
liquid phase circulating in the mushy zone, buthis latter case, Darcy terms are used to model the
exchange of momentum between the solid and thallighase.



2.2.2. Equations solved. The equations are issued from the spatial aveganiethod6]:

ov
O& Dp—%(v—glvshg.p.g—pl,ref(EHDV)VJ=0
_ (3)
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p. Ot

In these equations, vecterdenotes the averaged liquid velocity= g,v,. The solid velocityvs is
known from Step | resolutionv, =vg,,,. The first equation is obtained after minor adapte in
order to comply with constraints associated with filaid flow solver. The permeabiliti is defined
by the Carman-Kozeny modelj denotes the liquid dynamic viscosity and the ligdiensity is
defined asp, = g, . 1-B; (T -T,4)) where/fr is the volumetric thermal expansion coefficientl an
the reference temperatufgy is taken equal to the liquidus temperatlireEq. (3b) is the global mass
balance, issued from the expression of the averdgedity in the mushy statcép) =9.,0s*+ 09,0,
with p; and p, the densities at solidus and liquidus temperataspectively. The weak form of Eq.
(3) is solved by a stabilized SUPG-PSPG finite @etrmethod8], in which the velocity of solid
nodes T < Ts) is imposed equal to the velocity calculated iepStresolution:v = v, . The velocity
and pressure fields deduced from Step Il calculadi® denotetsiep andpsiepn, respectively.

3. Free surface modelling

3.1. Level set method

The level set metho[f] is used to track the metal/air interface. Teeel set functionr is defined as
the signed distance to the interface. By conventios O corresponds to aiy > O represents the
metal, anda = O the interface. As the only useful informatimn our computation is the exact zero
iso-value position, the signed distance functiotruscated and approached by a sinusoidal filter, i
order to limit advection calculations around thieiface. The modified level se{a) writes[9]:

qj(a)z—Eifa%—E ﬂa)zEsin[iajif—E<a<E ﬂa)inf E<a 4)
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whereE is a thickness related to the local mesh &izg (E = 10 to 20hg,). In the finite element
context, functiongr and ¢(a) are P1 fields (nodal fields, linearly interpolgteldnowing the velocity
field on the whole computational domain, functigncan be updated at each time increment,
expressing the motion of the interface, while kagpits metric property (that i ¢1|:1 by the
interface ¢ =0) by means of a convective reinitialization equatescribed if7] and [9]. This
transport equation is stabilized with a SUPG (SiM@ae-Upwind-Petrov-Galerkin) methd8].

3.2. Mixed material properties
In the neighbourhood of the interface, metal andpabperties have to be homogenized in order to
show a smooth continuous change. The general esipresf a mixing law of a generic variahfe is:

W)= H@+yY,0-H (@) =¢. + W~ IH (@) ®)

where(z// denotes the mixed variablg,, its value in the metal, angt, its value in the airH (¢) is
the mixing function, the values of which are in10,and is directly deduced from the level set
function @ In the present study, a PO mixing law is usede@ch tetrahedrom & 4), we have:

Heol@) =Y [al./> |l (6)

4. Solution Strategy
At each time increment, the resolution algorithrdéesomposed in eight successive stages:
« 1% stage. Thermal resolution. The energy equatiorsalved, providing the temperature
distribution in the metal and in the air, and ldjunetal fraction. The advection velocity in the



convection term isvg,., — Vv, Wherev . denotes the grid velocity. The velocity fielgep
calculated at previous time increment is used énctbnvection term.

« 2" stage. Optional mechanical resolution. Step lidsoliented. The first folder of the
momentum resolution consists of the solid-orientedolution. This step is optional and
triggered as soon as the time past since the nement Step | resolution exceeds the value
Atsiep (Obtained below, stage 8). Step | resolution mtesivelocity and pressure fields on the
whole domain: \(seps Pstep). HOWeEVEr, onlyvsep at nodes belonging to solid-like elements
(those treated as EVP) will be used in the follgwert the resolution scheme. The stress tensor
o, and the generalized plastic strainand strain rat& are calculated in solid-like elements.

« 3 stage. Mechanical resolution. Step II: liquid-ated. The second folder of the momentum
resolution consists of the fluid-oriented resolatiorhis resolution provides velocity and
pressure fields on the whole domainsdp, Psiepr). NOte that at nodes belonging to solid-like
elementsysep is imposed equal t@siep:

« 4" stage. Mesh updating. Nodes belonging to solid-Blements are considered Lagrangian.
Their position is updated, provided that a Stepslotution has been performed at the current
time increment. Becaugis, is the time past since their last update, ag[gm = Vtep for the
considered nodes, the following updating schena@jfsied: x™" = x*¢ + Atg, Vg, - All other
nodes are considered Eulerian and then fixed.

« 5" stage. Free surface tracking. The updating of lével set function permits interface
tracking. It is achieved by the convection-reiditiation scheme mentioned in SectiBri.
The advection velocity in the convection termvs,, v, wherev . denotes the grid
velocity. For Eulerian nodes; , =0. For Lagrangian nodes, two cases are distinguished

o0 No Step I resolution at the current increment. Thgrangian nodes of the grid have
not been updated, ,, =0.

o0 The Step | resolution has been performed at theeguincrement. Lagrangian nodes
have been just displaced iy, V., - Consequently, their grid velocity in the level
set convection term is taken ag;;, = (Atgep/Alsienn) Vstepn -

« 6" stage. Updating mixed properties. This step cthamsthe mixing of material properties,
according to the value of the level set function.

« 7" stage. Optional adaptive remeshing. The remestsinguided by an error estimator of
Hessian type, based on interpolation error. Detaifsbe found ifd].

« 8" stage. Time step determination. Time step is &efjusccording to the intensity of
convection in air and liquid metal. The nominal gistepAt = At for the next increment is
obtained from a CFL condition. In addition, if aeftl calculation has been performed during
the current time increment, then the time sf#g., is determined in such a way that the
maximum incremental deformation in the solid beadqo a user-prescribed value.

5. Application

This academic application intends to illustrate dldeled value of the proposed partitioned resolution
in the case of the filling and cooling of a parajepedic ingot (Figure 1). Liquid steel entersotigh

the bottom inlet at prescribed temperatlie and velocityvg,. Air is ejected at the top of the cavity
during filling. Two symmetry planes are definedzis 0 and 2.5 mm, making the problem planar (but
analyzed in 3D). Heat is extracted from the melabugh the metal/mould interface, using a
convection-type expression for heat flux densty= h. (T -T,,) where the heat transfer coefficient
and the external temperature are constant. Thare ieat flux between air and mould. The metal is
supposed to stick along cavity walls.

5.1. Ingot filling

Figure 2 illustrates the filling sequence. The zismvalue of the level set function representing th
metal/air interface is shown at various times, alimg waves and air entrapment caused by
impingement against mould walls in the early stagfefilling. As filling proceeds, the amplitude of
waves at free surface reduces until the ehdilling at time 1.72 s for which 80% of thewty is



Metal properties

——0mm 0 Aa = 7060;0,= 7303 kg Thn 1550 °C

30 mm C Cpy = 717;c,5= 688 J kg K™ T 1478 °C

Y k k = 34;ks=32Wm'K* Ts 1425 °C
_ a(T) a(T) = (-T/(T-Ty L 2.6 10 J kg

Alr Br 7.210°K? Vil 0.1mg

¢<0 c hr 10° W m2 K™ Toq 200 °C

& VP | Ky(T), My, (T); 4, = 10 Pa sy, = 10°Pas
Metal EVP | Kap(T), My (T), E(T), o(T), v=0.33
¢>0 Air properties

) - G 1006 J kg K* To 800 °C
. mwn 25mm k 0.0242 W nit K* 5 | 3.8510°K?
10mm 1 Ve Tan U 4 =1Pasy =10"Pas P 1.125 kg n?

Figure 1: Definition of test case. Geometry andemal properties.
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Figure 2: a) Free surface evolution in early stagfdiling; b) adapted mesh during filling; c) flliflow in metal
and air, and solid fraction at mid-filling; d) fibiflow and vertical stress in solid shell at thd effilling.

ct=0.85s d} = 1.72 S\ max= 180 mm/s gy k= 4.23 MPa

filled. The Figure also shows mesh adaptationdfflaw in terms of velocity vectors, together with
the formation of stress in the solid shell duriitigng.

5.2. Ingot cooling

After filling, the ingot is cooled down under tharmse heat extraction conditions. At time 10 s, dyrrin
solidification, the fluid flow and stresses in thelid are shown in Figure 3, using four different
computational strategies. It can be seen in Fi@arghat a sole solid-oriented resolution (that is a
resolution with an arbitrary high value of liquidsgosity, 10 Pa s) shows only a liquid feeding flow
that compensates solidification shrinkage. Suchnaulation gives access to stresses in solidified
regions but is not representative of fluid flow. stsown in Figure 3b, this result can be improved by
taking a lower viscosity value, 1 Pa s. Howeves talue can be considered as the lower bound for
such a formulation, and convection velocities ditetso low.

In Figure 3c, the result of a sole liquid-orientegolution is displayed. In such a resolution, the
metal is considered as a non-Newtonian fluid whattéts temperature. As this formulation permits
lower viscosity values, fluid flow is well modelle@he increase of the viscoplastic consistency when
decreasing temperature gives rise to thezifngeof solidified regions. However, stressethiese



solidified regions are null.
Because of the fluid-like
behaviour, deviatoric stresse
are proportional to strain-rates
no flow, no stress! i
Finally, Figure 3d illustrates
the proposed partitioned
solution scheme. It can be see
that both fluid flow and stresses
can be correctly computed.
Comparing cases ¢ and
with a and b, it can be seen theé
the calculation of fluid flow
directly affects the extension o
the solidified region and the
shape of the metal free surface. a)
This difference is due to the
smoo-thing of temperatur
gradients in the liquid pool tha
results from fluid flow: we
change from a diffusive regim
when no flow, to a convective
regime when natural convectio
is correctly modelled.

Solid-oriented only
H=10Pas

Solid-oriented only
L=1Pas

.

Vmax = 0.27 mm/s
Giymax = 12.9 MPa b)

vm;x =0.73 mmis
Gy max = 13.7 MPa

Partitioned resolution
M= 103, M= 103 Pas

Liquid-oriented only
=10%Pas

6. Conclusion
The proposed metho
demonstrates the feasibility o
consistent and concurrent num
rical resolution of fluid flow and
solid mechanics. A future
perspective is its implementa-
tion in the solidification code c¢)
Thercast. This should provide

an efficient tool for optimizing Figure 3: Four different results obtained by diéfer formulations. Only

casting processes. the proposed partitioned scheme gives accessitbfliwv and stresses in
solid regions (shear stress represented here).

Vimax = 12.6 mm/s

Grymax = 0 MPa d)

ol i
Viax = 11 5 mm/s
Oiymax = 13.9 MPa
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