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Abstract

The present study focuses on the inclusion behaviear the liquid metal/slag interface. Inclusiombulent deposition is
investigated using direct numerical simulationtwf tiquid flow combined with Lagrangian particladking under conditions
of one-way coupling. The interface is modelled asa-deformable free-slip surface. Unsheared termé is generated by
random forcing in a finite-height region parallel the free-slip surface. In between, the turbulediffeases toward the free
surface. The inclusions are randomly introducedhim forcing region and tracked through the diffasiegion up to the
interface. In the particle dynamic equation, th@yancy force, the Stokes drag, the pressure drdglaadded mass are
considered. Close to the interface, the hydrodyoanteractions (i.e. lubrication effects) betwebr tnclusion and the free
surface may be taken into account as well as thed€a Waals forces.

Numerical simulations were performed with surfacgyfblds numberReg ranging from 68 to 235. The inclusion diameter
varied between Ifim and 5.10m and the particle to liquid density ratio betwées and 1. For these sets of parameters, it
appears that the inertia effects are very weak.ddpmsition of buoyant inclusions is controlleddgglimentation whereas for
nonbuoyant inclusions, direct interception is tikyaleposition mechanism. In the latter case, #odition velocity strongly
depends oRReg. It is shown that the deposition velocity made elisionless by the free surface characteristic itglgcales
as the inclusion diameter made dimensionless bKthmogorov length scale calculated at the fredamar. Lastly, the effect
of lubrication is examined: it can significantlydiece the direct interception contribution of th@algtion velocity.

Introduction The latter numerical simulations should be regardsd
macroscopic models of processes where the behaaiwdir
For the steelmaking industry, mastering the indusi the capture of inclusions at interfaces is notaeturately

content represents a key point since both the tyuafithe described, in particular, at the liquid steel/slatgrface (De
products and the lifetime of the processing tooésralated Felice et al. 2012). The present study tries tdd®ithis gap
to it. Inclusions are solid particles (often madenetallic and focuses on the turbulent transport (and sulesgqu
oxides) of micrometer to millimeter size, dispersedhe capture) of the inclusions in the vicinity of theyuid
metallic phase. The so-called vacuum ladle treatnofn  metal/slag interface. This study also comes in tadito
liquid metal is the processing stage mainly resjbagor the research on transport and deposition of pesti¢h

the inclusion concentration of the specialty steéisthis hydrosol since most publications are related toosmr
process, inclusions are transported by the turbbulgnid (Brooke et al. 1994, Narayanan et al. 2003, TiaAR8nadi
metal flow from the bulk to the interface betwehba tiquid 2007, Gao et al. 2012). On top of that, depositarsolid
metal and a second non-miscible liquid phase, wherewalls has been widely examined (Wood 1981, Fan &
inclusions are captured. This second phase callag s Ahmadi 1993, Guha 1997, Lai 2005, Zhao & Wu 2006)
(which covers the liquid metal to be refined) imixture of while deposition on a free surface such as a ligteel/slag
metallic oxides. interface is not so extensively dealt with (Van Hiem et al.
The first numerical simulations of liquid steel ladvere 1998, De Felice et al. 2012).

performed in the late 1970s (Szekely et al. 19Wgjh the In the following, we start with the descriptiontbe particle
increase of the computational capability, more aded and deposition numerical model. Then, the model is iapplo
complex numerical models were developed. Processthe deposition of hypothetic non-buoyant inclusiamsl to
simulations using k-models in order to solve the flow field the deposition of real buoyant alumina inclusiohdicaid

in the ladle have been run by Miki et al. (1997)Strang et steel/slag interface. The main purposes of thiepape (i)

al. (2002). Numerous ladle simulations were corgllict to identify and to quantify the deposition mecharss (ii)
under the leadership of KTH in Stockholm (Hallbetgal. to establish the suitable kinetic laws for inclustorbulent
2005) and the University of Urbana-Champaign (Aetkal. deposition.

2004). A thorough presentation of the different elbdg

approaches can be found in Zhang (2006).



Nomenclature

C particle concentration ()
dp particle diameter (m)
f friction coefficient
g gravitational constant (m%
H Hamaker constant (J)
Ji particle mass transfer rate {ra*)
k turbulent kinetic energy (frs?)
lg surface Kolmogorov length scale (m)
L domain length (m)
n unit vector normal to the interface
N number of grid points
Re Reynolds number
t time (s)
u velocity (m.s)
Uy deposition velocity (m:§
X, ¥,z space coordinates (m)

Greek letters

67t reduced separation distance
£ dissipation rate (fs®)
u dynamic viscosity (Pa.s)
v kinematic viscosity (fhs?)
p density (kg.r?)
Subscripts
d deposition
f fluid
P particle
s surface
[ parallel to the interface
1 perpendicular to the interface

Superscripts

fluctuation

Numerical Model

The present model describes the inclusion transparthin
layer adjacent to the liquid metal/slag interfdte&ombines
direct numerical simulation (DNS) of the liquid rakflow
together with Lagrangian tracking of the inclusiamsder
conditions of one-way coupling. In our approache th
turbulence is generated away from the interfacediffidses
towards it. It is also assumed that the mean vglafi the
liquid metal in the vicinity of the interface is giaible.
Furthermore, the interface is modeled as a nonrdefble
free-slip surface.

Liquid metal turbulent flow

The turbulent flow field is obtained using the DN8lver
developed by Campagne (2006). It solves the N&tiekes
equations considered for an incompressible fluid.

The space discretization is based on a pseudoapectr
method: the linear terms are evaluated in the sglegpace
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and the nonlinear terms are evaluated in the phlysjzace
(Campagne et al 2009). A third-order Runge-Kuttaesee

is used for advancement of the convective termdewdi
second-order Crank-Nicholson scheme is used for the
viscous terms. The resulting discretization scheime
second-order accurate in time.

The governing equations are solved on a rectandolaiain

of dimensionsL,, L,,L,, with L, the vertical dimension.
This domain is divided in three regions as represkin
figure 1. The first region is located in the middié the
domain between the top and bottom boundaries araf is
L,/3 height. It corresponds to the region where the
turbulence is produced thanks to Alvélius methot/éhus
1999) which generates a random, zero-mean,
three-dimensional, and isotropic turbulent foraddiin the
spectral space. This turbulence production regéaud two
neighbouring ones where turbulence is diffused tdwdhe

top and bottom horizontal boundaries, respectively.

Upper free-slip surface

|

Lx

Ly
Figurel: Representation of the computational domain.

The flow is assumed to be periodic in the horizbnta
directions, with periodsL, and L,. At the z=0
and z =L, boundaries, impermeability and free-slip
conditions are imposed.

Inclusion trajectory

When a statistically steady flow field is reachedtlusions
are randomly introduced in the turbulence genenatigion.
They are transported towards the horizontal susfégethe
turbulent flow field. It is assumed that once a tiobr

touches the free surface, the deposition processnipleted
with no rebound effects included. For every incbusi
deposited, another is added in the turbulence géosar
region in order to maintain a constant particle bamn the
computational domain.

Lagrangian particle tracking is considered. Pastieffects
on flow as well as particle-particle interactiore arot taken
into account. The particle equation of motion igegi as



1 du,
Enppdg dt .
= —3mupdy(u, —up) + g”dg(f’p —rr)g
1 Du, du
il 3(Z2 _ 27
+12’T”’°d"’(z)t dt)
1 ; Duy
+E7Tpfdpﬁ D

where d,, is the particle diametey, the dynamic fluid
viscosity, andp, and p, are, respectively, the particle
density and the fluid density. Herg denotes the
acceleration of gravity which is opposite to theselst
free-slip surface (figure 1)u, is the particle velocity and
u; is the fluid velocity in the absence of the paeticThis
local undisturbed fluid velocityu, is evaluated at the
particle center using Hermite interpolation in theee space
directions. Duy/Dt = du;/dt + us.Vu, is the fluid
acceleration at the instantaneous particle cendg¢dt
corresponds to the time derivative following the ving
inclusion.

In Eq. (1), the left-hand side represents the garinertial
force. On the right-hand side, the terms are tloieSt drag
force (since the Reynolds particle numbete, =
prllu, — ur||(d,/2) /1y is much lower than 1), the
gravitational force, the added-mass force and ffexts of
pressure gradient of the undisturbed flow. In B, the lift
force, the Faxen corrections close to the surfacevell as
the Basset history term are neglected. Brownialugldn is
neglected since particle diameter is much largan thpum.
When the patrticle is close to the free surface, (ivaen the
distance § between the center of the particle and the
interface is lower than aboR0 d,), it is possible to include
the hydrodynamic interactions between the parteld the
interface (i.e. lubrication effects) in the pami@quation of
motion. The lubrication effects are taken into aogto
through the introduction of the appropriate frictio
coefficients (Nguyen & Evans 2002, Nguyen & Evaf§4,
Nguyen & Jameson 2005) in the Stokes steady drag:

Fpy = =3mtusdp (fi1tpy = fiatzn)
Fp, = _37Tllfdp (fJ.,lup,J. - fJ.,Zuf,J.) 2
where the subscriptl (resp. ||) is associated with the
component perpendicular (resp. parallel) to therfate.
The friction coefficients essentially depend on tkduced
separation distancé* = 26/d, — 1. It should be noted
that the friction coefficientf, ; acting on the perpendicular
component of the particle velocity, diverges as rigguced
separation distance vanishes. When lubricationcesffare
incorporated in the particle equation of motion,e th
(attractive) Van Der Waals interactions betweenpgasicle
and the slag close to the free surface are incladesell:

4 (H/dy)
Fvaw—argm 3)

where H is the so-called Hamaker constaft £ 10719 J
for alumina/liquid iron/alumina configuration), v
depends on the inclusion, slag and liquid metalineate,
is the retardation coefficient of the London intgian
energy and n is a unit vector normal to the interface and
directed outwardly (with respect to the liquid nietdhe
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drainage of the liquid film separating the inclusfoom the

slag phase is achieved thanks to the Van der Waals
attraction.

The particle equation of motion (1) is solved nuicety
using third-order Adams-Bashforth method.

The deposition velocityu,; is defined as
J

Ug = C 4)

where ] is the particle mass transfer rate afidche mean
particle concentration. Some authors prefer tongethe
deposition velocity as the particle mass transige to bulk
particle concentration ratio (Hussein et al. 208®pola &
Nazaroff 2004). But, as noted by Guha (1997), mean
concentration can be used instead of the bulk asejone
by Van Haarlem et al. (1998). In our case, it tuons that
the mean and bulk concentrations are almost eqaUse
the particle concentration remains constant in dbeain
height but for a small region close to the integfgsee
figure 3 in the next section).

Results and Discussion
Simulation parameters

As the Alvélius method (Alvélius 1999) creates rzeean
turbulence field, the entire flow is characterised the
generated velocity fluctuations of the turbulencetiom.
Thus, the velocity fluctuationst’'correspond to the fluid
velocity, that is to say’ = u,. Another consequence of the
zero-mean turbulence field is that the depositioh o
inclusions directly depends on the flow fluctuaton
behaviour towards the free-surface. This behaviaaur be
explicitly related to the surface values of thebulent
kinetic energyk, and dissipation rate, (Campagne 2009).
Therefore, the different simulation configuratiopsssible
in this study are controlled by the value of thefae
Reynolds numbeRes = kZ/(vye;).
In DNS, the number of grid point¥ necessary to solve all
the turbulence scales depends on the Reynolds muasbe
(Comte-Bellot & Bailly 2003)
N o« Re%/* (5)
In other words, the required spatial resolutionwga@apidly
with the target Reynolds number, here found at the
boundary of the forcing region. Besides, as mestioby
Campagne (2006), since the local Reynolds number
decreases in the pure self-diffusion region towatigs
free-slip surface, for a given Reynolds numbehatforcing
region boundary, the surface Reynolds number aperlds
on the distance at which the free-slip surfacelased: the
closer the free-slip surface, the higher the serfaeynolds
number.
In this study, different values oW, X N, X N, grid are
investigated on two different domain sizégx L, X L,,
with the corresponding Reynolds numiBes as given in
table 1.



L, =L, (cm) 5.4 5.4 5.4 5.4
L, (cm) 4.7 3.1 4.7 4.7
N, =N, 192 192 288 384
N, 168 112 252 336
Reg 68 103 148 235
Table1l: Domain size and number of grid points in the

x,y,z directions considered for the simulations and

associated surface Reynolds numBey.

Particle trajectories are computed for differentssef
parameters, with the particle diameter varying leetw
10°m and 5.10m and the particle to liquid density ratio
varying between 0.5 (alumina inclusions) and 1 @tlgptic
non-buoyant inclusions). The properties of the usins
and of the liquid metal are summarized in tableS@me
simulations are performed without inertia effectesp.
gravity): in this case, particle inertial force,dadl mass
force and pressure gradient force (resp. gravitatiforce)
are removed from Eq. (1).

The number of particles introduced in the compatel
domain is arbitrary chosen equal to 20000 (for essthof
parameters).

dy Pp Py Vr
(um) (kg.m=3) (kg.m™3) (m?.s™h)
10 to 50| 3500 to 7000 7000 7.85%10

Table2: Inclusion and liquid metal characteristics.

Liquid turbulent flow

We briefly report hereafter some results (Campa2@@s,
Campagne et al. 2009) in connection with our pnoble
Close to the free-slip surface, the flow field irustured in
three different layers. An outer layer called thxotkage”
layer matches the region where the velocity anigytistarts
to decrease, going from the equilibrium value ot th
turbulence diffusion region to zero at the surfasepictured
in figure 2. The blockage layer is a consequenceahef
impermeability condition. Another layer, called thdip”
layer, is due to the free-slip condition and isinked as
region across which the tangential vorticity fluation
decreases down to zero at the surface. The thjrer s
located in the immediate vicinity of the surfacedan
corresponds to the Kolmogorov layer
Brumley & Jirka (1988) and Calmet & Magnaudet (2D03
According to these authors, the normal root meams
velocity fluctuation follows its asymptotic line@ehaviour
all across this region.

introduced by
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Velocity anisotropy
u/u
Z X
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1+
08f
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04f
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Distance from the
free surface, z (m)

L L L
0 0002 0004 0.006

\
I
Free ‘
surface

L L L L L
0.008 ‘ 0.01 0012 0014 0016

Blockage layer End of the

turbulence generation
| region
Slip layer

Figure2: Evolution of the velocity anisotropy versus the
distance from the free surface and designation hef t
different layers in the diffusion regionRes = 68).

In figure 3, the evolution in the domain height e
tangential and normal fluid velocities is depictétdcan be
seen that at the interface, the normal fluid vejois equal
to zero whereas the tangential fluid velocity is, nehich is
a characteristic of free-surfaces.

P
Velocity mean square, < uf-» (m%s?)
x10*

Dimensionless concentration

7
...................... <u?>
....................................... Ui
- < 42}
o ¢ U™ part
Yad <y’
é o © U nyid @ part position
) <’z
) u: fluid
e U2
s 4 o <u?
@ 'S
. Z part
» o
s © <z
o 2 fluid @ part position
) o
e o <C>
g0
@ 5@
’_,"@@3'
S5

0 f A . A . .
0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016
Distance from the free surface, z (m)

Figure3: Evolution of fluid velocity and particle
concentration in the diffusion layerRes; = 68).

Inclusion deposition

Figure 4 shows the variations of the particle déjmrs
velocity as a function of the particle diameter wheertia
effects are taken into account and when they agéecod.
The simulations were performed for two values oé th
surface Reynolds number, i.Beg = 68 and Reg = 235,
and two values of the particle to liquid densityicai.e.
pp/ps =1 and p,/p; = 0.5, respectively. The simulations
were run without gravity since gravitational effecight be
of great influence on particle deposition and hide effects
of inertia. Figure 4 shows that the difference epdsition
velocity, depending on whether inertia effects im@uded
or not, remains small. We think that inertial efeeare
presently not significant on deposition and that elocity
difference is essentially a consequence of the cdaipnal
approximations. The negligible role of inertia @néirmed



in figure 3 which shows the variations of the rooean
square velocity fluctuation of the fluid, as wel af the
fluid at the position of the particles and of thartles
themselves: it reveals that the particle fluctuaidollow
the fluid fluctuations. Thus it can be concludedttlior
non-buoyant inclusions direct interception is theim
deposition mechanism (inclusion deposition by direc
interception occurs specifically because inclusiaresfinite
in size: considering inclusions moving along liquitetal
streamlines, any inclusion will be deposited thames
within one inclusion’s radius from the interfac&jgure 4
also points out that the efficiency of the direderception

mechanism strongly depends on the surface Reynolds

numberRes.
10"
—_ X
» s 0]
£ 10 o
3‘0
®
o With inertia ReS =68
; x Without inertia Re_ = 68
With inertia ReS =235
Without inertia Re =235
10° >
10° 10"

d, (m)

Figure4: Effects of inertial effects on the deposition
velocity for different surface Reynolds numb@&eg
(simulations without gravity). (WheRes = 68,p,/p; =
1and whemkes = 235, p,/p; = 0.5).

This effect is examined in details in figure 5 whigresents
the variations of the dimensionless deposition sigloas a
function of the dimensionless particle diameter

simulations where neither gravity nor inertia effetbave
been taken into account. The deposition velocitg &me

for
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square of the fluid velocity fluctuations estimatatl the
distanced,, /2 of the deposition surface, i.e.,

d
Ug~rms [u; (z = 7”)

)
Besides, Campagne et al. (2009) found that the aorm
rms fluctuations follow an asymptotic linear belmavall
across the Kolmogorov layer adjacent to the fredasa.
Specifically, they found that:
rms[uy]

’ 10
us 2ls ( )
where A, =0.62. As far as inclusion deposition is

concerned, the value of the normal rms fluctuatibas to
be estimated at the location= dz—”. As a consequence, Eq.

(10) can be compared with Eq. (8) whete corresponds

to A,/2. It should be noted that the discrepancy between
the two constantsl; and A4,/2 is due to the fact that only
the normal velocity fluctuations directed towardie t
interface can lead to a deposition process. Furthes,
Campagne (2006) and Bodard (2009) noticed a strong
dissymmetry between impact and ejection eventshian t
vicinity of the free surface: the impacts of fluad the free
surface are less frequent (but more energetic) timen
ejections events.

0.02
0.015¢ o 1
y=0.097x *
“ R?=0.97
=
< 001t 1
:,T!
o o Re_ =68
0.005¢ « Re =103]
0 Re =148
Re =235
0 ‘ —
0 0.05 0.1 0.15 0.2
d /I
p s

Figure5: Evolution of dimensionless deposition velocity

particle diameter are made dimensionless using theVersus dimensionless particle diameter for simaitestirun

characteristic surface velocity, and the characteristic
Kolmogorov surface length scalg respectively defined as

Us = (Vfgs) /4 (6)
3/4
v
f
ls = @)

85
Figure 5 suggests that the dimensionless deposigtotity
evolves as a linear function of the dimensionleagige
diameter. The data are actually well fitted by thikowing

law:
d
A —p)
! (ls
where A; = 0.097.

This scaling concords with Brooke et al. (1994) and
Campagne et al. (2009) findings. Indeed, as exgthioy
Brooke et al. (1994), the deposition velocities dige
turbulent diffusion should be of the order of tlo®tr mean

Ug

Us

®)

without gravity and inertial effects and for diféet surface
Reynolds numbeReg.

The effects of lubrication have also been investigafor

simulations run without gravity or inertia effecResults are
plotted in figure 6 where the dimensionless depmsit
velocity obtained with or without lubrication is pleted for

different values of the surface Reynolds nunisy It can

be observed that for non-buoyant inclusions, l&iin

significantly reduces direct interception, with uetons

varying from 40% to 55%.



0.016 :
4 Re =103
+ Res=103with lubrication q
Q Re =148
0.0127 + Re_ = 148 with lubrication
d
» <
o}
~ 0.008
3@
< + 7
< +
0.004} * * .
<« o+
+
0 i
0 0.05 0.1 0.15 0.2
d /I
p's

Figure6: Lubrication effects on dimensionless deposition
velocity for simulations run without gravity or iril
effects and for different surface ReynoR}s;.

Configurations for which gravity is taken into acobare
investigated in figure 7 for different values ofrfage
Reynolds numbeRes varying between 68 and 235. Unlike
for non-buoyant inclusions, figure 7 shows that aiion
velocity of buoyant inclusions seems independenthef
variations ofReg, revealing that direct interception has a
negligible effect. In figure 7, lubrication is takeinto
account for an intermediate value of surface Rasol
numberRe; equal to 103. It can be seen that lubrication
effects are sensible but remains weak. All simatei
depicted in figure 7 give a deposition velocity
quasi-identical to the sedimentation velocity iradicg that
the deposition of alumina inclusions dispersedquitl steel

is controlled by sedimentation for this range offace
Reynolds numbeRes.

1x10° |
x Without inertia Re_ = 68
O With Inertia Res =68 g
0.8hH Without Re_ = 235 - !
With inertia Re_ = 235 I,/
+ With lubrication Re =103 S
. 06— Sedimentation velocity ," =
L i
7 04f A
.
///'
0.2 o
r”’a/
0 L ‘
0 2 4 6
dp (M) x10°

Figure7: Effects of surface Reynolds numbkRe; and
lubrication on the deposition velocity for simutats run
with gravitational force.d,/p; = 0.5).

In industry, surface Reynolds number can reach drigh
values than those investigated in this study. Talpic in
steelmaking industry, Res values vary between103
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and 107 . For such surface Reynolds numbers and
considering the law established in Eqg. (8), thetrdoution

of direct interception mechanism to deposition g#locan

be as great as/ x 107*m/s for a particle diameter
of 10um, while the sedimentation velocity is only of
3.5 x 10~%m/s for such inclusions. Thus the contribution
of direct interception and sedimentation mechanisarsbe
differently balanced according to the range of atef
Reynolds number considered.

Conclusions

Particle deposition onto a non-deformable free-slipface
has been investigated using direct numerical sitiaumaof
the liquid flow combined with Lagrangian particlatking
under conditions of one-way coupling. The inertiad a
lubrication effects have been studied for buoyantvall as
for non-buoyant inclusions.

For non-buoyant inclusions, it has been shown itetial
effects are not significant and that the depositsomainly
due to direct interception, at least in the ranfeswface
Reynolds number investigated (from 68 to 235). Sipatly,
we have found that the dimensionless depositioncii
scales linearly with the dimensionless particle nmadger
(made dimensionless thanks to the characteristitescat
the free surface). Besides, the lubrication effects
significantly reduce the deposition velocity (abdatlf of
the value without hydrodynamic retardation). It sldobe
noted that the case of non-buoyant inclusions stlutiere
might not be relevant of steelmaking industry, veher
pp S ps/2 for most inclusions, but they are representative
of other sectors of the metallurgy industry, sushliquid
aluminum processing, for whigh, = p.

For buoyant inclusions (which characteristics ia gresent
study correspond to steelmaking industry) and tierrange
of surface Reynolds number investigated (from 6236),
deposition is controlled by sedimentation. Inedral direct
interception contributions remain negligible. Besd
lubrication effects, even though sensible, are weak
However, for greater values of the surface Reynoidaber,
such as the values encountered in an industridé |fat
instance, we expect that the direct interceptiomtrdoution
to the deposition velocity might be of greater impoce
than the sedimentation contribution (up to one ordé
magnitude).
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