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Abstract

The modeling of metallurgical gas stirred ladles involves the interaction between several different phases with effects that, in many cases,
have been considered in the literature. However, the way in which the different non-drag effects influence the behavior of this system is not
clear. In this paper we analyze how numerical results are affected when the parameters used in modeling non-drag forces (such as virtual
mass, lift, and turbulent dispersion force) are varied. Other effects such as the increment in turbulence due to the bubbles, a deformable free
surface, and the influence of the bubble size were also considered. The knowledge of the way in which each physical phenomenon modifies the
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ehavior of the main variables of the system allowed the fitting of experimental data in a variety of conditions. We conclude that a
adle can be properly represented when the non-drag effects analyzed here are included, and give suitable values for the differen
onsidered.
2004 Elsevier B.V. All rights reserved.
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. Introduction

From the industrial point of view, knowledge of flow con-
itions in a metallurgical ladle is of fundamental importance

or the optimization of the refining process. Three different
hases coexist in the refining operations in a metallurgical

adle: the molten metal, the slag and the argon injected to
nduce stirring. The dispersed gas phase induces a recirculat-
ng flow in the metal and generates turbulence in the argon
lume region. As a consequence of buoyancy, the slag has
tendency to stratify above the metal, but there is also en-

rainment caused by the metal flow. Knowledge of the flow
onditions of the metal, particularly in the region where it
s in contact with the slag, helps in the comprehension of
arious phenomena such as mixing, slag emulsification, and
hemical reactions between phases.

A water–air downscaled physical model is frequently used
o simulate the metal and the argon, whereas the slag is mod-
led using oil or kerosene to avoid difficulties due to ex-
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treme operating conditions of the metal–argon system[1].
In this work, the numerical simulation of the former mo
was initially investigated, in order to keep the model as
ple as possible and to compare results with the large am
of experimental data already existing for water–air syst
In particular, the experimental dataset obtained by Cas
jos and Brimacombe[2] was used in this paper. In additi
to that, the way the principal characteristics of the flow
modified when the free surface and the slag are incorpo
into the model is shown. The results compare very we
experimental measurements, which suggests that the e
included in the model are the most relevant ones in ord
suitably represent the ladle conditions.

Numerical simulations are based on the solution of
Navier–Stokes equations for a multi-phase turbulent
The way in which the gas is dispersed in the ladle is
erned by the buoyant force and by the interaction with
liquid phase. Interaction between phases is due mainly t
drag force. However, not only the drag force but also n
drag forces (such as the virtual mass force, the lift force
the turbulent dispersion force) are important and have
E-mail address:cgmendez@ceride.gov.ar (C.G. Méndez). considered. If the interest is not only in determining the ve-
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locity field of the liquid phase, but also the gas velocity and
volume fraction, non-drag forces have to be considered. Hav-
ing a good estimation of the volume fraction of the dispersed
phases will be of utmost importance in the description of the
slag emulsification phenomena.

2. Balance equations

Since the mail objective is to obtain rather global infor-
mation about gas phase, e.g. bubble velocity and concentra-
tion, and not to study how a bubble is deformed, and as the
length scale to solve is larger than the scale in which phases
are mixed, an Eulerian–Eulerian approach was chosen to de-
scribe the system. Each phase in this formulation is treated
as an interpenetrating continuum, i.e., each phase is assumed
present in each control volume, and a volume fraction equal
to the occupied fraction of the control volume is assigned.

Large bubbles can have a velocity field different from that
of the continuous phase. In this case, each phase has its own
movement equation, and the interaction between phases has
to be modeled. This is the regime of current interest, and it
is best described by the so-called multi-fluid model. In this
model, a separate solution field exists for each phase, and
transported quantities interact via inter-phase transfer terms.
P alize
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3. Turbulence in two-phase flow

The subject of multi-phase turbulence modeling is not as
well developed as single-phase turbulence modeling. There
is no “industrial standard” model like the single-phasek–ε

model, which is known to perform reasonably well in engi-
neering applications in a wide range of problems. Therefore,
the model adopted is the simplest possible generalization
of the single-phasek–ε model to the multi-phase situation,
the only modification being the possible inclusion of Sato’s
model for bubble induced turbulence.

3.1. Multi-fluid k–ε model

In the simple unmodified multi-fluidk–εmodel, individual
phases can be declared as turbulent or laminar. It is assumed
that the eddy viscosity hypothesis holds for each turbulent
phase and therefore molecular and turbulent diffusion of mo-
mentum is governed by an effective viscosity

µα eff = µα + µTα, (5)

where the turbulent viscosity term is

µTα = Cµρα

k2
α . (6)

case
a

∑
α

p

t
p ngle-
p

hases may have different velocities, but tend to equ
ecause of inter-phase forces. Therefore, balance equ
onsist of equations corresponding to separate one-phas
ems plus some additional terms that take into account
nteraction.

The phases are labeled here by Greek indicesα, β, γ, . . .,
nd the number of phases is denoted byNP and the volum

raction of each phase byr�. The balance equations in t
ncompressible case are[3]

∂rα

∂t
+ ∇ · (rαUα) = 0, (1)

ρα

∂(rαUα)

∂t
+ ρα∇ · (rαUαUα)

−∇ · (rαµα(∇Uα + (∇Uα)T))

= rα(Bα − ∇pα) +
NP∑
β=1

c
(d)
αβ (Uβ − Uα) + Fα, (2)

NP

=1

rα = 1, (3)

α = p1 = p, 2 ≤ α ≤ NP, (4)

hereU denotes velocity;ρ, density;µ, viscosity;B, body
orces;p, pressure; and superscript T the transpose o
ensor. Terms containing coefficientsc

(d)
αβ are the inter-phas

rag forces, and the termsF� are any other inter-phase no
rag forces.
-

εα

Thus, the equations for the turbulent incompressible
re

∂rα

∂t
+ ∇ · (rαUα) = 0, (7)

ρα

∂(rαUα)

∂t
+ ρα∇ · (rαUαUα)

−∇ · (rαµα eff(∇Uα + (∇Uα)T))

= rα(Bα − ∇(pα + 2
3ραkα))

+
NP∑
β=1

c
(d)
αβ (Uβ − Uα) + Fα, (8)

NP

=1

rα = 1, (9)

α = p1 = p, 2 ≤ α ≤ NP, (10)

ogether with the transport equations fork andε, which are
ractically the same as those corresponding to the si
hase case,

ρα

∂(rαkα)

∂t
+ ραUα · ∇(rαkα) − ∇ ·

((
µ + µTα

σk

)
rα∇kα

)

= rα(Pα − ραεα) +
NP∑
β=1

c
(k)
αβ (kβ − kα), (11)
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and

ρα

∂(rαεα)

∂t
+ ραUα · ∇(rαεα) − ∇ ·

((
µ + µTα

σε

)
rα∇εα

)

= C1
εα

kα

Pα − C2ρα

ε2
α

kα

+
NP∑
β=1

c
(ε)
αβ (εβ − εα), (12)

In these equations, the shear productionP� is given by

Pα = µeff∇Uα : (∇Uα + (∇Uα)T), (13)

where the symbol ‘:’ indicates double contraction of the ten-
sors, and assumed values for used constants areC� = 0.09,
C1 = 1.44,C2 = 1.92,σk = 1.0,σ� = 1.22, as is usual for this
model[4].

The only difference between the multi-phase transport
equations fork and ε with the single-phase case is the
inclusion of the inter-phase terms

∑NP
β=1 c

(k)
αβ (kβ − kα) and∑NP

β=1 c
(ε)
αβ (εβ − εα) which interchangek and ε between

phases. However, since in this case the dispersed phase has
lower density and smaller momentum compared to the con-
tinuous phase and is high diluted in nearly all the ladle, air
is modeled as laminar and these interchange terms are ne-
glected.
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The general convergence criterion adopted was the
monitoring of the residuals of all variables, stopping the
calculation when they stagnate indicating that the pseudo-
steady regime has been reached. When this state is achieved,
the mass source residual (the sum of the absolute values of
the net mass fluxes in every cell) is typically below 10−4 kg/s.

Fig. 1shows some of the effects considered in this work.
The drag force (Fig. 1a) is originated by pressure and friction
between phases and acts in the opposite direction to that of
the movement. The non-drag forces considered here were the
virtual mass force, the lift force, and the turbulent dispersion
force. The virtual mass force (Fig. 1b) represents the force
due to the inertia of a bubble, including the surrounding liq-
uid, when the bubble is accelerated. The lift force (Fig. 1c)
appears because a bubble moving in a linear shear flow has an
unsymmetrical pressure distribution on its external boundary.
Pressure is lower in the region of the largest relative veloc-
ity and therefore bubbles are driven into this region due to
a lift force that acts perpendicular to the relative motion of
the phases. When the typical size of the dispersed phase is
in the order of the fluctuation length scale of the continu-
ous phase, the effect of diffusion should be considered. In
the laminar case, this situation appears only when the phases
are mixed at molecular level, which is not the present case.
However, when the flow regime is turbulent, fluctuations of
t size,
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. Numerical modeling

Numerical results were obtained solving a system with
ollowing characteristics:

Two dimensions with axial symmetry.
Isothermal and incompressible flow.
Liquid phase (water) continuum and turbulent (k–εmodel).
Gas phase (air) dispersed and laminar, and capable of
ing through the free surface.
Air density depends only on hydrostatic pressure.
Each phase has its own set of variables (multi-fluid mo
Drag as well as non-drag forces are included.
Deformable free surface.
Grids of 40× 25, 80× 50 and 160× 100 rectangula
elements.

Strictly speaking, the flow regime in this system is ne
teady, but after a short transient (∼2 s), the plume is com
letely developed and a pseudo-steady regime is establ
he mean quantities used to compare to simulations,
easured in this regime. To avoid numerical difficultie

s convenient to emulate what happens experimentally. T
ransient calculations were made starting with a zero-
ondition until the pseudo-steady regime was achieved
hough the regime is pseudo-stationary, some non-stati
haracteristics can be captured if the grid is refined eno
owever, mean quantities were stabilized and converge
grid of 40× 25 elements. Therefore, all the results p

ented here, obtained using the code CFX4.4[5], correspon
o this coarse grid.
-

.

he continuous phase may be comparable to the bubble
nd diffusion may be important. This effect is usually ta

nto account through a non-drag force called turbulent
ersion force (Fig. 1d), but other alternatives exist, and th
ill be further discussed. Another effect that has to be ta

nto account is the turbulence that can be generated b
he bubbles. This effect can transform a laminar flow in
urbulent one, or it can increase an existing turbulence i
ontinuous phase.

All the effects mentioned above are always present. H
ver, the relative importance of each one depends on th
f the bubbles and on the degree of turbulence in the sy

n the literature, the drag force is always included to desc
he interaction between phases, but sometimes some or
he non-drag effects are neglected[6–10]. If the interest is
n determining the velocity field of the liquid phase, dra
pproximations of this kind may be used. However, in o

o properly describe the gas velocity and volume frac
on-drag forces have to be considered.

Preliminary results, including non-drag effects, are sh
rst. These results correspond to one of the cases stud
astillejos and Brimacombe[2] (all the experimental da
hown in this paper correspond to this reference). After
he way in which non-drag effects were implemented, as
s how the numerical results can be improved when th
uence of each of these effects is considered, is describ
ore detail.
In Fig. 2, the air volume fraction and streak lines repres

ng the water velocity field are shown. This case corresp
o a cylindrical ladle with internal diameter of 500 mm a
eight of water of 400 mm. The nozzle, with a diamete
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Fig. 1. Schematic representation of various effects considered in this work: (a) drag force, (b) virtual mass, (c) lift force and (d) turbulent dispersion force.

Fig. 2. Numerical result for the volume fraction of the air phase (right) and streak lines corresponding to the water phase (left).
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Fig. 3. Experimental[2] and numerical results for the volume fraction of the air phase on the symmetry axis of the ladle.

6.35 mm, was located at the center of the bottom of the ladle,
and the gas flow rate was 371 cm3/s at STP (standard temper-
ature and pressure). The way the air injected at the bottom of
the ladle induces a recirculating flow in the water is seen in
this figure.

The air volume fraction on the symmetry axis of the cylin-
der as a function of vertical distance from the nozzle is shown
in Fig. 3, which also shows how the numerical predictions are
modified when non-drag effects with typical coefficients are
included.

Since the total gas flow rate integrated on any horizontal
cross section is known and constant, the gas fraction distribu-
tion along the radial direction can be well described for en-
gineering purposes provided its value at the symmetry axis
(r = 0) is known. Lower gas volume fractions on the sym-
metry axis will correspond to more dispersed gas volume
fractions in the radial direction. Therefore, the gas volume
fraction distribution along the symmetry axis can be used as
an indicator to see how well the dispersed phase distribu-
tion is being predicted. Results plotted on a linear scale seem
to show good accordance between numerical predictions and
experiments (Fig. 3). But when they are presented as inFig. 4
on a log–log scale (in the same way they are plotted in Ref.
[2]), the disagreement is evident even when non-drag effects
are included.

dif-
f hard
t large
a ant. A
g idera-
t ope
o

ut in
t size

distribution is more stable. It has been observed experimen-
tally [2] that far from the nozzle, gas volume fractions have a
similar behavior for changing values of the gas flow rate, the
nozzle diameter, and the bath depth. In a log–log graphic, the
slope of the gas fraction curve is a feature of the system that
is maintained in plumes with different characteristics (see,
e.g.,Fig. 5 of Ref. [2]), and it would be desirable to repro-
duce this feature in numerical simulations. As seen inFig. 4,
the main problem in the developed plume region is that the
numerical and the experimental gas fraction curves have dif-
ferent slopes. The fact that even when working with a unique
bubble size the gas fraction can be well described when the
influence of the non-drag effects is taken into account will be
shown below.

F of
t

One of the weak points in the numerical results is the
erence with experiments near the nozzle. This region is
o describe correctly because in this zone bubbles are
nd breakup and coalescence phenomena are import
ood modeling of these phenomena requires the cons

ion of bubbles of different sizes, which is beyond the sc
f this work.

The primary interest is not in the near-nozzle region b
he completely developed plume region where the bubble
ig. 4. Experimental[2] and numerical results for the volume fraction
he air phase on the symmetry axis of the ladle in a log–log graphic.
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Fig. 5. Experimental[2] and numerical results for the gas fraction along the
symmetry axis using different virtual mass coefficients and keeping constant
all the others.

4.1. Drag force

In order to restrict the study to the non-drag forces, the
same expression for the drag force is considered in all cases.
Denoting the continuous phase byα and the dispersed phase
by β, the total drag per unit volume in the continuous phase
is usually written as

Dαβ = c
(d)
αβ (Uβ − Uα), (14)

where

c
(d)
αβ = 3

4

CD

d
rβρα|Uβ − Uα|, (15)

andd is the bubble diameter. For a particle of a given shape
undergoing motion in a Newtonian incompressible fluid,CD
depends only on the Reynolds number

Re = ραUd

µα

, (16)

whereµ� is the molecular viscosity andρ� the density of the
continuous phase,d the bubble diameter andU = |U� – U�|.
Dependence of the drag coefficientCD(Re) on the Reynolds
number is given by the so called drag curve, which may be
determined experimentally. One of the most used drag coeffi-
cients[6,7,10], although not completely realistic for bubbles,
c lated
s re are
s g on
t used
i

C

w n
f

4.2. Non-drag forces

4.2.1. Virtual mass
The virtual mass force accounts for the effect of the ac-

celeration of the liquid displaced by the bubbles, and it can
be modeled as

FVM
α = rβραCVM

(
DβUβ

Dt
− DαUα

Dt

)
. (18)

OperatorsD�,�/Dt denote the material derivatives corre-
sponding to each phase. The coefficientCVM is equal to 0.5
for individual spherical particles[12]. For bubbles its value
is much lower, and many times it is neglected[7,8]. In this
study, considered values ofCVM are in the range 0–0.06.

Fig. 5 shows how the gas volume fraction changes when
the virtual mass coefficient is varied. As expected, the inclu-
sion of this force affects the gas volume fraction mainly in
the region near the nozzle where the relative accelerations
between phases are larger.

4.2.2. Lift
The lift force is given in terms of the slip velocity and the

curl of the continuous phase velocity

FL
α = rβραCL(Uβ − Uα) × (∇ × Uα). (19)

a
s ous
fl

ct
t the
b rve
i

n bub-
b into
a d.

F the
s ed
a

orresponds to the drag experimented by a rigid and iso
phere, which is known as the standard drag curve. The
everal empirical expressions for this curve, dependin
he flow Reynolds number. One expression frequently
s Schiller and Nauman’s[11]

D = 24

Re
(1 + 0.15Re0.687), (17)

hich is valid in the range 0≤ Re≤ 1000. This expressio
or CD was used in this work.
The lift coefficientCL is 0.5 for inviscid flow around
phere[12], but it can take values as low as 0.01 for visc
ow.

Fig. 6 shows that variations of the lift coefficient affe
he values of the volume fraction in the whole height of
ath. In addition, in a log–log graphic, the slope of the cu

s modified.
Recent studies indicate thatCL depends on the Ëotvös

umber, and it can take even negative values for large
les[13]. This is an important fact that should be taken
ccount if bubbles of different sizes are to be considere

ig. 6. Experimental[2] and numerical results for the gas fraction along
ymmetry axis (same asFig. 5). In this case only the lift coefficient is vari
nd all the others are kept constant.
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Fig. 7. Experimental[2] and numerical results for the gas fraction along the
symmetry axis (same asFig. 5). In this case only the turbulent dispersion
force coefficient is varied and all the others are kept constant.

4.2.3. Turbulent dispersion force
This force appears as a consequence of the increment of

diffusion due to turbulence. Since it is related to diffusion,
it seems natural to incorporate this effect as a diffusive term
in the continuity equation[7]. However, in this work this
phenomenon was modelled as a force term in the moment
equation[14], since in this way the contribution of diffusion
to the velocity is included in the velocity variable.

The expression used for the turbulent dispersion force is
[14]

FTD
α = −CTDραkα∇rα, (20)

whereCTD is a parameter that can be in the range 0.1–1.0[9].
(For a recent discussion about modeling this force see Ref.
[15].)

Fig. 7 shows that, like the lift force, when the turbulent
dispersion force coefficient is changed, the gas volume frac-
tion is modified over the whole height. It also shows that the
slope of the curve does not change as much as when the lift
force coefficient was varied.

4.3. Sato model

The Sato model takes into account the turbulence incre-
ment of the continuous phase induced by the dispersed phase.
D se
b iven
b

µ

b

µ

w ly
e he

Fig. 8. Experimental[2] and numerical results for the gas fraction along
the symmetry axis (same asFig. 5). In this case only the Sato coefficient is
varied and all the others are kept constant.

continuous phase, and the effective viscosity of the dispersed
phase is given as

µβ eff = µα eff
ρβ

ρα

. (23)

Fig. 8 shows the influence of this effect is mainly in the
region near the nozzle, where the gas fraction and the relative
velocity between the phases are greater.

4.4. Influence of bubble size

The more difficult region to be correctly described is the
near nozzle region. There, bubbles are large and breakup and
coalescence phenomena are important. As it was mentioned
before, a good modeling of this effect is complicated, and
since primary interest was on the region where the plume

F the
s r is
v

enoting the continuous phase by� and the dispersed pha
y β, the effective viscosity of the continuous phase is g
y

α eff = µα eff + µTα + µTβ. (21)

The extra bubble induced turbulence termµT� is modeled
y

Tβ = Cµbραrβd|Uβ − Uα|, (22)

hered is the bubble diameter, andC�b is a constant usual
qual to 0.6. Thek andε equations are solved only for t
ig. 9. Experimental[2] and numerical results for the gas fraction along
ymmetry axis (same asFig. 5). In this case only the bubble diamete
aried and all the other coefficients are kept constant.
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Fig. 10. Axial gas fraction with optimized numerical parameters compared
with experimental data[2].

is completely developed, just one bubble size was used to
represent the gas.

Castillejos and Brimacombe[2] give the geometric
mean diameter of the bubbles. This is the diameter used
by Davidson[6], but in order to describe interphase forces,
the volumetric mean diameter is usually used[12]. Still,

F
c

Fig. 11. Axial gas fraction with non-optimized (a) and optimized (b) numer-
ical parameters compared with experimental data[2] for a case with a high
gas flow rate.

the volume-surface mean diameter (or the so-called Sauter
mean diameter)[16] is also used in some cases because what
appears in the derivation of the drag force is the quotient
between the projected area and the volume of the bubble.
ig. 12. Numerical results for the volume fraction of the air phase (right) a
onsidered deformable.
nd streak lines corresponding to the water phase (left) when the free surface is
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Since there is no unified criteria about which diameter
should be used to represent the bubble size distribution, the
sensitivity of results to variations in diameter was analyzed.
Fig. 9 shows how the volume fraction is modified when the
diameter is varied, as well as the fact that when the same
bubble size is adopted for all forces (drag and non-drag),
results are better if the volumetric mean diameter is used. In
this example, the volumetric mean diameter (16 mm) is twice
the geometric mean diameter.

5. Analysis of different air–water plumes

After taking into account how the different parameters
modify the numerical results, a better description of the sys-
tem can be obtained. This is shown inFig. 10where prelim-
inary (Fig. 4) and optimized results are compared.

From an experimental point of view, the system does not
suffer substantial modifications in its behavior when the gas
flow rate, the nozzle diameter or the bath depth are changed
[2]. Therefore, good results are expected if the same coeffi-
cients for the non-drag forces are always used. Unfortunately,
this is not the case. However, knowledge of the influence
of the non-drag forces allows for a good description of the
system in all cases, modifying only a few parameters. For
example,Fig. 11shows a case where the experimental con-
d s
fl us-
i ed

F

by modifying only the lift and the turbulent dispersion force
coefficients.

6. Deformable free surface and three-phase system

In order to obtain a more realistic description of a metal-
lurgical ladle, two more ingredients have to be included. One
of them is the treatment of the free surface, and the other is
the inclusion of the slag in the simulation.

Fig. 12shows how the free surface is deformed. Results
indicate that in the water–air system, the consideration of the
deformation of the free surface does not substantially modify
the solution, and a flat surface is a good approximation. In a
graph like the one inFig. 10, gas volume fractions with and
without free surface are practically indistinguishable.

A water–air–kerosene system was simulated considering
the kerosene as a third dispersed phase in the same way as the
air. When the slag (kerosene) is included the velocity field in
the water phase is substantially modified, as seen by compar-
ing Fig. 2to Fig. 13. Therefore, in order to make reasonable
predictions about a real industrial ladle, the consideration of
a three-phase system is essential.

7. Conclusions

vior
o f the
itions are the same as those inFig. 4but with a higher ga
ow rate (1257 cm3/s at STP). Curve (a) is the result of
ng the parameters ofFig. 10, and curve (b) was obtain
ig. 13. Numerical results for the volume fraction (right) and streak lines corr
The large influence of non-drag forces on the beha
f dispersed phases is shown in this work. Therefore, i
esponding to the water phase (left) when it coexists with kerosene andair phases.
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interest is not only in the continuous phase motion, but also in
a good description of the distribution of the dispersed phases
(gas or slag), the effects produced by non-drag forces cannot
be neglected.

In particular, a detailed analysis of the flow in a gas stirred
ladle was made, with special emphasis in the behavior of
gas fraction distribution. From this study it can be concluded
that including non-drag effects, using a unique bubble size
given by the volumetric mean diameter and adjusting a few
parameters, the system can be correctly described in a wide
variety of conditions.

The assumption of a flat free surface is a good approx-
imation, and it proves to be reliable. On the other hand,
preliminary results indicate that inclusion of the slag in the
model drastically modifies the flow and therefore the con-
sideration of a three-phase system (gas, molten metal, and
slag) is mandatory to model a real industrial metallurgical
ladle.
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