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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 no
clear. In this paper we analyze how numerical results are affected when the parameters used in modeling non-drag forces (such as virtu
mass, lift, and turbulent dispersion force) are varied. Other effects such as the increment in turbulence due to the bubbles, a deformable fre
surface, and the influence of the bubble size were also considered. The knowledge of the way in which each physical phenomenon modifies tt
behavior of the main variables of the system allowed the fitting of experimental data in a variety of conditions. We conclude that a gas stirred
ladle can be properly represented when the non-drag effects analyzed here are included, and give suitable values for the different paramete
considered.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction treme operating conditions of the metal-argon sysf&gm
In this work, the numerical simulation of the former model
From the industrial point of view, knowledge of flow con- was initially investigated, in order to keep the model as sim-
ditions in a metallurgical ladle is of fundamental importance ple as possible and to compare results with the large amount
for the optimization of the refining process. Three different of experimental data already existing for water—air systems.
phases coexist in the refining operations in a metallurgical In particular, the experimental dataset obtained by Castille-
ladle: the molten metal, the slag and the argon injected to jos and Brimacomb@] was used in this paper. In addition
induce stirring. The dispersed gas phase induces a recirculatto that, the way the principal characteristics of the flow are
ing flow in the metal and generates turbulence in the argon modified when the free surface and the slag are incorporated
plume region. As a consequence of buoyancy, the slag hasinto the model is shown. The results compare very well to
a tendency to stratify above the metal, but there is also en-experimental measurements, which suggests that the effects
trainment caused by the metal flow. Knowledge of the flow included in the model are the most relevant ones in order to
conditions of the metal, particularly in the region where it suitably represent the ladle conditions.
is in contact with the slag, helps in the comprehension of  Numerical simulations are based on the solution of the
various phenomena such as mixing, slag emulsification, andNavier—Stokes equations for a multi-phase turbulent flow.
chemical reactions between phases. The way in which the gas is dispersed in the ladle is gov-
A water—air downscaled physical model is frequently used erned by the buoyant force and by the interaction with the
to simulate the metal and the argon, whereas the slag is moddiquid phase. Interaction between phases is due mainly to the
eled using oil or kerosene to avoid difficulties due to ex- drag force. However, not only the drag force but also non-
drag forces (such as the virtual mass force, the lift force, and
* Corresponding author. the turbulent dispersion force) are important and have to be
E-mail addresscgmendez@ceride.gov.ar (C.Gékblez). considered. If the interest is not Only in determining the ve-
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3. Turbulence in two-phase flow

locity field of the liquid phase, but also the gas velocity and

volume fraction, non-drag forces have to be considered. Hav-  The subject of multi-phase turbulence modeling is not as

ing a good estimation of the volume fraction of the dispersed well developed as single-phase turbulence modeling. There

phases will be of utmost importance in the description of the is no “industrial standard” model like the single-phase

slag emulsification phenomena. 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

2. Balance equations of the single-phask— model to the multi-phase situation,
the only modification being the possible inclusion of Sato’s

Since the mail objective is to obtain rather global infor- model for bubble induced turbulence.

mation about gas phase, e.g. bubble velocity and concentra-

tion, and not to study. how a bubble is deformed, gnd as the3 1 Multi-fluid k- model

length scale to solve is larger than the scale in which phases

are mixed, an Eulerian—Eulerian approach was chosen to de- |, the simple unmodified multi-fluid— model, individual

scribe the system. Each phase in this formulation is treatedpnases can be declared as turbulent or laminar. It is assumed
as an interpenetrating continuum, i.e., each phase is assumeg 5; the eddy viscosity hypothesis holds for each turbulent

present in each control volume, and a volume fraction equal yhase and therefore molecular and turbulent diffusion of mo-
to the occupied fraction of the control volume is assigned.  entum is governed by an effective viscosity

Large bubbles can have a velocity field different from that
of the continuous_ phase. In th_is case, each phase has its oWl , o« = 1o, + (T4, (5)
movement equation, and the interaction between phases has
to be modeled. This is the regime of current interest, and it where the turbulent viscosity term is
is best described by the so-called multi-fluid model. In this
model, a separate solution field exists for each phase, and k2
transported quantities interact via inter-phase transfer termsTe = Cup Yy ©6)
Phases may have different velocities, but tend to equalize
because of inter-phase forces. Therefore, balance equations Thus, the equations for the turbulent incompressible case
consist of equations corresponding to separate one-phase sysif€¢
tems plus some additional terms that take into account their dry

interaction. - Tt V. (reUq) =0, (7)
The phases are labeled here by Greek indices v, . . .,
and the number of phases is denoted\ipgyand the volume d(reUsq) ¥ paV - (raUsUs)
fraction of each phase hy,. The balance equations in the Pa—5, Pa¥V - Valala
incompressible case
P ¥ V- (attaet(VUa + (VU)T)
a
% +V .- (rgUy) =0, Q) = ro(By — V(pa + %pozka))
- @
d
r. U +anﬂ(Uﬁ_U(x)+Fm (8)
Pa ( Oét ) + 0V - (rqeUgaUy) p=1
—V - (ratta(VUq + (VUS)T))
Np
Np
= ra(Bo = Vpa) + 3 (U5 — Ua) + Fo, @) ;rw =1 ©)
p=1 -
Pa=p1=p, 2=<a=Np, (10)
Np
Z o =1, 3) together with the transport equations foande, which are
o1 practically the same as those corresponding to the single-
phase case,
pa=p1=p, 2=<a=Np, (4)
o oo . . d(roka) HTa
whereU denotes velocityp, density;u, viscosity;B, body O + paUq - V(rake) =V - [ | 0 + o ro Vke
k

forces;p, pressure; and superscript T the transpose of the
tensor. Terms containing coefficien ) are the inter-phase Ne

: = ru(Po — Paga) + Y clalkp — ka) (11)
drag forces, and the ternks, are any other inter-phase non- allfa = Pota ap \Kp o)
drag forces. p=1
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and The general convergence criterion adopted was the
3(ruea) ur monitori_ng of the residuals of gll \_/arigbles, stopping the
Pa + paUq - V(raga) — V - ((M + ") raV5a> calculation when they stagnate indicating that the pseudo-
o O¢ steady regime has been reached. When this state is achieved,

e 2 DM the mass source residual (the sum of the absolute values of
= Clk—a Py — Czpak—“ + Z ng)(slg — &), (12) the net mass fluxes in every cell) is typically below #®g/s.
o ¢ p=1 Fig. 1shows some of the effects considered in this work.
In these equations, the shear productiris given by The drag forceKig. 1a) is originated by pressure and friction
between phases and acts in the opposite direction to that of
Py = peifVUqy : (VUy + (VUQ)T), (13) the movement. The non-drag forces considered here were the

virtual mass force, the lift force, and the turbulent dispersion

where the symbol *" indicates double contraction of the ten- ¢;.ce The virtual mass forcéFig. 1b) represents the force

SOrS, and ass_umed valtles for u_sed constant€,are0.09, ;6 tg the inertia of a bubble, including the surrounding lig-
C1=1.44,C2=1.92,0¢=1.0,0,=1.22,asisusual forthis jig \vhen the bubble is accelerated. The lift forbeg( 1c)
model[4]. appears because a bubble moving in a linear shear flow has an

The only difference between the multi-phase transport | nqymmetrical pressure distribution on its external boundary.
equations fork and ¢ with the sm%]vle-pgase case is the pressure is lower in the region of the largest relative veloc-
inclusion of the inter-phase ternjs ;”; Cg,s)(kﬂ —ke) and ity and therefore bubbles are driven into this region due to
Zl”}’il C((;g(gﬁ — &) Which interchangek and ¢ between a lift force that acts perpendicular to the relative motion of
phases. However, since in this case the dispersed phase hdbe phases. When the typical size of the dispersed phase is
lower density and smaller momentum compared to the con- in the order of the fluctuation length scale of the continu-
tinuous phase and is high diluted in nearly all the ladle, air ous phase, the effect of diffusion should be considered. In
is modeled as laminar and these interchange terms are nethe laminar case, this situation appears only when the phases
glected. are mixed at molecular level, which is not the present case.

However, when the flow regime is turbulent, fluctuations of
) ) the continuous phase may be comparable to the bubble size,
4. Numerical modeling and diffusion may be important. This effect is usually taken
into account through a non-drag force called turbulent dis-
persion forceig. 1d), but other alternatives exist, and they
will be further discussed. Another effect that has to be taken
into account is the turbulence that can be generated behind
the bubbles. This effect can transform a laminar flow into a
turbulent one, or it can increase an existing turbulence in the

Numerical results were obtained solving a system with the
following characteristics:

Two dimensions with axial symmetry.
Isothermal and incompressible flow.
Liquid phase (water) continuum and turbuldat{model).

Gas phase (air) dispersed and laminar, and capable of passcontinuous phase.
ing through the free surface. All the effects mentioned above are always present. How-

Air density depends only on hydrostatic pressure. ever, the relative importance of each one depends on the size

Each phase has its own set of variables (multi-fluid model). of the bubbles and on the degree of turbulence in the system.
Drag as well as non-drag forces are included. Inthe literature, the drag force is always included to describe

Deformable free surface. the interaction between phases, but sometimes some or all of
Grids of 40 x 25, 80 x 50 and 160x 100 rectangular "€ non-drag effects are neglect€s-10] If the interest is
elements. in determining the velocity field of the liquid phase, drastic
approximations of this kind may be used. However, in order
Strictly speaking, the flow regime in this system is never to properly describe the gas velocity and volume fraction,
steady, but after a short transientqs), the plume is com-  non-drag forces have to be considered.
pletely developed and a pseudo-steady regime is established. Preliminary results, including non-drag effects, are shown
The mean quantities used to compare to simulations, werefirst. These results correspond to one of the cases studied by
measured in this regime. To avoid numerical difficulties, it Castillejos and Brimacombi2] (all the experimental data
is convenient to emulate what happens experimentally. Thus,shown in this paper correspond to this reference). After that,
transient calculations were made starting with a zero-flow the way in which non-drag effects were implemented, as well
condition until the pseudo-steady regime was achieved. Al- as how the numerical results can be improved when the in-
though the regime is pseudo-stationary, some non-stationaryfluence of each of these effects is considered, is described in
characteristics can be captured if the grid is refined enough.more detail.
However, mean quantities were stabilized and converged for  InFig. 2, the air volume fraction and streak lines represent-
a grid of 40 x 25 elements. Therefore, all the results pre- ingthe water velocity field are shown. This case corresponds
sented here, obtained using the code CFX3).4correspond to a cylindrical ladle with internal diameter of 500 mm and
to this coarse grid. height of water of 400 mm. The nozzle, with a diameter of
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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) turbutton disper
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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. Experimentg]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, distribution is more stable. It has been observed experimen-
and the gas flow rate was 371 #siat STP (standard temper- tally [2] that far from the nozzle, gas volume fractions have a
ature and pressure). The way the air injected at the bottom ofsimilar behavior for changing values of the gas flow rate, the
the ladle induces a recirculating flow in the water is seen in nozzle diameter, and the bath depth. In a log—log graphic, the
this figure. slope of the gas fraction curve is a feature of the system that
The air volume fraction on the symmetry axis of the cylin- is maintained in plumes with different characteristics (see,
der as a function of vertical distance from the nozzle is shown e.g.,Fig. 5 of Ref.[2]), and it would be desirable to repro-
in Fig. 3, which also shows how the numerical predictions are duce this feature in numerical simulations. As seefign 4,
modified when non-drag effects with typical coefficients are the main problem in the developed plume region is that the
included. numerical and the experimental gas fraction curves have dif-
Since the total gas flow rate integrated on any horizontal ferent slopes. The fact that even when working with a unique
cross section is known and constant, the gas fraction distribu-bubble size the gas fraction can be well described when the
tion along the radial direction can be well described for en- influence of the non-drag effects is taken into account will be
gineering purposes provided its value at the symmetry axis shown below.
(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 19--.
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 -%
experimentsKig. 3). But when they are presented a§ig. 4 S
on a log—log scale (in the same way they are plotted in Ref. 2
[2]), the disagreement is evident even when non-drag effects S

. o
are included. ) ) ) ) ) u>) X Experimental data

One of the weak points in the numerical results isthe dif- @ 014 | --- Experimentalfit
©) 1 Numerical simulation

ference \_Nlth experiments near Fhe n_ozzle. This region is hard ]| === a)Drag and non-drag effects
to describe correctly because in this zone bubbles are large {| (Gu=0.04,C =0.05,G,=0.5C ,=0.6)
and breakup and coalescence phenomena are important. A b) Only drag force
good modeling of these phenomena requires the considera- oo P
tion pf bubbles of different sizes, which is beyond the scope Vertical distance from nozzle [m]
of this work.

The primary interestis notin the n.ear'nOZZIe region but IN" Fig. 4. Experimenta2] and numerical results for the volume fraction of
the completely developed plume region where the bubble sizethe air phase on the symmetry axis of the ladle in a log-log graphic.
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19~ 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

(18)

DgU D, U
F}Y/MzrﬁpaCVM< pZf a—a a).

Dt Dt

OperatordD, g/Dt denote the material derivatives corre-
sponding to each phase. The coeffici€gf, is equal to 0.5
for individual spherical particlefl2]. For bubbles its value
is much lower, and many times it is neglec{&B]. In this
o A ERAS — study, considered values 6f,\, are in the range 0-0.06.

) . Fig. 5shows how the gas volume fraction changes when
Vertical distance from nozzle [m] ; - - . .
the virtual mass coefficient is varied. As expected, the inclu-
Fig. 5. Experimentd2] and numerical results for the gas fraction along the sion of .thIS force affects the gas volume fra_lctlon mamly.m
symmetry axis using different virtual mass coefficients and keeping constant the region near the nozzle where the relative accelerations
all the others. between phases are larger.

0.14

Gas volume fraction

X Experimental data
- - - Experimental fit
Numerical simulation C =
(G, =0.05,C,,=0.5,C ,=0.6) M

4.1. Drag force 4.2.2. Lift
The lift force is given in terms of the slip velocity and the
In order to restrict the study to the non-drag forces, the curl of the continuous phase velocity
same expression for the drag force is considered in all cases.
Denoting the continuous phase dwand the dispersed phase  Fo =78PaCL(Up — Ua) X (V X Uy). (19)
by 8, the total drag per unit volume in the continuous phase

. 8 The lift coefficientC_ is 0.5 for inviscid flow around a
is usually written as

spherg12], but it can take values as low as 0.01 for viscous

_ @ _ flow.
Dap = ¢ (Up = Ua), (14) Fig. 6 shows that variations of the lift coefficient affect
where the values of the volume fraction in the whole height of the
bath. In addition, in a log—log graphic, the slope of the curve
3C
@ _ 2=Db _ is modified.
Cag = r80alUg — Uy, (15) o o
4 d Recent studies indicate th@{ depends on the @&vos
andd is the bubble diameter. For a particle of a given shape humber, and it can take even negative values for large bub-
undergoing motion in a Newtonian incompressib|e ﬂmd’ bleS[13] This is an |mp0rtant fact that should be taken into
depends only on the Reynolds number account if bubbles of different sizes are to be considered.
ud q-
Re = P2 (16) T
Mo ]
whereu, is the molecular viscosity ang, the density of the
continuous phasel the bubble diameter arid = [Ug — Uy IS
Dependence of the drag coefficieli (R on the Reynolds S
number is given by the so called drag curve, which may be C =0.0
determined experimentally. One of the most used drag coeffi- g )
cients[6,7,10] although not completely realistic for bubbles, S
corresponds to the drag experimented by a rigid and isolated @ 041 [ % Experimental data
sphere, which is known as the standard drag curve. There areG | | - - - Experimental fit
several empirical expressions for this curve, depending on aﬁ%”fé"’i'é'?é'a‘f&e)
the flow Reynolds number. One expression frequently used “ - -
is Schiller and Naumanf.1] -

001 0.1
Cp = ?(1 + 0.15Re%687), (17) Vertical distance from nozzle [m]
e

L. - . . Fig. 6. Experimentg] and numerical results for the gas fraction along the
which is valid in the range & Re < 1000. This expression symmetry axis (same &3g. 5). In this case only the lift coefficient is varied

for Cp was used in this work. and all the others are kept constant.
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Fig. 7. Experimentdl?] and numerical results for the gas fraction along the Fig. 8. Experimenta[2] and numerical results for the gas fraction along
symmetry axis (same d3g. 5). In this case only the turbulent dispersion  the symmetry axis (same &&. 5). In this case only the Sato coefficient is
force coefficient is varied and all the others are kept constant. varied and all the others are kept constant.

4.2.3. Turbulent dispersion force continuous phase, and the effective viscosity of the dispersed
This force appears as a consequence of the increment ophase is given as

diffusion due to turbulence. Since it is related to diffusion,

it seems natural to incorporate this effect as a diffusive term jger = o eﬁp—ﬁ. (23)

in the continuity equatiorf7]. However, in this work this Pa

phenomenon was modelled as a force term in the moment  Fig. 8 shows the influence of this effect is mainly in the
equation[14], since in this way the contribution of diffusion  region near the nozzle, where the gas fraction and the relative

to the velocity is included in the velocity variable. velocity between the phases are greater.
The expression used for the turbulent dispersion force is

(14] 4.4. Influence of bubble size

FZD = —C1ppukaVra, (20)

The more difficult region to be correctly described is the
whereCrp is a parameter that can be intherange 0.1{41.0  near nozzle region. There, bubbles are large and breakup and
(For a recent discussion about modeling this force see Ref.coalescence phenomena are important. As it was mentioned
[15].) before, a good modeling of this effect is complicated, and

Fig. 7 shows that, like the lift force, when the turbulent since primary interest was on the region where the plume
dispersion force coefficient is changed, the gas volume frac-

tion is modified over the whole height. It also shows that the 1o
slope of the curve does not change as much as when the lift
force coefficient was varied.

4.3. Sato model S
g
The Sato model takes into account the turbulence incre- %
ment of the continuous phase induced by the dispersed phase g
Denoting the continuous phase dynd the dispersed phase g
by B, the effective viscosity of the continuous phase isgiven @ . |[ x Experimentaldata
by o - - - Experimental fit

Numerical simulation

Haelt = Hastt + 1Ta + 1T5. (21) Py
The extra bubble induced turbulence te is modeled ——T ———— T
b 001 0.1
Y Vertical distance from nozzle [m]
MUTg = CﬂbparﬁdlUﬁ - Uoz|a (22)

. . . Fig. 9. ExperimentgR] and numerical results for the gas fraction along the
whered is the bubble diameter, ar@,, is a constantusually  symmetry axis (same d&g. 5). In this case only the bubble diameter is
equal to 0.6. Th& ande equations are solved only for the varied and all the other coefficients are kept constant.
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Fig. 10. Axial gas fraction with optimized numerical parameters compared

with experimental datg2]. Fig. 11. Axial gas fraction with non-optimized (a) and optimized (b) numer-

ical parameters compared with experimental §2}dor a case with a high
. . . gas flow rate.
is completely developed, just one bubble size was used to

represent the gas.

Castillejos and Brimacombg2] give the geometric  the volume-surface mean diameter (or the so-called Sauter
mean diameter of the bubbles. This is the diameter usedmean diametef)L6] is also used in some cases because what
by Davidson[6], but in order to describe interphase forces, appears in the derivation of the drag force is the quotient
the volumetric mean diameter is usually uda@]. Still, between the projected area and the volume of the bubble.
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Fig. 12. Numerical results for the volume fraction of the air phase (right) and streak lines corresponding to the water phase (left) when theefise surfa
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Since there is no unified criteria about which diameter by modifying only the lift and the turbulent dispersion force
should be used to represent the bubble size distribution, thecoefficients.
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®- Deformable free surface and three-phase system
bubble size is adopted for all forces (drag and non-drag), ) o o
results are better if the volumetric mean diameter is used. In 1N order to obtain a more realistic description of a metal-

the geometric mean diameter. 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
5. Analysis of different air-water plumes indicate that in the water—air system, the consideration of the
deformation of the free surface does not substantially modify
After taking into account how the different parameters the solution, and a flat surface is a good approximation. In a
modify the numerical results, a better description of the sys- graph like the one iffFig. 10 gas volume fractions with and
tem can be obtained. This is shownFiig. 10where prelim-  without free surface are practically indistinguishable.
inary (Fig. 4) and optimized results are compared. A water—air—kerosene system was simulated considering
From an experimental point of view, the system does not the kerosene as a third dispersed phase in the same way as the
suffer substantial modifications in its behavior when the gas air. When the slag (kerosene) is included the velocity field in
flow rate, the nozzle diameter or the bath depth are changecthe water phase is substantially modified, as seen by compar-
[2]. Therefore, good results are expected if the same coeffi-ing Fig. 2to Fig. 13 Therefore, in order to make reasonable
cients for the non-drag forces are always used. Unfortunately, predictions about a real industrial ladle, the consideration of
this is not the case. However, knowledge of the influence a three-phase system is essential.
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- 7. Conclusions
ditions are the same as thoseHig. 4 but with a higher gas
flow rate (1257 crivs at STP). Curve (a) is the result of us- The large influence of non-drag forces on the behavior
ing the parameters dfig. 10 and curve (b) was obtained Of dispersed phases is shown in this work. Therefore, if the
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interestis not only in the continuous phase motion, butalsoin [2] A.H. Castillejos, J.K. Brimacombe, Measurement of physical charac-

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

teristics of bubbles in gas—liquid plumes: Part Il. Local properties of
turbulent air—water plumes in vertically injected jets, Metall. Trans.
18B (1987) 659-671.

[3] M. Ishii, Thermo-Fluid Dynamic Theory of Two-Phase Flow, Ey-
rolles, Paris, 1975.

ladle was made, with special emphasis in the behavior of [4] D.C. Wilcox, Turbulence Modeling for CFD, second ed., DCW In-

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.

dustries Inc., La Clzada, CA, 1998.

[5] AEA Technology, User's Manual to CFX Version 4.4, AEA Tech-
nology plc, Harwell, UK (1998).

6] M.R. Davidson, Numerical calculations of two-phase flow in a lig-
uid bath with bottom gas injection: the central plume, Appl. Math.
Modell. 14 (1990) 67-76.

The assumption of a flat free surface is a good approx- [7] J. Hua, C.H. Wang, Numerical simulation of bubble-driven liquid

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-

flows, Chem. Eng. Sci. 55 (2000) 4159-4173.

[8] R.T. Lahey Jr., M. Lopez de Bertodano, O.C. Jones Jr., Phase distri-
bution in complex geometry conduits, Nuclear Eng. Des. 141 (1993)
177-201.

sideration of a three-phase system (gas, molten metal, and[9] R.T. Lahey Jr., D.A. Drew, An analysis of two-phase flow and heat

slag) is mandatory to model a real industrial metallurgical
ladle.
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