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ABSTRACT

This paper describes IRSID’s work to predict hydrody-
namics of gas stirred ladles, with one or two injectors.
This two-phase flow study is divided in two main parts :
measurements in water model with plume characterisation
and numerical simulation with Fluent CFD package, using
either Euler-Euler or Euler-Lagrange approaches.

NOMENCLATURE

C, drag coefficient

D, particle diameter [m]

F  momentum transfer [kg m/s?]

FD drag force [N]

Fq additional terms in momentum equation [kg/m?s?]

g acceleration of gravity [m/s’]

I average interfacial momentum transfer rate [kg/m?s?]
K turbulent kinetic energy [m?/s’]

qu momentum exchange coefficient [kg/m’s]

P static pressure [Pa]

q index =1 (continuous phase), =2 (dispersed
phase)

QV volumetric gas flow rate [m’/s]

Q  volumetric air flow rate [ms/s]
air

r  radial abscissa of the ladle [m]

R radius of the ladle [m]

Re Reynolds number

t  time [s]

U mean fluid velocity [m/s]

u instantaneous fluid velocity [m/s]

<u,u/> fluctuating velocity correlation [m?%/s?]

v instantaneous bubble velocity [m/s]
X  position [m]

o void fraction

At time step [s]

e dissipation rate of K [m?/s’]

pu  fluid dynamic viscosity [Pa.s]

p  fluid density [kg/m’]

p, bubble density [kg/m’]

INTRODUCTION

Ladle treatment is a steelmaking process devoted to im-
prove inclusion elimination or mixing of additive, just
before the feeding of a tundish. Usually, pneumatic stir-
ring is used. A lot of papers have already been published
dealing with the use of CFD to design ladle (Ilegbusi and
Szekely (1990), Mazumdar and Guthrie (1994), Sheng and
Irons (1995), Schwarz (1996)). But experimental informa-
tion is often incomplete (gas injection geometry and po-
rosity, plume morphology ...) and the assessment of the
origin for disagreement between measurements and cal-
culations is usually impossible.

The main interest in conducting experiments in some dif-
ferent water models is to identify physical mechanisms
that CFD codes have to cope with. In this way, complexity
of two-phase flow is characterised and it becomes possible
to use appropriate models and to explain their limitations.

The aim of this paper is to review basic configurations of
water models that we would like to simulate and to apply
Fluent CFD code (version 4.5) for some of them.

VISUALISATION ON WATER MODELS

Before performing calculations with Fluent CFD code,
some visualisations were carried out when air is injected
in a water tank (0.5 m diameter and 0.5 m height). The
objective is first to get experimental values that can be
used for CFD validation and also to get an insight into the
plume behaviour and the free surface stability for different
gas flow-rates.

One plume

A lot of papers have already been published on single
plume behaviour for different gas flow-rates. Unfortu-
nately, most of the time there is a lack of experimental
data and numerical simulations cannot be supplied with
the correct values (initial velocities, bubbles diameters
...). This is one of the reasons why we decided to carry
out measurements for this classical configuration. Gas
flow-rates, when transformed to industrial values with
similarity laws, are representative of in site values. Flows
are quite similar to what has already been published
(Anagbo and Brimacombe, 1990).
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Figure 1 : Plume behaviour for different air flow-rates.

Whereas bubbles can be considered as spherical or slightly
ellipsoidal for small air flow-rate, important heterogeneity
in bubble phase morphology is observed when flow-rate
increases (Tacke et al., 1985). In the same way, free sur-
face disturbance is all the more pronounced as air flow-
rate is high.

For CFD, it is a major challenge to deal with bubble coa-
lescence or break up using standard commercial package.
As far as we know, there is no available model imple-
mented in any commercial package to cope with interact-
ing bubbles, although very promising work is under de-
velopment (Sheng and Irons, 1995, Laux and Johansen,
1999). We shall limit our comparison to flow-rates lower
than 8 1/min ; the free surface can be considered as flat.

Two plumes

In this situation, only 2 air flow-rates were investigated : 1
and 5 I/min flowing through each of the porous plugs,
which are separated either by a distance of R/2 (distant
position) or by R/4 (close position).

The following table summarises the main results deduced
from visualisations :

Air flow-rate : 1l/min | Air flow-rate : 5 l/min

Distant | No noticeable mutual [ Each plume development is

posi- influence of plumes. | practically independent from
tion the other one (a slight inclina-

tion towards walls is noticed).
Close | Plumes seems to be | Plumes behaviour is clearly
posi- attracted by each | non stationary : from time to
tion other, but the mutual | time plume are either repul-

influence remains | sive or attractive (with im-
quite small. (Figure | portant inclination of plumes,
2) Figure 3).

Table 1 : Mutual influence of plumes.
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Figure 2 : 2 plumes configuration at different locations —
flow-rate : 11/min

Figure 3 : 2 plumes configuration at different instants —
flow-rate : 51/min

When calculations should be performed, it appears that we
have to establish whether the flow is stationary or not,
since small air flow-rates (lower than 5 1/min) can lead to
important transient phenomenon. As a practical distur-
bance, Becker and Oeters (1998) mentioned that impor-
tant concentration fluctuations are observed, when tracing
a ladle water mode, probably due to fluctuation in plume
position. Schwarz (1996) already published interesting
results showing that oscillation can occur, provided that
bath depth is within a certain range. Xie and Oeters
(1992), observed that, for single plume, the main parame-
ter for the oscillation period is the vessel diameter. Multi-
plume configurations are probably more difficult to simu-
late than single ones, due to possible strong mutual inter-
action of plumes.

Wall effect

Another water model was used here. It consists of a square
section water channel (200%200 mm? section), filled with
approximately 400 mm height water. Porous plug can
come closer to the wall : 2 positions were studied

[position 1

/

position 2

Figure 4 : Water model — top view.

When air is injected at position 2, a systematic attraction
of plume by wall is observed (see Figure 5, first 2 fig-
ures) ; this looks like a Coanda effect and was already
mentioned by Iguchi et al. (1998). For the smallest air
flow-rate (1/min per injector), it seems there is a bounce
of the plume on the wall which was not observed in Igu-
chi’s paper. This stationary phenomenon was not visual-
ized for higher flow-rates.

For gas injection at position 1, the most striking effect is
the elongation of bubbles along the wall and their very
limited lateral dispersion for high flow-rate (81/min and



10l/min). This behaviour is very similar to what is ob- 0 o
served in two-phase flow in a vertical pipe, for the so- -—o,p, <ul.uj> + Iq + Fq
called plug and churn flow regimes. It is likely that diffi- ox, q

culties will appear when this kind of situation is tackled by
CFD, in particular for prediction of regime transition.

J
where the average interfacial momentum transfer rate I
q,1

between the 2 phases is based on the value of the ex-
change coefficient given by :

3 Pyt — uq|

K =—C,————
=g p) 3)

Appropriate interphase drag coefficient is introduced us-
ing the user-defined subroutines of the CFD Fluent code.
Formulations proposed by Moore (1968) and Magnaudet
et al. (1995) for bubble Reynolds number less than 470
(spherical regime), and supplemented by Comolet (1979)
correlation for large bubbles diameter are tested.

1 Vmin-position2 8 1/min-osition 2 10 I/min-position 1 F is an additional term which takes into account the vir-

tljal mass effect and is given by (Drew and Lahey, 1993) :
o, o,

F =05a,p,| —=——-——=—

q pPal o ot “4)

To take into account the effects of turbulence, a model

based on the (K-¢£) model is used. Turbulent predictions

for the continuous phase are obtained using the standard

TWO PHASE FLOW MODELLING (K-¢) model supplemented with extra terms that include

interphase turbulent momentum transfer (Elgobashi et al.,

1983). On the other hand, predictions for turbulence

quantities of the dispersed phase are achieved using the

Tchen theory for dispersion of discrete particles by homo-

geneous turbulence (Hinze, 1975). Those quantities are

Figure 5 : Wall influence in plume development

In conclusion, it turns out that the modelling of two phase
flow is all the more difficult as there are many injection
positions and plumes are close to the walls.

Currently, there are two approaches for the numerical
calculation of multiphase flows: the Euler-Euler ap-
proach, commonly called the Eulerian approach and the

Euler-Lagrange approach called the Lagrangian approach. deduced from mean characteristics of the primary phase

In this section, we define the numerical basis of these two and the ratio between bubble relaxation time and eddy-
different methods and present some examples of numerical bubble interaction time (Simonin & Viollet, 1990). Tur-

rgsults obtame.d with these tw0. methods applied to the bulent momentum diffusivity is then obtained and the drift
different experimental configurations. velocity concept s also used

Eulerian approach An example of the predicted air volume fraction, com-

puted with this method, is presented in figure 6. It con-
In the Eulerian approach, the different phases are treated cerns the simulation of the experimental configuration
mathematically as interpenetrating continua. Since the shown in figure 5, where the plume is injected near the
volume of a phase cannot be occupied by the other phase, wall at position 2 and the flow-rate is 1 l/min. From a
the concept of phasic volume fraction is introduced. These qualitative point of view, when we compare these 2 differ-
volume fractions are assumed to be continuous functions ent results, a good agreement is observed : the bouncing
of space and time and their sum is equal to one. Conser- pher}omenon is reproduced by the numerical calculation,
vation equations for each phase are derived to obtain a set but is probably not pronounced enough.
of equations which have similar structure for all phases.
These equations are presented below : l >5.0e-2
continuity equation 1)

J 3.5
Se-2
2 apU =0
Jx. ara 4 (1)
J |
In our case, no mass transfer between the 2 phases and
stationary situation are considered.
1.5e-2
momentum equation 2)
U, ? U,. =
4Py 00 5y O S TP, 8, = 0
J i

Figure 6 : Predicted air volume fraction for wall-
plume configuration - Eulerian approach.
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Lagrangian approach

In this second approach, the fluid phase is treated as a
continuum by solving the time-averaged Navier-Stokes
equations, while the dispersed phase is solved by tracking
a large number of bubbles through the calculated flow
field. The bubble trajectories are computed individually at
specified intervals during the fluid phase calculation, and
can exchange momentum with the carrier phase (two-way
coupling).

The continuity and the momentum equations used in this
method and solved only for the continuous phase are
similar to those proposed previously for the Eulerian ap-
proach.

However, the momentum transfer from the continuous
phase to the dispersed phase is computed by examining
the change in momentum of a bubble as it passes through
each control volume and is given by :

F=z3'uC—DRe(v—u)QvAt )

2
4D,
It appears as a momentum sink in the continuous phase
momentum balance in any subsequent calculations of the
carrier phase flow field.

Turbulent predictions for the continuous phase are com-
puted with a standard (K-¢€) model. However, this model
implemented in Fluent 4.5 assumes that the bubbles have
no direct impact on the generation or dissipation of turbu-
lence in the carrier phase.

Bubble trajectory is predicted by integrating the equation
of motion written below :

dv g(Pp —P)

” =F,(u—v)+ P,
lpd P odu o)
2p,dt =)+ p, dt

This force balance equates the bubble inertia with the
forces acting on it. In this equation, the most significant
forces for gas-liquid two-phase flow (drag, buoyancy,
added mass and pressure gradient) are taken into account
(Domgin et al., 1998).

The dispersion of bubbles due to turbulence in the fluid
phase is predicted using a ‘random walk’ model which
includes the effect of instantaneous turbulent velocity
fluctuations on the bubble trajectories through the use of
stochastic methods (commonly called the ‘eddy lifetime’
model).

An example of a predicted water turbulent kinetic energy
field, computed with this method, is presented in figure 7.
It shows that maximum value of kinetic energy is located
near plume impingement at free surface. This situation
also occurs when Eulerian approach is selected. As it has
been already observed for jet impingement, turbulent ki-
netic energy is probably overestimated at stagnation point
using K-& model (Behnia et al., 1998) : production of
turbulent kinetic is directly connected to local mean ve-
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locity gradient (which is very important at stagnation
point), whereas it should display some relaxation. A more
detailed study is probably necessary to describe turbulence
near the free surface, taking into account the local defor-
mation of free surface. This step is vital for the modelling
of mass transfer through interface between liquid metal
and slag layer.

I 1.55¢-2

1.29e-2

9.8e-3

6.8e-3

3.1e-3

Figure 7 : Predicted water turbulent kinetic energy for one
plume configuration - Lagrangian approach.

Description of the simulated configuration

The two different methods described previously are tested
on the two-phase flow configuration proposed in figure 8.
In addition to the boundary conditions specified in this
figure, we define, for the Lagrangian approach only, re-
flection (elastic collision with a coefficient of restitution
equal to 1) for the bubbles touching the walls and we as-
sume that the bubbles are instantaneously captured at the
free surface.
500

< >
Free surface :
symmetry or wall condition

500

Wall
Irem

! Wall
Porous plug : inlet

— 2 <4

‘Wall

Figure 8 : Water model characteristics and boundary con-
ditions illustration.

The 3D numerical simulations consist in determining the
main characteristics of the flow field (velocity and turbu-
lence) generated by the rising of spherical bubbles of 2
mm in diameter, injected continuously at the bottom of the
ladle (air flow rate = 5 I/min). No interaction between the
bubbles and no coalescence are considered here.



Results and discussion

Finally, in this last section we compare the numerical re-
sults, obtained with the 2 approaches detailed previously,
with the experimental ones. These experimental data are
provided by a Laser Doppler Anemometer, measuring the
axial and radial mean velocities and their root mean square
values. To determine the total turbulent kinetic energy, we
assume that the radial and tangential components are
equal.

Comparisons are presented in figures 9 and 10. They con-
cern mean axial velocity and turbulent kinetic energy
along the non dimensional radius of the vessel 1/R. Pro-
files are located 300 mm above the bottom of the tank.

Two different boundary conditions at free surface of the
water tank were tested : a symmetry and a wall condition
(see figure 8). When symmetry condition is considered
(see figures 9), we observe some discrepancies between
experimental and numerical results. The both eulerian and
lagrangian approaches underestimate the mean axial ve-
locity, particularly near the wall (1/R>0.9), while the tur-
bulent kinetic energy is overestimated by the eulerian
method and largely underestimates by the lagrangian one
(particularly in the centre region : 1/R<0.3).
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Figure 9 : Comparison between predicted and experi-
mental data - Symmetry condition.

Then, in order to improve these comparisons, we decide to
modify the boundary condition at the top of the water
tank. As a matter of fact, the free surface can be consid-
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ered as a very complex system with fluctuating energy
coming from turbulent eddies. So, kinetic energy is likely
to decrease at free surface and a zero condition for this
variable was tested. The only way to do that with this CFD
software is to set a wall type condition in this region.
Comparisons, obtained in such a configuration, are pre-
sented in figure 10.

According to our numerical results, we can note that the
new boundary condition has a positive influence on the
numerical results : the Eulerian computed velocities dis-
play now a better agreement with the experimental data.
On the contrary, the Lagrangian results seem to be more
affected by this change, particularly for the turbulent ki-
netic energy which is underestimated. However, in this
method, no extra source terms are added for the generation
and dissipation of turbulence, which can explain problems
observed with Lagrangian approach.
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Figure 10 : Comparison between predicted and experi-
mental data - Wall condition

Although some qualitative improvements have been made
for the predicted mean axial velocity by modifying bound-
ary condition at free surface, the computed turbulent ki-
netic energy is underestimated. Transport equations for K
and € need to be improved in conjunction with boundary
conditions at free surface. Assumption that radial and
tangential fluctuation velocities are equal has also to be
discussed.



CONCLUSION

Flow visualisations realised in water models show that
plume behaviour can be very complex :

¢ For important gas flow-rate (but remaining represen-
tative of industrial stirring), plume is composed of a
wide range of bubbles : from small and spherical to
large and distorted ; taking into account bubble inter-
actions in CFD is probably one of the big challenge
for the next decade ; at present, this cannot be prop-
erly tackled with commercial package. Some prom-
ising attempts are currently under development, with
transport equation for average bubble diameter (Laux
and Johansen, 1999) with the limitation of small
bubbles. But there is nothing available and reliable at
the moment for break-up and coalescence in com-
mercial packages.

¢ When plumes are close to each other, important non
stationary effects are created for moderate gas flow-
rate ; as far as we know, there is no CFD results re-
producing this phenomenon, although interesting
theoretical results have already been obtained by
Schwarz (1996).

¢ Walls can affect bubble plume when located in the
immediate vicinity of the porous plugs, leading to
bubble elongation and limiting their lateral disper-
sion. In addition to results published by Iguchi et al.
(1998), it appears that the bubble plume can detached
from the wall for low gas flow-rate.

From a numerical point of view, comparisons with ex-
perimental results show that CFD Fluent code supplies
good prediction for the hydrodynamics of a gas-liquid two
phase flow : computational results obtained with an Eule-
rian approach show a correct agreement with the experi-
mental ones, particularly the mean velocity, while the
turbulent kinetic energy is generally underestimated what-
ever the formulation used.

Moreover, a clear influence of boundary condition set at
free surface of the bath is detected. It seems that a wall
condition in this region improves the numerical results for
mean velocity but not in terms of turbulent kinetic energy.
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