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Abstract

We have numerically studied and experimentally visualized the fluid dynamics in a Teniente type copper converter. The three-
dimensional simulation of the three-phase system was carried out using the volume of fluid (VOF) and the standard k—¢ turbulence
models implemented in a commercial solver. The numerical model includes the white metal and slag liquid phases and gas phase
through air injection from 50 submerged tuyeres. Experimental observation was carried out in a 1:5 scaled water container, and
mean amplitude and frequency of bath oscillation were measured. The numerical simulation has been able to predict the axial
displacement of slag layer, the bath oscillation and the jet formation.
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1. Introduction

The gas injected through the submerged tuyere line in Teniente type copper converter produces into the bath of
molten matte a three-phase highly turbulent flow. Due the high gas inlet velocity the gas—liquid interaction causes jet
formation and bath oscillation. The air flow affects the chemical and physical processes occurring in the converter such
as converting rate, oxygen efficiency, mixing, splashing, and accretion build-up. Despite the importance of the
interaction of the air jet and the matte in a converter, few studies of the fluid dynamics of converting process have been
reported in the literature.

Zhao and Irons [1] reported the transition from bubbling regime to jetting regime when gas is injected into liquid at
high velocity through a submerged tuyere. They found that the critical injection velocity for instability depends on
surface tension, tuyere diameter, and the gas-to-liquid density ratio, which can be summarized by We=10.5(py/p1) 03,
where We is the Weber number based on tuyere diameter, p, and p, are the gas and liquid density respectively. Murai
and Matsumoto [2] studied numerically the three-dimensional structure of a bubble plume. The results reveal several
particular structures, such as swaying and swirling structures of the bubble plume.
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Nomenclature

Amplitude, mm

Tuyere diameter, m

Converter diameter, m

Slag layer thickness, mm

Volume fraction of one fluid

Froude number based on tuyere diameter, u,/[g(pi/pg— Dd]*?
Water depth, mm

Turbulent kinetic energy, m?/s*

Jet penetration, mm

Converter length, m

Tuyere submergence, mm

Frequency, Hz

We  Weber number based on tuyere diameter, pguﬁd/a
u,  Velocity of gas in tuyere, m/s

Tem~Tmome o Uaa

Greek symbols
a Dimensionless frequency
€ Turbulent dissipation rate, m*/s*

e Turbulent viscosity, kg/m s

1) Density liquid phase, kg/m®

pe  Density gas phase, kg/m?

o Surface tension coefficient, N/m

Themelis et al. [3] derived an equation to describe the trajectory of a gas jet in a liquid. They reported
theoretical and experimental results for air jets injected into water for different Froude numbers. Hoefele and
Brimacombe [4] have experimentally studied the behavior of gas discharging into a liquid. Two regimes of flow,
bubbling and steady jetting have been delineated as a function of the Froude number and the ratio of gas to liquid
densities. They have correlated the forward penetration of the jets with the equation: l/d=10.7Fr0'92(pg/p1)°‘35,
where Fr is the Froude number based on tuyere diameter. They concluded that low pressure blowing has the
disadvantage of poor penetration of air into the bath so that the jets rise close to the back wall and locally
accelerate refractory wear.

Brimacombe et al. [5] made experimental investigations involving the injection of air from a horizontal tuyere into
water in a converted-shaped vessel. The experiments were conducted varying pct. filling and tuyere submergence to
determine the critical air flow rate, above which bath slopping prevailed. They have shown that the critical air flow rate
can be correlated with the buoyancy power per unit mass of the bath. Liow and Gray [6] carried out an experimental
work in a 1:10 scaled water model of a Pierce-Smith copper converter, to study the influence of bath depth and tuyeres
submergence on the formation of oscillations states (slopping), they reported the natural frequencies of bath oscillation
as a function of liquid level of the reactor.

Rosales et al. [7] have conducted numerical simulations to study the gravity waves produced on bath free surface in
the Teniente converter. The results show a good correlation with the experimental data. Longitudinal waves were
formed due to the reflection and transmission of waves generated in the tuyere line zone. In a previous work, Valencia
et al. [8] studied the fluid dynamics in a slice water model of the Teniente type copper converter with one submerged
tuyere. They study the influence of Froude number on bath dynamics in particular with regard to flow mixing in the
bath, jet stability, and splashing. The flow is characterized with an unsteady jet, which moves into wall directions and in
some instances collapse.

In this work, we study the fluid dynamics in a Teniente type copper converter. The numerical model
includes white metal and slag liquid phases and gas phase through air injection from 50 submerged tuyeres.
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Experimental observation of the phenomena was carried out in a 1:5 scaled water container, and mean
frequencies and amplitudes of bath surface oscillation are determined in four characteristic points of bath
surface.

2. Mathematical model and geometry

In the VOF formulation [9] of multiphase fluid dynamics the fluids are not interpenetrating. For each phase in the
model, a variable is introduced: the volume fraction of the phase in the computational cell. In each control volume, the
volume fractions of all phases sum to unity. The fields for all variables and properties are shared by the phases and
represent volume-averaged values, as long as the volume fraction of each of the phases is known at each location. Thus
the variables and properties in any given cell are either purely representative of one of the phases, or representative of a
mixture of the phases, depending upon the volume fraction values.

The VOF model uses the mass and momentum conservation equations for incompressible fluids to describe the fluid
dynamics of both gas and liquid phase, that is,

V=0 (1)
gt +Vopu-u =—Vp+uViu +pg +I?5F (2)

here the properties of a fluid are given by

p(X,1) = F&,0)p + [1 = F(x,1)] p, (3)

,ll(?, t) = F(Y}v t):ul,eff + [1 - F(f)7 t)] Mg eff - (4)

Here, F'is the local volume fraction of one fluid in the point (x, #). Its value is one in the liquid phase and zero in the
gas phase. A value between 1 and 0 indicates a density interface. The subscripts | and g indicate liquid and gas phases,
respectively. The model solves the scalar advection equation for the quantity F; this equation states that /' moves with
the fluid,

o SF=o. (5)
Jdt

The continuum surface force model is used to model the force due to surface tension Fgp acting on the gas—liquid
interface. A similar approach is used to account for forces acting on the liquid due to wall adhesion. This model
replaces the surface force due to surface tension with a continuous force Fgp acting on all fluid elements in the interface
transition region,

por(¥, ) VE(®, 1)
Fsp =
1/2(p1 + py)
Thus, the surface tension force localized in the interface region is converted into a volume force with the help of a

Dirac delta function concentrated on the surface. The curvature « is defined in terms of the divergence of the surface
normal of the secondary phase,

(6)

B

N
K=V

(7)

=)

In this research the standard k—e¢ turbulence model, extended for the use in multiphase systems, has been used [10].
This is a two-equation model based on transport equations for the turbulence kinetic energy, £, and its dissipation rate ¢.
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The transport equation for & is derived from an exact equation, while the transport equation for ¢ is obtained using
physical reasoning. The equations for turbulent kinetic energy, &, and its rate of dissipation, ¢, are:

a a P ut\ ok

— (pk) + — (pku;) = — — | —1| + Gy — pe 8
57 Pk) + 5 (plas) axj[(“+ak)a@}+ K — pE (8)
) d d W\ de € &

— (pe) + —(peu;) = — — | —| +Ci;- G — Cyp—. 9
m(ps) * dx; (peas) Ix; [(PH— al,.) (9)9] + gk 2P k ©)

In these equations, G, represents the generation of turbulence kinetic energy due to the mean velocity gradients, C,,,
C»,, 0, and o, are model constants. These values have been determined from experiments with air and water for
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Fig. 1. Geometry of Teniente type copper converter.
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Fig. 2. Photographs in water model of bath oscillation, (a) white metal side, (b) slag side.

fundamental turbulent shear flows including homogeneous shear flows and decaying isotropic grid turbulence. In this
model, the effective viscosity in the momentum equations is the sum of the molecular and turbulent viscosities

Hefr = 1+ 1 (10)
with
k2
Hy chu?. (11)

Fig. 1 shows the Teniente type copper converter. It is a cylindrical vessel of L=22 m length with an inner diameter of
D=4.2 m, the converter has an injection zone with 50 tuyeres and a settling zone. The submergence of the tuyere line is
s=990 mm. In the actual operation condition the white metal level is 1250 mm, and the slag layer thickness is
e=450 mm. We have considered p=5200 [kg/m’] and x£=0.004 [kg/m s] for the white metal, and p=3000 [kg/m3 ]
and ©=0.004 [kg/m s] for the slag. The Froude number based on tuyere diameter is Fr=8.6. An experimental
model scaled 1:5 was constructed and filled with water to perform fluid dynamics visualization.

3. Experimental and numerical setup

The experimental model of the Teniente copper converter was made of acrylic, in order to visualize the flow
dynamics. Pictures were recorded with a digital video camera for later analysis. The amplitude and frequency of bath
oscillations in 4 characteristic points of the free surface were determined, see Fig 1c. The air flow in the 50 tuyeres is
obtained from a central manifold. The high pressure air line is obtained using two high pressure centrifugal ventilators,
with an air flow of 600 m*/h. The water level was set to /=340 mm, and the Froude number based on tuyere diameter
was set to 8.6.

The VOF and the k—¢ turbulence models were solved using the commercial solver Fluent 6.0. This package is a
finite volume solver, using body-fitted grids. The grids are non-staggered and all variables are evaluated at the cell

Table 1

Mean amplitude, frequency and jet penetration at four points for the Teniente converter

A (mm), A (mm), A (mm), A (mm), w (Hz), w (Hz), w (Hz), w (Hz), [ (mm)
point A point B point C point D point A point B point C point D

550 454 376 449 0.58 0.54 0.49 0.45 280
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Fig. 3. (a) Contours of volume fraction of white metal, (b) contours of volume fraction of slag, for five different axial positions, =21 s.
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Fig. 4. (a) Velocity vectors colored by velocity magnitude at symmetry line, (b) velocity vectors at converter middle plane, X=11 m, =21 s.
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faces. The pressure—velocity coupling is obtained using the SIMPLEC algorithm. We use the geometrical
reconstruction scheme to obtain the face fluxes, when the cell is near the interface between two phases; this scheme
represents the interface between fluids using a piecewise-linear approach [10]. For the time dependent VOF
calculations, we use the explicit time-marching scheme with two iterations per time step and with Ar=2x10"*. The
time step was computed from the Courant-Levy condition [11] from Eq. (12). With this small time step the residuals of
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Fig. 5. (a) Variation of density with the time at converter middle plane in the point P1 (X=11 m, Y=1.475 m, Z=— 2.1 m) indicated in Fig. 1b, (b)
power density spectrum of density in point P1.
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the continuity and Navier-Stokes equations were smaller than 10~ ? in all temporal iterations. We have used a grid of
112,987 control volumes; the mesh is composed of tetrahedral mesh elements. The computation of 21 s of operation of
the converter model uses 2x 10° iterations, and each iteration takes 8 s of CPU in a computer with Pentium IV
processor and with Linux Red Hat 7.3 operating system.

sz

At:2(u/p)+UAX'

(12)

4. Results and discussion

Fig. 2 shows views from the white metal and the slag sides respectively of fluid dynamics in the water model. The air
injection at white metal side produces turbulent jets, splashing and high air—water mix. The splashing and the gravity waves are
dumping at the slag side of the converter. The mean values of amplitude of water oscillation, frequency and jet penetration
were determined in the 4 points indicated in Fig. 1c. Using dimensional analysis [7], a dimensionless frequency can be defined
as,

o= wy\/D/2g. (13)

Using Eq. (13) the experimental values of frequency can be transformed to representative values of frequency w for the Teniente
type copper converter, the amplitude 4 and jet penetration / are obtained using the scale factor 5. Table 1 shows these mean values for
the Teniente converter.

Fig. 3 shows instantaneous contours of volume fraction of white metal, Fig. 3a, and slag layer, Fig 3b, in five axial positions
respectively for the time /=21 s. The numerical simulation can reproduce many characteristics of this unsteady three-dimensional
and three-phase flow as: (i) air turbulent jets, (ii) splashing of free surface in the injection zone, (iii) suppression of splashing in the
settling zone, (iv) displacement after =21 s of the slag layer to the settling zone. The last finding is very important to be
determined, so that the Teniente type copper converter can operate with this Froude number and with this level of white metal in
an efficient way.

Instantaneous velocity vectors at two mean planes is shown in Fig. 4. The velocity vectors in the mean plane X—Y (Z=0) shows
the complex vortex structure, in the gas phase it can be observed that the gas moves to the converter mouth. Maximal axial velocities
of air, 6 m/s, are located near the roof of the converter. The velocity vectors in the mean plane Y-Z (X=11 m) show the air jet
emerging in the white metal liquid phase, and the vortex structure formed in the gas phase. In the liquid phases the velocities are
lower and vortex structures cannot be observed.

The variation of density in one point adjacent to the wall of the converter located in the mean plane Y—Z (X=11 m) in the
position indicated in Fig. 1b is shown in Fig. 5a. The variation of density indicates that in this point the three phases are present
in different instants. From the fast Fourier transform of this signal we obtain the dominant frequency of the density variation, see
Fig. 5b, w=0.44 Hz. This numerical obtained frequency match very well the experimental values presented in Table 1. The
differences are lower than 25% depending of the comparison point. Gravity waves were observed that travel in the axial
direction of the converter from the white metal side to the slag side, in addition to the waves observed in the plane Y—Z of the
converter.

5. Conclusions

We have conducted numerical simulations and experimental visualization to study the fluid dynamics in a Teniente
type copper converter. We have studied the bath dynamics produced by air injection through 50 submerged tuyeres.
The simulation was carried out using the volume of fluid and the standard k—e turbulence model implemented in a
commercial solver. The numerical simulation has been able to predict the axial displacement of slag layer, the bath
oscillation and the jet formation.
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