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a b s t r a c t

Copper converting is mainly conducted in Peirce–Smith converters. Extensive work has been conducted
to understand fluid flow phenomena as air is injected into molten mattes. High momentum must be
transferred from the gas to the melt in order to refine the metal. In this work, we present a CFD analysis
of gas injection with one and three tuyeres. Results show that by increasing the number of injection
points, the flow pattern within the converter change considerably. Such changes result in the
development of large recirculation zones and localised eddy formation. Additionally, it was found that
the gas plumes in the melt are asymmetrical thus flow paths constantly interfere between themselves.
Bubbling–jetting transition is found to be better represented by the Kutateladze number.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Copper conversion is the selective oxidation of iron and sulphur
with oxygen enriched air (up to 35 vol.% O2) injected laterally into
a molten matte by means of a series of submerged tuyeres aligned
on one side of a cylindrical vessel named converter. Nearly all the
copper obtained by smelting and converting is processed in Peirce–
Smith (PS) converters. In spite of its high productivity, the PS con-
verter has some technical issues:

� Clogging of tuyeres as a result of accretions growing on the tip
of them.
� Erosion on the refractory lining around the tuyeres due to local-

ised thermal gradients.
� Inefficient SO2 capture in the off gases.

This type of furnace has not experienced significant technolog-
ical improvements over a century of operation, which opens the
door for upgrading it (Navarra and Kapusta, 2009). This can be
overcome with the use of computational tools and physical
modelling of such reactor.

On the other hand, gas injection is vastly used in process
metallurgy; a significant amount of analytical and experimental
work has been published on this subject. Extensive reviews were
made by Brimacombe et al. (1991), Brimacombe (1996), Kellog
and Díaz (1992), Mazumdar and Guthrie (1995), and more recently
by Lehner and Samuelsson (2009) and Mackey and Campos (2001).
In all these reports it has become evident the need to further
explore fluid flow phenomena at operating conditions in order to
minimise as possible the extent of refractory wear and accretion
growth in PS converters, in addition to splashing and slopping of
the bath.

In this paper we present some CFD results of the fluid flow
within a converter, after injecting gas with one and three tuyeres.
Most of the reports existing in literature refer to a single injection
point; however, given the nature of the converter, more informa-
tion on flow patterns and velocity fields is needed when more than
a single injection point is used.

2. Model description and geometries used

Fluid flow is described by Navier–Stokes (NS) equations, which
are expressed in vector form as follows:

q
@u
@t
þ u � ru
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¼ �rpþ lr2uþ qg ð1Þ
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where q is the fluid density, u is the fluid velocity (vector) (m/s), t is
time (s), p is pressure (Pa), l is the fluid viscosity (Pa s) and g is the
gravitational acceleration (m/s2). To maintain the mass balance in
the system, the continuity equation must be solved as well:
@q
@t
¼ �r � qu ð2Þ

which under isothermal conditions can be simplified to:
r � u ¼ 0: ð2aÞ

In current copper converting practice, turbulence is needed to
increase copper matte mixing, thus mass, momentum and heat
transfer are also increased. In order to model turbulence properly,
the Large Eddy Simulation (LES) model was employed. It is well
recognised that LES simulates turbulence in a better way than
two-equation models such as the j–e. LES is applied to turbulent
flows and consists of three steps: (i) filtering of NS equations, to re-
move small spatial scales, allowing for solving large eddies; (ii) use
of a model to solve the stress tensor obtained after the filtering
stage and (iii) conduct actual numerical simulations (Ghosal and
Moin, 1995). From the previous description, it is obvious that find-
ing a proper filter to the NS equations is paramount in order to
achieve good numerical results with LES. The filter selection comes
from defining a scale length that can divide eddies into either large
or small. The filter size used in this work is equivalent to the size of
the computational grid.

Liovic and Lakehal (2012) have developed better modelling pro-
cedures that involve the effect of surface tension on multiphase
flow. The inclusion of the surface tension effect is quite important,
for example, Marín and Utigard (2005) showed the importance of
accounting for the surface tension on the fire refining of molten
copper, as this property modifies fluid flow and hence the mass
transfer rate during refining, since Marangoni flow can be induced.

This new calculation approach is based upon increasing the
accuracy of the numerical method by modifying the curvature of
the gas–liquid interphase as it moves. The soundness of the result-
ing simulations is improved as the gas–liquid curvature is
smoothed. Also important is the discretization of the bi-phasic cur-
vature, which can lead to considerable errors or increased compu-
tational time. In addition to the curvature refinement conditions,
the use of more stable filters has also allowed for improving the
exactitude of the simulations conducted with the LES model. For
our calculation procedure, we added a surface tension term to
the NS set of equations, similarly to Marín and Utigard. This partic-
ular approach differs from that of Liovic and Lakehal’s, in the sense
that we have accounted for the surface tension effect directly from
NS equations and then using a filter similar to the one described
(Liovic and Lakehal), rather than modifying the curvature at the
gas–liquid interface, With the aid of such filter, we have been able
to obtain reasonable numerical results.

In this work, a force term due to surface tension was added to
the right side of Eq. (1), this term is:

Fr ¼ r C dr nr ð3Þ

where r is the surface tension (N/m) at the melt/gas interphase; C
is the local curvature of the interphase; dr is Dirac’s delta function
that localises the surface tension force (Yee, 2010) and nr is the
interphase orientation. Both C and nr are derived from an indicator
function C(x,t), which is used to trace points occupied by the gas
phase from those occupied by the melt:

nr ¼
rCðx; tÞ
jrCðx; tÞj ð4Þ

and

C ¼ r � nr ¼ r �
rCðx; tÞ
jrCðx; tÞj

� �
ð5Þ

the indicator function is filtered by a box type filter:

Cðx; tÞ ¼
1 if x is occupied by gas
0 if x is occupied by liquid

�
ð6Þ

The indicator function is then represented by:

Cðx; tÞ ¼
Z

D
Gðx� x0ÞCðx0; tÞdx ð7Þ

Due to the incompressibility nature of the flow, this indicator
function satisfies Eq. (2):

@C
@t
þrðuCÞ ¼ 0: ð8Þ

Additionally, another model is needed to tackle the multiphase
flow in the copper converter. The Volume of Fluid (VOF) formula-
tion relies on the assumption that two or more phases are not
interpenetrating. For each additional phase (q), its volume fraction
(aq) is introduced as a variable. In each control volume, the volume
fraction of all phases sums up to unity. The tracking of the interface
between the phases is accomplished by solving the continuity
equation for each phase (Fluent, 2003).

@aq

@t
þ t!�raq ¼

Saq

qq
ð9Þ

where Saq is a source term for the q phase. Finally, the Pressure Im-
plicit Splitting Operation (PISO) algorithm was employed in the
transient simulations for the pressure–velocity coupling given that
it maintains stability in the numerical scheme despite the larger
time steps (Fluent, 2003).

Eq. (8) is discretized when VOF interface tracking is employed.
For more specific details we refer to Liovic and Lakehal’s paper.

To better define the liquid–gas interface, the CFD software used
in this research uses an interpolation scheme called ‘‘Geometric
Reconstruction Scheme’’ (FLUENT, 2003). The geometric recon-
struction scheme represents the interface between fluids using a
piecewise-linear approach. This scheme is the most accurate and
is applicable for general unstructured meshes. It assumes that
the interface between two fluids has a linear slope within each cell,
and uses this linear shape for calculation of the advection of fluid
through the cell faces.

Another possible source of error in numerical simulations is
that of numerical diffusion. Numerical diffusion arises from trunca-
tion errors that are a consequence of representing the fluid flow
equations in discrete form (Fluent, 2003). Among other factors
such as the interpolation scheme, the mesh quality and its align-
ment with the flow, numerical diffusion is inversely related to
the resolution of the mesh; therefore, to reduce the extent of
numerical diffusion it is necessary to refine the mesh. In this work,
to minimise numerical diffusion, a mesh consisting of 6.5 � 105

elements was used for the simulations of one tuyere, whereas for
the simulations with three tuyeres, 1.8 � 106 elements were used.
The small mesh size employed in the computer simulations en-
sures a proper bubble capture and resolution of the gas–liquid
interface. The absolute numerical diffusion effect was not
estimated.

Earlier simulations (Vaarno et al., 1998) with one injection
point used a symmetry that did not consider the effect of adjacent
plumes on the flow pattern developed by the simulated tuyere.
Consequently, it’s been assumed that the resulting plume present
certain symmetry features that describe a particular flow pattern.
However, results from Rosales et al. (1999) show that there is a
strong interaction between adjacent tuyeres that modify the gas
flow trajectories obtained by a central tuyere. Such interaction re-
sults in flow patterns that are not necessarily symmetrical as it can
be assumed based on the actual location of the tuyeres on the
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