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Abstract

Copper matte converting is the key step to ensure high primary copper recovery in the smelting chain.
Its development and the fundamental research carried out over the past decades will be reviewed.
The operational challenges and environmental concern of batch-wise Peirce-Smith Converting vessel
have induced more than 50 years ago attempts to continuous converting process which have
materialized in the last two decades in the flash converting technology, utilized currently in one
smelter in USA and three smelters in China. Their annual copper production is in excess of 1.5 Mt, and
selected fundamental studies behind this major technological invention will be examined.

1. Introduction

Peirce-Smith converter of today is understood as a horizontal, rotary and cylindrical vessel lined with
refractory bricks (Milliken et al. 1968). The original patent of W.H. Peirce and E.C. Smith (1909) did not
make major claims to the shape of the vessel, blowing direction or design of its tuyere line. Since 110
years all types of copper converting vessels lined with basic bricks (MgO) instead of silica are called
Peirce-Smith converters (PSC), independently of blowing geometry. The technological development
was a spin-off of the invention of Bessemer converter for steelmaking in 1855 (Allen 1979). Due to
different properties of copper compared to steel, the bottom blown technologies and vertical
converters were gradually abandoned (Southwick 2008).

According to a recent copper smelting survey (Wang et al. 2016), about 70 % of the smelters use PSC
and its modifications. This popularity comes from two main factors, obvious simplicity of operation
and the capability of melting cold recirculating material (reverts) at the smelter. Its good and at the
same time harmful feature is the batch operation which requires skilled operators, as the
instrumentation and process control development has been slow, and it generates a large and
cyclically fluctuating off-gas flow low in SO, (Ng et al. 2005).

In spite of being a successful industrial operation there has been insufficient research in understanding
fluid flow aspects of the process. Mixing and mass transfer in the converter are key process
parameters that have been studied little. Due to similarity of the basic concept in ladle processing and
PSC, the core aspects have been adopted for process characterization of PSC in an effort to address
the challenges in productivity (Gray et al. 1984; Hoefele & Brimacombe 1979; Vaarno et al. 1998).
Physical and numerical models of PSC have been developed to study multiphase fluid flow phenomena
(Liow & Gray 1990; Vaarno et al. 1998; Koohi et al., 2008; Ramirez-Argaez 2008; Rosales et al. 2009;



Valencia et al. 2002, 2004, 2006; Chibwe et al. 2011a, 2012, 2013a-b). These models have been used
to establish functional relationships of process variables such as reaction kinetics (Kyllo & Richards
1998), injection dynamics (Schwarz 1996; Rosales et al., 1999), and fluid flow behaviour (Han et al.
2001; Real et al. 2007; Chibwe et al. 2014, 2015). Vaarno et al. (1998) and Valencia et al. (2004)
evaluated the applicability of mathematical formulation to the PSC process using cold models with
success and established velocity vector fields investigating the effect of Froude number on bath
mixing, jet stability, and splashing.

The concept of continuous Flash Converting (FCF) process was first presented in 1983 at Sulfide
Smelting Symposium. The Kennecott-Outotec Flash Converting process was taken into operation in
1995 at Kennecott's Utah Smelter in conjunction with Outotec Flash Smelting (FSF) as the primary
smelting step. The use of highgrade matte offers the option of converting large amounts of copper in
one process unit with major environmental and resource efficiency benefits.

2. Copper matte converting process

Copper smelting from sulphidic ores and concentrates is based on a stepwise oxidation of iron so that
oxygen activity increases in a controlled manner, step by step. The resulting product is blister copper
containing small concentrations of oxygen and sulphur. The main reactions can be written as

CuFeS; + 1*/,0,(g) = [(Cu,Fe(1x,2)2S] + x(FeO) + SO2(g) (1)
[CuzS] + Oa(g) = 2[Cu] + SOa(g). (2)

In the smelting and converting, the matte composition follows roughly the FeS-Cu,S joint of the Cu-
Fe-S system, which means that chalcopyrite, the most common copper sulphide mineral, depletes
both sulphur and iron during processing, as reaction (1) indicates. In the primary smelting step, the
gangue will be deported in the slag and as far as the furnace matte is concerned, the converting step
in different smelters receives matte in relatively uniform assay as to its main components, but its
Cu/Fe -ratio or matte grade varies. Thus, the converting steps involve only those components tapped
from the primary smelting unit, added in scrap, reverts and flux.

The PSC is the dominant technology for final deironisation and desulphurization of copper matte from
the primary smelting. The two-stage processing cycle contains several blowing and slagging periods
for oxidising iron from the sulphide matte, fixed to liquid slag by pure silica or sand (Johnson et al.
1979) where slagging of copper increases substantially along the processing.

3. Converter fluxing practices

Copper converting slags are fluxed typically to silica concentration lower than the primary smelting
slags, which contain more than 30 wt-% SiO,. Stoichiometric fayalite, Fe;SiO4 or pure ferrous ortho-
silicate, has a Fe/SiO, ratio of 1.86 (w/w), i.e. total iron of slag divided by its silica concentration, and
that includes a specific point where the number of bridging oxygen ions in the molten silicate network
is at its minimum. Basic trace oxides affect that feature, as natural sand contains typically, e.g.,
alumina, lime and potassia. This point, however, is not exactly the composition which allows the most
oxidizing, fully molten iron silicate slag to be formed, locating in the pure FeO-Fe,0s5-SiO; ternary
system at silica-magnetite (‘spinel’) double saturation with w(SiO;) = 0.272 and Fe/SiO, = 2.04 at 1200
°C, Fig. 1. Basic oxides shift the double saturation point towards higher silica concentrations, and to
higher oxygen activities or to higher matte grades.



Therefore, in converting the forming solid iron oxides are typically fluxed with sand to Fe/SiO, > 2.04
(or < 28 wt-% SiO;) so that in oxidizing conditions, towards the copper blow when essentially all iron
has been removed, their primary phase will be magnetite rather than silica, see Figs. 1 & 2. Such
conditions generate in copper converting, at low and moderate magnetite level, well behaving slags,
compared to the silica saturated slags, and even form an autogenous or freeze lining on the brick
lining. As Figs. 1 & 2 indicate, iron silicate slags are not molten in copper-making conditions at 1200 °C
and in P(02) >10! Pa (=10 atm), but require further fluxing by copper oxide for their functioning.
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Figure 1. The phase equilibria and development of molten slag domain at different flux additions to
pure iron silicate slags at 1200 °C calculated using Mtox database (Gisby et al. 2017).
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Figure 2. Calculated isothermal section FeO-Fe,0s-Si0; at 1200 °C with oxygen isobars from 10! to

103 atm and constant Fe/SiO; lines (w/w) of 1.6 to 2.4 superimposed; note ambiguity of the slag

assay at a constant matte grade (oc fixed oxygen pressure) if its Fe/SiO, ratio is not in control, Mtox
database (Gisby et al. 2017).



The product of converting is very low-iron, low sulphur blister copper which contains in addition to
the metallic impurities chemically dissolved oxygen, depending on end point of the copper blow,
according to equilibrium:

[Slcu + 2[O]cu = SO2(g), (3)

where the brackets refer to dissolved substance in molten copper bath. The equilibrium composition
of blister copper and its SO,-pressure dependence is shown in Fig. 3, based on a calculation with Mtox
database (Gisby et al. 2017).

Cu-O-8 at 1200 °C in P(SO,)=1-0.01 atm
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Figure 3. Solubility of oxygen in pure copper at 1200 °C as a function of sulphur concentration in SO,
partial pressures of P(SO;)=0.01-1 atm, in typical anode furnace conditions (Mtox 6.1 database).

4. Peirce-Smith converting development

Besides the fundamental research, which started in a systematic sense around the paper of Peretti
(1948), the development of PSC in past decades has mostly focused into the tuyere techniques
(Kapusta 2004), as punching, and eliminating the problem of tuyere blocking by high-pressure and
shrouded designs, as well as vessel design, including hoods and fugitive emission reduction. The major
trends in the PSC technology development are summarized in Table 1.

4.1. General development strands:

PSC operation, including ladle transfer of matte, is today the largest single source of SO, emissions in
modern copper smelters. The enabling techniques around PSC itself include a substantial refractory
material development, which first led to abandoning mortar designs for a full-brick lining
constructions (Mathewson 1913), and since ‘50s, direct bonded and high-fired magnesia-chromia
bricks have been in use tolerating batch-type conditions and large temperature variations of the PSC
operation (Schlesinger et al. 1996).

Poor fluxing control and variable slag chemistry, in part due to the batchwise operation, are typical to
the PSC process. In many reviews, the continuous copper matte converting has been named as the
target of process development for avoiding many weaknesses and practical obstacles of the PSC
technology. What a continuous converting process in reality includes, has several implications in the
literature? In case it involves a continuous feed of matte and continuous tapping of blister copper
from the converting step that feature has been realized in a number of cases, including the Mitsubishi
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C-furnace, Outotec Flash converting but not in this sense in the Noranda converting, where the matte
feed is not continuous.

The option of spray converting, as a promising approach to continuous converting (Sehnalek et al.
1964), was realized more than 20 years ago in a safer and highly reproducible approach of the
solidified matte converting, i.e. the Outotec-Kennecott process (Asteljoki et al. 1985). Its blister copper
typically contains =0.25 wt-% sulphur. It also allows adjustment of the fluxing chemistry in a similar
way as in the primary smelting, and a flexible control of the converting end point, due to the small slag
amount produced.

Table 1. Main development areas of PSC operation and technology.

Issue Initial stage State-of-the art Ref.

Refractory Mortars, MgO bricks MagChrome, direct bonded Routscka et al. 1980;
lining (Mathewson 1913) bricks, high-fired co-sinter bricks | Schlesinger 1996
Blowing Manual punching Punching machine, high-pressure | Mackey et al. 1984;
technique (Aimone 1968) operation, shrouded tuyeres, Kapusta 2013; Mackey et

Savard-Lee tuyeres, top blown-
nitrogen purged PSC (Inco)

al. 2001; Marcusson et al.
1994

Instrumentation

Eye, manual operation,
dip rod (Kelly et al.
1934)

Tuyere camera, optical ES,
machine vision, artificial
intelligence, in situ chemical
analysis

Schaaf et al. 2009; Wendt
et al. 1987; Hudson et al.
2017

Vessel design

Horizontal or vertical
vessel, no or open hood
(Kelly et al. 1934)

Primary and secondary hoods,
Hoboken syphon, horizontal
vessel, increased volume, cfd

Brannstrom et al. 2013;
Marcusson et al. 1994

Converting Blow regulation, no Flow measurements, concentrate | Mackey et al. 2001; Kojo
technique sulphur fixing (Morris injection, flux injection, acid plant | et al. 2006

1968)
Scheduling, Converting aisle Algorithms, mass and energy Kyllo et al. 1998; Navarra
control operation practices balance modelling 2016; Vaarno et al. 1998

(Welgama et al. 1996)

4.2.ICT tools and digitalization

Proper scheduling of converter operations will not only increase the overall productivity and
production rate but also is significant in terms of sulphur capture, fixing and acid plant operations
(Navarra 2016). The on-line optical spectroscopy through the converter mouth (Wendt et al. 1987)
has made a revolution in the end-point tracing and thus reduced hugely the chemical slag losses of
copper.

The process control measures have been improved by adopting mass and heat balance simulations as
off-line or on-line advisory tools for the converter operators (Kyllo et al. 1998, Nurminen 2017).
Several image analysis and in situ devices are or will soon be available for dip rod analyses and
chemical assays (Schaaf et al. 2009).

5. Fluid dynamics of PSC operation

In spite of numerical and experimental work on fundamental phenomenon of multiphase flow, little
effort has been addressed to the understanding of the combined effect of blowing rates and presence
of slag phase to the overall mixing performance of the converter. Moreover, it has become aninherent
process characteristic to add cold flux and scrap, process reverts and ladle skulls in order to control



fluxing and temperature of the process. The solid-liquid mass transfer step may also play an important
role in the performance and attainment of thermal and chemical bath homogeneity (Chibwe et al.
2011b). The mechanism and behaviour of dissolution of the cold additions and active sites within the
converter is not well understood. Rate of dissolution is known to affect the thermal state of the
converter and the turnaround time. Therefore, establishing a stable state of the converter and fully
developed flow field is necessary for effective process control. Dispersion also needs further
understanding, as there are quite substantial amounts of valuable metal losses due to entrapment
leading to the incorporation of slag cleaning systems in the copper production circuits (Moreno et al.
1998; Warczok et al. 2004). Again, little effort has been put forward to understanding of the complex
phase interactions in terms of volumetric dispersion with relation to the flow conditions.

5.1. Description of numerical and physical modelling

In this chapter, we review recent work on numerical modelling of mixing characteristics of PSC by
using a physical model as basis for validation. Numerical and physical modelling of flow patterns,
mixing, solid—liquid mass transfer, slag-matte phase distribution were conducted in a 1:5-scale PVC
water model (Fig. 4a) of an industrial PSC. Numerical simulations were carried out based on the 1:5
scale water model of PSC. A multi-size, variable fine mesh was employed in the matte-slag domain.
The commercial CFD code ANSYS FLUENT 13.0 was used for the calculations on a High Performance
Computing cluster. In order to account for multiphase nature of the flow, the VOF model was used.
The interfacial behaviour of air, matte and slag was captured by a compressive discretization scheme
through surface tracking of the phase interfaces in the system via solution of the VOF continuity
equation. In the model, the different phases are treated numerically as interpenetrating continua.
Incorporation of the effects of turbulence on the flow field inside the model was accomplished by
using the Realisable k-e (RKE) model. A coupled algorithm was used for pressure-velocity coupling.
Discretisation by a Compressive Interface Capturing Scheme for Arbitrary Meshes (CICSAM) was used
to obtain face fluxes, when the computational cell is near the interface using piecewise-linear
approach. Velocity inlet and pressure outlet boundary conditions were used for the specification of
flow conditions into the model at the tuyere inlets and open top respectively. A time step of 0.1 ms

was used and found to be sufficient for maintenance of numerical convergence at every time step and
stability.

pH Probe

Tracer @

Simulated slag

Tuveres

Simulated matte

(b)

Figure 4. Physical model of Peirce-Smith copper converter.



For physical modelling, Froude number was used for dynamic similarity representing fluid flow driven
by inertial and gravitational forces. Kinematic similarity between PSC and model was satisfied through
Morton number incorporating surface tension, viscosity and densities of the fluids. The liquid phases
in the real PSC, matte and slag, were simulated with water and kerosene, respectively, for kinematic
similarity. Air and sintered benzoic acid compacts were used to simulate injected gas and solid
additions into the PSC. Industrial PSC and the model geometry, dimensions, fluid physical properties,
and blowing conditions can be found elsewhere (Milliken et al. 1968, Johnson et al. 1979). For mixing
time measurements, a tracer dispersion technique with acid injection was used and monitored by a
pH meter. Kerosene to water height ratio was varied from 0 % to 40 % at five equidistant intervals. Air
volumetric flow rate was varied from 0.00875 to 0.01375 Nm3s?, which represents typical scaled down
industrial operation range. In the numerical simulations for mixing time measurements, a region was
adapted in the same location as the tracer injection point where acid was patched. A custom field
function formulated at the position of the pH probe, measured the mole fraction of tracer species as
a function of flow time. This was achieved through solving the species transport equation. Mixing was
considered complete when the species concentration reaches a stable value.

5.2. Mixing: numerical and physical modelling

Numerical simulations revealed that in thin simulated slag thicknesses (54 mm) in Fig. 5, all slag is
pushed ashore, with the plume region being composed almost of matte only. This increases
hydrodynamic pressure to the rising bubbles and hence increased specific energy dissipated to the
liquid phase for bath recirculation due to high bubble retention time, thus increased mixing efficiency.

Figure 5. 2-D density contour plots with 54 mm simulated slag thickness at 0.01125 Nm3s (a) at 0.05
sec and (b) at 10 sec flow time.

0006400

Figure 6. 2-D density contour plots with no simulated slag thickness at 0.01125 Nm3s? (a) at 0.05 sec
and (b) at 10 sec flow time.



Numerical solution of flow at no simulated slag thickness (Fig. 6) shows that at zero slag thickness, the
power input to the system is distributed between the bulk flow recirculation and formation of splash
in the plume region. With 54 mm thickness of simulated slag (Fig. 5), dispersion of the simulated slag
into simulated matte occur and also large splashes above tuyere line. Noticeably, the simulated slag
phase is pushed ashore to the area opposite to air injection nozzles thereby forming a plume, which
is mainly composed of simulated matte. Such a scenario is beneficial as it increases the tuyere bubble
trajectory path and retention time for energy transfer from the bubbles to the bulk liquid before they
rupture at the bath surface. However, the benefits of such retention time are offset by the effects of
phase interaction, friction and diffusion mechanism, which dissipates substantial amount of energy.
Also mechanisms of momentum transfer at simulated matte- slag-air interfaces fritter away potential
recirculation energy. At increased slag thickness, the effect of interaction and dispersion is highly
pronounced, and mixing efficiency is expected to decrease.

Fig. 7 shows simulated matte recirculation velocity (average bulk velocity) variations with slag
thickness, at constant air flow rate of 0.00875 Nm?3s?. Reduction in recirculation velocity and
turbulence with increased simulated slag thickness results in decreased mixing efficiency hence an
increase in mixing times. Fig. 7 also depicts that substantial amount of recirculation velocity and hence
turbulence kinetic energy set up in the simulated slag layer relative to the velocity in the matte. Kim
& Fruehan (1987) observed in slag incorporated systems that such a large distribution of velocity in

multiphase metallurgical vessels cause decreased mixing efficiency. Relative effect of velocity is more

pronounced in the 108 mm slag thickness than in the 54 mm slag thickness.

0.00¢+00 a — ) b

Velocity Vectors Colored By Velocity Magnitude (mixture) (mvs) (Time=9 9338e+00) Velocity Vectors Colored By Velocity Magnitude (mixture) (m/s) (Time=9.949¢+00)

Figure 7. Velocity vector plots for a) 54 mm and b) 108 mm simulated slag thickness at air flow rate
of 0.01125 Nm3s!

Also as a comparison, numerical mixing time simulations were also done in Fig. 8 with equivalent
heights (351 mm) of only matte and matte plus simulated slag (81 mm). Numerical simulations with
only matte depth show improved mixing efficiency. This could be attributed to improved gas bubble-
bulk liqguid momentum transfer due to high gas retention time, hence increased mixing efficiencies.
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Figure 8. Numerical mixing time results for cases (a) 81 mm simulated slag thickness and (b)
equivalent total simulated matte depth of 351 mm at air flow rate of 0.01125 Nm3s’?

Physical modelling results also revealed that mixing time decreased with increase in specific mixing
power for the cases with thin and no simulated slag (Fig. 9). It is logical to assume that at no and thin
slag thickness, the effect of interphase interaction i.e. interphase friction, interphase diffusion, and
two-phase turbulence modification in bath recirculation, is not fully developed (Schwarz 1996), hence
the reduced mixing times observed. For relatively thick simulated slag layer of 54 mm and above, this
trend shifted to an increased mixing time with increase in total specific mixing power. Valencia et al.
(2004) reported that an increase in air power generated more turbulence in the converter, with little
benefits in terms of mixing quality in the mean flow of the bath. Therefore, the observed decrease in
mixing efficiency at higher slag thickness may be attributed to three-fold effect namely; channelling,
manifestation of phase interaction between matte and slag, and tuyere flow dynamics.
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Figure 9. Effect of specific mixing power (buoyancy and gas kinetic energy) and slag thickness on
mixing.
It is possible to postulate that when the melt height in the PSC is generally low, the gas channels though
the bath along the vertical side wall of tuyere injection nozzle axis. In that case, residence time of the gas
bubbles inside the melt is reduced which in turn will reduce gas-melt interactions within the bulk melt. As
a result of channelling, the effectiveness of the gas momentum and power transfer to the bulk liquid flow
is reduced. This adversely affects the mixing, liquid-liquid and liquid-solid mass transfer within the bath.
On the other hand, with an increase in liquid height, the axial plume residence time increases, which results
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inimproved interaction between the gas and liquid. This will lead to more matte entrainment into the rising
plume and a stronger agitation in the bath. In order to maintain consistent mixing power and offset the
adverse conditions due to rising liquids volumes, the bath height with respect to matte and slag ratio should
be monitored in order to make necessary adjustments to the gas blowing rates for energy efficient process.

On the basis of the above results and discussions, there appears to be a critical slag thickness in the
simulated PSC model, above which, increasing air flow rate results in extended mixing times due to a
combination of channelling and secondary recirculation in the slag layer. Secondary recirculation results in
dissipation of energy causing reduced bulk fluid recirculation velocity and turbulence kinetic energy.
Increased matte fraction in matte/slag increases mixing efficiencies possibly due to high bubble retention.
It was revealed that the slag layer as well as airflow rate has influence on the bulk recirculation velocity,
turbulence and thus affecting mixing efficiency.

6. The Flash Converting Process

The Flash Converting process has been presented in detail earlier (George 2000; Hanniala et al. 1994,
1998; George et al. 1995; Kyto et al. 1997; Kojo et al. 2000a-c). A short summary only is given here. A
flow sheet of the Flash Converting process combined with a FSF is shown in Fig. 10. Dried concentrate
is smelted in the FSF using a high oxygen enrichment, allowing the smelting step to operate almost
autogenously without additional fuel. The molten high-grade matte produced in the FSF is granulated
by high-pressure water jets and subsequently fed into the FCF.

The fine-grained matte is oxidized and smelted in the FCF furnace to blister copper and slag using a
high oxygen enrichment. Also the FCF can operate almost autogenously even with high matte grade
feeds. The sulphur content of blister copper is controlled by the oxygen to matte ratio in the feed.
Because of the small amount of slag, it will be fed back into primary FSF in granulated form and a
separate slag treatment for the converter slag is avoided.

DING
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== jﬁ e

MATTE GRANULATION, GRINDING AND DRYING

MATTE BEDDING

m i E i _r ACID PLANT

FCF
IACES WHB ESP
ANODE CASTING
SCRAP MELTING

-

Figure 10. A typical Flash Smelting — Flash Converting process flow sheet (Outotec 2018).
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As a result of the high oxygen enrichment, the off-gas volume is small in both furnaces and rich in SO,
Fig. 11. The gas flow through the cooling and cleaning steps to the sulphur dioxide recovery is
continuous. The stable off-gas stream of the FCF process enables significant savings in acid plant
investment costs compared to PSC. The combined gas volume of FSF and FCF furnaces is less than 80
000 Nm?3/h, similar to gas volume of a single PSC (George et al. 1995). FCF produces a gas stream with
much higher SO, concentration that enables a compact off-gas line and acid plant, and low operational
costs (Kojo & Storch 2006).
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Figure 11. The required off-gas treatment capacity Figure 12. Specific refractory consumption
for producing 200 000 tpa of copper per tonne of copper produced in PSC and
(Tuominen & Kojo 2005). FCF (Tuominen & Kojo 2005).

In FCF, significant energy and labour costs are saved in comparison to those of the PSC practice. Vessel
availability time in FCF is significantly higher than that of a single PSC, and complete shutdown and
relining is needed much less frequently. The decoupling availability of the FSF-FCF line further reduces
the production time lost due to maintenance. Matte can be stored during FCF repair and the stored
matte processed during FSF repair. The acid plant then operates during the entire maintenance period.

The stable bath and effective cooling of the FCF minimize the refractory wear in comparison to the
intensive stirred baths, typical to PSC and lancing techniques. A typical interval for PSC relining is less
than one year, whereas in FCF over five years have been proven and values close to ten years are
expected. The refractory consumption per tonne of produced copper varies from 1.5 to 4.5 kg in PSC
(Davenport et al. 2002), whereas in FCF it is virtually minimal, in the order of magnitude of 0.25 kg per
tonne of produced copper, as shown in Fig. 12.

In modern FSF, the produced matte is homogeneous as to copper content (£1 %). To be able to reach
this, the process control has to be able to adjust to FSF concentrate quality changes, which may require
variation of =20 % in oxygen feed, see Fig. 13. The FCF feed matte grade can be regarded as virtually
constant. The oxygen demand variation is much lower in the FCF than in the FSF, which further
stabilizes the process. In both furnaces, oxygen is almost totally consumed in the reaction shaft, and
astrict control is therefore possible. Copper content inthe slagis the only necessary control parameter
along with temperature measurements. When slag copper varies between 18 and 22 wt-%, blister
sulphur varies between 0.3 and 0.1 wt-% S, respectively. The easiness of process operation enables
stable operation, high online availability, stable SO, concentration in the gas, and long campaign life.
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Figure 13. An example of oxygen coefficient for various concentrate copper contents as a function
FSF matte grade.

6.1. Sustainability of copper smelting and continuous converting

According to a study (Aspola 2008) the copper smelter operators valuated the following indicators to
be the most important economic indicators to their operations: Operation costs, Profit/Total income
—ratio, ROCE and Online time availability. All these aspects are strongly supported by continuous
nature of the Flash Converting Process. In addition, the online time and especially the campaign life
of the FCF can be compared to that of FSF, which is the benchmark of copper industry. One important
aspect is also the economics of scale, which favor a minimal number of furnaces and process steps.
This results in significant savings in both investment and operational costs.

Of the social indicators, the most important were Number of fatal accidents, Accident frequency rate
and Overall working conditions. The operational safety issues and especially overall working
conditions in a Flash Converting plant are on a totally different level compared to that of a plant, in
which molten materials are transported to converters using ladles and cranes. In FCF, all molten
materials are transported via launders, which can easily be covered for collecting the fugitive
emissions. The highly automated system without ladles and high amount of fugitive gases also
increase workplace safety and hygiene. High degrees of automation also decrease the labour
requirements of FCF (Nurminen 2017).

Of the environmental indicators, the most important were Specific SO, emissions, Copper recovery,
Specific net energy consumption. Specific heavy metals discharges to water and Number of cases
exceeding the local and/or national emission limits. These factors can be tackled most easily in a
process, which collects the process gases efficiently to be treated in a sulphuric acid plant. In FCF the
sulphur dioxide content of the gas is in range of 45-70 vol-% SO, whereas in bath converting the gas
strength is only 3-12 % SO,. This means much higher sulphur capture, 99+ %, but also much smaller
and cheaper gas handling equipment cost.
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6.2. Experiences of US and Chinese FSF-FCF smelters

World’s first FCF has been running in Kennecott Utah Copper for well over two decades, with an
expected campaign life reaching that of FSF. After a learning period of a few years, Kennecott reached
more than 5 years campaign life. Good process control together with the fact that the furnace is easy
to operate will make future campaign times as long as in Flash Smelting Furnaces. During its existence,
the FCF at Kennecott has processed a total of over 7 Mt of matte, i.e. about 5 Mt of copper.

Figure 14. Yanggu Xiangguang copper smelter (Shandong, China).

Shandong Yanggu Xiangguang Copper Co. Ltd was the second copper smelter in the world to adopt
the FCF technology, Fig. 14. Its production started in September 29, 2007. One of the main reasons for
the decision favoring Outotec FSF and FCF processes for the green field smelter in China are increasing
environmental concerns. With the FCF process, sustainable operation offers the smelter an
environmental license to operate for decades to come.

The production of the Xiangguang Copper FSF-FCF copper smelting process reached the design figure
smoothly and met the standards, marking a successful application in China with only the second
‘Double Flash’ copper smelting process in the world at that time. Xiangguang’s productive practice
has shown that FSF-FCF copper smelting is an advanced technology and mature process. The high
efficiency and environmental friendliness of the process shows also the future direction for the
copper smelting. More than 3 Mt of copper has been produced at Xiangguang during the first full 10
years of the operation.

The outstanding features of energy saving, low investment and production cost, high automation and
labor productivity, good potential expansion capacity and environment protection performance, and
especially low flue gas pollution and SO, fugitive emissions of the ‘Double Flash’ were also notified by
the other Chinese copper smelters. The world’s third FSF-FCF line was started by Tonling Jinguan
Copper Corporation in January 2013 and in 2016 it reached 410 000 t annual production, more than
the ‘name plate capacity’. The third FSF-FCF (in China), also with 400 000 t Cu annual capacity, the
Jinchuan Fangchenggang smelter started up in 2014 and reached the design capacity in Q4 2014. In
2016 the annual production was targeted 400 000 tpa Cu. It can be said, that a Chinese standard for
a large green field smelter today is a FSF-FCF line with an annual capacity of 400 000 t Cu.

7. Modelling the Flash Converting Furnace
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The FCF modelling is based on CFD models developed for the FSF. The main difference is in the user-
defined-functions (UDF) describing the feed mixture behavior, especially the chemical reactions and
their kinetics, and particle fragmentation (dust generation). There were many attempts already in ‘70s
to describe the flash smelting phenomena as a mathematical model, but we focus on more advanced
models coupling chemical reactions with a Computation Fluid Dynamics (CFD) software.

7.1. From experimental kinetics and particle behavior to numerical and CFD modelling
As one of the first developers of FS simulation by commercial CFD, prof. FRA Jorgensen et al. published
their results on the reaction shaft simulation in 1992, and with reactions in 2003 and 2006 (Solnordal
et al.). The research group of an author of this article started as well in early ‘90s and published their
results of fluid flow in a FSF in 1994 (Jokilaakso et al. 1994), and more advanced models with chemical
reactions of feed particles for both FS and FC processes (Vaarno et al. 2003; Ahokainen et al. 2006).
This model was later adopted in industrial use (Miettinen 2017). Also, Li & Xiao (2003) have published
their FSF simulation results with a general purpose CFD code. More recently, also Nagai et al. (2013),
Zhou et al. (2014) and White et al. (2015) have modelled industrial FSFs using the commercial CFD
software ANSYS Fluent.

Over the decades, there have also been many modelling efforts, where the modelling software has
been developed by the research group instead of using a commercial CFD tool. A good example of
these is presented by Perez-Tello et al. (2001a), who first did an extensive experimental study of
copper converting reactions (Perez-Tello et al. 2001b).

Whereas the transport phenomena modelling of the FCF is based on the models developed for the
FSF, the models for chemical reactions, kinetics and particle fragmentation in the FCF are based on
original experimental investigations. Suominen et al. (1991, 1994) studied solid copper matte
reactions in a laboratory scale drop-tube furnace. Further results were published by Riihilahti et al.
(1997), Yli-Penttila et al. (1998) and Peuraniemi et al. (1999) with dust formation in focus. Kinetics of
chalcocite concentrate was, in turn, studied experimentally by Morgan & Brimacombe (1996).
Developments of a kinetic model for chalcocite oxidation were reported by Ahokainen et al. (1997)
and Jarvi et al. (1997).

Chaubal et al. (1989) developed a fundamental model based on thermodynamics and mass transfer
processes for describing minor element behavior in the FSF and FCF. Recently, Swinbourne & Kho
(2012) developed a more advanced CFD model for minor element distributions in copper FCF.

In the experimental studies of Cu and Ni concentrates and mattes, the particles have been observed
to change their size due to fragmentation, as a result of vigorous oxidation reactions (Kim & Themelis
1986; Jokilaakso et al. 1991). Perez-Tello et al. have developed mathematical correlations and a model
to represent size distributions and dust formation of copper matte particles oxidized under FCF
conditions in a large laboratory furnace (2002, 2008; Duarte-Ruiz et al. 2016).

7.2. Description of numerical and physical modelling

A kinetic model for FS and FC reactions describe the chemical behavior of the feed particle in the
reaction shaft conditions. In addition to the reactions, our model considers mass and heat transfer
(and balance) between a particle and the surrounding gas as a function of time. The module has been
coded as a separate program to be coupled with a commercial CFD software. The CFD package solves
the gas flow and particle trajectory equations, and separate source terms are defined for the
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interactions between particle and gas. The model described here is called the Outotec FLASH code
(Ahokainen et al. 1998).

7.3. Outotec FLASH code

The code calculates the changes in the feed particle compositions in FCF reaction shaft. The minerals
included are chalcopyrite (CuFeS;), chalcocite (Cu,S), copper matte (Cu,S-yFeS) and SiO,. The particle
temperature is obtained from the heat balance, which calculates the heat transfer between the
particle and its surroundings by radiation and convection. It describes also the generated (or
consumed) heat of the chemical reactions. The shrinking core model is used for the heterogeneous
reactions between gas and the particles (Ahokainen et al. 1997; Jarvi et al. 1997). The rate controlling
step is a combination of oxygen mass transfer from bulk gas to the particle surface, through the
product layer to the reaction surface, and the chemical reaction. Oxygen consumption and sulphur
dioxide formation is defined by the mass transfer calculation. In the FCF simulation, the solid feed
mixture may contain chalcocite, copper matte, and inert phase.

Each particle type can have a different chemical composition and size distribution. The FLASH model
(Ahokainen et al. 1998) originally written for PHOENICS was later translated into CFX4. Currently, the
code is implemented for the ANSYS FLUENT package, entirely with UDF. Fig. 15 depicts the progress
of heterogeneous reactions for a chalcocite particle by the shrinking core model. They are assumed to
take place on a thin reaction interface where the overall rate of reaction is in control.

Solid Liquid core Liquid
state Solid crust state
SN |
L/ N
N/
CujS, Core: Core: CupS(l),  CupS(l), CupO(l),
FeS CuyS, FeS Cu(l), FeS(1) Cu(l), Cu(l),
Crust: Crust: FeS(l), Fe304(1)

Cuy0, Fe304 Cuy0, Fe304 Fe304(1)
Figure 15. The reaction mechanism for chalcocite particle oxidation. (Ahokainen et al. 1997)

7.4. Particle-particle and particle-wall interactions
The concentrate burner of a FSF and FCF consists of several concentric ducts for the process gas and
the feed mixture. It creates an optimal suspension of the solids and the oxygen-enriched process air
in the upper part of the reaction shaft. Particles falling from the vertical feed tube collide to the
distribution cone that turns most of the vertical momentum of the free fall to horizontal, thus ejecting
the particles into the downward oriented process gas jet.

The FLASH code is based on the particle tracking algorithm of FLUENT. The standard procedure for
particle tracking does not take into account any particle-particle interactions. Also, the default
particle—wall interaction is not detailed enough to describe particle collisions to the distribution cone.
Therefore, formation of a high particle density layer and the particle veil cannot be modelled properly,
but the results over-predict the spreading of the particles into the reaction shaft, as particle-particle
collisions were not taken into account.

7.5. Modelling radiation phenomena in the flash converting

Thermal radiation is the dominating heat transfer mode in every high temperature process, like the
FSF and FCF. In thermal radiation modelling, the absorption and scattering coefficients in the
suspension as well as emissivity of the reaction shaft walls must be included. The scattering and
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absorption coefficients depend on several factors, e.g. the refraction index, size, and shape of the
particles. Analytical solutions exist for the Rayleigh-scattering, where particle diameter is small
compared to wavelength of the radiation, and also for Mie-scattering. For large particles, the
scattering coefficient is obtained by geometric optics, because scattering mainly is due to reflection.

7.6. Selected modelling results

The FS and FC are very energy intensive processes and the reaction shaft walls are under a heavy heat
flux conditions from the exothermic reactions of the sulphidic feed particles, Fig. 16 (Tuominen et al.
2016). CFD modelling can help in designing the concentrate/matte burner and air/oxygen flows so
that the ignition and heat fluxes are optimal for the smelting operation and furnace wall cooling.

Figure 16. A schematic reaction shaft heat load comparison, ignition of concentrates (Tuominen et
al. 2016).
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Figure 17. Particle mass concentration (kg/m?) in the reaction shaft with existing (left) and new
burner (right) in a FCF (Outotec 2018).

Outotec is using the FC model in several industrial cases for studying parametric changes, such as
distribution air, reaction shaft dimensions, and capacity (with different operating parameters,
respectively) (Outotec). Fig. 17 compares particle mass concentration (kg/m3) in the reaction shaft
with existing (left) and a new burner (right) design. A comparison of feed rate on temperature
contours is presented in Fig. 18 (Outotec 2018).
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8. Conclusions

In the recent 2016 Copper Smelting Survey (Wang et al. 2016), out of total 110 operating copper smelters 73
report using PSC as the technology for copper matte converting. Since the 2004 JOM review (Kapusta 2004),
three new continuous converting plants have been started up in China and several smelter upgrades with
PSC technology as the converting step have been completed, including Bor, Boliden Ronnskadr and Sar
Cheshmeh, Khatoon Abad. E.g. Thai Copper and Phalaborwa have been shut down. In addition, two new
direct-to-blister flash smelting plants are in operation (KCM, Gtogow 1) (Tuominen 2017). The recent
developments in the copper industry indicate slow but steady advancement towards continuous matte

converting techniques.

An apparent benefit of the disconnected copper smelting and matte converting steps is a flexible operation
of the smelter where interruptions in either processing step do not stop entirely the smelting operation at
the smelter line. PSC is the main consumer of cold reverts, spent anodes and external scrap in the smelter.

In green field smelter projects one small, continuously operating high-intensity converting reactor is the clear
choice over several large, low-intensity vessels. Often the environmental regulations require that the least
polluting process option be favored. In the future, more stringent environmental regulations will drive the
industry towards continuous converting. The possibilities for a large capacity increase without major
modifications or further investment is another major benefit of the Flash Converting process. Replacing
existing PSC facilities with an FSF-FCF line is a viable option for capacity increase in a sustainable and
economical way. Today, FCF has shown that the environmental benefits achieved by FCF are not only benefits
for the Nature but for the copper producers themselves. FCF offers comprehensive solutions for copper

producers in sustainable and economical way- now and in the future.
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Most disadvantages of continuous flash converting suggested by Moskalyk & Alfantazi (2003) have been
proven incorrect, including the specific cases of direct-to-blister technology, and today the production
capacity of continuous solid matte converting units is more than 1.5 Mtpa copper (Nurminen 2017). Since
2003, many innovative technologies in copper converting have been abandoned and vanished from industrial
awareness of copper making, including e.g. QSL, WORCRA and CONTOP processes.

Literature:

Ahokainen T, Jokilaakso A 1997. Developments in Kinetic Modelling of Chalcocite Particle Oxidation. In:
Jokilaakso A editor. Proc. 4" Int. Colloquium on Process Simulation: Helsinki University of Technology,
Publications in Materials Science and Metallurgy, TKK-MK-1, p. 567-577.

Ahokainen T, Jokilaakso A 1998. Numerical Simulation of the Outokumpu Flash Smelting Furnace Reaction
Shaft. Can Metall Q, 37(3-4):273-283.

Ahokainen T, Jokilaakso A, Taskinen P, Kytd M 2006. A New Advanced CFD Model for Flash Smelting and
Converting Processes. In: Kongoli F editor. Sohn Int. Symposium, vol. 8: TMS, Warrendale (PA), p. 529-543.
Aimone F 1968. Mechanical Tuyere Punchers — A Review. JOM, 20(9):33-37.

Allen R 1979. International Competition in Iron and Steel, 1850-1913. J Econ History, 39(4):911-937.

Aspola L 2008: Sustainability Indicators in Copper Smelting Processes. [MSc Thesis] Espoo: Helsinki
University of Technology.

Asteljoki J, Bailey J, George D, Rodolff D 1985. Flash Converting - Continuous Converting of Copper Mattes.
JOM, 37(5):20-23.

Brannstrom P, Hedlund L 2013. Environmental Improvements for Peirce-Smith Converters with Outotec’s
Converter Hood Technology for Primary and Secondary Gas Capture. In: Base Metals Conf. 2013: SA IMM,
Johannesburg, p. 139-150.

Chaubal P, Sohn H, George D, Bailey L 1989. Mathematical Modeling of Minor-Element Behavior in Flash
Smelting of Copper Concentrates and Flash Converting of Copper Mattes. Metall Trans B, 20(1):39-51.
Chibwe D, Akdogan G, Aldrich C, Eric RH 2011. CFD Modelling of Global Mixing Parameters in a Peirce-Smith
Converter with Comparison to Physical Modelling. Chem Prod Process Model, 6(1):1-28.

Chibwe D, Akdogan G, Aldrich C, Taskinen P 2012. Numerical Simulation of the Slag-Matte Distribution in a
Peirce-Smith Converter. In: Kongoli F editor. Fray International Symposium, vol. 1: Flogen Star Outreach,
Montreal, p. 387-400.

Chibwe D, Akdogan G, Aldrich C, Taskinen P 2013a. Modelling of Mixing, Mass Transfer and Phase
Distribution in Peirce-Smith Converter Model, Can Metall Q, 52(2):176-189.

Chibwe D, Akdogan G, Taskinen P 2013b. Numerical Investigation of Combined Top and Lateral Blowing in a
Peirce-Smith Converter. Chem Prod Process Model, 8(2):119-127.

Chibwe D, Akdogan G, Taskinen P, Eksteen J 2014. Modelling of Fluid Flow Phenomena in Pierce-Smith Copper
Converters and Analysis of Combined Blowing Concept. In: Pyrometallurgical Modelling: Principles and
Practices: SA IMM, Johannesburg, p. 127-146.

Chibwe D, Akdogan G, Taskinen P, Eksteen J 2015. Modelling of Fluid Flow Phenomena in Pierce-Smith Copper
Converters and Analysis of Combined Blowing Concept, SA IMM J, 115(5):363-374.

Chibwe D, Akdogan G, Eksteen J 2011. Solid-liquid Mass Transfer in a Peirce-Smith Converter: A physical
Modelling Study, Metall Mining Ind, 3(5):202-210.

Davenport W, King M, Schlesinger M, Biswas A 2002: Extractive Metallurgy of Copper, 4" Edit. Oxford:
Pergamon Press.

19



Duarte-Ruiz C, Pérez-Tello M, Parra-Sanches V, Sohn H 2016. The Role of Expansion and Fragmentation
Phenomena on the Generation and Chemical Composition of Dust Particles in a Flash Converting Reactor.
Metall Mater Trans B, 47(5):3115-3125.

George D, Gottling J, Newman C 1995. Modernization of Kennecott Utah Copper Smelter. In: Chen W, Diaz
C, Luraschi A, Mackey P editors. Int. Conf. Copper-Cobre 95, vol IV: CIM, Montreal, p. 41-52.

George D 2000. Continuous Copper Converting — A Perspective and View of the Future. In: Stephens R,
Sohn H editors. Sulfide Smelting 2002: TMS, Warrendale (PA), p. 3-13.

Gisby J, Taskinen P, Pihlasalo J, Li Z, Tyrer M, Pearce J, Avarmaa K, Bjorklund P, Davies H, Korpi M, et al.
2017. MTDATA and the Prediction of Phase Equilibria in Oxide Systems: 30 years of Industrial Collaboration.
Metall Mater Trans B, 48(1):91-98.

Gray N, Nilmani M, Fountain C 1984. Investigation and Modelling of Gas Injection and Mixing in Molten Liquid
Processes. In: Symposium on Extractive Metallurgy: The Aus. IMM Melbourne branch, p. 269-277.

Han J, Heo S, Kam D, You B, Pak J, Song H 2001. Transient Fluid Flow Phenomena in a Gas Stirred Liquid Bath
with Top Oil Layer-Approach by Numerical Simulation and Water Model Experiments. ISIJ Int, 41 (10):1165-
1172.

Hanniala P, Kojo I, Kyté M 1994. The Kennecott-Outokumpu Flash Converting Process. Facts and Fictions. In:
McCain J, Floyd J editors. Converting, Fire Refining and Casting: TMS, Warrendale (PA), p. 107-119.

Hanniala P, Kojo I, Kyté M 1998. Kennecott - Outokumpu Flash Converting Process - Copper by Clean
Technology. In: Asteljoki J, Stephens R editors. Advances in Sulphide Smelting '98: TMS, Warrendale (PA), p.
239-247.

Hoefele E, Brimacombe J 1979. Flow Regimes in Submerged Gas Injection. Metall Mater Trans B, 10(4): 631-
648.

Hudson S, Craparo J, de Saro R, Apelian D 2017. Applications of Lase-Induced Breakdown Spectroscopy
(LIBS) in Molten Metal Processing. Metall Mater Trans B, 48(5):2731-42.

Johnson R, Themelis N, Eltringham T 1979. A World-Wide Survey of Copper Converting Practice. JOM,
31(6):28-36.

Jokilaakso A, Suominen R, Taskinen P, Lilius K 1991. Oxidation of Chalcopyrite in Simulated Suspension
Smelting. Trans IMM Section C, 100(2):C79-C90.

Jokilaakso A, Ahokainen T, Yang Y, Teppo O, Riihilahti K, Tuominen J 1994. Computer Simulation of Fluid Flow
in an Outokumpu Type Flash Smelting Furnace. In: Sohn H editor. Proc. Second Symposium on Metallurgical
Processes for the year 2000 and beyond, vol. |: TMS, Warrendale (PA), p. 841-858.

Jorgensen F, Elliot B 1992. Flash Furnace Reaction Shaft Evaluation through Simulation. In: Extractive
Metallurgy of Gold and Base Metals: Aus. IMM, Melbourne, p. 387-394.

JarviJ, Jokilaakso A, Ahokainen T 1997. Mathematical Modelling of Chalcocite Oxidation Reactions. Computer
Applications in Metallurgy & Materials Processing: CIM, Montreal, p. 19-29.

Kapusta J 2004. JOM World Nonferrous Smelters Survey, Part |: Copper. JOM, 56(7):21-27.

Kapusta J 2013. Sonic Injection in Bath Smelting and Converting: Myths, Facts and Dreams. In: COM 2013 —
Ralph Harris Memorial Symposium: CIM, Montreal, p. 267-315.

Kelly W, Laist F 1934. Development of Copper Converting in Butte and Anaconda. Trans AIME, 106:122-131.

Kim S, Fruehan R 1987. Physical Modeling of Liquid/Liquid Mass Transfer in Gas Stirred Ladles. Metall Mater
Trans B, 18(2):381-390.

Kim Y, Themelis N 1986. Effect of Phase Transformation and Particle Fragmentation on the Flash Reaction of
Complex Metal Sulphides. In: Gaskell D, Hager J, Hoffman J, Mackey P editors. The Reinhardt Schuhmann Int.
Symp: TMS, Warrendale (PA), p. 349-369.

Kojo, I, Jokilaakso A, Hanniala P 2000a. Flash smelting and converting furnaces: a 50 year retrospect. JOM,
52(2):57-61.

20



Kojo I, Jokilaakso A, Hanniala P 2000b. Flash Smelting and Converting Furnaces — High Intensity Reactors
with Outokumpu Design. JOM, 52(2):57-61.

Kojo I, Jokilaakso A, Hanniala P 2000c. Outokumpu Flash Smelting Technology and the Production Network
Concept. Rudy i Metale Niezelazne, 45(12):606-612.

Kojo I, Storch H 2006. Copper Production with Outokumpu Flash Smelting: an Update. In: Kongoli F editor.
Sohn International Symposium, vol. 8: TMS, Warrendale (PA), p. 225-238.

Koohi A, Halali M, Askari M, Manzari M 2008. Investigation and Modeling of Splashing in the Peirce Smith
Converter. Chem Product Proc Model, 3(1). DOI: https://doi.org/10.2202/1934-2659.1132 .

Kyllo A, Richards G 1998. A Kinetic Model of the Peirce-Smith Converter: Part | & II. Model Formulation and
Validation. Metall Mater Trans B, 29(1):239-249 & 251-259.

Kytoé M, Kojo I, Hanniala P 1997. Flash Converting Technology meeting Challenges of the next Century. In:
Converting Practices Short Course, SME Annual Meeting 1997: SME, Denver, Feb. 22-23. 45 p.

Li X, Xiao T 2003. Production Enhancement and Operation Parameter’s Optimization of the Flash Smelting
Furnace Based on Numerical Simulation. In: Third Int. Conf. on CFD in the Minerals and Process Industries:
CSIRO, Melbourne, p. 155-159 (available at: http://www.cfd.com.au/cfd conf03/papers/008Xin.pdf ).

Liow J, Gray N 1990. Slopping Resulting from Gas Injection in a Pierce-Smith Converter: Water model. Metall
Mater Trans B, 21(6):987-996.

Mackey P, Tarassoff P 1984. Advances in Pyrometallurgy — 1983. JOM, 36(9):21-27.

Mackey P, Campos R 2001. Modern Continuous Smelting and Converting by Bath Smelting Technology. Can
Metall Q, 40(3):355-376.

Marcusson S, Diaz C, Davies H 1994. Top-blowing, Bottom-stirring Process for Producing Blister Copper.
JOM, 46(8):61-64.

Mathewson E 1913. Development of the Basic-lined Converter for Copper Mattes. Trans AIME, 46:469-485.

Miettinen E 2017. From Experimental Studies to Practical Innovations in Flash Smelting. In: Int. Process
Metallurgy Symposium in Honor of Professor Pekka Taskinen, Nov. 7-8: Aalto University, Finland (accessed:
https://aaltodoc.aalto.fi/handle/123456789/28898 ).

Milliken C, Hofinger F 1968. An Analysis of Copper Converter Size and Capacity. JOM, vol. 20(4):39-45.

Morgan G, Brimacombe J 1996. Kinetics of the Flash Converting of MK (Chalcocite) Concentrate. Metall Mater
Trans B, 27(2):163-175.

Moreno A, Sanchez G, Warczok A, Riveros G 2003. Development of Slag Cleaning Process and Operation of
Electric Furnace in Las Ventanas Smelter. In: Kapusta J, Newman C editors. Proc. Int. Symp. Copper-Cobre
2003, vol. IV: CIM, Montreal, p. 475-492.

Morris T 1968. History of Copper Converting. JOM, 20(7):73-75.

Moskalyk R, Alfantazi A 2003. Review of Copper Pyrometallurgical Practice: Today and Tomorrow. Miner
Eng, 16(10):893-919.

Nagai K, Kawanaka K, Yamamoto K, Sasai S 2013. Development of Side-blowing Oxy-fuel Concentrate Burner
in Flash Smelting Process at Sumitomo Toyo Smelter. In: Bassa R, Parra R, Luraschi A, Demetrio editors. Proc.
Copper 2013 Conference, vol. Il (1): Ch IMM, Santiago, p. 295-307.

Navarra A 2016. Automated Scheduling and Scientific Management of Copper Smelters. Miner Process
Extract Metall, 125(1):39-44.

Ng K, Kapusta J, Harris R, Wraith A, Parra R 2005. Modeling Peirce-Smith Converter Operating Costs. JOM,
40(3):52-57.

Outotec (Accessed in May 2018: https://www.outotec.com/ )

Outotec, 2018. Private communication.
Peretti E 1948. An Analysis of the Converting of Copper Matte. Disc Faraday Soc, 4:179-184.

21


https://doi.org/10.2202/1934-2659.1132
http://www.cfd.com.au/cfd_conf03/papers/008Xin.pdf
https://aaltodoc.aalto.fi/handle/123456789/28898
https://www.outotec.com/

Perez-Tello M, Sohn H, Smith P 2001a. Experimental Investigation and Three-Dimensional Computational
Fluid-Dynamics Modeling of the Flash-Converting Furnace Shaft: Part Il. Formulation of Three-dimensional
Computational Fluid-dynamics Model Incorporating the Particle-cloud Description. Metall Mater Trans B,
32(5):869-886.

Perez-Tello M, Sohn H, St. Marie K, Jokilaakso A 2001b. Experimental Investigation and Three-Dimensional
Computational Fluid-Dynamics Modeling of the Flash-Converting Furnace Shaft: Part |. Experimental
Observation of Copper Converting Reactions in Terms of Converting Rate, Converting Quality, Changes in
Particle Size, Morphology, and Mineralogy. Metall Mater Trans B, 32(5):847-868.

Pérez-Tello M, Tirado-Ochoa J, Sohn H, Sdnches-Corrales V 2002. Size Distribution Analysis for Copper Matte
Particles Oxidized under Flash-Converting Conditions. JOM, 54(10):27-30.

Pérez-Tello M, Madrid-Ortega I, Sohn H 2008. Model for the Fragmentation of Copper Matte Particles during
Flash Converting. Miner Metall Process, 25(1):53-60.

Peuraniemi E, Jarvi J, Jokilaakso A 1999. Behaviour of Copper Matte Particles in Suspension Oxidation. In:
Diaz C, Landolt C, Utigard T editors. Copper 99-Cobre 99, vol VI: TMS, Warrendale (PA), p. 463-476.

Ramirez-Argaez M 2008. Numerical Simulation of Fluid Flow and Mixing in Gas-stirred Ladles. Mater
Manufact Process, 23(1):59-68.

Real C, Hoyos L, Cervantes F, Miranda R, Palomar-Pardave M, Barron M, Gonzalez J 2007. Fluid
Characterization of Copper Converters. Mecdnica Computacional, 26(15):1311-1323.

Riihilahti K, Sohn H, Jokilaakso A, Perez-Tello M 1997. Oxidation of Copper Matte Particles under Simulated
Flash Converting Conditions. In: Mishra B. editor. EPD Congress 1997: TMS, Warrendale (PA) p. 85-105.

Rosales M, Fuentes R, Ruz P, Godoy J 1999. A Fluid Dynamic Simulation of a Teniente Converter. In: Diaz C,
Landolt C, Utigard T editors. Proc. Copper 99 - Cobre 99, vol. VI: TMS, Warrendale (PA), p. 107-121.

Rosales M, Valencia A, Fuentes R 2009. A Methodology for Controlling Slopping in Copper Converters by
Using Lateral and Bottom Gas Injection. Int J Chem React Eng, 7(1) DOI: https://doi.org/10.2202/1542-
6580.1868 .

Routschka G, Majdic A 1980. Feuerfeste Baustoffe fiir die Nichteisenmetallindustrie im Spiegel der Literatur.
Radex-Rundschau, (4):263-301. In German.

Schaaf M, Gémez Z, Cipriano A 2009. Digital Vision to Support the Operation of a Teniente Converter. In:
IFACMMM 20009, Vina del Mar, Chile, Oct. 14-16™: IFAC Proc. Volumes, 42(23):278-281.

Schlesinger M 1996. Refractories for Copper Production. Miner Process Extr Metall Rev, 16(2):125-146.
Sehnalek F, Holeczy J, Schmiedl J 1964. Continuous Converting of Copper Matte. JOM, 16(5):416-420.

Peirce W, Smith E (1909): Method of and Converter Vessel for Bessemerizing Copper Matte. U.S. Pat
942 346.

Solnordal C, Jorgensen F, Koh P, Hunt A 2003. CFD Modelling of the Flow and Reactions in a Flash Furnace
Smelter Reaction Shaft. In: Third Int. Conf. on CFD in the Minerals and Process Industries: CSIRO, Melbourne,
Australia, p. 161-166. (available at: http://www.cfd.com.au/cfd conf03/papers/065Sol.pdf)

Solnordal C, Jorgensen F, Koh P, Hunt A 2006. CFD Modelling of the Flow and Reactions in the Olympic Dam
Flash Furnace Smelter Reaction Shaft. App/ Mathem Modell, 30:1310-1325.

Schwarz M 1996. Simulation of Gas Injection into Liquid Melts. App! Mathem Modell, 20(1):41-51.

Southwick L 2008. William Peirce and E.A. Cappelen Smith and their Amazing Copper Converting Machine.
JOM, 60(10):24-34.

Suominen R, Jokilaakso A, Taskinen P, Lilius K 1991. The Behaviour of Copper Mattes in Simulated Flash
Converting Conditions, Scand J Metall, 20(5):245-250.

Suominen R, Jokilaakso A, Taskinen P, Lilius K 1994. Morphology and Mineralogy of Copper Matte Particles
Reacted in Simulated Flash Converting Conditions. Scand J Metall, 23(1):30-36.

Swinbourne D, Kho T 2012. Computational Thermodynamics Modeling of Minor Element Distributions during
Copper Flash Converting. Metall Mater Trans B, 43(4):823-829.

22


https://doi.org/10.2202/1542-6580.1868
https://doi.org/10.2202/1542-6580.1868
http://www.cfd.com.au/cfd_conf03/papers/065Sol.pdf

Tuominen J. 2017: Sustainable Copper Smelting. In: Sustainable Outotec, Teheran Oct. 28, 49 p. [accessed at:
http://dll.asremesonline.ir/file/pdf/20171029140514462.pdf ]

Tuominen J, Pienimaki K, Fagerlund K 2016: Kennecott-Outotec Flash Converting — Leading the Way for over
20 Years. In: Proc. Copper 2016. CD-ROM: MMIJ, Tokyo, Paper #PY10-3, p. 767-808.

Vaarno J, Pitkdla J, Ahokainen T, Jokilaakso A 1998. Modelling Gas Injection of a Peirce-Smith Converter.
Appl Mathem Modell, 22(11):907-920.

Vaarno J, Jarvi J, Ahokainen T, Laurila T, Taskinen P 2003. Development of a Mathematical Model of Flash
Smelting and Converting Processes. In: Third Int. Conf. on CFD in the Minerals and Process Industries: CSIRO,
Melbourne, p. 147-154. (available at: http://www.cfd.com.au/cfd conf03/papers/093Jar.pdf)

Valencia A, Cordova M, Ortega J 2002. Numerical Simulation of Gas Bubbles Formation at a Submerged
Orifice in a Liquid. Int Comm Heat Mass Transf, 29(6):821-830.

Valencia A, Paredes R, Rosales M, Godoy E, Ortega J 2004. Fluid Dynamics of Submerged Gas Injection into
Liquid in a Model of Copper Converter. Int Comm Heat and Mass Transf, 31(1):21-30.

Valencia A, Rosales M, Paredes R, Leon C, Moyano A 2006. Numerical and Experimental Investigation of the
Fluid Dynamics in a Teniente Type Copper Converter. Int Comm Heat Mass Transf, 33(3):302-310.

Yli-Penttila J, Peuraniemi E, Jokilaakso A, Riihilahti K 1998. Dust Formation in Flash Oxidation of Copper Matte
Particles. Miner Metall Process, 15(4):41-47.

Zhou J, Zhou J, Chen Z, Mao Y 2014. Influence Analysis of Airflow Momentum on Concentrate Dispersion and
Combustion in Copper Flash Smelting Furnace by CFD Simulation. JOM, 66(9):1629-1637.

Wang S, Davenport W, Siegmund A, Yao S, Gonzales T, Walters G, George D 2016. Copper Smelting: 2016
World Copper Smelter Data. In: Copper 2016 Conference: MMIJ, Tokyo, paper #PY1-1, p. 332-339.

Warczok A, Riveros G, Montenegro V 2003. Utilization of Magneto Hydrodynamics Phenomena in Slag
Cleaning. In: Bassa R, Parra R, Luraschi A, Demetri S editors. Proc. Int. Symp. Copper-Cobre 2003 vol. IV (2):
CIM, Montreal, p. 61-78.

Welgama P, Mills R, Aboura K, Struthers A, Tucker D 1996. Evaluating Option to Increase Production of a
Copper Smelter Aisle: A simulation approach. Simulation, 67(4):247-267.

Wendt W, Aldén M, Bjorkman B, Lehner T, Persson W 1987. Controlling Copper Conversion via Optical
Spectroscopy. JOM, 39(10):17-17.

White M, Haywood R, Ranasinghe, Chen S 2015. The Development and Application of a Model of Copper
Flash Smelting. In: Eleventh Int. Conf. on CFD in the Minerals and Process Industries: CSIRO, Melbourne, p. 1-
7. (available at: http://www.cfd.com.au/cfd conf15/PDFs/164HAY.pdf )

23


http://dll.asremesonline.ir/file/pdf/20171029140514462.pdf
http://www.cfd.com.au/cfd_conf03/papers/093Jar.pdf
http://www.cfd.com.au/cfd_conf15/PDFs/164HAY.pdf

