Innovation in Nonferrous Metals Pyrometallurgy – 1961-2011
C.M. Díaz, C. Levac, P.J. Mackey, S.W. Marcuson,
R. Schonewille and N.J. Themelis
Introduction
Tighter environmental regulations, a huge increase in the
cost of energy in the 1970s, and a continued need to
increase productivity were major factors driving
technological innovation in nonferrous – nickel/copper,
copper, lead/zinc – pyrometallurgy in Canada in the period
1961-2011.
In the early 1960s, mining companies already had a
longstanding tradition of using innovative approaches to
overcome technical hurdles in their operations, and R&D
had become an intrinsic element in Canadian mining
business strategy. As a result, company operated research
laboratories and pilot plant facilities played a key role in
conceiving, testing and, eventually, assisting in the
commercialization of most of the technological advances
that are discussed in this chapter. These research centres
are recognized in this introduction.
In 1962, a quarter-century after founding Canada’s
first process research laboratory in Copper Cliff, Ontario,
International Nickel Company of Canada (Inco) announced
that a new research facility would be built at the Sheridan
Research Park in what is now Mississauga, Ontario. The
location was chosen due to its proximity to the companies’
pilot plants at Port Colborne and the desirability of the
Toronto area for Canadian scientists and engineers. Named
for J. Roy Gordon, a distinguished Canadian scientist and
President of International Nickel, the laboratory was
opened in 1967. The new facility became a center for
process research, developing technologies for nickel,
copper and cobalt milling, smelting and refining. Following
bench scale work at the Sheridan Park lab, key operations
of selected project flowsheets were further studied at the
Port Colborne pilot plants. Among many other
pyrometallurgical achievements, these efforts led to the
development of the Sorowako nickel laterite smelter
flowsheet in the late 1960s to early 1970s, the pilot plant
and commercial scale testing of nickel sulphide “roastreduction smelting” in the 1980s, and the development of
the “oxygen top blowing - nitrogen bottom stirring”
technology for converting nickel contaminated copper
sulphide concentrate to sulphur-saturated copper (semiblister) in the early 1990s. The Sheridan Park technology
center remains a hub for process development with Vale
Base Metals. In the last few years, the Port Colborne pilot
plant facilities, shut down in the mid-1990s, have been
reactivated.
The technical capabilities of Falconbridge Nickel

Mines, subsequently Falconbridge Ltd. and now Xstrata
Nickel, were greatly expanded in the 1950s and early
1960s to help increasing nickel production, raising
productivity, improving working conditions, and expanding
markets. As part of these endeavours, a chemical process
metallurgy group was added in 1954 to the analytical
laboratory that Falconbridge had opened in Richvale (later
re-named Thornhill, and currently Richmond Hill), Ontario,
in 1952. This group focused mainly on developing routes
for recovering nickel from lateritic ores. The Thornhill lab
was expanded several times through the 1960s and 1970s.
A research and development laboratory, at the Sudbury
smelter site, undertook extensive pilot scale investigations
in sulphide smelting technology and pyrrhotite processing,
among other subjects. As a group, these facilities were
responsible for all key processes currently in place at
Xstrata Nickel plants – chloride matte leaching at
Kristiansand, Norway, the fluid bed/acid plant/electric
furnace process at Sudbury and the Falcondo nickel laterite
process in the Dominican Republic.
In 1986, the Thornhill lab was closed, and Falconbridge
consolidated its R&D activities at facilities adjacent to its
Sudbury smelter under the name of Falconbridge
Technology Centre (FTC). The late Frank Pickard
inaugurated a brand new research and development
building and pilot plant in 1997, heralding the company’s
jump to larger-scale nickel and copper expansions. Thus, in
pyrometallurgy, the new Koniambo process was developed
in 2000. The mineral processing group contributed to
developing a number of concentrator projects, including
Antamina, Raglan, Montcalm and Nickel Rim. The
Falconbridge Technology Centre absorbed components of
the Noranda Technology Centre in 2003 when the two
companies merged. Renamed Xstrata Process Support in
2006, when Xstrata acquired Falconbridge/Noranda in
2006, this facility is now a commercial testing laboratory.
In a break with the successful past, it no longer has the
mission to carry out growth research and development
projects for the new owners.
With the start-up of the Horne smelter in December
1927, business began in earnest for Noranda Mines
Limited. Over the next 30 years or so, growth was achieved
by developing new mines and mills in Canada plus one new
smelter, and to operate them at maximum efficiency. But,
by the late 1950s, Noranda management realised that
along with increasing mine reserves, technology
development was in fact crucial to future growth. Thus, the
Noranda Research Centre came into being in 1961 with the
new facility at Pointe Claire, Québec, formerly opened in
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1963. The mandate was essentially to provide technical
support to operations and to develop new technologies for
the company. Under the leadership of Dr. W.H. Gauvin, the
first Research Director, and his successor, Dr. P. Tarassoff,
critically important ground-breaking growth technologies
were developed, tested and implemented, such as the
Noranda Process Reactor, while many of the unit
operations for precious metals refining currently in use at
Canadian Copper Refiners (CCR) also began at Pointe
Claire. Technologies developed for mining, mineral
processing and for molybdenum, zinc and lead operations
continue being used to this day.
In the late 1960s, staff at the Noranda Research
Centre totalled some 86 people of which 33 were
professionals. The facility expanded several times through
the 1970s and into early 1990s to more than twice the
original size including impressive pilot plant facilities. The
unit was re-born in the early 1990s as the Noranda
Technology Centre with essentially the same mandate as
its predecessor. With the Falconbridge merger in 2002, the
Pointe Claire Centre closed by 2003 in its 41st year. As
earlier discussed, the existing Falconbridge Technology
Centre in Sudbury became the flagship research and
development facility for the merged company. A number
of staff transferred to the Centre in Sudbury or to other
Divisions of the expanded Company.
During this period, research work in support of the
local mining industry has also been conducted at the
CANMET lab of Canada’s Natural Resources Department, in
particular in the areas of mineralogical studies and the
fundamentals of nonferrous metals electrorefining.

The availability of cheap electricity was the key factor
for selecting partial fluid bed roasting, followed by electric
furnace smelting for processing the nickel concentrate.
Oxygen flash smelting was considered and rejected
because no market was available for by-product liquid
sulphur dioxide at an economic distance from the plant.
Nickel-copper concentrate, with a Ni/Cu weight ratio
of 32, plus flux, was fed to three fluid bed roasters, as filter
cake. Each roaster was paired with a six in-line electrode,
18 kVA electric furnace. The furnaces produced matte at
16-17% Cu+Ni which was converted to Bessemer matte in
4.1 x 10.7 m (13.5’ x 35’) Peirce-Smith converters.
Electrowinning from sulphide anodes was chosen as the
refining technology, based on extensive testing and
commercial operation at the Port Colborne nickel refinery.
Key to the process was casting anodes with sufficient
strength. This was accomplished by producing mattes with
higher sulphur deficiency than at Copper Cliff to promote
metallic formation, and by annealing the anodes at about
500oC (930oF) in insulated boxes to promote complete
transformation of beta Ni3S2 to beta prime Ni3S2
(McConnell et al., 1963; McConnell and Maddison, 1964;
Spence and Cook, 1964).
To accommodate increases in ore production, the
Thompson smelter was enlarged during 1967 to 1969. Two
larger electric furnaces were built which more than
doubled smelting capacity.

International Nickel/Inco Limited, at
present Vale – Manitoba Division

Major Developments in the Period 1961-1970

Thompson Smelter

Implementation of Ni-Cu Bessemer matte separation in the
1940s – with production of a low-sulphur metallic fraction,
a nickel-containing chalcocite concentrate and low-copper
and high-copper nickel sulphide concentrates – required
further substantial changes to the Copper Cliff flowsheets.
Among them, a Dwight-Lloyd nickel sulphide roasting and
sintering operation was installed to produce nickel oxides
for market or refining at Port Colborne and Clydach
(Sproule et al., 1961). This sintering operation continued
until 1961 when it was replaced by a fluid bed process.
Fluid bed roasting of Ni3S2 offered many potential
advantages when compared to sintering (Curlook and
Roorda, 1961). Pilot testing started in 1954 in a 30.5 cm
(12”) diameter reactor, and progressed to a 1.22 m (4’), 20
tonnes/day unit. To achieve the commercial NiO sulphur
target of less than 0.5%, the tests indicated that a roasting
temperature of 1093oC was required. Due to the fine
particle size of the sulphide, 95% minus 200 mesh, and the
low softening temperature of the feed, 600oC, a process
was developed to pelletize the sulphides into 3 mm balls
before roasting. These pellets could be fed into the

International Nickel began exploring Northern Manitoba in
1946, but it was not until February 1956 that the
Thompson ore body was discovered. At the time, the US
Office of Defense Mobilization was actively seeking new
sources of nickel for the national stockpile. A quick
decision on developing the deposit was made. In
December 1956, International Nickel and the Manitoba
government jointly announced the Thompson project. Four
years of frenetic activity followed – supplies were procured
and delivered; roads and railroads were built on muskeg
and permafrost; power dams and transmission systems
were erected on the Nelson River by the Manitoba HydroElectric Board; a self-contained town was constructed near
the mine site, and a mine, smelter and refinery complex
was designed and built. On March 25, 1961 the Thompson
plant was officially dedicated. With a capacity of 75 million
pounds per year, it was the World’s second largest and the
first fully integrated nickel production facility in the then
free world (Hawkins and Klassen, 1964).

International Nickel/Inco Limited, at
present Vale – Ontario Division

Roasting, Reduction and Chlorination of Nickel Sulphide
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fluidized bed of nickel oxide granules at the roasting
temperature without causing sintering and de-fluidization
of the bed.
Construction of a commercial plant started at the end
of 1959, and operation began in 1961. The plant comprised
three 300 tonnes/day roasters, 3.2 m (10.5 ft) diameter at
the tuyeres and 10.7 m (35ft) high. The roasting/sintering
plant was shut down.
Fluid bed technology was exploited further to yield
additional market products. Pilot plant studies, conducted
in 1963, showed that the sulphur content of NiO could be
lowered to 0.01% by re-roasting. This product could then
be chlorinated at 1200oC in a fluid bed to reduce its Cu
content from 0.7% to 0.3%. Moreover, in 75% H2 gas at
500oC, the chlorinated product could be reduced in a fluid
bed to produce a highly metallized product containing
greater than 90% Ni. An extension to the fluid bed roasting
plant was constructed in 1964-65 with design capacity of
100 million pounds Ni/annum (Buchanan et al., 1974).
Chlorine handling facilities were also provided as well as a
plant to steam reform 3 million cubic feet/day of natural
gas. “Sinter 90” became a commercial product in
November 1965.
Today, the fluid bed roasting of matte separation
products still provides the oxide feeds for markets and
refineries. Changing market and economic conditions
resulted in closing the chlorination facilities in the 1990s
and the Sudbury hydrogen reduction operation in the
1980s. Fluid bed reduction of nickel oxide operates today
in Japan, at Inco’s Tokyo Nickel subsidiary.

In 1958, Paul Queneau and John Feick, Copper Cliff
Peirce-Smith converter superintendent, supported by John
Thompson, Inco’s chief engineer and chief executive
officer, explored direct nickel sulphide conversion to
oxygen crude nickel in a three tonne KALling converter at
DOmnaverts Steel Works (KALDO) in Sweden (Queneau
and Renzoni, 1962; Queneau et al., 1969). The experiment
was immediately successful. This victory in novel nickel
making having been achieved, opportunities in TBRC
oxygen copper-making, fire refining, and beyond were
revealed and successfully pursued by Inco in a seven-tonne
TBRC at Port Colborne.
In 1971, two 50-tonne TBRCs were commissioned at
Copper Cliff as the first stage in the transformation of
complex metal sulphide intermediates to 99.98% pure
nickel by the Inco Pressure Carbonyl Process (Head et al.,
1976). Today, the operation of the converters is routine,
with production of 1.7 million tonnes of oxygen crude
nickel to date.

Conversion of Nickel Sulphide to Crude Nickel
Inco pioneered the use of tonnage oxygen in converting by
employing a steelmaking vessel to produce crude Ni metal.
At the time, the metallurgical world held the general
opinion that such a process presented impossible-to-solve
thermodynamic and operating problems. In fact, it is not
possible to produce metallic nickel from nickel matte in a
Peirce-Smith converter (e.g. due to disastrous nickel oxide
formation). During sulphur dioxide evolution nickel and
nickel sulphide form a single solution phase extending
from Ni3S2 to pure nickel and the NiO that forms has low
solubility in mate.
However, 1941 Copper Cliff Laboratory studies had
indicated that conversion was possible, given sufficiently
high bath temperature and oxygen potential. Hence, the
high temperature, broad range oxygen potential and
excellent mixing capabilities of the turbulent bath,
characteristic of a post-war top-blow rotary converter
(TBRC) steelmaking process, appeared extremely
attractive. The vessel provided effective gas-liquid-solid
contact throughout the bath, with effective control of
temperature and oxygen potential. It enhanced heat
transfer, increased the overall rate of the chemical
reactions, minimized composition gradients within each
phase, and significantly reduced diffusion barriers.

Figure 1. Schematics of Copper Cliff Nickel Refinery’s TBRC
Commissioning and operation of the TBRCs completed
development of an oxygen culture at Copper Cliff.
Management and technical staff understood the
advantages oxygen technology offered, and operators and
maintenance personnel knew how to work with oxygen as
a useful ally. This culture, coupled with continuing active
research and development, enabled commercialization of
new oxygen technologies as Inco responded to the
changing economic and environmental challenges of the
seventies and eighties.
The environmental challenge (1970 to date)
The damage to the local environment caused by the 19th
and first half of the 20th century technologies is well
documented (Michelutti, 1986). The synergy of logging,
which provided both mine timbers and construction
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The Copper Cliff Smelter (1970-1990)
The Environment
Reduction of SO2 emissions and ground level
concentrations (GLC) has been a long-standing endeavour
at Inco’s Sudbury operations (Inco Staff, 1994). All of the
SO2 produced in copper flash smelting was captured as
marketable liquid SO2 during the entire life of this
operation (1952-1993). Starting in 1956, the sulphur load
to the smelter was reduced by separate processing of highnickel containing pyrrhotite in the newly commissioned
Iron Ore Recovery Plant (Inco Staff, 1956), where nickel
was recovered as oxide, iron as oxide feed for the steel
industry and sulphur as acid. These acid plants were shut
down in 1993. A sustained research effort that led to
progressively increased low-nickel pyrrhotite rejection

from the ore during milling, while maintaining an
acceptable nickel recovery, permitted lowering SO2
emissions at Inco’s Copper Cliff operations from about 2
million to 685,000 tonnes per year in the period 1970-1985
(see Figure 2).
Within this period, the combined grade of the
separate nickel and copper concentrates feeding the
smelter increased from about 10% to about 20% Cu+Ni,
and the combined S/(Cu+Ni) ratio decreased from about
2.8 to 1.65 (Blanco and Landolt, 1990). In 1972, a 381 m
high stack was erected for wide dispersion of smelter gas
and consequent reduction of ground level concentrations.
The same year, the antiquated Coniston Smelter, a major
emitter, was shut down.
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materials for the Chicago rebuild, and heap roasting
created local areas that were almost denuded of
vegetation and consequent deep soil erosion. The
construction of tall smokestacks caused the pollutants to
be carried farther afield, and the acidity of some Northern
Ontario lakes increased to levels incompatible with animal
life. To both the metallurgical practitioners and the
governments of the time, this state of affairs was part of
the price to be paid for the exploitation of the Sudbury
mineral resources. However, in the post-World War years,
the industrial boom created further pollution, and the
combined effects of SO2 from all sources stressed ecosystems throughout eastern Canada and parts of the
northeast USA. Public interest in the conservation of the
environment in North America and Europe increased
dramatically. In Canada, due to social pressure, both the
federal and the provincial governments passed legislation
to protect the environment. In the province of Ontario,
among other measures, the government issued successive
sulphur dioxide emissions control orders starting in 1970.
The most important of these was the 1985 order, better
known as the Countdown Acid Rain Program. Meeting the
increasingly more stringent emission limits was one of the
driving forces behind the non-ferrous smelting technology
changes that occurred during this period.
Energy efficiency was another factor that stimulated
innovation. The almost ten-fold rise of the price of oil
during the 1970s threw the world economy into a deep
recession, and threatened the existence of energy
intensive industrial operations, among them primary nonferrous smelters (Díaz et al., 1995). The price of metals fell
sharply, and the cost of production was rapidly increasing
as a result of the double-digit inflation that was affecting
the economy. Energy efficiency and productivity increases
became key elements of industry’s survival strategy. In
retrospect, even in the absence of the new environmental
regulations, the crippling recession of the early 1980s
would have been sufficient motivation for the non-ferrous
metals producers to revamp their smelting operations.
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Figure 2. Reduction of Ontario Division sulphur dioxide
emissions by pyrrhotite rejection from the ore during
milling (1970-1986)
Energy Efficiency
The single most important energy conservation related
technology change at the Copper Cliff Smelter during this
period was the substitution of roof mounted oxy-oil
burners for endwall air-oil burners in reverberatory
furnaces in 1979 (Blanco et al., 1980). In September of that
year, the No. 5 reverb furnace went on line, equipped with
12 oxy-oil burners. As compared to conventional frontfired reverbs, the oxy-oil fired furnace had 45% higher
smelting capacity, and 50% lower energy consumption per
tonne of dry solid charge. Due to cost advantages and
government incentives, natural gas rather than oil was
used for converting the No. 2 reverb furnace to full oxyfuel roof firing in 1984 (Antonioni et al., 1985). In the early
1980s, energy savings were also achieved in the roasters,
converters and other areas of the smelter.
Smelter Productivity
In between the early 1970s and the mid-1980s, the Copper
Cliff Smelter nickel circuit operating equipment diminished
from 42 to 24 multi-hearth roasters and from 6
conventional air-coal reverbs to 2 oxy-fuel fired reverbs.
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Equipment modifications, additional instrumentation, and
implementation of on-line computer process monitoring
and operating advisory systems led to a 63% nickel
converter productivity increase in the 1980s (Antonioni et
al., 1984). As a consequence, the overall smelter
productivity increased from 0.65 to 1.15 MT of Cu+Ni per
person-shift (Landolt et al., 1993).
This two-fold productivity increase, the dramatic
decrease in emissions and the energy savings earlier
discussed, as well as substantial improvements in industrial
safety and health were mostly the result of a major and
focused R&D program and active worker involvement in
the various technology innovation and continuous
improvement projects that were conducted during these
years.
Inco’s Ontario Division Sulphur Dioxide Abatement R&D
Program
Smelting Technology
By the mid-1970s, increased nickel losses had
demonstrated the limitations of additional pyrrhotite

rejection in the mills as a means of further decreasing
emissions. On the other hand, the existing smelter
produced numerous weak gaseous streams that were not
amenable to economic treatment in an acid plant (see
Figure 3). Accordingly, in the late 1970s, Inco undertook a
major R&D program to investigate alternative smelting
routes. This program focused on two alternative smelting
routes, roast-reduction smelting of nickel concentrate
(RRS) and oxygen flash smelting of a bulk copper-nickel
concentrate (Inco Staff, 1994). RRS implied retention of
copper concentrate flash smelting, probably coupled with
continuous conversion.
RRS (O’Neill, 1982), envisioned deep roasting nickel
concentrate to form a calcine that upon reduction in
electric furnaces yielded a matte containing just enough
sulphur to combine the copper, nickel and cobalt as
sulphides, while leaving the iron essentially metallic. As a
result, minimal SO2 evolution would occur in the smelting
furnace and subsequent converting. Calculations indicated
that about 80% of the sulphur of the Sudbury nickel
concentrate would be eliminated in the fluid bed roasters
in a single, continuous, strong gas stream suitable for
treatment in an acid plant.

Figure 3. Copper Cliff smelter flowsheet circa 1977
Inco moved the RRS concept from bench scale
experiments, through piloting, to commercial testing at the
Thompson Smelter in two years (Díaz et al., 1994a; Díaz et
al., 1994b). Two commercial-scale campaigns were
conducted in 1981-1982. Substantial modifications were
made to the existing Thompson equipment, and new
material and handling facilities were built at a cost of CAN
$23 million. During the two campaigns, about 66,000
tonnes of Thompson concentrate and 11,200 tonnes of
Copper Cliff concentrate were successfully processed.

The technical viability of the bulk copper-nickel
concentrate flash smelting route was established in two
commercial scale campaigns that were conducted in the
Copper Cliff copper flash furnace in 1985 and 1987. The
testing showed that recycle of converter slag to the flash
furnace while producing matte with up to 50% Cu+Ni+Co
was compatible with production of a furnace discard slag.
The tests also showed that sustaining a smooth converting
operation would limit the furnace matte grade to about
45% Cu+Ni+Co (Inco Staff, 1994).
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Although RRS would have achieved a high degree of
SO2 capture from nickel concentrates, capturing of copper
converter off-gas was also needed to meet the 1985
Countdown Acid Rain Program mandated SO2 emissions
reduction from 685,000 to 265,000 tonnes per year by
1994. Additional R&D work would have been required to
further develop the top-blowing copper continuous
converter technology that Inco had piloted in the early
1980s (O’Neill et al., 1984). However, in the late 1980s,
engineering feasibility studies indicated that the capital
cost of implementing bulk flash smelting at Copper Cliff
would be lower than for RRS. In addition, the RRS higher
metal recoveries would be more than offset by the
relatively large consumption of electrical energy required
for smelting (Bell et al., 1990). Accordingly, RRS was
abandoned, and further R&D effort concentrated on bulk
flash smelting.

melt with nitrogen was an effective means of producing
blister at close to chemical equilibrium. This concept was
successfully tested on a much larger scale at Inco’s PCRS,
using a ladle equipped with a refractory porous plug
(Marcuson et al., 1994). Stirring of the melt, independent
of blowing, proved to be a key feature in achieving the
desired metallurgical results. The technology was
implemented at the Copper Cliff Smelter by eliminating the
tuyere line from available Peirce-Smith converters, and
equipping the vessels with end wall oxygen lances and
bottom porous plugs, as shown in Figure 5.

Processing of Matte Separation Cu2S Concentrate (MK)
In the modernized smelter, the sole feed for production of
blister copper is finely comminuted, nickel-containing Cu2S
concentrate (MK in Inco’s vernacular) that is produced in
Bessemer matte separation. New copper-making
technology was required for processing MK. Oxygen flash
conversion, tested by Inco in 1947 (Victorovich, 1993), was
initially considered. In the mid-1980s, at the Copper Cliff
Smelter, a Peirce-Smith converter was adapted for flash
converting wet MK (Blanco et al., 1986), and piloting of
flash conversion of dry MK was conducted at Inco’s Port
Colborne Research Stations (Davies et al., 1993). Semiblister copper, i.e. sulphur-saturated copper, was
produced; however, both the commercial and pilot plant
campaigns showed that flash converting of MK would
result in unacceptable high levels of dusting.
Following the successful pilot scale demonstration of
Inco’s top oxygen blowing-nitrogen bottom stirring process
for the continuous conversion of bulk Cu-Ni matte (Warner
et al., 2000), the PCRS equipment was modified to
investigate the applicability of this technology for
converting MK to semi-blister. Based on observations
made in laboratory experiments, the pilot scale test work
was conducted at temperatures close to 1300°C to avoid
the formation of solid NiO. Results from this pilot test work
were favourable, and this technology was finally adopted
for processing MK in the modernized Copper Cliff Smelter
(Díaz et al., 1998). A view of the MK Reactor is presented in
Figure 4.
The semi-blister has to be further oxidized in a
subsequent operation to meet the sulphur and nickel
blister copper specifications. Thermodynamic calculations
indicated that, in a well equilibrated system, sulphur
elimination from semi-blister can be achieved with little
nickel oxidation and that subsequent nickel separation as
NiO is possible with minimal copper oxidation.
Crucible test work showed that blowing onto the
surface of molten semi-blister while bottom stirring the

Figure 4. The MK Reactor

Figure 5. Diagram of the commercial top-blowing, bottomstirring vessel
The Copper Cliff Smelter (1990 to Date)
The Ontario Division Sulphur Dioxide Abatement Program
implied: a) rationalization of milling for production of a
single Cu-Ni bulk concentrate; b) shutdown of the
reverberatory furnaces and construction of two Inco flash
furnaces for processing the bulk concentrate; c) expansion
of the processing capacity of the Bessemer matte
separation plant; d) construction of an oxygen top blowing
nitrogen bottom stirring vessel for the processing of MK
(MK Reactor); and e) erection of a 2,900 tonnes/day
sulphuric acid plant for treating most of the new flash
furnace and MK Reactor off-gases. Part of the flash
furnaces off-gas would still be fed to the liquid SO2 plant.
Construction of the new facilities was completed in
November 1993, in time to meet the deadline for
compliance with the new Countdown Acid Rain Program
emission limit. The project simultaneously reduced overall
SO2 and particulate emissions, ground level SO2 levels and
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energy consumption. Descriptions of the modernized
Copper Cliff Smelter are given elsewhere (Inco Staff, 1994;
Carr et al., 1997), and a simplified flowsheet is given in
Figure 6.
Today, the daily bulk (about 21% Cu+Ni+Co)
concentrate smelter throughput is 3,250 dry tonnes. The
concentrate Ni/Cu weight ratio varies within the 1.0 – 1.4
range. About 1.3% coke is added to control the grade of
the matte at about 45% Cu+Ni+Co, which is the maximum
matte grade that guarantees a smooth converter
operation. The processing of higher matte grades and
further improvements in converter practice has led to
additional increases in converter productivity (Warner et
al., 2005). All of the converter slag is recycled to the flash
furnaces. Typical metal partitions, i.e. %Mmatte/%Mslag, for
flash smelting are: Cu 50, Ni 47, and Co 3.2. The controlled
cooled Bessemer matte, containing about 0.5% Fe and

21.5% S, is separated into copper and nickel sulphides, and
sulphur contaminated Cu-Ni metallics. As discussed earlier,
the copper sulphide (MK) is processed to semi-blister, i.e.
sulphur saturated copper, in the oxygen top blown nitrogen bottom stirred MK Reactor. As also discussed
earlier, MK is converted to blister in separate oxygen top
blown - nitrogen bottom stirred vessels.
Most of the flash furnaces and the MK Reactor off-gas
feed the acid plant. The remainder of the flash furnaces
off-gas is converted into liquid SO2. Annual production of
95-98% sulphuric acid and of liquid SO2 is 600-700,000
tonnes and 25-40,000 tonnes, respectively. Following the
completion of the nickel sulphide fluid bed roaster gas
treatment project in 2007, Vale’s Ontario Division annual
SO2 emissions have been reduced below 175,000
tonnes/year, as shown in Figure 7 (Vale Inco, 2008).

Figure 6. Copper Cliff smelter flowsheet in 1995
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Figure 7. Evolution of SO2 emissions in Inco/Vale’s Ontario Division
339
The Canadian Metallurgical & Materials Landscape 1960 to 2011

Basic Research (International Nickel/Inco Limited, at
present Vale)
In the period 1961-2011, basic pyrometallurgical research
was an integral part of the work conducted in the J. Roy
Gordon Research Laboratory (JRGRL). In addition,
International Nickel, later Inco Limited and today Vale have
supported fundamental studies in Canadian and American
universities. Basic research has provided essential data for
improving existing processes and developing new
treatment routes for both sulphide and laterite ores, and
for modeling and computerized controlling of processes.
Selected examples of JRGRL basic studies are presented
below. Universities are recognized in cases in which part of
the work was conducted in academic labs.
x

x

x

x

x

x

Thermodynamic properties of the Fe-Ni and the Fe-NiO systems (Dalvi and Smeltzer, 1970; Davies and
Smeltzer, 1972; Dalvi and Sridhar, 1976). These
studies, conducted in collaboration with McMaster
University, provided basic information relating to
reduction of dead roasted pyrrhotite and laterite ore
in rotary kilns
Thermodynamic properties of the Ni-Fe-S (Conard et
al., 1976), and the Ni-O-S (Lenz and Conard, 1976),
systems. Work was also done at Columbia University,
under the supervision of Prof. H.H. Kellogg, who wrote
a seminal paper on the Thermochemistry of NickelMatte Converting (Kellogg, 1976)
Electrical conductivities of ferromagnesian silicates
(Victorovich et al., 1984). Work was done in support of
both sulphide and laterite electric furnace smelting
Slag mixing in the Inco flash furnace, using tracers in
the commercial furnace (Baird et al., 1991) and cold
modeling in the lab (Baird et al., 1996). Both studies
were carried out in collaboration with McMaster
University
Particle behaviour in flash converting of Cu2S (Otero et
al., 1984). This study was conducted at the University
of British Columbia under the supervision of Prof. J.K.
Brimacombe
Chemistry of continuous converting of nickel matte
(Warner and Díaz, 2003)

Falconbridge Nickel Mines, at present
Xstrata Nickel – Sudbury Smelter
Falconbridge’s Sudbury Smelter (formerly Falconbridge
Nickel Mines and now Xstrata Nickel) also met early
government SO2 emission control orders by increasing
pyrrhotite rejection in the mills. This approach permitted
to lower the proportion of the sulphur content of the ore
going up the stack from 83% in 1953, to 50% in 1960 and
27% in 1977 (Michelutti, 1986). As in the case of Inco’s
Sudbury operations, the time came when neither this

route nor capturing SO2 from weak smelter gaseous was a
viable option to respond to future more stringent emission
regulations. The smelting technology had to be revised. An
aerial view of the Falconbridge smelter in the early 1970s is
presented in Figure 8 A process consisting of fluid bed
roasting and electric furnace smelting, similar to that
already used in Inco’s Thompson Smelter, was selected to
meet a new government order, limiting the annual SO2
emissions to 154,000 tonnes by 1979, and also future
environmental challenges. The roaster off-gas would be
treated in an acid plant. Engineering of Falconbridge’s
Smelter Environmental Improvement Program began in
1971.

Figure 8. Falconbridge smelter in the early 1970s
The new smelter, commissioned in 1978 (Jackson,
1992), comprised two separate lines each consisting of a
fluid bed roaster and an electric furnace (McKague et al.,
1980). The roasters were fed with a 75 wt% solids
concentrate slurry and silica sand flux. A photograph of
one of the fluid bed roasters is given in Figure 9. The target
concentrate sulphur elimination was 50%. The roaster offgas was passed through cyclones and Electrostatic
Precipitators (ESP) for calcine recovery, and, after cooling,
was treated in a single-stage absorption acid plant, capable
of producing 1,180 tonnes/day of 93% sulphuric acid. Coke
was added to the roaster product prior to feeding to the
electric furnaces. The 33 MVA, six electrode submerged
arc, rectangular furnaces, 9 m x 30 m x 2.7 m inside
dimensions, were operated under reducing conditions. The
product matte analyzed about 14% Ni and 10.5% Cu
(McKague and Norman, 1984). This was converted to
Bessemer matte, containing 2.5% Fe, in the existing PeirceSmith (PS) converters for shipment to Falconbridge’s
Norwegian refinery. Converter slag was recycled to the
electric furnaces. Furnace slag granulation was adopted in
1985.
With the commissioning of the new smelter, ore
sulphur emissions further decreased to 18% by 1980 and
11% by 1984 (Michelutti, 1986). At the same time, nickel
and copper particulate emissions were reduced by about
90%.
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flux to the electric furnaces and savings in energy. A top
view of the slag cleaning vessel is provided on Figure 11.

Figure 9. Fluidized bed roaster
Over the years, concentrate sulphur elimination in the
roasters gradually increased, reaching about 65% in the
early 1990s (Stubina et al., 1994). Deeper roasting
increased the proportion of concentrate sulphur fixed as
acid, thus further diminishing emissions. Smelting lower
sulphur calcine required running the electric furnaces
under stronger reducing conditions – coke addition was
increased – in order to control the matte grade at a level
compatible with the production of a discard slag. Iron
metallized matte, with a higher liquidus temperature, was
thus produced, requiring in turn a higher operating
temperature. In anticipation of increasingly harsher
operating conditions, in 1985, the furnaces started to be
equipped with sidewall and endwall copper cooler fingers
to protect their structural integrity (see Figure 10). This
work was completed in the early 1990s.

Figure 10. Electric furnace sidewall with copper coolers
Converter slag cleaning in a separate vessel was
implemented in 1991 (Stubina et al., 1994; Kaiura et al.,
1989). By then, the smelter was processing a significant
amount of nickel and cobalt containing scrap in the
converters, and the level of chromium in converting slag
had increased to a level incompatible with recycling to the
electric furnaces. Converter slag recycle to the electric
furnaces also promoted combustion of coke in the furnace
freeboard, limiting reduction in the furnace. Separate
converter slag cleaning led to decreased addition of silica

Figure 11. Slag cleaning vessel
Following pilot and commercial scale test work, and an
upgrading of the No. 2 electric furnace, the Falconbridge
Sudbury Smelter turned from a two- into a single-furnace
operation in November 1994, while maintaining nickel
production rates (Tisdale and Ransom, 1997). The increase
in furnace power was initially achieved by doubling the
secondary voltage from the existing over-designed
transformers, while maintaining secondary current
operating levels.
New furnace transformers were installed in 1996,
boosting maximum furnace power to about 54 MW. By
late 1996, the best monthly average calcine smelting rate
had reached about 250 kg/h/m2 of furnace hearth,
approximately twice the rate for the pre-1994 two-furnace
operation. Based on these results, it was expected that the
rebuilt No. 2 furnace would permit processing not only the
local concentrate but also the concentrate from the Raglan
operation, expected to come on stream in 1998, thus
increasing the Sudbury Smelter nickel production by 50%.
The substantially more intensive one-furnace operation
resulted in increases of slag and matte temperature to
about 1,300 and 1,240°C respectively. The water-cooled
copper finger refractory protection system was upgraded
to counteract higher furnace wall heat fluxes.
Continued increase in the extent of sulphur
elimination in the roasters has demanded proportional
increases in coke addition to the electric furnace to
maintain high metal recoveries and provide sufficient heat
for the converters. During the late 1990s the off gas
system capacity of the electric furnace was increased to
enable additional air ingress for furnace freeboard
temperature control. However, coke combustion in the
freeboard was still problematic due to periodic open bath
conditions around the electrodes. The ultimate solution
was to move the two furnace feed drag conveyors away
from the sidewalls and closer to the centre-line of the
furnace to enable fettling the calcine feed in the direct
vicinity of the electrodes.
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As part of the capital project to accommodate
increased nickel production associated with processing
Raglan concentrate, a new facility was installed to expand
and modernize the process for solidifying product
Bessemer matte. The original matte casting bays were
replaced by a water granulation system.
In 1999, Falconbridge commissioned a 4 m diameter,
17 m long Peirce-Smith converter equipped with ALSI
shrouded tuyeres (Kapusta et al., 2005) that permit
enriching the blast oxygen content to about 40% (see
Figure 12). Since then, this vessel has been essentially used
for slag making and for processing nickel and cobalt
containing scrap, while matte finishing to Bessemer is done
in conventional converters. The converter slag value
metals are recovered in Falconbridge’s slag cleaning vessel.
The clean, molten slag is discarded.

Figure 12. Slag-make converter (May 1999)
The change in concentrate feed profile processed by
the Sudbury Smelter over the past 15 years has created

challenges in the operation of the electric furnace.
Increased inputs of magnesia have required increased slag
temperatures; approximately 25°C for every 1% MgO in
slag. This effect has been partially offset by developing
fluxing strategies based on alumina and lime and by
adjusting the iron to silica ratio of the slag. As slag
temperature increases, matte temperature also increases.
Matte superheat is controlled by adjusting the sulphur
deficiency of the matte through increased coke addition.
In 2008 Xstrata Nickel constructed a rotary calciner for
pre-treating secondary materials containing volatile
compounds. This installation has increased the capacity for
treating secondary materials in the electric furnace.
At present the Sudbury Smelter is processing about
500 tonnes/day of Strathcona concentrate, 500
tonnes/day of Raglan concentrate, 300 tonnes/day of
Xstrata Nickel Australia concentrate and 200 tonnes/day of
third-party concentrate (all dry-basis). At roaster sulphur
elimination of 72%, emissions amount to about 13% of
concentrate sulphur. The average calcine smelting rate is
300 kg/h/m2 of furnace hearth, at a nominal power of 40
MW. Annual nickel production from concentrate amounts
to about 65,000 tonnes. A simplified smelter flowsheet is
presented in Figure 13.
Over the past 15 years, Xstrata Nickel has been
investigating alternate processes for the treatment of
nickel sulphide concentrates with the aim of increased
sulphur capture while maintaining high metal recovery.
Pilot testing has been carried out on smelting of deeply
roasted calcine in a DC furnace for the production of highly
sulphur-deficient matte. This concept offers the potential
to eliminate the subsequent converting step.

Figure 13. Simplified flowsheet of Xstrata Nickel’s Sudbury Smelter
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Noranda Mines Limited, at present
Xstrata Copper Canada
Development of the Gaspé Puncher
The Gaspé smelter located at Murdochville, Québec,
commenced operations in late 1955, with the first anodes
cast on December 9, 1955 (McKerrow, 1957). The smelter
originally consisted of: materials receiving and handling
facilities, a single oil-fired, wet-charge reverberatory
furnace, two 3.96m by 9.14m Peirce-Smith converters, plus
a single oil-fired, reverberatory anode casting furnace. The
Gaspé smelter was designed to treat 408 tonnes/day of
copper concentrate and produce 100 tonnes/day of anode
copper.
By the late 1950s to early 1960s, the smelter was
handling a number of custom concentrates and producing
well over 100 tonnes/day of anodes. It could be said that
an independent, pioneering and innovative spirit prevailed
at Gaspé from the very beginning, likely born of necessity
given the remote location. As an example, soon after
starting the smelter, unexpected bismuth levels in Gaspé
concentrate of around 300 ppm gave high Bi levels in
anodes, the smelter quickly completed laboratory dust
smelting tests and within a year or so had installed a small
reverberatory furnace for separate dust treatment (Heino
and Balogh, 1965).
Realizing that converter capacity and specifically
converter blowing rate would become limiting for higher
throughputs, Gaspé’s innovative spirit turned to converter
operations. At the time, the converters were handpunched, a physically demanding job at best, and which
had limited scope for achieving faster or more rigorous
punching to allow for higher air flows. While mechanical
punchers were in use at the time, for example the
Kennecott puncher (Larson, 1950), it was apparently felt
that with this design having the punch bar remaining inside
the tuyere pipe, airflow would always be impeded, and
hence an alternative was sought.
The idea was then somehow born (Fowler et al.,
1968), that a type of externally mounted, hydraulicallyoperated punch bar pushed into the tuyere in a manner
akin to the action of the puncher but with greater rapidity
and force giving improved tuyere cleaning might be
designed. One of the inventers, the late Albert Pelletier,
had described how a prototype model of the new puncher
concept built along these lines, and in part constructed
from wood and metal materials was initially evaluated in
the garage of one of the smelter personnel. In any event, a
working experimental unit was soon built and tested at the
smelter in the spring of 1962, having the ability to punch
four of the fifty converter tuyeres.
Later that year an improved new version was built and
tested. Consisting of two punch bars on a cradle, the bars
were activated by an air-operated pneumatic cylinder, with
the assembly mounted on a track set on the floor

alongside the converter length (Fowler et al., 1968). The
puncher had an upwards angle of about 5 degrees, thus
approximately simulating the stroke angle of the hand
puncher.
Also in 1964, a newer, more robust unit was built
along the same lines and put into service, which is shown
on Figure 14; while simpler than today’s machines, this
unit became the first standardized design. The converter
thus equipped with the new puncher immediately showed
higher average blowing rates.

Figure 14. First working version of the Gaspé Puncher
in mid 1960s
As the puncher performance was improved and the
new unit was installed on the two Gaspé converters,
average blow rates1 gradually increased to as high as
40,000 Nm3/h, approaching the capacity of the blower. The
higher blow rates helped drive copper throughputs to over
167 tonnes/day, well above its design capacity. Figure 15
illustrates the increase in average annual converter
blowing rates over the period 1960 to 1967, while Figure
16 shows the higher copper output at Gaspé during the
same time period (Fowler et al., 1968). Clearly the Gaspé
Puncher development was a handsome investment at the
plant.
World-wide patents for the new puncher, called the
Gaspé Puncher, were granted (Heino et al., 1967), and the
decision was made to establish an exclusive commercial
manufacturing and marketing arrangement with Heath and
Sherwood (1964) Limited of Kirkland Lake, Ontario,
Canada.
The clear benefits of the Gaspé Puncher in improving
converter productivity were soon appreciated by smelters
around the world; over about the next two decades, Gaspé
Puncher units had been installed at all major copper
smelters. With the design substantially improved since that
1

It is assumed, consistent with other Noranda plants of the era,
that at Gaspé in the 60s the scfm unit used normally referred to
standard conditions at 60°F (15.6°C) and 1 atmosphere pressure.
In this section, reported air flow data (Fowler et al., 1968), were
converted to Nm3 taking this into account.
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The automated puncher was first installed on the
Noranda Process reactor at the Horne smelter in 1987 with
very good results. It has since being fitted on other vessels.
Figure 17 illustrates the steady growth pattern of the
installed Gaspé Punchers worldwide since 1968.
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Figure 15. Increase in Gaspé converter air blow rates after
commissioning the Gaspé Puncher (Fowler et al., 1968)
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Figure 17. Chart illustrating the steady growth in the
number of installed Gaspé Puncher units world-wide
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This is a story of resounding success, built upon
inventiveness, an enlightened feeling for robust
engineering design and a clear operational understanding
of the converter operation and punching function. The
machine’s sturdy construction, reliability and self-evident
fitness for purpose have underpinned worldwide advances
in converting practice and tuyere-based bath smelting
technology (Figure 18).
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Figure 16. Increase in Gaspé copper output after
commissioning the Gaspé Puncher (Fowler et al., 1968)
Subsequent innovations introduced include the
development of the Noranda Tuyere Silencer at the
Noranda Horne smelter in the 1970s to improve puncher
and converter operation (Pelletier, 1976); later, came the
development of the automated Gaspé Puncher (Dutton
and Simms, 1968).
The silencer consisted of four spring-loaded jaw
segments fitted in a tuyere block positioned just ahead of
the ball valve. This device gripped the moving punch bar
and virtually eliminated air loss and resulting blast noise
caused by the punch bars entering the ball valve; it was
estimated that overall about 0.4 Nm3/s or about 4% of the
blown air (which was previously lost during punching)
could be utilized (Pelletier, 1976; Vogt et al., 1979), with a
direct increase in productivity. The silencer was found to
lower the puncher noise level to within 2 dBA of ambient
(Pelletier, 1976; Vogt et al., 1979). It is recognized that the
silencer needs careful maintenance to be effective,
nevertheless the advantages of the unit fitted on

Figure 18. View of a modern automated Gaspé Puncher
Historically, the Gaspé punching machine has helped
to transform Peirce-Smith converting by removing many of
the uncertainties of tuyere line operation, by stabilizing
and maximizing blowing rates, with commensurate
production benefits, and by creating a better workplace
environment, improving the productivity and jobsatisfaction of operating personnel.
These attributes, which stem directly from the
innovative simplicity and flexibility of the Gaspé machine
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concept together with first-class Canadian manufacturing
skills by Heath and Sherwood, will continue to set a
benchmark for converter operation into the foreseeable
future. The Gaspé Puncher was awarded the MetSoc of
CIM Innovation Award in 1998. The worldwide success of
this outstanding technology also helped establish Canada
as a world leader in smelter technology.
Origins and Development of the Noranda Process
The concept of the Noranda Process originated in the
summer of 1963 in field tests conducted by Nickolas
Themelis and Paul Spira of the Noranda Research Center,
in one of the three reverberatory furnaces of the Noranda,
Québec smelter of the then Noranda Mines Limited (now
Xstrata Copper Canada). These were large furnaces of
inside dimensions of about ten meters wide, thirty meters
long and three meters high (Anderson, 1954). Copper
concentrates or roaster calcines were introduced
continuously through openings in the roof along the
furnace walls, while molten converter slag was poured
intermittently from a ladle through an opening in the front
wall of the furnace, located underneath four pulverized
coal burners. In addition to smelting copper concentrate,
the reverbs were used to recover most of the copper
content in the return converter slag.
The typical coal firing rate per hot-charge furnace at
Noranda was in the order of 4.7 tonnes of coal/h, equal to
about 154 GJ/h (146 million BTU/h). The furnace off-gases
were cooled in large boilers, generating at Noranda some
20 tonnes/h of steam per furnace, a valuable heat byproduct. The concentration of sulphur dioxide in the
furnace gas was of the order of 1-2% SO2, and it was
recognized that this level was too low to be used
economically for the production of sulphuric acid; at
Noranda the off-gases were exhausted to atmosphere
through the No. 3 smelter stack, which at 161 m, was at
the time one of the tallest smelter stacks in the world. It is
noted that typically there could be sulphur emissions
throughout the entire smelter, and depending on
atmospheric conditions, sulphur dioxide could occasionally
permeate the smelter neighbourhood.
The tests (Themelis and Spira, 1966), carried out by
the Noranda Research team to understand slag flow
characteristics involved the introduction of a small sample
of short-life radioactive copper into the ladle of converter
slag, before it was emptied into the front end of the bath
of the No. 3 wet-charge reverberatory furnace; and then
collecting samples from the reverberatory slag exiting the
furnace and measuring their radioactivity. The objective
was to determine the residence time of the slag in the
furnace and, hence, the mixing conditions within the bath,
which in turn it was deducted, would have an influence on
the copper content of the tapped slag. The analysis of the
data was based on reactor engineering theory developed
by Levenspiel and elaborated in the pioneering textbook
“Rate Phenomena in Process Metallurgy”, Szekely and

Themelis (1971).
The results of these tests were an “eye opener” for
the operators of reverberatory furnaces at Noranda and
around the world; most of the slag bath in the furnace was
not involved in the slag flow, i.e., it was stagnant. The
actual residence time of the converter slag in the furnace
was less than an hour or so, instead of the calculated
retention time, on basis of volumetric flow rate and cross
sectional area of the bath, of over ten hours. Conventional
copper metallurgy at the time employed only the latter
figure for the slag residence time.
The co-authors of the study were awarded the Gold
Medal in 1966 by the Metallurgical Society of the AIME for
their work. But the most important practical result was
that it indicated that the copper content in converter slag
can be reduced fairly rapidly. This led to the ingenious idea
of combining the smelting of copper concentrates and
converting of copper matte in a single cylindrical converter
of about twice the length of the Peirce-Smith converter, so
as to provide for smelting and also for the required
residence time of less than one hour for reducing the
copper content of the slag. The addition of two tapholes to
this vessel (one in the barrel for copper or matte, and one
at the end for slag) was new and a real innovation.
The next step in the development of this new Noranda
continuous smelting and converting concept was to build a
small pilot test furnace at the Noranda Research Center.
Here this concept was tried and proven over the period
1964-1965, before moving to the construction of a large
Noranda Process pilot plant, nominally rated at 100 short
tons/day (91 tonnes/day) at Noranda, Québec. In the
meantime and a few years later, the Noranda Research
team was expanded by bringing in young metallurgists who
later distinguished themselves in the metallurgical field in
Canada: Peter Tarassoff, Phillip Mackey, and Paul Schmidt,
the manager of the Noranda pilot plant, amongst others. In
particular, Phillip Mackey was enticed to leave Australia
and move to Canada, during a lecture by Themelis, on the
Noranda Process, at the University of New South Wales.
The development of the Noranda Process was initially
met with considerable skepticism by seasoned Noranda
metallurgists, such as Jack Anderson, Vice President of
R&D, and George McKerrow, Noranda Smelter
Superintendent, who had spent decades working with the
reliable workhorse of the reverberatory furnace. In
particular, Jack Anderson several times made reference to
“the so-called Noranda Process”. Yet at the end, they were
the people who took the risk of authorizing the
expenditure of millions of dollars to build the full-sized
Noranda Process reactor that is still operating – some forty
years later – at Noranda, Québec. Many years after the
copper mines in that area have been exhausted, the
smelter is currently run by bringing in concentrates and
other materials from Ontario and as far as Chile,
Australasia and Europe.
A detailed story of the Noranda Process is outside the
scope of this section. The present account provides an
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overview of the key events in this major Canadian
development, with particular attention given to the early
development period. The reader is referred to numerous
papers that provide details on the extensive work that was
carried out on this process over the years. The authors
would be pleased to provide a complete reference list
upon request.
As described by Tarassoff in his 1984 TMS Extractive
Metallurgy Lecture (Tarassoff, 1984), success in the project
was achieved by dint of hard work and persistence by the
original inventors. After an initial rejection, funding for the
small-scale pilot tests was approved in June 1964, paving
the way for the above mentioned pilot tests at the
Noranda Research Centre. As Tarassoff noted, with these
early trials underway, Noranda’s support for the project
was unwavering, such support by the company was critical
to ultimate success.
The small-scale pilot tests were carried out in an oilfired reverberatory-type furnace, with inside dimensions of
about 2.4 m long, 1.2 m wide, and 0.8 m high (Figure 19).
The nominal concentrate smelting rate was of the order of
75 kg/h (1.8 tonnes/day), although higher smelting rates
would have been possible.

Figure 19. The Noranda Research Centre oil-fired
reverberatory furnace used to successfully confirm the
Noranda Process concept in 1964-1965
One exciting test (Figure 20), carried out in April 1965
at the Pointe Claire furnace, helped to convince people of
the feasibility of the Noranda Process by producing
metallic copper while the furnace was being fed with
copper concentrate. Thermodynamically, all the iron and
sulphur in the copper matte must be driven out before
copper metal can be formed; the pilot furnace showed
that, under the proper operating conditions, it was
possible to produce copper metal at one end of the
furnace bath while iron and sulphur were being fed and

smelted at the other end.

Figure 20. Test work in action at the small-scale pilot plant
at Noranda Research Centre (1965)
This was innovative, new ground-breaking work in
copper smelting technology. It might be mentioned that, at
the time, not only in Canada but throughout the world,
mainstream copper smelting technology consisted of fuelfired reverberatory furnace smelting followed by PeirceSmith converting; and typically, there was no sulphur
capture at plants located in sparsely populated areas. In
fact, with the latest in smelting technology, a new, wetcharge reverberatory furnace (No. 3) had been commissioned at the Noranda smelter in 1957, only five years
before the work described above was carried out; the new
Gaspé smelter based on reverberatory smelting had begun
a little earlier in 1955. Kennecott in the USA was in the
middle of building three new reverberatory furnaces at
their Salt Lake City smelter, while one of the largest
smelters in the world at Chuquicamata, Chile, had
commissioned four wet-charge reverberatory furnaces a
decade earlier. Flash smelting was brand new – there were
only three flash furnaces worldwide, at the Harjavalta
smelter of Outokumpu, at Furukawa’s Ashio smelter and at
Inco Copper Cliff) – and data on concentrate smelting in
converters was just about available (Tsurumoto, 1961). The
novel work at the University of Kosice on new approaches
to continuous smelting and converting had been published
in May 1964 (Sehnalek et al., 1964), this work continued
into the 1970s. Schuhmann had defined the basic
thermodynamic of conventional smelting a decade or so
previously (Schuhmann, 1950), but continuous smelting
was entering uncharted territory and would later be
studied by Noranda engineers (Nagamori and Mackey,
1978a and 1978b), and by Yazawa and co-workers at the
University of Tohoku, Japan (Yazawa, 1974).
As discussed earlier, based on the success of the smallscale pilot tests at Pointe Claire, Noranda management
agreed to build the 100 short ton/day pilot plant at the
Noranda smelter, Figure 21. Designed by Aitkens, Hatch &
Associates (now Hatch) the plant, which was located
adjoining the far end of the existing converter aisle, started
up in May 1968.
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This project was clearly a major undertaking for the
Company and in its 1968 Annual Report (Noranda Mines
Limited, 1969), progress of this new achievement was
described as follows:
“The search for improved metallurgical processes and
products continuously under way at the Noranda Research
Centre resulted in the development of the new smelting
process currently being tested at the Noranda Smelter”.
“The pilot plant for the Noranda continuous smelting
process was started in May. Current work is directed
towards establishing production rates and methods for
obtaining cleaner slags”.
The section on “Review of Operations” reported on
the progress at the Noranda smelter as follows:
“Increased receipts of Geco concentrates resulted in a
record smelter production of 221,500 short tons of anode
copper (200,940 tonnes). The pilot plant has been in
operation since May, and is now regularly producing blister
copper and slag from concentrates, in one vessel. Further
work is directed towards improving performance”.

Figure 21. Inside view of newly bricked Noranda Process
pilot plant looking towards the slag end (May 1968). Paul
Schmidt, first pilot plant Manager, is standing in front of
the vessel
Clearly an excellent start and continued testing
brought forth more encouraging results (Tarassoff, 1984).
Pilot plant work can be both exciting and long and tedious,
with many “trials and tribulations” in between and the
work at this plant was no different. But, with the objective
of confirming the main process characteristics and
developing design data for a possible full-scale plant, all
key aspects were evaluated including: on-stream time,
refractory life, slag chemistry and slag cleaning, including
innovative work in slag cooling and flotation (Subramanian
and Themelis, 1972), off-gas characteristics and the
behaviour of minor elements. Throughout this whole
period, the pilot plant work was supported by an active
research and development program at the Noranda
Research Centre. This technical support was crucial to the
ultimate success of the project. Following a number of
campaigns using air only for tuyere injection, the use of
oxygen-enriched air and further work on the recycle of slag

concentrate was tested in 1972. The results of this work
showed that a significant capacity increase was possible
with the use of oxygen; the results of this work have been
reported in a number of technical papers (Themelis et al.,
1972; Themelis and McKerrow, 1972; McKerrow et al.,
1974; Bailey et al., 1975).
In March 1971, Noranda Mines Limited made the
decision to build a commercial Noranda Process plant at
the smelter having a nominal capacity of 800 tons of
concentrate per day (726 tonnes per day). This tonnage
matched expected plant requirements and incidentally was
similar to the capacity of a typical wet-charge
reverberatory furnace of the era. The new plant, also
designed by Hatch, was constructed over the period 1971
to early 1973 and commenced operations on March 1st,
1973. This was the world’s first commercial continuous
smelting and converting copper process. It had taken 10
years from the time the first concepts were sketched out
to start-up of the commercial plant, a time period
considered about normal for this type of massive
development of an innovative process. Tarassoff (1984)
has outlined some of the reasons for success, and for a
new project like this, the type of research and
development program employed with effective piloting
was crucial.
Since start-up, numerous technical and operating
improvements have been introduced by Noranda/Xstrata
technical and plant personnel, the reactor vessel itself
remains essentially the same nearly forty years later; these
subsequent developments are recorded in several key
papers2.
An overall chronology of the developments since the
inventers first outlined the concept in 1963 is summarized
in Table 1. This chronology combines the early information
summarized by Tarassoff (1984) up to 1973 and that
documented by Mackey and Pannell (1988) up to 1988.
The work included the development and implementation
of the novel slag ladle cooling and milling process
(Godbehere and Brooks, 1977).
From the start, the process has been a key to the
continued success and longevity of the Horne smelter in a
way not even dreamed of by the inventors. The smelter
clearly has not looked back since that time. It could be said
with close to 100% certainty that if the new smelting
concept would not have been successfully tested and
eventually commercialized, the smelter, like all its
Canadian peers (and most plants in the USA), would in all
probability, have closed long ago. The Noranda Process
reactor, at one quarter the size of a reverberatory furnace,
replaced eight hearth roasters, three reverberatory
furnaces, a number of conventional converters and all the
2

Mackey et al. (1975), Mills et al. (1976), Godbehere and Brooks
(1977), Bailey and Storey (1979), Mackey et al. (1982), Mackey et
al. (1985), Pannell and Mackey (1988), Prévost and Verhelst
(1991), Prévost (1991), Goodwill (1994), Prévost et al. (2007),
Coursol et al. (2009)
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ancillary equipment related to these numerous units. In
addition, the Noranda Process generated a high-strength
sulphur concentration gas that allowed the economic
production of sulphuric acid, and largely eliminated the use
of fossil fuels for smelting copper feed material.
Noranda Mines Limited made the decision to license
the technology to other copper companies and in 19761977, three Noranda Process reactors, each the size of the
unit at the Horne, were built at the Kennecott Smelter in
Salt Lake City (Goodwill, 1994). This new plant commenced
operations in September 1977. A smaller Noranda Process
reactor was built for Electrolytic Refining and Smelting in
New South Wales, Australia, starting up in 1991. This plant,
while technically successful, was closed in 2003 as the
plant being too small could not compete internationally. A
Noranda Process reactor was built at Daye, China, starting
up in 1995; a second Noranda reactor was built at
Shenyang in China, however, the plant was not completed
as the entire smelter project was cancelled when it was
deemed the plant was too close to the expanding city. At
the HBMS smelter in Flin Flon, Manitoba, a Noranda
Process reactor was delivered to the smelter site, but
before the plant was completed, the whole smelter
modernization project was shelved. The Altonorte hybrid
Noranda Process-El Teniente reactor process in Chile
commenced operations in 2001; the plant operates very

Year
1963
1964
1965
1966
1968
1970
1971
1972
1973
1975
1982
1983
1984
1989
1990
1992

well and has been expanded several times since that time.
The now well-researched bath smelting phenomena
meant that non-concentrate materials could be smelted
just as easily as concentrates with due adjustment to the
oxygen and fuel requirements. Thus, by the late 1970searly 1980s, many different types of metal bearing
materials were successfully treated at the Horne reactor.
This work paved the way for later operations, including up
to the present day, where a good part of the plant feed is
made up of recyclable materials in addition to a base load
of conventional copper concentrates. In addition to its
smelting and converting function, the Noranda Process
Reactor in Canada currently processes about 60,000
tonnes of electronic waste material, thus recovering their
copper and precious metal values.
The copper smelting landscape has clearly changed
significantly since the 1960s when this story began. By
now, all or nearly all copper reverberatory furnaces in the
world have been replaced by either “flash smelting”
reactors, such as the Outokumpu Process, or “bath
smelting” reactors, such as the Noranda Process, or one of
the newcomer processes based on the top smelting lance
system. In all cases, the drivers have been efficient
operations, conservation of non-renewable fuels and
environmental protection.

Table 1. Chronology of the main Noranda Process developments from 1963 to 1992
Month
Event
July-December Basic concept outlined by Nickolas Themelis and Paul Spira
December
Disclosure of new process concept
June
Research project formally approved
Continuous converting of matte to copper demonstrated in small furnace at Noranda
November
Research Centre
April
Simultaneous smelting of concentrate and converting to copper demonstrated
July
Design of 100 short tons/day pilot plant initiated
May
Start-up of pilot plant
June
First copper cast
May
Full-scale slag milling test
March
Decision to construct prototype plant
Sept. to Nov. Pilot reactor operated with oxygen-enrichment
December
Last month of pilot plant operation
1 March
Start-up of 800 short tons/day prototype plant, first tests on ladle slag cooling
Noranda process switched to high-grade matte operation, 85 tonnes/day oxygen plant
on-line, smelting rate over 1,200 tonnes/day, ladle slag cooling introduced (with
complete ladle cooling by 1977)
465 tonnes/day oxygen plant on-line and upgrade of feed system
Install prototype Noranda Tuyere Pyrometer, smelting rate over 2,000 tonnes/day
Expanded facilities for scrap receiving and sampling
December
Start-up of acid plant
September Closure of last reverberatory furnace, Noranda Process becomes sole smelting vessel
Smelting rate over 2,700 tonnes/day
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Development of Tuyere Pyrometer
In copper smelting, reliable and continuous measurement
of melt temperature is essential for effective process
control. A number of changes at the Horne smelter in the
early 1980s – installation of the 465 tonnes/day oxygen
plant, resulting in a substantial increase of feed tonnage to
the Noranda Reactor – prompted a re-evaluation of using a
hood-mounted pyrometer for measuring the operating
temperature in the Reactor as well as in the Peirce-Smith
converters. This technique was considered to have several
limitations, which in the Noranda Process reactor included
the need to deal with sight blockages, the requirement for
frequent cleaning and the fact that the bath sighted by the
unit had typically cooled somewhat near the vessel mouth,
thus not providing the true temperature in the reaction
zone.
The Noranda Research Centre was therefore
requested at the time to develop an improved
temperature measuring instrument. After a number of
unsuccessful attempts to measure melt temperature using
thermocouples, a new approach based on sighting the
melt through a submerged tuyere was considered by the
principal developers, John Lucas and Greg Wint. This
approach was inspired in part by the design of a tuyeremounted pyrometer installed as a prototype unit in the
1950s on a Bessemer converter (Leroy, 1956). It is noted
that this unit did not employ fibre optics nor was the steel
converter subjected to regular punching action as occurs
on copper smelting vessels.
The following design criteria were therefore
established for the proposed new instrument (Pelletier et
al., 1987; Lucas, 1987):
i.
The new pyrometer was to be sighted through a
tuyere
ii.
Punching would not be restricted
iii.
Instrument electronics would be mounted away
from the vessel
iv.
Measurement would not be affected by changes
in received light due to tuyere blocking or tuyere
pipe burn-back
It was realised at the outset that a strongly built unit,
able to withstand the operating conditions around these
vessels would be required. Following initial studies and
tests, a prototype pyrometer was built in the mid-1980s
(Pelletier et al., 1987); Lucas, 1987). The unit employed a
retractable pyrometer periscope that sighted the melt
through an operating tuyere. It employed a fibre-optic
cable to convey radiation emitted by the bath to a specially
developed, two-wavelength pyrometer located away from
the furnace. The tuyere body was fitted with a heavy guard
plate to protect the periscope from accidental puncher
damage during operation.
Initial testing on the Noranda Reactor and PeirceSmith converters, using a manual “Temptip” thermocouple
for temperature verification, was very successful. Further,
it was found that variable degrees of tuyere blocking at the

tuyere tip did not affect reliable temperature
measurement. Early versions of the Noranda tuyere
pyrometer are illustrated in Figure 22.

(a)

(b)

Figure 22. Noranda Tuyere Pyrometer – (a) first generation
unit and (b) second generation unit
Subsequently, the unit was permanently fitted on a
tuyere located towards the feed end of the Noranda
Reactor, and it soon became the sole instrument for
temperature control. A second unit was later installed as a
back-up on the tuyere line located towards the vessel
mouth (Prévost, 1991). Since that time, the Noranda
Tuyere Pyrometer has become standard for the Noranda
Reactor, and the unit is credited in helping the vessel to
achieve a long campaign life. Arrangements were
subsequently made to license the unit to Heath and
Sherwood (1964) Limited of Kirkland Lake, Ontario, Canada
to manufacture and market the instrument worldwide.
Importantly, the Noranda Tuyere Pyrometer was
installed on the new Noranda Converter (Mackey and
Bailey, 1985a and 1985b; Prévost et al., 1999), at start-up
in 1997 and has served as the ideal instrument for
temperature measurement in this vessel (Prévost et al.,
1999). As with the Noranda Reactor, the Noranda
Converter is fitted with two Tuyere pyrometers.
The present design of the Noranda Tuyere Pyrometer
and optical features are illustrated in Figure 23. In addition
to its use on the Noranda Reactor and Noranda Converter,
the Noranda Tuyere Pyrometer has also gained acceptance
in Teniente Converters, and there is interest in adapting
the technology to the equally hostile environment around
Peirce-Smith vessels. The development of this novel and
reliable pyrometer certainly met the objectives of the
designers. This is a good example of the ingenuity and skill
of the Canadian metallurgical world of the era. One hopes
that the same driving spirit which led to its successful
development during the last century will continue into the
present century.
Recognition is given to all those at the Noranda
Research Centre and the Horne and Gaspé smelters who
contributed to the success of this development. Heath and
Sherwood (1964) Limited of Kirkland Lake, Ontario, which
markets the pyrometer, kindly provided material for this
section.
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Figure 23. Noranda Tuyere Pyrometer and optical features
The Noranda Continuous Converter
Copper metallurgists would most probably agree that the
copper blow portion of the Peirce-Smith cycle is a splendid
operation. For example, at the Horne, prior to building acid
plants, the old standard “13 ft by 30 ft” converter (3.96 m
by 9.14 m) would self-blow at up to 40,000 Nm3/h without
much punching during the copper blow. The operation was
autogenous, with no production of slag, and an
experienced skimmer could readily tell the end point
(visual inspection of the mottled surface appearance of
copper solidified on a bar thrust into the melt, or looking at
the flame); process control at the time was then really an
art.
However, the copper blow itself was only part of the
converting cycle. The numerous individual slag blows and
skims in the matte cycle made the collection of fugitives
particularly difficult in an old plant like the Horne Smelter –
with some sections dating back to 1927 – due to the lowheight converter aisle, the vessel turnouts for scrap
handling and hooding challenges. It became a dream to
have a continuous converter process to avoid most, or all,
of these problems. This section discusses the birth of one
such process – the Noranda Continuous Converter –
developed during the period of the 1970s to 1990s.
In the late 1970s, one of the present authors (PJM then working at Noranda Research Centre) and his
colleague, Dr. Barry Bailey, at the Horne smelter, pooled
their knowledge, and inspired by the original development
work they had carried out on the Noranda Process, set out
without any special mandate to develop a new converter
that would operate continuously. Noranda Inc. filed
patents for the new converter that evolved out of their
efforts in 1982 and 1983, with the patents being issued in
1985 (Mackey and Bailey, 1985a and 1985b). The work also

included continuous converting of nickel mattes based in
part on continuous nickel smelting and converting
experience of one of the present authors (Mackey and
Palumbo, 1997). The Canadian Patent (Mackey and Bailey,
1985b), summarized the development as follows:
“This invention relates generally to the converting of
non-ferrous mattes and materials and more particularly to
a process and apparatus for continuous converting of
copper mattes”.
The first claim in the patent read as follows:
1.
(a)

(b)

(c)

(d)

“A process for continuous converting of nonferrous mattes comprising the steps of:
Feeding continuously or intermittently throughout
the converting process a liquid matte into a
horizontal generally elongated furnace which is
stationary during normal operations;
Continuously blowing air, oxygen or oxygenenriched air into the melt through tuyeres
submerged below the melt surface at a rate in
balance with the rate of liquid feed matte and the
desired degree of oxidation;
Introducing flux into the furnace at a rate in
balance with the feed matte and air, oxygen or
oxygen-enriched air; and,
Removing slag from the top of the melt and a
refined product from beneath the melt while air,
oxygen or oxygen -enriched air is blown through
the melt.

Nine additional claims followed, including the option
to add part or all of the matte as solid material.
A schematic diagram of the new continuous converter
as envisaged by the inventors at the time is presented in
Figure 24.
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Figure 24 – Schematic diagram of the Noranda Continuous converter as illustrated in Canadian Patent No. 1,190,751,
(Mackey and Bailey, 1985b)
Soon after the above patents were issued, Noranda
began to draw up plans for an acid plant at the Horne
smelter, which in the first instance, would likely treat offgas from the Noranda Process reactor. On a cold winter
day just before Christmas in 1989, the new Horne acid
plant (Samuel et al., 1989), at the time one of the largest
metallurgical acid plants in the world, commenced
operations treating Noranda Process off gas.
Some months later, in September of the following
year, the last Horne reverberatory furnace was shut down,
six decades after the smelter fired up its first reverb in
1927. By early 1991, SO2 reduction at the plant had
reached 70%; in June that year, Horne smelter
management led by Derek G. Pannell announced a new
Reduction Emission Program, targeting 90% SO2 reduction
by the year 2000. A multidisciplinary team co-ordinated by
Robert Vos, and consisting of scientists from the Noranda
Technology Centre and Horne engineers commenced
examining alternatives. The new Noranda Converter
(Mackey et al., 1995a and 1995b), was selected as the best
trade-off choice, considering the desired use of existing
smelter equipment and an easily achievable expansion of
the new acid plant up to its nominal design capacity by
significantly reducing converting off-gas volume. In fact,
the productivity of the continuous converter would be
similar to that of two batch converters blowing
simultaneously. Thus, the SO2 reduction goal would be
reached with a reasonable capital outlay, and secondly it
would become an important step forward in
technologically advancing the century-old copper batch
converting practice.
Pilot testing was carried out at the Horne smelter
during 1993 by modifying the No. 6 converter (Mackey et
al., 1995b). The modifications included: the installation of
an end plate taphole, and the installation of a suitable solid
feed system for flux, coal and reverts. Because of
lengthwise space limitations, an ingenious sliding tapping
platform was designed by P. Barbe of the Horne to allow
copper tapping into a ladle at the converter end wall. After

tapping, the platform was moved away, permitting the
crane to pick up the ladle for transfer to one of the PeirceSmith converters. For the pilot tests, slag was conveniently
skimmed through the mouth. A longitudinal cross section
of the pilot converter arrangement is shown in Mackey et
al. (1995b), along with several photographs of the pilot
unit.
In a parallel activity, studies of vessel design aspects
(including tuyere parameters – size, spacing, gas flows,
jetting, splashing, etc. – mouth location, and vessel
hydrodynamics) were studied at the Noranda Technology
Centre under the direction of Dr. C. Harris, in a 1/9th scale
room temperature water-helium model, built of clear PVC
material. A summary of some of this work was published
by Wraith et al. (1994).
The successful pilot testing (Mackey et al., 1995b),
paved the way for the design and construction of the
commercial converter unit. The pilot plant team led by C.
Levac, and supported by C. Harris, P. Barrette and Y.
Prévost, focussed on both technical and human aspects of
the operation. Attention to these two features was critical
to achieving the goals of the pilot plant program. The
photograph presented in Figure 25, taken near the end of
the 1993 campaign, shows the piloting crew on the
occasion of one of the valuable team building exercises.

Figure 25. Pilot plant team – Noranda Continuous
Converter (Horne smelter, 1993)
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This approach to project development was carried
through the engineering work by Hatch, with design and
construction led by J-P. Landry and M. Boisvert. These
efforts led to the start-up of the commercial Noranda
Converter in October 1997. The new, compact vessel and
ancillaries were located in an extension of the existing
reactor building, conveniently allowing efficient matte
transfer, as shown in Figure 26. Some matte would also be
cast in ladles for addition after breaking as solid matte.

Figure 26. View of Noranda Converter in same aisle as the
Noranda Process Reactor at the Xstrata Copper smelter,
Rouyn-Noranda
The teamwork approach adopted since the beginning
was key to the success of the project (McDermit et al.,
1996; Boisvert et al., 1998; Prévost et al., 1999). The early
work of the inventors, the carefully planned and executed
piloting, and finally the work of the construction team paid
off with a smooth and successful commissioning which
approximated a Type I start-up (Mackey and Nesset, 2003).
The words of Prévost et al. (1999), describing the first year
of operations, emphasized this team effort philosophy as
follows:
“The Noranda Converter has reached design
performance faster than expected. This is a result of a
continuous team effort from engineers, researchers,
managers and operators.”
Tests in early 1999 confirmed the capacity to handle
100% of the reactor matte. Thus, during a one month test
in January 1999, average feed was 873 tonnes/day of liquid
matte and up to 454 tonnes/day of solids, including solid
matte and coolant material; full details are given in Prévost
et al. (1999). Progress at the plant since that time has been
documented in several papers (Zamalloa and Carissimi,
1999; Coursol et al., 2007; Prévost et al., 2007; Coursol et
al., 2009). As discussed in Prévost et al. (2007), a later
development was the introduction of a number of high
pressure tuyeres allowing longer refractory life. Typically
10,000 Nm3/h is provided by up to 3 high pressure tuyeres,
the balance (about 20,000 Nm3/h) by about 9 conventional
tuyeres.
In conclusion, the Noranda Converter became an
elegant, modern advancement on the century-old
technology, and has contributed much in maintaining the

smelter at Rouyn-Noranda, Québec, Canada, as a current
force in the copper business. The Horne is expected to
continue well into the foreseeable future.

Trail Smelter (Teck Resources, formerly
Cominco)
The smelting of copper-gold ores from the local Rossland
mines began in the Trail Operations site of Teck Resources
Ltd. in 1896. As these ores became depleted, the smelter
adapted to processing the silver-rich galena ores of the
nearby Slocan district. Lead production started in Trail in
1901, and it continues to this day. Blast furnaces were
employed for the early processing, and this technology was
used through the better part of the 20th century. During
the 1960s and 1970s it was recognized that there were a
number of issues with the operation of the deteriorating
two stage sinter machine–blast furnace operation,
including fuel and labour costs, and environmental
concerns (Walker et al., 1990; Babcock et al., 1998). In
addition, modernization of the integrated lead-zinc facility,
which began in the 1970s, led to pressure to increase the
capacity of the lead smelter to process the growing
stockpile of zinc plant residues (Ashman et al., 2000).
Annual lead smelting capacity had fallen from 160,000
tonnes in 1964 to less than 100,000 tonnes in that period.
The search for alternate smelting processes started in
the 1960s, and this work ultimately focused on the
development of a flash smelting method for lead
concentrates. Development started in 1969, and was taken
as far as a 100 tonnes/day pilot plant (Babcock et al., 1998;
Ashman, 2000; Ashman et al., 2000). Although the
smelting oxidation stage of the reactor was successful,
there were significant issues in achieving reduction of the
lead oxide from the resulting slag, and the work was
abandoned in 1973 for technical and economic reasons
(Sentimenti and Cois, 1996). At the same time, a similar
approach was being followed in the Soviet Union at the
Eastern Institute for Non-ferrous Mining and Metallurgical
Research (VNIItsvetmet), in Ust’Kamenogorsk, Kazakhstan.
Development was proceeding on the KIVCETTM process
using tonnage oxygen for lead concentrate flash smelting
(Goosen and Martin, 2000). ‘KIVCET’ is an acronym from
the
Russian
words
for
“oxygen-flash-cycloneelectrothermal”. Work had started on applying this
technology to the smelting of lead containing materials in
1968 following earlier work on complex copper
concentrates. The Russians were able to overcome the
issues posed by slag reduction by percolating flash
smelting products through an internal coke bed and
further processing the slag in a contiguous electric furnace.
They continued the development of this technology
through the 1980s, eventually establishing operating plants
in Ust’Kamenogorsk (1986) and Portovesme, Italy (1987)
(Sentimenti and Cois, 1996). Cominco piloted the process
in 1978 at the Kazakhstan facility, demonstrating
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successful smelting of a charge containing 40% zinc plant
residues. Following this work, engineering proceeded on a
feasibility study with the engineering firm KHD (Klockner
Humboldt Deutz) for the installation of the process in Trail
(Goosen and Martin, 2000). The recession of the early
1980s, and collapse of metal prices, however, brought a
halt to plans for further engineering and construction.
During the 1970s and 1980s, a competing bath
smelting process, QSL (Queneau-Schuhmann-Lurgi), was
under development by Lurgi GmbH (Matyas and Mackey,
1976). In this process the feed material is smelted in a
molten bath oxidation zone, and reduction of the high lead
slag proceeds in a second chamber of the horizontal
cylindrical vessel. The process was considered technically
viable by the mid-1980s. At that time, the economic
conditions had improved to the point where
modernization of the Cominco lead smelter was being
reconsidered. In 1986, the QSL process was selected for
smelter modernization on the basis of lower capital and
operating costs, Walker et al. (1990). The plant was
constructed and commissioning started in 1989. After start
up, serious operating problems were encountered, and it
became apparent that the new plant would not meet
expectations. One of the key difficulties was the inability of
the QSL installation to operate with the high zinc plant
residue charge (Sentimenti and Cois, 1996). Following
efforts to overcome these problems, the old lead smelter
was restarted in order to maintain production. By 1993
Cominco had decided not to restart the QSL reactor
(Northern Miner, 1993).
At this point the KIVCET process was operating
commercially in Kazakhstan and Italy, and Cominco once
again reviewed the applicability of this technology. Due to
the increase in the stockpile of residues it was necessary to
design for a higher treatment rate of this material than
originally planned. In order to confirm performance with a

higher proportion of residues further test work was
undertaken. In 1991, a four week pilot campaign was
conducted
at
the
VNIItesvetmet
facility
in
Ust’Kamenogorsk using Trail residues. Smelting rates were
of the order of 0.5-0.8 tonnes/h, or about 1% of the
expected full scale plant. Success in this campaign led to an
eighteen day commercial scale test in 1992 using simulated
residues. Smelting rates in the Lead-Zinc Combined
production furnace were in the range of 12-18 tonnes/h,
or about 25% of full scale, and almost 4,600 tonnes of
charge was treated. The results were used in the design of
the unit for Trail (Ashman, 2000).
Process engineering was started in 1994 with
Snamprogetti of Italy who held the licence for the
technology. They had been involved in the construction of
the 80,000 tonnes/year plant at Portovesme, Sardinia in
1987 (Perillo et al., 1990). This experience was combined
with a number of improvements to build the furnace at
Trail Operations with a design rate of 56 tonnes/h. In the
Trail furnace (see Figure 27) the use of water cooled
jackets was extended to the entire 7.2 m high reaction
shaft, as well as the gas uptake. Water-cooled copper
tapping blocks were also designed, in conjunction with
Hatch Associates Ltd., for direct tapping of hot bullion.
Extensive testing of various designs was conducted. The
construction of the furnace was completed in March 1997
at a cost of CAN $159 million (Babcock et al., 1998).
In preparation for the start-up, there were significant
changes in the structure of the plant workforce, with a
shift towards self-directed teams in four sub-units. A
thorough assessment of job roles and responsibilities was
made, and expectations were clearly defined. Training on
technical as well as team and communication skills was
made a special priority. Computer based training, using
simulators, was used to take operators through different
process scenarios (Babcock et al.,1998).

Figure 27. Schematic diagram of the KIVCET furnace and ancillary equipment [CIM copyright]
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The KIVCET furnace was commissioned and started up
(ramped up) over a period of 20 months from April 1997 to
December 1998 when the full design rate of 56 tonnes/h
was achieved (Ashman et al., 2000). During this period
there were two shutdowns to correct a number of
mechanical problems in the plant and furnace. Alterations
in design and construction were made to the feed system,
slag launders, slag granulation, reaction shaft jackets,
boiler tubes, and feed burners as part of this effort. In
addition, a major technical investigation was initiated to
develop a fundamental understanding of and address
various issues including coke checker smelt reduction, bath
accretion formation, burner performance and boiler heat
transfer (Ashman et al., 2000).
Since 1999, improvements to the process have
continued, bringing the smelting rate to 62 tonnes/h by
2008 (see Figure 28). A process capability as high as 70
tonnes/h has been demonstrated; however, the maximum
operating rate is constrained by upstream and
downstream operations (Rioux et al., 2008). Reaction shaft
control has been a critical part of this increase in capacity
and on-line time. Control of bath accretions has been a
continuing struggle, but a better understanding of the
mechanism of formation has led to a more effective
management of this issue. A second parallel electric
furnace transformer and Mintek FurnStarTM MinstralTM
controller have also contributed to process reliability. The
cladding of the boiler tubes to improve resistance to
molten chlorides has been of significant benefit in
extending the life of these critical elements (Rioux et al.,
2008).
In parallel with the installation of the KIVCET process,
a new slag fuming furnace was built as part of the
modernization process. The slag fumer treats KIVCET slag
on a batch basis to recover contained metal values
including zinc and lead. The original #1 Slag Fuming (SF)
Furnace was started in 1930, and the #2 Furnace added in
1947. These operated with only minor modifications until
they were shut down. The #3 SF Furnace was built adjacent
to the KIVCET furnace, as shown on the smelter flowsheet
in Figure 29, so that molten slag could be directly tapped
from the electric furnace of this unit into the fumer (Heale
et al., 2008). This replaced the batch charging of slag pots
from the blast furnaces and greatly improved the hygiene
of this aspect of the operation. The furnace was started up
in June 1997, shortly after the KIVCET commissioning.
Various improvements were made in the design of the
furnace to update the technology.
Since start-up, upgrades to the waste heat boiler have
been made, as well as the installation of a new coal feeder
to provide more consistent coal flow to the furnace. An
important improvement to the operation has been the
introduction of a model based predictor to control the
furnace tap time, and ensure on-grade tail slag. More
recently there has been work on using oxygen enrichment
of the furnace blast up to 25% O2 to increase process
capacity (Heale et al., 2008).

On-line Time

Figure 28. KIVCET average driven feed rate and on-line
time [CIM copyright]
Significant benefits to the environment and the
community at large have followed from the introduction of
the new technologies. Lead emissions have been reduced
by 80%, and dust levels by 50%. Furthermore, blood levels
in children declined by about 50% in the years following
the start-up of the new smelter (BC Government web site,
2009). In addition, there has also been a substantial impact
on the aesthetics of the operation as a result of these
changes and removal of the old smelter buildings.
The KIVCET process has proven itself a sound
technology for the processing of primary and secondary
lead feed materials. The process has evolved significantly
since its installation at Trail Operation through attention to
critical mechanical and process issues. The history of the
process development, piloting, design, construction,
commissioning and subsequent development is an
outstanding story of innovation in the Canadian nonferrous pyrometallurgical industry.

Final Comments
There are few places in the world where nonferrous
pyrometallurgical operations have experienced such
dramatic changes as those which took place in Canada in
the last fifty years. The present Canadian smelting
operations are far more environmentally friendly and
energy efficient than those that were characterized by tall
stacks emitting huge amounts of grey smoke, laden with
pollutants. Smelting furnace productivity has greatly
increased, mainly due to the intense use of oxygen in
current operations. A number of factors contributed to
these achievements, among them: the innovative spirit of
a generation of chemical process metallurgists, trained in
the best local and foreign universities, many of whom
were, and are still members of the Metallurgical Society of
CIM; and the unwavering support to research and
innovation of Canadian mining companies such as Inco,
Falconbridge, Noranda and Cominco that made R&D a
most important component of their business strategy.
Corporate support to academic activities pursuing the
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training of new generations of innovative chemical process
metallurgists should continue being an important item in
mining companies’ agendas.
The contributors to this chapter of the present MetSoc
Commemorative Book tip their hats in honour of the
hundreds of colleagues who participated in the teams that
tackled the research projects which culminated with the

commercialization of great innovative technology.
The reader is invited to review other chapters of this
book related to Canadian nonferrous pyrometallurgical
developments to get a more in depth view of the positive
changes that the industry has experienced in the last half
century.
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