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An experimental investigation was conducted to elucidate the main features of the processes taking
place in the shaft of a continuous flash-converting furnace for solid copper mattes. The experiments
were conducted in a large laboratory furnace. The test variables included the matte grade, oxygen
content in the process gas, particle size of the feed material, and oxygen-to-matte ratio. The observed
variables included the fractional completion of the oxidation reactions, fraction of sulfur remaining
in the particles, copper-to-iron atomic ratio, particle-size distribution, morphology, and mineralogy
of the reacted particles. The experiments showed substantial differences in the oxidation behavior of
high-grade (72 pct Cu) and low-grade (58 pct Cu) matte particles. Low-grade matte particles reacted
evenly throughout the furnace, increased in size, and experienced no substantial fragmentation during
oxidation. High-grade matte particles tended to be oxidized unevenly and experienced severe fragmen-
tation leading to generation of dust. The order of the effects of the test variables on the observed
variables was found to be (1) the oxygen-to-matte ratio, (2) the particle size of the feed material, and
(3) the oxygen content in the process gas. Microscopic examination revealed that the oxides of copper
and iron were the main oxidation products, with little elemental copper present in the reacted particles.
Potential implications of the experimental findings on the operation of an industrial flash-converting
furnace are discussed.

I. INTRODUCTION include[1–5] continuous operation, little emission of gaseous
pollutants, and avoidance of the handling of molten matte.THE Kennecott–Outokumpu flash-converting process is
The first industrial-scale application of the flash-convertinga new technology to produce blister copper. This process
process was started at the Utah copper smelter in 1995.[2,3]

incorporates the principles of the Outokumpu flash-smelting
These features make this the cleanest copper convertingprocess in the converting step of coppermaking. The flash-
process currently in operation. Emissions are highly con-converting process is aimed at replacing the converting of
trolled, with sulfur capture in excess of 99.9 pct, equivalentmolten copper matte in Peirce–Smith converters.
to 3 kg of SO2 per tonne of copper, the lowest emission inIn the flash-converting process (Figure 1), fine copper
the world.[5]

matte particles and flux particles are fed into a furnace
Although the flash-converting process has been undershaft, where a high-strength oxygen-enriched gas stream

development since the early 1980s, experimental data on itsis injected. In the reaction shaft, the particles are quickly
performance have been rather scarce until recently. Asteljokidispersed, heated by the reactor walls and the gas until
et al.[1] and Asteljoki and Kytö[4] reported on experimentalignition, partly oxidized, and melted. The molten particles
data from a flash-converting pilot-scale facility. They ana-settle in the furnace bottom, where incompletely oxidized
lyzed the copper losses in the slag phase and the distributionsulfides react with metal oxides to produce blister copper,

and the blister copper and slag phases are separated. of minor elements between the blister copper and slag in
Some of the key benefits of the flash-converting process the settler. Whereas the residence time of the particles in

the shaft is of the order of seconds, the residence time of
the melt and slag in the settler is of the order of hours.
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Fig. 1—Flash converting process of solid copper mattes.

reacted particles. The experimental results showed that parti- temperature, a kinetic property of the material. On the other
hand, the ignition temperature depends on heat- and mass-cle reactivity increased with increasing gas temperature and

oxygen concentration and decreased with increasing matte transfer effects between the particle and its surroundings.
The combustion of “MK” concentrate particles has beengrade and particle size. Overall, matte particles were less

reactive than copper-concentrate particles. However, under studied by researchers at the University of British Colum-
bia.[10–14] The composition of the MK concentrate particlesthe highly oxidizing conditions attained with a high oxygen

concentration (75 vol pct) and high gas temperature (1100 closely resembles that of high-grade copper matte particles.
Morgan et al.[10] summarized the relevant results of the8C), matte particles reacted extensively, regardless of their

particle size and matte grade. The oxidized particles pro- investigations. Both laboratory-scale[11,12] and pilot-scale[10]

experiments were conducted. Laboratory experimentsduced a significant amount of dust as a result of fragmenta-
tion. The results by Suominen et al.[6,7] showed that the involved pyrometry techniques to measure particle tempera-

tures at the exit of a laminar-flow reactor. Pilot tests werereaction path during particle oxidation is strongly dependent
on the initial matte grade, particle size, and local conditions used to validate a combustion flame mathematical model[13]

and to test the effect of different burner configurations onsurrounding the particles. The authors adapted the reaction
path originally proposed by Kim and Themelis[8] for the the amount of dust produced in the reaction shaft. Shook et

al.[14] developed a kinetic model for the oxidation of singleoxidation of sulfide particles to explain the physicochemical
transformations observed in their experiments. MK concentrate particles. They also suggested a dust genera-

tion mechanism based on two possible phenomena: (1) cop-In this laboratory, differential scanning calorimetry and
thermogravimetric analysis were used to study the oxidation per volatilization followed by gas-phase oxidation and

condensation, and (2) the boiling of copper in the particlebehavior of copper matte particles.[9] Test variables were the
oxygen concentration in the reacting gas, matte grade, and followed by particle fragmentation.

Suominen et al.[6,7] and Shook et al.[14] pointed out theparticle size. Measured variables were the particle tempera-
ture, total heat released by the exothermic processes, total relevance of the dust generation mechanisms during the

oxidation of copper matte particles. In both flash smeltingheat absorbed by the endothermic processes, and the weight
of the particles as they underwent oxidation. and flash converting, dust is generated by small or frag-

mented large feed particles and by condensation of volatileThe chemical changes experienced by the particles were
explained in terms of seven chemical reactions. The oxida- components. Although, in practice, dust is usually recycled

to the furnace, its generation is undesirable because it accu-tion of the iron sulfide was assumed to occur first as FeS →
FeO → Fe3O4 → Fe2O3. Then the copper sulfide was mulates in the connection between the uptake shaft and the

waste-heat boiler inlet and in the off-gas ducts (Figure 1).assumed to react, according to Cu2S → Cu2O → (CuO ?
CuSO4) → CuO. The mechanism assumed that successive When doing so, it can throttle the off-gas lines. If the compo-

sition of the dust is not controlled, it also builds up on thelayers of Cu2O, CuO ? CuSO4, and CuO were formed within
the particles. boiler-tube surfaces, decreasing steam production and boiler

capacity can cause corrosion problems and plug the pneu-The results obtained in this laboratory[9] qualitatively
agreed with the observations by Suominen et al.[6,7] in a matic transport system. Thus, control of the dust level is

an important factor in the optimization of industrial flash-laminar-flow reactor. Quantitatively, the temperatures of the
incipient reaction measured in this laboratory[14] (467 8C to smelting/flash-converting furnaces.

Overall, the experimental studies on flash converting618 8C) were considerably lower than the ignition tempera-
tures reported by Suominen et al.,[7,8] which were higher reported in the literature suggest that the reaction mecha-

nisms are complex and strongly dependent on the localthan 800 8C. The temperature of the incipient reaction does
not represent an ignition process, in which the reactions conditions surrounding the particles. The exact stoichiome-

try of the reactions occurring in the shaft is unknown. Inbecome self-sustained. Rather, it represents the temperature
at which the rate of the reaction starts a rapid increase with addition to chemical changes experienced by the particles,
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provide experimental data to validate the computer model
described in Part II of this series.

A. Experimental Facility

The experimental setup used in this study is shown sche-
matically in Figure 3. It consisted of five units: a solids and
gas feeding unit, a reaction shaft, a product receptacle, a
sampling probe, and an off-gas unit. The experimental setup
was similar to that used in the past at the University of Utah
to carry out flash-smelting studies.[21]

The reaction shaft was a large laboratory furnace con-
sisting of a vertical, one-piece cast alumina ceramic cylinder.
Its i.d. was 0.24 m, its height was 1.4 m, and its wall thickness
was 0.025 m. The reaction shaft was surrounded by six
heating elements located 0.02 m away from the outer wall.
Eight Pt-Pt 10 pct Rh thermocouples were placed along the
outer wall of the reaction chamber; the thermocouples were
interfaced to a computer for continuous recording of wall
temperatures. The maximum wall temperature attained in
the experimental setup was 1100 8C 6 30 8C.

Granulated and ground copper matte particles were stored
in a 10 dm3 hopper and fed into the furnace with a single-
screw feeder. The process gas was supplied by two rotame-
ters handling pure oxygen and air, respectively, at room
conditions (86.1 kPa in Salt Lake City and 298 K). The feed
rate of the particles was fixed at 3 kg/h, and the volumetric

Fig. 2—Overall strategy of this investigation. gas flow rate was adjusted to satisfy the conditions to be
tested.

Matte particles and gas entered the furnace through aphysical transformations such as melting, gas buildup, explo-
water-cooled Outokumpu-type pilot-scale burner (Figure 4).sion, and, possibly, boiling[14] are to be expected. The com-
The burner had a 2 cm opening at the center, which wasplexity of the reaction path complicates the understanding
used as the primary stream for the particles. The oxidizingof it on a fundamental basis.
gas, a mixture of air and oxygen, was divided into six jetsAt the University of Utah, an extensive research program
(secondary stream), entering the furnace through six 2-mm-on the flash-converting process has been underway since
diameter nozzles at the burner tip. The gas jets from the1994. The goal of this investigation was to characterize from
burner were aimed to converge at a centerline position 25a fundamental standpoint the major subprocesses occurring
cm below the burner tip.in the flash-converting furnace shaft. In order to achieve

The copper matte particles were oxidized while flowingthis goal, a combined experimental and modeling approach
downward with the gas and were collected in the receptaclehas been followed. The overall strategy is schematically
(Figure 5). The lower part of the receptacle was detachable,presented in Figure 2.
fixed to the shaft body by bolts, and externally water cooledThe present series of three articles summarizes the rele-
by a copper coil. The goal of the receptacle was to quenchvant results of the strategy outlined in Figure 2. Part I deals
the particles falling from the shaft, thus interrupting thewith the experimental work conducted in a large laboratory
oxidation reactions, and collect them for further analysis.furnace; Part II describes the development of a comprehen-
The steel cooling section of the receptacle had a side-streamsive three-dimensional computational fluid-dynamics model
opening for the exhaust gas. The particles settled in theof the flash-converting furnace shaft and its verification with
receptacle, while a small fraction (less than 1 pct) followedthe experimental data; and Part III reports the simulation of
the exhaust gas.an industrial flash-converting operation.

On the bottom of the receptacle there was a centered 0.05-A summary of the results of this investigation is presented
m-wide opening for the sampling probe. The probe consistedin this series; a more detailed discussion is presented else-
of two stainless steel tubes placed concentrically (Figure 6);where.[15] Various early descriptions of experimental[16–19]

it was internally water cooled through the annulus and wasand computer-modeling[20] aspects of this investigation were
connected to a cylindrical sampler. A low suction wasreported by the present authors.
applied through the sampler and probe to provide an isoki-

II. EXPERIMENTAL WORK netic sampling.
The off-gas unit consisted of a 25-cm-diameter glassThe goal of the experimental work was twofold: (1) to

scrubber, packed with 1/2-inch ceramic Berl saddles. A 6 pctdetermine the effects of furnace conditions on the flash-
converting operation under controlled conditions, and (2) to NaOH aqueous solution was used as the absorbent.
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Fig. 3—Figure 3. Experimental setup: (1) oxygen cylinder, (2) compressed air, (3) gas flow meters, (4a) gas distributor, (4b) process gas, (5) screw f eeder,
(6) burner, (7) reaction shaft, (8) power switches, (9) temperature controllers, (10) thermocouples, (11) computer, (12) sampling probe, (13) gas and particle
cooling section, (14) particle receptacle, (15a) to (15e) cooling water, (16) exhaust gas line, (17) heat exchanger, (18) manometer, (19) gas valve, (20)
particle probe sampler, (21) vacuum pump, and (22) scrubber.

B. Basis of the Experiments and Experimental Program Particles with two different matte grades were used. A
high-grade matte containing 72 pct Cu by weight was fromThe flash-converting process (Figure 1) is aimed at per-
Outokumpu’s Harjavalta smelter, produced from a Kennecottforming the following overall reactions;
concentrate. This matte closely represents the matte proc-

Cu2S 1 O2 → 2Cu 1 SO2 [1] essed in the commercial unit.[2] A low-grade matte provided
by Outokumpu Oy was also studied. This matte was synthe-

3FeS 1 5O2 → Fe3O4 1 3SO2 [2] sized by remelting and grinding a 70 pct Cu flash-smelting
matte with pyrite (FeS2) to result in a matte containing 58i.e., the production of blister copper and the elimination of
pct Cu by weight. Both mattes were granulated, ground, andiron as magnetite dissolved in calcium ferrite slag.
sieved into the size fractions shown in Table I. The chemicalIt should be noted that reactions [1] and [2] are not the
analyses in both mattes did not vary substantially with thereactions taking place in the reaction shaft, but they represent
particle-size fraction. The average chemical composition ofthe overall converting reactions, including the reactions in
the matte fractions is shown in Table I.the shaft and in the molten bath. Reactions [1] and [2]

Table II summarizes the variables observed in the reactedindicate that the goal of a converting operation is the oxida-
particles. They are divided into two groups: directly observedtion of all the sulfur in the matte to SO2 and of all the iron
and indirectly observed variables. Directly observed vari-in the matte to Fe3O4.
ables were measured directly from the reacted particles.In the experiments, the feed rate of the particles to the
Indirectly observed variables were computed based upon thereaction shaft was kept constant. Based on the iron and sulfur
values of the directly observed variables and by makingcontent of the particles, the amount of oxygen necessary to
certain assumptions regarding the nature of the reactingcarry out reactions [1] and [2] to completion was computed.
particles.The actual oxygen supplied with the particles was either

Whereas most of the observed variables in Table II areequal to or higher than the stoichiometric amount by a fixed
self explanatory, the variables of the fractional conversionratio. The relative amount of oxygen supplied with the parti-
and converting-quality index must be explained. In thiscles is called, in this study, the oxygen-to-matte ratio, or
study, fractional conversion was defined asoxygen availability.

It is recognized that the flash-converting process is a Fractional Conversion 5 1 2 (OR)sample /(OR)feed [3]
complex process in which multiple phenomena occur simul-
taneously at a microscopic scale. Macroscopically, however, where (OR)sample and (OR)feed represent the amount of oxy-

gen required to oxidize all sulfur and iron in the samplesystem responses such as sulfur removal, oxygen consump-
tion, and degree of fragmentation seem to be controlled by and the feed particles, respectively, to sulfur dioxide and

magnetite. These quantities were computed from the amounta limited number of operating variables. In this study, the
following operating variables were selected for study: parti- of oxygen required to oxidize all sulfur and iron in any

particle to sulfur dioxide and magnetite minus the amountcle size of the feed material, matte grade, oxygen content
in the process gas, and amount of oxygen supplied with the of oxygen in any form already in the particle, if any.

Fractional conversion indicates the degree of oxidationparticles. The test variables and their range of variations are
summarized in Table I. of the matte particles. When its value is unity, either all
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Fig. 5—Schematic diagram of the sampling assembly: receptacle, probe,
and sampler.

expected maximum fractional conversion in the experiments
with the 72 pct matte was approximately 1.3 and 1.7 when
the oxygen-to-matte ratio was set to 0.25 and 0.33 kg O2/
kg matte, respectively. Similarly, the expected maximum
fractional conversion in the experiments with the 58 pct
matte was about 1.08 to 1.15.Fig. 4—Schematic diagram of the Outokumpu-type burner used in this

study. If the actual fractional conversion attained by the particles
is divided by the expected maximum fractional conversion,
an estimation of the oxygen consumption in the furnace can

iron and sulfur have been oxidized to magnetite and sulfur be obtained:
dioxide, or, if the reacted sample contains sulfur, it also

Oxygen Consumption 5contains an excess of oxygen just enough to form sulfur
dioxide when it reaches the molten bath. Fractional conver- Fractional Conversion

Maximum Fractional Conversion
[5]sion may take on values higher than unity if the sample

is overoxidized.
The values of the fractional conversion and sulfurIt is noted that the oxygen-to-matte ratios in Table I were

remaining in the particles can be combined to compute thebased on the assumption that the matte particles were made
converting-quality index, which was defined asup of copper, iron, and sulfur only. To take into account

the oxygen initially present in the particles, an estimated Converting-Quality Index 5
maximum conversion was determined as follows:

Estimated Maximum Conversion 5 [4] 1 2
Fraction of Sulfur Remaining in Particle

Fractional Conversion
[6]

Amount of Oxygen Fed into the Furnace
Excess Amount of Oxygen Required for Reactions [1] and [2]

The converting-quality index represents the fraction of
oxygen consumed by the particles that was used to produce
sulfur dioxide and magnetite. Thus, it indicates the qualityThe denominator in Eq. [4] takes into account the oxygen

initially present in the matte particles. Since the fractional of the converting operation. The best converting quality is
achieved when the converting-quality index is equal to unity.conversion is based on the production of elemental copper

when converting is complete, both the fractional conversion Lower values indicate that not all the oxygen consumed by
the particles was used to produce sulfur dioxide andand the estimated maximum conversion can take on values

higher than unity. magnetite.
The particle-size distribution of the reacted particles wasBased on Eq. [4] and the data reported in Table I, the
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Table II. Variables Observed in the Reacted Particles

Directly Observed Indirectly Observed
Variables Variables

Chemical analysis: fractional conversion
wt pct Cu
wt pct Fe
wt pct S sulfur remaining
Particle size distribution

by volume mean size
Dust generation
Morphology converting quality index
Mineralogy copper-to-iron atomic ratio

also measured in the experiments. From these measurements,
the change in the mean size of the particle population was
computed as follows:

D(Mean Size) 5 (Mean Size)sample 2 (Mean Size)feed

[7]

where the mean-size values in the right-hand side of Eq.
[7] were calculated from the particle-size distributions by
volume of sample and feed, respectively.

Positive values of the left-hand side of Eq. [7] indicated
an increase in the mean particle size upon oxidation; negative
values indicated a decrease in the mean particle size upon
oxidation. The results from Eq. [7] are relevant, as they also
signal other phenomena occurring in the reacting particles,
such as particle fragmentation or particle expansion.

The particle-size distributions of the feed and reacted
particles were also used to determine the amount of dust
generated during particle oxidation. In this study, particles
smaller than 20 mm were considered dust. The generation
of dust was computed from the following expression:

D(Volume Fraction of Dust)

5 (Volume Fraction of Dust)sample [8]

Fig. 6—Schematic diagram of the sampling probe. 2 (Volume Fraction of Dust)feed

C. ProcedureTable I. Summary of Test Variables

In a typical run, the walls of the reaction chamber wereTest Variable High-Grade Matte Low-Grade Matte
first preheated to the specified temperature (1100 8C 6 30

Particle composition, 8C) as a small flow of air passed through the reactor. When
wt pct the temperature profile displayed on the computer consoleCu 72 58

remained steady at the target temperature, the experimentFe 4.4 14
was started. The sampling probe was placed in its lowestS 20.1 25
position inside the reaction shaft, the vacuum pump and gasO 3.5 3
cleaning system were turned on, and the particles and gasParticle size of the ,37 ,40

feed, mm were fed to the reactor at the specified rate of the run. The
37 to 74 40 to 74 feed rate of the particles was controlled by a screw feeder
74 to 105 75 to 100 at the top of the furnace. The gas flow rate was controlled

105 to 149 100 to 149 by two rotameters for air and oxygen, so that the total flow
Oxygen content in 70 to 100 50 to 100 and gas composition satisfied the oxygen content and oxy-

process gas, vol pct gen-to-matte ratio to be tested in the run. The screw feederOxygen-to-matte ratio, 0.25,* 0.33 0.3*
and rotameters were calibrated moments before a run waskg oxygen/kg
started to minimize experimental uncertainties.matte

During the experimental run, two to three samples of the
*Stoichiometric amount for Reactions [1] and [2] assuming the reacting particles were collected with the probe along the

particles were made up of copper, iron, and sulfur only. reactor centerline. The sampling locations corresponded to
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Fig. 7—Fractional conversion of the receptacle samples, 72 pct matte particles.

0.66, 0.86, and 1.72 m below the burner tip. Wall tempera- microscopy. Particle-size changes were examined by mea-
suring the particle-size distribution by volume for all recepta-tures were continuously monitored through the computer

interface. No substantial changes in the temperature profile cle samples and feed fractions using a Fritsch particle sizer
(Analysette 22).were detected during the experiments. The manometric pres-

sure in the furnace was typically 0.25 to 0.74 kPa below
the atmospheric pressure (86.1 kPa in Salt Lake City) and

III. RESULTSwas simultaneously monitored by a hydrostatic gage con-
nected to the off-gas line and by a manometer located 15 This section presents a summary of the experimental
cm above the receptacle. Continuous pressure fluctuations results obtained and is divided into three parts: parts A and
typically indicated blocking of the primary stream with B are devoted to the receptacle samples, and part C discusses
agglomerated, sintered particles. When this occurred, the the probe samples. A detailed discussion of all the experi-
experiment was shut down, the burner was cleaned, the mental results obtained in this study can be found in Refer-
particles collected in the receptacle were discarded, and the ence 15.
entire run was repeated. At the end of each run, the particles The receptacle samples included all the particles that
collected through the probe and those deposited in the recep- passed through the reaction shaft and reached the bottom
tacle were stored and labeled for further analysis. (Figure 3); thus, their properties can be considered to repre-

sent the overall process responses to the variables being
tested. On the other hand, probe samples represent the local

D. Analytical Techniques conditions prevailing in the reaction chamber.
The sulfur, copper, and iron in the particles were analyzed.

The sulfur was analyzed gravimetrically by burning the sam-
A. High-Grade (72 pct) Matte Feedple in air and subsequently determining the amount of sulfur

dioxide evolved. The copper and iron analyses were carried 1. Fractional conversion
out by the standard atomic absorption spectroscopy tech- Figure 7 shows the results for the fractional conversion
nique, while oxygen in the feed fractions, whose presence with the high-grade (72 pct) matte. It is noted that an increas-
was determined semiquantitatively by hydrogen reduction, ing oxygen-to-matte ratio produced an increase in the frac-
was assumed to be the balance. A JEOL* JXA 840A scan- tional conversion under all experimental conditions. This

trend was expected, since the oxygen-to-matte ratio deter-*JEOL is trademark of Japan Electron Optics Ltd., Tokyo.
mines the amount of oxygen available to the particles to
react. The effect of the particle size can also be observedning electron microscope (SEM) was used to study the parti-

cle fragmentation and morphology of the reacted particles. by comparing the range of fractional conversion values
obtained for different particle-size fractions. As expected,Changes in composition and internal structure were exam-

ined from polished sections by scanning electron microscopy small particles reacted more extensively than large particles.
In addition to their larger specific surface area, large particlesusing a Tracor Voyager II energy-dispersive spectrometer

and back-scattered electron analysis together with optical were heated more slowly by the reactor wall and gas than
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Fig. 8—Sulfur remaining in the receptacle samples, 72 pct matte particles.

were small particles. Thus, the onset of the reaction of large 2. Sulfur removal
The removal of sulfur followed trends similar to those ofparticles occurred farther away from the burner tip.

The effect of oxygen concentration in Figure 7 is indicated the fractional conversion and is shown in Figure 8. An
increase in oxygen availability increased the amount of sul-by the slope of the lines obtained at a constant oxygen-

to-matte ratio. The fractional conversion did not change fur removed from the particles. As expected, small particles
were more reactive than large particles. The removal ofsubstantially when the oxygen concentration was varied

between 70 pct and pure oxygen. This result was unexpected, sulfur from the finest particles (,37 mm in size) varied
between 60 and 80 pct, whereas it was 50 to 65 pct for thebecause reaction kinetics are thought to be strongly depen-

dent on oxygen partial pressure. Since oxygen was not com- largest particles (105 to 149 mm in size). Overall, the removal
of sulfur was most strongly affected by the oxygen-to-mattepletely consumed in the experiments, a higher oxygen

concentration would be expected to produce a higher degree ratio, followed by the particle size and oxygen concentration.
The trends observed can also be explained by the sameof particle oxidation. A possible explanation for this behavior

is the change in the properties of the oxide layer which hypotheses presented in the discussion of Figure 7.
surrounds the unreacted core of sulfides during oxidation.

3. Converting-quality indexWith pure oxygen, the oxidation reactions were initially
The converting quality achieved by the 72 pct matte parti-faster than with 70 pct oxygen; thus, the heating rate of the

cles is shown schematically in Figure 9. Values variedparticles was high. A high heating rate may have partially
between 0.4 and 0.7. Since the converting-quality index didmelted the oxide layer, producing the blockage of its pores
not achieve the value of unity in any experiment, not all theand, thus, preventing the oxygen molecules from diffusing
oxygen consumed by the particles was used to produce sulfurinto the particle. When the pores got blocked, the oxidation
dioxide and magnetite. This agreed with the fractional-con-rate decreased thereafter.
version values higher than unity, shown in Figure 7, whichOn the other hand, the effect of hydrodynamics may have
indicated that copper oxides were formed within the parti-also masked the effect of oxygen concentration. In the exper-
cles. The effects of the oxygen concentration and oxygen-iments, the solid feed rate was kept constant, and the gas
to-matte ratio did not appear to be significant.flow rate was adjusted to satisfy the conditions to be tested.

As a result, the hydrodynamic conditions in the furnace were 4. Copper-to-iron atomic ratio
not the same in all the experiments. With a 70 pct oxygen The copper-to-iron atomic ratio in the receptacle samples
content in the process gas, the volumetric flow rate was did not differ substantially from that of the feed particles.
1.4 times larger than with pure oxygen. A larger flow rate Thus, copper species that possibly volatilized in the reaction
produced higher turbulence in the shaft and, thus, a better flame were precipitated in the receptacle. Overall, copper
mixing of the particle-gas suspension than with pure oxygen. volatilization in the experiments of the 72 pct matte was
It is also noted that the fractional conversion reached values negligible.
higher than unity in most of the runs; i.e., overoxidation
of the matte particles took place, and copper oxides were 5. Mean size

Particles of the 72 pct matte experienced substantialproduced in the particles.
The estimated oxygen consumption computed from Eq. changes in size upon oxidation. Figure 10 shows the change

in the mean size between the receptacle and feed particles[5] varied between 63 and 91 pct.
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Fig. 9—Converting quality index of the receptacle samples, 72 pct matte particles.

Fig. 10—Change in mean size between receptacle and feed particles, 72 pct matte; values in parentheses indicate the mean size of the feed, in mm.

computed from Eq. [7]. The initial particle size affected the particles further suggested that this was caused by exten-
the size changes most significantly, whereas the oxygen sive fragmentation of the large particles upon oxidation. In
concentration and oxygen availability did not play a major contrast, small particles tended to expand upon oxidation.
role. The largest increase in the mean size of the population

6. Dust generation(20 mm) was achieved by the ,37 mm fraction; this change
As a result of particle fragmentation, all fractions of therepresented more than a 50 pct increase with respect to the

72 pct matte produced dust with varying degrees of severity.size of the feed material. The largest decrease in the mean
This is shown in Figure 11. The generation of dust is indi-size of the population (40 mm) was achieved by the 105 to
cated by the positive change in dust content in the majority149 mm fraction, which represented a 35 pct decrease of its
of the experimental conditions. In only one case, the amountinitial mean size. On the average, the larger the particles
of dust particles decreased from that in the feed; this corres-fed to the reactor, the larger the possibility of generating

finer particles in the products. Microscopic examination of ponded to the ,37 mm fraction reacting under the mildest
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Fig. 11—Change in dust content between receptacle and feed particles, 72 pct matte; values in parentheses indicate the volume fraction of dust partic les
(,20 mm) in the feed.

Table III. Summary of Dust Generation Data from the Experiments with the 72 Pct Matte

Run Particle Size Oxygen Content Oxygen-to-Matte Ratio Dust Generated*
Number Fraction (mm) (Vol Pct) (kg O2/kg Matte) (Pct of the Feed)

1 ,37 70 0.25 2 7
2 ,37 70 0.33 8
3 ,37 100 0.25 6
4 ,37 100 0.33 6
5 37 to 74 70 0.25 13
6 37 to 74 70 0.33 25
7 37 to 74 100 0.25 13
8 37 to 74 100 0.33 26
9 74 to 105 70 0.25 14

10 74 to 105 70 0.33 20
11 74 to 105 100 0.25 12
12 74 to 105 100 0.33 20
13 105 to 149 70 0.25 13
14 105 to 149 70 0.33 15
15 105 to 149 100 0.25 12
16 105 to 149 100 0.33 19

*Decrease in dust content if value is negative.

oxidizing conditions (0.25 kg O2/kg matte and 70 pct O2). In oxygen-to-matte ratio. The generation of dust varied
between 6 and 26 pct of the initial feed for all size fractions,general, the generation of dust increased with an increasing

oxygen-to-matte ratio. This effect was more significant for as shown in Table III. This estimate does not consider the
amount of particles that stuck to the walls and those carriedthe fine particles (37 to 74 mm fraction) than for the large

particles (105 to 149 mm fraction). Both trends suggest that away in the off-gas line. The amount of particles deposited
on the walls varied between 0 and 10 pct of the feed andthe generation of dust particles is linked to the rate of the

oxidation reactions. The high reactivity of the small particles was more significant for the ,37 mm fraction. The dust
carried away with the gas was less than 0.3 pct of thecauses them to respond faster to a change in oxygen avail-

ability than the large particles. In general, the oxygen concen- feed in all the experiments and is not considered to be a
significant source of error. Thus, the range of 6 to 26 pcttration did not affect the generation of dust when it varied

between 70 and 100 pct. of the feed roughly represents the actual dust generated in
the experiments. This is a significant finding, because dustOn the other hand, the initial particle size of the feed

affected the generation of dust to some extent, but this generation is to be avoided during the operation of the
industrial flash-converting furnace.effect does not seem to be as significant as that of the
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Fig. 12—Morphology of 72 pct particles: (a) fraction 74 to 105 mm; (b) receptacle sample, ,37 mm, 0.33 kg O2/kg matte, and 70 pct O2; (c) receptacle
sample, 37 to 74 mm, 0.25 kg O2/kg matte, and 70 pct O2; (d ) cenosphere filled with fines, receptacle sample, 37 to 74 mm, 0.25 kg O2/kg matte, and 70
pct O2; (e) receptacle sample, 74 to 105 mm, 0.25 kg O2/kg matte, and 70 pct O2; ( f ) receptacle sample, 105 to 149 mm, 0.33 kg O2/kg matte, and 70 pct O2.

7. Morphology of the reacted particles of the receptacle samples indicated
that the ,37 mm fraction underwent extensive fragmenta-The typical starting 72 pct matte particles were nonporous

and angular in shape, as shown in Figure 12(a). Examination tion, as shown in Figure 12(b). The angular shape of the
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Fig. 12—Continued. Morphology of 72 pct particles: (g) agglomerate in probe sample collected 0.66 m below the burner tip, ,37 mm, 0.25 kg O2/kg
matte, and 70 pct O2; (h) probe sample collected 20 cm above the receptacle, 37 to 74 mm, 0.25 kg O2/kg matte, and 100 pct O2; (i) receptacle sample,
37 to 74 mm, 0.25 kg O2/kg matte, and 100 pct O2; ( j ) dust particles in receptacle sample, ,37 mm, 0.33 kg O2/kg matte, and 100 pct O2; (k) dust particles
in receptacle sample, 37 to 74 mm, 0.33 kg O2/kg matte, 100 pct O2; and (l) large particle covered by dust in receptacle sample, 105 to 149 mm, 0.25 kg
O2/kg matte, and 100 pct O2.
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feed particles disappeared, and particles turned into spheres receptacle samples. A typical agglomerate is shown in Fig-
ure 12(g).in all experimental conditions. The larger spheres in the

In some experiments, particle samples were collected withsamples were covered with extremely fine round particles
the probe at 20 cm above the receptacle. A clear difference(1 to 10 mm in size). Agglomeration of the particles into
between the probe and receptacle samples could be seen,bigger particles was observed, as well as the presence of
including the unexpected result that the fractional conversioncenospheres and hollow particles filled with fine particles
of the probe sample reached significantly lower values than(plerospheres). The diameter of some of the hollow particles
that of the receptacle sample. In such cases, the probe samplewas close to 100 mm; i.e., particles significantly larger than
consisted mainly of coarse, round particles together withthe original feed particles were generated, which supports
numerous fine spheres. Probe and receptacle samples arethe hypothesis of particle expansion. The surfaces of the
shown in Figure 12(h) and (i). No significant differences inreacted fine particles, in general, were smooth, while the
sulfur removal between the samples shown in these figuressurfaces of the large particles were somewhat uneven and
were determined.porous. Even crystalline surface structures were observed.

The morphology of dust particles in the receptacle samplesThe 37 to 74 mm fraction fragmented significantly under
differed from one particle to another. Some of the fine parti-all experimental conditions, as seen in Figure 12(c). Some
cles (,20 mm) had a smooth surface. Some of them turnedangularly shaped particles still remained in the receptacle
into cenospheres and had small gas blow holes in them, assamples, even though most of the particles became round.
can be seen in Figure 12(j). Most of the dust particles hadThe surfaces of the finest particles (,10 mm), in general,
uneven and cracked surfaces, as shown in Figures 12(k)were smooth, while larger particles had uneven surfaces.
and (l).Porous, cracked, and scaling surface structures were also

Overall, the 72 pct matte particles generated a largeobserved. Few agglomerates were found among the ceno-
amount of fine spheres. The coarser fractions had morespheres, which tended to have a thick crust and numerous
angular particles remaining in the samples. Fine particlesround, fine particles inside them, as shown in Figure 12(d).
that melted thoroughly turned into spheres with a smoothIrregularly shaped hollow particles were also found.
surface. Large particles, on the other hand, had a moreParticles from the receptacle samples of the 74 to 105
uneven surface with pores.mm fraction retained their original angular shape, to a greater

Large, hollow, irregularly shaped particles and ceno-extent, better than the two finer fractions. Some agglomer-
spheres were observed. Reacted particles had gas blow holesates, consisting of both the original-size particles or fine
on the surface, or fine particles inside them, regardless offragmented particles, were found in the samples. When the
their original particle size. However, the likelihood of hollowoxygen-to-matte ratio was increased to 0.33 kg O2/kg matte,
particles to be spheres was greater with finer feed fractionsmore large particles became round, and the amount of fine
than with coarser feed particles. A thin oxide layer containingparticles surrounding the 100 mm particles increased. Hollow
some iron oxides was formed on the surface. Cenospheres,particles and cenospheres were also found. Some of them
in this study, were likely to form due to the buildup of gashad a thick crust with gas blow holes in them, while others
pressure inside the particle, while the surface tension of thehad thinner crusts partially torn away, exposing a large
molten particle was enough to resist immediate explosion.amount of fines inside them. The surfaces of both the large

Agglomerates were formed by the collision of partiallyand fine particles were uneven, with pores and cracks in
or fully molten particles at high temperatures. The amountthem. Figure 12(e) shows typical reacted particles of the 74
of agglomerates decreased with increasing initial particle

to 105 mm fraction.
size. The size of some agglomerates obtained with the ,37

Samples from the 105 to 149 mm fraction consisted mainly mm fraction more than doubled the size of the initial particle
of large, round particles and small spheres. Both the large size. The size of the agglomerates obtained with the coarse-
and fine particles had uneven surfaces, but the fines had feed fractions was not substantially larger than the initial
deeper cracks on the surface. A few fine particles were particle size. Possibly, the agglomerates were formed either
attached to the surface of some large particles, forming in the probe or in the receptacle before the particles were
agglomerates. The size of the agglomerates did not differ quenched. Because the particle loading in the furnace was
significantly from the original particle size. Cenospheres low (less than 0.01 pct by volume), particle-particle colli-
and irregularly shaped hollow particles were formed during sions in the reaction chamber were not likely.
the oxidation. Some were empty, with gas holes in the crust, Large particles underwent partial oxidation, while smaller
while others still had fine particles inside them. Reacted particles, in general, reacted further. A thin iron oxide/copper
matte particles of the 105 to 149 mm fraction are presented oxide layer was formed around the large particles. Large
in Figure 12(f). particles that had reacted further had an iron oxide rim deep

The SEM micrographs of the two highest probe samples in the particle around the core. The porosity of this rim
along the centerline (0.66 and 0.86 m from the burner tip) decreased for smaller particles. Iron oxide rims and elemen-
and of those of the receptacle samples showed no significant tal copper inclusions were more common among fine
difference in the particle appearance. In some cases, in which particles.
the fractional conversion of the probe sample differed from
that of the receptacle sample, a difference in the particle- 8. Mineralogy
size distribution could be seen. When the fractional conver- The feed matte particles were found to be relatively homo-
sion and sulfur-removal values were higher, the extent of geneous, containing a few inclusions consisting of elemen-
fragmentation was also higher. On the other hand, agglomer- tal copper.

The 74 to 105 and 105 to 149 mm fractions underwentation was more often observed in probe samples than in
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Fig. 13—Mineralogy of 72 pct matte particles: (a) oxidized particles in receptacle sample, 74 to 105 mm, 0.25 kg O2/kg matte, and 100 pct O2; (b) a
dendritic particle together with a fully melted particle, receptacle sample, 74 to 105 mm, 0.33 kg O2/kg matte, and 70 pct O2; (c) an extensively oxidized
cenosphere showing elemental copper surrounded by copper oxides and Cu-S-O phase, receptacle sample, 105 to 149 mm, 0.33 kg O2/kg matte, and 100
pct O2; and (d ) an irregular iron oxide phase and elemental copper inclusions inside an oxidized particle, receptacle sample, 37 to 74 mm, 0.33 kg O2/kg
matte, and 100 pct O2.

partial oxidation under all experimental conditions. The sur- coarse particles, as seen in Figure 13(d). Irregular iron oxide
grains were formed, as well as elemental copper. Copperface consisted of iron oxides, copper oxides, and copper

sulfides, which were detached from the core by a porous oxides were also formed. The particles of the finest fraction
were oxidized more extensively. Finer particles that meltedrim. The core of partially molten particles consisted of cop-

per sulfide. When the reactions proceeded further, the pores completely consisted of copper sulfides and its various oxi-
dized forms (Cu-S-O). Copper oxide and a substantialbecame larger, and an iron oxide rim was formed between

the core and the partially oxidized copper sulfide surface. amount of elemental copper precipitates were detected. The
finest fraction had more elemental copper than otherThe outer oxidized surface of some particles contained little

sulfur. The oxidized surface, in general, was thicker in parti- fractions.
The dust particles (,20 mm in size) were mainly coppercles from the 74 to 105 mm fraction than in those from the

105 to 149 mm fraction. A general view of oxidized particles oxide particles. (Cu2O) with some oxidized iron. Practically
no sulfur was detected in these particles. This suggests thatof the 74 to 105 mm fraction is shown in Figure 13(a).

Fully melted particles consisted of dendritic copper sulfide dust was generated by fragmentation of large, extensively
oxidized particles or that small sulfide particles were pro-and an interdendritic Cu-S-O phase. Elemental copper and

copper oxide phases were formed in further-oxidized parti- duced by fragmentation or pinching off from large particles
and were rapidly oxidized.cles. This is shown in Figure 13(b). The detection of elemen-

tal copper was not restricted to the particle core; elemental
copper was also found on the particle surface. Many of
the particles showed large holes; i.e., hollow particles and B. Low-Grade (58 pct) Matte Feed
cenospheres were formed. An extensively reacted hollow
particle is shown in Figure 13(c). All the experiments with the 58 pct matte were conducted

with the stoichiometric amount of oxygen, as indicated inThe small particles reacted further than the coarse parti-
cles. The oxide rim in the reacted particles of the 37 to 74 Table I. Thus, the effect of the oxygen-to-matte ratio was

not tested in these experiments.mm fraction was thicker and more porous than that in the
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Fig. 14—Fractional conversion of the receptacle samples, 58 pct matte Fig. 16—Converting quality index of the receptacle samples, 58 pct matte
particles; all runs at 0.3 kg O2/kg matte. particles; all runs at 0.3 kg O2/kg matte.

Fig. 17—Change in mean size between receptacle and feed particles, 58Fig. 15—Fraction of sulfur remaining in the receptacle samples, 58 pct
pct matte; values in parentheses indicate the mean size of the feed, in mm;matte particles; all runs at 0.3 kg O2/kg matte.
all runs at 0.3 kg O2/kg matte.

1. Fractional conversion
Overall, the 58 pct matte particles reacted more evenly greater than 40 mm. The finest particles, ,40 mm, achieved

the poorest quality of conversion in all the experiments. Thethan the 72 pct matte particles. This is shown in Figure 14.
The fractional conversion did not exceed the value of unity oxygen concentration, in general, did not play a significant

role. The quality of the conversion achieved by the 58 pctin any experiment. In general, small particles reacted further
than large particles. Similarly to the results obtained with matte particles was higher (0.6 to 0.75) than that achieved

by the 72 pct matte particles (0.4 to 0.7). Thus, the 58 pctthe 72 pct matte, no effect of oxygen content was observed
within the range from 70 to 100 pct. As stated earlier, this matte particles reacted more evenly in the reaction shaft than

the 72 pct matte particles under all experimental conditions.may be explained by the blockage of the pores in the oxide
shell when pure oxygen was used and by the effect of the These discrepancies suggest a significant difference in

the reaction behavior of the two matte samples, which ishydrodynamics, which promoted a better mixing with 70
pct oxygen than with pure oxygen. Overall, the fractional attributable to the differences in iron and sulfur contents.

The 58 pct matte contains more iron and sulfur than the 72 pctconversion varied between 0.4 and 0.9. The estimated oxy-
gen consumption computed from Eq. [5] varied between 40 matte. Upon oxidation, the 58 pct matte particles produced a

higher amount of iron oxides, which prevented fragmenta-and 84 pct.
tion and decreased the overall oxidation rate.2. Sulfur removal

The trends for sulfur removal were similar to those for 4. Copper-to-iron atomic ratio
Little variation in the Cu/Fe atomic ratio was observedfractional conversion and are shown in Figure 15. The

removal of sulfur varied between 30 and 60 pct for all feed in the experiments with the 58 pct matte, suggesting that
little copper volatilization occurred.fractions studied.

3. Converting-quality index 5. Mean size
Figure 17 shows the change in mean particle size com-Figure 16 shows the converting-quality index for the 58

pct matte samples. The converting-quality index was rela- puted by Eq. [5]. The results are substantially different from
those observed in the 72 pct matte. The finest particles, ,40tively insensitive to particle size when the feed size was
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increase with decreasing oxygen concentration in the process
gas; thus, 50 pct oxygen produced the greatest number of large
particles, and pure oxygen produced the fewest large particles.

The reacted particles of the 40 to 75 mm fraction were
rounder and more uniform in size than those of the ,40
mm fraction, as shown in Figure 19(c). Several spheres were
found in the samples; the largest particles observed were
approximately 120 mm in size. One of these large particles
is shown in Figure 19(d). They were covered by several
small spheres of approximately 10 mm in size and had
uneven surfaces. Few of the coarse particles appeared to
be agglomerates, which supports the hypothesis of particle
expansion. In general, the number of burst particles and
particles with fines inside them (plerospheres) was small.

Receptacle samples from the 75 to 100 and 100 to 149
mm fractions had almost no fines. Angular edges of theFig. 18—Change in dust content between receptacle and feed particles, 58
particles became smoother and the particles became rounder.pct matte; values in parentheses indicate the volume fraction of dust particles

(,20 mm) in the feed; all runs at 0.3 kg O2/kg matte. Typical examples of the reacted particles from these size
fractions are shown in Figures 19(e) and (f), respectively.
As can be seen from Figure 19(g), some agglomerates were
also formed with the 75 to 100 mm fraction. As the oxygenmm in size, became larger with a low oxygen concentration,

possibly due to particle expansion, but remained similar in content of the process gas became higher, the particles of
these two size fractions became rounder. Thus, at a 70 pctsize with pure oxygen. As the mean size of the feed particles

increased, they began to fragment. The largest increase in oxygen concentration, a few burst particles and particles
with fines inside them were observed. However, when thethe mean size was about 80 mm; this occurred for the ,40

mm fraction. The largest decrease in the mean size was about oxygen concentration was increased to 100 pct, the particle
appearance changed greatly, and severe fragmentation was25 mm, which occurred for the 100 to 149 mm fraction. The

oxygen concentration did not play a major role in changing observed, as shown in Figure 19(h). Most of the particles
obtained at a high oxygen concentration were spheres in thethe particle size.
range of 1 to 150 mm in size.6. Dust generation

Hollow particles were also observed. Hollow burst parti-In contrast with the results obtained with the 72 pct matte,
cles are shown in Figures 19(i) and (j). Typically, the crustpractically no dust was produced by the 58 pct matte (Figure
of the hollow particles was relatively thick, and the hollow18). The finest fraction, ,40 mm, lost dust particles due to
particle was either filled with or covered by numerous fine,particle expansion. The generation of dust was not affected
spherical particles, but the presence of thin-shell cenospheresby the oxygen content of the process gas.
was scarce. Bubble formations, like that shown in Figure

7. Morphology 19(k), were typically located near the edge of the particle,
Figure 19(a) shows an SEM image of typical 58 pct matte not in the core. This suggests that the internal pressure,

particles. The ,40 mm fraction consisted of many fine and probably caused by generation of sulfur dioxide gas, was
angularly shaped particles, many of which were approxi- easily released from the particles.
mately 10 mm in size. Some large chunks were among Overall, the 58 pct matte particles became rounder upon
several fine particles. oxidation. Simultaneously, the size of some of the particles

The 40 to 75 mm fraction was much coarser, but contained increased significantly, due to internal gas generation and
a significant amount of fines. The particles in these fractions spheroidization by melting. As an example, particles of 100
appeared to be angular, but somewhat flat. The 75 to 100 mm in size were observed in samples from the finest size
and 100 to 149 mm fractions were relatively free of fines, fraction, ,40 mm. A few of the largest particles appeared
and the particle shapes and sizes were more uniform in to be agglomerates, which were probably formed in the
these fractions. receptacle or the probe before quenching took place. The

The appearance of reacted samples from the ,40 mm number of burst particles and those with fines inside them
fraction differed significantly from that of the feed, as seen was relatively small at low oxygen concentrations, which
in Figure 19(b). The shape of many of the fines (,10 mm suggests that fragmentation was not severe when the oxida-
in size) changed; the angular shape became less apparent as tion reactions were slow. An increase in the number of
particles became rounder. Several large and somewhat round burst particles was observed when pure oxygen was used,
particles appeared in the receptacle samples. The size of suggesting increasing particle fragmentation when the oxida-
these particles reached over 100 mm, significantly larger tion reactions were fast.
than the original feed particles. They were typically covered
by several fine particles of approximately 10 mm in size. A 8. Mineralogy

Mineralogical examination of the reacted particles indi-few agglomerates consisting of several large spheres and a
few cenospheres were found in the samples. The agglomer- cated that chalcocite (Cu2S) and digenite (Cu9S5) were the

most abundant phases in the particles. They were commonlyates were probably formed in the receptacle moments before
the particles were quenched. intergrown in a very fine-grained texture. The amount of

bornite (Cu5FeS4) in the reacted particles was less than theThe number of large particles in the samples was seen to
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Fig. 19—Morphology of 58 pct particles: (a) original matte particles, and fraction 40 to 75 mm; (b) receptacle sample, ,40 mm, and 70 pct O2; (c) receptacle
sample, 40 to 75 mm, and 70 pct O2; (d ) large reacted particle, receptacle sample, 40 to 75 mm, and 100 pct O2; (e) receptacle sample, 75 to 100 mm, and
70 pct O2; ( f ) receptacle sample, 100 to 149 mm, and 70 pct O2.

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 32B, OCTOBER 2001—863



(g) (h)

(i)
(j )

(k)

Fig. 19—Continued. Morphology of 58 pct particles: (g) agglomerate consisting of spheres, receptacle sample, 75 to 100 mm, and 70 pct O2; (h) receptacle
sample, 100 to 149 mm, and 100 pct O2; (i) hollow sphere filled with fines, receptacle sample, 75 to 100 mm, and 70 pct O2; ( j ) hollow collapsed particle,
receptacle sample, 100 to 149 mm, and 100 pct O2; and (k) a bubble formed inside a particle, receptacle sample, 100 to 149 mm, and 50 pct O2.
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Fig. 20—Fractional conversion values along the centerline and receptacle,
72 pct matte particles; experimental conditions: 70 pct oxygen, and 0.25
kg O2/kg matte.

Fig. 22—Particle size distribution by volume of the receptacle and probe
samples collected 20 cm above the receptacle, feed fraction: 74 to 105 mm
of the 72 pct matte; experimental conditions: 0.25 kg O2/kg matte, and 100
pct O2.

the collection of all the particles that reached the bottom
following different trajectories along the reaction shaft.
Therefore, the receptacle samples contained both highly oxi-
dized and partially oxidized particles. The degree of oxida-
tion of the particles collected in the receptacle depended

Fig. 21—Sulfur remaining values along the centerline and receptacle, 72 upon the reaction path followed by each particle in the shaft.
pct matte particles; experimental conditions: 70 pct oxygen content, and A direct implication of these observations is that oxygen
0.25 kg O2/kg matte. consumption in the shaft was not even, but varied with

location in the furnace. That is, the reactor did not behave
as a plug-flow reactor.

On the other hand, the values of sulfur remaining in theamounts of chalcocite and digenite. Inclusions of elemental
copper as well as tenorite (CuO) were also detected in the receptacle samples of the 72 pct matte (Figure 21) in general

followed the trend observed in the probe samples. In manysamples. Iron oxide layers were not observed around the
particles. cases, the sulfur remaining in the probe samples collected

at 0.86 m from the top did not differ substantially from the
sulfur remaining in the receptacle samples. In contrast with

C. The Role of Hydrodynamics of the Reaction Path the previous discussion, this suggests that sulfur was
removed more evenly in the reaction shaft. That is, theThe results of the probe samples collected along the cen-

terline of the reaction chamber are discussed in detail in reactions leading to the removal of sulfur were mostly con-
fined within 0.86 m from the burner tip, but the oxygenReference 15. The most relevant finding was related to the

nature of the hydrodynamic conditions attained in the experi- consumption varied more significantly with location in the
furnace, as Figure 20 suggests. If any reactions took placemental setup.

The analysis of the probe samples suggested that the reac- in the shaft beyond 0.86 m from the top, they were predomi-
nantly overoxidation reactions, not sulfur-oxidation reac-tion conditions in the furnace were not uniform, i.e., that

particles in the shaft faced different reaction conditions as tions. The results in Figures 20 and 21 point out the relevance
of tracking both the fractional conversion and sulfur removalthey traveled through the shaft. Figures 20 through 22 repre-

sent examples of the results. Figure 20 indicates that the during the oxidation of copper matte particles.
In some runs with the 72 pct matte, probe samples werefractional conversion increases with axial distance from the

top. This is an expected trend, since particles undergo oxida- collected 1.72 m below the burner tip, which was approxi-
mately 20 cm above the receptacle. The particle-size distri-tion as they flow downward in the shaft. However, it is

noted that the fractional conversion values in the receptacle bution of one of these samples is shown in Figure 22 and
is compared with the particle-size distribution obtained insamples were, in general, lower than those of the probe

samples collected at 0.86 m below the burner tip. These the receptacle. The probe sample contained a significantly
lower volume of fine particles (,50 mm in size) than theapparently contradictory results can be explained by recog-

nizing that probe samples represented local conditions along receptacle samples. Also, the volume of large particles
(.100 mm in size) in the probe samples was larger than inthe centerline, whereas the receptacle samples represented
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the receptacle samples. At 20 cm above the receptacle, no
further reactions were assumed to take place in the particles.
The reaction flame occurred in the upper portion of the shaft,
and the furnace walls in the receptacle area were water
cooled, thus providing a quenching effect to the particles.
Thus, it is unlikely that the differences shown in Figure 22
were due to chemical reactions or physical transformations
of the falling particles. Rather, it is more likely that the
sampling probe mostly collected coarse, heavy particles fall-
ing near the centerline, whereas fine, light particles reached
the bottom following a less direct trajectory. Thus, the inter-
pretation of Figure 22 also supports the importance of the
hydrodynamic conditions in the furnace.

D. Other Observations Regarding Dust Generation

Exploratory tests not detailed in this article showed that
dust generation in this system could also be affected by the
burner configuration used in the experiments.[15] When a
single-entry type of burner was used, i.e., particles and gas
were fed together through the primary stream, a higher
amount of dust was generated than with the six-jet entry
system shown in Figure 4. The different degree of mixing
promoted by each type of burner design, i.e., the hydrody-
namic conditions, may be responsible for this observation.
These results point out the role that burner design may
play in the performance of an industrial flash-converting
operation and indicate the need for further investigation of
the effect of fluid dynamics on dust generation.

Fig. 23—Qualitative model of particle fragmentation; adapted from Kim
E. Qualitative Model of Particle Fragmentation and Themelis[8] and Jokilaakso et al.[22]

The fragmentation of copper matte particles is the main
factor responsible for dust generation during the oxidation. material forms small spheres which detach from the surface

of the larger particle. The displacement of the molten sulfidesThe model discussed in this section intends to provide an
interpretation of most of the physical changes observed in within the particle expands the gas bubbles inside the core,

reducing the internal vapor pressure.the particles.
The fragmentation of sulfide particles is a complex phe- The molten material being pushed out through the pores

can also block the pores. This builds up pressure inside thenomenon in which different processes participate. There
seems to be no unique mechanism by which sulfide particles particle. When the internal gas pressure within the molten

core exceeds the surface tension of the surface, the parti-fragment when they react in an oxidizing atmosphere. Differ-
ences in particle composition and reaction conditions cle fragments.

The evolution of gas can result in the ejection of moltenstrongly affect the path followed by individual particles dur-
ing fragmentation. material in a finely divided form through the ruptured crust,

leaving a hollow shell. Gas evolution can also detach theThe model discussed in this section is based on the reaction
path originally proposed by Kim and Themelis[8] and further crust from the core, creating crust fragments. In some cases,

the internal gas pressure may cause the crust to explode intomodified by Jokilaakso et al.[22] A thorough review of the
fragmentation mechanisms of sulfide particles, coal particles, pieces and the molten core to be discharged as small droplets.

If the particle walls expand sufficiently due to the pressureand metal droplets has been presented by Riihilahti.[19]

The model is shown schematically in Figure 23. The increase, they become thin. This enables the pressure to
be relieved by small holes on the particle surface. Thisoxidation starts at the particle surface. Because of its higher

reactivity, the iron sulfide in the matte is oxidized first. Upon mechanism produces cenospheres and small fragments, or
just particles with gas blow holes.ignition, the unreacted sulfide core melts, while the particle

surface consists of a highly viscous or porous solid mixture The resistance of the solid crust to fragmentation is related
to its iron content. A particle crust made up of sulfides andof oxides and sulfides. Due to the oxidation of sulfur, sulfur

dioxide is formed within the particle, creating small bubbles oxides of copper has a lower melting point than a crust made
up of pure iron oxides and, thus, has a lower resistance tothat grow as the reactions proceed. The increase in internal

gas pressure as a result of the gas generation causes the fragmentation. Iron oxides seem to act as a viscous glue,
holding the particle together and preventing fragmentation.particles to bloat into larger spheres.

The fragmentation of copper matte particles possibly takes This may explain why the 72 pct matte particles appeared
to explode, whereas the 58 pct matte particles were moreplace by molten material from the core being pushed out of

the particle through the pores of the oxide layer. The molten resistant to fragmentation.
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When the 58 pct matte particles fragmented, they seemed fragment. The larger amount of sulfur in large particles,
leading to sulfur dioxide buildup and particle explosion, wasto eject molten material after the initial expansion during

the oxidation. Droplets could also be produced by materials likely the cause for this trend.
The morphology of the reacted particles was observed tothat pinch off from larger molten particles. The surface ten-

sion of the molten material may cause the surface material change from angular to rounded particles to cenospheres
and small droplets during oxidation. The observed transfor-to form small spherical droplets.

The fragmentation of particles could also take place if the mations agreed well with the general path proposed in the
literature for the oxidation of sulfide particles.particle heating rate was high enough to completely melt

the particle before any significant solid crust was formed The mineralogy of the reacted particles showed that cop-
per and iron oxides were the major oxidation products in(alternative path). After initial expansion due to gas evolu-

tion, particles exploded instead of ejecting molten material the experiments, with minor amounts of elemental copper
and Cu-S-O phases.through the surface.
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