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Abstract :

A mathematical model to represent the expansion and fragmentation of copper matte particles oxidized under
flash converting conditions is presented. The model assumes that the particles are initially nonporous, have a
constant mass prior to fragmentation and travel at a constant velocity throughout the reaction chamber. The
model requires the specification of the following five parameters: the particle expansion rate, a fragmentation
diameter factor, a fragmentation size distribution parameter and the fractions of the finest and the coarsest par-
ticles in the feed that undergo fragmentation. The model predictions show good agreement with the experimental
data collected in a laboratory furnace over a wide range of experimental conditions. The evolution of the size
distribution of the particles along the reactor length was computed, and the model parameters were correlated
with the experimental operating variables. Model predictions indicate that particle residence time is an important
factor in the generation of dust. The presence of two maxima in the particle density function may be attributed
to turbulent conditions prevailing in the furnace, which cause particles to follow different trajectories within the

furnace even if they are injected at the same location.
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Introduction

The oxidation of sulfide particles at high temperature is
often accompanied by morphological and size changes.
Typical examples include the flash smelting of copper and
nickel concentrates and the flash converting of copper
mattes. Although the reaction path of individual particles
in these processes is still under debate, it is generally
accepted (Kim and Themelis, 1986; Jokilaakso et al.,
1991) that particles change in size as a result of bloating
followed by fragmentation during their flight in the reac-
tion chamber.

The study of particle fragmentation in flash smelting and
flash converting processes is of practical interest because
it is related to the generation of dust particles. Whereas
large particles get fully molten in the reaction shaft and
eventually reach the molten bath, small particles may be
carried away by the process gas towards the uptake shaft,
waste heat boiler and electrostatic precipitator. Although
dust particles are usually recycled to the process, their
presence is undesirable because they cause problems
such as plugging of the transport system, corrosion and a
decrease in steam production.

The development of mathematical models to describe
the size changes experienced by sulfide particles during
flash smelting and flash converting has received little at-
tention in the literature. This is probably because of the
difficulties encountered in the collection of data to validate
such models. The present authors have conducted extensive
experimentation on the flash converting of copper matte
particles in a large laboratory furnace, which is shown in
Fig. 1, atthe University of Utah (Perez-Telloetal.,2001a).
The facility consists of five units: a solid and gas feeding
unit, a reaction shaft, a product receptacle, a sampling
probe and an off-gas unit. The reaction shaft consists
of a vertical, one-piece cast alumina ceramic cylinder
with an inner diameter of 0.24 m, a height of 1.4 m and
a wall thickness 0.025 m. Granulated and ground copper
matte particles were stored in a hopper and fed into the
furnace with a single-screw feeder. The process gas was
supplied by two rotameters handling pure oxygen and
air, respectively, at room temperature and pressure (298
K, and 86.1 kPa in Salt Lake City). The particle feed rate
was 3 kg/h, and the gas flow rate was adjusted to satisfy
the oxygen-to-matte ratio to be tested.
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Figure 1 — Flash converting facility at the University of Utah.

The following two matte grades were used: high-grade
matte particles containing 72% Cu by weight (which closely
represents the matte processed in the commercial unit) and
low-grade matte particles containing 58% Cu by weight. In a
typical experiment, the particles and gas entered the furnace
through a water-cooled Outokumpu-type pilot-scale burner.
The particles were oxidized while flowing downwards with the
gas and were collected in the receptacle, which was detachable
and externally water-cooled by a copper coil. The goal of the
receptacle was to quench the particles falling from the shaft,
thus interrupting the oxidation reactions, and collect them
for further analysis. Input variables tested in the experiments
included the particle size of the feed, oxygen concentration
(OC) in the process gas and the oxygen-to-matte ratio (OMR).
Response variables measured in the particles included the
chemical analysis in terms of copper, iron and sulfur contents;
the morphology and mineralogy of the reacted particles; and
the size distribution of the particle population under various
experimental conditions.

Athorough discussion of the experimental data is presented
elsewhere (Perez-Tello et al., 2001a). Overall, substantial dif-
ferences in the oxidation behavior of particles from the two
mattes were observed. The low-grade (58% Cu) matte particles
reacted evenly throughout the reaction chamber, increased
in size and experienced no substantial fragmentation during
oxidation. In contrast, the high-grade (72% Cu) matte particles
oxidized unevenly in the reaction shaft and experienced se-
vere fragmentation leading to substantial generation of dust.
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Whereas most of the chemical changes experienced by the
particles were reasonably explained in terms of a comprehen-
sive mathematical model (Perez-Tello et al., 2001b), the size
changes experienced by the particles were not included in the
formulation. In a subsequent paper (Perez-Tello et al., 2002),
the authors developed mathematical correlations to describe
the size distribution in both the feed and the receptacle of the
laboratory furnace. Although the accuracy of such correlations
was found to be satisfactory, they cannot be used to analyze
particle fragmentation from a fundamental standpoint.

The goal of this investigation was twofold: to develop a
simple mathematical model capable of describing with reason-
able accuracy the particle size changes of high-grade, 72%
Cu matte particles during oxidation in the laboratory furnace
at the University of Utah and to use this model to explain the
changes in the size distribution of particles during oxidation
in the reaction shaft of the laboratory furnace.

Model formulation and numerical solution

The present model is shown schematically in Fig. 2 and is based
on the qualitative model reported in the literature (Jokilaakso
etal., 1991). The following assumptions were made:

* the particles are initially nonporous,

* the particles travel at a constant velocity throughout the
reaction chamber and

* the particles have a constant mass prior to fragmenta-
tion. ‘
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Other assumptions are described below.

The first assumption above is consistent with microscopic
observations of the initial particles (Perez-Tello et al., 2001a).
The second assumption is based on computational fluid dy-
namic (CFD) calculations (Perez-Tello et al., 2001b), which
showed that turbulent conditions in the laboratory furnace were
restricted within 600 mm below the burner tip, whereas the
rest of the chamber behaved as a plug-flow reactor. The third
assumption is the main restriction of the present formulation.
Because the goal of this investigation was to initiate the study
of particle fragmentation from a fundamental standpoint, as a
first step, the reaction kinetics was not considered to keep the
formulation within a reasonable mathematical complexity.

Future work will be aimed at incorporating a kinetic model
for the converting reactions (Perez-Tello et al., 2001b) into
the present formulation to assess the effects of the chemical
reactions on particle fragmentation.

A starting copper matte particle with initial size x;, is as-
sumed to expand at a constant rate g, so that its size x; at time
t will be

x=xo+gt i=1n a1

where
subscript i indicates the it size fraction in the feed and
n is the total number of size fractions.

The particle expansion rate g was assumed to be independent
of particle size. During the flight, the particle expands until
it reaches a critical size x;., which is dependent on the initial
size fraction

Xie =fXio
where
/[, is a proportionality constant.

ic?

i=1,n @3

Because particles of the same size fraction may have dif-
ferent trajectories inside the reaction chamber under turbulent
conditions, fraction f;,of the population of particles with initial
size Xjp Was assume({ to achieve fragmentation, whereas the
remaining (1 — f ) was assumed to continue expansion until
reaching the receptacle

Because the particles were quickly cooled in the lower
portion of the furnace, it was assumed that no fragmentation
occurred in the receptacle. This hypothesis is supported by
CFD calculations (Perez-Tello et al., 2001b), which showed
that the particle temperature just above the receptacle (800K)
was significantly lower than the temperature in the reaction
zone (1,650K).

The time spent by the particles to reach their critical size x;,
is denoted by #,, and can be computed from Eq. (1) by setting
x; = x;. Letf, be the fraction of particles of size x,, that have
fragmented by time ¢. Fragmentation was assumed to occur
gradually along the particle trajectory according to

(t-t)

Ty

fy  i=1,n (3)

where
7= L/v is the mean residence time of the particles,
L is the reactor length and
v is the particle velocity.

In this study, v = 2.3 m/s and L = 2 m (Perez-Tello et al.,
2001b). Equation (3) satisfies the conditions: f;=0fort=¢, and
fi=fyfort=17.The fraction of particles that have fragmented
by the time they reach the receptacle was assumed to obey the
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Figure 2 — Schematic representation of the fragmentation
model.

following linear relationship with the initial particle size

Sy,
Sy =1y +(xf —xZI (xo—Xy) i=2,n (4
n0 20
where
forand f, . refer to fractions of the initial sizes x,, and x,,q,
respectively.

Size x,, is the second smallest in the feed. For numerical
purposes, the smallest fraction in the feed, x,,, was assumed
not to fragment. Similarly, the largest fraction in the feed, x,,
was assumed not to expand. The fragmentation was assumed
to produce nonporous daughter particles of sizes x,,, where
k=1,i-1.

Because reaction kinetics was not considered in the present
formulation, the mass density of the daughter particles was as-
sumed to be equal to that of the initial particle; therefore, x;,
< x;5. Let nj) be the number of particles of size x,, produced
from a single particle of size x,,. The number of daughter
particles produced from the starting particle is denoted by n?
and is given by

i-1
0 _ 0
n, = 2 o
k=1

Let A, = n/n? be the fragmentation ratio. Substituting this
expression into Eq. (5) yields

i=1,n 5)

i-1
A =1 =1,
2 « e ©6)
The fragmentation ratio A4, was modeled by
14
k| 2 =
l‘*—k"(xio) i=1,n 10
where
k; is a proportionality constant and Y is a distribution pa-
rameter.

Equation (7) is similar to the empirical expressions used to
compute the selection function in batch comminution operations
(King, 1973). Parameter ¥ indicates the distribution of sizes
on fragmentation. When ¥ < 0, the initial particle produces
fine daughter particles; when y= 0, the fragments distribute
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uniformly into all size fractions; finally, when y> 0, the initial
particle produces large daughter particles. Because ywas set
to be independent of particle size, particles of all sizes were
assumed to fragment similarly. On substituting Eq. (7) into
Eq. (6), the following expression is obtained

ki=———y
i(fﬂ] i=1,n 8)

k=1\ Ko

Thus, parameter k; can be computed from Eq. (8) and can
further be used to compute 4, from Eq. (7). Upon fragmenta-
tion, the mass of the initial particle is distributed throughout
the daughter particles.

Because all the particles are assumed to be spherical and
have equal densities, the mass conservation relationship reduces
to the volume-conservation expression

i-1
Xy =
k=1

Substitution of A, = nio,/n? into Eq. (9) yields, on rear-
rangement

nmx, i=ln )

3

0 xiO

n =——
i i-1
3
kzﬂ'ikxko
=1

The number of particles of size x;, produced by all the

particles of initial size x, that achieved fragmentation at time
tis given by
_ .0

By = niknifi

where

n; is the number of particles of size x,, in the feed to the
reactor and is computed from

_ LG )(Ax )W
ATV

i=1,n (10)

i=1n 1)

T Cw, b (12
where
f3(x;p) is the mass density function of size fraction x,, in
the feed,

Axy, is the size interval,

W is the total mass of all the particles of all sizes being fed
to the furnace,

Po = 5,400 kg/m3 is the particle density and

C; = /6 is the particle shape factor.

Equation (12) represents the total mass of particles of size x;; in
the feed divided by the mass of a single particle of size xy,.

The mass of particles of size x;,, which were produced by
the fragmentation of all particles of starting size x;), where x;,
> X, at time ¢ is given by

i=k+1,n (13)

Similarly, the mass of particles of size x;,, which resulted
from the expansion of all particles of starting size x;y, where
Xy < Xz at time ¢, is given by

m,=(-fnp,Cxr  I=1,k-1 (14)

Therefore, the total mass of particles of size x,, at time ¢ is
given by the summation of Eqgs. (13) and (14) and is denoted
by m;

k-1 n
m, =zm1k + Z m
=

i=k+1

_ 3
m, = nilcPOCBxkO

k=1,n (15)

Finally, the mass density function of size fraction x;, at
time ¢ is given by
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m,

f;(xko)=_,,—-—— k=1,n (16)
(2o

Equation (16) is the final relationship to compute the size
distribution of particles in the reaction chamber. When 7 < 7,
f3(x;o) represents the size distribution along the reactor length,
whereas for ¢ = 7, it represents the size distribution in the re-
ceptacle of the laboratory furnace. The mathematical model
can be fully solved by specifying five parameters: g, f,, % f,
and f, » As further theory/experiments on the fragmentation of
particles become available, the formulation may be extended
to incorporate the functionality of all the model parameters
with particle size.

The parameter values were determined by the following
iterative procedure. First, the experimental size distributions
in the feed and the receptacle were represented, respectively,
by the empirical expressions

fi(x)=bx‘e™ 17
and
g,(x)=bx‘e ™ +bx"e

: (18)
Parameters a and »in Egs. (17) and (18) were reported by the
authors (Perez-Tello et al., 2002). Equation (17) is the starting
point to calculate the number of particles in every size fraction
in the feed according to Eq. (12). For every size fraction, its
trajectory along the reaction chamber was computed.
On reaching the receptacle, the r? correlation parameter
was computed

et - £)T
l_ i=1

Ye) -5 ]

i=1

rt=

19)

where
g5(x,) is the i experimental value from Eq. (18),
J3(x)) is the ith predicted value from Eq. (16),
‘g(ﬁ is the mean experimental value and
n is the number of size fractions in the population.

In this study, n was set to 300. The model parameters were
varied in consecutive iterations until the 72 value was as close
to unity as possible.

Discussion of results

Table 1 summarizes the numerical values of the model param-
eters obtained for all the experimental conditions. Because
the fractions labels (<37,37-74, etc.) do notexactly correspond
to the actual particle sizes within those fractions, the mean size
reported in Table 1 was computed from

oo

(x), = [, (x)ax (20)
0
where
J3(x) is the experimental particle density function in the
feed.

The average r2 value in Table 1 is 0.914. Thus, overall,
there was good agreement between the predicted and the
experimental values.

It is of interest to note the ranges of the model parameters
because they have physical implications. They are summarized
in Table 2. To the best of the authors’ knowledge, the values in
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Table 1 — Experimental conditions and numerical values of the parameters in the fragmentation model.
Size Feed Oxygen- Oxygen
fraction in mean size, to-matte concentration (OC)
the feed, (X¢, ratio (OMR), in process gas, g

Run pm pm kg O,/kg matte Vol. % um/s Y f f. f, 2
1 <37 42.6 0.25 70 55.0 -0.50 0.55 0.55 1.20 0.960
2 <37 42.6 0.33 70 45.0 -1.95 0.80 0.80 1.20 0.980
3 <37 42.6 0.25 100 55.0 -1.60 0.75 0.23 1.20 0.992
4 <37 42.6 0.33 100 55.0 -2.20 0.69 0.15 1.20 0.981
5 37-74 67.6 0.25 70 20.0 -2.70 0.36 0.90 1.12 0.981
6 37-74 67.6 0.33 70 40.0 -2.90 0.60 1.00 1.20 0.900
7 37-74 67.6 0.25 100 21.0 -2.82 0.50 0.50 1.10 0.959
8 37-74 67.6 0.33 100 40.0 -2.90 0.79 0.79 1.20 0.925
9 74-105 103.5 0.25 70 5.0 -3.40 0.20 1.00 1.02 0.849
10 74-105 103.5 0.33 70 18.0 -3.30 0.50 0.99 1.05 0.805
11 74-105 103.5 0.25 100 5.0 -3.40 0.20 1.00 1.02 0.831
12 74-105 103.5 0.33 100 28.0 -3.30 0.50 0.99 1.10 0.838
13 105-149 130.6 0.25 70 35 -3.50 0.20 0.95 1.02 0.767
14 105-149 130.6 0.33 70 13.0 -3.20 0.50 0.80 1.06 0.954
15 105-149 130.6 0.25 100 5.0 -3.40 0.20 0.95 1.02 0.888
16 105-149 130.6 0.33 100 13.0 -3.30 0.45 0.80 1.06 0.905
17 <149 74.9 0.25 70 53.0 -2.50 0.10 0.80 1.15 0.983
18 <149 74.9 0.33 70 50.0 -2.90 0.34 0.90 1.156 0.936
19 <149 74.9 0.25 100 60.0 -3.10 0.18 0.80 1.20 0.908
20 <149 74.9 0.33 100 50.0 -2.90 0.40 0.90 1.10 0.944

Table 2 are the first attempt to represent on a quantitative basis
the relevant factors involving particle fragmentation in flash
converting. The following features are observed:

* with the exception of the critical size parameter f_, all the
parameters show arelatively large range of variation, which
is attributable to the varying experimental conditions;

« all the particles experienced expansion because g >0 in
all cases;

 onfragmentation, particles significantly smaller than their
original sizes are produced, i.e., ¥< 0 in all cases;

* large particles in the feed have higher probability to get
fragmented than small particles; this is noted because
the upper limit of £, is unity, whereas the upper limit for
fzfis 0.79; and

» the fragmentation of particles initiates within arelatively
short time on entering the reaction chamber; i.e., the f,
values indicate that particles only increase by 2% to 20%
of their initial size prior to the start of fragmentation.

Figures 3a and 3b show the results obtained with the pres-
ent model and their comparison with the experimental data
for Runs 7 and 15, respectively. Overall, a reasonable agree-
ment between the predicted and the experimental values is
noted. Figures 4a and 4b show the predicted and experimental
values for Runs 17 and 20, respectively, in which the feed
to the reactor was not sieved. Runs 17 and 20 thus represent
situations most similar to an industrial operation. Figures 4a
and 4b show that despite this difficulty, the model was able to
predict the size distribution in the receptacle with reasonable
accuracy. A significant feature of the present formulation is
its capability to reproduce the two maxima in the particle
size distribution of the reacted products, as is noted in Figs.
3a, 3b, 4a and 4b. This feature is predicted by parameter f,f
Whenfis set equal to either zero or unity, the size distribution
is predicted to have a single maximum. Therefore, the two
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maxima in the size distribution of the reacted products may be
attributed to the turbulent conditions prevailing in the furnace,
which causes identical particles injected at the same location
to follow different trajectories along the reaction shaft.

Figure 5 shows the predicted evolution of the particle size
distribution along the reactor length for Run 17. The size dis-
tribution in the feed presents a single maximum at 46 um. As
a result of particle expansion, this maximum gradually shifts
towards the coarsest sizes as particles travel through the reac-
tion chamber. A second maximum at about 22 pm, i.e., in the
range of fine dust particles, also starts forming during particles
flight. The second maximum results from the fragmentation
of some of the particles that previously expanded at higher
positions in the furnace. Figure 5 suggests that the amount of
dust produced in the furnace is dependent on the time spent
by the particles in the reaction chamber.

Figures 6 through 10 show the overall sensitivity of the
model parameters with the operating conditions in the laboratory
furnace. A noticeable feature is the behavior of the unsieved
material <149 um, which in all cases deviated from the behavior
of the sieved size fractions. The experiments with the unsieved
material are represented by the symbols not connected to other
symbols along the continuous lines. The wide distribution of
sizes in the unsieved material is likely to be responsible for
these results. Thus, the mean size (x)f was not sufficient to

Table 2 — Ranges of variation of the model param-
eters.
Parameter Range

g - 5 to 60 um/s

y -3.51t0-0.5

for 0.1t0 0.79

for 0.15t0 1.0

f, 1.02t0 1.2
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Figure 3b — Experimental and predicted particle size distri-
bution in the receptacle of the laboratory flash converting
furnace for Run 15 in Table 1.

represent the particle population, and the incorporation of the
variance may be necessary.

Figure 6 shows that f, decreases as (x) increases, i.e., large
particles do not expand significantly prior to fragmentation.
Also, as the OMR increases the value of f, increases, whereas
OC does not seem to play a significant role. Such trends are
consistent with the experimental observations (Perez-Tello
et al., 2001a) in which OMR and (x) mostly affected particle
fragmentatlon Flgure 7 shows that partlcle expansion rate g
decreases as (x),increases, i.e., small particles expand faster
than large particles. This result agrees with the microscopic
examination of the reacted particles (Perez-Telloet al.,2001a).
Also, as the OMR increases, the value of g increases. The
higher reactivity of the particles observed at high OMR may
explain this trend. When the amount of oxygen provided to the
particles exceeds the stoichiometric amount of 0.25 kg O,/kg
matte, the formation of copper oxides in the particles becomes
feasible. Finally, oxygen concentration (OC) does not play
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Figure 4b —Experimental and predicted particle size distri-
bution in the receptacle of the laboratory flash converting
furnace for Run 20 in Table 1.

a significant role on the g values. This also agrees with the
experimental observations in which OC did not significantly
affect the particle reactivity and particle fragmentation.

The size distribution parameter ¥ (Fig. 8) decreases as (x)
increases, and it approaches the asymptotic value of y=-3.2
for (x) > 67.6 um. The finest particles in the feed were most
sensmve to the operating conditions, as the values of yfor (x)
42.6 um vary in the range of -0.5 to -2.2. According to Eq. ('5)
such a large range of variation makes a substantial difference
in the distribution of daughter particles upon fragmentation.

In general, f,, decreases as (), increases and becomes as-
ymptotic for (x) >103.5 um, as is shown in Fig. 9. Overall, the
larger the size of the accompanying partlcles the less extensive
fragmentation of the smallest particles in the feed. Also, f,
increases as the OMR increases. This trend is consistent w1thf
the experimental observations in which an increase in the
OMR produced a significant increase in the fragmentation of
particles under all experimental conditions. The fraction of the

MINERALS & METALLURGICAL PROCESSING
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Figure 6 — Critical diameter factor as a function of the
feed mean size, oxygen-to-matte ratio (OMR) and oxygen
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coarsest particles that undergo fragmentation is shown to be
a strong function of (x), especially in the range of 42.6 < (x)f
< 103.5 um (Fig. 10). I?is of interest to note that f, increases
up to {x);= 103.5 um regardless of the OMC and (SC values.
Thus, the larger the size of the accompanying particles, the
more extensive is the fragmentation of the coarsest particles in
the feed. The effects of the OMR and OC on f, .are significant
when (x), < 103.5 pum, whereas for larger values of (x)ﬁ the
OMR and OC do not seem to play a significant roles.

The fact that both f,,and fnfare dependent on the mean size
of the feed suggests that the turbulent conditions faced by the
particles are affected by the presence of other particles in the
feed. This observation is consistent with CFD calculations of
the laboratory furnace (Perez-Tello et al., 2001b) that showed
that gas and particle equations are highly coupled in this type
of a system. The coupling is due to the large mass of particles
in the particle-gas suspension (roughly 74% by weight), which
contrasts with the small volume occupied by the particles
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(typically less than 0.01% by volume). Under such conditions,
particle-gas interactions are strong, whereas particle-particle
interactions are very unlikely. Further CFD calculations may
help clarify this issue and provide physical interpretation to
the trends observed in Figs. 9 and 10. v
An overall evaluation of the present formulation indicates
that a reasonable agreement between the predicted and the
experimental values was obtained. The largest deviations were
observed in the range of 0 to 25 pm, as was noted in Figs. 3a,
3b, 4a and 4b. The experimental curves in this range typically
showed very steep, narrow peaks, which are difficult toreproduce
by numerical calculations. In the experiments, dust particles
in the range of zero to 25 um were mostly made up by copper
oxides (Perez-Tello et al., 2001a). Because copper oxides and
copper matte densities are substantially different, itis likely that
this discrepancy may be attributed to the model assumption that
particles have equal densities before and after fragmentation.
The fact that this simplification led to overall reasonable results

Vol. 25, No. 1 * February 2008



1.0
‘ ;-: OMR, OC:
~ —=—0.25, 70
o 08te ¥ —8—0.33,70
@ A —A—0.25,100
E —wv—0.33, 100
=
ﬂl‘; oo _. .\
5 - vx\h‘—.
= v
S 04}
3 "o
E
o
S 02r a8
.

|
0.0 L I 1 I
40 60 80 100 120 140

Feed Mean Size, um

Figure 9 —Fragmentation parameter f,; as a function of the
feed mean size, oxygen-to-matte ratio (OMR) and oxygen
concentration (OC).

suggests that, on fragmentation, most of the daughter particles
retained the chemical composition of their mother particle. The
exception is the fine dust particles that may originate in the
oxide crust surrounding the sulfide core of the mother particle
(Jokilaakso et al., 1991). The incorporation of a kinetic model
into the present formulation will help clarify this issue, and will
be the subject of future work by the authors.

Concluding remarks

A predictive mathematical model for the expansion and
fragmentation of copper matte particles oxidized under flash
converting conditions is presented. The model requires the
specification of five parameters, all of which have physical
significance. The model predictions show good agreement
with the experimental data collected in a large laboratory
furnace. A relevant feature of the present formulation is its
capability to reproduce the two maxima in the particle size
distribution. This was attributed to the turbulent conditions
prevailing in the furnace, which cause particles to follow dif-
ferent trajectories within the furnace even if they are injected
at the same location.

The formation of dust particles was found to be dependent
on the residence time of the particle population in the reaction
chamber. The dependency of the model parameters on the op-
erating conditions in general agreed with the trends observed
in the experiments and with CFD calculations previously
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Figure 10 — Fragmentation parameter f,, as a function
of the feed mean size, oxygen-to-matte ratio (OMR) and
oxygen concentration (OC).

reported by the authors. Direct verification of the applicability
of the present model to the industrial operation must await the
availability of reliable data.
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