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Abstract: A series of industrial experiments were conducted, not only to reveal the distribution and evolution of 
particle mass and size inside the flash converting furnace, but also to investigate the influence of airflows on the particle 
distribution. The results showed that the average size of particles grows 2−3 times when falling through the reaction 
shaft, and large aggregated particles were mainly distributed in the center and outer part of the material cone. This 
phenomenon was attributed to the collision and aggregation of molten particles caused by the high turbulent intensity of 
airflow, high particle mass concentration, and positions of natural gas combusting. Moreover, increasing the momentum 
ratio of the distribution air to the process air helped the particles to be distributed more uniformly, which could be 
beneficial to matte oxidation. Compared with changing process air, adjusting the distribution air could improve the 
particle spatial distribution more efficiently. 
Key words: industrial experiment; particle evolution; mass distribution; size distribution; momentum ratio; flash 
converting furnace 
                                                                                                             
 
 
1 Introduction 
 

The Kennecott−Outotec flash converting 
technology is known as a continuous process    
for the conversion of copper mattes into blister 
copper. Developed from the solid matte oxygen 
converting technology (known as SMOC) [1−3], it 
was initially created to deal with the challenge of 
keeping matte molten and flowing continuously. It 
has been implemented in five metallurgical plants 
in China in recent fifteen years [4,5]. 

Since flash converting technology started to be 
applied in the metallurgical process, related 
research has quickly followed. PÉREZ-TELLO et 
al [6−8] carried out a series of experiments and 
numerical computations in the early stage. They 
proposed the reactions that the copper matte 
particles experienced during the flash converting 

process and applied them in the numerical model to 
predict the reaction products. Besides, they used a 
compositional fragmentation model to investigate 
the size distribution and chemical composition of 
dust particles, revealing their fragmentation [9]. 
Various researches on the flash converting process 
were also carried out, including the freeze-lining 
formation [10], selenium and tellurium distribution 
behavior [11], and numerical modelling [12]. Apart 
from these, the thermal dynamics modelling of the 
flash converting process [13,14] and the formation 
mechanism of hazardous substances [15] were  
also investigated. Moreover, mechanism and 
computational studies, reviews of the process, or 
technical overviews of how to solve relative 
technical problems confronted in production 
practice were performed as well [16−18]. 

Various researches on the Kennecott−Outotec 
flash converting technology promote it to improve  

                       
Corresponding author: Zhuo CHEN, Tel: +86-13974891750, E-mail: chenzhuo@csu.edu.cn 
DOI: 10.1016/S1003-6326(23)66304-6 
1003-6326/© 2023 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press  



Zhen-yu ZHU, et al/Trans. Nonferrous Met. Soc. China 33(2023) 2866−2878 2867 

continuously. So far, five flash converting furnaces 
in China produce 1950 kt of refined copper every 
year, which accounts for about 20% of total 
production in the country [19,20]. After several 
years of operation, the flash converting technology 
has brought many advantages, such as high 
efficiency for mass production, high operation  
rate of over 95%, high SO2 concentration for 
acid-making, and high sulfur fixation rate. However, 
some drawbacks are also found in practice. For 
example, extra heat is needed to maintain the 
continuous process, and the corrosive calcium 
ferrite slag used in the process may result in a 
shorter life span of the furnace [19,21]. Apart from 
these problems, the ignition delay of particles gets 
severer as a higher feeding rate is generally to be 
achieved in modern production. The reason for 
ignition delay was considered to be the result of 
limited convective and radiative heat received    
by highly concentrated particles [22]. Therefore, 
understanding the distribution and evolution of the 
particles inside the furnace is essential to achieve 
good control of the reaction process, thus 
improving the product quality and prolonging the 
life span of the equipment. 

The common methods to obtain the particle 
distribution inside the flash converting furnace 
(FCF) include experiments and computational fluid 
dynamic (CFD) simulation. Generally, the discrete 
phase model and population balance model are 
mostly used in CFD simulation to obtain the 
particle distribution and size evolution, respectively. 
However, as these two models could not be coupled, 
the particle trajectory [22,23] and agglomeration [24] 
were often investigated separately. For the 
experimental method, the literature on particle 
distribution in the FCF is rare. But as it is very 
similar to the flash smelting furnace (FSF) in terms 
of structure and operation mode, studies and results 
about the FSFs are usually borrowed and applied to 
the FCFs [25−28]. CHAUBAL [29] and HAHN [30] 
used the water-cooling sampler to collect particles 
at the bottom of a scaled reaction shaft and obtained 
the combustion process of concentrate in the    
FSF. Meanwhile, MUNROE [31] investigated the 
phenomenon of particle fragmentation and oxidation 
through the same method. By improving the 
sampler and applying it in industrial experiments, 
KIMURA et al [32] and KEMORI et al [33−35] 
found the particle growth and proposed the 

“two-particle model”, which is different from the 
previous “fragmentation model” proposed by  
KIM [36], KIM and THEMELIS [37]. ZHOU and 
CHEN [38], and ZHOU [39] carried out the 
industrial experiment with the sink sampler under 
different conditions and thoroughly analyzed    
the oxidation and combustion process of the 
concentrate in the FSFs. The applications of the 
sink sampler helped researchers collect particles in 
the FSF and make investigations, which means that 
it should be also feasible in the research of the FCF. 

In this work, the industrial experiment was 
carried out on the FCF under different operational 
conditions. The mass and size distributions of 
particles, including melted droplets and unmelted 
raw material particles, were analyzed so that the 
evolution of particles could be revealed. Meanwhile, 
how the operational parameters (i.e., airflow rates 
of the distribution air and the process air) influence 
the mass and size distributions of the particles were 
also figured out.  
 
2 Experimental 
 
2.1 Experimental method 

The industrial experiment was performed in 
Jinguan Copper Co., Ltd. in Anhui Province, China. 
The schematic diagrams of the sampler and the 
sampling locations on the FCF used for the 
industrial sampling experiments are shown in Fig. 1. 
Originally, it was proposed to obtain the particle 
samples from three equidistant positions along the 
reaction shaft. However, considering the furnace 
structure and field space for sampling operation, 
only two holes were made at the heights of 2.1 and 
3.9 m for the experiment, marked as H1 and H2 
respectively in Fig. 1(a). The sampler used in the 
experiment is shown in Fig. 1(b). The stop point is 
used to remind the operators to stop pushing the 
sampler when this point reaches the outside wall of 
the furnace. The length from the sampler’s tip to the 
stop point is the sum of the radius and the wall 
thickness of the reaction shaft. The ten sampler 
cells represent ten parts equally divided along the 
shaft radius. 

During the experiment, in order to cool the 
sampler and quench the molten particle samples, 
the ten cells were initially filled with tap water 
around 300 K. Then, the sink sampler was quickly 
pushed into the reaction shaft, staying for 5−8 s,  
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Fig. 1 Schematic diagrams of sampling holes (a) and sink sampler (b) 
 
pulled out rapidly and poured with a large amount 
of water for further cooling. The sampling operation 
was repeated three times at one position under the 
same condition, so that the random error could be 
examined. Then, all samples were taken out from 
each cell and dried at a constant temperature of 
around 353 K in a vacuum drying oven. The dried 
samples were sealed in bags and labeled with 
positions for further analysis. 

All the dried samples at different positions 
were sieved and weighed with an electronic balance 
to get the dry weight. In this work, four standard 
sieves of different sizes were used, and the 
corresponding sieve sizes are listed in Table 1. As 
large agglomerates were found in the samples, the 
standard sieve 1 was chosen to distinguish large 
agglomerates from the particles. Meanwhile, the 
other three sieves were used to determine size 
distribution of the sample. 
 
Table 1 Standard sieve and corresponding sieve size 

Standard sieve No. 1 2 3 4 
Sieve pore size/μm 830 150 75 48 

 
2.2 Operational parameters  

The central jet distributed (CJD) burner is 
commonly used in the FCFs. Figure 2 gives a 
schematic showing how the gases and feed 
materials flow through the CJD matte burner into 
the reaction shaft. Notably, three airflows are fed 
into the furnace, supplying oxygen for the reactions 
and creating turbulence to facilitate interactions 
between the gaseous and granular phases. Among 

 
Fig. 2 Schematic diagram of matte burner with different 
inlets 
 
them, the vertical process air is helpful to envelop 
the particles and avoid the lining being eroded by 
material particles [23]. The distribution air is aimed 
to blow the granules horizontally, making them 
distributed more uniformly in the reaction shaft. 
Based on the hydrodynamic effect of these two 
airflows, the concept of the momentum ratio of the 
distribution air to the process air (Kd/p) was 
proposed by the research group to measure the 
effects of two airflows on the distribution of 
material particles [23]. It can be calculated as 
Eq. (1), which indicates that the larger the Kd/p is, 
the more dispersed the particles are. 
 

m,d dd
d p

p m,p p

q vIK
I q v

= =                        (1) 

 
where I, qm, and v denote the momentum, mass flow 
rate, and velocity, respectively; subscripts “d” and 
“p” denote the distribution air and process air, 
respectively. 

The industrial experiments were carried out 
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under four conditions to investigate the influences 
of airflows on the particle distributions, and the 
operational parameters are shown in Table 2. In the 
four experimental conditions, the operational 
parameters of the reference condition are the typical 
and common ones adopted in normal production. 
The D-high, P-low, and D&P-low conditions are set 
as the control groups, of which the D and P come 
from the initial letter of the terms “distribution air” 
and the “process air”, respectively, and the high and 
low indicate the level of the airflow rates compared 
to the reference condition. 

The original purpose of setting the control 
groups is to investigate how the distribution air and 
the process air act on the particle dispersion under a 
higher Kd/p. However, it was difficult to achieve  
the same high value of Kd/p under both the D-high 
and the P-low conditions, because the difference 
between the two airflow rates was too large and the 
safety of industrial production had to be considered. 
As a result, different Kd/p values were obtained by 
adequately increasing the airflow rates in two 
conditions. The D&P-low condition was set to 
check whether the same particle distribution could 
be achieved with the lower flowrate, which kept 
Kd/p at the same value as the reference condition. 

 
3 Results and discussion 
 
3.1 Particle mass and size distributions 
3.1.1 Mass distribution 

When the raw materials are fed into the 
reaction shaft, particles are quickly dispersed but 
still distributed in the center of the reaction shaft, 
thus forming a bell-shaped particle-dense region, 
which is usually called the “material cone” in 
practice, as illustrated in Fig. 3. Since the cross- 
section of the cone is not a standard circle, the 
concept of the “radius of the material cone” was 
proposed, for the convenience of describing and 

comparing the dispersed degree of particles. In 
definition, R99 is the radius of an equivalent circle, 
through which the particle mass is 99% of the total 
mass on the cross-section of the material cone at 
one height. 

The statistical data of R99 in the reference 
condition are given in Table 3, which is the average 
of three sampling tests in one condition. It can be 
found that the standard deviation and coefficient of 
variation at two sampling heights are small enough, 
which indicates that the sampling results of mass 
distribution vary slightly during the experiments. 

The particle mass distribution at different 
heights of the reaction shaft under the reference 
condition is shown in Fig. 4. As it is difficult to 
have the same sample mass at different sampling 
locations, to make the results more convincing, the 
mass weight of the samples in each cell is changed 
into the mass fraction according to Eq. (2):  

10

1
/ 100%i i i

i
c m m

=

 
= × 
 

∑                    (2) 
 
where ci is the mass fraction in cell i, and mi is the 
mass of samples in cell i. 

From Fig. 4, it can be seen that the samples 
mainly distribute within the reaction shaft radius 
range of R=0−0.75 m at the height of H1=2.1 m and 
within the range of R=0−1.00 m at H2=3.9 m. And 
the mass distributions at two heights exhibit different 
trends. At the height of H1, the mass fraction 
increases initially, and then followed by a decrease, 
and the peak occurs at R=0.25−0.50 m. As for the 
mass distribution at H2, it decreases initially, followed 
by an increase, but then decreases again, and two 
peaks occur at R=0−0.25 m and R= 0.75−1.00 m, 
respectively. The trend of mass distribution at H2  
is similar to the result at R2 in the research on     
FSF [38], indicating that the mass fraction in the 
reaction shaft is large in the center part of the 
material cone and fluctuates in the outer part. 

 
Table 2 Specific operational parameters in experimental conditions 

Condition 
Load of 
matte/ 
(t·h−1) 

Load of 
ash/ 

(t·h−1) 

Air volume of 
process air/ 

(m3·h−1) 

Oxygen 
volume of 

process air/ 
(m3·h−1) 

Velocity 
of process 
air/(m·s−1) 

Volume of 
distribution 
air/(m3·h−1) 

Volume of 
central 

oxygen/ 
(m3·h−1) 

Volume of 
central CH4/ 

(m3·h−1) 
Kd/p 

Reference 85 6 3500 12950 88 1000 1050 150 0.1018 

D-high 85 6 3500 12950 88 1500 1050 150 0.229 

P-low 85 6 2500 12950 70 1000 1050 150 0.1363 

D&P-low 85 6 3327 12307 75 900 1050 150 0.1018 
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Fig. 3 Schematic diagram showing material cone and R99 
 
Table 3 Radius of material cone R99 in reference 
condition 

Height/m Mean/m SD/m CV/% 

2.1 (H1) 0.94 0.036 3.84 

3.9 (H2) 1.31 0.064 4.87 
SD: Standard deviation; CV: Coefficient of variation 
 

 
Fig. 4 Mass distribution of samples in reference 
condition 
 
3.1.2 Particle size distribution 

To investigate the particle size distribution (dp) 
of samples, the matte particles fed into the furnace 
were sieved beforehand as a reference, which is 
shown in Fig. 5(a). The size distribution of samples 
is presented in Figs. 5(b1, b2). It can be seen that  

 

 
Fig. 5 Particle size distribution of matte (a) and samples 
(b1, b2) in reference condition 
 
59.5 wt.% of the matte particles are smaller than 
48 μm. Compared with it, the sample size in the 
reference condition increases, but the largest 
fractions in each cell are not the same. Meanwhile, 
the sample particles aggregated into a new size 
range larger than 830 μm since it does not exist in 
Fig. 5(a). 

At the height of H1, the mass fractions of 
dp > 830 μm in three cells have a similar value of 
around 4%. The sample particles with sizes of 
75 μm < dp < 150 μm and 150 μm < dp < 830 μm 
are mainly concentrated in the cells of R=0−0.25 m 
and R=0.50−0.75 m, respectively, while the small 
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particles with sizes of 0 < dp < 48 μm and 
48 < dp < 75 μm are concentrated in the radial range 
of R=0.25−0.50 m. This means that the sample 
particles in the center and the outer parts of the 
material cone are larger than those in the middle 
section, even though all these samples show an 
increasing trend in particle size. 

At the height of H2, the mass fraction of 
dp > 830 μm is extremely large in the cell with 
R=0−0.25 m, which reaches 65%, and it gradually 
goes down in the cell with R=0.25−1.00 m. 
However, the mass fractions of particles in the 
range from 48 to 830 μm increase gradually within 
the radius of R=0−1.00 m. As for the particles of 
dp < 48 μm, the mass fractions in the cell of 
R=0−0.25 m and R=0.75−1.00 m are lower. This 
means that the particles at this height are still larger 
in the center and outer parts of the material cone 
and smaller in the middle section. 

Moreover, apart from the particle size above 
830 μm, the particles in a size range of 
75 μm < dp < 150 μm always have the largest mass 
fractions. This indicates that a large part of the 
matte particles (dp < 48 μm, the main size according 
to Fig. 5(a)) are more likely to aggregate into 
particles that are 2−3 times larger when flowing 
through the reaction shaft. 

The mean diameter was calculated according 
to Eq. (3) to quantify the particle size distribution, 
and related statistical data in three tests are given in 
Table 4. On the one hand, the mean diameters show 
an upward trend along the axial direction of the 
reaction shaft. The change in the mean sizes at the 
two heights indicates that the growth in the particle 
size mainly occurs in the center and outer sections 
of the material cone. On the other hand, the most 
significant coefficient of variation is less than  
15%, indicating that the deviation is small enough 
to guarantee reproducibility in this industrial 
experiment.  

( )
4

,min ,max 5,min 5
1

1
2 n n n

n
D S S p S p

=
= + +∑         (3) 

 
where D  is the mean diameter of particles, Sn,min 
and Sn,max are the minimum and the maximum 
values in one range of particle size (e.g., 0 and 
48 μm, respectively in Fig. 5), n is the number of 
the size range, and pn is the mass fraction of 
corresponding range, S5,min is 830 μm, and p5 is the 
mass fraction of S5,min. 

Table 4 Mean diameter of particles in reference 
condition 

Height/m R/m Mean/μm SD/μm CV/% 

2.1 (H1) 

0−0.25 132.58 9.63 7.26 

0.25−0.50 123.08 7.19 5.84 

0.50−0.75 194.49 7.14 3.67 

3.9 (H2) 

0−0.25 573.2 27.44 4.79 

0.25−0.50 302.04 32.48 10.75 

0.50−0.75 265.45 22.98 8.66 

0.75−1.00 279.15 3.75 1.34 
SD: Standard deviation; CV: Coefficient of variation 
 

Compared with the mean value of matte 
particles (74.37 μm), the size of sample particles 
increased at both heights of 2.1 and 3.9 m. This 
size-growing phenomenon of particles is also found 
in the industrial measurement of FSF [7,33,38]. 
Notably, the decrease of the mean diameters along 
the radius at H2 is the same as the result of R2 in the 
experiment of FSF [38]. To further investigate the 
coarser particle, the morphology of samples was 
examined. The typical morphologies of samples at 
two heights are shown in Fig. 6. It can be found that 
the large particles at H1 are mostly the agglomerates 
of fine particles, demonstrated in Fig. 6(a). While at 
the height of H2, the large spherical particles with 
smooth rims could be observed (shown in Fig. 6(b)), 
which means that large fused particles with a higher 
molten state started to appear. 

Overall, by comparing the size distribution and 
investigating the morphology of large particles, the 
evolution of particle size can be summarized into 
three aspects. Firstly, small particles may have 
melted at the height of H1=2.1 m and some of them 
agglomerate into larger ones when further falling 
through the reaction shaft. Secondly, the large fused 
particles in a high molten state appear at H2=3.9 m. 
Thirdly, the particle size growing phenomenon is 
more obvious in the center and outer parts of the 
material cone, indicating that particles are heated 
and react faster in these sections. 
3.1.3 Evolution of particles 

Based on the above analysis of the spatial 
distribution of particle mass and size, the evolution 
of material particles during the process of falling 
through the reaction shaft can be summarized   
and illustrated in Fig. 7. The initial height H0 is  
also included, and the distributed radius at H0 is  
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Fig. 6 Morphologies of samples at heights of H1=2.1 m (a) and H2=3.9 m (b) 
 

 
Fig. 7 Particle evolution in falling process 
 
determined according to the size of discharging 
chute. During the matte falling process, the outer 
line of the material cone could be sketched by 
distributed radii at different heights, as shown in 
Fig. 7. The radius of the material cone increases fast 
initially, reaching 0.94 m at H1=2.1 m, then the 
increasing rate slows down, reaching 1.31 m at 
H2=3.9 m, and might increase to 2.5 m at the 
bottom of the reaction shaft. 

In this flash converting furnace, extra heat is 
needed to maintain the continuous reactions of the 
process. Therefore, except for using the ordinary 
burners at the rooftop of the reaction shaft, natural 
gas was also supplied through the matte burner (as 
shown in Figs. 2 and 7). The combustion of natural 
gas causes the matte particles in the center and 
outer parts of the material cone to be ignited and 
melted quickly. The small molten particles 
agglomerate into large particles at least from the 
height of 2.1 m, while large fused particles appear 
at the height of 3.9 m. The reason for particle size 

growth along the reaction shaft is attributed to   
the high airflow turbulence and particle mass 
concentration. PÉREZ-TELLO et al [40] thought 
that airflow turbulence could create severer collision, 
and the collision of molten particles directly led to 
aggregation. Notably, ZHOU et al [23] stated that 
the particle growth in the outer of the material cone 
could be mainly caused by the high-speed process 
air and turbulence intensity. While for the particle 
growth in the center part of the reaction shaft, the 
main reason is considered to be the high mass 
concentration that leads to particle collision, which 
is elaborated in the literature [41]. 
 
3.2 Influence of operational parameters on 

material distribution 
3.2.1 Influence on particle mass distribution 

The sieving results for the particle mass 
distribution under four different conditions are 
shown in Fig. 8. Also, the result of the reference 
condition is included as a comparison. Meanwhile, 
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Fig. 8 Mass distribution under different conditions: (a) Reference; (b) D-high; (c) P-low; (d) D&P-low 
 
the variances of the mass fraction ci at each height 
are calculated and shown in Table 5. It should be 
noted that the mass fraction less than 5% was not 
counted, e.g., only samples in the first three cells 
were considered at H1 in the reference condition. 

By comparing the result in Fig. 8(b) with that 
in Fig. 8(a), it can be found that the R99 at the height 
of H1 increases from 0.94 m in the reference 
condition to 1.11 m in the D-high condition, and the 
value at the height of H2 increases from 1.31 m in 
the reference condition to 1.47 m in the D-high 
condition. Obviously, by increasing the flowrate of 
the distribution air, more horizontal momentum is 
to be acted on the particles, causing the material 

cone to expand larger. Meanwhile, the changing 
trends of the particle mass distribution in these two 
conditions are similar. At the height of H1, the 
particle mass fraction increases initially, followed 
by a decrease, and the peak still occurs at 
R=0.25−0.50 m. While the mass fraction at H2 
decreases initially, followed by an increase, but  
then decreases again; the first peak appears at 
R=0−0.25 m and the second peak changes from 
R=0.75−1.00 m to R=1.00−1.25 m. What’s more, 
according to Table 5, the variances in the D-high 
condition are smaller, which indicates that the mass 
fraction in this condition becomes more uniform no 
matter at the height of H1 or H2. In contrast, the 
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particle mass in the reference condition is relatively 
centralized, specifically at R=0.25−0.50 m of H1 
and R=0−0.25 m of H2. Thus, it can be concluded 
that the particles have a larger dispersion radius and 
become more uniform in the reaction shaft after 
increasing the distribution air. 
 
Table 5 Variances of dimensionless parameter ci at each 
height 

Height/m Condition Sample numbers Variance 

2.1 (H1) 

Reference 3 0.0182 

D-high 4 0.0121 

P-low 3 0.0274 

D&P-low 2 − 

3.9 (H2) 

Reference 4 0.0155 

D-high 5 0.0033 

P-low 4 0.0060 

D&P-low 4 0.0186 

 
Comparing the result of the P-low condition in 

Fig. 8(c) with that of the reference condition, the 
radius of the material cone changes a little, i.e., the 
R99 at the height of H1 decreases from 0.94 m in  
the reference condition to 0.90 m in the P-low 
condition, and the R99 at the height of H2 increases 
from 1.31 to 1.37 m. However, the trend of the 
particle mass fraction in the P-low condition is 
different from that in the reference condition, as the 
mass fractions decrease gradually at both heights of 
H1 and H2, from R=0 m to R=2.50 m. There are two 
reasons for this. Firstly, the increase of the Kd/p is 
not large enough, so the R99 does not change much. 
Secondly, the influence of the process air on the 
particle distribution is limited in the outer part of 
the material cone. Therefore, even though the Kd/p 
increases, decreasing the velocity of process air 
shows a minimal influence on the particle 
distribution in the reaction shaft. 

Last but not the least, the result of the 
D&P-low condition in Fig. 8(d) shows its unique 
character on the particle distribution. Firstly, the R99 
in the D&P-low condition is smaller than that in 
other three conditions; the values at the heights of 
H1 and H2 are 0.88 and 1.26 m, respectively. 
Meanwhile, the sample at H1 is concentrated in the 
cells with R=0−0.50 m, as the mass fraction nearly 
reaches 50% in the first two cells. Moreover,    
the mass fraction at H2 increases initially, then 

decreases, and the maximum value occurs at 
R=0.25−0.50 m. Therefore, even if the Kd/p was kept 
at the same value, reducing the airflow rate and 
velocity would make particles gather in the center 
of the reaction shaft, which is a worse dispersion. 
This phenomenon was also observed in the 
numerical work of FSF [23], which means that 
maintaining a large airflow rate is essential to 
particle distribution and reaction. 
3.2.2 Influence on particle size distribution 

From the analysis in Subsection 3.1, it has 
been deduced that the molten particles would 
aggregate into large ones, leading to an increase in 
particle size. Hence, the particle size distribution in 
each condition can to some extent reflect the molten 
degree and the reaction process of the particles. As 
the mass distribution has been discussed above,  
the particle size distribution of samples in each 
condition is accordingly given in Fig. 9. Meanwhile, 
to obtain a more specific change of the sample 
diameter, the mean diameters D  in each position 
are calculated according to Eq. (3) and listed in 
Table 6. 

Comparing the particle size distribution in the 
reference condition with the D-high condition 
(shown in Figs. 9(a) and (b)), it can be found that 
the particle size in the D-high condition is larger at 
the height of H1, but it has a similar size distribution 
at the height of H2 with that in the reference 
condition. Specifically, at the height of H1, the mass 
fraction of particles with a diameter of dp > 150 μm 
increases a lot, especially the mass fraction of 
dp > 830 μm in the cell with R=0−0.25 m takes   
up to 38.57%. Meanwhile, in the cell with 
R=0.50−0.75 m, the particle in size of 
75 < dp < 150 μm takes the largest fraction, 42.06%. 
According to the data in Table 6, it can be found 
that the mean diameters of particles at R=0−0.25 m, 
R=0.25−0.50 m, and R=0.50−0.75 m are 415.5, 
276.2, and 310.6 μm, respectively. Compared to the 
reference condition, the growth rates of mean 
diameters are 3.1, 2.2, and 1.6, respectively. 
Therefore, two conclusions can be concluded. 
Firstly, as the mean diameters are larger at 
R=0−0.25 m and R=0.50−0.75 m, there should be 
enough heat and strong turbulence in these regions, 
causing the particles to aggregate into larger   
ones. Secondly, the decline of particle growth  
rates represents that increasing the distribution air 
will significantly influence the particles in the center 
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Fig. 9 Particle size distribution of samples under different conditions: (a) Reference; (b) D-high; (c) P-low;          
(d) D&P-low 
 
Table 6 Mean diameters of samples in different conditions  

Condition 
D  at H1/μm  D  at H2/μm 

R= 
0−0.25 m 

R= 
0.25−0.50 m 

R= 
0.50−0.75 m 

 R= 
0−0.25 m 

R= 
0.25−0.50 m 

R= 
0.50−0.75 m 

R= 
0.75−1.00 m 

Reference 132.6 123.1 194.5  573.2 302 265.5 279.2 

D-high 415.5 276.2 310.6  533.4 323 266.4 332.9 

P-low 321.4 326.9 103.9  535.3 373.7 304.3 125.2 

D&P-low 97.1 132.7 −  534.9 357.8 354.5 182.5 
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part of the material cone. At the height of H2, the 
particle size distribution and mean diameter 
between the reference and D-high conditions are 
similar. Therefore, it can be concluded that 
increasing the distribution air would lead to particle 
size growth, especially at the height of H1=2.1 m, 
but the influence is limited at the height of H2. 

The size distribution of samples in the P-low 
condition is shown in Fig. 9(c). It can be found that 
the mass fraction of particles in a size of dp > 150 μm 
becomes larger when approaching the center of the 
reaction shaft. Comparing the results of the P-low 
and the reference conditions, several differences 
can be found at the heights of H1 and H2. Firstly,  
at H1, the mass fraction of particles with size     
of dp > 150 μm is higher at R=0−0.25 m and 
R=0.25−0.50 m, while it is lower at R=0.50−0.75 m. 
These cells that obtained larger particles are 
contrary to the reference condition, which means 
that reducing the velocity of process air may 
weaken the influence of the process air on the outer 
part of the material cone. However, simultaneously, 
as the particle size increases at R=0−0.25 m and 
R=0.25−0.50 m, the effect of the distribution air in 
the center part is strengthened. Then, at the height  
of H2, one clear difference between these two 
conditions is that the mass fraction of particles  
with the size of dp < 75 μm becomes larger at 
R=0.75−1.00 m, which is corresponding to the 
small particle size at R=0.50−0.75 m of H1. Taking 
the results in Table 6 into consideration, the mean 
diameters of the first two cells at H1 increase. This 
growth indicates that decreasing the velocity of the 
process air may have a weak influence on the center 
part but may not be good for the sample in the outer 
part of the material cone. 

As shown in Fig. 9(d) and Table 6, the particle 
size is smaller in the D&P-low condition than the 
result of the reference condition. Firstly, at H1,   
the particle sizes (dp < 150 μm) take large mass 
fractions, leading to the mean diameter at 
R=0−0.25 m being smaller than that in the reference 
condition. This means that decreasing both the 
distribution air and the process air will lead to the 
decrease of particle size as the intensity of the 
turbulence is weakened. Then, at H2, it can be found 
that, at R=0−0.25 m and R=0.25−0.50 m, the mass 
fraction of dp < 75 μm in the D&P-low condition  
is lower than that in the reference condition. 
Combined with the result of the mass fraction, the 

reason is supposed to be that the radius of the 
material cone becomes smaller so that the high 
mass concentration leads to a greater probability of 
particle colliding and aggregating. However, at 
R=0.50−0.75 m and R=0.75−1.00 m, the particle 
mass fraction (dp > 830 μm) in the D&P-low 
condition is low, and the mean diameter at 
R=0.75−1.00 m is 182.5 μm, which is smaller than 
279.2 μm in the reference condition. Therefore, it is 
assumed that decreasing the airflow rate will lead to 
the decline of turbulent intensity, which reduces the 
chance of collision and aggregation. 
 
4 Conclusions 
 

(1) The evolution of particles in the reaction 
shaft was summarized by analyzing the particle 
mass and size distributions in the reference 
condition. It is found that particles in the center and 
the outer parts of the material cone are usually 
larger. The mean diameter started growing at least 
from the height of 2.1 m and showed an upward 
trend along the axial direction of the reaction shaft. 
Moreover, the molten particles collided into large 
agglomerates at 2.1 m, while some fused particles 
were found at 3.9 m. 

(2) The reason leading to the unequal particle 
size growing in the reaction shaft was attributed  
to the high intensity of airflow turbulence and  
high particle mass fraction. Meanwhile, the 
combustion of natural gas from the matte burner 
and ordinary burners may play a crucial role in the 
position of particle ignition and deformation. 

(3) When falling through the reaction shaft, 
apart from the particle size above 830 μm, particles 
with a size of 75 μm < dp < 150 μm take up the 
largest mass fraction, indicating that a large part of 
the matte particles (dp < 48 μm, the main matte size) 
will aggregate into particles that are 2−3 times 
larger than those inside the reaction shaft. 

(4) Increasing the momentum ratio of airflows 
helps the particles to be distributed more uniformly 
in the reaction shaft, which could be beneficial   
to the matte oxidation. Furthermore, adjusting the 
distribution air to increase the momentum ratio will 
achieve a better result than changing the process air. 
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摘  要：通过开展工业试验揭示闪速吹炼炉内颗粒质量和粒径的分布与演化规律，同时研究不同配风参数对颗粒

分布的影响。结果表明，颗粒在反应塔内的下落过程中，其平均粒径增长通常为 2~3 倍，且聚并后的大颗粒主要

分布在料锥中部和外部；而导致该现象出现的原因是较高的湍流强度和颗粒分布密度、以及天然气燃烧的位置使

该位置处颗粒升温熔融、并发生碰撞和聚并。另外，提高分散风与工艺风动量比能使物料颗粒在反应塔内的分布

更加均匀，更有利于冰铜的氧化反应。相较于调整工艺风参数，改变分散风能更有效地提高颗粒的空间分布范围。 

关键词：工业试验；颗粒演化；质量分布；粒径分布；动量比；闪速吹炼炉 
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