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Abstract

Hlsarna is a promising ironmaking technology to reduce CO, emission. Information of phase transformation is essential for
reaction analysis of the cyclone reactor of the HIsarna process. In addition, data of density and volume of the ore particles
are necessary for estimation of the residence time of the particles in the cyclone reactor. Phase transformation of iron ore
particles was experimentally studied in a drop-tube furnace under simulated cyclone conditions and compared with
thermodynamic calculation. During the pre-reduction process inside the reactor, the mineralogy of iron ore particles
transforms sequentially from hematite to sub-oxides. The density changes of the particles during the melting and reduction
can be predicted based on the phase composition and temperature. Therefore, density models in the studies were evaluated
with reported experimental data of slag. As a result, a more reliable density model was developed to calculate the density of
the formed slag containing mainly FeO-Fe,Os;. The density and volume of the partially reduced ore particles or melt
droplets were estimated based on this model. The results show that the density of the ore particles decreases by 15.1% at
most along the progressive reduction process. Furthermore, the model results also indicate that heating, melting and
reduction of the ore could lead to 6.63-9.37% swelling of the particles, which is mostly contributed by thermal expansion.
It would result in corresponding variation in velocity of the ore particles or melt droplets during the flight inside the reactor.

Keywords Ironmaking process - HIsarna - Smelting reduction - Ore density change - Phase transformation -
Hematite ore particle

1 Introduction

Hlsarna is an emerging and promising alternative iron-
making process. It can directly convert iron ore particles
into liquid iron with at least 20% smaller carbon footprint
as the present mode. A reduction in CO, emissions by 80%
could be achieved combining with capturing and storing of
waste gases. A smelt cyclone is used to melt and pre-re-
duce fine and non-agglomerated iron ore particles in
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HIsarna reactor. Fine ore and flux are injected into the
cyclone reactor together with oxygen. The injected ore is
intensely mixed with rising hot reducing gases, undergoing
partial reduction and melting. The melt hits the water-
cooled sidewalls of the cyclone section, flows down along
with the wall and drips into the liquid bath in the smelting
reduction vessel (SRV) where the final reduction takes
place [1, 2]. The ore in the cyclone section is pre-reduced
to about 20% through thermal decomposition and reduction
by the SRV gas (CO and H,). The temperature of the melts
in the SRV is approximately 1723 K [3]. Variation in the
ore particles state is difficult to visualize inside the cyclone
and analyse through probing and sampling. Therefore,
theoretical estimation is extremely important under these
conditions.

One of the widely studied properties of the ore during
reduction is the shrinkage, sometimes swelling, of the
ferrous raw materials, which affect the internal heat
transport and the diffusion of gas [4]. In addition, changes

@ Springer


http://orcid.org/0000-0002-7993-7386
http://crossmark.crossref.org/dialog/?doi=10.1007/s42243-019-00265-3&amp;domain=pdf
https://doi.org/10.1007/s42243-019-00265-3

ZY. Chen et al.

in density and volume of the particles are the key
parameters to estimate the residence time of the particles
in the cyclone [5-7]. Most research contributions are in
the field of the pellet reduction and less in the area of
single ore particle. Seaton et al. [8] demonstrated that the
swelling at high temperatures (1373 and 1473 K) relates
to the transformation of wustite to iron in the pellet, and
the shrinkage was due to the sintering of iron filaments.
Sharma et al. [9] observed that growth of iron whiskers
resulted in swelling of pellet at the low temperature
(1273 K). Rau et al. [10] indicated that the phase trans-
formation causes the shrinkage of single crystal iron
oxides and then leads to the fissure of material. The
kinetic models published by Hayashi and Iguchi [7] and
Tsukihashi et al. [11] also consider the shrinkage of liquid
iron oxides fines as the result of density change due to
phase conversion. Halder and Fruehan [12] suggested that
the shrinkage is caused by the loss of oxygen from the
oxides, sintering of iron oxide and formation of a molten
slag phase. Also, according to the textbook of German
[13], Halder and Fruehan suggested that good slag wet-
tability, high diffusion rates in liquids and more slag
formation benefit shrinkage. Donskoi and McElwain [14]
developed a mathematical model to predict phenomena,
including shrinkage of char composite pellet. Reaction
temperature and porosity of pellet were considered to be
the two principal parameters to regulate the shrinkage.
They suggested that the local volume change of pellet is
due to the sum of shrinkage and swelling. The shrinkage
is the function of porosity and temperature, and the
swelling is affected by the volume fraction of phases and
temperature. Another attempt of modelling on shrinkage
has been carried out by Fortini and Fruehan [15], where
an empirical equation was given, which shows the posi-
tive effect of temperature on shrinkage. They also pro-
posed that the shrinkage of the pellet is closely related to
the fraction of pore in it.

Unlike the abundant pellet studies, there are rare studies
of particles, while the latter is important to the study of
HIsarna process. A single particle is much less porous than
a pellet. Hereby, we proposed that the density variation of
particles is principally influenced by the phase transfor-
mation in the reaction. Phase transformation is mainly due
to chemical reactions and high-temperature melting beha-
viour of the ore. Therefore, phase transformation is
essential information for the analysis. Based on the phase
analysis, a modified model was developed specifically for
estimation of the density and specific volume of the iron
ore particles during the partial reduction process at high
temperature. At last, the effects of the density and specific
volume of particle on the falling rate of it in a drop-tube
furnace were evaluated.
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2 Experimental

To investigate the behaviour of individual particles in the
smelt cyclone part of Hlsarna reactor, the study was carried
out with a high-temperature drop-tube furnace (HDTF,
Fig. 1), which is a laminar flow reactor. The length of the
hot zone for reaction is 390 mm, with the inner diameter of
the alumina tube of 60 mm. The direction of the gas flow is
also shown in Fig. 1. The total gas flow rate is 2 L/min.
The reacting gas has been heated up to 773 K before
injection into the furnace. With distribution of the gas to
the carrying gas and reacting gas pipes, the falling velocity
of the particles can be controlled. Usually, the Reynolds
number for the particle is lower than 1, which means that
the falling particle is in a Stokes flow. The whole system,
including the sample collector, is in reducing atmospheres.
The experimental details were described in Refs. [3, 6].
Hematite ore particles with an average size of 67 um
reacted with 45 vol.% CO-55 vol.% CO, gas (P1 gas,
more reducing) and 5 vol.% CO-95 vol.% CO, gas (P2
gas, less reducing) in the HDTF from 1710 to 1760 K,
respectively. Table 1 shows the chemical composition of
the ore particles, where the rest minerals of less than
1 mass% will not be considered in the density estimation.
The composition is measured by X-ray fluorescence
(Panalytical Axios Max WD-XRF spectrometer). The CO-
CO, gas mixture was divided into two paths: carrier gas
flow to transport hematite ore particles to the isothermal
zone of HDTF and reacting gas flow which was preheated
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Fig. 1 Illustration of high-temperature drop-tube furnace and gas
flow direction
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Table 1 Chemical composition of hematite ore particles (mass%)

Component Fe,03 Si0, Al,O3 CaO MgO MnO TiO, Others
Content 72.354 14.030 4.985 2.974 2.524 1.429 0.721 0.983
Error 0.100 0.100 0.070 0.050 0.050 0.040 0.030

for the reaction with particles. The reaction time was
controlled by the flow rate of the carrying gas and the
reacting gas flow. After pre-reduction, the collected parti-
cles were analysed by X-ray diffraction (XRD, Bruker D8
Advance diffractometer Bragg—Brentano geometry and
Lynxeye position-sensitive detector). The step size in the
XRD measurement is 0.030° (20), with counting time per
step of 2 s.

3 Results and discussion
3.1 Phase transformation

Figure 2 shows the typical XRD patterns of the ore parti-
cles after reaction for ~ 230 ms at 1735 K in different
atmospheres. It indicates that the principal phases in the
reduced samples are magnetite and wustite. Wustite con-
tent in the sample reduced in P2 gas is far less than that in
the sample reduced in P1 gas. In most samples (the patterns
of which were not presented here), amorphous SiO; is the
principal gangue phase. Besides, CaO crystal was detected
out in some samples, which is no more than 2 mass%.
Regardless of non-ferrous minerals (the gangue), the
quantitative analysis results of XRD patterns are shown in
Fig. 3. The precision of the data is within 1.0 mass%. The
accuracy of the quantitative analysis results was checked

P1 gas °
* Fe,0, (19-629)
o FeO (46-1312)
5
©
>
E A f fod b * A
P2 gas * *
*
*
° * . jﬂ *
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26/()

Fig. 2 XRD patterns of ore particles after reaction for around 230 ms
at 1735 K in P1 and P2 gases

by comparing with the chemical analysis, showing that the
highest relative error is 16%. It is found that the relative
error is less with higher oxygen content in the particles. For
instance, the relative error of the results in P2 (5% CO-
95% CO,) gas is around 5.0%. It indicates that the initial
reaction rate is higher. Hematite has been completely
reduced into sub-oxides within 200 ms either in P1 or P2
gases. After reaction for 200 ms, the content of magnetite
decreases and the content of wustite increases. With the
increase in temperature and CO concentration in reducing
gas, the content of wustite increases. Theoretically, the
reduction from Fe,O; to Fe;0, and FeO results in 3.34%
and 10.00% mass loss, respectively. The mass loss creates
structure changes, leading to density and volume
variations.

As Fig. 4 shows, morphology of particles changes with
variation of phase composition. Because the reaction
temperature range is between 1710 and 1760 K, FeO
(melting point 1650 K) is in a liquid phase, and Fe;O,4
(melting point 1870 K) is in a solid phase in the experi-
ments. It was observed that the reduced particles in P1 gas
are spherical particles, and those in P2 gas are deformed
particles. It indicates that the principal phase in the former
particles is molten slag, and the latter particles are mixtures
of solid and liquid in the reaction. Moreover, melting
behaviour of wustite-containing slag can change the par-
ticle density and volume. It is known from previous studies
[5—7] that the particle size and density affect the drag force
on the particle in falling down through the reactor. As a
result, the residence time of particle can be varied during
the reaction.

3.2 Density model

The true density of iron oxide ore could be calculated out
based on the phase composition values without consider-
ation of porosity. The density of solid and slag p is satisfied
regarding respective constitutive compounds as [16—18]:

P:inpi (1)

where x; and p; represent the mole fraction of the compo-
nent i and the density of pure component i in liquid or solid
state (note here we extended it to a solid state of dense
materials), respectively. Moreover, the relationship
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Fig. 4 Ore particles before reaction (a) and reacted after 750 ms in P1 gas (b) and 850 ms in P2 gas (c) at 1735 K

between the molar volume of component, V;, and p; is as
follows:

pi =M/ V; (2)

where M, is the molar mass of the component i.

The reason for using this simple equation to calculate
the density of slag is that although model of solution could
be employed to predict the physical parameters, previous
studies [19-21] implied that the accuracy of arithmetic
addition of all constitutive compounds is sufficient. For
instance, experimental results of Shiraishi et al. [22] on the
density of FeO-SiO, system show a linear relationship of
slag density to mole fraction of SiO, at 1673 K. Also, the
work of Vadasz et al. [23] on CaO-FeO-Fe,03-MgO,
CaO-FeO-Fe,03—Zn0O and CaO-Fe,03—Cu,0O systems
shows linear relationships of the molar volume of the melts
with the content of the respective substances. Therefore,

Table 2 Densities of compounds at room temperature in FactSage 7.0

the density of the present slag system is estimated based on
Eq. (1).

Firstly, the density of the respective solid substances, p;,
can be evaluated based on the reference data. Table 2 lists
the densities of compounds, in which the densities of most
compounds in solid phase are same according to FactSage
7.0. And the temperature ranges of present experiments are
included in that of the reference data. The values of
expansivities are also provided in FactSage 7.0 except for
MnO as follows:

y=aT +bxT+c/T+d/T? (3)

where T is the temperature; ) is the volumetric thermal
expansion coefficient; and a, b, ¢ and d are coefficients, and
their values are shown in Table 3. The expansivity of MnO
was assumed to be zero in this work.

Component Lime MnO Corundum  Magnetite  Hematite Rutile  o-quartz  B-quartz  Wustite  Periclase
Density/(g cm ™) 3.346 5.45 3.987 5.201 5.271 4.245 2.649 2.63 5.865 3.583
Molar volume/ 16.76 13.016  25.693 44.517 30.262 18.814  22.680 25.73 12250  16.298

(cm3 mol ™ l)
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Table 3 Parameters in thermal expansion coefficient equation of compounds in FactSage 7.0

Parameter Rutile Lime o-quartz B-quartz Corundum Periclase Hematite Magnetite

a 2.02 x 1073 336 x 107> 275 x 107> 2.06 x 107> 4.20 x 107 3.64 x 107 245 x 107> 2.61 x 107
b 1.48 x 1078 544 x 107° 299 x 107% 347 x 107 —8.00 x 1071° 835 x 10™° 1.67 x 107% 3.26 x 107%
c —273x 107 —120x 107> 557 x 107® 131 x 107* —1.14 x 1072 8.50 x 107+ 0 0

d 517 x 1072 — 434 x 107" 912 x 1072 — 1.64 1.06 —950 x 107! 2.00 x 107> 4.00 x 1073

According to the phase composition analysis, one could
notice that the main change in density of dense materials is
due to the reduction of Fe,O3. The volume shrinkages from
Fe,03 to Fe;04 and solid FeO are 1.93% and 19.00%,
respectively. It indicates that a significant shrinkage of the
ore particle happens with the formation of FeO. Corre-
spondingly, the density changes in the reduction from
Fe,05 to Fe;0,4 and solid FeO are 1.43% decrease and
11.10% increase, respectively. In other words, reduction
from hematite to magnetite results in swelling of the solid,
while the reduction from hematite to solid wustite results in
shrinkage.

Meanwhile, the density of slag components is surveyed.
Ji et al. [16] reported the optimized density of CaO, SiO,
and Fe,O in liquid phases to be 3.3, 2.3 and 4.7 g/cm®. It
could be noticed that the values for liquid oxides are dif-
ferent from those in the solid state. Shiraishi et al. [22]
reported a volume change of wustite on fusion to be 17.5%,
which corresponds to the molar volume change from 13.43
to 15.78 cm®/mol. Furthermore, they suggested that vol-
ume change on fusion is about 20-30% in the case of ionic
crystals. Usually, there is a linear relationship between
density/molar volume of slag composition and temperature
[17, 24].

Hara et al. [25] reported a model to predict the densities
of FeO-Fe,05;-Ca0O at 1673, 1773 and 1873 K in an
accuracy of 0.5%, while they found differences between
their predicted data and the data reported by Lee and
Gaskell [26] as well as Mori and Suzuki [27] for FeO-
Fe,O5 in unclear reasons. We conjecture that the critical
technology of controlling the valence state of iron ions
could be a principal reason of the disagreement within the
reported data. As a proof of this opinion, Shiraishi et al.
[22] detected 9.99 mass% Fe,O; in the measurement of
pure FeO melts.

Mills et al. [28, 29] reported the relationship of the
partial molar volume of molten slag components and
temperature in the form of:

Vsio, = (19.55 + 7.966xsi0,) [1 + 10%(T — 1773)]  cm®/mol

(4)

Vano, = (28.3 4 32xa10, = 3145530, ) [1 + 10°4(T — 1773)]
cm® /mol

(5)
Vewo = 20.7[1+1074(T — 1773)]  cm®/mol (6)
Vreo = 15.8[1 + 10*4 —1773)] cm®/mol (7)
Vmeo = 16.1[1+ 10747 — 1773)] em’ /mol (8)
Vamo = 15.6[1 + 10747 — 1773)] em’ /mol (9)
Vie,0, = 38.4[1+ 107%(T — 1773)] em’/mol (10)
Vrio, = 24[1+10"%(T — 1773)] cm’/mol (11)

The estimated values of the Mills—Keene model are
shown in Fig. 5a. In that model, molar volumes of SiO,
and Al,O; vary with their molar fractions in slag. The
molar fractions of SiO, and Al,O3 were assumed to vary
within 0.039-0.250 and 0.007-0.026 in the estimation,
respectively. Because Mills and Keene [28] assumed that
the thermal expansion of slag is in a mean value of
0.01% K™, the lines in Fig. 5a are parallel to each other.

In order to verify this model, we collected the reported
molar volumes of principal substances in iron-oxides-rich
slags as listed in Table 4. Figure 5b shows the data in
Table 4 and the linear fitting results. It is different from the
modelling data in Fig. 5a. Although the empirical model of
Mills and Keene has been successfully used to estimate the
densities of CaO-SiO,—FeO melts at 1823 K [30], Fig. 5
implies that a modification of the model is required for
iron-oxides-rich slag.

A strategy was adopted for determining the molar vol-
ume of the minor compounds in the iron-oxides-rich slag;
that is, MgO, MnO and Al,Oj; are calculated via the Mills—
Keene model, and the other four compounds are predicted
using the linear fitting results in Fig. 5a as a modification
of their model. The details of the equations as fitting results
of Fig. 5a are as follows:

Vsio, = 38.96 — 7.64 x 10T cm®/mol
Veao = 391 +8.56 x 107°T  cm?® /mol

@ Springer
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Fig. 5 Predicted molar volume of partial compounds in slag using Egs. (12) to (15) (a) and Mills—-Keene model (b). Scatters in a are
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Table 4 Molar volume of partial compounds in iron-oxides-rich molten slag

I
1600 1700 1800 1900

Temperature / K

Temperature/K Molar volume/(cm® mol™")
CaO Fe,03 SiO, FeO
1873 18.28 [31] 36.38 £ 3.21 [18] 23.35 £ 1.49 [18] 21.58 £ 7.40 [18]
21.53 £ 1.49
[18]
1773 20.27 £ 1.42 40.71 £ 0.90, 40.46 + 1.16 26.86 £ 0.31, 26.67 &+ 0.37 17.77 £ 7.91 [18]
[18] [17] [17]
37.53 £ 3.21 [18] 2427 £ 1.17 [18]
1723 16.5 [24, 32] 52 [24, 32] 26.8 [24, 32] 12.8 [24, 32]
1673 19.24 £+ 1.11 40.69 £ 0.80, 40.67 £ 0.81 26.68 £ 0.28, 26.67 £+ 0.29 15.8 [22]
(18] (17] [17] 14.40 + 0.2 [18]

1644 (melting point of FeO)
1573

38.36 + 2.61 [18]

40.74 £ 0.77, 40.77 £ 0.77
[17]

24.78 + 0.76 [18]

13.43 (s), 15.78 (1) [22]

26.59 £ 0.28, 26.55 £ 0.28
[17]

(a)

(b)
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Fig. 6 Estimated densities of samples reacted in P1 gas (a) and P2 gas (b)
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Table 5 Parameters of iron oxide in reduction and melting (%)

Parameter Solid phase (room temperature) FeO component in slag (molten phase)
Hematite Magnetite Woustite 1710 K 1735 K 1760 K
Mass 100 96.66 90.00 90.00 90.00 90.00
Density 100 98.56 111.14 86.17 82.48 79.09
Volume 100 98.07 81.00 104.44 109.12 113.79
(a), (b)
1760 K (whole) 1735 K (whole) - A- 1710 K (whole) ~-A-- 1735 K (whole) --A--1760 K (whole)
= " 1710 K (whole) L
S 25 AN A g 25 2 A A
2 A P <
T:“ Original ore at room temperature| :‘_Si Original ore at room temperature
820 £2 )
£ £ 570K ol
z > < s (solid)
g B 15 L ¥
on o0 > [1760 K (solid)
=3 =)
S =] 1760 K (slag)
8 510F R 1
o [=9 .1
() 3 sla
2 E 1735 K (slag)
=] =3
s . :
/ e 1735 K (solid) -
071760K(so|11d)/ o e e e n o ke ) ) ) )
0 200 400 600 800 1000 1200 0 200 400 600 800 1000
Time / ms Time / ms
(c) (d)
26 26
s 1760 K (w}fle) o
2 N g
= i = 1760 K (whol
‘g ‘g (W ole) 1735 K (whole)
825 1735 K (whole) S5k \
£ . ) o ° =1 —-A \\
Z % z | ey ] L
s 1710 K (whole) s
o0 R - o0 1710 K (whole)
= =
= =
D24+ 524+
=3 =3
) )
£ £
= =
§ Original ore at room temperature § Original ore at room temperature
23 1 1 1 Il 1 23 1 1 1 1
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Time / ms

Time / ms

Fig. 7 Estimated volumes of 100 g ore particles reacted in P1 gas (a, ¢) and P2 gas (b, d) based on true density of particles and without

considering packing manner of particles

Vo = —32.59 +2.83 x 107°T  cm’ /mol (14)

Vie,0, = 5421 —7.81 x 107°T  c¢m?® /mol (15)

3.3 Density and volume variations

The initial state of the ore particles at different tempera-
tures was assumed to be solid state. The corresponding
density of the particle was calculated based on FactSage
7.0. With the assumption that the mineral amount of the
non-ferrous oxides (gangue) in the ore particles does not
change during the reaction, the density variation of ore

particles during the reduction was estimated. According to
the aforementioned analysis, ore particles reacting in P1
gas were molten particles, and the particles in P2 gas were
solid-liquid mixtures. Fe;O, is in solid phase in the cal-
culation. Moreover, all the gangue was assumed to be
already melted during the reactions. The molten slag was
calculated by the modified Mills—Keene model, which was
specifically used for iron-oxides-rich slag.

Figure 6 shows the estimation results of the densities of
individual particles after the reaction. The density of the
original ore is 4.25 g/cm’ at room temperature. It can
decrease to 3.96 g/cm® at 1710 K due to the thermal
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expansion. Moreover, significant variation of density
occurs with the reduction progress. The value of density
decreases more than 6.6% during the reaction in P1 and P2
gas. The reduced particles are lighter in more reducing gas
and at a higher temperature. Comparing the density vari-
ation before and after the phase transformation, one could
notice that the increasing slag content results in the
decrease in density of reduced particles. At most, 15.1%
decrease of particle density occurs at 1760 K in P1 gas
compared with the original ore density at room tempera-
ture, which is due to the high content of slag in the reduced
particles.

Due to lower density of slag than that of solid phases,
the volume contribution of slag is higher than the value
of the slag mass ratio. The main composition of the slag
is FeO. The reduction from hematite to solid magnetite
can result in 1.93% volume swelling of the particle at
room temperature. Meanwhile, the reduction from
hematite to liquid wustite can result in 4.44%, 9.12% and
13.79% swelling at 1710, 1735 and 1760 K, respec-
tively. As an illustration, the mass, density and volume
changes of hematite after reduction and melting are
provided in Table 5. To be precise, the volume and
density change of FeO in slag includes the effect of
temperature.

Figure 7 shows that only 0.48% decrease to 1.96%
increase of volume variation is attributed to the decreased
total mass and the density in the isothermal reduction and
melting process. Thermal expansion contributes the most to
the increase in volume, which is about 7.11-7.40%. At
most, swelling of 9.37% was observed in the reduction of
ore in P1 gas at 1760 K. Higher ratio of slag phase in the
reduced particle could result in more swelling of the ore
particles. Therefore, high temperature and reducing atmo-
sphere promote swelling of the particles. Nevertheless,
compared with the obvious change of density value, the
total volume of the sample changes slightly during the
reaction.

3.4 Effect on velocity

Here, the particle falling in a drop-tube furnace was studied
as an illustration of findings of this study. As the
researchers [5-7] indicated, three forces act on a single
particle in-flight, which include the drag force Fp, gravity
F and buoyant force Fg:

lTcd3 0 d

Uu
7 Pd—;’:FD+Fg—FB (16)

where d,, is the particle diameter; p,, is the particle density;

t is the falling time of the particle; and u, is the falling
velocity of particle in the reactor. A schematic diagram of the
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Reacting gas

Fig. 8 Schematic diagram of forces working on a single particle in
the reactor

forces working on a single particle is shown in Fig. 8 [6]. The
definitions of the drag force and the difference of gravity and
buoyant force are given as follows:

1
Fp = ECDApPg(“g - ”p)|“g - “p| (17)
1
Fg—Fp = gndgg(pp — pg) (18)

where A, is the cross-sectional area of particle; u is the
velocity of the reacting gas; p, is the density of surrounding
gas; and Cp is the drag coefficient, which is defined based on
the assumption that the particle is in a Stokes flow:

e, (19)
e pydplug — upl

where i, is the viscosity of gas; and Re is the Reynolds

number of the particle. If u, is assumed as a constant and

not be affected by the flow of particles, combining

Egs. (16) to (19), the following equation yields,

d2

g
_ p
p —“ﬁm(l)p —Py)—
d’g 18t (20)
_ .0 P _ _ g
(g —115) + s (pp pg)] ew( dgpp>
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where ug is the initial velocity of the particle; and g is the
gravitational acceleration. Equation (20) shows that the
velocity of particle is affected by both the density and
volume of the particle. According to the aforementioned
prediction results, the volume change of the particle is
insignificant compared with the density variation of the
particle. The effects of particle density and size on its
falling velocity are plotted in Fig. 9. The ranges of particle
parameters are based on the aforementioned calculation
results and the experimental conditions. It shows that the
decrease in particle density can lead to the increase in its
falling velocity. Decrease in the falling velocity from 6.7 to
14.7% could occur due to the density variation during the
reduction process. Meanwhile, particle size change could
cause the increase in the falling velocity between 5.0 and
8.1%.

Based on the predicted values of density and volume
of the particles reacting in P1 and P2 gases, the falling
velocity of the particles was estimated, and the results
are shown in Fig. 10. The change in density and vol-
ume of the particle between two points in Figs. 6 and 7
was assumed to be linear. Basically, all the falling
velocities of the reacted particles are smaller than
those of the unreacted particle. The velocities of the
reduced particles in P2 gas are from 94.3 to 95.7% of
velocity of the unreacted particle. Furthermore, due to
the lower density of particles in P1 gas, the velocities
of them are even smaller. The velocities of the reduced
particles in P1 gas are between 90.1 and 92.6% of
velocity of the unreacted particles. Moreover, higher
reaction temperature results in lower falling velocity of
particles in the reactor. The result implies that if the
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density and volume variations of reducing particles are
ignored in the modelling of particle reaction in
cyclone, the residence time of particle in-flight can be
underestimated.

4 Conclusions

The phase transformation of the hematite ore particles
during high-temperature suspension smelting was studied
through high-temperature experiments. The results show
that hematite can be totally reduced to a steady state within
200 ms. FeO and Fe;O, are the principal iron oxides in the
reduced samples in 45 and 5 vol.% CO-containing gas,
respectively.

The reduced samples were assumed as a semi-molten
state in the density prediction. In order to investigate the
density variation of iron ore particles during the in-flight
reduction process, a modified empirical model was
adopted for the density prediction. The estimation results
show that the melting behaviour of the ore particles at
high temperature results in a decrease in the particle
density in the range from 6.64 to 15.00%. Furthermore,
the volume change of the ore particles is mostly con-
tributed by thermal expansion by the range from 6.63 to
9.37%. Due to the combined effects of oxygen loss in
reduction and volume expansion in melting, the volume
of the ore particle changes slightly during the reduction.
Nevertheless, the density and volume changes of the ore
particles will lead to a decrease in its falling velocity in
the reactor. The results imply that if the density and
volume variations of reducing particles are ignored in
the modelling of particle reactions in the cyclone reactor,
the residence time of particle in-flight will be
underestimated.
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