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Bubbling reduction of nickel and iron from oxide melt is considered. Oxidized nickel
ores melts interaction with gases (hydrogen, carbon monoxide, converted natural
gas) is accompanied by the ferroalloy formation with high nickel content. This process
is associated with the mass transfer, chemical reaction running and metal phase
formation in the multi-component oxide melts, regardless of the reducing agent
used. Those processes are of great importance for understanding of the ferronickel
pyrometallurgical production processes. To describe the process, we used equations
that allow one to estimate the size of gas bubble and metal drop moving in an oxide
melt without fragmentation, its joint movement direction, ﬂotation rate, sedimentation
and separation conditions. The physicochemical characteristics affecting mass transfer
(the densities and surface tensions of oxide and metal melts, as well as their interfacial
characteristics) have been determined.
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agent used. Those processes are great importance for understanding of the ferronickel
pyrometallurgical production processes. In the previous works [1, 2], a model was proposed for the metal phase formation during bubbling of an oxide melt by a reducing gas,
which includes following stages: formation of bubbles during the gas injection into the
melt; metal reduction at the gas-melt interface; metal droplets formation; movement of
the gas bubble–metal drop system. This movement direction is determined by the ratio
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of the acting gravitational forces; transfer of metal droplets to the surface, its coalescence
and sedimentation after reaching the dimensions ensuring gravity excess over the sum
of hydrostatic extrusion and surface tension forces. To describe the process, we used
equations that allow one to estimate the size of gas bubble and metal drop moving in an
oxide melt without fragmentation, its joint movement direction, ﬂotation rate, sedimentation and separation conditions. The physicochemical characteristics affecting mass
transfer (the densities and surface tensions of oxide and metal melts, as well as their
interfacial characteristics) have been determined. The density and surface tension of
ferronickel melts (Figure 1) and oxidized nickel ore containing %: 14.8 Fe𝑡𝑜𝑡𝑎𝑙 , 7.1 FeO,
13.2 Fe2 O3 , 1.4 CaO, 16.2 MgO, 54, 5 SiO2 , 4.8 Al2 O3 , 1.5 NiO, 1.2 Cr2 O3 (Figure 2), as
well as interfacial tension at its boundary (Figure 3) in the temperature range 1550-1750
˚C. Functional dependencies connecting density, surface and interfacial tensions with
temperature and composition of melts have the form:
ρ1 =[(6996+6.7С𝑁𝑖 ]-[0.83+0.0004С𝑁𝑖 ](t-1550),

(1)

σ1 = [0.0059С𝑁𝑖 2 -1.1432С𝑁𝑖 +1770] - [0.0002С𝑁𝑖 2 -0.024С𝑁𝑖 +0.96](t-1550),

(2)

ρ2 =2247-2.1(t-1550),

(3)

σ2 =310-0.1(t-1550),

(4)

σ12 =[0.0069С𝑁𝑖 2 -1.2727С𝑁𝑖 +1650]-[0.0002С𝑁𝑖 2 -0.024С𝑁𝑖 +0.96](t-1550)

(5)

the parameters: ρ1, ρ2, σ1, σ2 are density and surface tension of the metal and oxide melt,
respectively; σ12 is the interfacial tension at its boundary.
The critical dimensions of gas bubble and metal droplet (moving in oxide melt without
fragmentation), the maximum sizes of metal droplets forming on single bubble when
nickel and iron are reduced from the oxide melt are determined using the obtained data.
The ﬂotation condition dependencies on sizes of the “gas bubble – metal drop” – system
are determined too.
The maximum radius of the bubble (𝑅𝑚𝑏 ), ﬂoating up in the melt without fragmentation,
is determined by the equation [3]:
−1/3 −2/3
𝑅𝑚𝑏 = (3/𝑘𝑓 )1/3 𝜎2 𝑤−2
𝜌2 ,
𝑏 𝜌𝑔

(6)

where w𝑏 is the speed of the bubble rise (m/s); k𝑓 is the resistance coefﬁcient; ρ2 , ρ𝑔
are the melt and gas density, respectively (kg/m3 ). Taking k𝑓 close to unity and 𝑤𝑔 =
4
4𝑔𝜎/𝑘𝑓 𝜌2 [4], we get equation
√

𝜌−1/3
𝑔 −1/2 .
𝑅𝑚𝑏 = 0.72𝜎21/2 𝜌−1/6
𝑔
2
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Figure 1: Density (ρ1 ) and surface tension (σ1 ) temperature dependencies of an iron-nickel melt: 0 (1), 25 (2),
50 (3), 75 (4), 100 (5) % Ni in the alloy.

In the temperature range 1550–1750 ∘ C, the values change slightly (Figure 4) and
increase from 6.35·10−2 m (at 1550С) to 6.58·10−2 m (at 1750С).Maximum radius of the
metal droplets (𝑟𝑚𝑑 ), which are in the slag without fragmentation, is determined by the
equation [3]
1

1

2

−1

5

1

2
𝑟𝑚𝑑 = 0.9𝑘𝑓2 𝜎12
𝜌23 𝜌1 3 (𝜌1 − 𝜌2 )− 6 𝑔 − 2 .

(8)

The 𝑟𝑚𝑑 parameter depends on the droplet composition and temperature and varies from
2.1·10−3 to 2.9·10−3 (Figure 4).
DOI 10.18502/kms.v5i1.3970
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Figure 2: Surface tension (σ2 ) and density (ρ2 ) temperature dependencies of the oxide melt.

Figure 3: Interfacial tension temperature dependencies (σ12 ) at the interface of oxide melts and alloys
containing 0 (1), 25 (2), 50 (3), 75 (4), 100 (5) % Ni.

The size of metal drop formed on single bubble during the Nickel and Iron reduction
from the oxide melt composition under consideration is determined by calculating the
thermodynamic equilibrium describing the kinetics of bubbling by reducing gases [5]. As
the content of nickel and iron oxides in the melt decreases due to the metals reduction,
the nickel content of ferronickel drops decreases from 89 to 18%, and its diameters
decrease from 1.4·10−3 to 8.0·10−4 m. At the same time the metal drop mass decreases
from 9.4·10−5 to 1.6·10−5 kg. Taking into account the obtained data, the ﬂotation conditions of the “gas bubble – metal drop” system depending on its sizes are formulated.
Gas ﬂotation of metal particles in the oxide melt occurs if the gravity of the droplet (F𝑑 )
is less than the bubble lifting force (F 𝑏 ) that is (F𝑑 < F 𝑏 ), while r𝑑 /R𝑏 <[ρ2 / (ρ1 - ρ2 )]1/3 .
In this case, when ferronickel droplet comes in contact with CO-CO2 bubble, this ratio
DOI 10.18502/kms.v5i1.3970
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Figure 4: Temperature dependence of the gas bubble critical radii (a) and ferronickel drops (b), containing:
0 (1), 25 (2), 50 (3), 75 (4), 100 (5) % Ni.

depends on the Nickel alloy content and temperature. In the considered temperature
ranges and the contents of Nickel and Iron, the “CO bubble–metal drop” system ﬂoats
in the oxide melt when the r𝑑 /R𝑏 ratio is less than 0.68 – 0.78. To estimate the system
“CO bubble–metal drop” stability with the above bubble and a drop dimensions, the
parameters determining their joint movement were calculated. The presented system
existence is possible as long as the forces ensuring the ﬁxation of metal drop on gas
DOI 10.18502/kms.v5i1.3970
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Figure 5: The scheme of metal drop (I) ﬁxing on gas bubble (II).

Figure 6: The scheme of metal phase formation in oxide melt bubbling.

bubble exceed the forces intended to break this bond. The force holding drop on bubble
(F𝜎 ) is deﬁned as the algebraic sum of the surface tension forces projections on the
DOI 10.18502/kms.v5i1.3970
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vertical axis (Figure 5) multiplied by the length of drop and bubble contact perimeter [6],
according to (9) equation:
𝐹𝜎 = 2𝜋𝑟𝐾 𝜎1 sin(0.5Θ + 𝑀) {𝑚[sin(0.5Θ − 𝑀) + sin(0.5Θ + 𝑀)] − 𝑛 sin(0.5Θ − 𝑀)

(9)

𝑟−𝑟
where 𝑀 = 𝑎𝑟𝑐𝑡𝑔( 𝑟+𝑟
𝑡𝑔0.5Θ), m=σ12 /σ1, n =σ2 /σ1 . Angle Θ (between 𝜎 2 и 𝜎 12 ) was taken

according to (8) equality (the surface tension forces projection on horizontal axis to zero):
𝑛 cos(0.5Θ − 𝑀) + 𝑚 cos(0.5Θ + 𝑀) − cos {arcsin [𝑚 sin (0.5Θ − 𝑀)]} = 0

(10)

≤ 1. Thus, angle Θ obviously depends not only on the
Expression (8) is valid for | 1−𝑛
𝐵 |
interfacial forces, but also on the bubble and drop sizes ratio. The following calculation:
Θ - angles, drop (r𝑘 ) and bubble (R𝑏 ) radii, its ratio (r𝑘 /R𝑏 ) were carried out. Those results
deﬁne the bubble-drop system disconnection, separation forces, as the algebraic sum
of the drop gravity (F𝑔 ), surface tension (F𝜎 ), gas bubble size, surface tension forces (F𝜎 )
and F𝑔 /F𝜎 ratio, with drop radius r𝑑 = 2.4·10−3 m and its gravity 3.1·10−4 N showed that the
metal drop from gas bubble separation is not possible under the conditions, realized
in pyrometallurgical units processes. When R𝑏 and r𝑑 are less than critical values, the
“CO bubble- metal drop” system is not separated in the oxide melt and ﬂoats to the
surface where the gas bubble is destroyed and the metal drop remains on the surface.
Taking into account the data obtained, the metal phase forming process as a result of
nickel and iron bubbling reduction by carbon monoxide (Figure 6) is described, which
consists in the following. The oxide melt interaction with the gas is accompanied by the
metal droplets formation, which, being ﬁxed on the bubbles, move to the oxide melt
surface. The metal of 80–90% Ni content is formed initially, but as the nickel fraction in
the oxide melt decreases, its content in metal drops decreases to 20%. On the oxide
melt surface, metal droplets merge and, when reaching a size of more than 5·10−3 m,
“brake” the surface and sink to the bottom. In the case of metal drop collisions with the
gas bubbles and drops attached rising towards them, they merge or ﬂow around. When
merged, small drops will be assimilated and raised to the surface. The force of drop from
bubble detachment signiﬁcantly exceeds the droplets gravity force, therefore drop the
“bubble – metal drop” system is stable for all its sizes ratios considered.
Thus nickel and iron by carbon monoxide reduction bubbling, as follows from the data
obtained, the metal droplets formed are moving to the oxide melt surface together with
gas bubbles. The metal droplets, the size of which depends on the single bubble size,
merge on the surface, and sink to the bottom, forming the bottom phase. In the initial
period, a metal bottom phase can be formed with 70-80% Ni, which is further diluted
with a metal with lower nickel content.
DOI 10.18502/kms.v5i1.3970
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The proposed method allows us to estimate the bubbling processes parameters for
various types of raw materials and to predict its processing efﬁciency.
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