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Abstract—The paper presents the results of developing and testing a new resource-saving technology of pro-
cessing low-grade oxide and carbonate manganese ores in a jet-emulsion unit. The basic principles of creating
a jet unit and the technology of processing fine manganese ores are considered. A reducing gas, which is a
product of implementing the manganese reduction technology in the jet-emulsion unit, is proposed as the
means of the preliminary reduction of manganese from higher-grade oxides or decomposition of carbonates
as well as for removing moisture from the ore. Thus, it is proposed to close the process, that is, create a con-
sistent f low of matter and energy passing through the main jet-emulsion unit and the preparatory unit of the
fluidized bed. The main task of designing the proposed technology is to determine the consumption of crude
ore in the fluidized bed unit to obtain a given yield of the intermediate product and, at the same time, ensure
the possibility of completely converting higher oxides or crude ore carbonates to low oxides with the help of
the reducing gas produced in the main unit. To solve this problem, an optimization task is set and imple-
mented. The first stage is the selection of a composition and consumption of the reducing gas and determi-
nation of the consumption of the original manganese ore, which ensures the output of a preset amount of
intermediate product. The second stage is the optimization of the output and composition of the gas that
should ensure the reduction process in the second unit. The paper presents the results of designing the tech-
nology of processing in the jet-emulsion unit for the oxide ore of the Selezen’skoe deposit and the carbonate
ore of the Usinskoe deposits. A comparative analysis of the processing of manganese ores by the proposed
technology and by the technology without preliminary reduction and roasting is made. The proposed tech-
nology of processing manganese ores in a closed-cycle jet-emulsion unit allows significantly reducing the
specific costs of materials, increase productivity, and significantly reduces the energy intensity of the process
compared to the processing of low-grade manganese ores without preliminary reduction or roasting.
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INTRODUCTION
Ferromanganese is currently produced mainly in

shaft ore-smelting furnaces. These technologies have
been mastered fairly well [1–3] but they are energy-
intensive. It is fairly difficult to ensure a high reduction
of manganese from relatively low-grade ores due to the
high costs of their enrichment, with the carbonate ore
processing technology being especially expensive
[4‒8]. It is therefore proposed to produce ferroman-
ganese and manganese alloys directly from pulverized
and fine materials in a jet-emulsion type unit (JEU)
[9, 10]. This technology is aimed primarily at process-
ing carbonate ores and pulverized oxidized concen-
trates [11, 12]. The continuous jet-emulsion metallur-
gical process is based on the principles of synergy and

nonequilibrium thermodynamics, which has allowed
creating the theoretical basis of the process and the
universal design of the unit, in which various processes
and technologies can be implemented [9–18].

The basic principles underlying the jet-emulsion
process are formulated as follows: create a large reac-
tion surface in the reaction chamber with the subse-
quent organization of a forced pressurized f low of the
formed gas suspension; use the gas dynamic blocking
of the exit passage; create a nonequilibrium stationary
oscillatory mode at a given pressure level; and ensure
the lower feeding of the two-phase air-fuel mixture
formed in the reaction chamber into the vertical col-
umn reactor [11, 12].
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These principles were used to switch from the sys-
tem of spatially divided metal, slag, and gas to the
biphase medium flow structured as a system of a huge
amount of microreactors, where metal, slag, and gas
are present in commensurate mass proportions. This
ensure high rates of heat and mass exchange, oxidative
reduction reactions, and phase transformations
[11, 12].

MANGANESE ORE 
PROCESSING TECHNOLOGY

The flowchart of processing fine manganese ores
in the jet-emulsion unit is shown in Fig. 1. Furnace
charge materials, such as manganese concentrate,
coal, pulverized waste, slag-forming agents, are sup-
plied from the furnace charge preparation system to
service hoppers 1, from which these materials enter
mixer 4 through feeders 2 and dispenser 3 and then fed
under pressure to oscillating reactor 8 of the jet-emul-
sion unit through feeding hopper 5, box conveyor 6
and screw feeder 7. In the oscillating reactor, the fur-

nace charge is dispersed and the fuel incompletely
burned to CO at the interaction of countercurrents of
oxygen [11, 12]. The gas suspension made in this reactor
is supplied though gas-dynamically blocked connective
channel 9 to the lower part of column reactor 12 under
a high layer of gas-slag emulsion. The reactor is used
to gasify and afterburn bigger solid fuel particles and
reduce oxides.

Induction-heated fore-hearth 13 is connected to
the lower part of the column reactor, in which iron,
manganese and other metals reduced from oxides are
accumulated. The depleted and heavily foamed slag is
pushed out under pressure from the upper part of the
column reactor through connection passage 10 to slag
catcher 18 with grainer 19. The produced slag is used
as a building material, adsorbing matter, or as other
materials.

The reaction gas consists mainly from carbon oxide
and is a highly efficient reducer. This gas is supplied
under pressure from the upper part of the slag catcher,
that also plays the role or the gas/slag separator, to f lu-
idized bed 20 with manganese concentrate for the pre-

Fig. 1. Fine manganese concentrate processing f lowchart: (1) the working hoppers; (2) the feeders; (3) the dispensers; (4) the
mixer; (5) the feeding hopper; (6) the box conveyor; (7) the screw feeder; (8) the oscillating jet reactor; (9–11) the connective
channels; (12) the column refining settler; (13) the induction-heated forehearth; (14) the taphole for metal; (15)s the receiving
ladle or Presspour induction furnace; (16) the filling machine; (17) the special casting line; (18) the slag receiver; (19) the highly
porous slag grainer; (20) the concentrate drying, roasting and pre-reduction unit; (21) the gas washing bottle; (22) the heat
exchanger; (23) the circulation pump; and NG is natural gas.
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liminary reduction of oxide concentrate to MnO or
roasting carbonate concentrate. The pretreatment of
manganese concentrate using the reducing gas from
the jet-emulsion unit allows dramatically reducing the
energy intensity of ferromanganese production [9].

The iron and manganese reduced in column reac-
tor 12 are collected in induction-heated fore-hearth 13
and discharged (continuously or periodically) through
taphole 14 into ladle or induction furnace 15, where
the metal composition is averaged and, in case of
implementing the manganese steel production tech-
nology, the metal is refined to the specified composi-
tion. This metal can be used to produce special cast
items, such as wear-resistant parts [12]. The durability
of the unit’s elements is ensured by an automated sys-
tem of forming and maintaining wall accretion. This
system consists from high-pressure heat exchangers 22
and control and monitoring parts [9]. Figure 1 also
shows connecting channel 11, filling machine 16, spe-
cial casting line 17, gas washing bottle 21, and circulat-
ing pump 23.

The considered technology can be applied for pro-
cessing manganese concentrates, for example, at the
Selezenskoe deposit in the Kemerovo oblast, especially
for processing low-grade dust fractions (14–24% Mn),
which constitute almost half of all of the fractions in
these concentrates. This will make it possible to
reduce the amount of tails, increase the degree of
manganese reduction and prolong the deposit’s life.

SOLUTION OF THE OPTIMIZATION TASK

To preliminarily reduce manganese and remove
moisture from the ore, it is proposed to use the reduc-
tion gas, that is produced by the reduction of manga-
nese in the jet-emulsion unit, and thus close the pro-
cess, that is, generate a combined flow of matter and
energy running through the main and the preparatory

(ancillary) unit [11, 12]. The f lowchart of the f lows of
matter and energy for the proposed technology is
shown in Fig. 2.

The main task of designing the proposed technol-
ogy was to determine the crude ore consumption in
the f luidized bed unit, that would be enough for mak-
ing a preset intermediate product output (the interme-
diate product output accepted in the calculations is
1 kg/s) and, at the same time, allow fully converting
high oxides or crude ore carbonates to low-grade
oxides with the help of the reduction gas produced in
the main unit [11, 12]. To solve this issue, the optimi-
zation task was set and implemented. The first stage
was confined to selecting the composition and con-
sumption of the reduction gas necessary for the full
reduction of higher manganese oxides or decompos-
ing carbonates and to calculating the consumption of
the original manganese ore that ensured the output of
a preset amount of product [11, 12].

At this productivity, the process in the main jet-
emulsion unit was designed and the composition of
the products determined. The task solved was the opti-
mization of the output and composition of the gas that
was intended to ensure the reduction process in the
second unit. The coal and oxygen consumption levels,
that were determined, were such at which the compo-
sition of the exit gas corresponded to the necessary
composition on the assumption that the limitations on
the conditions of the material and thermal balance at
a preset temperature and on the conditions of imple-
menting the reduction process at a preset reduction
degree of iron and manganese were fulfilled. A calcu-
lation was made with the help of a tooling system for
the considered technology of processing manganese
ores in the jet-emulsion unit by the example of the
manganese oxide ore of the Selezen’skoe deposit and
manganese carbonate ore of the Usinkoe deposit
[11, 12].

Fig. 2. Manganese ore processing chart.
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DESIGN OF THE TECHNOLOGY OF PROCESS 
ORES OF THE SELEZEN’SKOE DEPOSIT
The fine (2.5–8.0 mm) manganese ore of the

Selezen’skoe deposit [19] has the following chemical
composition, wt %: 0.10 wt % of S, 0.33 wt % of MgO,
3.00 wt % of BaO, 0.05 wt % of Cu, 0.05 wt % of Zn,
0.01 wt % of Pb, and 8.20 wt % of MLI.

Since most of the manganese contained in the ore
is oxide MnO2, it is proposed to convert it to low oxide
MnO in the f luidized bed unit using the reduction gas
that is a product of the reduction of manganese in the
main jet-emulsion unit. The design consumption of
the gas is 1.074 kg/s. The chemical composition of the
gas, wt %, is as follows: 87.69 wt % of СО, 0.62 wt %
of СО2, 0.75 wt % of N2, 2.01 wt % of H2, and 8.93 wt %
of H2O.

The oxidized ore consumption necessary for mak-
ing a kilogram of the intermediate product was calcu-

lated by solving the optimization task and amounted to
1.26 kg.

After the preliminary reduction of the original ore
in the f luidized bed unit, a semi-product is obtained
and fed to the first reactor of the main jet-emulsion
unit, where the oxides of manganese and iron are
reduced. The material and heat balances of the process
are given in Tables 1 and 2. The composition of the
manganese alloy, wt%, produced by the technology is
as follows: 29.37wt% of Fe, 3.00 wt % of С, 66.17 wt %
of Mn, and 1.42 wt % of Si.

DESIGN OF THE TECHNOLOGY 
OF PROCESSING THE ORE 

OF THE USINSKOE DEPOSIT

A distinctive feature of carbonate manganese ores
is the variety of mineral forms of manganese and grain
sizing (from fractions of millimeters to several centi-
meters). The main ore minerals are manganese carbon-
ates: rhodochrosite, manganocalcite, and manganifer-
ous calcite. The manganese ore of the Usinkoe deposit
has the following composition, wt %: 19.33 wt % of Mn,
0.18 wt % of P, 5.96 wt % of Fe, 16.33 wt % of SiO2,
1.67 wt % of Al2O3, 14.84 wt % of CaO, 3.17 wt % of
MgO, 0.06 wt % of S, and 24.98 wt % of MLI.

The results of studying the reduction of carbonate
manganese ore by coal in the tooling system [7, 8] are
shown in Fig. 3. The calculation is made for 1 kg of
manganese ore. The best conditions for reducing
manganese correspond to a coal consumption of
0.40–0.45 kg. In these conditions, the reduced man-
ganese content is 60% and the reduced manganese
oxide content is 8 to 12%. The gas phase consists from
CO (90%), vaporized manganese (6%), and hydrogen
(4%). The reduction is possible at a large excess (10–
12%) of carbon in the system.

The technology of making manganese alloy from
the ore of the Usinskoe deposit is similar to the previ-
ously considered technology of processing the ore of
the Selezen’skoe deposit. The difference is that most
of the compounds in the Usinkoe deposit ore are car-
bonates. It is proposed to decompose them using the
reduction gas that f lows from the main jet-emulsion
unit and contains 89.58 wt % of СО, 0.63 wt % of СО2,
0.76 wt % of N2, 2.26 wt % of H2, and 6.78 wt % of
H2O. The gas consumption was 1.099 kg/s.

The product resulting after preliminary reduction
is the intermediate product then supplied for final pro-
cessing to the main jet-emulsion unit. The carbonate
ore consumption necessary for making a kilogram of
the intermediate product was 1.406 kg/s. The material
and thermal balances of this process are shown in
Tables 3 and 4. The fractions of the elements in the
composition of the final product are 18.33 wt % of Fe,
3.00 wt % of C, 77.47 wt % of Mn, and 1.16 wt % of Si.

Table 1. Material balance of the technology of processing
the ores of the Selezen’skoe deposit

Inbound flows kg/s %

Intermediate product 1.000 47.94
Coal 0.477 22.84
Silicon manganese (waste) 0.050 2.40
Oxygen 0.508 24.42
Natural gas 0.050 2.40
Materials consumption 2.085 100.00

Output f lows

Metal 0.448 21.48
Slag 0.566 27.05
Gas 1.071 51.47
Product output 2.085 100.00

Table 2. Thermal balance of the technology of processing
the ores of the Selezen’skoe deposit

Gain kJ/s GJ/t

Exothermal reaction heat 5540.6 12.364

Inducer heat 1500.0 3.348

Total 7040.6 15.712

Consumption

Metal heat 657.9 1.468

Slag heat 620.9 1.386

Gas heat 2645.4 5.904

Endothermal reaction heat 2516.4 5.615

Heat losses 600.0 1.339

Total 7040.6 15.712
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COMPARATIVE ANALYSIS 
OF TECHNOLOGIES

The results of designing the technology with pre-
roasting also showed a significant improvement in the
performance indicators compared to the roasting-free

technology: the productivity increased by 0.12 kg/s,
the specific consumption of coal and oxygen were
reduced by twofold, the energy intensity of the process
was reduced by almost twofold (Table 5).

The comparative energy intensity analysis of the
processing of manganese ore in the JEU with the tra-
ditional processing in the ore-smelting furnace [3] is
presented in Table 6.

Fig. 3. Dependences of the parameters of reducing manganese recovery the manganese ore of the Usinskoe deposit on coal con-
sumption.
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Table 3. Material balance of the technology of processing
the ores of the Usinskoe deposit

Inbound flows kg/s %

Intermediate product 1.000 43.37

Coal 0.531 23.03

Silicon manganese (waste) 0.050 2.17

Lime 0.098 4.25

Oxygen 0.577 25.03

Natural gas 0.050 2.17

Materials consumption 2.306 100.00

Output f lows

Metal 0.365 15.83

Slag 0.770 33.39

Gas 1.171 50.78

Product output 2.306 100.00

Table 4. Thermal balance of the technology of processing
the ores of the Usinskoe deposit

Gain kJ/s GJ/t

Exothermal reaction heat 5412.4 14.823

Inducer heat 1500.0 4.108

Total 6912.4 18.931

Consumption

Metal heat 545.2 1.493

Slag heat 902.1 2.471

Gas heat 2728.3 7.472

Endothermal reaction heat 2136.8 5.852

Heat losses 600.0 1.643

Total 6912.4 18.931
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CONCLUSIONS
The proposed technology of treating manganese

ores in a closed-cycle JEU makes it possible to signifi-
cantly reduce the specific material consumption,
increase the productivity and significantly reduce the
energy intensity of the process as compared to the pro-
cessing of low-grade manganese ores without prelimi-
nary reduction and roasting. The proposed technology
of processing manganese ore in the jet-emulsion unit
has a significant energy cost advantage compared to
the traditional technology of melting ferromanganese
in the ore-smelting furnace.
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