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Abstract. The paper considers the features of producing granular pig iron using an annular furnace with a rotating hearth during implementation
of ITmk3 technology (/ronmaking Technology Mark Three). The design of a coal gasifier with a synthesized gas purification system and the cross-
section of an annular furnace are shown. The article briefly describes the process of industrial production of granular high-quality pig iron. The pros-
pects of using the technology in question on the territory of the Russian Federation were assessed. At the first stage of research on the metallization
of iron-ore concentrate (I0OC) with coal, the thermogravimetric method of a complete factor experiment was used to determine the optimal metal-
lization conditions. In the experiments, the ratio of IOC was varied: coal, size of coal, lime additives as a percentage of the amount (IOC + coal).
As a result of thermogravimetric analysis, the authors obtained the curves of changes in mass of the samples, composition and amount of released
gas when the heating temperature changed during sintering of IOC with coal and lime. At the second stage, a laboratory chamber furnace with
a portable hearth, heated by generator gas from coal, was developed to test the ITmk3 technology. Ore-coal briquettes were made with a ratio
of IOC, coal, bentonite 80:20:5 and heat-treated in a chamber furnace with heating by generator gas from a coal gasifier. Iron-ore concentrate from
the Korshunovsky MPP and Kasyanovsky coal from the Cheremkhovsky deposit were used as experimental raw materials. Based on laboratory
studies, the authors determined the temperature-time firing mode of ore-coal briquettes, which ensures a high degree of metallization of iron-ore
materials of 80 — 87 % when firing briquettes in the temperature range of 1080 — 1424 °C for 40 min. The yield of briquettes after drying and
firing was determined to be 66.45 %. The mechanism of solid-phase reduction of iron-ore materials in annular furnaces with a rotating hearth and
liquid-phase separation of reduction products is considered. The composition of the gases released during calcination of ore and coal briquettes
was determined.
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AHHomayus. PaccMOTpeHBI 0COOCHHOCTH IIPOIIecca IIOIYYCHHS TPAHyINPOBAHHOTO Yyr'yHa ¢ IPUMCHEHHEM KOJIBLICBOIT IIEUX ¢ BPAIIAIOIIIMCS OI0M
nipu peanuzarmu rexuonorun I Tmk3 (lronmaking Technology Mark Three). ABTOpbI TOKa3bIBalOT KOHCTPYKIIHIO YTOIBHOTO ra3u(UKaTopa ¢ CHCTEMOI
OYHCTKU CHHTE3MPYEMOIO ra3a M MOIEepeyHOe CeYeHHe KOMbLeBOH medn. CTaTbst KpaTko OMHMCHIBAET IPOLECC IPOMBIIUIEHHOTO MOIYUEeHHs IPaHy-
JIMPOBAHHOTO BBICOKOKAYECTBEHHOTO 4yryHa. IIpoBesieHa OlieHKa IEpPCHEKTHBBI HCIONBb30BAHUS PACCMATPUBAEMON TEXHOIOTHU Ha TEPPHTOPUM
Poccuiickoit denepannn. Ha mepsoM sTare uccienoBaHuil MeTaUIM3aLMU Kene3opyaHoro konuenrpara (XKPK) yrmiem npumenen tepmorpasu-
METPHUUECKHIT METOZI OJTHOTO (haKTOPHOTO SKCHEPHMEHTA O ONPE/ENICHHIO ONTUMAIBHBIX YCIOBHI MeTalIn3aluy. B skcnepuMenTax BappupoBaim
coorHomenue JKPK: yromb, kpynmHocTh yris, 100aBKH M3BECTH B IpoLeHTax oT cymmbl (JKPK + yroms). B pesysnbrare TepMorpaBUMETpHUECKOrO
aHaJIU3a aBTOPHI OJTYYHIIN KPUBBIC U3MEHEHH MacChl 00pa3lioB, COCTaBa M KOJMYECTBA BBIICIHUBIIETOCS Ta3a IPH N3MEHEHUN TeMIIepaTyphl HarpeBa
B nporecce crekanus XKPK ¢ ymiem n n3Bectsio. Ha Bropom stame s orpadotku TexHonoruu ITmk3 paspaborana madoparopHast kKaMepHas IIedb
C BBIIABIDKHBIM TI0ZIOM, OTaIlIMBacMasi TeHEPATOPHBIM Ia30M U3 KAMEHHOTO yIis. PynHO-yronpHble OPUKETHI OBLIH M3TOTOBICHBI C COOTHOIICHHEM
XKPK, yroms, 6errorut 80:20:5 1 TepM0O0OPaOOTaHBI B KAMEPHOM MeUH ¢ OTOILICHHEM TeHePaTOPHBIM [a30M U3 YrOIBHOTO rasudukaropa. B kadectse
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OITBITHOTO CBIPBsI OBLIN HCIIOIB30BAHbI XKEJIE30PYAHbIH KOHIIEHTpAT KopIiryHOBCKOTrO rOpHO-000TraTHTeIbHOr0 KoMOUHaTa 1 KachbsHOBCKHI KaMEHHbIH
yronb UepeMxoBCKoro MecTopoxaeHus. Ha ocHoBe 1a00paTopHBIX HCCIeOBaHHIT ObLT OIPE/IeICH TeMIIePaTyPHO-BPEMEHHON PeXUM OOXKHTa PyIHO-
YTOJIBHBIX OPUKETOB, 00ECTICUUBAIONIMIT BBICOKYIO CTEHEHb METAIUIN3ALMK Kelle30pyIHbIX Marepuaiios (80 — 87 %) npu odxure OpUKETOB B JUara-
3oHe Temmeparyp 1080 — 1424 °C B Teuenune 40 MuH. BbIxon OpHKeTOB MOCTE CYIIKH U 0OXKHUra coCTaBHI 66,45 %. ABTOPBI H3YUHIIN MEXaHH3MBI
TBepA0(a3HOr0 BOCCTAHOBIICHHS HKEJIC30PYAHBIX MAaTEPHUAIIOB B KOJILLEBBIX I1€4aX ¢ BPALIAIOLIMMCS TTOOM U XKUJIKO(A3HOTO pas/ielIeHns TPOIYKTOB
BOCCTAHOBIICHHS, a TAKXKE OIPEEIIIIN COCTAB BBIICIMUBIINXCS Ta30B IPU IPOKATNBAHUU PYIHO-YTONBHBIX OPHKCTOB.

Kawuesswlie caoea: METaJllIu3anus, 6pI/IKCTLI, KOJIbIICBas II€Yb, I‘paHyJ'IPIpOBaHHLIﬁ 9yryH, FeHCpaTOpHI:IfI ras, Bpama}omnﬁcn nonm, TCHJ’IOO6MCH,

YTOJIbHBIN ra3u(uKaTop

Jlns yumupoesaHus: Kynukos b.I1., Ctopoxes F0.U., [Toranenko A.C. Meramin3aiiyst pyIHO-yTOJIbHBIX OPUKETOB B KOJIBIEBOII 1I€4H, OTAITMBACMOM
TCHEPATOPHBIM ra3oM. Mzeecmust 6y306. Yepnas memannypeus. 2025;68(4):383-394. https://doi.org/10.17073/0368-0797-2025-4-383-394

- INTRODUCTION

Over the past 10 years, the production of direct
reduced iron (DRI) has increased by 18 % globally and
by 66 % in Russia, indicating rapid development in this
sector [1]. The widespread adoption of the direct reduc-
tion process was first observed in the 1980s, when natural
gas began to be used extensively as a reductant in the min-
ing and metallurgical industry. In addition to natural gas,
the use of coal gasification products also proved feasible
in the direct reduction of iron. Neither method requires
the use of expensive coke [2].

According to metallurgical thermal engineers,
the most advantageous option is to produce partially
metallized iron-ore materials with a metallization degree
of' 30 — 50 %, which are used in blast furnace production.
Highly metallized iron-ore products with a metallization
degree of 85 — 95 % are used for remelting in steelmak-
ing units to obtain high-quality steel [2]. The method
of direct reduction of iron-ore materials is particularly
suitable for regions that lack natural gas reserves but pos-
sess abundant coal deposits.

In the 2000s, more than a dozen inventions were
developed in Russia related to the production of granu-
lar pig iron using annular furnaces with a rotating hearth,
incorporating elements of well-known processes such
as FASTMET and ITmk3. One invention [3] describes
a method for producing granular pig iron by dos-
ing the components of the iron-ore burden to achieve
CaO/MgO and SiO,/Al,O, ratios within the ranges
of 2 -5 and 4 — 6, respectively, ensuring that the pri-
mary slag melting temperature does not exceed 1400 °C.
Several other patents [4 — 6] focus on the design features
of annular furnaces that allow for optimization of heat
exchange processes. In particular, patent [6] describes air-
cooled suspended screens with vertical movement capa-
bility in the briquette loading and unloading zones, and
the loading zone is additionally equipped with a device
for feeding protective material onto the hearth.

For Siberian conditions, developments using coal gasi-
fiers [7; 8] are especially attractive, as they enable annular
furnaces to operate on gasified fuel in the absence of natu-
ral gas. Based on these inventions, a process line was
developed for producing a metallized product in an annu-
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lar furnace with a rotating hearth, allowing for maximum
utilization of the heat from exhaust gases [9; 10].

One example of such implementation is the construc-
tion of a plant for producing granular pig iron in Cherem-
khovo, Irkutsk Region, using ITmk3 technology. The site
was selected based on the following factors:

— proximity to one of the main raw material sources —
coal (Cheremkhovsky coal basin);

—relatively close location of other key raw material
source — iron-ore concentrate (Korshunovsky MPP, Zhe-
leznogorsk, Irkutsk Region);

—a well-developed regional transportation network,
including both rail (Trans-Siberian Railway) and road
access (federal highway).

The project investor is NPO Khimiko-Metallurgiches-
kaya Kompaniya LLC. The plant’s design capacity is
100,000 tons per year of granular pig iron. This produc-
tion method, unique for Russia, is based on the reduc-
tion firing of briquetted mixture (iron-ore concentrate
(IOC) + coal + dolomite) at 1350 — 1450 °C in an annu-
lar hearth furnace heated by generator gas synthesized
from coal. The production complex includes the follow-
ing key facilities:

— I0C unloading section with raw material silos;

— open coal yard and coal preparation section;

— coal gasification section for generator gas produc-
tion;

— section for preparing the mixture (I0OC + coal + do-
lomite), briquetting, and drying the briquettes;

— ore—coal briquette metallization section;

— section for processing and separation of metalliza-
tion products;

— closed-loop water supply section;
— gas cleaning section.

The main process units of the plant under construction
include:

—two SM89 coal gasifiers manufactured in China,
each with an inner diameter of 3.6 m, a cross-sectional
area of 10.17 m?, and a height of 12.5 m, equipped with
a generator gas purification system (Fig. 1);
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—annular furnace with a rotating hearth (Fig. 2).
The outer diameter of the furnace is 20.99 m, the inner
diameter is 15.6 m, and the hearth width is 2.69 m. Four-
teen pairs of MS568 tuyeres are installed in the inner and
outer walls of the furnace, positioned directly opposite
each other so that the flame jets from opposing tuyeres
meet and dissipate in the center of the furnace. The hearth
rotation speed is variable: the time for one full revolution
of the hearth can range from 27 to 45 min.

Below is a brief description of the technological pro-
cess for producing granular pig iron at the plant currently
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under construction. Raw materials are delivered to the ore
yard by rail and truck. Coal and dolomite are transported
by road, while iron-ore concentrate is delivered in open
rail cars.

After crushing, the coal is screened on an inertial
screen with 12 mm mesh openings. This separates it into
two fractions: the oversize fraction, with particle sizes
over 12 mm, is directed to the coal gasifier for the pro-
duction of fuel synthesis gas. The undersize fraction,
with particle sizes under 12 mm, is sent to a mill for
further grinding to the particle size required for produc-
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Fig. 1. Gasifier with generator synthesis gas purification system:
1 —upper gas duct; 2 — lower gas duct; 3 — low-pressure gas collector; 4 — mixing box (gasification agent production);
5 — gasifier caisson; 6 — air duct; 7 — upper gas inlet into electrostatic precipitator No. 1 from hydraulic seal 1;
8 — purified upper gas outlet from electrostatic precipitator No. 1 into hydraulic seal H2; 9 — lower gas duct from the air cooler to the washer;
10 —upper gas duct from hydraulic seal H2 to the washer; // — mixed upper and lower gas duct;
12 — mixed gas inlet from hydraulic seal H4 to electrostatic precipitator No. 2; /3 — mixed purified gas duct to the annular metallization furnace;
14 — valves adjustment of lower gas; 15 — collector of increased gas pressure; /6 — sizing holes of gasifier; H1 — H9 — hydraulic seals

Puc. 1. 'azuduxatop ¢ CHCTEMOU OYHCTKU I'EHEPATOPHOTO CHHTE3 rasa:
1 — ra30xoj1 BEPXHETO0 rasa; 2 — ra30Xojl HIKHEro rasa; 3 — KOJUIGKTOP HU3KOTO JIaBJICHUs rasa;
4 — xopoOka cMemuBaHuA (IIOTy4YCHHE areHTa Ta3u(UKaInN); 5 — KECCOH ra3u(uKaTopa; 6 — BO3LYXOBOL;
7 — BBOJI BEpXHETo rasa B d1eKTpoduasTp / u3 ruaposarsopa H1; & — BbIXo1 0UHMIIEHHOrO BEpXHEro ra3a u3 anekTpodunstpa 1 B ruaposarsop H2;
9 — ra3oxofi H’KHETO I'a3a U3 BO3/YILIHOTO OXJIAAUTENs B OMbIBaTelb; /() — ra30Xo/] BEpXHEro rasa u3 ruaposarsopa H2 B ombIBaTelb;
11 — ra30XoJl CMEIIAHHOTO BEPXHET0 M HUIKHETO Ta30B; /2 — BBOJ CMEIIAHHOIO Ta3a U3 ruapo3arsopa H4 B anexrpodunstp 2;
13 —Ta30X0/] CMEIIAHHOIO OYMIIEHHOI'O Ta3a K KOJbLEBOH eYn MeTalIn3aluy; /4 — 3aIBUKKH PETyIIUPOBKH HIXKHETO ra3a;
15 — KOIIEKTOP TOBBIILIEHHOI'O JIaBJICHHs ra3a; /6 — ypoBouHble 0TBepcTHs rasudukaropa; H1 — H9 — rusposarsopsl
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Fig. 2. Annular furnace for production of granular pig iron:
a — appearance of the furnace under construction;
b — cross section; / — suspended arch; 2 — wall lining;
3 —rotating hearth; 4 — tuyers

Puc. 2. KonbuieBast edb A1 TPOM3BOJICTBA
IpaHyJIMPOBAHHOTO YyTyHa:
a — BHEITHUH BHJI CTPOSIIIICHCS TIeUH;
b — nonepeuHslii pa3pes; / — NOIBECHOI CBOJI;
2 — dyTepoBKka cTeH; 3 — BpaIlaomuiics mox;
4 — ropeno4Hble yCTPOUCTBA

ing ore—coal briquettes. Briquettes with the composi-
tion of 80 % IOC + 20 % coal + 5 % dolomite are pro-
duced using a roller press. The maximum throughput
of the press is 14 + 0.5 tons per hour of ore—coal bri-
quettes. To remove excess moisture and preheat the bri-
quettes, they are fed into a dryer, where the drying agent is
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air heated in a recuperator to 350 — 400 °C using exhaust
gases from the annular furnace.

Metallization of the iron-ore materials within ore—
coal briquettes is carried out in an annular furnace with
a rotating hearth. The furnace is divided into four techno-
logical sections:

— the coal bed loading section, where the “bed” serves
as a protective layer for the refractory hearth lining and as
a base for laying the briquettes;

— the briquette laying section, where briquettes are
placed on the hearth;

— the reduction firing section, where the briquettes are
metallized;

— the product discharge section, where the metallized
product is removed from the hearth.

The first step involves loading the hearth with a coal
“bed” using an apron feeder. The bed is evenly distributed
over the hearth in a 3 — 5 cm thick layer. After the bed
is in place, pre-dried and preheated ore—coal briquettes
(heated to ~250 °C on a conveyor grate) are laid evenly
on top of the bed in 1 — 2 layers.

As the hearth rotates, the briquette—bed “layer” is
carried into the reduction firing section. The fuel syn-
thesis gas, produced in the gasifier and preheated
to 200 — 250 °C, is automatically distributed to the tuyers
through a network of thermally insulated gas ducts, ensu-
ring the required temperature conditions in the metalliza-
tion zone. To improve combustion efficiency and reduce
energy consumption, the air supplied to the tuyers is pre-
heated to 400 — 450 °C in recuperators.

From the reduction firing zone, the metallized product
enters the cooling and discharge zone, where it is removed
from the hearth using water-cooled screw conveyors and
fed through a water-cooled chute into a drag-type cooler.
The cooled product is then transferred to a rotary screen,
where the coal “bed” is first separated. The remaining
agglomerated metallization product undergoes mechani-
cal treatment, resulting in its breakdown into slag and
granular pig iron. Next, the mechanical mixture of slag
and pig iron is transported by conveyor to a magnetic
separator, where the magnetic fraction is recovered —
the target product of the process: direct reduced iron in
the form of granules of pig iron.

Implementation of this innovative project began with
the purchase and installation of the main and auxiliary
equipment, and the construction of infrastructure. Along-
side the installation of the annular furnace, coal gasifi-
ers, and other systems, laboratory-scale studies were
conducted on the metallization of ore—coal briquettes.
The aim of these studies was to optimize briquette com-
position and refine the process of producing granular pig
iron using the ITmk3 technology. The results of these
studies are presented in this article.
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- EXPERIMENTAL STUDIES AND DISCUSSION
OF THE RESULTS

One of the advantages of metallizing ore—coal mate-
rials in an annular furnace using ITmk3 technology is
the formation of pig iron granules coated with a slag
shell. This feature facilitates the separation of pig iron
granules from the main slag mass [11 — 14] and reduces
the cost of subsequent processing. An important require-
ment of ITmk3 technology is the use of iron ore concent-
rates with a total Fe content exceeding 60 %, as well as
achieving a carbon content in the alloy within the range
of 2.5 — 4.5 % after complete iron reduction. If the residual
carbon content in the alloy is below 1.5 %, the melting point
of the iron does not decrease significantly, and in this case,
the furnace temperature must reach a maximum of around
1450 — 1550 °C. The guaranteed specifications for the final
product (granular pig iron), according to the technology,
are as follows (wt. %): >96 Fe; 2.0 — 4.0 C; 0.2 Si; 0.05 P;
0.04 —0.08 S [15 —20]. However, the processes described
in those publications are designed for high-calorific fuels,
particularly natural gas.

The first stage of this study — aimed at determining
the optimal conditions for metallizing IOC with coal —
was carried out using thermogravimetry and the full fac-
torial design method on a STA 449 Jupiter synchronous
thermal analysis system. Samples were prepared accord-
ing to the matrix of a full three-factor experimental design
(Table 1), with the following control factors:

- X, — I0C-to-coal ratio (-1 — (70:30) % = 2.333;
+1 — (80:20) % = 4).

— X, — coal particle size, pm (-1 — -50; +1 — -315).

— X, — lime additives, wt. % of the total (IOC + coal)
-1 —0;+1 — 5.

Iron recovery into the alloy was used as the optimiza-
tion parameter.

The experiments were conducted using sintering-grade
iron ore concentrate from the Korshunovsky MPP with
the following composition (wt. %, dry basis): 62.6 Fe,O,;
24.0 FeO; 3.95 Si0O,; 2.654 AL,O,; 1.9 CaO; 4.0 MgO;
0.13 MnO; 0.255 TiO,; 0.04 SO,; 0.37 P,O,; 5.8 H,0;
and 1.65 loss on ignition (LOI). Kasyanovsky coal from

the Cheremkhovsky deposit was used as the reduc-
tant. Its composition (wt. %) was as follows: 77.3 total
carbon (C'); 1.2 total sulfur (S%); 16.5 ash (A%); 11.5
moisture (as received); 13.7 total oxygen (O'); 5.6 total
hydrogen (HY); 1.1 total nitrogen (N'); and 45.6 volatile
matter (V'). The lower heating value of the coal was
23,028.5 kJ/kg. The ash fusion temperature ranged from
1310 to 1390 °C. The ash composition (wt. %) included:
67.1 SiO,; 19.2 A1,0,; 2.5 Fe,0; 2.2 CaO; 1.6 MgO;
0.7 K,0; 0.1 TiO,; 0.1 Na,0O; 4.4 SO,; 0.01 MnO,.

The prepared mixtures were pressed using a laboratory
press at a pressure of 80 — 100 kg/cm? to form briquettes
measuring 8§ mm in diameter and approximately 5 mm
in height. The samples were heated from 40 to 1400 °C
at a rate of 30 °C/min in an argon atmosphere. Sample
masses ranged from 513 to 593 mg. Tests were carried
out in a corundum crucible shaped as a shallow dish.
During the experiments, the qualitative and quantitative
composition of the gases released during thermolysis was
monitored using an Aelos quadrupole mass spectrometer
with an electron impact energy of 70 eV. The degree
of iron metallization was calculated based on the compo-
sition of the released gases.

Eight experiments were conducted following a full
three-factor experimental design. The sintering derivato-
grams of the iron ore concentrate, coal, and lime — along
with the corresponding gas release profiles — were recorded
in 24 figures (three per sample). Due to the overall similar-
ity of the derivatograms, Fig. 3 presents the results of gas
release analysis for representative Sample 6: X, = +1;
X, =-1; X;=+1, which contained 80 % iron ore con-
centrate, 20 % coal, and 5 % lime (in excess of 100 %).
The amounts of CO, CO,, and H,O were determined from
the derivatograms based on the area of the gas evolution
effects, by comparison with those obtained for reference
samples. The degree of IOC metallization was calculated
based on the following reactions:

Fe,O, +4C — 3Fe + 4CO; (D

Fe,0, +2C — 3Fe + 2CO,; 2)

Fe,O, +4H, — 3Fe + 4H,0. 3)

The temperature range up to approximately

550 — 600 °C — corresponding to the first sharp mass

Table 1. Levels of control factors and variation intervals

Ta6auya 1. YpoBHH (paKTOPOB yNpPaBJIeHUsS] M HHTePBAJIbl BAPbHPOBAHMS

Factor levels Variation
Factor .
| 0 +1 intervals
X, —10C-to-coal ratio 2.333 | 3.167 | 4.000 0.833
X, — coal particle size, pm -50.0 | -132.5|-315.0 82.5
X, — lime additives, wt. % of the total (IOC + coal) 0 2.5 5.0 2.5
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Fig. 3. Derivatogram of IOC reduction by coal with composition
of gas products of thermolysis and interaction (using the example
of sample 6); T, — curve of mass loss by the sample

Puc. 3. lepuBatorpamma BocctanoBnenust JKPK yrmem ¢ cocraBom
ra30BBIX IIPOAYKTOB TEPMOJIM3a U B3aUMO/ICHCTBUS (Ha TIpIMeEpe
obpasua 6); T, — KpuBas OTEPH MACChl 0OpasLOM

loss — was excluded from the metallization calculations,
as this process is associated with coal decomposition
without interaction with the IOC. This was confirmed
by the derivatogram of a separate sample of Cherem-
khovsky coal (not shown in the article). Upon heating,
the samples released CO, CO,, H,O, and methane.
The CO-to-CO, ratio in the gas phase is indicative
of the metamorphic grade of the coal. The calculations
also accounted for the amount of water formed via reac-
tion (3) within the 800 — 1000 °C temperature range.

Thermogravimetric analysis of the eight mixtures
(IOC + coal + lime) revealed that gas release from
the samples occurs in three distinct temperature intervals,
°C: 40-210; 210 - 685; and 685 —1400. In the first
zone (40 — 210 °C), the release of hygroscopic moisture

is observed, resulting in a mass loss ranging from 0.61
to 1.29 %.

In the second temperature interval (210 — 685 °C),
the release of volatile compounds was observed. During
this stage, sulfur was released predominantly in the form
of SO,, along with most of the CH,, H,, and H,O.
The associated mass loss ranged from 5.46 to 8.6 %.

In the third zone (685 — 1400 °C), chemical interac-
tions take place, leading predominantly to the formation
of CO and CO,. Mass loss in this range varies between
21.22 and 29.7 %. The mass of solid residue after firing
the briquettes ranges from 60.64 to 72.48 %.

Table 2 presents the component and quantitative com-
position of the gas phase, calculated based on thermo-
gravimetric data and used for computing the degree
of iron metallization according to the experimental design
matrix.

Table 3 presents the results of iron metallization
degree calculations based on reactions (1) — (3).

Based on the obtained data, the coefficients were cal-
culated and a linear equation was derived to describe
the dependence of iron recovery from I0C (Y,) on
the I0C-to-coal ratio (X)), coal particle size (X,), and
lime additives (X;) expressed in coded coordinates.

Y, =66.83 - 8.82X —4.16X, +
+3.78X, + 1.77X. X, + 0.84X X, +
+0.0037X,X; + 1.29X X, X, . 4)
Statistical evaluation of the coefficients in the derived

equation showed that, ata 95 % confidence level, the coef-

ficients for X, X,, X; and the interaction term X, X,, are

statistically significant. As a result, Equation (4) is writ-
ten in the reduced form as follows

Y, = 66.83 — 8.82X, — 4.16X, + 3.78X, + 1L.77X,X,. (5)

In actual (uncoded) values, Equation (5) takes the form

X, -3.1 X, —132.
Y, =6.83-8.82-L = 3167 4 16821325
82.5
X,-2.5 X, -3.167 X, —132.
33Xz gy X0 23167 X, ~13 5, (6)
2.5 0.833 82.5

Table 2. Composition of the gas phase released during sintering of IOC with coal and lime

Tabauya 2. CoctaB ra3oBoii ¢asbl, BolgeauBIneiics npu cnexkanuy KPK ¢ yriiem n u3Bectbio

Sample (experiment) No.
Component, mg
1 2 3 4 5 6 7 8
CO 105.78 | 59.72 | 66.12 | 66.61 | 74.30 | 67.89 | 64.45 | 55.40
CO, 2.60 | 26.86 | 28.89 | 35.89 | 35.78 | 31.70 | 35.69 | 26.00
H)Oo0 1000°¢) | 0-61 1.75 | 2.38 1.28 1.91 0.39 1.44 1.40
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Table 3. Results of calculating the degree of samples metallization by reactions (1) — (3) of magnetite reduction

Tabauya 3. Pe3yabTaThl pacyeTa cTeNeHH MeTaJUIn3annu oopa3nos no peakuusim (1) — (3) BoccTaHOBJIEHHS MATHETHTA

Sample (experiment) No.
Parameter
1 2 4 5 6 7 8
Fe (1), mg 201.95 | 89.58 | 99.18 | 99.92 | 111.46 | 101.84 | 96.67 | 83.10
Fe (2), mg 497 | 51.28 | 55.15 | 68.52 | 68.31 | 60.52 | 68.14 | 49.64
Fe (3), mg 1.42 4.08 5.55 2.99 4.46 0.91 3.36 3.27
Total Fe in sample, mg 242.79 | 253.97 | 234.90 | 278.50 | 238.17 | 256.17 | 235.65 | 273.62
Fe recovery, % 85.81 | 57.07 | 68.06 | 61.55 | 77.35 | 63.73 | 71.36 | 49.70

Note: Fe (1) — amount of reduced iron with the formation of CO;

Fe (2) — amount of reduced iron with the formation of CO,;

Fe (3) — amount of reduced iron with the formation of H,O.

The average iron content in IOC from the Korshunovsky MPP is 62.6 %.

where the numerators represent the zero values of the fac-
tor levels, and the denominators correspond to the varia-
tion intervals of the respective factors as listed in Table 1.

Based on the conducted thermogravimetric analysis
of the samples, the following conclusions were drawn.

» The most significant factor affecting the degree
of IOC metallization is the IOC-to-coal ratio; the next
most influential factor is coal particle size.

* An increase in coal particle size (from -50
to =315 um) raises the final temperature of the iron reduc-
tion process from 1255 to 1367 °C.

* The addition of lime intensifies the reduction pro-
cess and shifts it to a lower temperature range (from 1367
to 1300 °C).

* The obtained results indicate that the metallization
reaction proceeds in two stages, as evidenced by at least
two sharp changes in the rate of mass loss (DTG), each
corresponding to CO release. This fact can be interpreted
as the direct reduction of iron oxides (the primary stage).
The second stage involves the aggregation of molten iron
droplets and the expulsion of gas from capillaries and
inter-droplet spaces. The first stage begins at 640 °C with
an increasing rate of mass loss, reaching up to 990 °C. This
is followed by a stabilization and subsequent decrease
in the rate of mass loss until about 1180 — 1250 °C.
The second reduction stage then begins and completes
within the temperature range of 1250 — 1360 °C.

* The relatively low degree of iron metallization
observed in this stage of the study (50 — 85 %) can be
attributed to the following factors:

— the analysis and calculations were based solely on
the gas phase;

— metallization occurred in an argon atmosphere;

—the Cheremkhovsky coal used in the experiments
had a high degree of metamorphism;

—partial iron metallization may have occurred in
the temperature range up to ~550 — 600 °C (correspon-
ding to the first major mass-loss event), but this was not
accounted for in the calculations;

e For effective reduction of iron oxides, it is advisable
to use coal with a low volatile matter content and a high
carbon content in briquette compositions.

To determine the operating conditions for the pig iron
plant under construction, the next stage of the study was
carried out, involving the preparation and firing of bri-
quettes composed of iron ore concentrate, coal, and lime
under laboratory conditions. A laboratory furnace with
a portable hearth (Fig. 4) was designed for this purpose.
The furnace is heated using gasified bituminous coal.
Its internal dimensions are 500500 mm in cross sec-
tion and 650 mm in length. The furnace is equipped with
a water-cooled flue gas duct and a forced gas extraction
system. A platinum—platinum-rhodium thermocouple
was installed to measure the furnace temperature. Before
loading the briquettes, the furnace was preheated for
1.5 h to a temperature of approximately 1100 °C.

Sintering-grade iron ore concentrate from the Kor-
shunovsky MPP and Kasyanovsky bituminous coal
from the Cheremkhovsky deposit were used to produce
the briquettes. The furnace was heated using steam-—air
generator gas with the following composition (wt. %):
5.0 C0O,; 0.20,; 27.0 CO; 13.0 H,; 2.7 CH,; 0.3 C,H,;
51.8 N,. The lower heating value of the generator gas
was 5976 kJ/m3.

The briquettes, pressed to a height and diameter
of approximately 22 mm, were placed into ceramic pallets
on a coke bed and fired on the portable hearth of the fur-
nace (Fig. 5). The composition, mass before and after fir-
ing, and firing conditions are summarized in Table 4.

The briquettes were heated to a temperature of 1424 °C
(Fig. 6). The initial temperature drop in the furnace
to 1078 °C was due to the induction heating period after
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Fig. 4. Laboratory furnace with portable hearth on generator gas:
a — general view; b — scheme; / — furnace; 2 — portable hearth; 3 — water-cooled duct; 4 — door; 5 — generator gas supply;
6 — air; 7 — torch; 8 — platinum-platinum-rhodium thermocouple; 9 — ore-coal briquettes

Puc. 4. JlabopaTopHas Ieds ¢ BBIABIDKHBIM IIOJOM Ha TCHEPATOPHOM rase:
a — obumit BUa; b — cxema; / — neub; 2 — BBIJBUIKHOM HOJ; 3 — BOJOOXJIaXKAAaEMbIi Ia30X01; 4 — IBEPh; 5 — MOJIBOJI TEHEPATOPHOTO Ta3a;
6 —BO31yX; 7 — (haxern; § — MIATUHA-IIIATHHOPOAUEBAs TepMOMapa; 9 — pyIHO-yTOIbHbIE OPHKETHI

introducing the cold briquettes. In the second stage,
the briquettes were intensively heated to 1249 °C at a rate
of 21.4 °C/min over 8 min. The average gas temperature
in the furnace during this stage was 1163 °C.

In the third section of the temperature profile, within
the 1249 — 1277 °C range, the heating rate decreased
to approximately 2 °C/min. This segment effectively
formed a temperature plateau, attributed to the endother-
mic effect of iron oxide reduction. The average gas tem-
perature in the furnace during this stage was 1263 °C.

Fig. 5. Ore-coal briquettes during metallization in ceramic pallets

Puc. 5. PynHo-yronbHble OpPUKETHI B IIPOLECCE METaILTH3aLN
B KePaMHYECKHX MOJIOHAX
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Further heating up to 1424 °C was required to estab-
lish the thermal conditions necessary for the liquid-phase
separation of the metallic and slag phases [21]. The aver-
age heating rate over this 16 min interval was 9.2 °C/min.
The average furnace gas temperature in this stage was
1350 °C. After drying and firing the briquettes for 40 min,
the average yield of the final product was 69.3 = 2.01 %
(Table 4).

Fig. 7 shows the appearance of the briquettes after
the completion of the metallization process. The inner part
of the briquettes contains iron granules, while the outer
surface is covered with an ash—slag shell, which partially
protects the iron from oxidation.

1450 1a24]
1400
1350
Q
°. 1300
=
2
s 1250
Q
g 1200
=
1150
1100 |
1050 1 1 1 1 1 1 1 1 1

0 4 8 12 16 20 24 28 32 36 40
Time, min

Fig. 6. Temperature-time graph of metallization of ore-coal briquettes

Puc. 6. TemnepaTypHO-BpeMEHHON rpa)lik METaUTH3AIIH
PYIHO-YTOJIBHBIX OPUKETOB
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Table 4. Characteristics of
IOC briquettes + coal + lime before and after firing

Tabauya 4. XapakTepucTHKa OPHKeTOB
7KPK + yroub + u3BecTh /10 U nocJje 00:kura

Parameter, unit Batch / ‘ Batch 2 ‘ Batch 3
Briquette composition 80 % IO(.: 20 % coal +
+ 5 % lime (in excess of 100 %)
Pressing pressure, atm 100
Briquette mass, g:
1 21.8 22.8 22.2
2 22.8 254 20.8
3 23.6 24.0 22.0
4 23.8 23.6 21.0
5 24.0 21.4 21.0
6 21.4 21.4 22.4
7 22.6 22.8 21.8
8 232 22.8 21.0
9 21.0 - 22.0
10 25.4 - 21.2
Average briquette mass, g 22.960 23.025 21.540
Average mass after drying, g 21.77 21.95 21.00
Moisture content, % 5.17 4.67 2.51
Total mass after firing, g 150.6 117.7 151.0
Average mass after firing, g 15.06 14.71 15.10
Firing temperature, °C 1090 — 1425
Firing time, min 40

Briquette metallization proceeds according to the
mechanism described in [22;23]. The iron ore con-
centrate from the Korshunovsky MPP contains Fe,O,
and FeO oxides. Iron reduction from these oxides
occurs in a stepwise manner, following the scheme:
Fe,0, — Fe,0, — FeO — Fe.

Carbon monoxide acts as the primary reducing agent,
synthesized through the interaction of coal carbon with
carbon dioxide:

C+C0,=2CO, (7)

A portion of the iron becomes carburized, forming
iron carbide:

3Fe +C =Fe,C. (8)

When the carbon content in the reduced metal reaches
2 —4 %, the melting point of the alloy decreases from
1539 °C to 1170 — 1380 °C. This reduction in melting
temperature causes the carburized iron to transition into
the liquid state. Due to cohesive forces, fine droplets
of molten iron coalesce into larger ones, while the slag
components of the charge remain solid. As the tem-
perature of the charge increases to the ash fusion point

Fig. 7. Ore-coal briquettes after metallization
with separation of metal and slag

Puc. 7. PynHO-yronbHbIe OPUKETHI TTOCIIE METAUTH3AINT
C pa3zieNIeHueM MeTalla U [IaKa

(1310 — 1390 °C), the slag components also begin
to melt. In the molten state, metal and slag do not mix
due to their density difference and instead form separate
phases. Upon cooling, the melt crystallizes to produce pig
iron and slag.

As a result, the metallization process and formation
of granulated pigiron proceed as follows: pelletized charge
in the form of briquettes — reduction of iron oxides at
300 — 1200 °C — melting of iron at 1200 — 1300 °C with
molten Fe,C emerging on the surface of the porous bri-
quettes — slag melting at 1310 — 1390 °C and formation
of distinct metal and slag phases — separation of metal
and slag at ~1400 °C — cooling and solidification into
pig iron and slag.

Table 5 presents the average composition of the me-
tallization products from three batches of briquettes with the
following formulation: 80 wt. % IOC + 20 wt. % coal +
+ 5 wt. % lime (in excess of 100 wt. %), as characterized
in Table 4.

It should be noted that the generator gas used — puri-
fied from tar compounds — exhibits low emissivity,
approximately 0.2 — 0.3. At such low emissivity levels,
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Table 5. Composition of the products obtained as a result of metallization of IOC from Korshunovsky MPP

Ta6auya 5. CocTaB NPOAYKTOB, MOJTYy4YeHHBIX B pe3yabsrare Metaun3annu JKPK KopmyHosckoro F'OK

Batch Iron alloy Metallization Impurity content, wt. %
No. content in the bead, % degree, % carbon phosphorus sulfur
1 77.9+1.22 81.6 +1.46 1.73+£0.14 | 0.090+£0.02 | 0.117 +0.025
2 76.1 = 1.65 79.9 £1.60 1.78£0.18 | 0.135+0.02 | 0.182 +0.033
3 86.0 £2.11 87.8 +£1.89 2.59+£0.26 | 0.099+0.02 |0.144 =0.030

radiative heat transfer during the heating of ore—coal bri-
quettes is insufficiently effective. The radiative heat flux
from the tyuer flame to the surface of the heated mate-
rial can be significantly increased — by approximately
20 — 25 % — by enhancing the emissivity of the gas stream
through flame carburization [24]. This can be accom-
plished by injecting a small amount of finely ground,
low-ash dry coal or off-spec calcined petroleum coke
into the flame’s reduction zone. As a result, the emissi-
vity of the gas stream increases by a factor of 1.5 to 2.0,
leading to higher flame luminosity, improved heat trans-
fer to the briquettes, and a reduction in the time required
to reach the target temperature.

- CONCLUSIONS

Thermogravimetric analysis and laboratory-scale
metallization experiments on ore—coal briquettes in
a chamber furnace have demonstrated the feasibility
of producing granulated pig iron on an industrial scale
in a rotating hearth furnace using generator gas derived
from coal gasification as the fuel.

The required metallization temperatures (1450 — 1550 °C)
can be achieved by burning generator gas and recovering
heat from exhaust gases to preheat the incoming air, fuel,
and briquettes. If needed, heat transfer within the furnace
can be further intensified by carburizing the flame using
finely ground dry coal or calcined petroleum coke.

Key findings from the thermogravimetric studies are
as follows:

e the IOC-to-coal ratio is the most influential factor
affecting the degree of iron metallization.

e increasing the coal particle size raises the final
temperature of the iron reduction process from 1255
to 1367 °C.

* the addition of lime intensifies the reduction process
and shifts it to a lower temperature range (from 1367
to 1300 °C).

* to ensure effective reduction of iron oxides, the bri-
quette composition should include coal with minimal
volatile content and maximum fixed carbon content.

Based on the laboratory studies, a temperature—time
mode was developed for the firing of ore—coal bri-
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quettes that ensures a high degree of iron metalliza-
tion (80— 87 %) when firing at temperatures between
1080 — 1424 °C for 40 min. The yield of metallized bri-
quettes under these conditions was 66.45 %.

According to the design material balance, the annual
production of granulated pig iron for the considered fur-
nace setup will be 100,000 tons.

This coke-free method of producing granulated pig
iron is particularly suitable for small-scale applications,
especially where metallurgical and coal production facili-
ties are located within the same regional economic area,
allowing for simplified logistics and reduced transporta-
tion complexity.
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