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Аннотация. Рассмотрены особенности процесса получения гранулированного чугуна с применением кольцевой печи с вращающимся подом 

при реализации технологии ITmk3 (Ironmaking Technology Mark Three). Авторы показывают конструкцию угольного газификатора с системой 
очистки синтезируемого газа и поперечное сечение кольцевой печи. Статья кратко описывает процесс промышленного получения грану-
лированного высококачественного чугуна. Проведена оценка перспективы использования рассматриваемой технологии на территории 
Российской Федерации. На  первом этапе исследований металлизации железорудного концентрата (ЖРК) углем применен термограви­
метрический метод полного факторного эксперимента по определению оптимальных условий металлизации. В экспериментах варьировали 
соотношение ЖРК: уголь, крупность угля, добавки извести в процентах от суммы (ЖРК + уголь). В результате термогравиметрического 
анализа авторы получили кривые изменения массы образцов, состава и количества выделившегося газа при изменении температуры нагрева 
в процессе спекания ЖРК с углем и известью. На втором этапе для отработки технологии ITmk3 разработана лабораторная камерная печь 
с выдвижным подом, отапливаемая генераторным газом из каменного угля. Рудно-угольные брикеты были изготовлены с соотношением 
ЖРК, уголь, бентонит 80:20:5 и термообработаны в камерной печи с отоплением генераторным газом из угольного газификатора. В качестве 
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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 (Ironmaking 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 (IOC) 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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 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 SiO2/Al2O3 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-

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:

– IOC 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 (IOC + 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 m2, and a height of 12.5 m, equipped with 
a generator gas purification system (Fig. 1);

опытного сырья были использованы железорудный концентрат Коршуновского горно-обогатительного комбината и Касьяновский каменный 
уголь Черемховского месторождения. На основе лабораторных исследований был определен температурно-временной режим обжига рудно-
угольных брикетов, обеспечивающий высокую степень металлизации железорудных материалов (80 – 87 %) при обжиге брикетов в диапа-
зоне температур 1080 – 1424 °С в течение 40 мин. Выход брикетов после сушки и обжига составил 66,45 %. Авторы изучили механизмы 
твердофазного восстановления железорудных материалов в кольцевых печах с вращающимся подом и жидкофазного разделения продуктов 
восстановления, а также определили состав выделившихся газов при прокаливании рудно-угольных брикетов. 

Ключевые слова: металлизация, брикеты, кольцевая печь, гранулированный чугун, генераторный газ, вращающийся под, теплообмен, 
угольный газификатор
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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 

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-

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; 11 – mixed upper and lower gas duct; 
12 – mixed gas inlet from hydraulic seal H4 to electrostatic precipitator No. 2; 13 – mixed purified gas duct to the annular metallization furnace; 

14 – valves adjustment of lower gas; 15 – collector of increased gas pressure; 16 – sizing holes of gasifier; H1 – H9 – hydraulic seals 

Рис. 1. Газификатор с системой очистки генераторного синтез газа: 
1 – газоход верхнего газа; 2 – газоход нижнего газа; 3 – коллектор низкого давления газа; 

4 – коробка смешивания (получение агента газификации); 5 – кессон газификатора; 6 – воздуховод; 
7 – ввод верхнего газа в электрофильтр 1 из гидрозатвора H1; 8 – выход очищенного верхнего газа из электрофильтра 1 в гидрозатвор H2; 

9 – газоход нижнего газа из воздушного охладителя в омыватель; 10 – газоход верхнего газа из гидрозатвора H2 в омыватель; 
11 – газоход смешанного верхнего и нижнего газов; 12 – ввод смешанного газа из гидрозатвора H4 в электрофильтр 2; 
13 – газоход смешанного очищенного газа к кольцевой печи металлизации; 14 – задвижки регулировки нижнего газа; 

15 – коллектор повышенного давления газа; 16 – шуровочные отверстия газификатора; H1 – H9 – гидрозатворы
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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 

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.

Fig. 2. Annular furnace for production of granular pig iron:
 a – appearance of the furnace under construction; 

b – cross section; 1 – suspended arch; 2 – wall lining; 
3 – rotating hearth; 4 – tuyers

Рис. 2. Кольцевая печь для производства 
гранулированного чугуна: 

а – внешний вид строящейся печи; 
b – поперечный разрез; 1 – подвесной свод; 
2 – футеровка стен; 3 – вращающийся под; 

4 – горелочные устройства
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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 С; 0.2 Si; 0.05 Р; 
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: 

– Х1  – IOC-to-coal ratio (–1 → (70:30) % = 2.333; 
+1 → (80:20) % = 4).

– Х2 – coal particle size, μm (–1 → –50; +1 → –315).
– Х3 – 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 Fe2O3 ; 
24.0 FeO; 3.95 SiO2 ; 2.654 Al2O3 ; 1.9 CaO; 4.0 MgO; 
0.13 MnO; 0.255 TiO2 ; 0.04 SO2 ; 0.37 P2O5 ; 5.8 H2O; 
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  (Ct ); 1.2 total sulfur (St); 16.5 ash (As); 11.5 
moisture (as received); 13.7 total oxygen (Ot); 5.6  total 
hydrogen  (Ht); 1.1 total nitrogen (Nt); and 45.6 volatile 
matter  (Vt). 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 SiO2 ; 19.2 Al2O3 ; 2.5 Fe2O; 2.2 CaO; 1.6 MgO; 
0.7 K2О; 0.1 TiO2 ; 0.1 Na2O; 4.4 SO3 ; 0.01 MnO2 .

The prepared mixtures were pressed using a laboratory 
press at a pressure of 80 – 100 kg/cm2 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: Х1 = +1; 
Х2 = –1; Х3 = +1, which contained 80 % iron ore con-
centrate, 20 % coal, and 5 % lime (in excess of 100 %). 
The amounts of CO, CO2 , and H2O 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:

	             Fe3O4 + 4C → 3Fe + 4CO;	 (1)

	             Fe3O4 + 2C → 3Fe + 2CO2 ;	 (2)

	            Fe3O4 + 4H2 → 3Fe + 4H2O.	 (3)

The temperature range up to  approximately 
550 – 600 °С  – corresponding to  the  first sharp mass 

Table 1. Levels of control factors and variation intervals

Таблица 1. Уровни факторов управления и интервалы варьирования

Factor
Factor levels Variation 

intervals– 1 0 + 1
Х1 – IOC-to-coal ratio 2.333 3.167 4.000 0.833
Х2 – coal particle size, µm –50.0 –132.5 –315.0 82.5
Х3 – lime additives, wt. % of the total (IOC + coal) 0 2.5 5.0 2.5
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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, CO2 , H2O, and methane. 
The  CO-to-CO2 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, 
°С: 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  SO2 , along with most of  the  CH4 , H2 , and H2O. 
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 CO2 . 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 IOC (Y1) on 
the  IOC-to-coal ratio (Х1), coal particle size (Х2), and 
lime additives (Х3) expressed in coded coordinates.

Y1 = 66.83 – 8.82Х1 – 4.16Х2 +

+ 3.78Х3 + 1.77Х1Х2 + 0.84Х1Х3 +

	            + 0.0037Х2Х3 + 1.29Х1Х2Х3 .	 (4)

Statistical evaluation of the coefficients in the derived 
equation showed that, at a 95 % confidence level, the coef-
ficients for Х1 , Х2 , Х3 and the interaction term Х1Х2 , are 
statistically significant. As a result, Equation (4) is writ-
ten in the reduced form as follows

Y1 = 66.83 – 8.82Х1 – 4.16Х2 + 3.78Х3 + 1.77Х1Х2 .   (5)

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

      (6)

Fig. 3. Derivatogram of IOC reduction by coal with composition 
of gas products of thermolysis and interaction (using the example 

of sample 6); TG – curve of mass loss by the sample

Рис. 3. Дериватограмма восстановления ЖРК углем с составом 
газовых продуктов термолиза и взаимодействия (на примере 

образца 6); TG – кривая потери массы образцом

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

Таблица 2. Состав газовой фазы, выделившейся при спекании ЖРК с углем и известью

Component, mg
Sample (experiment) No.

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
CO2 2.60 26.86 28.89 35.89 35.78 31.70 35.69 26.00

H2O(800 – 1000 °C) 0.61 1.75 2.38 1.28 1.91 0.39 1.44 1.40
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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 μm) 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 °С. 

• 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;

• 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 500×500 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 °С.

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 СО2 ; 0.2 О2 ; 27.0 СО; 13.0 Н2 ; 2.7 СН4 ; 0.3 С2Н4 ; 
51.8 N2 . 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 

Table 3. Results of calculating the degree of samples metallization by reactions (1) – (3) of magnetite reduction

Таблица 3. Результаты расчета степени металлизации образцов по реакциям (1) – (3) восстановления магнетита

Parameter
Sample (experiment) No.

1 2 3 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 4.97 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
N o t e: Fe (1) – amount of reduced iron with the formation of CO; 
Fe (2) – amount of reduced iron with the formation of СО2 ; 
Fe (3) – amount of reduced iron with the formation of Н2О. 
The average iron content in IOC from the Korshunovsky MPP is 62.6 %.
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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 °С. 

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 °С. 

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.

Fig. 4. Laboratory furnace with portable hearth on generator gas:
a – general view; b – scheme; 1 – 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

Рис. 4. Лабораторная печь с выдвижным подом на генераторном газе: 
a – общий вид; b – схема; 1 – печь; 2 – выдвижной под; 3 – водоохлаждаемый газоход; 4 – дверь; 5 – подвод генераторного газа; 

6 – воздух; 7 – факел; 8 – платина-платинородиевая термопара; 9 – рудно-угольные брикеты

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

Рис. 5. Рудно-угольные брикеты в процессе металлизации 
в керамических поддонах

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

Рис. 6. Температурно-временной график металлизации 
рудно-угольных брикетов
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Briquette metallization proceeds according to  the 
mechanism described in  [22; 23]. The iron ore con-
centrate from the  Korshunovsky MPP contains Fe2O3 
and FeO oxides. Iron reduction from these oxides 
occurs in a stepwise manner, following the  scheme: 
Fe2O3 → Fe3O4 → FeO → Fe.

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

		         С + СО2 = 2СО.	 (7)

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

		         3Fe + С = Fe3С.	 (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 

(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 pig iron 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 Fe3C 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, 

Table 4. Characteristics of 
IOC briquettes + coal + lime before and after firing

Таблица 4. Характеристика брикетов 
ЖРК + уголь + известь до и после обжига

Parameter, unit Batch 1 Batch 2 Batch 3

Briquette composition 80 % IOC + 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 25.4 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 23.2 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, °С 1090 – 1425
Firing time, min 40

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

Рис. 7. Рудно-угольные брикеты после металлизации 
с разделением металла и шлака
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Table 5. Composition of the products obtained as a result of metallization of IOC from Korshunovsky MPP

Таблица 5. Состав продуктов, полученных в результате металлизации ЖРК Коршуновского ГОК

Batch 
No.

Iron alloy  
content in the bead, %

Metallization 
degree, %

Impurity content, wt. % 
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:

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

• 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-

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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