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Abstract: This study investigates the process of enhancing the efficiency of the afterburning chamber in the Vanyukov furnace. Various 

operational modes of the furnace and the chamber were analyzed to identify optimal conditions for sulfur oxidation and afterburning, as well 

as methods for reducing accretions. Measurements and analyses of off-gas compositions were conducted, and the dust content was determined. 

Simplifications and assumptions were applied in the calculations, enabling the modeling of gas flow, thermodynamic processes, velocity 

profiles, and interaction zones. Some thermodynamic calculations of counter-penetrating gas jets were based on hypotheses derived from heat 

exchange theories in mixing devices. Experimental results of numerical modeling and predictive simulations within the afterburning chamber 

are presented. Parameters were measured, and aerodynamic characteristics of the tuyeres were charted at an average oxygen supply to the 

chamber of no more than 2500 n.m3/h (38 n.m3 per ton of batch load). Recommendations for effective technological operations were proposed. 

The expertise of specialists from the Sredneuralsk Copper Smelter, along with the results of trials and process modeling, facilitated the selection 

of the optimal tuyere air distribution. The findings reveal the complexity of aerodynamic and thermodynamic processes occurring within the 

afterburning chamber. These include interactions between tuyere cooling airflows, heat release from exothermic oxidation reactions, and 

forced and natural convection of off-gases with varying temperature gradients, all visualized within a single projection.
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Аннотация: В исследуемом процессе повышения эффективности использования камеры дожигания в печи Ванюкова изучены 

различные эксплуатационные варианты работы печи и камеры, найдены режимы оптимального окисления и дожигания серы, 

выявлены способы снижения настылеобразования. Проведены измерения и анализ отходящих газов. Определен состав пыли. 
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Introduction

The domestic smelting technology — known as the 

Vanyukov process, employed for processing sulfide-cop-

per concentrates — has several advantages over foreign 

analogs, including high specific productivity, process 

flexibility, simplicity and reliability of the metallurgical 

unit, and low capital and operating costs. The smelting 

technology, in general, can be characterized as a semi-

autogenous process [1—3].

During the testing period, the charge materials com-

position was as follows (wt. %): Cu — 17.97, S — 26.16, 

SiO — 15.28, Zn — 1.75, Pb — 0.25, others — 38.59.

In the horizontal section, the furnace consists of 

smelting-oxidation and sedimentation zones, while 

in the vertical section, it is divided into superstratum, 

supra-tuyere, and sub-tuyere zones. The furnace, in 

cross-section, is a rectangular-trapezoidal unit into 

which the blast is introduced through tuyeres. Charge 

materials are fed into the working space of the unit via 

loading devices. During the first stage of processing, 

heating, oxidation, and melting of the charge materials 

dominate [4]. The process characteristics are heavily 

influenced by the chemical, mineralogical, and granu-

lometric composition of the ore [5]. In the supra-tuyere 

zone, processes such as melting, dissolution of refractory 

components, sulfide oxidation, and the coalescence of 

matte droplets take place [6—8]. Oxidation of off-gases 

occurs in the afterburning chamber, which is equipped 

with four tuyeres. 

The issues related to improving efficiency and 

the simulation and optimization of the afterburning 

chamber’s operation in the Vanyukov furnace will be 

examined in detail, as enhancing operational energy 

efficiency holds both practical and theoretical signi-

ficance [9].

По результатам выполненных расчетов применяли ряд упрощений и допущений, позволяющих представлять движение газов, 

термодинамические процессы, профиль скоростей, области взаимодействия. Некоторые варианты термодинамических расче-

тов взаимопроникающих встречных струй построены на гипотезах, заимствованных из теории теплообмена в смешивающих 

аппаратах. Представлены экспериментальные результаты численного моделирования и варианты некоторых прогнозных си-

муляций, происходящих в камере дожигания печи Ванюкова. Проведены замеры параметров, построены графики аэродина-

мических характеристик фурм при среднем значении подачи кислорода в пространство камеры дожигания не более 2500 н.м3/ч 

(38 н.м3/т загрузки шихты). Предложены мероприятия для эффективной технологической эксплуатации. Опыт специалистов 

Среднеуральского медеплавильного завода, результаты испытаний и моделирования процесса способствовали выбору наилуч-

шего распределения дутья по фурмам. Полученные результаты свидетельствуют о достаточно сложных аэродинамических и тер-

модинамических процессах, происходящих в пространстве камеры дожигания, представлении в одной проекции взаимодействий 

явлений динамики фурменных дутьевых потоков охлаждения, выделения тепловой энергии экзотермических реакций окисления, 

принудительной и естественной конвекции отходящих расплавных газов с различными температурными градиентами.

Ключевые слова: камера дожигания, повышение эффективности, моделирование, процесс Ванюкова.
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Research methodology

The methodology for determining the optimal modes 

of blast supply to the tuyere row of the afterburning 

chamber and optimizing the sulfur afterburning process 

was divided into practical and methodological compo-

nents, with elements of visual representation.

In the methodological component, based on the re-

sults of the calculations, a number of simplifications and 

assumptions were applied to model gas flow, velocity 

profiles [10], thermal processes, and surface interaction 

zones. Some thermodynamic calculations of interpene-

trating counter jets were built on concepts borrowed from 

the theory of heat exchange in mixing devices [11; 12]. For 

the numerical theoretical aspects of modeling hydrody-

namic characteristics, the following formulas were used:

W2 = [0.5gh–1Ld–1γ0μ(1 + βt)]0.5,  (1)

Re = Wdt /ν,  (2)

where γ0 — specific mass of the gas; β — coefficient of 

volumetric gas expansion; L — space length; d — space 

diameter; h — geometric head; g — gravitational acce-

leration; μ — friction coefficient; t — temperature; ν — 

viscosity coefficient; W — blast velocity; W2 — gas flow 

velocity; dt — tuyere outlet diameter; Re — Reynolds 

number (dimensionless coefficient).

During the numerical modeling of heat release in the 

afterburning chamber, combustion reactions of sulfur 

and sulfur dioxide were considered:

S + O2 = SO2 + 297 kJ,  (3)

2SO2 + O2 = 2SO3 + 192 kJ.  (4)

To analyze the thermal processes in the studied Oxyz 

space, the area of off-gas flow, A, was divided into grid 
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sections ΔN1, ΔN2, …, ΔNn with volumes ΔV1, ΔV2, …, 

ΔVn. The integral sum for the function f (x,y, z) over 

area A is given by

Mn =  f (xj,yj, z j)ΔVj. (5)

The volumetric region of heat release from the jet 

streams was determined as:

∫dx ∫dy ∫ f (x,y, z)dz,   (6)

a  x  b, c  y  e, m  z  n.  (7)

For each operational mode, technological data were 

monitored, and the composition of the off-gases was 

determined. Based on the balance indicators, the after-

burning efficiency was evaluated (Table 1).

Table 1 includes the following parameters: Sa — 

amount of sulfur dioxide after the afterburning cham-

ber; Sv — sulfur content in dust; Ssh — sulfur content in 

the charge materials; Kv — oxygen concentration in the 

off-gases exiting the afterburning chamber; Kd — oxygen 

supplied to the afterburning chamber.

To determine afterburning efficiency, the oxygen 

and gas blast parameters at the furnace’s tuyere rows 

were recorded. Oxygen was supplied for afterburning 

at a rate not exceeding 2500 n.m3/h (38 n.m3 per ton of 

charge). Operating parameters were determined using 

measurement instrument readings. For comprehensive 

analysis, data from the information system’s hourly and 

shift reports on furnace performance were used. Infor-

mation on the composition of matte, slag, and dust was 

considered, and the composition of off-gases was ana-

lyzed.

Results and discussion

In the studied gas flow process, the operational fea-

tures of the afterburning chamber and the dynamic 

effects of jets emerging from the furnace tuyeres were 

examined, despite the presence of thermal and gas-

dynamic inhomogeneities. Various operational modes 

of the furnace and afterburning chamber were ana-

lyzed, leading to the identification of optimal oxidation 

regimes and methods for enhancing the efficiency of 

accretion reduction. Schematic of the tuyere row is pre-

sented in Fig. 1.

During the tests, the oxygen pressure at the tuyere 

was regulated using shut-off and control valves, with the 

pressure readings recorded on the installed manometer, 

as well as the flow rate monitored via the information 

system. The resulting characteristics are presented in 

Fig. 2 and Table 2.

The provided tuyere characteristics enable individual 

regulation of the oxygen flow rate through each tuyere in 

varying proportions, while maintaining an approximate 

overall oxygen supply to the afterburning chamber de-

pending on the furnace load.

A more detailed examination of the blast supply 

through the tuyeres of the afterburning chamber re-

veals that, due to turbulence, the free jet mixes with the 

surrounding medium as it moves away from the source. 

Free boundary layer forms within the jet, expanding 

Table. 1. Combustion efficiency assessment

Таблица 1. Оценка полноты сжигания

Mode Ssh Sa Sv Kv Kd Effect

Baseline const ↕ ↕ ↕ ↕

1 const ↑ ↓ ↑ ↑ +

2 const ↓ ↑ ↓ ↓ –

3 const ↑ ↓ ↕ ↕ +

4 const ↓ ↑ ↑ ↕ –

Note. ↑ – increase, ↓ – decrease, ↕ – baseline values, 

«+» or «–» – indicates the afterburning efficiency achieved.

Fig. 1. Afterburning chamber tuyeres

Рис. 1. Фурмы камеры дожигания
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outward from the nozzle, with primary mixing begin-

ning at this boundary. This velocity adjustment within 

the jet leads to the formation of vortex regions in the 

cross-sectional plane. In other words, the most active 

interaction area is the collision point of the jets. This 

is because the velocities of the opposing jets are si-

milar, causing the laminar f low zone to transition into 

turbulence [13—15]. Fig. 3 illustrates the vortex col-

lision structures at relatively similar velocities of the 

opposing jets.

Due to the characteristics of off-gas flow and the 

non-uniformity caused by the connection of the furnace’s 

tuyere rows and its geometry, jet flow modeling in the af-

terburning chamber represents a specific case [16—26]. 

The concentration of thermal energy in the jet inter-

action zones was calculated for both sulfur oxidation and 

Table. 2. Calculated blast velocity modes

Таблица 2. Расчетные скорости дутьевых режимов

Right side of the afterburning chamber Left side of the afterburning chamber

Tuyere 1 Tuyere 2 Tuyere 3 Tuyere 4

W, m/s Re, 104 W, m/s Re, 104 W, m/s Re, 104 W, m/s Re, 104

102.1

26–67

min

93.8

24–60

min

74.1

19–60

min

81.66

21–61

min

124.3 105.9 93.8 102.83

142.2 118.0 110.4 115.69

155.0 133.1 128.5 134.59

166.3 143.7 139.1 146.69

189.0

max

163.3

max

158.8

max

166.35

max

211.7 181.5 177.7 181.47

242.7 196.6 196.6 201.13

264.6
219.3 214.7 219.27

235.9 234.4 240.45

Fig. 2. Oxygen flow rate as a function of pressure

a – left side of the afterburning chamber, tuyere 1; b – left side of the afterburning chamber, tuyere 2; 

c – right side of the afterburning chamber, tuyere 3; d – right side of the afterburning chamber, tuyere 4

Рис. 2. Зависимости расхода кислорода от давления

а – левая сторона камеры дожигания, фурма 1; b – левая сторона камеры дожигания, фурма 2; 

c – правая сторона камеры дожигания, фурма 3; d – правая сторона камеры дожигания, фурма 4



84

Izvestiya. Non-Ferrous Metallurgy  •  2025  •  Vol. 31  •  No. 1 •  P. 80–90

Kirsanov V.A., Poberezhny Yu.F., Mikhailov N.G. et al. Enhancing efficiency and modeling the operation of the afterburning chamber...

natural gas combustion processes. It was assumed that 

the Mach number for jets during sulfur oxidation does 

not exceed 0.52.

The calculated surface areas were determined 

for the jet collision zones and the jet f low regions. 

Within the boundaries of the interaction zone, a ge-

ometric figure was constructed with its axis aligned 

to the axis of the analyzed regions. Using polynomial 

distribution, it was assumed that a certain amount of 

sulfur is probabilistically combusted within the sur-

face interaction zone.

As a result, the following volumetric heat loads were 

obtained: 500—1500 kW for oxidation processes and 

1100—2200 kW for natural gas combustion. The norma-

tive heat load values for these processes were applied to 

the volumetric space of the afterburning chamber, while 

the actual heat load was determined based on the con-

structed surface interaction zones. The results are sum-

marized in Table 3.

Examples of gas f low and jet stream are shown 

in Fig. 4.

The three-dimensional representation of the gas 

flows in the furnace reveals a variety of circulation 

zones. Velocity adjustments lead to the dominant jet, 

with the highest momentum and exit velocity, restruc-

turing the opposing jet. This results in displacement 

starting from the turbulent boundary layer, causing jet 

separation. The flows enveloping the restructured jet 

acquire turbulent properties and a lower velocity, vecto-

rially directed toward the boundaries of the afterburning 

chamber space. Considering the dynamics of opposing 

jets, it can be concluded that changes in velocity charac-

teristics not only alter the thermal interaction zone but 

also influence the exhaust gas flow. It has been estab-

lished that the structure of the collision zone depends on 

the design and operational parameters of the jet flow’s 

swirl [26, 27]. Understanding the behavior of opposing 

colliding jets can be utilized for cleaning and preventing 

active accretion formation, as well as optimizing sulfur 

Table. 3. Assessment of thermal energy 
concentrations

Таблица 3. Оценка концентраций тепловой энергии

Process 

Heat load, kW/m3 Local heat 

load coefficient 

[26]Normative Actual

Sulfur 

oxidation
40 1500 37

Natural 

gas 

combustion

65 2200 34

Fig. 3. Vortex collision structures

a – thermal zone of vortex collision; b – thermal structure of vortex collision; c – free turbulent jets in the afterburning chamber space; 
d – sections of a free turbulent jet: laminar (1), transitional (2), fully turbulent (3)

Рис. 3. Структуры вихревого соударения

a – термическая область вихревого соударения; b– термическая структура вихревого соударения; c – свободные турбулентные 

струи в пространстве камеры дожигания; d – участки свободной турбулентной струи: ламинарный (1), переходной (2) и свободный 

турбулентный (3)

a

dc

b
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oxidation processes. The parameters of the off-gas are 

presented in Table 4.

Observations indicate that the rate of tuyere fouling 

depends on the external environment, blast pressure, as 

well as the direction and composition of the particles in 

the exhaust gases. Dust samples were collected from se-

veral points along the gas duct: waste heat boiler, cooling 

tower, and electrostatic precipitator. The results of the 

dust composition analysis are shown in Table 5.

Comparative analysis of sulfur content in dust and 

charge under different operating modes of the afterburn-

ing chamber is presented in Fig. 5.

The tests revealed that sulfur afterburning regulation 

can be performed both quantitatively and qualitatively. 

Increasing oxygen supply to the afterburning chamber, 

up to certain limits, raises the sulfur dioxide concentra-

tion in the off-gas and reduces the sulfur mass fraction 

in the dust.

Using computer modeling, various cases of accre-

tion formation on one of the afterburning chamber walls 

were visualized is presented in Fig. 6.

The illustrated accretion formation variants, which 

occur during operation as a result of dust particle sin-

tering in the off-gas, affect the performance of the blast 

tuyeres. Tuyere fouling is detected either by changes 

in blast pressure, during tuyere cleaning, or visually 

through open “inspection windows”.

During operation, spontaneous tuyere cleaning may 

Table. 4. Off-gas parameters

Таблица 4. Параметры отходящих газов

Gas component Gas density, kg/n.m3 Mass fraction, kg/kg Volume fraction, n.m3/n.m3

N2 1.25 0.0483 0.0746

CO 1.25 – –

CO2 1.963 0.0768 0.0755

SO2 2.855 0.07087 0.479

H2O 0.863 0.139 0.334

O2 1.427 0.027 0.0365

Note. The off-gas temperature is 1250 °C.

Fig. 4. Gas flow and jet stream

a – jet streams and off-gas flow; b – flow of high-temperature gases; c, d – formation of collision structures at different jet velocities: 

1, 2 – variations in jet velocity; e – velocity scale of high-temperature gases (m/s)

Рис. 4. Движение газов и струйный поток

a – струйный поток и движение уходящих газов; b – движение расплавных газов; c, d – формирование структур соударения 

на разных струйных скоростях: 1, 2 – варианты скоростных изменений струй; e – шкала скорости расплавных газов, м/с
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occur, with the accretion breaking off due to the jet’s 

own pressure. Installing a gas burner in the tuyeres of 

the third row is currently the primary method of com-

bating accretion formation in the working space of the 

afterburning chamber. Table 6 shows the changes in the 

working space volume of the afterburning chamber due 

to accretion formation.

The data in Table 6 demonstrate that the working 

space volume of the afterburning chamber can signifi-

cantly decrease due to perimetric accretion formation. 

This reduction leads to changes in the particle flow 

trajectories of the off-gases, deviations in the dynamic 

resistance during gas removal, and a decline in sulfur 

oxidation efficiency. 

To determine the most efficient operation of the af-

terburning chamber, including the optimal oxygen flow 

through its tuyeres, calculation schemes and gas flow 

ratios were developed and evaluated for several existing 

and prospective operating modes. The optimal mode for 

the current system was identified, meeting the require-

ments for optimal afterburning, improved chamber effi-

ciency, and enhanced sulfur oxidation. The results of gas 

composition measurements under different operating 

modes are presented in Table 7.

The results in Table 7 indicate that the uniformity of 

optimal sulfur oxidation and afterburning depends on jet 

dynamics. Various design options for modernizing the 

afterburning chamber are proposed in Fig. 7. Additional 

simulations and studies are necessary to confirm the ef-

fectiveness of these modernizations.

Conclusion

The findings highlight the complexity of the aero-

dynamic and thermodynamic processes within the 

afterburning chamber. The study employed turbulent 

jet theories and physical modeling. The blast supply 

was optimized for various experimental modes, with 

parameters measured and aerodynamic characteris-

tics of the tuyeres charted at an average oxygen sup-

ply rate to the afterburning chamber of no more than 

2500 n.m3/h (38 n.m3 per ton of charge). Gas analyses 

were performed, and the dust composition was deter-

mined at several points along the gas duct, including 

the waste heat boiler, cooling tower, and electrostatic 

precipitator.

Several schemes for modernizing the afterburning 

chamber and optimizing tuyere blast distribution were 

proposed. It was determined that the highest sulfur af-

terburning efficiency can be achieved by supplying a 

specific oxygen flow rate to each tuyere without altering 

the overall oxygen supply.

Table. 5. Dust composition, wt. %

Таблица 5. Состав пыли, мас. %

Sampling point Cu S Pb Zn Others

Cooling tower No. 2 19.45 5.45 3.69 3.28 68.13

Waste heat boiler 

No. 2
18.78 7.61 4.29 3.31 66.01

Electrostatic 

precipitator “Lurgi” 

No. 3

14.84 8.43 6.93 4.65 65.15

Fig. 5. Sulfur content in dust and charge under different 

operating modes of the afterburning chamber

1–3 – sulfur content density distribution assessment

1 – waste heat boiler No. 2; 2 – cooling tower No. 2; 

3 – electrostatic precipitator “Lurgi” No. 3

Рис. 5. Содержание серы в пыли и шихте 

на разных режимах работы камеры дожигания 

1–3 – оценка плотности распределения содержания серы

1 – котел-утилизатор № 2; 2 – башня охлаждения № 2; 

3 – электрофильтр «Lurgi» № 3

Table. 6. Perimetric formation

Таблица 6. Периметральное образование настыли

Variant
Working space 

volume, m3
Thickness of wall 

accretion, m

1

2

3

4

55–59

49–53

37.5–43.0

34.0–37.6

0.1–0.2

0.25–0.35

0.50–0.65

0.65–0.75



Известия вузов. Цветная металлургия  •  2025  •  Т. 31  •  № 1 •  С. 80–90

87

Кирсанов В.А., Побережный Ю.Ф., Михайлов Н.Г. и др. Повышение эффективности и моделирование использования камеры дожигания...

Measures for efficient operation and minimizing ac-

cretion formation in the Vanyukov furnace afterburning 

chamber were proposed. To implement a prospective 

automated operation, it is recommended to organize in-

formation tracking for each tuyere (pressure/flow rate), 

install regulating valves to adjust the blast flow rate to 

each tuyere without manual intervention, and introduce 

an automatic control system [31]. 

The expected outcomes of implementing these meas-

ures and recommendations include improved energy ef-

ficiency and operational safety, increased productivity, 

and enhanced control over the technological process.

Fig. 6. Variants of accretion formation

Accretion thickness, m: а – 0.75; b – 0.3; c – 0.1

Рис. 6. Варианты настылеобразования

Толщина настыли, м: а – 0,75; b – 0,3; c – 0,1

Fig. 7. Prospective options for modernizing the afterburning chamber [27–30]

a –arrangement of tuyeres in the afterburning chamber; b – multi-channel tuyere with two tiers of nozzles; c – modernization options for tuyere 

components: casing (1), sleeve (2), swirl inserts (3), and diffuser (4)

Рис. 7. Перспективные варианты направлений модернизации камеры дожигания [27–30]

a – вариант расположения фурм в камере дожигания; b – многоканальная фурма с двумя ярусами сопел; c – на участке фурмы 

варианты модернизации корпуса (1), втулки (2), вставок-завихрителя (3), рассекателя (4)

a

a

c

c

b

b
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