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Аннотация. Особенности организации технологического процесса и конструкции печи значительно влияют на параметры процессов дожи-

гания, тем самым определяя необходимость построения математической модели зоны дожигания. В данном исследовании проведено 
моделирование газодинамики, химических реакций, конвективной диффузии и теплообмена в газовой среде над расплавом в эксперимен-
тальной плавильной печи-газификаторе при трех различных значениях расхода дутья и двух положениях фурм для дожигания. Получены 
распределения температур и концентраций продуктов дожигания. При нижнем расположении фурмы процесс дожигания осуществляется 
в области «отраженной» струи, образуются застойные зоны вокруг фурмы и между отраженной струей и поверхностью расплава, что 
ухудшает дожигание. При верхнем расположении фурмы дожигание происходит внутри первичной струи, осуществляется интенсивное 
перемешивание всех компонентов печной атмосферы и дожигание проходит более полно, что приводит к увеличению температуры отхо-
дящих газов при увеличении однородности полей температуры и концентраций по сравнению с нижним положением фурмы. Установ-
лено, что при нижнем положении фурмы факел оказывается разомкнутым, его форма существенно зависит от расхода дутья, а объем 
с ростом расхода дутья увеличивается. При верхнем расположении фурмы факел является замкнутым, с увеличением расхода дутья его 
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Abstract. Organization of technological process and design of a furnace significantly affect the parameters of post-combustion, determining the need 

to develop a mathematical model of post-combustion zone. Modeling of gas dynamics, chemical reactions, convective diffusion and heat transfer 
in the gas phase above the melt was carried out in an experimental melter-gasifier furnace at three different values of mass flow rates and two posi-
tions of post-combustion tuyeres. Temperature distributions and off-gas components concentrations were obtained. It was found that at the lower 
position of the tuyere, post-combustion is carried out in the area of reflected jet, stagnant zones are formed around the tuyere and between the reflected 
jet and the melt surface, which decrease the post-combustion level. At the upper position of the tuyere, post-combustion occurs inside the primary 
jet, intensive mixing of all components of the furnace atmosphere occurs, post-combustion undergoes more completely, which leads to an increase 
in the off-gases temperature with an increase in uniformity of temperature fields and concentrations compared with the lower position of the tuyere. 
At the lower position of the tuyere, the flame zone turns out to be open, its shape significantly depends on the mass flow, and the flame zone volume 
increases with an increase in the mass flow. At the upper position of the tuyere, the flame zone is closed, with an increase in the mass flow, its shape 
does not change, but the flame zone volume decreases. For reduction processes in slag melt, the upper position of the tuyere is preferable, while for 
production of the producer gas at the furnace outlet, position of the tuyere closer to the melt surface is preferable. 
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 Introduction

High-temperature bath type smelting reduction fur-
naces stand out as the most promising technologies for 
extracting metals from low-grade raw materials (such as 
refractory ores and iron-containing waste) and for the gas-
ification of coal, including varieties of low-grade coal. 
The thermal balance for the processes of metal reduction 
and/or gasification of low-grade coals occurring within 
the slag melt is achieved by reintroducing heat to the slag 
bath from the post-combustion of CO and Н2 over the 
slag. These gases, in turn, results from a series of reduc-
tion-oxidation processes taking place within the slag 
layer [1 – 3]. 

Mathematical modeling plays a crucial role in under-
standing the processes occurring during the post-com-
bustion of gases in metallurgical furnaces. For example, 
studies [4 – 7] delve into modeling the post-combustion 
process in the electric arc furnace. Post-combustion mod-
els for the oxygen converter are outlined in [8], while 
modifications involving bottom blowing with inert gas, 
such as the AOD converter and KOBM converter, are 
discussed in [9 – 11]. Additionally, a significant number 
of research efforts focus on the modeling of post-combus-
tion in direct iron reduction reactors [12 – 15]. These stud-
ies highlight how the specific organization of processes 
and the design of the furnace greatly influence post-com-
bustion parameters, thereby underscoring the importance 
of developing mathematical models for the post-combus-
tion zone (the furnace area above the melt) in various fur-
naces, including the Romelt furnace, Vanyukov furnace, 
and other bath type smelting reduction furnaces with 
desig nated off-gas post-combustion zone.

The aim of this research is to model the gas dynamics, 
chemical reactions, convective diffusion, and heat trans-
fer in the gas phase above the melt within an experimental 
melter-gasifier furnace, considering three different blast 
flow rates and two post-combustion tuyere positions. 
Mathematical modeling was conducted using Ansys Flu-
ent software, version 15.0.7.

 Problem formulation

The geometry of the working space within the experi-
mental melter-gasifier furnace is schematically presented 
in Fig. 1. 

In its standard operational mode, the cylindrical 
part 1 of the furnace is filled with slag melt. The surface 
level of this slag melt aligns with the transition between 
the cylindrical and spherical sections of the furnace. 
The ongoing chemical reactions within the melt are driven 
by oxygen-air blastfrom the lower tuyeres (not depicted 
in the diagram or explored in this study). These processes 
generate high-temperature gases that rise into the space 
above the slag, where they fully combust with oxygen-
rich air supplied through two upper tuyeres 2. These tuye-
res enter the furnace at the center level of the spherical 
part, angled at 45°.

The flue gases are then emitted through two gas off-
takes 3. The gas offtakes axes plane is perpendicular 
to the upper tuyeres’ axes plane.

The primary geometric dimensions of the furnace (m) 
are detailed as follows: 

Diameter of the spherical part of the furnace 3.00
Diameter of the cylindrical part of the furnace 1.80
Inner diameter of the gas offtake 0.50
Inner diameter of inlet bulk supply window 0.40
Internal diameter of the upper tuyere 0.02
External diameter of the upper tuyere 0.10

Fig. 1. Layout of the experimental melter-gasifier furnace:
1 – melt zone; 2 – tuyeres; 3 – gas offtakes; 4 – bulk supply window

Рис. 1. Схема экспериментальной плавильной печи-газификатора:
1 – область расплава; 2 – фурмы; 3 – газоотводы; 

4 – окно подачи сыпучих

форма не изменяется, а объем уменьшается. Для процессов восстановления в шлаковом расплаве предпочтительно верхнее расположение 
фурмы, в то время как для получения генераторного газа с большим содержанием горючих компонентов на выходе из печи предпочти-
тельно более близкое к поверхности расплава расположение фурмы. 

Ключевые слова: вычислительная гидродинамика, математическое моделирование, численное моделирование, температурное поле, поле кон-
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 Key assumptions

To simplify the calculations, the heat transfer through 
solid walls (including both the furnace itself and the 
tuyeres) was not considered. This approach allowed 
us to exclude the regions occupied by solid mate rials 
(the walls of the furnace and tuyeres) from detailed 
analysis, with the thermal boundary conditions merely 
acknowledging their existence.

Given that the paper examines the processes 
in the space above the slag of the furnace, the com-
putational domain was limited to the gas-filled area 
of the working space – specifically, a sphere with a trun-
cated segment at the bottom and three adjoining small 
cylindrical elements at the top. This domain includes 
three inlet cross-sections (the surface of the melt and 
the inlet cross-sections of the post-combustion tuyeres) 
and two outlet sections (the openings of the gas offtakes, 
assuming the bulk supply window is sealed with a lid). 

Given that the geometry in question features two 
planes of symmetry and lacks any elements that would 
cause swirling in the flows, the modeled value fields 
exhibit the same symmetry. Consequently, it is sufficient 
to consider only a quarter of the working space, bounded 
by the planes of symmetry, as the computational domain 
for analysis.

In this computational domain, the areas of the inlet and 
outlet cross-sections are 4 times smaller. Consequently, 
the flow rates at the inlet sections must be proportion-
ally reduced to reflect their scaled-down size compared 
to their actual counterparts.

The computational domain’s geometry was outlined 
using Design Modeler, while the computational mesh was 
developed and the sections for applying boundary condi-
tions were chosen in Ansys Meshing. The mesh was later 
converted to a polyhedral format within the Fluent appli-
cation. This conversion improved the orthogonality of the 
cell faces and minimized errors associated with so-called 
schematic diffusion.

For the analysis, we employed several models, inclu-
ding:

– a convection-diffusion heat transfer model which 
involves solving the energy equation;

– a k-ε turbulence model, specifically the Realizable 
variant with standard wall functions;

– a component transfer model, that solves the con-
vective diffusion equation and incorporates chemical 
reactions occurring within the volume. The interaction 
between kinetics and turbulence adheres to the Finite-
Rate/Eddy-Dissipation model.

This last model, which balances the impact of chemi-
cal kinetics and turbulent transfer to identify the limit-
ing factor in the process, was utilized in studies [16 – 19] 

to explore the combustion of methane introduced through 
a blast furnace tuyere.

Within the framework of this model, the convective 
diffusion equation for each constituent of the mixture 
within the computational domain is resolved with refe-
rence to its local mass fraction Yi at every computational 
mesh node. The equation is as follows:

          (1)

where ρ is the density of the mixture, kg/m3;  is the 
velocity vector, m/s; Ri is the rate of formation of the ith 
component as a result of chemical reactions, kg/(m3·s); 

 is the diffusion flow density of the ith component, 
kg/(m2·s). The latter is influenced by the concentration 
gradients of this component and temperature, which 
can be expressed as:

        (2)

where Di, m and DT, i are the mass diffusion and ther-
modiffusion coefficients (also known as Soret coef-
ficients) for the component ith, m2/s, respectively; 
Sct is the turbulent Schmidt number, typically  
 

defaulted to 0.7 (  where μt is the dynamic  
 

coefficient of turbulent viscosity, Pa·s; Dt is the turbulent 
diffusion coefficient, m2/s).

For a component that is involved in multiple reactions 
Ri is the sum of the rates of formation of that component 
from all the reactions  .

Assuming the reactions are irreversible for simplicity, 
the jth reaction can be summarized as:

               (3)

where N is the number of chemical components in the 
system;  is the stoichiometric coefficient for the ith 
reactant in the jth reaction;  is the stoichiometric coef-
ficient for the ith product in the jth reaction; Mi symbolized 
the ith component; kf, i is the rate constant for the forward 
jth reaction.

For irreversible reactions, the molar rate of forma-
tion/destruction of the ith component in the jth reaction is 
described by the expression:

          (4)

where Cl, j is the molar concentration of the lth component 
in the jth reaction, kmol/m3;  is the reaction rate index 
of the lth component in the jth reaction;  is the reaction 
rate index of the lth product in the jth reaction.
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The rate constant for the forward jth reaction is compu-
ted using the Arrhenius equation:

         (5)

where Aj is the pre-exponential indicator (units vary 
based on the reaction order); βj is the temperature expo-
nent (dimensionless number); Ej is the activation energy 
for the reaction (J/kmol); R = 8.31 is the universal gas 
constant (J/(kmol·K)).

This study considered just two combustion reactions, 
involving hydrogen and carbon monoxide; the equations 

for these reactions, along with their parameters – some 
of which were derived from the Ansys Fluent database – 
are detailed in Table 1.

At the oxygen-air blast and off-gas inlet cross-sections, 
parameters such as temperature, mass flow rate, and inlet 
turbulence characteristics (which include hydraulic dia-
me ter and the level of turbulent pulsations) were defined. 
For the outlet cross-section, parameters set included rare-
faction and the temperature and the turbulence characte-
ristics of the external environment immediately adjacent 
to the outlet (Table 2).

The computational task was performed in two stages. 
Initially, the SIMPLE algorithm was used to solve the gas 

Table 1. Kinetic constants for the studied chemical reactions [20] 

Таблица 1. Значения кинетических констант для рассматриваемых реакций [20]

Reaction Aj βj Ej Equation coefficient ν Order of reaction η

H2 + 0.5O2 = H2O 9.87·108 0 3.1·107

CO + 0.5O2 = CO2 2.239·1012 0 1.7·108

Table 2. Boundary conditions in the calculation

Таблица 2. Граничные условия, задаваемые при расчете

Cross-section Cross-section type Gas dynamics Temperature, K Composi tion, vol. % [2]

Melt surface Mass-flow inlet
 = 0.2439 kg/s;
dgh = 1.8 m;

pulsations = 5 %
1773 CO = 50; H2 = 30; CO2 = 2;

H2O = 8; N2 = 10

Tuyere inlet cross-section Mass-flow inlet
 = 0.03919 – 0.11757 kg/s;

dgh = 0.02 m;
pulsations = 15 %

293 O2 = 90; N2 = 10

Gas offtakes cross-section Pressure outlet
P = –160 Pa;
dgh = 0.5 m;

pulsations = 5 %
1773 O2 = 21; N2 = 79

Fig. 2. Field of CO molar fraction for two variants of the tuyere position (I, II) and three values of the blast flow rate (а, b, c) 

Рис. 2. Поле мольной доли CO для двух вариантов расположения фурмы (I, II) и трех значений расхода дутья (а, b, c)
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Fig. 3. Field of H2 molar fraction for two variants of the tuyere position (I, II) and three values of the blast flow rate (а, b, c) 

Рис. 3. Поле мольной доли H2 для двух вариантов расположения фурмы (I, II) и трех значений расхода дутья (а, b, c)

Fig. 4. Field of CO2 molar fraction for two variants of the tuyere position (I, II) and three values of the blast flow rate (а, b, c) 

Рис. 4. Поле мольной доли CO2 для двух вариантов расположения фурмы (I, II) и трех значений расхода дутья (а, b, c)

Fig. 5. Field of H2O molar fraction for two variants of the tuyere position (I, II) and three values of the blast flow rate (а, b, c) 

Рис. 5. Поле мольной доли H2O для двух вариантов расположения фурмы (I, II) и трех значений расхода дутья (а, b, c)
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dynamics equations, with first-order schemes being used 
for the other equations. Subsequently, the simulation 
progressed to using a coupled solver for pressure and 
momentum and second-order schemes for other variables.

The calculation results shown in Fig. 2 – 5 cor-
respond to three blast flow rates b: 0.03919 kg/s (а), 
0.07838 kg/s (b), 0.11757 kg/s (c) – these figures should 
be quadrupled to reflect true values for the full-scale 
model – and two tuyere positions relative to the melt sur-
face: the lower position I, at 0.1 m from the melt surface, 
and the upper position II, at 0.7 m from the melt surface.

Fig. 2 – 5 illustrate that increasing the blast flow rate 
leads to a decrease in the concentrations of post-com-
bustion components (CO and H2 ) and a corresponding 
increase in the concentrations of combustion products 
(CO2 and H2O). Moreover, the tuyere’s position signifi-
cantly impacts both the distribution of these components 
and the peak values of their concentrations.

With the tuyere positioned at the lower level, the only 
effective blast jet is the one “reflected” off the melt 
surface, where the highest concentrations of off-gases 
are found. These maximum concentrations of off-gases 
are located in the region near the tuyere above the noz-
zle and in the area farthest from the nozzle adjacent 
to the melt surface, influenced by the “reflected” jet. 

With the tuyere elevated, the blast mixes more tho-
roughly with the surrounding components in the space 
above the slag, leading to most mixing and post-combus-
tion processes happening before the jet reaches the melt 
surface. In this scenario, the zone of maximum off-gases 
concentrations forms within the primary blast jet and 
spreads toward the melt surface. The extreme concent-
rations are less marked compared to the lower tuyere 
position, owing to enhanced mixing and the lack of stag-

nant zones. Consequently, with the tuyere in its upper 
position, more complete post-combustion is attained, evi-
denced by the off-gases’ composition at the furnace out-
let and the temperature field, which aligns with the con-
centration field of the combustion products (Fig. 6). This 
suggests that for producing gas rich in combustible com-
ponents, positioning the tuyere at a lower level is prefer-
able, whereas for more efficient reduction, a higher tuyere 
position is advantageous. 

Fig. 6 demonstrates that increasing the blast flow 
rate causes the high-temperature region to expand with 
the tuyere lowered, but to contract with the tuyere raised.

Ansys Fluent’s Isovolume visualization tool facilitates 
the creation of three-dimensional surfaces corresponding 
to specific values of a given quantity, calculated as part 
of the problem-solving process. Selecting temperature 
allows for the visualization of concepts such as the flare 
zone, with Figs. 7 and 8 showcasing isovolumes for tem-
peratures of 2200 and 2600 K, respectively.

The findings indicate that with the tuyere in the upper 
position, the flame remains closed, its shape stays con-
sistent with increased blast flow rates, and the volume 
enclosed by the isosurface decreases. In contrast, rais-
ing the blast flow rate significantly alters the configu-
ration of the jet region “reflected” off the melt surface 
for the lower tuyere, increasing the volume enclosed 
by the isosurface and causing considerable scattering 
of the “reflected” jet. This results in an excessive heat 
flow to the water cooled panels, which is detrimental 
to the technological process.

 Conclusions

Using Ansys Fluent 15.0.7 software, we numeri-
cally analyzed the post-combustion of off-gases (CO, 

Fig. 6. Temperature field for two variants of the tuyere position (I, II) and three values of the blast flow rate (а, b, c) 

Рис. 6. Температурное поле для двух вариантов расположения фурмы (I, II) и трех значений расхода дутья (а, b, c)
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H2 ) released from the slag bath’s surface in the experi-
mental melter-gasifier furnace. Our study examined how 
the oxygen-enriched blast flow rate and the tuyeres’ posi-
tioning affect the post-combustion process, including the 
off-gases’ composition and temperature, flame configura-
tion, and the distribution of temperature and component 
concentrations within the furnace atmosphere.

We discovered that with the tuyere positioned 
at the lower level (0.1 m from the nozzle to the melt), 
post-combustion primarily occurs in the “reflected” jet 
area. This creates stagnant zones around the tuyere and 
between the reflected jet and the melt surface, reducing 
the effectiveness of post-combustion. With the tuyere 
at the upper level (0.7 m from the nozzle to the melt), 
post-combustion happens inside the primary jet, leading 

to intense mixing of all furnace atmosphere components. 
This results in more complete post-combustion, increas-
ing the off-gas temperature and improving the unifor-
mity of temperature fields and concentrations compared 
to when the tuyere is at a lower position.

At the lower tuyere position, the flame zone is open, 
significantly influenced by the mass flow, and its volu me 
increases with the mass flow. With the tuyere in the upper 
position, the flame zone remains closed, and while its 
shape stays constant with increased mass flow, the volu me 
of the flame zone decreases.

For reduction processes in the slag melt, higher posi-
tion of the tuyere is preferable. However, for generating 
producer gas rich in combustible components at the fur-
nace outlet, a location closer to the melt surface is more 

Fig. 7. Isovolumes for 2200 K with two variants of the tuyere position (I, II) and three values of the blast flow rate (а, b, c) 

Рис. 7. Изообъемы для температуры 2200 К при двух вариантах расположения фурмы (I, II) и трех значений расхода дутья (а, b, c)

Fig. 8. Isovolumes for 2600 K with two variants of the tuyere position (I, II) and three values of the blast flow rate (а, b, c) 

Рис. 8. Изообъемы для температуры 2600 К при двух вариантах расположения фурмы (I, II) и трех значений расхода дутья (а, b, c)
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advantageous, though it poses a risk of overheating some 
water cooled panels, potentially harming the furnace struc-
ture and affecting other process parameters adversely.
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