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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.

Keywords: computational fluid dynamics, mathematical modeling, numerical modeling, temperature field, concentration field, flame zone, mass flow,
post-combustion, experimental melter-gasifier furnace

For citation: Erokhov T.V., Levitskii I.A., Podgorodetskii G.S., Gorbunov V.B. Mathematical modeling of gas dynamics and off-gas post-combustion
above the melt in a melter-gasifier furnace. Izvestiya. Ferrous Metallurgy. 2024;67(1):112—120.
https://doi.org/10.17073/0368-0797-2024-1-112-120

MATEMATUYECKOE MOAENNPOBAHUE TASOAUHAMMUKMU
N AOXUTAHUA TOPIOYUX KOMIMOHEHTOB HAA PACMN/JIABOM
B NNABUNbHOMN NEYU-TASUDUKATOPE

T. B. EpoxoB ©, U. A. JIeBULIKMIA, |I‘. C. HoaropoaeuxnﬁL B. B.TopGyHOB

| HanuonaJibHbIA HCClIeN0BaTEIbCKUI Texnomorndeckuii yuusepcurer « MUCHUC» (Poccus, 119049, Mocksa, Jlenunckuii mp., 4)

&) erohov.tv@misis.ru

AnHomayus. OcoOeHHOCTH OpraHU3alNK TEXHOIOTHUECKOTO MPOIIecca U KOHCTPYKIMHU MeYH 3HAYUTEIBbHO BIUSIOT Ha ITapaMeTphl IPOLIECCOB JT0MKH-
raHus, TEM CaMbIM OHpe/essis HeOOXOIUMOCTb MOCTPOCHHUS MATEMAaTHUECKONH MO 30HbI JI0KUTaHUs. B TaHHOM HCCIIeIOBaHUHU MTPOBEJICHO
MOJICTHPOBAHHE Ta30IHHAMUKH, XUMUYECKHX PEaKIMil, KOHBEKTHBHOM M Py3un U TEII000MeHa B ra30BOM Cpe/ie HaJl PacIIaBOM B 9KCIIEPUMEH-
TaJbHOMW IUTABWIILHOM NeYH-Ta3u(HUKaTOpe MPH TPEX passINuHbIX 3HAUYCHUSAX PAcX0/a Iy Ths U JBYX MOJIOKeHUsX Gypm i noxuranus. [lomydeHst
pacupezeneHus TeMIeparyp U KOHIEHTPALUH IPOIyKTOB H0KUranus. [Ipy HIKHEM pacnoioKeHUH (YPMBbI IIPOLIECC JOKUTAHHSI OCYIIECTBIISIETCS
B 00JIACTH «OTPAXEHHOW» CTPYH, 00pa3yrOTCsl 3aCTOMHBIE 30HbI BOKPYT ()ypMbl M MEXJly OTPa)KEHHOH CTpyeil ¥ MOBEPXHOCTBIO PACILIaBa, YTO
yXyauaer goxuranue. [Ipu BepxHem pacroiokeHuu Gpypmbl JOKUTaHHE TIPOMCXOJUT BHYTPH NEPBUYHON CTPYH, OCYIIECTBIISICTCSI HHTEHCHBHOE
repeMelInBaH1e BCEX KOMIIOHEHTOB MEYHON aTMOC(ephl U JOKUIaHHE ITPOXOAUT OoJIee MOJIHO, YTO NPUBOIAUT K YBEIUUCHHUIO TEMIIEPATyphl OTXO0-
JUILMX Ta30B MPU YBEIMYCHUU OJHOPOAHOCTH TOJICH TeMIepaTypbl U KOHIEGHTPAILMH 10 CPABHEHHIO C HIHKHHUM TOJIOKEHHEM (GypMbl. YCTaHOB-
JICHO, YTO IIPU HIDKHEM HOJIOKEeHHH (ypmbl (hakes OKa3bIBaeTCsi Pa30MKHYTBIM, €ro (popMa CyIIECTBEHHO 3aBUCHT OT pacxoja AyThs, a 00beM
C POCTOM pacxozia IyTbhsl yBenuuuBaeTcs. [Ipu BepxHeM pacrionoxeHun Gypmbl haken SBISIETCS 3aMKHYTBIM, C YBETMYSHHEM PAacXo/a AyThsl €ro
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(bopma HC UBMCHSCTCA, a 00BeM YMCHBIACTCA. I[J'IH TIPOILECCOB BOCCTAHOBJICHHUS B IIIJIAKOBOM paCIUIaBE NMPEANIOYTUTCIIBHO BEPXHEE PACIIOTIOKCHUEC
q)prI)I, B TO BPpEMs KaK UIA MOJIYYEHUS TEHEPATOPHOTO Trasa C OOJBIIHM COZIEPI)KAaHUEM TOPIOIUX KOMIIOHEHTOB Ha BBIXOJEC U3 MEYU IPEAIOITH-

TeJIbHO OoJiee OIU3KOE K TIOBEPXHOCTH pacIiuiaBa pacrioJiOKEHUE (I)prI)I.
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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 H, 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
designated 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 / 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

Puc. 1. Cxema 3KCTIepUMEHTAILHOH MIaBUIIBHOM Meur-ra3npukaTopa:
1 — obnactb pacmasa; 2 — GpypMsl; 3 — ra300TBO/IbI;
4 — OKHO IOJJauH CHITYYHX
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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 materials
(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-¢ 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]
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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 Y at every computational
mesh node. The equation is as follows:

0

ﬁt( pY;)+ v(PC‘)YI‘):_vji"‘Rz‘a (1

where p is the density of the mixture, kg/m3; @ is the
velocity vector, m/s; R, is the rate of formation of the it
component as a result of chemical reactions, kg/(m?-s);
J, is the diffusion flow density of the i component,
kg/(m?-s). The latter is influenced by the concentration
gradients of this component and temperature, which
can be expressed as:

7 Lolg ﬁT

J =—|pD. +—|VY.-D,. , 2

i [p im SC;J i T,i T ( )
where D, and D, 7 are the mass diffusion and ther-

mod1ffus1on coefficients (also known as Soret coef-
ficients) for the component ", m?/s, respectively;
Sc, is the turbulent Schmidt number, typically
defaulted to 0.7 (Sc, =

pD

t
coefficient of turbulent viscosity, Pa's; D, is the turbulent

diffusion coefficient, m?/s).

, where p, is the dynamic

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

Assuming the reactlons are irreversible for simplicity,
the ;! reaction can be summarized as:

N
DoV ML Y VM, 3)

where N is the number of chemical components in the
system; v; ; is the stoichiometric coefficient for the i
reactant in the ] M reaction; v! ; is the stoichiometric coef-
ficient for the i product in the J" reaction; M, symbolized
the i™ component; k., ; s the rate constant for the forward
Jj™ reaction.

For irreversible reactions, the molar rate of forma-
tion/destruction of the i" component in the j* reaction is
described by the expression:

éi,/‘ = (Vl"J /)( f]H|: “J“l/*m/)] 4

where C; is the molar concentration of the /' component
in the /™ reaction, kmol/m?; n; ; is the reaction rate index
of the /'™ component in the j™ reaction; n; ; 1s the reaction
rate index of the /" product in the j* reaction.
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Table 1. Kinetic constants for the studied chemical reactions [20]

Tabauya 1. 3HaYeHUs] KHHETHYECKUX KOHCTAHT JIJIsl paccMaTpuBaeMbIx peakuuii [20]

Reaction Aj B]. E Equation coefficient v Order of reaction n
H,+0.50,=H,0 | 9.87-108 | 0 | 3.1-107 | Vi, =1.0; vp, =0.5; Vi o =1.0 | my, =1.00; ng, =1.00; mjy o =0
CO +0.50,=CO, |2.239-10"2| 0 | 1.7-10% | Vo =1.0; v, =0.5; veo, =1.0| mio =1.00; mp, =0.25; ng, =0

Table 2. Boundary conditions in the calculation

Ta6auya 2. TpaHU4HbIE YCJI0BHsI, 3a1aBaeMble IPU pacyere

Cross-section Cross-section type Gas dynamics Temperature, K | Composition, vol. % [2]
M =0.2439 kg/s; 50 =20 .
Melt surface Mass-flow inlet d, =18m; 1773 €O =50; Ij2 30’_C02 %
gh | ’ H,0=8 N,=10
pulsations =5 %
M =0.03919 — 0.11757 kg/s;
Tuyere inlet cross-section Mass-flow inlet d,,=0.02 m; 293 0,=90;N,=10
pulsations = 15 %
=-160 Pa;
Gas offtakes cross-section Pressure outlet dgh =0.5m; 1773 0,=2I;N,=79
pulsations =5 %

The rate constant for the forward ;" reaction is compu-
ted using the Arrhenius equation:

E;

ky,=AT" ek, (5)
where 4; is the pre-exponential indicator (units vary
based on the reaction order); Bj is the temperature expo-
nent (dimensionless number); £ 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

CO molar

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-
meter 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

fraction

0.500
0.444
0.389
0.333
0.278
0.222
0.167
0.111
0.056
0

11

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

Puc. 2. Ilone monbHO# o CO 11t 1ByX BApUAHTOB pacnonoxeHust Gpypmsl (Z, [1) u Tpex 3Ha4eHUH pacxozna nyTbs (a, b, ¢)
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H, molar
fraction

0.300
0.267
0.233
0.200
0.167
0.133
0.100
0.067
0.033
0

1 /A

Fig. 3. Field of H, molar fraction for two variants of the tuyere position (7, /1) and three values of the blast flow rate (a, b, ¢)

Puc. 3. TTone MosbHOI fomu H, aist 1ByX BapuanToB pacronoxenust ypmbl (£, I) n Tpex 3HaueHni pacxoja ayThs (a, b, ¢)

‘ b
a c

1 17

CO, molar
fraction

0.580
0.516
0.451
0.387
0.322
0.258
0.193
0.129
0.064
0

Fig. 4. Field of CO, molar fraction for two variants of the tuyere position (Z, I7) and three values of the blast flow rate (a, b, ¢)

Puc. 4. TTone mMosbHO# o CO, 15t IBYX BApUaHTOB pactiosioxkenus Gpypmsl (1, 1) u Tpex 3HaueHui pacxosna 1yThs (a, b, c)

s b
a C

1 11

H,O molar
fraction

0.393
0.350
0.306
0.262
0.219
0.175
0.131
0.087
0.044
0

Fig. 5. Field of H,0 molar fraction for two variants of the tuyere position (Z, /1) and three values of the blast flow rate (a, b, ¢)

Puc. 5. Tlone mosbHO# o H,O st aByx BapuanTtos pacnionoxkenus Gypmbi (1, I7) n Tpex 3Hauennit pacxona ay s (a, b, ¢)
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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 Mb: 0.03919 kg/s (a),
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 /, at 0.1 m from the melt surface,
and the upper position 7/, 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 H,) and a corresponding
increase in the concentrations of combustion products
(CO, and H,0). 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-

Temperature, K

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,

4223
3776
3328
2880
2432
1984
1536
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Fig. 6. Temperature field for two variants of the tuyere position (/, /) and three values of the blast flow rate (a, b, ¢)

Puc. 6. TemneparypHoe mosne JUist AByX BapuaHTOB pacroioxenus: Gpypmsl (/, I7) n Tpex 3HadeHuit pacxona 1yt (a, b, ¢)
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11

Fig. 7. Isovolumes for 2200 K with two variants of the tuyere position (/, /) and three values of the blast flow rate (a, b, ¢)

Puc. 7. I3006bemsl aist temiieparypbt 2200 K npu 1Byx BapuanTax pacnonoxenus Gypmsi (/, I1) v Tpex 3HaueHuit pacxopa nyTths (a, b, ¢)

»

a c
17

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

Puc. 8. 13006bemsr st temrieparypbl 2600 K npu 1Byx BapranTax pacnonoxenus ¢Gypwmsl (/, I1) v Tpex 3HaueHuit pacxona nyThs (a, b, ¢)

H,) 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

118

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 volume
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 volume
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
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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.

[ REFERENCES / CIUCOK NIMTEPATYPbI

1.

10.

11.

Romenets V.A., Valavin V.S., Usachev A.B., Karaba-
sov Yu.S., etc. Romelt Process. Moscow: MISIS; 2005:400.

Pomenenr B.A., Bamasun B.C., VYcaue A.b., Kapaba-
coB 10.C. u ap. IIpouecc Poment. Mocksa: MUCuC, NJ{
«Pyna n Meranmsn; 2005:400.

Balasanov A.V., Lekherzak V.E., Romenets V.A., Usa-
chev A.B. Coal Gasification in Slag Melt. Moscow: Institut
Stal’proekt; 2008:288.

Banacanos A.B., Jlexep3ak B.E., Pomeneny B.A., Vca-
yeB A.b. ['azudukarnys yris B IU1akoBoM paciuiaBe. Mockaa:
«Muctutyt Cransnpoekt»; 2008:288.

Podgorodetskii G.S., Gorbunov V.B., Agapov E.A., Ero-
khov T.V., Kozlova O.N. Challenges and opportunities of uti-
lization of ash and slag waste of TPP (Thermal Power Plant).
Part 2. Izvestiya. Ferrous Metallurgy. 2018;61(7):557-563.
(In Russ.). https://doi.org/10.17073/0368-0797-2018-7-557-563

Ioaropogmenxuii I.C., I'opbynos B.B., Aranos E.A., Epo-
xoB T.B., Koznosa O.H. IIpoGieMbl 1 NepCHEKTUBI YTHIIH-
3a1uu 3oj0nu1akoBeix oTxomoB TOII. Yacte 2. Mzeecmus
8y308. Uepnas memannypeus. 2018;61(7):557-563.
https://doi.org/10.17073/0368-0797-2018-7-557-563

LiY., Fruehan R.J. Computational fluid-dynamics simulation
of postcombustion in the electric-arc furnace. Metallurgical
and Materials Transactions B. 2003;34(3):333-343.
https://doi.org/10.1007/s11663-003-0079-9

Arzpeyma N., Ersson M., Jonsson P.G. Mathematical mode-
ling of postcombustion in an electric arc furnace (EAF).
Metals. 2019;9(5):547. https://doi.org/10.3390/met9050547
Gruber J.C., Echterhof T., Pfeifer H. Investigation on the
influence of the arc region on heat and mass transport in an
EAF freeboard using numerical modeling. Steel Research
International. 2016;87(1):15-28.
https://doi.org/10.1002/srin.201400513

Tang X., Kirschen M., Abel M., Pfeifer H. Modelling of EAF
off-gas post combustion in dedusting systems using CFD
methods. Steel Research International. 2003;74(4):201-210.
https://doi.org/10.1002/srin.200300182

Doh Y., Chapelle P., Jardy A., etc. Toward a full simulation
of the basic oxygen furnace: Deformation of the bath free
surface and coupled transfer processes associated with the
post-combustion in the gas region. Metallurgical and Mate-
rials Transactions B. 2013;44(3):653—-670.
https://doi.org/10.1007/s11663-013-9817-9

Tang Y., Fabritius T., Harkki J. Mathematical modeling of
the argon oxygen decarburization converter exhaust gas sys-
tem at the reduction stage. Applied Mathematical Modelling.
2005;29(5):497-514.
https://doi.org/10.1016/j.apm.2004.09.011

Song Z., Ersson M., Jonsson P. A study of post-combustion
in an AOD flue. Steel Research International. 2014;85(7):
1173-1184. https://doi.org/10.1002/srin.201300307

Gou H., Irons G.A., Lu W.K. Mathematical modeling of
postcombustion in a KOBM converter. Metallurgical and
Materials Transactions B. 1993;24(1):179-188.
https://doi.org/10.1007/BF02657884

12.

13.

14.

15.

16.

17.

18.

19.

20.

Panjkovic V., Truelove J., Ostrovski O. Analysis of perfor-
mance of an iron-bath reactor using computational fluid
dynamics. Applied Mathematical Modelling. 2002;26(2):
203-221.https://doi.org/10.1016/S0307-904X(01)00056-7
Shin M.K., Lee S.D., Joo S.H., Yoon J.K. A numerical study
on the combustion phenomena occurring at the post combus-
tion stage in bath-type smelting reduction furnace. IS1J Inter-
national. 1993;33(3):369-375.
https://doi.org/10.2355/isijinternational. 33.369
Becker-Lemgau U., Tacke K.-H. Mathematical model for
post combustion in smelting reduction. Steel/ Research.
1996;67(4):27-137.

https://doi.org/10.1002/srin. 199605469

Shinotake A., Takamoto Y. Combustion and heat transfer
mechanism in iron bath smelting reduction furnace. Metal-
lurgical Research & Technology. 1993;90(7-8):965-974.
https://doi.org/10.1051/metal/199390070965

Levitskii I.A., Radyuk A.G., Titlyanov A.E., Sidorova T.Yu.
Influence of the method of natural gas supplying on gas
dynamics and heat transfer in air tuyere of blast furnace.
Izvestiya. Ferrous Metallurgy. 2018;61(5):357-363. (In
Russ.). https://doi.org/10.17073/0368-0797-2018-5-357-363

Jlepunkuii M.A., Pamox A.I., TurnsnoB A.E., Cuno-
poa T.}O. BnusHue crnocoba moma4yu NPHPOAHOTO rasza
Ha Ta30IMHAMHKY W TEIUIOOOMEH B BO3IYIIHON (ypme
JIOMEHHOU meun. Mzeecmus 8y306. Yepnas memannypeus.
2018;61(5):357-363.
https://doi.org/10.17073/0368-0797-2018-5-357-363
Gorbatyuk S.M., Tarasov Yu.S., Levitskii [.A., Radyuk A.G.,
Titlyanov A.E. Effect of a ceramic insert with swirler on
gas dynamics and heat exchange in a blast furnace tuyere.
Izvestiya. Ferrous Metallurgy. 2019;62(5):337-344. (In
Russ.). https://doi.org/10.17073/0368-0797-2019-5-337-344

Topbartok C.M., Tapaco FO.C., JleBuuxuii M.A., Pa-
mok AL, TutnsaoB A.E. BriusitHue kepamMudeckoil BCTaBKA
C 3aBHXpHUTENEM Ha Ta30AMHAMHUKY U TEINIOOOMEH B BO3-
IYIIHOH (ypMe TOMEHHOH meuu. M3zgecmus 6y306. Yepnas
memannypeusi. 2019;62(5):337-344.
https://doi.org/10.17073/0368-0797-2019-5-337-344

Albul S.V., Kobelev O.A., Radyuk A.G., Titlyanov A.E.,
Levitskii I.A. Effect of natural gas flow rate and tempera-
ture on the processes occurring in a blast furnace tuyere with
heat-insulating insert in blast channel. Izvestiva. Ferrous
Metallurgy. 2022;65(11):778-785. (In Russ.).
https://doi.org/10.17073/0368-0797-2022-11-778-785

Anbyn C.B., Ko6enes O.A., Pamok A.T., TurisaoB A.E.,
Jleumnknit M.A. Brnusaue pacxoma w TeMmeparypsl MpH-
POIHOTO Ta3a Ha IPOIECCHI, MPOMCXOIIAC B BO3IYIIHOI
(bypMe TOMEHHOM TeYr C TETUIOU30JUPYIONICH BCTAaBKOW B
yThEBOM KaHane. Mzeecmus 6y3o6. Uepnas memannypeus.
2022;65(11):778-785.
https://doi.org/10.17073/0368-0797-2022-11-778-785
Radyuk A.G., Gorbatyuk S.M., Tarasov Yu.S., Titlya-
nov A.E., Aleksakhin A.V. Improvements to mixing of
natural gas and hot-air blast in the air tuyeres of blast fur-
naces with thermal insulation of the blast duct. Metallurgist.
2019;63(5-6):433-440.
https://doi.org/10.1007/s11015-019-00843-6

Milewski J., Swirski K., Santarelli M., Leone P. Advanced
Methods of Solid Oxide Fuel Cell Modeling. London, UK:
Springer; 2011:201. https:/doi.org/10.1007/978-0-85729-262-9

119


https://doi.org/10.17073/0368-0797-2018-7-557-563
https://doi.org/10.17073/0368-0797-2018-7-557-563
https://doi.org/10.1007/s11663-003-0079-9
https://doi.org/10.3390/met9050547
https://doi.org/10.1002/srin.201400513
https://doi.org/10.1002/srin.200300182
https://doi.org/10.1007/s11663-013-9817-9
https://doi.org/10.1016/j.apm.2004.09.011
https://doi.org/10.1002/srin.201300307
https://doi.org/10.1007/BF02657884
https://doi.org/10.1016/S0307-904X(01)00056-7
https://doi.org/10.2355/isijinternational.33.369
https://doi.org/10.1002/srin.199605469
https://doi.org/10.1051/metal/199390070965
https://doi.org/10.17073/0368-0797-2018-5-357-363 
https://doi.org/10.17073/0368-0797-2018-5-357-363 
https://doi.org/10.17073/0368-0797-2019-5-337-344
https://doi.org/10.17073/0368-0797-2022-11-778-785
https://doi.org/10.17073/0368-0797-2022-11-778-785
https://doi.org/10.1007/s11015-019-00843-6 
https://doi.org/10.1007/978-0-85729-262-9

N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2024;67(1):112-120.
Epoxoe TB. Jlesuykuil H.A. u dp. MaTemaTH4yeckoe MOZieJIMPOBaHHUeE ra30JMHAMUKH U JOKUTaHHS TOPIOYMX KOMIIOHEHTOB HaJl PacIlJIaBoOM ...

Timofei V. Erokhov, Assistant of the Chair “Energy-Efficient and
Resource-Saving Industrial Technologies’, National University of
Science and Technology “MISIS”

ORCID: 0000-0001-6926-9049

E-mail: erohov.tv@misis.ru

Igor’ A. Levitskii, Cand. Sci. (Eng.), Assist. Prof. of the Chair “Energy-Effi-
cient and Resource-Saving Industrial Technologies’, National University
of Science and Technology “MISIS”

ORCID: 0000-0002-9345-3628

E-mail: lewwwis@mail.ru

[ G. S. Podgorodetskii |, Cand. Sci. (Eng.)

V. B. Gorbunov, Cand. Sci. (Eng.), National University of Science and
Technology “MISIS”
E-mail: vbg1953@mail.ru

Tumodpeii Bumanwvesuu Epoxoe, accucmenm kagedpbl 3Hepzo3ph-
dexkmusHbIX U pecypcocbepezaruux NPOMbIU/AEHHbIX MexXHOo/102Ull,
HaunoHanbHBIM HCCaeA0BaTeNbCKUM TEXHOJOIMYeCKUH YHUBEpCH-
TeT «MUCuC»

ORCID: 0000-0001-6926-9049

E-mail: erohov.tv@misis.ru

Hzopv AHucumoguy Jlesuykutl, k.m.H., doyeHm kagedpbl 3Hep203¢h-
dekmusHbIX U pecypcocbepezaloyux NPOMbIUAEHHbIX MeXHO/02Ul,
HanyoHanbHBIM Hccie0BaTeNbCKUM TEXHOJOTMYECKUH YHUBepCH-
TeT «MUCuC»

ORCID: 0000-0002-9345-3628

E-mail: lewwwis@mail.ru

[ I €. Modzopodeykuii, k.m.u.

B. B. I'op6yHo8, k.m.H., HauoHaIbHBIN HCCIe0BaTENbCKUN TEXHOJIO0-
rudeckui yauBepcurteT «MUCuC»
E-mail: vbg1953@mail.ru

T V. Erokhov - calculations and modeling, analysis of the research
results, text preparation.

I. A. Levitskii - setting the research goals and objectives, scientific con-
sulting, text preparation.

G. S. Podgorodetskii - concept formation, scientific guidance.

V. B. Gorbunov - scientific guidance, conclusions formation.

T. B. Epoxos - npoBe/ieHHe PacyeTOB U MOJEJMPOBAHUS, aHAIU3
pe3y/nbTaTOB UCCIeJ0BAHUH, TOATOTOBKA TEKCTA.

H. A. lesuykuii - nocTaHOBKa LieJieil U 3a/ja4 UCCIeJ0BaHUs], HAyYHOe
KOHCYJIbTUPOBaHUe, IOATOTOBKA TEKCTA.

Il C. lodzopodeykuii - GopMUpOBaHUE KOHLEMIINH, HAYYHOE PYKO-
BOJICTBO.

B. B. [op6yHo08 - Hay4uHOE PyKOBOACTBO, GOPMHUPOBAHKE BbIBO/IOB.

Received 04.06.2023
Revised 20.09.2023
Accepted 11.12.2023

IToctynuna B penakuuio 04.06.2023
TTocne nopaborku 20.09.2023
Ipunsta x myonukanuu 11.12.2023

120


https://orcid.org/0000-0001-6926-9049
mailto:erohov.tv@misis.ru
http://orcid.org/0000-0002-9345-3628
mailto:lewwwis@mail.ru
mailto:vbg1953@mail.ru
https://orcid.org/0000-0001-6926-9049
mailto:erohov.tv@misis.ru
http://orcid.org/0000-0002-9345-3628
mailto:lewwwis@mail.ru
mailto:vbg1953@mail.ru

