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Abstract. The main trough of a blast furnace represents a complex technological structure that plays a critical role in the ironmaking process by draining
molten cast iron and slag from the furnace hearth, thus ensuring the continuity and safety of the process. The reliable operation of the trough
directly impacts the blast furnace productivity. The trough must be designed to withstand extremely high temperatures and aggressive chemical
environments, and its proper functioning requires constant monitoring and maintenance. Selection of refractory materials and lining technology, as
well as the potential for enhancing the resistance of refractory linings in the main mining troughs and extending their service life, are contingent
on the timely acquisition of information regarding the thermal load on the refractory layers and casing, the operating conditions, design characte-
ristics, and destruction processes of refractories in interaction with cast iron and slag. The control systems of the blast furnace main mining trough
are designed to ensure its safe and efficient operation, by detecting deviations from normal mode in a timely manner and preventing emergency
situations. These systems include visual, instrumental and automatic control. The monitoring system of the main mining troughs heat-up will allow
the blast furnace technological personnel to control the condition of troughs, estimate their remaining life and make timely decisions on their
repair. The developed mathematical model of the blast furnace main trough lining condition takes into account real-time thermocontrol of the blast
furnace mining trough casings. It is aimed at obtaining operative information on the main mining troughs heat-up, and is based on the solution
of the problem of stationary heat conduction of a multilayer flat wall, each layer of which is a homogeneous wall.

Keywords: blast furnace, main mining trough, mathematical modelling, thermocouple, heating, lining, temperature, control, algorithm, heat transfer

Acknowledgements: The work was performed within the framework of the State assignment of the Institute of Metallurgy named after Academician
N.A. Vatolin, Ural Branch of the Russian Academy of Sciences.

For citation: Dmitriev A.N., Vit’kin D.A., Zolotykh M.O., Vit’kina G.Yu. Mathematical model of the blast furnace main trough lining condition.
Izvestiya. Ferrous Metallurgy. 2025;68(4):411-416. https://doi.org/10.17073/0368-0797-2025-4-411-416

MATEMATUYECKAA MOJE/Ib COCTOAHUA ®YTEPOBKMU
FMABHOIO }ENOBA SOMEHHOM NEYX

A. H. Imutpues?, 1. A. Butbkun?, M. 0. 3os10T1bIX}, I. 10. BuTbKHHa! ®

"Mucruryr metamayprun nmenn akagemuka H.A. Baronuna Ypaanckoro otneaennst PAH (Poccust, 620016, ExarepunGypr, yi.
Awmynpacena, 101)
2 AO «Kamyrun» (Poccus, 620078, Exarepun6ypr, yiu. Mupa, 33)

&) 20procents@mail.ru

AnHomayus. I 1aBHbIM TOPHOBOII kKeI100 TOMEHHOM I1€4N — 3TO CIIOXKHASL TEXHOJIOTHYECKast KOHCTPYKIINS, UTPAIOIIasi KPUTHYECKYIO POJIb B IIpoIiecce
BBIIUIABKK 4yryHa. OH CIIyXHMT JUISl OTBOAA PACIUIABJICHHOIO YyryHa M IJIaKa W3 TOpHA Me4yH, 00ecreynBasi HeNpepbIBHOCTh U 0E30M1acHOCTh
nponecca. Hanexxnast pabora jkernoba HanpsiMyro BIHMSET HA IPOU3BOAMUTEILHOCTH JOMEHHOH reun. KoHCTpyKius xenoba J0JDKHA BBIICPKH-
BaTh HKCTPEMAJIBLHO BHICOKUE TEMIIEPATyphl U arpeCCHBHYIO XUMHUUECKYIO CPEly, a €ro MpaBuibHOE (DYHKIHOHMPOBAaHUE TPEOyeT MOCTOSIHHOTO
KOHTpOJIsL U 00ciykuBaHusl. KOPpeKTHBINH BBIOOP OTHEYHNOPHBIX MAaTepUalioB, TEXHOIOIHH (DYTEPOBAHHUS, & TAKXKE BBISBICHUE BO3MOKHOCTH
MOBBIIIEHHUS CTOMKOCTH OTHEYNMOPHOI ()yTEpPOBKH IVIABHBIX TOPHOBBIX JKEJI000B M TMPOUICHHUs CPOKA UX CIIYXkKObI ONpeeseHbl CBOSBPEMEHHBIM
MoJTy4YeHHeM HH(OPMALUK O TEIUIOBON HArpy3Ke Ha CIIOM OTHEYIIOPOB M KOXKYX, 00 YCIOBHUSIX IKCIUTyaTallMd, KOHCTPYKTUBHBIX OCOOCHHOCTSIX U
nporeccax paspyllieHust OTHEYHOpPOB MPU UX B3aMMOJCHCTBUM C YyTYHOM U HITakoM. CHCTEMbI KOHTPOJISE paboThl NIABHOTO FOPHOBOTO Xkes00a
JIOMEHHOH MeYu MpHU3BaHbl 00ecrednBarh 0e30MacHy0 1 3QPEKTUBHYIO ero KCILTyaTaliio, CBOCBPEMEHHO BBISBIISISE OTKJIOHEHHUS! OT HOPMalib-
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HOTO peXXMMa U NpeaoTBpalias apapuiiHpie cutyannd. OHU BKIIIOYAIOT B ce0sl BU3YalIbHbBI, HHCTPYMCHTAJIBHBIA M aBTOMaTHUECKUH KOHTPOJIb.
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- INTRODUCTION

The blast furnace runner system usually includes
a main trough and pouring troughs, with the main trough
serving as the location where molten cast iron is sepa-
rated from slag. Consequently, it operates under the most
severe conditions. For this reason, the improvement of its
lining receives the greatest attention from both refractory
manufacturers and end users.

Available research on heat transfer in the lining
of the blast furnace main trough is far more limited com-
pared to studies on the furnace’s internal lining. Howe-
ver, in recent years, information from international pub-
lications has made it possible to assess the efforts made
to study this issue.

In scientific studies addressing molten cast iron — slag
separation in blast furnace main troughs, a wide range
of methods has been employed, combining experimental
and numerical approaches [1 — 3]. Experimental investi-
gations, such as those reported in [4; 5], relied on physi-
cal modeling in which analog fluids (e.g., oil and water
to simulate cast iron and slag) were used to examine
the influence of trough geometry (inclination angle, cross
sectional shape) and tapping velocity on phase separation
efficiency. In [5], in particular, a 1:10 scale model was
utilized to validate the results of numerical simulations.

Numerical modeling plays a central role in analy-
zing the complex heat and mass transfer processes in
the trough [6—9]. Researchers have adopted differ-
ent numerical approaches, including the finite volume
method [7] and the finite element method [8 — 11]), sol-
ving the Navier—Stokes equations to describe flow hydro-
dynamics and the heat conduction equation (with allow-
ance for radiation [11 — 13]) to simulate the temperature
field. Key factors influencing separation efficiency and
lining service life have been considered, such as flow
turbulence [7; 9], heat transfer between the melt and
the refractory [14 — 17], thermal radiation [10; 12; 13],
and refractory wear [10]. For example, in [7] a k—¢ tur-
bulence model was applied, while in [10; 13] nonlocal
boundary conditions were introduced to account for ther-
mal radiation. In [8], the authors focused on identifying

412

critical isotherms to extend lining service life, employ-
ing a two dimensional heat transfer model and comparing
simulation results with experimental data. In [10], it was
demonstrated that an adaptive time step regulator could
be developed to improve the efficiency of long cycle blast
furnace simulations.

In most cases, numerical modeling results showed
good agreement with experimental data, making it pos-
sible to identify the regions of maximum temperature
and stress in the lining [14 — 17] — most frequently in
the sidewalls — and to predict its wear. Nevertheless, some
uncertainties remain, particularly concerning the precise
placement of thermocouples for temperature measure-
ment in an operating trough [18 — 20], which necessitates
the use of additional data processing techniques (e.g.,
the GRSA hybrid algorithm [10]) to refine the results.
Overall, the combination of experimental and numerical
methods has yielded a more comprehensive understanding
of the complex processes occurring in blast furnace main
troughs and has provided a foundation for developing
recommendations to optimize their design and operation.

- INPUT DATA

This study is devoted to the development of a mathe-
matical model of the refractory lining of the blast furnace
main trough, carried out at the Institute of Metallurgy
of the Ural Branch of the Russian Academy of Sciences.
An algorithm is presented for calculating the tempera-
ture field in the refractory lining of the trough based on
thermocouple readings obtained from the outer surface
of the trough’s metal casing.

Fig. 1 shows a general (schematic) top view of two
blast furnace main troughs.

The cross section of the refractory lining of the blast
furnace main trough is shown in Fig. 2.

- CALCULATION OF HEAT CONDUCTION THROUGH
A MULTILAYER FLAT WALL

The solution of this problem reduces to steady state
heat conduction in a multilayer flat wall, each layer
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Fig. 1. Main mining troughs of the blast furnace

Puc. 1. I'naBHbIe TOPHOBBIE JKe00a JOMEHHOH Ieun

Refractory
castable
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Refractory
Steel  brick lining
casing

Fig. 2. Main trough lining layers in cross-section

Puc. 2. Criou pyTepOBKH IJIABHOT'O jKe100a B MOMEPEYHOM CCUCHHH

of which is homogeneous. It is assumed that the total
thickness of the multilayer wall, equal to the sum
of the thicknesses of the individual layers, is much smaller
than the wall’s height and width. In this case, the isother-
mal surfaces are planes parallel to the boundary planes,
including the planes of layer interfaces. The individual
layers of the wall are assumed to have smooth boundary
surfaces that fit tightly together, so that the temperatures
of the contacting surfaces are equal (Fig. 3).

When considering heat conduction in a single layer
wall, it is observed that the heat flux density does not
change when moving from one isothermal surface
to another along the x axis, i.e., from left to right.

The plane of the interface between the first and second
layers likewise represents an isothermal surface with
the same value of heat flux density as in the first layer.
However, this plane serves as the “initial” surface for
the second layer, in which a constant heat flux density g,
equal to that in the first layer, is also established across

the thickness 6,. The same reasoning applies to all sub-
sequent layers (J,, etc.).

The total heat flux, and hence its density, does not vary
across the thickness of the multilayer flat wall (Q # f(x)
and g # f(x)). Therefore, for any i-th layer of the multi-
layer flat wall, the following relation holds

AT,
q, = —— = const. (1)
5
?\‘i

This relation can be expressed sequentially for all
layers, beginning with the first:

Fig. 3. Multilayer flat wall:
3, 8,, 8, — thickness of the first, second and third layers, respectively;
L, 1, — temperatures of hot and cold fluids, respectively;
t,, t, — temperatures at the outer boundaries;

t,, t; — temperatures at the plane of the layers interface

29

Puc. 3. MHorocioiiHast mI0cKasi CTCHKa:
3, 8,, 8; — TOIMHA NEPBOTO, BTOPOTO U TPETHETO CIIOEB
COOTBETCTBEHHO; £ , I, — TEMIIEPATYPbI TOPAUETO H XONOJHOIO
(rOM10B COOTBETCTBEHHO; ¢, 1, — TEMIIEPATYPhI HA HAPYKHBIX

rpaHuIax; lz, [3 — TEMIIEpaTyphbl Ha IJIOCKOCTHU pas/iciia CJIOCB
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We then transform the obtained expressions into
1 . .
q— =T, —T, and sum them (combining left-hand sides
o,
with left-hand sides and right-hand sides with right-hand
sides):

1 6 o, o 1
gl —+F+ 2+ 2+ — |=T, -T,.
o A Ay Ay oy b
These derivations remain valid for an arbitrary num-
ber of layers. Thus, in the general case, the expression for
the surface heat flux density (g, ) is written as:

f
g, =—— : 3)
1, (&-gJ
=\

where o, and a, are the heat transfer coefficients from
the hot fluid to the wall and from the wall to the cold
fluid, respectively, W/(m?-K); X is the thermal conducti-
vity of the material, W/(m-K).

Fig. 4 shows a scheme of heat transfer in the blast fur-
nace main trough.

Fig. 4. Scheme of heat transfer of the main trough:
I — cast iron; 2 — slag

Puc. 4. Cxema Tenonepe/auy IJJaBHOIO Keno0a:
1 —4yryH; 2 — nuiak
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Temperature monitoring is performed using ther-
mocouples installed on the casing of the main trough.
The lining of the main trough consists of three refractory
layers and is enclosed by a steel casing; therefore, in this
case, the expression for the surface heat flux density takes
the form:

(4)

where 7, is the temperature of the hot fluid (cast iron,
slag), K; 7 is the casing temperature, measured by a ther-
mocouple (heat removal can be recorded with a sampling
interval from 10 s to 24 h), K; o, is the heat transfer coef-
ficient from the hot fluid to the inner wall of the trough,
W/(m?-K); 8, 3,, d,, 8, are the thicknesses of the refrac-
tory layers from the innermost to the outermost, m; A,,
A, Ay, A, are the thermal conductivities of the refractory
materials from the innermost to the outermost, W/(m-K).

In the interfacial regions, the thermophysical proper-
ties of the materials are averaged.

- BLOCK DIAGRAM OF THE CALCULATION ALGORITHM

A block diagram of the algorithm for calculating
the temperature variation across the lining layers is shown
in Fig. 5.

- CONCLUSIONS

The mathematical model developed for the blast fur-
nace main trough lining, based on the solution of the steady
state heat conduction problem in a multilayer wall, allows
for an efficient evaluation of the thermal load on each
refractory layer and the casing in real time (according
to the configured heat removal sampling interval). This
ensures continuous monitoring of the lining condition,
enables prediction of its residual service life (specifically,
the thickness of the inner layer), and supports timely
decision making regarding repair or replacement. Such
capabilities directly enhance the efficiency and safety
of blast furnace operation, reduce the risk of emergency
situations, and extend the service life of the lining. Future
research will aim to further refine the model, for instance
by incorporating transient thermal processes (introducing
time dependence into the calculations) and by accounting
for more complex geometric configurations of the trough.
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