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Abstract. The control of blast furnace hearth lining is of critical importance in ensuring efficient and safe operation of blast furnace production process.
Hearth lining plays a fundamental role in protecting the blast furnace walls from high temperatures and chemically aggressive slag melt. Early detec-
tion of high wear areas allows planning of preventive maintenance, thereby minimizing downtime and lost productivity. Furthermore, it contributes
to the efficient use of resources by optimizing the replacement of damaged lining sections, thus avoiding unnecessary expenditure on preventive
measures. The paper presents a three-dimensional unsteady model of blast furnace hearth, developed based on thermocouple data. This model facili-
tates estimation of the crucible heat-up and temperature distribution in the crucible masonry in three-dimensional and two-dimensional (graphical)
forms. Estimation of the hearth lining burnout is achieved through the utilization of readings of the thermocouples installed in the hearth lining
of blast furnace in the area encompassing the three lower refrigerator belts. Implementation of the mathematical model is permissible at any juncture
following the overhaul of the first discharge. If a sufficient amount of time passed since the blast furnace was blown in, and there is a possibility of
burnout or skull formation in the hearth lining, it is also necessary to utilize the results of ultrasonic control (USC) of the blast furnace lower part. The
mathematical model of the blast furnace hearth condition enables informed decision-making by users regarding prevention of the emergency situations
related to lining burnout, thus demonstrating its potential as a tool for enhancing the efficiency and safe operation of blast furnaces.
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AnHomayus. Koatpons GpyTepoBKH ropHa JOMEHHOM IEUH SBJIACTCS BaXKHBIM aCIICKTOM B oOecrieueHnH 3G HEeKTUBHOI 1 6e30ImacHOi paboThI JOMEH-
HOTO npou3BojcTBa. DyTepoBKa ropHa UrpaeT KIOYEBYIO POJIb B 3AIUTE CTEH JOMEHHOH IeYH OT BO3JICHCTBHUS BHICOKHX TEMIEpaTyp M XHMH-
YECKH arpecCHUBHOTO LITAKOBOTO paciuiaBa. PaHHee BBIABICHHE 30H IOBBIIICHHOTO H3HOCA IIO3BOJIICT IUIAHUPOBATH IPOMIIAKTHICCKIE PAOOTHL,
MHMHHMH3HPYS IPOCTOU U MOTEPHU MPOU3BOIUTENILHOCTH. bosee Toro, 3o crioco0cTByeT 3G (HEeKTUBHOMY PACXOL0BAHUIO PECYPCOB, TAK KAK I103BO-
JsIeT ONTUMH3HPOBATh 3aMEHY IOBPEKICHHBIX yYaCTKOB (DyTepOBKH, N30eras H3IUIIHUX 3aTpaT Ha IPEBEHTUBHBIE Mephl. B pabore npuseneHo
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OnKcaHKe pa3paboTaHHON TPeXMEpHOH HECTALMOHAPHOM MOJENH rOpHa JTOMEHHOH neun, Gasupylomieiicss Ha MoKazaHUAX Tepmomnap. Mojenb
M03BOJIICT OLEHHUTH (hOPMy pasrapa FOpHA U paclpe/eleHue TeMIIepaTyp B KiIaJKe TOpHA B TPEXMEPHOH U AByMepHOH (Tpadudeckoil) dpopmax.
Jlnst onieHkH pasrapa (yTepoBKH OpHA HCIIOJIB30BAHBI MOKAa3aHUS TEPMOIIAP, YCTAHOBJICHHBIX B palOHE TPEX HIKHUX MOSICOB XOJIOIUILHHUKOB.
VkazaHHasE MaTeMaTH4IeCKast MOJEIb MOXET OBITh BHEAPEHA B JOMEHHBIH Ipolecc B T000€ BpeMs MOCIe KAUTAIBHOTO peMoHTa | paspsna.
B ciyyae, eciii Ipomio 0CTaTOYHO MHOTO BPEMEHH II0CIIE 3a/lyBKH JIOMEHHOM neun U B pyTepoBKe ropHa BO3MOKHO 00pa3oBaHuE pasrapa Win
rapHHUcaxa, HeOOXOMMO TaK)Ke HCIIONb30BaTh PE3YIBTATHI YIBTPa3ByKOBOIO KOHTPOJIA HUKHEN YacTu JOMEHHOH neyn. MaremaTuueckast MoJeNb
COCTOSIHMSI TOPHA JIOMEHHOM I1€4YH 103BOJISAET IPUHUMATD M0JIb30BATEII0 000CHOBAHHBIC PEILCHUS 110 MPEAOTBPALICHHIO aBAPUIHBIX CUTYalUi,
CBSI3aHHBIX C IIPOTapoM (PYyTEPOBKH, U SBJIACTCA IEPCIEKTUBHBIM HHCTPYMEHTOM UL MOBBIMICHUS 3()(PEKTUBHOCTH U 6E30MACHOI IKCIITyaTalliu

JOMCHHBIX Teyen.
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[ INTRODUCTION

Effective control of hearth lining burnout in a blast
furnace (BF) is an integral part of the comprehensive
blast furnace process control system aimed at achieving
high technical and economic performance.

There are several methods for monitoring hearth lin-
ing burnout in blast furnaces:

— application of systems analysis principles and sol-
ving direct and inverse problems of blast furnace heat
performance control [1 — 3];

— systematic diagnostics of hearth lining condition
using the reflected acoustic-ultrasonic signal (AU-E)
method developed by the company [4];

— the method of group argument accounting, where
the silicon content in hot metal is taken as the primary
parameter for assessing the thermal state of the BF
hearth [5];

— determination of the average heat flux of cooling
water in the refrigerators [6; 7];

—analysis of the relationship between hearth lining
design and lining wear [8 — 10].

One of the most reliable methods involves the instal-
lation of special thermocouples at specific points and
in a defined number during a major overhaul. This sub-
sequently allows for the monitoring of the thickness
of the lining layers and assessment of the temperature gra-
dient within the masonry [11 — 14]. The remaining thick-
ness of the hearth and bottom lining, along with their two-
and three-dimensional visualization, is calculated using
both commercial software packages (e.g., Matlab [15]) and
proprietary software solutions [16 — 18]. Among the avai-
lable approaches, the finite element method is considered
the most illustrative for modeling heat transfer [19; 20].

Monitoring the condition of the refractory hearth lin-
ing using a mathematical model [21] is feasible after
the furnace blow-in and stabilization of its thermal
regime. The mathematical model presented in this paper

can be applied at any time after the overhaul of the first
discharge category. If a significant amount of time has
passed since the furnace was blown in, burnout or skull
formation may occur in the hearth lining. In this case, it
becomes necessary to use the results of ultrasonic control
(USC) of the lower part of the blast furnace.

[ INPUT DATA

Fig. 1 shows a vertical section of the hearth of
a 2000 m? blast furnace. It can be seen that the first refri-
gerator belt covers most of the bottom, while the second
and third belts are located in the hearth crucible zone.

Thermocouples are installed in front of the three refri-
gerator belts in the hearth and bottom zones (20 thermo-
couples per belt). The data from these thermocouples,
stored in the blast furnace automated process control sys-
tem (APCS) database, can be used to assess hearth burn-
out. The data sampling interval may be as short as one
minute. The concept of reference thermocouple tempera-
tures (RTT) is introduced — these are the thermocouple
readings taken at the moment of ultrasonic control (USC)
for hearth burnout. The USC results provide information
on the thickness of all refractory lining layers at four ver-
tical levels. According to the results of the USC, wear
of the ceramic blocks and carbon blocks, as well as
the presence of skull formation, is observed in the hearth
belt. The horizontal sections were taken at elevations
of 6.5,7.3,7.9, and 9.9 m.

Fig. 2 presents a horizontal section of the hearth refe-
renced to the tuyeres and tapholes. The origin of the cylind-
rical coordinate system is located at the center of the bot-
tom at elevation 0. The zero-angle reference is aligned with
the axis of tuyere / (Fig. 2), followed clockwise with equal
angular intervals. In this system, the height remains cons-
tant and corresponds to the elevation of the slicing plane.

Thus, four slicing planes define the geometry
of the skull formation. Using CAD software, a highly
accurate 3D model of the hearth skull can be generated.
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a

Fig. 1. Vertical section of the blast furnace hearth, including the bottom:
a — 2D-format; b — 3D-format:
1 — BF foundation; 2 — graphite blocks; 3 — refractory packing mass; 4 — carbon blocks of different density;
5 — ceramic cup; 6 — refractory insulating mass; 7 — refrigerators (1 belt); § — refrigerators (2 belt);
9 — ceramic layer of the bottom; /0 — refrigerators (3 belt); /7 — refrigerators (4 belt); /2 — tuyeres; T — taphole

Puc. 1. BepTukanbeHblil pa3pe3 ropHa JOMEHHOI Me4H, BKIIOYAs JCIIab:
2D-¢opmar (a); 3D-dopmar (b):
1 — pynnament JI1; 2 — rpaduroBsie O110ku; 3 — OrHeynopHas HaOuBHas Macca; 4 — yrJIepOAUCTbIE OIOKH Pa3IMYHOMN IUIOTHOCTH;
5 — KepaMH4eCKHH cTakaH; 6 — OrHEYIOpHasi H30JISLIMOHHAS Macca; 7 — XOJIOAMILHUKY (TIEpPBbIH 10sC);
8 — XONOAMIILHUKH (BTOPO#i MosIC); 9 — KepaMuueckuii cnoit semany; /0 — X0I0qUIbHUKU (TPETHH M0sIC);
11 — XononuabHUKHK (4eTBEPTHI nosic); /2 — ¢pypmennsie npubopsl; T — eTka

The computational domain includes the sidewall zone
of the hearth and the bottom zone, where heat transfer
is described by the heat conduction equation for solid
materials. The initial conditions are the known data

Fig. 2. Horizontal section of the furnace hearth
with reference to 25 tuyeres and 2 tapholes

Puc. 2. I'opu3oHTaNbHBIHA pa3pe3 ropHa ¢ NPUBI3KOI
K 25 ypMeHHBIM TIpHOOpaM U ABYM JIETKaM
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from the latest USC (reference temperatures). The inter-
nal boundary is the contact surface between the molten
metal and the lining (skull). The temperature of the inner
surface of the lining is assumed to be equal to the cur-
rent temperature of the hot metal, measured by thermo-
couples installed in the blast furnace taphole. If such
thermocouples are absent, the temperature is assigned
by the operator (e.g., 1450 °C). The external boundary
condition is defined by the thermocouple readings in
the refrigerator belts. It is assumed that the temperature
of the cooling agent in the refrigerators remains constant.
For simplification, an ideal thermal contact between lin-
ing layers is assumed. In the interface zones, the thermo-
physical properties of the materials are averaged.

[l HEAT TRANSFER THROUGH A MULTILAYER
CYLINDRICAL WALL

The linear heat flux density through a cylindrical wall
was calculated using formulas (1) — (3)

_ a1y
T 1, 4, 1
+—mh2+—
od, 20 d  a,d,

~kn(r, -1y = T (1)

1
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1
S d, 1~ @
—+—In—=+
od, 2N d, o,d,
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od, 2\A d, o,d,

where 7T, and T, are the temperatures of the hot and
cold fluids, °C (K); a, and a, are the heat transfer coef-
ficients from the hot fluid to the wall and from the wall
to the cold fluid, W/(m?-K); d, and d, are the inner and
outer diameters of the cylindrical wall, m; A is the ther-
mal conductivity of the wall material, W/(m-K); £, is
the linear heat transfer coefficient through the cylindri-
cal wall, W/(m'K); R, is the linear thermal resistance
of the cylindrical wall, (m-K)/W.

When heat is transferred through a cylindrical wall
composed of n layers with different thicknesses and ther-
mal properties, the linear heat flux density is calculated
using the following formula (4)

. n(f, - T,)
1 +ZL1HQ+—1
od, S2n d. ayd

i i n+l

; “)

where A, is the thermal conductivity of the i-th layer,
W/(m'K); d; and d, | are the inner and outer diameters
of the i-th layer, m.

Fig. 3. Layers of insulating materials
in the area of the second belt of refrigerators:
1 —skull; 2 — ceramic cup; 3 — refractory insulating mass;
4 — carbon blocks; 5 — refractory packing mass

Puc. 3. Ciiou U30JIAIHOHHBIX MAaTEPUAIOB
B 00JIaCTH BTOPOTO I105ICa XOJIOAMIFHUKOB:
1 — rapHucax; 2 — KepaMUYEeCKHUH CTaKaH;
3 — orHeyIIopHas M30JSIMOHHAs Macca,
4 — yrnepoaucTeie OIOKH; 5 — OrHEYHopHasi HaOUBHasI Macca

In this case, the linear thermal resistance of the wall
is calculated as
Lo,

od, T2h d o,

i i n+l

)

Heat transfer through the five-layer wall was modeled
at four specified heights, with known layer thicknesses
(e.g., in the region covered by the second refrigerator
belt, the layers are shown in Fig. 3).

Due to the degradation of the ceramic cup and insulating
material, their actual thicknesses in the temperature cont-
rol sector (TCS) differ from the design values. The height
of the TCS corresponds to the height of the refrigerator.
In each horizontal section along the TCS, the tempera-
ture of the refractory lining materials varies from point
to point, resulting in different degrees of lining erosion
(or skull thickness). Each TCS is subdivided into equal-
height segments. For each sectional plane, the thickness
of all refractory layers is determined, and the tempera-
ture distribution across the plane is calculated. Based
on the known temperature, the behavior of each layer
under increasing or decreasing overall temperature is pro-
portionally estimated.

Let us consider the cross-section at a height of 6.5 m
(Fig. 4). The thickness of the skull varies in the radial
direction (from S(H) to S(H)). The coordinates of points
T, and T, shift depending on the following conditions:

—if the skull thickness increases, 7| and T, move
toward the center of the furnace, and the temperature in
the sector decreases;

—if the skull thickness decreases, 7| and 7, shift
toward 7, and T, respectively, resulting in a temperature

increase.

Based on the thermocouple temperatures recorded on
the day of the ultrasonic control (USC), reference tem-

T 2 S, (2-4)

T,

Fig. 4. Temperature control sector in the 6.5 m plane (bottom view)

Puc. 4. CexTop KOHTpPOJISl TEMIIEPATyphl B INIOCKOCTH 6,5 M (BUJI CHU3Y)
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Input data for calculation

HcxonHbie q1aHHBIE IS pacuera

Thermal Layer
Insulating material conductivity, | thickness,
W/(m-°C) mm
Skull 0.36 X
Ceramic cup 4.0 340"
Refractory insulating mass 4.0 60"
Super-microporous carbon blocks 17 1282"
Refractory packing mass 18 130
Microporous carbon blocks 11 1282°
Ceramic layer of the bottom 1.74 Y
Super-microporous carbon blocks of the bottom 17 650
Carbon blocks of the bottom 11 1950
Graphite blocks of the bottom 100 295
Refractory packing mass of the bottom 18 70
*Thickness before the formation of skull.

perature distributions within the hearth masonry can be
determined for all levels.

The thermal conductivity of the skull formation
depends on various factors, including its density [22].
In the present calculations, the value of A, = 0.36 W/(m-°C)
is assumed.

The Table above presents the input data used for
the heat transfer calculations.

[l HEAT CONDUCTION THROUGH A MULTILAYER
PLANAR WALL

The bottom of the analyzed blast furnace is com-
posed of seven tightly bonded layers. In the area covered
by the first refrigerator belt, the layers (from the inner
to the outer surface) are arranged as follows: skull,
ceramic layer, super-microporous carbon blocks, carbon
blocks, graphite blocks, refractory packing mass, and
an air-cooled zone at the bottom, where thermocouples
are installed).

The first refrigerator belt is divided by 20 cylindrical
cutting planes (Fig. 5, a). The boundary points of skull
formation in two refrigerator belts are shown in Fig. 5, b.

Heat transfer through the planar wall is calculated
using the surface heat flux density, which is related
to the total heat flux by the equation ¢ = Q/F, where F'is
the surface area of heat exchange.

For a wall composed of n layers, the formula for cal-
culating heat transfer through the planar wall is given by

T, —T,
g=— (6)
1 5, |1
o Th oy
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where 6, and A, are the thickness and thermal conductivity
of the i-th layer of the wall, and R, is the overall thermal
resistance of the multilayer wall, (m?-K)/W.

Then

1 55, 1
R=—+) —+—; 7
"o IZ=1: i % @
k
ror, AT
g=-"1—"2="=L___ _const, (8)

R S,

i=1

where AT, is the temperature drop across the i-th heat
transfer section, °C (K); R, is the thermal resistance

TCS 1 -
Belt 11

TCS 1 -
Belt 7

a b

Fig. 5. Section by secant cylindrical planes (a)
and boundary points of the skull of two belts (b)

Puc. 5. CeueHne CEKyIIUMHE [THHIPUYCCKIMU TIOCKOCTAME (a)
U rpaHUYHbIE TOUKHU IapHHUCaXKa ABYX 1105COB (D)
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b

Fig. 6. 3D model of the hearth and bottom (temperature distribution) (a), two-dimensional section of the hearth and bottom model ()

Puc. 6. 3D Mozesb ropHa | JIeIaan (TeMieparypHoe pacrpeeiierne) (a); AByMepHbIi pa3pe3 Mojeu TopHa 1 siemmaau (b)

of the i-th heat transfer section, (m?-K)/W; k is the num-
ber of heat transfer sections.

- VISUALIZATION OF THE BF HEARTH AND BOTTOM

Two- and three-dimensional models of the blast fur-
nace hearth are visualized using the Visualization Tool-
kit (VTK) — an open-source C++ library for modeling,
image processing, and applied visualization.

Three-dimensional objects are defined by sets of ver-
tices and faces connecting those vertices. Since these
models represent quasi-solids of revolution, the vertex
coordinates are specified in a cylindrical coordinate sys-
tem. The origin of this system is located on an imaginary
vertical axis passing through the center of the furnace,
starting at elevation 0. However, VTK requires vertex
coordinates to be provided in Cartesian coordinates X, Y,
Z. Coordinate transformation is performed using the fol-
lowing formulas: X' = Rcos(4); Y = Rsin(4); Z= H.

The coordinates of the vertices on the outer surface
of the furnace are constant and defined at the model
design stage. The inner surface vertex coordinates
vary depending on the lining thickness calculated by
the hearth burnout mathematical model. The color ren-
dering of the masonry is displayed as a color gradient
corresponding to the lining temperature (Fig. 6).

To enhance clarity in the 3D representation
of the hearth, any sector can be cut out. This allows for
visualization of the internal condition of the lining, with
azimuthal section planes freely defined, enabling comp-
rehensive inspection of the entire masonry volume.

The cross-section ends are not generated directly by VTK
during object slicing; instead, they represent a separate,
specially calculated set of points. As a result, each visua-
lization is constructed from four surfaces: the outer sur-
face (constant), the inner surface (model-calculated), and
two azimuthal cross-sections (model-calculated).

The accuracy of predicting the remaining thickness
of the blast furnace hearth lining is determined by com-
paring the model results with the findings obtained from
ultrasonic control (USC) inspections.

- CONCLUSIONS

The application of the developed mathematical model
enables optimization of the blast furnace smelting process
by providing real-time control of the hearth and bottom
lining thickness through visual representation. In turn,
this opens the way to significant cost reduction through
timely decision-making regarding process parameters.
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