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Abstract. In modern blast furnace production, even a short-term disruption of the technological process is associated with large productivity losses.
In the practice of conducting blast furnace melting, there are often significant deviations from the optimal mode. They can lead not only to disruptions
of the blast furnace, but also to accidents. In the operation of a blast furnace, typical deviations from the normal distribution of gas flow and charge
materials include: peripheral, axial, channel passages; skewing of the backfill level; varying degrees and types of charge suspension. As a result, there
are a cooling or excessive overheating of the furnace and violation of the melting operation. A serious consequence of the prolonged peripheral move-
ment of gases is not only intensive wear of the lining, poor use of thermal and chemical energy of gases, but also stable cluttering of the hearth with
formation of a deadman. Deadman is an ore-coke sinter formed in the tuyere zone of a blast furnace, as a result of cooling of its center. The paper
describes the study and analysis of violations of blast furnace operation, analysis of the deadman causes and assessment of the accident rate of blast
furnace tuyeres. Violation of gas distribution and hearth cluttering lead to formation of a deadman, which provokes mass burning of tuyeres and blast
furnace refrigerators. The developed methodological foundations (mathematical model) allow us to estimate the maximum temperature of the tuyere
zone and the resulting heat flow to the tuyere toe in presence of a deadman. It is shown that in large-volume blast furnaces, bubble outflow of the gas-
coal flow prevails, contributing to growth of a deadman in the blast furnace.
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AHHOmMayus. B coBpeMEHHOM JOMEHHOM MPOU3BOJCTBE Ja)ke KPAaTKOBPEMEHHOE HApYILICHHE TEXHOJIOIMYECKOro MpoLecca CBA3aHO ¢ OONBIIMMU
MOTEPSIMU NTPOU3BOAUTENILHOCTH. B NpakTHKe BeaeHUs! JOMEHHOH IUIABKM HEPEAKO BCTPEYAIOTCS 3HAUMTEbHBIC OTKIOHEHHS OT ONTHMAaJIbHOIO
pexuma. OHE MOTYT IPUBOJUTH HE TOJIBKO K PACCTPOHCTBAM XOJ1a IOMEHHOM IIe4H, HO U K aBapusiM. B paboTe TOMEHHOIT eur K TUITUYHBIM OTKIIO-
HEHUSIM OT HOPMaJIbHOTO PacrpeiesieH s OTOKA ra3a U MIMXTOBBIX MaTepHAJIOB OTHOCAT: Nepu(epuiiHblii, 0CeBOM, KaHATIbHBIA XO/bI; IEePEeKoC
YPOBHSI 3aChIIN; PA3IMYHON CTEIICHU M BUJA TIOJIBUCAHUS LINXTHL. BCIeacTBue 9Toro mpoucxXoasT MOX0I0JaHie WM W3JUIIHUH [Ieperpes mneyu,
HapyLIeHHe POBHOCTHU X0/a. TsKENIbIM MOCIEICTBUEM JUIMTEIBHOTO MepH(EPUIHOrO IBHIKEHHUS ra30B SBISIOTCS HE TOJILKO HHTEHCHBHBIH H3HOC
KJIaJIKH, c1a00e UCIIONB30BaHUE TEIUIOBON M XMMHYECKOH SHEPIHH ra30oB, HO U CTaOMIBHOE 3arpOMOXKIICHHE FOpHA C 00pAa30BaHHEM TOTEpPMaHa.
TorepmaH — 3TO PyAHO-KOKCOBBIH CIIeK, 00pa3yoiiuiics B )ypMEHHOH 30HE JJIOMEHHOI 11e4H B pe3yJIbTare oX0oJIoAaHus ee ueHTpa. JlanHas pabora
MOCBSILIEHA UCCIICIOBAHUIO U aHAIIM3Y HApYIICHUH pabOThl TOMEHHOMU IeUH, aHAIU3y IPUYNH BOSHUKHOBEHHUS TOTEPMaHa, OLCHKE aBAPUITHOCTH
(ypm omenHol neun. Hapyuenue razopacnpeienenus 1 3arpoOMOK/IeHUe FOpHa IPUBOASAT K 00pa30BaHUIO TOTEPMaHa, KOTOPbIH MPOBOLUPYET
MaccoBoe ropeHue GypM M XOJIOAMIBHUKOB JIOMEHHOW meud. Pa3paboraHHble METOJMYECKHE OCHOBBI (MAaTeMaTHYeCKash MOJEIb) MO3BOJISIOT
OLICHUTb MaKCUMAJIbHYIO TeMIepaTypy (GypMEHHON 30HbI M Pe3yAbTUPYIOIIMH TEIIOBOH OTOK Ha HOCOK (hypMbI P HANW4UK ToTepmana. [loka-
3aHO, 4TO B JOMEHHBIX Ie4ax 00JbLIOro oObeMa mpeodiaiaeT My3bIpbKOBbIH IIOTOK HCTEUSHHUSI a30-YTOIBHOTO MOTOKA, CIOCOOCTBYIOLIHI POCTY
TOT€pPMaHa JIOMEHHOH MeUH.

Kniouesvle cnoea: yepHas MeTauyprusi, JOMEHHOE TIPOM3BOJCTBO, AOMEHHas Nedb, hypMa, ToTepmaH, QypMEeHHas 30HA, MOBBILICHUE TEMIIEPATYPBI,
Pe3YIBTUPYIOIINI TEIIOBOM MOTOK, TIporap
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- INTRODUCTION

As of today, the industrial safety policy of metallurgi-
cal companies is based on the assertion that accidents and
emergencies at production facilities can be prevented.
Therefore, to prevent accidents at enterprises, various
methods for hazard analysis and risk assessment are
actively implemented and used.

Despite the trend towards reducing the number of acci-
dents, the frequency of incidents in metallurgical produc-
tion remains consistently high. The number of accidents
ranges from 4 to 9 annually, but their distribution across
different metallurgical production processes varies!
(Fig. 1). The most hazardous processes include blast fur-
nace, oxygen converter, electric furnace steelmaking, and
coke-chemical productions.

The most severe types of accidents in blast furnace
production involve the removal of pig iron and/or slag
from metallurgical units, breakthrough of the hearth,
refrigerators, and air ducts of blast furnaces, as well as
explosions in metallurgical units caused by the supply
of charge materials and tuyere burnouts [1; 2].

According to the 2020 report by PJSC NLMK, blast
furnace tuyeres failed more than 200 times (Fig. 2).
Fig. 3 presents the statistics of blast furnace tuyere failu-
res as a percentage.

Typical deviations from the normal distribution of gas
flow and charge materials include peripheral, axial, and
channel passages; skewing of the backfill level; and
various degrees and types of charge suspension, includ-
ing the so-called “tight” run [3; 4]. Consequently, the
furnace may experience cooling or excessive overhea-
ting, overloading of the axial zone with mineral charge,
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Fig. 1. Distribution of accidents by type of production:
1 — agglomeration; 2 — blast furnace; 3 — oxygen converter;
4 — coke-chemical; 5 — foundry; 6 — oxygen production;
7 —rolling; 8 — ferroalloy; 9 — electric furnace steelmaking

Puc. 1. Pactipenienenue aBapuii o BUAaM IPOU3BOACTB:
1 — aroMepanoHHoe; 2 — JOMEHHOE; 3 — KUCIIOPOIHO-KOHBEPTEPHOE;
4 — KOKCOXUMUYECKOE; 5 — JINTEHHOE; 6 — MPOU3BOACTBO KHCIOPO/A;
7 — mpokarHoe; 8 — heppociiaBHOE; 9 — 3JIEKTPOCTAICIUIABHIIBHOE

' Annual Report on the Activities of the Federal Service for
Environmental, Technological, and Nuclear Supervision for the period
from 2010 to 2020. URL: https://www.gosnadzor.ru/public/annual
reports/ (accessed on: January 25, 2024).

and violation of the melting operation. These conditions
can lead to the cluttering of the hearth and frequent bur-
ning of the air tuyeres. Prolonged channel passages result
in uneven burnout of the profile or stagnation of charge
materials, leading to the formation of accretions [5].

Hearth cluttering in blast furnaces adversely affects
the thermal mode, necessitating a reduction in ore loads.
In the hearth, significant amounts of graphite form
at lower temperatures [6]. The heating of the hearth dete-
riorates due to the formation of peripheral passages, as
there is a decrease in heating when unprepared charge
material is loaded [4]. Cold ferriferrous slag forms on the
tuyeres.
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Fig. 2. Main types of accidents:
1 — rupture of blast furnace jacket; 2 — rupture of large diameter
pipelines; 3 — explosion in metallurgical units;
4 — building collapse; 5 — fire; 6 — removal of cast iron and/or slag from
metallurgical units; 7 — breakthrough of the hearth, refrigerators,
air ducts of blast furnace; 8§ — explosion in metallurgical units due
to supply of raw charge and tuyeres burnout

Puc. 2. OcHOBHbBIC BU/IbI aBAPHIA:
1 — pa3pbIB KOXKyXa JOMEHHOI1 re4n; 2 — pa3pbiB TPyOOIPOBOIOB
OOJIBIIIOTO MaMeTpa; 3 — B3pbIB B METAITYPrHUECKUX arperarax;

4 — o0Opy1IeHue 3aHus; 5 — HOKap; 6 — YXOJ 4yryHa W/WIN [I1aKa
U3 METaJUTypPrUYeCKUX arperaros; 7 — MPOPBIBbI TOPHA, XOJIOHILHHUKOB,
BO3/yXOIIPOBOJIOB IOMEHHOI1 1leun; § — B3PBIBBI B METAJLTYPrUueCKUX
arperarax M3-3a I0Jauy CHIPOH MIUXTHI U TIporapa Gpypm
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Fig. 3. Failure statistics of blast furnace tuyeres
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The infiltration of water vapor into the hearth through
burnouts of cooling equipment is further exacerbated
by the overloading of the low-mobility zone in the pre-
sence of low kinetic energy [7]. This deviation leads
to the cluttering process in the tuyere belt of the blast
furnace. As the cluttering zone expands, the burning
of tuyere connections intensifies, as depicted in Fig. 4.

A severe disruption of the smelting process is the clog-
ging of the hearth [4; 8]. It contributes to the deterio-
ration of the gas dynamics of the process and signifi-
cantly reduces the working space of the iron receiver.
This hinders the movement of molten iron in the hearth
and clogs the space in front of the tuyere nose. When
the center of the blast furnace hearth cools, coke and slag
begin to compress into a monolith due to the fine fraction
of the charge material [9; 10]. This leads to poor filtra-
tion in the hearth, thus making it difficult for the smelting
products to flow into the blast furnace iron receiver.

Despite the numerous developed and applied methods
for assessing the risk of accidents in blast furnace pro-
duction, a methodology is needed that can account for
the specific operational characteristics of the blast furnace,
considering the formation of the deadman in the tuyere
zone and the increase in temperature in the tuyere zone
with subsequent tuyere burnout, etc. Therefore, impro-
ving the methodology for assessing the accident risk
of blast furnace tuyeres, taking into account the forma-
tion of the deadman, is currently a relevant task.

- DESCRIPTION OF THE RESEARCH METHOD

A significant contribution to the study of tuyere
zone cluttering has been made by the National Univer-
sity of Science and Technology MISiS (NUST MISIS)

Fig. 4. Hearth cluttering with ore-coke sinter

Puc. 4. IIpouecc 3arpoMOK/I€HHsI TOPHA PYIHO-KOKCOBBIM CIIEKOM
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through the efforts of Zherebin B.N., Vegman E.F., Paren-
kov A.E., and others [1; 11]. It is known that large-volume
blast furnaces (Blast Furnace No. 5 of the Kryvorizhstal
plant) are prone to the formation of large scabs, including
ore-coke sinter, in the central part of the hearth. The boul-
der-like formation (deadman), with its peak reaching
the level of the bosh, consists of refractory carbides and
carbonitrides. The deadman obstructs normal gas distri-
bution and promotes the formation of a peripheral flow
in the blast furnace [12; 13]. The tuyere blast reflects off
the surface of the deadman onto the furnace lining and
hearth refractory. This leads to a deterioration in the dura-
bility of the refractory and contributes to an emergency
situation due to the breakthrough of high-temperature
smelting products in the blast furnace.

This work proposes a methodology for assessing the
accident rate of blast furnace tuyeres under the influence
of a deadman.

In blast furnaces, two stable hydrodynamic outflow
modes are realized: jet and bubble [14; 15]. The jet mode
of flow is characteristic of normal gas distribution in the
blast furnace, whereas the bubble mode of flow promotes
the growth of the deadman.

The value of the Glinkov criterion G, is determined
by the formula

2
G, =2, (1)
p;&h;

where Py is the effective density of the flow, kg/m?; w, is
the gas velocity at the tuyere exit, m/s; P, is the density of
the melt in the tuyere zone, kg/m?; g is the acceleration
due to gravity, m/s?; and hj is the distance from the tuyere
axis to the melt, m.

The effective density of the flow is calculated using
the formula

pg = Qairphb + Qngpng + Qcoalpcoal’ (2)

where Q.. O , Q.. are the volumetric fractions of
. g coa .

“air + oxygen,” natural gas, and pulverized coal; p,, , Prg>

P..a are the densities of hot blast, injected natural gas, and

pulverized coal.

The density of the hot blast is calculated using the for-

mula
PT,

RT,’

Prb = Po (3)

where p, . is the density of the hot blast, kg/m?; p, is
the density of air under normal conditions, kg/m?3; P is
the pressure of the hot blast, atm; P is the atmospheric
pressure, atm; 7, is the ambient temperature, K; 7, is
the blast temperature, K.

Density of the injected natural gas is determined using
the formula
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P
= ng— 4
png pO R) H ( )

where py® is the density of natural gas, kg/m?.

If the Glinkov criterion is less than one, a bubble
mode is present; if the Glinkov criterion exceeds three,
the flow mode is jet. Intermediate values indicate a tran-
sitional flow mode.

The heat transfer from the deadman primarily occurs
through radiation and convection. To calculate the resul-
tant heat flow to the tuyere nose, it is necessary to deter-
mine the temperature of the internal blowing zone and
the hydrodynamic blowing mode of the blast furnace.
The temperature of the blowing zone corresponds
to the surface temperature of the deadman [1].

The surface temperature of the deadman 7, can be
calculated from the heat balance equation using the for-
mula [16]

01657 Vyoy,
T, == 2. 445(B - 483) + 2.91(T, ~107) -
h
~11.2(0go —27.2) +28.9(d, . —25.8) +326,  (5)

where T ; is the theoretical combustion temperature, °C;
Viost 18 the volume of gas in the bosh, mm?/min; d, is
the diameter of the hearth, m; B is the fuel consump-
tion, kg/t; T, is the index of slag fluidity; 0 is the CO
content in the furnace center (from the shaft); a’pmke is
the diameter of coke particles in the deadman, mm.

The index of slag fluidity (Tj) is calculated using the

formula

T, =T, _{342[C20J+11.o[(A1203)+1.4]+819}, (6)
1V,

where T . is the temperature of the molten iron, °C; (S?)O j

19,
is the basicity of the slag; and (Al,O;) concentration
of AlL,O; in the slag, %.

The size of the blowing zone, i.e., the zone where
the horizontal gas-liquid flow and the reaction zone
are located, is determined using the formula

H 0.24
zbZ:5.44d0(Gn d—"j , (7)

0

where [, is the length of the blowing zone, m; H is
the height of the liquid bath, m; 4 is the inner diameter
of the tuyere nose, m.

The effective emissivity of the tuyere nose is calcu-
lated using the formula

1
= ®)
1 S
I+ —=1|—=—
g, S,
where ¢ is the effective emissivity of the tuyere nose;
g, is the emissivity of the tuyere nose (assumed to be 0.6);

S, is the area of the inner surface of the blowing zone, m;
S is the area of the metal casing of the tuyere nose, m>.

Sef

The area of the metal casing of the tuyere nose S is
determined using the formula

S=0.785(d§ —dg), )

where d_ is the outer diameter of the tuyere nose, m; d is
the inner diameter of the tuyere nose, m.

The area of the inner surface of the blowing zone S, is
calculated using the formula

Sl:ndnlbz’ (10)

where [ is the length of the blowing zone, m.

The resultant heat flow ¢” to the tuyere nose [13] is
calculated using the Stefan-Boltzmann law:
g9’ =e.0(T' - 1), (11)

where ¢ is the effective emissivity of the tuyere
nose; o is the Stefan-Boltzmann constant, equal
to 5.67-10° W/(m*K*); T, is the surface temperature

of the deadman, K; T is the temperature of the multi-
phase flow at the tuyere section, K.

- CONDUCTED RESEARCH AND ANALYSIS OF ITS RESULTS

It is assumed that from the furnace throat to the bosh,
there is a dense layer through which the ascending gases
filter. The bubbling layer is located in the zone between
the bosh and the hearth [15; 17]. The charge in the bub-
bling layer is in a liquid state. The blast streams, in addi-
tion to air, oxygen, and natural gas, carry pulverized coal
particles [18]. According to Table 1, the Glinkov criterion
was determined.

Using formulas (3) and (4), the values p,, = 0.61 kg/m?’,
Pog = 2.08 kg/m? were determined. The effective density
of the flow, calculated using formula (2), is 0.79 kg/m?,
and the Glinkov criterion, using formula (1), is 0.27, indi-
cating a bubble mode for the gas-coal flow in the blast
furnace.

Next, the average surface temperature of the deadman
was determined. The initial data for the calculation are
presented in Table 2.

Using formula (6), the index of slag fluidity 7, was
calculated to be 837 °C, and the surface temperature

151
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Table 1. Initial data for calculating the Glinkov criterion

Tabauya 1. UcxoaHble TaHHbIE IS pacyera
Kputepus [nnHKkoBa

Distance from the tuyere axis to the

melt, m hi >-8
Gas velocity at the tuyere exit, m/s W, 250
Blast temperature at the tuyere exit, °C T, 1255
Density of pulverized coal, kg/m3 Peoal 1400
Density of air, kg/m? Po 1.3
Hot blast pressure, atm P 2.6
Ambient temperature, K T, 273
Density of natural gas, kg/m? Po° 0.8
Air pressure, atm P, 1
Melt density in the tuyere zone, kg/m? P, 3200
Acceleration due to gravity, m/s? g 9.8

of the deadman T, using formula (5), was 2331 °C,
which exceeds the theoretical combustion temperature
by 231 °C.

To calculate the resultant heat flow on the tuyere nose
of the blast furnace, we assume the following:

— the blowing zone is a cylindrical cavity with a dia-
meter equal to the outer diameter of the tuyere;

— the surface temperature of the deadman T is 2331 °C;

— the output parameters of the tuyere, including the

multiphase flow at this section, have a temperature 7|
of 800 °C;

— the gas flow in the blowing zone is filled with coal
particles and melt droplets [18]. Radiation in this zone
follows the laws of blackbody radiation.

The initial data for calculating the heat flux to the
tuyere nose are presented in Table 3.

Table 3. Initial data for calculating
the heat flow on tuyere toe

Tabauya 3. UcxoaHble TaHHbIE IS pacyera
TEIJI0BOr0 MOTOKA HA HOCOK (pypmMbI

Title Des'lg- Numerical
nation value

Inner diameter of the tuyere nose, m d, 0.15
Outer diameter of the tuyere nose, m d, 0.25
Height of the liquid bath, m H, 5.8
Emissivity of the tuyere nose cut g 0,6
Surface temperature of the deadman, K T, 2573
Temperature of the multiphase flow at

. T 1073
the tuyere section, K !

152

Table 2. Initial data for calculating
the average deadman temperature

Ta6auya 2. Ucxoauble JaHHbIE UISI pacyeTa
cpeiHeii TeMIepaTypbl TOTepMaHa

erstd sompusi o
Volume of gas in the bosh, mm?/min Voost 3.7
Diameter of the hearth, m d, 10.85
Fuel consumption, kg/t B 500
CO content in the furnace center, % Neo 25-34
dDéz(rinr;clgenr’ (I)rlj r:loke particles in the dpmke up 0 20
Temperature of molten iron, °C T 1250
Basicity of slag (Ca0/8i0,) 2-3
Concentration of Al,O, in slag, % (ALO,) 6—10

The length of the blowing zone, determined using for-
mula (7), is 1.43 m. The effective emissivity of the tuyere
nose, calculated using formula (8), is 0.953. The area
of the metal casing of the tuyere nose S, determined using
formula (9), is 0.033 m?, and the area of the inner surface
of the blowing zone S, using formula (10), is 1.123 m?.
The resultant heat flow g” to the tuyere nose, determined
using formula (12), is 2.3 MW/m?.

In stationary mode (heating the tuyere), there is
local contact between the tuyere nose and the pig iron.
The allowable resultant flux on the tuyere nose should not
exceed 2.1 MW/m? [19], indicating that further reducing
the cooling water temperature for the tuyere is impracti-
cal and leads to thermal stresses. This reduction decreases
the lifespan of the tuyere device and can provoke mass
tuyere burnouts.

The increase in tuyere zone temperature for different
volumes of blast furnaces indicates the need for addi-
tional measures to prevent tuyere burnouts. Fig. 5 shows
this dependence.

. v 2450
5 %5 2350 F
2y
8¥ Q 2250 |
g.ﬂoa 2 2092
e 2 2150 |* 2L severstal
2 BF No. 3 |
2050
2700 3561 5580

Volume of the blast furnace, m’

Fig. 5. Dependence of tuyere zone temperature
on blast furnace volume

Puc. 5. 3aBucuMocTb TeMmeparypbl GypMEHHON 30HbI
oT 00beMa JOMEHHOH 1eun
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Thus, the surface temperature of the deadman depends
on the volume of the blast furnace. The temperature rise
negatively impacts the safe operation of large-volume
blast furnaces, increasing the likelihood of gas explosions
and reducing the lifespan of tuyere devices.

Accidents involving mass tuyere burnouts are asso-
ciated with intense vaporization. They are accompanied
by a large amount of water entering the blast furnace [20].
The resulting steam breaches from beneath the layers
of pig iron and slag cause chain-like thermal explosions.

- RECOMMENDATIONS FOR PREVENTING TUYERE BURNOUT

The study proposes measures to prevent tuyere burn-
out depending on the volume of the blast furnace and
the temperature of the tuyere zone.

For blast furnaces with a volume up to 2700 m? and
a tuyere zone temperature up to 2100 °C:

— automated analysis of retrospective data on the sta-
tistical properties of cooling water flow rate variations;

— analysis of silicon content in pig iron.

For blast furnaces with a volume of 2700 — 3500 m?
and a tuyere zone temperature of 2100 — 2300 °C:

— automated analysis of retrospective data on the sta-
tistical properties of cooling water flow rate variations;

— analysis of silicon content in pig iron;

— the nose of the air tuyere must be protected with
refractory materials, including plasma spraying;

— the inner sleeve of the tuyere must be made of steel
plate instead of copper, with additional lining of refrac-
tory materials.

For blast furnaces with a volume of 3500 — 5560 m?
and a tuyere zone temperature of 2300 — 2400 °C:

— automated analysis of retrospective data on the sta-
tistical properties of cooling water flow rate variations;

— analysis of silicon content in pig iron;

—the nose of the air tuyere must be protected with
refractory materials, including plasma spraying;

— the inner sleeve of the tuyere must be made of steel
plate instead of copper, with additional lining of refrac-
tory material;

— cooling water supply mode for the tuyere:

a) technical water speed up to 11.6 m/s (normal water
flow 4 — 5 m/s);

b) water flow rate 30 m’/h (normal water flow
12 — 16 m*/h);

c) water pressure 15 atm (normal water pressure
5 — 6 atm).

This regime requires the installation of high-pressure
pumps and more robust equipment:

— the tuyere nose thickness should be no less than
40 — 50 mm;

—slag viscosity should not exceed 4 — 5 poise, and
the loading of acidic pellets should be avoided.

- CONCLUSIONS

It has been determined that the disruption of normal
gas distribution and hearth cluttering leads to the forma-
tion of a blast furnace deadman, which provokes mass
burning of tuyeres and refrigerators.

It is shown that in large-volume blast furnaces,
the bubble flow of the gas-coal flow predominates,
promoting the growth of the deadman, which can lead
to increased accidents involving tuyere devices.

The proposed methodology (mathematical model)
allows for the assessment of the maximum temperature
of the tuyere zone and the resultant heat flow to the tuyere
nose in the presence of a deadman.

Based on the calculated temperature of the tuyere
zone, measures are proposed to prevent tuyere burnout
depending on the volume of the blast furnace.
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