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Abstract. The aim of the work is to study the features of the use of pulverized coal
(PCI) in the conditions of the blast furnace (BF) No. 5 of Metinvest Holding Ltd
(Ukraine). The complex for the preparation and use of pulverized coal includes: a coal
unloading and storage area; coal mixing section; coal sampling unit; plot of coal sorting
and preparation; installation of drying and grinding coal raw materials, installation for
the injection of pulverized coal into the BF. It is shown that the use of rational modes of
loading and forming portions of the charge, the choice of rational slag mode allowed to
increase the annual consumption of pulverized coal on average up to 130 kg / t of pig
iron even in the conditions of variable load of BF and when working on coke of reduced
quality. During the research, an operational monitoring of the condition of the lining of
the BF shaft was carried out using the indications of the thermocouple of the lining and
the body of the refrigerators. The determination of the thermal loads of the cooling
system made it possible to develop measures to adjust the distribution of the charge
components along the radius and circumference of the furnace. The temperature of the
peripheral gas flow along the entire height of the furnace is reduced by an average of
13%, the irregularity of the peripheral temperature is reduced by 11%. The stability of
the cooling system and the smooth operation of the blast furnaces.
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Pa3zpafoTka TeXHOJIOrMH paclbUICHHs] NbLIEYTOJbHOI0 YIJIsi B JOMEHHBIX
ne4yax YKpauHbl B IepeMeHHbIX *KHAKHX M Ia30HHAMHYECKHX YCIOBHSAX

Hnemumym uepnou memannypeuu um. 3.1. Hexpacosa HAH Yxpaunot

AnHoTtanus. Llensio paboTHl SBIAETCS M3ydeHHE OCOOEHHOCTEH HCIONB30BAHMS
nsuteyronsHoro tommBa (IIYT) B ycnoBusix momennod meun (JAII) Ne 5 xommanum
"MetunBect Xomgunr JIta" (Ykpauna). Kommiekc An8  NOpUTOTOBICHUS U
MCIIOJIb30BaHMsl MBUICYTOJBHOTO TOIUIMBA BKIIIOYAeT B Ce0s: y4acTOK pasrpy3Kd MU
XpaHEeHUs! YIIIsl; CEKIMIO TSl CMEIIUBaHUs YIS, yCTAHOBKY 0TOOpa Mpo0 yriisi; y4acToK
COPTUPOBKH U MOJATOTOBKH YIJIeH; YCTAHOBKY CYLIKH M N3MEJIbYEHHUs YTOJIBHOTO CBIPbS,
ycranoBky i uabekuuu [IYT B JIII. IlokazaHo, 4TO HMCIONB30BAHUE PALIUOHAIBHBIX
PEXKHUMOB 3arpy3KH U (JOPMOBAHUS MOPIHIT IIUXTEI, BEIOOP PAI[MOHAIBHOTO MIJIAKOBOTO
pEeKUMa TIO3BOJIIIIO YBEIWYUTH rogoBoe morpedienue [IYT B cpemnem no 130 kr/t
YyryHa HOake€ B YCIOBHAX NepeMeHHOH 3arpy3ku JIII m mpum pabGore Ha KOkce
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MOHMKEHHOI0 KauecTBa. Bo BpeMs nccieq0BaHuil IpOBOAMIICS ONIEPATUBHBIN KOHTPOIIb
COCTOSHUSL (YTEPOBKM  IIAXTHl JOMEHHOH II€YH C HCIOJIB30BAHUEM ITOKAa3aHUI
TepMonap (GpyTepoBKH U KOpIlyca XOJOAWILHUKOB. OmpeaeseHie TeIIOBbIX HArpy30K
CHUCTEMBl OXJaXAEHHSA, IO3BOJIJIO pa3padoTaTh MEPONPHUATHSA IO KOPPEKTUPOBKE
pacnpezeneHusi KOMIIOHEHTOB IIHUXTHI 110 PaJuycy U OKPY>KHOCTH meuu. Temmeparypa
nepuepUitHOTo Ta30BOrO MMOTOKA IO BCEil BBICOTE TEYM CHIDKEHA B cpeaHeM Ha 13%,
HEpaBHOMEPHOCTh OKPY)XHOH Temmeparypbl yMeHplleHa Ha 11%. O6ecreuena
CTaOMIBHOCTE PabOTHI CHCTEMBI OXJIXKACHHUS M OecrmepeOoiiHas paboTa JOMEHHBIX
neyen.

KiroueBble cjioBa: TOMEHHas Te4b MBUICYTOJIBHOE TOIUIMBO, PEXXHUMBI 3arpy3KH
LIUXTHI, COCTOSTHUE (YTEPOBKH, TEIJIOBBIE HATPY3KH

Ccebuika ans uutupoBanus: Cemenos 10.C., Hlymensuuk E.W., I'opynaxa B.B.
PazpaboTka TEXHONOTHMH pACHBUICHUS NBUICYTOABHOTO YIS B JOMEHHBIX IE€4ax
VkpauHbl B [EPEMEHHBIX  KAAKAX M  Ta30JMHAMHYECKHX  ycioBusax [/
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Po3podka TexHoJiOrii po3nmuiIeHHS NHJIOBYTJIBHOTO BYTiIS B JIOMEHHUX
neyax YKpaiHu B 3MiHHMX PiIKHX i ra3oquHaMiYHHX YMOBaxX

Inemumym wopnoi memanypeii im. 3.1. Hekpacosa HAH Ykpainu

AHoTanis. Meroro po6OTH € BUBYCHHSI 0COOJIMBOCTE BUKOPHUCTAHHS ITHJIOBYTLIBHOTO
nanuBa (IIBIT) B ymoBax momennoi meui (HI1) Ne 5 xommanii "MeriuBect Xommunar Jlta"
(Yxpaina). KoMuieke Uit pUroTyBaHHs i BUKOPUCTAHHS IMIJIOBYTLUIBHOTO IANBa BKIIFOYAE
B cebe: NUISIHKY pO3BaHTaXKeHHs 1 30epiraHHs BYTUUIS; CEKLiIO Ui 3MILIYBaHHS BYTLLIS;
YCTaHOBKY BiZOOpY Mpo0 BYTi/UIS; MUISHKY COPTYBAHHS 1 MIATOTOBKH BYTLLIS, YCTAHOBKY
CYIIKH Ta NOAPIOHEHHS BYTIbHOI cupoBHHH, yeTaHOBKY st iH'ekiii [IBIT B JII1. IToka3aso,
10 BUKOPUCTAHHS palliOHAJIBbHUX PEXMMIB 3aBaHTa)KeHHsS 1 (OpMyBaHHS MOPLIH IIMXTH,
BUOIp palioOHATFHOTO IITAKOBOIO PEXKUMY JO3BOJIMIIO 301MBIINTH piuHe croxkuBanHs [IBII B
cepeanbomy 10 130 kr / T YaByHYy HaBIiTh B yMOBax 3MiHHOTO 3aBanTaxkerHs JI1 i mpu po6oTi
Ha KOKCIi 3HIKeHOI sikocTi. [Tix yac mocsipkeHb TPOBOANBCS ONEPATUBHUI KOHTPOJIb CTaHY
¢yrepoBkn miaxtu JIII 3 BHKOPHCTaHHAM IOKa3aHb TepMomap (yTepyBaHHA 1 KopIycy
XOJOOWIBHUKIB. BH3HAa4eHHA TEIUIOBHX HABaHTA)KEHb CHUCTEMH OXOJOIKCHHS JO3BOJIIO
pO3pOOHTH 3aXOAM IIOA0 KOPUTYBaHHS PO3MOILTY KOMIIOHEHTIB IIMXTH IO Pamiycy i
OoKpyxHocTi meui. TemrepaTypy mnepugepiifHOro ra3oBoro MmoToKy IO BCiif BHCOTI Tmedi
3HIDKEHO B cepelHboMy Ha 13%, HepiBHOMIpHICTb OKPYXHOI TeMmIepaTypH 3MEHIIEHO Ha
11%. 3abesmedeHo CTabIMBHICTH POOOTH CHCTEMH OXOJIOMKEHHA i OesmepebiliHy poboTy
JOMEHHUX II€YEl.

Kiro4oBi ciioBa: JOMEHHA ITiY MHJIOBYTUIbHE MAJIUBO, PEKUMH 3aBAaHTAXKCHHS ILIHMXTH,
cTaH GyTepOBKH, TEIUIOBI HABAHTAKCHHS

Hocunanna aaa uuryBaHHsi: Cemenos 10.C., Ilymensuux E.M., T'opymaxa B.B.
Pa3paboTka TEXHOJIOTHN PACTIBUICHHS HBIICYTOIBHOTO YIS B JOMCHHBIX IeYaX YKpauHbEI B
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Problem state. Blast furnace ironmaking of Ukraine is moving to the
technology of pulverized coal injection (PCI) in recent years. The development
of this technology occurs, mainly, in a difficult economic, organizational and
charge conditions. The operation of blast furnaces (BF) in Ukraine on
pulverized coal in such conditions requires a special approach to managing the
smelting process, that when equipped with modern means of control and
reasonable using of information obtained by these means, allows. It is allowed
to make effective decisions by technological personnel, both on changing the
parameters of the charging mode, and on correcting the blowing mode. It
should be especially recorded that the effective use of PCI along with the
requirements for the quality of coals, iron ore materials, blast furnace coke and
the design features of air tuyeres — their "height”, diameter and angle of
inclination [1-3], is largely determined by the use of rational charging regimes
the realization of which is possible, mainly, by the bell-less charging devices,
which are uncontested in these conditions [4].

In one of the blast-furnace shops of Metinvest Holding Ltd (Ukraine), in
2016, the technology of blowing-in of the PCI was started: at BF Ne5 from
01.03.2016 and at BF Ne3 from 20.04.2016. The main design characteristics
and the list of the main means of control of BF Ne5 and BF Ne3 are shown in
Table.1.

Table 1. Basic design characteristics and control means of BF Ne5 and BF Ne3

Name BF Ne5 BF Ne3
Start after reconstruction, date June 29, 2007 October 18, 2011
Useful volume, m® 1513 1719
October 2009, July
Shotcrete mine after start-up, date 2011, November SeJltJenrﬁbze?rl;(,)ls
2013, November 2016 | P
Radius of the top, m 3.40 3.60
Charging device Bell-type Bell-less top
Height of the cylindrical part of the 2.70 2.30
top, m
Height of the shaft, m 16,40 16,20
Number of cast iron, pcs. 2 2
Number of air jets, pcs. 20 24
Stationary thermo-probes above the
] 4 4
surface of charge charging, pcs.
Electromechanical probes, pcs. 2 1
Radar level gauges, pcs. 0 2
Gas outlets, pcs 4 4
Thermocouples of peripheral gas 16 16
flow, pcs.
Thermocouples of the lining of the 40+16") 56

shaft, the spray and the shoulders,
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Name BF Ne5 BF Ne3
pcs.
Thermocouples of the body of the

- . 30 -
refrigerators of the mine, pcs.
*) - restored during the last repair with shotcrete the shaft, 16 thermocouples are additionally
duplicated in the heat-stressed zone (above the second cast-iron tap)

Summary of the main results of the study. The complex for the
preparation and injection of PCI into the furnaces of the blast furnaces of the
enterprise includes: a section for unloading and storing raw coal; a section for
mixing coal; installation of coal sampling; plot of screening and finishing of
coals; installation of drying and grinding of coal raw materials, equipped with
two vertical mills (capacity 52.5 t/h); installation of PC injection. The system
for blowing PCI into blast furnaces is equipped with a so-called Oxygen-coal
technology "OXYCOAL", the development of which is planned after the
relative stabilization of the supply of raw materials.

For the production of PCI in 2016, low-caking coals of the Bachatsky coal
mine were used, the composition and properties of which correspond to the
norms accepted in the world practice. Carbon content in the working weight of
these coals is 79.82%, ash content > 8.5%, volatile matter content 22.1%, low
sulfur content 0.20%. It is worth mentioning two more important indicators
characterizing these coals, such as the Hardgrove grinding index (HGI) and the
free swelling index (FSI). The low-caking coals have an almost maximum level
of grindability, which greatly improves the tonnage of grinding and improves
the operating conditions of grinding media. Increasing the fineness of grinding
increases the degree of burn-in of the PCI particles, reducing energy costs,
which, along with other factors, allows increasing the PCI consumption to 160
kg/ton of cast iron and more. The index of free expansion of a coal particle of
this grade of coal improves the gas dynamics of the bottom of the furnace and
eliminates the coking of PCI in the blowing channel of air tuyeres.

Given the organizational and complex economic characteristics, the quality
of the coke used in the blast furnace shop did not meet the operational
requirements of the blast furnace technology using PCI. In Table. 2 shows the
characteristics of coke during the development of the technology of injection
PCI at BF Ne5 and BF Ne3 after the complete removal of natural gas from the
blast before the overhaul with shotcrete the shafts blast furnaces in comparison
with the required indicators of quality of coke when blowing the PCI.

Table 2. Quality of coke used at BF Ne5 and BF Ne3 during the development of PCI
technology

Coke quality index — BF| W | Ash | Sulfur | M25 | M10|>80|0-25| CSR | CRI

In accordance with <0,5<12%|S<0,6%,|> 87,0|< 6,0|< 5,0(< 3,5>60%,| <30
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operational requirements

BE NQSI;S:] =110 kg/tofcast| 5 47 110.06| 0.90 |88,04(7,33|9.36|3.15| 492 | 335
BF Ng3:°rgr'] =110 kgltofcast| 3 oy 110 go| 0.92 |87.87(7.41|8,75|3.12| 495 | 333

In addition, the quantitative and qualitative composition of iron ore used in
blast furnaces during this period was also unstable. The content of imported
pellets produced by Northern Iron Ore Enrichment Works by basicity
(Ca0/SiOy) is 0.05 units. In a mixture with agglomerate changed from 10 to
75%, the amount of agglomerate produced by a local sinter plant with a basicity
of 1.4 units. With a high content of secondary resources necessitated additional
supplies of agglomerate of the production of Southern Mining and Processing
Plant with a basicity of 1.6 units, the total iron content in the burden with
limestone during the development of the PCI was 54.8%.

The transition to the PCI technology with an increase in the productivity of
blast furnaces with a reduced quality of charge materials and a low rate of
renewal of the coke nozzle necessitates flushing on an ongoing basis (so-called
"soft" flushes). In the blast furnace shop, in order to maintain the satisfactory
properties of the primary, intermediate and final slags, manganese-containing
materials, in particular manganese ore, are used in the blast furnace blend
composition. The manganese oxide of this ore reduces the viscosity of the
intermediate slags and reduces the melting point of the mixture of the iron ore
portion of the charge. In the second stage, when it enters the lower high-
temperature zone, part of manganese is reduced in it with gasification of carbon
in the lower part of the blast furnace, contributing to the acceleration of the
renewal of the coke nozzle and the stabilization of heating of the smelting
products.

Investigations of the influence of manganese in the blend when operating
on a combined blast in the conditions of the given metallurgical enterprise
before the start of the introduction of the PC injection technology showed that
under conditions of blast furnace operation on coke of reduced quality, an
increase in the MnO content in the charge by 1 kg/ton of cast iron reduces the
coke consumption by ~ 2,7-2,9 kg/t due to the organization of "soft" washing
of the furnace from coke of fine fractions and, as a consequence, stabilization
of heating of cast iron, the coefficient of transition of manganese to cast iron
was ~ 0.47 + 0.03. The use of manganese-containing materials during the
development of the PC injection technology in an amount of ~ 25 kg/ton of cast
iron made it possible to increase the processability of blast furnace smelting
and to expand its management capabilities with unstable raw materials.

The transition to the technology of PC injection in the current conditions of
the blast furnace shop caused the need to adjust the charging regime on blast
furnaces. Under these conditions, when blowing into the hearth of a PCI, such
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features of the distribution of the gas stream in the furnace as an insufficiently
developed central gas distribution and an excessively developed peripheral flow
of gases can take place. At the same time, it should be noted that the technology
of PC injection should provide for an increase in the productivity of the
furnace, one of the measures of achieving which is to provide a more developed
gas transmission capacity, in comparison with working without a PCI, the
peripheral zone of the furnace. And in order to achieve a smelting economy, the
degree of development of the central gas flow should provide the possibility of
regulating the dimensions of the axial coke outlet "without the risk of losing the
center”. It is also important to note that when using PCI with a large amount of
slag at the output of smelting products (398 kg/ton of cast iron — at BF Ne5 and

393 kg/ton of cast iron — at BF Ne3), special modes of forming batch batches to

prevent particles from entering Not completely burned fuel into primary and

intermediate melts, which increases the probability of clogging the furnace with
non-melting masses.

Therefore, when regulating the distribution of the gas flow along the radius
of the furnace when blowing into the hearth of a PCI to achieve optimal
technical and economic parameters of melting, in the conditions of operation
characteristic for a given metallurgical enterprise, by distributing the charge
materials along the top section, it is necessary:

— ensure a stable central gas distribution with a narrow axial coke vent;

— to exclude the localization of individual types of iron ore raw materials
along the blast furnace top section;

— provide an increased concentration of low-basic raw materials in the area
of localization of PCI particles;

— to form the composition of iron-ore materials in the near-wall zone,
providing self-renewal of the skull in the lower part of the blast furnace
shaft;

— optimize the gas permeability of the peripheral zone, not allowing
excessive "overcharging" of its iron ore materials, which can lead to "upper
suspensions” and an uneven collection of charge;

— to ensure the development of a mutual flow of gases between the periphery
and the center.

Based on the above provisions for managing the distribution of gas flow
using PCI, the authors of this article have developed and proposed for
implementation: a new download program developed using the model system
[5] and the mode of formation of batches BF Ne3 (Figure 1). The need to
change the charging program was due to the formation of a "gas-tight"
intermediate zone in the furnace (zones of increased ore loads) during the
development of the PCI, which contributed to the development of an excessive
peripheral gas flow, which made it difficult for the gases to transfer from the
periphery to the center. These features of the distribution of the gas flow were
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revealed during the analysis of the information of the temperature probe
installed on the furnace [6]. At the beginning of the development of the PCI,
the lining temperatures at the mid-well level and the thermal loads of the
cooling system in this zone also increased significantly.The implementation of
the proposed changes in the charging program and the mode of formation of
portions made it possible to reduce the temperatures of the peripheral gas
stream throughout the entire height of the furnace by 13%, from 432 °C to 377
°C, on an average, and to reduce the peripheral gas flow temperature
unevenness by 11% (Figure 2).

At the BF Ne3, the thermocouples of the lining of the shaft are established
by the height and circumference of the furnace, to a depth of 100 mm [7].
Thermocouples are installed on six horizons of the mine, as well as in the rasp,
shoulder and in the zone under tuyeres. The thermocouples are arranged around
the circumference of the furnace in the following way: eight thermocouples are
installed at the level of the shoulders, the decomposition and the three lower
horizons of the shaft, six thermocouples on the next two horizons and four
thermocouples on the upper horizon [7, 8].

Analysis of temperature changes in lining (peripheral gas flow) at BF Ne3
during the development of the PCI injection technology showed the following.
When blowing high flow rates (15-18 t/h), the temperature of the middle of the
shaft at two levels of the thermocouple installation increased from 215 °C to
550 °C, on average.

The change in the temperature of the thermocouples of the lining of the
first row of the bottom of the mine was characterized by a slight change in the
beginning of 2016, after which, on passing to the PCI, an unstable temperature
change was observed on this horizon. On the second row of the bottom of the
mine, an opposite pattern was observed, characterized by the stabilization of
temperatures and their root-mean-square deviation along the circumference
with the onset of PC injection.

Such a feature of the temperature change in the lower part of the furnace
shaft could indicate a change in the position of the root of the zone of the
viscous-plastic state upon transition from the BF operation mode to the "gas-
free charge" with moistened blasting at the beginning of 2016 for technology
using natural gas and then PCI. At the same time, in conditions of blowing up
of large PCI expenses, all the temperatures of the bottom of the mine at two
levels increased from 215 °C to 390 °C, on average.

At the level of decomposition with increasing flow rate, the temperatures of
the lining thermocouples increased, on average, by 1.8 times (up to 310 °C),
compared to the beginning of 2016. The temperature of the lining
thermocouples at the level of the shoulders changed stably, this indicated the
presence of a stable skull in shoulders, which was then confirmed by visual
inspection of the mine after blowing. In absolute terms, the temperature at the
shoulder level increased slightly — from 125 °C to 175 °C.
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Figure 1. Calculation structure of layers of charge materials, distribution of ore loads,
charge components along the radius of the furnace and charging matrices for two
rational modes of BF No. 3 (without PCI and PCI).

Thus, it was found that at the mid, lower and lower levels in the transition
blowing and fuel modes of operation of the BF Ne3, including with the
beginning of injection of the PCI, significant changes were observed both in the
absolute values of the temperatures of the lining thermocouples and in their
standard deviations along the circumference furnace.
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Figure 2. Change in the temperature of the thermocouples of the lining of the mine, the
decontamination and the shoulders of BF Ne3 to (a) and after (b) the
implementation of the recommendations for charging

This was a consequence of both the change in the position of the root of the
zone of the viscous-plastic state and the deterioration of the lining of the mine,
considering that at the time of injection of large PCI costs, the mine shaft
campaign was already two years, which necessitated another shunting. The use
in the technology of melting of rational charging regimes during the injection
of PCI made it possible to ensure the operational stability of the cooling system
and the trouble-free operation of the blast furnace at the BF Ne3 without the
lining of the shaft. After shotcrete the shaft of BF Ne3 in September 2016, the
distribution of liner temperatures from the level of the shoulders to the upper
horizon of the mine leveled, the temperatures varied from 100 °C to 200 °C,
until January 2017 inclusive.

In addition to the established features of the influence of the PCI on the
temperature changes of the liner over the height of the BF, in 2016, studies
were also made of the possibility of using the thermocouple indications for the
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height of the BF shaft in the absence of a lining of the furnace shaft for
evaluating the processes in the peripheral zone of the furnace.

The investigations were carried out for the operating conditions of the
furnace in four periods, common for which was the absence of the lining of the
furnace shaft:

1. Mode of operation on "gas-free charge" with moistened blowing — the
steam consumption averaged 2.4 t/h (01.01-14.03.2016) — period 1.

2. Mode of operation with natural gas (NG) — NG consumption was, on
average, 58.9 m*/ton of cast iron (15.03-20.04.2016) — period 2

3. The operating mode with NG (10.8 m*/t) and with PCI (91.8 kg/ton of cast
iron) at the initial stage of its development (21.04-03.06.2016) —
period 3.

4. The mode of operation with the PCI (129.6 kg/ton of cast iron) (29.06—
13.09.2016) to stop the BF for shotcrete mine — period 4

In Fig.3a shows the distribution of the temperature of the gas flow in the
peripheral zone along the height of the BF for the four periods under study, in
Fig.3b — temperature distribution for the fourth period, conditionally divided
into three regimes with different consumption of the injected PCI. As can be
seen from Fig.3, the nature of the distribution of the temperature of the gas flow
in the peripheral zone along the height of the BF is largely determined by the
gas-blown mode and the amount of the PCI used.

Thus, when analyzing the temperature of the gas flow of the bottom of the
shaft, the spray and the shoulders, the maximum value of the temperature (the
extremum of the curve) in the first period of work is marked at a level of 12 m
from the technological zero (TZ) — from the top of the protective plates of the
top, or 13 m from the axis of the air lances WF), in the second period - at a
level of 15 m from the TZ (10 m from the WF), in the third — at a level of 18 m
from the TZ (7 m from the WF), in the fourth period there was no clearly
pronounced extremum in the lower part of the furnace, the temperature The gas
flow monotonically increased from the shoulders to a level of 6 m from the TZ.
Extremes of the temperature curves of the lower zone of the furnace for the first
three periods of operation of the BF can characterize both the position of the
root of the zone of the viscous-plastic state (plastic zone) and the boundary of
the stable component of the garnish formed in the furnace. In favor of the
assumption about the position of the root of the zone of the viscous-plastic state
at the extremum point of the temperature curve, the results of investigations on
a BF with a working volume of 3594 m® of the Thyssen plant in Schwelgern
[9-11] testify. Determination of the position and profile of the plastic zone by
the authors of the publication [9, 10] was based on the distribution of pressures,
lining temperatures and gas composition at the wall along the height of the
furnace. On this BF, the lining temperatures of the mine were determined at 16
levels above the axis of the air tuyeres and at 13 levels the static pressure drops
were determined. According to the studies [9, 10], with a poor furnace stroke,
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the height of the plastic zone, its upper limit, was 14 m above the level of the
tuyeres, at an average speed - at a distance of 9 m, with a good course — at a
distance of 8 m.

BFN3 january-september 2016
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Figure 3. Distribution of the temperature of the gas stream in the peripheral zone along
the height of the BF for various gas-blowing and fuel conditions

In addition, it should also be noted that in the first study period of the BF
operation, the maximum pellet content in the mixture with agglomerate
(54.8%) was used, which, as is known, has low melting properties and high
content in the charge Promotes the formation of a stretched over the height of
the plastic zone. And taking into account that the first period is characterized by
the maximum distance from the level of the tuyeres to the extremum point of
the temperature curve along the height of the lower part of the shaft, this may
also indicate the position of the upper boundary of the zone of the viscous-
plastic state at the extremum point.
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An increase in the flow rate of the pulverized coal injected into the hearth of the
investigated BF (Fig.3b) contributed to an increase in the gas flow temperatures along
the furnace height with a maximum amplitude of the change at the midpoint of the shaft.
The increase in temperature was caused by the intensification of the peripheral gas flow
with increasing flow rate, and the explanation for the maximum amplitude of
temperature changes at the midpoint of the shaft was the increased distance from the
axis of the tuyeres to the bending of the furnace profile and the rational design of the air
tuyere used in the blast furnace shop.

Thus, as a result of the performed studies, the effect of gas-blast furnace
parameters, including when using natural gas and pulverized fuel in the blast, was
shown to change the shape of the temperature distribution curve of the peripheral gas
stream. The established features of the influence of the features of the gasdynamic mode
of blast furnace smelting on the temperature of the gas flow will allow to adequately
detect and correctly monitor charging parameters that influence the gas temperature
distribution when the furnace load regime changes.

In control system of BF Ne3, the indicator of total thermal loads of the cooling
system is registered, both in the furnace as a whole and in individual zones. The
performed analysis of the change in this indicator in 2016 showed that at the initial stage
of the development of PCI, the average daily values of this indicator reached 10,000 kW
per day. When the PCI costs reached 130-140 kg/ton of cast iron on separate days,
thermal loads increased, reaching its maximum value for the whole period — 19180 kW.
In October 2016, at the output of BF Ne3 for the planned indicators for the daily capacity
of the furnace after repair, the total heat losses in terms of its value of 6000-9000 kW
reached the level of the beginning of 2016, when the technology of PCI melting was not
used. It should also be noted that the thermal loads of the middle zone play a decisive
role in the value of the indicator of the total thermal loads of the cooling system, which
is in agreement with the analysis of the lining temperatures of the mine, from which it
follows that the middle of the mine was the most heat-directed zone along the height of
BF Ne3 during the development of the PCI. An explanation for this is the increased
distance from the axis of the air tuyeres to the profile bend (bottom of the shoulder) of
the BF Ne3 and the rational design solutions of the air tuyeres with a protrusion of 0.7 m,
which are characteristic for the blast furnace shop [8].

If the total thermal load of the cooling system is increased severalfold and the lining
temperatures are controlled at the same time, it is possible to judge the wear of the lining
of the shaft, the decontamination or the shoulders, and plan technological and capital
measures to prevent the failure of the cooling plates of the thermally stressed zone. A
significant increase in the value of this indicator can explain the high consumption of
conventional fuel, which will be compensated for covering thermal losses.

Analysis of the state of the metal receivers of blast furnaces during the development
of the PCI showed the following. Since the start of the injection of PCI at BF No5, the
temperature of the central part of the floor has increased slightly, but has not exceeded
the maximum values observed on the furnace earlier, which indicates the absence of
wear of the liner. The temperature range of the lining testified to a stable rational layer
of the skull in the area. Thermal loads in the most heat-stressed sector of the area, under
the cast iron tapholes remained at the level before injection of the PCI (~ 2000 W/m?).
After the start of PCI injection at BF Ne5, the temperature of the lining of the peripheral
part of the hearth and the floor at the levels from the third to the eighth level of the
thermocouple installation remained at the same level. Consequently, the residual
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thickness of the lining did not change, the wear of the lining averaged no more than
20%. After the start of the injection of PCI, a number of control measurements of
thermal loads on the cooling system of the furnace and floor were carried out. The
conducted measurements of the thermal loads on the metal receiver refrigerators did not
exceed the maximum values recorded earlier in the furnace campaign since 2007. Due to
the lack of automated control and the noted tendency of growth of thermal loads on the
refrigerators of the furnace cooling system, it is recommended to conduct regular control
measurements of the thermal loads on the refrigerators of the cast iron chutes, the lower
and upper horns at the BF Ne5

Lining of the metal detector BF Ne3 is made of various refractory materials from
GrafTech International (USA) and NDK (Japan). The working surface of the metal
receiver is protected by a ceramic glass made by Saint Gobain International (France).
Since the beginning of the injection of the PCI into the BF Ne3, the thermal load on the
central part of the area has remained at the same level, on the average, of the order of ~
1500 W/m2. The wear of the lining of the central part of the floor was absent, the
surface of the floor was covered by a layer of a skull. The main part of the thermal load
on the peripheral cooling refrigerators during the five years of operation of the BF Ne3
was stable and did not exceed 20,000 W (in the bundle on the upper and lower floor
cooler) and 30,000 W (in combination with the upper and lower furnace coolers). After
the start of PCI, the temperature of the lining and the thermal load on the refrigerators,
including the refrigerators of the cast iron zone, remained at the same level. The
thickness of the lining of the peripheral part of the horn and wood outside the iron
casting sector remained projected and covered with a layer of skull. In the sector of cast
iron chambers, the permissible wear of the ceramic layer is fixed — no more than 25%,
caused by the erosive effect of metal and slag flows.

CONCLUSION

The development of the PCI technology in the blast furnace shop Metinvest
Holding Ltd (Ukraine) in variable charge conditions and with work on reduced
quality coke with the use of rational charging regimes, forming portions and
selecting a rational slag regime, allowed to increase the consumption of PCI in
2016, on average, up to 130 kg/ton of cast iron. The operational control of the
state of the lining of the mine shaft of blast furnaces, carried out according to
the indications of the lining thermocouples, thermocouples of the body of
refrigerators and thermal loads of the cooling system, made it possible to carry
out both garbage-forming measures in time and to adjust the distribution of the
components of charge materials along the radius and circumference of the
furnace. The implementation of the proposed changes in the charging program
and the mode of formation of portions made it possible to reduce the
temperatures of the peripheral gas flow throughout the furnace altitude by an
average of 13% and reduce the circumferential temperature unevenness by
11%. The use in the technology of rational charging regimes during injection of
PCI allowed to ensure the operational stability of the cooling system and the
trouble-free operation of blast furnaces. The initial stage of PC injection in the
blast-furnace shop of Metinvest Holding Ltd (Ukraine) did not affect the heat
loads of the blast-furnace metal receivers. The performed analysis of the state
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of the rock and borehole BF Ne3 showed the effectiveness of the design
solution for the use of a ceramic glass, the wear of which for five years of
operation of the furnace was 25% in the zones of the cast iron sectors.
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