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Abstract. The paper presents the findings from the study of the working space of blast furnace No. 5 of PJSC Severstal during its first-category over-
haul in 2024 lasting 17.46 years, which significantly exceeded the standard service life. The effectiveness of technological measures taken to extend
the furnace’s campaign from 2006 to 2024, aimed at protecting the refractory lining in critical areas such as the hearth, lower shaft, and the upper bosh,
was evaluated. The residual thickness of the refractory lining in the shaft, hearth, and metal receiver is analyzed, and maps showing the actual thick-
ness of the lining across different sections are generated. The measured maximum wear of the shaft refractory lining is 344 mm (37.4 % of the original
value); the measured maximum wear of carbon blocks in the area of cesspool openings — 313 mm (23.4 % of the original block size). In the upper
part of the hearth, the minimum residual thickness of refractories with an Al,O, content of 43 % is 220 mm or 31.9 % of the initial value. The paper
also discusses safe remote measurement methods, including 3D laser scanning of the furnace shaft during the removal of residual charge materials.
It highlights the advantages of ground-based laser scanners in capturing dense, high-quality 3D geometric data. Additionally, the paper describes
the experience of remotely measuring the residual thickness of carbon blocks around the raking openings. Comparisons are made between the actual
residual thickness of the refractory lining in the hearth, bottom carbon blocks, and high-alumina refractories of the tuyere zone, and the results
obtained using ultrasonic echo-sounding technology (AU-E) during the furnace’s operation. The paper also includes a description of the stress wave
propagation technology, which utilizes data analysis in the time and frequency domains to determine lining thickness and detect anomalies. The results
of the current and previous blast furnace campaigns are compared in terms of pig iron production, the number of cooling system failures, and refrac-
tory wear across the entire working space of the furnace. The total production of pig iron in the 2006 — 2024 campaign, related to the furnace area,
amounted to 420.0 thousand tons/m? and exceeded the figure for the previous campaign by 1.90 times.
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AHHomayus. B paGote npeacTaBieH ObIT U3yueHust pabodero npocrpanctsa goMenHoi neun Ne 5 [TAO «CeBepcraiiby» 10 pe3yabTaTaM KaMIaHuH

2006 — 2024 rr. mpogoKUTENBHOCTEIO 17,46 JIET, CyIeCTBEHHO MPEBBICUBIIECH HOPMATHBHBIE CPOKH SKCIITyaTalliy. BeIoHeHa OneHKa pe3yib-
TaTUBHOCTH TEXHOJIOTMYECKUX MEPONPUSTUH 10 NMPOJICHHIO KaMIaHUM JIOMEHHOW IedH, NPUMEHSBIINXCS JUIS 3al[UThl OTHEYNOPHOU (yTe-
POBKH B KPUTHYECKUX 30HAX TOPHA, HIKHEH YacTH IIAXThl M BEPXa 3aIUICUYMKOB. ABTOPBI IIPOBENN aHAIN3 OCTATOYHOHN TOJIIMHBI OTHEYHOPHOM
(yTepOBKHU LIAXThI, TOPHA U METAJIONPUEMHHMKA JTOMEHHOH nevyu, chopMHUpOBaIn KapThl (PAKTHUECKOro pasrapa OrHEYNOpPHOH (yTEepOBKH IO
Pa3IMYHBIM CedeHHsIM. V3MepeHHbI MaKCUMAJIBHBIH M3HOC OTHEYHNOpPHO# (yTepoBKH miaxThl coctaBmi 344 MM win 37,4 % nepBoHAYaIbHOM
BEIIMYMHBI, U3MEPEHHbIH MaKCUMaJbHBII pasrap yrepoaucTbix 0J0KOB B paifoHe BIrpeOHbIX npoeMoB — 313 Mm uimn 23,4 % nepBoHaYaIbHOTO
paszmepa Groka. B BepxHel 4acTH ropHa MHHMMAaJIbHas OCTATO4HAs TONIMHA OTHEYNOPOB ¢ conepskanueM Al,O, =43 % cocrasuna 220 MM uin
31,9 % ucxonnoit BenuunHsl. [Ipencrasnensl crnocoObl 6€30MaCHOrO AUCTAHLMOHHOTO M3MEepeHus (GakTuueckoro npoduis MaxThl JOMEHHOH
MeYH C MOMOIIBIO JlazepHoro 3D ckaHUPOBaHUS B IpOLECce BHITPEOKH OCTATKOB IIMXTOBBIX MaTepuasioB. Bpems BbimonHenus 3D ckanupoBaHus
B paboueM npocTpaHcTBe edn coctaBuiio 50 MuH. B pabore npoBesieH cpaBHUTEIbHBIH aHAIN3 (PaKTHUECKOH 0CTaTOUHOM TOIIMHBI (PyTEpOBKU
B paiioHe yIIepOAUCTHIX OJOKOB TOpHA U JICIIAH M BHICOKOIIIMHO3EMHCTBIX OTHEYNOPOB (h)ypPMEHHOMH 30HBI C pe3y/IbTaTaMU OLIEHOK C HCIIONb-
30BaHMEM TEXHOJOTHH YJIbTPa3ByKOBOIO 30HIMPOBaHHS 9X0-MeTooM (AU-E), BBINOIHABIIMXCS B IIepuo paboThl 1oMeHHOM neun. [Ipuseneno
OIMCAHNE TEXHOJIOTHH PACIIPOCTPAHEHUS BOJIH HANPSDKCHHS C HCIOIb30BaHUEM aHAIN3a JaHHBIX B BPDEMEHHOM M YaCTOTHOM JIOMEHE JUIsl OIIpe-
JIeJIeHHs] TONIIMHBL (PYTEPOBKU MM JUIsi OOHAPYKEHUSI aHOMAJIN. ABTOPBI IPOBEIIM CPABHEHUE PE3YJIBTATOB MPEAbLYIISH U TeKylel KaMInaHui
JIOMEHHOH Ie4H 110 00beMy MPOU3BEACHHOTO YYT'yHA, KOJIMYECTBY BBIIISAIIMX H3 CTPOS SIEMEHTOB CHCTEMBI OXJIAXK/ICHHS, U3HOCY OTHEYIIOPOB I10
BCEMy paboueMy MpOCTPAHCTBY JOMEHHO neyn. CyMMapHOe IPpOU3BOJCTBO YyryHa B kKamnanuu 2006 — 2024 rr., OTHECEHHOE K IIJIOIIA/IU TOpHa,
cocrauiio 420,0 Teic. T/M? U IIPEBBICUIIO TTOKA3aTeNb pebLLyIeil kamnanu B 1,90 pasa.

Kntouesslie cnoea: nomennas neus, 3D ckaHEpOBaHNE, OCTATOYHAS TONIIMHA (PYTEPOBKH, pasrap ropHa, IpOf0/LKUTEIbHOCTS Kammanuu, [IAO «Cesep-

CTajby, TOPH, [IaXTa, TOTePMaH, IPOMBIBKA TOPHA, TapHHUCAKE00pa30BaHKe, YACIbHBII PACX0/] IPUPOIHOIO ra3a, pacxo TBEPAOro TOIUINBA Ha TOHHY
YyTryHa, YIBTPa3ByKOBOE 30HIUPOBAHIE HX0-METOIOM, JKEJIe30PYAHbIC MaTepHaIbl, KOKC, mokasarerb CSR

Jaa yumupoeanus: Kanskxo A.A., Jleontses JL.U., Bonkos E.A. Onenka pe3ynsTaTHBHOCTU IPUMEHEHHS TEXHOJIOTHUECKUX MEPOIPUSITHIA 110 IPo-

JuieHHto Kammnanuu gomenHoi medn Ne 5 TTAO «Cesepcranby 2006 — 2024 1. ipu Mccie0BaHUH ee pabovero MmpoCTPaHCTBa B MIEPUOJ POBEIe-
HUS KaUTaIbHOTO peMoHTa | paspsina. Mseecmus 6y306. Yepnas memannypeus. 2024;67(5):520-530.
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- INTRODUCTION

The extension of a blast furnace (BF) campaign,
defined as the period between first-category overhauls,
allows for a reduction in the cost of pig iron production.
To increase the length of the inter-repair period, both
technical and technological measures are developed.
The effectiveness of these measures is generally evalu-
ated based on the results of the completed campaign,
taking into account its duration and the volume of pig
iron produced during the inter-repair period. The end
of the campaign is primarily determined by reaching
the minimum permissible residual thickness of the refrac-
tory lining. Many researchers [1 —4] have noted that
the achievement of a long, safe, and accident-free opera-

tion of the blast furnace largely depends on the durability
of the hearth and the bottom. While the residual thickness
of the shaft lining can be measured periodically during
brief furnace shutdowns when the charge level is lowe-
red, direct measurements of the refractory thicknesses in
the hearth and bottom during the campaign are extremely
difficult, and wear assessment can only be performed
using non-destructive testing methods [5]. This makes
the information about the actual condition of the refracto-
ries in the working space of the furnace, obtained during
a shutdown for re-lining, usually during a first-category
overhaul, particularly valuable. Such information not
only allows for the evaluation of the adequacy of non-
destructive testing methods and the calculation models
used during the campaign to assess the lining thickness,
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but also helps identify critical areas requiring protection
and adjustments to the smelting technology in the future.

This paper presents the experience of studying
the working space of blast furnace No. 5 of PJSC Sever-
stal during its first-category overhaul in 2024. The fur-
nace operated in its campaign from October 20, 2006,
to April 2, 2024, for a total of 17.46 years (referred to as
the current campaign hereinafter), significantly exceeding
the standard service life typical for blast furnaces of simi-
lar design. During the campaign, over 75 million tons
of pig iron were produced, surpassing the cumulative pig
iron output of the first two campaigns. These results were
achieved on a blast furnace of “classic” design, without
any major capital-intensive changes to the refractory lin-
ing of the shaft and hearth, but through the development
of new methods for managing, controlling, and adjusting
the pig iron smelting technology [6].

- PREREQUISITES FOR THE RESEARCH

Based on the results of the study of the working space
of blast furnace No. 5, which was blown out at the end
of the previous campaign (1995 —2006), certain zones
requiring protection and adjustments to the smelting tech-
nology for the current campaign (2006 — 2024) were iden-
tified. These were the hearth, the lower shaft, and the upper
bosh, as the zones were found to have low residual refrac-
tory thickness and little to no protective skull.

In the current campaign, a set of measures was imple-
mented, including regular hearth washing to remove coke
debris and flux residues, maintaining a stable self-renewing
skull in the lower shaft, and ensuring effective distribution
of different types of solid fuel across the furnace’s cross-
section, as described in detail in [6]. The need to assess
the effectiveness of these measures formed the basis for
launching a program to study the working space of blast
furnace No. 5 during its 2024 overhaul. It should be noted
that blast furnace No. 5 accounts for up to 40 % of the total
pig iron production at PJSC Severstal, imposing strict time
constraints on the repair schedule and the duration of any
studies aimed at extending this timeframe. Based on this
premise, it was decided to minimize human presence
during measurements in the working space of the furnace
and to maximize the use of modern remote measurement
methods with laser scanners.

- MEASUREMENT OF ACTUAL LINING WEAR IN THE SHAFT
OF BF NO. 5 USING THE LEICA RTC360 SCANNER

Ground-based laser scanners (GLS) are instruments
capable of quickly capturing dense, high-quality 3D geo-
metric data of the surrounding environment. They have
become standard tools in numerous applications, such as
as-built modeling, environmental and geological sciences,
forensic analysis, and engineering. Photogrammetry and
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geodesy, being engineering disciplines with the highest
accuracy requirements, have recently driven significant
improvements in this measurement technology, making
it competitive even for the most complex measurement
tasks [7].

The scanning was performed on April 12, 2024, during
the furnace raking process, using the Leica RTC360 scan-
ner. Measurements were taken from the throat platform at
three points and from the cesspool area at the casthouse
level. The results of the scan yielded a point cloud con-
sisting of 117.5 million points. The points were processed
using Leica TruView software. Due to the limitations
of direct visibility to all sections of the furnace’s inner sur-
face, some areas were partially not covered by the scan.
The overall view of the measured point cloud, represent-
ing the inner surface of the blast furnace and the loca-
tion of the scanning stations, is shown in Fig. 1. Mea-
surements of the actual internal diameters of the furnace
at various levels were taken at heights of +43,900 mm,
+41,350 mm, +40,500 mm, +39,500 mm, +38,500 mm,
+37,500 mm, +36,500 mm, +35,500 mm, +34,500 mm,

1

Scanning station "~ .- . _» &
on the throat

Scanning station
in the cesspool

Fig. 1. General view of the scanning results of the internal space
of blast furnace No. 5, showing the location of the scanning stations

Puc. 1. O6umii BUI pe3yJIbTaTOB CKAHUPOBAHKSI BHYTPEHHETO
npoctpancTsa JII1 Ne 5 ¢ yka3zaHneM pacrionoXeHns CTaHINI
CKaHHUPOBAHUS
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Table 1. Actual wear of the refractory lining in the shaft of blast furnace No. 5
by sections of diametrically opposite iron tapholes

Tabauya 1. @akTHYeCKHii H3HOC OTHEYNIOPHOIi (pyTepoBku maxrtel JIT Ne 5
10 CeYEeHUAM IMAaMeTPAIBLHO NIPOTHBOIO/I0KHBIX JIETOK

Measurements across the diametrically opposite tapholes, mm
Height, mm diarlr?:ts 1rg nmm iron tapholes | iron tapholes average residual dev1at1(')n Sl CRTE] refractory
- -3 2-4 diameter at the height diameter . lining wear
(actual vs. design)
+43,900 11,200 11,163 11,102 11,133 —68 =34
+43,000 11,200 11,278 11,252 11,265 65 32
+42,000 11,200 11,284 11,283 11,283 83 42
+41,350 11,239 11,790 12,065 11,928 689 344
+40,500 11,460 11,937 11,950 11,944 484 242
+40,000 11,590 11,975 11,996 11,986 396 198
+39,500 11,720 12,061 12,125 12,093 373 187
+39,000 11,850 12,300 12,338 12,319 469 235
+38,500 11,979 12,363 12,308 12,336 356 178
+38,000 12,109 12,529 12,548 12,539 429 215
+37,500 12,239 12,654 12,539 12,597 357 179
+37,000 12,369 12,620 12,700 12,660 291 146
+36,500 12,499 12,751 12,749 12,750 251 125
+36,000 12,629 12,902 12,896 12,899 270 135
+35,500 12,759 12,939 13,042 12,991 232 116
+35,000 12,889 13,225 13,172 13,198 310 155
+34,500 13,019 13,200 13,325 13,263 244 122
+34,000 13,149 13,331 13,333 13,332 183 92
+33,500 13,278 13,503 13,392 13,448 169 85
+33,000 13,408 13,640 13,628 13,634 226 113
+32,500 13,538 13,663 13,748 13,706 167 84
+32,000 13,668 13,897 13,889 13,893 225 112

+33,500 mm, and +32,500 mm. Horizontal sections of the
scanning areas at the corresponding heights were used
to determine these diameters. An example of a diameter
measurement at +43,900 mm, with reference to the loca-
tion of the tap holes, is shown in Fig. 2.

Additionally, orthogonal projections of the scanning
results were constructed with a 1 m step and an initial off-
set of 0.5 m from the aforementioned height levels (from
+43,000 mm to +32,000 mm inclusive), which made it
possible to create a map of the actual wear of the refrac-
tory lining in the shaft of blast furnace No. 5, as shown
in Table 1.

The negative value of the lining wear at the height
of +43,900 mm is explained by the shift in the position
of the throat armour segments as a result of prolonged
operation. The graphical representation of the varia-
tions in the lining wear value depending on the height
of the blast furnace shaft is shown in Fig. 3.

Iron taphole No. 4

Iren taphole No. 1

/
Iron taphole No. 3

Iron taphole No. 2

Fig. 2. Example of measuring the diameter of the internal space
of blast furnace No. 5 at +43,900 mm (throat armour)
with reference to the location of iron tapholes

Puc. 2. TIpumep u3MepeHHs AnaMeTpa BHYTPEHHETO IPOCTPAHCTBA
JIIT Ne 5 Ha otmetke +43 900 MM (KOJIOIIIHUKOBASI 3QII[ITa)
C TIPHUBS3KOH K PACHOIIOKECHUIO YyTyHHBIX JIETOK
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350 :
300 y=310"x~0.1645x +2777.9
2
R =0.8521
250 °

200
150
100

Average lining
wear, mm

50 | | | |

32,000 34,000 36,000 38,000 40,000 42,000

Height, mm
Fig. 3. Variations in the actual wear of the refractory lining

(uncooled section) based on the height of blast furnace shaft No. 5,
according to the results of the 2006 — 2024 campaign

Puc. 3. VI3mMeHeHue (haKTHYECKOH BETMYUHBI H3HOCA OTHEYOPHOU
(byTepoBKH (HEOXJIaXAaeMasl 4acTh) B 3aBUCHMOCTH OT BBICOTHOM
ormerku mwaxtsl AIT Ne 5 o pesynbraram kamnanuu 2006 — 2024 rr.

Thus, the maximum wear of the refractory lining in
the upper uncooled section of the shaft of blast furnace
No. 5 during the 2006 — 2024 campaign was observed in
the upper rows of refractories, directly beneath the throat
armour segments, and amounted to 242-344 mm, or
37.4 % of the original lining thickness. At deeper levels,
up to 10 m below the charge level, the lining wear did
not exceed 100 — 150 mm, or 11 — 16 % of the original
thickness. During the previous campaign of the furnace
(1996 —20006), a significant reduction in the thickness
of the shaft lining was recorded — the upper rows had
a residual thickness of 270 — 300 mm, and the wear
of the uncooled section of the shaft reached 67 %, which
was 1.8 times greater than in the current campaign.

The condition of the cooled section of the shaft of blast
furnace No. 5 based on the results of the current cam-
paign is shown in Fig. 4. The dashed line (4 — B) indi-
cates the boundary of the uncooled section of the shaft,
below which is located the combined cooling system con-
sisting of alternating rows of plate and horizontal coolers.
The broken line (C—D-FE-F ..—-K) represents
the vertically hidden rows of shaft coolers under the lin-
ing, with the segments C — D, E - F, etc., correspond-
ing to the space occupied by the rows of plate coolers.
From Fig. 4, it can be seen that the lining in the cooled
section was preserved up to a height of four to six rows
of plate coolers. Intensive wear of the shaft was recorded
below the third row from the top of the cooled section
of the plate coolers or below the level of +30,500 mm.
The wear ranges from 340 mm (according to the design,
from the original lining to the nose part of the horizontal
cooler of the shaft) to 510 mm (wear based on the results
of the 3D scan) in the areas of the plate coolers.

It is worth noting the relatively satisfactory condi-
tion of the blast furnace shaft cooling system elements
during the current campaign. The top four rows of plate
coolers and up to eight upper rows of horizontal coolers
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remain protected by refractory lining. The coolers located
below have largely retained their operability. In total,
during the current campaign, 146 plate coolers, 262 hori-
zontal shaft coolers, and 1 bosh cooler were damaged,
accounting for 23.2, 45.2, and 0.01 % of the total num-
ber of coolers of these types, respectively. In the previous
campaign (1995 —2006), 9 plate coolers, 221 horizon-
tal coolers, and 25 bosh coolers were damaged, or 1.4,
38.1, and 20.8 % of the total number of these coolers,
respectively. Pig iron production at blast furnace No. 5
amounted to 75.18 million tons in the current campaign
and 39.48 million tons in the previous campaign, while
the total number of damaged elements of the cooling sys-
tem above the tuyeres was 409 and 255 units, respectively.
Thus, 183.8 thousand tons of pig iron were produced per
damaged cooling element in the bosh and shaft system
during the current campaign, which is 19 % higher than
the previous campaign’s figure of 154.8 thousand tons
of pig iron per damaged element.

A comparison of the results of the previous and current
campaigns suggests the high effectiveness of the mea-
sures applied to protect the refractory lining and the cool-
ing elements of the bosh and shaft, which included:

— the use of a previously developed method to ensure
the self-renewal of the protective skull in the shaft [8],
which involves the cyclical loading of charge materials,
including a skull-forming mixture consisting of iron ore
and sinter. This mixture generates primary slag melt in
the amount of 20 — 25 %, with an iron oxide content in
this melt of no more than 15 %;

Fig. 4. Condition of the refractory lining
in the cooled section of blast furnace shaft No. 5,
based on the results of the 2006 — 2024 campaign

Puc. 4. Cocrosinue orHeynopHoit ¢pyrepoBku B maxrte 1T Ne 5
1o pesyabraram kamnanuu 2006 — 2024 rr., ox1axaaemas 4acTb
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—the development and application of methods dur-
ing the current campaign for the effective distribution
of various types of solid fuel across the furnace’s cross-
section, and a material distribution system that includes
a predetermined distribution of ore load across the fur-
nace’s cross-section. This also involves the cyclic use
of axial, pre-washing, and washing batches to ensure
the central operation of the furnace under variable charge
and gas-blowing conditions [6].

It is important to note that the study of the condition
of the refractory lining in the shaft of blast furnace No. 5
was conducted within very tight time frames. The total
scanning time at four stations was 50 min, which allowed
the repair work on the furnace to proceed without delay.

[l MEASUREMENT OF REFRACTORY LINING THICKNESS
IN THE TUYERE ZONE AND HEARTH OF BF No. 5

The measurement of refractory lining thickness in
the hearth and bottom areas was carried out during
the raking out of residual charge materials from the work-
ing space of blast furnace No. 5. To prevent people from
entering the danger zone, a remote measurement method
was used, capturing photographic images of refractory
lining elements and scaling the linear dimensions of these
elements against known dimensions of the furnace struc-
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ture that remain unchanged during operation (such as
the thickness of the shell, plate coolers in the hearth, and
bottom, etc.). This method not only allows for safe mea-
surements but also significantly reduces the time required
for the study, as the photographic documentation occurs
quickly during technological pauses in the raking pro-
cess, and the mathematical processing of the results can
be done at any convenient time. In this study, the proce-
dure for comparing the dimensions of objects by measur-
ing the lengths of lines recorded in the photographs was
performed using the digital tool Visio. The known linear
dimension used for scaling was the thickness of the hearth
cooling stave, which is 160 mm.

The raking of residual charge materials was per-
formed through two cesspools installed in the furnace shell
at the level of the tuyere zone (upper) and bottom (lower).
A map showing the location of the cesspools in the horizon-
tal section of the hearth of blast furnace No. 5, with refe-
rence to the main structural elements, is presented in Fig. 5.

The tuyeres are positioned around the circumference at
intervals of 360/40 = 9°. The right side of the lower cess-
pool, where the residual thickness of the carbon blocks was
measured, is located 17.15° to the left of the axis of iron
taphole No. 4, corresponding to the area between tuye-
res 32 and 33 (9/2+9=13.5° and 9/2 +9 + 9 =22.5°,
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Fig. 5. Map showing the location of cesspools in the horizontal section of the hearth of blast furnace No. 5:
BFP - blast furnace pipeline; DC — dust collector; GU 1, GU 2, ...GU 8 — projection of the gas uptakes locations;
T1, T2, ... T16 — projection of the of thermocouple locations for measuring peripheral gas temperatures;

IT No. 1, IT No. 2, ... IT No. 4 — location of the iron tapholes

Puc. 5. Kapra pacriosokeHus BBITPEOHBIX IPOEMOB B TOPU3OHTAILHOM ceueHnu ropHa JIIT Ne 5:
BFP — xounseiiep nomennsiil; DC — pacnonoxxenue neiteynosurenst; GU 1, GU 2, ...GU 8 — npoeKIuy pacronokeHus ra300TBOI0B;
T1, T2, ...T16 — npoekuuu pacroioKeHHUs TePMOIIap U3MEPEHHs TeMIIepaTypbl epr(epritHbIX ra3oB;
IT No. 1, IT No. 2, ...IT No. 4 — pacronoxeHre IyTyHHBIX JIETOK
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respectively). The left side of the lower cesspool, where
the residual thickness of the carbon blocks was measured,
is located 31.7 + 17.15 = 48.85° to the left of the axis
of iron taphole No. 4, corresponding to the area
of tuyere 36 (9/2 + 9-5 = 49.5°).

The right side of the upper cesspool is located 18.15°
to the left of the axis of iron taphole No. 3, which corres-
pondstotheareabetweentuyeres 22and 23(9/2 + 9 = 13.5°
and 9/2+9+9=225° respectively). The left side
of the upper cesspool is located 35.7 + 18.15 = 53.85°
to the left of the axis of iron taphole No. 3, which corre-
sponds to the area between tuyeres 26 and 27 (9/2 + 9-5 =
=49.5° and 9/2 + 9-6 = 58.5°, respectively).

An example of using the Visio tool to measure the
residual thickness of carbon refractory blocks in the right
side of the lower cesspool (between tuyeres 32 and 33) is
shown in Fig. 6. In this example, considering the scale,
the actual residual size of the block is calculated as

89.8888-160/7.4677 = 1926 mm,

where 89.8888 is the size of the block in the photograph,
mm, 160 is the design thickness of the cast iron stave,
mm, and 7.4677 is the thickness of the cooler in the pho-
tograph, mm.

The results of the calculation of the residual thickness
of the carbon block correspond well with the control mea-
surement taken during a technological pause in the raking
process. The same method was used to assess the resi-
dual thickness of the refractories along the height of both
the lower and upper cesspools.

The measurements performed made it possible
to create a map of the actual erosion of the carbon blocks
in the area of the lower cesspool between tuyeres 32 and
36, which is presented in Table 2.

Using the same method as for measuring the actual
wear of the carbon blocks in the area of the lower cess-

NORg PR Rre RO) R0y B0 BN Ry BB [ BN B My B 0 FOy PO M B E; Poy K

..' r[

Fig. 6. Example of using the Visio tool to determine the residual
linear size of a carbon refractory block (segment 4 — B) by scaling
the known thickness of a cast iron stave (segment C — D)

Puc. 6. Ilpumep nprMeHeHUsI HHCTPyMeHTa Visio JJisl onpe/ieeHus
0CTaTOYHOTO JMHEHHOTO pa3Mepa yIIepoOJHCTOr0 OMHEYIIOPHOTro OIoKa
(otpe3ok A — B) ciocoboM MacTaOMpOBaHHs H3BECTHOM TOJIIMHBI
TOPHOBOTO XonoanibHUKA (oTpe3ok C — D)

pool, the residual thickness of the refractory lining in
the hearth was measured near the upper cesspool. This
allowed the formation of actual erosion lines of the bot-
tom and hearth lining of blast furnace No. 5 along verti-
cal sections in the areas of tuyeres 22, 26, and 32, 36,
respectively. A graphical representation of these lines,
compared with the results of ultrasonic echo-sounding
(AU-E), is shown in Fig. 7.

The AU-E method is a technology that uses stress
wave propagation and data analysis in both the time
and frequency domains to determine lining thickness or
detect anomalies, such as cracks, voids, or metal penetra-
tion into the lining [9 — 11]. During the measurements,

Table 2. Actual wear of the carbon refractory blocks in the hearth of blast furnace No. 5
in the lower cesspool area between tuyeres 32 and 36

Tabauya 2. @akTHYECKHii N3HOC YIJIEPOAMCTHIX OTHEYNOPHBIX 0/10koB ropHa JIIT Ne 5
B paiioHe HMZKHEro BHITPEOHOI0 IpoeMa Mekay Bo3AyIHbIMH pypmamu 32 u 36
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o Block to the left of the cesspool Block to the right of the cesspool Average value across
area of tuyere area of tuyere the width of the cesspoo
Dl f 3 f 32 he width of th 1
block length : : : :
(per design), Tl s erosion R erosion residual erosion
- (at the bottom edge mm ’ (at the top edge mm ’ thickness. mm mm ’
of the block), mm of the block), mm ?
1500 1267 233 1353 147 1310 190
1650 1337 313 1383 267 1360 290
1800 1521 279 1627 173 1574 226
1950 1870 80 1926 24 1898 52




1ZVESTIYA. FERROUS METALLURGY. 2024;67(5):520-530.
Kal’ko A.A., Leont’ev L.1, Volkov E.A. Assessment of the effectiveness of technological measures to extend the campaign of blast furnace No. 5 ...

Casthouse

g

Hearth

IS T
3T f ;

17

18 18
19 | I 19

Fig. 7. Graphical representation of the actual erosion of the refractory lining in the hearth and bottom areas,
compared with the ultrasonic echo-sounding data (AU-E) in the regions of the upper (a) and lower (b) cesspools:
1 — thickness of the residual lining detected by the echo method (AU-E);

2 — thickness of the modified lining/scull detected by the echo method (AU-E);

3 — actual erosion line of the refractory lining, discovered during major repairs

Puc. 7. IT'padudeckoe n3o0paxkeHne TUHAI (aKTHISCKOTO pa3rapa OTHEYIOPHOH (hyTEepOBKH roOpHA U JICIa (i B CPABHEHHHU C JaHHBIMU
YIBTPa3BYKOBOTO 30HAMpoBaHus MetojioM AU-E B paifonax BepxHero (a) 1 HIKHEro (b) BBITPeOHBIX IPOEMOB:
1 — Tommuuna obHapyxkeHHoit Mmerogom AU-E ocratouHoit hyTepoBku;
2 — tonmuHa oOHapysxeHHON MeToioM AU-E u3mMeHeHHOH (yTepoBKH/TapHHCaKa,
3 — dakTHueckas TMHUS pa3rapa OrHeyNopHOil GyTepoBKH, OOHAPYKEHHAS IIPU MPOBEICHHN KAaIUTAaIbHOTO PEMOHTA

a mechanical impact on the surface of the structure (using
a hammer or an impact-mechanical source) generates
a stress impulse, which propagates through the lining
layers. The wave is partially reflected due to changes in
the properties of the lining layer, but the primary wave
energy propagates through the continuous layers until it
fully dissipates. Compression waves reach the sensors/
receivers, and the signals are analyzed to provide a quali-
tative assessment of the lining. Factors such as density,
temperature gradient, geometry, and elasticity properties
affect the wave speed. A sudden change in density and/
or elasticity properties of the material leads to partial or
full wave reflection. Thus, signals are reflected by inter-
faces, such as the lining-metal melt boundary or the inter-
faces between refractory blocks. Additionally, stress-free
zones, such as cracks and voids, also result in partial or
full reflection of the signals. It should be noted that dur-
ing the AU-E ultrasonic sounding performed by HATCH
specialists, several significant reservations were made,
specifically:

—the AU-E method can only detect cracks that run
parallel to the furnace shell (i.e., perpendicular to the sig-
nal direction from the impact). Any cracks or delamina-
tions parallel to the signal direction (i.e., toward the fur-
nace center) cannot be detected;

— “stable lining” refers to unchanged lining that is in
almost the same condition as when it was manufactured,
whereas “modified lining” has likely undergone signifi-
cant changes or cracking.

Comparing the actual erosion lines shown in Fig. 7
with the results of ultrasonic echo-sounding (AU-E),
the following conclusions can be drawn:

— in the upper part of the hearth, lined with refractory
brick containing 43 % Al O,, the echo-sounding method
shows satisfactory accuracy. Actual measurements
of the minimum residual lining thickness range from
220 to 330 mm (excluding skull), which corresponds
to the results of the ultrasonic sounding;

— in the lower part of the hearth and the bottom, lined
with carbon blocks, the HATCH specialists’ measure-
ments showed extremely low values of residual lining
thickness (an average value around the circumference and
height of the hearth was 540 mm, or 21 % of the original
thickness, with a minimum value of 240 mm, or 10 %
of the original thickness). Even considering the reserva-
tions and the “modified lining with skull” line presented
in the reports, the actual residual thickness of the car-
bon blocks, measured during the repair, exceeded 80 %,
meaning it was significantly higher.
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The data in Table 2 and Fig. 7 allow for an assessment
of the effectiveness of the measures taken during the cur-
rent campaign of blast furnace No. 5 to ensure the preser-
vation of the refractory lining in the hearth and bottom. It
is known that the factors determining the wear of refrac-
tory linings include:

— abrasive action of liquid iron flows;
— chemical impact of iron and slag;

— infiltration and thermomechanical stress in the lin-
ing [12 — 14]. It is widely recognized that the service life
of the hearth lining is largely determined by the quality
of the coke being charged, and that there are currently no
wear-resistant hearth designs [15].

ShPD-41
ShPD-43

211,200

Actual wear line
of the refractory lining
according to Table 1

In the current campaign, measures were developed
and consistently implemented to prevent the development
of abrasive action by liquid iron flows in the peripheral
(near-wall) zone, ensuring the intensive filtration of mol-
ten products through the totterman and good gas perme-
ability in the furnace’s central zone. Under real blast fur-
nace operating conditions, due to fluctuations in the coke’s
hot strength (CSR), water entering the hearth from defec-
tive elements of the cooling system, and the introduction
of localized masses of high-melting-point components in
the blast furnace charge, the porosity of the totterman can
significantly decrease. Continuous monitoring of the per-
meability of the furnace’s central zone was organized
through totterman probing. To clean the hearth from high-

Blast furnace axis

Tuyere axis
(40 units)

Actual erosion line
of the heart lining according {
to Table 2 (area of tuyere 36) :

216,500

215,100

Iron taphole axis (4 units)

Actual erosion line
of the heart lining according
to Table 2 (area of tuyere 32)

alamander-drain hole

.._.._.._.____.‘____

elevation + 6000 mm)

alamander-drain hole
| (clevation + 5500 mm)

Fig. 8. Map of the actual erosion of the refractory lining of blast furnace No. 5 at the end of the 2006 — 2024 campaign

Puc. 8. Kapra daxkruueckoro pasrapa ¢yreposku JI1 Ne 5 o 3aBepiienuto kamnannu 2006 — 2024 rr.
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melting-point flux residues and small coke fractions, com-
prehensive washing of the hearth volume was introduced.
To reduce the chemical erosion of the carbon blocks in
the hearth and bottom due to the non-equilibrium chemi-
cal composition of the molten iron, a method for control-
ling the technological process was developed by moni-
toring the ratio of actual carbon content in the iron (4)
to the saturation content (S,) through the regulation
of natural gas injection into the furnace.

Comparing the results of the previous campaign of blast
furnace No. 5 (by the end of 2006, the refractory thickness
around the iron tapholes did not exceed 200 — 250 mm,
and the carbon peripheral blocks in the upper bottom
area, located directly below the tapholes, were deformed
with cracks and chips in some places) with the data in
Table 2, we can conclude that the measures taken during
the current campaign significantly improved the durabi-
lity of the carbon lining in the hearth and bottom.

As a numerical assessment of the effectiveness of the
measures to extend the campaign of blast furnace No. 5,
the total pig iron production per hearth area in the current
campaign reached 420.0 thousand tons/m?, exceeding
the previous campaign’s figure of 220.6 thousand tons/m?
by 1.90 times, or by 90.4 %.

At the same time, the results of the studies on the resi-
dual thickness of the lining indicate that the tuyere zone
requires the development of additional protective mea-
sures for the next furnace campaign.

- MAP OF THE ACTUAL EROSION OF THE REFRACTORY
LINING IN BF No. 5

Based on the results of the study of the working space
of blast furnace No. 5, a comprehensive map of the actual
erosion of the lining during the 2006 — 2024 campaign
was created, as shown in Fig. 8.

[ ConcLusiOoNs

As a result of comprehensive studies conducted during
the first-category overhaul of blast furnace No. 5, the effec-
tiveness of the measures developed and implemented dur-
ing the current campaign to protect the refractory lining
of the shaft, hearth, and metal receiver of the furnace was
confirmed. These measures extended the furnace’s service
life by 1.75 times and ensured its highly efficient opera-
tion throughout the 2006 — 2024 campaign.

Using remote measurement techniques, including
3D laser scanning, the actual erosion profile of the refrac-
tory lining of blast furnace No. 5 was determined, and
areas of increased erosion with reduced residual thick-
ness along the height of the furnace were identified.

The analysis of the actual residual thickness
of the refractory lining in the hearth of blast furnace

No. 5 demonstrated satisfactory accuracy of the AU-E
ultrasonic sounding method in the area of the alumina
refractory lining of the tuyere zone, but insufficient accu-
racy when measuring the carbon blocks.
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A. A. Kal’ko - analysis of the results of measuring residual thickness of
blast furnace lining, identification of problem areas, analysis of effec-
tiveness of measures to increase the durability of blast furnace hearth
lining and organization of an effective structure of the charge column
in blast furnace.

L. I. Leont’ev - setting the research task, analysis of results, drawing
conclusions on the work.

E. A. Volkov - analysis of the results of measuring residual thickness
of blast furnace lining, conducting comparative calculations of lining
residual thicknesses by various methods.

A. A. KaavKo - aHanus pe3yibTaTOB U3MePeHU M 0CTaTOUHBIX TOJIIUH
dyTepoBKH JOMEHHOH Nleuy, onpe/esieHre Npo6seMHbIX 30H, aHaJIU3
30 PEeKTUBHOCTH MepONPUSITUM [JJIl MOBBIIIEHUS] CTOUKOCTU yTe-
POBKM rOpHa IOMEHHOH Neyu U opraHusanuu 3GPeKTUBHON CTPYK-
TYpPBbI CT0J16a LIUXTHI B JIOMEHHOU MeYH.

JI. H. /leoHmbees - n10CTaHOBKA 33/la4y UCC/IeJ0BAHUS, aHAIN3 pe3yJib-
TaTOB, pOPMHUPOBAHKE BbIBO/IOB 110 paboTe.

E. A. BoaKog - aHa/u3 pe3y/bTaTOB H3MepPeHUH 0CTATOYHBIX TOJIILMH
$yTepoBKM JOMEHHOU MeYH, CPaBHUTEJIbHbIE PACYEThl OCTATOUHbBIX
TOJIIIUH QYTEPOBKU PA3JUYHBIMU METOAMHU.
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