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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 Al2O3 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/m2 and exceeded the figure for the previous campaign by 1.90 times. 
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Аннотация. В работе представлен опыт изучения рабочего пространства доменной печи № 5 ПАО «Северсталь» по результатам кампании 

2006 – 2024 гг. продолжительностью 17,46 лет, существенно превысившей нормативные сроки эксплуатации. Выполнена оценка резуль-
тативности технологических мероприятий по продлению кампании доменной печи, применявшихся для защиты огнеупорной футе-
ровки в критических зонах горна, нижней части шахты и верха заплечиков. Авторы провели анализ остаточной толщины огнеупорной 
футеровки шахты, горна и металлоприемника доменной печи, сформировали карты фактического разгара огнеупорной футеровки по 
различным сечениям. Измеренный максимальный износ огнеупорной футеровки шахты составил 344 мм или 37,4 % первоначальной 
величины, измеренный максимальный разгар углеродистых блоков в районе выгребных проемов – 313 мм или 23,4 % первоначального 
размера блока. В верхней части горна минимальная остаточная толщина огнеупоров с содержанием Al2O3 = 43 % составила 220 мм или 
31,9 % исходной величины. Представлены способы безопасного дистанционного измерения фактического профиля шахты доменной 
печи с помощью лазерного 3D сканирования в процессе выгребки остатков шихтовых материалов. Время выполнения 3D сканирования 
в рабочем пространстве печи составило 50 мин. В работе проведен сравнительный анализ фактической остаточной толщины футеровки 
в районе углеродистых блоков горна и лещади и высокоглиноземистых огнеупоров фурменной зоны с результатами оценок с исполь-
зованием технологии ультразвукового зондирования эхо-методом (AU-E), выполнявшихся в период работы доменной печи. Приведено 
описание технологии распространения волн напряжения с использованием анализа данных в временном и частотном домене для опре-
деления толщины футеровки или для обнаружения аномалий. Авторы провели сравнение результатов предыдущей и текущей кампаний 
доменной печи по объему произведенного чугуна, количеству вышедших из строя элементов системы охлаждения, износу огнеупоров по 
всему рабочему пространству доменной печи. Суммарное производство чугуна в кампании 2006 – 2024 гг., отнесенное к площади горна, 
составило 420,0 тыс. т/м2 и превысило показатель предыдущей кампании в 1,90 раза. 

Ключевые слова: доменная печь, 3D сканирование, остаточная толщина футеровки, разгар горна, продолжительность кампании, ПАО «Север-
сталь», горн, шахта, тотерман, промывка горна, гарнисажеобразование, удельный расход природного газа, расход твердого топлива на тонну 
чугуна, ультразвуковое зондирование эхо-методом, железорудные материалы, кокс, показатель CSR

Для цитирования: Калько А.А., Леонтьев Л.И., Волков Е.А. Оценка результативности применения технологических мероприятий по про-
длению кампании доменной печи № 5 ПАО «Северсталь» 2006 – 2024 гг. при исследовании ее рабочего пространства в период проведе-
ния капитального ремонта I разряда. Известия вузов. Черная металлургия. 2024;67(5):520–530.

	 https://doi.org/10.17073/0368-0797-2024-5-520-530

1 ПАО «Северсталь» Череповецкий металлургический комбинат (Россия, 162608, Вологодская область, Череповец, 
ул. Мира, 30)
2 Центральный научно-исследовательский институт черной металлургии им. И.П. Бардина (Россия, 105005, Москва, 
ул. Радио, 23/9)
3 Президиум РАН (Россия, 119991, Москва, Ленинский пр., 32а)

Оценка результативности применения 
технологических мероприятий по продлению кампании 

доменной печи № 5 ПАО «Северсталь» 2006 – 2024 гг. 
при исследовании ее рабочего пространства 

в период проведения капитального ремонта I разряда
А. А. Калько1 , Л. И. Леонтьев2, 3, Е. А. Волков1

 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 

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, 

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

Рис. 1. Общий вид результатов сканирования внутреннего 
пространства ДП № 5 с указанием расположения станций 

сканирования
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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

Рис. 2. Пример измерения диаметра внутреннего пространства 
ДП № 5 на отметке +43 900 мм (колошниковая защита) 

с привязкой к расположению чугунных леток

+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. 

Table 1. Actual wear of the refractory lining in the shaft of blast furnace No. 5 
by sections of diametrically opposite iron tapholes

Таблица 1. Фактический износ огнеупорной футеровки шахты ДП № 5 
по сечениям диаметрально противоположных леток

Height, mm Design 
diameter, mm

Measurements across the diametrically opposite tapholes, mm

iron tapholes 
1 – 3

iron tapholes  
2 – 4

average residual 
diameter at the height

deviation of residual 
diameter  

(actual vs. design)

refractory 
lining wear

+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
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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 – 2006), 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 (А – В) 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 (С – D – E – 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 

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

Рис. 4. Состояние огнеупорной футеровки в шахте ДП № 5 
по результатам кампании 2006 – 2024 гг., охлаждаемая часть

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

Рис. 3. Изменение фактической величины износа огнеупорной 
футеровки (неохлаждаемая часть) в зависимости от высотной 

отметки шахты ДП № 5 по результатам кампании 2006 – 2024 гг.
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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.

 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-

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; 

Т1, Т2, … Т16 – 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

Рис. 5. Карта расположения выгребных проемов в горизонтальном сечении горна ДП № 5: 
BFP – конвейер доменный; DC – расположение пылеуловителя; GU 1, GU 2, …GU 8 – проекции расположения газоотводов; 

Т1, Т2, …Т16 – проекции расположения термопар измерения температуры периферийных газов; 
IT No. 1, IT No. 2, …IT No. 4 – расположение чугунных леток

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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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
ponds to the area between tuyeres 22 and 23 (9/2 + 9 = 13.5° 
and 9/2 + 9 + 9 = 22.5°, 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 + 9ꞏ5 = 
= 49.5° and 9/2 + 9ꞏ6 = 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 

89.8888ꞏ160/7.4677 = 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-

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

Таблица 2. Фактический износ углеродистых огнеупорных блоков горна ДП № 5 
в районе нижнего выгребного проема между воздушными фурмами 32 и 36

Original 
block length 
(per design), 

mm

Block to the left of the cesspool 
(area of tuyere 36)

Block to the right of the cesspool 
(area of tuyere 32)

Average value across 
the width of the cesspool

residual thickness  
(at the bottom edge 
of the block), mm

erosion, 
mm

residual thickness 
(at the top edge 

of the block), mm

erosion, 
mm

residual 
thickness, mm

erosion, 
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

Fig. 6. Example of using the Visio tool to determine the residual 
linear size of a carbon refractory block (segment A – B) by scaling 

the known thickness of a cast iron stave (segment C – D) 

Рис. 6. Пример применения инструмента Visio для определения 
остаточного линейного размера углеродистого огнеупорного блока 

(отрезок A – B) способом масштабирования известной толщины 
горнового холодильника (отрезок C – D)
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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 % Al2O3 , 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. 

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

Рис. 7. Графическое изображение линий фактического разгара огнеупорной футеровки горна и лещади в сравнении с данными 
ультразвукового зондирования методом AU-E в районах верхнего (a) и нижнего (b) выгребных проемов: 

1 – толщина обнаруженной методом AU-E остаточной футеровки; 
2 – толщина обнаруженной методом AU-E измененной футеровки/гарнисажа; 

3 – фактическая линия разгара огнеупорной футеровки, обнаруженная при проведении капитального ремонта
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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].	  

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-

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

Рис. 8. Карта фактического разгара футеровки ДП № 5 по завершению кампании 2006 – 2024 гг.
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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  (Ac) 
to  the  saturation content (Sc ) 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/m2, exceeding 
the previous campaign’s figure of 220.6 thousand tons/m2 
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.

 Conclusions

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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