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Abstract: The blast furnace is the dominant high-temperature reactor in the modern ironmaking
industry. Iron oxide in iron ores can be converted to metallic iron through blast furnace smelting, and
this high-temperature melting can be used to separate the molten iron from the gangue components.
The formation and thickness of the hot-surface slag crust on the copper stave in the high-temperature
area of the middle and lower parts of the blast furnace are crucial for the safe operation and long
campaign of the blast furnace. To enhance the precision of determining the thickness of the slag crust
in this specific region, samples were extracted from the hot surface of the copper cooler situated in the
high-temperature area. This extraction was carried out during the maintenance procedure of the blast
furnace stockline. Subsequently, the thermal conductivity and melting performance of the slag crust
were measured. The slag crust thicknesses corresponding to the various temperature measurement
sites of the stave were determined by developing a mathematical model for the heat transfer of the
copper stave. The actual slag crust thickness measurement data were acquired while the blast furnace
stockline was in operation, and the data were then utilized to corroborate the model’s predictions. A
blast furnace with an effective volume of 3200 m® was used to test the model. The average thickness
of the hot-surface slag crust was computed for cases that occurred between 2020 and 2022. The data’s
correlations with the blast furnace’s technical and economic indices during the same time period
were examined. The findings indicated that the blast furnace’s operation indices improved with a
thinner slag crust, but there was also a higher chance of damage to the copper stave’s internal cooling
water pipes. Taking into account the technical and economic indices as well as a long campaign of
the blast furnace, 150-200 mm is recommended as the appropriate average slag crust thickness on the
surface of the copper stave in the high-temperature section.

Keywords: blast furnace; copper stave; slag crust; mathematical simulation; long campaign

1. Introduction

The blast furnace is usually recognized as a perfect high-temperature reactor in the
modern ironmaking industry [1-3]. Iron ore and coke enter the high-temperature reactor
from the upper throat of the blast furnace, while high-temperature and high-pressure
blast and auxiliary fuel enter the reactor from the lower tuyere of the blast furnace [4-7].
The high-temperature gas generated by the combustion of fuel in the tuyere area of the
blast furnace rises in a countercurrent with the downward moving burden. The CO in the
gas reduces the iron oxide in the iron ore into metallic iron while transferring heat to the
burden. Through a series of complex physical and chemical interactions, the melting and
separation of slag and iron are achieved [8-10]. The blast furnace is a large and efficient
reactor that operates continuously, and the long campaign of modern large blast furnaces
can reach 15-20 years. Within 0.5 to 3 years after the blast furnace is opened, the bricks on
the hot surface of the stave above the tuyeres are almost completely detached. The stave
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mainly relies on the slag crust on the hot surface to protect it and form a working furnace
shape. The high-temperature area of a blast furnace refers to the bosh, waist, and lower
shaft of the furnace body above the tuyere. The working state of the stave in this area is
crucial for the smooth operation and long campaign of the blast furnace [11]. The thermal
conductivity of a copper stave is much higher than that of a foundry iron stave, and the
high thermal conductivity of a copper stave makes it easier to quickly form slag crust
protection. Therefore, since the beginning of this century, copper staves have been chosen
in the bosh, waist, and lower shaft of the furnace body in many newly built and overhauled
blast furnaces. However, due to the fact that the blast furnace is a high-temperature and
high-pressure reactor, it is difficult to directly monitor the thickness of the hot-surface slag
crust of the copper stave, and the appropriate slag crust thickness is difficult to determine
and control, resulting in frequent thickening of the furnace wall and damage to the stave in
the operation of the blast furnace. For example, a 3200 m® blast furnace, which was put
into operation in 2006, had frequent thickening on the copper stave in 2015. From 2020 to
2022, there were many cases of copper stave damage, and it was forced to shut down for
overhaul in July 2022.

Many researchers have studied the working state of copper staves through methods
such as production data analysis and establishing heat transfer calculation models [8-32].
Ito and his co-authors [12-14] established a two-dimensional visualization model to study
the temperature of copper staves based on spatial distribution and temporal variation
data. Wu [15] used a combination of heat transfer numerical simulation and artificial
neural networks to establish an intelligent simulation model for blast furnace staves, and
this model could be used for online monitoring of the working status of blast furnace
cooling staves. Lu [16] conducted heat transfer analysis and numerical simulation on the
copper staves of the bosh and waist of the No. 2 blast furnace at Nangang and developed
monitoring software with a slag thickness warning function. Liu [17] established a heat
transfer model for a blast furnace stave, simulated the regeneration process of the slag crust
on the hot surface of the stave using element birth and death technology in ANSYS, and
analyzed the growth behavior of the slag crust after detachment. Jiao [18] constructed a hot-
state experimental furnace for staves and studied the unsteady heat transfer process of blast
furnace staves and the variation law of stave thermocouples under different conditions.
Although the performance of the hot-surface slag crust varies with different smelting
conditions, it is not possible to sample the hot-surface slag crust of blast furnace staves in
actual operation. Many researchers use literature data such as slag thermal conductivity and
hot-surface temperature to calculate important parameters required by their models, which
results in inevitable errors and a lack of analysis of the appropriate slag crust thickness for
blast furnaces.

This article focuses on the copper stave and its hot-surface slag crust in the bosh,
waist, and lower shaft of a 3200 m? blast furnace as the research object. The slag crust was
sampled during a lowering of stockline operation and further was tested to obtain the
thermal conductivity and soft melting temperature. Based on the above parameters, the
slag crust thickness of the copper stave in the high-temperature zone of the blast furnace
under different conditions is predicted by mathematical simulations. Consequently, a
comparative analysis of the relationship between the thickness of slag crust on copper
staves and the technical-economic indices of blast furnaces was conducted during the same
time period. Finally, the appropriate thickness of hot-surface slag crust on copper staves in
high-temperature areas was expected to be determined.

2. Sampling and Testing of Slag Crust from Copper Stave

The slag crust adhered to the hot surface of a copper stave has a very low thermal
conductivity, which can provide good protection for copper staves in high-temperature
areas. The thermal conductivity and reflowing temperature of the slag crust are the
most important parameters for calculating the thickness of the slag adhesion layer. Cur-
rently, the thermal conductivity of the slag crust is generally believed to be the range of
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1-5 W (m K) ! [17,24]. It is mainly influenced by the slag crust’s chemical composition or
phase composition. There are significant differences in the composition of slag crust based
on different raw material conditions. Samples were taken from the hot surface of the copper
cooler in the high-temperature zone of a blast furnace, taking advantage of the opportunity
of maintenance of the blast furnace stockline. In order to accurately predict the thickness
of the slag crust on the copper stave of the blast furnace, the chemical composition of the
slag crust was analyzed, and physical-chemical properties such as thermal conductivity
and melting performance were also tested. Figure 1 shows the adhesion state of slag on
the surface of the copper stave in the high-temperature zone of the lower shaft of the blast
furnace. Figure 2 shows the morphology of the slag crust.

Figure 1. Slag crust adhered to the hot surface of the copper stave of the blast furnace.

Figure 2. Morphology of the slag crust sample.
2.1. Chemical Composition Analysis of Slag Crust

The slag crust samples on the hot surface of copper staves at different positions were
tested, and the chemical compositions are shown in Table 1. The component analysis
equipment was ICP-AES. It can be seen that in addition to a small amount of iron oxide,
the main components in the slag crust are Al;O3, CaO, and SiO,. These components easily
form high-melting-point phases such as melilites and spinels, which are adhered to the hot
surface of the copper stave and play a protective role on the cooling wall.

Table 1. Chemical composition of the slag crust sample (wt.%).

sﬁple Si0, AlL,O; CaO  TFe FeO MgO K,O0 Na,O TiO, Zn CuO C
1 1827 3014 288 727 884 253 016 045 051 002 046 1.16
2 1656  31.00 2426 965 1112 056 026 04l 0.61 072 075 1.93
3 2032 3517 2507 669 801 098 061 0.15 0.8 098 041 0.85
4 1995 3444 239 494 671 036 033 052 09 176 0.8 3.46

2.2. Thermal Conductivity of the Slag Crust

The procedure for determining the thermal conductivity of slag crust involved the
following steps: (i) Grind both sides of the slag crust to provide a level surface in the thick-
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ness direction, and thereafter place standard samples on a temperature-controlled plate.
(ii) Enclose the outside side with thermal insulation cotton that possesses exceptionally low
thermal conductivity to guarantee the full transfer of heat in the vertical direction of the
sample throughout the test. (iii) Activate the temperature sensor to measure the tempera-
ture of the appropriate plate, as well as the temperatures of the upper and lower sides of
the sample. (iv) Lastly, ascertain the thermal conductivity of the slag crust by employing
the one-dimensional steady-state heat transfer method, based on the assumption of equal
unidirectional heat flow intensity.

After the thermal conductivity of the slag crust samples was tested, the results
(shown in Table 2) indicated that the actual thermal conductivity was between 1.45 and
1.55 W (m K) . As a result, the value of thermal conductivity of the slag crust was consid-
ered as 1.5 W (m K)~! in this study.

Table 2. Thermal conductivity of the slag crust samples.

Sample No. Thermal Conductivity W (m-K)~1
1 1.451
2 1.526
3 1.541
4 1.495

2.3. Melting Performance of the Slag Crust

The melting test of a sample of the hot-surface slag crust was conducted as follows:
The powdered slag crust sample (particle size < 0.075 mm) was pressed into a cylindrical
sample of @ 6 mm x 6 mm under a pressure of 10 MPa using a pressing machine. After
that, the cylindrical sample was vertically placed on the support plate of the corundum boat
in the experimental furnace. The high-temperature resistance furnace used molybdenum
disilicide rods as heating materials. The corundum boat supporting the sample was kept
in the isothermal zone of the corundum tube inside the furnace and then sealed with an
insulation ring. The experimental samples were heated from room temperature to 1600 °C,
with a heating rate of 10 °C/min from room temperature to 1200 °C and then 3 °C/min
from 1200 °C to 1600 °C. High-purity N, was introduced as a protective gas with a gas flow
rate of 0.8 L/min during the entire heating process. High-temperature photography was
performed to record the melting process of the sample, as shown in Figure 3. The softening
temperature (ST), hemispherical point temperature (MT), and flow point temperature (FT)
of the slag crust samples were tested as shown in Table 3. According to Table 3, the average
softening temperature, hemispherical point temperature, and flow point temperature of
the slag crust samples were 1434.5 °C, 1439.9 °C, and 1468.1 °C, respectively. Considering
that a temperature below the softening temperature is necessary for the slag crust to adhere
and not easily peel off, and the temperature error was 5 °C, the hot-surface temperature
of the slag crust was set to 1430 °C during the mathematical simulation in the next step.

Table 3. Melting performance of the slag crust samples.

Sample No. ST (°O) MT (°C) FT (°C)
1 1434.1 1441.8 1466.9
2 1449.3 1454.3 1479.3
3 1432.2 1436.5 1464.2
4 1422.5 1427.1 1462.0
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Figure 3. Geometry model of the heat transfer around copper stave.

3. Simulation of Thickness of the Slag Crust on Copper Stave
3.1. Model Assumptions

Taking the copper stave in the high-temperature area into account, a mathematical
model for heat transfer of the copper stave was appropriately simplified and established.
During the production process of a blast furnace, over 98% of the heat transferred from
the slag crust to the copper cooling wall is carried away by cooling water [24]. The model
assumes the following: (1) a certain thickness of refractory ramming material is filled
between the furnace shell and the stave body, ignoring small structures such as fixed bolts
and cooling water pipes outside the wall; (2) the blast furnace is in the middle and late
campaigns, the hot-surface brick lining on the stave has completely disappeared, and the
thickness of the slag is taken to exclude the thickness of the rib; (3) the heat conduction
processes between the furnace shell and the filling material, between the filling material
and the stave, and between the stave and the slag crust is ideal, ignoring the contact thermal
resistance; (4) the width of the wall is relatively negligible small compared to the diameter
of the furnace shell curvature, so the influence of the curvature of the furnace shell and
wall is ignored, and a Cartesian coordinate system is used for modeling; (5) the furnace
shell is in contact with air at the same temperature, and the cooling water flowing through
the surface of the channel is uniform; (6) the thickness of the slag crust on the hot surface
of the stave is consistent and in a steady state; (7) the heat transfer coefficients between
the outer surface of the furnace shell and the air, as well as the heat transfer coefficients
between the cooling water and the inner wall of the water channel, are constant.

3.2. Boundary Conditions and Parameters

The temperature of the hot-surface slag crust is set at 1430 °C. The air temperature is
set at 30 °C, and the heat is mainly carried away by cooling water. The proportion of heat
transferred into the air through the furnace shell is very small, so the comprehensive heat
transfer coefficient of air is adopted as 11.0 W (m2-°C)~1 [17]. The convective heat transfer
coefficient between the cooling water and the stave needs to be determined by the structure
of the cooling water channel and the physical properties of the water. The water velocity v
is 1.7 m/s, and the equivalent diameter d of the cooling water channel inside the stave is
0.058 m. For example, when the cooling water temperature is 40 °C, the kinematic viscosity
coefficient of the cooling water 7 is 0.659 x 10~° m? /s, the thermal conductivity of cooling
water A is 0.633 W (m-K) !, and the Prandtl (Pr) number is 4.34. Re is the Reynolds number.
The corresponding Reynolds number is

Re = %d = 1.496 x 10° > 10* (1)
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The cooling water channel is subjected to forced convection inside the pipe, while the
cooling water is turbulent. The following formula is used for calculation [25]:

hd
Nu = 0.023Re?8pr%4 = ==

- @

where Nu is Nusselt number.
The convective heat transfer coefficient & is calculated as 6230 W (m?-°C)~1,

3.3. Simulation and Validation of the Slag Crust Thickness

The geometry model of heat transfer around copper stave is shown in Figure 3. In
the model, thermal conductivity is the only form of heat transfer, and the mathematical
expression describing the temperature field in a solid body is the thermal conductivity
differential equation. In a Cartesian coordinate system, when the thermal conductivity of
an object is constant, the form of the thermal conductivity differential equation is

ot 9%t 9%t 0%t 7o
aT—“<axz+ayz+azz)+pcp ®)

where t is temperature, °C; 7 is time, s; a is the thermal diffusion coefficient, m2/s; qv is the
intensity of the internal heat source, W/m?3; p is density, kg/m?; Cp is specific heat capacity,
J (kg °C) .

The thermal conductivity differential equation can be expressed as follows without an
internal heat source and under steady-state conditions:

% 9 | 9t s

The finite difference method is used to solve the steady-state three-dimensional heat
conduction problem, assuming other data parameters remain unchanged. Then, the temper-
ature distribution of the stave can be calculated for slag crust thickness by using computer
programming with the Gauss—Seidel iteration method. The finite difference method re-
places derivatives with difference quotients in differential equations, transforming them
into corresponding difference equations and obtaining approximate solutions of the dif-
ferential equations. To solve thermal conductivity problems using the finite difference
method, the solution area must first be divided into a finite number of small grid elements.
Usually, the intersection of grid lines is called a node, and the distance between nodes is
measured in steps. Here, a cubic cell of 1 mm x 1 mm x 1 mm is adopted for the grid
division. In Equation (5), t (i, j, k) is the temperature of node (i, j, k). The temperature
calculation equation for the internal nodes (i, j, k) is

1
tijk =2 (ti+1,j,k +tigjk + tijrie T -1k tijee + ti,jfl,kfl) ®)

By setting the initial values of different internal nodes for verification, the tolerance in
the last two neighbor iterations is controlled within 0.00001 °C at the end of the iteration.
The difference between the initial node temperature calculations at 1430 °C and 42 °C is
within 0.1 °C, ensuring that the calculation accuracy meets the requirements.

During normal manufacture of the blast furnace, the flow rate and temperature of the
cooling water are usually constant. The temperatures of different measurement sites of
the stave vary with the different thicknesses of the slag crust. The flow rate of the cooling
water of the blast furnace in this article is 1.7 m/s, and the temperature of the cooling water
is around 42 °C. The relationship between the temperature measurement site of the stave
and the thickness of the slag crust is shown in Figure 4.



Metals 2024, 14, 19

7 of 11

220

200

180

c

160

140

120

site of BF stave,

100

80

Cal culated temperature at measurement

60

40 1 1 I 1 1 I
0 40 80 120 160 200 240 280

Thickness of slag crust, mm

Figure 4. The temperature of the measurement site of the stave in dependence on the thickness of
slag crust.

The actual temperatures at different measurement sites of the copper stave were
measured before the shutdown and maintenance of the blast furnace, and the slag crust
thickness was measured and validated after the dropping of the stockline. The cooling
water reached 55 °C, and the flow rate was normal since some of the equipment in the blast
furnace’s cooling water heat exchanger needed maintenance when the stockline was being
dropped. Using the above model, the thickness of the slag crust at the sampling location
was calculated based on the temperature measurement of the copper stave. As shown
in Figure 5, the results of the prediction model are accurate and can meet blast furnace
requirements, as evidenced by the good agreement between the calculation results and the
actual measurement findings. The temperatures of the copper stave in the high-temperature
zone of the blast furnace were between 91 and 126 °C at the temperature measurement
sites. During the stockline dropping, the slag crust of the stave was extremely thin, and its
temperature was high. The thicknesses of 18 slag crust samples range from 8.8 to 22.8 mm,
and the corresponding simulated slag crust thicknesses range from 9.1 to 17.4 mm, with
minor inaccuracies. The comparison of actual and predicted slag crust thicknesses at the
four measurement sites is shown in Figure 5.

30

I Mcasured value
Bl Caiculated value

- N N
o o [}
T T
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S

2 3 4

Sample number

Figure 5. Comparison between measured and calculated thicknesses of slag crust samples.
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4. Appropriate Thickness of the Slag Crust on Blast Furnace Stave

The bosh stave is the sixth cooling wall of this study’s blast furnace, the waist cooling
wall is the seventh part, and the lower staves of the furnace body are the eighth and ninth
sections. With 48 cooling walls, 196 cooling water pipes, and 12 evenly spaced temperature
monitoring sites per section, these four sections are copper staves in high-temperature
regions.

4.1. Relationship between Slag Crust Thickness and Blast Furnace Indices

The slag crust thickness prediction model presented in this article was used to compute
the mean thickness of the copper stave slag crust in the high-temperature region of the
blast furnace. Then, the correlation computation was considered to analyze the technical
and economic indicators of blast furnace production spanning from 2020 to the first half of
2022. The calculations are supposed to utilize data samples consisting of the daily average
thickness of the slag crust, the number of material batches, the average blast volume, the
average output, the average gas utilization rate, and the coke ratio. However, data acquired
during the blast furnace shutdown should be removed from these calculations. Finally, the
linear correlation coefficient between the thickness of the slag crust and these parameters
was determined using the following formula:

Cov(X,Y)

rXY) = Var[X|Var[Y]

(6)

where Cou(X,Y) is the covariance of X and Y, Var[X] is the variance of X, and Var[Y] is the
variance of Y.

The results of the calculations indicate that the thickness of the slag crust has a strong
correlation with the number of material batches, blast volume, production rate, and gas
utilization rate. It is positively correlated with the coke ratio and negatively correlated with
the other variables. Table 4 illustrates how significant technical and economic indices like
blast furnace output and coke ratio would suffer as slag crust thickness rises.

Table 4. Correlation of slag crust thickness with blast furnace indices.

Parameter Batches Output Rate Coke Ratio . c.;as. Blast Volume
Utilization

Correlation —0.81 —0.78 0.66 045 —0.78

coefficient

The aforementioned phenomenon can be explained by the fact that a thicker slag crust
results in a lower effective volume of smelting in the lower part of the blast furnace. This is
detrimental to the smooth flow of furnace material and reduces the number of blast furnace
material batches, blast volume, and output rate. In addition, anomalous furnace conditions
are likely to arise, including irregular circumferential airflow, variations in the temperature
field, and bonding in specific regions. As seen in Figure 6, limited blast volume causes
insufficient airflow in the bosh section between the #3 and #4 iron notches (tapholes), which
lowers the temperature and causes the bonding of a noticeably thicker slag crust in this
area. These outcomes are detrimental to the development of indirect reduction in the blast
furnace and lead to a lower gas utilization rate and higher coke ratio.
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No.2 iren-notch No.1 iron-notch
W BF shell 40 mm 145 mm

Fill material

W Stave 106 m

kL, 20 mm

64 mm
99 mm

115 mm
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273 mm
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No.3 iron-notch No.4 iron-notch

Figure 6. The calculated agglomeration of slag crust on the stave of the blast furnace bosh.

There will be an overall thickening of the slag crust in the blast furnace when there
are several bonding locations. According to the computation results and analysis of blast
furnace operation experience, the entire slag crust thickening in that section of the copper
stave will occur when the slag crust thickness exceeds 250 mm in two-thirds of that section
in the high-temperature area of the blast furnace. This will result in evident abnormalities in
the blast furnace’s operating parameters and indices. At this point, traditional adjustment
techniques will be hard to manage and frequently call for blowdown treatment, causing
significant losses in fuel, productivity, and financial gains.

4.2. Dependence of Slag Crust Thickness on the Stave Cooling Water Pipe Damage

Table 5 displays the average slag crust thickness and the number of damaged cooling
water pipes in each section of the copper stave of the blast furnace based on statistics from
2020 to the first half of 2022. It is discovered that the cooling water pipes are more damaged
the thinner the slag crust is, suggesting that the slag crust significantly protects the cooling
wall. The sixth through eighth portions have few cooling water pipes, while the ninth
section has a noticeably thin slag crust. The blast furnace’s lengthy campaign is hampered
by the serious damage to the cooling water pipes. Furthermore, damage to the cooling
water pipes may result in water leaks inside the blast furnace, necessitating a break from
the operation of the furnace in order to repair the pipes. This is not good for the blast
furnace’s long-term stability or efficient operation. Therefore, 150-200 mm is recommended
as the suitable average thickness of slag crust, taking into account the technical indices of
blast furnace output and the lengthy campaign of the blast furnace.

Table 5. The number of damaged cooling water pipes and the corresponding slag crust thickness.

Location 6th Section 7th Section 8th Section 9th Section
Thickness of slag crust (mm) 179.3 150.2 173.0 113.6

Number of damaged cooling

. 10 25 21 75
water pipes

5. Conclusions

1.  Slag crust samples were extracted from the hot surface of the copper stave in the
high-temperature area, taking advantage of the blast furnace stockline’s mainte-
nance opportunity. The slag crust’s chemical composition, thermal conductivity, and
melting capability were examined. The slag crust has a thermal conductivity of
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1.45-1.55 W (m K) L. Its flow temperature (FT), hemispherical temperature (MT), and
softening temperature (ST) are 1468.1 °C, 1434.5 °C, and 1439.9 °C, respectively.

2. A mathematical model for the heat transfer of the copper stave was constructed using
the copper stave in the high-temperature area of the blast furnace as the research
object. The model was confirmed using real data gathered from the dropping of the
stockline, and the temperature measurement points of the stave corresponding to
various slag crust thicknesses during typical blast furnace production were computed.
The outcomes of the computation and the measurement agreed fairly well.

3. By examining the blast furnace output data from 2020 to 2022 and calculating the
average thickness of the slag crust, it was discovered that the better the indices,
the smaller the slag, but the greater the chance of cooling water pipe damage. The
appropriate average slag thickness should be between 150 and 200 mm, taking into
consideration both the long campaign and the technical indices of the blast furnace.
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