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1. Introduction

Blast furnace (BF) is a unit for smelting cast iron which 
is an alloy of iron and carbon, Fig. 1.

The furnace has a steel housing 1 having the shape of 
a truncated cone with a height of more than 30 m lined 
inside with refractory bricks. There is equipment 2 in the 
upper part of the furnace for loading raw materials, a charge 
consisting of iron ore (agglomerate, pellets) and coke. The 
charge is loaded in portions every 3–5 min using skips 3. 
Iron ore and coke are in pieces of various sizes (fractions) 
from 20 to 100 mm. When they enter the upper part of the 
furnace, top 4, they fill the furnace space forming a loose 
charge column 5 which subsides when melting.

In the lower part of the furnace, there is a hot blast pipe-
line 6 and an annular pipeline 7 from which combined blast 
(atmospheric air and fuel additives) is fed into the furnace 

through special tuyeres. Atmospheric air compressed to 0.4–
0.5 MPa and enriched in oxygen up to 25–29 % is blown 
from the cold blast pipeline 8 through hot blast stove 9 where 
is heated up to 1,100–1,200 °C. Blast fuel additives (natural 
gas and/or pulverized coal fuel) are fed into the furnace 
tuyeres from separate pipelines 10. The blast entering the 
lower part of the furnace (hearth 11) rises penetrating the 
column of charge materials. When charge materials and 
gases interact in their countercurrent movement, physical 
and chemical transformations occur which determine the 
process of blast-furnace smelting. In this process, heat is 
released during the coke combustion to melt iron ore mate-
rials. Carbon monoxide (CO) is formed to reduce iron from 
its oxides. As a result of these transformations, cast iron, slag 
and top gas are formed. The top gas leaving the furnace is 
fed through the gas pipeline 12 to the gas cleaning station 13 
and then the purified gas called “blast furnace gas” enters 
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important because the level of furnace charge 
materials and the velocity of their subsidence are 
main indicators of melting intensity determining 
the furnace productivity.

The design of a blast furnace and its blast path 
were described and existing methods and means 
of controlling the velocity of charge materials in 
the blast furnace were analyzed. A mathematical 
model was presented for estimating the velocity of 
subsidence of charge materials in a blast furnace 
based on the magnitude and fluctuations of gas 
pressure along the furnace shaft height. The 
model is based on the fact that the furnace gases 
rise up in the furnace shaft through elementary 
channels in the column of charge materials 
consisting of a combination of capacitances and 
resistances. Volume of capacities and values of 
resistance of elementary channels are constantly 
changing. This changes hydraulic resistance to 
gas movement in the blast furnace. The system of 
differential equations describes the dependence 
of the amplitude of pressure fluctuations on the 
amplitude of change in coefficients of resistance 
and frequency of pressure fluctuations on the 
frequency of change in coefficients of resistance. 
The experimental data on velocity of the column of 
charge materials and fluctuations in the pressure 
differential in the furnace were processed and 
their significant relationship was shown to 
confirm the previous theoretical study results. To 
assess the model adequacy, the simulation method 
was used. The results of the simulation model 
work were confirmed by experimental data.

The developed mathematical model can be 
introduced into production. This will make it more 
economical and safer through better and more 
predictable control and improved flexibility in 
operation under different production conditions
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on the surface and are immersed in the charge which leads to 
an error in level measurement.

Non-contact methods of monitoring the 
level of charge materials were tested at a num-
ber of BFs [2]. Radar devices are installed at 
several points along the top perimeter to scan 
the charge surface. The sensor signal is pro-
cessed by software and the result in the form 
of a picture of the charge surface with corre-
sponding digital marks is output to the com-
puter of the BF shop foreman. The equipment 
used in this method requires special dust and 
heat protection measures and its maintenance 
on the top takes place in conditions that are 
dangerous for personnel.

Along with technical means, methods of 
mathematical modeling are used to determine 
parameters and indicators of blast-furnace 
smelting. Mathematical models of blast-fur-
nace processes make production more eco-
nomical and safer due to better, more pre-
dictable control, fewer disturbances, and 
higher flexibility in various external condi-
tions. Therefore, the development of simpler 
and, preferably, non-contact methods for con-
trolling the velocity of subsidence of charge 
materials is still relevant.

2. Literature review and problem statement

Blast-furnace process models are divided into complex 
models, models of concrete zones, and data-based models [3]. 
Complex models are further classified as lumped parameter 
models, 1-D, 2-D, and 3-D stationary and transient models, 
and CFD-DEM models.

Complex models include the model [4] where Rist dia-
grams were used for optimizing costs at the operational level 
and exploring new opportunities, such as injection of hot re-
ducing gas, recirculation of top gas, and use of natural gas [5].

First steady-state models were proposed back in the 
1970s and are being developed to this day. Current solutions 
in this direction are described in the study [6] which pres-
ents a one-dimensional dynamic model used to predict the 
thermal state of the process.

Static models are also developed by many authors. A 
2D model of a blast furnace taking into account non-mixed 
layers of ore and coke with distinct reactions in the ore 
and coke layers is described in [7]. A fine mesh was used 
to discretize the furnace. After initial coarse subsidence, 
all sub-models are re-run to predict the adhesion zone. The 
algorithm is repeated until the process stabilizes. The model 
describes thermal and chemical reserve zones in a realistic 
way. The temperature difference between the gas and solid 
phases turned out to be maximum at the top as well as in 
the cohesion zone. Fluctuating isolines of gas composition, 
gas temperature and charge are also well fixed by the model. 
Fluctuations in composition and temperature of gas and 
charge are described by the model [8] which was constructed 
similarly to [7]. It is integrated with a tuyere zone model and 
a charge loading model to investigate the effect of carbona-
ceous layers on furnace operation.

A three-dimensional CFD-based blast furnace simu-
lator along with load distribution and a model of charge 

the common shop collector of blast furnace gas 15 through 
the droplet eliminator 14.

Combustion of coke and melting of iron ore materials 
in the lower part of the furnace leads to a decrease in the 
charge volume and subsiding of the entire column of charge 
materials. Thus, the process of blast-furnace smelting is a 
continuous flow of physical and chemical transformations 
and a continuous subsiding of the column of charge materials 
occurs with different speeds. Movement of the loose column 
of charge materials (it is loose on most of the column except 
its bottom part where softening and melting occurs) leads 
to a continuous change in the volume of voids and channels 
through which the gas flow rises. This causes pressure fluc-
tuation in the gas flow both in the column of charge materi-
als and in the entire gas path of the furnace. It is obvious that 
these pulsations are in a certain way related to the charge 
subsidence velocity.

The level of charge materials in the furnace and the 
velocity of their subsidence are main indicators of melting 
intensity determining the furnace productivity.

Production workers and scientists have always paid great 
attention to methods and means of controlling the charge 
subsidence velocity. Various methods and technical means 
are used to control the level and speed of the column of 
charge materials in the BF. The charge level (the upper level 
of the column of charge materials in the BF) and velocity of 
the column subsidence are controlled at many BFs by elec-
tromechanical probes [1]. Two such probes (left and right) 
are installed in the furnace. The probe is designed in such a 
way that the sensor signal is proportional to the length of the 
shoe movement and, accordingly, reflects the position of the 
charge level and the change in movement after a certain time 
corresponds to the velocity of subsidence of the column of 
charge materials. The advantage of this method is sufficient 
operation reliability. Disadvantages include the complexi-
ty of technical implementation, insufficient accuracy (the 
ability to control only two points on the charge surface), 
and significant operating costs. Besides, in a case of uneven 
subsidence of charge materials, the probe shoe are not kept 

 

 
  

Fig. 1. Blast furnace and its blast path: 1 – furnace housing; 2 – charge 

material loader; 3 – skip; 4 – furnace top; 5 – column of charge materials; 

6 – hot blast pipeline; 7 – ring pipeline; 8 – cold blast pipeline;  

9 – air heaters; 10 – pipeline of fuel additives; 11 – furnace hearth;  

12 – top gas flue; 13 – gas cleaning station; 14 – drop catcher;  

15 – shop collector of blast-furnace gas
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movement is described in [9]. The complete Navier-Stokes 
equation with turbulence was solved for gas flow. The cohe-
sive zone is determined based on the calculated temperature 
of softening and melting of local charge composition. The 
authors of [10] found that 2D modeling of liquid fraction 
distribution near the tuyere zone gives erroneous results and 
only a 3D model correctly describes the process. Results 
of the slot model and the sector model of the blast furnace 
were compared in another study [11] for a given gas flow and 
charge velocity. It turned out that the sector model gives 
slightly better results than the slot model.

The study [12] presents an analysis of the 3D CFD-DEM 
model of a blast furnace in a reduced geometry. The model 
takes into account the flow of solids and gas but does not 
take into account thermal effects, i.e. this is an isothermal 
model. Particular attention is given to the correct choice of 
simulation conditions (for example, gas supply flow velocity).

A two-dimensional simulation of the process in an ex-
perimental blast furnace built in Luleå, Sweden, is described 
in [13]. It takes into account non-isothermal conditions and 
basic chemical reactions. The model can describe general 
conditions in the furnace, predict the level and shape of the 
cohesive zone. The results of the model operation were ver-
ified by comparison with the results of probe measurements 
in this blast furnace.

The latest solutions in the field of mathematical model-
ing of different zones of a blast furnace from top to bottom 
are discussed in [14]: loading systems, furnace housing, and 
tuyere zone. Zonal models are focused on charge distribution 
in a blast furnace.

The model from [15] makes it possible to determine the 
distribution of charge materials over the entire cross-section 
of the BF taking into account the gas permeability of the 
charge material layers in dry and viscoplastic zones and heat 
redistribution between phases and the furnace walls. The 
simulation results are in good agreement with the readings 
of the microwave profile meter. A mixed portion (agglomer-
ate, pellets) is loaded as an additional type of material with 
mechanical and chemical properties of agglomerate and pel-
lets in proportion to their participation in the mixture for-
mation. This model also takes into account the segregation 
of the material when it is unloaded from the tray.

A detailed review of procedures applied in modeling 
the drop formation zones is presented in [16]. The models 
describe the movement of ore and coke and are of decisive 
importance for controlling and optimizing the process state. 
Ore to coke ratio affects production and the process of fuel 
consumption. Radial distribution of the charge materials 
greatly affects conditions in the upper part of the furnace 
where indirect reduction of iron ore occurs.

A large number of data-based models are presented in 
review [17] which shows the level of development of the issue 
in this area at that time.

Models based on data analysis represent the blast fur-
nace as a “black box”. They use various experimental data 
and analytics tools such as artificial neural networks (ANN), 
principal component analysis (PCA), least square meth-
od (LSM), machine learning algorithms (MLA) to classify 
data. Combinations of such models with fuzzy logic were 
used to develop expert systems for predictive control and 
advanced non-linear optimization procedures (genetic algo-
rithms, GA) are used to solve multi-parameter problems of 
optimization, e. g. minimize fuel consumption while maxi-

mizing productivity. Some of these procedures are also used 
to predict anomalies.

Autoregressive models for predicting silicon content in 
cast iron have been developed since the 1970s and first at-
tempts to predict silicon content using neural networks have 
been made since the early 1990s. The authors of [18] used 
the concept of mutual information (MI) when developing a 
system for predicting the content of silicon. MI measures the 
overall dependence of random variables without making any 
assumptions about the nature of their underlying relation-
ships. Initially, a set of 15 input parameters was considered 
as the input data for the predictive system. Subsequently, 
the least significant variables were removed using MI. The 
remaining set of nine parameters was found to be sufficient 
for the development of a prediction system based on SVM.

Evolutionary and multi-objective genetic algorithms 
were used in [19] to determine the loading matrix to ensure 
desired gas distribution in the furnace. The load distribution 
model [20] in combination with simplified gas flow distri-
bution was used to create a large dataset needed to train 
neural networks using an evolutionary approach. The load-
ing program was optimized to match with the target radial 
gas temperature distribution at the top taking into account 
limitations on total pressure drop and ore to coke ratio.

It follows from the above analysis that in relation to 
existing methods and means of controlling the speed of 
movement of charge materials in a blast furnace, there are 
problems associated with the complexity of technical imple-
mentation, insufficient accuracy, and substantial operating 
costs. Non-contact control means use equipment requiring 
special measures to protect against dust and temperature 
and its maintenance on the furnace top takes place in condi-
tions dangerous to personnel.

With regard to existing approaches to modeling the 
processes occurring in the blast furnace shaft, the following 
shortcomings have been identified: bulkiness of complex 
models, the difficulty of customizing them for the opera-
tion of a particular blast furnace in given conditions, and 
the need for highly qualified service personnel. Models of 
concrete zones do not solve the problem of complex analysis 
of the process which is necessary for the correct assessment 
of the velocity of charge descent in real time. Data-driven 
models require long training and a large training sample size 
which also makes them difficult to operate under changing 
conditions and on a different resource base.

Given the above information, there is a need to develop 
simpler and preferably non-contact methods for monitoring 
the charge subsidence velocity.

3. The aim and objectives of the study

The study objective consisted in developing a mathemat-
ical model for estimating the velocity of subsidence of charge 
materials in a blast furnace based on the magnitude and fluc-
tuation of gas pressure along the furnace shaft height. This 
will make it possible to develop a new method for controlling 
the velocity of charge subsidence and to quickly control it 
based on this method.

To achieve the objective, the following tasks were set:
– collect and analyze the experimental material (produc-

tion data) on the relationship between fluctuations in gas 
pressure in the furnace and the velocity of charge subsidence;
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– develop a mathematical model describing fluctuations 
in gas pressure in the furnace;

‒ construct a simulation model of the process and evaluate 
the adequacy of the model according to experimental data.

4. The study materials and methods

Existing methods and means of controlling the speed 
of movement of charge materials in a blast furnace were 
analyzed.

To test the basic principle of model construction, we 
used data on the actual movement of the column of charge 
materials obtained from mechanical level gauges for 1 day 
of BF operation in a normal mode and values of pressure 
fluctuation according to corresponding differential pressure 
gauges (Fig. 2).

Mechanical probes make it possible to determine the 
charge level only at two points. Besides, when the charge 
surface is uneven, the probes are sometimes not kept on the 
surface and immersed in the material which results in inac-
curate readings. When the probes are raised and lowered, no 
measurement is taken. The data obtained in this way were 
averaged over the readings of 2 probes and the gaps in the 
intervals of the rise of the probes were filled using the expo-
nential smoothing method.

Fluctuations in the lower pressure drop of gases were an-
alyzed in terms of frequency and compared with the average 
velocity of charge subsidence by calculating the correlation 
coefficient. The value of the correlation coefficient obtained 
in this case equal to 0.83 shows a possible relationship be-
tween fluctuations in the flow pressure and the velocity of 
subsidence of the column of charge materials in the furnace.

The channel through which gases move in a blast 
furnace starts from the hot blast pipeline. Then it goes 
through a hearth, a column of charge materials, a furnace 
top, gas cleaning, and enters the shop blast-furnace gas 

collector. For a theoretical description of the process, 
each part of this channel can be represented as a kind of 
container with corresponding hydraulic resistances at its 
inlet and outlet.

In the blast furnace shaft itself, the hearth gases rise up 
through elementary channels of the charge material column 
during the smelting process. Each such elementary channel 
consists of a combination of capacitances and resistances. 
Since the charge materials are constantly moving (subside), 
the number of such channels, their lengths and volumes are 
constantly changing which means that hydraulic resistance 
to the movement of gases in the blast furnace changes as 
well. This should cause a pulsating change in pressure in 
the channels and in the furnace shaft as a whole which is 
confirmed by the practice of blast furnace operation (Fig. 2).

Significant pressure peaks in Fig. 2 correspond to the 
transition from a cooled air heater to a heated one. The main 
characteristics of the channel through which the gas moves 
include its capacity C and hydraulic resistance R. Capacity 
of the channel is determined by the change in a gas amount 
which corresponds to a single pressure change in it [3]:

∆
=

∆
.

V
C

p

Hydraulic resistance R of the channel is a reciprocal of 
the tangent of the slope of the flow curve, that is [3]:

= .
dP

R
dF

An elementary channel was presented as a set of n vessels 
with certain capacities Ci and hydraulic resistances Ri at the 
inlet and hydraulic resistances Ri+1 at the outlet. The mathe-
matical model of fluctuations in the pressure of gases during 
their movement in the furnace is presented as a system of 
n differential inhomogeneous equations of the first order (1).

 

Fig. 2. Fluctuations in gas pressure at the top and the total pressure drop along the height of the furnace (the photo was taken 

from the SCADA system)
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The resulting mathematical model was 
simplified by passing to the steady-state 
regime of gas flow. For each change in Ci 
and Ri, the gas pressure in these vessels has 
already been established at a new level and 
remained constant until a new change in 
Ci and Ri as a result of the charge motion. 
The model in steady-state is a system of 
algebraic equations (6). Each solution of 
this system of equations must be sought 
for certain values of resistance coefficients 
Ki( j) at each given j-th moment.

This has made it possible to construct a 
simulation model of the process of change in 
the gas pressure in a blast furnace with fluc-
tuations in velocity of the charge subsidence.

Values of the resistance coefficients 
for each moment are randomized using 
a sensor of normally distributed pseu-
do-random numbers with optimal param-
eters obtained by the least-square method 
based on values of technological param-
eters. As a result of each randomization, 
values of eight coefficients were obtained and the system 
of algebraic equations (6) was solved at these values.

The solution of this system has resulted in the next point 
of gas pressure values.

Each such randomization of coefficients and finding 
pressures corresponds to a certain time intervals of subsid-
ence of the column of charge materials which is also random. 
For these moments, values of the velocity of the charge sub-
sidence were found as a realization of a normally distributed 
quantity with parameters corresponding to the real process. 
The time intervals for the charge column to pass through a 
section of the furnace of constant length were found from the 
calculated velocity values.

The value of the coefficient of correlation between the 
obtained model sequences of pressure values and those read 
from instruments indicates the identity of the processes and 
correctness of the approach to considering this phenomenon. 

5. The results obtained in the study of the 
dependence of the frequency of pressure 
fluctuations and the velocity of charge 
subsidence in the blast furnace shaft

5. 1. Collection and processing of 
experimental material on the relation-
ship between gas pressure fluctuation 
in the furnace and the charge subsid-
ence velocity

To test the basic principle of model 
construction, we used data on the actual 
motion of the column of charge materials 
obtained by monitoring the technological 
process with the help of sensors. As a re-
sult of their processing, numerical values 
of parameters of gas pressure fluctuations 
and velocity of the charge motion were 
obtained. This information was used to 
construct the process models and assess 
their adequacy.

Mechanical probes make it possible to determine the 
charge level only at two points. In addition, when the charge 
subsidence is uneven, the probes are sometimes not kept on 
the surface and are immersed in the material which leads to 
inaccurate readings.

A fragment of an averaged piecewise linear function of 
the charge subsidence velocity according to the readings of 
two probes is shown in Fig. 3.

Velocities of the charge subsidence were averaged 
over those periods when values of probe readings were 
considered correct and exponential smoothing was 
used in those intervals when correct readings were not  
observed.

A fragment of the averaged function of the charge subsid-
ence velocity is shown in Fig. 4.

A fragment of the graph of lower pressure differential in 
1 hour of furnace operation is shown in Fig. 5.
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Frequencies of lower gas pressure dif-
ferential were analyzed by frequency over 
the time intervals from 5 to 8 min. The 
graph of sliding control (Fig. 6) shows 
the dependence of the value of the coeffi-
cient of correlation between frequency of 
pressure differentials and the estimate of 
the average velocity of the charge subsid-
ence on the value of the time interval of 
frequency calculation.

Fig. 7 shows normalized curves of 
estimation of the charge subsidence 
velocity and frequency of fluctuations 
of the lower pressure differential. The 
maximum coefficient of correlation 
between them was 0.83. In this case, 
frequencies of f luctuation the low-
er pressure differential were calculat-
ed with an averaging window equal  
to 5.63 min.
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The obtained dependences give reason to consider that 
value of the charge subsidence velocity can be estimated 
on the basis of analysis of the frequency of gas pressure 
fluctuation. To do this, it is necessary to establish real-time 
control of the frequency of pressure fluctuations and find 
for each furnace mathematical dependence of the velocity of 
movement of the charge material column on the frequency of 
pressure fluctuations over a certain period.

5. 2. The mathematical model describing the gas pres-
sure fluctuations in the furnace

An elementary channel of movement of gases in a column 
of charge materials in the furnace was represented as a set of 
n vessels with certain capacities Ci, hydraulic resistances Ri at 
the inlet, and hydraulic resistances Ri+1 at the outlet (Fig. 8).

The rate of pressure change dP1/dτ in the first (in the gas 
flow direction) vessel is determined by capacity C1, pressure 
P0 and resistance R1 at the inlet as well as pressure P2 and 
resistance R2 at the inlet of the next channel according to 
the expression [5]:

− −
= −

τ
1 0 1 1 2

1

1 2

.
dP P P P P

C
d R R

. (1)

For the second and further (in the gas flow direction) 
channels, there are similar expressions:

− −
= −
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2 1 2 2 3

2

2 3
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…

− +
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− −
= −
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1

.n n n n n
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n n

dP P P P P
C

d R R

The resulting system is a system of n dif-
ferential inhomogeneous equations of the first 
order. Each equation of the system contains the 
rate of pressure change in the i-th cavity (vessel) 
of the column of charge materials. It depends on pressure and 
resistances in previous (i–1)-th and next (i+1)-th vessels, 
therefore, it does not have the property of detecting pressure 
changes in each channel vessel. This complicates the solution 
of such systems and makes it impossible to apply convention-
al methods (e. g. Laplace transform, etc.) for solving.

If we consider the gas flow in the BF as a whole, then 
pressure P0 in the hot blast pipeline and the gas pressure 
at those points along the shaft height where it is controlled 

are known. PM is pressure in the middle of the furnace shaft, 
PFT is pressure on the top and PC is pressure in the blast 
furnace gas collector downstream the throttle group and the 
drop catcher. All other downstream pressures are unknown. 
When the charge materials move in the gas flow channels of 
the charge column, capacitances (volumes) Ci and hydraulic 
resistances Ri randomly change. Thus, the coefficients Ci 
and Ri are random variables in the system of inhomogeneous 
first-order differential equations (1), that is, we have a sys-
tem of inhomogeneous differential equations of first order 
with random variable coefficients. Obviously, the frequency 
and magnitude of change in these coefficients depend on the 
velocity of the column of charge materials and this, in turn, 
leads to a change in pressure Pi in the channels with a cer-
tain amplitude and frequency. The pressure differentials will 

change similarly: ΔPL=P0–PM for lower and 
ΔPT=PM–PFT for the upper differentials. 
Therefore, an idea arose to control the ve-
locity of movement of the column of charge 
materials in the blast furnace according 
to the frequency (and possibly taking into 
account the amplitude) of pressure fluctu-
ations and gas pressure differentials in the 
blast furnace.

Finding pressures and their fluctuations by solving the 
complete system of equations (1) is practically impossible, so 
the problem was simplified.

To describe the entire gas flow from the hot blast pipeline 
to the shop blast-furnace gas collector by a similar system 
of equations, the entire gas flow path was presented in four 
parts (volumes):

‒ the furnace hearth;
‒ the lower part of the column of charge materials (up to 

the middle of the column);
‒ the upper part of the column (up to the top);
– the tops with a chimney, a throttle group, and a drop 

catcher (up to the blast-furnace gas collector).
To simplify the analysis, a totality of all elementary 

channels along the section of the lower and upper parts of 
the column was presented as one common channel with cor-
responding resistances and capacitances. According to this 
assumption, we have the following diagram of the common 
channel for the gas flow in the BF (Fig. 9).

The first part of the common channel (furnace hearth):
– inlet: the hot blast pipeline (pressure P0 and resis-

tance R0 at the inlet);
‒ outlet: the furnace hearth (pressure P1 and resis-

tance R1 at the outlet).
The second part of the common channel (lower part of 

the column of charge materials):
– inlet: the furnace hearth (pressure P1 and resistance 

R1 at the inlet);
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Fig. 8. Schematic representation of an elementary gas movement channel in a 

column of charge materials in a blast furnace
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Fig. 9. A common channel for movement of gas flow in a blast furnace
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‒ outlet: the lower part to the middle of the column of 
charge materials (pressure P2 and resistance R2 at the outlet).

The third part of the common channel (upper part of the 
column of charge materials (the top):

‒ inlet: middle of the column (pressure P2 and resistance 
R2 at the inlet);

– outlet, upper part: the top (pressure P3 at the top and 
resistance R3 at the outlet).

The fourth part of the common channel is the gas duct, 
gas cleaning station, throttle group, and drop eliminator (up 
to the blast-furnace gas collector):

‒ inlet: the upper part, i. e. the top (pressure P3 at the top 
and resistance R3 at the inlet);

‒ outlet: the gas duct, gas cleaning station, throttle group, 
and drop eliminator to the blast-furnace gas collector (pressure 
P4 after the drop eliminator and resistance R4 at the outlet, 
pressure P5 in the shop blast-furnace gas collector).

Taking into account these assumptions, we have a system 
of four equations:

− −
= − τ

 − −
= − τ


− − = −

 τ


− − = − τ

1 0 1 1 2

1

1 2

2 1 2 2 3

2

2 3

3 2 3 3 4

3

3 4

4 3 4 4 5

4

4 5

;

;

;

.

dP P P P P
C

d R R

dP P P P P
C

d R R

dP P P P P
C

d R R

dP P P P P
C

d R R

 (2)

To find the change in pressure of gases during their 
movement for each of the BF parts, it is necessary to solve 
the system of differential equations (2). To this end, equa-
tion (2) was transformed in such a way as to obtain a system 
of differential equations of the first order (3) describing the 
change in pressure in one full channel.


+ = + + τ + +


+ = + + τ + +


 + = +
 + τ + +

 + = + + τ + +

1 2 1 2 1

1 1 0 2

1 2 1 2 1 2

2 3 2 3 2

2 2 1 3

2 3 2 3 2 3

3 4 3 4 3

3 3 2 4

3 4 3 4 3 4

4 5 4 5 4

4 4 3 5

4 5 4 5 4 5

;

;

;

.
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C P P P

R R d R R R R

 (3)

After entering notations in these equations: +

+

=
+

1

1

i i

i i

i i

R R
T C

R R  
for a time constant and +

+

=
+

1

1

i

i

i i

R
K

R R
 for the dimensionless 

coefficient of resistance, the new system of equations (4) 
takes the form:


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To find average values of resistances Ri, the system of 
equations (2) was considered in the steady state:

− −
= −


 − −

= −


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τ = = =
28

10 s.
2,82

EF

EF

EF

L

V

Average pressure values in respective parts of the fur-
nace were taken as follows:

=
0

300 kPa,P  =
1

290 kPa,P  =
2

190 kPa,P

=
3

150 kPa,P  =
4

16 kPa,P  =
5

11 kPa.P

To find the value of resistance Ri, we have set the value of 
R5 since pressure P5 is constant and known.

−−
= − = −2 3

4 5 4 5

150 16 134 5
0 ;

P P

R R R R

 =
5 4

134 5 .R R

Let’s take the blast flow rate under normal conditions 
ΔFBFN=67 m3/s, then the average resistance value is

−∆
= = = =

∆ ∆
4 5

5

5000
75

67
BFN

P PP
R

F F

 
Pa/m3s.

Then R4=(134/5)·74.6=2010 Pa/m3s.
After substituting values of corresponding average pres-

sures and average resistances into equations of system (5), 
we have obtained values given in Table 1. When taking into 
account average values of pressures Pi and resistances Ri, we 
have obtained average values of the coefficients presented 
in Table 2.

Since the rate of pressure change 
τ

i

i

dP
T

d

 and value of 

coefficients of resistance Ki in the system of equations (4) 
depend on the velocity of subsidence Vcm of charge materials 
and velocity of gas movement Vg_ ff in elementary channels of 
the furnace filled with charge, let us estimate and compare 
these velocities.

Values of hydraulic resistance of sections of the BF 
gas path are as follows: R1=150 Pa/m3s, R2=1500 Pa/m3s, 
R3=600 Pa/m3s, R4=2010 Pa/m3s, R5=75 Pa/m3s

Values of coefficients of resistance of sections of the 
BFgas path are as follows: K1=0.909, K2=0.091, K3=0.286, 
K4=0.714, K5=0.770, K6=0.230, K7=0.036, K8=0.964.

The velocity of movement of gases Vg_ef in an empty furnace:

=_ ,

BFR

g ef

EF

F
V

S
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where FBFR is the blast flow rate under operating con-
ditions (without taking into account the increase in the 
amount of gases in the furnace shaft), SEF is the cross-sec-
tional (average) area of the empty furnace. 

The blast flow rates under operating conditions can be 
found from the flow rate under normal conditions:

= _

,

g h N

BFR BFN

N R

Т Р
F F

Т Р

where FBFR is flow rate under normal conditions, 
FBFR=66.7 m3/s; Tg_h is flue gas temperature, Tg_h=2273 K 
is blast pressure under operating conditions, PR=395 kPa,

32,273 101.2
66.7 66.7 2.13 142 m s.

273 395
BFR

F
⋅

= = ⋅ =
⋅

The cross-sectional area of the empty furnace:

( )2
2

0.785 50.24 m .
EF efS D= =

Then 

_

142
2.82 m/s.

50.24
BFR

g ef

EF

F
V

S
= = =

The time of passage of gases in an empty furnace:

28
10 s.

2.82

EF

EF

EF

L

V
τ = = =

The time of passage of gases in a filled shaft (through 
the charge column) reaches 4–10 s [2]. If the height of the 
column of charge materials is 28 m, the velocity of their 
straight-line movement is: 

( ) ( )= = 3

_ _ 28 4...7 4...7  m s.f ff lV

In fact, gases move through channels that can be much 
longer than a column of the charge materials, so the actual 
speed of their movement is much greater. Time of passage of 
gases through a filled oven: 

τ = =
_

.FF FF FF
FF

g ff BFR

L L S

V F
 

Hence: τFFFBFR=LFFSFF. Substitution of values of τFF and 
FBFR gives LFFSFF=7·142=994 m3 and LEFSEF=1·142=142 m3 
for an empty furnace.

For gases, the flow area of the column of charge materi-
als is less than the cross-sectional area of an empty furnace. 
Then, taking into account the average porosity of the fur-
nace charge column ɛ=0.5, it was assumed that:

= = ⋅ = 2
0.5 0.5 50.24 25.12 m .FF EF

S S

Hence, the average length of the gas channels in the col-
umn of charge materials:

= =994 22.12 40 m.
EF

L

If the average time of gas passage through the charge 
column τFF=7 s [2], then the average velocity of gases in the 
column of charge materials will be

= =_ 392/7  56 m/s.g ffV  

Average charge column velocity Vcm in the furnace is 
6–8 m/h, or 0.0017–0.0022 m/s (10–14 cm/min) [2].

As can be seen, the velocity of charge materials is much 
less than the velocity of gases in the channel. This makes it 
possible to assume that time of the transient process of the 
gas pressure change in the channel vessels is much less than 
the change in the containers themselves and the resistance 
coefficients because of movement of the charge column. 
Thus, we can consider the equations of system (4) in the 
steady state. For each change in Ci and Ri, the gas pressure 
in these containers has already been established at a new 
level and remains constant until a new change in Ci and Ri 
as a result of the charge movement. Then the system of equa-
tions (4) takes the following form:

= +
 = +


= +
 = +

1 1 2 2

2 3 1 4 3

3 5 2 6 4

4 7 3 3

300 ;

;

;

11.

P K K P

P K P K P

P K P K P

P K P K

 (6)

The resulting system has four equations and four 
unknown pressures Р1, Р2, Р3 and Р4, that is, it has a 
unique solution at known values of the coefficients of resis-
tance (K1–K8).

It is obvious that the magnitude (amplitude) of pressure 
fluctuations (Р1–Р4) in system (6) depends on the magni-
tude (amplitude) of change in the resistance coefficients and 
frequency depends on the frequency of change in coefficients. 
Let’s assume that the velocity of movement of materials in 
the furnace Vcm(τ) for some minimum time τ τ( ),

сml
 e. g., 1 s, 

changes randomly and discretely (stepwise). Thus, when 
taking a certain given thickness of the column of these 
materials lcm_c, it is easy to find the time for passage (sub-
sidence) of this section by the column. The time required for 

the charge to pass the distance lcm_c will be 
_

( )
( )cm

cm c

l

cm

l

V
τ τ =

τ
 

for each value.
Then the frequency τ =

τ τ

1
( )

( )
cml

f  of change in the time 

of passage of this section of the column, that is, frequency 
of fluctuations in the change in subsidence velocity is:

τ = = τ = τ
τ τ _

1 1
( ) ( ) ( ).

( )
cm

cm cm

l cm c

f V kV
l

Capacitances, channel resistance coefficients, and corre-
sponding gas pressures will change with the same frequency.

5. 3. A simulation model of the process of gas pressure 
change in a blast furnace with fluctuations in the charge 
subsidence velocity

Construction of a simulation model of the process of 
change in the gas pressure (P1–P4) in a blast furnace with 
fluctuation in velocity of the charge subsidence was con-
sidered. The system of equations (6) was taken as a basis. 
Each solution of this system of equations must be sought 
for certain values of resistance coefficients Ki( j) at each 
given j-th moment. Values of the coefficients of resistance 
for each moment were found by generating normally dis-
tributed random numbers with mathematical expectation 
equal to the average value of the coefficients M(KiM) and 
variance σ=0.05M(KiM). Moreover, as follows from the sys-



Industry control systems

125

tem of equations (4), expressions for the coefficients in these 
equations are mutually connected in pairs by resistances Ri. 
Therefore, only the coefficients K1, K3, K5, K7 were random-
ized and the coefficients K2, K4, K6, and K8 were found by 
multiplying these values by the corresponding coefficient 
of proportionality equal to the ratio M(KiM)/M(Ki+1M). 
As a result of each randomization, values of eight coeffi-
cients (K1–K8) were obtained and the system of algebraic 
equations (4) was solved with these values. The next point of 
gas pressure values was found with a solution of this system.

Each such randomizing of coefficients and finding of 
pressures correspond to a certain time interval of subsid-
ence of the column of charge materials which is also ran-
dom. Therefore, the charge subsidence velocity Vcm(k) was 
determined for each moment j as a normally distributed value 
with an average value M[υcm(k)]=0.00195 m/s and a root-
mean-square deviation σ=0.0001 m/s. Based on randomized 

values of Vcm(k), time intervals 
0.1

( )
( )cml

cm

k
V k

τ =  
were found 

for the charge column to pass through the furnace section of 
constant length l=0.1 m. Fig. 10 shows corresponding graphs 
of gas pressure fluctuations in the gas path of the blast furnace.

In this case, the amplitude of pressure changes at each time 
interval characterizes the velocity of subsidence of the charge in 
this period and the frequency of pressure changes characterizes 
the frequency of change in velocity of the charge subsidence.

The resulting graphs (Fig. 10) reflect the nature of real 
pressure fluctuations in the gas path of the furnace and the 
coefficient of correlation between generated sequences and 
those taken from the instruments is 0.96. This indicates the 
identity of the processes and correctness of the approach 
when considering this phenomenon.

6. Discussion of the results obtained in studying the 
estimation of charge subsidence velocity based on gas 

pressure fluctuations in the furnace

The resulting mathematical model of pressure fluctua-
tions in the furnace gas flow (6) and the simulation model 
built on its basis correspond to the experimental data. The 
coefficient of correlation between generated sequences and 
those taken from the instruments is 0.96. This is explained 
by the fact that the methods of gas dynamics and data taken 
from sensors characterizing actual processes in the furnace 
were used in the model construction.

A peculiarity of the proposed method of controlling the 
velocity of charge subsidence in the furnace consists in its 
simplicity and the fact that data from two mechanical probes 
and pressure sensors are used to adjust the parameters. Only 
operational data from pressure sensors are required for the 
control, i. e., conventional data for controlling a blast furnace.

Limitations of the study are related to the use of ex-
perimental data obtained from a microcontroller, that is, 
quantized in time.

A disadvantage of the method con-
sists in the necessity of adapting the ob-
tained models to each individual furnace.

This method can be improved in the 
future by taking into account the ef-
fect of charge parameters (granulometric 
composition, etc.) on gas pressure fluctu-
ation in the furnace.

7. Conclusions

1. The experimental material for the 
study was obtained from existing furnace 
control systems. When processing this 
material, quantitative characteristics of 
pressure (amplitude and frequency of 
oscillations) and velocity of subsidence 
of the charge were obtained. These char-
acteristics are used in the theoretical 
description of the process.

2. Using the methods of gas dynamics 
and physics of the process of gas flow 
in the furnace, a mathematical model of 
change in gas flow pressure was obtained 
in a form of a system of n differential in-
homogeneous equations of first order with 

random coefficients. Differential equations connect capaci-
tances Ci and hydraulic resistances Ri of n elementary vessels 
at the inlet and hydraulic resistances Ri+1 at the outlet.

3. When considering the steady-state mode of the gas 
flow motion, the system of equations was simplified to a 
system of four differential inhomogeneous equations of first 
order with random coefficients. This has made it possible to 
construct a process simulation model and estimate its ade-
quacy. The coefficient of correlation between the generated 
sequences and those taken from instruments is 0.96.
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