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Abstract. In the article, one has presented a mathematical description and an
algorithm for prediction of tuyere areas’ parameters and control over the distribu-
tion of blast parameters around a blast furnace based on the application of patterns
of heat transfer between the hot blast and cooling water for tuyere elements. The
algorithm has been designed to align the thermal condition of the tuyere areas of
a blast furnace along the circumference. It entails the calculation of the following
parameters for each tuyere: output and composition of the hearth gas, heat removal
from a tuyere, hot blast blowout velocity from a tuyere, kinetic energy of the hot
blast, total mechanical energy of the blast flow, length of circulation and oxidation
zones, and theoretical combustion temperature. One calculates the mean values of
parameters, the area of oxidation zones, and the relative area of tuyere areas. It has
been shown that, in case of the non-uniform distribution of the hot blast to tuyeres,
to stabilize the thermal state of tuyere areas and to align the gas distribution along
the furnace circumference, one is required to adjust the natural gas flow rate to
each tuyere to maintain the theoretical combustion temperature at a target level.

Keywords: Blast furnace · Tuyere area · Numerical simulation · Control
algorithm · Prediction · Blast distribution

1 Introduction

When operating a blast furnace, the actual distribution of the hot blast to tuyeres is far
from uniform: differences in blast flow rate at individual tuyeres, ranging from 5 to 50%,
are observed [1–9]. Uneven distribution of the hot blast to tuyeres leads to different
lengths of tuyere areas. This causes a difference in the speed of material descent in
the individual sections of the furnace and concurrently a distorted gas flow along the
furnace cross section [7–10]. In case of uncontrolled distribution of the blast to tuyeres,
gas temperature in tuyere areas will vary and maintaining the theoretical combustion
temperature within the optimal range will become impossible without the redistribution
of natural gas between tuyeres of the furnace.

Several published papers [2–4, 7–10] describe methods and ways of controlling
blast flow rate through blast furnace tuyeres. However, they are extremely short-lived
and unsustainable due to elevated temperatures and aggressiveness of the hot blast. In
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recent years, systems for control over the hot blast flow rate to tuyeres, based on the
application of patterns of heat exchange between the blast and cooling water of tuyere
elements, have been developed [9–14].

2 A Mathematical Computational Model and a Calculation
Algorithm

In this paper, authors employed the method of determining the blast flow rate to tuyeres,
based on numerical simulation of the heat power of the flow passing through a tuyere
and the value of heat taking off from this tuyere. Block diagram of the algorithm for
prediction of tuyere areas’ parameters and control over blast parameters distribution
around the blast furnace is shown in Fig. 1.

In numerical simulation, it is assumed that when the blast passes through the tuyere,
part of the heat flow is transferred to the water cooling the tuyere, and to a greater extent,
the higher is the heat power of the passed heat. This assumption is reasonable, since the
design of all tuyere installed in the furnace is the same, the wall thickness of all tuyeres is
the same, the coefficients of heat transfer from blast to tuyere and from tuyere to cooling
water are also constant; the heat transfer coefficient of tuyere walls is assumed constant.

To calculate the blast distribution to each tuyere, one determines the mean value of
the heat flow of the blast passing through tuyeres based on the average performance
indices of a blast furnace as a whole:

q∂ = Q · CB · tB
n

+ VN .G. · P · CN .G. · tN .G.

1440 · n , (1)

where n is the number of tuyeres, pcs.;Q—ablast flow rate,m3/min.CB—ahot blast heat
capacity, kJ/(m3·K); tB—a hot blast temperature, °C; CN.G.—a heat capacity of natural
gas, kJ/(m3·K); VN.G.—a specific natural gas flow rate, m3/t of molten iron; tN.G.—a
natural gas temperature, °C; P—a furnace production rate; t—molten iron/day.

When this heat flow passes through a tuyere, part of it is transferred through the
walls of the tuyere to the cooling water and heats the latter. The numerical value of such
heating determines the heat removal from a tuyere:

qb = m · CH2O · �t, (2)

wherem is awater flow rate for tuyere cooling, kg/min; CH2O—aheat capacity of cooling
water, kJ/(kg·K); �t—a temperature difference of water when passing the tuyere, °C.

The average fraction of heat transferred from the heat flow of the blast going through
the tuyere to the cooling water will be equal to:

α = (m · CH2O · �t)av
qb

(3)

It is assumed that the value of α is constant for all tuyeres and is determined by the
averaged performance indices of the blast furnace as a whole. Then the blast flow rate
to the individual ith tuyere is determined from the equation:

α = (m · CH2O · �t)i
Qi
B · CB · tB + V i

N .G. · CN .G. · tN .G.

60

(4)
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Fig. 1 Block diagram of the algorithm for prediction of tuyere areas’ parameters and control over
blast parameters distribution around the blast furnace

where (m · CH2O · �t)i is the value of heat removal from the ith tuyere, kJ/min;Qi
B—a

blast flow rate through the ith tuyere, m3/min; V i
N .G.—a set flow rate of natural gas

through the ith tuyere, m3/h.
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From this equation, with a known value of the α coefficient, one calculates the
estimated value of blast flow rate to the ith tuyere:

Qi
B = (m · CH2O · �t)i − α · V i

N .G. · CN .G. · tN .G.

60

α · CB · tB (5)

In the employed calculation algorithm, with known characteristics of the blast at
tuyeres (flow rate, temperature, pressure, humidity, oxygen content in the blast, and
natural gas flow rate) and tuyere diameter, one calculates blast blowout velocity, value
of kinetic energy, and total mechanical energy of the blast flow at each air tuyere. The
values of kinetic and total mechanical energy of the blast flow determine the length of
the circulation zone, the numerical value of which corresponds to the oxygen content in
the gaseous phase of the tuyere area equal to 2% and the length of the oxidation zone of
the tuyere area (corresponds to CO2 content in the gaseous phase equal to 2%) [15–19].
Subsequently, one determines the area of the oxidation zone of each tuyere area and the
total area of these zones, related to the cross section of the hearth [20]. Based on the
blast flow rate and the output of hearth gas at the found values of the heat content of
the hearth gas and the known flow rate of natural gas for each tuyere, one calculates
the theoretical combustion temperature in the tuyere areas according to the procedure
presented in the papers [19–21].

With uneven distribution of the blast and supplied natural gas to tuyeres, one has
observed significant variations in the theoretical combustion temperature along the cir-
cumference of the furnace in the tuyere areas. To eliminate the existing unevenness of
tuyere areas’ heating, it is necessary to redistribute the natural gas flow rate to tuyeres,
focusing on the established unevenness of blast distribution.

For this purpose, at the first stage, one sets the value of the theoretical combustion
temperature in the tuyere areas. At each tuyere at a known blast flow rate, one calcu-
lates the natural gas flow rate, which is necessary to stabilize the theoretical combustion
temperature at known temperature, moisture, and oxygen content of the hot blast. Fur-
ther, one calculates the parameters of tuyere areas when the theoretical combustion
temperature has been stabilized at a predetermined level.

A complete list of initial data for calculating the distribution of hot blast over blast
furnace tuyeres is presented in Tables 1, 2, and 3. It includes the design dimensions of the
blast furnace, the technological parameters of blast furnace process, and the parameters
of each tuyere.

Table 4 presents someperformance indices of the blast furnace process and calculated
data pertinent to the parameters of individual tuyere areas at blast furnace No. 2 at PAO
MMK (PJSC Magnitogorsk Iron and Steel Works).

The histogram of the measured and required natural gas flow rates for the blast
furnace tuyeres is shown in Fig. 2.

The estimated blast distribution to tuyeres is uneven: themaximumvalue of blast flow
rate has been observed at tuyeres No 13 and 14 (152 and 148 m3/min, respectively) and
the minimum—at tuyeres No 3 and 6—108 and 102 m3/min, respectively. Calculated
value of tuyere areas’ circulation zone length varies from 1.19 m (tuyere No 6) and
reaches the maximum of 1.69m at air tuyere No 13. Values of the theoretical combustion
temperature for separate tuyere areas vary from 1958 °C at tuyere No. 6 to 2088 °C at
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Table 1 Blast furnace dimensions

Parameter name Symbol Unit

Useful volume V0 m3

Diameter of the hearth Dgop m

Number of tuyeres n pcs

Tuyere diameter df mm

Tuyere projection Hf mm

Table 2 Parameters of individual tuyeres

Parameter name Symbol Unit

Natural gas flow rate V i
N .G m3/min

Water flow rate for tuyere cooling mi kg/min

Temperature difference of water when passing the tuyere �ti ° C

The required value of the theoretical combustion temperature T i
t ° C

Table 3 Blast furnace process parameters

Parameter name Symbol Unit

Furnace
production rate

P t of molten iron/day

Blast flow rate Q m3/min

Blast pressure PB atmosphere

Hot blast
temperature

tB °C

Blast humidity f B g/m3

Oxygen content
in blast

ω %

Blast losses in the
air path

γ %

Specific coke
consumption

k kg/t of molten iron

Reactivity of
coke

CRI %



Predictive Algorithm for Tuyere Areas’ Parameters and Control … 769

Ta
bl
e
4

B
la
st
fu
rn
ac
e
pe
rf
or
m
an
ce

in
di
ce
s
an
d
es
tim

at
ed

tu
ye
re

pa
ra
m
et
er
s
fo
r
bl
as
t
fu
rn
ac
e
N
o.

2
at

PA
O

M
M
K

(P
JS
C
M
ag
ni
to
go

rs
k
Ir
on

an
d
St
ee
l

W
or
ks
)

A
ir
tu
ye
re

nu
m
be
r

B
la
st
fu
rn
ac
e
pr
oc
es
s
in
di
ce
s

C
al
cu
la
te
d
pa
ra
m
et
er
s

M
ea
su
re
d

ga
s
flo

w
ra
te

pe
r
tu
ye
re
,

m
3
/h

W
at
er

flo
w

ra
te
pe
r

tu
ye
re
,m

3
/h

Te
m
pe
ra
tu
re

di
ff
er
en
ce

of
w
at
er

at
th
e

tu
ye
re
,°
C

H
ea
tr
em

ov
al

fr
om

th
e

tu
ye
re
,k

W

C
al
cu
la
te
d

bl
as
tfl

ow
ra
te
th
ro
ug

h
th
e
tu
ye
re
,

m
3
/m

in

T
he
or
et
ic
al

co
m
bu
st
io
n

te
m
pe
ra
tu
re
,

°C

B
la
st
bl
ow

ou
t

ve
lo
ci
ty

fr
om

th
e
tu
ye
re
s,

m
/s

L
en
gt
h
of

th
e

ox
id
at
io
n

zo
ne
,m

R
eq
ui
re
d
ga
s

flo
w
ra
te
to

m
ai
nt
ai
n
t t
,

m
3
/h

1
90
8.
5

11
.4
1

11
.2
5

14
9.
1

13
2.
9

20
19

22
2.
4

1.
49

83
2

2
90
8.
5

12
.1
1

9.
44

13
2.
7

11
8.
3

19
75

20
0.
6

1.
34

74
1

3
91
7.
6

12
.8
3

8.
17

12
1.
7

10
8.
5

19
38

18
6.
2

1.
26

67
9

4
92
0.
8

12
.6
2

8.
96

13
1.
3

11
7.
1

19
66

19
9.
1

1.
33

73
3

5
92
1.
4

12
.2
6

9.
60

13
6.
6

12
1.
8

19
81

20
6.
2

1.
38

76
3

6
82
2.
3

11
.5
9

8.
53

11
4.
8

10
2.
3

19
58

17
4.
5

1.
19

64
1

7
92
5.
3

12
.5
0

10
.5
9

15
3.
7

13
7.
1

20
23

22
9.
0

1.
54

85
8

8
92
6.
8

12
.3
3

10
.4
0

14
8.
8

13
2.
7

20
11

22
2.
6

1.
49

83
1

9
92
1.
8

11
.8
1

9.
56

13
1.
1

11
6.
9

19
65

19
8.
8

1.
33

73
2

10
91
8.
7

11
.4
0

11
.1
0

14
6.
9

13
1.
0

20
09

21
9.
8

1.
47

82
0

11
92
0.
7

13
.4
1

10
.3
3

16
0.
9

14
3.
4

20
41

23
8.
4

1.
60

89
8

12
91
8.
4

12
.7
1

10
.4
8

15
4.
6

13
7.
9

20
28

23
0.
0

1.
54

86
3

13
85
4.
0

13
.2
5

11
.0
9

17
0.
7

15
2.
2

20
88

24
9.
6

1.
69

95
3 (c

on
ti
nu
ed

)



770 I. A. Gurin et al.

Ta
bl
e
4

(c
on
ti
nu
ed

)

A
ir
tu
ye
re

nu
m
be
r

B
la
st
fu
rn
ac
e
pr
oc
es
s
in
di
ce
s

C
al
cu
la
te
d
pa
ra
m
et
er
s

M
ea
su
re
d

ga
s
flo

w
ra
te

pe
r
tu
ye
re
,

m
3
/h

W
at
er

flo
w

ra
te
pe
r

tu
ye
re
,m

3
/h

Te
m
pe
ra
tu
re

di
ff
er
en
ce

of
w
at
er

at
th
e

tu
ye
re
,°
C

H
ea
tr
em

ov
al

fr
om

th
e

tu
ye
re
,k

W

C
al
cu
la
te
d

bl
as
tfl

ow
ra
te
th
ro
ug

h
th
e
tu
ye
re
,

m
3
/m

in

T
he
or
et
ic
al

co
m
bu
st
io
n

te
m
pe
ra
tu
re
,

°C

B
la
st
bl
ow

ou
t

ve
lo
ci
ty

fr
om

th
e
tu
ye
re
s,

m
/s

L
en
gt
h
of

th
e

ox
id
at
io
n

zo
ne
,m

R
eq
ui
re
d
ga
s

flo
w
ra
te
to

m
ai
nt
ai
n
t t
,

m
3
/h

14
91
4.
2

14
.4
5

9.
88

16
5.
7

14
7.
8

20
54

24
4.
7

1.
65

92
5

15
83
0.
0

13
.6
2

8.
47

13
3.
9

11
9.
4

20
12

20
0.
1

1.
34

74
8

16
90
4.
5

11
.3
1

12
.2
1

16
0.
4

14
3.
0

20
46

23
7.
3

1.
60

89
6

17
91
0.
5

13
.6
3

8.
58

13
5.
8

12
1.
1

19
83

20
4.
8

1.
37

75
8

18
90
5.
3

12
.5
7

10
.3
4

15
0.
9

13
4.
5

20
24

22
4.
7

1.
51

84
2

19
92
1.
6

11
.6
8

9.
75

13
2.
3

11
7.
9

19
68

20
0.
4

1.
34

73
8

20
91
0.
6

11
.5
2

10
.9
7

14
6.
8

13
0.
9

20
12

21
9.
4

1.
47

81
9



Predictive Algorithm for Tuyere Areas’ Parameters and Control … 771

Fig. 2 Histogram of the measured and required natural gas flow rates for the blast furnace tuyeres

tuyere No. 13. Increase in the natural gas flow rate, required to stabilize the theoretical
combustion temperature at a target level of 2050 °C, will contribute to the alignment of
gas distribution around the furnace.

3 Conclusion

Therefore, the distribution of hot blast to the blast furnace tuyeres is uneven, and it
is determined by the blast furnace operation practice and the design of the air supply
ductwork. It has been shown that when the blast is unevenly distributed to the tuyeres,
to stabilize the thermal state in the tuyere areas and to align the gas distribution around
the furnace, one is required to adjust the natural gas flow rate to each tuyere to maintain
the theoretical combustion temperature at a set target level.
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