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Abstract: In order to increase agglomeration production and improve its quality while reducing
energy consumption, a new intelligent blending method has been established at Ansteel to optimize
its sinter blends. The statistical model of the ore blending results shows that (1) a blending ratio of
47.2% Ore A and 52.8% Ore C corresponded to the best sinter yield of 72.44%. (2) From the viewpoint
of sinter reducibility, sinter basicity should not be less than 1.98 when the proportion of Ore A in the
blend is more than 35%. Due to the low mixing efficiency of disc pelletizers, Ansteel has therefore
gone through a massive technical transformation at Sinter Plant 3 to replace its 16 existing disc
pelletizers with one drum granulator. Since the installation of the drum granulator, the standard
deviation has decreased from 1.517 to 0.7332 for total Fe (T.Fe) and from 0.146 to 0.0956 for basicity. In
the case of the drum granulator, the standard deviation for sinter T.Fe and basicity were 0.6926 and
0.05449, respectively, as compared to 0.8902 and 0.2033 for the disc pelletizers. In addition, a single
lattice method is proposed to optimize the particle-size distribution of the coke breeze to further
improve sinter quality and reduce fuel consumption. The lattice method indicated that the optimum
coke breeze to achieve maximum sinter tumble strength should consist of approximately 57.20%:
−1 mm, 25.63%: 1–3 mm, 11.17%: 3–5 mm, and 6.00%: >5 mm particles. Given the international
trend of increasing bed depth, Ansteel has successfully achieved a bed height of 1050 mm or more
under its blend conditions, which typically contain 75% concentrates. Finally, some new iron ore
agglomerations research is discussed.

Keywords: sinter quality and productivity; statistical model; granulation process; coke size

1. Introduction

Blast furnace ironmaking has the advantages of a good economic index, simple process,
large output, and high production efficiency, which represents the major hot metal-making
process in the world [1,2]. With the large-scale development of modern blast furnaces, iron
ore resources are becoming increasingly scarce, which makes the raw material structure of
sintering plants fluctuate greatly, and the production is extremely unstable [3]. Industry
practice has demonstrated that, without high-quality sinter, modern blast furnaces are not
able to run efficiently at large wind rates, high blast temperatures, and elevated PCI rates
to produce premium hot metal at high productivity and low energy consumption [4–6].
Therefore, the high quality and low fuel consumption of the iron ore agglomeration process
has become a hot spot and focus of research for sintering and even iron-making workers.
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In order to understand the effect of average iron ore particle size on the mineralogy,
productivity, and physical and metallurgical properties of sintered ores, Umadevi et al. [7]
conducted pot grate sintering experiments on iron ores with different particle sizes (mean
particle size of 1.22 to 3.95 mm). The sintering productivity increased with the increase
in the mean particle size of iron ore due to the increase in the flame front speed (FFS)
and the increase in the bed permeability at a lower sintering time. In order to improve
the permeability of the sintering bed for sinter ore productivity, Matsumura et al. [8]
proposed the RF-MEBIOS (return fine-mosaic embedding iron ore sintering) process, in
which returned fines are added to the pellet feed as dry particles and are then loaded into
the sinter. Moreover, Donskoi et al. [9] used a database of results from pilot-scale sintering
experiments to develop a mathematical model for predicting the properties of different
sintered ores. This model takes into account the mineralogical and textural characteristics of
the iron ore used for sintering, in addition to the particle size distribution and other physical
and chemical characteristics that are typically used for sinter quality prediction. However,
to the best of the authors’ knowledge, there are only a few reports on the relationship
between a statistical model of ore blending and optimal experimental design so far.

The optimal experimental design method is a mathematical and statistical method
for analyzing multifactor experiments. This method unifies the arrangement of experi-
ments, data processing, and the accuracy of the regression equation into a whole system
to study such that the regression equation (with high accuracy) can be obtained with a
smaller number of experiments [10,11]. In this paper, a statistical model of rational sinter-
ing ore allocation was established using the optimal experimental design method, and a
single-factor analysis of the model can resolve the influence of each iron ore species on
the quality and productivity of the sintered minerals. The optimization theory is applied
to derive the optimal solution on the statistical model of sintering, and the quantitative
matching relationship of iron ores in obtaining the best sintering index value is derived.
The optimization is carried out from different perspectives, such as improving the particle
size composition of sintered ore, reduction degradation, low-temperature reduction pulver-
ization, and sintering productivity, and different optimized ratios of various concentrates
can be derived. Therefore, the model accurately reflects the regularity of sintering after the
different matching of iron ores. Moreover, the Ansteel Iron and Steel Research Institute, in
collaboration with the Ansteel Ironmaking plant, has, over the years, carried out a series
of R&D projects to improve the sintering process. This paper summarizes some of the
recent innovations and their applications, which hope to provide valuable experience for
the future development and deployment of new technologies for preparing ironmaking
raw materials in China.

2. Innovative Blend Optimization Technology
2.1. Background

Due to their distinct characteristics, ores behave differently at high temperatures
during sintering. Therefore, the proportion of iron ore concentrates in the sinter blend
will directly affect sinter production and quality [4]. In the past, the blending ratio of key
concentrates in the sinter blend in Ansteel was dictated by its mining and transportation
capacity, which is no longer appropriate under current raw material conditions. Since the
inception of new Si reduction technology in its captive mines, both the iron grade and SiO2
content of the self-produced concentrates have improved significantly. As a result, the
grade of the sinter, as shown in Figure 1, has improved greatly. In addition, the proportion
of imported iron ore fines and a lump in Ansteel has increased gradually in recent years,
which has led to the corresponding changes in the high-temperature behavior of the ores in
the sinter blend and, consequently, has impacted sinter productivity and quality. Therefore,
fundamental research is urgently needed in Ansteel to optimize the sinter blend based
on the characteristics of the raw materials to ensure ores support each other in the blend,
finally achieving the sinter quality and productivity required.
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Figure 1. Variation of sinter grade in Ansteel since 2000.

2.2. Ansteel Blend Optimization Technology

The key objective of blend optimization is to select appropriate ores and their propor-
tions in the sinter blend to ensure they support each other in the blend. Firstly, systematic
studies were conducted to evaluate the fundamental sintering characteristics of iron ore con-
centrates from Ansteel’s captive mines, including their assimilation characteristics, calcium
ferrite formation ability, sinter melt fluidity, sinter matrix strength, crystal bonding ability,
etc. [12]. Based on the sintering characteristics of the concentrates and their metallurgical
properties, including reducibility, reduction disintegration, and the softening properties of
the resultant sinters, together with ore mineralogy, the proportion of the concentrates in the
blend was then optimized [13]. As a result, it was proposed that the DaCi(DC) concentrate
be used predominantly in the sinter blend. In the past, it was generally believed that the
Diao Jun Tai (DJT) concentrate was not suitable for pelletizing. However, using the new
blend optimization technology, DJT concentrate can now be used for pellet production.
This has helped the Ansteel sinter plant achieve better utilization of its resources.

Secondly, a statistical model of ore blending was established for the first time in China
through optimal experimental design [14,15]. Based on the model, the influence of ores on
sinter productivity and quality can therefore be evaluated through single factor analysis of
variance. The empirical model of various indices is shown in Table 1.

By applying the optimization theory to the statistical model, the blending ratio of
the ores that correspond to the optimum sintering performance was derived. Figure 2
shows the two-dimensional isopleth maps obtained through a single-factor analysis of
the variance. The empirical model of various indices is shown in Table 3. Table 4 shows
the reliability test results of a regression equation. The preliminary study on rational ore
blending in laboratory sintering by using the mathematical optimization method shows
that the statistical model of rational ore blending by using the orthogonal regression method
has good accuracy in the statistical range. Table 5 lists the optimized sintering parameters
and the corresponding blending ratios of ores required.
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Table 1. Experience model of various indices.

NO Sintering
Parameters Regression Equation Significance *

1 Products yield %

Y1 = 69.00 + 0.123 X1 + 0.268X2 − 0.047X3 + 0.09X4 − 0.151X5 −
0.187X1X2 + 0.178X1X3

− 0.104X1X4 + 0.121X1X5 − 0.024X2X3 + 0.121X2X4 + 0.348X2X5 +
0.522X3X4 +

0.300X3X5 + 0.202X4X5 − 0.119X2
1 + 0.290X2

2 − 0.272X2
3 −

0.234X2
4 − 0.138X2

5

0.1

2 Utilization factor t/h·m2

Y2 = 1.358 − 0.057X1 − 0.0385X2 − 0.00735X3 − 0.056X4 + 0.052X5
+ 0.023X1X2 +

0.058X1X3 + 0.012X1X4 − 0.011X1X5 − 0.0198X2X3 − 0.022X2X4 +
0.011X2X5 +

0.011X3X4 − 0.03X3X5 + 0.02X4X5 + 0.0057X2
1 + 0.04X2

2 −
0.0051X2

3
+ 0.038X2

4 + 0.012X2
5

0.05

3 Solid fuel
Consumption kg/t

Y3 = 45.16 + 0.258X1 − 0.014X2 + 0.133X3 + 0.57X4 − 0.75X5 +
0.11X1X2 − 0.36X1X3 –

0.18X1X4 − 0.032X1X5 − 0.146X2X3 − 0.265X2X4 − 0.07X2X5 −
0.425X3X4 + 0.0168X3X5

+ 0.261X4X5 − 0.208X2
1 − 0.367X2

2 + 0.003X2
3 + 0.099X2

4 +
0.059X2

5

0.005

4 Droop speed mm/min

Y4 = 18.15 − 0.824X1 − 0.578X2 − 0.203X3 − 0.582X4 + 0.633X5 +
0.406X1X2 + 0.357X1X3

+ 0.0125X1X4 − 0.452X1X5 − 0.523X2X3 − 0.141X2X4 − 0.171X2X5
− 0.072X3X4 –

0.0375X3X5 + 0.03X4X5 + 0.487X2
1 + 0.734X2

2 + 0.352X2
3 + 1.06X2

4
+ 0.314X2

5

0.05

5 40~10 mm Granularity %

Y5 = 50.19 − 0.278X1 + 1.415X2 + 1.227X3 − 0.753X4 + 1.856X5 +
0.139X1X2 − 0.383X1X3

+ 0.042X1X4 − 1.196X1X5 − 0.568X2X3 − 0.278X2X4 + 0.021X2X5 +
0.27X3X4 –

0.386X3X5 − 0.70X4X5 − 1.59X2
1 + 0.235X2

2 − 0.168X2
3 +

0.243X2
4 + 1.41X2

5

0.1

6 10~5 mm Granularity %

Y6 = 8.43 + 0.239X1 + 0.042X2 + 0.136X3 + 0.196X4 − 0.685X5 +
0.119X1X2 − 0.198X1X3

− 0.058X1X4 − 0.139X1X5 − 0.152X2X3 − 0.00044X2X4 −
0.103X2X5 − 0.241X3X4 –

0.238X3X5 − 0.121X4X5 − 0.103X2
1 − 0.115X2

2 + 0.284X2
3 +

0.025X2
4 + 0.148X2

5

0.1

7 <5mm Granularity %

Y7 = 5.575 + 0.09X1 + 0.07X2 + 0.139X3 − 0.11X4 − 0.037X5 +
0.306X1X2 + 0.116X1X3 –

0.136X1X4 + 0.021X1X5 + 0.112X2X3 + 0.18X2X4 − 0.122X2X5 −
0.213X3X4 − 0.162X3X5

− 0.025X4X5 + 0.224X2
1 + 0.57X2

2 − 0.0033X2
3 + 0.026X2

4 +
0.214X2

5

0.05

8 Drum strength %

Y8 = 59.61 − 1.056X1 + 0.147X2 − 0.512X3 − 1.235X4 + 2.973X5 −
0.242X1X2 + 0.105X1X3

+ 0.921X1X4 − 0.747X1X5 − 0.092X2X3 − 0.0768X2X4 + 0.535X2X5
+ 1.583X3X4 +

0.743X3X5 − 0.352X4X5 + 0.068X2
1 − 0.475X2

2 − 0.548X2
3 −

0.303X2
4 − 0.389X2

5

0.1

9 FeO %

Y9 = 11.17 + 0.158X1 + 0.249X2 − 0.402X3 + 0.681X4 − 0.101X5 −
0.076X1X2 + 0.057X1X3

− 0.033X1X4 − 0.145X1X5 − 0.29X2X3 + 0.336X2X4 + 0.224X2X5 +
0.068X3X4–0.202X3X5

+ 0.270X4X5 − 0.243X2
1 + 0.039X2

2 − 0.316X2
3 + 0.434X2

4 +
0.0581X2

5

0.2
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Table 1. Cont.

NO Sintering
Parameters Regression Equation Significance *

10 Reduction %

Y10 = 81.85 − 1.08X1 − 0.397X2 + 0.131X3 − 0.719X4 + 2.91X5 +
0.998X1X2 − 0.015X1X3

− 0.243X1X4 + 1.37X1X5 + 0.0806X2X3 − 0.676X2X4 + 1.31X2X5 −
0.631X3X4 +

0.485X3X5 − 0.35X4X5 + 0.85X2
1 + 0.135X2

2 + 0.22X2
3 + 0.42X2

4 +
2.95X2

5

0.05

11 RDI
(>6.3 mm) %

Y11 = 70.62 − 4.12X1 + 0.129X2 + 0.889X3 − 0.51X4 + 0.578X5 −
2.603X1X2 − 0.583X1X3

− 0.37X1X4 + 0.85X1X5 − 0.997X2X3 − 1.68X2X4 − 0.17X2X5 +
0.454X3X4 − 0.035X3X5 –

0.78X4X5 + 4.11X2
1 + 2.267X2

2 + 2.61X2
3 + 2.12X2

4 + 2.29X2
5

0.025

12 RDI
(>3.15 mm) %

Y12 = 87.14 − 1.50X1 + 0.314X2 + 0.651X3 − 0.23X4 + 0.713X5 −
1.226X1X2 − 0.404X1X3

− 0.456X1X4 + 0.829X1X5 − 0.783X2X3 − 0.963X2X4 + 0.213X2X5
− 0.040X3X4 +

0.105X3X5 − 0.243X4X5 + 1.869X2
1 + 0.93X2

2 + 0.78X2
3 + 0.893X2

4
+ 0.615X2

5

0.05

13 RDI
(<0.5 mm) %

Y13 = 2.764 + 0.336X1 + 0.067X2 − 0.304X3 + 0.144X4 − 0.412X5 +
0.452X1X2 –

0.144X1X3 + 0.339X1X4 − 0.50X1X5 − 0.18X2X3 + 0.43X2X4 −
0.121X2X5 − 0.232X3X4 +

0.034X3X5 − 0.104X4X5 − 0.266X2
1 − 0.141X2

2 − 0.05X2
3 −

0.13X2
4 + 0.285X2

5

0.005

Where X1, X2, X3, and X4 refer to ores A, B, C, and D, respectively; their chemical compositions are shown in
Table 2, while X5 is the basicity of the sinter. * a < 0.1 is more significant, a < 0.05 is more significant, a < 0.005 is
highly significant.

Table 2. Chemical composition of raw material.

Raw Material
Mass %

TFe FeO SiO2 CaO MgO L OI

Ore A 67.50 16.70 2.80 <0.15 0.55 −0.57
Ore B 67.15 17.24 4.85 <0.15 0.30 −0.84
Ore C 68.26 29.09 5.00 <0.15 0.30 −2.68
Ore D 66.73 28.74 7.10 <0.15 0.35 −2.26
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Table 3. Variance analysis of combination design.

Index Quadratic Sum Degree of
Freedom Mean Sum of Square F = (Sr/fr)/(Se/fe) Significance

Y1
St = 16.75, Sr = 15.46,

Se = 1.30
ft = 26, fr = 20

fe = 6
Sr/fr = 0.773,
Se/fe = 0.217 3.56 F, > F0.10(20,6) = 2.84

Y2
St = 0.393, Sr = 0.371,

Se = 0.022
f t = 26, f r = 20

f e = 6
Sr/fr = 0.0186,
Se/fe = 0.0037 5.03 F, > F0.05(20,6) = 3.87

Y3
St = 31.54, Sr = 30.77,

Se = 0.77
ft = 26, fr = 20

fe = 6
Sr/fr = 1.5385,
Se/fe = 0.1284 11.98 F, > F0.005(20,6) = 9.59

Y4
St = 80.08, Sr = 75.00,

Se = 5.088
ft = 26, fr = 20

fe = 6
Sr/fr = 3.75,

Se/fe = 0.8480 4.42 F, > F0.05(20,6) = 3.87

Y5
St = 277.2, Sr = 254.6,

Se = 22.55
ft = 26, fr = 20

fe = 6
Sr/fr = 12.73,
Se/fe = 3.7584 3.39 F, > F0.10(20,6) = 2.84

Y6
St = 18.95, Sr = 17.51,

Se = 1.45
ft = 26, fr = 20

fe = 6
Sr/fr = 0.8755,
Se/fe = 0.2417 3.62 F, > F0.10(20,6) = 2.84

Y7
St = 10.64, Sr = 9.93,

Se = 0.709
ft = 26, fr = 20

fe = 6
Sr/fr = 0.4965,
Se/fe = 0.1182 4.20 F, > F0.05(20,6) = 3.87

Y8
St = 362.35, Sr = 332.7,

Se = 29.61
ft = 26, fr = 20

fe = 6
Sr/fr = 16.635,
Se/fe = 4.935 3.37 F, > F0.10(20,6) = 2.84

Y9
St = 53.13, Sr = 46.69,

Se = 6.44
ft = 26, fr = 20

fe = 6
Sr/fr = 2.3345,
Se/fe = 1.0734 2.17 F, > F0.20(20,6) = 2.0

Y10
St = 451.59, Sr = 419.8,

Se = 31.79
ft = 26, fr = 20

fe = 6
Sr/fr = 20.99,
Se/fe = 5.2984 3.96 F, > F0.05(20,6) = 3.87

Y11
St = 1077.4, Sr = 1026.4,

Se = 50.95
ft = 26, fr = 20

fe = 6
Sr/fr = 51.32,
Se/fe = 8.4917 6.04 F, > F0.025(20,6) = 5.17

Y12
St = 222.5, Sr = 206.98,

Se = 15.52
ft = 26, fr = 20,

fe = 6
Sr/fr = 10.349,
Se/fe = 2.5867 4.00 F, > F0.05(20,6) = 3.87

Y13
St = 25.39, Sr = 24.74,

Se = 0.65
ft = 26, fr = 20,

fe = 6
Sr/fr = 1.237,
Se/fe = 0.1084 11.41 F, > F0.005(20,6) = 9.59

As seen in Table 5, a blend consisting of 47.2% Ore A and 52.8% Ore C shows the
best sinter yield of 72.44%. In Figure 2, in the basicity range tested, sinter tumble strength
decreases as the proportion of Ore A in the blend increases; however, from the viewpoint
of sinter reducibility, sinter basicity should not be less than 1.98 when the proportion of Ore
A in the blend is more than 35%. Hence the optimum blending ratio can be determined
depending on the intended objectives. However, in actual production, apart from the ore
characteristics, the availability of the ores, the capacity of charge bins, the layout of the
sinter plant, and other constraints also need to be carefully considered [7].

After adopting the proposed sinter blend, Sinter Plant No 2 increased its productivity
by 0.07 t/m2h and reduced its fuel rate by 0.9 kg/t and returns ratio by 0.37%. This suggests
that the ore proportioning scheme developed can achieve higher economic benefits and
higher quality sinter. This has demonstrated that a good blending philosophy will not only
enhance economic benefits but also improve sinter quality [16].
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Table 4. Results of regression equation reliability check.

Products Yield % Drum Strength % Utilization Factor t/h·m2 Solid Fuel
Consumption kg/t Granularity 10–5 mm% Reduction %

Calculated
value

Experimental
value

Calculated
value

Experimental
value

Calculated
value

Experimental
value

Calculated
value

Experimental
value

Calculated
value

Experimental
value

Calculated
value

Experimental
value

69.12 69.46 63.42 63.56 1.460 1.446 43.01 42.91 7.28 7.78 87.97 88.01
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Table 5. Optimized sintering parameters and the required corresponding ratios.

No Sintering Parameters Optimum
Value

Corresponding Ore
Blending ratio Worst

Value

Corresponding Ore
Blending Ratio

A B C D A B C D

1 Products yield, % 72.4 47.2 52.8 64.2 28.0 32.3 39.7
2 Utilization factor, t/h·m2 2.0 100.0 0.9 82.2 17.7

3 Solid fuel
Consumption, kg/t 38.4 41.2 58.7 48.5 82.2 17.7

4 Droop speed,
mm/min 29.2 28.2 32.4 39.4 15.4 39.3 12.5 29.4 18.9

5 40–10 mm
Granularity, % 64.1 26.7 73.3 37.5 51.1 48.9

6 10–5 mm
Granularity, % 5.9 57.3 42.7 12.2 100.0

7 <5 mm
Granularity, % 34.8 7.3 25.9 32.0

8 Drum strength, % 75.4 100.0 43.6 37.6 27.9 34.5
9 FeO, % 5.9 37.4 28.2 34.4 15.3 100.0

10 Reduction, % 91.0 37.4 28.2 34.4 73.7 57.0 43.0
11 RDI (>6.3 mm), % 86.0 100.0 59.7 46.2 14.8 17.0 22.0
12 RDI (>3.15mm), % 93.0 44.8 55.3 81.5 66.5 33.5
13 RDI (<0.5 mm), % 2.1 40.9 27.0 31.1 10.3 100.0

3. Rectification of Improper Granulation Process

At the beginning of the process, the Ansteel Sinter Plant 3 experienced significant
variations in sinter quality, which led to a considerable increase in the blast furnace fuel
rate and hot metal cost. After carrying out extensive experiments and data analysis at
the Ansteel Research Institute, it was found that the inferior mixing efficiency of the disc
pelletizing process used in Sinter Plant 3 was responsible for the observed variation in
sinter quality [17]. For the first time in China, Ansteel proposed to replace the disc pelletizer
with a drum granulator. The drum granulator has a diameter, length, rotation speed, and
tilt angle of 5100 mm, 24,500 mm, 5.5 r/min, and 1.6◦, respectively. The disc granulator
has a diameter, height, and tilt angle of 6000 mm, 600 mm, and 50◦, respectively. As a
result, 16-disc pelletizers in Sinter Plant 3 were replaced with one drum granulator as part
of a technological transformation program. The results from the plant operation were
as follows:

• When compared with the disc pelletizers, the drum granulator showed better mixing
efficiency. The mixture after the drum granulator was found to be more uniform
and stable in chemical composition and basicity. Since the installation of the drum
granulator, the standard deviation has decreased from 1.517 to 0.7332 for total Fe (T.Fe)
and from 0.146 to 0.0956 for basicity;

• When compared with the sinter from Sinter Plant 3, where the disk palletizers were
previously used, the chemical composition and basicity of the sinter obtained from
Sinter Plant 2, in which a drum granulator was used, were more stable and less
scattered. The standard deviation for sinter T.Fe and basicity were 0.6926 and 0.05449,
respectively, in the case of the drum granulator and 0.8902 and 0.2033 in the case of
the disc palletizers;

• Since the introduction of a drum granulator to replace the 16 existing disc pelletizers
for secondary mixing, Sinter Plant 3 has experienced very stable operation with a
marked improvement in its sintering performance. The sinter pot test conditions are
shown in Table 6. Table 7 compares the key sintering indices before and after the
installation of the drum granulator. As shown in Table 7, the sinter chemistry, as
evidenced by basicity, T.Fe, and FeO [18,19], was more stable and consistent through
the test period than the base case. There was also a slight improvement in sintering
productivity and a considerable reduction in fuel consumption (4 kg/t).
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Table 6. Sintering condition of pot test.

Bed height mm 600
Ignition temperature ◦C 1050

Ignition time min 2
Ignition suction value Pa 8820

Extraction negative pressure Pa 10,780

Table 7. Key sintering indices before and after installation of the drum granulator.

Mean Value
The Yield of
First-Grade
Products %

Variation in
Sintering
Basicity %

Coefficient of
Stabilization

of FeO %

Coefficient of
Stabilization

of TFe %

Productivity
t/h·m2

Solid Fuel
Consumption kg/t

Base 84.8 89.2 94.9 91.7 1.0 42
Test 91.8 95.5 95.9 94.6 1.1 38

Difference +7.0 +6.3 +0.95 +2.9 +0.08 −4

In conclusion, the experience from the No 3 Sinter Plant has fully demonstrated that
the drum granulator is the better option for even mixing. Therefore, the disc palletizers in
existing sintering plants should be replaced.

Optimization of Fuel Particle Size

The addition level, granularity, and combustion characteristics of the fuel used will
directly affect the distribution of heat and temperature across the sintering bed, the thick-
ness and permeability of the flame front, and the gases generated during sintering. When
the type and addition level of fuel is fixed, the particle size becomes a decisive factor in
the sintering process. The particle size of solid fuel will change the combustion rate of
carbon particles and, consequently, directly affect the formation of sinter phases during the
sintering process. Therefore, based on practical production conditions, Ansteel has carried
out laboratory studies to optimize the grain size of the coke breeze [20].

In the laboratory experiment, coke breeze was divided into four different size fractions:
<1 mm, 1–3 mm, 3–5 mm, and >5 mm, and Z1, Z2, Z3, and Z4 were the normalized addition
level of the fractions from fine to coarse sizes. The test work was carried out according to an
experimental design using the single lattice method. The test results were then evaluated
through regression analysis to establish quantitative relationships between the key sintering
parameters and coke breeze size fractions. For example, the sinter tumble strength Y can be
expressed by the following regression model:

Y = 60.48Z1+57.76Z2+45.09Z3+38.28Z4+13.44Z1 × Z2+34.26Z1 × Z3
+50.92Z1 × Z4+27.58Z2 × Z3 + 38Z2 × Z4+3.86Z3 × Z4

(1)

In order to validate the above equation, it was solved to find the optimum size distri-
bution of the coke breeze required to achieve the maximum sinter strength. Table 8 shows
the comparison between the optimum coke size distribution derived from Equation (1)
and the coke breeze currently used in sinter plants. Clearly, the size distribution of the
coke breeze used in sinter plants was not optimum. Sinter pot tests were carried out using
both coke breezes to validate Equation (1), and the test results are summarized in Table 9.
As shown in Table 9, compared with the sinter plant coke breeze, the size-optimized coke
breeze has improved the sinter tumble strength, yield, and particle size distribution and
reduced the fuel consumption while maintaining the vertical sintering speed and sintering
productivity [21].
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Table 8. Particle size distribution of the sinter plant coke breeze and the size-optimized coke breeze.

Size Fraction <1 mm 1–3 mm 3–5 mm >5 mm

Coke breeze used in sinter plants 35.4 50.0 8.2 6.4
Size-optimized coke breeze to achieve

the maximum tumble strength 57.2 25.6 11.2 6.0

Table 9. Sinter pot test results using coke breezes of different size distributions.

Tumble
Strength %

Sintering
Productivity

t/(h·m2)

Fuel
Rate kg/t

Sinter
Yield %

Vertical
Sintering

Speed mm/min

Sinter Particle
Size %

40–10 mm <5 mm

Sinter plant coke
breeze 63.1 1.5 57.3 62.8 22.2 56.5 19.0

Size-optimized
coke breeze 64.6 1.5 56.6 64.5 21.6 58.6 18.3

Variation +1.5 −0.013 −0.7 +1.7 −0.6 +2.16 −0.79

Therefore, the optimum coke breeze to achieve maximum sinter tumble strength
should consist of approximately 57.20%: −1 mm, 25.63%: 1–3 mm, 11.17%: 3–5 mm, and
6.00%: >5 mm particles, as evidenced in Table 8. Similarly, the size distribution of coke
breeze can also be optimized to maximize other sintering parameters. It is, therefore,
possible to satisfy various sintering parameters depending on the intended objectives
through the optimization of the coke breeze size distribution. This approach has pro-
vided useful guidance to improve sinter production and quality while reducing solid fuel
consumption [4].

4. Optimization of Process Variables and Sinter Composition
Optimization of Process Variables

The sintering process can be described by both mechanistic and statistical methods.
The former is often derived from complex physical or mathematical equations based on
many assumptions on the model parameters; hence, it has very limited success in predicting
actual plant data. On the other hand, the latter is based on Mathematical Statistics and has
been widely used for modeling phenomena in the metallurgical industry. This method has
proved effective and easy to arrive at a solution. Therefore, the latter method was used in
the present study.

In the statistical model, the target variables were selected based on production needs,
including sintering productivity, sinter yield, tumble strength, vertical sintering speed, fuel
rate, % −40 + 10 mm sinter, and % −5 mm sinter. Then it is important to find statistical
relationships between the target variables and the blend composition and process variables,
from which an optimum solution can be found through optimization, finally achieving the
best overall sintering performance through blend optimization.

If Y represents a set of optimized target variables, the following equations can
be written:

Y1(sintering productivity) = E(X1, X2, . . . , Xi) (2)

Y2(product yield) = F(X1, X2, . . . , Xi) (3)

Y3(tumble strength) = G(X1, X2, . . . , Xi) (4)

Y4(vertical sintering speed) = H(X1, X2, . . . , Xi) (5)

Y5(fuel rate) = I(X1, X2, . . . , Xi) (6)

Y6(%10–40 mm) = Z(X1, X2, . . . , Xi) (7)

Y7(< %− 5 mm) = K(X1, X2, . . . , Xi) (8)
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where i is the number of independent variables utilized. If some of the independent
variables are fixed, then the influence of the other variables on sintering productivity and
sinter quality can be quantified. These nonlinear equations are solved simultaneously by
applying certain constraints, such as tumble strength (Y3) > 60%, sintering productivity
(Y1) > 1.25 t/h·m2, etc., to obtain various optimum ore blends depending on the intended
objectives and the optimum ore blend to achieve the overall sintering performance.

In this study, the sinter basicity, MgO content, and bed height were fixed at 2.05, 2.5%,
and 670 mm [22,23], respectively. Based on the orthogonal experimental design method, a
total of 27 sinter pot tests were carried out. Duplicate tests were conducted for each sinter
pot test to ensure the repeatability of the experimental results, and the average values of
the duplicate tests were used for quadratic regression. Figure 3 shows the isopleth diagram
of sinter tumble strength.
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According to the current raw material conditions, the independent variables in Equa-
tions (2)–(8) were selected as follows:

X1 :→ %Qidashan concentrate in the blend
X2 :→ %CVRD ore fine in the blend

X3 :→ %MAC fine in the blend
X4 :→ %moisture in the sinter mixture

X5 :→ %coke in the sinter mixture

It can be seen from Figure 3 that the mix moisture content had the most impact on the
sinter tumble strength, followed by % coke breeze, %CVRD fines, %Qidashan concentrate,
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and %MAC fines. After analyzing the quadratic coefficients in Equation (4), the effect of
%Qidashan concentrate, %coke breeze, and %MAC fines on the sinter tumble strength,
Y3, was found to show an extremum. Therefore, to achieve the maximum sinter strength,
these variables, including %CVRD fines, must be targeted in the region where the tumble
strength shows a maximum. Constrained optimization of this aspect was used to find the
optimum blend composition to maximize both the sintering productivity and sinter quality.
It was found that the influence of Qidashan concentrates on the sinter tumble strength
could not be ignored when the coke addiction was low. The coke addition should not
be less than 5.1% when Qidashan concentrates in the blend are more than 30%. Marked
interaction was observed between MAC fines and coke breeze, and the maximum tumble
strength was achieved at 8% MAC fines and 5.2% coke breeze. A minimum in tumble
strength was observed at 15% MAC fines and 20% Brazilian CVRD fines, which should be
avoided in actual production.

5. Outlook of Agglomerations

While Ansteel has, over the years, conducted extensive fundamental work and accu-
mulated practical experience in ironmaking raw materials, more work is still needed to
address increasingly challenging raw material conditions and further reduce raw material
costs [17,18]. Some of the key research focuses are summarized below.

5.1. Development of an Evaluation System for Iron Ore Sinter Fines

A sinter database was established by the Ansteel Iron and Steel Research Institute
ironmaking raw material research group for ore blending. From the database, various
inquiries can be made to obtain the sinter characteristics and cost information for the
iron ores used by Ansteel. It can also automatically generate the optimum blend based
on the constraints applied and forecast the blended cost. Further work will be focused
on developing an evaluation system for iron ores [24], which can be used for both blend
optimization and the purchase of iron ores. When raw material conditions change, the
evaluation system will enable Ansteel to propose alternative ore blends to meet sinter
quality requirements at the acceptable raw material cost.

5.2. Development of New Innovative Sintering Technologies

Based on the burden structure and metallurgical properties required by the blast
furnace, composite basicity sintering technology was proposed to simplify the blast furnace
burden material [25,26]. Unlike the traditional approach that only pays attention to the
permeability of the sinter bed, it is focused more on the granularity, mineral, and chemical
composition distribution across the sinter bed to effectively control the sintered structure
and quality to meet the demanding blast furnace process. The proposed “pellet-sinter” con-
cept will change the conventional blast furnace burden structure and can greatly decrease
the ironmaking raw material cost. In the meantime, Ansteel is paying close attention to
new emerging sintering technologies, such as oxygen-enriched sintering, gas-fuel-injected
sintering, etc.

5.3. Development of Double-Layer Sintering New Technology with Super-Thick Layer

In order to adopt deep bed sintering technology to further increase sinter production,
a new sintering technology with a double layer was proposed by the Ansteel Iron and
Steel Research Institute [27,28]. The feasibility of the new technology has been confirmed
by laboratory-scale tests and plant trials. The new technology enables the production of
high-quality sinter from sinter blends containing more than 75% concentrate at a bed depth
of 1050 mm. The application of this technology will no doubt create enormous economic
benefits for Ansteel.
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6. Conclusions

Agglomeration quality, as one of the key blast furnace burden material factors, is very
important to the blast furnace ironmaking process. In order to increase agglomeration
production and improve its quality while reducing energy consumption, a new intelligent
blending method was established at Ansteel to optimize its sinter blends. The main findings
can be summarized as follows:

(1) By applying the optimization theory to the statistical model, the blending ratio of
47.2% Ore A and 52.8% Ore C corresponded to the best sinter yield of 72.44%. Besides,
from the viewpoint of sinter reducibility, sinter basicity should not be less than 1.98
when the proportion of Ore A in the blend is more than 35%. After adopting the
proposed sinter blend, Sinter Plant No 2 increased its productivity by 0.07 t/m2h and
reduced its fuel rate by 0.9 kg/t and returns ratio by 0.37%;

(2) Since the installation of the drum granulator, the standard deviation has decreased
from 1.517 to 0.7332 for total Fe (T.Fe) and from 0.146 to 0.0956 for basicity. Moreover,
the standard deviation for sinter T.Fe and basicity were 0.6926 and 0.05449, respec-
tively, in the case of the drum granulator, as compared with 0.8902 and 0.2033 for the
disc palletizers. A drum granulator was used for more stability and less scattering;

(3) Using the single-lattice method, the optimum coke breeze to achieve maximum sinter
tumble strength should consist of approximately 57.20%: −1 mm, 25.63%: 1–3 mm,
11.17%: 3–5 mm, and 6.00%: >5 mm particles;

(4) After analyzing the quadratic coefficients in Equation (4), the coke addition should
not be less than 5.1% when the Qidashan concentrate in the blend constitutes more
than 30%. Marked interaction was observed between MAC fines and coke breeze, and
the maximum tumble strength was achieved at 8% MAC fines and 5.2% coke breeze.
A minimum in tumble strength was observed at 15%.
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