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Description
Technical Field

[0001] The presentinventionrelates to a cold-iron-source melting ratio estimating device and a cold-iron-source melting
ratio estimating method for estimating the melting ratio of a cold iron source in refining of molten iron using the cold iron
source as a raw material, and also relates to a molten iron refining method using the device and the method described
above.

Background Art

[0002] To achieve carbon neutrality in 2050, the steel industry, along with other industries, is required to reduce
generation of CO, gas. The main cause of CO, emissions in the steel industry is the use of coal during iron ore reduction in
a blast furnace process. Generally, a blast furnace process generates about 2 tons of CO, per ton of crude steel in
manufacture of steel products. On the other hand, coal is not required when blast furnace pigironis not used and a cold iron
source, such as scrap or reduced iron, is melted by electric power, heat transfer from molten iron, or carburization.
Therefore, the amount of CO, generated when a cold iron source is used is about 500 kg per ton of crude steel (excluding
the amount of CO, generated during production of reduced iron). That is, the amount of CO, emissions per ton of crude
steel can be reduced to about 1/4 of that in the blast furnace process. Therefore, an effective way to reduce the amount of
CO, emissions in the steel industry is to reduce the use of blast furnace pig iron by reducing the pig iron ratio in a converter,
or to increase the use of a cold iron source by introducing an electric arc furnace.

[0003] However, increasing the use of a cold iron source increases the time required to completely melt the cold iron
source. When the time required to completely melt the cold iron source increases and the cold iron source cannot be
completely melted during processing time, many disadvantages will occur in terms of operation and metallurgy. For
example, in dephosphorization blowing of pig iron in a converter, a sub-lance collides with an unmolten cold iron source
and this damages the sub-lance. Additionally, an unmolten cold iron source deposited on a bottom blowing tuyere
interferes with stirring of pig iron and this results in poor dephosphorization.

[0004] Inan electric arc furnace, a cold iron source is additionally charged continuously or intermittently. When the rate
of additional charging is too fast with respect to the melting rate, an unmolten cold iron source in the furnace increases, and
fusion of cold iron sources may form a huge iron mass. Iron masses have a small ratio of surface area to volume and have a
slow melting rate. Formation of iron masses leads to lower productivity and higher power requirements. To efficiently melt
the cold iron source, it is important to know whether there is any cold iron source left unmolten in the furnace.

[0005] A main method for knowing whether there is any cold iron source left unmolten is to determine the timing of
complete melting of a cold iron source through sensing. Many methods for determining the timing of complete melting of a
cold iron source involve using an electric arc furnace. The method monitors the temperature, pressure, vibration, light, and
the like inside the furnace to determine the timing of complete melting of the cold iron source from their changes.
[0006] Forexample, Patent Literatures 1 discloses a method in which a refractory temperature is measured at multiple
points in the thickness direction by a temperature measuring probe embedded in the side wall of a converter (furnace)
body, and a refractory surface temperature (molten iron temperature) is continuously estimated from the resulting
temperature gradient and the residual thickness of the refractory. This method focuses on the fact that after the cold
iron source in the furnace is completely melted, the rate of temperature rise of the molten iron increases. Patent Literatures
1 states that the timing of complete melting of the cold iron source can be determined from changes in the temperature of
the molten iron.

[0007] Although there are few examples of application to actual operations, a one-dimensional heat transfer model
(hereinafter referred to as "cold iron source melting model") that predicts the melting behavior of a cold iron source has
been reported. For example, Non Patent Literatures 1 and 2 refer to the cold iron source melting model. In the cold iron
source melting models disclosed in Non Patent Literatures 1 and 2, the melting behavior of a cold iron source can be
predicted with high accuracy by assuming the coefficient of heat transfer between molten iron and cold iron source and the
mass transfer coefficient of molten iron. To apply the cold iron source melting model to actual operations, information
obtained by sensing or the like, such as the temperature of molten iron and the carbon concentration in molten iron, is to be
continuously or intermittently entered. With the cold iron source melting model, itis possible to predict not only the timing of
complete melting of the cold iron source, but also the moment-by-moment melting ratio of the cold iron source. This is
advantageous in that the occurrence of unmolten cold iron source can be predicted during processing.
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Citation List
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[0008] PTL 1: Japanese Unexamined Patent Application Publication No. 8-3614
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[0009]

NPL 1: Masahiro Kawakami and two others, "Heat and Mass Transfer Analysis of Scrap Melting in Steel Bath", Tetsu-
to-Hagané, vol. 85(1999), pp. 658-665
NPL 2: Kohichi Isobe and four others, "Analysis of the Scrap Melting Rate in High Carbon Molten Iron", Tetsu-to-
Hagané, vol. 76(1990), pp. 2033-2040

Summary of Invention
Technical Problem

[0010] Patent Literature 1 does not refer to a threshold for the rate of temperature rise of molten iron, which serves as a
criterion for determining the timing of complete melting of the cold iron source, and the determination depends on the
subjectivity of the observer. Additionally, in actual operations, where changes in the temperature of molten iron are varied
by a factor, such as changing the flow rate of top and bottom blowing, the determination may be subject to error or may be
delayed.

[0011] Examples of the driving force for melting the cold iron source include heat transfer and carburization (mass
transfer from molten iron to the surface layer of the cold iron source). When the carbon concentration in the molten iron
does not exceed the carbon concentration in the cold iron source, or in the presence of a solidified element, carburization
will not occur and the driving force for melting the cold iron source is heat transfer alone. Therefore, in calculating the
melting rate of the cold iron source, only a heat balance near the interface between the molten iron and the cold iron source
is to be taken into account. On the other hand, when the carbon concentration in the molten iron exceeds the carbon
concentration in the cold iron source, carburization will occur after a solidified elementis remelted. Therefore, in calculating
the melting rate of the cold iron source, a carbon mass balance, rather than a heat balance, near the interface is to be taken
into account. Itis common, as described above, to change the formula for calculating the melting rate, in accordance with
the driving force for melting the cold iron source. However, the mechanism of melting cannot be clearly identified in
practice.

[0012] For example, even in the case where the carbon concentration in the molten iron exceeds the carbon
concentration in the cold iron source and carburization occurs, when the temperature of the molten iron is as high as
or above the liquidus-line temperature of the cold iron source, it is unlikely that heat transfer does not at all contribute to
melting of the cold iron source, and both carburization and heat transfer are to be taken into account as mechanisms for
melting. However, in the cold iron source melting models of the related art, the driving force is limited to carburization or
heat transfer.

[0013] The coldiron source melting models disclosed in Non Patent Literatures 1 and 2 ensure accuracy by using a heat
transfer coefficient and a mass transfer coefficient as fitting parameters. However, the values of the fitting parameters are
described only for the conditions of the specific molten iron and cold iron source referred to in the literatures, and are less
versatile. The present invention has been made in view of the problems described above. An object of the present
invention is to provide a cold-iron-source melting ratio estimating device and a cold-iron-source melting ratio estimating
method that can calculate the melting ratio of a cold iron source using versatile parameters, and to also provide a molten
iron refining method using the device and the method described above. Solution to Problem

[0014] The means for solving the problems described above are as follows.

[1] A cold-iron-source melting ratio estimating device is configured to estimate a melting ratio of a cold iron source in
refining of molten iron using the cold iron source as a raw material. The cold-iron-source melting ratio estimating
device includes an acquiring unit configured to acquire in-furnace information including information about the molten
iron and the cold iron source; a computing unit configured to calculate, using the in-furnace information, an interfacial
carbon concentration between the cold iron source and the molten iron, a melting rate of the cold iron source, and a
melting ratio of the cold iron source; and an output unit configured to output the melting ratio. When the interfacial
carbon concentration satisfies at least one of inequalities (1) and (2) described below, the computing unit calculates,
using an interfacial carbon concentration calculated in the previous step, a first melting rate from a heat transfer
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balance equation and a second melting rate from a carbon mass balance equation, respectively, and calculates the
melting rate of the cold iron source by proportionally distributing the first melting rate and the second melting rate.
When the interfacial carbon concentration satisfies neither of inequalities (1) and (2) described below, the computing
unit calculates the first melting rate or the second melting rate using the interfacial carbon concentration, and
determines the calculated first or second melting rate to be the melting rate of the cold iron source.

Ciy >C -+ (1)

Ci > Ci, t=1 - (2)

Ininequalities (1) and (2) described above, C is a carbon concentration (% by mass) in molten iron, C; is an interfacial
carbon concentration (% by mass), and C; 4 is an interfacial carbon concentration (% by mass) calculated in the
previous step.

[2] In the cold-iron-source melting ratio estimating device according to [1], when a carbon concentration in the cold iron
source is lower than a carbon concentration in the molten iron, the computing unit determines a proportional
distribution ratio for proportionally distributing the first melting rate and the second melting rate on the basis of a
temperature of the molten iron, the carbon concentration in the molten iron, and the carbon concentration in the cold
iron source.

[3] In the cold-iron-source melting ratio estimating device according to [1] or [2], the computing unit estimates a
moment-by-moment melting ratio of the cold iron source by repeatedly calculating the interfacial carbon concentra-
tion, the melting rate of the cold iron source, and the melting ratio of the cold iron source.

[4] A molten iron refining method includes estimating a melting ratio of the cold iron source at an end of the refining by
using the cold-iron-source melting ratio estimating device according to any one of [1] to [3]; and performing, when a
ratio of an unmolten cold iron source calculated from the melting ratio at the end of the refining exceeds 5% by mass, at
least one of adding a heating material and extending a molten iron treatment.

[5] A cold-iron-source melting ratio estimating method is for estimating a melting ratio of a cold iron source in refining of
molten iron using the cold iron source as a raw material. The cold-iron-source melting ratio estimating method includes
an acquiring step of acquiring in-furnace information including information about the molten iron and the cold iron
source; a computing step of calculating, using the in-furnace information, an interfacial carbon concentration between
the cold iron source and the molten iron, a melting rate of the cold iron source, and a melting ratio of the cold iron
source; and an outputting step of outputting the melting ratio. When the interfacial carbon concentration satisfies at
least one of inequalities (1) and (2) described below, the computing step calculates, using an interfacial carbon
concentration calculated in the previous step, a first melting rate from a heat transfer balance equation and a second
melting rate from a carbon mass balance equation, respectively, and calculates the melting rate of the cold iron source
by proportionally distributing the first melting rate and the second melting rate. When the interfacial carbon
concentration satisfies neither of inequalities (1) and (2) described below, the computing step calculates the first
melting rate or the second melting rate using the interfacial carbon concentration, and determines the calculated first
or second melting rate to be the melting rate of the cold iron source.

Ciy >C -+ (1)

Ci > Ci, t=1 - (2)

Ininequalities (1) and (2) described above, C is a carbon concentration (% by mass) in molten iron, C, is an interfacial
carbon concentration (% by mass), and C; 4 is an interfacial carbon concentration (% by mass) calculated in the
previous step.

[6] In the cold-iron-source melting ratio estimating method according to [5], when a carbon concentration in the cold
iron source is lower than a carbon concentration in the molten iron, the computing step determines a proportional
distribution ratio for proportionally distributing the first melting rate and the second melting rate on the basis of a
temperature of the molten iron, the carbon concentration in the molten iron, and the carbon concentration in the cold
iron source.

[7] In the cold-iron-source melting ratio estimating method according to [5] or [6], the computing step estimates a
moment-by-moment melting ratio of the cold iron source by repeatedly calculating the interfacial carbon concentra-
tion, the melting rate of the cold iron source, and the melting ratio of the cold iron source.

[8] A molten iron refining method includes estimating a melting ratio of the cold iron source at an end of the refining by
using the cold-iron-source melting ratio estimating method according to any one of [5] to [7]; and performing, when a
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ratio of an unmolten cold iron source calculated from the melting ratio at the end of the refining exceeds 5% by mass, at
least one of adding a heating material and extending a molten iron treatment. Advantageous Effects of Invention

[0015] In the present invention, the melting ratio of a cold iron source can be calculated by using a proportional
distribution ratio that can be determined more easily than fitting parameters. Accordingly, the cold-iron-source melting ratio
estimating method according to the presentinvention is a more versatile method for calculating the melting ratio of the cold
iron source than the methods of the related art.

Brief Description of Drawings
[0016]

[Fig. 1] Fig. 1 is a schematic diagram of a converter-type refining furnace including a cold-iron-source melting ratio
estimating device according to the present invention.

[Fig. 2] Fig. 2 is a graph illustrating a proportional distribution ratio at a pig iron temperature of 1450°C to 1480°C in
Table 1.

[Fig. 3] Fig. 3 is a flowchart illustrating the flow of a cold-iron-source melting ratio estimating method.

[Fig. 4] Fig. 4 is a graph illustrating results of estimation and actual measurement of the melting ratio of a square pure
iron sample in Example 1.

[Fig. 5] Fig. 5 is a graph illustrating results of estimation and actual measurement of the melting ratio of a square pure
iron sample in Example 2.

[Fig. 6] Fig. 6 is a graph illustrating results of estimation and actual measurement of the melting ratio of a square pure
iron sample in Example 3.

Description of Embodiments

[0017] An exemplary embodiment of the present invention will now be described with reference to the accompanying
drawings. Fig. 1 is a schematic diagram of a converter-type refining furnace including a cold-iron-source melting ratio
estimating device according to the present invention. In Fig. 1, reference numeral 10 denotes a converter-type refining
furnace, reference numeral 20 denotes a converter-type refining furnace control apparatus, and reference numeral 50
denotes an operator. The converter-type refining furnace control apparatus 20 includes a process computer 22, an
operation control computer 24, and a cold-iron-source melting ratio estimating device 30.

[0018] Afteriron scrap is charged as a cold iron source into the converter-type refining furnace 10 using a scrap chute,
pigiron 11 is charged into the furnace using a charging ladle. Oxygen gas (industrial grade pure oxygen)is supplied from a
top blowing lance 14 toward the pigiron 11 charged in the furnace, and stirring gas 13 is blown from a tuyere (notillustrated)
installed at the bottom of the furnace into the pig iron 11 in the furnace. While being stirred by the stirring gas 13, the pigiron
11 charged in the furnace is oxidized and refined by the oxygen gas supplied from the top blowing lance 14. Generally, as a
refining method, preliminary dephosphorization of the pig iron 11 and decarbonization of the pig iron 11 (hereinafter also
referred to as "decarbonization refining") are performed in the converter-type refining furnace 1.

[0019] In the preliminary dephosphorization of the pig iron 11, iron scrap is first charged as a cold iron source into the
converter-type refining furnace 10 using the scrap chute (not illustrated). Then, the pig iron 11 is charged into the furnace
using the charging ladle (notillustrated). Charging the pig iron 11 is followed by supplying oxygen gas from the top blowing
lance 14, supplying nitrogen gas or the like as the stirring gas 13 from the tuyere at the bottom of the furnace, and adding
auxiliary materials, such as a heating material and flux, so as to perform preliminary dephosphorization of the pig iron 11.
[0020] The preliminary dephosphorization of the pig iron 11 in the converter-type refining furnace 1 involves oxidizing
phosphorus in the pig iron with the oxygen gas to form phosphorus oxide (P,O5), and fixing the phosphorus oxide in a
stable form 3Ca0-P,05 (= Caz(PO,),) to slag 12 formed by CaO-based flux. The preliminary dephosphorization of the pig
iron 11 ends when a phosphorus concentration in the pig iron 11 in the furnace reaches a predetermined value (e.g.,
0.050% by mass or less). After the preliminary dephosphorization, dephosphorized pig iron is produced in the furnace.
[0021] Charging the pigiron 11 after the preliminary dephosphorization is followed by supplying oxygen gas from the top
blowing lance 14, supplying the stirring gas 13 from the tuyere at the bottom of the furnace, and adding auxiliary materials,
such as a cooling material, a heating material, and flux, at appropriate times to decarbonize the pig iron 11.

[0022] Decarbonization of the pigiron 11 proceeds by a decarbonizing reaction (C + O — CO) between oxygen gas and
carbon in molten iron, and is carried out until a carbon concentration in the molten iron in the furnace reaches a
predetermined value (e.g., 0.05% by mass or less). After the decarbonization, decarbonized molten steel is produced
in the furnace. Here, "molten iron" is either pig iron or molten steel. In decarbonization of the pig iron 11, the pig iron in the
furnace turns into molten steel, as the decarbonization proceeds. Since it is difficult to distinguish between pig iron and
molten steel in molten metal in the furnace during decarbonization, pig iron and molten steel are collectively referred to as
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"molten iron".

[0023] The process computer 22 is a device configured to calculate the amount of oxygen to be supplied and the
necessity and amount of input of cooling material or heating material so that a pig iron temperature and a pig iron
component concentration at the end of preliminary dephosphorization and a molten iron temperature and a molten iron
component concentration at the end of decarbonization are brought to target values.

[0024] The operation control computer 24 is a device configured to control operating conditions (e.g., the amount of
oxygen gas to be supplied, lance height, the amount of stirring gas to be supplied, and the amount of input of auxiliary
materials) on the basis of the amount of oxygen and the amount of input of cooling material or heating material calculated
by the process computer 22 so that a pig iron temperature and a pig iron component concentration at the end of preliminary
dephosphorization and a molten steel temperature and a molten steel component concentration at the end of decarbo-
nization are brought to target values. Signals from the operation control computer 24 are fed back to the process computer
22 tofurther accurately control the refining. Hereinafter, a description will be given using an example in which the cold-iron-
source melting ratio estimating device 30 according to the present embodiment is applied to preliminary dephosphoriza-
tion of the pig iron 11 using the converter-type refining furnace 10 where iron scrap (cold iron source) having a carbon
concentration lower than that in the pig iron 11 is used as a raw material. The cold-iron-source melting ratio estimating
device 30 is applicable not only to the converter-type refining furnace 10, but also to an electric arc refining furnace and is
also applicable to decarbonization of the pig iron 11.

[0025] The cold-iron-source melting ratio estimating device 30 is a computing device constituting part of the converter-
type refining furnace control apparatus 20. The cold-iron-source melting ratio estimating device 30 includes a controller 32,
astorage unit 34, and an output unit40. The controller 32 is, for example, a CPU. The controller 32 executes programs read
from the storage unit 34 to serve as an acquiring unit 36 and a computing unit 38.

[0026] The output unit 40 is, for example, an LCD or a CRT display. The storage unit 34 includes, for example, an
information recording medium, such as an updatable and recordable flash memory, a hard disk that is internal or
connected by a data communication terminal, or a memory card, and a reading and writing device configured to read and
write data from and to the information recording medium. The storage unit 34 records not only programs for executing the
functions of the acquiring unit 36 and the computing unit 38, but also computing equations, data, and the like used in the
programs.

[0027] Processing performed by the acquiring unit 36 and the computing unit 38 will now be described. Through the
process computer 22, the acquiring unit 36 acquires in-furnace information entered by the operator 50, or from an in-
furnace sensor installed in the converter-type refining furnace 10. The in-furnace information includes information about
the pigiron 11 and the iron scrap. Specifically, the in-furnace information includes the amount of the pig iron 11 charged into
the furnace, an initial carbon concentration in the pig iron 11, the amount of the iron scrap charged, an initial carbon
concentration in the iron scrap, the density of the iron scrap, and a latent heat for melting of the iron scrap. In addition to the
information described above, the acquiring unit 36 acquires, as the in-furnace information, the moment-by-moment
temperature of the pig iron 11, the flow rate of bottom blowing of the stirring gas 13, and furnace pressure. The acquiring
unit 36 outputs the acquired in-furnace information to the computing unit 38.

[0028] The computing unit 38 calculates, using the in-furnace information, an interfacial carbon concentration between
the iron scrap and the pig iron 11 charged into the converter-type refining furnace 10, the melting rate of the iron scrap, and
the melting ratio of the iron scrap. The computing unit 38 first calculates the interfacial carbon concentration between the
pig iron 11 and the iron scrap. When the interfacial carbon concentration calculated satisfies at least one of inequalities (1)
and (2) described below, the computing unit 38 calculates, using an interfacial carbon concentration calculated in the
previous step, a first melting rate from a heat transfer balance equation and a second melting rate from a carbon mass
balance equation, respectively. The computing unit 38 then calculates the melting rate of the iron scrap by proportionally
distributing the first melting rate and the second melting rate. Note that when at least one of inequalities (1) and (2)
described below was satisfied also in calculation in the previous step, an interfacial carbon concentration calculated in the
second previous step is used.

Ci > C --- (1)

Ci > Cyq, t=1 - (2)

[0029] Ininequalities (1) and (2) described above, C is a carbon concentration (% by mass) in the pig iron 11, C,; is an
interfacial carbon concentration (% by mass), and C; ,_4 is aninterfacial carbon concentration (% by mass) calculated inthe
previous step. In the following description, the subscript "t-1" indicates that the value was calculated in the previous step.
[0030] As described above, the computing unit 38 calculates the melting rate of the iron scrap by proportionally
distributing the first melting rate calculated from the heat balance equation and the second melting rate derived from
carbon mass balance in a proportional distribution ratio. As an example, Table 1 shows values of the proportional
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distribution ratio at a carbon concentration of 0.05% by mass in a cold iron source.

[Table 1]

Proportional Molten Iron Temperature [°C]

Distribgtion 1240- | 1270- | 1300- | 1330- | 1360- | 1390- | 1420- | 1450- | 1480- | 1510- | 1540- 1570-

Ratio 1270 | 1300 | 1330 | 1360 | 1390 | 1420 | 1450 | 1480 | 1510 | 1540 | 1570

- 4540| 098 | 097 | 095 | 093 | 088 | 082 | 0.75 | 068 | 050 | 0.37 | 0.20 | 0.00
§ 40-35| 099 | 098 | 097 | 095 | 094 | 090 | 082 | 069 | 050 | 0.35 | 0.10 | 0.00
E 7 3530 100 | 099 | 098 | 09 | 094 | 092 | 0.87 | 070 | 050 | 0.33 | 0.00 | 0.00
.% g 3.0-25| - 100 | 099 | 098 | 096 | 094 | 092 | 073 | 051 | 0.30 | 0.00 | 0.00
% 4\3 2520 - - - 100 | 099 | 098 | 095 | 0.77 | 053 | 0.25 | 0.00 | 0.00
§ % 2015 - - - - 100 | 099 | 098 | 0.80 | 055 | 0.10 | 0.00 | 0.00
2 = 1510 - - - - - - 1.00 | 090 | 058 | 0.00 | 0.00 | 0.00
% 1.0-05| - - - - - - - 1.00 | 060 | 0.00 | 0.00 | 0.00
© 0500 - - - - - - - - - 0.00 | 0.00 | 0.00

[0031] The proportional distribution ratios for proportionally distributing the first melting rate and the second melting rate,
shown in Table 1, are prepared in advance for each carbon concentration in the cold iron source and stored in the storage
unit 34.

[0032] Fig.2isagraphillustrating a proportional distribution ratio at a pig iron temperature of 1450°C to 1480°C in Table
1. In Fig. 2, the horizontal axis represents a carbon concentration (% by mass) in molten iron and the vertical axis
represents a proportional distribution ratio (-). As illustrated in Fig. 2, a proportional distribution ratio at each carbon
concentration in molten iron is plotted on a predetermined curve. For example, three points representing proportional
distribution ratios at different carbon concentrations in molten iron are determined to form a curve (indicated by a broken
linein Fig. 2) using the three points, so that proportional distribution ratios at other carbon concentrations in molten iron can
be determined. The proportional distribution ratios can thus be determined more easily than fitting parameters of the
related art. Therefore, the cold-iron-source melting ratio estimating method according to the present embodiment using
the proportional distribution ratios can be considered a more versatile method for calculating the melting ratio of a cold iron
source than the methods of the related art.

[0033] The computing unit 38 reads, from the storage unit 34, a table of proportional distribution ratios corresponding to
carbon concentrations iniron scrap, and identifies, as a proportional distribution ratio, a value in the table corresponding to
the temperature of the pig iron 11 and the carbon concentration in the molteniron. Thatis, the computing unit 38 identifies a
proportional distribution ratio on the basis of the molten iron temperature, the carbon concentration in the molten iron, and
the carbon concentration in the cold iron source.

[0034] The computing unit 38 calculates the melting rate of the iron scrap by proportionally distributing the first melting
rate and the second melting rate in the identified proportional distribution ratio. When the interfacial carbon concentration
calculated satisfies neither of inequalities (1) and (2) described above, the computing unit 38 calculates the first melting
rate or the second melting rate using the interfacial carbon concentration calculated. Since the first melting rate and the
second melting rate are the same melting rate in this case, the first melting rate or the second melting rate is taken as the
melting rate of the iron scrap.

[0035] The computing unit 38 calculates the melting ratio of the iron scrap using the calculated melting rate of the iron
scrap. The computing unit 38 thus calculates the melting ratio of the iron scrap using in-furnace information.

[0036] The computing unit 38 outputs the calculated melting ratio of the iron scrap to the output unit40. The output unit40
displays the result of calculation of the melting ratio of the iron scrap such that it can be seen by the operator 50 who is
operating the converter-type refining furnace 10. This allows the operator 50 to check on the display of the output unit 40
the degree to which the iron scrap is melted during the charging process, and perform operation in accordance with the
melting ratio of the iron scrap. For example, the melting ratio of the iron scrap at the end of preliminary dephosphorization of
the pig iron 11 is estimated, and when the ratio of unmolten iron scrap calculated from the melting ratio exceeds 5% by
mass, at least one of adding a heating material and extending preliminary dephosphorization of the molten iron is
preferably performed. This can reduce the amount of unmolten iron scrap at the end of the preliminary dephosphorization.
[0037] Amethod forcalculating the melting ratio of the iron scrap in the computing unit 38 will now be described. Note that
equations relating to iron scrap, such as those relating to physical property values and melting rates of iron scrap, are
calculated for each brand of iron scrap. The mass of the pigiron 11 and the carbon concentration in the pig iron 11 to be used
in calculation are calculated using equations (3) and (4) described below.
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[Math 1]
W =W, + W, X SLYSHE (3)
O 50 100
;( Co (Sme < 0)
e . e 4
¢ ’L CoXWo + Cop x WegXSrme/100 (o @
Wo+Wgo XS, 1/100 et

[0038] Here, Wisthe mass (tons) of the pigiron 11 inthe furnace, Wy, is the amount (tons) of the pig iron 11 charged, Wy
is the amount (tons) of the iron scrap charged, S, is the melting ratio (% by mass) of the iron scrap, C is the carbon
concentration (% by mass) in the pigiron 11, C, is the initial carbon concentration (% by mass) in the pigiron 11, and Cgg is
the initial carbon concentration (% by mass) in the iron scrap.

[0039] In equation (4), the carbon concentration C in the pig iron 11 changes only with the melting ratio S, of the iron
scrap, and, for example, the effect of decarbonization caused by a reaction with blowing oxygen or atmospheric oxygen is
not taken into account. Thatis, in the presence of a solidified shell (melting ratio S, < 0), the carbon concentration C in the
pig iron 11 remains unchanged at the initial carbon concentration. When the converter-type refining furnace 10 includes a
means to measure the carbon concentration C in the pig iron 11, measured values of the carbon concentration C may be
used without calculating equation (4).

[0040] When the cold-iron-source melting ratio estimating device 30 according to the present embodiment is applied to
decarbonization, the calculated carbon concentration C in the molten steel is expected to deviate from the actual carbon
concentration in the molten steel in the final stage of treatment where decarbonization progresses. However, since the
temperature of the molten steel is high in the final stage of decarbonization, the effect of the carbon concentration C in the
molten steel on the melting rate of the iron scrap is small and the melting ratio S, of the cold iron source does not deviate
significantly.

[0041] Physical property values and the like of the pig iron 11 are calculated using equations (5) to (12) described below.

[Math 2]
e =709 —0.07xC- - - (5)
Qg/60x (T+273.15) Px103xgxL

£5=3.71x102x WX10 x In (1+ 5 ) X10% - - - (B)

h=5000% (ggxp) 2. - « (7)

0.556x 104

T+273.15 ®)

D=1.3877x107"xexp (—

[0042] Here, pisthe density (tons/m?3) of the pig iron 11, eg is stirring power (W/ton) of bottom blowing, Qg is the flow rate
(Nm3/min) of bottom blowing, T is the temperature (°C) of the pig iron 11, g is gravitational acceleration (m/s2), L is a bath
depth (m), P is furnace pressure (Pa), h is an interfacial heat transfer coefficient (W/(m2-K)) between pig iron and iron
scrap, and D is a diffusion coefficient (m2/s) of the pig iron 11.

[Math 3]
@ =6.2x106+1.79x 109 x (T~ 1537.85) + « - .(9)

A=4184x axCp x px106- - - (10)

2920

logyzm—o.%?* . (A

hxD ' x 10-6 1/3 x 10-6 K hxD
k=Scl/3x Pr-1/3x - ﬂ/(PD ) T u/(p ) )1/3x j
a

(12)

[0043] Here, a.is the thermal diffusivity (m2/s) of the pigiron 11, Cp is the specific heat (kcal/(kg-K)) of the pigiron 11, A is
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the thermal conductivity (W/(m-K)) of the pig iron 11, w is the viscosity (mPa-s) of the pig iron 11, k is the mass transfer
coefficient (m/s) of the pig iron 11, Sc is Schmidt number (-), and Pr is Prandtl number (-). Equation (5) is an empirical
equation derived from the melting behavior of scrap in the 310-ton top-blowing converter to the 240-ton bottom-blowing
converter described in Publication 1 below. Equation (10) is an equation derived from the Chilton-Colburn analogy. The
sign (-) indicates that the value is dimensionless.

[0044] Publication 1: H. Gaye, M. Wanin, P. Gugliermina, and P. Schittly: 68th Steelmaking Conf. Proc., ISS, Detroit, MI,
USA, (1985), 91.

[0045] Aninterfacial carbon concentration between pig iron and iron scrap (hereinafter referred to as "interfacial carbon
concentration") and an interfacial temperature between molten iron and a cold iron source (hereinafter referred to as
"interfacial temperature") are calculated using equations (13) to (15) described below. Equation (13) described below is a
heat transfer balance equation near the interface, equation (14) described below is a carbon mass balance equation near
the interface, and equation (15) described below is a relational equation between an interfacial temperature and a carbon
concentration. The interfacial carbon concentration and the interfacial temperature are calculated using these three
equations.

[Math 4]
aT

S
)i_ e .o (13)
ax

kx(C-C)=vyx(C~Cg) + - » (14)

hX(T_Ti)ZPsXHSX V+Ai,t-1x(

T=Toeita; 1 xXCi- - - (15)

[0046] Here, T, is an interfacial temperature (°C), Tq is the temperature (°C) of a cold iron source, pg is the density
(tons/mgs) of iron scrap, Hs is a latent heat (MJ/ton) for melting of iron scrap, v is the melting rate (mm/s) of iron scrap (v > 0:
melting, v < 0: growing (forming of a solidified shell), and ; is a thermal conductivity (W/(m-K)) at the interface between pig
iron and iron scrap (thermal conductivity on the pig iron side of the interface). T is the liquidus-line temperature (°C) of
pure iron (carbon concentration of 0% by mass), and a is a coefficient.

[0047] The coefficient and the liquidus-line temperature of pure iron in equation (15) described above are calculated by
equations (16) and (17) described below. The coefficient and the liquidus-line temperature of pure iron calculated by
equations (16) and (17) described below are used in calculating C; in the next step.

[Math 5]
a=—6.0902xC;—81.11- - - (16)

TL,=3.0451xC2+1539.5 - « - (17)

[0048] A heat transfer coefficient at the interface between pig iron and iron scrap (hereinafter referred to as "interfacial
heat transfer coefficient") is calculated by equation (18) described below. The interfacial heat transfer coefficient
calculated by equation (18) is used in calculating an interfacial carbon concentration in the next step.

[Math 6]

Ai = 76.017 x exp(-0.001 x Ty) (minimum value: 27)

(18)

[0049] When the interfacial carbon concentration calculated here satisfies at least one of inequalities (1) and (2)
described below, the first melting rate is calculated from equation (13) described above and the second melting rate is
calculated from equation (14) described above, using an interfacial carbon concentration calculated in the previous step,
instead of the interfacial carbon concentration calculated, and the melting rate of the iron scrap is calculated by
proportionally distributing the first melting rate and the second melting rate.

Ci >C -+ (1)
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Ci > Cyq, t=1 - (2)

[0050] When the interfacial carbon concentration calculated in the previous step is used instead of the interfacial carbon
concentration calculated, the first melting rate calculated from equation (13) and the first melting rate calculated from
equation (14) will be different values. The computing unit 38 calculates the melting rate of the iron scrap by proportionally
distributing the first melting rate and the second melting rate in a specific proportional distribution ratio.

[0051] As described above, in calculating the melting rate of the iron scrap, equation (13) and equation (14) are
preferably used depending on the driving force for melting the iron scrap. In practice, however, itis difficult to clearly identify
the mechanism for melting the iron scrap. Therefore, when only either one of equation (13) and equation (14) is used to
calculate the melting rate of the iron scrap, the melting rate of the iron scrap agreeing with an actual phenomenon cannot be
obtained.

[0052] To improve the accuracy of estimating the melting rate of the iron scrap, therefore, the computing unit 38
calculates the melting rate of the iron scrap by proportionally distributing the first melting rate calculated from equation (13)
and the second melting rate calculated from equation (14) in a specific proportional distribution ratio. Specifically, the
melting rate of the iron scrap is calculated by equation (19) described below.

vg = (first melting rate) X (1-Z) + (second melting rate) X Z (19)

[0053] Here, vg is the melting rate of iron scrap (m/min), and Z is a proportional distribution ratio (-).

[0054] Whentheinterfacial carbon concentration calculated satisfies neither of inequalities (1) and (2) described above,
the melting rate of the iron scrap is calculated using the interfacial carbon concentration. In the case of using the interfacial
carbon concentration calculated and the interfacial temperature, the first melting rate calculated from equation (13) and the
second melting rate calculated from equation (14) are equal. Therefore, in this case, the first melting rate or the second
melting rate calculated using the interfacial carbon concentration is determined to be the melting rate of the iron scrap. The
computing unit 38 thus calculates the melting rate of the iron scrap.

[0055] When the melting rate of the iron scrap can be calculated, the melting ratio of the iron scrap can be calculated
using the melting rate of the iron scrap and equation (20) described below.

[Math 7]

ve X At
S0

SmxSm,t—l -+ > 100 o (20)

[0056] Here, ty is the initial thickness (mm) of iron scrap, and At is a calculation time interval [s].
[0057] Finally, atemperature distribution in the iron scrap is determined using equation (21) and equation (22) described
below.

[Math 8]
gT 02T
S g X—3 .. (21
aJt s 0 x2 (2D
Ts—Tsiq Toivte1™ 2 se1t Is it
¥ — X 3 3 12 ] 3 - - -
At s A x? (22)

[0058] Here, ag is the thermal diffusivity (m2/s) of iron scrap, x is a position in the thickness direction of iron scrap, and
one unit of x in the present embodiment is t5,/100. A subscript i+1 denotes the iron scrap temperature of a calculation
element adjacent to a molten iron element and a subscript i-1 denotes the iron scrap temperature of a calculation element
adjacent to the side to the center of the iron scrap.

[0059] A temperature distribution in the iron scrap is one-dimensionally determined using equation (21) described
above. Calculating equation (21) requires discretization, as in equation (22) described above. Therefore, the temperature
distribution in the iron scrap obtained from equation (22) is a discrete temperature distribution for each calculation
thickness interval Ax.

[0060] Since the thickness interval Axis setto 1/100 of tg, there are 100 calculation elements representing iron scrap at
the start of calculation (or at the start of melting). One calculation element representing an interface is adjacent to the iron
scrap element group, and a calculation element group representing molten iron is adjacent to the opposite side of the
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interface element. The initial number of molten iron elements is any value, but is preferably determined on the basis of the
allowable calculation cost. Although the calculation cost increases as the number of elements increases, the melting
behavior can be accurately calculated when the solidified shell expands significantly at the early stage of melting of iron
scrap.

[0061] The thickness of all the calculation elements is Ax. The thickness of the calculation elements, the number of
interface elements, and the total number of the calculation elements are constant during calculation. However, the number
of iron scrap elements and the number of molten iron elements during calculation change in accordance with the moment-
by-moment melting ratio S, of iron scrap determined from equation (20) described above. For example, when the melting
ratio is 2% by mass at a given pointin time, the number of iron scrap elements at this pointin time is 98, and the number of
molten iron elements increases by two. Since the interface element is always present between the iron scrap element
group and the molten iron element group, the interface element s shifted by a distance of 2 X Axto the side of the iron scrap
elements from the initial position. On the other hand, when the melting ratio is less than 0 (during forming of a solidified
shell), the number of iron scrap elements increases and the number of molten iron elements decreases, so that the
interface element is shifted toward the side of the molten iron elements.

[0062] A temperature distribution calculation first determines, in accordance with the melting ratio of iron scrap at the
time, that each calculation element is the iron scrap element, the interface element, or the molten iron element, and then
determines the temperature distribution for each element as follows.

[0063] Iron scrap element: calculated in accordance with equation (22) described above. Note that the center of iron
scrap is treated as an adiabatic boundary (having the same temperature as adjacent elements).

[0064] Interface element: an interfacial temperature T; calculated from equation (15) described above.

[0065] Molten iron element: a molten iron temperature T. Temperature variation in molten iron is not taken into account.
[0066] dTg/dx used in equation (13) in the next step is calculated by dividing the temperature difference between the
interfacial temperature Ti and the iron scrap element adjacent to the interfacial temperature by the thickness Ax of
calculation elements. After dTg/dx used in equation (13) in the next step is calculated, in-furnace information may be
acquired again to calculate the melting ratio of iron scrap after the calculation time interval At (in seconds) using equations
(3) to (21) described above. Thus, repeatedly calculating the melting ratio of iron scrap can determine the moment-by-
moment melting ratio of iron scrap during the preliminary dephosphorization of the pig iron 11.

[0067] The thermal diffusivity of the iron scrap in equation (21) and equation (22) described above can be calculated by
equation (23), equation (24), and equation (25) described below.

[Math 9]
-1t (23)
ag= pSXCpSX]‘OG
As=76.017 X exp(-0.001 x Tg) (minimum value: 27) - - - (24)
1
Cog= ——— X124.5+8.45x103x(T4+273.15); - - - (25
ST s ) @

[0068] Here, Ag is the thermal conductivity (W/(m X K)) of iron scrap, and Cpg is the specific heat (MJ/(t X K)) of iron
scrap.

[0069] Fig.3isaflowchartillustrating the flow of a cold-iron-source melting ratio estimating method. A process of a cold-
iron-source melting ratio estimating method according to the present embodiment will be described using Fig. 3. The cold-
iron-source melting ratio estimating method according to the present embodiment is started, for example, by an instruction
from the operator 50 at any time point before and during preliminary dephosphorization of the pig iron 11.

[0070] The acquiring unit 36 of the cold-iron-source melting ratio estimating device 30 performs an acquiring step to
acquire, as in-furnace information, information about the pig iron 11 and iron scrap, such as the amount of the pig iron 11
charged into the furnace, an initial carbon concentration in the pig iron 11, the amount of the iron scrap charged, an initial
carbon concentration in the iron scrap, the density of the iron scrap, and a latent heat for melting of the iron scrap. At the
same time, the acquiring unit 36 acquires, as in-furnace information, the flow rate of bottom blowing of the stirring gas 13,
the moment-by-moment temperature of the pig iron 11, and furnace pressure (step S101). The acquiring unit 36 outputs
the in-furnace information to the computing unit 38.

[0071] The computing unit 38 performs a computing step to calculate the interfacial carbon concentration C; using the in-
furnace information and equations (3) to (18) described above (step S102). When the interfacial carbon concentration C;
calculated satisfies at least one of inequalities (1) and (2) described above, the computing unit 38 calculates the first
melting rate and the second melting rate using the interfacial carbon concentration C;  ; calculated in the previous step,
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instead of the interfacial carbon concentration C; calculated, and calculates the melting rate of iron scrap by proportionally
distributing the first melting rate and the second melting rate. When the interfacial carbon concentration C; calculated
satisfies neither of inequalities (1) and (2) described above, the computing unit 38 calculates the first melting rate or the
second melting rate using the interfacial carbon concentration C, calculated, and determines the calculated first or second
melting rate to be the melting rate of the iron scrap (step S103).

[0072] The computing unit 38 performs a computing step to calculate the melting ratio S, of the iron scrap using the
melting rate of the iron scrap and equation (20) described above (step S104). Also, the computing unit 38 performs a
computing step to calculate a temperature distribution in the iron scrap using equation (21) described above (step S105).
[0073] The computing unit 38 outputs the melting ratio S, of the iron scrap to the output unit 40. The output unit 40
performs an outputting step to output the melting ratio S, (step S106).

[0074] The computing unit 38 determines whether the calculated melting ratio S, of the iron scrap is greater than or
equalto 100 (step S107). When determining that the melting ratio S, of the iron scrap is greater than or equal to 100 (Yes in
step S107), the computing unit 38 determines that the iron scrap has completely melted and ends the present process. On
the other hand, when determining that the melting ratio S,,, of the iron scrap is less than 100 (No in step S107), the
computing unit 38 returns the process to step S101, and performs steps S101 to S107 again to calculate the melting ratio S
of the iron scrap after the calculation time interval At (in seconds). By thus repeatedly performing steps S101 to S107, the
cold-iron-source melting ratio estimating method according to the present embodiment can calculate the moment-by-
moment melting ratio S, of the iron scrap until the iron scrap completely melts in the preliminary dephosphorization of the
pig iron 11.

Examples

[0075] Examples will now be described. In Examples, a square pure iron sample (100 mm X 100 mm X 50 mm)
simulating a cold iron source (iron scrap) was immersed 80 mm in 500 kg of molten iron produced using a cylindrical
atmospheric furnace with an inside diameter of 430 mm, and the melting ratio of the square pure iron sample after a
predetermined time period was estimated using the cold-iron-source melting ratio estimating method according to the
present embodiment. After being immersed in the molten iron for the predetermined time period, the square pure iron
sample was retrieved and subjected to air cooling. The melting ratio of the square pure iron sample was then actually
measured using equation (26) described below.

[Math 10]

Leg—L
g = ———5—9—-————§—><100- .- (26)
° LSO

[0076] Here, Sp is the melting ratio (% by mass) of the square pure iron sample, and Ly and Lg are the thicknesses (mm)
of the square pure iron sample before and after the immersion, respectively.

[0077] To measure the temperature of the molten iron and the carbon concentration in the molten iron, temperature
measurement was performed with an immersion thermocouple and a molten iron sample for chemical analysis was taken,
before and after immersion of the square pure iron sample in the molten iron.

[Example 1]
[0078] InExample 1, the melting ratio of the square pure iron sample was estimated by the cold-iron-source melting ratio

estimating method according to the present embodiment when the square pure iron sample was preheated at 1200°C and
when it was not preheated. Conditions of Example 1 are shown in Table 2 below.

[Table 2]
Item Unit Inventive Example 1 l Inventive Example 2
Initial Temperature of Molten Iron °C 1555
Initial Carbon Concentration in Molten Iron % by mass 0.05
Temperature of Iron Sample °C 25 l 1200
Initial Carbon Concentration in Iron Sample % by mass 0.05
Initial Thickness of Iron Sample mm 50
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(continued)

Unit
W/ton 126

ltem Inventive Example 1 Inventive Example 2

Bottom-Blowing Stirring Power

[0079] Fig. 4 is a graphillustrating results of estimation and actual measurement of the melting ratio of the square pure
iron sample in Example 1. In Fig. 4, the vertical axis represents the melting ratio (% by mass) of the square pure iron sample
and the horizontal axis represents the melting time (in seconds). In Fig. 4, each profile represents a melting ratio estimated
by the cold-iron-source melting ratio estimating method, and each plot represents an actual measured value of the melting
ratio (% by mass) of the square pure iron sample retrieved after immersion and subjected to air cooling. The actual
measured value was calculated using equation (26) described above.

[0080] Asillustrated in Fig. 4, the estimated value of the melting ratio substantially agreed with the experimental value
regardless of whether the square pure iron sample was preheated. This result confirmed that by using the cold-iron-source
melting ratio estimating method according to the present embodiment, the melting ratio of the cold iron source can be
estimated with high accuracy.

[Example 2]
[0081] In Example 2, the melting ratio of the square pure iron sample using molten iron whose initial temperature was

varied in the range of 1430°C to 1610°C was estimated by the cold-iron-source melting ratio estimating method according
to the present embodiment. Conditions of Example 2 are shown in Table 3 below.

[Table 3]
Inventive Inventive Inventive Inventive Inventive Inventive
ltem Unit Example Example Example Example Example Example
1" 12 13 14 15 16
Initial Temperature |, 1430 1470 1510 1540 1580 1610
of Molten Iron
Initial Carbon Con-
. % by
centration in Molten 3.0-3.1
mass
Iron
Temperature of Iron °c 25
Sample
Initial Carbon Con- o
centration in Iron o by 0.05
mass
Sample
Initial Thickness of
mm 50
Iron Sample
Bottom-Blowing | -, 100
Stirring Power

[0082] Fig.5isa graphillustrating results of estimation and actual measurement of the melting ratio of the square pure
iron sample in Example 2. In Fig. 5, the vertical axis represents the melting ratio (% by mass) of the square pure iron sample
and the horizontal axis represents the melting time (in seconds). In Fig. 5, again, each profile represents a melting ratio
estimated by the cold-iron-source melting ratio estimating method, and each plot represents an actual measured value of
the melting ratio (% by mass) of the square pure iron sample retrieved after immersion and subjected to air cooling. The
actual measured value was calculated using equation (26) described above.

[0083] As illustrated in Fig. 5, the estimated value of the melting ratio substantially agreed with the experimental value
under conditions of Inventive Examples 11 to 16 where the initial temperature of the molten iron was varied. This result
confirmed that by using the cold-iron-source melting ratio estimating method according to the present embodiment, the
melting ratio of the cold iron source can be estimated with high accuracy.
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[Example 3]

[0084] Example 3 compared melting ratios between the case where the melting ratio of the cold iron source was
estimated from the first melting rate derived from equation (13) or the second melting rate derived from equation (14), and
the case where the melting ratio of the cold iron source was estimated from the melting rate determined by proportionally
distributing the first melting rate derived from equation (13) and the second melting rate derived from equation (14).
Conditions of Example 3 are shown in Table 4 below.

[Table 4]
ltem Unit Inventive Example 31

Initial Temperature of Molten Iron °C 1450
Initial Carbon Concentration in Molten Iron % by mass 4.3
Temperature of Iron Sample °C 25

Initial Carbon Concentration in Iron Sample % by mass 0.05
Initial Thickness of Iron Sample mm 50
Bottom-Blowing Stirring Power Witon 116

[0085] Fig. 6 is a graph illustrating results of estimation and actual measurement of the melting ratio of the square pure
iron sample in Example 3. In Fig. 6, the vertical axis represents the melting ratio (% by mass) of the square pure iron sample
and the horizontal axis represents the melting time (in seconds). In Fig. 6, the profile indicated by a solid line represents a
melting ratio estimated by the cold-iron-source melting ratio estimating method, and the profile indicated by a broken line
represents a melting ratio estimated using only equation (13) or equation (14). Each circular plot represents an actual
measured value of the melting ratio (% by mass) of the square pure iron sample retrieved afterimmersion and subjected to
air cooling. The actual measured value was calculated using equation (26) described above.

[0086] Fig. 6 demonstrates that, in Inventive Example 31 where the melting ratio of the cold iron source was estimated
from the melting rate determined by proportionally distributing the first melting rate and the second melting rate when at
least one of inequalities (1) and (2) was satisfied, the estimated value substantially agreed with the experimental value.
However, evenin the case of satisfying atleast one ofinequalities (1) and (2) described above, when the melting ratio of the
cold iron source was estimated from the melting rate derived only from equation (13) or equation (14), the estimated value
did not agree with the experimental value. These results confirmed that to estimate the melting ratio of the cold iron source
with high accuracy, itis important to determine an appropriate proportional distribution ratio and proportionally distributing
the first melting rate derived from the heat transfer balance equation and the second melting rate derived from the carbon
mass balance equation.

Reference Signs List
[0087]

10  converter-type refining furnace

11 pig iron

13  stirring gas

14 top blowing lance

20  converter-type refining furnace control apparatus
22  process computer

24  operation control computer

30 cold-iron-source melting ratio estimating device
32  controller

34  storage unit

36  acquiring unit

38  computing unit

40  output unit

50 operator

15



EP 4 538 396 A1
Claims

1. Acold-iron-source melting ratio estimating device configured to estimate a melting ratio of a cold iron source in refining
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of molten iron using the cold iron source as a raw material, the device comprising:

an acquiring unit configured to acquire in-furnace information including information about the molten iron and the
cold iron source;

a computing unit configured to calculate, using the in-furnace information, an interfacial carbon concentration
between the cold iron source and the molten iron, a melting rate of the cold iron source, and a melting ratio of the
cold iron source; and

an output unit configured to output the melting ratio,

wherein when the interfacial carbon concentration satisfies at least one of inequalities (1) and (2) described
below, the computing unit calculates, using an interfacial carbon concentration calculated in the previous step, a
first melting rate from a heat transfer balance equation and a second melting rate from a carbon mass balance
equation, respectively, and calculates the melting rate of the cold iron source by proportionally distributing the first
melting rate and the second melting rate; and

when the interfacial carbon concentration satisfies neither of inequalities (1) and (2) described below, the
computing unit calculates the first melting rate or the second melting rate using the interfacial carbon concentra-
tion, and determines the calculated first or second melting rate to be the melting rate of the cold iron source:

Ci >C -+ (1)

Ci > Cy, w1 = (2),

where, ininequalities (1) and (2) described above, C is a carbon concentration (% by mass) in molteniron, C;is an
interfacial carbon concentration (% by mass), and C; 4 is an interfacial carbon concentration (% by mass)
calculated in the previous step.

The cold-iron-source melting ratio estimating device according to Claim 1, wherein when a carbon concentration in the
cold iron source is lower than a carbon concentration in the molten iron, the computing unit determines a proportional
distribution ratio for proportionally distributing the first melting rate and the second melting rate on the basis of a
temperature of the molten iron, the carbon concentration in the molten iron, and the carbon concentration in the cold
iron source.

The cold-iron-source melting ratio estimating device according to Claim 1 or Claim 2, wherein the computing unit
estimates a moment-by-moment melting ratio of the cold iron source by repeatedly calculating the interfacial carbon
concentration, the melting rate of the cold iron source, and the melting ratio of the cold iron source.

A molten iron refining method comprising:

estimating a melting ratio of the cold iron source at an end of the refining by using the cold-iron-source melting ratio
estimating device according to Claim 1 or Claim 2; and

performing, when a ratio of an unmolten cold iron source calculated from the melting ratio at the end of the refining
exceeds 5% by mass, at least one of adding a heating material and extending a molten iron treatment.

A molten iron refining method comprising:
estimating a melting ratio of the cold iron source at an end of the refining by using the cold-iron-source melting ratio
estimating device according to Claim 3; and
performing, when a ratio of an unmolten cold iron source calculated from the melting ratio at the end of the refining

exceeds 5% by mass, at least one of adding a heating material and extending a molten iron treatment.

A cold-iron-source melting ratio estimating method for estimating a melting ratio of a cold iron source in refining of
molten iron using the cold iron source as a raw material, the method comprising:

an acquiring step of acquiring in-furnace information including information about the molten iron and the cold iron
source;
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acomputing step of calculating, using the in-furnace information, an interfacial carbon concentration between the
cold iron source and the molten iron, a melting rate of the cold iron source, and a melting ratio of the cold iron
source; and

an outputting step of outputting the melting ratio,

wherein when the interfacial carbon concentration satisfies at least one of inequalities (1) and (2) described
below, the computing step calculates, using an interfacial carbon concentration calculated in the previous step, a
first melting rate from a heat transfer balance equation and a second melting rate from a carbon mass balance
equation, respectively, and calculates the melting rate of the cold iron source by proportionally distributing the first
melting rate and the second melting rate; and

when the interfacial carbon concentration satisfies neither of inequalities (1) and (2) described below, the
computing step calculates the first melting rate or the second melting rate using the interfacial carbon con-
centration, and determines the calculated first or second melting rate to be the melting rate of the cold iron source:

Ci > C --- (1)

Ci > Cy, to1 -0 (2)

where, ininequalities (1) and (2) described above, Cis a carbon concentration (% by mass) in molteniron, C;isan
interfacial carbon concentration (% by mass), and C; .4 is an interfacial carbon concentration (% by mass)
calculated in the previous step.

7. The cold-iron-source melting ratio estimating method according to Claim 6, wherein when a carbon concentration in
the cold iron source is lower than a carbon concentration in the molten iron, the computing step determines a
proportional distribution ratio for proportionally distributing the first melting rate and the second melting rate on the
basis of atemperature of the molteniron, the carbon concentration in the molten iron, and the carbon concentration in
the cold iron source.

8. The cold-iron-source melting ratio estimating method according to Claim 6 or Claim 7, wherein the computing step
estimates a moment-by-moment melting ratio of the cold iron source by repeatedly calculating the interfacial carbon

concentration, the melting rate of the cold iron source, and the melting ratio of the cold iron source.

9. A molten iron refining method comprising:
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estimating a melting ratio of the cold iron source at an end of the refining by using the cold-iron-source melting ratio
estimating method according to Claim 6 or Claim 7; and

performing, when a ratio of an unmolten cold iron source calculated from the melting ratio at the end of the refining
exceeds 5% by mass, at least one of adding a heating material and extending a molten iron treatment.

10. A molten iron refining method comprising:

estimating a melting ratio of the cold iron source at an end of the refining by using the cold-iron-source melting ratio
estimating method according to Claim 8; and

performing, when a ratio of an unmolten cold iron source calculated from the melting ratio at the end of the refining
exceeds 5% by mass, at least one of adding a heating material and extending a molten iron treatment.
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