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Description
TECHNICAL FIELD

[0001] The present disclosure relates to a state estimation method for vacuum degassing treatment, an operation
method, a molten steel production method, and a state estimation device for vacuum degassing treatment.

BACKGROUND

[0002] When casting molten steel by continuous casting, it is necessary to keep the oxygen concentration in the molten
steel at a very low value. In a typical steelmaking process, the oxygen concentration in the molten steel is decreased by
adding a deoxidizer to the molten steel. When performing secondary refining using vacuum degassing treatment after
converter treatment, on the other hand, oxygen is blown into the molten steel in order to increase the oxygen concentration
in the molten steel in some cases. Oxygen blowing may be intended, for example, to promote decarburization for steel
types with alow target carbon concentration in the molten steel. By increasing the oxygen concentration in the molten steel,
the reaction in which carbon in the molten steel reacts with oxygen in the molten steel to generate CO gas can be balanced
with a lower carbon concentration in the molten steel. Oxygen blowing may be intended, for example, to adjust the
temperature of the molten steel by utilizing the heat generated as a result of the reaction with the component elements in
the molten steel. Here, the components in the molten steel that are reacted are not limited to components present in the
molten steel at the time of oxygen blowing but also include components added after oxygen blowing. Especially in the case
where a deoxidizer is added after oxygen blowing, the increase in the temperature of the molten steel depends on the
oxygen concentration in the molten steel. Hence, in order to control the components and temperature of the molten steel to
the desired values by performing secondary refining, it is necessary to control the oxygen concentration in the molten steel
to the desired value.

[0003] Here, oxygen blown in by oxygen blowing (hereafter referred to as "blown oxygen") does not fully dissolve in the
molten steel and contribute to increasing the oxygen concentration in the molten steel. Part of the blown oxygen may react
with CO gas in the gas phase to form CO, gas. Part of the blown oxygen may be exhausted to the outside of the system as
O, gas. Therefore, in order to increase the oxygen concentration in the molten steel to the desired value by oxygen
blowing, the proportion of blown oxygen dissolved in the molten steel needs to be estimated accurately.

[0004] Since blown oxygen either dissolves in the molten steel or is discharged from the exhaust system, determining
the amount of oxygen discharged from the exhaust system using an exhaust gas measurement device makes it possible to
estimate the dissolution rate of blown oxygen in the molten steel (i.e. the proportion of blown oxygen dissolved in the molten
steel). However, the oxygen exhausted from the vacuum degassing line contains oxygen other than the oxygen blown in by
oxygen blowing during vacuum degassing treatment, and such other oxygen needs to be subtracted. Examples of such
oxygen supply sources include the molten steel to be treated, air present in the vacuumized region before the start of the
treatment, and air entering the vacuumized region from an insufficiently sealed part of the vacuum exhaust system during
the treatment.

[0005] The amount of oxygen supplied from air can be determined by calculating the amount of N, gas contained in the
exhaustgas. In the refining process, approximately the whole flow rate of the exhaust gas is occupied by components such
as COgas, CO,gas, O, gas, inert gas blown in to stir the molten steel, and N, gas. The flow rates of CO gas, CO, gas, and
O, gas are measured by an exhaust gas measurement device. The flow rate of inert gas is a manipulated variable for
operation. Hence, the remainder obtained by subtracting the flow rates of these gases from the measured flow rate of the
exhaust gas can be estimated to be the flow rate of N, gas.

[0006] For example, in JP 2019-183227 A (PTL 1), the amount of air entering an exhaust system during operation is
estimated by the foregoing calculation method for the purpose of deriving converter parameters. In JP 6583594 B1 (PTL
2), estimation that takes into account the amount of entrained air is described as an embodiment of estimating the
composition of molten metal in a refining process, and the amount of entrained air is estimated by the foregoing calculation
method.

CITATION LIST
Patent Literature
[0007]

PTL 1: JP 2019-183227 A
PTL 2: JP 6583594 B1
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SUMMARY
(Technical Problem)

[0008] The techniques described in PTL 1 and PTL 2 are both intended for a converter process. In the case of a
converter, there is a large gap between the converter and the skirt and air enters from this gap, so that the flow rate of
incoming air changes greatly with time. In a vacuum degassing line, on the other hand, the air pressure is kept very low in
the exhaust system, and the flow rate of air entering from an insufficiently sealed part is considered to change little with
time. Accordingly, the estimation methods proposed in PTL 1 and PTL 2 cannot be directly applied to vacuum degassing
treatment.

[0009] Moreover, the ultimate purposein PTL 1 is to derive converter parameters, and the ultimate purposein PTL 2is to
estimate the carbon concentration in molten metal and the FeO concentrationin slag. Thus, no method has been proposed
that, for example, estimates the proportion of blown oxygen dissolved in molten steel and the oxygen concentration in
molten steel in vacuum degassing treatment.

[0010] It could therefore be helpful to provide a state estimation method for vacuum degassing treatment, an operation
method, a molten steel production method, and a state estimation device for vacuum degassing treatment that are capable
of highly accurate state estimation in vacuum degassing treatment.

(Solution to Problem)
[0011]

(1) A state estimation method for vacuum degassing treatment according to an embodiment of the present disclosure
includes: an input step of receiving input of operation track records related to manipulated variables during vacuum
degassing treatment and time-series exhaust gas measured values including a flow rate of exhaust gas discharged
from a vacuum degassing line that performs the vacuum degassing treatment and component concentrations of CO
gas, CO, gas, and O, gas contained in the exhaust gas, as input information; and a calculation step of, based on the
input information, classifying sources of gases that constitute the exhaust gas into a plurality of sources including
blown oxygen and air entering a vacuumized region in the vacuum degassing line before start of the vacuum
degassing treatment or during the vacuum degassing treatment, and estimating a constituent ratio of the classified
plurality of sources.

(2) As an embodiment of the present disclosure, in (1), the calculation step includes estimating a proportion of N, gas
in the exhaust gas from the input information and calculating a proportion of the air entering the vacuumized region
based on the N, gas in the exhaust gas.

(3) As an embodiment of the present disclosure, in (1) or (2), the calculation step includes estimating a dissolution rate
of the blown oxygen in molten steel based on the estimated constituent ratio in a case where at least a reference time
has elapsed from an end time of oxygen blowing.

(4) As an embodiment of the present disclosure, in (3), the calculation step includes estimating an increase of an
oxygen concentration in the molten steel based on the estimated dissolution rate.

(5) As anembodiment of the present disclosure, in (1) or (2), in the calculation step, the constituent ratio is estimated in
a case where a flow rate of air in the exhaust gas is determined to be constant based on a degree of vacuum of the
vacuumized region.

(6) An operation method according to an embodiment of the present disclosure operates a vacuum degassing line by
executing the state estimation method for vacuum degassing treatment according to (1) or (2).

(7) A molten steel production method according to an embodiment of the present disclosure refines molten steel in a
vacuum degassing line operated by the operation method according to (6) to produce refined molten steel.

(8) A state estimation device for vacuum degassing treatment according to an embodiment of the present disclosure
includes: an operation information input unit configured to receive input of operation track records related to
manipulated variables during vacuum degassing treatment and time-series exhaust gas measured values including
a flow rate of exhaust gas discharged from a vacuum degassing line that performs the vacuum degassing treatment
and component concentrations of CO gas, CO, gas, and O, gas contained in the exhaust gas, as input information;
and an exhaust gas classification calculation unit configured to, based on the input information, classify sources of
gases that constitute the exhaust gas into a plurality of sources including blown oxygen and air entering a vacuumized
region in the vacuum degassing line before start of the vacuum degassing treatment or during the vacuum degassing
treatment, and estimate a constituent ratio of the classified plurality of sources.

(9) As an embodiment of the present disclosure, in (8), the exhaust gas classification calculation unit is configured to
estimate a proportion of N, gas in the exhaust gas from the input information and calculate a proportion of the air
entering the vacuumized region based on the N, gas in the exhaust gas.
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(10) As an embodiment of the present disclosure, in (8) or (9), a blown oxygen dissolution rate calculation unit
configured to estimate a dissolution rate of the blown oxygen in molten steel based on the estimated constituentratioin
a case where at least a reference time has elapsed from an end time of oxygen blowing is included.

(11) As an embodiment of the present disclosure, in (10), an in-molten steel oxygen concentration increase calculation
unit configured to estimate an increase of an oxygen concentration in the molten steel based on the estimated
dissolution rate is included.

(12) As an embodiment of the present disclosure, in (8) or (9), the exhaust gas classification calculation unit is
configured to estimate the constituent ratio in a case where a flow rate of air in the exhaust gas is determined to be
constant based on a degree of vacuum of the vacuumized region.

(Advantageous Effect)

[0012] With the presently disclosed techniques, the sources of the gases that constitute the exhaust gas in vacuum
degassing treatment are classified into a plurality of sources including blown oxygen and air entering the vacuumized
region in the vacuum degassing line before the start of the vacuum degassing treatment or during the treatment, and the
constituent ratio of the classified plurality of sources is estimated. Itis thus possible to provide a state estimation method for
vacuum degassing treatment, an operation method, a molten steel production method, and a state estimation device for
vacuum degassing treatment that are capable of highly accurate state estimation in vacuum degassing treatment.

BRIEF DESCRIPTION OF THE DRAWINGS
[0013] In the accompanying drawings:

FIG. 1 is a schematic diagram illustrating the structure of a state estimation device for vacuum degassing treatment
according to an embodiment of the present disclosure;

FIG. 2 is a flowchart illustrating a process executed by the state estimation device;

FIG. 3illustrates time-series calculation results of the exhaust gas constituent ratio in a vacuum degassing treatment
charge to which an embodiment of the present disclosure is applied; and

FIG. 4 illustrates time-series measurement and calculation results of the flow rate of blown oxygen, the flow rate of
blown oxygen in exhaust gas, and the degree of vacuum of the vacuum vessel in a vacuum degassing treatment
charge to which an embodiment of the present disclosure is applied.

DETAILED DESCRIPTION

[0014] A state estimation device and state estimation method for vacuum degassing treatment according to an
embodiment of the present disclosure will be described below, with reference to the drawings. Although this embodiment
describes an example in which the vacuum degassing treatment is RH vacuum degassing treatment performed using an
RH vacuum degassing line, the vacuum degassing treatment is not limited to RH vacuum degassing treatment. The below-
described state estimation method can also be applied, for example, to vacuum degassing treatment performed using a
line that includes a vacuum vessel and only one immersion tube that is immersed in a ladle and sucks up molten steel into
the vacuum vessel or a line (apparatus) that includes no vacuum vessel and creates a vacuum state on the surface of
molten steel in a ladle.

[Structure]

[0015] FIG. 1is a schematic diagram illustrating the structure of a state estimation device 20 and a vacuum degassing
line 100 according to this embodiment. The state estimation device 20 estimates, for example, the internal state of the
vacuum degassing line 100 during vacuum degassing treatment in the vacuum degassing line 100. In this embodiment,
the vacuum degassing line 100 is operated by the state estimation device 20 executing the below-described state
estimation method for vacuum degassing treatment. Thatis, state estimation for vacuum degassing treatment is executed
as an operation method for the vacuum degassing line 100. In this embodiment, the vacuum degassing line 100 forms part
of a molten steel production line. A molten steel production method is executed in the molten steel production line. The
molten steel production method includes refining molten steel in the vacuum degassing line 100 to produce refined molten
steel.

[0016] The RH vacuum degassing line 100 includes a vacuum vessel 101 and a ladle 102 that are connected to each
other by two immersion tubes 103. The vacuum vessel 101 is connected to an exhaust duct 104. The gas inside the
vacuum vessel 101 is exhausted through the exhaust duct to reduce the pressure in the vacuum vessel 101 and suck up
the molten steel in the ladle 102. Then, inert gas is blown in through a pipe 105 from one of the immersion tubes 103 to
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circulate the molten steel between the vacuum vessel 101 and the ladle 102. Oxygen is blown in from a blowing lance 106
installed in the vacuum vessel 101. Thus, oxygen can be supplied to the molten steel. The vacuum vessel 101 is an
example of a vacuumized region, i.e. a region depressurized to create a vacuum, in the vacuum degassing line 100. The
vacuumized region in the vacuum degassing line 100 also includes the exhaust duct 104 connected to the vacuum vessel
101.

[0017] An exhaust gas flowmeter 107 and an exhaust gas component concentration meter 108 are installed inside the
exhaustduct 104. The exhaust gas flowmeter 107 measures the flow rate of the exhaust gas. The exhaust gas component
concentration meter 108 measures the concentrations of the components in the exhaust gas, including CO gas, CO, gas,
and O, gas.

[0018] A vacuum degassing treatment control system to which the state estimation device 20 for vacuum degassing
treatment is applied includes a control device 10 and the state estimation device 20 for vacuum degassing treatment as
main components. The control device 10 is composed of an information processing device such as a computer, and
controls operation-related manipulated variables, such as the exhaust volume of the exhaust line, the flow rate ofinert gas
for circulation, and the flow rate of blown oxygen, so that the component concentrations and temperature of the molten
steel will fall within the target ranges after vacuum degassing treatment from the track records before the vacuum
degassing treatment. The control device 10 also collects operation track record data such as the degree of vacuum in the
vacuum vessel 101, the flow rate of inert gas for circulation, the flow rate of blown oxygen, the flow rate of exhaust gas, and
the component concentrations of exhaust gas, and outputs the data to the state estimation device 20.

[0019] As illustrated in FIG. 1, the state estimation device 20 includes an operation information input unit 21, a
calculation unit, and an output unit 25. The calculation unit is a functional unit that executes calculations to estimate
the state of vacuum degassing treatment. In this embodiment, the calculation unit includes an exhaust gas classification
calculation unit 22, a blown oxygen dissolution rate calculation unit 23, and an in-molten steel oxygen concentration
increase calculation unit 24.

[0020] The operation information input unit 21 receives input of operation track records related to manipulated variables
during vacuum degassing treatment and time-series exhaust gas measured values including the flow rate of exhaust gas
discharged from the vacuum degassing line 100 that performs the vacuum degassing treatment and the component
concentrations of CO gas, CO, gas, and O, gas contained in the exhaust gas, as input information.

[0021] The exhaust gas classification calculation unit 22 classifies the sources of the gases that constitute the exhaust
gas discharged from the vacuum degassing line 100 into a plurality of sources and estimates the constituent ratio of the
classified plurality of sources, based on the input information acquired by the operation information input unit 21. The
plurality of sources include blown oxygen and air entering the vacuumized region in the vacuum degassing line 100 before
the start of the vacuum degassing treatment or during the treatment. The exhaust gas classification calculation unit 22 may
estimate the proportion of N, gas in the exhaust gas from the input information, and calculate the proportion of the air
entering the vacuumized region based on the N, gas in the exhaust gas.

[0022] The blown oxygen dissolution rate calculation unit 23 estimates the dissolution rate of the blown oxygen in the
molten steel based on the constituentratio of the plurality of sources estimated by the exhaust gas classification calculation
unit 22.

[0023] The in-molten steel oxygen concentration increase calculation unit 24 estimates the increase of the oxygen
concentration in the molten steel based on the dissolution rate estimated by the blown oxygen dissolution rate calculation
unit 23.

[0024] The output unit 25 outputs the results of the calculations performed by the calculation unit to estimate the state of
the vacuum degassing treatment, to the control device 10. The control device 10 may control the operation-related
manipulated variables based on the calculation results obtained from the output section 25.

[0025] The state estimation device 20 for vacuum degassing treatmentis composed of an information processing device
such as acomputer. The state estimation device 20 for vacuum degassing treatment functions as the operation information
input unit 21, the exhaust gas classification calculation unit 22, the blown oxygen dissolution rate calculation unit 23, the in-
molten steel oxygen concentration increase calculation unit 24, and the output unit 25 by a processor such as a central
processing unit (CPU) in the information processing device executing a computer program.

[0026] The state estimation device 20 for vacuum degassing treatment having the foregoing structure performs the
below-described state estimation process for vacuum degassing treatment to classify the gases that constitute the
exhaust gas and estimate the constituent ratio. For a charge in which oxygen blowing is performed during treatment, the
dissolution rate of the blown oxygen in the molten steel is estimated from the estimated exhaust gas constituent ratio. The
estimation result can then be used to estimate the increase of the oxygen concentration in the molten steel due to the blown
oxygen with high accuracy. The operation of the state estimation device 20 for vacuum degassing treatment will be
described below, with reference to the flowchart in FIG. 2. The following description assumes that oxygen blowing is
performed during vacuum degassing treatment.

[0027] FIG. 2 is a flowchart illustrating the state estimation process for vacuum degassing treatment according to an
embodiment of the present disclosure. When an instruction to execute vacuum degassing treatment is input, the flowchart
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in FIG. 2 starts and the state estimation process proceeds to step S1.

[0028] In step S1, the operation information input unit 21 acquires molten steel information before the start of the
decarburization treatment. The molten steel information may include, for example, the weight of the molten steel and the
measurement and analysis results obtained by component analysis. This completes step S1, and the state estimation
process proceeds to step S2.

[0029] In step S2, the operation information input unit 21 acquires operation track records related to manipulated
variables during vacuum degassing treatment. ltems necessary for the calculations in the exhaust gas classification
calculation unit 22, blown oxygen dissolution rate calculation unit 23, and in-molten steel oxygen concentration increase
calculation unit 24 are acquired as the operation track records. For example, the operation information input unit 21
acquires the degree of vacuum in the vacuum vessel 101, the flow rate of inert gas for circulation, and the flow rate of blown
oxygen as the operation track records. In this embodiment, the operation information input unit 21 also acquires, as input
information, time-series exhaust gas measured values including the flow rate of exhaust gas and the component
concentrations of CO gas, CO, gas, and O, gas contained in the exhaust gas, together with the operation track records.
This completes step S2, and the state estimation process proceeds to step S3. Steps S1 and S2 correspond to the input
step.

[Exhaust gas classification calculation process]

[0030] Instep S3, the exhaust gas classification calculation unit 22 classifies the gases that constitute the exhaust gas
discharged during the vacuum degassing treatment and estimates the constituent ratio.

[0031] InRHvacuumdegassing treatment, the supply sources of exhaust gas are classified into the following five types:
impurity components contained in molten steel and removed as gas by depressurization, inert gas for circulation, air
present in the vacuum vessel 101 before the start of vacuum degassing treatment, leakage air entering the vacuumized
region (the vacuum vessel 101 and the exhaust duct 104) during the vacuum degassing treatment, and blown oxygen.
[0032] The main impurity components contained in the molten steel are hydrogen, nitrogen, and carbon. In most steel
types, the amount of impurity components other than carbon is small enough to be negligible. Since carbon is removed
from the molten steel as CO gas, its discharge amount can be obtained by exhaust gas measurement. The inert gas for
circulation is an operation-related manipulated variable, and therefore its amount can be obtained.

[0033] The air present in the vacuum vessel 101 before the start of vacuum degassing treatment and the leakage air
entering the vacuumized region during the treatment can be distinguished by calculating the amount of N, contained in the
exhaustgas. Approximately the whole flow rate of the exhaust gas is occupied by CO gas, CO, gas, O, gas, inertgas blown
in to stir the molten steel, and N, gas as components of the exhaust gas. The exhaust volumes of components other than
N, gas can be calculated from exhaust gas measurement results or operation control track records. Assuming an unknown
component of the exhaust gas as N, gas, its amount can be calculated using the following formula (1).

[Math. 1]

_ Yeo+rco, 7o,
sz - fg (1 _ 100 - fé?irc
... formula (1).

[0034] Here, fy,is the N, flow rate [Nm3/h]in the exhaust gas. fg is the flow rate of the exhaust gas [Nm3/h]. rcoisthe CO
concentration [vol%] in the exhaust gas. roo, is the CO, concentration [vol%] in the exhaust gas. rgy, is the O,
concentration [vol%)] in the exhaust gas. f; is the flow rate of Ar gas blown in for circulation [Nm3/h]. In the case where
the measurement results of the flow rate and component concentrations of the exhaust gas contain known errors, it is
preferable that the exhaust gas classification calculation unit 22 removes or reduces the known errors before performing
the calculation of formula (1). The known errors are assumed to be, for example, errors such as offsets contained in
measured values. If the time taken for the inert gas for circulation to reach the exhaust gas flowmeter is known, it is
desirable to use fg; reflecting this time delay in the calculation of formula (1).

[0035] Inthe case where the N, flow rate in the exhaust gas is calculated by formula (1), the air flow rate f, [Nm3/h]in the
exhaust gas can be calculated from the nitrogen abundance ratio in air according to the following formula (2).

[Math. 2]

... formula (2).

[0036] Based on track record data of vacuum degassing treatment, | found that, when the vacuum vessel 101 is
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evacuated to near the ultimate vacuum (target degree of vacuum) in vacuum degassing treatment, the flow rate of airin the
exhaust gas calculated by the foregoing formula (2) is approximately constant. Since the degree of vacuum changes little
near the ultimate vacuum, the entire amount of air in the exhaust gas can be assumed to derive from leakage during the
treatment. Moreover, the flow rate of leakage air is constant if the air pressure in the vacuum vessel 101 is sufficiently low. It
is therefore reasonable that the flow rate of air in the exhaust gas is approximately constant.

[0037] Asdescribed above, the constituent ratio of the four supply sources other than blown oxygen from among the five
supply sources constituting the exhaust gas can be quantitatively estimated. The remainder (balance) can then be
estimated as exhaust gas that derives from blown oxygen. The constituent ratio of all of the plurality of sources is thus
estimated. This completes step S3, and the state estimation process proceeds to step S4.

[Blown oxygen dissolution rate calculation process]

[0038] In step S4, whether the time elapsed from the oxygen blowing end time to the time at which the exhaust gas
constituent ratio estimation is performed is longer than or equal to a predetermined reference time T is determined. If the
elapsed time after the oxygen blowing is shorter than the reference time, the state estimation process returns to step S2 to
repeat from step S2 onward. If the elapsed time is longer than the reference time, the state estimation process proceeds to
step S5. The reason for performing such a conditional branching process will be explained in the description of step S5.
[0039] In step S5, the blown oxygen dissolution rate calculation unit 23 estimates the proportion of blown oxygen
dissolved in the molten steel.

[0040] First, the amount of oxygen in the exhaust gas can be calculated using the following formula (3).

[Math. 3]

, ’ U,S?’C@*Q*?”(jgz +TQ2
Jo, = 1g 100

... formula (3).

[0041] Here, the amount of oxygen in the exhaust gas is evaluated in terms of O, volumetric flow rate. fo, is the O, flow
rate [Nm3/h]in the exhaust gas. In the following, the amount of oxygen in the exhaust gas is equally evaluated in terms of O,
volumetric flow rate.

[0042] Ofthe amountof oxygen in the exhaust gas, the flow rate fo, 4o [NM?/h] of oxygen derived from decarburization
can be calculated using the following formula (4) because it is all supplied to the vacuum vessel 101 as CO.

[Math. 4]

: G,S(?‘fg-ﬁ-vrﬂﬁ , }
fonec = fy - ST02)

... formula (4).

[0043] Ofthe amountofoxygeninthe exhaustgas, the flow rate fy, , [Nm3/h] of oxygen derived from incoming air can be
calculated from the oxygen abundance ratio in air using the following formula (5).
[Math. 5]

: 21
fﬂz,a = fa

... formula (5).

[0044] The onlyothersupply source of oxygen to the exhaust gas is blown oxygen. Hence, of the amount of oxygenin the
exhaust gas, the flow rate fy, |, [Nm3/h] of oxygen derived from oxygen blowing can be calculated using the following
formula (6).

[Math. 6]

foop = fo, = (fopaec + fo,.a)

... formula (6).

[0045] Basedontrackrecord dataofvacuum degassing treatment, | obtained three findings about the temporal changes
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offop p- Firstly, there is atime delay from the start of oxygen blowing until f, , increases. Secondly, after the end of oxygen
blowing, fo, ,, rapidly converges to 0 after a certain time delay. Thirdly, the time from when the blown oxygen not dissolved
in the molten steel is blown into the molten steel to when it is observed by the exhaust gas measurement device cannot be
considered constant. The third finding means that the temporal change pattern of fo, |, cannot be regarded as the same as
the oxygen blowing pattern anditis difficult to continuously estimate the dissolution rate of blown oxygen. The difference in
patternis considered to be because, while part of blown oxygen reacts with CO gas released into the vacuum vessel 101 to
form CO, gas, the time from when oxygen is blown in to when it reaches the exhaust gas measurement device varies
depending on the time required for this reaction.

[0046] From these findings, the reference time T for o, |, to reliably converge to 0 after the end of oxygen blowing is set,
and the oxygen dissolution rate x of blown oxygen is estimated using the following formula (7). For example, the time Tcan
be determined in the following manner: A threshold is set for f, 1, and the time difference between the time whenfy,, , falls
below the threshold and the oxygen blowing end time is calculated for each of a plurality of charges. The maximum time
difference is then set as the time T.

[Math. 7]

b1 ¢ )

x=1-
Qﬂz

... formula (7).

[0047] Here, t;isthe oxygen blowing starttime or the time obtained by adding the time T to the oxygen blowing start time.
t, is the time obtained by adding the time T to the oxygen blowing end time. Q, is the total amount of blown oxygen [Nm3].
[0048] For accurate estimated calculation of the oxygen dissolution rate x using formula (7), the conditional branching
process is performed in step S4.

[0049] As a result of this calculation process, step S5 ends and the state estimation process proceeds to step S6.
[0050] [In-molten steel oxygen concentration increase calculation process]

[0051] In step S6, the in-molten steel oxygen concentration increase calculation unit 24 estimates the increase of the
oxygen concentration in the molten steel.

[0052] The in-molten steel oxygen concentration increase calculation unit 24 can calculate the increase A[O] [ppm] of
the oxygen concentration in the molten steel due to oxygen blowing from the oxygen dissolution rate x of blown oxygen
estimated in step S5 using the following formula (8).

[Math. 8]

_ xQo,p0,

- 108
W 0

A[0]
... formula (8).

[0053] Here, py, is the oxygen density [kg/Nm3]. W is the weight of the molten steel [kg].

[0054] As aresultof this calculation process, step S6 ends and the state estimation process proceeds to step S7. Steps
S3 to S6 correspond to the calculation step.

[0055] In step S7, the various information estimated in the foregoing processes, particularly the dissolution rate of the
blown oxygen in the molten steel and the increase of the oxygen concentration in the molten steel, are output to the control
device 10.

[0056] As described above, the state estimation method for vacuum degassing treatment, operation method, molten
steel production method, and state estimation device 20 for vacuum degassing treatment according to this embodiment
with the above-described structure and processes classify the sources of the gases that constitute exhaust gas in vacuum
degassing treatmentinto a plurality of sources, and estimate the constituent ratio of the classified plurality of sources. This
enables highly accurate state estimation in vacuum degassing treatment.

[0057] Moreover, the dissolution rate of the blown oxygen in the molten steel and the increase of the oxygen
concentration in the molten steel can be estimated based on the result of the state estimation. The estimated increase
of the oxygen concentration in the molten steel is used to estimate the oxygen concentration in the molten steel, so thatthe
oxygen concentration in the molten steel is estimated with high accuracy. Based on the estimated oxygen concentration in
the molten steel, it is possible to end decarburization treatment at appropriate timing and determine whether additional
oxygen blowing is necessary in order to control the temperature of the molten steel to the desired value. A vacuum
degassing line operation method and molten steel production method that enable highly accurate adjustment of the
components and temperature of molten steel can thus be provided.
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EXAMPLES

[0058] The effects according to the presentdisclosure will be described in detail below by way of examples, although the
present disclosure is not limited to such examples.

[0059] Inthisexample, forthree charges of vacuum degassing treatmentinvolving oxygen blowing using an RH vacuum
degassing line, the constituent ratio of the exhaust gas was continuously estimated and the dissolution rate of blown
oxygen and the increase of the oxygen concentration in the molten steel were estimated.

[0060] FIG. 3is a stacked graph of the flow rate of the exhaust gas, illustrating the temporal changes of the constituent
ratio of the exhaust gas after the start of oxygen blowing. FIG. 4 illustrates the temporal changes of the flow rate of blown
oxygen, the flow rate of blown oxygen in the exhaust gas (i.e. the flow rate of oxygen undissolved in the molten steel), and
the degree of vacuum of the vacuum vessel 101. In the latter half of the vacuum degassing treatment when evacuation of
the vacuum vessel 101 progressed and the vacuum vessel 101 was evacuated to near the ultimate vacuum, the flow rate of
air in the exhaust gas was approximately constant. Therefore, the exhaust gas classification calculation process by the
exhaust gas classification calculation unit 22 is preferably performed in the case where the degree of vacuum reaches less
than or equal to a threshold so that the flow rate of air in the exhaust gas will be stable. In other words, the exhaust gas
classification calculation process is preferably performed in the case where it is determined that the flow rate of air in the
exhaust gas is constant based on the degree of vacuum in the vacuumized region. The threshold may be determined
based on the ultimate vacuum or past track record data.

[0061] AscanbeseenfromFIG.4,the amountofblownoxygeninthe exhaustgasincreased with a delay after the start of
oxygen blowing, and rapidly converged to 0 with a delay after the end of oxygen blowing. Thus, the temporal changes of the
amount of blown oxygen in the exhaust gas differ greatly in pattern from those of blown oxygen, indicating thatitis difficult to
continuously estimate the oxygen dissolution rate.

[0062] Table 1 shows the estimated oxygen dissolution rate and increase of the oxygen concentration in the molten steel
due to blown oxygen, and the track records of the increase of the oxygen concentration in the molten steel. The track
records of the increase of the oxygen concentration in the molten steel were calculated using the measured values of the
carbon concentration and oxygen concentration in the molten steel before and during the vacuum degassing treatment.
Since no deoxidizer was added, the reaction between oxygen and the metal components in the molten steel can be
ignored. As shown in Table 1, the increase of the oxygen concentration in the molten steel estimated by the method
according to the foregoing embodiment agreed well with the track record. This demonstrates that the method according to
the foregoing embodiment is effective for estimating the oxygen dissolution rate of blown oxygen and the increase of the
oxygen concentration in the molten steel due to blown oxygen with high accuracy.

[Table 1]
[0063]
(Table 1)
Verification Oxygen dissolution rate (Estimated Increase of oxygen concentration due to blown oxygen
charge value) Estimated value [ppm] Track record [ppm]
A 0.60 98 96
B 0.73 252 252
C 0.62 105 104

[0064] Although the embodiment of the present disclosure has been described by way of the drawings and examples,
various changes and modifications may be easily made by those of ordinary skillin the art based on the present disclosure.
Such various changes and modifications are therefore included in the scope of the present disclosure. For example, the
functions included in the components, steps, etc. may be rearranged without logical inconsistency, and a plurality of
components, steps, etc. may be combined into one component, step, etc. and a component, step, etc. may be divided into
a plurality of components, steps, etc. The embodiment of the present disclosure may also be implemented as a storage
medium storing a program executed by a processor included in the device. These are also encompassed within the scope
of the present disclosure.

REFERENCE SIGNS LIST

[0065]
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10 control device

20 state estimation device

21 operation information input unit

22 exhaust gas classification calculation unit

23 blown oxygen dissolution rate calculation unit

24 in-molten steel oxygen concentration increase calculation unit
25 output unit

100 vacuum degassing line

101 vacuum vessel

102 ladle

103  immersion tube

104  exhaust duct

105 pipe

106  blowing lance

107  exhaust gas flowmeter

108 exhaust gas component concentration meter

Claims

1. A state estimation method for vacuum degassing treatment, comprising:

an input step of receiving input of operation track records related to manipulated variables during vacuum
degassing treatment and time-series exhaust gas measured values including a flow rate of exhaust gas
discharged from a vacuum degassing line that performs the vacuum degassing treatment and component
concentrations of CO gas, CO, gas, and O, gas contained in the exhaust gas, as input information; and

a calculation step of, based on the input information, classifying sources of gases that constitute the exhaust gas
into a plurality of sources including blown oxygen and air entering a vacuumized region in the vacuum degassing
line before start of the vacuum degassing treatment or during the vacuum degassing treatment, and estimating a
constituent ratio of the classified plurality of sources.

The state estimation method for vacuum degassing treatment according to claim 1, wherein the calculation step
includes estimating a proportion of N, gas in the exhaust gas from the inputinformation and calculating a proportion of
the air entering the vacuumized region based on the N, gas in the exhaust gas.

The state estimation method for vacuum degassing treatment according to claim 1 or 2, wherein the calculation step
includes estimating a dissolution rate of the blown oxygen in molten steel based on the estimated constituent ratioin a
case where at least a reference time has elapsed from an end time of oxygen blowing.

The state estimation method for vacuum degassing treatment according to claim 3, wherein the calculation step
includes estimating an increase of an oxygen concentration in the molten steel based on the estimated dissolution
rate.

The state estimation method for vacuum degassing treatment according to claim 1 or 2, wherein in the calculation
step, the constituent ratio is estimated in a case where a flow rate of air in the exhaust gas is determined to be constant
based on a degree of vacuum of the vacuumized region.

An operation method of operating a vacuum degassing line by executing the state estimation method for vacuum
degassing treatment according to claim 1 or 2.

A molten steel production method of refining molten steel in a vacuum degassing line operated by the operation
method according to claim 6 to produce refined molten steel.

A state estimation device for vacuum degassing treatment, comprising:
an operation information input unit configured to receive input of operation track records related to manipulated
variables during vacuum degassing treatment and time-series exhaust gas measured values including a flow rate

of exhaust gas discharged from a vacuum degassing line that performs the vacuum degassing treatment and
component concentrations of CO gas, CO, gas, and O, gas contained in the exhaust gas, as input information;

10
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and

an exhaust gas classification calculation unit configured to, based on the input information, classify sources of
gases that constitute the exhaust gas into a plurality of sources including blown oxygen and air entering a
vacuumized region in the vacuum degassing line before start of the vacuum degassing treatment or during the
vacuum degassing treatment, and estimate a constituent ratio of the classified plurality of sources.

The state estimation device for vacuum degassing treatment according to claim 8, wherein the exhaust gas
classification calculation unit is configured to estimate a proportion of N, gas in the exhaust gas from the input
information and calculate a proportion of the air entering the vacuumized region based on the N, gas in the exhaust
gas.

The state estimation device for vacuum degassing treatment according to claim 8 or 9, comprising a blown oxygen
dissolution rate calculation unit configured to estimate a dissolution rate of the blown oxygen in molten steel based on
the estimated constituent ratio in a case where at least a reference time has elapsed from an end time of oxygen
blowing.

The state estimation device for vacuum degassing treatment according to claim 10, comprising an in-molten steel
oxygen concentration increase calculation unit configured to estimate an increase of an oxygen concentration in the
molten steel based on the estimated dissolution rate.

The state estimation device for vacuum degassing treatment according to claim 8 or 9, wherein the exhaust gas

classification calculation unit is configured to estimate the constituent ratio in a case where a flow rate of air in the
exhaust gas is determined to be constant based on a degree of vacuum of the vacuumized region.

11
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FIG. 2
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