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Description
Technical Field

[0001] The presentinvention relates to a mold for accurately detecting abnormal phenomena that lead to longitudinal
crack defects and breakouts (rupture of a solidified shell) occurring in the solidified shell in the mold during continuous steel
casting, a control system capable of predicting longitudinal crack defects and breakouts with high accuracy, and a
continuous casting method of steel.

Background Art

[0002] In continuous steel casting, demands for high productivity and high quality have become increasingly stringent.
To achieve stable operation of continuous casting and maintain and improve the quality of slabs manufactured, it is
extremely important to achieve normal growth of a solidified shell particularly in the mold of a continuous casting machine
where molten steel solidifies. In particular, since an outflow of molten steel from the solidified shell (hereinafter referred to
as "breakout") is a significant issue in the operation of continuous casting and system maintenance, various methods of
detecting breakouts have been proposed.

[0003] Examples of the proposed methods of detecting breakouts include a method that detects abnormalities from
temperature information obtained from a thermocouple embedded in a mold copper plate, and a method that detects
abnormalities from changes in drag or frictional force measured by a measuring device for pressure measurement
installed in a mold oscillation system or a mold. Patent Literature 1 discloses a method that detects breakouts on the basis
of the result of temperature measurement made with sheathed thermocouples embedded at two (upper and lower) levels
in a mold copper plate.

Citation List

Patent Literature

[0004] PTL 1: Japanese Unexamined Patent Application Publication No. 2012-218039
Summary of Invention

Technical Problem

[0005] Inthe methoddisclosedin PatentLiterature 1, the sheathed thermocouples are embedded atintervals of 100 mm
to 200 mm in the width direction of the mold copper plate. The intervals between the sheathed thermocouples embedded
may be too wide to detect small-scale breakouts, such as longitudinal crack defects, bleeds, and meltleakages. Therefore,
there is a problem that detection sometimes slips through. An effective way to address such a problem will be to embed the
sheathed thermocouples at intervals narrower than 100 mm in the width direction.

[0006] A conventional mold copper plate with sheathed thermocouples will now be described. Fig. 1 schematically
illustrates a conventional mold copper plate 102 with a backup plate secured to a back side thereof. Fig. 1(a) is a back view
as viewed from a backup plate side, and Fig. 1(b) is a cross-sectional view taken along line A-A in Fig. 1(a).

[0007] The mold copper plate 102 has, in the back side thereof, a plurality of slit grooves 106 formed along the casting
direction. A backup plate 104 is secured with stud bolts 108 to the back side of the mold copper plate 102. By securing the
backup plate 104 to the back side of the mold copper plate 102, the slit grooves 106 serve as cooling channels that allow
passage of a cooling medium for cooling the mold copper plate 102.

[0008] To measure the temperature of the mold during continuous steel casting, the mold copper plate 102 has a plurality
of sheathed thermocouples 110 embedded therein in the width direction at two differentlevels in the casting direction of the
mold copper plate 102. The sheathed thermocouples 110 penetrate the backup plate 104 and are inserted in a skewered
manner from the back side of the mold copper plate 102. Like the stud bolts 108, the sheathed thermocouples 110 are
arranged to avoid the slit grooves 106. Therefore, the sheathed thermocouples 110 are automatically positioned near the
stud bolts 108.

[0009] The stud bolts 108 are arranged at intervals of about 200 mm in the width direction of the mold copper plate 102.
Accordingly, like the stud bolts 108, the sheathed thermocouples 110 are arranged at intervals of about 200 mm. To
arrange the sheathed thermocouples 110 at intervals of less than or equal to 100 mm, many insertion holes are to be
provided in the mold copper plate 102 and the backup plate 104. This lowers the strength of the backup plate 104. To
prevent the insertion holes for the sheathed thermocouples 110 from communicating with the slit grooves 106, special
processing is required which processes the slit grooves 106 into a curved shape. The wiring of the sheathed thermo-
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couples 110 also needs to be specially configured. Because of the problems described above, the system specifications
cannot be changed to shorten the intervals of temperature detection in the width direction.

[0010] The presentinvention has been made in view of the problems of the related art described above. An object of the
presentinvention is to provide a mold that can shorten the temperature detection intervals without special processing of slit
grooves, a control system including the mold, and a continuous casting method of steel.

Solution to Problem
[0011] Means to solve the problems described above are as follows.

[1]1 A mold used in continuous steel casting includes a plurality of mold copper plates. At least one of the plurality of
mold copper plates has an optical fiber temperature sensor embedded therein across a width direction of the mold
copper plate at at least two different levels in a casting direction.

[2] In the mold according to [1], the optical fiber temperature sensor is an FBG optical fiber temperature sensor. The
optical fiber temperature sensor is provided with a plurality of diffraction gratings at intervals of less than or equal to 50
mm, and positions of the diffraction gratings in the width direction of the mold copper plate are the same at all the
levels.

[3] In the mold according to [1], the optical fiber temperature sensor is an OFDR optical fiber temperature sensor.
[4] In the mold according to any one of [1] to [3], the mold copper plate has a slit groove in a back side thereof. The
optical fiber temperature sensor is embedded in a region from a position 1 mm from a surface of the mold copper plate
adjacent to molten steel in a thickness direction to a position 1 mm from a groove bottom of the slit groove in the
thickness direction.

[5] A control system includes the mold according to any one of [1] to [4], and a control device configured to control
continuous steel casting performed using the mold. The control device calculates an index indicating a rapid increase
ordecrease in temperature of a solidified shell by using temperatures at the same position in the width direction of the
mold copper plate but different positions in the casting direction.

[6]Inthe control system according to [5], the optical fiber temperature sensoris embedded ati differentlevels (i=2to 4)
in the casting direction, and the control device calculates an M value as the index by using any one of equations (1) to
(3) described below:

when i =4,

M = [[AT1X{t-(L4-L1)VROIX(AT2X{t-(L4-L2)VR(Y2] + > [[AT2X{t-(L4-L2)/VR(t)}X (AT3X{t-(L4-

L3)/VR)JIP] + |(AT3X{t-(L4-L3)VR(t) }XATA(t) 16| --- (

when i = 3,

M = |[AT1X{t-(L3-L1)/VR(1)} X AT2X {t-(L3-L2)/VR(1)}]2| + |[AT2X{t-(L3-L2)/VR(t)}x AT3(t)]P] --- (2);
and

when i =2,

M = | [ATIx{t-(L2-L1)/VR(t)}xAT2(t)]1=| --- (3)

where, in equations (1) to (3) described above, Liis a distance (m) of the i-th level optical fiber temperature sensor
from ameniscus, VR(t) is a casting speed (m/sec) attime t, Atis atime step (sec) used in calculation, a,b,and care
weighting coefficients of upper and lower level sensors, and ATi(t) is the amount of temperature change (°C/sec)
and a value calculated by equation (4) described below:

ATi (L) = {Tiave(t)-Ti(t)}/At - - (4)

where, in equation (4) described above, Ti,.(t)is an average temperature (°C) n seconds before time t, and Ti(t) is
a temperature (°C) of the i-th level optical fiber temperature sensor at time t.

[7] In the control system according to [6], the control device predicts an occurrence of at least one of a longitudinal
crack defect and a breakout using the M value.
[8] A continuous casting method of steel using the mold according to any one of [1] to [4] includes calculating an index
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indicating a rapid increase or decrease in temperature of a solidified shell by using temperatures at the same position
in the width direction of the mold copper plate but different positions in the casting direction, and using the index as an
operation index.

[9] In the continuous casting method of steel according to [8], the optical fiber temperature sensor is embedded at i
different levels (i = 2 to 4) in the casting direction, and an M value is calculated as the index by using any one of
equations (1) to (3) described below:

wheni=4,

M = [[ATAX{t-(LA-L1)/VR}IX (AT2X{t-(L4-L2YVRME] + [[AT2X{t-(L4-L2)/VR(E)}X (AT3X{t-(L4-L3)/

VR(t)}P| + [(AT3X{t-(L4-L3)/VR(t) }XAT4A()[°| -+ (1)

when i = 3,

M = [[AT1X{t-(L3-L1)/VR(t)}}XAT2X{t-(L3-L2)/VR(1)}]2] + |[[AT2X{t-(L3-L2)/VR(t) }XAT3()]P| - (2);
and

wheni=2,

M = |[ATlx{t—(L2—Ll)/VR(t)}XAT2(t)]a| <o e (3)

where, in equations (1) to (3) described above, Liis a distance (m) of the i-th level optical fiber temperature sensor
fromameniscus, VR(t)is a casting speed (m/sec) attime t, Atis atime step (sec) used in calculation, a,b,and care
weighting coefficients of upper and lower level sensors, and ATi(t) is the amount of temperature change (°C/sec)
and a value calculated by equation (4) described below:

ATi(t) = {Ti.ve(t)-Ti(t)}/At --- (4)

where, in equation (4) described above, Ti,(t)is an average temperature (°C) n seconds before time t, and Ti(t) is
a temperature (°C) of the i-th level optical fiber temperature sensor at time t.

[10] In the continuous casting method of steel according to [9], the M value is used to predict at least one of a
longitudinal crack defect and a breakout. Advantageous Effects of Invention

[0012] By usingamoldhaving an optical fiber temperature sensor embedded therein, temperature detection intervals of
the mold can be shortened without special processing of slit grooves. By monitoring the mold temperature during
continuous casting by using the mold, abnormal growth of a solidified shell that causes longitudinal crack defects and
breakouts can be predicted with higher accuracy than before.

Brief Description of Drawings
[0013]

[Fig. 1] Fig. 1 schematically illustrates a conventional mold copper plate 102 with a backup plate secured to a back side
thereof.

[Fig. 2] Fig. 2is a cross-sectional schematic view illustrating an example of a continuous casting system 10 including a
mold 12 of the present embodiment and capable of carrying out continuous steel casting.

[Fig. 3] Fig. 3 is a perspective view illustrating the mold 12 according to the present embodiment.

[Fig. 4] Fig. 4 schematically illustrates a mold long-side copper plate 40 with a backup plate secured to a back side
thereof.

[Fig. 5] Fig. 5 schematically illustrates how optical fiber temperature sensors 50 are embedded in the mold long-side
copper plate 40.

[Fig. 6] Fig. 6 is a schematic diagram illustrating an exemplary configuration of a control device 60.

[Fig. 7] Fig. 7 schematically illustrates a mold long-side copper plate 80 with the backup plate secured to a back side
thereof.

[Fig. 8] Fig. 8 schematically illustrates a mold long-side copper plate 90 with the backup plate secured to a back side
thereof.
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[Fig. 9] Fig. 9 schematically illustrates a mold long-side copper plate 94 with the backup plate secured to a back side
thereof.

[Fig. 10]Fig. 10 presents graphs each illustrating how an M value at one of four positions adjacent in the width direction
changes with time.

Description of Embodiments

[0014] The present invention will now be described through embodiments of the present invention. The following
embodiments each represent a preferred example of the presentinvention, and the present invention is not at all limited by
these embodiments.

[0015] Fig. 2 is a cross-sectional schematic view illustrating an example of a continuous casting system 10 including a
mold 12 of the present embodiment and capable of carrying out continuous steel casting. The continuous casting system
10includes the mold 12, a tundish 14 installed above the mold 12, a plurality of cast steel supportrolls 16 and conveyance
rolls 17 arranged below the mold 12, a plurality of secondary cooling zones 26, a cast steel cutter 30, and a control device
60. Although not illustrated, a ladle containing molten steel 18 is installed above the tundish 14. The molten steel 18 is
poured from the bottom of the ladle into the tundish 14. An immersion nozzle 20 is installed at the bottom of the tundish 14,
and the molten steel 18 is poured through the immersion nozzle 20 into the mold 12. The molten steel 18 is subjected to
heatremoval through the inner surface of the mold 12 and solidified to form a solidified shell 22. Cast steel 28 is thus formed
which includes the solidified shell 22 as an outer shell and an unsolidified layer 24 made of the molten steel 18 therein.
[0016] Ingaps between the cast steel support rolls 16 adjacent in the casting direction, a plurality of secondary cooling
zones 26 including spray nozzles (notillustrated) are arranged immediately below the mold 12 along the casting direction.
While being pulled out, the cast steel 28 is cooled with cooling water ejected from the spray nozzles in the secondary
cooling zones 26. While the cast steel 28 passes through the plurality of secondary cooling zones 26 by being conveyed by
the cast steel supportrolls 16, the solidified shell 22 is appropriately cooled to promote solidification of the unsolidified layer
24 and complete solidification of the cast steel 28.

[0017] The plurality of conveyance rolls 17 for continuously conveying the cast steel 28 are installed on the downstream
side in the casting direction. The cast steel cutter 30 for cutting the cast steel 28 is disposed above the conveyancerolls 17.
After completion of solidification, the cast steel 28 is cut into a predetermined length by the cast steel cutter 30 to produce a
slab 29.

[0018] Fig. 3is a perspective view illustrating the mold 12 according to the present embodiment. As illustrated in Fig. 3,
the mold 12 is composed of a plurality of mold copper plates. The plurality of mold copper plates in the present embodiment
are, for example, a pair of mold long-side copper plates 40 and a pair of mold short-side copper plates 42.

[0019] Fig. 4 schematically illustrates the mold long-side copper plate 40 with a backup plate secured to a back side
thereof. Fig. 4(a) is a back view as viewed from a backup plate side, and Fig. 4(b) is a cross-sectional view taken along line
B-B in Fig. 4(a). In Fig. 4, the same components as those of the mold copper plate 102 illustrated in Fig. 1 are given the
same reference numerals and their description will be omitted.

[0020] The moldlong-side copper plate 40 has FBG optical fiber temperature sensors 50 embedded therein. The optical
fiber temperature sensors 50 are to be normally indicated by a dotted line, as they are embedded in the mold long-side
copper plate 40. In Fig. 4(a), however, the optical fiber temperature sensors 50 are indicated by a solid line to clarify the
installation positions of the optical fiber temperature sensors 50. The optical fiber temperature sensors in Fig. 7(a), Fig.
8(a), and Fig. 9(a) are also illustrated in this manner. A fiber Bragg grating (FBG) optical fiber temperature sensor is a
temperature sensor including an optical fiber that is provided with a diffraction grating configured to diffract a specific
wavelength, so as to detect a temperature using a Bragg diffraction phenomenon in the diffraction grating.

[0021] AsillustratedinFigs.4(a)and (b), the mold long-side copper plate 40 has, in the back side thereof, a plurality of slit
grooves 106 formed along the casting direction. A backup plate 44 is secured with stud bolts 108 to the back side of the
mold long-side copper plate 40. The mold long-side copper plate 40 has the optical fiber temperature sensors 50
embedded therein at four different levels in the casting direction.

[0022] The optical fibertemperature sensors 50 at the four levels are preferably disposed in arange of 50 mm to 600 mm
below the meniscus (bath level position) of the mold long-side copper plate 40. In the mold long-side copper plate 40
according to the present embodiment, the first level optical fiber temperature sensor 50 is embedded at a position 50 mm
below the meniscus, and the second level optical fiber temperature sensor 50 is embedded at a position 150 mm below the
meniscus. The third level optical fiber temperature sensor 50 is embedded at a position 250 mm below the meniscus, and
the fourth level optical fiber temperature sensor 50 is embedded at a position 350 mm below the meniscus. The first to
fourth level optical fiber temperature sensors 50 are provided with diffraction gratings 52 at intervals of less than or equal to
50 mm. The first to fourth level optical fiber temperature sensors 50 are embedded such that the positions of the diffraction
gratings 52 in the width direction are the same at all the levels.

[0023] In the FBG optical fiber temperature sensors 50, temperatures are detected at the positions of the respective
diffraction gratings 52. Therefore, in the mold long-side copper plate 40 illustrated in Fig. 4, mold temperatures can be
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detected which reflect the temperatures of the solidified shell 22 at four different levels in the casting direction, at intervals
of less than or equal to 50 mm in the width direction.

[0024] Fig. 5 schematically illustrates how the optical fiber temperature sensors 50 are embedded in the mold long-side
copper plate 40. Fig. 5(a) is a perspective view illustrating the mold long-side copper plate 40 with holes formed therein.
Fig. 5(b) is a perspective view illustrating the optical fiber temperature sensor 50. Fig. 5(c) is a perspective view illustrating
a double pipe 58 composed of the optical fiber temperature sensor 50 and a copper pipe 56.

[0025] As illustrated in Fig. 5(a), the mold long-side copper plate 40 has four holes 48 horizontally formed by electrical
discharge machining to extend from one to the other side of the mold long-side copper plate 40. By inserting the optical fiber
temperature sensors 50 into the holes 48, the optical fiber temperature sensors 50 are embedded in the mold long-side
copper plate 40. The optical fiber temperature sensor 50 illustrated in Fig. 5(b) has a diameter of about 1 mm. Therefore,
when the optical fiber temperature sensors 50 are inserted and embedded in the mold long-side copper plate 40, the holes
48 with a diameter of about 1 mm corresponding to the diameter of the optical fiber temperature sensors 50 are required
over the entire length of the mold long-side copper plate 40 in the width direction.

[0026] However, itis difficult to form the holes 48 with a diameter of about 1 mm by electrical discharge machining over a
length of 2500 mm, which is the length of the mold long-side copper plate 40 in the width direction. Itis also difficult to insert
the optical fiber temperature sensors 50 having flexibility into the holes 48 that are 2500 mm long.

[0027] Therefore, itis preferable, as illustrated in Fig. 5(c), to use the double pipe 58 formed by inserting the optical fiber
temperature sensor 50 into the copper pipe 56 with a diameter of 3 mm to 5 mm. When the double pipe 58 illustrated in Fig.
5(c)is used, the diameter of the holes 48 formed in the mold long-side copper plate 40 by electrical discharge machining is
3 mmto 5 mm. This facilitates electrical discharge machining in the mold long-side copper plate 40. Additionally, the optical
fiber temperature sensor 50 can be embedded by inserting the double pipe 58 with rigidity into the mold long-side copper
plate 40. This improves workability in embedding the optical fiber temperature sensors 50 into the mold long-side copper
plate 40.

[0028] The holes 48 are preferably formed in a region from a position 1 mm from the surface of the mold long-side copper
plate 40 adjacent to the molten steel in the thickness direction to a position 1 mm from the groove bottom of the slit grooves
106 inthe thickness direction. This can reduce the influence of the surface of the mold long-side copper plate 40 adjacentto
the molten steel changed by wear or the like, and the influence of the cooling water temperature and the surface conditions
of the slit grooves. It is more preferable that the holes 48 be formed in a region from a position 5 mm from the surface
adjacent to the molten steel in the thickness direction to a position 5 mm from the groove bottom of the slit grooves 106 in
the thickness direction. This can further reduce the influence of the surface of the mold long-side copper plate 40 adjacent
to the molten steel changed by wear or the like, and the influence of the cooling water temperature and the surface
conditions of the slit grooves 106.

[0029] The optical fiber temperature sensors 50 can thus be embedded in the mold long-side copper plate 40 without
making through holes in the backup plate 44. Additionally, since the holes 48 for embedding the optical fiber temperature
sensors 50 are formed not to communicate with the slit grooves 106, there is no need to process the slit grooves 106 into a
curved shape. Therefore, the mold 12 of the present embodiment including the mold long-side copper plate 40 is a mold
that can shorten the temperature detection intervals in the mold width direction without special processing of the slit
grooves 106. Additionally, since the optical fiber temperature sensors 50 can be embedded in the mold long-side copper
plate 40 without making through holes in the backup plate 44, a decrease in the strength of the backup plate 44 can be
suppressed.

[0030] Referring back to Fig. 4, an interrogator 54 is connected to end portions of the optical fiber temperature sensors
50. The interrogator 54 inputs light into the optical fiber temperature sensors 50 and analyzes light reflected from each
diffraction grating 52 to generate temperature data. The interrogator 54 outputs, to the control device 60, the generated
temperature data together with identification information representing the position of the diffraction grating 52 in the mold
long-side copper plate 40. The identification information representing the position of the diffraction grating 52 is, for
example, information including the order of the diffraction grating 52 from a reference position in the width direction and the
level at which the diffraction grating 52 is located. For example, for the 20th diffraction grating from the right end (reference
position) in the fourth level optical fiber temperature sensor, "20-4" is information representing the position of the diffraction
grating 52.

[0031] Fig. 6isaschematic diagram illustrating an exemplary configuration of the control device 60. The control device
60 is, for example, a general-purpose computer, such as a workstation or a personal computer. The control device 60
including the mold 12 is a control system that controls continuous casting.

[0032] The control device 60 includes a controller 62, an input unit 64, an output unit 66, and a storage unit 68. The
controller 62 is, forexample, a CPU. Executing a program read from the storage unit 68 causes the controller 62 to function
as a temperature data acquiring unit 70 and a computing unit 72. The storage unit 68 includes, for example, an information
recording medium, such as a rewritable flash memory, a hard disk embedded or connected by a data communication
terminal, ora memory card, and a reading and writing device configured to read and write data from and to the information
recording medium. The storage unit 68 stores programs for the controller 62 to execute functions, and also stores data and
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the like used by the programs. The input unit 64 includes, for example, a keyboard and a touch panel integral with a display.
The output unit 66 is, for example, an LCD or a CRT display.

[0033] Processing executed by the temperature data acquiring unit 70 and the computing unit 72 will now be described.
From the interrogator 54, the temperature data acquiring unit 70 acquires temperature data and information representing
the position of the diffraction grating 52 in a sampling time of, forexample, 0.5 seconds to 1.0 second. In high-speed casting
at a casting speed of 3.0 m/min, the cast steel 28 is pulled out of the mold 12 at 50 mm/sec. By acquiring temperature data
every 0.5 seconds to 1.0 second, therefore, mold temperatures reflecting the temperatures of the solidified shell 22 can be
detected with a pitch of less than or equal to 50 mm. The temperature data acquiring unit 70 outputs the acquired
temperature data and the information representing the position of the diffraction grating 52 to the computing unit 72.
[0034] After acquiring the temperature data from the temperature data acquiring unit 70 for 10 seconds or more, the
computing unit 72 reads equation (1) described below and the like from the storage unit 68. The computing unit 72
calculates an M value using temperature data detected from four diffraction gratings 52 at the same position in the width
direction and different positions in the casting direction and equation (1) described below. The computing unit 72 calculates
the M value for each position in the width direction of the mold long-side copper plate 40.

M = [[AT1X{t-(L4-L1)YVRE)}X (AT2X {t-(LA-L2)YNVR)3] + —> [[AT2X {t-(L4-L2)VR({)} X (AT3X {t-(L4-L3)VR(t)}]P|

+ |(AT3X{t-(L4-L3)VR(O} X ATA(t)]e] - - 1)

[0035] Inequation (1) described above, Liis the distance (m) of the i-th level optical fiber temperature sensor from the
meniscus, VR(t) is a casting speed (m/sec) at time t, At is a time step (sec) used in calculation, a, b, and ¢ are weighting
coefficients of upper and lower level sensors, and ATi(t) is the amount of temperature change (°C/sec) and a value
calculated by equation (4) described below.

ATl(t) = {Tlave(t)_Tl(t)}/At <o (4)

[0036] In equation (4) described above, Ti,(t) is an average temperature (°C) n seconds before time t, and Ti(t) is a
temperature (°C) of the i-th level optical fiber temperature sensor at time t.

[0037] The time step At used in calculation is preferably 0.5 seconds to 1.0 second, which is the same as the sampling
time, and the time n used to calculate the average temperature is preferably 5 seconds to 10 seconds. The weighting
coefficients a, b, and c are coefficients empirically determined. For example, since the temperature sensor at the
uppermost level tends to make false detection due to the influence of fluctuations of the bath level of molten steel, the
weighting coefficient a is preferably set to a value smaller than the other weighting coefficients b and ¢. On the other hand,
since a temperature difference at the lowest level is highly likely to be caused by longitudinal cracks or bites of foreign
matter, the weighting coefficient c is preferably set to a value greater than the weighting coefficients a and b.

[0038] The M value calculated from equation (1) described above serves as an index indicating a rapid increase or
decrease in the temperature of the solidified shell 22. When abnormal growth of the solidified shell 22, which causes
longitudinal crack defects and breakouts, occurs, the temperature of the solidified shell 22 rapidly decreases or increases.
Accordingly, the amount of temperature change increases and the M value increases. Therefore, when the M value at the
beginning of abnormal growth of the solidified shell 22 is set as a threshold in advance, the occurrence of longitudinal crack
defects and breakouts can be predicted by determining whether a calculated M value exceeds the threshold. The
occurrence of longitudinal crack defects and breakouts can thus be predicted by using the M value. The M value thus
serves as an operation index for reducing the occurrence of longitudinal crack defects and breakouts and stably carrying
out continuous steel casting.

[0039] Itis preferable that the threshold for the M value be empirically determined on the basis of past record data for
each group consisting of the steel grade to be continuously cast, type of mold flux, and sampling time. The threshold for the
M value may be determined in advance and stored in the storage unit 68, or may be entered by the operator through the
input unit 64.

[0040] The computing unit 72 determines whether the calculated M value exceeds the threshold. When determining that
the calculated M value exceeds the threshold for the M value, the computing unit 72 predicts the occurrence of a
longitudinal crack defect or breakout and, for example, causes the output unit 66 to display a warning indicating that there is
a risk of occurrence of a longitudinal crack defect or breakout. This allows the operator to predict the occurrence of a
longitudinal crack defect or breakout in advance and take necessary measures. For example, when predicting the
occurrence of a breakout, the operator reduces the casting speed, so that the molten steel 18 can be prevented from
leaking out from the lower end of the mold 12.

[0041] On the other hand, when determining that the calculated M value is less than or equal to the threshold, the
computing unit 72 does not predict the occurrence of a longitudinal crack defect or breakout and waits until calculation of
the next M value. The computing unit 72 calculates the M value atintervals of At (0.5 seconds to 1.0 second) and repeatedly
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executes the process described above. The M value can be used not only in predicting the occurrence of longitudinal crack
defects and breakouts, but also in evaluating whether the combination of the steel grade to be continuously cast and mold
powder is appropriate. Therefore, the M value can also be used as an index for quality control and lot management of mold
powder.

[0042] Asdescribed above, by usingthe mold having the optical fiber temperature sensors embedded therein according
to the present embodiment, the temperature detection intervals in the width direction of the mold can be shortened without
special processing of the slit grooves. Additionally, by using the M value calculated from temperature data obtained from
the mold and (1) described above as an operation index, the occurrence of longitudinal crack defects and breakouts can be
predicted with higher accuracy than before, and this can contribute to achieving stable continuous steel casting.
[0043] The embodiment of the present invention is not limited to that described above, and various changes can be
made. Although Fig. 4 illustrates an example of the mold 12 composed of the mold long-side copper plates 40 and the mold
short-side copper plates 42, the mold 12 is notlimited to this. The mold 12 may be composed of four mold copper plates with
the same width dimension. Although Fig. 4 illustrates an example in which the mold long-side copper plate 40 has the
optical fiber temperature sensors 50 embedded therein, the mold short-side copper plate 42 may have the optical fiber
temperature sensors 50 embedded therein. The optical fiber temperature sensors 50 are simply required to be provided in
at least one of the plurality of mold copper plates constituting the mold 12.

[0044] Although Fig. 4 illustrates an example in which the mold long-side copper plate 40 has the slit grooves 106 in the
back side thereof, the configuration is not limited to this. The slit grooves 106 may be replaced by holes that allow passage
of a cooling medium in the back side of the mold long-side copper plate 40. When the mold long-side copper plate 40 has
holes in the back side thereof as described above, itis not necessary to secure the backup plate 44 to the back side of the
mold long-side copper plate 40.

[0045] Although Fig. 4 illustrates an example in which the optical fiber temperature sensors 50 are provided at four
different levels in the casting direction, the configuration is not limited to this. It is simply required that the optical fiber
temperature sensors 50 be provided at at least greater than or equal to two different levels in the casting direction. When
the optical fiber temperature sensors 50 are provided at three different levels in the casting direction, the M value can be
calculated by equation (2) described below. When the optical fiber temperature sensors 50 are provided at two different
levels in the casting direction, the M value can be calculated by equation (3) described below.

M = [[ATAX{t-(L3-L1)/ VRO X AT2X{t-(L3-L2)/VR(1)}]] + [[AT2X{t-(L3-L2)/VR(A)} X AT3(t)]P] - 2)

M = | [ATIx{t-(L2-L1)/VR(t) }xAT2(t) 12| --- (3)

[0046] Inequations (2) and (3) described above, Li is the distance (m) of the i-th level optical fiber temperature sensor
from the meniscus, VR(t) is a casting speed (m/sec) at time t, At is a time step (sec) used in calculation, a and b are
weighting coefficients of upper and lower level sensors, and ATi(t) is the amount of temperature change (°C/sec) and a
value calculated by equation (4) described below.

ATl(t) = {Tlave(t)_Tl(t)}/At <o (4)

[0047] In equation (4) described above, Ti,(t) is an average temperature (°C) n seconds before time t, and Ti(t) is a
temperature (°C) of the i-th level optical fiber temperature sensor at time t. Note that At and n can be the same values as
those in equation (1), and the weighting coefficients a and b can be empirically determined as in the case of equation (1).
[0048] Althoughthe interrogator 54 and the control device 60 have been described as separate devices with reference to
Figs. 4 and 6, the interrogator 54 and the control device 60 may be configured as the same device. Although the control
device 60 calculates the M value in the embodiment described above, the configuration is not limited to this example. The
operator may calculate the M value by using equation (1) described above and temperature data output from the
interrogator 54.

[0049] Inthe embodiment described above, the M value is calculated by using temperatures detected from the optical
fiber temperature sensors 50 embedded in the mold long-side copper plate 40. However, the configuration is not limited to
this. The temperature rapidly increases or decreases in the vicinity of both end portions of the mold long-side copper plate
40 in the width direction. Therefore, no temperatures detected in a region from both end portions of the mold long-side
copper plate 40 to a predetermined position (about 20 mm) may be used in calculating the M value. This can reduce false
detection.

[0050] Fig. 7 schematically illustrates a mold long-side copper plate 80 with a backup plate secured to a back side
thereof. Fig. 7(a) is a back view as viewed from a backup plate side, and Fig. 7(b) is a cross-sectional view taken along line
C-Cin Fig. 7(a). By using Fig. 7, another example of a mold long-side copper plate having FBG optical fiber temperature
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sensors embedded therein will be described. In the mold long-side copper plate 80 illustrated in Fig. 7, the same
components as those of the mold long-side copper plate 40 illustrated in Fig. 4 are given the same reference numerals and
their description will be omitted.

[0051] Inthe moldlong-side copper plate 80, optical fiber temperature sensors 82 that are substantially half the length of
the optical fiber temperature sensors 50 are embedded by being inserted from the right and left sides of the mold long-side
copper plate 80. In this manner, the optical fiber temperature sensors 82 having half the length of the optical fiber
temperature sensors 50 illustrated in Fig. 4 may be embedded in the mold long-side copper plate 80 symmetrically right
and left, with respect to the center line in the width direction. This shortens the length of electrical discharge machining for
forming the holes 48 and reduces the amount of insertion of the optical fiber temperature sensors 82 for embedding them,
so that electrical discharge machinability and embedding workability are improved. Since the number of diffraction
gratings 52 analyzed by the interrogator 54 is reduced, the interrogator 54 to be used may be one that is capable of
analyzing fewer diffraction gratings 52, so that improved versatility is achieved.

[0052] Fig. 8 schematically illustrates a mold long-side copper plate 90 with a backup plate secured to a back side
thereof. Fig. 8(a) is a back view as viewed from a backup plate side, and Fig. 8(b) is a cross-sectional view taken along line
D-DinFig. 8(a). The mold long-side copper plate 90 having OFDR optical fiber temperature sensors embedded therein will
be described using Fig. 8. In the mold long-side copper plate 90 illustrated in Fig. 8, the same components as those of the
mold long-side copper plate 40 illustrated in Fig. 4 are given the same reference numerals and their description will be
omitted.

[0053] The optical frequency domain reflectometry (OFDR) method is a method that uses Rayleigh backscattered light
and Fourier-transforms the intensity distribution of backscattered light from a specific range to determine a change in
frequency, so as to determine the temperature from the change in frequency. Therefore, OFDR optical fiber temperature
sensors 92 can detect temperatures in a specific range without diffraction gratings in optical fibers, and thus function as
temperature sensors over the entire length of the optical fibers.

[0054] On the other hand, while the measurement distance of the FBG method is several kilometers, the measurement
distance of the OFDR method is several tens of meters. That is, the OFDR method is disadvantageous in thatitis shorterin
measurement distance than the FBG method. However, since the dimension of the mold long-side copper plate 90 in the
width direction is about 3 m atthe longest, the temperature range in the width direction of the mold long-side copper plate 90
can be sufficiently covered as long as the measurement distance is several tens of meters. Therefore, itis preferable to use
the OFDR optical fiber temperature sensors 92 as the optical fiber temperature sensors.

[0055] As illustrated in Fig. 8, the OFDR optical fiber temperature sensors 92 can also be embedded in the mold long-
side copper plate 90, similarly to the FBG optical fiber temperature sensors. As illustrated in Fig. 5(c), the OFDR optical
fiber temperature sensors 92 each may also be inserted into the copper pipe 56 with a diameter of 3 mm to 5 mmto forma
double pipe, so that the optical fiber temperature sensor 92 can be embedded by inserting the double pipe into the mold
long-side copper plate 90.

[0056] Fig. 9 schematically illustrates a mold long-side copper plate 94 with a backup plate secured to a back side
thereof. Fig. 9(a) is a back view as viewed from a backup plate side, and Fig. 9(b) is a cross-sectional view taken along line
E-E in Fig. 9(a). Another example of a mold long-side copper plate having an optical fiber temperature sensor embedded
therein will be described using Fig. 9. In the mold long-side copper plate 94 illustrated in Fig. 9, the same components as
those of the mold long-side copper plate 40 illustrated in Fig. 4 are given the same reference numerals and their description
will be omitted.

[0057] The moldlong-side copper plate 94 has an optical fiber temperature sensor 96 embedded therein, in a bent state,
at four different levels in the casting direction. The optical fiber temperature sensor 96 is four times as long as the OFDR
optical fiber temperature sensors 92. The measurement distance of OFDR optical fiber temperature sensors is short butis
several tens of meters. Therefore, by embedding the OFDR optical fiber temperature sensor 92 as illustrated in Fig. 9,
temperature measurement at four levels of the mold long-side copper plate 94 can be made with one optical fiber
temperature sensor.

Examples

[0058] Examples will now be described in which continuous steel casting was carried out by using a mold including a
mold long-side copper plate with an optical fiber temperature sensor embedded therein. The grade of steel continuously
castwas medium carbon steel, and mold powder used was 1.6 to 1.8 in basicity and 0.4 poise in viscosity. The thickness of
acast slabwas 220 mm to 260 mm, and a slab width was 800 mm to 1900 mm. A mold length was 820 mm, and continuous
casting was carried out at a casting speed VR of up to 3.0 m/min.

[0059] InExamples, FBG optical fiber temperature sensors with diffraction gratings arranged at intervals of 50 mm, 100
mm, and 200 mm and an OFDR optical fiber temperature sensor were prepared. Mold long-side copper plates were made
in which these optical fiber temperature sensors were embedded over the entire length in the width direction, at four
different levels in the casting direction. The intervals of temperature sensors in the mold long-side copper plates were of
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four types: continuous (OFDR method), 50 mm, 100 mm, and 200 mm. Inventive Examples 1 and 2 are inventive examples
in which the temperature sensors are continuous and at intervals of 50 mm and the optical fiber temperature sensors are
embedded at four different levels in the casting direction. Of the four different levels in the casting direction, the firstlevel is
50 mm below the meniscus, the second levelis 150 mm below the meniscus, the third level is 250 mm below the meniscus,
and the fourth level is 350 mm below the meniscus. Comparative Examples 1 and 2 are comparative examples in which, on
the assumption of conventional sheathed thermocouples, the diffraction gratings are embedded at intervals of 100 mm
and 200 mm, at four different levels in the same casting direction as Inventive Examples 1 and 2.

[0060] During continuous casting, temperature data output from the interrogator was collected, and an M value was
calculated for each position in the width direction. Then, the calculated M value was compared with a predetermined
threshold and when the M value was exceeded, the position in the width direction was recoded. This was followed by
visually checking the cast slab for longitudinal cracks, constraint marks, or bites of foreign matter; examining the
correspondence between the position in the width direction where the calculated M value exceeded the threshold and
the position in the width direction where a longitudinal crack, constraint mark, or bites of foreign matter was found in the
slab; and calculating the detection rates for longitudinal cracks, constraint marks, and bites of foreign matter. The results
are shown in Table 1 below.

[Table 1]
Temperature Longitudinal Breakout
Sensor Crack
Intervals Detection Constraint Mark Foreign Matter Bites
(mm) Rate (%) Detection Rate (%) Detection Rate (%)
Inventive Example 1 Continuous 95 100 100
Inventive Example 1 50 90 100 90
Comparative Example 1 100 42 60 65
Comparative Example 2 200 25 40 55

[0061] Asin Table 1, in Inventive Example 1 and Inventive Example 2 where the intervals of temperature sensors were
setto less than or equal to 50 mm, longitudinal cracks and bites of foreign matter in the slab were detected with a detection
rate of 90% or above. Constraint marks were detected with a detection rate of 100%. On the other hand, in Comparative
Examples 1 and 2 where the intervals of temperature sensors were set to greater than or equal to 100 mm, longitudinal
crack defects were detected with a detection rate of 50% or below and constraint marks and bites of foreign matter leading
to breakouts were detected with a detection rate of 60% to 65% or below. This result confirmed that many defects were
missed in Comparative Examples 1 and 2 where the intervals of temperature sensors were set to greater than or equal to
100 mm.

[0062] Fig. 10 presentsgraphseachillustratinghow an M value at one of four positions adjacentin the width direction ofa
mold long-side copper plate in which FBG optical fiber temperature sensors with diffraction gratings arranged at intervals
of 50 mm are embedded, changes with time. In Figs. 10(a) to (d), the vertical axis represents the M value (-), and the
horizontal axis represents time (sec). As illustrated in Figs. 10(b) and (c), M values at width positions No. 5 and No. 6
exceeded a threshold of 60 at the position of 28 seconds. On the other hand, M values at width positions No. 4 and No. 7
were less than or equal to 10 at the position of 28 seconds.

[0063] Inchecking of a slab after casting, a recess with a diameter of about 40 mm and a depth of about 8 mm was found
at positions corresponding to the width positions No. 5 and No. 6. An estimate was that this was because bites of foreign
matter, such as mold powder, caused an insufficient thickness of the solidified shell, increased the amount of temperature
change in the solidified shell, and increased the M value. Since an increase in the size of such a recess leads to breakouts,
it was confirmed that management using M values was effective in detecting abnormalities that could lead to breakouts.
[0064] The M value exceeded the threshold in Figs. 10(b) and (c), and the M value did not exceed the threshold in Figs.
10(a) and (d). This indicates that the temperature change of the solidified shell caused by bites of foreign matter has an
influence in arange greater than 50 mm and less than 100 mm in the width direction. Therefore, defects were often missed
when the temperature sensors were at intervals of greater than or equal to 100 mm as in Table 1.

Reference Signs List
[0065]

10: continuous casting system
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12 mold

14: tundish

16: cast steel support roll

17: conveyance roll

18: molten steel

20: immersion nozzle

22: solidified shell

24: unsolidified layer

26: secondary cooling zone

28: cast steel

29: slab

30: cast steel cutter

40: mold long-side copper plate

42: mold short-side copper plate
44: backup plate

48: hole

50: optical fiber temperature sensor
52: diffraction grating

54: interrogator

56: copper pipe

58: double pipe

60: control device

62: controller

64: input unit

66: output unit

68: storage unit

70: temperature data acquiring unit
72: computing unit

80: mold long-side copper plate

82: optical fiber temperature sensor
90: mold long-side copper plate

92: optical fiber temperature sensor
94 mold long-side copper plate

96: optical fiber temperature sensor
100:  continuous casting system

102:  mold copper plate

104:  backup plate

106:  slit groove

108:  stud bolt

110:  sheathed thermocouple

Claims

1. A mold used in continuous steel casting, comprising:

a plurality of mold copper plates,
wherein at least one of the plurality of mold copper plates has an optical fiber temperature sensor embedded
therein across a width direction of the mold copper plate at at least two different levels in a casting direction.

The mold according to Claim 1, wherein the optical fiber temperature sensor is an FBG optical fiber temperature
sensor; and

the optical fiber temperature sensoris provided with a plurality of diffraction gratings at intervals of less than or equal to
50 mm, and positions of the diffraction gratings in the width direction of the mold copper plate are the same at all the
levels.

The mold according to Claim 1, wherein the optical fiber temperature sensor is an OFDR optical fiber temperature
sensor.
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4. The mold according to any one of Claim 1 to Claim 3, wherein the mold copper plate has a slit groove in a back side

thereof; and

the optical fiber temperature sensor is embedded in a region from a position 1 mm from a surface of the mold copper
plate adjacent to molten steel in a thickness direction to a position 1 mm from a groove bottom of the slit groove in the
thickness direction.

5. A control system comprising:

the mold according to any one of Claim 1 to Claim 3; and

a control device configured to control continuous steel casting performed using the mold,

wherein the control device calculates an index indicating a rapid increase or decrease in temperature of a
solidified shell by using temperatures at the same position in the width direction of the mold copper plate but
different positions in the casting direction.

6. A control system comprising:

the mold according to Claim 4; and

a control device configured to control continuous steel casting performed using the mold,

wherein the control device is configured to calculate an index indicating a rapid increase or decrease in
temperature of a solidified shell by using temperatures at the same position in the width direction of the mold
copper plate but different positions in the casting direction.

7. The control system according to Claim 5, wherein

the optical fiber temperature sensor is embedded at i different levels (i = 2 to 4) in the casting direction; and
the control device calculates an M value as the index by using any one of equations (1) to (3) described below:

wheni=4,

M = [[AT1X{t-(L4-LNVRE}X (AT2X{t-(L4-L2)VRANE] + [[AT2X{t-(L4-L2)VR(t)} X (AT3X {t-(L4-

L3)VR)JP] + |(AT3X{t-(L4-L3)VR(t) }XATAR)| - (1

wheni =3,

M = [[AT1X{t-(L3-L1)/VR(t)}}XAT2X{t-(L3-L2)/VR(1)}]3] + [[AT2X{t-(L3-L2)/VR(t) }XAT3(1)]P| - (2);
and

wheni=2,

M = | [AT1x{t-(L2-L1)/VR(t) }xAT2(t)]2] --- (3)
where, in equations (1) to (3) described above, Li is a distance (m) of the i-th level optical fiber temperature
sensorfromameniscus, VR(t) is a casting speed (m/sec) attime t, Atis atime step (sec) usedin calculation, a,

b, and c are weighting coefficients of upper and lower level sensors, and ATi(t) is the amount of temperature
change (°C/sec) and a value calculated by equation (4) described below:

ATl(t) = {Tlave(t)_Tl(t)}/At o0 (4)

where, in equation (4) described above, Ti,,(t) is an average temperature (°C) n seconds before time t, and
Ti(t) is a temperature (°C) of the i-th level optical fiber temperature sensor at time t.

8. The control system according to Claim 6, wherein

the optical fiber temperature sensor is embedded at i different levels (i = 2 to 4) in the casting direction; and
the control device calculates an M value as the index by using any one of equations (1) to (3) described below:

wheni =4,
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M = [[AT1x{t-(L4-L1)VREOIX (AT2X{t-(L4-L2) VR3] + [[AT2x{t-(L4-L2)NVR()}X (AT3X{t-(L4-

L3)VRMP] + |(AT3X{t-(L4-L3)VR(t) }XATA(t)]] - (1

when i = 3,

M = [[AT1X{t-(L3-L1)/VR(t)}}X AT2X{t-(L3-L2)/VR(1)}]3] + [[AT2X{t-(L3-L2)/VR(t) }XAT3()]P| - (2);
and

wheni=2,

M = | [AT1x{t-(L2-L1)/VR(t) }xAT2(t)]a| ~--- (3)

where, in equations (1) to (3) described above, Li is a distance (m) of the i-th level optical fiber temperature
sensorfromameniscus, VR(t) is a casting speed (m/sec) attime t, Atis atime step (sec) usedin calculation, a,
b, and c are weighting coefficients of upper and lower level sensors, ATi(t) is the amount of temperature
change (°C/sec) and a value calculated by equation (4) described below:

ATi(t) = {Tiave(t)-Ti(t)}/At --- (4)

where, in equation (4) described above, Ti, () is an average temperature (°C) n seconds before time t, and
Ti(t) is a temperature (°C) of the i-th level optical fiber temperature sensor at time t.

The control system according to Claim 7, wherein the control device predicts an occurrence of at least one of a
longitudinal crack defect and a breakout using the M value.

The control system according to Claim 8, wherein the control device predicts an occurrence of at least one of a
longitudinal crack defect and a breakout using the M value.

A continuous casting method of steel using the mold according to any one of Claim 1 to Claim 3, the method
comprising:

calculating an index indicating a rapid increase or decrease in temperature of a solidified shell by using
temperatures at the same position in the width direction of the mold copper plate but different positions in the
casting direction; and

using the index as an operation index.

A continuous casting method of steel using the mold according to Claim 4, the method comprising:

calculating an index indicating a rapid increase or decrease in temperature of a solidified shell by using
temperatures at the same position in the width direction of the mold copper plate but different positions in the
casting direction; and

using the index as an operation index.

The continuous casting method of steel according to Claim 11, wherein

the optical fiber temperature sensor is embedded at i different levels (i = 2 to 4) in the casting direction; and
an M value is calculated as the index by using any one of equations (1) to (3) described below:

wheni=4,

M = [[ATAX{t-(L4-L1)VRO}IX (AT2x{t-(L4-L2)VROIA] + [[AT2X{t-(L4-L2)/VR()} X (AT3X{t-(L4-

L3)VRMP| + |(AT3X{t-(L4-L3)VR(t) }XATA(t)]] --- (1

wheni =3,

M = [[ATAX{t-(L3-L1)/VRO}XAT2X{t-(L3-L2) VR3] + [[AT2X{t-(L3-L2)/VR(t) }XAT3(H)]P] - @);

14



10

15

20

25

30

35

40

45

EP 4 563 264 A1

and
wheni=2,

M = |[ATlx{t—(L2—Ll)/VR(t)}><AT2(t):|a| <o (3)

where, in equations (1) to (3) described above, Li is a distance (m) of the i-th level optical fiber temperature
sensorfromameniscus, VR(t) is a casting speed (m/sec) attime t, Atis a time step (sec) usedin calculation, a,
b, and c are weighting coefficients of upper and lower level sensors, and ATi(t) is the amount of temperature
change (°C/sec) and a value calculated by equation (4) described below:

ATl(t) = {Tlave(t)_Tl(t)}/At (4)

where, in equation (4) described above, Ti,,(t) is an average temperature (°C) n seconds before time t, and
Ti(t) is a temperature (°C) of the i-th level optical fiber temperature sensor at time t.

14. The continuous casting method of steel according to Claim 12, wherein

the optical fiber temperature sensor is embedded at i different levels (i = 2 to 4) in the casting direction; and
an M value is calculated as the index by using any one of equations (1) to (3) described below:

when i =4,

M = [[AT1x{t-(L4-L1)VRAIX (AT2X{t-(L4-L2) VR3] + [[AT2x{t-(L4-L2)VR()}¥ (AT3X{t-(L4-

L3)/VR()}IP] + |(AT3X{t-(L4-L3)VR(t) }XATAM)] - (1

when i = 3,

M = |[AT1X{t-(L3-L1)/VR(1)} X AT2X {t-(L3-L2)/VR(1)}]2| + > [[AT2X{t-(L3-L2)/VR(t) } X AT3(t)]®| --- (2);
and

wheni =2,

M = | [AT1x{t-(L2-L1)/VR(t)}xAT2(t)]2] --- (3)

where, in equations (1) to (3) described above, Li is a distance (m) of the i-th level optical fiber temperature
sensor from a meniscus, VR(t) is a casting speed (m/sec) attime t, Atis a time step (sec) used in calculation, a,
b, and c are weighting coefficients of upper and lower level sensors, and ATi(t) is the amount of temperature
change (°C/sec) and a value calculated by equation (4) described below:

ATi(t) = {Tiave(t)-Ti(t)}/At --- (4)

where, in equation (4) described above, Ti,,(t) is an average temperature (°C) n seconds before time t, and
Ti(t) is a temperature (°C) of the i-th level optical fiber temperature sensor at time t.

15. The continuous casting method of steel according to Claim 13, wherein the M value is used to predict at least one of a
longitudinal crack defect and a breakout.

16. The continuous casting method of steel according to Claim 14, wherein the M value is used to predict at least one of a
longitudinal crack defect and a breakout.
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