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(57) ABSTRACT

A casting mold including a copper plate and a plurality of
optical fibers, having a plurality of temperature measuring
points for the copper plate while casting. Molten metal is
cast into the mold along an axis of, the optical fibers built-in
the plate. A method for detecting temperature distribution of
a molten metal in a casting mold having at least one copper
plate, including determining by calculation or measurement
an ideal molten flow of the metal, building-in a plurality of
optical fibers into the copper plate based on flow, arranging
the optical fibers inside at least the upper part of the copper
plate, receiving the measurements of temperatures, and
comparing the measurements of temperatures with a calcu-
lated/measured distribution of an ideal molten flow.
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CASTING MOLD AND A METHOD FOR
DETECTING A TEMPERATURE
DISTRIBUTION OF MOLTEN METAL IN A
CASTING MOLD

TECHNICAL FIELD

[0001] The present invention relates to a casting mold
comprising a copper plate and a plurality of optical fibers
arranged for measuring temperature of the copper plate, each
of the optical fibers having a plurality of temperature mea-
suring points arranged for measuring temperature of the
copper plate while casting. The invention also relates a
method for detecting a temperature distribution of a molten
metal in a casting mold having at least one copper plate.

BACKGROUND

[0002] It is well-known in the art that it is important to
monitor temperature of a casting mold that is operating at a
high speed.

[0003] During the casting process, a typical period of
temperature variation is less than ten seconds. This is
because the temperature depends on a heat flux of molten
steel. The heat flux may vary depending on melt tempera-
ture, mold powder characteristics and molten steel move-
ments. Typically the molten steel flow will change during a
casting process, which results in a dynamic temperature
profile of the mold. If the temperature is uniform in the
molten metal surface layer the solidification is uniform over
the strand width. If; on the other hand, the temperature is not
uniform in the molten metal surface layer the cast surface
will solidify and the risk for surface cracks, inclusion
entrapment and uneven solid shell will increase. Also if the
solid shell is uneven there is a risk both for lower structural
strength and re-melting of the solid shell that can result in a
so called break-out below the mold where the shell is broken
and the steel flows out causing major damage to the sur-
rounding equipment.

[0004] Typically, the top surface of the molten steel in the
mold, reveals to some extent how the molten steel flows
inside the mold. As the flow speed and pattern of the molten
steel is very important for the stability and homogeneity of
the casting process as well as for promoting beneficial
solidification and inclusion cleaning conditions, detection of
the shape of the top molten steel surface is essential. A
typical standing wave height of the top molten steel surface
is 10 mm. In especially the later stages of a casting sequence,
random clogging effects often lead to asymmetric molten
steel flow patterns in the mold.

[0005] The temperature determination may be made by
measuring the temperature of a copper plate of the casting
mold. For measuring, determining and monitoring the tem-
perature of the copper plate, thermocouples are mounted in
holes in the copper plate. The number of the thermocouples
is limited, for example up to 20 pieces due to the geometry
constraints of the copper plate. Thus, the spatial resolution
of measured temperatures is low.

[0006] In arecent development, optical fibers are used for
measuring temperatures of a copper plate to achieve a higher
resolutions of measured temperature.

[0007] US 2011/0167905 A1 describes a method compris-
ing detecting the temperature distribution in the area of a
casting level over the height of a mold by using a measuring
thread and/or a measuring probe to determine the height of
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the casting level, where the measuring thread and/or mea-
suring probe is detachably mounted on a copper plate of the
mold and comprises fiber-optic sensors. The height of the
casting level is determined from the detected temperature
distribution by using an evaluation device. A further mea-
suring probe for temperature detection may be detachably
arranged in the area of the lower end of the mold.

[0008] PCT/EP2009/004901 describes another method,
wherein laser light is passed through optical fibers used as
sensors. Grooves are arranged made on the outer sides of
copper plates of a mold. The optical fibers are located in
these grooves. The fibers have a meandering arrangement in
the grooves. At least two fibers are arranged in each groove.
The grooves are located between cooling channels on the
outside of the plates. The fibers are arranged in the fixed
side, the detachable side and preferably in both narrow sides
of the mold.

SUMMARY

[0009] It is an object of the present invention to achieve
more accurate and increased spatial resolution temperature
measurements in the mold of a continuous caster and
consequently to enable a better control of a casting process
and thereby achieving higher cast steel quality and higher
process safety.

[0010] In a first aspect, there is a casting mold comprising
a copper plate and a plurality of optical fibers, each of the
optical fibers having a plurality of temperature measuring
points arranged for measuring temperature of the copper
plate while casting, wherein a molten metal is cast into the
casting mold along an axis, wherein the optical fibers are
built-in the copper plate and are arranged at least in the
upper part of the copper plate so that the temperatures of at
least upper part of the copper plate are measured.

[0011] During casting, the copper plate is located adjacent
to a thin layer of mold flux, on the other side of which the
soliditying shell and the molten steel are located. By mea-
suring the temperature of full length of at least upper part of
the copper plate, the temperatures of the solidifying shell
and the molten metal can be estimated, thus important
information on the casting process is thus obtained.

[0012] During a casting process, temperature in the copper
plate is varying over time and position. A temperature
sensing must be able to monitor these variations in order to
monitor temperature distributions of the copper plate.
[0013] It is particularly of importance to monitor an upper
part of the copper plate to be able at an early stage to extract
information of solidifying shell inhomogeneities and defi-
ciencies, sticker and break-out tendencies as well as varia-
tions in flow patterns, asymmetries and speeds to learn about
best casting practices in relation to thermal information.
[0014] By non-detachably building/embedding the optical
fibers into the copper plate, a highly robust and reliable
measuring system is achieved.

[0015] In one embodiment of the invention, the optical
fibers are arranged into at least the upper 300 mm of the
copper plate.

[0016] Inanother embodiment of the invention, the optical
fibers are arranged into the entire wide side and at least the
upper 400 mm of the copper plate.

[0017] In a further embodiment of the invention, the
optical fibers are arranged into the entire area of the copper
plate, which makes it possible to collect complete informa-
tion regarding the thermal changes in the entire solidification
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shell during casting and to learn about best casting practice
in relation to thermal information.

[0018] In order to build-in the optical fibers into the
copper plate, a plurality of holes are arranged in parallel
and/or perpendicular with the axis of casting direction for
accommodating the optical fibers. Each of the holes has a
diameter of 0.3-1.2 mm. The holes may be further grouped
and a distance between two groups is in a range of 100-400
mm, preferably 150-400 mm. A distance between two holes
in the same group is in a range 10-100 mm, preferably 50-80
mm.

[0019] By grouping the optical fibers into groups and
arranging the groups with distances, a total amount of the
temperature measuring points may reach at least 500 or
alternatively 1500 thus to achieve a high resolution. For
achieving even higher temperature and position measuring
resolution, a total amount of the temperature measuring
points of at least 3000 may be arranged.

[0020] In a second aspect of the invention, there is a
method provided method for detecting a distribution of a
molten metal in a casting mold having at least one copper
plate, wherein the molten metal is cast into the casting mold
along an axis, the method comprising determining by cal-
culation or measurement an ideal molten flow of the molten
metal in the mold, building-in a plurality of optical fibers
into the copper plate based on the calculated/measured
actual molten flow, arranging the optical fibers inside of the
copper plate at least the upper part of the copper plate,
receiving the measurements of temperatures, and comparing
the measurements of temperatures with a calculated/mea-
sured distribution of an ideal molten flow during ideal
conditions.

[0021] In one embodiment of the invention, the method
further comprising arranging a plurality of holes in parallel
and/or perpendicular with the axis of the casting direction
for accommodating the optical fibers.

[0022] In yet another embodiment of the invention, after
receiving the measurements of temperatures and the method
comprises step of determining temperature distribution of
the copper plate by comparing the measured result with the
ideal molten flow.

[0023] In yet another embodiment of the invention, the
method further comprises continuously monitoring the mea-
sured temperature distribution in the copper plate, compar-
ing the measured temperature distribution to a calculated/
measured distribution during ideal conditions, and detecting
high spatial temperature gradients based on a comparison
result.

[0024] In a further embodiment of the invention, the
method comprises continuously monitoring the measured
temperature distribution in the upper part of the copper plate,
comparing the measured temperature distribution to a cal-
culated/measured distribution during ideal conditions, and
detecting deviations of the temperature pattern on left and
right sides of the mold based on a comparison result.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] The invention will now be explained more closely
by the description of different embodiments of the invention
and with reference to the appended figures.

[0026] FIG. 1A illustrates a side perspective schematic
view of a casting mold according to a first embodiment of
the invention, wherein multiple optical fibers are built-in the
upper region of a copper plate of the casting mold.
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[0027] FIG. 1B shows a cross-section of a casting mold of
the embodiment of FIG. 1A.

[0028] FIG. 1C illustrates a cross-section of a casting
mold according to a second embodiment of the invention,
wherein multiple optical fibers are vertically built-in at least
300 mm from the upper edge of the copper plate.

[0029] FIG. 1D illustrates a cross-section of a casting
mold according to a third embodiment of the invention,
wherein multiple optical fibers are horizontally built-in at
least 400 mm from the upper edge of the copper plate.
[0030] FIG. 1E illustrates a cross-section of a casting mold
according to a fourth embodiment of the invention, wherein
multiple optical fibers are built-in entire region of the wide
side of a copper plate in a meshed manner.

[0031] FIG. 2 illustrates a side perspective schematic view
of a casting mold, according to a fitth example of the
invention, wherein optical fibered are grouped together.
[0032] FIG. 3 illustrates an optical fiber built into a copper
plate of the casting mold according to FIG. 1A.

[0033] FIG. 4 shows a flow chart of detecting a tempera-
ture distribution a molten metal, according to an embodi-
ment of the invention.

[0034] FIG. 5 shows a diagram of measured temperatures
of a mold copper plate.

[0035] FIG. 6A shows a flow chart of detecting local
temperature deviations, according to another embodiment of
the invention.

[0036] FIG. 6B shows a diagram of measured tempera-
tures of a mold copper plate during local temperature
deviation.

[0037] FIG. 7A shows a flow chart of monitoring tem-
perature of a casting mold, according to a further embodi-
ment of the invention.

[0038] FIG. 7B shows a diagram of measured tempera-
tures of a mold copper plate during biased flow and resulting
asymmetry.

DETAILED DESCRIPTION

[0039] It should be understood that the scope of the
invention must not be limited the presented embodiments, it
shall cover other embodiments that are obvious to a person
skilled in the art.

[0040] FIG. 1A is a side perspective view of a casting
mold 1 for casting molten metal 40 such as steel, copper or
aluminum. The casting mold 1 comprise a nozzle or a
pouring spout 2 and a hollow cavity 3 of the desired shape.
In this example, a rectangular cavity is illustrated. The cavity
3 is typically constructed in a rectangular shape with a wide
side and a narrow side and further includes an external
structure 30 and an interior copper plate 10. The molten
metal 40 fills the cavity 3 during casting. A thin layer of
mold flux 50 is formed between the molten metal and the
copper plate, which may cover the entire area of the copper
plate 10 and thus separates the molten metal 40 from direct
contact with the interior copper plate 10.

[0041] During a casting process, the molten metal 40 is
poured through the nozzle or the pouring spout 2 into the
cavity 3 and solidified. The solidified part is also known as
a cast strand, which is drawn out of the mold as slabs or
billets. It is known that the solidification of the surface of a
cast strand is determined by the temperature distribution of
the molten metal in the mold.

[0042] In order to monitor the temperature distribution of
the molten metal, a plurality of optical fibers 20 are fixedly
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built inside of the interior copper plate. Each of the optical
fibers 20 having a plurality of temperature measuring/
sensing points 22 arranged for measuring temperature of the
copper plate. A total number of temperature measuring/
sensing points 22 on each of the optical fibers 20 may be in
a range of 40-100 for example. FIG. 3 illustrates an optical
fiber 20 with a plurality of measuring points 22. The
temperatures are measured and collected and analyzed while
casting a molten metal into the casting mold along an axis
Y, wherein the casting direction is denoted by arrow A. The
installation of the optical fibers enables extraction of infor-
mation about solid shell deficiencies, break-out tendencies
and deviations in flow pattern, and therefore provides a
better control of the casting process in relation thermal
information. Furthermore, the fixedly built-in optical fibers
20 provides a robust and easy installation.

[0043] InFIG. 1A, the optical fibers 20 are arranged in the
upper part of the copper plate so that the temperatures of at
least the upper part of the copper plate are sensed and
measured. To facilitate the built-in construction, a plurality
of'holes 12 are arranged into the copper plate 10, each of the
holes 12 is configured to accommodate an optical fiber 20.
[0044] FIG. 1B shows a cross-section view of a casting
mold according to one example of the invention, which
shows that the holes 12 are arranged from the upper edge of
the copper plate into the copper plate in parallel with the axis
Y, i.e. along with a direction of the casting and the optical
fibers are fixedly built into the copper plate.

[0045] FIG. 1C shows a cross-section view of another
example of the invention, wherein the holes 12 are arranged
in parallel with the axis Y into the copper plate at least 300
mm from the upper edge of the wide side of the copper plate
for accommodating the optical fibers 20. In this example, the
arrangement is applied to a copper plate that has height 900
mm, width 1850 mm and thickness 30-50 mm. However, it
can be applied for other dimensions as well with proper
adjustments.

[0046] Furthermore, holes 20 may be also arranged in
perpendicular with the axis Y as illustrated in FIG. 1D. In
this example, the holes 12 are arranged such that the optical
fibers may measure a region cover the 400 mm from the
upper edge and the wide side of the copper plate.

[0047] A further alternative embodiment as shown in FIG.
1E is that holes 12 are arranged in a mesh manner into entire
area of the copper plate for housing the optical fibers 20 such
that the optical fibers may measure entire region of the
copper plate.

[0048] In any of the above cases shown in FIGS. 1B-1E,
the holes 20 are arranged 5-20 mm, preferably 3-20 mm, in
the copper plate from the side facing the molten metal.
[0049] With reference to FIG. 2, each of the holes 12 has
a diameter d1 of 0.3-1.2 mm. It is advantageous that a hole
is constructed within this range since a small hole has a
small impact on the strength of the mold copper plate on one
hand. On the other hand, a time constant for temperature
variation depends on diameters of optical fibers and holes.
The small diameter of a hole provides a short time constant
and a faster detection time for temperature variations of the
copper plate. The holes 20 may be further grouped and a
distance d2 between two groups is in a range of 100-400 mm
preferably 150-400 mm depending the dimension of the
mold. FIG. 5 shows a diagram of measured temperatures in
a copper plate for a slab having a wide side width of 1600
mm, the middle/center of the mold where the nozzle is
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placed and two points in between. The X-axis of the diagram
is a distance from middle/center of the mold and the Y-axis
shows the distance from top of the copper plate. The spatial
temperature variations occur particularly at the upper part of
the copper plate. Thus, by placing the optical fibers in this
area, the temperature variations will be captured. A distance
d3 between two holes in the same group is in a range 10-100
mm, preferably 50-80 mm, in order to capture spatial
variations of the thermal distribution of the molten metal.
The arrangement of the optical fibers in groups provides
better local resolutions and sensor point densities in particu-
lar regions of the copper plate where the casting conditions
create domains requiring extra attention in terms of thermal
monitoring.

[0050] By grouping the optical fibers into groups and
arranging the groups with distances, a total amount of the
temperature measuring points may reach at least 500 or
alternatively 1500 thus to achieve a high resolution. For
achieving even higher temperature and position measuring
resolution, a total amount of the temperature measuring
points of at least 3000 may be arranged so that even high
temperature and position accuracy can be achieved.

[0051] The optical fibers 20 shown in FIGS. 1B-1D and 2
may be further connected to a temperature analysis unit,
from which a broadband light is guided into the optical fibers
20. The temperatures of the measuring/sensing points along
each optical fiber may be determined by well-known analy-
sis methods, for example, the Fiber Bragg Grating method or
FBG method in short). The principal of the method may be
found in US 2011/0167905 A1. As it described, the detailed
design of Fiber Bragg Gratings analysis method is widely
known. The local measurement resolution is a function of
the spacing of the grated measuring/sensing points. The
analysis methods used on the FBG’s may be OFDR (Optical
Frequency Domain Reflectometry) or OTDR (Optical Time
Domain Reflectometry). By analyzing the measured tem-
peratures, the casting process can be better monitored by a
thermal image of the especially interesting near-meniscus
area in the mold. Further applications of the measured and
analyzed temperatures can be identification of mechanical
stresses in the solidifying shell and heat fluxes in the copper
plate.

[0052] Although FIGS. 1B-1E and 2 illustrate that optical
fibers are arranged inside one copper plate of the mold, it
should be understood that it is possible to arrange them into
other copper plates of the mold to achieve high measurement
resolution around the perimeter of the entire mold.

[0053] FIG. 4 shows a flow chart of detecting temperature
distribution of a molten metal in a casting mold having at
least one copper plate, which comprises determining by
calculation or measurement an ideal molten flow of the
molten metal in the mold (S10), building-in a plurality of
optical fibers into the copper plate based on the calculated/
measured actual molten flow (S20), arranging the optical
fibers inside of the copper plate at least the upper part of the
copper plate (S30), receiving the measurements of tempera-
tures (S40), and comparing the measurements of tempera-
tures with a calculated/measured distribution of an ideal
molten flow during ideal conditions (S50). In this way the
temperature distribution in the top region of the copper plate,
and the correlating molten metal fingerprint, can be deter-
mined based on the measurements of temperatures and can
be compared to the ideal flow pattern.
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[0054] FIG. 6A shows a flow chart of detecting local
temperature deviations in the solidified metal shell, accord-
ing to another embodiment of the invention, wherein the
method further comprises continuously monitoring the mea-
sured temperature distribution in the copper plate (S45),
comparing the measured temperature distribution to a cal-
culated and/or measured distribution during ideal conditions
(S50"), and detecting high spatial temperature gradients
based on a comparison result (S60). Such a hot- or cold-spot
could indicate a sticker, break-out risk or crack with large
consequences for slab quality and casting process safety.
The spatial temperature gradients are evaluated in both
vertical and horizontal directions, and gradients with up to
but not restricted by 0.4-5 K/mm can be detected. FIG. 6B
shows a diagram of measured temperatures of a mold copper
plate during local temperature deviation. The lightly colored
vertical streak positioned at —400 mm shows a local cold
region of the mold potentially caused by the reduced heat
transfer from the strand to the mold at a position of a
longitudinal shell crack. The indicated low temperature
streak is surrounded by strong temperature gradients in the
horizontal direction on the left and right sides.

[0055] FIG. 7A shows a flow chart of detecting deviations
of the temperature pattern on left and right sides of the mold
based on a comparison result, according to a further embodi-
ment of the invention, wherein the method comprises con-
tinuously monitoring the measured temperature distribution
in the upper part of the copper plate (S45"), comparing the
measured temperature distribution to a calculated/measured
distribution during ideal conditions (S50"), and detecting
deviations of the temperature pattern on left and right sides
of'the mold based on a comparison result (S60). In this way,
a flow asymmetry can be detected. Such an asymmetry could
indicate biased flow caused by nozzle clogging with large
consequences on slab quality. A standing wave height of the
top molten steel surface of 1-100 mm can be detected.
[0056] FIG. 7B shows a diagram of measured tempera-
tures of a mold copper plate during biased flow and resulting
asymmetry. The wave crest 50 mm from the top on the left
side at =500 mm shows a much more pronounced meniscus
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wave than on the right side of the mold. This asymmetric
meniscus shape is potentially caused by nozzle clogging
leading to a much stronger flow on the left side. The
difference in standing wave height between left and right
sides detects a biased meniscus flow

1-13. (canceled)

14. A casting mold comprising a copper plate and a
plurality of optical fibers, each of the optical fibers having a
plurality of temperature measuring points arranged for mea-
suring temperature of the copper plate while casting,
wherein a molten metal is cast into the casting mold along
an axis, wherein the optical fibers are built-in the copper
plate and are arranged at least the upper part of the copper
plate, wherein a plurality of holes are arranged in parallel
and/or perpendicular with the axis for accommodating the
optical fibers, characterized in that a total amount of the
temperature measuring points is at least 500.

15. The casting mold of claim 14, wherein the optical
fibers are arranged into at least the upper 300 mm of the
copper plate.

16. The casting mold of claim 14, wherein the optical
fibers are arranged into the entire wide side and at least the
upper 400 mm of the copper plate.

17. The casting mold of claim 14, wherein the optical
fibers are arranged into the entire area of the copper plate.

18. The casting mold of claim 14, wherein each of the
holes has a diameter (d1) of 0.3-1.2 mm.

19. The casting mold of claim 14, wherein the holes
accommodating the optical fibers are grouped and a distance
(d2) between two groups is in a range of 100-400 mm.

20. The casting mold of claim 14, wherein the holes
accommodating the optical fibers are grouped and a distance
(d3) between two holes in the same group is in a range
10-100 mm.

21. The casting mold of claim 14, wherein a total amount
of the temperature measuring points is at least 1500.

22. The casting mold of claim 14, wherein a total amount
of the temperature measuring points is at least 3000.
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