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1
METHOD OF ESTIMATING TEMPERATURE
DISTRIBUTION HISTORY

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application is a 35 U.S.C. §§371 national
phase conversion of PCT/JP2008/071237, filed Nov. 21,
2008, which claims priority of Japanese Patent Application
No. 2007-302082, filed Nov. 21, 2007, the contents of which
are incorporated herein by reference. The PCT International
Application was published in the Japanese language.

TECHNICAL FIELD

The present invention relates to a method of estimating a
temperature distribution during high frequency induction
line-heating processing of flat-plate steel.

BACKGROUND ART

In the related art, large-scale three-dimensional curved
surfaces, such as ship hull plate or the like, have been mostly
formed by line heating. Although forming by line heating has
been performed by skilled workers using their experience and
intuition, the lack of productive capacities is growing with the
aging of such workers.

Accordingly, research has been progressing in order to
seek automation of the forming of three-dimensional curved
surfaces, and in regard to the forming of small curvature
surfaces, automation of forming by line heating has already
been successful. In this method, straight-line heating tests for
each heating condition (e.g. specification of a coil, excitation
frequency, current, voltage, moving speed of a coil, or the
like) are performed, inherent strains are classified and put into
a database, and heating lines are arranged based on the analy-
sis using the database. In forming small curvature surfaces,
the heating lines are largely-spaced, and thus respective heat-
ing units can follow the above-described method without
interfering with one another (See Non Patent Document 1).

However, in forming large-curvature surfaces, the heating
lines may be densely-arranged, the same place may be repeat-
edly-heated, or the heating lines may cross each other. Also,
since a non-straight line heating is frequently used, the gen-
erated inherent strains differ even if the heating conditions are
the same.

Accordingly, even if the inherent strains according to the
heating conditions of the respective heating lines are over-
lapped by using the database, the resultant inherent strains
may differ from the actually generated inherent strains.
Accordingly, if the heating lines are arranged based on the
inherent strains identified by the straight-line heating test, the
working accuracy deteriorates beyond the permissible limit.

That is, the inherent strains that are generated during large-
curvature surface forming process (e.g. under the conditions
such as narrow gaps between the heating lines, the repeated
heating of the heating lines, crossing of the heating lines,
non-straight heating lines, or the like) are different from the
inherent strains from the straight-line heating test, and have
not yet been identified. Accordingly, the automation of the
forming of the large-curvature surfaces has not been
achieved.

[Non Patent Document 1] Ishiyama et al., “Automatic line-
heating bending process method applying a finite element
method (FEM)”, Manual of [shikawa-jima Harima 1999 Vol.
39 No. 2 p. 60-p. 64
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2
DISCLOSURE OF THE INVENTION

Technical Problem

In order to realize automation of forming of large curvature
surfaces, thermo-elasto-plasticity analysis is necessary in
which heat input from a heating source to a steel plate by line
heating has been evaluated with high precision.

The line heating is usually performed using gas heating.
However, high-frequency induction heating, or the like, for
the purpose of automation, it is preferable to perform heating
by electromagnetic induction using a high-frequency induc-
tion heating device from the viewpoint of control and man-
agement. For heat-transfer analysis of induction heating in
the case where a high-frequency coil is stationary, coupling
analysis for an electromagnetic field and heat conduction
performed by using commercial non-linear finite element
codes, such as ANSYS, ABAQUS and MARC, have been
used as methods in the related art.

It is necessary to arrange ultra-fine mesh in the heat gen-
eration layer with a thickness equal to or less than 0.1 mm in
the coupling analysis for the electromagnetic field and the
heat conduction of the high-frequency induction line heating.
This ultra fine mesh has to be arranged along the moving trace
of'the coil, and it is also needed to mesh the air layer up to an
infinite distance. Such analysis model is so complicated that
it requires impractical number of man-hours. Due to this, the
heat transfer analysis during induction line heating process
cannot be realized, and thus it is actually not possible to
identify the inherent strains in the forming of large-curvature
surfaces by using coupling analysis for the electromagnetic
field and heat conduction in the related art.

In order to analyze the inherent strains generated in the
forming of large-curvature surfaces without following the
method in the related art and to remove obstacles to automa-
tion, as a pre-stage process, it is necessary to estimate a
thermal cycle (i.e. temperature distribution history) by one
line heating. If it is possible to estimate the thermal cycle, the
identification of the inherent strains can be performed based
on the estimated temperature history. However, the estima-
tion of the thermal cycle during line heating has not yet able
to be performed.

The invention has been made in consideration of the above-
described circumstances, and an object of the invention is to
provide a method of efficiently estimating a temperature dis-
tribution history (i.e. thermal cycle) at high precision in the
case where flat-plate steel is line-heated by high frequency
induction.

Technical Solution

The method of estimating a temperature distribution his-
tory according to an embodiment of the present invention
adopts the following means to solve the above-described
object.

The method of estimating a temperature distribution his-
tory according to an embodiment of the present invention
includes a first step of measuring a history of temperature
distribution that is generated when a test piece of sheet steel is
spot-heated by high-frequency induction; a second step of
obtaining an induction current distribution that is generated
when the sheet steel is spot-heated by the high-frequency
induction by using finite element analysis; a third step of
expressing the induction current distribution by an approxi-
mation equation of the initial induction current distribution at
an initial temperature and temperature dependent correction
factors of the induction current, and identifying the initial
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induction current distribution and the temperature dependent
correction factors based on the temperature distribution his-
tory obtained in the first step and the induction current distri-
bution obtained in the second step; a fourth step of obtaining
internal heat generation by using the initial induction current
distribution and the temperature dependent correction factor
obtained in the third step and a temperature dependency of
electrical resistivity of the sheet steel; and a fifth step of
obtaining the temperature distribution history generated dur-
ing the line heating by the finite element analysis by applying
the internal heat generation that is obtained in the fourth step
to the sheet steel while the internal heat generation moves on
with the heating coil.

In the fifth step, the initial induction current distribution
identified in the spot heating test may be applied to the sheet
steel as the heating coil moves in a straight line or in a curve
with respect to a main surface of the sheet steel.

Also, in the fifth step, the initial induction current distribu-
tion identified in the spot heating test may be applied to the
sheet steel as the internal heat generation moves at constant
speed or at varying speed with respect to the sheet steel.

Also, in the first step, the sheet steel may be spot-heated by
a high-frequency induction coil.

Advantageous Effects

As described above, according to the present invention, the
following effects can be obtained.

By using the method of estimating the temperature distri-
bution history according to the present invention, the tem-
perature distribution history (i.e. thermal cycle) that is gen-
erated when the sheet steel is line-heated can be analyzed (or
estimated) with high precision.

Particularly, since only the heat-conduction analysis is per-
formed in the fifth step, i.e. in the step of analyzing the line
heating, the temperature distribution history (i.e. thermal
cycle) can be analyzed (i.e. estimated) at high precision in a
short amount of time without performing cumbersome elec-
tromagnetic field analysis. That is, by obtaining the initial
induction current distribution and the temperature dependent
correction factor in advance, the temperature distribution his-
tory (i.e. thermal cycle) during line-heating process can be
efficiently obtained at high precision without performing the
electromagnetic field analysis even if the moving speed of the
high-frequency induction coil is changed or the high-fre-
quency induction coil is not moved in a straight line.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a view illustrating a mechanism that generates
induction current for induction heating.

FIG. 2 is a diagram illustrating temperature measurement
points when flat-plate steel is spot-heated.

FIG. 3 is a diagram illustrating the electromagnetic prop-
erties of flat-plate steel.

FIG. 4 is a diagram illustrating the thermal properties of
flat-plate steel.

FIG. 5 is a diagram illustrating the actual measurement
values and the results of analysis at respective temperature
measurement points of flat-plate steel.

FIG. 6 is a diagram illustrating the results of analysis of
induction current in flat-plate steel (with a depth of 0.2 mm).

FIG. 7 is a diagram illustrating the results of analysis of
induction current in flat-plate steel (with a depth of 0.01 mm).

FIG. 8 is a diagram illustrating the results of identification
of the initial induction current distribution.
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4

FIG. 9 is a diagram illustrating the results of identification
of the temperature dependent correction factors.

FIG. 10 is a diagram illustrating the internal heat genera-
tion obtained using Equation (2).

FIG. 11 is a diagram illustrating the temperature distribu-
tion history that is generated when flat-plate steel is line-
heated (when the high-frequency induction coil is moving at
a speed of 1000 mm/min).

FIG. 12 is a diagram illustrating the temperature distribu-
tion history that is generated when flat-plate steel is line-
heated (when the high-frequency induction coil is moving at
a speed of 300 mm/min).

EXPLANATION OF REFERENCE

A: flat-plate steel (sheet steel)
C: high-frequency induction coil
10, 20: experiment device

BEST MODE FOR CARRYING OUT THE
INVENTION

Hereinafter, with reference to the accompanying drawings,
a method of estimating a temperature distribution history
according to embodiments of the present invention will be
described.

FIG. 1 is a view explaining a method of estimating a tem-
perature distribution history according to an embodiment of
the present invention, and shows a mechanism that generates
induction current for induction heating. FIG. 2 is a diagram
illustrating temperature measurement points when flat-plate
steel is spot-heated. FIG. 3 is a diagram illustrating the elec-
tromagnetic properties of flat-plate steel, and FIG. 4 is a
diagram illustrating the thermal properties of flat-plate steel.

According to the method of estimating a temperature dis-
tribution history (i.e. thermal cycle) according to an embodi-
ment of the present invention, the temperature distribution
history that is generated in flat-plate steel A when the flat-
plate steel A is line-heated by a high-frequency induction coil
C is estimated using the results obtained when the flat-plate
steel A is spot-heated by the high-frequency induction coil C.

The method of estimating a temperature distribution his-
tory according to an embodiment of the present invention
includes a first step of measuring a history of temperature
distribution that is generated when flat-plate steel A is spot-
heated by a high-frequency induction coil C; a second step of
obtaining an induction current distribution I(r, z, T) that is
generated when the flat-plate steel A is spot-heated by the
high-frequency induction coil C by using finite element
analysis; a third step of expressing the induction current dis-
tribution I(r, z, T) by an approximation equation in terms of
positioning and temperature, and identifying the approxima-
tion equation based on the temperature distribution history
obtained in the first step and the induction current distribution
1(r, z, T) obtained in the second step; a fourth step of obtaining
internal heat generation by using the initial induction current
distribution I,(r,z) and temperature dependent correction fac-
tors w(T) obtained in the third step and the temperature
dependency R(T) of the electrical resistivity of the flat-plate
steel A; and a fifth step of obtaining the temperature distribu-
tion history that is generated during the line heating by the
finite element analysis by applying the internal heat genera-
tion that is obtained in the fourth step to the flat-plate steel A
while the internal heat generation moves on with the heating
coil.

As illustrated in FIG. 1, an experiment apparatus that is
composed of the flat-plate steel A and the high-frequency
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induction coil C is prepared. The experiment apparatus
includes two kinds of experiment devices: an experiment
device 10 that performs the spot-heating of the flat-plate steel
A through the high-frequency induction coil C, and an experi-
ment device 20 that performs the line heating of the flat-plate
steel A.

In the experiment device 10 that performs the spot-heating
of'the flat-plate steel A, the high-frequency induction coil Cis
arranged in the center of the sufficiently-sized flat-plate steel
A.

Also, as illustrated in FIG. 2, a plurality of thermocouples
is arranged on the flat-plate steel A to measure the tempera-
ture-time history during the induction heating.

Also, as the first step of the method of estimating the
temperature distribution history, the temperature distribution
history (i.e. the thermal cycle) is measured when the flat-plate
steel A is spot-heated by the high-frequency induction coil C.

FIG. 5 is a diagram illustrating the measured temperatures
and the results of analysis at respective temperature measure-
ment points of the flat-plate steel. The solid lines and dashed
line in FIG. 5 indicate the results of the analysis (i.e. calcu-
lated values).

According to the method of estimating the temperature
distribution history of the related art, for example, the elec-
tromagnetic field that is generated from the high-frequency
induction coil C and the induction current or the temperature
distribution history that is generated in the flat-plate steel A
are obtained by the coupling analysis for electromagnetic
field and heat conduction using a general-purpose finite ele-
ment method (FEM) code such as ANSYS (registered trade-
mark).

In this case, an axial-symmetric two-dimensional model of
the flat-plate steel A and the high-frequency induction coil C
which are used in the general FEM code is prepared. The
axial-symmetric two-dimensional model may be symmetric
with respect to the Y-axis.

In the analysis of the electromagnetic field, it is necessary
to also perform modeling of an air layer up to the infinite
distance. Between the flat-plate steel A and the high-fre-
quency induction coil C, an air layer that is the same as the air
layer in the experiment device is arranged.

Further, as the second step, the history of the induction
current distribution in the flat-plate steel A is calculated.

FIGS. 6 and 7 show the results of analysis of the induction
current in the flat-plate steel A. FIG. 6 is a diagram illustrating
the results of analysis of the induction current in the depth (or
surface) of 0.2 mm, and FIG. 7 is a diagram illustrating the
results of analysis of the induction current in the surface layer
(with a depth of 0.01 mm).

At a depth (or surface) of 0.2 mm in a plate thickness
direction (i.e. Z direction) from the surface layer that resides
outside of the heat generation layer, the change in the induc-
tion current I with time is small (see FIG. 6). On the other
hand, on the surface layer that is in the heat generation layer,
it can be seen that the induction current is abruptly reduced as
the temperature increases (see FIG. 7).

From the results as described above, it is clear that the
induction current I can be approximated as the function of the
position (r, z) of the flat-plate steel A and the temperature T.

As described above, it is considered that the induction
current I can be approximated as the function of the position
(r, z) of the flat-plate steel A and the temperature T. Its func-
tion equation is approximated as the following Equation (1).

11, z, T)=lo(s; yw(T) M

In this case, lo(r, z) denotes the distribution of the induction
current | at an initial temperature To (i.e. initial induction
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6

current distribution), and w(T) denotes the temperature
dependent correction factor of the initial induction current
distribution lo(r, 7).

Accordingly, as the third step, after the approximation of
the induction current I by Equation (1), the initial induction
current distribution Io(r, z) and the temperature dependent
correction factor w(T) in Equation (1) are identified based on
the temperature distribution history obtained in the first step
and the induction current distribution I(r, z, T) obtained in the
second step.

Accordingly, as shown in FIGS. 8 and 9, the initial induc-
tion current distribution lo(r, z) and the temperature depen-
dent correction factor w(T) are identified.

FIG. 8 is a diagram illustrating the results of identification
of the initial induction current distribution, and FIG. 9 is a
diagram illustrating the results of identification of the tem-
perature dependent correction factor.

As described above, if the induction current I can be
approximated by Equation (1), the internal heat generation W
according to the induction current I is expressed as in the
following Equation (2).

W=I(1, z, TP R(D)=lo(r; 2’ w(I)’R(T) @

In this case, R(T) denotes the temperature dependency of
the electrical resistivity of the flat-plate steel A.

Also, if the internal heat generation W that is generated in
the flat-plate steel A can be obtained solely from the position
(t, z) and the temperature T, it is possible to obtain the calcu-
lation of the temperature distribution history (i.e. thermal
cycle) that is generated in the flat-plate steel A only by the
analysis of the heat conduction.

Accordingly, it is not necessary to perform the analysis of
the electromagnetic field that requires a huge number of man-
hours.

In the fourth step, the temperature distribution history (i.e.
thermal cycle) that is generated in the flat-plate steel A is
obtained by the analysis of heat conduction by applying the
initial induction current distribution Io(r, z) and the tempera-
ture dependent correction factor w(T), which are obtained in
the third step, to Equation (2).

FIG. 10 is a diagram illustrating the comparisons of the
calculated temperature histories obtained by applying the
identified initial induction current distribution lo(r, z) and
temperature dependent correction factor w(T) to Equation (2)
with the measured temperature histories.

In this case, the solid lines and dashed line in the drawing
indicate the results of analysis (i.e. calculated values). Also,
FIG. 10 shows the actual measurement results of the tempera-
ture distribution history that are obtained by a confirmation
test which is performed separately.

It can be seen that the results estimated by the analysis
favorably coincide with the actual measurement results
obtained in the first step. From the results of comparison, it
can be confirmed that the induction current distribution I is
favorably approximated by Equation (1), and the initial
induction current distribution lo(r, z) and the temperature
dependent correction factor w(T) are identified at high preci-
sion.

Then, in the fitth step, the temperature distribution history
(i.e. thermal cycle) that is generated when the flat-plate steel
A is line-heated is obtained by the analysis of heat conduc-
tion.

According to the analysis results in FIGS. 6 and 7, in a
low-temperature region that is away from the heat generation
region, the transition change of the induction current just after
the start of the heating converges to be within one second. In
the line-heating test, the moving distance of the high-fre-



US 9,271,336 B2

7

quency induction coil C in the transition period is equal to or
less than 16 mm, which is sufficiently smaller than the steel
plate size.

Accordingly, the internal heat generation W that corre-
sponds to the induction current I obtained by Equation (1) is
obtained by Equation (2), and the temperature histories in the
flat-plate steel A during induction line heating process can be
calculated when we analyze heat transfer and heat conduction
updating the distributions of I (r, z) and w(T) at every time
step so that their distributions around the coil equal to those of
the spot-heating case. Accordingly, the temperature distribu-
tion history (i.e. thermal cycle) that is generated when the
flat-plate steel A is line-heated can be obtained.

FIGS. 11 and 12 are diagrams illustrating the temperature
distribution history (i.e. thermal cycle) when the flat-plate
steel A is line-heated. FIG. 11 shows the temperature distri-
bution history in the case where the moving speed of the
high-frequency induction coil C is 1000 mm/min, and FIG. 12
shows the temperature distribution history in the case where
the moving speed of the high-frequency induction coil C is
300 mm/min.

In this case, the solid lines and dashed line in the drawing
indicate the results of analysis (i.e. calculated values). Also,
FIGS. 11 and 12 show the actual measurement results of the
temperature distribution history that are obtained by a confir-
mation test which is performed separately.

As illustrated in FIGS. 11 and 12, it can be seen that the
results obtained by the method of estimating the temperature
distribution history according to the embodiment of the
present invention preferably coincide with the actual mea-
surement results of the temperature distribution history.

As described above, by using the method of estimating the
temperature distribution history according to the embodiment
of the present invention, the temperature distribution history
(i.e. thermal cycle) that is generated when the flat-plate steel
A is line-heated can be analyzed (or estimated) with high
precision.

Particularly, since only the internal heat generation W that
is obtained by the heat-conduction analysis is used in the fifth
step, i.e. in the step of analyzing the line heating, the tem-
perature distribution history (i.e. thermal cycle) can be ana-
lyzed (or estimated) with high precision in a short amount of
time without performing a cumbersome electromagnetic field
analysis.

That is, by using the internal heat generation W that is
obtained through the first step to the fourth step, the tempera-
ture distribution history (i.e. thermal cycle) when the flat-
plate steel A is line-heated can be efficiently obtained at high
precision without performing the electromagnetic field analy-
sis in the step of analyzing the line heating (i.e. the fitth step)
even if the moving speed of the high-frequency induction coil
C is changed or the high-frequency induction coil C is not
moved in a straight line.

In this case, the order of operations as described in the
above-described embodiments of the present invention, the
shapes of the respective constituent members or the combi-
nations thereof are exemplary, and can be modified in various
ways without departing from the scope of the invention.
Industrial Applicability

As described above, according to the present invention, the
method of efficiently estimating the temperature distribution
history with high precision in the case where the flat-plate
steel is line-heated by high frequency induction can be pro-
vided.

The invention claimed is:

1. A method of estimating a temperature distribution his-
tory implemented by an apparatus for estimating temperature
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distribution history of heated sheet steel for forming three-
dimensional curved surfaces, comprising:

a first step of measuring, without electromagnetic analysis,
a history of temperature distribution that is generated
when a test piece of sheet steel is spot-heated by high-
frequency induction;

a second step of obtaining an induction current distribu-
tion, which is generated when the sheet steel is spot-
heated by the high-frequency induction, by using finite
element analysis;

a third step of expressing the induction current distribution
by an approximation equation of an initial induction
current distribution at an initial temperature and tem-
perature dependent correction factors of the initial
induction current, wherein the initial induction current
distribution and the temperature dependent correction
factors are identified based on the temperature distribu-
tion history obtained in the first step and the induction
current distribution obtained in the second step;

a fourth step of obtaining internal heat generation from the
initial induction current distribution, the temperature
dependent correction factors obtained in the third step,
and a temperature dependency of electrical resistivity of
the sheet steel;

a fifth step of obtaining the temperature distribution history
generated during the line heating by the finite element
analysis by applying the internal heat generation that is
obtained in the fourth step to the sheet steel while the
internal heat generation is being moved; and

automating forming of a three dimensional curved surface
based on the temperature distribution history;

wherein said apparatus is a computer that includes a pro-
cessor and a non-transitiory computer readable medium
containing computer instructions for causing the proces-
sor to perform at least the second to fifth steps wherein:

in the third step, the induction current distribution I(r, z, T)
is expressed by the following approximation equation
(1) of the initial induction current distribution lo(r, z) at
the initial temperature (To) and the temperature depen-
dent correction factors w(T) of the initial induction cur-
rent, and the initial induction current distribution lo(r, z)
and the temperature dependent correction factors w(T)
are identified based on the temperature distribution his-
tory obtained in the first step and the induction current
distribution obtained in the second step,

11, z, D=Io(r, yw(T) M

r z denoting the position of the sheet steel, and T denoting
the tem erature of the sheet steel; and

inthe fourth step, the internal heat generation W is obtained
by the finite element analysis based on the following
equation (2) from the initial induction current distribu-
tion lo(r, z) and the temperature dependent correction
factor w(T) obtained in the third step and the tempera-
ture dependency R(T) of electrical resistivity of the sheet
steel,

W=Io(r, 2 w(I)’R(D). @

2. The method according to claim 1, wherein in the fifth
step, the internal heat generation is applied to the sheet steel
as the internal heat generation moves in a straight line or in a
curve with respect to a main surface of the sheet steel.

3. The method according to claim 2, wherein in the fifth
step, the internal heat generation is applied to the sheet steel
as the internal heat generation moves at constant speed or at
varying speed with respect to the sheet steel.
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4. The method according to claim 3, wherein in the first
step, the sheet steel is spot-heated by a high-frequency induc-
tion coil.

5. The method according to claim 2, wherein in the first
step, the sheet steel is spot-heated by a high-frequency induc-
tion coil.

6. The method according to claim 1, wherein in the fifth
step, the internal heat generation is applied to the sheet steel
as the internal heat generation moves at constant speed or at
varying speed with respect to the sheet steel.

7. The method according to claim 6, wherein in the first
step, the sheet steel is spot-heated by a high-frequency induc-
tion coil.

8. The method according to claim 1, wherein in the first
step, the sheet steel is spot-heated by a high-frequency induc-
tion coil.
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