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for Plate Bending by Line-Heating (Report IID)T

— Relation between Heating Condition and Deformation —

Yukio UEDA*, Hidekazu MURAKAWA**, Ahmed Mohamed RASHWAN***,
Isao NEKI****, Ryoichi KAMICHIKA****, Morinobu ISHIYAMA™***
and Jun-ichiro OGAWA™***

Abstract

An effective plate bending process by line-heating can be achieved when the heating conditions are
properly selected to produce desirable bending or inplane deformations. To make such decisions on the
heating condition, the relation between heating conditions and deformations must be clarified. For this
purpose, the authors studied the similarity rule holds for the line-heating process and derived two
parameters governing the deformations. Also, new 3-dimensional F.E.M. codes are developed as versatile
tools to replace costly experiments. Their validity is examined through a comparison with an experiment

and it is applied to study the general relations between the parameters and the deformations of plates.

KEY WORDS: (Line-Heating) (Inherent Deformation) (Similarity) (Heating Condition) (Angular
Distortion) (Shrinkage) (Finite Element Method) (Experiment)

1. Introduction

In the plate bending by the line-heating method, the
plastic deformations are created as a result of the heating
and the cooling processes. The plate is bent under the
effect of these plastic deformations. The behavior of the
plate during the heating and cooling cycle is of complex
nature and the shape obtained after the heating is difficult
to predict a priori. In order to automate the process, the
following informations such as, (a) the position and the
direction of heating lines, (b) the proper heating and
cooling condition to get the necessary deformation are
necessary. To determine the position and the direction of
heating lines, the relation between the final form of the
plate and the inherent strain to be given has been studied
using the Finite Element Method!"®. The correlation
between the inherent strain and the final form has been
clarified and a fundamental idea to decide the position and
the direction of heating lines has been proposed. The
validity of the proposed idea has been examined using
mathematical and real curved shapes.

Once these decisions are made, it is necessary to
chose the proper heating conditions for getting the
required inherent strain or deformation at each heating

line. To determine the heating condition, two different
analyses are required, namely heat condition and thermal-
elastic-plastic deformation analyses. The most
significant factors affecting both fields are the heat input
rate, the moving speed of the heat source and the
thickness of the plate. There are other secondary factors
which may affect the deformation of the plate, such as
the length and the width of the heating line, the heat
input distribution, the initial curvature and the residual
stress of the plate, etc. All of these factors have some
influence on the inherent deformations produced by the
line-heating. Although there are a few reports dealing
with the experimental and the theoretical studies on
these factors, the information available is rather limited*
12)

To get the comprehensive understandings on the
relation between the heating conditions and the resulting
inherent deformation, large number of experimental
and/or numerical analyses are required to cover the
possible range of these factors affecting the process. In
such a situation, similarity rule can be introduced to
reduce the number of cases to be studied. Thus, two
parameters governing the similarity rule are derived.
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Computer Aided Plate Bending by Line-Heating

In general, numerical simulations become superior
to physical experiments due to the great advancement in
computer technology today. The Finite Element
Methods is considered to be one of the most effective
tool to replace the costly experimental work. Therefore,
3-D F.E.M. codes for both the heat conduction and the
thermal-elastic-plastic deformation analyses are
developed. The validity of these codes are examined
through a comparison with the experiment done using
the induction heating. These F.E.M. codes are applied
to study the relation between the line-heating conditions
and the inherent deformations. The computed results are
classified based on the proposed parameters.

2. Method of Analysis

The mechanism of the plate bending using line-
heating method is highly complicated to be analyzed
with simple analytical methods. The difficulty involved
in the problem comes from the material and the
geometrical nonlinearities as well as the variation of the
temperature in spatial and time domains. The study of
thermal-elastic-plastic behavior of the line-heating
process has received an attention from about 3 decades
ago. The first attempt to use an analytical approach to
simulate the line-heating process was done by Suhara®
and Iwasaki et al.”’ They modeled the problem using the
beam theory and the solution was obtained analytically.
Due to these restrictions, their model can deal with only
ideal situations. Iwamura and Rybicki ¥ also analyzed
the process using a beam model which is normal to the
heating line and they employed the finite difference
approach in solving the problem. Moshaiov and
Vorus!? developed a boundary element method based on
the thermal-elastic-plastic plate bending theory. The
limitation of their method is that only small deflection
is considered in the theory. Also, Moshaiov and Shin!"
had modified the strip model and extended it to
uncoupled thermal-elastic-plastic strip. In this
modification, they imposed artificial temperature and
material properties to avoid coupling between the
bending and the inplane problem. These assumptions
may be improper to analyze the real behavior of the
plate during the heating and the cooling processes.

The Finite Element Method'® is considered to be
the most effective tool for various engineering analyses.
With the fast and great advance in the computer
technology, the limitations on numerical simulations
have been removed. To analyze the behavior of the plate
under line-heating process, 3-D thermal-elastic-plastic
Finite Element Method in which large deformation is
considered has been developed. Solid elements with
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selective reduced integration is employed to avoid the
transverse shear locking!®!>. In addition, to account for
the temperature variation through the thickness, 3-D
Finite Element Method for the heat conduction problem
has been also developed. The validity of the developed
FEM codes are examined through an experiment using
the induction heating.

3. Validation of F.E.M. Codes
3.1. Features of experiment

In the plate bending process, the gas torch is
commonly employed as a heat source. An alternative
heating method which has been studied is the laser
heating'®. When gas heating is used, it is difficult to
control the amount of heat input power during heating.
On the other hand, the laser is superior in the
controllability and its applicability has been studied.
However, it requires a special instruments which are
complex and very expensive. Further investigation is
necessary to introduce the laser into the plate bending in
ship yards.

20 kHz
11.7 kW

Fig.1 Schematic feature of induction heating method.

Another alternative heat source with high
controllability is the induction heating. To verify the
F.E.M. codes, the experiment of line heating using
induction coil is done. The schematic representation of
the induction heating method is shown in Fig.1 . The
length of the induction coil is 170 mm and its effective
heating width is roughly 20 mm. The effective heat
input power is 11.7 kW and the frequency is 20 kHz.
The efficiency of the heating is about 0.8. The effective
depth of the heating zone is observed to extend 2 mm
below the heating surface. The mechanical and the
thermal properties of the material used in the
experiments are shown in Figs.2 and 3.
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temperature.

The dimensions of the model used in experiment are
500x500x16 mm as shown in Fig.4 . The distribution
of the heat input is assumed to be constant along the
length of the coil. In the width direction, it is assumed
to distribute as shown in Fig.5 which describes the
distribution of the heat input per unit volume of the
heated layer. The duration of the heat input was 40
seconds for the temperature measurements. The heat
source was kept fixed at the center of the plate and the
longitudinal axis of the coil was set parallel to y-axis.
The thermocouples were placed at different positions and
only three positions A, B and C are selected for
comparison. The coordinate of these points are (
0.0,0.0,1.1), ( 10.0,0.0,1.3) and (0.0,15.0,16.0),
respectively, as shown in Fig.2.

3.2 Temperature field

In the computation, the heat input is given to the
elements within 2 mm from the surface of the plate.
Due to the symmetry, only one quarter of the model is
analyzed. The mesh division used in the computation is
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shown in Fig.6. The finer divisions are used in the
thickness and the length directions in the region near the
heating line and the course divisions for the region away
from the coil. The computed and the measured
temperature histories at the points A, B and C are shown
in Fig.7. The computed temperature at the point A,
which is at the center of the coil and 1.1 mm below the
heated surface, is slightly smaller than the measured one.
At the point B, which locates 10 mm off the centerline
of the coil and 1.3 mm below the surface, good
agreement is observed. While, the computed
temperature is about 15 % higher than the measured one
at the point C on the back surface. This means that the
gradient of the computed temperature through the
thickness is relatively smaller than that of the
experiment. Although, there is a small discrepancy, the
computed temperatures show generally good agreements
with the experimental ones. This proves the validity of
the developed F.E.M. code for the heat conduction
problem.
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Fig.7 Comparison between computed temperature
history at points A, B and C.

3.3 Deformation field

The same model as in the temperature measurements
was used for the measurements of deflection except that
the duration of heating was chosen to be 60 seconds.
The stress-strain relationship is assumed to be elastic-
perfect-plastic. The deflections of the top and the
bottom surfaces of the plate were measured at different
points along two planes, D-D and F-F as shown in
Fig.2. The plane D-D is the transverse cross-section at
the center of the plate and the plane F-F is that near
from the edge as shown in Fig.2. The same mesh
division used for computing the temperature is used for
the deflection.

The computed and the measured values of deflection
at the two planes D-D and F-F on the top and the
bottom surfaces of the plate are shown in Figs.8 and
9, respectively. The value of the deflection is defined
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relative to that of the point E which is chosen as a
reference. From these figures, it can be noticed that the
measured and the computed deflections have the same
trend. When the computed deflection in Fig.8 is closely
examined, it is noticed that local swelling of the plate at
the heated area precisely agree with the experiment. The
increase of the thickness due to the swelling is about 0.2
mm and it almost coincides with the experiment. This
kind of local swelling is caused by large transverse
shrinkage due to the plastic deformation and the
incompressibility of the plastic deformation. The
expansion in the thickness occurs to maintain the
incompressibility under the transverse shrinkage.

Measured top plane D-D
Measured bottom plane D-D
FEM top plane D-D

FEM bottom plane D-D

(mm )
ocoem

Deflection

1 i A 1 1 i i
0 40 80 120 160 200
Distance in X-direction ( mm )

Fig.8 Computed and measured deflection on top and
bottom at plane D-D.
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Fig. 9 Computed and measured deflection on top and
bottom at plane F-F.

As seen from the computed results in Fig.9, there
should be no difference in deflection between the top and
the bottom surfaces of the plate away from the heating
line. Hence, the difference observed in the measured
deflections are the error in the measurements. Noting
that the magnitude of the error in the measurement is
about 0.1 mm, the accuracy of the computed deflection



is satisfactory compared with the measurements and this
proves the validity of the developed F.E.M. code for the
deformation analysis.
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"q=£(Q)
4 N
. ,
X‘ll >
1,

Fig.10 Schematic representation of variables affecting
line-heating.

4. Parameters Governing Deformations
Produced by Line-Heating

4.1 Governing parameters

The thermal and the mechanical phenomena are
governed by various factors. When the material of the
plate is the same, the primary factors are heat input rate
Q, thickness of the plate k and the moving speed of the
heat source v.as shown in Fig.10. As the secondary
factors, the heat input distribution, method of cooling,
material properties of the plate, such as the yield stress,
dimensions of the plate, initial curvature and the stress
may influence the deformation of the plate. The effect
of the three primary factors are examined first and then
the effect of the heat input distribution is studied in the
present work.

To clarify the effect of each factors in a general
manner including the physical meaning, the similarity
rule which holds in the line-heating process is
investigated. Based on this study, two parameters which
characterize the process are derived.

The problem of line-heating consists of two sub-
problems, namely thermal conduction problem and the
thermal-elastic-plastic deformation problem. When the
effect of the mechanical field on the thermal field can be
ignored, the coupling between the above two problems
are removed and they are solved separately. Thus, the
similarity rules are also studied individually. For
simplicity, the material properties related to the
temperature field, such as thermal conductivity A4,
specific heat ¢ L density p and thermal transfer
coefficient yare assumed to be independent on the
temperature. Only the Young's modulus E and the yield
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stress oy are assumed as functions of the temperature.
The geometrical nonlinearity is considered in the
deformation analysis of the plate.

The details of the discussion on the similarity rule
are shown in the Appendix. The outline can be
summarized as follows. The fundamental assumptions
on which the similarity is considered are :

a) The plate and the distribution of the heat input is
geometrically similar,

b) The materials of the plates are the same and their
thermal and mechanical properties are the same.
Then, the condition for the deformation to be similar is

that:
¢) The value of the temperature at points with the

same dimensionless coordinates in the same
dimensionless time must be the same.
Further, the conditions for the same temperature at the
corresponding time and the place are:
d) The following two parameters 8 and { must be the
same.
B = Q [(pPvh*)°S o
{= (vhik)*? )
where,
k : thermal diffusivity defined as,
k=Alc,p
p : coefficient of heat penetration defined
as,
p=(Ac,p)"’
As it will be discussed in the next section, the physical
meaning of the parameter S is the value which is related
to the surface temperature. The parameter {represents
the relative speed of the moving heat source.

4.2 Physical meanings of parameters

The physical meaning of the two parameters
proposed in the preceding section is examined by
numerical simulations using F.EM. The numerical
model considered is a steel plate of the size 300x300x8
mm. This plate is assumed to be heated along the center
line by a moving heat source starting from one end to
the other. The heat input rate is Q and the traveling
speed is v. As for the material properties, the same
Young's modulus E and the yield stress oy as given by
Fig.4 are used. The thermal conductivity A, the specific
heat €ps the density p and the thermal transfer
coefficient yare assumed to be independent on the
temperature and following values are used,

A =0.0160 cal/mm-sec-°C
¢, =0.980 cal/g-°C

p = 0.00782 g/mm>

y =027 x10° cal/sec-mmZ2.°C
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The heat is applied in the form of heat flux ¢ and its
distribution is assumed to be the Gaussian distribution,
such that,

4(1)=Gase™ 3
where, ris the distance from the center of the heat
source and q,,,, is the maximum value of the heat flux
at the center. The total heat input rate Q is given by
using the concentration coefficient x as,

Q =G max/ K 4
In the present model, the value x is assumed to be
3.1x10% mm2.
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B=57x 10
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Fig.11 Relation between maximum surface temperature
and ¢ for constant value of B.

400 -
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The temperature field in the line-heating process
depends primarily on the heat input rate @, the moving
velocity of the heat source v and the plate thickness h.
However, similarity holds when certain conditions are
satisfied by these three values. Thus, the phenomena are
characterized by only two independent parameters 8 and {
as shown in Appendix. To clarify the physical meaning
of these parameters, serial computations with changing
B and { are done and the computed results are
summarized in Fig.11. The maximum surface
temperature T .., for each case is plotted against { in
the figure. As it is seen from the figure, the surface
temperature becomes high as the parameter 8 becomes
larger. The temperature decreases when the moving
speed of the heat source becomes large. But it saturates
to a constant value in the region { > 3.0. The reason
for this is that the maximum temperature is influenced
by the reflection of the heat flow at the bottom surface
when the moving speed is small. If the moving speed is
fast enough, the effect of the finiteness of the thickness
disappears and the surface temperature becomes constant
when f is the same. The region { < 3.0 corresponds to
the case where the finiteness of the plate is observed in

the maximum surface temperature. Thus, the regions in
which { > 3.0 and { < 3.0 are referred to as semi-
infinite body response and thick wall response,
respectively.  When { is extremely small, the
temperature gradient through the thickness can be
neglected. Thus, this region may be classified as the
thin wall response. ( “

Further, T, ,,,, normalized by B is plotted against
{ is shown in Fig.12, This figure shows that
T, max! B is the same when { is the same. In other
wards, the parameter f is proportional to the maximum
surface temperature when { is the same. Especially,
when {>3.0, T;,,/B is almost constant. In such a
cases the maximum surface temperature is
approximately proportional to 8 regardless of the value
of £.

0.20
0.16} n\‘\ﬂ\t :
i — —
T 0.12f Thick wall | Semi-infinite body
s,max i response response
B 0.08
of=57x 10°
= 3
0.04F 08=4.4x10
» f=3.2x 103
0.00 1 1 1 i 1 1 ] 1
0 1 2 3 4 5 6 7

Fig.12 Relation between Ty ,q,/B and &.

4.3 Verification of similarity rule

To verify the similarity rule, geometrically similar
two models shown in Fig.13 are analyzed by F.E.M.
One model is the same model as discussed in the
preceding section which has the dimension of 300x300
x8 mm. Another model is twice as large as the first one
with its dimensions 600x600x16 mm. For
convenience, these two models are denoted as M8 and
M16 according to the thickness. To maintain the
similarity of the heat input distribution, the
concentration coefficient k are assumed to be 3.1x1073
mm2, 7.75x10"* mm2,, respectively. The parameter 8
is assumed to be 4.4x103and two values of ¢
corresponding to the thick wall response and the infinite
body response, i.e. 1.9 and 4.4 , are selected. The
details of the heating condition are presented in Table
1. As seen from the table, the heat input rate becomes
twice and the speed of the heat source becomes half
when the size of the plate becomes two times.
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Fig.13 Geometrically similar models.
Table 1 Heating conditions for similarity.
model ¢ h Q v K
(mm) (cal/sec) | (mm/sec) (mm-2)
1.9 8 , -
M8 1107 10 3.1 x10
4.4 8 2475 50 3.1 x10°®
-4
M16 1.9 16 2214 5 7.75% 10
4.4 16 4950 25 7.75% 1074
800
| O M8 : point A
E' M16 : point A
~ M8 : point B
L 600 " M16 : point B
o B=4.4x103
=
w 400
i
L
2
g
-5
& 200
0

0.4 0.5 0.6 0.7 0.8 0.9 1.0
Dimensionless time T (T = tv/L )

Fig.14 Temperature history at point A and B on top and

bottom at mid-length of plate for models M8 and
M16 ({=4.4).

The time histories of the temperature on the top and
the bottom surfaces at the center of the two
geometrically similar models are shown in Figs.14
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and 15. The abscissa represents the dimension less time
7. Though the thickens of the plate & should be used in
normalizing the time according to the similarity rule,
the length of the plate L is used for convenience. Then,
when the normalized time 7 is equal to 0.5, the heat
source is passing the center of the plate. The open and
the solid symbols represent the temperatures of the
models M8 and M 16, respectively. It is seen from
these figures that the temperatures are the same and the
similarity holds when B and { are the same.

800
O MS$ : point A
s ® M16: point A
0O M8 : pointB
n

600 : point B

Temperature (°C)
£
>
>

0.4 0.5 0.6 0.7 0.8 0.9 1.0
Dimensionless time T (T =tv/L)

Fig.15 Temperature history at point A and B on top and

bottom at mid-length of plate for models M8 and
M16 (§=1.9).

Further, using temperature fields computed in the
above, the thermal-elastic-plastic deformation of the
plates are analyzed by F.EEM. The computed results are
shown in Figs.16-18. Figure 16 shows the time
histories of the angular distortion at the starting side of
the edge (hatched section in Fig.13). The angular
distortions of geometrically similar plates are the same
and similarity holds when when S and { are the same.
It is also seen from the figure that the plate deforms into
the convex shape viewed from the heating side in the
very first stage. Then the deformation is reversed and
the shape becomes concave. If the cases with different {
are compared, the surface temperatures are roughly the
same when f is the same. But the angular distortion is
large when { or the moving speed is small. The reason
for this is that the heat input per unit length is smaller
if £ is large. ‘

Figure 17 shows the transverse shrinkage at the
center section of the plate normalized by the half width
of the plate B. The similarity can be observed from this
figure and it is seen that the magnitude of the shrinkage
decreases when { becomes large. The same trend can be
seen from Fig.18 which shows the distribution of the
plastic strain component in the width direction. The
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distribution is shown through the thickness at the center
of the plate. Itis seen that the plastic strain distributes
only near the surface when { is large. This explains the
results that both the angular distortion and the shrinkage
become small when (is large.

0.006

0.004}1

0.002f

B=4.4x10

Angular distortion (rad.)

0.000

0.002 . ::?sc -4

. A r’ﬁeg =1.9
00 o o4 o6 os 1.0

Dimensionless time T (T =tv/L)

Fig.16 Time history of angular distortion at starting
edge for models M8 and M16.
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Fig.17 Distribution of shrinkage in transverse
direction at mid-length of plate.
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Fig.18 Distribution of plastic strain in X-direction at
mid-length through thickness of plate.
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5. Heating Conditions and Inherent
Deformations

5.1 Models for serial computations

As it is discussed in the previous report'?, the
selective use of both the angular distortion and the
shrinkage is necessary to achieve an efficient plate
bending procedure. For this purpose, appropriate
heating conditions to obtain the required angular
distortions or shrinkage must be known. At the same
time, the comprehensive understanding on the relation
between the heating condition and the resulting inherent
deformations is necessary to develop new and ideal
heating devices.

Since the properties of the heat source can be
characterized by the parameters § and {, the inherent
deformations obtained by the line-heating can be
classified using these parameters. The same model as
M8 discussed in section 4.3 is used for the parametric
study. The distribution of the heat input is assumed
also as Gaussian distribution with x=3.1x10" mm2,
The ranges of the parameters to be examined are selected
according to the practical situation. Since the maximum
value of the surface temperature is limited, three values
of B are selected, namely f=3.2x10 (T ,,,,=445°C),
B=4.4%10? (T, me,=615°C) and B=5.7x103
( Ts,,,,,,x=785°C). As for £, the range which includes the
point gives the maximum angular distortion is selected,
such that, 0.6 < { < 6.2.

5.2 Relation between parameters and
deformations

The relation between the parameters f3, { and the
computed angular distortion is shown by Fig.19. As
observed in the figure, the angular distortion increases
with B or the surface temperature. From the variation
with {, it is seen that the angular distortion gives
maximum at certain value of { when J is constant.
The dashed line in the figure is the line connecting the
points with the same value of the heat input per unit
length @/v. These lines show that the magnitude of the
angular distortion is not determined by Q/v alone. It
also depends on how fast the heat is applied.

Similarly, the relation between the parameters and
the transverse shrinkage at the center of the plate is
shown in Fig.20. The shrinkage also increases with
B. Though, it is small when the moving speed is large,
it rapidly increases as the speed becomes fairly small.
Figure 21 shows the relation between the parameters
and the inplane and the bending plastic strains at the
center of the plate. The inplane plastic strain
component in the transverse direction gx™ is represented



by the plastic strain at the midsurface of the plate. The
bending component & is represented by the difference
between the plastic strains at the top and the middle
surfaces. Both the inplane and the bending plastic
strains in Fig.21 show the same trend as Figs.19 and
20. From these figures, it can be seen that the inplane
or the bending dominant deformation can be achieved by
selecting proper heating conditions. The bending
dominant deformation is obtained when the surface
temperature is high and the moving speed of the heat
source is fast. The dominant inplane shrinkage
deformation is obtained when the moving speed is slow,
such that £ < 3.0.
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Fig.19 Relation between angular distortion and
parameters § and f.
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Fig.21 Influence of parameters { and  on bending and

inplane plastic strains at mid-length of plate.
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Fig.22 Angular distortion in line heating and welding
processes.

The welding is a similar process as the line-heating.
The deformation under the welding was studied by Satoh
et al.!? It is shown that the angular distortion by
welding is basically governed by one parameter which
represents the heat input per unit length divided by the
square of the plate thickness (Q/vh%). For comparison,
the angular distortion by the line-heating is plotted
against (Q/vh?) together with those by the welding in
Fig.22. The significant difference between the welding
and the line-heating is the maximum temperature. Since
the temperature is much higher in the welding compared
to the line-heating, the curve representing the welding
locates above those for the line-heating. It is also seen
that the lines for line-heating tend to approach to that for
the welding when the surface temperature is high (or S is
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large) and heat input is small (or the moving speed is
fast).

5.3 Effect of heat input distribution

The effect of the primary factors has been discussed
in the previous sections. Other factors which may
influence the resulting deformation are the heat input
distribution, method of cooling, mechanical properties
of the plate, the initial curvature and the residual stress.
Among these, the heat input distribution is selected and
its effect is examined.

The model considered is the same as that shown in
section 5.2. The primary parameters are kept same
(B=4.4x103, {=2.8) and three different values of
concentration coefficient are considered, namely
x=2.0x1073, 3.1x103, 3.9x10> mm2. The computed
angular distortion and the shrinkage are compared in
Fig.23. T, ,,, in the figure shows the maximum
surface temperature for each case. The surface
temperature increases as the concentration coefficient
becomes large. Due to the temperature increase, both
angular distortion and the shrinkage increase. Therefore,
it is seen that the heat input distribution is an influential
factor on the deformation and it must be controlled as
carefully as the primary factors.

x10°® x107?
10 T 752 °C 3
s,max =
- }- ® Angular distortion / g
° O Shrinkage =
S Z
= L
2
g g
E =
@ Ts,max = 614 °C .E
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-} o
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& 5
il B=44x10® | E
=
Ts,max = 432 °C t =2.8 z
0 . Ll . I L 0
1 2 3 4 x10?

Concentration coefficientk (mm-2)

Fig.23 Influence of concentration coefficient of heat

input on deformations under line-heating.

6. Conclusions

In order to achieve rational and effective plate
bending through the line-heating, it is necessary to
know the proper heating conditions to get the inherent
deformation required for each heating line. To obtain a
general understanding of the phenomenon, the
similarity rule governing the line-heating process is
studied and two parameters which characterize the
heating condition are proposed. The validity of these
parameters in the similarity has been examined. For the
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quantitative study of the plate bending process, a 3-D
F.EM. code for the thermal-elastic-plastic large
deformation problem and that for the heat conduction
problem are developed. The validity of the developed
F.E.M. codes are examined through the comparison with
an experiment using the induction heating. Further, the
relation between the heating conditions and the inherent
deformations has been studied based on the proposed
parameters. Through the present study, the following
conclusions are drawn.

(1) The plate bending process by the induction heating
is analyzed using the F.E.M.code developed in the
present research and their validity is proved through
the comparison with the experiment.

(2) The proposed conditions for the similarity in line
heating process are proved to be correct through
numerical simulations.

(3) The relation between the parameters 8 and §, which
characterize the heating conditions and the resulting
inherent deformations are studied. Through this
study, it is shown that the line-heatings specially
aiming at the bending or the shrinkage can be
achieved by choosing proper heating conditions. To
get the angular distortion, 8 or the surface
temperature must be high and the moving speed of
the heat source should be fast. On the other hand,
to get the shrinkage, £ or the moving speed must be
small enough.

(4) When the welding and the line-heating process are
compared, they are the phenomena which have the
same nature at the root. The welding is considered
as the extreme case of the line-heating when the
surface temperature is high and the moving speed is
fast. In other word, both 8 and ( are large in the
welding.

(5) Although the parameters f and { are kept same, the
deformation changes with the distribution of the
heat input. It is shown that both the angular
distortion and the shrinkage become large when the
heat input is concentrated.
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Appendix
Similarity Rule
As a method to derive conditions or parameters for
the similarity, dimensional analysis'®»!* is commonly
used. Also parameters can be derived as the coefficients
of governing equations and boundary conditions in
dimensionless form. On the other hand, the line-heating
process can be divided into the thermal conduction
analysis and the thermal-elastic-plastic analysis. The
dimensional analysis is employed for the heat
conduction problem and the method based on the
dimensionless equations is applied for the deformation
problem.

1. Deformation problem

When the transient temperature field is known, the
deformation problem is described by the compatibility
equations, the constitutive equations, the equilibrium
equations and the boundary conditions in the incremental
form. To normalize the variables, the plate thickness h
and the yield stress oy, are selected as fundamental
quantities. The governing equations and the boundary
conditions are transformed into the following
dimensionless form using k& and oy, .

(a) compatibility condition

£:5=W (Gs, 5 055 +0k: Uk ) @l
where,
Qi 5 = 00:/0X;
)A(_; = Xj/h B Cli = Lli/h

(b) constitutive relation (elastic-perfect-plastic)

The constitutive relation for the elastic-perfect-
plastic material is described by the following set of
equations.

Separatlon of strain increment
AE@-AS,‘, +A8€‘, +AETJ (3.2)

where, A€ ¢; AEP; Ae"; denote the elastic, the plastic
and the thermal strain increments. Using the thermal

expansion ratio « and the temperature increment AT, the
thermal strain increment AsT is defined as,

Asid—aATéu (8.3)
- strain increment
Aai,;: (ZIJ./OYO) AE?J (34)

+ (7\4/0\{0) (Agx?lnémn) 6iJ
+2 (8u/0T) (AT oxo) ES;
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+ (9 l/aT) (AT/OYO) (ggnﬁmn) S
where, 1 and A are Lame's coefficients.

- yield condition

(3/2) 8150845

=2A (OY/OYO)(aOY/aT) (AT/OYO) (a.S)
where, §;;is the normalized deviatoric stress component
which is defined as,

Sis={0i;—Y% (Omabmn) 8i5} S0vo (ab)
- normality rule
Aé?JAéi.j:O (&7)
(c) equilibrium equation (no body force acting)
56;5/65&3 =0 (3.8)
(d) boundary conditions (no external force acting)
n; o iy = 0 (3.9)

where n;is the component of the outward normal to the
surface of the body. The similarity holds when the
coefficients which are indicated by underlines are the
same. Therefore, if the material properties i, 4, Oyg and
o are the same including their dependence on
temperature, the similarity holds for the geometrically
similar models when the temperature T is the same.

2. Heat conduction problem

The temperature field in the line-heating process is
mainly governed by the heat conductivity A, the heat
capacity per unit volume C,, the thickness of the plate
h, the heat input rate Q, the moving speed of heat
source v and the maximum surface temperature under
heating T,,,, Denoting the dimensions of length,
force, time and temperature as L, F,f and T,
respectively, the above values have the following
dimensions.

[A] =[L°. F', t' 0] (a.10)
[Co ] =1[L"% F', t°, 6]

(hl =[L', F°., t°. 6°]

[Q] = [L', F', t-% 6°]

[vl =1[L'. F°, t% 6°]

[Tmax ] = [L°, F°, t°, 7]

According to Rayleigh's method'® the temperature T

can be expressed as,

T=G (A*, Ce® h®., Q%. v® . Tmax')(a.ll)

Further, the dimensional relation of the above equation

is shown to be,

O=(F t'e ") (L2Fo 1)L (L' Ft') (al2
x(LtYe (0)°*

Since, the dimensions of the both sides of Eq.(a.12)

must be the same, the following relations are derived.
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-a-b+ f
atb+d
-2bt+tct+d+te
=-a-d-e

(a.13)

o o O
]

By eliminating b, ¢, e, f from the above four equations,
the normalized temperature 7/T,,,, can be written as,
T/Twax=% ( {A1/Covh}*{ Q/Coh®vTuax}® ) (a.14)

Noting that a and d are arbitrary, the terms in the two
sets of parentheses must be the same for the similarity
to hold, such that,

c1 =A/Cuvh

Cz2 = O,/CphZVTmax
As it is discussed, the temperature must be the same for
the similarity in the deformation problem. Thus, the
maximum surface temperatures in mutually similar
models are the same. Under such condition, Eq.(a.15)
can be rewriften as,

c1 = A/Covh

Cs = Q/ Cphzv
Further, the condition that "both ¢; and ¢, are the same"
and the condition that "two independent combinations of
these are the same" are identical. Thus, the following
two parameters which govern the similarity are derived.

(a.15)

(a.16)

¢= (c1) "'7%= (vhy/k) 2 (a.17)
B= (ci1) *2cs = Q/p(vh?) /2
where,
k: thermal diffusivity
k=AlIC,
p: coefficient of heat penetration
p = (AC,)"”

Physically, the parameter { corresponds to the similarity
condition for the general quasi-steady heat conduction
problem under heat source moving at constant velocity.
It is the same as the coefficient of the governing
equation in dimensionless form, such that,
v? T = (vh/k) (8T8 %) (a.18)
On the other hand, the parameter f has the dimension of
temperature and its value corresponds to the maximum
surface temperature.

In the above discussion, the parameters defined by
Eq.(a.15) are dimensionless values. It is natural to adopt
dimensionless values to describe conditions for
similarity. However, since the parameter is defined only
by @, v, h and material constants and it is related to the
maximum surface temperature, the parameter § defined
by Eq.(a.17) is adopted in this report.



