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ABSTRACT

In plate bending by the line-heating method, decisions on the
number of heating lines necessary to form the plate and their
position are usually made by skillful workers. To automate the
plate forming using the line-heating, prediction method to estimate
the number of heating lines to bend unidirectional uniform curved
surfaces is proposed in this paper as a first step. The phenomenon
of bent plate around single heating line is discussed. Using 3-D
finite element codes for the thermal-elastic-plastic and the heat
conduction problems, numerical simulation is carried out to get an
insight into the behavior of the bent plate around the heating line.
Based on the computed results, idealization for the deflection shape
of the bent plate by a heating line is made. Hence, a prediction
method to estimate the number of heating lines, necessary to bend
unidirectional uniform curved surfaces, has been proposed. Two
case studies, cylindrical and twisted shapes, are discussed by
applying the proposed method.

Keywords: Line- heating method, Plate forming, Number of heating
lines , Unidirectional curved surfaces, Finite element
method.

INTRODUCTION

Formingof three-dimensional surfaces ofshell plating of ship structures is
accomplishedusually using the line-heating
method. This method has the capability of
forming complicated three-dimensional
shapeswhich could not be achieved using
othermechanical methods. In the line­
heatingmethod, the plate is bent under the
influenceof the bending and/ or inplane
plastic deformation created during the
thermalheating and cooling processes. The
resultingshape of the plate bent by the line­
heating method is difficult to being
predictedin advance due to the complex
natureof the process. Thus, the skill and
theexperienceof workers are indispensable
elementsto carry out the plate bending by
the line-heating. However, advanced
techniqueswhich lead to the automation of
the formingprocess can put the unrevealed
Ikills and experiences of workers aside.
Oncethe necessary information about the
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forming process by the line-heating method
can be accumulated with the aid of
computer simulation, mechanization of the
process can be put into practical use in
shipyards.

Towards the automation of plate forming
process using the line-heating method,
several experimental and theoretical
studies were carried out. Nomoto et al. [1­
2] presented a line heating simulator in
which the plate forming by the heating
process was explained using a simple
mechanical model. This simulator can be
used to train the craftsmen. Ueda et al. [3­
6] proposed a computer-aided system for
plate forming by line-heating to generate
information on where, in which direction
and how to heat. However, the general idea
of generating process plan for heating
instructions was proposed and details were
not discussed. In addition, Lee [7]
presented an algorithm to generate the
marking data for plate forming by the line
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heating based on a simple mechanical
model considering bending of beam only.

To automate the plate forming by the
line-heating method, necessary information
about the number of heating lines, their
positions and the suitable heating
conditions to get the desired deformation
should be available in advance. To generate
necessary information in plate forming,
prediction method fo:r the number of
heating lines is proposed in this paper
which is an extension of the previous work
18] presented by the author. The
phenomenon of the bent plate around a
single heating line is studied using 3-0
[mite element codes for the thermal-elastic­
plastic and heat conduction problems.
Numerical simulation is carried out to get
an insight into the behavior of the bent
plate around the heating line. Based on the
computed results, an idealization for the
deflection shape of bent plate by a single
heating line is made. Thus, a prediction
method to estimate the number of heating
lines, necessary to bend unidirectional
uniform curved surfaces, has been
proposed. Two case studies, cylindrical and
twisted shapes, are discussed by applying
the proposed method.

PHl~NOMENONOF BENT PLATE BY
LINE-HEA'fING

In forming a .flatplate by the line-heating
method, the plate is bent around the
heating line as shown schematically in
Figure 1. In the heated region, the
compressive plastic strain that takes place
has a certain distribution through the
thickness of the plate. The plate is bent
under the effect of this permanent
deformation mainly in the perpendicular
direction to the heating line making an
angular distortion in the transverse
direction which is considered the main
sou:rce in forming the plate. Also, depending
on the heating condition, there will be a
certain angular distortion in the direction
parallel to the heating line. In addition,
there ~ill be a certain amount of shrinkage
in the plane of the plate and its magnitude
depends on the main parameters of the

heating conditions such as the heat input
rate Q and the torch traveling speed v
together with the thickness of the plate [8].
In the region bounding the plastic
deformation, there is a very concentrated
curvature in the perpendicular direction to
the heating line. On the other hand, the
remaining portion of the plate remains
straight because there is no plastic
deformation exists and only elastic response
occurs. The previous explanation for the
phenomena of bent plate around the heating
line will be examined through the following
numerical experiment.

heating line

Figure 1 Bent plate by heating line

Method of Analysis
It is well known that the mechanism of

plate bending using the line-heating method
is highly complicated due to the material
and geometrical non-linearities as well as
the variation of temperature in the spatial
and time domains. Thus, the developed 3-D
thermal-elastic-perfect-plastic finite element
code in' Reference 8, in which large
deformations are considered, is employedfor
the purpose of deformation analysis. In
addition, to account for the temperature
variation through the domain of the plate,
the developed 3-0 finite element code for
the heat conduction problem in reference [8]
is used. The validity of these developed
FEM codes had been examined in Reference
8.

Model of Analysis
The considered numerical model is a

steel plate of size O.3xO.3xO.008 m. This
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Figure 3 Temperature dependence of mechanical and
physical propertis [5J

The value of S is assumed to be 3. 1x l03
m-2 in the analysis and two speeds for the
moving torch were selected, VI= 0.01 m/s,
and V2= 0.05 m/so In addition, two values of
the heat input rate, 4.6 and lOA kJ/s,
respectively, were chosen corresponding to
each traveling speed such that the
maximum temperature of the heated surface
becomes nearly the same, about 640°C.
From symmetry, one half of the plate is
considered in the calculation and the
employed mesh division is shown in Figure
4.
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plate is assumed to be heated along its
longitudinal center line, x-axis, by a moving
heat source from one end to the other as
shown in Figure 2. The torch is moved with
moving speed v and the heat input rate is Q.
The variations of the mechanical properties
of the material employed in the calculations
with temperature are given in Figure 3. The
thermal properties of the material, thermal
conductivity A, the specific heat Cp, the
density p and the heat transfer coefficient y,
are assumed to be independent of the
temperature and the following values were
used in the computations [8]:

A = 67 J /m,s.K
Cp = 4.1 kJ /kg.K
p = 7.82 ton/m3
y = 1.13 J /m2.s.K

The heat is applied in the form of heat
fluxq and its distribution is assumed to be a
Gaussi,Ul distribution, shown in Figure 2,
such that [8]

where r is the distance from the center of
the heat source and qmax is the peak value of
the heat flux which can be obtained using
the heat input rate Q and the concentration
coefficientS as follows [8]:

qmax = Q(S /re)

I

/---(//9-0.3", =:=;r

(2)

Figure 2 Model of analysis. Figure 4 Mesh division used in calculations.
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Figure 6 Deflection shape
direction.

Figure 5

Resulting De'formation
Two sections were chosen transversely at

the mid-length of the plate and
longitudinally passing through 111eheating
line, to show the deflections of the plate at
the middle surface for each case of the torch
speed. The shape of the calculated
deflection along transverse section at the
mid-length of the plate for the two cases is
given in Figure 5. It is clear from this figure
that the shape of deflection in the transverse
direction to the heating line has curved
shape of very small length. After that
curved part, the shape of deflection is a
straight line for both cases of the torch
speeds. This confirms with the previous
statement about the response of the plate
which remains straight away from the
location of heating line.

The longitudinal deflection of the plate is
shown in Figure 6. It can be seen that the
magnitude of deflection in the longitudinal
direction is small compared with that in the
tran.sverse direction to the heating line.
Besides, the deflection along the
longitudinal center of the plate has two
different directions for each case. At
relatively low moving speed of the torch,
0.01 mJ s, the shape of deflection in the
longitudinal direction has a convex shape
with respect to the heated surface. On the
other hand, at higher moving speed, 0.05
mJs, it has a concave shape in the
longitudinal direction. Thus, at a certain
intermediate speed, the deflection in the
longitudinal direction may be vanished and
only the deflection in the transverse
direction remains.

The shrinkage of the middle surface in
the transverse direction is shown in Figure
7. It is clear from this figure that, the
magnitude of the transverse shrinkage at
5mall moving speed of torch is greater than
that at higher speed.
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0.00000

PROPOSED METHOD FOR ESTIMATING
HEATING LINES

Based on the idealized deflection line
forming a flat plate into a unidirectional
cu:ved surface, such as a cylindrical shape,
usmg the line-heating method can be
thought as dividing the flat plate into several
strips and bending every two adjacent strips
around their line of conjunction a certain
angle to approach the required curved
shape. Hence, the required number of
heating lines can be estimated based on the
followingassumptions:
1. Each heating line can create a constant

transverse bending angle eL along its
length and the angular distortion in the
longitudinal direction can be ignored.

2. The inplane shrinkage effect will be
neglected such that the desired surface
is considered to be a developable
surface.

Thus, the problem of approaching the
required curved form can be treated by
methods of geometry rather than continuum
mechanics.

Deviation Between Approximate and
Actual Shapes

If it is required to form a flat plate into a
part of cylindrical surface, the problem is
then reduced to make the flat width of the
plate approaches the curved part of the
cylinder. This can be approximated by
dividing the width of the flat plate into a
certain number of segments. Any two
successive strips are interconnected by a
heating line producing certain bending
angle eL. The ends of each strip should lay
on the desired curved part of the cylindrical
surface as shown in Figure 9. The
maximum deviation, 8, between the
approximate and the actual curved shapes
depends on the required curvature and the
magnitude of the available bending angle
that can be produced by the line-heating
method. Based on the approximate shape
shown in figure 9, the maximum deviation
8, can be determined from the followin~
equation:
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Basics of The Prediction Method
It is clear from figure 5 that the deflection

shape of the bent plate around the heating
line can be drawn by the dashed lines as
shown in Figure 8. The length of the
horizontal portion of the deflection shape
depends on the size of the torch and almost
it will be very small. For simplicity, the
1enbJ1:hof this flat portion is taken equal to
zero and the considered idealized bending
whichcan be used in predicting the number
of heating lines corresponds to the solid
lines. The error in the idealized bending
angle due to neglecting this horizontal part
willnot exceed 5 0/0•

Figure 8 Idealized deflection shape
8 = R(l - COseL) (3)
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Therefore, the magnitude of the maximum
bending angle, 8L(max.)that can be produced
by each heating line value should not be
greater than the permissible bending angle,
8~~,r,such that

Number of Heating Lines
By deciding the magnitude of the

maximum permissible deviation, Oper,the
corresponding permissible bending angle,
8p':r,can be determined as follows:

Figure 10 shows the relationship between
the maximum deviation of the strip, 8, and
the radius of curvature R fo~ different
bending angles, 8L. The selected range of
radius of curvature, R, corresponds to that
applicable in forming shell plating in
shipyards [8]. In addition, the maximum
bending angle, 8L(max.I, that can be obtained
from the line- heating method v/ill be nearly
1 degree (0.0174 rad). It is clear from figure
:.0 that the maximum deviation 01" the strip,
b, increases as the required radius of
CUIvature, R, increases. Also, the maximum
deviation, 0, increases as the bending
angule, 8L,increases.

:: cos-J(1 - ?iperjR)

eL(rnax.) ~ Oper

(4)

(S)

The width of the plate, W, will be divided
into a certain number of strips (NS)such
that

Hence, based on the bending angle, 81.,

that can be created by the heating line
which satisfies the above constraint (5),the
corresponding width of the strip, bow,can be
determined as follows

R

:: 2Rsin(eL) (6)

l'igure 9 Deviation between approximate: shape and
actual curve.

NS :: (Wj bow) (7)

F'igure 10 Relationship between maximuHI deviation
and radius of curvature.
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(8)NOHL =, NS - 1

CASE STUDIES
One Directional Curved Surface

Forming a flat plate of size 6x 1.0xO.Olm
into a part of cylindrical surface which has
radius of curvature, R, equal to 3.5 meteris
considered as a one dimensional uniform
curved surface. Estimating the number of
heating lines to form the plate will depend
on the permissible deviation and maximum
bending angle that can be obtained fromthe

where, W = width of the plate.
The width of the plate, W, should be divided
into an integer number of strips, and any
fraction should be approximated to one.
Thus, the number of heating lines (NOHL)
CC:ll be estimated based on the number of
strips (NS) as follows:

6.00
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z

direction to the first one as shown in Figure
12. The deflection shape of this twisted
shape can be given by the following
equation:
wo (x,y) = axy (9)
where, a = (1/32.696)

line-heating method.' Since these values of
permissible. deviation and maximum
bending angle are not available at the
present.· stage, different magnitudes of
maximum deviation are selected and the
corresponding number of heating lines are
calculated as given in Table I. For example,
suppose that the permissible deviation, Oper ,

is equal to 0.00025 meter, then the
permissible bending angle, eper, will be
equal to 0.0119 radian (0.68°).

If the heating line can produce such
bending angle, subsequently the width of
each strip, /).w, is equal to 0.084 meter and
the number of strips (NS) will be 11.9 which
can be approximated to 12 strip for a plate
of width 1.0 meter. Then the expected
number of heating lines (NOHL) equals to 11
heating line. It can noted from Table 1 that
as the permissible deviation increases, the
estimated number of heating lines will
decrease and vice versa.

O.1Cm

l.
J

y

----~-_..

o

5.717 m

--- Healinljtine

.a. Wooden bloQ(

Figure 11 Twisted shape model used in experiment [4]

The radius of curvature for both
directions is 32.696 m. Suppose the
permissible deviation, Oper, equals to

Table 1 Estimated number of heating lines to bend flat
plate into a part of cylinder based on the
permissible bending angle aper.

]Jermissible PermissibleWidthNumber of
deviation

bendingof stripHeating
Oper (m)

angle aper(m)lines NOHL
(radl

0.00010

0.00750.05318
_. 0.00025

0.01190.08411

0.00050

0.01690.1188-- 0.00100
0.02390.1675_.

Two Directional Curved Surface
The selected case for the two directional

uniform curved surface is the twisted plate
for which the direction of one curvature is in
opposite direction to other, as shown in
Figure. 11. The dimelJ.sions of the plate are
5.787x2.26xO.0155 m, taken as that used in
the experimental model of Reference 4. The
desired height at the comers of the plate
from the flat situation is 0.1 m. Bending the
flat plate to achieve 1he desired shape
requires bending the plate from face side in
direction inclined to x-axis. by 45°. The other
curvature is determined by bending the
plate 1i:"omthe back side in perpendicular

A

O.10m

A

0.20 m

O.95m 4]

0.05 m

t a ) face side

0.10 m

0.10 m

(b) Back side

Jack
100

t.20m

c
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0.00025 m, then the permissible bending
angle, 8per, equals to 0.00391 radian (0.224°)
as given in Table 2. If the heating line can
produce such bending angle, therefore the
width of each strip, !i.w, is equal to 0.256
meter and the number of strips (NS)will be
22.22 which can be approximated to 23
strips which should divide width of size
5.690 m. Then the expected number of
heating lines (NOHL), for each side of the
plate, for that width is equal to 22 heating
lines as given in Table 2. In actual forming
procedure for the twisted shape, 32 heating
lines for each side were used. However, the
created bending angle due to the heating
conditions and the accuracy applied in the
experiment are not known. In general, it is
expected to estimate lesser number of
heating lines than that used in the
experiment due to the unknown effect of
constraints on the created bending angle
during the actual forming process.

TabLe2 Estimated number of heating lines to bend
flat plate into twisted shape based on the
permissibLe bending angle aper .

,-.-,
Permissible PermissibleWidth ofNumber of

deviation
bendingstripHeating

l>p.,r (m)
angle aper(m)lines NOHL

(radl 0.00010

0.002470.16234
0.00025

0.003910.25622
O.OOOSO

0.005530.36215
0.00100

0.007820.51211

CONCLUSIONS

To automate the system of plate forming
using the line-heating method, necessary
information about the number of heating
lines, their positions and the suitable
heating conditions to get the desired
deformation should be Imown in advance.
The phenomenon of the bent plate around
the heating line is studied using 3-D FEM
codes for the thermal-elastic-perfect-plastic
and heat conduction problems. Based on
the computed results, an idealization for the
deflection shape of bent plate by a single
heating line is made. Thus, a method for
predicting the number of heating lines,
necessary to bend unidirectional uniform

curved surfaces, has been proposed. Two
case studies, cylindrical and twisted shapes,
are discussed within the scope of the
proposed method. From the present study,
the followingconclusions are drawn:
1. To bent a plate in the transverse direction

to the heating line with a negligible
longitudinal deflection in plate forming by
line-heating, careful selection of traveling
speed of the torch should be made.

2. The deflection shape of a bent plate by
the line-heating method can be idealized
as straight line rotates a certain angle
about the heating line which is
considered as a pivot.

3. Based on the previous idealization for the
deflection shape of the bent plate, a
method is proposed to predict the
number of heating lines required to form
unidirectional uniform curved surfaces.
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