191

Technical Paper

Transactions of the Society of
Naval Architects of Korea
Vol.29, No. 1, March 1992
AR ELRE R TR
B2E F1¥ 19924 3H
A Two-Dimensional Simulator for Plate Forming by Line Heating

by
Jong Gye Shin*

A/37+4d (Line Heating) o) & $ J#71F Simulator 97

ANFA*

Abstract

In order to simulate the line heating process which is a three-dimensional transient thermo elastic plastic
state, a simple modified strip model is suggested. First attempt is made to verify the validity of the model
using a finite element program, and the result gives good agreement with the plate theory where conventional

two-dimensional model fails totally.
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1. Introduction useful for applications in the manufacturing of ships

structures, primarily for parts involving double cur-

Line heating is the process of forming curved vature. Shipyards have been using this method to

shapes from flat plates by a moving heat source bend plates to the desired shapes with and without
along straight lines on the top of a plate as shown press machines.

in Fig. 1. The line heating method has been found . Press bending is used for simple or single curva-
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ture shapes, while the line heating is imperative
for highly curved or double curvature shelis. Many
advantages of the line heating method over the
conventional mechanical forming method have been
recognized by the National Shipbuilding Research
Program in US.AL12].

Another important application of the line heating
method is the post-welding removal of welding dis-
tortions. This straightening process also uses the
spot heating. The line heating is useful to remove
angular distortions, while the spot heating is good
for removing buckling type distortions. An automa-
tion algorithm or the removal of undesired distor-
tions using robots was suggested by Masubuchi
and his colleagues at M.IT.[9].

Among the factors that determine the final per-
manent shape of the flat plates are :

distance between torch-tip and plate
torch travel speed

pressure and quantity of applied gases
(usually, oxygen and acetylene)

plate thickness

cooling methods

material of plate

etc.

Implicitly, the skill of a workman is also a key
factor. At present, bending paltes and reducing wel-
ding distortions by a torch is primarily done ma-
nually and is based on experience rather than scie-
ntific understanding.

Oxyacetylene has been a common heat source
for current line heating processes. A major disadva-
ntage of the oxyacetylene line heating is the mate-
rial degradation. A better control of the tempera-
ture may be essential for approval of the method
for higher tensile steel applications. In general, the
procedure is approved by the American Bureau
of Shipping to the maximum heating temperature
of 650°C. Scully surveved the possibility to use
the laser heating[14]. However, whatever the heat
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source is, the basic mechanics of the process are
the same.

The effects of the cooling methods are studied
by Araki etal.[2]. Their experiments showed that
the back side water cooling method gave greater
angular distortion than the air cooling or the water
cooling on the heat side did.

The line heating process is a three-dimensional
transient thermo elastic plastic state. In a view point
of the moving flame, the process is known to the
quasi-steady state. Two motivations are arisen to
develop a simple model which can simulate the
complex behavior of the line heating;for possibel
automation of the line heating process and for cor-
rection to the previously developed simulation mo-
dels.

In order to simulate the three-dimensional tran-
sient thermo elastic plastic behavior of the mecha-
nics of the line heating process, two-dimensional
models have been widely considered. Iwamura and
Rybicki used a two-dimensional beam mode! which
was taken normal to the heatime line and was anal-
yzed using a finite element to have discrete tempe-
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Fig. 1 Plate forming by line heating
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rature distributions during the line heating process
was suggested by Iwasaki ef al.[6]. Nomoto et al.
developed a simplified non!ingar elastic plate ben-
ding model instead of thermal elasto-plastic and
large deformation analvsis [13]. An 8-node isopara-
metric shell element is used for FEM analysis of
the developed simulator. A special attention can
be paid that they used the high-frequency induction
heating to bend the plate during their experiments.
All of the beam models lack a detailed description
of the physics behind the process, and fail to predict
some experimental results [7] [8].

The main focus of this paper is the development
of a simple model to simulate the line heating pro-
cess, A two-dimensional beam model with springs
is suggested, and numerical analysis using ADINA
is performed to verify the validity of the model.
The results show that the proposed model agrees
with the plate theory where the conventional mo-
dels fail totally.

2. Line Heating Process

The entire schematic procedure for manufactu-
ring curved shells by the line heating method is
illustrated in Fig. 2. For analyzing the plate bending,
the dimensions and boundary conditions of the
plate should be known. For plate forming, usually
all the boundaries are free since the plate is resting
on the floor or on a specially designed table. But
for the removal of residual distortions, the boun-
dary conditions may vary in diferent cases.

The type of heat source and the thermal proper-
ties such as heat conductivity of the plate should
aiso be known. Then, the amount of heat input and
its distribution, the torch speed, cooling method
and the heating location will be chosen initially
as system parameters. These parameters are to be
changed if they turn out not to produce the desired
shapes. From the given data and initial system pa-
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rameters, the external heat conditions are determi-
ned and the heat equation can be solved[ 10]. The
obtained temperature field becomes the thermal
loadings for the stress-strain analysis. The transient
thermal elastic plastic analysis is performed to find
the desired shape and residual stresses in the plate
with temperature-dependent material properties,
such as Young’s modulus and the yield stress. If
the shape obtained is not the one required, the
initial parameters are changed accordingly and the
procedure described above is repeated until the
desired shape is obtained.

System Parameters
Plaie Heat
geomewy  type, speed
B.C. wer
ation
Material propenties
shang:ten (diffusivity, etc.)
Temperature analysis
I Thermal loads ]
Temperature-dependent

material propertics

l Thermo elastic plastic annlysi;]

Structural Responses

(residual deformations, siress)

10 Desired shape?

yes

L Manufacturing J

Fig. 2 An overview of line heating process
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3. Temperature Field

A flame, welding are or a laser beam moving
on top of a solid produces a transient temperature
field. All of the above heat sources can be modeled
as moving distributed heat sources. A general solu-
tion of a distributed heat source travelling on the
surface of a semiinfinite plate 33has been obtained
by Eagar and Tsai [4]. They assumed a Gaussian
distribution for the heat flux.

The line heating process is considered to behave
according to the uncoupled theory of thermo me-
chanics [3]. Therefore, the heat conduction prob-
lem is solved independently. The temperature field
serves és pseudo forces for the stress analsis.

A typical exmple of a temperature field for a
plate with dimension 2mX1mX20mm and a heat
source with flame effective power of 1920 cal/se-
cond and speed of 7.5mm/second is shown in Fig.
3 from [10]). The heat source is moving in the x-
direction and it is noted that when the torch is
far enough from the plate edges, the temperature
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Fig. 3 Temperature field due to a moving
torch [10]
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distribution relative to an observer moving in the
same direction and with the same speed as the
heat source is unchanging. This phenomenon is
referred to as quasi-steady state and, as will be
seen later, it is possible to reduce the computational
effort due to this characteristic. The eage effect
is not included in this paper.

Note that the gradient of the temperature in front
of the torch is larger than that behind the torch.
It is also clear form Fig. 3 that the temperature
distribution is three-dimensional when viewed from
a moving coordinate system and it is also transient
when viewed from a fixed point. The temperature
is maximum just below the torch and decreases
dramatically to zero in both the y-and z-directions

(room temperature taken as zero).

4. A Simulation Model for Coupled
Plates

4.1 Basic idea

The purpose of developing a new simulation mo-
del is to achieve better understanding of the three-
dimensional effects on residual deflections and st-
resses during the process of plated forming by the
line heating method. The idea of a modified strip
for the elastic case proposed by Shin [15] is exten-
ded for studying the transient thermo elastic plastic
plate bending. This modified strip was proved to
be more effective for the analysis of nonuniformly
loaded plates than the conventional strip intoduced
by Timoshenko and Woinowsky-Krieger [16].

It is noted that the residual bending, which oc-
curs in the moving torch case, cannot be achieved
using the linear distribution of the temperature if
a conventional strip model is applied.

A new strip model is shown in Fig. 4. The vertical
springs in this model represent the effect of the
bending rigidity of the adjacent plates, while the
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horizontal springs represent the effect of the stret-
ching rigidity of the adjacent plates. By the use
of the linear total strain assumption a beam theory
for the modified thermo plastic strip is derived.
As a result, the significance of the coupling between
the in-plane out-of-plane problems is revealed.

| — Qm@“'”__.,
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Fig. 4 A Modified strip model

4.2 Governing Equations

The line heating process of forming involves se-
veral heating and cooling cycles, and due to the
plastic strains which are induced during the process
the desired shape is obtained. Thus, in order to
derive the algebraic equations elastic plastic ther-
mal stress strain relationships must be used.

There are three basic assumptions which are
made in this derivation. First, linear strain across
the thickness, secondly small deflections are as-
sume, and thirdly, shear strains are neglected.

These three assumptions lead to the following
expression for the displacement u in the x-direc-
tion.

dw
= uo=z - 6))

where uo is the displacement of the midplane
in the x-direetion and w is the lateral displacement.
both w and u are functions of x which are the unk-

nowns of the problem. From the above expression
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for the displacement, we obtain the corresponding
total strain as
dw
eEx = ex0—2 jdxz_ (2)
Equilibrium equations are obtained by conside-

ring an element from the beam. The equilibrium
in the horizontal direction gives

dN dw

- = uo—Cz-d‘;' (3)

dx

where ¢, and ¢; are defined by

C z/Mk‘\' dz
h2
sz/wzkxzdz
)

The equilibrium in the vertical direction forces
and moment can be combined to generate the follo-

wing equation.

M d*w du
‘Zx‘f = -f+kzw— (kox+€3) ’d—.;; + ¢ dxo (4)
where

CazflkA’f dz
”

Here, f is externally applied force, k; is the stiff-
ness of the vertical spring, M is the moment resul-
tant in the strip, and %.x is the stiffness of the
torsional spring. Eq. (3) and (4) are two equilibrium
equations to be solved simultaneously. Since the
problem includes plastic deforamtions, and incre-
mental formulation of the two governing equations
is more suitable.

* .. The total strain increment consists of three inde-

- .pendent strain components, which are the elastic,

plastic, and thermal strain increments. Using the

flow fule for plasticity and temperature-dependent
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material properties, the incremental forms of the

two equilibrium equations can be derived as fol-

lows.
dAu d&Aw dAw
D] dxz °— Dz dx3 - CxAuo —
=4 AN+ N o)
dx
d*Au d‘Aw d Au
D, dxao— 3 dx’ - (2 dx0+(kox+03)
AU _ AW = ~Af+ = (AM*+M") (6)
e dx

Here, A is a symbol of the increment with respect
to time or temperature. The exact form of used
quantities are shown in Appendix. The above gove-
rning equations, Eq.(5) and (6), show that with ad-
ded springs the in-plane and out-of-plane displace-
ments are coupled. The coupled equations can be
solved numerically with the use of approximate
boundary conditions and as appropriate choice of
Ex, Bz and k 4x. Choosing the springs may well de-
pend on further evaluation of the mechanics of the
line heating method. In this paper, the foundations
for the use of a modified thermo plastic stripmodel
in terms of the above coupled equations are set.
First attempt to verify the validity of this model
is made for the uncoupled case using a finite ele-

ment program in next section.
5. Numerical Example

A moving heat source is used to demonstrate
the need for a modified thermo plastic strip model.
In this case, a moving torch is heating the plate
and a linearly varying temperature is used. The
effect of the moving position of the torch is simula-
ted by the time-phasing of the temperatures of the
different domain elements as shown in Fig. 5,
where the element numbers correspond to those

of Fig. 6. The results will show that in this case

AEA

Ithe process is definitely thermo elastic plastic,
whereas the use of the conventional strip theory
would have resulted in an elastic process. That is,
internal constraints due to the temperature varia-
tions along the heating line cause differences bet-
ween the total and the thermal strains throughout
the plate, in spite of the constant temperature gra-
dient through the plate thickness. In other words,
elastic strains are produced, and as the yielding
stress is reached, plastic strains are developed.

To analyze the residual bending of this transient
elastic plastic plate, a modified strip is taken from
the center of the plate when the torch is passing
on it. The center strip with the temperature field
is shown in Fig. 6.

The temperature varies linearly through the thi-
ckness direction(z-direction) and is a step function
in the length direction (x-direction). A finite ele-
ment computer code, ADINA [1], is used to verify
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Fig. 5 Time-phasing of temperature
distribution
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Fig. 6 Center strip and temperature field

the feasibility of a modified thermo plastic strip
theory. A plane stress analysis of the modified strip
has been chosen to analyze the transient thermo
elastic plastic plate bending.

Fig. 7 shows the finite element modeling of the
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Fig. 7 Two-dimensional finite element
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center strip. Using symmetry, on the strip is mode-
led. The intersection with the midplane is taken
to be clamped and the horizontal degrees of free-
dom along the symmetry line are restrained. Some
obervations are made through a preliminary elastic
finite element analysis. When the temperature dist-
ribution is linear along the thickness, it is expected
that axial stress will not be generated in the beam
whatever the temperature level is. The initial resu-
Its obtained from a preliminary elastic analysis
using two-dimensional plane stress elements indi-
cated that axial stresses are generated throughout
the beam. The contradiction is explained in the
following. The difference comes from the fact that
the temperature distribution is not a smooth func-
tion, but a step function along the x-direction which
creates numerical errors. To get more accurate re-
sults, finer mesh is required expecially at the disco-
ntinuity. Increasing the number of elements resuits
in increasing computer time and cost, which is very
unfavorable to our purpose. Realizing that the
unheated zone experience a rigid body motion, the
initial finite element model was modified such that
only the heated zone is included. With this modifi-
cation the elastic analysis of the heated zone by
plane stress elements gives zero axial stresses, and
the unheated zone has no axial stresses and moove
rigidly. The numerical results of this model agreed
well with the theoretical prediction.

Here, it is noted that the residual bending, which
occurs in the moving torch case, cannot be achieved
using the linear distribution of the temperature if
a conventional strip method is applied. Therefore,
a modified strip method is inevitable to capture
the residual bending. Distributed springs can be
added vertically and horizontally. No torsional spri-
ngs are added because they involve rotations which
are not used as degrees of freedom in two-dimen-
sional plane elements. Physically the vertical spri-

ngs affect the vertical stresses, which is unfavora-
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ble, as it may channge the nature of the plasticity.
The simulation of a beam requires that only axial
stresses be included. Therefore, only horizontal sp-
rings are finally added to the strip. These springs
have an effect similar to that of the other springs
as they add restraint to the bending.

Different distributions of the spring are tested
to explore their significance. This includes constant
and linear distribution. The results using constant
stiffness of the spring distribution are shown in
Fig. 8, 9 and 10, compared with those from Mo-
shaiov and Vorus [ 11]. In Fig. 8, the residual stress
near the top and the bottom of the plate agrees
very well, especially for the value of k of 40000

kg/mm. As the stiffness k is increased, the residual
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Fig. 8 Residual stress along plate thickness
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stresses are also increased across the section. In-
side the plate, the trend of the distribution of the
residual stress is similar, but quantitatively the st-
ress from the modified strip theory is less than
and the of the plate theory. It is noticed that the
axial resultant and the moment resultant along the
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Fig. 9 Residual strain along plate thickness
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Fig. 10 Residual deflection at the tip of plate
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symmetry line are zeroes as expected. In Fig. 9,
the residual strains along the thickness direction
at the symmetry line are shown for various stiffnes-
ses k. The trend of the result of the modified strip
agrees with that of the plate theory. However, the
magnitude given by the modified strip theory is
about one-fourth of the magnitude given by the
plate theory for K=40000kg/mm. Fig. 10 shows
the the residual deflections at the tip of the strip
(x=60mm) for different stiffnesses k. The deflec-
tion at the tip of the strip is calculated by extrapola-
ting the displacement at the tip of the finite element
mode! (that is, x=8.57mm) The displacement at
the tip of the strip for k=40000kg/mm is also one-
tenth of the displacement of the plate theory.

6. Conclusions

The line heating process is a transient thermo
elastic plastic state. A new strip model is suggested
to simulate the line heating process. The governi-
ngs Qf the strip are obtained as a coupled form
between the in-plane and out-of-plane displaceme-
nts. This idea comes from the present understan-
ding of the mechanics of line héating. A finite ele-
ment program is used for a simple uncoupled case.
Also, a specil temperature distribution is selected
to verify the validity of the proposed model. The
result shows that the new model is effective over
the conventional models. Further development is
required for the new model to give better agree-
ment quantitatively with exact plate theory.
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Appendix

The followings are the quantities which lare used
in Eq. (5) and (6).

=/ME’dz
vz

e
ol
P )

where

AE
AE+H

E*=EQ~- )

Here, H is the hardening coefficient, and A is

the parameter which determines elastic and plastic
path.

DQ:/WEdeZ
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D3=/ME’r”dz
w2
AN"'=/ME"AaJ"d2
7
AM”=[2E’Aex“zdz
e

where
Ae"=Aa(T-T)+aAT
where a is the coefficient of thermal expansion,
T is the current temperature and 7, is the reference

temperature, A a and A T are the increment of
a and T.

AE .,
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AE d.
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