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SUMMARY

Nowadays manual and experiential technique patterns of line heating process could not meet the requirement of modern
shipbuilding. Therefore, the automatic forming method is being an active research topic in manufacturing. An accurate
and practical predicting method is an essential part of the automatic plate forming system. In the present work a
numerical elasto-plastic thermo-mechanical model has been developed for predicting the thermal history and resulting
deformation and residual stress field of line heating process. A moving Gaussian distributed heat source was used in the
modelling to create a realistic simulation of the process. The transient temperature distributions were predicted using
temperature-dependent material properties. The deformation and residual stress field were predicted based on the
transient temperature distributions of line heating. Experiments were conducted to prove the validity of the numerical
thermo-mechanical model. The final numerical results of temperature, deformation and residual stresses are in good
agreement with experiment results. The proposed method presents a valuable reference for the study of similar thermal

process.
NOMENCLATURE

A, The cross-sectional area of the cutting line
a Thermal diffusivity
b Heat transfer coefficient, b =2a/cph
c Specific heat
dt The time for each load step
DA The ratio parameter
h Plate thickness
H,,  Combustion heat of steel
H; The heat generation rates of each load step
k Thermal conductivity
K Width factor of Gaussian distribution,
K==
Ty
K, Bessel function, 2nd kind and zero order
q(r) Heat flux from heating torch as a function of r
Peak value of Gaussian distributed heat flux
Heat input
Total heat flux from torch to plate
Distance from centre of heat source
Radius of the gas torch
The radiation constant
Time
Temperature
The initial temperature, set as 20 degree
centigrade
Melting temperature of ferric oxide
Combustion heat of propylene gas
The absolute zero on the temperature scale used
Processing speed
The width of cut slit
The heat transfer coefficient
Thermal efficiency of propylene gas
Thermal efficiency of steel
Thermal conductivity
Density of steel
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INTRODUCTION

The line heating method is a popular and efficient
technique for forming the ship hull pieces, cars, airplanes,
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and other complex curved objects. Traditionally, the
double-curved plate forming in most shipyards depends
on the experience of skilled workers and requires many
man-hours. These manual and experiential techniques
patterns of line heating have become a bottle-neck in the
modern production of shipbuilding. Over the past
decades, automation of the line-heating process becomes
an active research topic in the shipbuilding industry. It is
believed that by drawing on the experience of computer
and numerical control techniques, geometric analysis,
line heating parameters prediction, plate automatic
inspection and reprocessing, automation of the
plate-forming process could be achieved.

Moshaiov et al. (1987), Ji et al. (2001) and Ueda K.
(1994) conducted studies on the mechanism of the line
heating process to predict the final shape of the metal
plate according to the heating conditions and mechanical
properties of the plate. Some simplified beam or plate
theory are usually applied. Jong et al. (2003) typically
performed heat transfer analysis between a heat source
and the steel plate to determine the temperature field.

Different heat sources for line heating process included
gas torch, laser beam (See Kyrsanidi AK, 1999), welding
arc (Kitamura et al., 1996) and high-frequency induction
heating (see Ogawa J., 2003). Gas torch is the cheapest to
maintain and are readily available in most shipyards.
Most studies for line heating have been reported by using
gas torch. However, the heat input intensity is difficult to
control and repeatability is not readily achievable.

The process of plate forming by line heating is a typical
coupled and non-linear thermo-mechanical process.
Many numerical thermal-elastic-plastic analyses for line
heating have been reported. Moshaiov et al. (1991)
investigated the unsteady temperature field in the plate
during a flame bending process set in the transient
analysis mode. Jang et al. 1997 proposed a thermal
elastic-plastic analysis model, which uses springs to
represent the interactions between the central plastic area
and the surrounding elastic areas. In addition, the heat
flux from line heating is treated as a point source, which

A-265



Trans RINA, Vol 156, Part A3, Intl J Maritime Eng, Jul-Sep 2014

results in considerable errors in predicting the
temperature field. Yu et al. (2001) presented a
three-dimensional thermo-mechanical model for the
prediction of angular deformations of metal plates due to
line heating. The disadvantages of the full
three-dimensional models is that the computation time
required is typically very long, in terms hours to days,
see Yu et al. (1999 and 2000). Wang et al (2006a) apply
a new forced convection boundary condition for the
numerical simulation of line-heating process.

Some researchers studied the line heating process of
based on the experience. Ueda K. (1994) and Liu et al.
(2006) designed the proper heating and cooling processes
based on the experience of forming simple shape
surfaces from rectangular plates. Strain or curvature
analysis is employed to determine heating lines.

Shin et al. (2003) and Liu et al. (2006) reported study on

line heating process using computer-aided control system.

The main function of the computer-aided control system
is to provide real-time heating information to automated
machines. The machine provides automated line-heating
tasks and collects relevant information during and after
the task. This information includes, among others,
heating location, torch speed and heating sequence.

The objective of this paper is to develop a method to predict
the thermal history and resulting deformation and residual
stress field of line heating process. To achieve this objective,
a numerical elasto-plastic thermo-mechanical model is
developed for the line heating process. The results of the
analysis were compared with the experimental results to
validate the usefulness and effectiveness of the proposed
method.

2. THEORETICAL BACKGROUNDS

2.1 THE MECHANISM OF LINE HEATING
PROCESS

Line heating is a method of forming double-curve plates
by means of local heat treatment. Figure 1 shows
conventional line heating work using oxyacetylene torch
and water hoses as the main tools. When the plate is
subjected to local heating, two things happen: the
material becomes softer (lower yield limit) and at the
same time it expands. The adjacent material still has its
original strength, why the hot and soft steel will yield and

make the plate slightly thicker. Upon water cooling the
material will regain its strength and the thermal
contraction bends/shrinks the plate. This mechanism is
illustrated in Figure 2, see Yu (2000).

Figure 1. Line heating process on flat plate
2.2 TEMPERATURE FIELD ANALYSIS

Heat flux from an oxyacetylene torch may be described
by the Gaussian distribution (Figure 3), see Rykalin
(1960) and has been adopted among others such as
Moshaiov et al. (1991) and Shin et al. (2003). Taking the
center of heat source as the origin of coordinates, the
Gaussian distribution is expressed as

q(x,y) = q,, -exp[-K (x* + y*)] = q,, exp[-Kr’]
(1

where ¢(x,y) is heat flux density of point (x, y) [J/m?:s].
M is the peak value of heat flux density (shown in
Figure 1) [J/(m*'s)], expressed as

_n-Q-T,-K

- 2
M 36007 @

The total heat input, Q,, is calculated as the integral of
the distribution:

0.=[,"[ grarao ==1x 3)

Figure 2. The mechanism of line heating
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¥
Figure 3. Flux density distribution of Gauss model

The line heating temperature field is a typical of
nonlinear and unsteady transient heat conduction
problem. The temperature T (t, X, y, z) as a function of
time (t) and spatial coordinates (X, y, z) satisfies the
following diffusion equation at every point within a finite
domain (see Rosenthal D., 1946).

oT o ,0T. & oT. 0 oT
—=—A—)+—A—)+—A—o)+ 4
P R e A

Boundary heat transfer is modeled based on natural heat
convection and radiation. The convection equation is
based on Newton’s law of motion, where the coefficient
of convective heat transfer is a function of the
temperature difference between the boundary and the
environment and of the orientation of the boundary.

And the solution of a moving circular area heat source on
the semi-infinite body, see Radaj (1992), is given by

2

2 exp(e—
rop 220 PP T dates)
* vep (4mat)?  [dma(t+1,)]"

)

)

Substituting Eq.(3) into Eq.(5), the temperature of the
metal combustion process is expressed as

2

z? exp(—ri)
27y P40 TP dae)
*T Kvep (4mar)?  [4za(t+1,)]"

(6)

2.3. DEFORMATION FIELD ANALYSIS

For deformation field analysis of steel plate, in case of
knowing the temperature field at any moment t, the
corresponding displacement field, strain field and stress
field satisfy the following equations.

2.3 (a)  Strain-displacement equations

As we know, the high temperature is limited in a narrow
area which is below 30mm. The temperature difference
between both sides of steel plate is more than 400°C. The
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thickness of steel plate is normally more than 10mm. The
thermal expansion coefficient is taken as 1.5X10-5/°C. It
could be estimated that the Nonlinearity parts are less

than 107, which could be ignored. So
Strain-displacement equations is as below

1
eij = 5 (Ui + ) (7
2.3 (b)  Stress-strain equations

In line heating process, once yield occurs, the steel plate
will deform plastically. When examining the strains in a
plastic material, it should be emphasized that one works
with increments in strain rather than a total accumulated
strain, as the temperature field is transient and complex.
As the elastic strain is not as small as to be negligible, the
Stress-strain equations of line heating are set up based on
the Prandtl-Reuss equations.

The total strain can be decomposed into an elastic part
and a plastic part.

— o€ p
&jj = Si]' + Sij
The corresponding Strain increment is shown as below
— {8 p
dSi]' = dSi]' + dgi]'
The Elastic strain increment is

1+v

e _ \%
dﬁij = TdGi]- - Edckk&ii

The plastic strain increment is
P _
deij = Si]'d)\.
dA is the ratio parameter.

So that the Stress-strain equations is

dey; = “ doy — 280y, + sijdh (8)

2.3 (c)  Equilibrium equations
Utilizing Newton’s second law and the graphical

representation of the state of stress, the following
equilibrium equations are given.

004« N 00y + 00,

13):4 dy 0z 0

d0y, 0Joyy, 00,

6x+6y+az =0 ©)
00y, 00y, 00y,

0x + dy 0z pg=0
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2.3(d) Compatibility equations

In terms of compatibility equations, one has

0%eyx 0 [ Oty N 08,4 N Oeyy
dyodz 0x 0x dy 0z

625yy _ i 3 0,y 4 Otyy N Oty,
0z0dx dy dy 0z 0x

0%,, 0 [ Ogy N ey,
oxdy 0z 0z 0x

a(c;zx
+ ) (10)

dy
0%eyy _ 0%exy N 0%eyy
dxdy  dy? 0x?

0%ey, 0%y N 0%¢,,
dyoz  0z2 dy?

2 2 2
0%,y 078, | 0%

0z9x %2 + 0z2

2

3. NUMERICAL SIMULATIONS
3.1 ASSUMPTIONS

The transient temperature field generated during the line
heating process was determined based on the physics of
heat conduction. The assumptions made for the
simulation during the line heating include the followings:

*+ The material was elastic, perfectly plastic,
homogeneous, and isotropic and obeyed the
Von Mises yield criterion.

*  The metal plate was initially stress-free.

* Heat generated by the plastic and phase
transition was small and ignored.

*  The temperature field was assumed not affected
by the structural response so that the thermal
and structural problems could be solved
sequentially- with the results of the former used
as input to the latter.

e The initial and ambient temperatures of metal
plates were the same.

*  Heat conduction within the specimen and free
convection between the surfaces of the
specimen and the surrounding air were
considered, but thermal radiation was neglected.

3.2 MODEL AND MESH

The Numerical simulations were carried out with
engineering simulation software ANSYS. Simulation of
the line heating process was realized by conducting a
thermal structure analysis, see Zhou et al. (2009 and
2013). The thermal problem was solved first with the 3D
heat conduction equation to establish the temperature
field, which was then used as thermal loading for
mechanical calculation next. The numerical model of the
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steel plates was meshed as shown in Figure 4. To resolve
the high temperature gradients and stress gradients in the
heat-line area, the minimum element length was set to
3~6 mm in the surface plane and 3mm in the thickness
direction. To reduce the run times, coarse meshes of 30
mm were used areas away from the heated areas, and
transition elements were created to connect the fine and
coarse mesh. The full model used for both the thermal
and mechanical simulation consisted of approximately
4599 nodes and 3392 elements.

1

Figure 4. Numerical model of steel plate
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Figure 5. Material properties of carbon steel
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33 MATERIAL PROPERTIES

The material was mild steel plate which was typical
shipbuilding material. As the maximum temperature of
line heating process was around 750 degrees Celsius,
material properties such as thermal conductivity, specific
heat, clastic modulus, yield stress were all temperature
dependent. These properties are shown in Figure 5.

3.4 THERMAL BOUNDARY CONDITION
3.4 (a) Gaussian heat source model

A moving body of heat source of Gaussian model (see
equation (1)) was used in a finite element simulation of a
line-heating process. Figure 6 shows the loading diagram
of the heat flux in a single heating line. R—6@—z is the
cylindrical coordinate system for the steel plate; 0, is
the heat source center of current load step. In this
illustration, the heat source is moved from initial position
0, to the new position o, .

Figure 6. Flux density loading sketch

The heating efficiency "7 and heating radius "o of the
Gaussian heat source model could be investigated by
combining experiments and numerical simulation, which
could be seen in Wang et al. (2006b). In actual line
heating process of shipyards, the flows of oxyacetylene
and oxygen are basically unchanged. So the parameters
of Gaussian heat source are also quite stable. Generally
7 is in the range of 0.3 to 0.4 and "° is in the range of
0.040m to 0.045m.

3.4 (b) Convection heat transfer of water-cooling

In plate forming by line heating, water-cooling is usually
used due to its effectiveness in increasing plate
deformation. The convective heat in line heating process
is so complex that it includes four different regimes: (1)
natural or free convection, (2) nucleate boiling, (3)
transition boiling, and (4) film boiling. A typical boiling
curve for saturated pool boiling of water at atmospheric
pressure for a temperature-controlled environment is
shown in Figure 6, see Faghri et al. (2010). It could be
seen in Figure 7 that the classical pool boiling curve is a
plot of heat flux, q", versus excess temperature , AT
=Tw-Tsat. More discussion about the Convection heat
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transfer of water-cooling could be seen in Wang et al.
2006. In this study, a trapezoidal area is simplified as a
water cooling nozzle region. The distance between the
torch and water nozzle is 80 ~ 150mm.

Region I | Region IT | Maximum | Region IV
| | (critical) heat |
1’k | Nucleate & o | Film E
| boiling | Transition | boiling
| | boiling |
g o’k Natural | | |
= convection B
% boiling : : | Minimum .
B | Slugs and D <——heat flux,¢ i,
107 Al I columns | |
Isolated | Region III |
| bubbles | |
W0 1 | . I
1 5 10 30 100 320 1000

AT=Ty= Tsa (C)

Figure 7. Pool boiling curve for saturated water

3.4 (c) Radiation and air convection heat transfer

Free convection and radiation boundary conditions were
satisfied on all surfaces:

q=bT-T,)

q= R,‘((T_Tz)4 —(T, _Tz)4):

3.5 MECHANICAL BOUNDARY CONDITIONS

In the mechanical analysis and to avoid the rigid body
movement, boundary conditions were set to zero
displacement at endpoints of the metal plate central line
(as shown in Figure 8).

Central line

Heat source

Heat line

Figure 8. Shell concave plate support

3.6 EXPERIMENT VALIDATION OF THE
NUMERICAL MODEL

To validate the numerical model, experiments were

conducted as shown in Figure 9. Relevant heating
parameters for experiment and numerical simulation are
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shown in Table 1. The length of heat lines was 300mm. Table 1. Heating parameters for experiment and
Process time were 100s, 120s, 150s and 215s, numerical simulation
respectively. Scheme 1 2 3 4
Time (s) 100 120 150 215
Length (mm) 300 300 300 300

4. RESULTS AND DISCUSSIONS
4.1 TEMPERATURE DISTRIBUTION

The temperature distribution of line heating can be
displayed in different ways. The method that was used to
display the data in this analysis is the isothermal contours
(regions of equivalent temperature). Figure 10 shows the
isothermal contours of the numerically simulated
temperature distribution on the top-face of steel plate at the
heating time of 25.6s, 52.1s, 90.3s and 105s, respectively.
Figure 11 shows the variation of temperature with thickness
of the sample. The isothermal contour consists of several
bands with the temperature increasing from the outer edges
to the center of heating line. The part in the middle of the

Figure 9. Line heating experiment on curved plate map is the high temperature zone.
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Figure 10. Numerical temperature fields at different moments ((a) t=25.6s; (b) t=52.1s; (c¢) t=90.3s; (d) t=105s)
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It can be seen from Figure 10 and Figure 11 that the
distribution of the temperature field changes as the heat
source moves along the plate. At the middle of the
workpiece, the distribution of the temperature field goes
into a quasi-steady state. The isotherm line shows an
elliptical shape. The isotherm line is denser in front of
the moving thermal source, and the temperature gradient
is greater there. But at the back of the moving thermal
source, the feature of the isothermal distribution is the
reverse of that in front of the moving source.

2

=3

TIHE=%0. 234

=194.406
Z33.063

Figure 11. Isothermal surface at 90.3s

Nine test points on the top surface are selected. Among
them, three points are in the centre of the heating line,
which are the locations at distances of 60, 104 and 148
mm from the start notch. The other six points are
perpendicular to the heating line, which are the locations
at distances of 0, 8.8, 17.6, 26.4, 35.2 and 44 mm from
the centre line. Figure 12 shows the transient temperature
history of each point. Workpiece conduction along
heating line direction transports thermal energy to each
measurement location as the torch approaches. The
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—=— 60 mm

—o— 104 mm
—4— 148 mm

700

600

500

400

300

Temperature (C)

200

temperature reaches a peak value as the torch spot passes
the plane of the measurement location, and subsequently
decays, largely due to conduction of energy from the
heated surface.

It could be seen in Figure 10-12 that the temperature of
top surface behind heating torch drops quickly due to the
effect of water cooling. It could be concluded that the
numerical model presented in this paper could model the
steady state temperature field of the line heating process
at certain heating speed as elaborated herein.

In order to correct heat source model of the finite
element analysis, experiments were conducted. Infrared
thermography system 1is a convenient, accurate,
non-contact method for making temperature field
measurement. The system was used to capture the cutting
temperature field, see Huang et al. (2007). The infrared
image is show in Figure 13. The temperature distribution
of the plates being cut can be displayed in a number of
different ways. The method that was used to display the
data in this analysis was the isothermal contours (regions
of equivalent temperature). The temperature fields
measured experimentally at the end of line heating, in the
form of isothermal maps from infrared images are shown
in Figure 14. The isothermal contour consists of several
bands with increasing temperature from the outer edges
to the center of heat line. The isotherm shows an
elliptical shape and is denser at the leading edge of the
moving thermal source. The temperature gradient is
greater there. At the tail of the moving thermal source,
the converse feature is observed.

It can be seen from Figure 15 that most of the numerical
results are within 5% of the experimental results. The
excellent match in the overall trends and peak values
provides proof that the numerical model for the thermal
problem is valid and could simulate the line heating
process very well. The proposed model is useful and has
a precision that meets the engineering requirement.

800
700

600 |

500

400

300

Temperature (C)

200

Figure 12. Transient temperature history of test points ((a): Test points along heating line; (b): Test points perpendicular
to the heating line)
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Figure 13. Infrared image of line heating
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Figure 15. Comparison of the measured and simulated
results

4.2 DISTRIBUTION OF RESIDUAL
DEFORMATION

The layout of the measurement points is shown in Figure
9 and Figure 14. The displacement between points on the
both side of the heat line was taken as the final surface
shrinkage. A typical Distribution of residual UZ
deformation is shown in the Figure 15. Numerical results
were compared with measured results to verify the
reliability of the FEA model and the results are shown in
Table 2. From Table 2, it could be seen that most of the
results were close to one another. The shrinkage curves
in the direction of the heating line of Schemes 3 are
shown in Figure 15.

It can be seen that most of numerical results agreed well
with the experimental results with a variation of 5-10 per
cent. From the engineering perspective, it can be
concluded that the shrinkages results of all the heat lines
are basically the same.
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Figure 14. Measured temperature field of line heat
experiment
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Figure 14. Measurement position on the plate (local
surface shrinkage)

©2014: The Royal Institution of Naval Architects



Trans RINA, Vol 156, Part A3, Intl J Maritime Eng, Jul-Sep 2014

43 RESIDUAL STRESS DISTRIBUTION

Figure 17 plots the isothermal contours of residual
SY stress and residual SZ stress, respectively. Line
heating resulted in heating (expansion) and cooling
(contraction) of the steel plate. The longitudinal

residual stress developed from longitudinal expansion
and contraction. Along the heat-line, a high tensile
residual stress arises near the heat line, and then
decreases to zero, finally becoming compressive,
further away from the heat line. From the residual
stress contours in Figure 17, one can see that the
stress distribution is regular in the heat line area.

Table 2 Experimental measurements and numerical results of surface shrinkage (mm)

Point | Scheme 1 Scheme 2 Scheme 3 Scheme 4

No. Measured | Computed | Measured | Computed | Measured | Computed | Measured | Computed
1 0.21 0.186 0.40 0.374 0.80 0.771 1.37 1.498

2 0.24 0.205 0.35 0.335 0.64 0.603 1.14 1.096

3 0.25 0.225 0.30 0.322 0.54 0.496 0.77 0.816

4 0.19 0.198 0.29 0.270 0.40 0.386 0.61 0.599

5 0.10 0.117 0.18 0.153 0.22 0.211 0.37 0314
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Figure 15. Residual UZ deformation
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Figure 16. Shrinkage curves in the direction of the
heating line for Schemes 3

©2014: The Royal Institution of Naval Architects

NODAL SOLUTION

STEP=51
SUB =2
TIME=437.353
sY (AVG)
RSYS=0
PowerGraphics
EFACET=1
AVRES—Mat
DMX —=.04017
SMN ——.120E+09
SMX —.447E+09
~.120E+09
B 574p408
Bl seee+07
1 esrmtos
B0 1306409
B y95m409
0 >see+o09
C 1 321m409
1 384E+09
B s47m409
(a)
NODAL SOLUTION
STEP=51
SUB =2
TIME=437.353
sz (aVG)
RSYS=0
PowerGraphics
EFACET—1
AVRES-Mat
DMX —.04017
SMN —.344E+09
SMX —.222E+09
_.344E+09
B 55ie409
BN _ >18E+09
0 _.1ss5E+09
0 __ 9235408
EE _ >94k+08
O _336E+08
C 1  .ges+oe
0 .1s59E+09
Bl >o0k+0s

Figure 17. Residual Stress distribution of line heating ((a):
SY stress; (b): SZ stress)
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In experiment stress analysis, the residual stress is
established using the impact-indentation stress
measurement method, see Lin et al. (2005). The change
in strain, the so-called overlap strain increment, caused
by an indentation was measured using a biaxial
strain-gage Type BE120-3BA, as shown in Figure 18.

Figure 18. Strain-gage setup

Figure 19 depicts the distribution of residual stress in the
X-direction on the top surface, as measured by using the
impact-indentation method and the simulated results
using the finite element method.

|—=— SY of Numerical

500 ‘ @ SZ of Numerical
o |—4— SY of Experiment
L “\\ | v SZ of Experiment
400 | A m
e
300 :“\
- N N
o RN
o - \ B
S 200{ ® = XN
@ ¥ - \
o N e
&% 100 4 N \'\
\\ i =
04 I
e il
-100
T L T ¥ T id T T T 4 T L
0.00 0.01 0.02 0.03 0.04 0.05 0.06
Z(m)

Figure 19. comparison of longitudinal residual stress
along the X direction

As can be seen in Figure 19, the simulated results
depicted a slight incremental stress compared to the
experimental results some distance away from the
heat-line, but were almost identical near the heat line
area. However, it is also seen that beyond the peak
temperatures, the simulated SY stress along the
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z-direction decrease faster than the measured stress.
Despite this discrepancy, the simulated and measured
residual stress distributions agreed very well.

4.4 SUMMARY

Several causes can contribute to the discrepancy between
the numerical and experimental results, including the
coefficient of heat absorption, which is temperature
dependent and cannot be make certain, initial
temperature of the metal plate is different, the metal plate
was not initially stress-free and some other basic
assumptions, etc. But from the numerical and
experimental results of temperature field, deformation
distribution and residual stress distribution, it proves the
validity of the numerical model developed for the
thermal problem.

5. CONCLUSIONS

The following conclusions can be drawn from the present
investigations.

*  Through the investigation of basic mechanism
and complicated heat transfer condition for line
heat process, a numerical thermo-mechanical
model was developed and successfully
compared with the experimental results.

e The temperature distributions obtained through
the numerical analysis and those obtained from
experimental measurements compared fairly
well with a variation of only 5 per cent for the
peak temperatures.

*  The shrinkages obtained through the numerical
analyses and those obtained from experimental
measurements compared fairly well with a
variation of 5-10 per cent only. The simulated
and measured residual stress distributions also
agreed well.

*  As the numerical model proposed in this paper
is accurate enough to meet the requirement of
engineering precision, a serial of numerical
experiment could be performed to build up a
processing database for the automated line
heating control system. It is an effective and
economic method instead of doing all the
experiment on real steel plates. The proposed
method presents a valuable reference for the
study of similar thermal process.
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