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Abstract

This paper is mainly concerned with developing the formulae of predicting thermal deformation of steel plate due to multi-line heating. By
investigating the results of line heating test and numerical analysis, reasonable heat flux model has been defined. Formulae of predicting the
transverse shrinkage and the angular distortion as the dominant thermal deformation types in plate forming by line heating have been derived
based on the results of line heating test and numerical analysis with varying plate thickness, heating speed and distance between torches. This
paper illustrates how the derived formulae are used in investigating the effect of multi-line heating upon the thermal deformation and how they
can be used in defining the limit distance with that there is no interacted effect between torches. This paper ends with describing the extension of
the present study.
Copyright © 2018 Production and hosting by Elsevier B.V. on behalf of Society of Naval Architects of Korea. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Heating method is usually used in plate forming of ship's
curved shell plates found in bow and stern area. As it is well
appreciated, the plate forming process is one of the key pro-
cesses in shipbuilding. Lots of researches have been carried out
for the last several decades, and many researches are also in
progress nowadays to enhance productivity. For example,
Nomoto et al. (1990) and Shin (1992) developed simulator for
plate forming and showed a couple of application examples on
curved surface. Lee (1996, 1997) proposed an algorithm of
generating heating line information by line heating based on
mechanical model. Lee et al. (2002) suggested a simple pre-
diction model for thermal deformation of steel plates by line
heating and triangle heating through experiments. Jang et al.

(2001) conducted studies on deformation characteristics due
to heat forming, and Ha (2001) and Jang et al. (2002) carried out
experimental studies to predict deformation with considering
phase transition due toweaved heating and water cooling effect.

This paper is primarily concerned with adopting the
concept of multiple line heating to enhance the productivity in
plate forming process. For this, line heating test with single
and/or multi-torch has been carried out with varying the pa-
rameters affecting the deformation due to line heating, say,
plate thickness, heating speed and distance between torches. In
addition to this, thermo-elasto-plastic analysis has been carried
out to generate information beyond the region of real test
aimed at deriving the formula for the transverse shrinkage and
angular distortion (transverse bending deformation), which are
supposed to dominantly affect the deformation due to line
heating. Based on the results of the present line heating tests
and the numerical analysis, formulae for the transverse
shrinkage and the angular distortion have been developed
through the regression analysis procedure. With the formulae
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derived in this study, the effect of distance between torches
and number of torches affecting to any particular heating line
are investigated. As far as the present results are concerned,
due to the interaction between torches, transverse shrinkage
and angular distortion become greater as the distance between
torches become smaller. This paper also deals with the limit
distance which is defined as the distance between torches such
that there is no interaction between torches. This paper ends
with describing the further study about the application of the
present results to devote to enhancement of productivity in the
plate forming process in shipyard.

2. Experiment and numerical studies with multi-torch

As the preliminary study, in order to investigate the phys-
ical and mechanical phenomenon, the present authors have
carried out line heating test and thermo-elasto-plastic analysis
with multi-torch. The models and experiment conditions for
the multi-line heating are listed in Tables 1 and 2, respectively,
and material is mild steel. The test conditions in Table 2 were
determined by trial and error so that the heating apparatus
produces the highest efficiency during heating. As it can be
seen, multi-line heating test have been conducted with
changing the distance between torches, dtorch as 100, 150, and
200 mm. Eleven k-type thermocouples are attached between
‘Torch 1’ and ‘Torch 2’ on the opposite side to the heating side
to measure the temperature during heating as shown in Fig. 1.
Fig. 2 shows the attached thermocouples with equal space
when the distance between torches, dtorch is 100 mm, and so
the distance between thermocouples is 10 mm. And when
distance between three torches is 150 mm and 200 mm, the
distance between thermocouple is 15 and 20 mm, respectively.
With the measured temperature, thermal interacting effect
between heating torches can be investigated. The cooling
method is the air cooling and the temperature of the opposite
side is measured until the temperature is less than 200 �C. For
the present experiment, torch tip 3000 is used. Fig. 3 shows the
multi-line heating test scene with three torches. We can see the
interaction of flame between torches.

For the present numerical analysis of line heating, double
Gaussian heat flux model proposed by Tsuji and Okumura

(1988) is used to take into account the effect of the 1st and
2nd flame. The flux model is given as:

qðrÞ ¼ 6hQ
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where h is the heat efficiency, R1 and R2 are the first and
second heat flux frame length, b is second heat flux over first
heat flux, and Q is the generated heat due to chemical reaction.
With the heating conditions listed Table 1, half section of the
distributed shape of heat flux has the form shown in Fig. 4.
When single torch was used, the thermos-elasto-plastic anal-
ysis procedure with the above double Gaussian heat flux
model was already verified (Lee and Lee, 2012).

When the multi-torch is used for the line heating, it is firstly
necessary to investigate the physical and mechanical phe-
nomena to define the heat flux model since the interaction
between torches is expected depending on the distance be-
tween torch, dtorch. As it is mentioned before, line heating test
with multi-torch is carried out for three models shown in Table
1. Two types of flux model can be suggested as follows:

Table 1

Multi-line heating test models.

Plate size

(mm)

Plate thickness

(mm)

Heating speed

(mm/min)

Distance between

torches (mm)

1000 � 740 19 300 100, 150, 200

Table 2

Test condition of multi-line heating.

Item Value

Flow rate (L/min) LPG 23

O2 50

Pressure of flow (kgf/cm2) LPG 1.7

O2 4

Distance from torch tip to plate surface (mm) 50

Torch tip no. 3000

Fig. 1. Torches and locations of thermocouples.

Fig. 2. Test specimen at which thermal couples are attached: d ¼ 100 mm.

Fig. 3. Scene of multi-line heating test with three torches.
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(1) Non-overlapped heat flux model: the heat flux between
torches is considered not to be overlapped and so heat flux
will not superposed between torches.

(2) Overlapped heat flux model: the heat flux between torches
is considered to be overlapped and so heat flux will be
superposed between torches.

Fig. 5 shows the distribution shape of the non-overlapped
heat flux model for the distances between the torches, dtorch
of 100, 150, and 200 mm, respectively. In a similar manner,
the distribution shape of the overlapped heat flux model for the
same torch distances is shown in Fig. 6, where dotted curves
denotes the heat flux distribution of individual torch and solid

curves denote the overlapped heat flux, that is, superposed
model.

Thermo-elasto-plastic analysis has been carried out for the
test models in Table 1 with varying dtorch. Figs. 7 and 8 show the
comparison of maximum temperature of back side of the test
specimen at the same locations where thermocouples are
attached as in Fig. 1 between multi-line heating test and the
thermo-elasto-plastic analysis for the non-overlapped heat flux
model and the overlapped heat flux model, respectively. In Figs.
7 and 8, ‘hollow diamond FEA’ denotes the result of thermo-
elasto-plastic analysis. As it can be seen in Fig. 7, the differ-
ence between numerical analysis with non-overlapped heat flux
model and experiment ismore than 100 �C.Meanwhile, as it can
be seen in Fig. 8, the overlapped heat flux model shows better
agreement with the result of experiment. As the thermal
deformation, comparison of angular distortion (transverse
bending deformation) between experiment and thermo-elasto
plastic analysis are shown in Figs. 9 and 10 for non-
overlapped and overlapped models, respectively. In Figs. 9
and 10, ‘41’ denotes the angular distortion at ‘Torch 1’ in
Fig. 1, which is the case that the torch is affected fromboth sides,
say ‘Torch 1’ in Fig. 1 is interacted with Torch 2 and Torch 3.
‘Solid rectangle with aver. 42 & 43’ denotes the average value
of angular distortion at ‘Torch 2’ and ‘Torch 3’ in Fig. 1 since the
angular distortion at ‘Torch 2’ and ‘Torch 3 are theoretically
same. This is the case that ‘Torch 2’ and ‘Torch 3’ are affected
by ‘Torch 1’, say, just one side interaction case. As it can be seen
in Fig. 6, the maximum point of heat flux at Torch 1 is greater
than that at Torch 2 and Torch 3. It can be seen that overlapped
heat flux model gives more reasonable results than non-

Fig. 4. Double Gaussian heat flux.

Fig. 5. Non-overlapped heat flux model.
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overlapped heat flux model. As far as the present results of
experiments and numerical analysis, the overlapped heat flux
model is more reasonable than the non-overlapped heat flux
model. And so, the overlapped double Gaussian heat flux model

must be used for the numerical analysis and the superposing
phenomenon of heat flux between torches should be considered
in dealing with problems associated with line heating process
adopting the multi-torch concept.

Fig. 6. Overlapped heat flux model.

Fig. 7. Comparison of maximum temperature between experiment and numerical analysis: non-overlapped model.
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3. Derivation of formulae of predicting thermal
deformation for multi-line heating

In case of line heating, there are generally four deformation
types, those are.

- Shrinkage and bending deformation in transverse direction
(normal to heating line)

- Shrinkage and bending deformation in longitudinal di-
rection (parallel to heating line)

Among these, since the transverse deformation is more
dominant than the longitudinal deformation, which can be
also found in the case of welding deformation (Masubuchi,
1980; Lee, 2004), this paper concentrates on the transverse
shrinkage and angular distortion (transverse bending defor-
mation). In order to obtain sufficient information in deriving
the formulae of predicting deformation due to line heating,
line heating test have been conducted with single and multi-
torch with varying plate thickness, heating speed and dis-
tance between torches, dtorch such that heat input parameter,

Fig. 8. Comparison of maximum temperature between experiment and numerical analysis: overlapped model.

Fig. 9. Comparison of angular distortion between experiment and numerical

analysis: non-overlapped model.

Fig. 10. Comparison of angular distortion between experiment and numerical

analysis: overlapped model.
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q defined as Eq. (2) can be covered as wider range as
possible.

q¼ Qeff

t
ffiffiffiffi
vt

p ð2Þ

where Qeff, t and v are the effective heat input, plate thickness
and heating speed, respectively. There are, of course, several
other definitions for the heat input parameter, but since the
heat input parameter given as Eq. (2) can reflect plate thick-
ness and heating speed, it is widely used in formulae of pre-
dicting deformation due to welding and line heating (for
example see Masubuchi (1980), Lee (2004) and Lee et al.
(2014)). Figs. 11 and 12 illustrate the transverse shrinkage
and the angular distortion in terms of heat input parameter
defined as in Eq. (2) due to line heating with single torch (Lee,
2010). With regard to the generation of heating conditions
when the required transverse shrinkage and/or angular
distortion, Eq. (2) can be usefully used in computing the
corresponding heating speed, v when Qeff and t are given, and
q is obtained from Figs. 11 or 12 with the required shrinkage
or angular distortion. In this sense the heat input parameter
given as Eq. (2) is very useful.

In the previous section, it has been found that the over-
lapped heat flux model is more reasonable than the non-
overlapped model when multi-torch concept was adopted. In
other words, in defining the heat input parameter, the over-
lapped effect between torches should be considered, and the
heat input parameter equation in Eq. (2) should be, therefore,
corrected to take into account the overlapped effect as:

q¼ Qeff þDQeff

t
ffiffiffiffi
vt

p ð3Þ

As it can be seen, the additional effective heat input due to
the interaction effect between torches is added in the

numerator of Eq. (2). Doing this increases the heat input
parameter by amount of

Dq¼ DQeff

t
ffiffiffiffi
vt

p ð4Þ

and deformation becomes bigger than the single torch case.
Fig. 13 schematically shows this effect due to the additional
heat input when multi-torch is used, the angular distortion
point moves from A to B. This means more deformation can
be achieved adopting the multi-torch concept.

The purpose of this section is to derive the formulae of pre-
dicting the transverse shrinkage and angular distortion, which
will be used in predicting deformation under given heating
conditions and plate thickness, and also used in generating

Fig. 11. Fitted curves for shrinkage to line heating test numerical analysis

results with single torch (Lee, 2010).

Fig. 12. Fitted curves for angular distortion to line heating test and numerical

analysis results with single torch (Lee, 2010).

Fig. 13. Schematic diagram showing deformation increasing effect due to

multi-torch heating (angular distortion).
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heating speed corresponding to the required deformation as it
was mentioned just before. For this test models are selected to
cover a wide range of heat input parameter as in Tables 3 and 4.
Firstly 18 models in Table 3 are tested with the single and two
torches to obtain data for the angular distortion with varying
plate thickness, heating speed and distance between torches,
dtorch. And secondly 16 more models are tested to get both
shrinkage and angular distortion with two or three torches. In
case of angular distortion, as it can be seen in Figs. 12 or 13,
angular distortion data beyond the peak point are needed in
deriving the predicting formula. However it is impossible to
conduct the line heat test beyond the peak point due to very large
amount of heat input at that region of heat input parameter. In the
present study, numerical analysis for three models in Table 5 has
been, therefore, carried out to get the data for angular distortion

and shrinkage. Altogether 19 data have been obtained for the
transverse shrinkage and 37 data for the angular distortion.
Results of experiment and numerical analysis are shown in Figs.
14 and 15 for the shrinkage and angular distortion, respectively.

Table 3

Model set-1 for the line heating test with single torch or multi-torch (angular

distortion only).

Model no. t (mm) v (mm/min) dtorch (mm) No. of affecting

torches

MLH-01 9.0 250 400 1

MLH-02 9.0 300 400 1

MLH-03 9.0 380 400 1

MLH-04 9.0 500 400 1

MLH-05 9.0 250 500 1

MLH-06 9.0 300 500 1

MLH-07 9.0 380 500 1

MLH-08 9.0 170 500 1

MLH-09 9.0 200 500 1

MLH-10 9.0 200 e 0

MLH-11 12.0 115 e 0

MLH-12 12.0 140 e 0

MLH-13 12.0 180 e 0

MLH-14 12.0 250 e 0

MLH-15 12.0 330 e 0

MLH-16 16.0 260 e 0

MLH-17 16.0 200 200 1

MLH-18 16.0 500 200 1

Table 4

Model set-2 for the line heating test with multi-torch (transverse shrinkage and

angular distortion).

Model no. t (mm) v (mm/min) dtorch (mm) No. of affecting

torches

MLH-19 13.0 175 100 1

MLH-20 13.0 175 200 1

MLH-21 13.0 200 100 1

MLH-22 16.0 125 300 1

MLH-23 16.0 150 200 1

MLH-24 16.0 150 300 1

MLH-25 16.0 200 100 1

MLH-26 16.0 200 200 2

MLH-27 16.0 200 300 1

MLH-28 16.0 200 400 1

MLH-29 16.0 500 100 2

MLH-30 16.0 500 200 2

MLH-31 16.0 500 300 1

MLH-32 19.0 200 200 2

MLH-33 19.0 200 300 1

MLH-34 19.0 200 400 1

Table 5

Model set-3 for numerical analysis multi-torch (transverse shrinkage and

angular distortion).

Model no. t (mm) v (mm/min) dtorch (mm) No. of affecting

torches

MLH-35 9.0 180 400 2

MLH-36 9.0 145 400 2

MLH-37 9.0 125 400 2

Fig. 14. Comparison of formula for transverse shrinkage with results of line

heating test and numerical analysis.

Fig. 15. Comparison of formula for angular distortion with results of line

heating test and numerical analysis.
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In the same figure, solid circles denote the results of line heating
test and solid rectangles the results of numerical analysis.

The formula to predict deformation due to multi-torch has
been derived based on the results of the present models in

Tables 3e5 The formula can be conceptually expressed as the
function of plate thickness, heating speed and distance be-
tween torches. The various types of the formula to predict
deformation have been proposed. In this study, Eqs. (5) and (6)
are proposed for the transverse shrinkage normalized by plate
thickness, S/t and angular distortion, respectively as functions
of heat input parameter defined as Eq. (3), which is similar to
those of weld induced transverse shrinkage and angular
distortion (Masubuchi, 1980; Lee, 2004).

S=t ¼ C1q
a1 ð5Þ

f¼ C2q
a2e�a3q ð6Þ

where q is the heat input parameter defined as Eq. (3). Coef-
ficient C1 and C2, and indices a1, b1, a2 and a3 are to be
determined through the regression analysis with results of the
models in Tables 3e5 as it is mentioned before. Through the
regression analysis, coefficients and indices in Eqs. (5) and (6)
have been obtained as in Table 6. The mean of ratio of

Table 6

Coefficients and indices in Eqs. (5) and (6).

C1 0.373 � 10�4 C2 0.368 � 10�10

a1 1.14 a2 5.72

e e a3 0.0507

Table 7

Models for case studies.

Thickness

(mm)

Heating speed

(mm/min)

Distance between torches,

dtorch (mm)

13 400, 500, 600 100, 150, 200, 250, 300, 400,

50016 300, 400, 500

19 300, 400, 500

Fig. 16. Transverse shrinkage to distance between torches and plate thickness (torch affected by both sides).
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transverse shrinkage estimated by Eq. (5) with coefficient and
index in Table 6 to those by experiment and numerical anal-
ysis is 0.999 and its COV (coefficient of variation) is 0.112,
respectively. In case of angular distortion, the mean of ratio of
angular distortion estimated by Eq. (6) with coefficient and
index in Table 6 to those by experiment and numerical anal-
ysis is 1.009 and its COV is 0.114, respectively. Eqs. (5) and
(6) are also plotted in Figs. 14 and 15 as the solid curves for
the shrinkage and the angular distortion, respectively. It can be
seen a good agreement between formulae and the results of
experiment and numerical analysis. This finding can also
claim that the overlapped heat flux model is reasonable.

The derived formulae (5) and (6) must be regarded as the
natural thermal characteristics of the heating apparatus used
for the present study under given heating conditions in Table 1.
When the heating condition listed in Table 1 changes, then
formulae of predicting thermal deformation such as Eqs. (5)
and (6) should be, therefore, derived again based on the

other results of experiment and/or numerical analysis con-
ducted under the changed heating condition. As far as the
present results are concerned, the normalized transverse
shrinkage, S/t is close to linear function of heat input param-
eter, q. Eq. (6) which is the formula for the angular distortion,
4 seems to cover the range beyond peak point, but as it is
mentioned, line heating test is impossible beyond the peak
point. As it can be seen in Fig. 1, angular distortion is nearly
zero when heat input parameter is less than about 20, which is
the natural characteristics of the heating apparatus used for the
present study. Equations (5) and (6) with heat input parameter
defined as in Eq. (3) can be used regardless of the number of
interacted torches.

4. Effect of multi-line heating on the thermal deformation

In this section, when multi-torch is adopted in plate
forming process, the effect of distance between torch, dtorch

Fig. 17. Transverse shrinkage to distance between torches and plate thickness (torch affected by one side).
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upon the transverse shrinkage, S/t and the angular distortion,
4 is investigated based on the results of case study with
varying plate thickness, heating speed and distance between
torches. For this purpose, case study using Eqs. (5) and (6) has
been carried out for 63 models as shown in Table 7. Results
are graphically represented as the relation between S/t and
dtorch as in Figs. 16 and 17 for 3 heating speed cases, and
between 4 and dtorch as in Figs. 18 and 19 for 3 heating speed
cases. Figs. 16 and 18 show the effect of dtorch for the case that
the torch is interacted with both side torches as ‘Torch 1 ‘ in
Fig. 1, and Figs. 17 and 19 for the case that the torch is
interacted with one side torch as ‘Torch 2’ or ‘Torch 3’ in
Fig. 1. As it can be easily expected, both transverse shrinkage
and angular distortion are more sensitive to dtorch when the
torch is affected by both side torches. From view point of
thermal deformation, the angular distortion is more sensitive
to dtorch than the transverse shrinkage. In any case, multi-torch

effect decreases as the dtorch increases as it can be easily
expected.

5. Estimation of limit distance between torches

As it is found from the results of case study in the previous
section, multi-torch effect decreases as the dtorch increases. It
is, hence, necessary to define the distance between torches
with that there is no interaction effect between adjacent
torches. In this paper, the distance is called the limit distance
between torches, dLimit. In other words, the limit distance is
the least distance so that there is no interaction between
torches. The limit distance must be, therefore, theoretically
satisfying following condition.
���� dðS=tÞdðdtorchÞ

����¼ 0 or

���� df

dðdtorchÞ
����¼ 0 ð7Þ

Fig. 18. Angular distortion to distance between torches and plate thickness (torch affected by both sides).
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But the solution of Eq. (7) must be infinite. And so it is, hence,
practical to define the limit distance between torches to satisfy
the following inequalities.

���� dðS=tÞdðdtorchÞ
����< ε or

���� df

dðdtorchÞ
����< ε ð8Þ

where ε is a sufficiently small number. As ε becomes smaller,
dLimit becomes, of course, larger. In this paper, ε of 10�7 and
of 10�6 are tentatively imposed for the transverse shrinkage
for the angular distortion, respectively. As it is mentioned in
the previous section, both transverse shrinkage and angular
distortion are more sensitive to dtorch when the number of
interacted torches is two than one. This means that both side
effect is more sensitive to dtorch than one side effect. Taking
into account of this finding, the limit distance between torches,
dLimit is derived for the case that the present torch is interacted
with both side torch as ‘Torch 1’ in Fig. 1. Case study has been
carried out with varying plate thickness and heating speed, and
results are presented in Fig. 20. As it can be easily expected,

dLimit becomes smaller as heating speed increases. dLimit be-
comes smaller for the thicker plate. This may be due to wider
heat affect zone in thin plate than thick plate (Masubuchi,
1980). It can be also found that dLimit is more sensitive to
the angular distortion than the transverse shrinkage. It can be,
therefore, said that dLimit should be determined as the bigger
one between values defined based on two types of deformation
as it is shown in Fig. 20.

6. Conclusions

This paper has been mainly concerned with deriving
formulae of predicting the thermal deformation when multi-
line heating process is adopted. Heat flux modelling was
firstly described and line heating test has been carried out with
varying plate thickness, heating speed and distance between
torches to generate data which were used in deriving the
transverse shrinkage and the angular distortion which were
dominant deformation types in line heating. For this three

Fig. 19. Angular distortion to distance between torches and plate thickness (torch affected by one side).
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models were added for the thermo-elasto-plastic analysis to
obtain information at the region of heat input parameter where
line heating test was not possible. As far as the results of the
present study were concerned, following could be drawn.

(1) The overlapped heat flux model should be used to consider
the interacting effect between adjacent torches for the
multi-line heating.

(2) The interaction effect could be reflected by introducing
the additional heat flux of the overlapped part between
torches when heat input parameter was evaluated as
Eq. (3)

(3) As far as the derived formulae for the transverse shrinkage
and the angular distortion based on the results of the
present multi-line heating test and numerical analysis,
transverse shrinkage equation was close to linear function
of heat input parameter. The derived formulae showed a
good agreement with test and numerical analysis results
such that mean of ratio of the formulae to test and nu-
merical results was close to 1.0 and their COV level was
about 11%.

(4) From the results of investigating the effect of multi-line
heating on the thermal deformation with varying plate
thickness, heating speed and distance between torches,
dtorch, both transverse shrinkage and angular distortion
were more sensitive to dtorch when the torch was affected
by both side torches. From view point of thermal defor-
mation, the angular distortion was more sensitive to dtorch
than the transverse shrinkage. In any case, multi-torch
effect decreased as the dtorch increased.

(5) Limit distance between torches with that there was no
interaction effect between adjacent torches can be defined
with the derived formulae.

These findings are to be verified through more experiment
and numerical analysis for various cases. This study will be
extended to the applying the formulae of estimating the trans-
verse shrinkage and the angular distortion derived in the present

study to generate the information of heating lines when multi-
torch concept is adopted. The results will be presented in the
judicial proceedings or journal in the near future.
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