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ABSTRACT

In shipbuilding industry, there are various technological processes
involved in building new ships having high potential for emission of
pollutants into environment. An assessment of the impact level on
environment due to building a certain ship requires an estimation of the
individual impact of each technological process. The plate forming
process is one of these technological processes which is carried out to
accomplish the hull construction of a ship. In the plate forming
process, the desired curved surface of a plate is formed from a flat one
using mechanical and/or thermal methods, such as rolling, pressing
and line-heating. The line-heating method is widely applied in forming
complicated shapes of shell plating in shipyards. When the line-heating
method is used in the forming process, a gas heat source is usually
applied. Due to the combustion process of oxygen and the gaseous
fuel, such as acetylene or propane, the heat energy required to form the
plate is produced. Consequently, carbon dioxide, vapor, nitrogen, and
other components are produced from the combustion. This research is
devoted to study the impact of plate forming by the line-heating method
on the emitted pollutants into environment, mainly the carbon dioxide.
The influence of heating conditions on the bending angle is presented.
The emitted CO2 from the combustion process is estimated due to using
acetylene or propane as a gaseous fuel. The relation between the
bending angle and the changes of emitted CO: in plate forming is
examined. In addition, the relationship between the emitted CO2 and
the degree of curvature in forming a bilge plate using the line-heating
method is studied.

Keywords: Environment, Pollution, Emitted COz, Line-heating method,
Plate forming

INTRODUCTION construct a new ship or to repair an existing

ironmental concern has grown in ship. The different technological processes

few decades due to the increase of involved in shipbuilding and ship repair

pollutants  emitted into the industry will have a high potential for the

t. To detérmine the impact level emission of pollutants into environment.

e environment and natural resources Hence, to make an evaluation for the impact

different industrial processes, the level on environment in building a certain

pollutants from each industrial ship, the individual impact of each

should be evaluated. In technological process should be estimated at

p industry, numerous first. The plate forming process is considered

al processes such as cutting, one of these technological processes which is

 and welding processes, are being necessary to form curved shell plating of most

d out on steel plates and sections to ships.
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The shell plating of ship’s hull may have a
flat surface such as side shell, curved in one
direction only such as bilge plates in the
parallel middle body, or may have transverse
and longitudinal curvatures such as those in
the forward and aft parts of the hull. The
desired curved surface of plate is formed from
a flat one using mechanical and/or thermal
methods, such as rolling, pressing and/or
line-heating method. The relative importance
of each method in plate forming depends
mainly on the shape of the hull form. For
example, in building 2400 TEUs container
ship, which has a fine form, in one ofthe
Spanish shipyards, the line-heating method is
used to form 90% of the plates to be formed
and the rest by the mechanical methods [1].
On the other hand, in building product tanker
of 46000 DWT in the same shipyard, 35% of
the plates were formed by the line-heating
method and 65% by the mechanical methods.
These two figures indicate the relative
importance of the. line-heating method in
forming steel plates with other methods in
shipyards.

The line-heating method has been applied
in forming shell plating of ships since 1950 in
Japan. Hashimoto [2] made areport about
this method and its applicability in plate
forming in  Ishikawajima-Harima Heavy
Industries (IHI) as a practical plate forming
method.  Afterwards, different researchers
attempts to recover the skills of craftsmen and
automate the plate forming process using the
line-heating method [2-11]. The line-heating
method can be defined simply as the process
of forming steel plates by controlled heating
and cooling. If a plate is heated using a
certain heating source, thermal stress is
induced in the heated region producing strain
n the whole domain of the plate. Due to the
emperature rise in the heated portion, the
nagnitudes of Young’s modulus and yield
tress of the material decrease. The adjacent
1aterial to the heated region, due to its lower
smperature than the heated one, will resist
1e thermally created stress. Thus, the
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heated region will be constrained by t
surrounding material and after releasing
heat source and cooling some permane
plastic, deformation is retained in the pl
In the heated region, compressive pl
deformation is produced and subsequen
the material of the plate shrinks. The surfac
imposed to the heat source contracts mo
than the other side resulting in bending angl
as shown in Figure 1. This behavior of pl
due to the heating process is utilized i
forming curved steel plates as well as i
removing distortion from parts, sub-bloc
and blocks.
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Figure 1 Bending of plate around the heating line.

When the line-heating method is used in
plate forming, a gas torch, such as oxy-
acetylene or oxy-propane, is usually applied
as a heating source. As a result of the
combustion process, carbon dioxide, vapor,
nitrogen and other components are
produced. Therefore, certain impact on
environment will take place due to the:
emitted unfavorable gases. The line-heating
method is considered a vital tool in forming
complex shapes of steel plates. Thus, this
research is devoted to study the
environmental impact of plate forming using
the line-heating method, mainly the emission
of COz. The relationship between the heating
conditions and the bending angle of steel
plates is explained. The emitted CO: from
the combustion process due to applying
acetylene or propane is estimated.

The relation between the bending angle
and the changes of emitted CO: in plate



p is examined. The emitted CO2 in

; bilge plate using the line-heating
jethod is determined to evaluate the
uence of the degree of curvature on the
1t dpo].lutam: 5

- HEATING CONDITIONS AND BENDING

~ ANGLE
In forming shell plating by the line-heating
sethod, plastic deformation is created in the
eated zone which bends the plate mainly in

- perpendicular direction to the heating

As a matter of fact, the magnitude of
ding angle that occurs depends on the
gmum  surface temperature and its
bution in the domain of the plate [9].
en a gas heating source is used, the
imum temperature of the heated plate
ace depends on the effective heat input
, Q, the torch speed V and the plate
ess h. The effective heat input rate, Q,
be represented through the acetylene and
en flow rates, their pressures and the
t of the torch from the surface of plate to
the maximum surface temperature. On
other hand, the temperature distribution
ough the thickness of the plate is
uenced by the previous parameters and
cooling method. In addition, the thermal
perties of the plate material will have
effect on the temperature field, while
mechanical properties will affect the
resulting bending angle.
- The main heating conditions which control
‘the plate bending by the line-heating method
~are the pressure, the flow rate of both the fuel
gas and oxygen and the torch speed.
Subsequently, after defining the heating
conditions, the magnitude of bending angle
produced by the heating line will be function
‘of the plate thickness and the cooling
‘conditions. Different experimental studies
were carried out to study the plate bending by
‘the line-heating method [1, 11]. Tsuji and
- Okumura [11] used oxy-acetylene torch as a

heat source in their experimental work to
- study steel plate forming by the line-heating
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method. On the other hand, Antonio and
Carlos [1] carried out their experiment using
oxy-propane as a heating source to train
craftsmen how to use the line-heating method
for accurate bending of plates.

A series of experimental work on steel
plate models were made by Tsuji and
Okumura using oxy-acetylene flame. The
length and the breadth of the models were
fixed, 1.0x0.5 m, while three different
thicknesses, 12, 16 and 19 mm, were used in
the experiments. The average yield stress of
the material of the plate is 240 MN/m?. In
addition, three different values of acetylene
flow rates, 0.960, 1.920, and 2.880 m3/hr
were selected in their analysis and the
corresponding oxygen flow rates were 1.14,
2.10 and 3.06 m?3/hr, respectively. Also, the
tip height of the torch from the plate surface
were 20 mm for the acetylene flow rate 1.14
m3/hr, and 26 mm for the other acetylene flow
rates to get the maximum surface
temperature. The torch speed ranges from
0.0025 to 0.010 m/s and travels in the
longitudinal direction. The acetylene
pressure was 49 kN/m? while the oxygen
pressure was 490 kN/m2 The produced
bending angles corresponding to the torch
speed, acetylene flow rate, and the maximum
surface temperature are given in Table 1 for
plate thickness 12 mm. Similar data and
results for plate thicknesses 16 and 19 mm
together are given in Table 2. It is clear from
Tables 1 and 2 that as the torch speed
decreases, for certain acetylene flow rate and
plate thickness, the maximum surface
temperature increases and subsequently the
bending angle increases. In addition, one can
note that the maximum surface temperature
increases as the torch speed decreases.
Generally, the maximum surface temperature
should not exceed 650 °C to prevent material
deterioration. Also, one can notice that
increasing acetylene flow rate for certain torch
speed and plate thickness does not change
greatly the magnitude of produced bending
angle.
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Antinio and Carlos [1] carried out their
experimental work on ordinary-strength
Grade A steel, the yield stress is about 240
MN/m?, using propane as fuel gas. They
used large flame with a torch tip-to-plate
distance between 20 mm and 28 mm to get
the maximum surface temperature. The
propane and oxygen pressures were 81 kN/m?
and 588 kN/m?, respectively. Also, the
selected propane flow rates were 1.5, 2.2, 2.6
and 3.2 m?3/hr and the corresponding oxygen
flow rates were 7, 10, 13 and 16 m3/hr,
respectively. Water cooling was applied on
the same side of heated surface and the water
jet-to-flame distance is about 100 mm. With
these working conditions, the maximum
surface temperature was under 650 °C. The

bending angles for different plate thicknesses
are shown in Table 3. Itis clear from Table 3
that the bending angle generally increases for
thinner plates at constant torch speed.

Table 1 Heating conditions and bending angle for
plate thickness h = 12 mm |1 lil
T {. ey " Az
J\;:'t!ll::- Tot;h spoed ! uhmpentun C i. angle 6x 1-03 [
m3/hr /s | radian
| 0.960 0.0075 | 578 6.6
0.960 0.0050 | 695 12.5
| 0960 0.0025 | 928 39.5
[ 1.920 0.0100 | 634 8.7
[ 1920 | 0.0075 718 14.8
| 1920 | ©0.0050 | 820 36.0
| 2880 0.0100 738 159
| 2.880 0.0075 825 30.1
| 2880 0.0050 960 57.0

Table 2 Heating conditions and bending angle for plate thicknesses equal to 16 mm and 19 mm [11].

Acetylene |  Torch | Plate thickness = 16 mm ' Plate thickness = 19 mm __]
flow rate | speed V Max. surface Bending angle Max. surface : Bending angle |
m?/hr m/s temp. °C 0x102 radian temp. °C | 8x102 radian
0.960 0.0075 577 - 558 | 4.2
0.960 0.0050 685 l 7.9 698 i 6.7
| 0.960 0.0025 877 15.8 889 | 12.4
1.920 0.0075 716 6.8 810 5.9
1.920 0.0050 854 9.7 935 8.5 .
1.920 0.0025 1051 15.8 1171 15.9 |
[ 2.880 0.0075 827 9.3 . 8% 8.0 ol
' 2.880 0.0050 979 14.4 1040 | 11.3
2.880 0.0025 1176 ’ 24.4 1270 ‘ 65 |

Table 3 Heating conditions and bending angle due to using propane [1].

! Plate Propane flow Torch speed Maximum surface Bending angle |
thickness h rate m3/hr Vm/s temperature °C 8x10% radian |
(mm]

12 1.500 0.0067 500 9.4

14 1.500 0.0050 550 8.6

15 2.200 0.0050 200 7.2

16 2.200 0.0050 500 7.2

18 2.200 0.00350 500 7.2

19 2.600 0.0050 S00 8.6

20 2.600 0.0042 600 7.9

22 2.600 0.0033 600 7.2

‘25 3.200 0.0033 600 9.4

28 3.200 0.0042 500 7.2

30 3.200 0.0042 500 6.5

40 3.200 0.0042 500 4.3

All4
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['TED CO2 IN THE HEATING PROCESS

the line-heating method is used in
shell plating of ship structure, the
component CO: is emitted asone
nent of combustion. Different
carbon gases, such as acetylene and
, can be used for the heating process.
0; is created from the combustion
between oxygen and hydrocarbon
Thus, if the mass flow rate of the fuel
calculated based on its working
s such as pressure, flow rate and
ature, then - the mass flow rate of
CO2 can be estimated assuming
te combustion of the hydrocarbon gas.
ass flow rate of COz, of course, will
on the type of fuel gas and its flow

ted CO2 from Using Acetylene

'he mass flow rate of CO: emitted from
combustion process can be estimated
on the mass flow rate of acetylene
g complete combustion. Owing to the

ed as an ideal gas. Thus, the mass
ate of acetylene, macer , can be calculated
on the state equation of ideal gases [12-
ch that

« =PV/RT  kg/hr (1)
P = pressure of acetylene, N/m?2.
V = acetylene flow rate, m3/hr
T = absolute temperature of acetylene,
deg. K
R = acetylene gas constant = 320
J/kg.K
pressure, the flow rate and the
erature of acetylene are known, the mass
rate of acetylene, macer, can then be
ated based on Equation 1.
The acetylene is a hydrocarbon of the
202 unsaturated group and it has the
formula CzHz [12], therefore the
ction equation for complete combustion
be considered as follows [13-14]:

Environmental Impact of Plate Forming by Line-Heating Method

CoHz + 2.502 —» 2C02 + H20 (2)
1 mol 2.5 mol 2 mol 1 mol volume basis
26 kg 80 kg 88 kg 18 kg  mass basis

This means that, for complete combustion one
volume-unit of acetylene requires two-and-
half volume-units of oxygen. Although
Equation 2 does not give a complete picture of
the combustion, as the fuel undergoes some
intermediate transformations, the mass flow
rate of emitted CO2z , Mcarbdiox,may be
estimated from equation (2). Based on the
mass balance given in equation (2), the mass
flow rate of emitted CO2 , mecarbdiox, 1S
computed such that:
Mecarbdiox.= (88 /26)xmacer. (3)
Assuming the pressure of acetylene, P, is
equal to 1 N/m?2, its flow rate, V, is 1.0 m®/hr,
and temperature, T, is 273 K, the mass flow
rate of acetylene, macer, Will be 1.145x10-5
kg/hr. Thus, the mass flow rate of emitted
CO2 , Mcarbdiox, Will be 3.88x10-5 kg/hr. The
pressure of acetylene applied in Tsuji’s
experiment was 49 kN/m? and the emitted
CO2 corresponding to the different acetylene
flow rates is given in Table 4. It is clear from
this table that the emitted CO: increases as
the acetylene flow rate increases.

Table 4 Mass of emitted COz due to acetylene.

Acetylene flow Mass of emitted CO2
rate (m3/hr) (kg/hr)
0.960 1.8160
1.920 3.6328
2.880 5.4492

Emitted COz from Using Propane

In a similar manner, owing to the low
pressure of propane, ideal gas equation can
be used to present the state of propane.
Thus, the mass flow rate of propane, mprop. ,
can be calculated based on the law of ideal
gas, such that
Mprop. = PV/RT kg/hr (4)
where P = pressure of propane, N/m?2.

V = propane flow rate, m3/hr.

Alexandria Engineering Journal, Vol. 38, No. 2, March 1999 A1l
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T = absolute temperature of propane,
deg. K.
R = propane gas constant = 185
J/kg.K.
The mass flow rate of propane, mpwop, Will be
calculated from Equation 4.

The equation representing the complete
combustion of propane with oxygen should be
written at first to estimate the mass flow rate
of emitted CO-2 The propane is a
hydrocarbon of CunH:zns2 group and it has the
chemical formula CsHs [13]. Therefore the
reaction equation for complete combustion
can be described by the following equation
[13-14]:

CsHs + 502 = 3CO2 + 4H20 (5)

The mass flow rate of emitted CO2 , Mearbdiox.,
induced from complete combustion can be
estimated as follows,

Mearbdiox. = 3.0 Mprop. [6)

If the pressure of propane, P, is assumed to be
1.0 N/m?2, the flow rate Vis 1.0 m3/hr, and
the temperature T is 273 K, the mass flow rate
of propane will be 1.94x105 kg/hr. The
emitted COz will be 5.8x105 kg/hr. In
Antonio’s experiments, the pressure of
propane was 81 kN/m? , and the emitted CO:
corresponding to the propane flow rate is
given in Table 5. The same conclusion about
the increase of emitted CO: due to the
increase in propane flow rate is also valid.

Table 5 Mass of emitted COz due to propane.

Propane flow rate | Mass of emitted COz
(m3/hr) {kg/hr)
1.500 : 7.064
2.200 10.364
2.600 12.248
2.800 13.190
3.200 15.074

BENDING ANGLE AND EMITTED CO2z

From the previous section it is noted tha
the magnitude of emitted CO: in the heati
process is a function of the fuel gas flow
and the time consumed in the heati
process. Subsequently, the relationshi
between the emitted COs: in the plate forming
process by the line-heating method can
explained based on the fuel gas flow ra
However, the bending angle in the I
heating method depends mainly on th
maximum surface temperature which i
influenced by the effective heat input rate,
torch speed and the thickness of the plate
The type of the used fuel gas affects greatl
the effective heat input rate to the plate.
Thus, to examine the changes of emitted COz
in the plate forming by the line-heating
method, the effect of heating conditions
together with the plate thickness on the
emitted COz in the heating process will be
discussed firstly. The effect of used fuel gas
type on the emitted COs: is then examined for
the unit bending angle.

Effect of Heating Conditions
The experimental results carried out by

Tsuji and Okumura [11] are considered good |
data to analyze the influence of heating
conditions on the changes of emitted CO-2 in
the heating process. To reflect the influence
of the torch speed in the plate forming
process, the mass of emitted CO: is estimated
in kilogram per unit length of the heating line.
The mass of emitted CO2 per unit length is
plotted against the bending angle 6, as shown
in Figure 2, for each plate thickness and
acetylene flow rate. It is clear from Figure 2
that for a constant bending angle, the emitted
CO: increases as the acetylene flow rate
increases for constant plate thickness. Thus,
for a certain thickness of plate, the emitted
COz can be reduced by decreasing the
acetylene flow rate. However, to reduce the
acetylene flow rate, the torch speed should be
decreased also and the bending angle will
decrease after a certain speed [9]. On the

Allé Alexandria Engineering Journal, Vol. 38, No. 2, March 1999



at a constant bending angle, as
kness of the plate increases, the
CO: increases rapidly for a constant
e flow rate. This increase in the
' COq, for constant acetylene flow rate,
. to the fact that the heat energy
| to form the plate increases as
38 Increases.

emitted CO: increases as the
angle increases. However, the
permissible surface temperature is
y 650 ©°C, so that the maximum
angle is constrained to that

—@— h=12mm & Acetylena = 01960 mihy
—G— h=12mma Acetytens =1.920 mhe
—G—  h=12mm & Acetylene = 2880 mite
~f~ h=18mm s Acetylene = 0560 m3w
~£3-- 1= 18 & Acetylens = 1820 mye
——" e 18 mm & Acetylens = 2880 mitw
i Bz 191mm & Acetylene = 0.960 mte
—d— h=19mma Acetylens = 1.920 matr
—db—  h=19mm & Acetylene = 2880 w3ty

1 I - l L j 1
0.02 0.04 0.06 0.08

Bending angle 0 (radians)

2 Relation between estimated mass of emitted CO2
and bending angle 6

of Fuel Gas Type
the line-heating method, the heat
vy applied in the forming process can be
ced from different fuel gases, for
ple, acetylene , propane, etc.. The most
non gas fuels used in forming steel plates
the line-heating method are acetylene and
- To examine the effect of using
ane or acetylene on the emitted CO>, the
itude of emitted CO: should be

In addition, for a
t acetylene flow rate and thickness of

Environmental impact of Plate Forming by Line-Heating Method

evaluated for the same bending angle and
plate thickness. Hence the emitted CO:is
computed for the same bending angle, equal
to 0.001 radian, produced when using
acetylene or propane for the same plate
thickness as given in Table 6. It is clear from
Table 6 that to preduce bending angle equal
0.001 radian, the mass of emitted CO: from
applying propane gas fuel becomes 3 times
that emitted from using acetylene. However,
this ratio is slightly greater than expected due
to using wide propane flame. Thus, when
applying acetylene in the heating process, the
magnitude of the mass of emitted CO: will
decrease.

EMITTED COz IN FORMING A BILGE PLATE

To clarify the relationship between the
emitted CO. and the forming degree of plate
by the line-heating method, forming a bilge
plate of radius R is considered. It is assumed
that the length of the flat plate is L, its width
is W, and the thickness of the plate is t. The
number of heating lines is estimated using
the proposed method in reference [15]. In this
method, the plate is assumed to be divided
into a number of lengthwise strips to achieve
the desired curve in the width direction. The
number of heating lines, NOHL, is estimated
based on the width of strip, Aw, that
approximates the actual shape, as shown in
Figure 3, such that:

NOHL = W/Aw - 1 (7)

The width of each strip, Aw, is determined
based on the permissible deviation, 3,
between the approximate shape, which can be
created by the line-heating method, and the
desired shape and the radius of curvature, R,
such that:

Aw = 2R sin (6) (8)

where, 6 =cos!(l-5/R)
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Figure 3 Approximate division of the flate plate into
strips to estimate the number of heating lines.

Thus, by knowing the desired radius of
curvature R with the permissible error, o, the
permissible bending angle, 0, and the width of
the strip can be determined from Equation 8.
The number of heating lines necessary to get
the bilge plate can be estimated from
Equation 7. Based on the permissible
bending angle, 0, or the bending angle that
can be created by the line-heating method,
the width of strips can be computed.

Afterwards, the number of heating lines
can be predicted from Equation 7, and with
the length of the plate, the mass of emitted
COz can be estimated.

To present the relation between the degree
of forming and the emitted COz , suppose that
the length and the width of the bilge plate, L
and W are equal 6.0 and 1.0 m, respectively.

Table 6 Mass of emitted CO: due to propane and acetylene for bending angle equal 0.001 radian.

Also, suppose that the bilge radius, R, ran
from 2.0 m to 4.0 m. The number of heat
lines necessary to approach the bilge radi
will vary with the radius of curvature andf
permissible error 5. The number of heai
lines, based on the previous data, is esti
for & equal 1.0 mm as shown in Table 7. It
clear from Table 7 that as the radius
curvature decreases, the required number
heating lines increases, for example, 7 heatis
lines for R equals 2.0 m. On the contrary, ¢
the radius of curvature increases, the numbs
of heating lines decreases for the same widt
of the plate, 5 heating lines for R equals 4.
m.

The emitted CO:z due to using acetylene it
forming the bilge plate with bilge radius, R
equals 2.0, 3.0 and 4.0 m is shown in Figure 4

for different plate thicknesses. It can be
seen from Figure 4 that as the bilge radius
decreases, the emitted CO: increases for a
certain plate thickness. This increase is a
reflection of the increase in the number of
heating lines which is necessary to approach
the bilge radius as well as the increase in the
bending angle. In addition, for a constant
bilge radius, as the plate thickness increases,
the emitted CO: increases too due to using
acetylene in the heating process.

Plate thickness h *Mpop for 0.001 radian of *Macer. for 0.001 radian of Mprop / Macet
(mum) bending angle (kg/m) bending angle (kg/m)
12 0.031 0.010 3.00
16 0.080 0.026 3.00
19 0.079 0.048 1.64

*Macer = mass of emitted COz due to acetylene (kg/m).
*Mprp = mass of emitted CO2 due to propane (kg/m).

Table 7

All8

Estimated number of heating lines in forming bilge plate.

Bilge Required Number of
Radius R bending heating lines
(m) angle 6 (NOHL)
{radian)

2.0 0.0316 7
3.0 0.0258 6
4.0 0.0224 S5
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—@— Pate thicknass h = 12 m
—f— Platethiclwess h = 15 mm
—£3—  Plate thichnsss b 19 mm

i
00 im0 4,00 5.00
Bilge radius A (m)

Relationship between estimated mass of emitted
CO: and bilge radius R in forming bilge plate
using line-heating method.

increase is due to the higher energy
for thicker plates. Thus, as the
ber of heating lines is known, the emitted
- can be estimated for a certain plate
mess. One can expect that when the

e is used instead of acetylene, the
quantity of emitted CO2 will increase
| that produced from acetylene.

CONCLUSIONS
To make an assessment of the impact
l on environment in shipbuilding and
p repair industry, the pollutants emitted
m various technological processes should
aluated. In the plate forming using the
eating method, the pollutant gas COz is
d from the combustion process. In this
, the environmental impact of plate
g using the line-heating method,
ly the emission of COz, is studied. From
study the following conclusions can be

e emitted CO: decreases as the fuel gas
v rate decreases and this will be
companied by slowness of torch speed
up to a certain level to get the required

Environmental Impact of Plate Forming by Line-Heating Method

bending angle. This in turn will increase
the forming time.

2. When the plate thickness becomes thicker,
both the necessary forming energy and the
emitted CO: increase.

3. The emitted CO2 due to applying propane
in the heating process is greater than that
emitted due to using acetylene for the
same plate and bending angle.
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