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Pipe bending by high-frequency local induction heating is an advanced technique used to bend pipes having a small bending
radius and a large diameter. Although pipe bending is a widely used engineering process, the optimum process parameters
are decided on the basis of a trial and error method by highly experienced field engineers. Hence, it is necessary to develop
an integrated methodology for the optimum design of the pipe bending process. During hot-pipe bending using induction
heating, the thickness of the outer wall of the pipe decreases because of tensile stress, but the thickness is not allowed to
decrease by more than 12.5%. The use of the DOE method and a dynamic reverse moment is proposed for maintaining the
thickness reduction ratio to within 12.5%, when D/t is high. The results of the proposed approach are found to be in good

agreement with those of FEA.

NOMENCLATURE

D = outer diameter of pipe (mm)
M, = bending moment (kN - m)
M, = reverse moment (kN - m)

R =bending radius (mm)

7 = pipe radius (mm)

r,, = average radius of pipe (mm)
t = pipe thickness (mm)

to = initial thickness of pipe (mm)
S = angle of neutral axis (°)

AR = distance between neutral axis and x-axis
p = radius of curvature

1. Introduction

Pipe bending process by high-frequency local induction heating
is commonly used for pipes having a small bending radius and a
large diameter, without the need for a mold. This technique has
been used widely in power plant and shipbuilding plant.' The
aforementioned offers several

technique advantages over
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conventional processes that involve molding and welding, such as
low cost, high productivity, and affords products with good material
properties.'* Bending process are studied for various materials.’
However, pipe bending is a complex process since it involves
thermal bending and high-frequency local induction heating.

During pipe bending, the outer wall of the pipe is thinned owing
to tensile stress, while the inner well is thickened because of
compressive stress. In engineering design, the thinning of the pipe
wall is not allowed to exceed 12.5% because the products of pipe
bending are generally used to transport fluids with high temperature
and pressure, and products in which the wall thickness decreases
beyond the aforementioned limit would be unsuitable for this
purpose.® W. Zutang et al.® derived a formula for a dynamic reverse
moment to be used when bending pipes with a small bending radius.
Z. Hu et al."? proposed a method for determining the wall-thickness
reduction on the basis of the bending angle, bending force, reverse
moment, and spring-back angle, by using computer simulations.
Kim et al” investigated the effect of the reverse moment and
temperature gradient on wall-thickness reduction, and applied the
reverse moment to an actual pipe-bending process.

The ratio of the bending radius of a pipe (R) to its outer
diameter (D) is given by DR. In the case of a pipe with a small

@ Springer
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Fig. 2 Position of neutral axis with respect to reverse moment

bending radius which is less than 1.5 DR and a relatively large
outer-diameter-to-thickness ratio (D/f), the criterion that the wall-
thickness reduction should not exceed 12.5% is not satisfied, and
ovality occurs at the bending area.

In this study, the effect of the design factors used in the pipe
bending process on an objective function are analyzed by using the
DOE (design of experiment) method. An optimum pipe-bending
process with minimum wall-thickness reduction is designed on the
basis of the analysis results. Then, a reverse moment is applied to
the area in which the wall-thickness reduction is more than 12.5%.

2. Theoretical Analysis of Pipe Bending

Pipe bending based on high-frequency local induction heating
involves (1) high-frequency local induction heating, (2) feeding of
the pipe, and (3) clamp part. The model of the aforementioned hot-
pipe bending process is shown in Fig. 1. One end of the pipe is
fixed with the help of a bending arm pivotable about rotation axis,
and a bending force is applied to the other end by the transportation
equipment. Upon induction heating, a bending moment is generated
in the heating area, and the pipe is bent. Then, the pipe is cooled by
spray-cooling with cooling water.

2.1 Thickness Reduction Ratio

In the theoretical analysis of the hot-pipe bending process, it is
assumed that the pipe material is rigid plastic and incompressible.
The equation for the thickness reduction ratio when the average
radius of the pipe is assumed to remain unchanged after bending is®

At 1-cosf R

t " RIT +cosf

m

Before spring back After spring back
dl dl'

Fig. 3 Spring-back deformation

2.2 Reverse Moment'

The position of the neutral axis relative to the reverse moment
is shown in Fig. 2. The neutral axis is shifted outside the bending
area by the reverse moment, and the bending area under the tensile
stress is decreased. This, in turn, brings about a decrease in the
thickness reduction ratio. The reverse moment, M,, satisfying the
design conditions for pipe bending is given by Eq. (2).

M, =20 Vl{|:(ﬂ'—2ﬂ)+ (”_2,5)005ﬁ+25inﬂ}£

o 2(R/r, +cos ) 7, @
2sin - (=2p)+sin2p
4(R/r,+cos fB)

m

2.3 Spring-back

In the pipe-bending process, which has elasto-plastic behavior,
spring-back deformation occurs after unloading the bent pipe.
Deformation caused by spring-back is shown in Fig. 3, and the
equation for predicting the spring-back angle is given by Eq. (3).

d(Ap)=dp—dy' 3)

Here dp and dp' are the bend angle of the infinitesimal
segmental pipe before and after spring-back, respectively. The
strain of the bent outside for spring-back is given by Egs. (4) and
5).}

g 2 d=dl_Lp@)+r,(=sinpldp=R+r)dp
Toodl (R+7,)dp

. 01___& o
8:—5— E(l sin ) ®)

3. Finite Element Analysis of Hot-Pipe Bending

The effect of the design factors used in hot-pipe bending on the
thickness reduction ratio is investigated by the DOE method. The
steps required for a robust design of pipe-bending process are
decided on the basis of the FEM (finite element method) and are
shown in Fig. 4.%
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Fig. 4 Steps in robust design of pipe-bending process, as decided by
FEM

3.1 Modeling and Boundary Condition

For obtaining data pertaining to the properties of the pipe
material (A 106 Gr. B), a high-temperature tensile test is performed.
temperatures-900°C, 950°C, 1000°C, 1050°C-are
employed, and at each temperature, five strain rates are used:
0.00625s™, 0.02s", 0.034s™, 0.048s™, and 0.0625s™.

The tensile specimen, tensile tester (MTS) and the stress-strain

Four test

relationship at each temperature for the abovementioned strain rates
are shown in Fig. 5. Pipe models used in the actual field are shown
in Fig. 6. The ratios of the radius of curvature to the outer diameter
(p/D) are the same for all the pipe models; however, the outer-
diameter-to-thickness ratio (D/?) is different in each case.

The commercial code Deform 3D is used for the elasto-plastic
FEM analysis. The pipe model is designed with 1/2 symmetry
because the pipe must be made symmetric in the circumferential
direction for reducing the analysis time. To ensure high accuracy of
the analysis, the grids in the area subjected to local induction
heating are made relatively dense, and the mesh number is set to
10,000 by taking into account the deformation of the pipe and
computer analysis time. The FEM modeling of pipe bending is
shown in Fig. 7; it is assumed that the pipe material is elasto-plastic
and that the dies are rigid. The shear friction between the punch and
the pipe is assumed to be of non-separate type, and there is no
friction in the other parts of the model (between the guide ring and
the pipe, and between the pivot and the pipe), as shown in Fig. 8.

To apply the effect of local induction heating, the temperature at
each node in the pipe model is changed at specific time intervals.
Because of the temperature variation in the model, three zones can
be identified: a preheating zone resulting from heat conduction, a
deformation zone caused by local induction heating, and a cooling
zone (Fig. 9).

To investigate the dependence of the thickness reduction ratio
on D/t, we perform finite element analysis (FEA) for three cases;
the process variables used in all the cases are the same (Table 1).
The change in the thickness reduction ratio with the bending angle
is shown in Fig. 10. In case 1, the difference between the maximum
(A) and the minimum (B) thickness reduction ratios is 3.2%; this
difference is greater than that in case 2 and case 3 (1.9% and 1.4%,
respectively). When the thickness reduction ratio changes with the
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Fig. 5 Stress-strain relationship for different strain rates
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Case 1. D/t : 23.7 Case 2. D/t : 18.1
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Case 3. D/t : 15.3

bending angle because of the relatively large difference between the
A and B values, it is difficult to ensure that the wall-thickness
reduction is less than 12.5%, and hence, a reverse moment must be
applied.
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Fig. 8 Boundary conditions for pipe bending process
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Table 1 Process variables for FEA

RM T.G H.T FV H.W
(KN-m) (°0) (°C)  (mm/min) (mm)
Case 1~3 0 0 950 60 10

R.M: Reverse moment(kN-m)
H.T: Heating temperature(°C)
H.W: Heating width(mm)

T.G: Temperature gradient(°C)
F.V: Feeding velocity(mm/min)
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Fig. 10 Variation of thickness reduction with D/t when the outer
diameter is 168.3mm

Table 2 Feeding moment and limit reverse moment decided by
FEM

D/t 23.7 18.1 15.3
(t:7.1lmm)  (t:93mm) (t:11.0mm)

Feeding moment 23.22KN'm 31.30KN'm 36.93KN'm
Limit reverse moment | 13.93KN'-m 18.78KN'm 22.16KN'm
Limit reverse moment: 60% of the feeding moment

Moment

(a) Angle before spring-back

(b) Angle after spring-back
Fig. 11 FEA results of spring-back angle

In case 1 (maximum value of D/f), where the difference
between the A and B values is the largest among that in all three
cases, the limit reverse moment is relatively small; hence, it is
difficult to maintain the required thickness reduction ratio constant
when the bending angle changes. In case 3, a reverse moment
greater than that in cases 1 and 2 can be applied, and therefore, the
thickness reduction ratio can be maintained constant. FEA is
preformed for case 1 (D=168.3mm, =7.11mm), where the small limit
reverse moment and the large difference between A and B values
makes it difficult to obtain a constant thickness reduction ratio.

3.2 Analysis of Spring-back

For predicting a spring-back angle, FEA is performed using the
conditions in Table 1. As shown in Fig. 11, the bending angles
before and after spring-back are 90° and 89.1°, respectively. By
using FEA and Eq. (3), the spring-back angle is obtained as 0.9°.
Therefore, it is necessary that the bending angle is modified by
considering spring-back because the acceptable tolerance of the
pipe bending-angle is 90°+0.5°.

3.3 Robust Design
3.3.1 Design Variables and Control Factor Levels

The model used for the robust design of hot-pipe bending is
shown in Fig. 12. The objective function for the process design is
that the thickness reduction ratio must not exceed 12.5%. The
control factors that affect the thickness reduction ratio are heating
temperature, temperature gradient, reverse moment, feeding
velocity and heating width. The magnitude of the reverse moment is
chosen on the basis of the theoretical analysis (Eq. (2)), and the
initial values of the design factors are determined on the basis of
experimental knowledge of the field (Table 3).

3.3.2 Orthogonal Array

The level of each control factor is set at 4 on the basis of the
values listed in Table 2 (Table 4). An L16 orthogonal array that
accommodates five design factors at four levels is used, and it is
assumed that there is no interaction between the factors. The
conditions and arrangement for each experiment are shown in Table 5.
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Fig. 12 Model for robust design of hot-pipe bending

Table 3 Initial design for 1.5DR pipe bending

Design R.M T.G H.T F.vV H.W
parameter | (KN-m) (°O) (°C) (mm/min) (mm)
Value 6.81 40 950 50 10

Table 4 Control factor levels
Factor RM T.G H.T F.V H.W
Level | (KN-'m) (°O) (&®) (mm/min)  (mm)
1 4.54 20 920 40 8
2 6.81 40 940 50 10
3 9.08 60 960 60 12
4 11.36 80 980 70 14
Table 5 Experiment arrangement (inner table L4 (4°))

Factor RM T.G H.T F.V HW
NO. (KN-m) (°O) (°O) (mm/min)  (mm)
1 4.54 20 920 40 8
2 4.54 40 940 50 10
3 4.54 60 960 60 12
4 4.54 80 980 70 14
5 6.81 20 940 60 14
6 6.81 40 920 70 12
7 6.81 60 980 40 10
8 6.81 80 960 50 8
9 9.08 20 960 70 10
10 9.08 40 980 60 8
11 9.08 60 920 50 14
12 9.08 80 940 40 12
13 11.36 20 980 50 12
14 11.36 40 960 40 14
15 11.36 60 940 70 8
16 11.36 80 920 60 10

3.3.3 Process Design

Because a small thickness reduction ratio is preferred for our
objective function, the smaller-the-better-characteristic given by Eq.
(6)° is used:

SNR = —10log,,(Zy; / n) (6)
Where # is the number of the experiments, and y is the value of

the characteristic. The signal-to-noise ratio (SNR), which is
calculated by using Eq. (6), increases with a decrease in the

Table 6 SNR for robust design

NO. T.R(%) SNR NO. T.R(%) SNR
1 26.40 -28.43 9 17.92 -25.06
2 22.82 -27.16 10 17.99 -25.10
3 17.85 -25.03 11 14.68 -23.33
4 14.40 -23.16 12 14.85 -23.43
5 17.80 -25.00 13 12.78 -22.13
6 18.47 -25.32 14 11.87 -21.48
7 17.42 -24.82 15 17.53 -24.87
8 19.37 -25.74 16 14.50 -23.22
T.R: Thickness reduction ratio(%)
SNR: Signal-to-noise ratio
Table 7 SNR response
Level R.M T.G H.T FV H.W
1 -25.95 -25.16 -25.08 -24.54 -26.04
2 -25.23 -24.77 -25.12 -24.59 -25.07
3 -24.23 -24.52 -24.33 -24.59 -23.98
4 -22.93 -23.89 -23.80 -24.61 -23.25
0 3.02 1.27 1.32 0.07 2.79
Rank 1 4 3 5 2

Main Effects Plot (data means) for SN ratios
RM TG HT

23
" /
-25- /
-264
T T T T T T T T T T T T
4.54 6.81 9.08 11.36 20 40 60 80 920 940 960 980
F.V HW

—

Mean of SNratios

T T T T T T T T

40 50 60 70 8 10 12 14
Signal-to-noise: Smaller is better

Fig. 13 Main effects plot for SNR

thickness reduction ratio, as is evident from the data shown in Table
6. The SNR response and main effect plot for the SNR are shown in
Table 7 and Fig. 13, respectively. The control factor that has the
strongest effect on the thickness reduction ratio is the reverse
moment (6=3.02, Rank 1), and the effect of the other factors is in
the following order: heating width (6=2.79, Rank 2) > heating
temperature (0=1.32, Rank 3) > temperature gradient (6=1.27, Rank
4) > feeding velocity (6=0.07, Rank 5). Because the neutral axis is
forcibly shifted outside the pipe, the thickness reduction ratio is
smaller when the reverse moment is stronger. However, when the
reverse moment is stronger than the feeding moment, buckling
occurs at the inner wall of the pipe, or pipe bending becomes
impossible. Therefore, the reverse moment is limited to about 60%
of the feeding moment in the field. Because a large heating width
may result in necking, buckling and poor out-of roundness, the
heating width is generally limited to a value that is twice the pipe
thickness.! A temperature gradient is created because the region
under compressive stress has relatively high temperature and that
under tensile stress has a low temperature; consequently, the
deformation resistance in the tensile-stress region is higher than that
in the compressive-stress region. Therefore, deformation of the
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Fig. 14 Thickness reduction ratio for different bending angles
when D/t is high

Fig. 15 Pipe shape simulated on the basis of the results of design
experiment

outer diameter of the pipe is suppressed, and the thickness reduction
ratio is decreased.

The optimal values of the reverse moment (11.36kN-m),
temperature gradient (80°C), heating temperature (980°C), feeding
velocity (40mm/min) and heating width (14mm) are obtained on the
basis of the main effects plot for the SNR. FEA is performed for the
optimal process; the results of thickness reduction ratio and pipe
shape are shown in Fig. 14 and Fig. 15, respectively. The average
thickness reduction ratio determined by FEA, 11.65%, is less than
the reduction ratios for the 16 cases in the orthogonal array.
However, the reduction ratio in the specific term (about 18°) in Fig.
14 is 13.1% which is greater than the limit thickness reduction ratio,
12.5%; this trend is pronounced at a high D/z. Ovality occurs at
bending angles of 23° - 78° because of the reduction in the inner
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Fig. 16 Variation of thickness reduction for various reverse
moments
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Fig. 17 Reverse moment diagram obtained from Fig. 14
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Fig. 18 FEA results obtained when a dynamic reverse moment is
applied

diameter of the pipe.

3.4 Applying a Dynamic Reverse Moment

When the thickness reduction ratio is less than 12.5%, a pipe
with a high D/t is not obtained even after the process design is
optimized by the DOE method, and pipe ovality occurs. A reverse
moment larger than 11.36kN-m is required when the bending angle
is in the range 10° - 48° because that the criterion of the limit
reverse moment is not satisfied. A reverse moment smaller than
11.36kN'm is required for the bending angle range 48° - 90°

because a large reverse moment may result in ovality. The change
in thickness reduction with the reverse moment is shown in Fig. 16.
Fig. 17 shows the dependence of the reverse moment on the
bending angle for the case where the reverse moment is less than
the limit thickness reduction ratio of 12.5%; the data from Fig. 16
have been used for this plot. The FEA results obtained when
applying the dynamic reverse moments and the pipe shape are
shown in Fig. 18 and Fig. 19, respectively. When the dynamic
reverse moment is applied, the thickness reduction ratio is less than
12.5% in all angle ranges (i.e. 0°-90°), as shown in Fig. 18.
Therefore, pipe ovality does not occur, as shown in Fig. 19.
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90°

Fig. 19 Pipe shape simulated when a dynamic reverse moment is
applied

Table 8 Experiment condition for pipe bending

Parameters Values Parameters Values
Material A106 Gr.B | Heat width(mm) 14mm
Pipe size 6” S40 Reverse Dynamic

moment moment
Out diameter | 168.3mm |  lcmperature 80C
gradient
Thickness (mm) 7.1lmm Heat temperature 980C
D/T 23.7 Feeding velocity | 40mm/min

(b) Angle after spring-back

(a) Angle before spring-back

Fig. 20 FEA results of bending angle considered spring-back

3.5 Applying a Pipe bending Angle Considered Spring-back

Spring-back is considered for the optimal process of the pipe
bending. The pipe is bent by 90.9° because the spring-back angle
given by Eq. (3) is 0.9° (section 3.2). The result of FEA is that the
bending angle after spring-back is 90° when spring-back is
considered for the bending process, as shown in Fig. 20.

4. Experimental Results and Consideration

A pipe-bending test is performed to verify the optimal process
design by using the DOE method, the dynamic reverse moment and
the spring-back angle. The materials and experiment conditions
used for pipe bending are listed in Table 8, and the apparatus used
for high-frequency induction heating and application of the
dynamic reverse moment is shown in Fig. 21.

The pipe-bending product obtained in the optimal process
designed on the basis of the data provided in Table 6 is shown in
Fig. 22. The wall thicknesses measured using an ultrasonic
thickness gage for different angles are in good agreement with the
FEA results for all parts of the pipe as shown in Fig. 23.

Fig. 21 Apparatus for high frequency induction heating and
dynamic reverse moment

L bR L -

Fig. 22 Photograph of the pipe-bending product

Test Equipment : Ultrasonic Thickness Gage, S/N : 0706514

Average
reduction of
thickness(%)

‘Wall thickness (mm)

Position 1 2 3 4 5 6 7

7.1mm [6.25mm|6.35mm|6.32mm|6.33mm|6.28mm| 7.1mm

[Experiment 11.18%
0%) |(11.97%)](10.56%)|(10.98%)|(10.84%)| (11.54%)|  (0%)

FEM 7.1mm [6.25mm|6.27mm|6.26mm{6.27mm|6.27mm| 7.1mm 11.77%
%) |(11.97%)|(11.69%)| (11.83%)|(11.69%)|(11.69%)| (0%)

Fig. 23 Comparison of wall thickness between experiment and FEA

5. Conclusions

In this study, an optimal process design for the pipe bending by
high-frequency induction heating (p/D = 1.5DR, D/t = 23.7) is
proposed using the DOE method and a dynamic reverse moment.

1. In the case of pipe bending with p/D = 1.5DR, the design factor
that has the strongest effect on the thickness reduction ratio is
the reverse moment (0=3.02, Rank 1), and the effect of the other
factors is in the order heating width (6=2.79, Rank 2) > heating
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temperature (6=1.32, Rank 3) > temperature gradient (6=1.27,
Rank 4) > feeding velocity (6=0.07, Rank 5).

2. The difference between the thickness reduction ratios at the two
ends of the bent region increases with D/z. Therefore, a dynamic
reverse moment is applied to obtain a uniform thickness
reduction ratio.

3. The spring-back angle is 0.9°; it is obtained by using the FEA
and theoretical analysis. The pipe is bent by 90.9° as a result of
spring-back. The result of FEA is that the bending angle after
spring-back is 90°, which satisfies the design criteria. The
acceptable tolerance of the pipe bending-angle is 90°+0.5°.

4. In the case of pipe bending with p/D = 1.5DR, D = 168.3mm, ¢
= 7.1mm, and D/t = 23.7mm, the thickness reduction ratio is
less than 12.5%, and ovality is prevented by using the DOE

method, the dynamic reverse moment and the spring-back angle.
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