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a b s t r a c t

This paper newly proposes an efficient analytic springback prediction method to predict the final di-
mensions of bent cylindrical tubes for a helical tube steam generator in a small modular reactor. Three-
dimensional bending procedure is treated as a two-dimensional in-plane bending procedure by inte-
grating the Euler beam theory. To enhance the accuracy of the springback prediction, mathematical
representations of flow stress and elastic modulus for unloading are systematically integrated into the
analytic prediction model. This technique not only precisely predicts the final dimensions of the bent
helical tube after a springback, but also effectively predicts the various target radii. Numerical validations
were performed for five different radii of helical tube bending by comparing the final radius after a
springback.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Recently, small modular reactors (SMRs) have attracted world-
wide attention owing to their advanced design features, such as
structural safety improvement, simplification, and component
modularization to achieve highly enhanced safety and improved
economics. To increase their competitiveness in the global SMR
market, their design issues related to further safety enhancement
and cost reduction have been widely investigated [1e4].

The most outstanding feature of the SMR is that all the main
components such as the pressurizer, steam generators, and reactor
coolant pumps are installed inside of the reactor pressure vessel [5]
as shown in Fig. 1. The integral design of the SMR is possible to
enhance the safety of nuclear reactor by removing possibility of the
severe accident such as the loss of coolant accident (LOCA). In order
to maximize the heat exchange area in a limited space, a once-
through helical type steam generator is widely adopted for the
design optimization of SMRs [6e10]. However, it requires a more
complicated design and manufacturing process compared with the
conventional pressurized water reactor with U-bending type tubes.
by Elsevier Korea LLC. This is an
In the design of helical-type steam generator tubes for SMRs, pre-
dicting an accurate geometrical change during the assembly of the
helical type tube is more difficult as it is assembled via a three-
dimensional (3D) bending procedure compared with the two-
dimensional (2D) U-bending type tube in the conventional steam
generator. Since any interference inside the steam generator as-
sembly induces unacceptable wear during operation and mitigates
the severe structural damage arising from residual stresses, it is
highly required to take into consideration of the manufacturing
method with its assembly procedure before installing the tube end
at the exact position in the header, as shown in Fig. 2 [11].

In order to predict the final dimensions of the helical tubes,
precisely, it is necessary to adopt the numerical simulations with
considering springback prediction based on the mathematical
modeling for the loadingeunloading characteristics of materials
[12e14]. Yoshida and Uemori [15] suggested a constitutive
modeling of large-strain cyclic plasticity, which described both
deformation and texture-induced anisotropies of materials. Zhan
et al. [16] proposed a numericaleanalytical method to predict the
springback angle of thin-walled tube bending utilizing the
strainestress states of bent tube in a three-dimensional rigid-
plastic numerical simulation. Liao et al. [17] performed the nu-
merical prediction of springback of an asymmetric tube in a rotary
open access article under the CC BY-NC-ND license (http://creativecommons.org/
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Fig. 1. Schematic representation of small modular reactor (SMR).

Fig. 2. Helical tube heat exchanger [11].

Fig. 3. Schematic procedure for helical tube bending.
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draw bending process utilizing an isotropicekinematic model with
Yld2000-2D and Hill 48 yield criterion, which indicate that twist
and springback prediction are sensitive to the yield function and
hardening model. Liu et al. [18] improved the springback prediction
of a circular thick-walled tube by considering the strength-
differential effect of the materials in terms of the compressive
stress at the inside region and the strength differential effect. Ma
et al. [19] performed a numerical prediction for the springback of
titanium tube bending by considering Bauschinger's effect and
variations in Young's modulus. To simulate those, they imple-
mented the YoshidaeUemori hardening and Chord unloading
models to the numerical simulation, which were validated by
experimental bending results in terms of springback angle. Zhang
and Wu [20] conducted the springback prediction of a 3D variable
curvature bent tube, which was projected onto each discrete
osculating and rectifying plane; subsequently, the 3D problem
could be transformed into a 2D problem. However, they did not
consider the Bauschinger effect and variations in Young's modulus
during loading and unloading conditions, which degrade the ac-
curacy of springback prediction.

Most researchers have mainly focused on the improvement in
prediction accuracy after the springback of bent cylindrical tubes
after U-bending. However, there are lack of the studies on helical
tubes involving the 3D bending procedure to increase both accu-
racy and efficiency of springback prediction. Because there are
hundreds of helical tubes with different position and shapes in a
helical tube steam generator as shown in Fig. 2, it is highly required
to predict the springback after a multi-axial bending at the early
stage of design process efficiently without a detailed finite element
analysis.

This paper mainly proposes an efficient springback prediction
method to predict the final dimensions of bent helical tubes by
assuming a 3D bending procedure as 2D in-plane bending by
integrating the Euler beam theory. To consider the
loadingeunloading material behavior, the proposed 2D in-plane
prediction model systematically considers the elastic modulus for
tension and unloading, and plastic flow stress for monotonic ten-
sion. The proposed prediction method was validated by comparing
it with a numerical 3D springbackmodel in terms of the final radius
after a springback. It can be utilized for the efficient initial
arrangement and space design of the helical tube steam generator.
2. Helical tube bending

2.1. Bending procedure for helical tube

Each tube in the helical type steam generator as shown in Fig. 2
should be assembled at the exact position via two steps of the
bending procedure, as depicted in Fig. 3. After the helical region is
completed by using automatic bending, the tube end is bent in the
X-axis via the 1st manual bending. Subsequently, the tube end



Fig. 4. Springback along Z-axis after 2nd bending.

Fig. 5. Stress path in tube bending process.

Fig. 6. Flow stress of Inconel 690 [22] and its fitting curves.

Fig. 7. Variation in elastic modulus under unloading conditions [15].

Fig. 8. Changes in curvature in 2D in-plane bending assumption.
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should be positioned at the exact location via the 2nd manual
bending in the Z-axis. For the tube end to be located at the exact
position, a precise prediction is required for the 2nd bending pro-
cedure in the Z-axis. The springback prediction for the 2nd bending
is important in two aspects: to install the tube end at the exact
position and determine the design space between the tubes. To
obtain the final installation point after springback as illustrated
with blue line in Fig. 4, the amount of gap should be accurately
calculated by precise springback prediction to determine the target
point for bending work with considering the amount of springback
as depicted with red line in Fig. 4.
2.2. Material properties

In this study, Inconel 690 was selected for the helical tube owing
to its good formability, high strength, and corrosion resistance
under the reactor coolant environment with high temperature,
pressure, and radiation. Particularly, it has a similar thermal
expansion coefficient with carbon steel used as the material for the



Fig. 9. Comparison of 2D bending geometry: (a) initial state after 1st bending; (b) target state.
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reactor pressure vessel at the normal operation temperature of
nuclear reactor 300 �C.

In order to increase the prediction accuracy after the springback
of the 2nd bending as shown in Fig. 3, the elastic modulus for
loading, plastic flow stress after yield, and elastic modulus for
unloading as demonstrated in Fig. 5 are required for the springback
prediction. The elastic modulus of Inconel 690, 208 GPa at 25 �C can
be obtained from the ASME Boiler and Pressure Vessel Code, Sec-
tion II [21]. The flow stress of Inconel 690 at the strain rate of 10�3

s�1 was taken from Lee et al. [22], as shown in Fig. 6. Due to the lack
of unloading characteristics of Inconel 690, the elastic modulus for
unloading was assumed by referring to data for steel whose yield
strength and elastic modulus were similar to those of Inconel 690.
The unloading elastic modulus for mild steel was taken from
Yoshida et al. [15] and is shown in Fig. 7.
3. Proposed method for springback prediction

3.1. Concept for 2D in-plane springback prediction

Since the Z-axis bending is dominant in the 2nd manual
bending, the 2nd bending procedure is assumed as a 2D in-plane
bending in the XeY plane, as depicted in Fig. 8. r1 is defined as
Fig. 10. Numerical model for bendi
the initial radius, that is, the radius in the XeY plane after the 1st
manual bending is completed. r2 denotes the target radius in the
XeY plane for the 2nd bending. r3 is the final radius after a
springback. Therefore, we have to estimate r2 to obtain r3.

In order to estimate r2 efficiently, the Euler beam theory was
adopted. The tube geometry at the initial state after the 1st bending
(r1) and target state (r2) are illustrated in Fig. 9(a) and (b),
respectively. The maximum strain at the target state can be derived
by considering a geometrical relationship.

At the initial state,

X1 ¼ r1$q1 (1)

X3 ¼ðr1 þ yÞ$q1 (2)

At the target state,

x1 ¼ r2$q2 (3)

x3 ¼ðr2 þ yÞ$q2 (4)

As X1 ¼ x1 in the Euler beam theory,
ng and springback prediction.



Fig. 11. Simulation results in helical bending process in: (a) iso-view; (b) top view.
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r1 $ q1 ¼ r2$q2 (5)

q2 ¼
r1
r2
$q1 (6)

Then, the maximum strain at the target state can be formulated
as Eq. (7).

εmax ¼ x3 � X3

X3
¼
ðr2 þ yÞ$r2r1$q1 � ðr1 þ yÞ$q1

ðr1 þ yÞ$q1
¼ðr1 � r2Þ$y
ðr1 þ yÞ$r2

(7)

The recovery strain, εs, induced by the springback defined in
Fig. 5 can be calculated by Eq. (7) and the specific material prop-
erties of Inconel 690 in terms of flow stress at the target state and
elastic modulus for the unloading condition. The plastic strain at
the target state can be defined as follows:
εY ¼
sY
E1

(8)

εP ¼ εT � εY (9)

The flow stress at the target state can be derivedmathematically
by expressing the flow stress in Fig. 6 as a plastic hardening
equation. Themathematical representation of flow stress using two
types of hardening equation, the Swift and Ludwik models as
shown in Fig. 6. Since Ludwik model can represent the flow stress
near the yield point more accurately, the flow stress in this study is
represented by the Ludwik model. By applying the Ludwik model,
the flow stress at the target state can be represented as Eq. (10).

sT ¼Aþ B$εnP (10)

Considering the elastic modulus for the unloading condition, the
recovery strain owing to springback can be represented as Eq. (11).



Table 1
Comparison between proposed prediction (Eq. (14)) and FE analysis.

Target radius
(mm)

Final radius after spring back
(mm)

Error (%) [((A �B)/
B) � 100%]

Simplified prediction
(A)

FEA
(B)

150 158 157 0.64
175 185 184 0.54
200 212 210 0.95
225 239 240 �0.41
250 266 261 1.91

Fig. 12. Comparison between proposed prediction (Eq. (14)) and FE analysis.

Fig. 13. Determination of tube radius after bending in FE analysis.
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εS ¼
sT
E2

(11)

The plastic strain at the final state can be represented by sub-
tracting the recovery strain from the target strain, as represented in
Eq. (12).

εF ¼ εT � εS ¼
ðr1 � r3Þ$y
ðr1 þ yÞ$r3

(12)

Then, the final radius of the bent helical tube can be represented
as Eq. (13):

r3 ¼
r1$y

r1$εF þ y$εF þ y
(13)

By combining Eqs. (10)e(13), the final radius of the bent helical
tube after a springback can be derived as Eq. (14).

r3 ¼
r1$y

ðr1 þ yÞ$
�
εT � AþBðεT�εY Þn

E2

�
þ y

where

εT ¼
ðr1 � r2Þ$y
ðr1 þ yÞ$r2

(14)

Based on Eq. (14), the final radius of the bent helical tube after a
springback, r3 can be efficiently predicted by utilizing simple
design information such as the tube diameter, flow curves and
elastic modulus for unloading the tube material. The bending die-
set can be determined for helical tubes of various target radii us-
ing the proposed analytic prediction method, which enables the
tube end to be installed at the exact position and the design space
between the tubes at the initial design stage to be determined.
3.2. Numerical analysis for helical tube bending

In order to validate the accuracy of Eq. (14) in the springback
prediction, finite element analyses were conducted using com-
mercial code, ANSYS v.17.2 [23]. The initial radius of the helical tube,
r1, was set as 311 mm, and the final radius, r3 was calculated based
on five different target conditions such as target radii (r2) of 150,
175, 200, 225, and 250 mm. Initial radius and range of target radii
for a parametric study are determined based on actual design
parameter range in the SMR. The finite element model and
boundary conditions are illustrated in Fig. 10. The holder and die
were modeled as a fixed rigid body, and a rigid tool induced the
bending of the helical tube by rotating itself. The helical tube was
modeled with shell elements. The total numbers of nodes and el-
ements for the helical tube were 8013 and 7,900, respectively. The
initial state of the helical tube model is defined as tube shape after
1st X-axis bending. By inducing angular velocity to rigid tool in
Fig. 10, 2nd Y-axis bending can be implemented in the numerical
analysis. The angular velocity of the rigid tool is 0.5 rad/s.

The bending procedure for the analysis is depicted in Fig. 11, and
the results of the analyses are shown in Table 1 and Fig. 12. The
radius of the tube after springback in the numerical analysis is
defined by averaging ro and ri as represented with orange and red
dash line in Fig. 13, and two radii in the figure are precisely calcu-
lated by counting each pixel number. The deviation between Eq.
(14) and the numerical simulation was lower than 2% for all the
analysis conditions. Therefore, it is concluded that the proposed
prediction of the helical tube springback applying Eq. (14) can be
utilized efficiently at the initial design stage of the steam generator
by reducing the time and effort for the numerical analysis. When
the initial and final radii of the helical tubes were set to 311mm and
162 mm, respectively, the target radius of 154 mmwas enabled for
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the manual bending process based on the proposed analytic pre-
diction model. To validate the analytical result, the analytically
achieved target radius of 154 mm was applied to the numerical
simulation, which represents the 160 mm final radius of the helical
tubes, and it only exhibits a 1.25% difference with the analytic
results.

4. Conclusions

In this paper, a 2D in-plane prediction model for designing the
bending process of helical tubes was proposed by assuming a 3D
helical bending procedure as 2D in-plane bending by adopting the
Euler beam theory. In order to improve the prediction accuracy, the
mathematical representations of flow stress and elastic modulus
for unloading were systematically integrated into an analytic
model. Numerical validations were performed for five different
radii of the helical tube for bending by comparing the final radius
after a springback. Based on the results using the proposed 2D in-
plane prediction model, the following conclusions were obtained:

1) To predict the 3D helical tube bending effectively, an analytical
model with the assumption of a 2D in-plane bending process
was proposed as z-axis bending was dominant in the helical
bending process.

2) For the accurate springback prediction, the elastic modulus for
the unloading condition considering the mathematical material
model should be integrated systematically into the analytic
prediction model to consider different loadingeunloading
characteristics.

3) This approach does not only precisely predict the final di-
mensions of the helical tube after a springback compared to
conventional numerical simulations, but also effectively predict
the various target radii after a springback, which significantly
reduces the design time for the large number of helical tubes
having numerous radii.

4) The proposed equation can be utilized for the component
designer of the steam generator to make a prompt and efficient
decision at the early stage of design without numerical simu-
lation with hundreds of different tube dimension.
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