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Abstract: Floating liquefied natural gas (FLNG) cryogenic hoses can be employed for the transmission
of liquefied natural gas (LNG). Usually, U-shaped metal bellows can be applied as the inner lining
of FLNG cryogenic hoses. In installation, positioning and other working conditions, torsion is one
of the main loads, and torsional buckling instability is a major failure mode of U-shaped metal
bellows of FLNG cryogenic hoses. In the current research, the buckling instability of bellows
under torsional loads has been investigated in detail, the mechanical mechanism of deformation in
torsional buckling mode of bellows has been analyzed and the influence of the structural design
parameters on the stability performance has been summarized. It was seen that the axis of the
bellows was presented as a spiral line shape during the torsional buckling stage. At the same
time, the torsional buckling properties of toroid and spiral bellows were analyzed. The obtained
results showed that the torsional buckling stability of the spiral bellows was weaker than that of
the toroid bellows and increase of the spiral angle of the spiral bellows intensified this trend. In
addition, the post-buckling analysis of U-shaped bellows under torsional loads was carried out by
means of experiments and finite element simulation. It was shown that the results obtained from
finite element (FE) analysis in this research presented a relatively accurate critical torque value
and a consistent buckling instability mode, compared with the experimental results. On this basis,
the effects of common defects such as thickness thinning on the torsional stability of bellows were
investigated. Considering the geometric defect of thickness thinning, the error of FE analysis was
reduced further, and it was found that the defect could significantly decrease the stability of the
bellows. The above analysis results could provide a reference for structural design and post-buckling
analysis of bellows.

Keywords: U-shaped bellows; torsional instability; post-buckling; mechanism of mechanical analysis

1. Introduction

Bellows are regular corrugated tubes with excellent bending characteristics and are
extensively applied as expansion joints in pipeline systems [1]. In recent years, bellows
have been applied as lining layers of cryogenic hoses in floating liquefied natural gas
(FLNG) systems, which are floating liquefied natural gas (LNG) storage devices and new
offshore floating LNG production systems. FLNG cryogenic hoses can also be employed
for the transmission of LNG and are a key component of FLNG systems. As the inner
lining of FLNG cryogenic hoses, metal bellows make direct contact with cryogenic trans-
mission media, as shown in Figure 1. Thus far, several safety accidents of bellows have
been reported [2—4]. Therefore, evaluation of the safety performance of bellows is of
great significance.
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Figure 1. Typical structure of a FLNG cryogenic hose and bellows.

In installation, positioning and other working conditions, torsion is one of the main
loads, and torsional buckling instability is among the dominant failure modes of U-shaped
metal bellows of FLNG cryogenic hoses [5]. Thus far, the number of research works
conducted on bellow torsion is much lower than that on tension and bending. The torsional
load of bellows was ignored in previous studies because of the unique torsional behaviors
of bellows. Watanabe [6] applied a gradient element and general thin shell theory to analyze
the elastic stress and torsional buckling of U-shaped bellows for the first time. Similarly,
Broman [7] simulated the dynamic properties of flexible metal bellows with beam elements.
Compared with the shell element model, the size of the beam element model was decreased
by 100 to 1000 times. Radhakrishna [8] investigated the effects of elastically restrained
ends on axial natural frequencies considering finite stiffness axial restraints on bellows to
solve the set of equations with non-homogeneous boundary conditions. Kondapalli [9]
analyzed different types of stresses of U-shaped bellows under internal pressure based on
the EJMA method and finite element simulation separately, and compared the results of
the two methods.

In terms of experimental research on torsion and stability of bellows, Rieger [10]
performed several experiments on bellows with various diameters and found that the
ultimate torque of the bellows was related to stability, not deformation or load cycle number.
Lu [11] performed experimental studies on bellows’ torsional buckling. Dennis [12] studied
column instability and plane instability of U-shaped bellows under internal pressure. In his
study, a solution to avoid column instability was presented and practical suggestions for the
structural design of bellows were given. Yang [13] developed an equivalent analysis model
of bellows and analyzed the torsional performance based on an asymptotic homogenization
method, which could save much time with little error compared with the traditional
simulation method. In addition, many experimental studies have also been carried out
on the buckling instability of other thin-walled structures. Wang [14,15] investigated
the buckling instability of stiffened shells in launch vehicles. Imperfection sensitivity
of stiffened shells under axial compression was also explored. Knockdown factors were
predicted based on FE model and verified with experimental test results. Jiao [16,17] studied
the buckling behaviors of thin-walled cylindrical shell structures under axial compression
by experimental and numerical methods. By comparison with the experimental results, the
feasibility and accuracy of the developed finite element (FE) model were validated. This
indicated that localized axial compression load played a key role in the buckling behaviors
of thin-walled cylindrical shells. Mohammad [18,19] carried out lateral torsional buckling
studies on a bidirectional exponentially functionally graded monosymmetric C-shaped
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beam and a monosymmetric tapered I-beam with the cross-section varying longitudinally
separately based on the Euler-Bernoulli beam theory, and the accuracy of the theoretical
research was verified by numerical simulation.

In the current research, firstly, FE models for two types of U-shaped metal bellows,
i.e., toroid and spiral bellows, were established. A linear torsional instability analysis
of the two types of U-shaped metal bellows was conducted. The influences of different
structural parameters on the critical buckling torque of bellows were analyzed, and the
properties of toroid and spiral bellows were compared. The structural sensitivity behaviors
of torsion buckling were summarized in Section 2, as a basis for post-buckling analysis.
Secondly, buckling analysis was extended to a post-buckling stage in Section 3. The
torsional buckling experiment on toroid bellows was carried out. In addition, the post-
buckling process of the bellows was analyzed in an FE model by introducing linear buckling
results to post-buckling analysis as the initial deformation. The critical torque value of
post-buckling analysis in the FE model obtained in the current research was compared
with the experimental results, and the error was only about 3.3%. Thirdly, the causes of
errors were analyzed based on geometric structural defect of bellows and the effects of
wall thickness defects on the post-buckling of bellows under torsional loads were explored.
After considering and correcting the defects of FE model, the errors of the result obtained
in this work were controlled to only about 0.9%.

2. Linear Buckling Analysis of Bellows under Torque
2.1. Bellow Models

As the lining layer of FLNG cryogenic hoses, two types of U-shaped metal bellows
are commonly applied in practical engineering, as shown in Figure 2, including toroid
(Figure 2a) and spiral (Figure 2b) bellows. In the figures, « is the spiral angle of the
spiral bellows.

(a) (b)

Figure 2. Geometric models of the two types of U-shaped bellows; (a) toroid bellows and (b) spi-
ral bellows.

The structure of U-shaped bellows can be described by convolution number 7, convo-
lution pitch g, wall thickness d, convolution depth k, outer radius R, inner radius Ry and
average radius R, as presented in Figure 3. These factors can have relatively significant
influences on the torsional buckling performance of bellows [20]. In order to investigate
the linear buckling of bellows, buckling modes and critical torque values were evaluated
under different design parameters, based on a standard bellows model. The structure and
material parameters of the standard model in Section 2 were as described in Table 1, and
the material of the bellows was tin bronze.
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Figure 3. Cross-section of U-shaped bellows.

Table 1. Structural and material parameters of the standard bellows.

Structural Parameters (mm) Material Parameters
Ry Ry d h q Elasticity Modulus (GPa)  Poisson’s Ratio
17.00 11.75 0.10 5.25 2.20 103.00 0.30

The buckling behavior studied in this research was a typical mechanical problem of
nonlinearity and large deformation, which the ABAQUS software has a strong ability to
deal with. Therefore, the FE models in this research were established and analyzed based
on the ABAQUS software [15,21]. As could be seen from the structural parameter values,
the bellows had a typical thin-wall structure and the FE models were established based
on the shell element S4R. In the FE models of toroid and spiral bellows, 72 and 12 equal
sections along circular and radial directions, respectively, were considered. Therefore, there
were 1728 shell elements along the length of each convolution pitch of the bellows. The
inhomogeneity of the wall thickness was neglected in this section and the wall thickness d
of shell element models was set to 0.1 mm. Two FE models of U-shaped bellows are shown
in Figure 4, i.e., toroid bellows (Figure 4a) and spiral bellows (Figure 4b).

(a) (b)
Figure 4. FE models of the two types of U-shaped bellows; (a) toroid bellows and (b) spiral bellows.

2.2. Linear Torsional Buckling Mode

A first-order torsional buckling mode of U-shaped bellows and its relative critical
torque value are the most commonly applied approach in practical engineering applications.
Higher-order instability modes can only be applied when the structure is under instant
extreme loads and receives a great amount of energy. Therefore, the first-order torsional
mode was adopted as the object in this research, and the torsional structural behaviors
of bellows influenced by structural parameters were investigated through finite element
simulations.

In the linear torsional buckling finite element simulation, the standard U-shaped
toroid bellows was taken as an example, and the process of its first-order buckling was
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as shown in Figure 5. One end (bottom) of the FE model was fixed completely, and a
torsional load Ty (Tp was set to 2 N-m in this simulation) was applied to the other end
(top), in which only the torsion angle degrees of freedom in the axis of the bellows were
released, as shown in Figure 5a. The buckling mode and the eigenvalue A of the FE model
in the first-order buckling were calculated through linear buckling simulation (A was 1.06
through the calculation), as presented in Figure 5b. Then, the critical torque value T, of
the model in the linear buckling was calculated by the product of the eigenvalue A and the
torsional load Ty (Ter = Tp-A =2 N-m x 1.06 = 2.12 N-m), as presented in Figure 5c.

Critical torque value T,

=)

Eigenvalue A

X

Torsional load T,

(b) ()

Figure 5. The process of first-order linear buckling of U-shaped bellows; (a) boundary conditions,

(b) first-order buckling mode and (c) critical torque value.

Since the bottom of the bellows was fixed completely, only torsional load was applied
to the top, and any position at the top of the bellows was always in the same space plane
(consistent with the method of applying torsional loads in the experiment in Section 3).
Therefore, warping behavior at the bottom and top of the bellows was prevented during the
torsion process, which was a typical constrained torsion state. In this torsion process, the
restricted warping behavior could not be released, and then warping internal forces were
generated, providing the trend of tangential displacement for each node of the bellows in
the FE model. Due to the warping constrained completely at the bottom and top of the
bellows and the warping released completely at the middle of the bellows at the same time,
the tangential displacements caused by the warping internal force were the most obvious
in the middle of the bellows. The tangential displacements weakened gradually to both
ends until there was almost no tangential displacement at both ends, resulting in a spiral
mode, as shown in Figure 6a. In addition, the bellows with a large slenderness ratio can
be likened to a beam structure and the torsional deformation mechanism is similar to that
of the beam structure, becoming a spiral mode during torsional deformation, as shown in
Figure 6b.

Based on the above calculation method of linear torsional buckling, the critical torque
values of toroid and spiral bellows under different structural parameters were calculated
and the influences of structural parameters on the sensitivity of critical torque values in
linear buckling were studied in Sections 2.3-2.6.
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Figure 6. Deformation mechanism of U-shaped bellows; (a) warping internal force in the bellows
and (b) torsional deformation of the bellows.

2.3. Torsional Buckling Performance Influenced by Convolution Number

In this section, the influence of the convolution number on torsion buckling behaviors
of toroid and spiral bellows were studied. When convolution number n was 3, 5, 10, 20,
and 30 (other structure parameters are the same as the standard bellow model, such as
convolution pitch g, wall thickness d, convolution depth ki, outer radius R;, and inner
radius Ryp), relative critical torsions and buckling modes of toroid and spiral bellows were
calculated through numerical simulations, and the obtained results are presented as Table 2
and Figure 7 (the method for calculating the linear critical torque value of the bellows
is as presented in Section 2.2). It was seen that there were two types of buckling modes,
i.e., buckling mode (Figure 8) and column buckling mode (Figure 9). When the bellows
length was relatively low (convolution number was less than 10), plane instability rather
than column instability occurred. In addition, the critical torque value of plane instability
of spiral bellows was found to be larger than that of toroid bellows. Besides, according
to Figures 8 and 9, the torsional buckling modes of toroid and spiral bellows were quite
similar. According to Figure 7, the critical torque values were decreased as the convolution
number in the bellows was increased. When the convolution number was less than 8§,
the critical torque values of the spiral bellows were larger than that of the toroid bellows.
However, when the convolution number was larger than 8, the critical torsional stability of
the toroid bellows was higher than that of the spiral bellows. Meanwhile, the curves of both
toroid and spiral bellows sharply decreased at the beginning (convolution number was less
than 10), which were in plane buckling modes. Then, when the convolution number was
larger than 10, the curves slowly declined and tended to be stabilized gradually due to the
characteristics of column buckling modes.
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Table 2. Critical torque values and instability modes of bellows with different convolution numbers.

Toroid Bellows Spiral Bellows

Convolution Number Critical Torque o1 Critical Torque Instability

(N-m) Instability Model (N-m) Model
3 2.94 Plane instability 3.64 mi“‘kﬂi iy
5 244 Plane instability 251 msljtilhel iy
10 221 Column instability 2.16 Hfs‘::g’;‘ft‘y

. s Column
20 2.14 Column instability 2.01 instability
30 212 Column instability 1.84 lfs‘i:g‘l‘ft‘y

N T T T T I T I T I T I
3.6 ~ o —=— Toroid bellow _

—=®&— Spiral bellow

Critical torque(N-m)
N
(04]
|

2.0 Py i
== .
| = g7 g
1-6 T ': T v T ¥ T LENEE . T
0 5 810 15 20 25 30

Convolution number

Figure 7. Curve of critical torque versus the number of convolutions.

U, Magnitude
+9.330x 107
+8482% 107!
+7.634 X107
46786 x 1071
+5.937 x 1071
+5.089 x 1074
+4.241 x 1071
+3393x 107!
+2.545 x 107
+1.696 x 107}
68 482x 1072

(a) (b)

Figure 8. Plane instability of the two types of bellows (convolution number was less than 10);
(a) buckling mode of toroid bellows and (b) buckling mode of spiral bellows.
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U, Magnitude
U, Magnitude +1.203
+1317 rhige
+9.701x 107*
+8.623x 107
+7.545% 10!
+6.467x 107*
+5.389x 1072
+4311x 1074
+3234x 107!
+2156x 10!
§1:078x 101

+1.207
+1.097
+9.875x 107
+8.777x 107!
+7.680x 107}

(b)

Figure 9. Column instability of the two types of bellows (convolution number was larger than 10);
(a) buckling mode of toroid bellows and (b) buckling mode of spiral bellows.

When the convolution number was larger than 10, the decreasing trend of critical
torque instability values was almost linear with the increase of convolution number. Since
the bellows were relatively long in this case, column instability was more likely to occur
than plane instability and the critical instability torque values of the toroid bellows were
larger than those of the spiral bellows. This was because the structure of toroid bellows
satisfied the plane cross-section assumption due to the circular cross section of the structure.
In other words, the cross section was flat and the section size was not changed before and
after deformation, as shown in Figure 10a. For spiral bellows, the cross section was no more
circular, as shown in Figure 10b, and the deformation principle of the spiral bellows could
not be described in the plane cross-section assumption under torsion load, resulting in the
appearance of warping, as shown in Figure 11. Because of the reaction forces in both ends
of the bellows, the warping angles of the cross-section were different in different positions,
which changed the fiber length on the junction between two neighboring cross-sections,
giving rise to the generation of warping stress, which relatively decreased the torsional
stiffness of spiral bellows. Therefore, column instability could happen more easily in
spiral bellows.

(b)

Figure 10. Cross-section of toroid and spiral bellows; (a) cross-section of toroid bellows and (b) cross-

section of spiral bellows.
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(a)

(b)

Figure 11. Comparison of the conditions of warping appearance; (a) no warping with circular

cross-section; and (b) warping with non-circular cross-section.

2.4. Torsional Buckling Performance Influenced by Convolution Pitch

Convolution pitch g is another important factor in the convolution structure of bellows,
as shown in Figure 3, which affects the effective length and mechanical performance of
bellows. To investigate the mechanical behaviors of critical buckling loads under the effect
of a spiral angle, in this section, considering the actual production condition, 2.0, 3.2, 4.0,
5.0 and 6.0 mm convolution pitch of bellows (other structure parameters are the same as the
standard bellow model, such as convolution number 7, wall thickness d, convolution depth
h, outer radius Ri, and inner radius R() were adopted to conduct numerical simulations
and analyze critical torsion angles.

The results of numerical simulations are presented as Table 3 and Figure 12, which
showed that the critical torque values of toroid and spiral bellows were increased with
the increase of convolution pitch and torsion instability, which were less likely to happen.
In the meantime, the increasing rate of critical instability torque of toroid bellows was
larger than that of spiral bellows. According to the results presented in Table 3, the increase
of convolution pitch intensified the effect of spiral structure characteristics on the critical
torsion angle of bellows. The reason was that longer convolution pitches and larger spiral
angles of spiral bellows increased the deviation between the cross-section shape and normal
circle and warping stress under torsion and decreased critical torque.

Table 3. Critical torque values of bellows with different convolution pitches.

Critical Torque (N-m)

Convolution Pitch (mm)

Toroid Bellows Spiral Bellows
2.0 1.81 1.78
3.2 2.12 1.84
4.0 2.67 225
5.0 3.92 2.96

6.0 5.68 3.95
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Figure 12. Curve of critical torque versus convolution pitch.

2.5. Torsional Buckling Performance Influenced by Convolution Depth

Convolution depth & is the maximum width of a single-period convolution along
radial direction, as shown in Figure 3. Convolution depth determines the length of ring
plate on the circumference for the same convolution pitch. Similarly, considering actual
production conditions, the convolution depth / of bellows were taken as 7.5, 9.0, 10.5, 12.0,
13.5 and 15.0 mm (other structure parameters are the same as the standard bellow model,
such as convolution number 7, convolution pitch g, wall thickness d, outer radius Rj, and
inner radius Rg) to conduct numerical simulations and analyze the influence of convolution
depth on torsion buckling behaviors. Figure 13 shows the trend of critical torque value
with the change of convolution pitch. The results indicated that the critical torque value
was decreased with the increase of convolution depth. The reason was that the axis and
bending stiffness values of bellows were decreased with the increase of convolution depth,
which made the bellows more flexible and more likely to become unstable. At the same
time, great differences were observed in torsion stability between spiral and toroid bellows
when the convolution depth & of bellows was lower than 12 mm. Additionally, an increase
of convolution depth made the stability of spiral and toroid bellows more similar. When
convolution depth h was larger than 13.5 mm, the critical torque of spiral bellows was
almost similar to that of toroid bellows.

I T I T 1 T T T I
4 A —s— Toroid bellow -
—®— Spiral bellow
E
z 3 A a
()
>S5
g
8
8 2 -
o
I
1 - I i
1
T T T T T T —— T T T
6 8 10 12 13514 16 18

Convolution depth (mm)

Figure 13. Curve of critical torque versus convolution depth.
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2.6. Torsional Buckling Performance Influenced by Wall Thickness

The requirements of strength failure under designing pressure have to be taken into
consideration in the wall thickness design of U-shaped bellows. Similarly, in order to study
the influence of wall thickness on the torsion buckling behaviors of toroid and spiral bellows
considering actual production conditions, the wall thicknesses of FE models were set as
0.05, 0.08, 0.10, 0.12 and 0.15 mm in the numerical simulations (other structure parameters
are the same as the standard bellow model, such as convolution number 7, convolution
pitch g, convolution depth #, outer radius Rq, and inner radius Ry). The changing trend of
critical torque value with wall thickness is shown as Figure 14. The results indicated that
increase of wall thickness increased the critical torque value of bellows. The reason was
that the bending stiffness and torsion stiffness of bellows were increased with the increase
of wall thickness. At the same time, stress along the circumference and meridian directions
was decreased, which could contribute to improving the performance against buckling
instability of bellows.

7 T T T T
—a— Toroid bellow
—e— Spiral bellow
E 5 -
<
o)
> _
g
el
8 3- -
6
14 _
. , . , .
0.04 0.08 0.12 0.16

Wall thickness (mm)

Figure 14. Curve of critical torque with wall thickness.

3. Post-Buckling of Torsional Buckling Analysis of Bellows

Linear buckling analysis is an important step in solving stability problems of bellow
structures. A great amount of important information on the structural buckling behaviors
of bellows could be conveniently and quickly obtained by linear buckling analysis, such as
critical torque values and buckling modes. However, this method still has some limitations.
For some practical engineering structures, the critical torque values obtained from this
method might be significantly higher than the actual buckling loads of structures, especially
for thin shell structures, such as bellows. It is not safe for the bellows design to only
consider a linear buckling analysis. Therefore, it is necessary to extend former linear
buckling analysis methods to post-buckling analysis of bellows.

In Section 3, the post-buckling analysis under torque of toroid bellows was analyzed
based on the “Riks” arc length method of simulation, and the critical torque value was
calculated out. The torsional buckling experiment of toroid bellows was carried out to
verify the FE model results. On this basis, the influences of geometric structure defects,
such as wall thickness defect and eccentricity of bellows, on the post-buckling of bellows
under torsional loads were analyzed.
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3.1. Torsional Buckling Experiment

The torsion experiment system and the experiment piece of toroid bellows are shown
in Figure 15. The material of the experiment piece of toroid bellows was 316 stainless steel
and the structure and material parameters of the bellows were shown in Table 4. To connect
the toroid bellows to the torsion testing machine, two ends of the toroid bellows were
assembled with two connectors, as shown in Figure 15a. The bottoms of the connectors
are circular discs with screw thread (A* and B*), connected to both ends of the bellows by
bolted connection, respectively, as shown in Figure 15b. At the other end of the connectors,
the cross sections of the tops are square (A and B), and the bellows can be connected to the
torsion testing machine by inserted connection, as shown in Figure 15c (The two ends of
the torsion testing machine were the holes with the same square cross section as the tops of
the connectors, so that the tops of the connectors can just be inserted into the torsion testing
machine. At the beginning of torsion, the two ends of the testing machine (A and B in in
Figure 15¢) automatically inwardly clamped at the same time, so that the connectors of
the bellows fastened at both ends of the testing machine to prevent the bellows flying out
of the testing machine due to slip. The torsion testing machine was made in Changchun
Research Institute for Mechanical Science Co., Ltd., Changchun, China (CRIMS)). As shown
in Figure 15d, while at torsion testing, the right end of the torsion testing machine was
fixed, the left end was applied with a torsion angle, and the torque of the left end can be
measured at the same time.

Figure 15. Toroid bellows and testing machine in the torsional buckling experiment; (a) two connec-
tors of the toroid bellows, (b) experiment piece of toroid bellows, (c) torsion testing machine (CRIMS),
and (d) toroid bellows in the testing machine.

Table 4. Structural and material parameters of the experiment piece of toroid bellows.

Structural Parameters (mm) Material Parameters
Ry Ry d h q Elasticity Modulus (GPa) Poisson’s Ratio  Yield Stress (MPa)
31.38 25.38 0.38 6.00 6.00 193.00 0.30 298

With the increase of torsion angle, the torque increased gradually and the relationship
between torque and torsion angle of the experiment piece of toroid bellows during this
process could be obtained. The torsional buckling mode of the bellows through torsion
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experiment is shown in Figure 16. It can be seen that when the bellows entered the torsional
buckling stage, the axis of the bellows bent outward and became warped, presented as a
helical line shape, consistent with the direction of the torsional load. The buckling mode of
the bellows was a typical column instability, just like the torsional buckling behavior of a
beam structure. The reason was that the convolution number of the experiment piece of
toroid bellows was larger than 10, column instability was more likely to occur than plane
instability in this case, confirming the mechanism analysis in Section 2.3 in the meantime.

T <

A -

Figure 16. Torsional buckling mode of the bellows through experiment.

3.2. Post-Buckling Analysis of Bellows

In this section, based on the experiment piece of toroid bellows in Section 3.1 and the
linear buckling analysis method presented in Section 2.2, the FE model of the experiment
piece of toroid bellows was established, as shown in Figure 17. The material of the FE model
was 316 stainless steel, as shown in Table 4, the elasticity modulus was 193 GPa, poisson’s
ratio was 0.3 and yield stress was 298 MPa. The above elastic and plastic properties of the
material were set as input data separately in ABAQUS and buckling analysis of the bellows
was carried out.

Figure 17. The FE model of the experiment piece of toroid bellows.

Similar to the boundary conditions in Section 2.2, one end (bottom) of the FE model
was fixed completely. A torsional load Tj (T was set to 1 N-m in this simulation) was
applied to the other end (top), in which only the torsion angle degrees of freedom in
the axis of the bellows were released. Based on the calculation method in Section 2.2,
the “Buckle analysis” step was carried out to obtain the first-order buckling mode of
the toroid bellows, as shown in Figure 18. At this time, the critical torque T, in the
linear buckling was 205 N-m. Then, the “Static Riks analysis” was carried out to perform
post-buckling analysis [22-26]. The first-order buckling mode in the “Buckle analysis”
step was introduced into the perfect geometric model of the toroid bellows as the initial
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defect [21,27-30]. Similarly, one end (bottom) of the FE model was fixed completely and
a torsional load (it was set to T}, = 205 N-m) was applied to the other end (top). The
critical torque and mode results of the post-buckling analysis of the toroid bellows could be
calculated with “Riks” method [21-25]. The angle-torque curve and post-buckling mode of
the toroid bellows are shown in Figures 19 and 20, respectively.

U, Magnitude
+1.102
+0.447x 1071
+7.872x 107
+6.298x% 1071
+4 723% 107
+3.149% 1071

+1.574x 1071
0

Figure 18. Linear buckling mode of the FE model.
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Figure 19. The process of the post-buckling of the toroid bellows.
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Figure 20. Post-buckling mode just at the critical torque value.

Figure 19 shows the relationships between the torsion angle and torque of the bellows
in different stages through FE model prediction and experimental verification. During the
period of “OA” in the whole buckling process, the torsion angle was smaller than 1.38° (the
abscissa of point A), the bellows were in the linear elastic stage and the torque increased
with the increase of the torsion angle linearly and rapidly. Point A was the last moment in
the linear elastic stage, meaning that the post-buckling behavior started to be triggered and
the state of the bellows was transformed from linear buckling to nonlinear buckling. During
the period of “AB”, the torsion angle was between 1.38° and 2.95° (the abscissa of point B),
the torque increased smoothly, and post-buckling behavior was gradually triggered. It
can be seen that Point B was the maximum value point of the whole torsion angle-torque
curve. The ordinate of Point B denoted the critical torque value of the toroid bellows in
post-buckling, which was 113.50 N-m in FE model results (the red curve). Compared with
the experimental results (The critical torque value was 109.85 N-m) obtained in Section 3.1,
shown as the black dotted line, the FE model results of the toroid bellows showed a
relatively accurate critical torque value and a consistent buckling instability mode. When
the torsion angle was larger than 2.95°, the torque of the bellows no longer increased with
the increase of the torsion angle, but decreased instead. It represented that the bellows
had fully entered the torsional post-buckling stage and the structure of the bellows had
been buckling failure. The reason was that manufacturing defects were inevitable in the
structure of the bellows in practical engineering applications. In order to simulate the
actual post-buckling behavior more accurately, the initial defects were considered in the
post-buckling analysis, and it was a typical extreme point buckling process.

Table 5 compares critical torque values in different analysis methods. The error of the
critical torque value of the toroid bellows in the FE model results was only 3.3%, compared
with the experimental results, which meant that numerical methods in this research were
relatively accurate and convenient in solving post-buckling instability problems of bellows.
Due to geometric structural defects in actual bellows [31-33], compared with experimental
results, the critical torque value in the FE model results presented the error of 3.3%, which
shall be analyzed in detail in the next section.
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Table 5. Critical torque values of the bellows in different analysis models.

Analysis Method Critical Torque Value (N-m) Error (%)
Experimental results 109.85 -
FE model results 113.50 3.3

3.3. The Influence of Geometric Structural Defects on the Post-Buckling Analysis of Bellows under
Torsional Loads

In this section, the influences of geometric structural defects, such as wall thickness
defect of bellows, on the post-buckling of bellows under torsional loads were analyzed.
During the hydraulic forming process of bellows, U-shaped bellows presented different
wall thicknesses [34-37]. In EJMA standard [5], the average wall thickness Sp of bellows is

calculated as:
Ro 0.5
5= 50( 22 M)

where Sp and Sy are the average and nominal wall thicknesses of bellows and Ry, and Ry
are the average and inner radii of bellows, respectively, as shown in Figure 3.

In fact, the decrease of the wall thickness of bellows was much more complicated [27,38—41].
At the bellows peak, wall thickness was minimum, and at the trough, it was maximum. The
wall thickness of U-shaped bellows significantly affected the bending stiffness of bellows
and reduced their critical loads. According to references [42—-46] on the wall thickness of
bellows and communication with bellow manufacturers, it was found that the decreasing
rate of bellows was generally in the range of 75% to 95% and therefore, wall thickness in
FE model was set to 0.28, 0.30, 0.32, 0.34 and 0.36 mm (Design thickness was 0.38 mm,
based on the FE model in Section 3). Post-buckling behavior was analyzed based on the
modified “Riks” arc-length method discussed in Section 3.2, and the results were depicted
in Figure 21. It was seen that bellows” wall thickness significantly affected the ability
of torsional buckling in the bellows. By decreasing the wall thickness from 0.36 mm to
0.34 mm, the curve predicted by the FE model continuously tended to an experimental
curve. When the average wall thickness was 0.34 mm, the critical torque value given by the
FE model was 110.84 N-m and the error was only 0.9%, compared with the experimental
results. In addition, as the wall thickness of the bellows decreased from 0.34 mm to 0.28 mm
gradually, the critical torque decreased greatly. Therefore, it was necessary to consider the
influence of the decrease of bellow wall thickness on buckling instability while designing.

T T I
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=]
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5 Thickness 0.28 mm
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——— Thickness 0.32 mm
= Thickness 0.34 mm
== Thickness 0.36 mm
04 - == Critical torque in experiment |
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Torsion angle (°)

Figure 21. Angle-torque curves of toroid bellows with different wall thicknesses.
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4. Conclusions

In this research, the buckling instability of lining bellows of LNG cryogenic hose
under torsional loads was investigated in detail. The mechanism of mechanical analysis on
torsional buckling of the bellows was carried out, and the influence of structural design
parameters on stability performance was summarized. At the same time, the torsional
buckling properties of toroid and spiral bellows were analyzed. In addition, the post-
buckling analysis of U-shaped bellows under torsional loads was carried out by means of
experiments and finite element simulation. On this basis, the effects of common defects
such as thickness thinning on the torsional stability of bellows were investigated. The
significant conclusions are summarized as follows:

(1) The mechanism of mechanical analysis on torsional buckling of U-shaped bellows
in FLNG cryogenic hoses was carried out. The reason for becoming a spiral mode
during torsional deformation of the bellows with a large slenderness ratio was that
warping internal forces and tangential displacements were generated. The type of
torsional buckling of U-shaped bellows at this time belonged to column instability.

(2) There were two kinds of torsional buckling modes of bellows, including column
instability and plane instability. When the slenderness ratio of the bellows was small
(slenderness ratio was less than 1), the plane instability mode could occur, and the
critical torque of the spiral bellows was larger than that of the toroid bellows. When
the slenderness ratio of the bellows was large (slenderness ratio was larger than 1),
the column instability mode could occur, and the critical torque of the spiral bellows
was smaller than that of the toroid bellows.

(3) In the sensitivity analysis of structural parameters of bellows in torsional buckling,
the critical torque of the bellows decreased with the increase of convolution num-
ber or convolution depth and increased with the increase of convolution pitch or
wall thickness.

(4) As the extension of torsional buckling analysis, post-buckling behavior was analyzed
by means of experiment and finite element simulation. Critical torque value in FE
model was compared with experimental results, showed that the error of critical
torque was only about 3.3% and the deformation of the bellows presented the same
changing trends and instability modes.

(5) It was analyzed that the most likely reason of the error of 3.3% was the decrease of
the thickness of bellows. After considering and correcting the defects of numerical
model, the errors of the results obtained in this work were controlled to only about
0.9%. Therefore, the effect of the decrease of the bellows thickness on post-buckling
instability performance had to be considered in practical engineering designs.

In conclusion, the mechanism of mechanical analysis on torsional buckling of U-
shaped bellows as the important load-carrying components in FLNG cryogenic hoses
was implemented. The results are significant references for the advanced design of
FLNG cryogenic hoses. Specially, U-shaped bellows in FLNG cryogenic hoses will be
under a cryogenic environment (—163 °C) during operation. The obtained mechanism
in this paper would be a strong support for the thermo-mechanical coupling buckling
mechanism analysis, which will be studied in future research work.
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