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a b s t r a c t

In this study, the dieless bulging and nonlinear buckling behaviours of a stainless longan-shaped pres-
sure hull were investigated. According to the Cassini oval equation, the longan shape has a shape index of
0.1. The lengths of the major and minor axes of the designed longan-shaped pressure hull were
approximately 400 and 396 mm, respectively. The wall thickness of this pressure hull was 1 mm. The
Huberevon Mises stress and first yielding load of the designed longan-shaped shell and its inscribed
polyhedral preform were investigated analytically and experimentally. Moreover, the dieless bulging of
the designed longan-shaped pressure hull was investigated numerically and experimentally by using the
nonlinear finite element method and a hydrostatic test, respectively. The analytical, experimental, and
numerical results exhibited good agreement with each other.

© 2023 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Pressure hulls have attracted considerable research interest for
their use in underwater applications (Zoelly, 1915). Generally,
pressure hulls are shells of revolution that are subjected to uniform
external pressure. They are widely used in underwater facilities,
such as torpedoes (Kohnen, 2009), underwater observatories
(Zingoni and Enoma, 2020), submarines (Kohnen, 2009), and sub-
mersibles (Błachut, 2010). The most widely used pressure hull ge-
ometries include spheres (D. Liu et al., 2022; Pan and Cui, 2010,
2011; Zhang et al., 2017b), cylinders (Błachut, 2015; Cerik et al.,
2013; Fu et al., 2023; Ifayefunmi, 2016; Li et al., 2017; Zhang
et al., 2021e), cones (Błachut, 2013, 2011; Ifayefunmi and Błachut,
2013), and combinations of these shapes. Atypical shells, such as
ellipsoidal shells (Li et al., 2019; Ma et al., 2008; Tang et al., 2023;
Zheng et al., 2020), toroidal shells (Enoma and Zingoni, 2020;
Zhang et al., 2021b, 2021d), egg-shaped shells (Zhang et al., 2018a,
2021a, 2022b), barrel-shaped shells (Magnucki and Jasion, 2013;
Zhang et al., 2021c, 2022d), and Cassini oval shells (Malinowski and
Belica, 2017; Sowi�nski and Jasion, 2019; Tang et al., 2019; Zhang
et al., 2018, 2018b), are used in various applications. However,
these structures are susceptible to buckling under hydrostatic
f Naval Architects of Korea.

rea. Production and hosting by El
pressure, whose effects on a pressure hull depend on its shape,
material properties, and initial geometrical imperfections. (Arbocz
and Starnes, 2002; Błachut, 2014; Thompson, 2015; Zingoni, 2015).

Classical mechanics indicates that a sphere is the optimal ge-
ometry for underwater pressure hulls (Timoshenko et al., 1962).
Therefore, spherical pressure hulls are the most widely used
pressure hulls. However, studies have indicated that spherical
pressure hulls have a high initial imperfection sensitivity (CCS,
2014; Cui, 2013; Cui et al., 2014; Pan et al., 2012, 2010; Zhang
et al., 2018c). This negative characteristic not only results in a
high manufacturing cost for spherical hulls but also causes
considerable difficulty in accurately predicting the buckling pres-
sure of these hulls. To reduce the influence of imperfection sensi-
tivity on the buckling behavior of shells, atypical hull geometrics
have been widely investigated. On the basis of the results obtained
for Cassini oval shells by Jasion and Magnucki (2015), Zhang et al.
(2018b) conducted a numerical and experimental study of the
elastic buckling of externally pressurised Cassini oval shells with
various shape indices; these shells were made of photosensitive
resin. Zhang et al. found that the critical buckling load of a Cassini
oval shell with a shape index of 0.1, which was similar to a sphere,
wasmuch higher than that of a spherical shell because of the effects
of imperfection sensitivity, circumferential radius, and meridional
radius. The subsequent research indicated that Cassini oval shells
are a promising geometry for pressure hulls (Zhang et al., 2018).
However, the manufacture of pressure hulls with a Cassini oval
shape is challenging. Zhang et al. (2018b) only focused on the
sevier B.V. This is an open access article under the CC BY-NC-ND license (http://
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buckling behaviour of Cassini oval shells, and researchers have paid
little attention to methods for manufacturing pressure hulls.

Dieless bulging is an alternative method for manufacturing
longan-shaped pressure hulls. Compared with traditional
manufacturing methods, Dieless bulging technology has the ad-
vantages of low manufacturing cost, short production time, and
simple equipment. This technology has been widely investigated
and used to manufacture shells of revolution (Hu and Wang, 2004;
Yuan et al., 2013; Yuansong et al., 1997; Zhang and Yuan, 2016). For
example, Wang et al. (2005) investigated the free hydroforming
performance of spherical shells. Yuan et al. (2015) investigated the
hydroforming of prolate and oblate ellipsoids by using theoretical,
numerical, and experimental methods. They proposed double
generating lines and reverse geometric models for the preform to
manufacture objects with a sound ellipsoidal geometry. The
aforementioned authors theorised that any geometry can be bulged
into a sphere (Yuan et al., 2015; Zhang et al., 2015). However, their
studies have only focused on decorative work and internal pressure
vessels. Therefore, other researchers have investigated the hydro-
forming and buckling behaviour of external pressure hulls,
including egg-shaped (Zhang et al., 2022a, 2022b), barrel-shaped
(Zhang et al., 2022d) and toroid-shaped (X. Liu et al., 2022; Zhang
et al., 2022c) pressure hulls, by using theoretical, numerical, and
experimental methods. These researchers have investigated not
only the hydroforming processes but also the buckling behaviours
of egg-, barrel-, and toroid-shaped pressure hulls. Inspired by the
aforementioned research, the dieless bulging and nonlinear buck-
ling performance of a longan-shaped pressure hull were investi-
gated in the present study.

The rest of this paper is organised as follows. Section 2 defines
the geometries and material of a longan-shaped shell and its
polyhedral preform. A set of analytical formulas were used to
analyse the geometrical and mechanical properties of both the
aforementioned structures. Section 3 details the methodologies
used to manufacture the longan-shaped polyhedral preform,
conduct the bulging and buckling tests, and shape and thickness
measurements. Section 4 describes the numerical analysis con-
ducted for examining the bulging and buckling performance of the
aforementioned structures. Moreover, it presents a comparison of
the numerical, analytical, and experimental results obtained in this
study. Finally, section 5 provides the conclusions of this study.

2. Problem description

This section details the geometric parameters, Huberevon
Mises stresses, and first yielding loads of the longan-shaped poly-
hedral preform and longan-shaped pressure hull. The material
properties of the stainless steel used to manufacture the longan-
shaped polyhedral preform are also mentioned.

2.1. Geometry and material

We considered that a longan-shaped pressure hull can be
manufactured from a longan-shaped polyhedral preform by using
dieless bulging technology. The nominal geometries of the longan-
shaped pressure hull and longan-shaped polyhedral preform are
depicted in Fig. 1. The longan-shaped pressure hull has a major axis
(L), minor axis (B), and uniform wall thickness (t1). This hull has a
parallel circle radius of Y1 and is subjected to a uniformly distrib-
uted external pressure, P1. The longan-shaped polyhedral preform
has a uniform wall thickness of t2 , a circumferential radius of X2
and parallel circle radius of Y2 and is subjected to a uniformly
distributed external pressure, P2. The preform includes eight cone
2

segments and nine segmentation points. The meridional radius of
the longan-shaped pressure hull can be expressed using geometric
functions in the two-dimensional Cartesian coordinate system as
follows:

Y1 ¼ ±
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4c2x2 þ a4

p
� c2 � x2

q
; x2½�200;200� (1)

Moreover, the meridional radius of the longan-shaped poly-
hedral preform can be expressed as follows:

Y2 ¼ kixþ bi; i ¼ 1;2;3…8 (2)

where

ki ¼
yiþ1 � yi
xiþ1 � xi

(3)

bi ¼
xiþ1yi � xiyiþ1

xiþ1 � xi
(4)

The terms a and c denote equation parameters, i is the identifier
of a cone numbered from the top plate to the base plate, and ai is
the angle between the preform meridian of the i th cone segment
and the major axis. The shape index (kc ¼ c=a) influences the shape
of the longan-shaped pressure hull. The geometric parameters of
the longan-shaped pressure hull and longan-shaped polyhedral
preform are listed in Table 1.

The material properties of the stainless steel used in the
experiment were determined through a uniaxial tensile test. The
obtained true stressestrain curves are depicted in Fig. 2. The
coupon for the uniaxial test was designed according to the GB/T
228.1e2010 (Standards Press of China, 2011) guidelines and cut
from the same plate as was the longan-shaped polyhedral preform.
The true stressestrain curves are nearly bilinear. The material
properties were as follows: Young's modulus ðEÞ ¼ 200:2 GPa,
Poisson's ratio (mÞ ¼ 0:299, yield point (syÞ ¼ 277:4 MPa, and
strength coefficient (KÞ ¼ 1307:4 MPa. Young's modulus was
determined from the slope of the linear elastic stage (first stage) of
the stressestrain curves. Poisson's ratio was determined from the
ratio of the transverse strain to the longitudinal strain. The yield
point was calculated as 0.2% of the proof stress. Finally, the strength
coefficient was determined from the slope of the linear plastic stage
(second stage) of the stressestrain curves. The linear elastic stage is
mathematically expressed as s ¼ Eε, and the linear plastic stage is
mathematically expressed as s ¼ sy þ Kðε � εyÞ, where εy is the
yield strain ð¼ sy =EÞ.
2.2. Analytical estimation

According to the membrane theory of shells of revolution
(Ventsel, et al., 2002), the meridional stress (sm1), circumferential
stress (sq1), and HuberevonMises stress (se1) of the longan-shaped
pressure hull can be determined as follows:

sm1 ¼ � P1Y1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðY10Þ2

q
2t1

(5)

sq1 ¼sm1

 
2þ Y1Y

00
1

1þ �Y 0
1

�2
!

(6)

and



Fig. 1. Nominal geometries of the (a) longan-shaped pressure hull and (b) longan-shaped polyhedral preform.

Table 1
Geometric parameters of the longan-shaped pressure hull and longan-shaped
polyhedral preform.

a [mm] 199.01
c [mm] 19.9
kc 0.1
B [mm] 396.2
L [mm] 400
t1 [mm] 1.055
t2 [mm] 1.065
P1 [MPa] 1
P2 [MPa] 1
Point 1 (x1;y1) (34.39, 195.05)
Point 2 (x2;y2) (99.25, 171.91)
Point 3 (x3;y3) (152.58,101.03)
Point 4 (x4;y4) (187.82, 68.32)
Point 5 (x5;y5) (200, 0)
Point 6 (x6;y6) (187.82, �68.32)
Point 7 (x7;y7) (152.58, �101.03)
Point 8 (x8;y8) (99.25, �171.91)
Point 9 (x9;y9) (34.39, �195.05) Fig. 2. True stressestrain curves determined by conducting a uniaxial tensile test on a

stainless steel coupon. The coupon was designed according to the GB/T 228.1e2010
guidelines and cut from the same plate as was the longan-shaped polyhedral preform.
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se1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðsm1Þ2 þ ðsq1Þ2 � sm1sq1

q
(7)

By substituting Eqs. (5) and (6) into Eq. (7), the following
equation is obtained:

se1 ¼
P1Y1
2t1

,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3þ 3

�
Y 0
1
�2 � Y1Y

00
1 þ

Y1
2�Y 00

1
�2

1þ �Y 0
1
�2

vuut (8)

Assuming that the Huberevon Mises stress is equal to the ma-
terial yielding point (se1 ¼ sy), the yielding load Py1 of the longan-
shaped pressure hull can be obtained by combining Eqs. (5)e(8) as
follows:
Y
00
1 ¼

�
2c2 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4c2x2 þ a4

p
� 4c2x2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4c2x2þa4
p

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4c2x2 þ a4

3
2
p

� �4c2x2 þ a4
�q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4c2x2 þ a4

3
2
p

� �4c2x2 þ a4
��
c2 þ x2

�
þ�16c4x2 � 56c4x4 � 10a4c2x2 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4c2x2 þ a4

p �
20c4x2 þ 16c2x2 þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4c2x2 þ a4
3
2
p

� �4c2x2 þ a4
��
c2 þ x2

�3
2

q

3

Py1 ¼
2t1sy

Y1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3þ 3

�
Y 0
1
�2 � Y1Y

00
1 þ

Y1
2ðY 00

1Þ2
1þðY 0

1Þ2
s (9)

where

Y 0
1 ¼

2c2x� x
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4c2x2 þ a4

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4c2x2 þ a4
3
2
p

� �4c2x2 þ a4
��
c2 þ x2

�q (10)

and
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
c2 þ x2

�

2a4x2
�

(11)



Fig. 3. Huberevon Mises stresses of the longan-shaped pressure hull and longan-
shaped polyhedral preform under internal pressure of 1 MPa [analytically obtained
using Eqs. (8) and (15), respectively].

Fig. 4. First yielding loads of the longan-shaped pressure hull and longan-shaped
polyhedral preform, analytically obtained using Eqs. (9) and (16), respectively.
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Similarly, the meridional stress (sm2), circumferential stress
(sq2), and Huberevon Mises stress (se2) of the longan-shaped
polyhedral preform can be determined as follows:

sm2 ¼
P2X2

2t2cos ai
(12)

sq2 ¼
P2X2

t2cos ai
(13)

and

se2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðsm2Þ2 þ ðsq2Þ2 � sm2sq2

q
(14)

By substituting Eqs. (12) and (13) into Eq. (14), the following
equation is obtained:

se2 ¼
ffiffiffi
3

p
P2X2

2t2cos ai
(15)

Assuming that the Huberevon Mises stress equals the material
yielding point (se2 ¼ sy), the yielding load (Py2) of the longan-
shaped polyhedral preform can be obtained by combining Eqs.
(12)e(15) as follows:

Py2 ¼
2t2sycos aiffiffiffi

3
p

X2
(16)

The final bulging load can be expressed as follows:

Ph � Py1 (17)

The analytical results obtained for the Huberevon Mises stress
of the longan-shaped polyhedral preform by using Eq. (13) are
listed in Table 2.

The Huberevon Mises stress of the longan-shaped polyhedral
preform was higher than that of the longan-shaped pressure hull.
Fig. 3 depicts the Huberevon Mises stresses obtained for the
pressure hull and polyhedral preform by using Eqs. (8) and (15),
respectively, under internal pressure of 1 MPa. The aim of assuming
the internal pressure to be 1 MPa was to obtain the variation ten-
dency of Huberevon Mises stresses. As displayed in Fig. 3, the
distributions of the Huberevon Mises stresses of the polyhedral
preform and pressure hull exhibited symmetry, which can be
attributed to the fact that both structures are symmetric. The
Huberevon Mises stress of the polyhedral preform was consider-
ably higher than that of the pressure hull because of the infinite
principal radius of the meridian of each cone segment. The
Huberevon Mises stress for the pressure hull and the slope of this
stress for the polyhedral preform decreased from its poles to its
equator mainly because of the decrease in curvature from the polar
to the equator. A sudden increase in stress occurred at each
segment boundary of the polyhedral preform, which can be
attributed to the geometric discontinuities of the preform. This
Table 2
Analytical results obtained for the Huberevon Mises stress of the longan-shaped polyhe

Cones P2 [MPa] t2 [mm] ai [�] cos ai

Cone 1 1 1.065 70.25 0.34
Cone 2 1 1.065 50.35 0.64
Cone 3 1 1.065 30.21 0.87
Cone 4 1 1.065 10.04 0.98
Cone 5 1 1.065 10.04 0.98
Cone 6 1 1.065 30.21 0.87
Cone 7 1 1.065 50.35 0.64
Cone 8 1 1.065 70.25 0.34

4

phenomenon has also been observed in previous studies related to
egg-shaped and toroidal pressure hulls (Zhang et al., 2022a, 2022b,
2022c).

According to Eqs. (9) and (16), the yielding load of the poly-
hedral preform was lower than that of the pressure hull. Fig. 4
depicts the first yielding loads of the pressure hull and polyhedral
preformwhen Eqs. (9) and (16) were used, respectively. The results
indicate that the longan-shaped pressure hull might be obtained
through suitable plastic deformation of the materials with an
dral preform by using Eq. (13).

X2 min [mm] X2 max [mm] se2 min [MPa] se2 max [MPa]

34.39 99.25 82.25 237.37
99.25 152.58 126.10 193.86
152.58 187.82 142.61 175.55
187.82 200.00 155.76 165.95
187.82 200.00 155.76 165.95
152.58 187.82 142.61 175.55
99.25 152.58 126.10 193.86
34.39 99.25 82.25 237.37
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increase in bulging pressure. For the polyhedral preform, the
yielding loads of the first and eighth cones were considerably
higher than those of the other cones because of the small curva-
tures at the north and south poles of the preform. This phenome-
non indicates that the first and eighth cones of the polyhedral
preform undergo plastic deformation with difficulty during dieless
bulging. The first yielding loads of the pressure hull exhibited
marginal variations and were similar to those of spherical shells.
This finding is attributed to the fact that the pressure hull had a
small curvature deviation.

3. Experimental methodologies

This section details the methods and equipment used for
manufacturing the longan-shaped polyhedral preform, measuring
the shape and thickness of the polyhedral preform and longan-
shaped pressure hull, performing dieless bulging for the poly-
hedral preform, and conducting an external hydrostatic test on the
pressure hull.

3.1. Manufacturing of the polyhedral preform

The manufacturing of the longan-shaped polyhedral preform
involved processes such as numerical blanking, spot welding,
assembling, and seam welding. Details of the manufacturing
method are depicted in Fig. 5. First, eight fan-shaped plates and one
top plate were blanked from a steel sheet with an average
measured thickness of 1.065 mm. In addition, for assembling an
inlet valve, a hole with the diameter of 20 mmwas cut at the centre
of the top plate. A base plate with a diameter of 80 mm and a
thickness of 20 mmwas used to facilitate positioning. The poles of
Fig. 5. Manufacturing procedures of the longan-shaped polyhedral preform: a ¼

5

the pressure hulls are probably the manhole or observation win-
dow in real underwater conditions (Zhang et al., 2017a). Therefore,
the bulging accuracy of the poles of the pressure hull were not
concentrated in this study. Blanking was performed using a com-
puter numerical control (CNC) laser blanking machine (CMO2560-
B; Han's Yueming Laser Group, China). Second, the fan-shaped
plates were cold-bent into cones by using a CNC bending ma-
chine (CD-700; Chuangde Machinery Equipment Co., Ltd, China).
Third, the cones, inlet valve, and base plate were assembled and
spot-welded into a polyhedral preform. Finally, the assembled
polyhedral preform was manually welded through tungsten inert
gas welding (YC-500WX N-Type, Panasonic, Japan). The pulse cur-
rent in the manufacturing process was 40 A, and the pulse fre-
quency was 40 Hz.

3.2. Measurements and tests

The experimental procedures performed on the polyhedral
preform [Fig. 6(a)e(c)] and pressure hull [Fig. 6(d)e(f)] are depicted
in Fig. 6. In Fig. 6,1¼ longan-shaped polyhedral preform, 2¼ three-
dimensional scanner, 3 ¼ nondestructive thickness measurement
device, 4 ¼ digital pressure transducer, 5 ¼manual pressure pump,
6 ¼ dynamic data collector, 7 ¼ hyperbaric chamber, and
8 ¼ hydraulic lift.

3.2.1. Shape measurement
The external geometries of the polyhedral preform and pressure

hull were measured before and after thickness measurement,
respectively. An optical three-dimensional scanner (Cronos 3D,
Open Technologies, Italy) with an error of less than 0.02 mm was
used for shape measurement, and the software program used with
numerical blanking, b ¼ bending, c ¼ spot welding, and d ¼ seam welding.



Fig. 6. Experimental procedures conducted on the (aec) longan-shaped polyhedral
preform and (def) longan-shaped pressure hull: a ¼ shape measurement,
b ¼ thickness measurement, c ¼ dieless bulging, d ¼ thickness measurement,
e ¼ shape measurement, and f ¼ buckling test.
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this scanner was Optical RevEng. As depicted in Fig. 6(a), a thin
layer of contrast enhancement filmwas sprayed onto the surface of
the preform to reduce light refection, and many circular marking
stickers were pasted onto the sprayed surface to ensure accurate
photo stitching. Optical RevEngwas used to generate the computer-
aided-drafting geometry of the manufactured polyhedral preform
from the optical data. The external geometry of the pressure hull
was optically measured after thickness measurement. As depicted
in Fig. 6(e), the optical measurement processes used for the pres-
sure hull were the same as those used for the polyhedral preform.
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3.2.2. Thickness measurement
The thickness of the polyhedral preform and pressure hull were

measured before and after the bulging test, respectively. Thus, the
thickness variation during the bulging test could be determined. A
nondestructive thickness measurement device (DAKOTA/PX-7;
Sonatest Corporation, USA) with an error of less than 0.002mm and
an ultrasonic couplant (Elecall, China). The marking stickers were
removed after the scanning process was completed [Fig. 6(a)]. The
contrast enhancement film was washed off with ethanol
(CH3CH2OH, >99.7%). Subsequently, the thickness of the manufac-
tured polyhedral preform was ultrasonically measured using the
aforementioned nondestructive thickness measurement device.
The transducer of this device was separated from the test object by
the couplant. As depicted in Fig. 6(b), a total of 26 measurement
points were equally distributed on each meridian of the polyhedral
preform, and the meridians were 15� apart from each other; thus,
the total number of measurement points was 624 (26 � 24). The
thickness of the pressure hull was ultrasonically measured after the
bulging test. As depicted in Fig. 6(d), the ultrasonic measurement
processes used for the pressure hull were the same as those used
for the polyhedral preform.

3.2.3. Bulging test
The bulging test was conducted after measurement of the shape

and thickness of the polyhedral preform. The following devices
were used in the bulging test: a manual pressure pump (SRB-30X;
Zhenhuan Hydraulic Apparatus, China) with a maximum working
pressure of 30 MPa and a single stroke having a maximum flow of
38 mL, a digital pressure transducer (SUPeP3000; United Test
Automation, China) with an error of less than 0.15 MPa and a
maximum recording pressure of 20 MPa, and a data acquisition
system (DH5902; Donghua Test Technology, China) with a
recording frequency of 50 Hz. As depicted in Fig. 6(c), the poly-
hedral preform was filled with tap water through the inlet valve.
Hydrostatic pressure was internally applied on the polyhedral
preform to conduct dieless bulging by using the manual pressure
pump, the digital pressure transducer was used to record the
applied pressure, and the test data were recoded using the afore-
mentioned data acquisition system.

3.2.4. Buckling test
The buckling test was preformed after the shape and thickness

measurement of the bulged preform is finished. After the poly-
hedral preform was bulged, the longan-shaped pressure hull was
obtained. The devices used in the buckling test were a cylindrical
steel hyperbaric chamber, a hydraulic lift, a manual pressure pump,
a digital pressure transducer, and a data acquisition system. The
hydraulic lift was used to move the cover slab of the cylindrical
steel hyperbaric chamber located at Jiangsu University of Science
and Technology. This chamber has an internal diameter of 500 mm,
an internal height of 500 mm, and awall thickness of 30 mm. These
geometrical dimensions resulted in a maximum testing load of
10 MPa. The pressure medium, manual pressure pump, digital
pressure transducer, recording frequency, and data acquisition
system are the same as those used for the preform. The collapse of
the pressure hull was indicated by a loud sound caused by the
sudden change in shell geometry. After the pressure hull collapsed,
the pressure hull was removed from the hyperbaric chamber.

Notably, an additional load FR acted at the north pole of the
pressure hull during the external hydrostatic test; this load can be
attributed to the positive buoyancy of the pressure hull. A sketch of
the hyperbaric chamber and the test sample are depicted in Fig. 7.
In this figure, 1 ¼ heavy steel plate, 2 ¼ net bag, 3 ¼ longan-shaped
pressure hull, 4 ¼ hyperbaric chamber, 5 ¼ locking cover, 6 ¼ cover
slab, 7 ¼ intake valve, 8 ¼ digital pressure sensor, and 9 ¼ drainage



Fig. 7. Sketch of the adopted hyperbaric chamber and the test sample.

Fig. 8. Statistical distributions of the measured thicknesses of the (a) longan-shaped
polyhedral preform and (b) longan-shaped pressure hull.
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valve. Before the hyperbaric test was started, to reduce the effect of
positive buoyancy on bucking load, approximately 70% of the
pressure hull was filled with water. The pressure hulls used in real-
world underwater conditions are designed to have positive buoy-
ancy. For example, underwater observatories are located at a con-
stant depth and anchored to the seabed to against positive
buoyancy (Zingoni and Enoma, 2020). The pressure hull and heavy
steel plate were wrapped with a net bag to maintain the position of
the pressure hull in the hyperbaric chamber and to prevent contact
between the pressure hull and the inner surface of the hyperbaric
chamber.

4. Results and discussion

This section presents the measured thickness and shape data as
well as the results of the bulging and buckling tests. Finite-element
models for numerical analysis were developed on the basis of the
shape measurement results. The numerical and experimental re-
sults were then compared.

4.1. Measurement analysis

4.1.1. Thickness analysis
The measured thicknesses of the polyhedral preform and pres-

sure hull exhibited normal distributions (Fig. 8). The thickness
range for the pressure hull was wider than that for the polyhedral
preform because of the inconsistent deformation of the preform
and the spheroidization principle (Wang et al., 2018). The spher-
oidization principle means that the larger ones of the first and
second principal radius must decrease to reduce the radius of
curvature to divide the load, while the smaller ones should become
larger to reduce the load. Thus, during deformation, the radii of
curvature change continuously throughout the shell until the
required uniform radius of the sphere is reached. The thickness of
the polyhedral preformwas reduced when it bulged because of the
constant volume principle (Zhang and Wang, 2015).

The statistical distributions of the measured thicknesses of the
polyhedral preform are depicted in Fig. 8(a). The thickness of the
polyhedral preform ranged from 1.058 to 1.074 mm. Approximately
95% of the measured thicknesses of the preformwere distributed in
7

the range of 1.062e1.068 mm. The mode and average of the
measured thicknesses of the preform were 1.064 and 1.065 mm,
respectively. The statistical distributions of the measured thick-
nesses of the pressure hull are displayed in Fig. 8(b). The thickness
of the pressure hull ranged from 1.046 to 1.066 mm. Approximately
80% of the measured thicknesses of the pressure hull were
distributed in the range of 1.052e1.058 mm. The mode and average



Table 3
Statistical results of the measured thicknesses of the longan-shaped polyhedral
preform and longan-shaped pressure hull.

Tmax [mm] Tmin [mm] Tave [mm] St: dev

Preform 1.074 1.058 1.065 0.002
Bulged 1.066 1.046 1.055 0.003
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of the measured thicknesses of the pressure hull were 1.056 and
1.055 mm, respectively.

The standard deviation of the thickness of the polyhedral pre-
form and pressure hull were only 0.002 and 0.003, respectively.
Thus, the thickness distribution of the polyhedral preform was
more concentrated than that of the pressure hull. The statistical
results of the measured thicknesses of the polyhedral preform and
pressure hull are listed in Table 3, and the thickness contours of
these parts are depicted in Fig. 9. As displayed in Fig. 9, the thick-
ness distributions of the polyhedral preform and pressure hull were
uniform.

The measured thickness contours of the polyhedral preform are
depicted in Fig. 9(a). The wall thickness of the polyhedral preform
exhibited marginal changes at each cone boundary, and minor
variations were observed in the circumferential direction in most
situations. The sudden change in the wall thickness in the
Fig. 9. Measured thickness contours of the (a) longan-shaped
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circumferential direction is attributed to the longitudinal weld
seams. The measured thickness contours of the pressure hull are
displayed in Fig. 9(b). Of the eight cones, cones 4 and 8 exhibited
the smallest wall thicknesses. More than 50% of cone 4 and 70% of
cone 8 had a wall thickness of less than 1.053 mm. The remaining
area of the cones are ranged from 1.057 to 1.064 mm.
4.1.2. Shape analysis
To facilitate the comparison between the geometric shape of the

manufactured shells and the nominal ones, the inlet valve, top plate
and base plate were ignored using the Geomagic Studio pre-
processing software program. GOM Inspect was used for analysing
the shape measurements. A positive geometric deviation indicated
that the measured geometry had a larger bulge than did the
nominal geometry. By contrast, a negative geometric deviation
indicated that the measured geometry had a smaller bulge than did
the nominal geometry. As depicted in Fig. 10, the geometric de-
viations of the polyhedral preform and pressure hull were
reasonable. The geometric deviations of the polyhedral preform
followed a nearly normal distribution, which was wider than the
distribution of the geometric deviations of the pressure hull. The
geometric accuracy of the pressure hull was higher than that of the
polyhedral preform because of the spheroidization pressurising
process in the bulging test (Wang et al., 2018). Almost all the
polyhedral preform and (b) longan-shaped pressure hull.



Fig. 10. Measured geometries of the longan-shaped (a) polyhedral preform and (b) pressure hull. The legends and contours indicate the deviations of the measured geometries from
the nominal geometry (Fig. 1).
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deviations of the polyhedral preform in the top view had positive
values. By contrast, almost all the deviations of the preform in the
bottom view had negative values. Moreover, the geometric de-
viations of the pressure hull in the bottom view were considerably
smaller than those in the top view.

Themeasured geometry of the polyhedral preform is depicted in
Fig. 10(a). The maximum geometric deviation of the preform was
3.28 mm, which is 1.91% of the circumferential radius of the pres-
sure hull; this deviation is attributed to the CNC bending process.
The majority of the remaining geometric deviations occurred near
the weld seams and were in the range of �0.75 to 0.75 mm.

The measured geometry of the pressure hull is displayed in
Fig. 10(b). The large geometric deviations in the top view occurred
in the welding area. These deviations are attributed to the fact that
the nominal geometry shown in Fig. 1 excluded the weld seams.
Themaximumpositive geometric deviation in the bottomviewwas
1.43 mm, which corresponded to the position of maximum devia-
tion on the polyhedral preform. Most of the geometric deviations of
the pressure hull were in the range of �1.00 to 0.75 mm. Consid-
ering that the major axis of the nominal geometry (Fig. 1) has a
length of 400 mm, the aforementioned deviations are reasonable.
9

4.2. Bulging analysis

4.2.1. Experimental analysis
The final bulging pressure applied to the polyhedral preform

was 3.62 MPa, which was the maximum internal pressure capacity
of the internal pressure hull. The dieless bulging of the pressure
hull under various internal loads is depicted in Fig. 11, and the
corresponding load values are shown in Fig. 12. The polyhedral
preform did not exhibit notable shape changes when the bulging
pressure was 0e1 MPa. This phenomenon agreed well with the
analytical results for the first yielding loads of the polyhedral pre-
form (Fig. 4) because the minimum first yielding load of the pre-
form was 1.2 MPa. The first deformation occurred on the top plate
when the bulging pressure was 1.5 MPa. This phenomenon also
agreed well with the analytical results for the first yielding load of
the polyhedral preform because the first yielding loads of the first
and eighth cones were less than 1.5 MPa. The polyhedral preform
bulged slightly when the bulging pressure was 2 MPa because the
first yielding load of the preform was less than 2 MPa at all points
except for some parts of the first and eighth cones. The dividing
lines between the cones completely disappeared when the bulging



Fig. 11. Dieless bulging of the longan-shaped pressure hull under various internal loads.
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pressure was 2.5 MPa because most of the first yielding loads of the
preformwere less than 2.5 MPa. Subsequently, a smooth geometry
was obtained when the bulging pressure exceeded 3 MPa because
most of the preform was fully plastically deformed at this pressure
level. At a final bulging pressure of 3.62 MPa, a sound longan-
shaped pressure hull was obtained.

The pressurising process in the bulging test involved three
stages, with linear deformation characteristic being observed in the
first and third stage, and nonlinear deformation characteristic be-
ing observed in the second stage. The pressureetime curve recor-
ded in the dieless bulging test conducted on the pressure hull is
10
depicted in Fig. 12. The pressurising process required approxi-
mately 220 s. The first stage of pressurisation occurred between
points A1 and A3 in the graph displayed in Fig. 12. The polyhedral
preform did not exhibit notable shape changes in the first stage,
because the first stage was with the linear elastic deformation
characteristic, and the pressure in this stage were below the
analytical result of first yielding load. The second stage occurred
between points A3 and A6. The nonlinearities recorded in this stage
could be the plastic flow of the material just after exceeding the
yield point. The third stage occurred between points A6 and A8 and
was the last stage in the bulging test. The nearly linear deformation



Fig. 12. Pressureetime curves recorded in the dieless bulging test conducted on the
longan-shaped pressure hull.

Fig. 14. Mesh convergence study of the FEM model for the bulging analysis.
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characteristic was observed in the third stage. Because the shell was
in full plastic deformation, the pressure in this stage had been
exceeded nearly all yield pressure of the preform. The
pressureetime curve exhibited nonlinear monotonous increments
at this stage. The minimum pressurisation rate in the bulging test
occurred in the third stage, which allowed the final bulging pres-
sure to be controlled.

4.2.2. Numerical analysis
For further studying the bulging of the polyhedral preform,

general static analysis was conducted using the finite element
method (FEM), which can be applied in ABAQUS. The painted
polyhedral preform and the numerical model of the bulging of the
preform are depicted in Fig. 13. For simplifying the numerical
analysis, the inlet valve was excluded, and the hole on the top plate
was filled (the plate had a thickness of 1.065 mm). The numerical
model of the polyhedral preformwasmeshed using linear reduced-
integration quadrilateral (S4R) elements. According to the mesh
Fig. 13. (a) Painted preform and (b) numerical model for t
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convergence study which depicted in Fig. 14, the preform
comprised 58,862 elements. To prevent rigid body motion, the
boundary of the base plate was fixed, with U1 ¼ U2 ¼ U3 ¼
UR1¼ UR2¼ UR3¼ 0. In ABAQUS, the degrees of freedom 1, 2 and 3
represent the displacement of x, y and z axes, respectively. The
degrees of freedom 4, 5 and 6 represent the rotation of x, y and z
axes, respectively. Where U1 ¼ U2 ¼ U3 ¼ 0 indicated that all
nodes we selected were restricted in degrees of freedom 1, 2 and 3,
respectively. UR1 ¼ UR2 ¼ UR3 ¼ 0 indicated that all nodes we
selected were restricted in degrees of freedom 4, 5 and 6,
respectively.

The material properties used in the numerical analysis are listed
in Fig. 2.

Attention should be paid that the welding residual stress were
not considered in the FE analyses, because the welding residual
stress can be significantly eliminated with the development of
plastic deformation during the bulging process, which has been
experimentally proved by the previous researches (Yuan et al.,
1996).
he bulging of the longan-shaped polyhedral preform.



Fig. 15. Numerical and experimental longan-shaped pressure hulls obtained under dieless bulging pressure (P) of 3.35 MPa.

Fig. 16. Numerical and experimental thicknesses of the longan-shaped pressure hull
after dieless bulging. Numerical thicknesses were obtained along three equidistant
meridians under a bulging pressure of 3.35 MPa.
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Two processes were simulated in the numerical analysis of the
bulging of the preform: internal pressure loading and springback.
As depicted in Fig. 13, these processes were examined through
general nonlinear static analysis. The maximum increment, mini-
mum increment, initial increment, and maximum number of in-
crements in the process were 0.02, 10�50, 0.02, and 100,
respectively.

On the basis of trial and error, P ¼ 3.35 MPa was the most
suitable bulging pressure for numerically obtaining a satisfactory
pressure hull geometry. The aim we use different bulging load was
to obtain the similar geometric shape from numerical analysis and
experimental result. Based on the same geometric shape, we can
compare the difference of the buckling load and post buckling
behavior between numerical analysis and experimental result. The
deviation between the numerical and experimental bulging pres-
sure values was 8.1%. The numerical and experimental shapes of the
pressure hull under bulging pressure of 3.35 MPa are depicted in
Fig. 15. A positive (negative) deviation indicated that the numerical
shape had a larger (smaller) bulge than did the experimental shape.
The maximum and minimum deviations were 0.72 and �0.96 mm,
respectively. Deviation mainly occurred at the boundary of the base
plate, which can be attributed to the boundary condition of the
numerical analysis. Most of the deviations between the numerical
and experimental shapes of the pressure hull were in the range
of �0.4 to 0.4 mm.

The numerical thickness results were in good agreement with
the experimental thickness results. The deviation between these
results can be attributed to the assumption of uniform thickness
and the ignoring of the weld seams in the numerical analysis. The
numerical and experimental thicknesses of the longan-shaped
pressure hull after dieless bulging are displayed in Fig. 16. The
numerical thicknesses were obtained along three equidistant me-
ridians under a bulging pressure of 3.35 MPa. Overall, the experi-
mental thickness of the pressure hull was higher than its numerical
thickness. The maximum deviation between the numerical and
experimental thicknesses was 0.011 mm, which was 0.1% of the
average thickness of the experimental result of the pressure hull.
The average deviation between these thicknesses was 0.005 mm,
which was 0.05% of the average thickness of the experimental
result of the pressure hull. The minimum deviation was
7 � 10�7 mm, which indicated that the thicknesses at the two
points on the eighth cone were almost the same. In each cone, the
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experimental and numerical thicknesses at the middle point were
smaller than those at the other two points because of the boundary
effect.

The residual stress of the bulged pressure hull was concentrated
in the weld seams and increased from the middle of the cones to
the weld seams. By contrast, the plastic strain of the bulged pres-
sure hull was concentrated in the cones and decreased from the
middle of the cones to the weld seams. The middle areas of the
cones had a lower residual stress and higher plastic strain than did
the other areas of the pressure hull because the maximum
displacement and deformation occurred in the middle areas of the
cones during the bulging test. All the negative plastic strain
occurred at the latitudinal weld seams. The aforementioned phe-
nomena have also been observed in previous studies (X. Liu et al.,
2022; Zhang et al., 2022b). The residual stress and plastic strain
contours of the pressure hull that were obtained through numerical
bulging analysis for a bulging pressure of 3.35 MPa are depicted in
Fig. 17.

The residual stress contours of the pressure hull that were ob-
tained through numerical bulging analysis are displayed in
Fig. 17(a). The residual stress was concentrated at the welding



Fig. 17. (a) Residual stress and (b) plastic strain contours of the pressure hull that were obtained through numerical bulging analysis under a bulging pressure of 3.35 MPa.

Fig. 18. Pressureetime curve obtained in the hydrostatic test for the longan-shaped
pressure hull. The peak point corresponds to the collapse load.
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seams because of the geometric discontinuities of the polyhedral
preform. In each cone of the pressure hull, the residual stress in the
middle areawas considerably lower than that close to the boundary
of the weld seams because the deformation was larger in the
middle area during the bulging test. The grey zone was consider-
ably larger than other weld seams at the boundary of the base plate,
which can be attributed to the boundary condition of the numerical
analysis. Overall, except at the top and base plates, the magnitude
and distribution of the residual stress were almost the same in each
cone of the pressure hull.

The numerical plastic strain contours of the pressure hull are
illustrated in Fig. 17(b). The plastic strain was concentrated in the
middle area of each cone because the deformation in this area was
greater than that in other areas of the pressure hull during the
bulging test. The maximum plastic strain occurred at the boundary
of the longitudinal weld seams because of the spheroidization
principle (Wang et al., 2018) and because the geometric deviations
around the longitudinal weld seamswere larger than those in other
areas of the pressure hull. The plastic strain at the latitudinal weld
seams was considerably lower than that in the other areas of the
pressure hull, and all the negative plastic strain occurred at the
latitudinal weld seams because of the deformation of the cones
near these seams.

4.3. Buckling analysis

4.3.1. Experimental analysis
The pressure history exhibited a nearly bilinear character in the

prebuckling stage, and the pressure then decreased suddenly after
the pressure hull collapsed. The hydrostatic test involved three
stages and lasted for approximately 120 s. The final collapse load for
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the pressure hull (Pcr) was 1.684 MPa. The pressureetime curve
recorded for the pressure hull in the hydrostatic test is presented in
Fig. 18. The first stage of the hydrostatic test was the preparation
stage. This stage lasted for 34 s, and the loading rate in the stage
was approximately 0.007 MPa/s. The second stage was the formal
testing stage. This stage lasted for 64 s, and the loading rate in the
stage was 0.021 MPa/s. To increase the loading rate, the pumping
operation was conducted rapidly in the second stage. In the third
stage, a sudden jump occurred in the pressureetime curve at
approximately 102 s, and the load corresponding to this time
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(1.684 MPa) was considered the collapse load.
In the collapse mode of the pressure hull, it exhibited an oblate

ellipsoidal local dent at its north pole. Such a collapse mode is
typical of shells of revolution that are subjected to uniform external
pressure, and this was observed in a study of Cassini oval shells by
Zhang et al. (2018b). Photographs of the pressure hull before and
after an external pressure test are depicted in Fig. 19. The afore-
mentioned collapse mode occurred because of the following rea-
sons. First, to achieve consistency with practical working
conditions for a longan-shaped pressure hull (Zingoni and Enoma,
2020), the experimental simulated the anchoring state of the
pressure hull; thus, an additional concentrated force was applied at
the north pole of the pressure hull. Second, the inlet valve at the
north pole caused stiffness variation and the boundary effect. Third,
the north pole was the most difficult location to bulge because of
the stiffness improvement caused by the inlet valve. Therefore, the
north pole exhibited theminimum deformation and lower material
hardening than did other locations after the bulging test.

4.3.2. Numerical buckling analysis
For further investigating the buckling behaviour of the pressure
Fig. 19. Photographs of the longan-shaped pressure hul

Fig. 20. (a) Bulged pressure hull and (b) numerical model

14
hull, general static analysis and nonlinear arc length analysis were
conducted using the FEM in ABAQUS. The numerical model for the
buckling of the pressure hull is depicted in Fig. 20. The mesh
convergency study of the FEM model for buckling analysis is
depicted in Fig. 21. The preprocessing method adopted for the
pressure hull was almost the same as that adopted for the poly-
hedral preform. The hole at the north pole of the pressure hull was
filled (the plate has a thickness of 3 mm); the inlet valve increased
the stiffness in this area. The element type, material properties, and
boundary conditions adopted for the numerical analysis of the
pressure hull were the same as those adopted for the numerical
analysis of the polyhedral preform. The total number of elements
used to model the pressure hull was 46,002.

Two steps were involved in the buckling analysis of the pressure
hull. As depicted in Fig. 20, the first step involved conducting
nonlinear general static analysis by considering the influence of
positive buoyancy on the buckling behavior of the pressure hull.
The parameters used in this analysis for the pressure hull were the
same as those used for the analysis of the polyhedral preform. The
load used in the first step was the concentrated force applied on
four nodes of one element in the middle of the north pole of the
l (a) before and (b) after an external pressure test.

for the buckling of the longan-shaped pressure hull.



Fig. 22. Pressureedeformation curves obtained through the numerical buckling
analysis of the longan-shaped pressure hull when 70% of the pressure hull was filled
with water.

Fig. 21. Mesh convergence study of the FEM model for the buckling analysis.
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pressure hull to simulate the additional load caused by positive
buoyancy. The second step involved the application of external
pressure by using the static Riks method. The Riks method uses the
load magnitude as an additional unknown, it solves simultaneously
for loads and displacements. Therefore, another quantity must be
used to measure the progress of the solution, ABAQUS/Standard
uses the “arc length”, along the static equilibrium path in load-
displacement space. This approach provides solutions regardless
of whether the response is stable or unstable. The maximum arc
length increment, minimum arc length increment, initial arc length
increment, and total arc length scale factor associated with the
second step were 0.02, 10�50, 0.02, and 1, respectively. The load
used in the second step was a unit reference pressure that was
applied on the external surface of the pressure hull.

The pressure hull exhibited a nonlinear buckling mode. The
numerical buckling loads of the pressure hull under various posi-
tive buoyancy values are listed in Table 4. By measuring the weight
of the empty shell and the shell injected water, we can know the
weight of the injected water. Comparing the volume of the injected
water with the inner volume of the shell we measured by CAD
software NX, we can control and measure the water injection ratio.
The numerical linear buckling loads of the pressure hull were
considerably higher than its numerical nonlinear buckling loads.
The numerical nonlinear buckling loads were closer to the experi-
mental buckling loads than were the numerical linear buckling
loads, which indicated that the pressure hull had a nonlinear
buckling mode. As the water injection ratio was increased, the
positive buoyancy decreased, and the nonlinear bucking load
increased. The linear bucking load decreased with an increase in
Table 4
Numerical buckling loads of the longan-shaped pressure hull under various positive
buoyancy values.

Water injection ratio Positive buoyancy [N] Buckling load [MPa]

Nonlinear Linear

0% 262.954 0.578 4.950
10% 231.072 0.739 5.064
20% 199.191 0.901 5.061
30% 167.310 1.064 5.058
40% 135.428 1.227 5.055
50% 103.547 1.452 5.052
60% 71.665 1.547 5.051
70% 39.784 1.702 5.046
80% 7.903 1.853 5.043
90% �23.979 N/A N/A
100% �55.860 N/A N/A
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the water injection ratio. Positive buoyancy was reduced into 7.9 N
when the water injection ratio was 80%. No buoyancy was applied
to the pressure hull if the water injection ratio was 90%e100%. We
filled almost 70% of the pressure hull with water to simulate
practical working conditions. The positive buoyancy was calculated
as follows:

FR ¼Vd � rw � g �Mh � g �W � Vi � rw � g (18)

where FR is the positive buoyancy, Vd is the displacement volume of
the pressure hull (33.032 dm3), rw is the density of water (1 kg/
dm3), g is the gravitational acceleration (9.8 N/kg),Mh is themass of
the pressure hull (6.2 kg), W is the water injection ratio, and Vi is
the inner volume of the pressure hull (32.532 dm3).

The bucking load obtained in the hydrostatic test was
1.684 MPa, and the numerical nonlinear buckling load was
1.702 MPa when the water injection ratio was 70%. The deviation
between the experimental collapse load and the numerical buck-
ling load was 1.1%, which indicated that numerical analysis pro-
vided an accurate prediction of the buckling load of the pressure
hull. The pressure hull lost stability in the plastic deformation
range. The pressureedeformation curves obtained through the
numerical buckling analysis and the stress contour when the
pressure hull was lost stability are depicted in Fig. 22. The stress at
the centre of the north pole of the pressure hull was exceeded the
yield stress (sy ¼ 277:4 MPa) of the material when the pressure
hull lost stability, which can be seen as the grey zone in the stress
contour depicted in Fig. 22, it is indicated that the pressure hull lost
stability in the plastic deformation range. These curves indicated
unstable postbuckling behaviour by the pressure hull. The applied
pressure was increased linearly and rapidly until the buckling
point, and the buckling load (P2) was 1.702 MPa. After buckling, the
pressure load was rapidly reduced from P2 to P3, which indicated
that the pressure hull underwent bifurcation buckling. After a
pressure load of P3 was reached, the reduction rate of the pressure
load decreased progressively until the end of the numerical
analysis.

The numerical buckling mode of the pressure hull involved the
formation of an oblate ellipsoidal local dent at the pressure hull's
north pole. Fig. 23 displays the deformation changes obtained
through the numerical buckling analysis of the pressure hull under
a water injection ratio of 70%. A small dent was formed at the north
pole of the pressure hull when the pressure load reached the first
yielding point (P1), and buckling occurred at this locationwhen the



Fig. 23. Deformation changes obtained through the numerical buckling analysis of the pressure hull under a water injection ratio of 70%. All symbols in this figure are as marked in
Fig. 22.
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pressure load reached the buckling point (i.e., P2 ¼ 1.702 MPa).
With an increase in the displacement of the dent, it developed into
a large oblate ellipsoid, which is highly consistent with the exper-
imental results depicted in Fig. 19.
5. Conclusions

In this study, the dieless bulging of a longan-shaped polyhedral
preform was analytically, numerically, and experimentally investi-
gated. Moreover, the buckling of a longan-shaped pressure hull was
numerically and experimentally examined. The conclusions of this
study are as follows:

(1) The longan-shaped polyhedral preform and longan-shaped
pressure hull exhibited symmetric distributions of
Huberevon Mises stress and first yielding load. The
Huberevon Mises stress of the pressure hull decreased from
its poles to its equator. The Huberevon Mises stress of the
preform was higher than that of the pressure hull.
Conversely, the first yielding load of the preformwas smaller
than that of the pressure hull. Thus, a longan-shaped pres-
sure hull can be obtained through suitable plastic deforma-
tion of a longan-shaped polyhedral preformwith an increase
in bulging pressure.

(2) The analytical results agreed well with the results of a
bulging test, which validated the adopted theoretical meth-
odology and several basic assumptions made during the
construction of the analytical model. Thus, analytical analysis
is a reliable method for investigating the bulging of a longan-
shaped polyhedral preform.

(3) The final bulging pressure applied on the polyhedral preform
was 3.62 MPa, which was equal to the internal pressure ca-
pacity of the internal pressure hull. The geometry of the
pressure hull was accurately measured in the bulging test.
The deviations between the measured and nominal geome-
tries of the preform exhibited a normal distribution, and
almost all the geometric deviations of the preform in the top
view were positive. By contrast, almost all the geometric
deviations of the preform in the bottom view were negative.
Moreover, the geometric deviations of the pressure hull in
the bottom viewwere considerably smaller than those in the
top view.

(4) In numerical bulging analysis, the residual stress of the
pressure hull was concentrated at the weld seams, and all
negative plastic strain occurred at these seams. These find-
ings indicate that the weld seams of a longan-shaped pres-
sure hull must be subjected to a stress relief process before
the practical implementation of the hull.

(5) The buckling load of the pressure hull was 1.684 MPa. The
results of a nonlinear numerical analysis agreed well with
the results obtained in a buckling test. The pressure hull
exhibited a collapse mode typical of shells of revolution that
are subjected to external pressure, and the pressure hull was
confirmed to buckle in a nonlinear manner. The aforemen-
tioned results indicate that numerical analysis is a reliable
method for predicting the collapse mode and buckling load
of a longan-shaped pressure hull.

To our knowledge, this study is the first to use dieless bulging
technology to manufacture a longan-shaped pressure hull and
examine its buckling behaviour under external pressure. This
technology is effective, economic, and flexible, and it can be used to
manufacture not only used atypical internal pressure hulls but also
atypical external pressure hulls.
17
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