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Abstract: In naval warfare, underwater explosion (UNDEX) shock waves significantly influence
the stability and safety of the pressure hull structure of the equipment. This study investigated the
unique dynamic buckling of a closed cylindrical shell subjected to a far-field side-on UNDEX shock
wave using a three-dimensional numerical simulation based on acoustic—structural arithmetic. In
particular, the flow-field response characteristics, plastic deformation, and yield characteristics of the
cylindrical shell were determined under the influence of the UNDEX shock wave. Subsequently, the
failure mode of the cylindrical shell was analyzed to propose the dumbbell-shaped damage effect.
The results revealed that when the UNDEX shock wave encounters a finite cylindrical shell, the fluid
exhibits a perturbation such as pressure division, stress wave deflection, and flow in the surroundings
of the circular cylinder. However, the fluid cannot produce a sizeable instantaneous displacement
that yields certain strong constraints at both ends of the cylindrical shell. These constraints generate
an irregular distribution of the flow field pressure, and the cylindrical shell tends to exhibit an “arch”
deformation along the direction of shock wave propagation. Owing to the flow surrounding the
circular cylinder, a negative pressure zone is generated in the flow field at both ends of the cylindrical
shell, which induces a “sucking disc” shape at both ends of the cylindrical shell and ultimately
produces a dumbbell-shaped damage effect. The present findings will aid in the structural design
and impact resistance of submarines, unmanned undersea vehicles, and additional equipment under
the impact load of the UNDEX.

Keywords: far-field side-on underwater explosion; shock wave; closed cylindrical shell; dynamic
buckling; coupled acoustic-structural arithmetic; damage effect

1. Introduction

In modern warfare, the role of naval warfare is becoming increasingly critical. Since
World War II [1,2], scholars have been conducting systematic research on UNDEX [3]. In
particular, the underwater precision strike in war bears a complex nature and often occurs
in the noncontact explosion in the vicinity of the target. The damaging impact of a blast is
related to the explosion source and is closely related to the stand-off distance, surrounding
medium, target size, material properties, and other factors [4-6]. In the case of near-field
explosions, the target is influenced by the initiation process, detonation products, shock
waves, etc. The distance from the detonation center progressively weakens the impact
of detonation products on the target and shock wave energy [7,8]. However, for far-field
explosions, the initiation of the explosion is not the focus of this study, and comparatively,
the process of shock wave propagation and the effect of damage is more crucial.

The persistence of shock waves is related to the surrounding medium in the prop-
agation process. The shock wave generated by the explosion is fundamentally related
to the transmission of the response state of the medium [9]. ]J. Masson et al. [10] demon-
strated that the energy of an explosion shock wave rapidly decays in the air and poses a
marginal impact on long-range targets. In comparison, R. M. lance et al. [11], T. Wei and
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M.J. Hargather [12] determined that the energy of a shock wave in water dissipates less
than in air in the process of transmission. Additionally, it delivers a more considerable
impact damage force on the target, and it can more significantly impact the target, and
eventually, the damaging effect is noticeable.

Based on the target of the shock wave, the cylindrical shell offers the advantages
of adequate pressure resistance, high volume utilization, streamlined shape, etc. The
cylindrical shell is one of the most common structural forms of underwater equipment,
such as the core structure of a submarine, unmanned underwater vehicle, torpedo, and
submarine pipeline [13-16]. Therefore, researchers follow a typical approach of considering
a closed cylindrical shell as an example to investigate the damaging effect of the UNDEX
on the target. The ideal research method is to conduct a highly engineered physical model
test. The basic idea of the research is to suspend the target model on the water surface or
immerse it in a lake, pool, or water tank. Subsequently, the dynamic load is applied by
an explosive charge or a mechanical device situated at a certain distance from the target.
Many researchers [17-27] have conducted relevant research on UNDEX through tests.
Kwon, Y. W,, and Fox, P. K. [17] detected that in the case of the far-field side-on UNDEX,
the deformation of the plastic zone of the cylindrical shell appears to be an asymmetric
phenomenon. Thereafter, combined with numerical simulation, the simulation results at
a position proximate to the physical model test were obtained by rotating the cylindrical
shell by 7.5°. This indicates that although several factors have been considered in the
physical examination, the complete symmetry in the test process and the comprehensive
elimination of systematic error are still challenging. Nonetheless, the ideal experimental
data cannot be easily obtained owing to the limitations of the experimental equipment
and technology. Therefore, this paper adopts a numerical simulation as the main means
of research. Furthermore, the deep-seated mechanism of the impact damage caused by
the UNDEX has been explored following a scientific approach that employs the numerical
simulation method for analysis [28-33]. Li, Jian, and Rong, Ji Li [34], Shukla, A. et al. [16]
demonstrated that a primary shock wave in the UNDEX requires a short action duration
and exhibits high strength. The immediate high-pressure impact significantly affects the
cylindrical shell. Based on the present study, the failure mechanism of the closed cylindrical
shell influenced by the far-field UNDEX is unclear. Therefore, this paper aims to describe
the extraordinary mechanical phenomenon of far-field UNDEX on a closed cylindrical shell
by systematically studying the flow field and the mechanical response of the structure
under the shock wave induced by the far-field side-on UNDEX. Accordingly, we adopted
the coupled acoustic—structural arithmetic numerical method and discussed the causes
and mechanism of dynamic buckling under the fluid—-structure interaction to establish a
reference for the structural impact design of underwater equipment. This study intends to
provide a basis for evaluating the stability of the structure and the mechanical response
behavior under the impact condition.

For UNDEX damaging a cylindrical shell, this is an intriguing study based on the
literature [17] from 1993. The fact that the center of the front face of the cylindrical shell was
subjected to UNDEX is not the most significant deformation that attracted present research
attention. Surprisingly, the most distorted components were located on both ends of the
front face. The literature [17] merely recounts the occurrence based on experimental and
simulation data, with no analysis or explanation of its occurrence. As this phenomenon
requires further clarification for deep understanding, this research was conducted to test
and validate the stated findings.

The study was conducted using the built-in code of ABAQUS (Abaque Software,
Dassault Systemes Simulia Corp., Johnston, RI, USA). The simulation results were similar to
those reported [17] in 1993, i.e., the deformation features of cylindrical shells follow natural
laws. As the simulation results were consistent, the near-field explosion, far-field explosion,
air explosion, and water explosion were further compared. Ultimately, the fluid-structure
coupling problem was determined to act as the influence of the physical parameters of
the medium in which the cylindrical shell is placed. Therefore, this paper analyzed the
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hydrodynamic phenomenon and structural response of the interaction between the fluid
and structure. According to the deformation and failure modes of the cylindrical shells, this
study proposed the concept of the dumbbell-shaped damage effect. The current findings
will aid in the design of ocean structures and marine engineering.

2. Scientific Problem
2.1. Problem Description

The instant an explosive charge explodes underwater, high-temperature and high-
pressure detonation products are produced, which transmit enormous explosive energy.
Consequently, it radiates energy to the surrounding medium in waves, thereby generating
a shock wave in the fluid medium [23]. The shock wave propagates through the water
medium and contacts the cylindrical shell, resulting in the deformation and failure of the
cylindrical shell.

As depicted in Figure 1, the effect of far-field UNDEX is generally studied by con-
ducting physical model tests in which a closed cylindrical shell is suspended in a pool of a
given water depth. The cylindrical shell is situated at a distance from the water surface, the
bottom of the pool, and all around to weaken the cut-off effect of the water surface, and the
influence of the reflected waves at the bottom and around the pool as much as possible.
In Figure 1, the X-axis represents the horizontal direction; the Y-axis denotes the vertical
direction, and the Z-axis indicates the longitudinal direction of the cylindrical shell. The
test uses an explosive charge for applying loads. The explosive charge is set in the X-axis
direction and at a certain distance from the cylindrical shell to eliminate the influence of
factors such as the detonation products and initial local cavitation. To simplify the analysis,
the explosion source is simplified as a spherical form such that the UNDEX problem can be
reduced to a spherical pressure wave problem.

Air
Water Surface
o
o ' Water
Cylinder
z X

Shock wave

Figure 1. Schematic of physical model of UNDEX.

2.2. General Knowledge

Fermat’s principle states that waves travel from one point to another point along the
smallest path in space [35,36]. In a far-field explosion, the shock wave generated by the
explosive charge follows the propagation law of the acoustic wave. Here, this should be
defined as two surfaces of the cylindrical shell. The blast side denotes the front face, and
the side located most remotely from the explosive charge is the rear face. According to
the propagation law of acoustic waves, the center of the front face should encounter the
first impact. The relevant research on near-field explosions in the air [37,38] and near-field
UNDEX [18,25] reports that the center of the front face is destroyed first. Subsequently,
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the shock wave energy dissipates rapidly for far-field explosions in the air and minimally
impacts the structure. However, a series of unique phenomena are produced under the
action of far-field UNDEX, which were distinct from an explosion in air and near-field
UNDEX [39-41].

Kwon YW and Fox PK [17] determined that the damage to cylindrical shells in far-
field UNDEX often occurs in the following three positions, as depicted in Figure 2. These
damaged positions include the left-hand side of the front face, the right-hand side of the
front face, and the center of the rear face. Specifically, the plastic strain region is concentrated
at the two sides of the front face instead of the central region, which corresponds to the
first location of the UNDEX shock wave. Although the shock wave does not directly work
on the rear face, the plastic strain region is concentrated at the center of the rear face.

(a) Front face (b) Rear face
Figure 2. Plastic strain diagram of cylindrical shell in UNDEX test (Adapted from reference [17]).

The investigation of UNDEX problems is essential for the two following aspects: the
particularity of fluid medium and the interaction between fluid and structure. Therefore,
the analysis of UNDEX should combine these two aspects to study the deformation and
failure mechanism of the structure. Thus, the shock wave transmission of the fluid medium
must be considered along with the transient dynamic response of the transient impact load
on the solid target. This involves the complexity of coupling between various physical
mediums and the highly nonlinear characteristics of numerical analysis. However, the
relevant research primarily focuses on a single aspect of the UNDEX study and neglects
the impact of other vital aspects. Most of them focused on the apparent description of their
results, and their exploration of the deep-seated mechanism acting on the macroscopic
phenomenon is insufficient. Thus, the generally recognized explanation of the mechanism
is still unclarified. Given the above-mentioned problems, this study considered a closed
cylindrical shell as the research object, integrated the interaction between the fluid medium
and solid target, and deeply analyzed the damaging effect of the far-field side on UNDEX.

3. Numerical Simulations
3.1. Acoustic Equations [42,43]

In this study, we used ABAQUS built-in UNDEX code to conduct the numerical
simulation. The equilibrium equation for small motions of a compressible, adiabatic fluid
with velocity-dependent momentum losses was accounted for, as expressed in Equation (1),

ap Nof Nef
&‘Fr)/(xzez)u +pf(x,91)u =0 1

where p denotes the excess pressure in the fluid (pressure in excess of any static pressure);

x denotes the spatial position of the fluid particle; W represents the fluid particle velocity;
i/ denotes the fluid particle acceleration; ps indicates the fluid density; vy represents the
“volumetric drag” (force per unit volume per velocity); 6; are i independent field variables
such as temperature, the humidity of the air, or salinity of water on which and ¢ may
depend. The d’Alembert term has been expressed without convection assuming no steady
fluid flow. Generally, this is considered sufficiently accurate for steady fluid velocities up

to Mach 0.1.
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3.2. Surface-Based Acoustic—Structural Medium Interaction [43]

The equations on the contact interface between the structure and acoustic medium
are derived herein. The tractions and volumetric acceleration fluxes were computed in the
surface-based method between structural and acoustic media. Instead of the consistently
distributed tractions or fluxes in both mediums, a side receives point tractions/fluxes based
on the interpolation with the shape functions from the other side.

The transient expressions for the coupled acoustic—structural problem can be expressed
by Equations (2) and (3). The acoustic medium is stated in Equation (2):

Jo,[op (Rb+ i)+ 5L ]V + [ S USasdpn™ - LS — [ Subpainds

@
1 r 1 1) 1 - _
+f5fru5frs(sp(éap+ (EE—FE)P'FEF))dS—O
and the structural medium of Equation (3) is expressed as
de:odV + [, acpou™ - u"dV + [, pou™ - il"dV
\%4 Vv p \% p 3
+ J5,us,, S -0 pdS — [g du™ - tdS =0 ®)

where n~ denotes the normal vector representing the fluid. The fluid—-structure surface
comprises the union of the directly coupled fluid-structure region, S¢, and a region coupled
via a “reactive” acoustic surface or impedance boundary, Sg. In primary interest, the terms
integrated over S U Sg by coupling the two variational equations are expressed herein.
More specifically, the fluid impedance integral, over S¢. U Sg5, depends only on the acoustic
pressure field and its variations, and thus, it is unaffected by contact with the solid.

3.3. Computational Model

The geometric dimensions of the numerical model are illustrated in Figure 3a. The
cylindrical shell is located 3.66 m underwater with a length of 1.067 m and an outer
diameter of 305 mm. The wall thickness of the cylindrical shell body was 6.35 mm, and
the thickness of the endcaps was 25.40 mm. The cylindrical shell is composed of T6061-T6
aluminum with a density of 2784.50 kg/ m?3, elastic modulus = 75.60 GPa, and Poisson’s
ratio = 0.33, yield stress = 300 MPa, tensile strength = 330 MPa. To diminish the influence
of the boundary effect, the outer boundary of the external fluid must be adequately distant
from the cylindrical shell. The characteristic diameter of the external fluid was six times [44].
The diameter of the cylindrical shell, i.e., 1.830 m. Based on an outer boundary to cylinder
diameter ratio of 6.0, the characteristic diameter results in an additional mass error of
around 6% for infinite cylinders [45]. The external fluid was water, and the density of the
fluid was 1000 kg/m3. The bulk modulus of fluid was 2.14 GPa, and the sound velocity
was 1463 m/s. The grid division diagram is illustrated in Figure 3b. To establish the
mesh division of the model, we spliced along the X-Z plane. Moreover, the cylindrical
shell adopted a four-node S4R shell element, and the normal direction of the shell element
was oriented toward the external fluid, which was categorized into 2400 elements. The
cylinder’s mesh has 53 axial divisions and 40 circumferential divisions. There are 2402 nodes
and 14,412 degrees of freedom all throughout these partitions.

The exterior boundary of the external fluid is represented by the cylindrical body
with spherical ends. For the cylindrical shell, a space was excavated in the middle of the
external fluid. The cylinder is free to move within the fluid domain [27]. Accordingly, we
adopted the four-node AC3D4 acoustic tetrahedron element. The nodal seeding on the
fluid inner interface with the test cylinder is set at 0.04 m. The nodal seeding on the fluid
outer boundary is set at 0.10 m. The grid of external fluid was arranged from the interior
toward the exterior—from dense to sparse—and it was divided into 45,586 elements. The
numerical model has a total of 23,337 active degrees of freedom. Abaqus/Explicit is used to
predict the transient response of submerged structures under the shock wave. The transient
analysis was conducted with a 1.69 x 10~° critical time increment.
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Figure 3. Schematic of numerical model.

3.4. Fluid-Structure Interface

As the explosive charge exploded in an infinite water medium, the shock wave in water
propagated to the entire fluid space. To simulate the infinite water area, the exterior surface
of the external fluid was set as a non-reflective boundary [27], i.e., no cut-off effect existed
on the water surface, and no obstacles were present in the water except the cylindrical shell.
The external fluid and cylindrical shell at their joint surface are completed based on the
surface constraint by the coupled acoustic—structural arithmetics. The inner surface of the
external fluid was used as the primary surface, and the outer surface of the cylindrical
shell was used as the secondary surface. The two surfaces were connected by a surface-
based “Tie” constraint. This method creates the coupling between acoustic pressure and
structural displacement. The numerical model evaluating the fluid and solid domain data
were exchanged and transmitted within each other based on the coupled fluid-structure
interface. The structural response is a strongly coupled acoustic-structural system. It is
characterized by a strong coupling between the structural motions and acoustic pressures
on the coupled fluid—structure interface between the external fluid and the structure.

3.5. Layout of Measuring Points and Lines

To verify the accuracy of the model parameters and rationality of the simulation results,
two monitoring points (B1; C1) are arranged on the exterior surface of the cylindrical shell,
as depicted in Figure 4. The measuring point B1 is located at the center of the front face.
Overall, B1 represents the point located closest to the explosive charge, i.e., the position
in which the shock wave in the propagation process reaches the surface of the cylindrical
shell. C1 and B1 are situated in the Z-axis direction of the cylindrical shell. C1 is located on
the left side of the front face which is 0.419 m away from the measuring point B1.

To derive the variation law of displacement on the front and rear faces, the element
node was picked up from the left to right along the negative direction of the Z-axis to
form two monitoring lines; lines 1 and 2, respectively, as denoted by the two pink lines in
Figure 4.
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Free surface

‘Water

27.22 kg HBX-1 charge

Figure 4. Three-dimensional diagram of UNDEX test with layout of monitoring points (B1, C1) and
monitoring lines (line 1, line 2).

3.6. Explosion Source and Shock Wave

The explosion source is a 27.22 kg HBX-1 explosive charge. The center of the explosive
charge is located on the same axis as the geometric center of the cylindrical shell, situated
7.62 m away from the outer surface of the front face (Figure 4). Notably, the cylindrical
shell was not placed deep into the water, and consequently, a low hydrostatic pressure
acted on the outer surface of the cylindrical shell, such that the hydrostatic pressure
is neglected. The relationship between the pressure and time of the incident pressure
wave acting on the cylindrical shell is presented in Figure 5. The curve shape intuitively
indicated that the shock wave in water exhibited the characteristics of the rising and
falling stages. The shock wave manifests an extremely steep front and rapidly attains its
maximum amplitude. In contrast, the falling stage approximately decays according to the
exponential function relation. The curve indicated that the waveform is initially steep, and
the amplitude rapidly decreased with time. The duration of the complete process exceeds a
few milliseconds, thereby reflecting the instantaneity of explosion impact and the strong
dynamic and nonlinear characteristics of the load.

16 T T T

14

Presure (MPa)

Presure (MPa)

s s L L
6 00 005 0.10 0.15 0.20 025

Time (ms)

0.0 0.5 1.0 1.5 2.0
Time (ms)

Figure 5. Shock pulse.
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4. Model Validation

Kwon YW and Fox PK [17] conducted a physical model test and numerical simulation
of UNDEX. Their physical model constituted a closed cylindrical shell immersed in a pool
loaded with an explosive charge. Their numerical simulation adopted both finite element
and boundary element methods. More specifically, they conducted a structural analysis
using the VEC-DYNAZ3D code. Considering their research as an example, the rationality
of the calculation results of the model was verified. Subsequently, the corresponding
strain—-time curve was extracted, considering the two measuring points Bl and C1 on the
cylindrical shell as the reference, as depicted in Figure 4.

The results of three groups of data within 8 ms are comparatively presented in Figure 6.
Despite using diverse simulation software and methods, the three groups of curves were
observed to attain an initial peak, which later declined drastically, and eventually, displayed
fluctuations. Although the amplitude, frequency, and phase of vibration exhibited a certain
deviation, the variations were marginal. Overall, it was consistent in terms of shape, strain
response law, and variation trends, which verified the reliability of the simulation method.

2500 T T T
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=
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g
<
E=]
72}
2500 0 -2500
.
¢ Experimental (Kwon Y W &Fox PK) N Experimental (KwonY W &Fox PK)
=Numerical (Kwon Y W &Fox PK) f= =Numerical (KwonY W &Fox PK)
= Numerical (Present ) P = Numerical (Present )
5000 L L L -5000 L L -
0 2 4 6 8 0 2 4 6 8
Time (ms) Time (ms)
(a) Axial strain at location B1 (b) Axial strain at location C1
Figure 6. Comparison diagram of experimental and simulation.
5. Flow Field Characteristics
The pressure diagram of the three-dimensional flow field at the instant of the shock
wave of far-field UNDEX acting on the closed cylindrical shell is illustrated in Figure 7.
POR
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Figure 7. Pressure diagram of three-dimensional flow field.
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At t = 0.01 ms, the initial condition at which the shock wave impacts the cylindrical
shell forms a positive pressure zone on the front face (Figure 7a). After the explosive
charge is detonated underwater, the detonation products emerging from the explosive
charge expand rapidly outward. The sudden release of a considerable amount of energy
instantly compresses the surrounding fluid, forming a high-speed shock wave propagating
in the water. If the cylindrical shell is perpendicular to the movement direction of the
wavefront, the incident wave is generated at the fluid-structure surface. Consequently, the
hydrodynamic pressure increases rapidly and forms a positive pressure zone.

At t = 0.03 ms, a negative pressure zone is formed near the center of the front face
(Figure 7b). Owing to the fluid—structure boundary, the velocity of the fluid suddenly
becomes zero. The instant the shock wave front impacts the front face in a direction
perpendicular to the moving direction of the wavefront. The fluid pressure is suddenly
increased, and a reflected rarefaction wave propagating in the direction of the explosive
charge is formed at a fluid-structure interface. The rarefaction wave and incident wave
are superimposed adjacent to the front face such that the pressure in this area is reduced
drastically and is less than the surrounding pressure. As the cavitation pressure of water is
achieved, a negative pressure region is formed.

At t = 0.06 ms, the fluid flow around the circular cylinder occurs simultaneously
(Figure 7c). At the wavefront impacts the obstruction, it encounters a cylindrical shell of
finite size in the propagation of the shock wave in water. The fluid flow around the circular
cylinder initiates from the front to the rear face, whereas the shock wave acts vertically
on the front face. However, the pressure on the front face abruptly increased to the level
of reflected overpressure. Moreover, the fluid surrounding the cylindrical shell did not
encounter obstacles, except for the front face. As the overpressure in the shock wave did not
increase, the overpressure varied across multiple positions of the cylindrical shell. Under
the action of the rarefaction wave, the fluid present near the front face flowed upward and
downward from the central axis of the front face at the same time. Under the influence of
the incident shock wave, the fluid at the top and bottom of the cylindrical shell moving
direction varied, thereby forming a “cyclone” moving counterclockwise and clockwise,
respectively, which emerges into a continuously spread circulation.

At t = 0.22 ms, the circulation develops further, and the rear face encounters complex
stress (Figure 7d). The fluid flows symmetrically surrounding the top and bottom of the
cylindrical shell, from the front to the rear face, thereby forming a diffracted wave. The
superposition of the diffracted wave and transmitted wave acts on the center of the rear
face, resulting in the continuous rise of fluid pressure. The fluid pressure on the rear face
was at a high level with a state of more complex stress than that on the front face or the
top and bottom surface of the center of the cylindrical shell. Moreover, the fluid bypassed
the top of the cylindrical shell by flowing counterclockwise to the rear face, whereas the
fluid bypassed the bottom of the cylindrical shell by flowing clockwise to the rear face. The
pressure gradually increased with the convergence at the center of the rear face. In contrast,
the pressure on the front face gradually decreased because of the action of the rarefaction
wave. As the two circulations continued to flow around the rear face, they collided with
each other and the pressure in the collision area gradually increased. After a cylindrical
shell with a small length and diameter is influenced by the shock wave, the fluid flows were
simultaneously generated at the top, bottom, left, and right of the cylindrical shell. At this
instant, four diffracted wave regions were formed at the convergence of the fluid waves at
a certain distance from the rear face, and the pressure in those areas was extremely high.

At t =0.35ms, the circulation bypassed the rear face thereafter, as depicted in Figure 7e.
The circulation continues to flow in the direction of shock wave propagation. The rear face
continuously compressed the fluid in contact with it, which generates radiation pressure
waves and transmission waves. Owing to the deformation of the cylindrical shell under the
action of the shock wave, the gap between the structure and fluid continued to widen, which
signified the continuous reduction in pressure prevailing in this area and the continuous
expansion of the negative pressure area.
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The entire process of the UNDEX shock wave from the incident and diffusion on the
front face as well as the diffraction and circulation to the rear face is portrayed in Figure 7.
After the fluid acts on the cylindrical shell by the shock wave in water, the pressure range
of the flow field was classified into positive and negative pressure zones. In chronological
order: an initial positive pressure region, followed by a negative pressure zone. In space:
in the direction of shock wave propagation, the positive pressure zone was at the front,
and the negative pressure zone was situated at the rear. Thereafter, a negative pressure
zone formed behind the positive pressure zone, and the action area of the positive pressure
zone was smaller than that of the negative pressure zone. Initially, the positive pressure
zone appeared at the center of the front face, after which it was observed along the top and
bottom sides of the front face. Eventually, it converged at the center of the rear face before
flowing away. The pressure variations in the flow field started at the center of the front face
and transferred to two sides of the rear face. Ultimately, it was transferred from the two
sides of the rear face toward the center of the rear face.

As the shock wave of UNDEX impacted the cylindrical shell, the structure traveled
along the propagation direction of the shock wave. In addition, stress waves were formed in
the fluid and cylindrical shell. More importantly, incident waves reflected rarefaction waves,
radiation pressure waves, transmitted waves, and diffracted waves were generated in the
vicinity of the fluid—structure interface, which resulted in local cavitation and fluid flow
around the circular cylinder. The shock wave caused by UNDEX acted on the cylindrical
shell, and the interaction between the fluid and cylindrical shell formed the flow field
pressure. Subsequently, the flow field pressure reacted on the cylindrical shell to produce a
dynamic response. The vibration and deformation of the cylindrical shell reacted to the
fluid, affected the pressure distribution of the flow field, and further affected the structural
stability of the cylindrical shell. This process revealed the transient process of shock wave
propagation, reproduced the behavior of fluid stratification, and the vortex generation
caused by the fluid bypassing the cylinder, which obtained the distribution characteristics
of the flow field pressure.

6. Dynamic Response of Cylindrical Shell
6.1. Plastic Deformation

Generally, the cylindrical shell is utilized as a bearing component outside the structure.
However, its deformation and vibration can deteriorate its structural strength and stability,
apart from influencing the operation of the internal equipment. As the UNDEX shock
wave acted on the cylindrical shell, the shell will produce local distortion and deformation
that causes folding and fracture in severe cases. To understand the plastic deformation of
cylindrical shells impacted by the UNDEX, the equivalent plastic strain was considered to
characterize the structural plastic deformation. Thereafter, we analyzed the local response
of the cylindrical shell under explosion. The typical equivalent plastic strain isosurface
diagram of the cylindrical shell in the evolution of several analysis steps for the deformation
process is depicted in Figure 8.

As observed in Figure 8, the equivalent plastic strain is concentrated on two sides of
the front face (Figure 8a), the center of the rear face (Figure 8b), the exterior ring of the
endcap (Figure 8c), and the center of the endcap (Figure 8d). Based on the shock wave
acting on the cylindrical shell, the transmission path of the plastic strain generated by the
shell in the time history can be described as follows: “two sides of front face” — “center
of rear face” — “exterior ring of endcap” — “center of endcap.” As the exterior ring of
the endcap was located at a higher strain compared to other positions (Figure 8c,d), the
protection of the position with high plastic strain should be strengthened to improve the
structural resistance and achieve the purpose of preservation.
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Figure 8. Isosurface diagram of cylindrical shell equivalent to plastic strain evolution process.

Yin, Caiyu, et al. [44] performed the numerical simulation of a shell structure under the
action of the UNDEX shock wave. The research object was a “capsule” composite structure
with a cylindrical body in the middle and at two hemispherical ends. Compared with Yin,
Caiyu, et al. [44], the “capsule” structure did not exhibit apparent stress concentration in
the exterior ring of the endcap. Consequently, the “capsule” structural shape alleviated the
edges and corners between the cylindrical body and the end from the structural contour,
which effectively reduced the stress concentration at the exterior ring of the endcap of
the cylindrical shell structural shape. Moreover, it evenly transferred the stress to the
two hemispherical ends of the combined structure. The stress distribution of the exterior
ring of the endcap and two sides of the cylindrical shell can be improved through shape
optimization. Therefore, this paper focuses on the front and rear faces.

Based on the perspective of energy conservation, the shock wave generated by the
explosion transmits the explosion energy to the cylindrical shell through the water medium
of the flow field. Owing to the lack of time required to completely absorb the entire energy,
the internal force of the cylindrical shell is redistributed under the restriction of the fluid.
In the process of internal force redistribution, the plastic strain accumulated in the region,
which caused regional plastic deformation of the shell and the formation of wrinkles to
achieve energy absorption. Therefore, this is a combined process of energy absorption,
conversion, and energy dissipation, which suggest high plastic strain in specific areas. The
shell in these areas displays an energy absorption effect that absorbs the impact energy
generated by the UNDEX for energy dissipation through deformation. Simultaneously, the
accumulation of strain causes significant potential safety hazards to the performance of the
structure. Material failure occurs directly when the accumulated energy of plastic strain
attains the ultimate load of the material.

6.2. Yield Characteristics

To determine the capacity of the material to withstand the impact caused by the
explosion and observe the area of material damage, the dynamic yield characteristics of the
cylindrical shell are described herein. Accordingly, the stress states of the front and rear
faces were selected for analysis. The stress diagram of the front and rear faces is presented
in Figure 9. To distinguish the yield area from the non-yield area, the yield strength of
the material was selected as the criterion, and the stress limit was set at 300 MPa. The
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Figure 9. Stress diagram of front and rear faces.

Although the same materials were used for the front and rear faces, the yield time
of the two faces followed a particular sequence, as depicted in Figure 9. In particular, the
front face yielded 0.18 ms and the rear face yielded 0.22 ms. The yield position appears on
two sides of the front face, whereas the rear face appears at the center. Both the front and
rear faces present a banded yield zone. The yield zone of the front face presents a “vertical
strip,” whereas the rear face presents a “horizontal strip.”

If the shock wave energy increases according to the relationship between the stress
direction and position, the crack can be generated in damage mechanics. As inferred,
the front face is primarily subjected to the impact load in the X-direction, forming the
shear force created by the front and rear tearing perpendicular to the Z-Y plane. The
tearing-mode crack is initiated when the shear force exceeds the material yield stress. The
pressure on the rear face varies from that on the front face. The center of the cylindrical
shell is pulled in the Z-direction, which can easily form an opening-mode crack.

6.3. Failure Mode

In the air, the pressure variations caused by an explosive charge have a marginal
effect on the deformation of the far-field structures. Simultaneously, the deformation of
the structure poses a slight effect on the adjacent air, and the behavior of the structure
approximately satisfies the behavior characteristics under the free field. Although water is
a homogeneous fluid, the variations between water and air in terms of their density, com-
pressibility, expansibility, sound velocity, and other physical properties result in variations
in the physical phenomena of explosive charges exploding in air and water.

As observed in Figures 7 and 9, the deformation of the cylindrical shell is adequate
at 0.22 ms. Based on the displacement field of the cylindrical shell at 0.22 ms displayed in
Figure 10, we analyzed the variation law of the displacement field along the cylindrical
body between the front and rear faces. The front face’s displacement form diagram is shown
in Figure 10a, and the central axis line (Figure 4 “Line 1”) of the front face’s displacement
data diagram is shown in Figure 10b.The rear face’s displacement form diagram is shown
in Figure 10d, and the central axis line (Figure 4 “Line 2”) of the rear face’s displacement
data diagram is shown in Figure 10c.
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Figure 10. Displacement distribution diagram.

At 0.22 ms, the positions of the peak displacement of the front and rear faces varied.
The displacement curve shapes of the front face were significant in the middle and small on
two sides, which is analogous to a “hat”. The left- and right-hand sides are initially raised
and then become concave with a maximum and minimum value, respectively, whereas the
middle section remains relatively flat. The rear face denotes the opposite, and the curve
shape is small in the middle and large on the two sides, similar to a “tray” with a slight
uplift in the bottom center. The minimum existed on the left- and right-hand sides of the
rear face, and the maximum occurred in the middle.

The displacement nephogram of the cylindrical shell at 0.22 ms is illustrated in
Figure 11. To analyze the failure mode of the cylindrical shell, the deformation ampli-
fication factor was 70. The failure mode can be segmented into an overall failure and
a local failure. The overall failure is primarily related to the peak load, structure type,
constraint conditions, and other factors. Moreover, the overall failure is characterized by
global buckling deformation and internal force, whereas the local failure characteristics are
observed only in certain regions. Fundamentally, the local failure is related to the properties
of materials but not to the constraint conditions and structural types. The characteristic of
the local failure is that the damage is confined to the local area, where concavity, folds, and
even ruptures occur.

Under the action of the UNDEX shock wave, the cylindrical shell as an entity deformed
towards the rear face, as observed in Figure 11, and the concave shape in the front face
deformed noticeably to form an “arch.” Although the cylindrical shell moved toward
the rear face, the force of the surrounding water lagged and failed to produce a sizeable
instantaneous displacement. Thereafter, a negative pressure zone was generated at both
ends of the cylindrical shell (Figure 7d), which induced the characteristics of a “sucking
disc” shape in the endcap. According to the apparent external attributes of stress and the
failure behavior of the closed cylindrical shell at both ends under the action of far-field
UNDEYX, its shape was analogous to a dumbbell. At both ends of the cylindrical shell, the
damage form caused by the negative pressure constraint provided by the water is called
dumbbell-shaped damage effect (Figure 11). The negative pressure of the water at both
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ends of the cylindrical shell forms a strong constraint on the components. The displacement
of the middle of the cylindrical shell along the X-direction is significantly greater than that
at both ends. The entire structure is tensioned along the Z-direction, and the shear force at
the front face is much greater than that at the rear face.
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Figure 11. Failure mode.

Under the complex fluid-structure interaction, the front face is concave on two sides
and slightly arched in the middle. The front face forms an “ellipsoid” shape displacement
field (Figure 10a), and the diameter shrinkage occurs at the end of the cylindrical shell
(abef area in Figure 11). The restraint of the front face is stronger, and its shear failure
and diameter shrinkage are more prominent, which is consistent with the stress yield
zone displayed in Figure 9a. The rear face was primarily caused by the “arch” resulting
from the concave impact on the front face, which compressed the fluid in its contact and
generated an “H-type” displacement field (Figure 10d). The fluid formed a reaction force
that was characterized by a larger force in the middle and a smaller force on two sides of
the rear face.

According to the above-mentioned plastic deformation analysis of the cylindrical shell,
the closed cylindrical shell displayed a trend of “arch” deformation along the direction of
shock wave propagation under the action of far-field UNDEX. Furthermore, based on the
response characteristics of the flow field, the deformation of structures adjacent to the fluid
at both ends resulted in the formation of negative pressure, which consequently imposed
strengthened constraints on the cylindrical shell.

7. Conclusions

In this paper, ABAQUS finite element software was used for numerical modeling
and numerical calculation. The flow field response characteristics, plastic deformation,
yield characteristics, and failure modes of the closed cylindrical shell under the far-field
side-on UNDEX shock wave were analyzed and summarized. The major conclusions of
this research are stated as follows:

1. In case the shock wave acts on a finite cylindrical shell in water, the flow occurs in the
surroundings of the circular cylinder, which consequently generates incident waves,
rarefaction waves, radiation pressure waves, diffracted waves, transmission waves.

2. The plastic deformation of the cylindrical shell experiences the process of “two sides
of the front face” — “center of rear face” — “exterior ring of endcap” — “center of
endcap.” Compared with other positions, the exterior ring of the endcap undergoes a
higher strain, and a uniform stress distribution is achieved through shape optimization.

3. There is a sequence in the yield time of the materials on the front and rear faces.
The front face yields before the rear face. The yield position appears on two sides
of the front face, and the yield zone presents a vertical strip. In particular, the yield
position appears at the center of the rear face, and the yield zone displays a transverse
strip. The front face is primarily subjected to shear force, and the rear face is mainly
subjected to tensile force.
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4. Under the instantaneous impact of the UNDEX shock wave, the fluid at both ends
of the cylindrical shell cannot be compressed in time. The negative pressure of the
fluid at both ends of the cylindrical shell forms a strong constraint that renders the
shell deformation uncoordinated. In addition, closed cylindrical shells tend to exhibit
“arch” deformation along the propagation direction of the shock wave. At 0.22 ms,
the positions of the peak displacement of the front face differ from those of the rear
face. The displacement curve shape of the front face is analogous to a “hat,” whereas
the curve of the rear face is similar to a “tray” with a slight uplift at the bottom
center. The front face forms an “ellipsoid” shape displacement field, and the rear face
generated an “H-type” displacement field. The negative pressure zone generated
at both ends of the cylindrical shell induces a “sucking disc” shape in the endcap
form. The end of the cylindrical shell produces a diameter shrinkage, and the overall
shape of the cylindrical shell is similar to a “dumbbell” shape with a dumbbell-shaped
damage effect.

8. Discussion

Through numerical simulation, this paper reports the reappearance of the dynamic
buckling of the cylindrical shell. The fluid flow surrounding the circular cylinder, diffrac-
tion, and cavitation generated in shock wave propagation provide restraints. The restraints
at both ends of the cylindrical shell cause a significant deviation in the stress state between
the front and rear face, which substantially impacts the evaluation of the bearing capacity
of the cylindrical shell.

This paper aims to reproduce several behaviors of the fluid-structure interaction under
specific conditions. Owing to the research on specific physical phenomena, it is inevitable
to weaken or neglect other factors. In the far-field side-on UNDEX, the cylindrical shell is
subjected to hydrostatic pressure and various dynamic shock combinations. In the future,
indoor and outdoor model tests should be used to conduct the UNDEX test with a closed
cylindrical shell. Thus, appropriate planning should be conducted to deeply analyze the
deformation, failure mode, and progressive damage evolution of each characterization
unit of the cylindrical surface under the impact environment, using a simple physical and
mechanical model to explore the complex mechanism behind the physical phenomenon, to
enrich and develop the research of UNDEX.
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