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Abstract: In this paper, the failure caused by HRAM loads which were generated by high-speed projectile
penetration, and protection technology of the fluid-filled structure were explored. A bubble was preset on the
projectile trajectory in a fluid-filled structure. Based on the reflection and transmission phenomena of
pressure waves at the gas-liquid interface and the compressibility characteristics of gases, a numerical
analysis was conducted on the influence of preset bubble on projectile penetration and structural failure
characteristics. The results indicate that the secondary water-entry impact phenomenon occurs when a preset
bubble exists on the projectile trajectory, leading to the secondary water entry impact loads. The rarefaction
waves reflected on the surface of the preset bubble cause the attenuation ratio of the initial impact pressure
peak to reach 68.8% and the total specific impulse attenuation ratio to reach 48.6%. Furthermore, the larger
the bubble, the faster the projectile, and the more obvious the attenuation effect. Moreover, due to the
compressibility of the bubble, the global deformation attenuation ratio of the front and rear walls can
reach over 80%. However, the larger the bubble size, the faster the projectile velocity, the smaller the
local deformation attenuation effect of the rear wall, and the more severe the failure at the perforation of the
rear wall.

Key words: fluid-filled structure; preset bubble; HRAM loads; projectile; penetration; attenuation
CLC number: 0342 Document code: A doi: 10.3969/}.1ssn.1007—7294.2025.06.007

0 Introduction

The impact and penetration of projectiles into fluid-filled structures may cause catastrophic
consequences. There are many scenarios such as the impact and penetration of high-speed fragments into
aircraft fuel tanks'”, the impact and penetration of spacecraft pressure vessels by space debris™, and shooting
of flammable or toxic liquid storage tanks"! by terrorists. The impact and penetration of the projectile will
generate a hydrodynamic ram (HRAM) effect in a fluid-filled structure, forming strong pressure waves and
liquid flow. This effect, combined with the projectile’s effect, will cause large-scale fractures or bursts in the
structure. Effectively controlling or alleviating the HRAM loads formed by high-speed projectile penetration
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while ensuring the integrity of fluid-filled structures has become an important direction of aircraft fuel tanks
and other fluid-filled structures in the projectile resistance and protection design.

There are two main mechanisms for attenuating the HRAM effect in fluid-filled structures: impediment
and load-off. Impediment refers to setting rigid bodies and energy-absorbing structures that disturb pressure
waves along the transmission path. These bodies impede the direct action of HRAM loads on the inner wall
of the fluid-filled structures, achieving attenuation and dissipation of HRAM loads. Disimile et al” installed
four different geometries of triangular bars in the fluid-filled structure to reflect the shock wave and thus
alleviate its failure effect on the subsequent structure. The experimental results showed that the peak pressure
on the rear wall of the fluid-filled structure with the pressure mitigation system was reduced by 60%

1°! and Artero-Guerrero et al™

compared to that in the absence of the shock mitigating members. Wang et a
conducted penetration experiments on novel perforated lattice fluid-filled structures and honeycomb
aluminum structures, and found that the core layer's deformation and energy absorption process weakened the
HRAM loads and reduced the bulging deformation of the outer wall of the fluid-filled structures. On this
basis, Xu et al’” embedded aramid fiber tubes in the honeycomb aluminum structure. The HRAM energy was
simultaneously absorbed by the aramid tubes and honeycomb aluminum structure. Thereby, the HRAM loads
were further weakened, and the ability of penetration resistance was improved. Objectively speaking, the
above measures impede the HRAM loads but also increase the weight of the structures and reduce the fluid-
filled capacity.

Load-off refers to installing compressible partitions within the fluid-filled structure or using the
deformation characteristics of the fluid-filled structure to guide the directional release of HRAM loads,
achieving attenuation and dissipation of the HRAM effect. Gao et al'™ and Zhao et al"”’ proposed a fluid-filled
structure with concave cells that utilized the pressure relief space provided by the structure when transitioning
from concave to convex state under HRAM loads to release pressure and reduce the load acting on the fluid-
filled structure. The authors proposed the concept of expansion impedance[lo], which was used to measure the
difficulty of expansion of a fluid-filled structure. The more easily the structure expands, the smaller the
HRAM loads it bears. Varas et al' ' and Artero-Guerrero et al'' explored the influence of filling levels in
fluid-filled structures subjected to high-velocity impacts using experimental and simulation methods. The
results indicate that the fluid moves towards the walls only in the region close to the projectile trajectory
under incomplete filling. The fluid expands in parallel with the walls at larger distances through the unfilled
volume. Therefore, low filling levels cause localization of the permanent deformation in the tube at regions
close to the projectile trajectory.

Furthermore, Zhang et al"? investigated the influence of fluid-filled capacity on the anti-penetration
performance of the fluid-filled grid structure, and found that reducing fluid-filled capacity leads to additional
cavitation expansion. Therefore, the strength of the cavitation extrusion load acting on the inner plate is

16
weakened. Townsend et al''®

used the difference in wave impedance between gas-liquid materials to disturb
and disperse the initial pressure wave by arranging thin air baffles and compressing bubbles within the fluid-
filled structure. This process significantly reduced the pressure and structural failure of the fluid-filled
structure. Li et al''” installed an air interlayer inside the fluid-filled structure, reducing the front and rear
walls' impulse, energy, and plastic deformation under high-speed projectile penetration. Jin et al' proposed a
preset bubble inside the fluid-filled structure, reflecting sparse waves through the compressibility of the preset
bubble and providing motion space for the fluid by changing the pressure environment of the flow field.

Furthermore, the authors alleviated the failure of the fluid-filled structure under HRAM loads. However, the
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projectile will pass through the air during penetration as the air barriers and bubbles are preset in the fluid-
filled structure, resulting in a smaller penetration distance in the fluid and a higher residual velocity, which
makes it easier to penetrate the fluid-filled structure. Researchers have mainly focused on the attenuation of
HRAM loads and the protective effect of structure by preset bubbles. They have not considered the influences
on penetration ability and failure characteristics of fluid-filled structures caused by passing through air during
penetration.

This paper presents an investigation of the influences on the penetration ability of the projectile and the
failure characteristics of the fluid-filled structure when a projectile passes through a preset bubble during
penetrating fluid-filled structure, based on the experimental model of a spherical projectile penetrating the
fluid-filled structure in Ref. [11]. The explicit dynamic analysis software LS-DYNA is used to conduct the
numerical analysis and explore the influences of preset bubbles on the penetration path to impact load. The
structural deformation and failure characteristics during the projectile penetration of the fluid-filled structure

are also explored.

1 Numerical simulation

1.1 Computation model

The fluid-filled structure in the ballistic experiment in Ref. [11] was taken as the object. Numerical
analysis was carried out to investigate the effect of the preset bubble on the penetration process of a
projectile, the resulting HRAM loads, structural deformation and failure characteristics. The structural
dimensions and two pressure transducers inside the water are shown in Fig. 1. The fluid-filled structure

comprised 6063-TS5 square aluminum tubes of

. . . . PMMA @
150 mm in width, 2.5mm in thickness, and 150 e
750 mm in length. The specimens were closed 1 6065-T5
with two PMMA windows with a thickness of i
30 mm. The contact points between PMMA Projectile =] 750
windows and specimens were sealed with silicone Preset
. . L bubbl
to avoid fluid leakage. The projectile to be . e
launched against the fluid-filled structure was a -2
PMMA 8

steel sphere with a diameter of 12.5 mm and a
mass of 8 g. The preset bubble diameter was D, Fig.1 Sketch of the impact tests device (Units: mm)
arranged in the center of the fluid-filled structure.
1.2 Pressure gauges and calculation cases

A total of 13 pressure gauges in different positions of the fluid and near the walls were selected for
pressure and load analysis, as is shown in Fig. 1 and Fig. 2. Pressure Gauges 1 and 2 were located in the fluid
to validate the effectiveness of numerical simulation and analyze the pressure characteristics of the free field
in the water. According to the different load characteristics, the front and rear walls of the fluid-filled
structure under high-speed projectile penetration could be both divided into three arcas . Area a was the
impact zone of the projectile, whose radius R; was equal to 12.5 mm. Area b was the maximum cavitation
zone. The maximum cavitation radius of the front (R;) and rear (R,) walls was equal to 50 mm and 30 mm,
respectively. Area ¢ was the remaining area. Pressure Gauges 3—5 were placed in areas a, b, and ¢ of the front

wall to analyze its load characteristics. Pressure Gauges 6—8 were placed in areas a, b, and ¢ of the rear wall
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to analyze its load characteristics. Next, the region " 50, 27,24,1504, fr;j’lez:g:;

influenced by different preset bubble sizes on the 13 2cinled XSS

initial and secondary impact pressure waves was S " Rearvall
analyzed. Starting from the projectile's impact T

point, tangent lines were drawn through bubbles From\v‘vall 3&l

and extended to the rear wall, forming a projection

region of bubbles of different sizes on the rear AL ‘ blrglhgﬂ«Lw jA
wall. Five typical pressure gauges were selected . ;13(6)4(7) B

inside and outside the projection region, marked Impact point ™. __-R(R,)

as 9-13. Fig.2 Arrangement of pressure gauges (Units: mm)

A total of 13 simulation cases were
calculated and analyzed by considering the influence of projectile velocity and bubble size on the penetration
process, the structural deformation and failure characteristics, as shown in Tab. 1. Cases 1-5 and 6—10 were
used to analyze the penetration phenomena without and with preset bubbles at different projectile velocities
while Cases 3, 8, 11-13 were mainly used to analyze the influence of bubble size on the projectile

penetration, structural deformation and failure characteristics.

Tab.1 Simulation cases for different bubble sizes and projectile velocities

Simulation Bubble Projectile Simulation Bubble Projectile

cases diameter/mm velocity/(m-s ) cases diameter/mm velocity/(m-s )
Case 1 0 180 Case 8 100 900

Case 2 0 600 Case 9 100 1100
Case 3 0 900 Case 10 100 1600
Case 4 0 1100 Case 11 25 900

Case 5 0 1600 Case 12 50 900

Case 6 100 180 Case 13 75 900

Case 7 100 600

1.3 Meshing and convergence analysis

Symmetric boundary conditions were applied to the model, as shown in Fig. 3. The projectile, walls of
the fluid-filled structure, and the PMMA were discretized via eight-node solid Lagrangian elements. The
Euler domain extended 50 mm outward from the inner wall of the fluid-filled structure to ensure that the
fluid-filled structure would always be within the Euler domain and the conservation of system energy[zo]. The
Johnson-Cook constitutive model, failure mode, and the Gruneisen Equation of State were adopted for the

fluid-filled structure. The relevant parameters were the same as those in Ref. [12].

850
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30 750 30,
- water D
& [Ssssesi]
“\Bubble
12.5 8
R e = MR e
2555 300 30 2055 350
(a) Mesh of the structure (b) Mesh of the fluids

Fig.3 Sketch of 1/2 symmetric fluid-filled structure meshing
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A refined mesh was used in the impact zone, and a coarser mesh was used in areas far away from the
impact zone, as shown in Fig. 3. A fine grid was used within the range of 0-20 mm from the projectile
trajectory, a medium transition grid was used within the range of 20—75 mm, and a coarse grid was used in
the remaining areas.

The influence of the bonding strength between aluminum walls and PMMA was ignored to ensure the
integrity of the fluid-filled structure. Common nodes were carried out at the junction of each wall and
PMMA. The boundary conditions of the Euler domain and its outermost part were non-reflective.

The coarse, fine and transitional grid size ratios were kept constant. Then, six different grid sizes were
used in the center fine grid (with sizes of 6 mm, 4 mm, 1.6 mm, 1 mm and 0.8 mm, respectively) to obtain the
grid size when the calculation results converged.

Fig. 4 depicts the peak pressure at Gauge 1 and displacement curves of the mid-section centerline of the
front and rear walls. It can be seen that when the fine grid size is 1 mm, the peak pressure at Ggauge 1 and the
front and rear wall deformation have converged. Therefore, the fine grid size required for the fluid-filled
structure is 1 mm, while the transition zone grid size is 3 mm and the coarse grid size is 5 mm. The grid size
of the projectile is the same as that of the contact area related to the fluid-filled structure, namely 1 mm. The
front, rear, and side walls are divided into five grid layers in the thickness direction. The final mesh of the
structure comprised 573 552 elements.

6 15
536537 —— 6 mm(R) # —e— 4 mm(F)
—— 4 mm(R) —— 6 mm(F)
5r 10 L= 1.6 mm(R) — 1.6 mm(F)
g —=— 1 mm(R) 1 mm(F)
s 4t & 0.8 mm(R) . —— 0.8 mm(F)
= z .l
£ 3 5
H g
g2 50
a
1t sl
6 5 4 3 2 1 -30 -20 -10 0 10 20 30
Mesh size/mm Distance/cm
(a) Pressure peak of Gaugel (b) Centerlines displacement of the

front and rear walls

Fig.4 Grid convergence analysis

1.4 Numerical model validation

Fig. 5 depicts the experimental and numerical results of the longitudinal profile shape and dimensions of
the cavitation formed by projectile penetration at typical moments in Case 2. Among them, the cavitation
dimensions in the experimental results are proportionally converted from the distance between Pressure
Gauges 1 and 2. The instantaneous moment of the projectile shear plug front wall is taken as the zero moment
of the cavitation in the simulation. According to Fig. 5, the longitudinal profile shape of the cavitation in the
simulation matches the experiment. Typical cross-sectional dimensions of the cavitation (30 mm away from
the front wall) are slightly smaller than thoze of the experiment.

Fig. 6 depicts the experimental and numerical calculation results of the time history curves of Pressure
Gauges 1 and 2 in Case 2, as well as the displacement curves of the mid-section centerline of the front and
rear walls. It is shown that the variation process of Pressure Gauges 1 and 2 in numerical calculation is
consistent with the experimental results. The deviation of the peak pressure of Gauges 1 and 2 between the
simulation and experimental results is 2.2% and 24.5%, respectively. The main reason for the difference of

Pressure Gauges 2 is more significant is that Pressure Gauge 2 is located in the transitional grid area, where



6 M WU Meng-meng et al: Numerical Analysis on Influence of Preset Bubble in --- 929

the grid size is slightly larger. The calculation results of the front and rear walls in the impact area of the
projectile agree with the experimental results. But the calculation results are biased in the boundary area near
both sides due to the difference in boundary conditions.

(a) High-speed photos!'"

Fluid density/ 100
(gem™) ol — Exper.(1)
1.100E+00 —e— Numer.(1)
9.900E-01 g 807
8.800E—01 E 70}
7700E-01 8
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5.500E-01 B
4.400E-01  © a0l
3.300E-01 0l
2.200E-01
1.100E-01 0100 200 300 400 500 600 700 800 900 1000
0.000E+00 i
Time/us
(b ) Numerical results (¢) Cavity size

Fig.5 Comparison of the shape and dimension of cavitation zone between experimental and numerical results (Units: mm)

’ —— 1(Numer.) " '3, —=— Rear(Numer.)
5r | — 2(Numer.) \ —— Front(Numer.)
I . 10| ' —* Rear(Exper.)
1 - - 1(Exper.) = \ p
& 4r | - - 2(Exper.) g w> Front(Exper.)
> I 2 5t
& £
S Q
g 2 0
& &
[a]
75 -
X . . —1ob— . . . . . .
0 0.1 0.2 0.3 0.4 -30 20 -10 O 10 20 30
Time/ms Distance/cm
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Fig.6 Comparison of pressure of Gauges 1 and 2 and centerlines displacement of the front and rear walls between experimental

and numerical results

2 Numerical simulation results and analysis

2.1 Influence of preset bubble on physical processes

Cases 2 and 7 were taken to analyze the effects of preset bubbles in the fluid-filled structure on physical
processes such as projectile penetration, pressure wave propagation and cavitation expansion. The dynamic
response characteristics, such as projectile velocity attenuation, penetration distance and structural deforma-
tion, were also considered.
2.1.1 Projectile penetration and pressure wave propagation

The projectile penetration and pressure wave propagation could be divided into five stages in Case 2°".

Fig. 7 depicts the density variation in the Euler domain at a typical moment on the horizontal cross-section of
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the fluid-filled structure in Case 7. In the figure, the density variation range of the Euler domain was set to
0.998-1.002 g/em’ to obtain the pressure variation and cavitation process during projectile penetration. Fig. 8

depicts the time history curves of Pressure Gauges 1 and 2 in Cases 2 and 7.
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Fig.7 Changes in Euler domain density with preset bubble
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A
L.~ pressure

! Secondary pressure
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penetration and pressure wave propagation can be
divided into six stages:
(1) Initial impact stage. When the projectile

Pressure/MPa
W

penetrates the front wall of the fluid-filled struc-

ture, the fluid is rapidly compressed to form a hemi-

spherical pressure wave. The impact energy of the 0 . , : ' ' )
32 64 128 256 512 1024 2048
Time/ps

projectile is converted into the compression poten-
tial energy of the fluid. Since penetration of the
Fig.8 Comparison of time history curves at Pressure

projectile in the fluid is subsonic, the initial pres-
Gauges 1 and 2

sure wave gradually separates from the projectile
and propagates outward, as is shown in Fig. 7(a).

(2) Drag and cavitation stage. Since the velocity of the fluid in front of the projectile is lower than that
behind it, the projectile is slowed by viscous drag. A cavitation zone is formed behind the projectile as the
fluid moves radially. Simultaneously, a long-term pressure with a smaller amplitude is formed in the fluid. At
16 ps, the initial impact pressure wave propagates to the bubble's surface, and the bubble starts to shrink and
deform from the compressed side. As the cavitation in front of the bubble continues to expand, the shrinkage

and deformation of the front surface of the bubble become more obvious. Due to the compressibility of the
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bubble, the fluid’s extrusion load on the front wall decreases. Furthermore, the bulging deformation of the
front wall decreases, as shown in Fig. 7(b).

Pressure waves reflect rarefaction waves on the bubble's surface and form a low-pressure zone in front
of the bubble due to the huge impedance difference between gas and fluid. The pressure in the low-pressure
zone is lower than the gasification pressure of water, forming a cavitation zone of a gas-liquid mixture (the
low-pressure zone appears blue like a bubble in Fig. 7(c); its density is only lower than the minimum
chromatographic value of 0.998 g/cm3 and still much higher than the air density). The rarefaction waves
reflected on the bubble's surface reduce the pressure wave's peak strength. Hence, the propagation of
pressure waves is invisible behind the bubble. At 60 ps, the pressure wave front propagates to Pressure Gauge
1 with a peak pressure of 4.58 MPa, which is reduced by 15% compared to the case without a preset bubble,
as shown in Fig. 8.

(3) Bubble penetration stage. After 60 ps, the projectile enters the bubble, and its velocity hardly decays
(Fig. 10). The projectile's kinetic energy is no longer transformed into the fluid. Moreover, the cavitation on
the front of the bubble continues to expand under the inertial effect, compressing the shrinkage of the front
surface of the bubble. At 120 ps, the initial pressure wavefront propagates to Pressure Gauge 2 (Fig. 7(c)). A
peak pressure of 0.91 MPa is reduced by 15% compared to that without the preset bubble, as shown in Fig. 8.

(4) Secondary impact stage. After 252 ps, the projectile penetrates the bubble and enters the water again,
generating a secondary spherical pressure wave that propagates forward and forms secondary cavitation
behind the bubble (Fig. 7(d)). The secondary pressure wave mainly acts on the local zone of the rear wall and
quickly forms a reflection wave at the rear wall due to the small distance between the back surface of the
bubble and the rear wall. Therefore, a low-pressure zone is formed again in the rear wall, resulting in a
cavitation zone of a gas-liquid mixture. At 300 ps, the projectile reaches the rear wall and undergoes dishing
deformation in a local zone (Fig. 7(e)). As the cavitation near the rear wall expands, the rear wall undergoes
bending deformation under extrusion load. Simultaneously, the surface behind the bubble begins to shrink.

(5) Exit stage. At 350 us, the projectile penetrates the rear wall and exits the fluid-filled structure
(Fig. 7(£)).

(6) The cavitation collapse stage. Once the projectile exits, the secondary pressure wave propagates in
the fluid. At 366 s, the secondary pressure wave reaches Pressure Gauge 2, generating a peak pressure of
1.16 MPa (Fig. 7(g)). At 382 ps, the local cavitation collapse at Pressure Gauge 1 generates a high local
pressure, with a peak value of up to 3.08 MPa (Fig. 8). At 670 ps, the cavitation near the front wall reaches its
maximum size and no longer expands, resulting in the maximum deformation of the front wall (Fig. 7(h)). At
1000 ps, the cavitation near the rear wall reaches its maximum size and no longer expands, resulting in
maximum deformation of the rear wall (Fig. 7(i)). Then, since the pressure inside the cavitation is lower than
the external atmospheric pressure, the water around starts to flow toward the cavitation. Moreover, the bubble
rapidly contracts and collapses along the radial direction, producing an upward jet (Fig. 7(j)). The front and
rear walls rebound to the final deformation position.

In summary, with a preset bubble, the initial pressure waves reflect rarefaction waves on the bubble's
surface, attenuating its strength in the fluid. The secondary impact pressure wave is formed once the
projectile exits the bubble and enters the water again. Moreover, the preset bubble divides the cavitation
expansion process into two parts: in front of the bubble and behind the bubble.

2.1.2 Analysis of the position and velocity attenuation of the projectile

A projectile’s motion in the fluid can be inferred from Ref. [22]. Once the preset bubble is located on the
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projectile's trajectory, the projectile's penetration process in the fluid-filled structure can be divided into three
stages: Stage [—Initial Water Entry, Stage II—Penetration Bubble, and Stage III—Secondary Water Entry. In
Stage II, the projectile is almost not dragged, f can be regarded as 0, and the velocity and position
expressions of the projectile can be expressed in stages as follows:

1 1
———=pt, t<t
Vo Vo
von = Const, 1 <t<ty , 1)
1 1
T Zﬁ(t_tn),tu <t< hn
Vo Vpu

1
Zp1 = B ln(Voﬁt+ 1), < I
Zont = Vou(t = 1) + Zp1, h<t<Iy s 2)

Zpm = Zpn t+ B In(vouB—t)+ 1,1y <t <ty

where #; is the moment when the projectile penetrates the bubble, #; is the moment when the projectile exits
the bubble and enters water, and #;; is the moment when the projectile reaches the rear wall. Parameters v
and z,; represent the velocity and position of the projectile in Stage I, respectively; v, and zyy; are the velocity
and position of the projectile in Stage II, respectively; vpy; and zyy; are the velocity and position of the
projectile in Stage III, respectively.

Comparison of the analysis results with the numerical calculation results (Figs. 9(a) — (b)) reveals good
consistency. With a preset bubble, the penetration time of the projectile in the fluid-filled structure is
shortened, the velocity attenuation is reduced, and the remaining velocity increases. Hence, a three-stage
formula can be used to calculate its velocity attenuation.
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Fig.9 Comparison between of analytical and numerical results for penetration with and without bubble

2.1.3 Analysis of load characteristics and deformation failure modes of front and rear walls

Pressure Gauges 3-8 in the front and rear walls within a, b, and ¢ zones of Cases 2 and 7 were taken
(Fig. 2). A comparison of the pressure time history curves and specific impulse is shown in Figs. 10 and 11.

As shown in Fig. 10, in addition to the projectile impact, the front wall is also subjected to initial impact
pressure wave and cavitation extrusion load, with pressure peaks of P and P, respectively. The cavitation
extrusion load P, is the average value of the entire load process after the initial impact pressure wave'”,

In the process of the projectile shearing and punching the front wall, Zone « is affected by a larger
incident pressure wave. The preset bubble does not affect this region's load characteristics and specific

impulse (Fig. 10(a)). Cavitation forms and gradually expands as the penetration distance of the projectile
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increases. The initial impact pressure peak is unaffected in Zones » and ¢ because the incident pressure wave
arrives before the reflected rarefaction wave. However, the compressibility of the preset bubble reduces the
cavitation extrusion load and specific impulse in Zones b and c. The attenuation ratios of the cavitation
extrusion load and specific impulse in Zone b are 40.6% and 28.7%, respectively. The cavitation extrusion load

and specific impulse attenuation ratios in Zone ¢ are 38.2% and 42.3%, respectively (Figs. 10(b) and (¢)).
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Fig.11 Load characteristics of the rear wall

As shown in Fig. 11, the impact loads on the rear wall are mainly the initial impact pressure wave,
secondary impact pressure wave, local high pressure, and cavitation extrusion load, with peak pressure values
of Py, Pp, Pj, and P, respectively.

As we can see, the pressure load in Zone a of the rear wall remained almost zero, but in the later stage, a
pressure peak reached up to 50-60 MPa. The load in Zone b also has similar characteristics, but the pressure
peak in the later stage is only about 9 MPa. The reason is that the preset bubble is located directly in front of
Zone a, effectively blocking the pressure wave formed by the initial water entry of the projectile. In the later
stage, the projectile passes through the preset bubble and enters the water again, forming a pressure wave that
acts on Zones a and b. The initial impact pressure wave in Zone c is also significantly weakened, with a peak
value reduced from 1.48 MPa to 0.41 MPa, representing a decrease of 72.3%. Zones a and b are subjected to
the secondary impact pressure wave caused by the projectile penetration of the bubble, with peak values
reaching 52.3 MPa and 9.32 MPa, respectively. The influence range of the secondary impact pressure wave is
relatively small due to the small distance between the back surface of the bubble and the rear wall of the
fluid-filled structure. The cavitation extrusion load in Zone c is significantly reduced due to the high
compressibility of the bubble, with an average value and specific impulse decrease of 28.9% and 34.7%,
respectively.

Moreover, it can be seen from Fig. 10(c) and Fig. 11(c) that in the zone c¢ of the front and rear walls, the
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pressure time history curve exhibits high-frequency vibration in the later stage, which is due to the local high
pressure generated by cavitation collapse in the liquid. After preset bubble, it also has an attenuating effect on
local cavitation phenomena.

In light of the results previously shown, it can be concluded that the front wall will be subjected to loads
such as projectile penetration, initial impact pressure wave, and cavitation extrusion load when projectiles
penetrate the fluid-filled structure. In contrast, the rear wall will be subjected to loads such as initial impact
pressure wave, secondary impact pressure wave, cavitation extrusion load, local high pressure, and projectile
penetration. According to the relative region of the load range, these loads can be roughly divided into local
and global loads; their relative strength will vary with changes in projectile velocity, preset bubble, and
other factors.

Therefore, the deformation and failure modes of the front and rear walls of the fluid-filled structure
under projectile penetration are divided into global and local failures, as shown in Fig. 12. The global
deformation range extends to the boundary of the wall characterized by bulging deformation and tearing
failure boundary. The curvature is convex and mainly formed by the combined action of the initial impact
pressure wave, cavitation extrusion load, and other global loads. The local failure range is relatively small and
mainly concentrated near the projectile's impact point, characterized by shearing and plugging, reverse
dishing deformation, and petal cracking. The curvature is concave and mainly formed by local loads such as

projectile penetration and local high pressure at the projectile head.
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Fig.12 Sketch of deformation and failure modes and the centerline displacement of front and rear walls

Fig. 13 depicts the displacement curves of the front and rear walls along the centerline in Cases 2 and 7.
The front and rear walls' global deformation zone i and local deformation zone ii are distinguished based on
the curve curvature transition point from convex to concave. With a preset bubble, the maximum global
deformation of the front and rear walls (the maximum value of the global deformation zone) decayed from
291 mm and 4.37 mm to 1.5 mm and 1.27 mm respectively, with attenuation ratios of 48.5% and 70.9%,
accordingly. The maximum local deformation (the maximum value of the local deformation zone minus
deformation value at the inflection point) decayed from 4.13 mm and 9.93 mm to 1.41 mm and 8.45 mm,
respectively, with attenuation ratios of 66.3% and 14.9%. It can be concluded that a preset bubble
significantly reduces the maximum global deformation of the front and rear walls, as well as the local
deformation of the front wall. The attenuation ratio of the local deformation of the rear wall is relatively

small. Moreover, the range of local deformation of the front and rear walls is reduced.
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Fig.13 Time history curves of Pressure Gauges 1 and 2 at different velocities
2.2 Attenuation effect at different projectile velocities
2.2.1 Analysis of pressure attenuation characteristics
Fig. 13 shows a comparison of time history curves at Pressure Gauges 1 and 2 under different velocities.
In order to clarify the attenuation effect of preset bubble on initial impact pressure wave under different
velocities, the attenuation of the initial impact pressure wave peak and total specific impulse (¢ = 3000 ps) at

Pressure Gauges 1land 2in Cases 1-10 are e I(nonbubble) [ Py(nonbubble)
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compared in Fig. 14 to investigate the effects of o Jlnonbubbley.  EEE Pr(nonbubble)
the reflection of rarefaction waves on the surface -+ Iwith bubble) Py(with bubble) 1200
. s 40F SE0
of the preset bubble and its compressibility at 35| ™ 11000
different velocities. As shown in Fig. 14, the peak g 301 1800
value and total specific impulse of the initial % ig | 7 {600 =
5 201 £

impact pressure waves at Gauges 1 and 2 increase Z st e 400 =

. L . . = ol 1200
with projectile velocity. With a preset bubble, the 10 a7 s

. . 5o, . %‘% ' 0

peak pressure attenuation ratio of Gauge 1 at o L2 2900
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different velocities ranges from 21.1% to 33.9%. ) )
Velocity/(m-s™)

In comparison, the peak pressure attenuation ratio

. . . Fig.14 Peak pressure and total specific impulse of
of Gauge 2 is mainly around 60%. The specific

Gauges 1 and 2 at different velocities
impulse attenuation ratios of the two gauges are

equivalent.

2.2.2 Failure mode of front and rear walls

Figs. 15 and 16 depict the displacement curves of the front and rear walls at different velocities, their
maximum global and local deformation, and their attenuation ratios. Tab. 2 shows the failure modes at the
perforation of the rear wall at different velocities.

Since the preset bubble does not affect the stage of the projectile penetrating the front wall, the
morphology of the front wall failure changes slightly and exhibits adiabatic shear failure. However, the
local deformation of the front wall can be divided into two categories. For the first category, the projectile
velocity is low (v = 180 m/s), the local deformation of the front wall is inward-dishing. This phenomenon is
mainly caused by the low-speed impact of the projectile, which generates a small initial pressure wave peak
and results in smaller reverse deformation. For the second category, the projectile velocity is high (v >
600 m/s). The dishing deformation caused by the projectile's impact gradually decreases, and the reverse
deformation caused by the initial impact pressure wave increases, forming an outward reverse local
deformation (Fig. 15).
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Tab.2 Failure at the perforation of a rear wall under different velocities
vi(ms ")
D/mm 180 600 900 1100 1600

Bulging and tensile ~ Shearing and Shearing and petal Shearing and petal Petal cracking and

0  combined failure tensile combined cracking (4 petals) cracking (5 petals) boundary tearing

mode failure mode combined failure mode  combined failure mode  combined failure mode
Shearing and Shearing and Shearing and petal Shearing and petal Shearing and petal
100 tensile combined tensile combined cracking (5 petals) cracking (5 petals) cracking (6 petals)

failure mode failure mode combined failure mode combined failure mode  combined failure mode

As shown in Fig. 16, the preset bubble is characterized by significant attenuation on the global
ddeformation of the front and rear walls. The attenuation ratio (the maximum deformation with bubble minus
the maximum deformation without bubble divided by the maximum deformation without bubble) increases
with velocity. On the other hand, the local deformation attenuation ratio of the front and rear walls decreases
with an increase in velocity. When v = 1100 m/s, the local deformation of the rear wall relatively increases.
This increase can be attributed to the projectile exiting the bubble and entering the water again, which gene-
rates a large secondary impact pressure wave and local high pressure on the rear wall. Similarly, with a preset
bubble, the residual velocity of the projectile penetrating the rear wall increases, and according to the simula-
tion results the failure at the perforation of the rear wall becomes more severe (Tab. 2). However, when v =
1600 m/s, the fluid-filled structure undergoes global tearing failure without a preset bubble. With a preset
bubble, the severity of failure of the fluid-filled structure is significantly decreased, with shearing and plugging
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failure of the front wall and petal failure of the rear wall. Nevertheless, the structure remained integral. In sum-
mary, a preset bubble significantly reduces the global deformation of the structure and ensures its integrity.
2.3 Influence of bubble size on attenuation characteristics
2.3.1 Analysis of pressure attenuation characteristics

Fig. 17 depicts the pressure and specific impulse time history curves of Gauges 1 and 2 under different
bubble sizes. The smaller the diameter of the preset bubble, the smaller the range of influence of the
rarefaction wave reflected on its surface. When its diameter is less than 50 mm and 75 mm for Gauges 1 and
2, respectively, the initial pressure wave peaks are unaffected. The smaller the diameter of the preset bubble,
the larger the range of a secondary impact pressure wave. When the diameter is less than 50 mm and 25 mm
for Gauges 1 and 2, respectively, they start to be significantly affected by secondary impact pressure waves.

The larger the diameter of the preset bubble, the more significant the attenuation of the specific impulse.
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Fig.17 Time history of pressure and specific impulse at Gauges 1 and 2 under different bubble sizes

2.3.2 Analysis of deformation and load characteristics of front and rear walls

Fig. 18 depicts the centerline displacement curves of the front and rear walls of the fluid-filled structure
under different preset bubble sizes. As shown in the figure, with an increase in bubble size, global and local
deformation of the front and rear walls show a decreasing trend. Moreover, the maximum deformation of the
front and rear walls decreases approximately linearly with an increase in bubble size.

Five load gauges from 9 to 13 were taken on the rear wall (Fig. 2) to analyze the influence range of
preset bubble size on the initial and secondary impact pressure waves. Fig. 19 depicts the initial impact
pressure wave peak value Py and the secondary impact pressure wave peak Py at Gauges 9-13 under
different bubble sizes.
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Fig.18 Displacements of the front and rear walls for different bubble sizes
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Fig.19 Peaks of initial and secondary impact pressure waves at

are higher than those of the initial pressure wave; ) )
. . . load Gauges 9—13 under different bubble sizes
the difference between the two increases with the
bubble size. At Gauge 13, the secondary impact pressure wave peaks are all smaller than those of the initial
pressure wave. Moreover, the difference between the two decreases with an increase in bubble size.
In summary, the larger the bubble, the more significant the deformation attenuation of the front and rear
walls; the smaller the initial pressure wave peak value at each pressure gauge on the rear wall, the greater the
influence region of the initial pressure wave acting on the rear wall, and the smaller the influence region of

the secondary pressure wave. The aforementioned observations are also valid vice-versa.

3 Conclusions

The analysis presented in this paper is based on the experimental model of a spherical projectile
penetrating the fluid-filled structure in Ref. [11]. The explicit dynamic analysis software LS-DYNA was
adopted to conduct numerical simulation and analyze the effects of a preset bubble on the trajectory on the
HRAM loads, structural deformation, and failure characteristics of the fluid-filled structure. The conclusions
are as follows:

(1) With a preset bubble on the trajectory, the secondary water impact phenomenon occurs and generates
the secondary impact pressure wave. Moreover, the cavity expansion process can be divided into two parts: in
front of the bubble and behind the bubble. The maximum cavity size decreases, and the cavity shrinks and
collapses earlier due to the compressibility of the bubble. The energy transferred from the projectile to the
fluid alleviates.
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(2) With a preset bubble on the trajectory, the rarefaction wave reflected on the bubble's surface can
significantly attenuate the initial impact pressure wave peak value and a specific impulse in the fluid. The
higher the projectile velocity and bubble size, the more obvious the attenuation effect. The peak value
attenuation ratio of the initial impact pressure wave can reach 68.8%, and the total specific impulse
attenuation ratio can reach 48.6%. The larger the bubble size, the greater the influence region of the initial
pressure wave acting on the rear wall, and the smaller the influence region of the secondary pressure wave.
The aforementioned observations are also valid vice-versa.

(3) According to the load characteristics of the front and rear walls, their deformation and failure modes
can be divided into two parts: global and local. The larger the bubble, the higher the projectile velocity, and
the more obvious the attenuation of global deformation and failure modes. The global deformation
attenuation ratio of the front and rear walls can reach over 80%. However, the secondary projectile's impact
on the water generates a significant secondary pressure wave and local high pressure on the rear wall. The
larger the bubble, the faster the projectile, the smaller the local deformation and failure modes attenuation
effect of the rear wall, and the more severe the failure at the perforation of the rear wall. In summary, a preset
bubble significantly reduces the global deformation of the structure and ensures its integrity. However, this
study does not address the function of the position and quantity of preset bubbles in attenuating HRAM loads.
Therefore, further experimental and analytical investigations are necessary to provide a deep understanding of

the mechanism of the preset bubbles in reducing vulnerability with respect to HRAM effects.
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