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Analysis Model for Pressure Wave during Spherical Projectile
Water Entry considering Reflection from Preset Air Layer
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Abstract: To analyze the propagation of pressure waves generated during spherical projectile water entry
within liquid-filled structures, this study establishes a computational model for the pressure wave considering
reflection from a preset air layer. The model combines the virtual and real mirror methods with potential flow
theory, and its accuracy is validated through numerical simulations. Using the established model, the
propagation processes of the pressure wave during projectile water entry within liquid-filled structures
configured with either a top air layer or a centrally located spherical air layer are examined. The effects of air
layer height /4, spherical air layer center location D and radius » on the strength and propagation of the
pressure wave in water are analyzed. The results show that the rarefaction wave reflected from the air layer
interface induces a truncation effect on the pressure wave propagation, significantly reducing the duration of
positive pressure and the specific impulse. Moreover, the specific impulse decreases as /# and r increase. A
smaller D leads to more significant attenuation of the initial pressure wave specific impulse, while a larger D
results in more noticeable attenuation of the secondary pressure wave peak and its specific impulse.

Key words: spherical projectile; water entry; pressure wave; preset air layer; truncation effect

CLC number: 0342 Document code: A doi: 10.3969/j.issn.1007—7294.2026.06.002

0 Introduction

During the penetration of a projectile into a liquid-filled structure, part of the projectile’s kinetic energy
is converted into the pressure potential energy and kinetic energy of the liquid, generating intense pressure
waves and liquid flow, a phenomenon known as hydrodynamic ram (HRAM). The combined effect of
HRAM with the projectile can cause large-scale rupture or explosion of the structure, resulting in catastrophic
consequences. Examples include the impact and penetration of high-speed fragments entering aircraft fuel
tanks'", the impact and penetration of space debris impacting spacecraft pressure vessels'”, and the impact on
flammable or toxic liquid-filled tanks by terrorists”. To mitigate structural damage under high-velocity
impact, air layers can be preset within liquid-filled structures. Taking advantage of the compressibility of air
and the substantial difference in wave impedance between air and liquid, these air layers can effectively
attenuate HRAM loads' .

It is generally recognized that the HRAM effect resulting from projectile water entry can be divided into
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four stages[H]: shock, drag, cavitation, and exit. These stages generate four characteristic pressures[H]: initial
shock pressure wave, ballistic pressure at the projectile nose, drag pressure, and cavitation collapse
pressure[lo]. David et al'" visualized the propagation process of the initial shock pressure wave generated
during the shock stage using HRAM experiments, and analyzed the relationship between the projectile
velocity and the intensity and propagation distance of the shock pressure wave. McMillen et al'” " used
shadowgraphy to study the characteristics of shock pressure waves generated by high-speed projectile water
entry, and analyzed the attenuation pattern of peak pressure with respect to distance and angle. They found
that the intensity of shock pressure wave along the wavefront direction attenuates according to the relation
P =Py, sin(6—7°), where Py, is the pressure in the ballistic direction and @ is the angle between pressure
measurement point and liquid surface. However, Disimile et al"" found that the attenuation relation of shock
pressure wave along wavefront direction was P = Pyysin(f + 7°). While the experimental results of Zhang et
al'” fell between the two. This discrepancy is attributed to the presence of front wall plate, which increases
the angular attenuation rate and thereby enhances the amplitude in the ballistic direction”. Chen"” and
Zhao!"" used the mirror theory and shadowgraphy to visualize the propagation and reflection processes of
shock pressure wave, qualitatively analyzing that the pressure wave exhibits its highest strength at the initial
stage, with both its intensity and propagation velocity gradually decreasing over time.

Based on the potential flow theory (assuming the fluid to be inviscid, incompressible, and irrotational),
Logvinovich'"” simplified the Navier-Stokes equations and, combined with free surface boundary conditions
and motion equations, derived a pressure distribution model for water entry. He also considered the effect of
compressibility of water under high-speed impact on pressure wave propagation, providing a theoretical basis
for calculating shock pressure waves during projectile water entry. On this basis, Lee et al™” proposed
analytical models for shock pressure waves of subsonic and supersonic projectiles penetrating into an infinite
water domain. Liu et al”" further revised Lee’s model through numerical calculations by introducing a more
reasonable distribution of point source strength, and validated the new model through spherical projectile
penetration tests in a square tube. However, these pressure analysis largely overlooked the influence of wave
reflection from finite structural boundaries, particularly the propagation and reflection of shock pressure
waves between media with differing wave impedances.

As research into shock pressure waves generated by projectile water entry has progressed, researchers
have proposed specific methods to effectively suppress or attenuate the strength of initial shock pressure
waves by presetting the air layer to preserve the integrity of liquid-filled structure. Varas et al”” conducted
experiments on liquid-filled aluminum square tubes with varying fill levels. They found that a lower free
surface leads to a shorter duration of positive pressure. Townsend et al”” introduced thin air baffles and
compressed air bubbles within the liquid-filled structure to disrupt and disperse the initial shock wave
pressure, there by reducing the loads and damage on the liquid-filled structure by utilizing the difference in
wave impedance between the air and liquid. Jin et al” proposed a method of presetting a spherical air bubble
inside the liquid-filled structure. The compressibility of the air bubble can reflect rarefaction waves, and alter
the flow field pressure environment. This effectively alleviates structural damage to the liquid-filled structure
caused by shock pressure waves. Wu et al” experimentally studied the influence of different air layer
configurations on the strength of shock pressure waves within the liquid-filled structure and found that a
spherical air layer can significantly attenuate the strength of shock pressure waves and the duration of
positive pressure.

In summary, considerable progress has been made in the study of shock pressure waves generated by

projectile water entry, primarily focusing on the generation mechanisms, influencing factors, strength, and
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decay laws of shock pressure waves. However, the influence of a preset air layer in the liquid-filled structure
on the propagation and strength of shock pressure waves remains to be further studied. To analyze the effect
of preset air layer on the propagation and attenuation of shock pressure waves in the liquid-filled structure,
this study establishes a computational model for the pressure wave considering reflection from a preset air
layer. The model combines virtual and real mirror methods with potential flow theory. Its validity is verified
through numerical simulations. Furthermore, the effects of top air layer’s height, and the spherical air layer’s

center location and radius on pressure wave strength and propagation are analyzed.

1 Analysis model

1.1 Basic assumptions

As illustrated in Fig.1, the liquid-filled structure is defined by height (H), length (L), and width (W). The
center of the front plate is impacted by a spherical projectile with diameter d, mass M), and initial velocity v,.
To analyze the attenuation effect of the air layer on pressure waves, two configurations are considered: an air
layer of height (%) placed at the top of the liquid-filled structure (see Fig.1(a)), and a spherical air layer of
radius (7) located at the center of the liquid-filled structure (see Fig.1(b)).
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Fig.1 Schematic diagram of liquid-filled structure and preset air layer configurations

A Cartesian coordinate system Oxyz is established with the projectile impact point O as the origin. The
x, ¥, and z axes respectively align with the height, length, and width directions of the liquid-filled structure.
To facilitate the analysis, the penetration process of the projectile through the front plate is not
considered.The projectile is modeled as a rigid body with negligible deformation and trajectory deflection.
The effects of fluid viscosity are ignored. All kinetic energy loss during penetration is converted into the
kinetic and potential energy of the liquid. The velocity attenuation of the projectile within the air layer is
neglected.

The pressure wave strength varies with the relative position between the pressure point and the

projectile. A correction function for pressure wave f(ﬂ)pl] is introduced as follows

1,—2 <B<g
fp) = o . (1)
cos(ﬂ—z),ﬂ> I orﬂé—z

where f is the angle between the line connecting the pressure point and projectile and the direction of

projectile motion, as shown in Fig.2.
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1.2 Pressure wave analysis with top air layer
When the liquid-filled structure is filled with
liquid, due to the limited space of the structure, the

pressure wave generated by the projectile

penetrating the liquid is reflected as a compression
Projectile

wave at the structural wall and propagates back
into the liquid, thereby increasing the liquid

pressure. The reflection of the pressure wave at the Pressure wave

structure wall follows the principle of mirror Fig.2 Schematic diagram of angular attenuation of pressure

reflection. wave strength along the wavefront

For any pressure point P(x, y, z) inside the liquid-filled structure, the mirror points of P with respect to
the top wall, rear wall, bottom wall, and the left and right walls of the structure are P,(H—x, y, z), P,(x, y, 2W-
z), P3(—(H+x), , z), P4(x, —=(L+y), z) and Ps(x, L—y, z), respectively, as shown in Fig.3. The pressure at point P
can be calculated by superimposing the pressure py(f) at P in the infinite field and the pressure p,(¢) at its

mirror points P; to Ps (where i = 1,---,5), that is
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Fig.3 Mirror process of pressure points and pressure wave analysis model
The motion of the projectile during the penetration of the liquid can be regarded as a moving point
source™™, as shown in Fig.3. According to potential flow theory and the Bernoulli equation, the intensity of

the pressure wave at any point p; in the flow field is expressed as G021 Where i = 0,1,",5

_ 6(0 1 2
Pilt) = po=puzr = SPull 3)
where the fluid potential energy is
20 S (1= 1,/c)
oyt =~ [ TE I g @)
r

where u is the velocity of the liquid at the pressure point, p, is the atmospheric pressure, p,, is the density of
9
water, 3 is the instantaneous rate of change of fluid potential at a fixed point in space, £ denotes the motion

direction of the projectile, »; is the distance from the point source to the pressure point p,
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5= A x4y (- Zpl-)z, 2,, 1s the position of the projectile in the ¢ direction when the pressure wave reaches

point P;, S represents the strength of the point source, which depends on &, ¢ is the time when the pressure
point receives the pressure wave generated by the projectile impact, 7—r/c is the time of projectile motion, z,(7)
is the position of the projectile.

When an air layer is preset at the top of the liquid-filled structure (see Fig.1(a)), the pressure wave
generated by the projectile entering the water will reflect a rarefaction wave at the air-liquid interface and
propagate into the liquid. Since the liquid is incompressible, when the rarefaction wave reaches the pressure
point P, the pressure at this point rapidly drops to the ambient pressure, resulting in a truncation effect 4,
Then, the mirror point of P relative to the free surface is P,(H—2h—x, y, z), while the coordinates of the mirror
points relative to other walls remain unchanged. If the compression wave reflected from the structure wall
reaches point P before the rarefaction wave, a multi-wave superposition effect may occur. However, once the
rarefaction wave arrives, the pressure at P drops sharply to the ambient pressure. Conversely, under the
influence of the low-pressure effect induced by the rarefaction wave, the impact of the compression wave
reflected from the wall on the pressure can be neglected. That is

p(r):{zp"(twq“' (i=0.1..5) 5)
0,t>1
where ¢, is the time at which the rarefaction wave reaches point P, and it can be calculated based on the
coordinates of P;.
1.3 Pressure wave analysis with a spherical air layer

A spherical air layer with radius 7 is preset on the projectile’s trajectory, and the center of the sphere O,
is at a distance D from the impact point O, as shown in Fig.4(a). In order to determine the position of the
wavefront at any given moment as the pressure wave propagates within the liquid-filled structure containing a
spherical air layer, the continuous wavefront is discretized into a finite number of particlesm]. Assume the

average propagation velocity of the pressure wave in water is ¢. Each particle on the wavefront travels at
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Fig.4 Schematic diagram of pressure wave reflection from a spherical air layer
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velocity ¢ from the impact point into the surrounding liquid. When the particle path intersects the air layer
interface, it is reflected as a rarefaction wave; otherwise, the particle continues to move with the wavefront.
Meanwhile, when the particle reaches the structure walls, the path of the reflected compression wave is
consistent with that shown in Fig.4.

In order to analyze the position of a particle on the pressure wavefront within the air-layered liquid-filled
structure at any moment, the propagation of a particle 4 on the symmetric plane xoz is taken as the object of
study. At any moment ¢, the motion distance of point 4, i.e., the radius of the wavefront, is R=c-t. Let the
actual coordinates of particle 4 be (x, z). If particle 4 passes through the air layer without reflection, it will
propagate with the pressure wavefront to point A’, with coordinates (x', z). The angle between OA' and the x-
axis is 6, and the coordinates of the intersection point B between OA’ and the air layer are (x, z;). The angle
between OB and the z-axis is a.

T . . . .
When R < D-r, or R 2 D-r and arcsin — < 6] <90°, the pressure wave does not interact with the air

layer, and the coordinates of point 4 can be expressed as

x =Rcosf
z=Rsinf

(6)

. T . T
When R = D-r and —arcsin D <0 <arcsin D’ based on the geometric relationships in Fig.4(a), we can

obtain the coordinates of points A’ and B

X" =Rcosf
P (7
7 =Rsinf
Xo = Zptan 0
r r
rsina ,(— arcsin — < 6 < arcsin 5) ®)
= ——
sin@ V1 + tan*6

According to the Egs. (7)-(8), the coordinate of point A4 reflected from the air layer is

X=X+ (R— \Z +x§)sin(2a/+ 6)
2= 20— (R — 2+ xg)cos(za +0) )

. Zotan@
sing = ——
-

In the above equations, the range of 8 is [-90°, 90°]. Based on Egs. (6) and (9), the propagation process
of the rarefaction wavefront reflected by the air layer can be plotted (see Fig.4(b)), which can be used to
determine the time at which the rarefaction wave reaches the pressure point. As shown in Fig.4(b), the
rarefaction wave reflected from the air layer propagates spherically immediately following the initial pressure
wave, causing the compression wave reflected from the structure wall to be truncated by the rarefaction wave.
Therefore, when a spherical air layer is present, the

analysis of the pressure wave only considers the

Water

compression wave reflected from the rear wall P(x,y,2)

o Cavity boundary
generated by the projectile’s secondary water Cavity boundary
entry.

To analyze the pressure wave intensity at Impact  Point source

. .. . . C g oint
point P, the projectile’s motion in the liquid is P Stage I Stage II Stage III l

divided into three stages, as illustrated in Fig.5. Fig.5 Schematic diagram of projectile penetration in a liquid-

Stage I is the initial water entry, Stage II is the filled structure with a preset spherical air layer
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penetration through the air layer, and Stage III is the secondary water entry. The air resistance encountered by
the projectile during Stage II can be neglected, and its kinetic energy can be assumed to remain
unchanged.According to the law of conservation of energy, the contributions of the three zones in Fig.5 to the
pressure wave are divided into the following time segments:

(1) 0 <t < #. During Stage I, the pressure wave at the pressure point is generated by the kinetic energy
loss of the projectile during this stage. #; is the time when the projectile penetrates into the air layer.

(2) {; < t < t;. During Stage II, the projectile penetrates the air layer. Since there is no kinetic energy loss
while the projectile travels through the air layer, no pressure wave is generated during this stage.

(3) #; <t < ty;;. During Stage 111, the projectile exits the air layer and reenters water. The pressure wave
at the pressure point is generated by the kinetic energy loss of the projectile during this stage.

During the projectile’s penetration of the liquid-filled structure, its velocity attenuation and displacement

in the liquid can be expressed by stages as follows'”

V,
Vo1 = —0, <t
1+ﬂV0[
Vo = COHSt, H<t<Ily (10)
VoIr
Vo = T —— > i <I<ty
’ 1 +Bvu(t—ty)

1
Zp1 = B ln(V()ﬁt+ 1)’ < I
Zout = Vpul(t = 1) + Z1, LH<t<ty (11)

1
it = Zpil +E In(vyuB(t—t)+1), ty<t<ty

_ PwAsCy
2M

p

B (12)

where M, is the mass of the projectile, v, is the instantaneous velocity of the projectile in water, z, is the
penetration displacement of the projectile in the liquid, 4, is the projected area of the projectile in the
direction opposite to penetration, Cy is the drag coefficient of the projectile in water, which is taken as 0.4 for
a spherical projectile entering water at low speed. ¢; is the time when the projectile enters the air bubble, #; is
the time when the projectile exits the air bubble and reenters water, f; is the time when the projectile reaches
the rear wall plate. v,; and z,; are the velocity and position of the projectile in Stage I, v, and z,;; are the
velocity and position of the projectile in Stage II, and v,y and zy; are the velocity and position of the
projectile in Stage III.

From Egs. (10) and (11), the attenuation rate of the projectile’s kinetic energy with respect to penetration

displacement can be obtained as

dEpI—vaz 0<r<
= s SIs
deI P pl
dE B
=0, h<t<fy (13)
dzn
dE
plll )
=myBvoy, i <t<iy
dzym e

9y
Therefore, the instantaneous rate 5 of change of the fluid potential energy with respect to time in

Eq.(1) can be expressed piecewise as
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The velocity of the liquid at the pressure measurement point in the z direction and the x or y direction

can be expressed piecewise as

%i=%
BA ¢ r, 1 2 (1) 7—€&
- 4+_B AE) = B[t—t,(6)|—=1dé, 0<t<t
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In Egs. (14)-(17), z, and v, represent the projectile’s displacement and velocity, r is the distance from

the pressure measurement point to the point source, r;, is the distance from the projectile at position z, to the

pressure measurement point, p, is the cavitation pressure (taken as the vapor pressure of the liquid at room

temperature), 4, is the value of 4 when the projectile is at position z,, z is the z-coordinate of the pressure

. . . . . . . 251 . .
measurement point, B is a constant, N is the kinetic energy compensation coefficient' ], its value is 1

p°
[26-27]
s

and dE,/dz, is the rate of change of the projectile’s kinetic energy with respect to its displacement. gy is the

distance between the projectile and the pressure measurement point at the moment of water entry in Stage |

and Stage I11. By substituting Egs. (10)-(17) into Eq.(5), the pressure wave intensity at any point in the liquid

can be calculated when a spherical air layer is
preset in the liquid-filled structure.

From the analysis above, when a spherical air
layer is preset on the projectile trajectory, the
projectile reenters water after passing through the
air layer and generates a secondary pressure wave.
According to the propagation characteristics of the
pressure wave, the impact zones of the initial and
secondary pressure waves can be divided as shown
in Fig.6. Zone 1 is the area affected by the initial
pressure wave, bounded by the tangent line from

the projectile’s impact point to the air layer. Due to

Projectile

Secondary
pressure wave

-

Initial presgdre

Fig.6 Schematic diagram of pressure wave zone division
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the large wave impedance between air and liquid, the air layer blocks the initial pressure wave from
propagating beyond it. Zone Il is the secondary pressure wave zone. According to Eq.(1), the intensity of the
pressure wave varies with the circumferential angle . The maximum extent of this zone occurs following the
projectile’s secondary water entry, located within the tangent lines of the air layer when f equals 3n/4. Zone

III is the interaction zone of both initial and secondary pressure waves.

2 Numerical calculation

2.1 Finite element model

To verify the accuracy of the above analysis model, numerical simulations of a projectile penetrating a
liquid-filled structure are conducted using the explicit dynamic analysis software LS-DYNA. The dimensions
of the liquid-filled structure are illustrated in Fig.1, with a height of 500 mm, a width of 300 mm, and a length
of 340 mm. All sides of the structure are enclosed with rigid steel plates. The projectile is a spherical tungsten
alloy body with a diameter of 12.7 mm and a mass of 19.1 g. To minimize velocity attenuation due to
interaction with the front and rear walls, circular openings with a diameter of 18 mm were pre-cut at the
centers of both walls. The projectile enters the structure through the front hole with an initial velocity of
vo=450 m/s. The height of the air layer at the top is 30 mm, and the radius of the spherical air layer on the
trajectory is 50 mm, with its center located 150 mm from the front wall. A half-symmetry model is adopted,
as shown in Fig.7(a). A gradient mesh is applied, with mesh refinement along the projectile’s penetration
trajectory. Specifically, a fine mesh of 1x1x1 mm’ is used within 0-100 mm from the projectile trajectory, a
medium transitional mesh of 3x3x3 mm’ is used for the 100-200 mm region, and a coarse mesh of

5x5x5 mm’ is applied elsewhere. The preset air layer is introduced using an initialization command.

i NN
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. 0 ts @ Pro'ec/t'O Air layer 15 ||
fr;(.)] e(t:tl © Trajectory tralfjec torr}; tr=50
B S e 150
R Water Le g, Water .
(a) Mesh division (b) Top air layer (c) Spherical air layer

Fig.7 Finite element model and pressure point locations (unit: mm)

Eight pressure points are selected at different distances from the projectile trajectory in the key area
covering the propagation of the pressure wave to conduct pressure time history analysis (see Fig.7), and to
enable comparison between the measurement results and those from the analysis model.

Both the air outside the liquid-filled structure and the internal preset air layer are modeled as ideal gases,
and is described by a Linear Polynomial Equation of State

P=Cy+Cpu+Copt? + Cap’ +(Cy + Csp + Cou*E (18)
where u is the compressibility, u =p/py—1, p and p, are the instantaneous and initial densities of the medium,

respectively. E is the internal energy per unit volume, and C,-Cy are constants. For an ideal gas, Cy=C,=
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C,=C3=C4=0, C4=Cs=y-1, and the specific heat ratio y is set to 1.4. The initial internal energy per unit
volume of air at standard conditions is £,=253.3 kJ/m’.

Water is assumed to be a compressible, inviscid, and irrotational fluid. Its behavior is represented by the
Griineisen equation of state

poc’ul1 + (1 =yo/2)pu —ap? /2]

[1=(S1 = Dp=Sop /(1) = S 422 (u+ 17T
where pressure wave velocity in water is set to 1484 m/s, the Griineisen parameter y, is 0.11, and the first-
order volume correction a of y, and u is 3, S;, S5, and Sz are curve-fitting parameters, with S; = 1.979, and

P=

+(o+awE (19)

S, = 83 = 0. The initial internal energy per unit volume of water E is set to 921.1 kJ/m’, and the initial
density p, is set to 1000 kg/m3. Structure walls and the projectile are modeled as rigid bodies.
2.2 Verification of pressure wave analysis results

Figs.8-10 present the pressure time history curves at each pressure point within the liquid-filled
structure under three different working conditions: fully filled with liquid, with a top air layer, and with a
spherical air layer. It can be seen from the figures that, after taking into account the compression waves
reflected from the rigid walls and the rarefaction waves reflected from the air layer interface, the pressure
amplitude and waveform of the pressure time history curves obtained from both the analytical and numerical
methods show good agreement. For P1-P3, which are closest to the projectile trajectory, the average relative
error of peak pressure is 2%. For P4-P6, which are at an intermediate distance, the average relative errors of
peak pressure are 15.8% (fully filled), 13.9% (with top air layer), and 15.9% (with spherical air layer),
respectively. For the furthest points P7-P8, the average relative errors of peak pressure are 10.5%, 12.3%, and
24% under the same three conditions. The above comparison results confirm the correctness of the proposed
analysis model.
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Fig.8 Comparison of pressure time history curves at different points under fully filled condition (1: Compression wave
reflected from the left and right walls, 2: Compression wave reflected from the top wall, 3: Compression wave reflected
from the rear wall, 4: Compression wave reflected from the bottom wall)

Comparison of the pressure time history curves at P1-P3 (Figs.8(a)-(c), 9(a)-(c), and 10(a)-(b)) shows
that the pressure at the points close to the projectile trajectory is mainly dominated by the pressure wave and
the transient local high pressure at the projectile nose. Due to cavitation effects induced by the high-speed
motion of the projectile, these points enter the cavitation zone before the rarefaction wave reflected from the
air layer reaches them, resulting in a rapid pressure drop to ambient pressure without being affected by the
rarefaction wave. Comparison of the pressure history curves at P4-P8 (Figs.8(d)-(h), 9(d)-(h)) shows that
when the compression waves reflected from the structure’s walls reach a point before the rarefaction wave, a
multi-wave superposition effect occurs. However, once the rarefaction wave arrives, the pressure drops

sharply to ambient pressure, producing a truncation effect, as described by Eq.(5). Conversely, when the
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Fig.9 Comparison of pressure time history curves at different points with free surface at the top (1: Compression wave reflected
from the left and right walls, 2: Truncation effect caused by rarefaction wave reflects from the free surface, 3: Compres-
sion wave reflected from the rear wall)

rarefaction wave reflected from the air layer arrives at the point earlier than the compression wave reflected

from the rigid walls, the low-pressure effect induced by the rarefaction wave suppresses the wall-reflected

compression wave.

As shown in Fig.10, when a spherical air layer with a radius of 50 mm is preset on the projectile
trajectory, the pressure time history curve of P4, which is located in pressure wave Zone I (Fig.6), indicates
that the pressure at this point is mainly from the initial pressure wave of the projectile (Fig.10(c)). At 63 ps,
the rarefaction wave reflected from the air layer reaches the point, and the pressure rapidly drops to ambient
pressure. Meanwhile, the rarefaction wave propagates into the liquid and blocks the compression wave

reflected from the structure wall from affecting this point. As shown in Fig.10(d), the pressure at P6, which is
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Fig.10 Comparison of pressure history curves at different points with spherical air layer (1: Disturbance pressure caused by the
initial water entry, 2: Truncation effect caused by rarefaction wave reflects from the air layer, 3: Compression wave
reflects from the rear wall)

located in Zone II (Fig.6), is mainly due to the secondary pressure wave generated by the projectile’s

secondary water entry and its superposition with the compression wave reflected from the rear wall. The

energy transferred to the liquid during the initial water entry also produces a minor pressure disturbance in
this region, and the peak value of the initial pressure disturbance at P6 reaches 34% of the peak of the

secondary pressure wave. At points P7 and P8 located in Zone III (Fig.6), as shown in Figs. 10(e) and 10(f),

the pressure results from the superposition of the initial pressure wave, the secondary pressure wave from the

second water entry, and the compression wave reflected from the rear wall. Taking P7 as an example, the
initial pressure wave reaches this point at 120 ps, creating a pressure peak. 11 ps later, the rarefaction wave

reflected from the air layer arrives and causes the pressure to drop to ambient. The projectile then exits the air
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layer and reenters water, with the secondary pressure wave reaching P7 at 578 ps, producing another pressure
peak. At 683 ps, the compression wave reflected from the rear wall arrives and causes pressure superposition.
At 780 ps, the projectile exits the liquid-filled structure.

3 Analysis and discussion

3.1 Effect of free surface height on pressure wave

Since pressure points located close to the projectile trajectory are not affected by the rarefaction waves,
point P7 in Fig.7 is selected to analyze the effect of the vertical distance /# between the free surface and the
top plate on the pressure wave (see Fig.11).The initial velocity of the projectile is 450 m/s. As shown in
Fig.11(a), the increase in height / directly shortens the vertical distance from the air layer interface to P7,
causing the rarefaction wave reflected from the air layer to reach P7 earlier and inducing a truncation effect.
When /2=30 mm, the rarefaction wave reaches 128 us after the pressure wave. When A=60 mm, the
rarefaction wave arrives after 94 ps. When 2=90 mm, it arrives after 58 us. The truncation time of pressure at
P7 caused by the rarefaction wave is indicated by the blue region in Fig.11(b). After this point, pressure at
P7 increases again due to continued interaction between the projectile and the liquid, generating additional
pressure waves. Comparing the specific impulse at P7 under different 4, it is found that when 2=60 mm and
h=90 mm, the specific impulse at P7 is 96.5% and 92.4% of that at #=30 mm, respectively. Therefore, the

larger the 4 is, the more significant the attenuation effect of the rarefaction wave on the pressure wave is.
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(a) History curves of pressure and specific impulse vs. #  (b) Diagram of rarefaction wave inference region
Fig.11 Effect of vertical distance % (free surface to top plate) on pressure wave
3.2 Effect of spherical air layer position on pressure wave

To analyze the effect of the spherical air layer center position on the initial and secondary pressure
waves, three pressure points P4, P6, and P7 in Fig.7 are selected to study the effect of the variation in distance
D from the air center to the front wall. The corresponding wavefront of rarefaction waves reaching each
pressure point are shown in Fig.12. The calculation conditions are the same as previously described.

As shown in Fig.12, point P4 in Zone I (see Fig.6) is only affected by the initial pressure wave. A
smaller D causes the rarefaction wave to reach P4 earlier, shortening the duration of the positive pressure
phase of the initial pressure wave. The maximum reduction in specific impulse reaches 87%. Point P6 in
Zone 11 (see Fig.6) is primarily affected by the secondary water-entry pressure wave. A larger D increases the
time required for the projectile to penetrate through the air layer and reenter water, delaying the arrival of the

secondary pressure wave at P6 and reducing its peak pressure. The maximum attenuation rates of peak
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pressure and specific impulse are 49.3% and 56.4%, respectively. Point P7 in Zone III (see Fig.6) is affected

by both initial and secondary pressure waves. A smaller D results in a shorter duration of the initial pressure

wave and a longer duration of the secondary pressure wave, thus increasing the specific impulse, conversely,

a layer D has the oppsite effect. However, when D=200 mm, P7 falls into Zone I (see Fig.6), where the

secondary pressure wave cannot effectively reach P7.
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Fig.12 Time history curves of pressure and specific impulse vs. spherical center position D and propagation of rarefaction

waves reflected from air layer interfaces (CW: compression wave, RW: rarefaction wave)
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3.3 Effect of spherical air layer size on pressure wave

To analyze the effect of spherical air layer size on the initial and secondary water entry pressure waves,
point P7 in Fig.7 is selected to study the effect of the variation in spherical air layer radius » (see Fig.13(a)).
The distance D from the spherical center to the front wall is set to 150 mm, and the calculation conditions are
the same as previously described. The schematic diagram of the wave fronts when the rarefaction waves

reflected from different air layer sizes reach P7 is shown in Fig.13(b).
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Fig.13 Time history curves of pressure and specific impulse vs. spherical air layer radius » and propagation of rarefaction
waves reflected from air layer interfaces
As shown in Fig.13, a larger  leads to a wider influence range of the rarefaction wave from the air layer,
and both the initial pressure wave Zone I and the secondary pressure wave Zone Il become smaller. As r
increases, the attenuation rate of specific impulse for the initial pressure wave reaches as high as 90.5%, and
the attenuation rates for the peak and specific impulse of the secondary pressure wave are 14.4% and 33.5%,
respectively (comparing »=30 mm and »=50 mm only). When »=70 mm, point P7 enters Zone I (see Fig.6),
and is no longer subjected to the secondary water entry pressure wave. However, the compression wave of the

secondary pressure wave reflected from the rear wall still causes a delayed pressure peak at P7.

4 Conclusions

This study establishes a computational model for projectile water-entry pressure waves considering
reflection from preset air layers. The model is based on both virtual and real mirror methods combined with
potential flow theory. Its validity is verified through numerical simulations. Based on the conducted research,
the main conclusions are as follows:

(1) The rarefaction wave reflected at the air layer interface induces a truncation effect on the pressure
wave within the liquid, significantly reducing the positive pressure duration and the specific impulse of the
pressure wave.

(2) An increase in the free surface height 4 shortens the time for the rarefaction wave to reach the
pressure point, causing earlier truncation. When /4 increases from 30 mm to 90 mm, the attenuation rate of
specific impulse at the pressure point rises to 7.6%.

(3) When a spherical air layer is preset along the trajectory, a smaller spherical center distance D leads
to earlier truncation of the initial pressure wave by the rarefaction wave, with the specific impulse reduced by
up to 87%. A larger D results in attenuation rates of up to 49.3% and 56.4% for the peak pressure and specific

impulse of the secondary pressure wave, respectively.
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(4) A larger spherical air layer radius » expands the influence range of the rarefaction wave reflected
from the air layer and significantly attenuates the specific impulse of the initial pressure wave, as well as the

peak value and specific impulse of the secondary pressure wave.
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