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a b s t r a c t

In this study, an attempt has been made to investigate the water-entry characteristics of the high-speed
parallel projectile numerically. The shear stress transport k-u turbulence model and the Zwart-Gerber-
Belamri cavitation model based on the Reynolds-Averaged NaviereStokes method were used. The grid
independent inspection and grid convergence index is carried out and verified. The influences of the
parallel water-entry on flow filed characteristics, trajectory stability and drag reduction performance for
different values of initial water-entry speed (v0 ¼ 280 m/s, 340 m/s, 400 m/s) and clearance between the
parallel projectiles (Lp ¼ 0.5D, 1.0D, 2.0D, 3.0D) are presented and analyzed in detail. Under the condition
of the parallel water-entry, it can be found that due to the intense interference between the parallel
projectiles, the distribution of cavity is non-uniform and part of the projectile is exposed to water,
resulting in the destruction of the cavity structure and the decline of trajectory stability. In addition, the
parallel projectile suffers more severe lateral force that separates the two projectiles. The drag reduction
performance is impacted and the velocity attenuation is accelerated as the clearance between the par-
allel projectiles reduces.
© 2021 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introductions

Depending on the drag reduction phenomenon of super-
cavitating projectile, the projectile can still maintain a high-speed
and accuracy after traversing a certain underwater distance. In
the practical process of operation and application, the circumstance
of the parallel water-entry problem is inevitable and occurs from
time to time. However, when the clearance between the projectiles
is too small, the formation of asymmetric cavity will adversely
affect the stability of the projectiles and make the projectiles
deviate from the predetermined trajectory (Schouveiler et al.,
2004; Sooraj et al., 2019; Bai et al., 2020). When the clearance be-
tween the projectiles is too large, the damage effect on the target
will be lower than expected. Specifically, for high-speed projectiles,
the water-entry process is associated with the appearance of strong
turbulence, multiphase flow, generation of an impact force and
cavitation phenomena. All the above effects will also increase the
difficulty of the parallel water-entry research. Consequently, the
f Naval Architects of Korea.
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research on the parallel water-entry problem is of great scientific
and practical importance.

Early research on water entry mainly focused on spheres
(Gilbarg and Anderson, 1948; May andWoodhull, 1950; May 1951).
With the passage of time and the development of technology, more
and more experimental and numerical studies on the water entry
by bodies of other shapes were carried out and published, but most
of them focused on the water-entry characteristics of single motion
body. With regard to experimental investigations, there have been
a number of studies of high-speed motion(Panciroli et al., 2015;
Shams et al., 2015; Li et al., 2019; Chen et al., 2019a), cavity dy-
namics (Shi et al., 2019, 2020a; Song et al., 2020; Zhang et al., 2020;
Li et al., 2020a) and slamming loads (Alaoui et al., 2012, 2015; Dong
et al., 2018; Shi et al., 2020b; Sun et al., 2020a). In addition, some
numerical simulations of cavity evolutions,(Aristoff et al., 2010,
Chen et al., 2019b,Wang et al., 2019, Sun et al., 2020b) impact forces
(Scolan, 2014; Hong et al., 2019; Yan and Jiang, 2019) and water-
entry behavior characteristics (Shentu et al., 2019; Nguyen et al.,
2020) have been conducted. In our previous studies(Li and Lu,
2020; Li et al., 2020b), numerical investigations on the character-
istics and stability of the trajectory of a high-speed projectile during
water-entry were carried out. A detailed analysis of the influences
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of cavitation nose structure of a high-speed projectile on water-
entry features was also conducted.

As seen above, a lot of useful and reliable results of the single
water-entry projectile have been achieved, which are of benefit to
promote further research on the parallel water-entry features.
Nevertheless, present literature review indicates the experimental
and numerical investigations of high-speed projectiles in parallel
water-entry problems are few and far between. Wu (2006)
analyzed the hydrodynamic problem of twin wedges entering
water vertically at constant speed based on the velocity potential
theory. Hu et al. (2017) studied the water entry problem of free-
falling twin wedges based on an in-house code, named a Con-
strained Interpolation Profile (CIP)-based model. The effects of
initial impact velocity and the horizontal distance between two
wedges on those results were investigated. Lu et al. (2019) con-
ducted the tests for two-cylinder in parallel water-entry at low
speed. The evolution mechanism of in parallel water-entry two-
cavity was analyzed by comparing tests for a single cylinder water
entry and those for two-cylinder in parallel water-entry. Lu et al.
(2020) carried out an experimental study on the parallel water
entry based on the method of high-speed photography to analyze
the influence of cavity interactions on themselves in the parallel
water entry process. Yun et al.(Yun and Wei, 2020a, 2020b)
experimentally investigated the hydrodynamic characteristics
associated with vertical and oblique water entry of two tandem
spheres by using high-speed photography. The interferences be-
tween two spheres were analyzed. The formation and evolution of
cavity of two spheres were presented.

In summary, most of the research studies on water entry
problem are concentrated on the water entry process of single low-
speed motion body. In other words, the research of high-speed
projectile in parallel water-entry problems poses an important
challenge and is in urgent need of further study. Moreover, the
intense interferences between the parallel projectiles lead to more
complex motion and flow field characteristics. Therefore, in this
study, the shear stress transport k-u turbulence model and the
Zwart-Gerber-Belamri cavitation model based on RANSmethod are
utilized to numerically investigate the water-entry characteristics
of the high-speed parallel projectile. The grid independent study
and grid convergence index is carried out. The influences of the
parallel water-entry on flow filed characteristic, trajectory stability
and drag reduction performance for different values of initial
water-entry speed (v0 ¼ 280 m/s, 340 m/s, 400 m/s) and clearance
between the parallel projectile (Lp ¼ 0.5D, 1.0D, 2.0D, 3.0D) are
presented and analyzed in detail. D depicts the diameter of pro-
jectile that will be presented in the following section.
2. Numerical simulation method

2.1. Governing equations

The Volume of Fluid (VOF) multiphase model is applied to solve
the simulation and capture of the characteristics of the gas-liquid-
vapor three-phase flow. The governing equations for the turbulent
incompressible flow encountered in this research are the three-
dimensional RANS equations for the conservation of mass and
momentum, given as:
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where i¼ 1, 2, 3, j¼ 1, 2, 3, xi and xj denote the Cartesian coordinate
components. P represents the pressure. ui and uj depict the absolute
velocity, respectively. mt is the turbulent viscosity. rm and mm are the
density and the dynamic viscosity of the mixture, separately.

rm ¼ avrv þ alrl þ rg ð1� av �alÞ (3)

mm ¼ avmv þ alml þ mg ð1� av �alÞ (4)

where av and rv denote the vapor volume fraction and density,
respectively. al and rl represent the liquid volume fraction and
density, respectively. rg is the gas density. mv, ml and mg depict the
three-phase dynamic viscosity, respectively.
2.2. Turbulence model

Menter (1994) proposed the Shear Stress Transport (SST) k-u
turbulence model which combined the stability exhibited by the
near-wall k-u turbulence model and the independence of the
external boundary exhibited by the k-ε turbulence model. Accord-
ing to the exiting research results, Qin et al. (2018) investigated the
flow filed characteristics of awith three different typical turbulence
model SST k-u, Standard k-ε and Realizable k-ε. It demonstrated
that, the error of SST k-u turbulence model was smaller than
Standard k-ε and Realizable k-ε turbulence models. In addition,
according to the existing study Ji et al. (2017), the SST k-u turbu-
lence model combines the advantages of stability of the near-wall
k-u turbulence model and independent of the external boundary
k-ε turbulence model.

When RANS equation is used to calculate turbulence, the un-
known quantity ru0iu

0
j will appear in Eq. (2). The unknown quantity

mainly represents the Reynolds stress term in turbulence. When
the turbulent viscosity model is used to deal with turbulence, the
Reynolds stress term is not directly calculated, but by adding
another physical quantity turbulent viscosity, and then the equa-
tion of Reynolds stress term is established by using the turbulent
viscosity. In the SST keumodel, the equation between the Reynolds
stress ru0iu

0
j and turbulent viscosity mt can be expressed as:
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where dij is the Kronecker symbol and k is the turbulence kinetic
energy. The transport equations for kinetic energy k and specific
dissipation rate u are presented as follows:
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where
Table 1
Parameters of the revolution body.

Diameter of conical head (D0) 8 mm
Diameter of cylinder (D1) 19 mm
Length of front cone 60 mm
Length of full revolution body(L2) 240 mm
Initial water-entry speed 81.2 m/s
Clearance between two cylinders (Lr) 47.5 mm
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mt is an equation of k and u and defined as:

mt ¼ r
k
u

(9)

where the empirical parameters are sk ¼ 2.0, su ¼ 2.0, a ¼ 5/9,
b ¼ 0.075, b* ¼ 0.09. (Mu et al., 2019; Liu et al., 2020)

Consequently, the SST k-u turbulence model is applied for the
parallel water entry problems in this study.

2.3. Cavitation model

The Singhal cavitation model, also known as the full cavitation
model, is the most widely applied model for the numerical pre-
diction of cavitating flows (Singhal et al., 2002). However, the
model has limitations if applied to evaporation. As the vapor vol-
ume fraction increases, the nucleation site density needs to
decrease correspondingly. To modify this situation, the Zwart-
Gerber-Belamri (Z-G-B) cavitation model (Zwart et al., 2004) is
adopted in this study and employed as the governing equation of
phase transition as follows:
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where Re and Rc represent the vaporization and condensation rates
per unit volume, respectively. The bubble radius RB ¼ 1 mm anuc
depicts nucleation site volume fraction and equals to 5 � 10�4. The
evaporation coefficient Fvap ¼ 50 and the condensation coefficient
is Fcond ¼ 0.001, pv represents the saturation vapor pressure.

2.4. Solution methodology

In this study, the numerical calculation is carried out by the
commercial code ANSYS Fluent. The Multi-block Overset Grid
(MOG) is used to update the grid and exchange data during the
penetration of the projectile. The spatial discretization of pressure
field adopts the PRESTO! format. The Pressure Implicit with Split-
ting of Operators (PISO) algorithm is used to solve the coupling of
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the pressure and velocity flow fields. Second order upwind is used
for variables and turbulent viscosity parameters. The time step is
set as 1e-6s, and the setting of the solution time is 2000 iterations.
3. Verification of numerical method

Present literature review suggests the experimental data of
high-speed projectiles in parallel water-entry problems are few and
far between. Therefore, the verification of the numerical simulation
method in this study is divided into two parts: verification of par-
allel low-speed cylinder water-entry and verification of single high-
speed cylinder water-entry.

3.1. Verification of parallel revolution body water-entry

In this study, comparisons of numerical simulations with
experimental data and the photograph that was tested by Zhang
et al. (2017) are applied. The main parameters of the revolution
body are obtained by referring to the literature (Zhang et al., 2017)
and shown in Table 1. The initial water-entry speed is 81.2 m/s. The
closest distance between two revolution bodies is defined as
Lr ¼ 47.5 mm, as shown in Fig. 1. The structured grid is about
720036 nodes and applied for whole computational domain. De-
tails of the computational domain grid are illustrated in Fig. 2.

The numerical results of cavity shape at different time are
compared with the experimental images and given in Fig. 3. As can
be seen from Fig. 3, it is found that the cavity shape of the numerical
prediction at different time agrees with experimental photograph
with reasonable accuracy. Moreover, Fig. 4 shows the comparison of
the experimental data and numerical results of the underwater
velocity of the revolution body. As illustrated in Fig. 4, the numer-
ical results are in good agreement with the experimental results,
and all the errors are always less than 1.20%, the maximum error
being 1.09% at t ¼ 8 ms.

3.2. Verification of single high-speed cylinder water-entry

In order to verify the reliability of the high-speed water-entry
simulations in this study, the water-entry process of single cylinder
with the initial speed of 603 m/s is simulated numerically and
compared with the experimental data by referring to the literature
(Guo, 2012). The cylinder enters the water along the vertical



Fig. 1. Computational model of two revolution bodys
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direction. The main parameters of the high-speed cylinder are
shown in Table 2. The computational domain and grid is shown in
Figs. 5 and 6. The number of the entire computational grid is
745864. The grids around the cylinder are refined.
Fig. 2. Computational domain and grid for two revolution bodies: (a) Boundary condition
domain.
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In Fig. 7, the simulation results and the experimental data of the
underwater velocity of the single cylinder are shown. As illustrated
in Fig. 7, the underwater velocity of the single cylinder decreased
with the increasing of underwater time. The under velocity atten-
uation trend of the single cylinder is similar to the experimental
data. The numerical velocity values have a high consistency with
the experimental data, and the errors are less than 7.5%. Moreover,
the photographs taken by a high-speed camera in Fig. 8 show the
shape of water-entry cavity at different times. As shown in Fig. 8,
the water-entry cavity appears and expands with the increasing of
underwater time. Meanwhile, it is found that the cavity shape and
size of the simulation agrees with experimental photograph with
reasonable accuracy.

Consequently, it is presumed that the numerical method based
on RANS, Z-G-B cavitationmodel and SST k-u turbulencemodel can
be applicable and reliable for the simulation of water-entry char-
acteristic of parallel high-speed projectiles.
of computational domain, (b) Computational grid, (c) Initial setting of computational



Fig. 3. Experimental images and numerical results of two low-speed cylinders.

Fig. 4. Experimental data and numerical results for the underwater velocity.

Table 2
Parameters of the high-speed cylinder.

Diameter of cylinder 12.7 mm
Length of cylinder 25.4 mm
Initial water-entry speed (v0) 603 m/s

Fig. 5. Computational domain and boundary conditions for the single cylinder.
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4. Numerical simulation method set-up

4.1. Computational model and boundary conditions

The computational model of the projectile that has a conical
nose followed by a small annular groove is illustrated as Fig. 9. The
parameters of the projectile are listed in Table 3. Lp denotes the
closest clearance between the parallel projectile, as shown in Fig. 9.
The region between two projectiles is defined as the inner side
region and the opposite region is the outer side region. In Fig. 9, the
454
projectile on the left is called Projectile a and the right one is called
Projectile b.

Fig. 10 shows that the computational domain is a cuboid
(2000 mm (20L) in length, 500 mm (5L) in width and 500 mm (5L)
in height) surrounding the parallel projectile. As illustrated in
Fig. 10, the þZ-axis is the penetration direction and parallel to the
longitudinal axis of the projectile. The computational domain is
divided into two parts by the free surface, including the air domain
(500 mm (5L) in length) and the water domain (1500 mm (15L) in
length).

In this study, the settings of boundary conditions are illustrated
in Fig. 10. The pressures outlet is applied on the outlet boundary
with User Define Function (UDF). The projectile surface is set as the
no-slip wall boundary condition. On the cuboid surface the free slip
wall boundary was used. As shown in Fig. 10, the time variable is
defined such that the nose of the projectile touches the free surface
at time t ¼ 0, with t > 0 after water entry.



Fig. 6. Computational grid for the single cylinder.

Fig. 7. Velocity attenuation for numerical results and experimental data.

Fig. 8. Experimental images and numerical resu
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4.2. Grid generation

The accuracy and reliability of the numerical simulation results
is directly determined by the quality of the computational grid. In
this study, the unstructured and structured grid generated is
adopted for all the computational domains, as shown in Fig. 11. The
total number of computational domain grids is 1216270. The grid of
the computational domain is divided into three parts: the grid of
the projectile domain, the grid of the background domain and the
grid of the external region. In order to capture the characteristics of
the water-entry characteristics of parallel projectile precisely, the
structured grid is applied for the projectile domain and the back-
ground domain. The unstructured gird is adopted for the external
region. Besides, local refinement is used for the local grid around
the parallel projectile by adding the boundary layer grid. The
thickness of the first boundary layer grid around the parallel pro-
jectile has size 0.03 mm, and the corresponding Yþ value is about
30. A zoomed-in view of the projectile grids is shown in Fig. 11 (b).

4.3. Grid independent inspection and grid convergence index

The grid independent inspection is carried out in order to ensure
lts for the cavity shape of a single cylinder.



Fig. 9. Computational model of the parallel projectile.

Table 3
Parameters of the projectile.

Projectile diameter (D) 12.7 mm
Conical nose angle 100+

Mass 90g

Length (L) 99 mm

Fig. 10. Computational domain and boundary condition for the parallel projectile.

L. Lu, C. Wang, Q. Li et al. International Journal of Naval Architecture and Ocean Engineering 13 (2021) 450e465
the accuracy and precision of numerical investigation of the parallel
projectile water-entry. The computational grids are regenerated by
reducing and increasing the height of the first layer wall grids. The
first layers of the regenerated grids around the projectile are of
sizes 0.35mm and 0.70mm, respectively. The coarse grid number is
900603. The refined grid number is 1519283. The numerical results
of the velocity attenuation of single projectile along the Z-axis di-
rection with Lp ¼ 0.5D and v0 ¼ 400 m/s are illustrated in Fig. 12. It
can be seen from Fig. 12 that the projectile velocity attenuation of
the coarse grid is slightly faster, while the projectile velocity
attenuation of the other two kinds of grids is basically consistent,
and the grid independence inspection is verified. Considering the
simulation efficiency and accuracy, the grid number of 1208270 is
selected for numerical simulation and analysis of the parallel wa-
ter-entry.
456
In addition, the Grid Convergence Index (GCI) is also applied and
defined as follows:
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where p is the accuracy order of the algorithm, r is the grid
refinement factor between the fine and coarse grid, is a safety
factor. For Lp ¼ 0.5D and v0 ¼ 400 m/s, r ¼ 1.5 and Fs ¼ 1.25, the
velocities of three kinds of grids are v1 ¼ 383.23 m/s,
v2 ¼ 383.163 m/s, v3 ¼ 383.104 m/s, respectively. p ¼ 0.04216,
GCIfine ¼ 0.01086, GCIcoarse ¼ 0.01124, GCIcoarse/GCIfine ¼ 1.03463,
which is approximately one and indicates that the grids are well
within the asymptotic range of convergence.
5. Results and discussions

5.1. Influence of the parallel water-entry on flow filed
characteristics

Fig. 13 shows the cavities at vertical water entry (v0 ¼ 400 m/s)
of the single projectile and the parallel projectile for different
values of Lp. As can be seen from Fig. 13 (a), the process of water
entry of the single projectile is relatively stable, without obvious
deflection of the trajectory. The same condition happens on the



Fig. 11. Computational grid for the parallel projectile: (a) grid of the computational domain and (b) local grid of the projectile.

Fig. 12. Velocity attenuation for different grid numbers.
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parallel projectile of Lp ¼ 3D. However, for the parallel projectile of
Lp ¼ 0.5D, with the accumulation of water-entry time, the distance
between two projectiles increases evidently, and the cavities of two
projectiles lose their symmetrical structure, which causes the
deflection of the trajectory. This phenomenon can be analyzed by
combining the local cavity around the parallel projectile in Fig. 14
(a). In Fig. 14 (a), the single projectile is completely wrapped in
the cavity, and the local cavity around the single projectile presents
a good symmetric distribution along the penetration direction.
Therefore, the lateral force on the single projectile is relatively
small, which makes the projectile has a good stability, and no
obvious defection occurs after 2.1 ms of water-entry. Besides, for
the parallel projectile of Lp ¼ 3D, as shown in Fig. 14 (c), there is
little difference between the cavity shape of the parallel projectile
and that of the single projectile. Although the cavity size of the
inner side of the projectile is slightly smaller than that of the outer
side, the influence of the lateral force on the parallel projectile is
slight, which does not give rise to the obvious appearance of the
trajectory deflection. Nevertheless, for the situation of Lp ¼ 0.5D, as
shown in Fig. 14 (b), because the two projectiles is very close, the
cavity of the two projectiles is partially merged, it will cause the



Fig. 13. Cavities at vertical water entry for (a) single projectile, (b) Lp ¼ 0.5D, and (c)
Lp ¼ 3D.
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cavity incompleteness and uneven force of each projectile. In
addition, due to the influence of adjacent projectile, the expansion
of the cavity to the inner side of the parallel projectile is restrained,
which makes the cavity size of the outer side of the projectile is
significantly larger than that of the inner side. Moreover, the
asymmetric distribution of the cavities results in the asymmetric
forces on the projectile, the more integrated cavity of the outer side
means less drag on the outer side of the projectile than that of the
inner side, and finally shows that the parallel projectile separates
from each other.

Fig. 15 shows the vapor volume fraction of the projectile surface
of the single projectile and the parallel projectile for different
values of Lp. It can be seen from Fig. 15 that when the single pro-
jectile enters water, the surface of the single projectile is completely
covered by the vapor and has no wetting phenomenon, which
means that the single projectile reaches the requirement of the
complete cavitation and has better capacity of the drag reduction
performance and underwater velocitymaintenance at this time. For
the parallel projectile of Lp¼ 3D, the surface of the two projectiles is
basically covered by the vapor, and the cavitation effect of the two
projectiles is tolerable. There is no great wetted area on the surface
of the two projectiles, and only an indistinct wetted area happens
on the middle region of the projectile surface, which indicates that
the force on each projectile is relative uniform and the interference
between the two projectiles is almost negligible. However, when Lp
is reduced to 0.5D, as shown in Fig. 15 (b), the interference between
the two projectiles is sever and gives rise to the destruction of the
cavity structure. In addition, the degree of the wetted area of
Lp ¼ 0.5D is evidently stronger than that of Lp ¼ 3D. Two distinct
wetted areas appear on the middle and tail region of the projectile
surface, respectively, which causes that part of the inner side of the
projectile is exposed to water, the drag of the projectile increases,
and the capacity of underwater velocity maintenance declines. At
the same time, the imbalance of forces on both sides of the pro-
jectile also makes that it is difficult to maintain the trajectory sta-
bility. Therefore, it can be concluded from Figs.13e15 that the effect
of the clearance between the parallel projectile (Lp) on the flow
field features and cavity structure is very prominent. With the in-
crease of Lp, the interference between the two projectiles will
gradually weaken. When the distance between the two projectiles
is increased to 3D, the interference between the two projectiles is
nearly negligible, and the flow field and trajectory characteristics of
the parallel projectile are nearly similar to that of the single
projectile.

The local pressure contours near the projectile head are shown
in Fig. 16. As illustrated in Fig. 16, for different working conditions,
the shape of the pressure contour of each projectile is basically
showing no difference. The shock wave appears at the projectile
head region, but the intensity of the shock wave of each working
condition is different. As shown in Fig. 16. (a), (b) and (c), the
maximum pressure at the projectile head is 71.5Mpa, 83.4Mpa,
72.3Mpa, respectively. Under the condition of Lp ¼ 3D, the inter-
ference between the two projectiles is weak, so the shock wave
intensity of Lp ¼ 3D just has a tiny difference with that of the single
projectile. But for Lp ¼ 0.5D, the situation is markedly different. The
intensity of the shock wave for Lp ¼ 0.5D is obviously greater than
those of the single projectile and Lp ¼ 3D. The reason is that with



Fig. 14. Local cavities around the projectile for (a) single projectile, (b) Lp ¼ 0.5D, and (c) Lp ¼ 3D.

Fig. 15. Vapor volume fractions of the projectile surface for (a) single projectile, (b) Lp ¼ 0.5D, and (c) Lp ¼ 3D.
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Fig. 16. Local pressure contours near the projectile head for (a) single projectile, (b) Lp ¼ 0.5D, and (c) Lp ¼ 3D.

Table 4
Simulation working condition groups of PJP.

Working condition Group 1 Working condition Group 2 Working condition Group 3

Initial water-entry speed
v0 (m/s)

280 340 400

Number of projectiles Single and Parallel Single and Parallel Single and Parallel
Clearance Lp 0.5D,1D, 2D, 3D 0.5D,1D, 2D, 3D 0.5D,1D, 2D, 3D
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the intense impact of adjacent projectile, the volume of the cavity is
small, and the flow volume near each projectile head increases.
Besides, due to the weak shock wave, the drag force of the single
and Lp ¼ 3D is smaller than that of Lp ¼ 0.5D.
5.2. Influence of the parallel water-entry on trajectory stability

The simulation working conditions are shown in Table 4. In this
study, three sets of initial water-entry speed (v0¼ 280m/s, 340m/s,
400 m/s) are investigated numerically, and each set of working
condition group is carried out with four different clearances,
Lp ¼ 0.5D,1D, 2D, 3D. Simultaneously, the calculation of the single
projectile with three different initial water-entry speeds is applied,
which is used as a comparison. In addition, for the parallel pro-
jectile, Projectile a of each Lp is selected to obtain the numerical
trajectory feature results. TheWeber number and Bond number are
460
defined asW¼rlv
2
0L
s and Bd¼ rlgR

s , where R is the projectile radial, and
s is the surface tension coefficient. In this study, s ¼ 0.07197 N/m,
R¼ 0.00635m. For three water-entry speed of v0¼ 280m/s, 340 m/
s, 400 m/s, the Weber number is W ¼ 1.38 � 107, 2.04 � 107,
2.82 � 107, respectively. The Bond number is 5.49.

Fig. 17 shows the variations of the lateral force on the projectile
along the Y-axis for different values of v0 and Lp. As can be seen
from Fig. 17, for the single projectile of different values of v0, the
lateral force on the projectile is very small and basically remains
constant because of its good stability performance. On the contrary,
for all parallel water-entry projectiles, the drag forces increase and
then decrease. The moment that the lateral forces change is around
t ¼ 0.001s. The reason why the lateral force increases is that the
interference between the two projectile cavities increases gradually
with the developments of two cavities. Subsequently, because two
projectiles deflect away from each other and the clearance between



Fig. 17. Variations of the lateral force on the projectile for different values of v0 and Lp:
(a) v0 ¼ 280 m/s, (b) v0 ¼ 340 m/s, and (c) v0 ¼ 400 m/s.

Fig. 18. Variations of the deflection along the Y-axis for different values of v0 and Lp: (a)
v0 ¼ 280 m/s, (b) v0 ¼ 340 m/s, and (c) v0 ¼ 400 m/s.
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Table 5
Deflections with three different v0 for Lp ¼ 0.5D.

Initial water-entry speed Deflection

280 m/s 21.5 mm
340 m/s 26.1 mm
400 m/s 29.6 mm

Fig. 19. Variations of the drag along the Z-axis for different values of v0 and Lp: (a)
v0 ¼ 280 m/s, (b) v0 ¼ 340 m/s, and (c) v0 ¼ 400 m/s.
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the two projectiles increases, the interference between the two
projectile cavities declines and the lateral force decreases. During
the initial process of water-entry, the clearance between the two
projectiles is close, and the interference between the two pro-
jectiles is intense, resulting in a rapidly increasing lateral force. The
two projectiles gradually deflect under the influence of the lateral
force, and move to the outer side direction. With the deflection of
the projectile, the clearance between the two projectiles gradually
increases, as shown in Fig. 17 (b), and the lateral force begins to
decrease at the same time. For the parallel projectile with a larger
clearance, like Lp¼ 3D, the interference between the two projectiles
is very weak during the initial stage of water-entry, which causes
that the lateral force along the positive direction of the Y-axis is
little. With the increase of the deflection, the two projectiles move
further away from each other, which makes that the force of fluid
on the projectile in the opposite direction dominates, so a small
amount of resultant force along the negative direction of the Y-axis
comes into sight with the increase of water-entry time.

Compared with the working conditions of same v0 and different
Lp, it is found that the smaller the clearance, the greater the
maximum value of lateral force. For three different initial water-
entry speeds, the results in Fig. 17 show that the lateral force of
Lp ¼ 1D decreases faster than that of Lp ¼ 2D. The main reason is
that the projectile of Lp ¼ 1D receives more lateral force during the
initial process of water-entry and deflects more obviously, the re-
action force of fluid along the negative direction of the Y-axis is
greater. In particular, for Lp ¼ 0.5D, although the maximum
deflection happens on the parallel projectile, the original clearance
is extremely small, the lateral force of Lp ¼ 0.5D has a high
maximum value and is greater than other working conditions in
most of underwater time. In addition, comparing the working
conditions of same Lp and different v0, it can be seen that the larger
the initial water-entry speed, the greater the kinetic energy of the
fluid near the projectile, and the stronger the lateral force of the
projectile.

In Fig. 18, the variations of the deflection along the Y-axis for the
single and parallel projectile are presented. As we can see from
Fig. 18, the deflection of the single projectile along the Y-axis is less
than 2 mm for three initial water-entry speeds after the projectile
penetrates the free surface for 1000 mm, meaning that the single
projectile has a good stability performance. By contrast, for the
same v0 and different Lp, the deflection becomes more obvious with
the reduction of Lp, which is consistent with what is shown in
Fig. 13.

For Lp ¼ 0.5D, the deflections with three different v0 are shown
in Table 5. As can be seen from Table 5, all the projectiles of three
different v0 deflect from its predetermined trajectory evidently,
which leads to the instability of the projectile trajectory. Simulta-
neously, it is found that the initial water-entry speed directly im-
pacts the deflection of the parallel projectile. A higher initial water-
entry speed causes a stronger fluid interference between the two
projectiles and brings about an obvious deflection more easily.
With the increase of Lp, the deflection of the projectile becomes
weaker and weaker. As Lp ¼ 3D, the deflection along the Y-axis is
less than 5mm after penetrating for 1000mm, which indicates that
the interference between the two projectiles is very negligible.
462



Table 6
Increments of the drag with three different v0 for Lp ¼ 0.5D.

Initial water-entry speed Increments of the drag

280 m/s 16.8%
340 m/s 19.1%
400 m/s 20.1%
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Therefore, in order to ensure the stability of entering the water-
entry, it is necessary to control the clearance between the two
projectiles when launching in parallel.
5.3. Influence of the parallel water-entry on drag reduction
performance

Fig. 19 shows that the variations of the drag along the Z-axis for
different values of v0 and Lp. From Fig. 19, it can be seen that the
variation trends of the drag for different values of v0 and Lp are
consistent. For all parallel water-entry projectiles, the drag forces
increase and then decrease. The moment that the drag forces
change is around t ¼ 0.002s. At the moment of entering the water,
the shock wave near the projectile head is generated by the water-
entry impact force, which causes the sharp rise of the drag. Then,
due to the generation of cavity around the projectile and the decline
of the underwater velocity, the drag of the projectile gradually
decreases.

Comparing different Lp, it can be found that when the initial
water-entry speed and the underwater time are the same, the drag
of all the parallel projectiles is greater than that of the single pro-
jectile. Besides, the smaller the clearance of the parallel projectile,
the greater the drag of the projectile. This is mainly because that the
smaller Lp causes that the cavity has a poor encapsulation capacity
and part of the projectile exposes to the water that has been shown
in Fig. 14, which results in a bad drag reduction performance. For
Lp ¼ 0.5D, the increments of the drag compared to the single pro-
jectile with three different v0 after the projectiles penetrate the free
surface for 1000 mm are shown in Table 6. It can be found from
Table 6 that the drag of the parallel water-entry will increase with
the enlargement of v0. The main reason is that the enlargement of
v0 improves the intensity of turbulent kinetic energy and the
interference between the two projectiles, which causes the further
destruction of the cavity encapsulation. Finally, it shows the in-
crease of the drag of the parallel water-entry with v0.

In Fig. 20, the velocity attenuations along the Z-axis for different
values of v0 and Lp are illustrated. As we can see from Fig. 20, the
velocity attenuation along the Z-axis is approximately linear. As can
be seen from Fig. 19 above, the drag of the parallel projectile is
much higher that of the single projectile. Besides, it can be found
from the lateral force results, as shown in Fig. 17, that part of the
velocity along the Z-axis is converted into the velocity along the Y-
axis due to the influence of the lateral force on the projectile. Hence,
the results in Fig. 20 show that the velocity attenuations along the
Z-axis of all parallel projectiles are faster than that of the single
projectile. Moreover, the smaller the clearance between the two
projectiles, the faster the velocity attenuation. For Lp ¼ 0.5D, the
decrements of the velocity compared to the single projectile with
three different v0 after the projectiles penetrate the free surface for
1000 mm are shown in Table 7. It can be seen from Table 7 that the
velocity maintenance of the parallel projectile is slightly weaker
compared with that of the single projectile. When the initial water-
entry speed increases, the amplitude of the velocity attenuation
becomes larger, but not prominent.
Fig. 20. Velocity attenuations along the Z-axis for different values of v0 and Lp: (a)
v0 ¼ 280 m/s, (b) v0 ¼ 340 m/s, and (c) v0 ¼ 400 m/s.
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Table 7
Decrements of the velocity with three different v0 for Lp ¼ 0.5D.

Initial water-entry speed Increments of the drag

280 m/s 2.0%
340 m/s 2.2%
400 m/s 2.3%
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6. Conclusions

In this study, the water-entry characteristics of the parallel
projectile have been investigated numerically by using the ZeGeB
cavitation model and the SST keu turbulence model based on the
RANS method. The numerical method has been verified. The grid
independent study and grid convergence index has been carried
out. The influences of the parallel water-entry on flow filed char-
acteristics, and drag reduction performance have been investigated
in detail. The primary findings and conclusions are as follows.

(1) Under the condition of the parallel water-entry, the expan-
sion of cavity to the middle region of two projectiles is
restrained. Due to the intense interference between the two
projectiles, the distribution of cavity is non-uniform and part
of the projectile is exposed to water, resulting in the
destruction of the cavity structure and the decline of tra-
jectory stability.

(2) Compared with the single projectile, the parallel projectile
suffers more severe lateral force that separates the two
projectiles from each other. Moreover, the lateral force is
enlarged and the stability of the projectile is getting worse as
the clearance between the two projectiles reduces. There-
fore, in order to ensure the stability of entering the water-
entry, it is necessary to control the clearance between the
two projectiles when launching in parallel.

(3) Under the condition of the same initial water-entry speed
and underwater time, the drag of the parallel projectile is
greater than that of the single projectile. The decrease of the
clearance promotes the interference between the two pro-
jectiles and the intensity of turbulent kinetic energy, result-
ing in the further destruction of the cavity encapsulation.
Finally, it shows the increase of the drag and the attenuation
of the underwater velocity. Besides, the drag reduction per-
formance is impacted and the velocity attenuation is accel-
erated as the clearance between the parallel projectiles
reduces.
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