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Abstract

Water entry of marine structures has long been an important problem in ocean engineering. Among the different techniques
to predict fluid-structure interactions during water entry, smoothed particle hydrodynamics (SPH) method gradually
becomes a promising method that is able to solve the impact pressure and the splashing fluid jets simultaneously.
However, for three-dimensional (3D) problems, SPH method is computationally expensive due to the huge number of
particles that are needed to resolve the local impact pressure accurately. Therefore, in this work an axisymmetric SPH
model is applied to solve different water entry problems with axisymmetric structures including spheres and cones with
different deadrise angles. Importantly, the Volume Adaptive Scheme (VAS) is added to guarantee the homogeneousness of
particle volumes during the simulation. The axisymmetric SPH model with VAS scheme will be introduced in detail and
the numerical results will be sufficiently validated with experimental data to demonstrate the high robustness and accuracy

of the SPH model for solving 3D axisymmetric water entry problems in an efficient way.

Keywords Water entry ; Smoothed particle hydrodynamics ; Slamming ; Ocean engineering

1 Introduction

Water entry of structures, as a fundamental and widely
concerned mechanical issue, is tightly related to many appli-
cations in engineering. In particular, water entry problems
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are frequently encountered in ocean engineering applications,
e.g. free-fall of lifeboats (Huang et al., 2021), launching of
torpedoes from air, aircraft ditching (Woodgate et al., 2019;
Xiao et al., 2017), ship slamming (Cheng et al., 2020), etc.
To ensure safety of marine vehicles, the physical character-
istics of the marine structure after water entry should be
well studied and understood, including the velocity and accel-
eration variation of the structure, the pressure loaded on the
structure surface and the fluid splashing induced by the strong
impact (Lin, 2007).

The first significant study of water entry was conducted
by Von Karman and Wattendorf (1929) who estimated the
slamming forces on wedges according to conservation of
fluid-wedge momentum theory and the added mass effect,
which was applied to predict the maximal pressure estima-
tion on the floats of hydroplanes during sea landings. Wag-
ner (1932) also investigated a similar issue for the impact
of objects on liquid surfaces. Later, based on the velocity
potential theories, Dobrovol’skaya (1969) investigated a
two-dimensional wedge water entry problem. However, in
these theories, the water entry models were limited to ideal
conditions so that it is not enough to reflect the real water
entry process of marine structures with complex shapes con-
sidering the effects of air phase and fluid compressibility.
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After that, numerous experimental studies were reported
on the water entry of the various axisymmetric shapes. For
example, the experiment by Moghisi and Squire (1981) re-
ported the initial impact force on a sphere striking a liquid
surface. The study of Lin and Shieh (1997) provided exper-
imental data for impact pressure and the acceleration of
structures with circular cylindrical shapes. Yettou et al. (2006)
investigated the pressure distribution on a free-falling wedge
upon entering water experimentally. Especially, Truscott and
Techet (2009) investigated experimentally the water entry
of both spinning and non-spinning spheres at low Froude
numbers. In particular, Aristoff et al. (2010) combined ex-
perimental and theoretical methods to predict the sphere
dynamics. Indeed, the experimental tests provide plenty of
reliable results to conclude the mechanism of water entry
problems. However, due to the limitations of expensive cost
and long experimental duration, the experimental method
is not efficient, convenient and simple to investigate the wa-
ter entry issues. To foster the research on alternative meth-
ods, more computational fluid dynamics (CFD) solvers are
developed which can avoid the high expense in experi-
ments and simulate more complex conditions compared to
analytical models (Zhao and Faltinsen, 1993; Yu et al,,
2015). Using the Eulerian mesh-based solvers, Iranmanesh
and Passandideh-Fard (2017) investigated the water entry
of a horizontal circular cylinder in three dimensions (3D),
tracking the free surface using the VOF method. In addi-
tion, detailed studies on water entry problems were carried
by Van Nuffel et al. (2014); Wang and Soares (2020); Wang
et al. (2021); Wang and Soares (2022). As mentioned before,
the treatment of free surface is complicated for grid-based
Eulerian methods. Further, the sharpness of free surfaces
could be lost in the space where the mesh resolution is not
fine enough. In contrast, the mesh-free method or particle
method owns significant advantages for such problems with
splashing free surface.

Smoothed particle hydrodynamics (SPH) method, thanks
to its Langrangian feature, is capable of dealing with the free
surface breaking and water splashing (Yang et al., 2020),
demonstrating that the SPH is a competitive method for
ocean engineering applications, see Ye et al. (2019); Liu
and Zhang (2019); He et al. (2020); Long et al. (2021); Luo
et al. (2021); Sun et al. (2021a); and Lyu et al. (2022a). Ac-
tually, extensive SPH simulations were accomplished for
the water entry problems, see Shao (2009); Skillen et al.
(2013a); Khayyer and Gotoh (2016); Gong et al. (2016);
Zhang et al. (2017); Sun et al. (2018); and Wang et al.
(2019). The authors simulated the water entry of rigid bod-
ies including wedge, sphere and plate using weakly-com-
pressible (see e. g. Oger et al. (2006); Vandamme et al.
(2011); and Omidvar et al. (2012) ) or incompressible SPH
models (Shao and Gotoh, 2004; Beckmann et al., 2012;
and Skillen et al., 2013b). However, most of the SPH simu-
lations are limited to two dimensions (2D). Further, most
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investigations were performed with single-phase SPH
model, neglecting the effect of air. For some fluid impact
problems, the air phase has a significant influence on the
flow evolution and the slamming load on structures. To
simulate multiphase flows, SPH has been proved to be an
excellent method (Colagrossi and Landrini, 2003; Ham-
mani et al., 2020) thanks to its advantage of tracking the
particles in a Lagrangian fashion, and therefore, the inter-
face between two phases can be straightforwardly cap-
tured. In that way, the water entry process can be simulat-
ed accurately.

Importantly, as highlighted in Marrone et al. (2017), the
water entry simulation using SPH in 3D would lead to
enormous computational cost, so that it is challenging for
engineering applications. From this aspect, for some axi-
symmetric problems, SPH simulation in the cylindrical co-
ordinate system can be applied to save the computational
cost. Ming et al. (2014) adopted an axisymmetric SPH
model to study underwater explosion problems. Brook-
shaw (2003) proposed an axisymmetric SPH discretization
in the cylindrical coordinate, while their model has an ob-
stacle to treating with the axis singularity. Recently, Gong
et al. (2019) developed an axisymmetric SPH model under
the weakly-compressible assumption for water entry prob-
lems. For the above-mentioned axisymmetric SPH studies,
the treatment of the symmetric axis is not easy due to the
singularity which could lead to problems of numerical in-
stability. Recently, Sun et al. (2021b) adopted the ghost
particles mirrored on the other side of the axis, avoiding ax-
is singularities and, further, they proposed a Volume Adap-
tive Scheme (VAS) to keep uniform particle distributions
with homogeneous volumes. Later, Fang et al. (2022) ex-
tended this technique to the framework of Riemann-SPH,
and investigated different multiphase flows with complex
interfaces. In the above studies, the axisymmetric SPH
model has been applied to water entry problems, but in
their works the axisymmetric SPH simulations were mainly
applied to predict the motions of the structure, without
carefully validating the local impact pressure which will
be carried out in the present work. In addition, the particle
resolution was not fine enough in previous studies and
therefore the splashing jets were not captured accurately.

In the present work, an axisymmetric SPH method is im-
plemented for different water entry problems with different
structures, including sphere and cones with different dead-
rise angles. Similar to Sun et al. (2021b), the VAS is applied
to ensure the homogeneousness of the particle volumes. To
investigate the water entry problems more comprehensive-
ly, the local impact pressure will be carefully validated and
discussed after a convergence study. In addition, the slashing
jets are captured and carefully compared with experimental
snapshots.

The paper is arranged as follows: Section 2 introduces
the axisymmetric SPH model, the treatment of singularity
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at axis, the volume adaptive scheme and the boundary con-
ditions. Section 3 displays results of water entry simula-
tions validated with experiment data, demonstrating the ac-
curacy and advantages of the axisymmetric SPH model
after convergence analysis. Finally, Section 4 gives con-
cluding remarks and perspectives regarding the SPH simula-
tion of water entry in the present work and in the future
studies.

2 Axisymmetric SPH model

2.1 Governing equations and axisymmetric
simplification

To simulate the water entry problems, similar to the pre-
vious studies (Lyu et al., 2021; Gong et al., 2016), the fluid
is assumed to be inviscid and weakly-compressible. Grounded
on these assumptions, the governing equations in cylindrical
coordinates (Gong et al., 2019) are presented as follows:

Dp pl o o’ v
L= _C| () + e+
Dt r[&r(w) a6 oz |
Dv _ 1dp
D¢ p or’
) (1)

Dvi__1dp
Dt pr 96’
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in which p and p represent density and pressure, respec-
tively. The v, v/ and v* denote the three components of the
velocity vector v in the radial(r), circumferential (6 ) and
axial (z) directions, respectively. g” is the magnitude of the
gravity acceleration in the z direction. The first equation in
Eq. (1) represents the continuity equation and other three
equations are the components of momentum equation de-
scribed in three dimensional coordinates (7-6-z).

Under the axisymmetric assumption, the circumferential
velocity component v/'=0 and the partial derivative of pres-
sure dp/d6=0 (Sun et al., 2021b). The governing equations
in Eq. (1) can be simplified as follows:
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Therefore, the water entry problems can be simplified by
reducing the problem to an axisymmetric one, see Figure 1.
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Figure 1 The diagram showing the simplification from a 3D cylindrical
coordinates system to a 2D axisymmetric plane. In the 2D plane on
the right side, the particle mass m, is equal to the torus mass in the
3D cylindrical coordinate system, which should be conserved in the
flow evolution unless a particle splitting or coalescing occurs. Therefore,
the particle volume ¥, varies directly when the radial coordinate 7,
changes (Sun et al., 2019)

2.2 Discretizations

The water entry of axisymmetric body can be simulated
using the axisymmetric SPH model with particles only dis-
tributed in -z plane, thus straightforwardly avoiding the
enormous number of fluid particles needed in the purely
3D SPH simulations. The governing equations (Eq. (2)
(Sun et al., 2021b)) are discretized as

Dp, Vi
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where the subscript i denotes the i-th particle and j denotes
the particles in the kernel supporting region of i. v and g
have components in two directions, denoted as v = (v, V)
and g=(0,-g). p, is denoted as (p, + p))/2. W, represents the
kernel function for which the Wendlend C2 kernel is used
in this work. The smoothing length is set to # = 2Ax where
Ax denotes the particle spacing. r, is the vector of particle
position of particle i. For the sake of stabilizing the density/
pressure and velocity fields, the diffusive terms with D,
and m; are added in governing equations(Antuono et al.,
2010, 2012). The constant parameter 0 = 0.1 is used in the
density diffusive term. D, is defined as follows:

(r,=r)V.w,
D, =23y, PR -, 4)
J Jj i

in which
1
l//ji:(p/_pi)_z (< vp>iu +< vp>‘/'u).(rj_ri)a Q)
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where < Vp > [ and < Vp > ! represent the renormalized
density gradient (Randles and Libersky, 1996), and r, rep-
resents the position vector of particle i. The viscous term 7,
is given as

(vj - vi)'(rj - r)

P (6)

m; = acyh |

where, to ensure numerical stability, the constant parame-
ter «=0.05 is used for water, a=0.3 is used for air and =
(¢; + ¢)/2. Further, to regularize the particle distribution,
the particle shifting technique (PST) is adopted. More de-
tails can be seen in Sun et al. (2019, 2021b).

Finally, the velocity divergence <V - v>"', density gradi-
ent <V p>"" and pressure gradient <V p>"* are discretized
similar to Sun et al. (2021b), written as

< Vo> = (v -v) VIV,
7

<Vp>i= z(p/ _p[)v[VV[/CVj
7

<Vp> zm: = z(piLi +ijj)viW“V
J

/M

VWS =LV W,; L;= z(r/— r)® VW,
J

(7

In addition, the technique of Tensile Instability Control
is applied to reformulate the pressure gradient term to pre-
vent the tensile instability when the pressure becomes neg-
ative, more details see Sun et al. (2017).

2.3 The equation of state

In order to obtain the pressure of fluid particles, the equa-
tion of state is applied to link the density and pressure (Cola-
grossi and Landrini, 2003), written as:

_ Cép of, P v :|
. ho) 1+ po (8)
where ¢, is the artificial sound speed and p, is the refer-
ence density when the particle pressure is equal to the back-
ground pressure p,. For water entry problems, the air and
water phase are both taken into consideration. The pres-
sure for two phases is calculated with Eq. (8). In the multi-
phase SPH model, following Colagrossi and Landrini (2003),
the polytrophic coefficient y is set as y, =7 for water and y,=1.4
for air. To satisfy the weakly-compressible assumption, in
the water phase, the density variation should be less than
1% of p,, i.e. p/p,<1%. In order to meet this requirement,
the artificial sound speed c,, of water is constrained by the
maximum expected pressure p, and velocity v, (Sun et al.,
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2017), written as

pmax

0

max> ©)

Cop = IOmax(v

As for the gas phase, the speed of sound c,, (Sun et al.,

2021) is given as
CowPony
owlHow/a
Copu= |/ 10
o panw ( )

In all the SPH simulations, the reference density of water
is set as 1 000 kg/m’® while the one of air is set as 1.29 kg/m’.
It leads to a larger sound speed in the air phase, reducing
the time step and therefore making the computational cost
of multiphase SPH simulations very expensive. But in this
work, thanks to the axisymmetric SPH model, the 3D prob-
lem can be simulated in a 2D plane, therefore particle num-
bers are significantly reduced. In addition, the fourth-order-
Runge-Kutta format is implemented to integrate the gov-
erning equations (Sun et al., 2021b). The time step is deter-
mined by:

h h.
At = min(0.25 min |—-,CFL min’) (11)

|a,| Co

where the sound speed ¢, is selected using the maximum
value between ¢, and ¢,,, and the CFL number is set as 0.5.
Constrained by the above condition, the time step in simu-
lations is small enough to keep stability. Recently, He et
al. (2022) proposed a stable multiphase SPH model with a
larger CFL number which could further improve the numeri-
cal efficiency.

2.4 Treatment of symmetry axis

In the present axisymmetric SPH scheme, the treatment
of the symmetry axis is an essential but challenging prob-
lem. Firstly, the particles close to the axis (#— 0) would
lack neighbor particles in the domain of <0, resulting in
the truncated kernel support. Further, the calculation of 1/7,
in governing equations (Eq.(3)) at the axis, i.e. »—0, would
lead to numerical singularity. To solve this problem, on the
other side of the axis (i.e. »<0) and within a distance of 2 4,
ghost particles are created based on mirroring the fluid par-
ticles with respect to the axis. Noting that the velocity of
ghost particles takes the same value of the fluid velocity in
the z-direction, but takes the opposite value in the r-direc-
tion. The other physical quantities of ghost particle are di-
rectly copied from the corresponding fluid particles (Sun
et al., 2021b). Finally, quantities of the ghost particles are
given as



X.T. Huang et al.: Water entry problems simulated by an axisymmetric SPH model with VAS scheme 5

mg = nmy, hg = h/”

Vo= = v (12)

Py = PrsPe ™ P>

where the subscript g and f represent the ghost particles
and fluid particles, respectively. In fact, the calculation of
SPH divergence and gradient operators in Eq. (7) is not af-
fected by the term 1/#. Further, with the ghost particles, the
fluid particles are bounced back when they are about to
penetrate the axis. Therefore, the singularity at the axis can
be naturally avoided, guaranteeing the numerical stability.

2.5 Volume adaptive scheme (VAS)

Thanks to the Lagrangian properties of SPH model and
especially in the axisymmetric SPH model, each fluid parti-
cle represents a fluid torus in the 3D space. When simplify-
ing from 3D space to the 2D r-z plane, as shown in Figure 1,
each particle volume in 2D represents the cross-section of
the fluid torus (Sun et al., 2021b), written as

m;
A OTIOk (13)
which indicates that the particle volume varies with the
distance to the axis r(¢). Therefore, to limit the range of the
volume variation, the VAS proposed by Sun et al. (2021,b)
is implemented in the current work.

Limitation of the volume variation is realized with particle
splitting and merging. Particle splitting is triggered when its
volume is too large, while particle merging is triggered when
its volume is too small, which aims to avoid clustered or
sparse particle distributions. The process of VAS is shown
in Figure 2. The step of splitting or merging is determined
by the ratio between the real-time particle volume and the

Volume adaptive scheme |

. Mother particle
O Daughter particle

VIV ,<2/3and
d<\2/3V,

End

Particle splitting Particle merging

o @°

Figure 2  Sketch showing the volume adaptive scheme where 7,
represents the initial particle volume and d is the distance between
two pairwise particles (Sun et al., 2021)

reference one. Specifically, if the particle volume V" exceeds
V.. (restriction on particle growing), the mother particle
will be split into four daughter particles distributed on the
vertices of a square (Sun et al., 2021b), assigned with the
particle volume of V,, /4. As aforementioned, the VAS
scheme is designed to homogenize particle distribution,
guaranteeing the volume variation in a small range. That
means the volume variation before splitting is equal to the
volume variation after splitting (Sun et al., 2021), i.e. satis-

fying the following relation:

I/ma)(
|| Vmax - I/OH = VO - 4 > (14)

where V_=1.6 V is obtained from Eq.(14). Accordingly, af-
ter splitting, the minimum particle volume of daughter par-
ticles is 0.4 V,, and the maximum volume variation for all
particles remains less than 0.6/,. Other field quantities of
the daughter particles can be obtained via the following
criteria (Sun et al., 2021) as

r,=r,x z,~z,=*

4 4
_27Tpme _ m, _
Mg e e 2nr,py’ "

pd:pm+<vp>m'(rd_rm)9 pd:F;;te(pd)ﬂ vd:vm’
(15)

where the subscript d and m denote the daughter particles
and mother particles, respectively.

As shown in Figure 2, the particle merging is triggered
with two conditions i.e. particle volume and distances. When
the distance d between two pairwise particles satisfies d<

/(2/3)V, which means the two merging particles are neigh-

bors, and their volumes decrease to V, (restriction on shrink-
age of particle volume), the two particles would be merged
into one particle with volume 2V, ;. Similar to particle split-
ting (Sun et al., 2021), the volume variation between before
and after merging should also satisfy the relation as follows:

|| VO - Vmin” = H 2I/min - VOH (16)

Solving Eq.(16), V,_,=2/3V, is obtained. The quantities
of the merged particle (Sun et al., 2021) are assigned by
following equations:

1,1 2.2 1,1 2.2
_ mgry tmgry _mgv, T mgvy
b
" mgtmy T mgtmg
. 2. —_p . _ m
mmimd—i_md? hmihdﬂ miz (17)
Tcrmpm
11 2.2
_mup,tmypy _ -l
Pn= 1 P s pm_Fstate(pm)s
m,+ my
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where the two daughter particles are denoted with the sub-
script d and superscripts 1 and 2, while the merging particle
is denoted with the subscript m.

In the present axisymmetric SPH scheme, (see Egs. (15)
and (17)), since the fluid is assumed to be weakly-compressible,
the smoothing lengths of all particles remain constant during the
simulations, which helps to avoid the update of smoothing
length and hence improves the computational efficiency.

In addition, in Sun et al. (2021b), the VAS is applied in
the rising rubble problem, while in the present work, we
co-opt and implement it to the water entry problems and
correspondingly, the interaction between solid and fluid is
supposed to be considered. Therefore, according to New-
ton’s second law, the motion of moving rigid bodies in the
vertical direction is obtained as follows

de E Fz 1
dr M g,
Fi= > > =2, (p,+p)V WYV,

i e fluidj € ghost

(18)

where M is the mass of moving bodies and the force F~ is
calculated according to the balance between fluid particles
(7) and ghost particles (j), see more details in the following
section. Rotation is not considered in this work.

2.6 Boundary conditions

In the present work, the solid wall boundaries are dis-
cretized into ghost particles. The boundary-setting of water
entry problems is plotted in Figure 3, taking the case of the
water entry of the cone with £=20° as an example. The
free-slip solid boundary is enforced on the solid wall. This
is enforced by ignoring the viscous force between fluid and

'y
045 m
¥
=
mm Solid boundary
mm Air 045m
Water
1 Axis in air
Axis in water
A 4
e 3l
0.72m

Figure 3 Sketch for the numerical set up of the SPH simulations of
the axisymmetric water entry problem (take the cone with deadrise
angle of f=20° as an example)
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ghost particles. Following Adami et al. (2012), the pres-
sure of ghost particle p, is extrapolated from the neighbor-
ing fluid particles to prevent boundary penetration. The for-
mula is written as

Z[Pﬁ prag(ry = "g)]Wg/’

2 i Wg/' ’

where the subscripts g and f denote the ghost particles and
fluid particles, respectively. In addition, a sponge layer is
implemented inside the stationary solid boundary to pre-
vent pressure wave reflection. More details can be referred
to Sun et al. (2015).

As for the treatment of multi-phases interface, an interface
sharpness force F; is introduced to the momentum equa-
tion to maintain the sharpness of the gas-water interface,
see more details in Grenier et al. (2009). The compressibility
of the air phase can be negligible when simulating the slam-
ming stage of water entry problems (Yang and Qiu, 2012;
Wang and Soares, 2020). But the air phase is supposed to
be considered in the latter water entry process after the clos-
ing of the cavity, (see e.g. Wang and Soares (2020); Lyu et
al. (2021)). But in the present work, we only focus on the
slamming stage, so the air compressibility is not considered.

De= (19)

2.7 Computational cost

Implementing the axisymmetric SPH scheme, the 3D wa-
ter entry problem can be simulated in two dimensions, which
reduces the particle number and saves the computational cost
effectively. Therefore, most simulations are finished in one
day using 8 cores parallel computing on a desktop computer
with Inter(R) Core(TM) 19-11900K CPU. However, for the
cases with the highest particle resolution, R/ Ax= 400 in this
work, the time step becomes very small, the particle num-
ber reaches 4.5 million and therefore it takes several days
to finish the SPH simulation. Even so, the particle number
used in the axisymmetric SPH model is much reduced, which
allows for the using of refined particle resolutions to cap-
ture the local pressure peak. In contrast, in purely 3D SPH
simulations the computational costs would be much higher
and capturing the local flow details is relatively difficult
since the particle number in 3D would increase by several
orders of magnitude.

3 Numerical results and discussions

3.1 Description of the axisymmetric water entry
problem

In the current work, to extend the applicability of the ax-
isymmetric SPH model to 3D axisymmetric water entry prob-
lems, following the experiment by De Backer et al. (2009),
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Figure 4 The sketch of the water entry bodies. Sphere (left) and cone with f = 20° (middle) and f = 45° (right) (De Backer et al., 2009). The

length of body along the radial written as R=0.15 m

water entries of a rigid sphere and two rigid cones with dead-
rise angles of 20° and 45° are selected. The parameters of
mass and touch down velocity are listed in Table 1. Schemat-
ic diagrams of the sphere and cones are shown in Figure 4.
The local pressure is probed at two locations signed as P,
and P,, represented by the coefficient C, (Nair and Bhat-
tacharyya, 2018), defined as:

P-P
Cr=g 20)
E/’UO

where P, and U, are the background pressure and touch-
down velocity, respectively.

Table 1  Parameters of the water entry problems (Nair and Bhat-
tacharyya, 2018)
Case Radius R(m)  Mass M(kg) V;(?;:; ?](:V(v;ll/s)
Sphere 0.15 11.5 4.0
Cone f=20° 0.15 9.8 3.85
Cone f=45° 0.15 10.2 4.05

3.2 Convergence analysis

In this section, a convergence analysis is performed based
on the comparison of the pressure coefficients between SPH
results of different particle resolutions as well as the exper-
imental data (De Backer et al., 2009). For sphere water en-
try, four particle resolutions i.e. R/ Ax= 50, R/ Ax= 100,

R/ Ax= 200 and R/ Ax= 400 are adopted. The pressure co-
efficients C, monitored at P, with four particle resolutions
are plotted in Figure 5. In the initial particle distribution,
the bottom of the sphere and water surface are apart as one
particle spacing, i.e. Ax. That is to say, larger Ax means a
little bit longer touch down distance so that a longer time
is needed to reach the pressure peak. As plotted in Figure 5,
with a finer particle resolution, the instant of pressure peak
is closer to the one of experiment data (De Backer et al.,
2009). With a rough particle resolution, the local high pres-
sure peak is not resolved. At the finest particle resolution
R/ Ax= 400, the value of peak pressure is closest to the ex-
perimental data.

33 g R/IAx=50

30} R/Ax=100
- R/Ax=200

25+ ———— R/Ax=400

Experiment-P1(De Backer et al., 2009)

A e =

0004 0006 0008 0010

1(s)
Figure 5 Time evolution of the impact pressure probed at location
P, of sphere with four particle resolutions: SPH results are compared
with experimental data (De Backer et al., 2009)

= 0.002

P -

5 a & x
5@ & N Qb+ D
SN RS N

Figure 6 The pressure field when peak pressure propagates to the probing location P, for the sphere water entry simulated with particle

resolutions R/Ax = 200 (left) and R/Ax = 400 (right)

To discuss the oscillating of the value of peak impact
pressure at R/ Ax= 200, the local pressure fields with parti-

cle resolutions R/ Ax= 200 and R/ Ax= 400 are compared
in Figure 6. As one can observe, at the lower particle reso-
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18+ ——— R/Ax=200
R/Ax=400
15 Experiment-P1(De Backer et al., 2009)

0.004 0.006

#(s)

0 0.002

1.5

35—+ R/Ax=200

———+—— R/Ax=400
3.0F Experiment-P1(De Backer et al., 2009)
251

2.0

1.0
0.5
0
-0.5

0 0.005 0.010 0.015 0.020
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Figure 7 Time evolution of the impact pressure probed at location P, of cones with deadrise angle 20° (left) and 45° (right) with R/Ax = 200
and R/Ax = 400: SPH results are compared with experimental data (De Backer et al., 2009)

lution R/ Ax= 200, the pressure field near the probing loca-
tion P, encounters oscillations while with the refined one,
i.e. R/Ax =400, the pressure field becomes much smoother
and shows less noise. The comparison implies that the un-
certainty of peak pressure is tightly related to the particle
resolution. The local oscillation of the pressure could lead
to the changing of peak pressure since in SPH, the local pres-
sure is measured on a single particle, while not the pressure
averaged on the probe panel with an area larger than several
particles. Comprehensive discussions on the uncertainty anal-
ysis of numerical simulations of slamming problems can be
referred to Wang et al. (2021).

Thanks to the reduction of one dimension, the particle
number used in axisymmetric SPH is less than that in 3D
SPH simulations and therefore it is easier to refine particles
to obtain better pressure field. In addition, in fully 3D SPH
simulations, doubling the particle resolution will bring a
particle number of eight times more, while with the pres-
ent axisymmetric SPH scheme, doubling the particle resolu-
tion only increases the particle number to four times, which
is much more efficient.

Based on the discussion above, the convergence study of
the cases of two cones is directly simulate with particle spac-
ing R/ Ax= 200 and R/ Ax=400. As shown in Figure 7, time
evolutions of the impact pressure are quite similar, indicating
that for the cases of the cone’s water entry, the particle resolu-
tions R/ Ax= 200 and R/ Ax= 400 can be both applicable.
Comparing the impact pressure of the sphere and cones, due
to the smaller deadrise angle at the bottom of the sphere, the
pressure peak is higher and sharper so that a higher particle
resolution is needed. From above discussions, the water
entry problem of the sphere is discussed in the following sec-
tions with the finest particle resolution R/ Ax= 400 while for
the cases with cones, the particle resolution R/ Ax= 200 is used.

3.3 Water entry of a sphere

The water entry of a sphere is simulated, validated and
discussed in this part. The mass of the sphere is M=11.5 kg
and touchdown velocity is U;=4.0 m/s as stated above.

The time histories of the impact pressure probed at two
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different locations (P, and P,) are also plotted in Figure 8
where the SPH result is compared with experimental data
(De Backer et al., 2009) and other numerical results obtained
via FVM (Nair and Bhattacharyya, 2018). As one can see,
the tendency of the pressure evolutions agrees well between
the numerical results and the experiment data (De Backer
et al., 2009), but a little discrepancy for the pressure peaks
is also observed. Generally, the numerical monitors are more
sensitive to transient variation of pressure comparing with
the experimental sensors. This is because, in experiments,
pressure is measured by averaging pressure over the area
of the sensor panel while in the SPH simulations, pressure
can be captured on a single particle which is much smaller
than the sensor panel, which can, therefore, cause a higher
pressure peak for the cases of smaller deadrise angle, i.e.
the water entries of sphere and cone with smaller deadrise
angle, e.g. f= 20°. A similar analysis was also conducted
by Wang et al. (2015). Observing the result at location P,,
the SPH result has a better agreement with the FVM result
(Nair and Bhattacharyya, 2018) including the rising time
and peak values. In addition, to further validate the accura-
cy of the SPH results, the vertical motion of the sphere, in-
cluding the impact velocity and penetration depth, is com-
pared with reference results, see Figure 9. The impact veloc-
ity is similar to the experimental data (De Backer et al., 2009)

251
——— Experiment-P1 (De Backer et al., 2009)
20t 1 Experiment-P2 (De Backer et al., 2009)
¥ . FVM-P1 (Nair and Bhattacharyya, 2018)
FVM-P2 (Nair and Bhattacharyya, 2018)
151 SPH-P1

0.004 0.006 0.008 0.010

«(s)
Figure 8 Pressure probed at two locations P, and P,: SPH results
compared with experimental data (De Backer et al., 2009) and FVM
results (Nair and Bhattacharyya, 2018)
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Figure 9 Vertical motion of water entry of sphere: SPH results compared with experimental data (De Backer et al., 2009) and FVM results

(Nair and Bhattacharyya, 2018)

and numerical result (Nair and Bhattacharyya, 2018). More-
over, with time gone by, the SPH result is closer to the ex-
perimental data compared to the FVM result. Probing the
penetration depth, a good agreement is achieved between
SPH results and both reference results.

The snapshots during the water entry process are dis-
played in Figure 10. We note that the air particles are

r(m)
(a) SPH result:#=0.000 0 s

(d) Exp.:1=0.000 0 s

-02 -0.1 0 0.1 02 -0.2
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(b) SPH result:# =0.002 2 s

(e) Exp.:t=0.002 2 s

(h) SPH result:z=0.008 8 s

(k) Exp.:t=0.008 8 s

blanked to better visualize the water surface and splashing
jets. It can be observed that the qualitative comparison be-
tween the experiment (De Backer et al., 2009) and SPH al-
so shows good agreement. Further, the splashing of water
jets can be accurately captured. In general, the axisymmet-
ric SPH results are fairly satisfactory.

Figure 11 displays the pressure field around the sphere at
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Figure 10 Comparison between the present axisymmetric SPH results and the experimental snapshots in De Backer et al. (2009) for the water

entry of a sphere
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Figure 11

different time instants. It is demonstrated that the present
axisymmetric SPH model is able to provide a smooth pres-
sure field, which is very important for estimating the slam-
ming loads in ocean engineering.

3.4 Water entry of a cone with 8 =20°

In this part, the water entry problem of a cone with dead-
rise angle of 20° is simulated and discussed. Figure 12 shows
the time evolutions of the impact pressure measured at loca-

181 Experiment-P1 (De Backer et al., 2009)
Experiment-P2 (De Backer et al., 2009)
15F - FVM-P1 (Nair and Bhattacharyya, 2018)
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Figure 12 Pressure probed at two locations P, and P, of cone with
deadrise angle of f=20°, compared with experimental data in De Backer
et al. (2009) and results of Nair and Bhattacharyya (2018) using
FVM, respectively
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(a) Time evolution of velocity

Penetration depth(m)

The pressure fields at several time instants for the water entry problem of sphere

tions P, and P,. The comparison is made between SPH sim-
ulations, experimental data (De Backer et al., 2009) and
FVM results (Nair and Bhattacharyya, 2018). As one can
observe, the numerical result of C,, probed in P, agrees well
with the reference solution. At P,, the trend of the pressure
coefficient of three methods resembles each other, while the
pressure peak value of SPH result is a little larger than the
other two. However, C, probed at P, after the peak and the
C, probed at P, are both closer to experiment data com-
pared with the FVM results. The discrepancy of pressure
peak at P, can be caused by the uncertainty of the pressure
probe when measuring the slamming pressure at a small
deadrise angle near the bottom of the cone. As shown in
Wang et al. (2015), repeated experiments show a large devi-
ation (error bars) at the instant of peak pressure. Further, the
weakly-compressible assumption (the pressure is linked to
the density linearly) in the present SPH scheme may also
lead to the difference of the numerical results.

Figure 13 shows the vertical velocity and penetration
depth compared with reference results. As it is plotted, the
penetration depth shows good agreement with experimental
data and FVM results. As for the velocity, the SPH result
shows good agreement with only slight difference appearing
at the latter stage. Figure 14 shows the comparison of the
snapshots between SPH and experiment (De Backer et al.,

0.081
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Figure 13  Vertical motion of water entry of the cone with deadrise angle f=20°
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results and the experimental snapshots in De Backer et al. (2009)
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Figure 15 The pressure fields at several time instants for the water entry problem of the cone with f=20°

2009). Observing the free surface deformation, the water
splashing can be well captured in SPH, which could be chal-
lenging for grid-based methods. Therefore, it is demonstrated
that the axisymmetric SPH model is able to accurately simu-
late the water entry problem of a cone with a small deadrise
angle of 20°. Figure 15 depicts the pressure field around the
cone. As one can see, a smooth pressure field is obtained
again and the maximum pressure is located near the intersec-

tions between the cone surface and the free-surface.
3.5 Water entry of a cone with 8 =45°

In this part, a cone with deadrise angle of 45° entering
undisturbed water is simulated. The time evolution of impact
pressure monitored at the two locations P, and P, is shown
in Figure 16. The time instant of pressure rise is accurately
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Figure 16 Pressure probed at two locations P, and P, of cone with
deadrise angle of f=45°, compared with experimental data in De
Backer et al. (2009) and results of Nair and Bhattacharyya (2018)
using FVM respectively

predicted by both SPH and FVM solvers (Nair and Bhat-
tacharyya, 2018), while lower pressure peak is predicted at
location P, and a larger pressure peak is predicted at P,. As
discussed by lafrati et al. (2015), the local pressure measured
in experiments is very sensitive and can be affected by many
uncertainties, which is related to the probes and their installa-
tion. As also discussed by Wang et al. (2015), by repeating
the same water entry experiment, the error bar of the peak
pressure was not negligible. There are many uncertainties
that could affect the exact peak value of pressure. Therefore,
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Figure 17 Vertical motion of water entry of the cone with deadrise
angle f=45°

for cone with deadrise angle of f=45°, the reason why the
pressure peak at P1 is underestimated is still an open prob-
lem. However, at P,, the SPH result is obviously closer to the
experimental data. In addition, comparing the peak values
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Figure 18 Results of the water entry problem of a cone with deadrise angle of f=45°. Comparison between the axisymmetric SPH results and

the experimental snapshots in De Backer et al. (2009)
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Figure 19 The pressure fields at several time instants for the water entry problem of the cone with f=45°

of C, between cases with deadrise angles of 20° and 45°,
the C, of f = 20° is significantly larger than the one of § =
45°, confirming that the deadrise angle plays an important
role in the slamming load. It can also be observed qualita-
tively that, for the case with a larger deadrise angle of § =45°,
the lasting time of the high pressure is longer and the pres-
sure variation is slower than the simulation for the cone
with deadrise angle of f =20°. The comparison of the
cone’s vertical motion is shown in Figure 17. An accurate
match is presented in the initial stage while the difference
starts to appear after the first pressure peak. This result is also
reported in Nair and Bhattacharyya (2018) and Wang and
Soares (2014). Different to the velocity curves, the penetra-
tion depth can be accurately predicted and a good agreement
is obtained between SPH and reference results.

Figure 18 shows the comparison between the SPH and
experimental snapshots (De Backer et al., 2009). Obviously,
the qualitative comparison presents a good agreement. Fur-
ther, the pressure field can be well predicted without noise,
as shown in Figure 19.

4 Conclusions and perspectives

In this work, an axisymmetric SPH model is applied to
solve different axisymmetric water entry problems, includ-
ing water entry of spheres and cones with different deadrise
angles. Based on the comparisons between SPH results and

experimental data, the axisymmetric SPH model is shown
to be accurate, reliable and efficient for such kind of water
entry problems. The local impact pressure of a moving body
with a small deadrise is predicted well with refined particle
resolutions, which is challenging in terms of the computa-
tional cost for fully three dimensional SPH simulations,
while the axisymmetric SPH model can sufficiently improve
computational efficiency and achieves high numerical accu-
racy. In addition, the splashing jets are successfully captured
with the two-phase SPH scheme and agree fairly well with
the experimental snapshots.

In future studies, the present axisymmetric SPH model
will be further extended for solving water entry problems
with higher speeds, studying the impact pressure consider-
ing the fluid compressibility effects. The compression of the
gas cavity entrapped during water entry should be consid-
ered to study the water entry dynamics after pinch-off (see
e.g. the 2D study in Lyu et al. (2021)). In addition, the
present axisymmetric SPH scheme is limited to the water
entry problems of axisymmetric bodies. The 3D SPH simu-
lation for water entry of marine structures with complex
shapes is also necessary to be developed and the numerical
efficiency can be improved with the implementation of Adap-
tive Particle Refinement (APR) (Chiron et al., 2018) and
GPU parallel computing (Lyu et al., 2022b).
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